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Abstract 
 
Climate change poses a significant threat to the cultural and historical significance of built heritage. 
Rising sea levels, extreme weather events, and shiIing environmental condi8ons endanger not only 
the physical structures themselves but also the cultural knowledge and tradi8onal prac8ces 
embodied within them. Ignoring this threat would represent a profound loss, severing the 
intergenera8onal transmission of invaluable knowledge and skills while eroding the very context and 
meaning of these landmarks. 
 
This research proposes innova8ve bio-driven solu8ons to enhance exis8ng heritage conserva8on 
prac8ces in the face of climate change. Recognizing the inherent sustainability embedded within 
tradi8onal building techniques, the study explores the poten8al of harnessing new bioprotec8ve 
technologies, such as bioenhanced limewash with microorganism-driven func8onali8es, to create 
long-las8ng, protec8ve coa8ngs for built heritage. By u8lising microbial proper8es like 
biomineralisa8on and the synthesis of secondary metabolite an8microbials, these bio-driven 
approaches offer promising avenues for shielding heritage structures from the forces of climate 
change, ul8mately contribu8ng to a more resilient and sustainable built environment. 
 
The research focuses on two key bioprotec8ve ini8a8ves.  First, bioenhancing tradi8onal materials 
through experimental and in-situ prac8ce. The primary objec8ve is to improve the structural 
integrity of surface coa8ngs, minimise building maintenance requirements, lower carbon emissions, 
and align with circular economic principles.  Second, it u8lises lichen-derived secondary metabolites 
as a sustainable bio-based protec8on against mould and bacterial growth. By exploring synergis8c 
combina8ons and targeted delivery systems, this approach paves the way for reducing reliance on 
synthe8c chemicals and fostering a more environmentally responsible future for heritage 
conserva8on. 
 
However, careful evalua8on and mi8ga8on strategies are crucial to address poten8al ecological 
disrup8ons and unintended consequences associated with bioenhancement interven8ons. Further 
research is required to bridge knowledge gaps in our understanding of how climate change 
specifically impacts different heritage materials and microbial communi8es. Long-term research on 
the combined effects of climate and biodegrada8on is cri8cal for developing accurate predic8ons 
and effec8ve adapta8on strategies. 
 
Building trust and collabora8on with local communi8es is essen8al for bioenhancement to become a 
viable and successful approach to heritage conserva8on. By posi8oning heritage as a focal point for 
climate educa8on and ac8on, we can raise awareness, inspire collec8ve efforts, and unlock vital 
resources for adapta8on and resilience strategies. Repurposing and retrofiTng exis8ng buildings for 
energy efficiency, while safeguarding their historical significance, offers a powerful solu8on to 
reduce reliance on new construc8on and protect vulnerable green spaces. 
 
Public percep8on and ethical considera8ons add another layer of complexity to this mul8-faceted 
challenge. Addressing concerns from both the public and heritage professionals regarding the use of 
biotechnologies in heritage conserva8on is crucial. Open and transparent communica8on, alongside 
rigorous scien8fic research and ethical evalua8on will be essen8al for ensuring that bioenhancement 
becomes a responsible and effec8ve tool for safeguarding our built heritage in the face of climate 
change. 
 
In summary, a novel biomineralisa8on technique using cyanobacteria and biopolymers has been 
demonstrated to effec8vely mi8gate weather-induced erosion in a manner that offers sustainable 
and environmental benefits. This method can be further enhanced by incorpora8ng an8microbial 
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secondary metabolites extracted from lichens to prevent unwanted surface colonisa8on. However, 
further research is necessary to op8mise the approach and ensure its efficacy and compa8bility with 
exis8ng biomineralisa8on processes. This study paves the way for the development of sustainable 
bioprotec8ve technologies for cultural heritage conserva8on but necessitates a cri8cal and balanced 
approach that considers poten8al risks and ethical implica8ons.  
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Introduc0on 
 
Context 
 
In March 2023, the Intergovernmental Panel on Climate Change (IPCC), a prominent United Na8ons 
organiza8on responsible for the evalua8on of climate change-related scien8fic knowledge, released 
The AR6 Synthesis Report. This comprehensive document serves as a culmina8on of insights derived 
from the preceding three volumes, encompassing studies on physical science, mi8ga8on, and 
adapta8on, developed over several years. 
 
The primary focal point of this report underscores the impera8ve need for immediate ac8on to 
mi8gate the burgeoning threat to society, arising from escala8ng greenhouse gas emissions. Failure 
to curb these emissions is an8cipated to result in global warming exceeding 1.5 °C, which would 
have far-reaching and adverse consequences. The report conveys a profound sense of urgency, 
emphasizing the monumental scale of measures required to address this crisis. Importantly, it 
underscores that achieving a reduc8on in emissions to half of 1990 levels by 2030, to meet the 1.5 °C 
target is a'ainable with only a 50% probability. 
 
Established in 1988, the IPCC has periodically issued a series of synthesis reports, encompassing five 
previous itera8ons in 1990, 1995, 2001, 2007, and 2014. These reports have systema8cally 
encapsulated the collec8ve assessments stemming from various working groups and specialised 
reports, delving into facets such as mi8ga8on, impacts, adapta8on, as well as the effects on 
terrestrial, oceanic, and cryospheric environments 
 
Since the inaugural report in 1990, the IPCC has acknowledged the progress made in the rate and 
extent of governmental efforts to combat climate change. It is worth no8ng that the current plans in 
place are deemed inadequate to address the impending environmental climate changes. In 2023 
there was a decreased level of conten8on and resistance regarding the factual underpinnings of 
climate impact when compared to the era of the first report. Nevertheless, despite this growing 
consensus, the defini8ve and impac5ul ac8ons that stem from the prevailing levels of acceptance 
remain insufficient to persuade less vulnerable popula8ons and governments to undertake resolute 
measures. This situa8on is compounded by the disconcer8ng es8mate that global net anthropogenic 
greenhouse gas (GHG) emissions have surged by 54% compared to the levels observed in 1990, with 
a significant por8on of this increase a'ributed to carbon dioxide (CO2) emissions, followed by a 
notable upswing in methane produc8on. It is important to underscore that, as of 2019, a staggering 
79% of global GHG emissions emanated from the sectors of energy, industry, transport, and 
buildings, (IPCC, 2023). 
 
Elevated GHG levels induce climate pressure, impac8ng natural and built infrastructure.  How each 
environment responds to the physical, chemical, and biological implica8ons is not fully understood 
and is subject to intensive research, Figure 1.  Climate change is leading to catastrophic 
consequences and irreversible losses, as can be observed by the rise in sea level, flash flooding, fires 
from extreme heat, intense storms, and landslides.  The change extends globally such that it is 
es8mated the earth has lost 28 trillion tons of ice since the mid-1990s, a trend that appears to be 
accelera8ng, (Harvey, 2021).   
 
Under increasing pressure, governmental bodies are now engaging with the growing list of climate-
related threats and developing climate risk profiles and mi8ga8on strategies.  Strategies to leverage 
the carbon benefits of historic proper8es remain loosely defined.  Gaps in strategy provide an 
opportunity to develop technologies redefining the contribu8on repurposed historic buildings offer 
and encourage novel ways to increase carbon storage and reduce GHG emissions.   
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Background to the research - climate change and heritage 
 
The Climate Change Act of 2008 s8pulates a regular, five-year requirement for the UK Government 
to release a Climate Change Risk Assessment (CCRA). This assessment serves to elucidate both the 
climate-related risks and opportuni8es. Each CCRA is underpinned by rigorous scien8fic evidence 
and plays a pivotal role in shaping governmental strategies and policies throughout the United 
Kingdom. The findings of these assessments are collated in an Independent Assessment of UK 
Climate Risk, overseen by the Climate Change Commi'ee. 
 
The UK Climate Change Risk Assessment of 2022, in a comprehensive evalua8on, scru8nised sixty-
one climate risks that span the en8re UK, impac8ng various facets of the na8onal economy. Within 
the evalua8on, eight risk domains were singled out for concentrated a'en8on, a strategic focus 
extending up to the year 2024. The highlighted risk domains exhibit significant diversity in their 
scope and are primarily centred around the poten8al ramifica8ons for the UK's economic landscape. 
The adapta8on plans related to these climate risks exhibit variance across the devolved 
governments within the UK. Notably, the Welsh Government has taken the lead in the preserva8on 
and safeguarding of heritage, as evidenced by their adapta8on plan, which is oriented towards the 
historic environment sector. 
 
The UK's forward-planning financial risk register, covering the period from 2050 to 2080, operates on 
the premise of an an8cipated increase in temperature ranging from 2°C to 4°C, though the current 
itera8on of this register remains unable to quan8fy the financial risks a'ributed to the threat posed 
by climate change on the built heritage sector. 
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Figure 1:  Changes to muliple environmental factors arise as a consequence of anthropogenic GHG emissions 
and the consequenial effect on the climate.  These parameters, whether in isolaion or conjuncion, exert a 
pronounced impact on the speed of deterioraion experienced by building materials.  If these factors are 
disregarded, they will ulimately culminate in costly restoraive intervenions or, ineluctably, the failure of 
tradiional material performance.  

 
 
In England, around 20% of homes built preda8ng 1919 are of tradi8onal construc8on methods and 
materials.  Based on the English housing stock report 2014/2015, this equates to approximately 4.68 
million buildings (IHBC, 2020).  For Historic England (HE) to meet the 2040 vision for the 
conserva8on of heritage, HE has developed a three-strand strategy underpinning climate mi8ga8on, 
managing risk, and adapta8on.  Each aspect of the strategy aspires to support government-
mandated net zero emissions by 2040, though there are areas which remain unclear as to 
components within the strategy.  A salient concern in this preserva8on endeavour is the ownership 
structure of heritage assets, most being in private hands.  It is conspicuous that the three-strand 
strategy proposed lacks a comprehensive plan for enrolling private owners in this conserva8on 
ini8a8ve.  Furthermore, the fiscal responsibili8es and substan8al compliance costs that will 
inevitably arise remain inadequately addressed by the strategy.  
 
Historic Environment Scotland (HES) has taken an important step by declaring a climate emergency 
and documen8ng the HES Climate Ac8on Plan for the historic environment for 2020-2025.  Similarly, 
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the Historic Environment and Climate Change in Wales Sector Ac8on Plan has developed a seven-
point plan ushering in three core objec8ves to increase and augment knowledge, capacity, and 
resilience for the historic environment.  With each of these plans, numerous mul8faceted challenges 
frustrate the aims being achieved, encompassing issues related to financial constraints and the 
availability of skilled resources which may impede the realisa8on of the outlined aims and goals.   
 
 
Issues being addressed 
 
In 2021 the latest itera8on of the Na8onal Planning Policy Framework (NPPF) delineated the 
planning policies of the government for England and guided their applica8on.  The framework 
primarily focuses on the concept of sustainable development, with an emphasis on an 
environmental impera8ve to protect and enhance the historic environment.  Notably, aspects of the 
framework are subjec8ve, introducing terminology such as ‘substan8al harm’ in the context of 
designated heritage assets.  This confers a degree of la8tude in the interpreta8on and scope to local 
authori8es when administering and applying the consent process.  The poten8al for subjec8ve 
standards when applied by local authori8es may present problems to ini8a8ves seeking approval for 
new technologies to enhance tradi8onal conserva8on processes, (Ministry of Housing, 2021). 
 
The preserva8on of endangered heritage assets hinges on the availability of a proficient workforce 
capable of execu8ng the requisite work.  In April 2019, a report by the Centre for Economics and 
Business Research (Cebr) on behalf of Higher Educa8on (HE) conducted an analysis of skills deficits 
and scarci8es within the heritage sector.  The report documented a deple8on of 7.4% in the overall 
heritage workforce, a'ributable to the diminished presence of European Union (EU) na8onals 
following the repercussions of Brexit. This situa8on was further exacerbated by a substan8al 
reduc8on in EU funding. Notably, the shor5all revealed that 89% of individuals engaged in 
construc8on ac8vi8es about historical structures were employed by general construc8on firms, with 
a considerable 75% of such workers lacking specialised training per8nent to buildings constructed 
before 1919.  
 
The poten8al loss of built heritage represents a cri8cal threat to the perpetua8on of 
intergenera8onal equity as a strategic resource for community development. It is important to 
acknowledge that the promo8on of heritage and community resource development should not be 
solely reliant on governmental en88es, as an over-dependence on public funding can impede 
entrepreneurial local development (Gustafsson, 2008).  The establishment of cultural districts may 
offer a mi8ga8ng approach to some of these limita8ons. However, the degree to which this benefits 
the conserva8on of privately owned historical assets remains a ma'er of uncertainty, (Borin et al., 
2012).  To fully realize the cultural and economic advantages offered by the built environment, 
heritage conserva8on must also confront the moun8ng challenges posed by climate change. 
Encouragingly, there is ongoing cau8ous progress in adap8ng tradi8onal conserva8on principles, 
influenced by the expanding body of literature pertaining to sustainable prac8ces, renewable energy 
u8lisa8on, and energy conserva8on within historic edifices (Forster et al., 2011).   
 
 
Importance of the research 
 
The escala8ng challenges of coastal erosion, propelled by rising sea levels, elevated 8des, and 
heightened storm frequency, pose a substan8al and escala8ng threat to the preserva8on of 
architectural heritage situated in exposed loca8ons, (Bertolin, 2019).  The confluence of oceanic 
altera8ons and the intensifica8on of severe meteorological events synergis8cally accelerates the 
degrada8on of both structural and material components, ul8mately culmina8ng in the poten8al 
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failure of cri8cal architectural elements. An illustra8ve case is the increasing stress experienced by 
building facades, driven by mul8direc8onal wind-borne rain, leading to satura8on and the 
infiltra8on of dampness (Orr et al., 2018).   
 
The prolonged satura8on of the founda8on, induced by persistent heavy rainfall, results in the 
upward migra8on of moisture through the capillary ac8on of the building materials, compromising 
the structural integrity and poten8ally leading to the development of deleterious microclimates 
within the interior envelope.  This phenomenon is exacerbated by the overflow of inadequately 
designed gu'ers and the augmented runoff generated by oblique, wind-driven rain (Brimblecombe, 
2014).  The introduc8on of sea salt, carried by gale-force winds, coupled with the heightened acidity 
of rainwater due to increased levels of dissolved atmospheric CO2, exacts a par8cularly corrosive toll 
on metal and stonework (Doehne, 2002).  
 
The loss of cultural heritage buildings due to environmental threats poses a significant risk to the 
social and economic well-being of communi8es. Cultural heritage buildings play a vital role in 
fostering community cohesion and genera8ng tourism revenue, which is par8cularly important for 
remote regions with limited income prospects, (Nasser, 2003).  One indicator of this 
interconnectedness within a community is the pivotal role that heritage buildings play in genera8ng 
tourism revenue, (Carr, 2008).  The erosion of cultural heritage due to climate change can have far-
reaching consequences, impac8ng both the social fabric and economic livelihood of communi8es, 
(Mckercher & Du Cros, 2012).   
 
Mindful of the substan8al contribu8on of cultural heritage to local economies, communi8es are 
inclined to harness the poten8al of cultural heritage tourism, though the endeavour to a'ract larger 
numbers of tourists is not universally met with enthusiasm (Del Chiappa et al., 2018).  The loss of 
locally built heritage assets due to climate-induced erosion encompassing physical, chemical, and 
biological damage is therefore likely to result in the irreversible erosion of community cohesion, 
leading to local economies enduring economic challenges, (Blennow et al., 2019). 
 
Pre-1919 proper8es play a pivotal role in mi8ga8ng the acute housing crisis currently afflic8ng the 
United Kingdom. The Centre for Ci8es (CFC) charity has iden8fied a significant housing deficit of 4.3 
million homes in the na8onal housing market. Based on the previous commitments to construct 
300,000 homes annually, the CFC es8mates that rec8fying this issue will likely exceed five decades 
(Watling & Breach, 2023).  To alleviate the pressure on the housing shortage and preserve pre-1919 
structures mandates a departure from conven8onal methodologies and an embrace of innova8ve 
conserva8on technologies adept at addressing environmental challenges. 
 
In 2019, Historic England (HE), increasingly a'uned to the challenges posed by climate change, 
commissioned Carrig Conserva8on Interna8onal to inves8gate and quan8fy carbon dynamics in 
historical environments. Findings revealed that the construc8on of new buildings contributes to 
31.3% higher carbon emissions compared to a mere 2.1% in the case of refurbishing a Victorian 
terrace. Furthermore, heritage proper8es demonstrate superior long-term performance in terms of 
compara8ve lifecycle carbon emissions. Even studies that account for the carbon footprint 
associated with manufacturing, transpor8ng, and erec8ng materials for heritage retrofits 
consistently affirm that retrofiTng exhibits more favourable carbon emissions when juxtaposed with 
the alterna8ve of demoli8on and reconstruc8on,  (Wise et al., 2019).   
 
 
The research purpose 
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In light of the increasing climate-related threats to architectural heritage, the research purpose is to 
formulate and implement novel technological solu8ons for biological self-repair mechanisms and 
an8microbial shielding. These innova8ons were designed to augment conven8onal conserva8on 
methodologies, with each technique aiming to for8fy the resilience of tradi8onal construc8on 
materials against the adverse impacts of climate-induced degrada8on. Consequently, this research 
introduces biotechnological interven8ons as a means of enriching conserva8on prac8ces, thereby 
upholding the fundamental ethos and principles underpinning heritage preserva8on.   
 
 
Aim of the research 
 
The research aim is to address environmental weathering through the development and integra8on 
of sustainable, renewable, and durable organic materials within the framework of heritage 
conserva8on, thereby enhancing the sustainability and resilience of conserva8on prac8ces 
associated with built heritage. 
 
 
Thesis posi<on 
 
While tradi8onal repair methods struggle to keep pace with the intensifying threats of climate 
change, bioinspired and physicochemical organic compounds offer a revolu8onary path towards 
sustainable, self-healing, and adaptable materials for built heritage preserva8on. This thesis posits 
that the strategic design and fabrica8on of these compounds, drawing inspira8on from the resilience 
shown by biological systems, can demonstrably enhance the durability and lifespan of conven8onal 
materials, enabling built heritage to not just survive, but thrive, in the face of clima8c extremes. 
 
 
Research ques<ons 
 
The research poses two sets of ques8ons.  
  
The first is framed around the mechanisms of biodegrada8on. How do climate change factors such 
as temperature, humidity, and precipita8on, impact the interac8ons between biochemical, physical 
and material proper8es, and ecological elements that drive the biodegrada8on of tradi8onal 
construc8on materials?  Extending on from this is how do these key biodegrada8on pathways 
involved in biomineralisa8on and bioerosion threaten specific heritage materials under different 
climate scenarios? 
  
The second is whether, through bioremedia8on and the biosynthesis of sustainable materials, 
innova8ve solu8ons can counter the erosive threat. To what extent can targeted microbial 
biosynthesis strategies be used to design and fabricate novel bio-based materials for bioremedia8on 
and protec8on of built heritage?  Can these bio-inspired materials be tailored to exhibit desired 
proper8es such as water resistance, an8microbial ac8vity and self-healing while ensuring 
compa8bility with specific historical materials and conserva8on ethics? 
 
 
Methodology 
 
The interdisciplinarity of the DHeritage professional doctorate is advantageous to this study. It 
facilitates the alignment of diverse methodologies, enabling a robust approach to research ques8ons 
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within the complex context of heritage. This convergence of perspec8ves furthers discussion into the 
nuanced understanding of heritage as a mul8faceted phenomenon embedded within social, cultural, 
and environmental systems. Consequently, the research can delve deeper into the meteorological, 
environmental, physicochemical and biological science dynamics at play poten8ally leading to richer 
and more comprehensive research outcomes. This framework ul8mately serves as a founda8on for 
knowledge produc8on and dissemina8on within the field. 
 
The ini8al phase of this research endeavour involved an extensive literature review to iden8fy key 
concepts to inves8gate, bolster the thesis posi8on, discern knowledge gaps, and facilitate the 
development of research methodologies. Within the literature review, salient issues emerged, 
par8cularly in the realm of environmental challenges and the knowledge gaps that exist between 
tradi8onal conserva8on prac8ces and the biodeteriora8on of built heritage. These knowledge gaps 
directed the research focus towards the refinement of experimental methodologies. 
 
This comprehensive analysis of exis8ng literature revealed cri8cal knowledge gaps that has informed 
the conceptual framework and research direc8on of this thesis. These gaps were iden8fied across 
five primary domains: the impact of climate change on cultural heritage, the biodeteriora8on of 
tradi8onal materials, the role of biomineralisa8on in natural material synthesis, the design of bio-
delivery systems, and the development of sustainable biocides. 
 
Preserva8on and adapta8on strategies for cultural heritage in the face of climate change are 
increasingly adop8ng a mul8disciplinary approach to assess the scien8fic complexi8es involved 
(Bertolin, 2019; Sesana et al., 2018, 2021).  While the impera8ve for adap8ve measures in response 
to iden8fied climate risks has been acknowledged, the majority of research has centred on 
environmental, planetary, and material sciences. This study posits a significant role for biological 
sciences in addressing decay processes affec8ng heritage materials and climate modelling, as well as 
in developing prac8cal solu8ons and tools for the climate change adapta8on of tradi8onal materials. 
 
The accelerated degrada8on of stone monuments and buildings has prompted inves8ga8ons into 
the poten8al correla8on between climate fluctua8ons and the equilibrium between bioprotec8on 
and biodeteriora8on, (Liu et al., 2022).  Current research has focused on defining metrics for the 
rela8ve bioprotec8ve ra8o and examining the influence of environmental factors on this balance. 
However, a standardised methodology for biodeteriora8on measurement is lacking, which may 
hinder the accurate assessment of compe8ng biomineralisa8on processes. 
 
Research on biomineralisa8on has primarily concentrated on reinforcing microfractures in concrete 
and exploring the poten8al for bioconcrete repair, (Castro-Alonso et al., 2019; Seifan et al., 2016, 
2018).  While both passive and ac8ve approaches have been explored, the aggressive nature of 
concrete has necessitated the development of robust frameworks, such as ceramics and graphite 
tubes, for bacterial a'achment. An opportunity exists to develop biodegradable delivery vehicles 
capable of controlled release to target specific loca8ons within construc8on materials.  
 
The engineering of biodegradable and sustainably sourced microbial delivery systems is well 
established in the pharmaceu8cal and food industries but remains rela8vely unexplored in the 
context of construc8on materials. This disparity can be a'ributed to the harsh chemical 
environment of building materials and limited understanding of the interac8ons between 
biopolymers and construc8on compounds, (da Silva et al., 2014; Gunzburg et al., 2020; Wang et al., 
2012). 
 
The methodological approach adopted in this study is characterised as exploratory and posi8vist, 
commensurate with the conven8ons of experimental research within the natural sciences. This 
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approach leveraged observable and quan8fiable methods. The interpreta8on of quan8ta8ve data 
derived from the experimental work played a pivotal role in informing the empirical assump8ons 
underpinning the thesis, (Creswell, 2014).  The inves8ga8ve procedures employed were tailored to 
the specific requirements of the experimental hypotheses, yielding precise and replicable 
quan8ta8ve data that could be subjected to sta8s8cal valida8on. 
 
This research employs a two-pronged prac8ce-based methodology, detailed in Chapters 3 and 4, to 
gather novel, scien8fically verifiable data. Each component directly informs the research argument, 
strengthening the thesis and genera8ng new knowledge relevant to bio-based strategies in built 
heritage conserva8on. The ra8onale for this dual approach, unfolding across the chapters, fosters a 
cohesive synthesis of research elements and contributes meaningfully to the advancement of bio-
based conserva8on strategies. 
 
This methodological orienta8on may allude to a similarity with the genera8on of academic 
knowledge as tradi8onally associated with the conven8onal PhD, as argued by (Lee et al., 2000).  
Upon reflec8on, it becomes evident that the underlying philosophical framework of this thesis not 
only nurtures the cul8va8on of new knowledge within a disciplinary context governed by natural 
laws, (Hamilton, 2005), but also fosters the development of experimental methodologies with 
prac8cal applicability. This approach has yielded a comprehensive spectrum of theore8cal and 
prac8cal perspec8ves aimed at addressing real-world, prac8ce-based challenges. These 
contribu8ons are well-suited for integra8on into the knowledge economy, aligning with arguments 
put forward in the literature, (Nowotny et al., 2003; Usher, 2002). 
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Research structure 
 
This research adopts an interdisciplinary framework, incorpora8ng the disciplines of climate science, 
biosciences, and biomaterial design. Its primary objec8ve is to enhance and expand the preserva8on 
of built heritage and harness the latent capabili8es of heritage science as a catalyst for future 
conserva8on efforts. 
 
 
 

 
 

Figure 2:  Overview of the research quesions and the chapter structure 
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Chapter overview – the synopsis of the research design 
 
This inves8ga8on delves into the mul8faceted ramifica8ons of climate-induced deteriora8on on the 
preserva8on of built heritage. Extreme weather events trigger the degrada8on of building materials, 
ac8ng as potent catalysts for microbial prolifera8on, which may, in severe cases, compromise 
structural integrity. To effec8vely address this challenge, robust and adap8ve approaches for the 
conserva8on of materials embedded within heritage sites are urgently required. 
 
The research methodology adopted embraces a mul8faceted approach, encompassing both 
observa8onal and experimental components. Each subsequent chapter contributes to the 
advancement of tradi8onal material conserva8on through a synergis8c interplay of literature 
review, systema8c observa8on, and in chapters three and four, empirical experimenta8on, Figure 2. 
 

Chapter One undertakes a cri8cal review of exis8ng knowledge about the accelerated 
biodeteriora8on of tradi8onal materials under the influence of a changing climate. This 
establishes a cri8cal founda8on for subsequent inves8ga8ons, informed by the literature 
review.  

 
Chapter Two leverages systema8c observa8on to gain deeper insights into specific aspects 
of biodeteriora8on and poten8al mi8ga8on strategies. The chapter inves8gates the 
biosynthesis of calcium carbonate and its poten8al applica8on in enhancing the protec8ve 
quali8es of limewash applied to recep8ve renders and sets the context for the experimental 
work in subsequent chapters.   

 
Chapter Three proposes and elaborates upon an experimental procedure for the 
encapsula8on of autotrophic and heterotrophic microbial cells within biopolymer coa8ngs 
derived from sustainable materials. This chapter explores the poten8al of biopolymer 
encapsula8on to enhance biomineralisa8on processes within limewash, promo8ng climate 
resilience in tradi8onal materials.  

 
Chapter Four focuses on the iden8fica8on and extrac8on of lichen-derived secondary 
metabolites with an8microbial proper8es. This chapter evaluates the poten8al of these 
metabolites as environmentally sustainable alterna8ves to conven8onal chemical 
treatments for comba8ng microbial decay in heritage buildings. 

 
Chapter Five delves into the complexi8es and issues where climate change and the 
bioconserva8on of built heritage intertwine.  It cri8cally examines opportuni8es and 
poten8al challenges unravelling a path forward for the prac8cal implementa8on of 
bioenhancement strategies.  The chapter illuminates avenues for further explora8on both 
within this specific bioenhancement research and beyond.  

 
This research injects crucial new perspec8ves into heritage conserva8on by examining the impact of 
climate-driven biodeteriora8on on tradi8onal materials. It pioneers the explora8on of 
environmentally-sustainable strategies for microbial control and material protec8on, culmina8ng 
based on the outcome of Chapter Four, in the proposal for industry-specific databases of secondary 
metabolites. This framework unlocks the poten8al of these metabolites as tools for the building 
sector and redefines the boundaries of heritage conserva8on by venturing beyond established 
prac8ces. 
 
The poten8al to extend the lifespan of heritage buildings, thereby allevia8ng the financial burden on 
property owners, materialises through this research as a tangible outcome. Furthermore, carbon 
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sequestra8on enhanced by biomineralisa8on processes, offers a potent strategy in the fight against 
climate change, poten8ally contribu8ng to a net-zero approach. The second research ini8a8ve 
extends beyond the mi8ga8on of biodeteriora8on; it presents a breakthrough innova8on, offering 
ecological alterna8ves to tradi8onal chemical treatments for microbial control in built heritage 
contexts. 
 
Ul8mately, this research paves the way for a fundamental shiI in our understanding of climate-
induced biodeteriora8on and its mi8ga8on. By elucida8ng the complexi8es of this challenge and 
craIing robust, sustainable solu8ons, it lays the groundwork for the preserva8on of irreplaceable 
built heritage for future genera8ons. 
 
 
Value and contribu<on to knowledge 
 
The following chapter proposes a framework for integra8ng innova8ve biotechnologies into the 
management of climate-induced degrada8on in tradi8onal building materials. The research design 
seeks to achieve the systema8c development of two primary outcomes to address this degrada8on, 
the bio-enhancement of lime-based material surface coa8ngs and the bio-sourcing of secondary 
metabolites as an8microbial agents to control surface moulds and harmful bacterial contamina8on.  
 
In the first experimental design, biopolymer-encapsulated bacteria are incorporated into limewash, 
u8lising either photosynthesis and atmospheric CO2 or redox reac8ons and carbonate in solu8on to 
increase calcium carbonate density. Biomineralisa8on strengthens the sacrificial carbonate layer, 
extending its lifespan against extreme weather events. Reduced material erosion translates to lower 
maintenance demands, minimised repair costs, and decreased CO2 emissions associated with labour-
intensive repairs. The development of a sustainable, locally sourced conserva8on product presents 
opportuni8es for wider commercialisa8on and manufacturing, with an ini8al focus on protec8ng 
lime-rendered historic buildings. Furthermore, the applica8on may hold poten8al for concrete 
structure maintenance, widely expanding its commercial appeal. 
 
The second research ini8a8ve addresses the increasing prevalence of mould and bacterial growth on 
building surfaces due to warmer and more humid environments by mobilising the extrac8on and 
isola8on of an8microbial agents from lichens. These agents effec8vely inhibit mould and bacterial 
cell growth and biofilm forma8on, offering a non-toxic and environmentally sustainable alterna8ve 
to harsh chemical treatments or damaging mechanical removal methods. The produc8on of 
biosynthesised, environmentally friendly an8microbial products for trea8ng biological infesta8ons 
opens doors for new commercial and manufacturing ventures, promo8ng both building and 
occupant health. Furthermore, these an8microbial conserva8on products possess broader 
commercial applicability as mould and bacterial treatments across diverse tradi8onal and 
contemporary structures. 
 
By systema8cally developing evidence-based methodologies focused on biosynthesis and applica8on 
of organic materials, Chapters Three and Four provide a solid founda8on for addressing the climate-
driven deteriora8on of tradi8onal materials and extending the lifespan of these valuable cultural 
assets. The outcomes not only contribute to the development of renewable and sustainable 
advancements in material science but also comprise a strategy for mi8ga8ng carbon emissions 
associated with the maintenance of heritage buildings. 
 
 
Expected outcomes 
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This research delves into the poten8al of biopolymer-encapsulated microbes and microbial 
secondary metabolites to contribute new knowledge to the field of heritage science. The outcome is 
an8cipated to encompass a two-pronged approach: 
 
First, the aim is to enhance the resilience of tradi8onal lime render against harsh clima8c condi8ons. 
This will be achieved through the development of an innova8ve limewash incorpora8ng biopolymer-
encapsulated microbes. Microbes will enable the forma8on of a denser sacrificial carbonate layer, 
u8lising environmentally available carbon thereby strengthening the natural limewash shield against 
environmental degrada8on. 
 
Second, to explore the efficacy of biologically synthesised an8microbial agents in comba8ng 
microbial deteriora8on, a major threat to tradi8onal materials and poten8ally occupant health. The 
versa8lity and eco-friendliness of these an8microbial metabolites hold promise for preserving 
heritage materials and buildings, poten8ally extending their lifespan for future genera8ons. 
 
The outcome of the research strives to extend the boundaries of conven8onal heritage science, 
forging a novel nexus between physicochemical and biological principles. By unlocking the poten8al 
of bio-based interven8ons, it paves the way for innova8ve and sustainable approaches within the 
cultural heritage sector. 
 
 
Research next steps 
 
Environmental fluctua8ons and their mul8faceted impact on the microbiome inhabi8ng tradi8onal 
building materials pose a significant challenge for predic8ng biodegrada8on and bioprotec8on 
processes. This complexity stems, in part, from the difficulty in an8cipa8ng climate shiIs and 
deciphering their poten8al consequences for microbial popula8ons, par8cularly regarding their 
environmental adapta8ons at the omic level. 
 
The research outcome contributes to bridging the knowledge gap by laying the groundwork for two 
crucial research avenues that can improve our understanding and predic8ve capabili8es in this 
domain. 
 
The first research opportunity delves into the development of 3D and 4D biopolymer encapsula8on 
mechanisms for controlled delivery and triggered release of microbial and chemical payloads within 
the context of construc8on and repair. Biopolymer capsules, designed for self-repair func8onality 
and comprising of intelligent biopolymer materials, would deliver microbial or chemical agents to 
bolster material resilience against extreme weather events. 
 
The second avenue focuses on designing a framework leading to establishing a comprehensive 
database for iden8fying lichen secondary metabolites with poten8al applica8ons in the construc8on 
industry, par8cularly heritage preserva8on. This ini8a8ve hinges on an analysis of lichen 
metabolites, many of which remain largely unexplored in terms of their structural and func8onal 
proper8es. These metabolites hold promise as natural deterrents against the physicochemical and 
biodegrada8on processes that threaten tradi8onal building materials. A dedicated research 
database would serve as a building materials-centric knowledge repository, facilita8ng the 
development of lead compounds, synthe8c deriva8ves, and enhanced func8onali8es. 
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CHAPTER ONE: Climate-accelerated biodegrada0on of tradi0onal 
materials 
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Chapter Abstract 
 
 
Maintaining and retaining our built heritage is not merely an act of historical conserva8on; it is a 
commitment to intergenera8onal equity and a testament to human ingenuity.  This chapter explores 
the mul8faceted challenge posed by climate change to our architectural heritage.  Climate change 
impacts heritage preserva8on directly through extreme meteorological events and indirectly by 
altering ecosystems and environmental condi8ons in which biodegrada8on takes place. 
 
Directly, severe storms, torren8al downpours, and flooding pose immediate threats to historic 
structures, causing irreparable damage.  Indirectly, climate change disrupts the ecosystems and 
natural cycles leading to increased invasive growth and species prolifera8on which may encourage 
the introduc8on of larger organisms that undermine structural integrity. 
 
This subtle interplay between clima8c condi8ons, bio-infesta8on, and the physical proper8es of 
building materials fuels biodeteriora8on.  Even slight changes in climate create favourable 
condi8ons for the a'achment and growth of microorganisms, further accelera8ng the overall 
deteriora8on.  The biological deteriora8on of tradi8onal materials is mul8faceted, an interac8on 
between complex mechanisms through which climate change, accelerates the deteriora8on of our 
heritage and repercussions on occupant health.  Understanding these mechanisms and developing 
environmentally sustainable, low-carbon strategies to safeguard these invaluable links to our past is 
essen8al for the benefit of local communi8es and future genera8ons. 
 
Emerging from this understanding is the promising yet uncharted territory of microorganism-
supported bioprotec8on. Harnessing this innate ability of microbes will unlock a sustainable and 
low-carbon weapon in the fight against decay. This chapter concludes by exploring the poten8al and 
challenges of this novel approach, outlining the considera8ons for implemen8ng diverse 
bioprotec8on strategies. In so doing, it illuminates the sustainable future of heritage conserva8on, 
paving the way for the next chapter, exploring bio-enhanced building materials and an opportunity 
to commit to the preserva8on of intergenera8onal equity in the face of a changing climate.  
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1.1 Introduc<on 
 
The architectural heritage of a na8on bridges the chasm between contemporary society and the 
echoes of history. This tangible testament to past endeavours not only illuminates the trajectory of 
bygone eras but also subtly influences our present and future. Stewardship of this cultural heritage 
reflects a fundamental commitment to intergenera8onal equity, preserving historical narra8ves that 
nourish local communi8es. 
 
However, a threat looms across this canvas, the direct and indirect impact of climate change. It 
manifests in dual forms – the indirect accelera8on of biodegrada8on in tradi8onal building materials 
as a result of a faster breakdown of organic ma'er releasing CO2 into the surroundings, thereby 
fostering a niche for microorganisms, and the direct erosion wrought by extreme weather events. 
Severe, high-energy storms, heavy rainfall, and rampaging floods impact historic edifices, when 
reinforced by biodegrada8on, poten8ally cause irreversible harm. 
 
Climate monitoring ini8a8ves, such as Copernicus, a cornerstone of the European Union’s Space 
Programme, are essen8al for informing environmental management and climate change mi8ga8on 
strategies. Collabora8ons with en88es like the European Organisa8on for the Exploita8on of 
Meteorological Satellites have established a robust global observa8on pla5orm suppor8ng cri8cal 
research. 
 
The escala8ng impacts of climate change, as underscored by the Intergovernmental Panel on 
Climate Change’s (IPCC) Sixth Assessment Report (AR6), demand urgent ac8on. The report’s stark 
warnings of a poten8al 4°C temperature rise by century’s end, (Calvin et al., 2023) and the 
inexorable rise in sea levels, (Met Office, 2024) highlight the impera8ve for immediate emissions 
reduc8ons. The credibility and comprehensive nature of climate monitoring programs, exemplified 
by Copernicus, the IPCC, and the Met Office, provide a solid empirical founda8on to counter 
economic and poli8cal opposi8on to climate mi8ga8on measures 
 
At the regional level, climate monitoring data underpins local authority efforts to develop and 
implement climate ac8on plans. Historic Environment Scotland (HES) has priori8zed energy 
efficiency and carbon management in alignment with ScoTsh Government targets. A 2018 climate 
change risk assessment, involving local authori8es, iden8fied vulnerabili8es within the historic 
estate. This assessment has informed maintenance planning and resource alloca8on. However, the 
severity of climate-induced threats, par8cularly coastal erosion, has necessitated difficult decisions, 
including the designa8on of certain sites as unrecoverable. The ScoTsh Government’s 
acknowledgment of rising temperatures, increased rainfall, and accelera8ng sea-level rise since the 
1960s, (Hyslop et al., 2017), underscores the challenges faced by heritage conserva8on. The financial 
and resource implica8ons of managing climate erosion are substan8al, necessita8ng innova8ve 
approaches to protect historic structures from increasingly extreme weather events. 
 
These environmental shiIs have cascading consequences. Disrupted ecosystems and altered natural 
cycles lead to invasive species encroaching upon historical structures, their anchorage weaving into 
the material substrate, compromising structural integrity. Intertwined with these biological 
incursions are geomorphic processes, comprising a potent duo known as biogeomorphology, further 
weakening the building. As temperatures and moisture levels rise, the decay of materials fuels a 
cycle, supplying nutrients, thereby a'rac8ng microbial colonisers which contribute to accelerated 
deteriora8on. 
 
Nutrients from organic decay and anthropogenic pollutants further expedite the deteriora8on of 
building materials. Physical stressors like vehicular vibra8ons and ground tremors inflict micro-
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fractures, their cumula8ve effect causing cracks and material displacement. Rising temperatures and 
altered precipita8on pa'erns elevate humidity, degrading stone, wood, and wall renders. Chemical 
agents, such as acid rain, atmospheric pollu8on, and industrial emissions, will corrode construc8on 
materials, par8cularly metals and compounds with high levels of mineral salts. This leads to 
corrosive chemical processes within substances like stone, causing altera8ons in composi8on, 
structural weakening, as well as discoloura8on, surface piTng, microfracture forma8on, and 
eventual building collapse. 
 
Against this physicochemical backdrop, biodeteriora8on emerges as a complex interplay between 
substrate condi8ons, the nature of the bio-infesta8on, and the prevailing climate.   Even minor 
clima8c shiIs create favourable condi8ons for the a'achment and growth of new fungi and 
bacteria, as depicted in Figure 3. 
 
 
 
 

 
Figure 3:  Factors affecing the deterioraion of tradiional materials including environmental, erosive weather, 
porosity of materials, saturaion and permeability, animicrobial resistance, site exposure and building 
orientaion.  The primary cause of deterioraion is the entry of water and saturaion of building materials 
which in turn encourages corrosion, bio-corrosion, organic acids, biofilm formaion and the adhesion of 
anthropogenic pollutants which provide nutrients for microbial growth (Steiger et al., 1993) 

 
 
The synergis8c ac8on of biological and non-biological degrada8on processes ini8ates the forma8on 
of microcracks within the building substrate. These microcracks act as pathways for fungal hyphae, 
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establishing favourable surfaces for the prolifera8on of bacterial biofilms. Within these 
microfractures, microorganisms secrete extracellular polymeric substances (EPS). Exposure to 
moisture triggers the transforma8on of EPS into a colloidal hydrogel, inducing significant altera8ons 
in the thermal and moisture proper8es of the material. The expansion and contrac8on cycles of the 
EPS exert pressure on the microcrack walls, further propaga8ng fractures deeper into the substrate, 
thereby exacerba8ng the degrada8on process. 
 
 
1.2 Mechanisms involved in the microbial biodegrada<on of tradi<onal building 
materials  
 
While the defini8ons of biodegrada8on and biodeteriora8on oIen overlap in the literature, 
sugges8ng a shared underlying biological mechanism, this study proposes a nuanced dis8nc8on 
based on perspec8ve. "Biodegrada8on" is employed here as a broader term encompassing all 
microbial breakdown processes and their vital role in natural environmental cycling. 
"Biodeteriora8on," conversely, focuses on the same microbial ac8vity, but from a perspec8ve 
specifically highligh8ng economically undesirable degrada8on leading to structural failure in built 
environments, (Eggins & Oxley, 2001). This dis8nc8on, crucial for understanding the specific 
implica8ons of microbial ac8vity, is further elaborated upon in sec8on 1.2.6. 
 
 

1.2.1 Biodeteriora-on 
 
Biodeteriora8on is a mul8faceted phenomenon, culmina8ng in adverse mechanical, chemical, and 
aesthe8c detriments inflicted upon building materials. The deteriora8on arises from the 
physicochemical interplay between microorganisms and the underlying suppor8ve substrate. 
 
The microbial degrada8on of conven8onal construc8on materials encompasses the gradual erosion 
of these materials by microorganisms, primarily bacteria and fungi. This phenomenon exhibits 
variability con8ngent upon the intrinsic characteris8cs of the material, the prevailing environmental 
condi8ons, and the specific taxonomic classifica8on of the microbial species involved, as depicted in 
Figure 4.  Several of the terminologies which follow have been developed to elucidate the 
func8oning of the wide range of biodegrada8on mechanisms that may be found in the construc8on 
industry, (Daval & Xu, 2023). 
 
 

1.2.2.Biodissolu-on 
 
Biodissolu8on is a fundamental biological process wherein solid materials undergo breakdown into 
subunits due to the cataly8c ac8ons of biological agents, primarily enzymes produced by 
microorganisms, (Potysz & Bartz, 2022).  This decay involves the gradual degrada8on and 
disassembly of the material under the influence of metabolic by-products. The primary objec8ve of 
biodissolu8on is to interact with the substance, resul8ng in its fragmenta8on into smaller 
cons8tuents that eventually dissolve into a liquid medium (Wild et al., 2022; Wu et al., 2022).  
Microorganisms have evolved such biochemical mechanisms to harness dissolved components as 
sources of nutrients or energy. 
 
This degrada8on of organic ma'er by microorganisms assumes a central role in natural recycling 
processes. Secreted enzymes cleave complex molecules into simpler building blocks, subsequently 
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absorbed into the microbial cells and integrated into various metabolic pathways. Numerous 
microorganisms ac8vely partake in the biodissolu8on of mineral ores, contribu8ng to 
bioremedia8on processes and the natural cycling of solubilised elements. Organisms such as lichens 
and fungi exemplify both mechanical and physical degrada8on of substrates. Fungi, for instance, 
extend hyphae and microtubules into microcracks, anchoring themselves to surfaces. Leveraging the 
hydrophilic nature of their cytoplasm, they can exploit the expansion and contrac8on of the 
fractures, facilita8ng water ingress and ensuing erosion.  Regions featuring densely clustered 
microcracks on substrates are promptly colonised, poten8ally resul8ng in weakened areas leading to 
removal of surface layers. This interplay of biological and environmental factors underscores the 
mul8faceted significance of biodissolu8on in ecological and geological contexts. 
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1.2.3 Bioleaching 
 
Microorganisms employ bioleaching as a mechanism for the extrac8on of metal ions from mineral 
ores and rocks. Acidophilic bacteria, most notably Acidithiobacillus ferroxidans and Acidithiobacillus 
thiooxidans, assume central roles in the bioleaching process.  These microorganisms catalyse 
chemical reac8ons that culminate in the dissolu8on of metallic cons8tuents from solid matrices. 
Within the bioleaching framework, microorganisms undertake the oxida8on of metal sulphides 
inherent to the geological substrates, yielding sulphuric acid as a consequen8al by-product.  
Sulphuric acid ac8vely par8cipates in the dissolu8on of metal ions, a procedure of industrial 
significance for the recovery and reclama8on of various valuable metals, including but not limited to 
copper, gold, silver, uranium, and nickel, (Adetunji et al., 2023; Saldaña et al., 2023). 
 
The perpetual leaching of metals from geological substrata, encompassing even conven8onal stone 
forma8ons, has a consequen8al effect.  The leaching process weakens the structural integrity of the 
materials, leading to a concomitant reduc8on in compressive strength.  Simultaneously, protracted 
leaching introduces toxic elements into the adjacent ecosystems, promp8ng concerns about the 
environmental consequences. 
 

1.2.4 Biomining 
 
Biomining comprises a dual-stage procedure. The ini8al stage, bioleaching, is characterised by the 
dissolu8on of metals from ores and discarded materials. The second stage, bioremedia8on, extracts 
minerals from solu8ons with low-grade concentra8ons, an ac8on that stabilises the metals within 
the cellular matrix. These stages facilitate the detoxifica8on of waste and introduce a low-energy 
extrac8on method, ul8mately minimising the ecological footprint, (Johnson, 2014).   
 
A salient environmental benefit of bioleaching, when contrasted with tradi8onal metal extrac8on 
methods, lies in its capacity to bypass conven8onal mining and smel8ng processes. This 
circumven8on serves to mi8gate the genera8on of excessive waste and substan8ally reduces the 
dependency on energy-intensive procedures. 
 
The economic viability of bioleaching, in comparison to standard mining techniques, is advantageous 
for its applica8on on ores with low-grade concentra8ons that would otherwise be uneconomical to 
extract using conven8onal means, (Saldaña et al., 2023).   
 

Figure 4:  Environmental factors, including fluctuaions in temperature, humidity, and pH, impact the 
colonisaion paxerns of microbial communiies. Fungi exhibit disinct responses to varying weather 
condiions. Under consistent environmental condiions, fungi gradually penetrate the microcracks in 
substrates by extending their hyphae, generaing corrosive acids and progressively delaminaing the 
underlying stone.  Conversely, during extended periods of severe weather condiions, the presence of 
lichens can funcion as a protecive barrier against the erosive effects of climate shizing the delicate 
equilibrium between biodeterioraion and bioprotecion. The lichen effecively forms a bioprotecive, self-
repairing outer layer, offering a robust physical defence mechanism against erosion induced by extreme 
weather. Consequently, the formaion of a protecive layer can potenially outweigh the slower and less 
severe biodegradaion brought about by the lichen's inherent biological processes in the context of extreme 
weather-induced erosion 
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In synergy with the broader field of biomining, bioleaching offers a promising avenue for mi8ga8ng 
the environmental impact of industrial waste and facilita8ng the recycling of metals for use in 
manufacturing, (Adetunji et al., 2023). 
 
To address the limita8ons associated with the use of microorganisms for metal recovery from 
polluted effluents, ongoing advancements are being made through gene8c engineering. An example 
is the engineering of iron-sulphur microbes designed to overcome challenges such as extended 
processing periods and limited metal selec8vity, (Chen et al., 2022). 
 

1.2.5 Biofouling 
 
Microbial biofouling represents an unconven8onal approach to the degrada8on of tradi8onal 
materials, emerging as a consequence of the undesirable accumula8on of organic compounds. 
Microorganisms adhere to material surfaces, forming biofilms that engender challenges for historic 
structures. These challenges encompass the obstruc8on of drainage systems and the deteriora8on 
of aging sewage conduits, stemming from the effects of biofilm-induced corrosion.  Another 
repercussion of biofouling is the emergence of pigmented metabolic by-products, which leads to 
unwelcome deposits and the development of staining pa8nas on the external façades of buildings, 
(Gaylarde & Morton, 1999).  Efforts to eradicate deleterious biofilms from building exteriors using 
mechanical and chemical interven8ons, including biocides, may inadvertently inflict more enduring 
harm upon the building materials and the surrounding ecosystem than the original damage caused 
by biofilms. 
 
Biofilms materialise through the extracellular secre8on of polymeric substances by microorganisms, 
culmina8ng in the forma8on of protec8ve microenvironments that foster the colonisa8on of a 
diverse and heterogeneous array of microbial species, embedded within an augmented surface-
bound film. The collec8ve metabolic influence of the biofilm matrix on the substrate surface 
contributes to the dissolu8on of solid compounds, such as calcium carbonate. The process involves 
the conversion of insoluble carbonate into soluble salts and the chela8on of available ions for 
absorp8on, thereby further weakening the substrate. The impact of biofilms extends to the realm of 
bioweathering, as the biopolymeric matrix expands and contracts with fluctua8ons in water 
availability during weather cycles. Biofilm mechanisms that confer bioprotec8on to building surfaces 
include both passive and ac8ve ion pumps, which counteract the movement of chloride, magnesium, 
and hydroxide ions in materials such as ordinary portland cement. This phenomenon also extends to 
the mi8ga8on of dissolved atmospheric acids and other corrosive chemicals, (Ariño et al., 1995; 
Carter & Viles, 2003; Garcia-Vallés et al., 2003; Shuying & Xiaoning, 2018). 
 
When biological mechanisms like biofouling can be effec8vely managed it will open new research 
avenues to develop advantageous long-term biocolonisa8on strategies.  Promo8ng biocolonisa8on 
as a methodology for safeguarding bioprotec8ve layers could foster synergis8c, sustainable habitats 
and diverse communi8es.  These communi8es could provide protec8ve biocolonising layers, in 
contrast to relying on mechanical or biocidal cleansing methods in a'empts to preserve architectural 
surfaces (Bone et al., 2022; Harilal et al., 2020).  Taking an asser8ve stance to encourage 
biocolonisa8on might encompass strategies such as adjus8ng the nutrient composi8on of external 
porous materials, modifying surface humidity and temperature, and pH buffering.  Further research 
is necessary to comprehend the repercussions of these altera8ons on the overall performance and 
durability of surfaces on historic buildings func8oning as an ecological haven. 
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1.2.6 Physicochemical biodegrada-on mechanisms employed by 
microorganisms 
 
Biodeteriora8on is primarily ins8gated by the ac8ve biochemical processes orchestrated by 
microorganisms dwelling within epilithic biofilms. These microorganisms collaborate in the 
metabolic breakdown of anthropogenic contaminants and the assimila8on of mineral nutrients 
acquired from the dissolu8on of the surface of the substrate. The dis8nc8on between 
biodegrada8on and biodeteriora8on carries dis8nct ecological implica8ons. Biodegrada8on denotes 
the natural decomposi8on of complex organic compounds into simpler cons8tuents, orchestrated by 
microorganisms employing metabolic by-products and enzymes. This natural process fosters the 
recycling of organic ma'er and the reintroduc8on of nutrients into ecosystems. In contrast, 
biodeteriora8on encompasses analogous processes that result in the undesirable degrada8on of 
both organic and inorganic materials, resul8ng in detrimental consequences for tradi8onal material 
integrity, aesthe8c appeal, and economic value. 
 
Fungal and bacterial substrate anchoring mechanisms are iden8fied as major drivers of 
biodeteriora8on in tradi8onal materials.  Hyphae and biofilms a'ach to porous or fissured materials 
when specific environmental condi8ons and nutrient availability are met. The structures extend 
within the material, securing the organism and extrac8ng nutrients from the substrate matrix, 
(Money, 2004).  The pressure exerted by hyphae varies within a range of 0.3 N mm-2 to 2.5 N mm-2, 
con8ngent upon the fungal species and substrate composi8on, (Lew et al., 2004).  The composi8on 
of materials such as lime, hydraulic lime, and concrete, in conjunc8on with localised environmental 
condi8ons, plays important roles in influencing the degree and pace of microbial colonisa8on and 
ensuing substrate surface degrada8on. Substrates that result in rough surfaces or lower pH levels 
due to the dissolu8on of CO2 in rainwater render surfaces more suscep8ble to colonisa8on 
(Shirakawa et al., 2003). 
 
The observa8on that certain stones readily support microbial colonisa8on led to the introduc8on of 
the concept of biorecep8vity. This term embodies the inherent suscep8bility of stone or similar 
material to microbiome establishment, a factor contribu8ng to both biological and non-biological 
deteriora8on processes, (Guilli'e, 1985; Miller et al., 2012).  Several fields, including environmental 
science and architectural design, accord substan8al a'en8on to material biorecep8vity in the 
pursuit of sustainable design prac8ces. Urban planners capitalise on biorecep8ve surfaces and 
incorporate suppor8ng structures to enhance biodiversity and ecological resilience, with the aim of 
crea8ng sustainable and aesthe8cally pleasing environments. The interplay between biological 
growth and geomorphological factors establishes a framework for examining the processes by which 
rocks and stone undergo degrada8on and recycling in addi8on to the triggers that induce bio-
protec8ve responses on cultural heritage, (Favero-Longo & Viles, 2020; Gadd & Dyer, 2017).  Various 
environmental condi8ons significantly influence whether iden8cal microbial species or the 
introduc8on of new ones alter their contribu8ons to biodeteriora8on and material dissolu8on or 
foster the forma8on of bio-protec8ve shields guarding the underlying substrates.  Several 
mechanisms contribute to biofilm degrada8on on building surfaces, as illustrated in Figure 5. 
 
Sulphur-oxidising bacteria, when confined within anaerobic environments, produce organic acids 
that reduce the pH and corrode the compounds present in cement or lime walls. This phenomenon 
has been observed in the anaerobic condi8ons prevalent in Victorian sewer systems. Moreover, an 
increase in temperature and rela8ve humidity contributes to historical sewer system failures, (Okabe 
et al., 2007).  Consequently, the microbial-induced deteriora8on of sewage systems beneath historic 
structures can indirectly result in structural damage. This process also leads to the emission of 
sulphur compounds, causing aesthe8c degrada8on on the exterior of the structure, as well as 
subsidence in the surrounding areas. 
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Figure 5:  An illustraion elucidaing the shared characterisics and dispariies inherent in the bacterial biofilm 
and fungal biodeterioraion processes responsible for the degradaion of stone substrates.  The acivity of 
bacterial biofilms, is similar, characterised by the infiltraion of stone surfaces by hyphal structures.  In 
conjuncion with successive delaminaion cycles catalysed by the organic acids generated by biofilms, iniiate 
and perpetuate cumulaive damage to the stone matrix, (De Windt & Devillers, 2010; Sterflinger, 2000) 

 
Bacteria and fungi both employ a wide spectrum of physiological mechanisms, [Appendices: Table 21] 
affording them a remarkable capacity for adaptability when colonising surfaces such as concrete and 
stone, Figure 5. Fungi demonstrate resilience in the face of extreme environmental condi8ons 
including sites with wide varia8ons in pH. Fungal survival strategies encompass a mul8faceted 
repertoire of adapta8ons, including the genera8on of spores which enables endurance of extended 
periods of nutrient and water scarcity, and the ability to conserve essen8al nutrients through the 
process of autolysis. Fungi demonstrate the ability to regulate nutrient distribu8on over significant 
spa8al scales by harnessing the intricate connec8vity of their mycelial network. 
 
The mycelial network takes advantage of the readily available supply of calcium in lime and concrete 
materials which derives from the secre8on of organic acids and enzymes like kera8nase.  These 
compounds lead to the dissolu8on of calcium carbonate compromising the stability of the substrate.  
In older buildings, lime mortar and render contain hard-to-degrade kera8n, which comes from the 
inclusion of horsehair or other animal hair, an ar8sanal prac8ce intended to enhance substrate 
curing and strength.  Kera8nase, a proteoly8c enzyme abundant in fungi and certain bacteria, 
degrades tough kera8n proteins, such as those found in hair, libera8ng essen8al amino acids that 
promote the prolifera8on of kera8nase-producing organisms (Kuddus, 2017). 
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The dissolu8on of animal kera8n in the lime aided by the ac8on of organic acids on exposed calcium 
carbonate culminates in mechanical deteriora8on and the forma8on of insoluble salts within the 
microfractures resul8ng from the intrusion of fungal hyphae.  The hyphae con8nue the mechanical 
pressure by expanding and contrac8ng in response to climate-induced rain entering the widening 
fractures (Jiang et al., 2022).   
 
Devising efficacious strategies to mi8gate biodeteriora8on necessitates a comprehensive 
understanding of these processes and their responsiveness to gradual and extreme environmental 
fluctua8ons.  Compara8ve analysis between the erosion induced by extreme weather condi8ons and 
altera8ons in biodeteriora8on processes is impera8ve for assessing the poten8al of bioprotec8ve 
coa8ngs against deleterious climate influences while also considering the pace of weather erosion 
concerning microbial biodeteriora8on effects. 
 
Intrinsic determinants play a pivotal role in determining the suscep8bility of different substrates to 
microbial colonisa8on and growth.  These determinants encompass factors such as pore availability, 
surface texture, water presence, chemical composi8on and accessibility. 
 
Substrates exhibi8ng a high degree of porosity, characterised by open pores cons8tu8ng more than 
14% of the volume and with a mean radius of up to 10 μm, facilitate moisture reten8on and a 
texture conducive to microbial colonisa8on.  Stone with large pores retains water for shorter 
dura8ons, making long-term colonisa8on unsustainable.  Rough-textured building surfaces a'ract 
pollutants, dust, organic residues, and external nutrients, thereby augmen8ng the ease of 
colonisa8on. 
 
The mineral composi8on of the stone confers advantages beyond its mineral nutri8onal value.  
Surfaces containing more than 3% CaCO3 w/v, such as lime renders, mortars, sandstone, and 
concrete, can create a buffering environment.  This buffering mechanism counters the acidic by-
products produced by microbes and maintains a pH favouring bacterial growth, (Castanier, Le 
Métayer-Levrel, et al., 1999).  In the case of historical lime render and mortar, the introduc8on of 
organic addi8ves or pozzolans during mixing, such as straw, hair, melted and ground bone, car8lage, 
and blood can further augment microbial growth.  Consequently, the combined effects of ongoing 
deteriora8on of the underlying stone, the presence of anthropogenic pollutants, and the 
incorpora8on or accumula8on of organic materials oIen render historical substrates more 
suscep8ble to biological colonisa8on compared to newly constructed surfaces. 
 
Controlling environmental and precursor elements can mi8gate the deleterious metabolic processes 
of microorganisms and the persistent factors contribu8ng to building substrate deteriora8on.  These 
elements encompass natural and ar8ficial light, as well as humidity – all of which are crucial for the 
growth of phototrophic microorganisms.  Similarly, the availability of inorganic compounds from 
both natural and anthropogenic sources is vital for chemolithotrophic microorganism prolifera8on. 
 
An evalua8on of the site and the presence of these factors serves as the ini8al step in determining 
cri8cal measures to minimise the facilita8on of growth.  Clima8c condi8ons also play a pivotal role.  
For instance, in hot and sunny climates, strategies like removing adjacent trees might aid in the rapid 
evapora8on of rainwater, whereas the same approach could exacerbate the issue in colder, damper 
climates (Liu et al., 2018).  
 
Introducing novel materials within the design process presents a promising avenue for restric8ng the 
availability of moisture accessible for microbial growth.  The applica8on of chemical coa8ngs to 
suscep8ble substrates, like lime render, has the poten8al to impede the infiltra8on of water into the 
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larger and deeper pores of the material.  While employing silica nanopar8cles and silicone polymers 
might achieve this objec8ve, they could adversely impact the porosity and moisture-handling 
capabili8es of the lime. 
 
The central challenge resides in the iden8fica8on of coa8ngs that not only align with principles of 
environmental conserva8on and sustainability but also simultaneously mi8gate water ingress while 
preserving the porosity and moisture-handling capability of the material.  This challenge serves as 
the cornerstone of biodesign enhancements aimed at safeguarding tradi8onal building materials at 
risk of deteriora8on.  The topic is reviewed in Chapter Two and further elaborated upon in Chapter 
Three. 
 
 
1.3 Influence of climate on microbial degrada<on of tradi<onal building materials 
 
The response of microbial communi8es on building surfaces is shaped by a variety of factors 
associated with the building itself.  These factors encompass the intrinsic characteris8cs of the 
structure, the surrounding external environment, the effects of climate condi8ons, and any 
modifica8ons made to the building systems and structure.  Many of these adapta8ons by microbial 
communi8es are prompted by shiIs in climate condi8ons. 
 
For instance, altera8ons to building systems can wield a substan8al influence on microbial 
colonisa8on.  Tradi8onal passive ven8la8on systems may be subs8tuted with more advanced 
hea8ng, ven8la8on, and air condi8oning (HVAC) installa8ons.  Furthermore, adjustments to 
plumbing, drainage, sewage, and water storage systems could necessitate altera8ons in the original 
building design to adapt to local environmental factors.  Addi8onally, the u8lisa8on of chemical 
products, even those with short-term risk assessments, can poten8ally disrupt the natural rhythms 
of microbial communi8es on building surfaces over prolonged usage, impac8ng their ecological 
dynamics.  Such modifica8ons to microbial pa'erns on surfaces can lead to changes in community 
composi8on and the metabolic products they generate (Na8onal Academies of Sciences, 2017).   
 
Building materials, suscep8bility to water infiltra8on, erosion, wind-related damage, acid rain, 
anthropogenic pollutants, and alterna8ng humidity and temperature cycles are all directly 
influenced by shiIs in climate pa'erns.  Indirectly, climate change also affects buildings through the 
ac8ons inhabitants take to mi8gate these direct impacts.  Both the direct and indirect consequences 
stemming from climate changes exert influence on the colonisa8on and behaviour of 
microorganisms on material surfaces.  The interplay of these mul8faceted factors ul8mately shapes 
the func8onal a'ributes of the building, its environmental impact, and the well-being of occupants – 
all of which are 8ghtly interconnected to the microbiome residing within the structure. 
 
Altera8ons in the behaviour and life-cycle pa'erns of insects, birds, and plants due to climate 
fluctua8ons can introduce new microbes to heritage materials.  Consequently, this microbial 
introduc8on can disrupt the established growth and produc8on of chemical metabolites in these 
materials.  The introduc8on of novel bacteria to exis8ng microbial communi8es oIen leads to 
horizontal gene transfer, where genes associated with survival are exchanged and retained.  This 
process reinforces the prevalence of more resilient microbial profiles within these communi8es. 
 
Water infiltra8on, whether due to excessive satura8on or insufficient upkeep and repair, stands as 
the primary catalyst for microbial prolifera8on within structures.  Severe clima8c condi8ons such as 
intense downpours that exceed the carrying capacity of gu'ers, lead to overflow in downspouts and 
drainage systems.  This, in turn, results in undue water satura8on of neighbouring walls and 
founda8ons.  Addi8onally, significant shiIs in temperature can trigger condensa8on, luring the 
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growth of mould in areas like roof and wall spaces, where ven8la8on struggles to modulate the 
increased humidity levels. 
 
The addi8on of insula8on into tradi8onally constructed buildings can lead to the development of 
poorly ven8lated cold areas.  These cold zones, where condensa8on accumulates, provide a 
breeding ground for fungi and bacteria when proper ven8la8on is hindered by the newly installed 
insula8on.  This microbial growth produces vola8le organic compounds, which are responsible for 
the dis8nct damp odours (Mendell et al., 2018; Mendell & Kumagai, 2017). 
 
Heavy rainfall swiIly saturates compacted soil, causing groundwater to infiltrate the founda8ons of 
the building.  Historic houses built before 1875 typically lack a physical damp-proof course, resul8ng 
in hydrosta8c pressure that forces water through the wall materials.  Incorpora8ng contemporary 
materials into heritage proper8es results in water absorp8on, promp8ng the prolifera8on of mould 
spores that may have been introduced during the manufacturing process or accumulated during 
transporta8on and installa8on, (Andersen et al., 2017). 
 
In considera8on of the materials themselves, lime, gypsum, and cement are building products with 
porous structures that allow for water absorp8on and storage.  Gypsum possesses an interior 
surface area of approximately 0.2 m2g-1, while cement has a much larger surface area of around 20 
m2 g-1.  The process of water absorp8on in these materials occurs in two stages: first, water 
molecules are a'racted to the internal surfaces through adsorp8on, and then they enter the pores 
via capillary suc8on or absorp8on.  This leads to a substan8al increase in the water content of the 
material, poten8ally up to four 8mes the original amount.   
 
Dis8nguishing between the physicochemical degrada8on processes of lime and cement mortars is 
paramount due to their dis8nct chemical composi8ons.  Concrete undergoes chemical degrada8on 
from the sulphates and chlorides present in salt-laden rain.  This process rapidly undermines the 
surface integrity, forming microcracks.  These microcracks, in turn, facilitate the ingress of 
water.  Together with the salts present in the concrete, this intrusion causes expansion and 
contrac8on, resul8ng in the enlargement of cracks and more severe structural harm.  Although 
calcium carbonate in lime is suscep8ble to chemical assault from soluble acids in rainwater, its 
surface is less prone to cracking.  Nonetheless, it erodes at a faster rate compared to concrete 
surfaces. 
 
Various materials like lime, brick, cement, wood, and gypsum respond with different equilibriums 
concerning rela8ve humidity.  To cope with fluctua8ons in moisture availability, microorganisms 
have developed efficient water conserva8on strategies.  These strategies include forming biofilms or 
possessing water-reten8ve proper8es, as observed in lichen thalli.  Such adapta8ons support 
microorganisms allowing them to thrive in varying environmental condi8ons, further underscoring 
the complexity of microbial interac8ons with building materials. 
 
The interplay between rela8ve humidity equilibriums of diverse materials and the moisture 
resistance mechanisms of microbial communi8es presents a complicated challenge in the 
assessment and quan8fica8on of moisture levels and microbial prolifera8on.  Even in the evalua8on 
of surface moisture on materials, several variables come into considera8on.  These factors 
encompass adapta8ons exhibited by microbial species, temperature fluctua8ons, nutrient 
availability, and the dura8on of moisture and arid periods.  Consequently, delinea8ng the cri8cal 
moisture threshold at which microbial growth becomes inhibited remains a complex endeavour, 
(Dedesko & Siegel, 2015). 
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Fungal colonisa8on ini8ates on surfaces when the cri8cal variables of moisture and rela8ve humidity 
stabilise at approximately 80%, (Jain et al., 2009).  Fungi can be categorised into three dis8nct 
categories based on their thermal preferences: psychrophiles, thriving in temperatures ranging from 
0°C and 5°C; mesophiles, flourishing between 20°C and 45°C; and thermophiles, with growth 
occurring at or above 55°C.   Notably, fungal growth demonstrates an accelerated pace when subject 
to consistent temperatures of 15°C or higher. 
 
Contemporary adapta8ons made to accommodate heritage structures and changes in occupant 
behaviour due to evolving clima8c pa'erns impact indoor humidity levels within these edifices.  
Instances of contemporary contributors to heightened water vapour emission include the u8lisa8on 
of wood or wood-like flooring necessita8ng wet mopping and the installa8on of synthe8c carpets 
that, unlike wool, cannot absorb and release water vapour.  Furthermore, facili8es such as hot tubs, 
whirlpool jets, and inadequately ven8lated bathrooms may poten8ally facilitate the aerosoliza8on of 
pathogenic bacteria like Mycobacteria sp. and Legionella sp.      
 
Integra8ng concrete into the construc8on of tradi8onal buildings has gained prominence over 8me.  
Commencing from the mid-nineteenth century, the u8lisa8on of ordinary portland cement has 
witnessed an upsurge, par8cularly in the context of refurbishing tradi8onal edifices originally 
constructed using soIer lime mortar and render.  Over 8me, it has become evident that the use of 
cement-based materials has adverse effects on the overall state of these structures, resul8ng in both 
func8onal and aesthe8c deteriora8on, Figure 6.   
 
 

 
 
 
 
 

Figure 6:  Photograph illustraing the inserion of lime and  concrete into stonework in a weather-
exposed wall secion in the Northern Isles, Scotland.  Original protecive limewash coaings have 
eroded leaving underlying lime render exposed.  Weathering and trapped moisture has resulted in 
render loss and the formaion of large cracks as a result of the introducion of concrete.   The 
imbalance between the lime and concrete traps moisture resuling in an uneven erosion of lime and 
delaminaion of the stone surface. (Image source: author) 
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One consequence of introducing cement-based materials is the impact of moisture on the condi8on 
of the building materials.  In cases of heavy rainfall, moisture is absorbed by the soIer lime mortar 
joints and as the rain subsides, subsequently evaporates, leaving the stone components unaffected.  
Conversely, cement mortar possesses significantly lower porosity than stone, direc8ng moisture 
through the stone itself, where it subsequently evaporates.  This process results in the accumula8on 
of salts at the peripheries of the mortar joints and contributes to the degrada8on of the stone 
surface, a phenomenon known as spalling. 
 
Moreover, buildings constructed with cement mortar tend to retain dampness, remaining 
persistently moist.  This dampness hinders the ability of the structure to achieve the superior 
thermal performance exhibited by buildings constructed with lime mortar and render. 
 
In summary, the growing prevalence of concrete, par8cularly ordinary Portland cement, in 
tradi8onal architectural construc8on has introduced substan8al challenges.  The contrast between 
the impacts of lime mortar and cement mortar on moisture absorp8on, salt deposi8on, and thermal 
performance underscores the disadvantages associated with cement-based materials in preserving 
the integrity and longevity of historical structures. 
 
A comprehensive five-year-long inves8ga8on conducted at the archaeological site of Pompeii, Italy 
delved into the role of wind-driven rain in fostering microbial colonisa8on (TraverseT et al., 2018).  
This phenomenon became par8cularly conspicuous in areas characterised by compromised 
ven8la8on, cooler temperatures on northern-facing sec8ons, and por8ons of structures with limited 
exposure to sunlight and wind.  These condi8ons led to increased moisture accumula8on in the 
stone, a pivotal factor for the growth of microorganisms (Abuku et al., 2009; Adamson et al., 2013). 
 
Another key role in promo8ng the rapid colonisa8on and growth of microorganisms is the 
accumula8on of both organic and inorganic substances on building exteriors.  Beyond bio8c deposits 
like bird faeces, deceased insects, and microbial layers on stone, anthropogenic residues deposit 
elements such as nitrogen, sulphur, chlorides, and petrochemical organic compounds, which serve 
as crucial nutrients.  If leI untreated, the expanding layers of microbial material on the stone create 
an environment conducive to the a'achment and prolifera8on of more aggressive plants with 
robust root systems.  This, in turn, generates a moist, nutrient-rich habitat that may encourage 
insect infesta8ons.  Altera8ons in the surface ecosystem can disrupt the balance of species 
dominance, allowing invasive species to take root, poten8ally displacing, or weakening the na8ve 
microbial inhabitants.  Such altera8ons in the species profile may reduce the resilience of the organic 
surface against mechanical weathering and expedite the instability of the material (Coombes et al., 
2017; Jurgens & Gaylord, 2018; Pappalardo et al., 2018) 
 
Microorganisms generate a diverse array of organic acids with varying levels of corrosive proper8es 
as shown in [Appendices: Table 22].  The impact of these acids on structures can diverge based on 
factors like concentra8on, dura8on of exposure, and the specific materials in ques8on.  These acids 
expedite the process of corrosion, deteriora8on, and disintegra8on in various building elements, 
encompassing metals, concrete, masonry, and wood.  Consequently, this can lead to structural 
impairment, reduced longevity, and aesthe8c concerns within affected structures.  By 
comprehensively addressing the fundamental ac8vi8es of these microorganisms, it becomes feasible 
to avert or mi8gate these detrimental consequences.   
 
However, the regula8on of these biodegradable organic acids and the produc8on of secondary 
metabolites by microorganisms is subject to clima8c influences. Within stable ecological cycles, 
microbially synthesised organic acids play a pivotal role in various ecological func8ons, including 
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decomposi8on, fermenta8on, and nutrient cycling. Elevated temperatures, prolonged warmer 
seasons, and increased humidity levels serve to s8mulate metabolic ac8vi8es, increasing the 
produc8on of organic acids, thus expedi8ng the decomposi8on process. A summary of the 
ramifica8ons of shiIing weather pa'erns on bacteria and fungi is presented in [Appendices: Table 23]. 
 
Aside from increased organic acid produc8on, climate varia8ons impact the metabolic synthesis of 
secondary compounds, poten8ally contribu8ng to the adaptability of microorganisms to abio8c 
stressors. One hypothesis posits that discrete biosynthe8c gene clusters govern the produc8on of 
secondary compounds and may manifest structural dispari8es in response to divergent clima8c 
condi8ons (Singh et al., 2021).  Examina8on of samples derived from Umbilicaria pustulata 
inhabi8ng both warm and cold-temperate environments uncovered three gene clusters exhibi8ng 
noteworthy differen8a8on. Within these clusters, one manifested exclusive occurrence in cold-
temperate climes, a second exhibited compromised func8onality in cold temperatures, while a third 
remained invariant across all cold-temperate popula8ons. Analysis of allele frequencies along 
temperature gradients indicated that the observed varia8ons in gene clusters likely arose as a 
consequence of posi8ve selec8on and gene hitchhiking, rather than stochas8c gene8c driI. The 
precise secondary compounds generated by these gene clusters in the inves8ga8on were not 
explicitly iden8fied; nevertheless, this research provides a founda8onal framework for prospec8ve 
inquiries into the implica8ons and prospects of climate-induced altera8ons in natural product 
synthesis. 
 
Upcoming advancements in sequencing technologies hold the promise of expedi8ng and enhancing 
the resource-efficient examina8on of microbial biochemical processes implicated in the degrada8on 
of building materials. This endeavour necessitates a heightened focus on quan8fiable parameters, 
including the expression of organic and inorganic acids by fungi and bacteria that establish colonies 
in diverse environmental condi8ons and considera8on of factors such as acid concentra8on, 
degrada8on kine8cs, and the responses of the materials under review. These parameters can be 
systema8cally juxtaposed with evolving cellular 'omic' profiles.  Of interest is the influence of 
climate-related factors on the upregula8on of genes, leading to the augmented produc8on of 
quan8fiable acid levels. This phenomenon, when observed concurrently with iden8fied gene 
clusters, can provide valuable insights into the development of poten8al bioprotec8ve strategies 
aimed at mi8ga8ng the climate-induced deteriora8on of conven8onal construc8on materials 
 
As climate pa'erns evolve and change, varia8ons in meteorological condi8ons furnish valuable 
insights into the interplay between environmental variables and the biological processes affec8ng 
tradi8onal materials.  It can be argued that the interpreta8on and contras8ng of the ramifica8ons of 
biodeteriora8on requires a comprehensive considera8on of factors which extend beyond clima8c 
influences. Factors such as the nature of the underlying substrate material can play a role and merit 
examina8on. This is exemplified by the divergent physicochemical characteris8cs inherent to 
materials such as sandstone, lime, granite, and concrete, which as discussed, confer dis8nc8ve 
inorganic nutrient composi8ons and water reten8on capaci8es, exer8ng a discernible impact on 
colonisa8on dynamics. 
 
Furthermore, cyclic fluctua8ons, such as alterna8ng exposure to light and darkness, as well as 
temperature fluctua8ons, impose abio8c stressors that exert effects on genomic expression and 
biochemical outcomes. Consequently, further analysis of the mul8faceted interplay between 
weather pa'erns, substrate materials, and abio8c stressors is essen8al to develop a comprehensive 
profile of the processes associated with the biodeteriora8on of heritage structures. 
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1.4 Poten<al threats to occupant health from climate-enhanced microbial growth in 
heritage buildings 
 
The associa8on between inhabi8ng moisture-damaged and damp edifices and a decline in health, 
notably manifes8ng as respiratory afflic8ons and allergic reac8ons to microbial toxins and fungal 
spores, has been firmly established (Mendell et al., 2011).  A comprehensive understanding of the 
mechanisms underlying the growth and altera8ons in microbial a'ributes within deteriora8ng, 
moisture-laden buildings and their impact on occupants' health remains notably constrained. This 
knowledge, arguably, assumes a central role in guiding strategies to safeguard occupant health while 
preserving tradi8onal building construc8on.   
 
Several studies have catalogued a diverse array of bacterial and fungal species inhabi8ng interior 
building surfaces, including Candida albicans, E. coli, and Streptococcus sp., alongside Pseudomonas 
aeruginosa, Klebsiella pneumonia, and Staphylococcus sp., (Haleem et al., 2013).  Microbial 
pathogens such as Staphylococcus, Propionibacteria, Corynebacteria, and enteric bacteria, in 
conjunc8on with several fungal spores, are also readily transported by human ac8vity from the 
external environment into indoor living spaces, (Täubel et al., 2009). 
 
Within the interior of buildings, microbial agents responsible for elici8ng physiological responses and 
health deteriora8on primarily emanate from chemical and biological sources. Noted issues result 
from the genera8on of bacterial and fungal spores and the emission of chemical compounds. Such 
consequences arise from altera8ons in the microbial environment induced by recurrent wet-dry 
cycles, fostering spore produc8on and the release of metabolites and mycotoxins from microbial 
cells.   
 
Moisture infiltra8on, stemming from the degrada8on of renders, mortars, compromised brickwork, 
and damaged stonework, as well as ingress through deteriorated or improperly fiTng structural 
elements, serves as the chief catalyst for the prolifera8on of microorganisms within and upon 
buildings, (Andersen et al., 2011; Hyvarinen et al., 2002).  A promising direc8on for further 
explora8on lies in iden8fying the key microbial cons8tuents intertwined with moisture ingress in 
historical structures. Such iden8fica8on will reveal a more comprehensive understanding of the 
health issues arising from occupant exposure while simultaneously advancing knowledge of the 
underlying mechanisms, microbial agents, and their interac8ons with structural damage resul8ng 
from moisture infiltra8on.   
 
This correla8on between elevated indoor moisture levels and the emergence of microbial colonies, 
contribu8ng to heightened health risks for occupants, is not fully understood. To progress this, the 
establishment of a comprehensive framework that interconnects moisture assessment tools, a 
classifica8on system for assessing the extent and nature of moisture penetra8on, the collec8on of 
microbial taxonomic data, and gene8c profiling via DNA sequencing during fluctua8ons in moisture 
levels undeniably holds the poten8al to enhance understanding of the rela8onship binding moisture, 
microbial prolifera8on, and virulence. 
 
Conduc8ng DNA sequencing commonly employs quan8ta8ve PCR analysis of isolated DNA and 
sequencing of bacterial 16S rRNA.  In one study, PCR analysis iden8fied an escala8on in 
Staphylococcus infec8on within the human skin microbiota, concomitant with a decline in the fungal 
presence of Phoma, BotryKs, and Monographella during the restora8on of moisture damage. The 
findings derived from this examina8on of the impacts of moisture damage on microbiota indicate 
discernible shiIs in the abundance of bacterial taxa, albeit not within the overall community 
structure, and yielding inconclusive results for fungi. While the correla8on between an increase in 
dampness in architectural structures and the biodegrada8on process was limited in scope, this 
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inves8ga8on underscored the u8lity of contras8ng pre- and post-moisture-damaged buildings as a 
methodological approach for elucida8ng shiIs in microbial popula8ons resultant from heightened 
moisture condi8ons, (Jayaprakash et al., 2017). 
 
Numerous studies have provided insigh5ul, albeit inconclusive, evalua8ons of the influence of 
compromised residen8al dwellings on bacterial community configura8ons and the poten8al 
implica8ons for the well-being of occupants. Findings derived from the examina8on of the 
consequences of moisture-induced damage on microbiota dynamics have revealed shiIs in the 
abundance of bacterial taxa within a rela8vely stable overall community structure.  The same study 
found variable outcomes for fungal communi8es. Although the associa8on between elevated 
moisture levels in buildings and the biodeteriora8on process is widely acknowledged, the study 
underscores the significance of comparing pre- and post-water damage states of buildings as a 
method to elucidate altera8ons in microbial popula8ons resul8ng from increased moisture 
presence. 
 
This inves8ga8on into characterising the diverse spectrum of fungal species inhabi8ng construc8on 
materials within environments afflicted by mould infesta8ons has undergone scru8ny. The primary 
objec8ve of the inves8ga8on was to elucidate poten8al associa8ons between the iden8fied fungal 
taxa and material degrada8on. The method employed for this characterisa8on involved the 
applica8on of V8 contact plate sampling, which necessitates the u8lisa8on of specialized Petri dishes 
containing appropriate growth agar media. The culture media for fungal sampling employed the use 
of malt agar.  In this methodology, the agar surface extends beyond the rim of the Petri dish, 
enabling the transfer of microorganisms from the sampled surface onto the agar medium.  The 
inoculated agar plates were incubated at temperatures within the range of 30 to 35 degrees Celsius, 
fostering the prolifera8on of microorganisms, enabling the coun8ng of Colony-Forming Units (CFU) 
per sample, facilita8ng taxonomic iden8fica8on and robust sta8s8cal analysis. The research findings 
iden8fied Penicillium chrysogenum and Aspergillus versicolor as the predominant fungal species, 
frequently co-occurring with Stachybotrys sp. in the surveyed structures afflicted by water-related 
damage (Andersen et al., 2011). The presence of Stachybotrys chartarum in indoor environments 
has been correlated with various health concerns in humans, including the development of severe 
pulmonary hemosiderosis in infants, (Haugland et al., 1999, 2004). 
 
Epidemiological inves8ga8ons and meta-analyses such as these have substan8ated a link between 
indoor damp condi8ons with the presence of mould and an elevated risk of developing asthma. This 
connec8on extends to encompass a spectrum of respiratory diseases, including dyspnoea, wheezing, 
cough, respiratory infec8ons, bronchi8s, allergic rhini8s, eczema, and upper respiratory tract 
maladies. Furthermore, these associa8ons bear relevance to individuals of both allergic and non-
allergic disposi8ons. 
 
Indoor dampness and the presence of mould allergens serve as a catalyst for the exacerba8on of 
asthma, with a pronounced emphasis on its impact on paediatric popula8ons. A posi8ve correla8on 
is evident between the visible presence of dampness or mould and the occurrence of various allergic 
and respiratory afflic8ons. It must also be noted that the associa8ons between specific microbial 
species iden8fied in dust samples and the aforemen8oned health symptoms are ambiguous, 
exhibi8ng both affirma8ve and nega8ve correla8ons. 
 
The overall evidence supports proac8ve measures aimed at preven8ng and mi8ga8ng indoor 
dampness and mould infesta8on, which should improve the a'endant health hazards. To date, 
quan8ta8ve data establishing conclusive evidence between dampness, microbial species, and the 
ensuing health symptoms remains incomplete, (Mendell et al., 2011). 
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The rela8onship between microbial exposure and various respiratory symptoms observed remains 
poorly understood. The ae8ology of sick building syndrome is a subject of uncertainty, commonly 
postulated as a cumula8ve effect of toxins, allergens, and uniden8fied physiologically ac8ve agents. 
A study conducted to inves8gate respiratory symptoms among individuals working in both moisture-
damaged and control buildings examined the release of inflammatory mediators, such as interleukin 
(IL)-1, IL-4, IL-6, tumour necrosis factor-α (TNF-α), and cell counts in nasal lavage fluid and induced 
sputum samples. The findings unveiled a substan8al upsurge in IL-1, TNF-α, and IL-6 levels in nasal 
lavage fluid, as well as heightened IL-6 levels in induced sputum samples, par8cularly among 
occupants of moisture-damaged buildings. Simultaneously, individuals exposed to the moisture-
damaged environment reported various symptoms, including sore throat, phlegm produc8on, eye 
irrita8on, rhini8s, nasal obstruc8on, and cough, which were in concordance with the outcomes 
observed for the inflammatory agents. These results suggest a plausible connec8on between 
microbial exposure in moisture-damaged buildings and manifested symptoms, as well as changes in 
pro-inflammatory agents detected in both the upper and lower airways, (Purokovi et al., 2001).   
 
Historical residences, par8cularly those subjected to renova8on, may incorporate crawl spaces 
located beneath the ground level. These areas, situated beneath the lowest floor, serve the purpose 
of eleva8ng the joists above the ground or soil, typically providing only limited ver8cal space, 
sufficient for crawling but not for standing. While rela8vely less prevalent in homes in the United 
Kingdom, crawl spaces are frequently encountered in the southern regions of the United States. 
 
Crawl spaces are most beneficial in arid climates, as they tend to ins8gate drainage problems when 
located in humid environments. In such seTngs, they can foster the growth of mould, resul8ng in 
the development of damp and musty odours within the ground-floor living spaces. These spaces are 
usually equipped with passive ven8la8on systems through built-in grids within the founda8ons of 
the building. If, over 8me, these ven8la8on openings become obstructed or, during the renova8on 
of historical structures, they are covered, it will hinder the crucial circula8on of air. Elevated levels of 
rainfall and poten8al flooding can encourage the accumula8on of moist air and water beneath the 
structure, ul8mately leading to condensa8on in the cooler regions beneath the floor. A persistently 
damp environment becomes conducive to mould growth, which ul8mately leads to the prolonged 
deteriora8on of wooden floor joists and suppor8ng structures. 
 
The prolifera8on of mould within these crawl spaces can extend across substan8al areas, presen8ng 
health risks to occupants in mul8ple living spaces. Inves8ga8ons conducted in regions with harsh 
clima8c condi8ons, such as Sweden, where homes predominantly rest on two types of 
founda8ons—concrete slabs and crawl spaces—have revealed that crawl spaces can experience 
rela8ve humidity levels ranging from 80% to 100% for consecu8ve months. In these studies, 
Penicillium corylophilum emerged as the predominant microbial growth on building materials. 
 
Another study, which examined various isolates of P. corylophilum across Canada, iden8fied several 
secondary metabolites in filtrate samples which may act as virulent agents toward occupant immune 
systems. These included sesquiterpene phomenone, meroterpenoids citreohybridonol, andras8n A, 
koninginin A, E and G, as well as three new alpha pyrones and four new isochromans. Addi8onally, 
various mycotoxins were iden8fied in this study, (Bok, Hallenberg and Åberg, 2009). 
 
Infec8ons resul8ng from Penicillium sp. are commonly grouped under "penicilliosis." This category 
encompasses a variety of condi8ons, including kera88s, endophthalmi8s, otomycosis, pneumonia, 
endocardi8s, and urinary tract infec8ons, (Egbuta et al., 2017). 
 
Extensive research has been conducted on Staphylococcus aureus bacteria in various seTngs, such 
as hospitals, care homes, animal breeding centres, wastewater treatment plants, schools, and 
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residen8al buildings (Agos8no et al., 2017; Denis, 2017). The frequency of epidemiological risk 
reports and reports of an8bio8c resistance in S. aureus has shown an upward trend. It is es8mated 
that 11-53% of bacteraemia-related complica8ons in S. aureus treatment are a'ributed to the 
source, (Keynan & Rubinstein, 2013). S. aureus deploys diverse infec8on mechanisms, characterised 
by its high invasiveness into the human body, resul8ng in a spectrum of symptoms driven by its toxic 
a'ributes. This can culminate in sepsis and poten8ally fatal outcomes, (Agos8no et al., 2017). 
 
Of equal concern is the propensity of S. aureus to acquire an8bio8c resistance, frequently through 
horizontal gene transfer from other resistant bacterial strains. Addi8onally, the airborne and direct 
transmission of S. aureus via hands or oral routes complicates its control. The pathogenic strain of S. 
aureus can endure on dry surfaces, regaining its contagious poten8al when exposed to moisture. 
The risk of exposure is par8cularly noteworthy in historical residen8al and public buildings, as 
transmission can occur through infected domes8c animals origina8ng from wastewater sites, animal 
husbandry loca8ons, and carriers in the community, (Boopathy, 2017; Boyce, 2007; Conceição et al., 
2013; DeLeo et al., 2010; Wardyn et al., 2015). 
 
The heightened occurrence of extreme weather events amplifies the risk of flooding and the 
dissemina8on of inadequately treated wastewater from treatment facili8es. This results in an 
increased likelihood of domes8c animals coming into contact with contaminated water, poten8ally 
leading to the contamina8on of natural water reservoirs and soil. The wind-borne dissemina8on of 
bacterial spores, including S. aureus, is a further concern. Consequently, the explora8on of strategies 
to protect stone heritage buildings from bacterial assaults has gained significance. This includes the 
applica8on of an8microbial oxide nanopar8cles like Ag, ZnO, and TiO2 for surface protec8on and 
preserva8on, with the poten8al to reduce infec8on risks for occupants of such buildings, (Fruth et 
al., 2021). 
 
Staphylococcus has been detected in air samples from a range of public buildings in China (Li et al., 
2015), residen8al flats in South Korea (Moon et al., 2014), as well as various public and private 
loca8ons in Italy and Poland (Messi et al., 2015; Pastuszka et al., 2000). In the Italian study, two S. 
aureus isolates were found to be resistant to an8microbials erythromycin and tetracycline, while in 
Poland, S. aureus strains resistant to erythromycin and clindamycin, another an8microbial, were 
isolated (Lenart-Boroń et al., 2017). 
 
The poten8al rise in an8microbial-resistant S. aureus strains on historical property surfaces due to 
climate change-induced increases in temperature and humidity is raising concerns about occupant 
health. Despite efforts with an8bio8cs and similar-ac8ng drugs targe8ng genomic or proteomic 
regula8on, they have fallen short in effec8vely controlling S. aureus over the long term. While 
mul8drug treatments may offer temporary success, the unchecked use of an8bacterial agents 
renders this strategy insufficient to prevent eventual drug resistance (Kozajda et al., 2019). 
 
Exploring natural products within shared heritage ecosystems that serve as defensive agents against 
compe88ve organisms like S. aureus, and mould colonisa8on presents a promising avenue for bio-
toxic tools that can be employed in conserva8on prac8ces. These natural products also referred to 
as secondary metabolites, provide environmentally sustainable solu8ons that effec8vely inhibit the 
growth and propaga8on of biodegrading microorganisms u8lising a range of inhibitory mechanisms. 
Furthermore, these compounds exhibit poten8al as innova8ve treatments to counteract the spread 
of drug-resistant pathogenic microorganisms such as S. aureus. 
 
Several interventions to reduce the risk of microbial growth in heritage buildings are proposed.  
Periodic ventilation of the building eliminates moisture and prevents the growth of mould and 
bacteria.  This can be achieved economically by preserving passive ventilation systems inherent in 
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the original house structure such as ventilation grids, open fireplaces, and air vents on chimney pots.  
Avoiding attempts to impede air movement between walls and floors is essential to maintaining an 
effective ventilation system.  Regular Inspection of the building for signs of moisture damage is 
critical.  Swift repairs of any issues threatening the integrity of the building to the weather are 
essential to prevent microbial colonisation.  Buildings exposed to high-impact and prolonged periods 
of wind-driven rain are at an elevated level of risk of supersaturated mortar and wall renders.  
Ensuring unobstructed moisture movement between building elements including walls, roofs and 
floors helps reduce moisture build-up, microbial colonisation, and long-term structural damage. 
 
The considera8on of energy-related factors influencing the shiI in manufacturing materials for 
construc8ng structural components is important.  Climate change has a notable impact on the 
degrada8on caused by microbial colonisa8on and should be factored into the decisions to make 
changes to material components.  Materials derived from wood and cellulose, despite their 
rela8vely lower energy-intensive produc8on processes, become vulnerable to microbial expansion 
when exposed to moisture. Within a few months following construc8on, damp structural elements 
become conducive to the prolifera8on of various moulds, such as Aspergillus, Penicillium, and 
Stachybotrys. These moulds can manifest on both external and internal material surfaces, as well as 
within the enclosed gaps of walls and ceilings, (Godish, 2005). 
 
 
1.5 Impact of biocides on mi<ga<ng bacterial and fungal colonisa<on 
 
Conserva8onists undertake mul8faceted approaches to mi8gate the colonisa8on of harmful 
microorganisms, safeguarding buildings, and cultural ar8facts. In addi8on to formula8ng chemicals 
with biocidal proper8es, conserva8on specialists explore both direct and indirect strategies in this 
endeavour. 
 
Indirect methods encompass interven8ons aimed at altering environmental condi8ons to create an 
inhospitable habitat for microbial growth. The complexity of this approach arises from the 
challenges associated with regula8ng anthropogenic pollutants, which contribute to the forma8on 
of nutrient-rich layers. Furthermore, the varying factors of humidity and temperature, par8cularly 
for structures exposed to ever-changing weather condi8ons, make environmental manipula8on 
challenging, (Charola et al., 2011). 
 
Conversely, direct methods offer a more straigh5orward approach involving mechanical, inorganic, 
organic, and biochemical techniques to eliminate undesirable microbial colonies from building 
surfaces. Mechanical techniques, while effec8ve, may inadvertently damage the underlying 
structure or expose concealed layers to accelerated erosion. Similarly, the use of inorganic and 
organic chemicals can have adverse environmental consequences, genera8ng toxic waste, including 
oxidising compounds such as hydrogen peroxide and chlorine. These substances not only harm 
substrates and nearby vegeta8on but also release ammonia, which poses environmental toxicity 
risks. Early synthe8c biocides, while effec8ve in killing undesired microorganisms, exhibited 
indiscriminate toxicity, leading to the demise of beneficial microorganisms and higher plant life in 
the treated areas, (Fidanza & Caneva, 2019). 
 
A more ecologically responsible and economically viable approach involves the u8lisa8on of 
allelopathic methods. This approach involves the development of natural biocides derived from 
plant products and microorganisms. The poten8al for advancing natural biocidal agents in the realm 
of built heritage, a rela8vely overlooked domain, is substan8al, par8cularly as local authori8es 
grapple with the need to ensure the habitability of exis8ng housing and the reuse of commercial and 
industrial structures amidst limited land and building resources, (Jeong et al., 2018). 
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The selec8on of a natural biocide product hinges upon avoiding ecotoxic effects on local flora and 
fauna. A comprehensive understanding of the microbiocenosis of the specific habitat under 
examina8on is essen8al to prevent unforeseen toxicity to other species. The development of 
databases containing informa8on about natural biocides obtained from plant extracts and microbial 
secondary metabolites holds promise for designing and producing biofungicides and biopes8cides 
without detrimental effects on the surrounding environment, (Fidanza & Caneva, 2019; Isola et al., 
2022; Mateus et al., 2023).  Early research in this field has yielded encouraging outcomes, such as 
the an8fungal proper8es of biosurfactant lipopep8des produced by bacterial strains like Bacillus 
subKlis and Bacillus amyloliquefaciens, effec8vely inhibi8ng microbial growth on mural pain8ngs, 
(Marin et al., 2016; Silva et al., 2015). 
 
Notwithstanding, modifica8ons to conven8onal materials necessitate extensive research, 
par8cularly to understand the long-term effects of interven8ons. The incorpora8on of polymeric 
materials, addi8ves, and agents to enhance performance or resistance to erosion may introduce 
compounds suscep8ble to fungal and bacterial deteriora8on due to favourable altera8ons in 
physical and chemical condi8ons for microbial growth. In-situ tes8ng, involving real-world 
simula8ons, plays a pivotal role in evalua8ng environmental impact and material effec8veness. 
 
Given the evolving environmental dynamics resul8ng from climate change, efforts to mi8gate 
biodeteriora8on of heritage structures must emphasise sustainable and economically viable 
strategies. Environmental fluctua8ons are also altering the delicate balance between 
biodeteriora8on and bioprotec8on on tradi8onal materials. When the erosive effects of the 
environment on external structures surpass the gradual decay from microbial colonisa8on, the 
possibility of leveraging colonisa8on as a protec8ve or biocidal layer becomes a worthwhile 
considera8on. Even minor fluctua8ons in temperature, precipita8on, and sunlight can determine 
whether lichen or microbial coverage results in surface damage or serve as a shield against wind-
driven rain and solar radia8on, slowing the erosion of the upper substrate layer. 
 
Furthermore, beyond the synthesis of chemical agents with inherent toxicity towards biological 
organisms, conserva8onists must embark on a comprehensive explora8on of both indirect and 
direct approaches. These endeavours should aim at mi8ga8ng bacterial and fungal colonisa8on, 
consequently diminishing the adverse impact on architectural structures and heritage artefacts. Such 
measures play a pivotal role in safeguarding the preserva8on of our cultural heritage 
 
 
1.6 Leveraging the changing balance between biodegrada<on and bioprotec<on 
processes resul<ng from the effects of climate change on cultural heritage 
 
Promo8ng microbial colonisa8on on building materials to induce bioprotec8on cons8tutes an 
intriguing concept situated within the domain of bio-inspired or biophilic design. Tradi8onally, 
efforts have predominantly focused on aver8ng the growth of microbes on building surfaces to 
preclude structural decay. In light of the moun8ng conserva8on challenges presented by climate 
change and extreme meteorological events, some heritage experts are intrigued by the poten8al 
benefits of deliberately encouraging microbial colonisa8on under controlled condi8ons. A variety of 
considera8ons and prospec8ve methodologies are available to s8mulate the prolifera8on of 
microbial life on building exteriors. 
 
To enable colonisa8on, the selec8on of materials must be conducive to microbial prolifera8on. 
Surfaces characterised by porosity and texture facilitate the adhesion of lichens, fungi, and bacterial 
biofilms, providing a substrate for biofilm adherence and a conduit for hyphae to establish 
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themselves on and within the material. In cases where contemporary materials exhibit reduced 
porosity or texture, the applica8on of a specially designed and targeted microbial-friendly nutrient 
coa8ng may prove advantageous. 
 
Devising a strategy to foster uniform microbial surfaces with bioprotec8ve a'ributes presents a 
challenge. Crustose lichens, while robust and resistant to detachment, present complica8ons due to 
their sluggish growth rate, which limits their suitability for establishing protec8ve colonisa8on 
pa'erns on stone surfaces.  Therefore, evalua8ng the bioprotec8ve efficacy of microbial colonies 
should ideally transpire in their natural environment, enabling the examina8on of external variables 
such as temperature and humidity, as well as the intricate ecosystem interac8ons absent in 
laboratory condi8ons.  
 
The implementa8on of regular in-situ quan8ta8ve methodologies, involving measurements 
encompassing substrate erosion, chemical runoff, compression strength, and material degrada8on, 
introduces addi8onal complexi8es to long-term monitoring. Nevertheless, these assessments are 
indispensable for establishing the microbial equilibrium that concurrently safeguards against 
deteriora8on and induces biodeteriora8on under fluctua8ng environmental condi8ons. 
 
Conven8onal surfaces of historical structures are unlikely to naturally foster the desired 
bioprotec8ve microorganisms. The introduc8on of selected microbial communi8es to heritage 
building surfaces, whether during construc8on, post-construc8on, or as part of a restora8on 
process, is op8mally achieved, through a counter-intui8ve process, that is, within a suppor8ve 
nutrient solu8on, thereby promo8ng the development of the intended microbial profile. 
 
The determina8on of whether a specific species or microbial community exerts a net bioprotec8ve 
or biodeteriora8ng influence in the context of extreme weather condi8ons hinges on the interplay of 
numerous interconnected and unpredictable factors, Figure 7. A study from Falsarna, Crete 
demonstrated a reduc8on in microbial deteriora8on of limestone when algae began to proliferate 
on the same substrate, (Naylor & Viles, 2002).  Similarly, research comparing rates of weathering on 
carbonate rocks in the Algarve indicates that the brown canopy algae Fucus sp. mi8gated 
temperature and humidity fluctua8ons, thereby reducing the extent of weather-induced 
degrada8on, (Baxter et al., 2022; Moura et al., 2012). Comparable reduc8ons a'ributable to the 
presence of secondary microorganisms were noted in the context of saltwater weathering, (Goudie 
& Viles, 2010), as well as in mi8ga8ng erosion caused by direct solar radia8on and thermal stress, 
(Gowell et al., 2015). 
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Figure 7:  The evalua-on of microbial colonisa-on as a factor in the biodegrada-on or bioprotec-on of building 
materials is impacted by the influence of climate change on the durability of these materials.  Assessing the 
poten-al harm caused by darkened zones resul-ng from biofilms or calcium oxalate deposits poses a challenge 
to conven-onal conserva-on prac-ces, as it ques-ons whether these phenomena are detrimental to the 
heritage experience or represent a natural adapta-on in the form of a protec-ve pa-na against climate 
change.  Source: *1 - (Gómez-Pujol et al., 2007), *2 - (Coombes et al., 2011), *3 - (Flemming, 1993), *4 - (Scheerer 
et al., 2009), *5 - (Cwalina, 2008), *6 - (Morrison et al., 2009), *7 - (Jayakumar & Saravanane, 2009), *8 - (Garcia-
Vallés et al., 2003), *9 - (Gadd & Dyer, 2017), *10 - (Carter & Viles, 2003), *11 - (Shuying & Xiaoning, 2018), *12 - 
(Kennedy et al., 2019), *13 - (Trenhaile, 2017) 

 
 
Establishing a specific microbial colony necessitates the me8culous provision of essen8al nutrients. 
The formula8on of a nutrient base is a cri8cal step in minimizing the poten8al for invasive damage or 
the extrac8on of material surface nutrients (bioleaching) by microorganism colonisa8on. 
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The management of moisture levels presents a more formidable challenge, par8cularly in light of 
increasingly frequent cycles of drought and heavy rainfall resul8ng from shiIing climate pa'erns. 
Adequate moisture is impera8ve for ensuring the adhesion and long-term viability of microbial 
colonies. Nevertheless, prolonged periods of excess moisture can inadvertently promote the growth 
of more well-adapted moulds and other undesirable microorganisms during the surface inocula8on 
phase. Thus, me8culous planning and investment in protec8ve measures are impera8ve to maintain 
appropriate moisture levels on large structures un8l the microbial community becomes firmly 
established. 
 
Several other environmental factors are paramount in crea8ng favourable condi8ons for microbial 
growth. These factors include maintaining temperature ranges, humidity levels, and light exposure 
that align with the specific requirements of the microbial community. Consequently, an 
understanding of the environmental preferences of these microorganisms is indispensable, and 
adjustments to the environment or the 8ming of interven8ons should be made accordingly. 
 
While the no8on of promo8ng microbial colonisa8on on building materials is rela8vely recent, the 
poten8al long-term advantages offer the promise of bolstering the resilience of tradi8onal materials 
against the moun8ng impacts of extreme weather events. However, a prudent approach to this 
endeavour over the long term is indispensable, as it is essen8al to address poten8al challenges 
associated with controlled microbial colonisa8on. This is crucial to ensure that it does not 
inadvertently facilitate the prolifera8on of detrimental microorganisms, which could compromise 
the structural integrity of the building and pose health risks to occupants 
 
 
1.7 Chapter Summary 
 
Tradi8onally, conserva8on science has viewed microorganisms as adversaries, a'ribu8ng cultural 
heritage deteriora8on to their intricate metabolic processes and synergis8c ac8on with 
anthropogenic pollutants. This perspec8ve has spurred diverse interven8ons, spanning controlled 
environments to invasive treatments like mechanical removal, biocides, and UV irradia8on. It is 
important to underscore that any an8microbial strategy must priori8se environmental sustainability, 
(Pinna, 2021). 
 
This chapter proposes a paradigm shiI, advoca8ng for microorganisms as allies in sustainable 
cultural heritage preserva8on. Microbes hold poten8al to protect architectural structures from 
harsh weather while not significantly altering the physicochemical proper8es of tradi8onal building 
materials, as Pinna (2017) points out. Unveiling the complex interac8ons between diverse microbial 
communi8es and these materials remains a largely unexplored fron8er.   
 
With growing concerns regarding the environmental footprint of modern building materials, low-
energy alterna8ves are gaining trac8on. Fabrica8on of steel, aluminium, and concrete involves 
significant fossil fuel consump8on and carbon emissions, contras8ng with the energy-efficient 
produc8on of cellulose and wood fibre-based materials, (Pinna, 2017). 
 
Nevertheless, cellulose-based products, despite their sustainability advantage, are vulnerable to 
biodeteriora8on in damp condi8ons. Responding to the first research ques8on, this chapter has 
delved into the mechanisms of microbial degrada8on and how climate change influences them. 
Deteriora8on can begin within a month, oIen featuring prolific mould growth of, for example, 
Aspergillus and Penicillium species. Unchecked mould and bacteria thrive in damp, warm 
environments, posing serious health risks to building occupants. Integra8ng cellulose-based 
materials as subs8tutes necessitates concurrent solu8ons to biodeteriora8on, necessita8ng a shiI in 
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conserva8on mindsets to embrace materials not originally part of the historical structure. The 
poten8al biodeteriora8on of these organic materials can be mi8gated using natural an8microbial 
secondary metabolites as biocides against unwanted microorganisms. 
 
Microbial prolifera8on on other organic elements like wallpaper further challenges historical interior 
preserva8on. Dutch researchers have developed a material suscep8bility classifica8on system to 
inform biodeteriora8on mi8ga8on strategies. The paramount objec8ve is to for8fy materials against 
biodeteriora8on without resor8ng to synthe8c fungicides, which offer only reprieve and limited 
efficacy. 
 
The inves8ga8ve approach of this research starts with encapsula8ng heterotrophic and autotrophic 
non-pathogenic cyanobacteria within biopolymeric matrices. This innova8ve technique promises 
extended longevity for sacrificial limewash coa8ngs by increasing calcium carbonate density and 
enabling self-repair mechanisms. Furthermore, extracts derived from secondary metabolites of 
lichens, adapted to similar environmental extremes, may exhibit an8microbial proper8es against 
climate-induced microorganisms responsible for the biodeteriora8on of tradi8onal building 
materials. Chapter Two explores the impact of these biodeteriora8on and bioconserva8on effects. 
 
Subsequent chapters (Chapters Three and Four) present the prac8cal development of biologically-
inspired alterna8ves to combat climate-induced material degrada8on. These offer a plethora of 
benefits: efficacy, minimal ecological footprint, enhanced durability, environmental sustainability, 
and reduced risks for personnel involved in historic building conserva8on and restora8on. The 
ramifica8ons of this inquiry extend beyond cultural heritage, impac8ng cemen88ous materials and 
tradi8onal building components like wood and stone. 
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CHAPTER TWO: Designing bioenhancements to at-risk tradi0onal 
building materials 
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Chapter Abstract 
 
 
 
Tradi8onal building materials are woven into the fabric of cultural heritage and architectural history.  
The changes in meteorological condi8ons, an interplay of climate change, increased precipita8on, 
and microbial ac8vity expose material vulnerabili8es, accelera8ng decay and presen8ng an 
existen8al threat to heritage structures.  This chapter delves into the pioneering concept of 
designing bioenhancements, proposing a novel approach to safeguard at-risk tradi8onal building 
materials against environmental and microbial degrada8on while preserving their historical integrity.   
 
Advances in self-healing cemen88ous materials harnessing biotechnologies present three intriguing 
avenues: incorpora8ng immobilised biomineralising bacteria, direct engineering materials with 
biopolymers, and prolonging the bacterial self-healing lifespans. While biopolymers are favoured for 
cell immobilisa8on, substan8al op8misa8on is necessary to balance material proper8es, 
environmental impact, and long-term efficacy. This discussion analyses the principles, methods, and 
poten8al advantages of bioenhancements for tradi8onal materials, highligh8ng opportuni8es for 
environmental sustainability and economic benefits for the custodians of historic buildings. 
 
Nevertheless, crucial research gaps remain in op8mising these promising avenues and transla8ng 
them into prac8cal applica8ons. This chapter concludes by highligh8ng the need for further 
inves8ga8ons in areas such as enhanced encapsula8on techniques for bacterial longevity and 
ac8vity, biopolymer modifica8on to op8mise mechanical proper8es, the scalability and cost-
effec8veness of bio-based produc8on methods and long-term performance evalua8on.    
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2.1 Introduc<on 
 
Extreme climatic events give rise to global phenomena, including droughts, floods, wind-induced 
precipitation, alterations in pH levels, and biological assaults, as summarized in Table 1. 
Environmental challenges pose a direct threat to the enduring legacy of heritage structures. The 
ever-evolving landscape of climate change compounds these issues, necessitating a re-evaluation of 
established conservation policies for designated heritage structures. This re-evaluation introduces 
potential clashes with ambitious zero-carbon initiatives and retrofits involving insulation, 
(Brimblecombe et al., 2011).  
 
This chapter further develops on the literature review presented in the preceding chapter. It 
narrows its focus to delve into the intricacies of traditional materials, particularly those based on 
lime, which faces heightened susceptibility to biodeterioration. Within the purview of this chapter, 
attention shifts towards the innovative domain of microbial biosynthesis, biopolymer printing and 
antimicrobial secondary metabolites. These approaches are introduced and explored as novel 
strategies to fortify and protract the life expectancy of traditional building materials that are 
susceptible to growing environmental threats.   
 
 
Table 1: Environmental factors influenced by climate change and the impact on lime-based tradiional building 
materials 

Environmental 
factors influenced 
by climate change 

Challenge to lime-based traditional building materials References 

Temperature In 2021, the maximum temperature reached was 32.2°C compared 
to the average hottest day during the period 1961-1990 of 31.4°C.  
In 2022, the maximum temperature was 40.3°C recorded at 
Coningsby, Lincolnshire, and a new provisional temperature for 
Scotland was set at 38.7°C.  Compared to extensive studies on the 
impact of higher temperatures on cement-based products, there is 
limited research on the impact on heritage materials such as lime, 
other than the effect of fire.  Temperatures below 5°C and higher 
than 18°C restrict natural carbonation taking place. 

(Doleželová et al., 2018; 
Pachta et al., 2018; 
RMetS, 2022) 

Sea level From the early 1900s sea levels have risen around the United 
Kingdom by 16.5 cm and continues to rise.  In addition to coastal 
erosion, the frequent storm surges result in the generation of wind-
driven salt-saturated rain.  The Roman architect Vitruvius in his work 
De Architectura developed a salt-resistant lime mix to withstand the 
eroding effect of sea water by adding finely ground natural mineral 
marble powder in a ratio of one part lime to three parts pozzolan, in 
this instance volcanic ash.  The growth of salt crystals within the 
lime reduces the tensile strength of the render.  Pozzolans may 
effectively lower salt erosion but similarly reduce the tensile 
strength of the lime. 

(Morgan, 1960) 

Changes in pH The increased absorption of CO2 acidifies the ocean and ocean spray 
while acid rain forms due to the sulphur dioxide and nitrogen oxide 
released from power stations and volcanoes.  An increase in volcanic 
activity results from climate change as ice-loss reduces the pressure 
on the land mantle enabling volcanic venting.   

(Tuffen, 2007) 

Biological attack An increase and extension of wet/dry weather cycles encourage 
fractures in the lime allowing moisture penetration.  
Microorganisms and the biofilms produced, retain moisture 
resulting in an enlargement of microfractures and cracks permitting 
access to further erosion and microbial colonisation. 

(Viles, 2002) 
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Research into bio-augmented self-restoration, the utilisation of ecologically procured bio-polymers, 
and the development of antimicrobial interventions present a compelling avenue for enhanced 
conservation approaches for the revitalisation of historic buildings. These initiatives hold potential to 
ameliorate structural integrity, curtail maintenance requirements and costs, support zero carbon 
and lower energy initiatives and protract the longevity of cultural heritage. 
 
 
2.2 Biopolymer encapsulated enhancement of limewash surfaces  
 
The degrada8on of limewash sacrificial layers is exacerbated by wind-driven rain, alterna8ng 
between intense dry periods and increased moisture levels and temperature. In coastal areas 
exposed to the elements, the interval for reapplying the sacrificial limewash layer has diminished 
from five years to three years or less. One poten8al solu8on involves subs8tu8ng the limewash layer 
with a more durable synthe8c coa8ng. Synthe8c sealants degrade at a slower rate by sealing the 
pores of the underlying substrate, thus preven8ng water and moisture ingress. However, 
diminishing the porosity of lime leads to significant moisture-related issues, including vapour 
accumula8on, dampness, and condensa8on problems. 
 
In warm and humid condi8ons, organic materials and anthropogenic pollutants adhere to the 
sealants, providing a nutrient base for microorganisms that deteriorate the sealant surface. 
Therefore, enhancing the durability of the limewash layer necessitates maintaining its chemical and 
biological protec8ve func8on. An effec8ve approach to improve the limewash durability should 
focus on enhancing the overall density of the lime without excessively reducing its porosity. A key 
aspect discussed in Chapter Three is the incorpora8on of calcium ion nuclea8ng microorganisms 
capable of genera8ng bio8c extracellular CaCO3 into the limewash. This forms the basis for the 
experimental design aimed at developing microbial encapsula8on and biomineralisa8on for inclusion 
during the limewash applica8on without impairing the natural limewash func8onality. 
 
The sequestra8on of carbon through encapsulated bacteria integrated into the limewash requires a 
comprehensive methodology that encompasses biopolymer synthesis, encapsula8on technologies, 
biomineralisa8on, and the crea8on of microbially sustainable environments. The development of 
techniques for harves8ng biopolymers derived from natural sources including biofilms, provides an 
innova8ve vehicle for bacterial encapsula8on and nutrient delivery, presen8ng an opportunity to 
create biocompa8ble environments conducive to the precipita8on of CaCO3 by microorganisms. 
 
Chapter Three addresses the second research objec8ve, proposing an organic approach to create a 
bioac8ve, carbona8ng limewash. The approach aims to extend the sacrificial lifespan of the 
limewash by counterac8ng the erosive impact of weather condi8ons on the external rendering of 
structures, reduce the carbon footprint of building maintenance and restrain the rising costs of built 
heritage upkeep. 
 
 
2.3 Literature review 
 
Carbonates, primarily found in various forms of limestone, constitute approximately 42% of the total 
carbon reservoir on Earth, with a substantial portion originating from biogenic sources, (Zhu & 
Dittrich, 2016). Microbial carbon sequestration through CO2 fixation has emerged as a promising and 
acknowledged technology, (Rossi et al., 2015). Photosynthetic microorganisms, primarily 
cyanobacteria and microalgae, play a pivotal role in capturing carbon dioxide from the atmosphere, 
(Kumar et al., 2011). Beyond the evident environmental advantages, the commercial prospects 
associated with harnessing environmentally beneficial microbial products are compelling. As of 
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2015, microbial biologics were valued at an impressive US$ 277 billion and are projected to reach 
US$ 400 billion by 2025, (Grand View Research, 2017). Microbes contribute toward generated lime-
concrete CO2 micro-encapsulating pastes (Wang, Soens, et al., 2014), biopolymers (Moradali & 
Rehm, 2020), biocides and biosurfactants (Fidanza & Caneva, 2019; Płaza & Achal, 2020), biofilm 
generated bioelectricity (Nealson, 2017), biofuels (Kumar et al., 2018) and brownfield site 
bioremediation (Megharaj & Naidu, 2017). The economic value of the carbon-fixing global market in 
the future is likely to be significantly greater than past estimates.  
 
 

2.3.1 Lime render and weather erosion  
 
Lime production is initiated through the high-temperature calcination of calcium-based rocks, 
typically at 900°C, culminating in the formation of calcium oxide (CaO) as depicted in Figure 8. 
Subsequently, calcium oxide may undergo "slaking" or hydration upon contact with water, yielding 
lime putty or, when combined with dampened aggregate, leading to the creation of "hot lime." 
Notably, the addition of water to calcium oxide is characterised by a vigorously exothermic reaction, 
generating a thixotropic wet hydrate, a choice conventionally favoured by skilled artisans. Hydrated 
lime subsequently undergoes an induration process, which is influenced by atmospheric carbon 
dioxide, commencing at temperatures above 5°C and contingent on residual moisture levels. 
Carbonation occurs as atmospheric CO2 is absorbed, progressing at a rate of 5 mm per month, 
commencing from the external surface and progressing inwards (Young, 2008).  
 
Climate change exerts several types of erosive force upon the exterior surface of the building, as 
illustrated in Table 1. Accelerated erosion occurs after prolonged cycles of drought and flooding, 
heightened rainfall acidity characterised by the presence of H2SO3 and HNO3, consequential pH 
alterations, escalating temperatures, biological degradation, and the formidable impact of storm-
force winds, (Sabbioni et al., 2008).  Wind-driven rain and the salination of rainwater in coastal 
regions introduce salts that accumulate within the microcracks of weathered structures. During 
periods of drought, the crystallization of salts exerts substantial pressure within the structural 
interstices of lime-based materials, ultimately leading to material failure.  
 
By the 19th century, the use of lime mortar diminished as the widespread adoption of Portland 
cement gained momentum. Portland cement is characterised by its ease of use, rapid curing 
properties, and high compressive strength. The strength of concrete is accompanied by two inherent 
limitations: its susceptibility to fracture and brittleness, and its significant role as a major contributor 
to atmospheric CO2, (Blankendaal et al., 2014). Consequently, researchers are actively exploring 
strategies to mitigate the environmental impact of the extensive utilisation of concrete in 
construction practices, although the economic feasibility of such endeavours remains a formidable 
obstacle (Scrivener et al., 2018).  
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Figure 8:  The lime cycle 

 
In comparison, the utilisation of lime as a construction material is characterised by a protracted 
application process, contingent upon various factors including accommodating weather conditions 
and the availability of proficient craftsmanship. Unwise preservation methods, such as the use of 
epoxy resins and barium hydroxide (Ba(OH)2) solution, not only contribute to environmental toxicity 
but also impede moisture permeability, leading to irreversible microstructure impairment of the 
lime (Rodriguez-Navarro et al., 2003). To bolster the adhesive, waterproofing, and antiseptic 
qualities of lime, additives like sealants and pozzolans have been introduced. Past building records 
reveal diverse additives, ranging from marine salt in 1811 to unusual substances like skimmed milk 
(1881), warm slaughterhouse blood mixed with stale beer (1883), flour (1887), sugar (1890), and 
molasses (1913), (Taliaferro, 2015). Artisans posited that the inclusion of blood could enhance 
binding strength, weather resistance, and carbonation, which may be due to the hydrolysis of blood 
proteins within the alkaline environment though there are limited experimental studies on this topic, 
(Fang et al., 2015).  
 
Despite the convenience of application and high compressive strength, concrete is susceptible to 
cracking, leading to increased brittleness that permits the ingress of water and pollutants, ultimately 
compromising its long-term structural integrity. The thermal expansion mismatches among its 
constituent materials contribute to reduced material strength and ensuing environmental 
contamination, (de Muynck et al., 2008).  
 
Early endeavours to fortify concrete through microbial repair mechanisms involved the 
incorporation of Bacillus spores and calcium lactate (C6H10CaO2) as a nutrient, and both embedded in 
clay pellets. In this innovative approach, as cracks develop, water triggers the revival of dormant 
bacteria within the pellets. These reactivated bacteria then generate calcium carbonate (CaCO3) 
deposits, effectively sealing the cracks, (Jonkers, 2007; Wiktor & Jonkers, 2011). The microbial 
repair process led to a discernible enhancement in the compressive strength of concrete, (Bang et 
al., 2010). Nevertheless, anaerobic ureolytic bacteria, during the biomineralisation process, yield 
environmentally harmful by-products, such as ammonia, while precipitating calcium carbonate. This 
contributes to toxic runoff.   In contrast, autophototrophic bacteria engage in the fixation of 
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atmospheric carbon, forming robust calcite layers within cracks without generating toxic by-products 
(Zhu & Dittrich, 2016).  
 
 

2.3.2 Overview of mechanisms of bacterial precipita-on of calcium carbonate  
 
Microbial precipitation arises from metabolic processes that can be categorised as either 
heterotrophic, exemplified by urea hydrolysis, or autotrophic. The outer cell membrane, 
characterised by a negative charge, can bind divalent cations, such as Ca2+. This binding event leads 
to the creation of a nucleation site either within or external to the organism, where crystal 
formation commences.  During the process of urea hydrolysis, which yields CO2 and ammonia, there 
is a concurrent increase in the pH of the surrounding environment, coupled with an elevation in 
carbonate concentration, (Chahal, Rajor and Sidique, 2011). The active microbial precipitation of 
CaCO3 is observed to occur at a considerably higher rate in comparison to passive chemical 
precipitation, (Stocks-Fischer, Galinat and Bang, 1999). This phenomenon has been substantiated 
through empirical evidence, demonstrating enhancements in CO2 sequestration in organisms like 
Chlorella sp. and Spirulina platensis, with sequestration rates reaching up to 46%, (Ramanan et al., 
2010).  
 
Three autotrophic metabolic pathways are involved in bacterial calcium carbonate formation 
(Castanier et al., 1999), non-methylotrophic methanogenesis, anoxygenic photosynthesis and 
oxygenic photosynthesis, Figure 9. All three pathways use CO2 as a carbon source and in the 
presence of calcium ions, produce a precipitation of calcium carbonate.  
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Figure 9: Comparison between autotrophic and heterotrophic bacterial production of CaCO3. A redox-
generated high environmental pH is common across metabolic pathways. Autotrophic bacteria: Aerobiosis 
((Dupraz & Visscher, 2005), Anaerobiosis (Baumgartner et al., 2006), Heterotrophic bacteria: Active 
Precipitation (Stocks-Fischer et al., 1999), Passive precipitation (sulphur cycle) (Baumgartner et al., 2006; 
Braissant et al., 2007), (nitrogen cycle pathways) (Achal & Mukherjee, 2015; Erşan et al., 2015; González-
Muñoz et al., 2010; Jroundi et al., 2010; Kavazanjian & Karatas, 2008; Lee, 2003; Rodriguez-Navarro et al., 
2003; Wei et al., 2015).  
 

 
Photosynthesis is the principal contributor to the production of carbonate rocks (Altermann et al., 
2006) such as cyanobacteria formation of stromatolitic carbonate speleothems in the photic zone of 
carbonate caves (Léveillé, et al., 2007).  Photosynthesis leads to calcite precipitation by conducting 
an HCO3

−
/OH

− exchange across the cell membrane increasing the pH around the cells. By diffusion or 
via a symporter, CO2 enters the cell wall (Espie and Kandasamy, 1992), the CO2 is then synthesised 
into organic matter while bicarbonate is converted to CO2 and OH−, the latter released out of the cell 
increasing the pH of the external environment. Cyanobacteria are the only organisms that utilise H2O 
as an electron donor during photosynthesis and the degree of light intensity is critical for this 
photosynthetic pathway (Kumar et al., 2011). Low-intensity light limits biomass productivity whereas 
high intensity can cause photo-inhibition. (Rubio Camacho et al., 2003).  
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During the formation of microbial carbonate, the carbonate adheres to the original material while 
retaining moisture permeability (Rodriguez-Navarro et al., 2003).  Importantly, the deposition of 
microbial CaCO3 aligns with conservation standards and does not introduce alterations to the 
physical appearance of the stone (Jroundi et al., 2010).  
 
 

2.3.3 Methods for bacterial inclusion into a cemen--ous matrix  
 
Bacterial inclusion into a cement or lime material follows three widely used methods, direct 
application, immobilisation, and encapsulation, Table 2, (Griño, Daly and Ongpeng, 2020). The 
simplest method directly applies live bacterial cells or spores with or without supporting nutrients 
into the concrete mix. Any micro spaces existing in the concrete are filled with calcite precipitate 
which improves the overall compression strength (Ghosh et al., 2005). Due to the highly alkaline 
environment, researchers have used alkaliphilic or alkali-tolerant strains that are capable of spore 
formation such as Bacillus sphaericus, a ureolytic, alkali-tolerant spore-forming microbe. It is crucial 
to acknowledge that unprotected bacterial cells may struggle to withstand the harsh environmental 
conditions associated with concrete and may consequently fail to persist for a sufficient duration to 
facilitate effective calcite-mediated repair (Wang and Soens, 2014; Li et al., 2019).  
 
 
Table 2: Comparison of three methods employed to inoculate cement paste with bacterial cells or spores 

 Direct application Immobilisation Encapsulation 
Advantages The most cost-effective 

approach entails the on-
site introduction of 
bacteria or spores, with 
subsequent direct 
application of the material 
containing these 
microorganisms to the 
surface. (Khaliq & Ehsan, 
2016)  

Enables the cells to tolerate 
the alkaline conditions of 
the cement paste and 
survive the mixing process. 
Immobilisation in sepiolite 
a hydrous magnesium 
silicate increases the 
viability of bacterial cells 
and extends the calcite 
precipitation fracture 
healing process (Bang et 
al., 2001; Sandalci et al., 
2021; Seifan et al., 2018)  

Encapsulation protects the 
bacterial cells or spores 
against the harsh alkaline 
environment and reduces 
damage from mixing and 
application. Encapsulation 
enables the introduction of 
nutrients into the capsule 
to extend bacterial 
performance (Oyen, 2014; 
Wang, Soens, et al., 2014)  

Disadvantages The harsh alkaline 
environment and limited 
availability of nutrients 
result in a high cell 
mortality and extensive 
physical damage to live 
cells (Jadhav et al., 2018)  

Incurs additional costs and 
requires off-site 
preparation of bacteria and 
immobilisation material. 
Antimicrobial qualities of 
immobilisation materials 
may reduce bacterial 
performance (Shaheen et 
al., 2018)  

Discarded capsules may 
reduce the integrity of the 
concrete matrix and 
undermine the benefits of 
calcite precipitation. Thick 
capsule walls may impede 
cell resuscitation 
preventing the cells from 
entering the microfractures  

 
 
 
To improve live cell viability and precipitation, bacterial cells can be immobilised within a protective 
material. Bacteria immobilised within graphite nano-platelets and lightweight aggregates can extend 
calcite precipitation for up to 28 days (Khaliq & Ehsan, 2016). Other protective materials include 
limestone powder (Shaheen et al., 2018), iron oxide nanoparticles (Seifan et al., 2018), polyurethane 
(Bang et al., 2001) and sepiolite (Sandalci et al., 2021) which, subject to availability of nutrients, can 
extend viability for up to a year. A third method for inclusion into a cement or lime paste is to 
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encapsulate the bacteria or spores within a biodegradable capsule providing a mechanical buffer 
during application and enclosing essential nutrients to extend cell viability.  
 
 
Table 3: Applicaions uilising bacterial inclusion and encapsulaion techniques employed 

Encapsulation application 
 

Encapsulation technique References 

Food bio-products (Such as 
protection from oxidation, adverse 
chemical reactions, evaporation)  
 
Phase change materials (PCMs)—
organic, inorganic, eutectic 
(Protection from flammability, PCM 
agent separation, thermal instability)  
 
In-situ biodegradation and 
bioremediation (Cell immobilisation 
for use in contamination sites)  
 
 
 
Drug delivery (Colon-targeted 
antitumour drugs—acid tolerant 
pectin polymers to release active 
drugs at site)  
 
Enhanced construction materials 
(Concrete- strengthening 
enhancements)  
 

Spray drying, spray cooling, extrusion, 
co-crystallisation, coacervation  
 
 
Emulsions, electroplating, solvent 
evaporation, precipitation  
 
 
 
Spray-drying, extrusion, freeze-
drying, electrospinning, coacervation, 
liposomes, ionic gelation, molecular 
inclusion  
 
 
Hydrogels, pellets, microspheres, 
microsponges  
 
 
 
Polymeric microcapsules 
incorporating chemical healing agents 
prepared by an oil-in-water 
dispersion mechanism based on an 
emulsion polymerisation technique. 
Sonification using a hydrophobic 
solution to generate microcapsules. 
Polymer encapsulation of bacterial 
spores Bacillus sphaericus using a 
melamine-based microcapsule 
system. Spores embedded in 
nutrient-enriched hydrogels are 
mixed directly into the mortar. 
Porous expanded recycled glass 
granules hold the spores and 
nutrients and trigger as the crack 
forms, promoting substrate repair  
 

(Abd El Kader & Abu Hashish, 2020; 
da Silva et al., 2014; Poornima & 
Sinthya, 2017)  
 
(Gao et al., 2022; Milián et al., 2017)  
 
 
 
(Bamidele & Emmambux, 2020; Gao 
et al., 2020; Khotimchenko, 2020; San 
Keskin et al., 2018; Sarma et al., 2011; 
Valdivia-Rivera et al., 2021) 
 
(Khotimchenko, 2020) 
 
 
 
 
(Asua, 2002; Blaiszik et al., 2009; Feng 
et al., 2008; Souradeep & Kua, 2016; 
J. Y. Wang, Soens, et al., 2014; Wiktor 
& Jonkers, 2011; Zhang et al., 2021) 
 

 
 
 

2.3.4 Introduc-on to bacterial encapsula-on  
 
Encapsulation serves to mitigate the potential damage of physical or chemical harm to cells or 
spores before release into the cementitious matrix. The design of the encapsulating material must 
not impede carbonate precipitation or obstruct access to water. It must also not affect the chemical 
composition of the lime or cement matrix or diminish its compression strength. The efficacy of cell 
encapsulation hinges on several key factors, surface texture, shell thickness, and capsule diameter, 
(Joseph et al., 2010). Alterations in the wet/dry curing environments can also exert a notable impact 
on the self-healing response of the encapsulated cells, (Wang et al., 2012). When juxtaposed with 



68 
 

other methods of microbial immobilisation, encapsulation emerges as a more resilient approach as 
compared to solid or fluid microbe inclusion in terms of robustness. For encapsulation to be deemed 
economically viable, it is essential to identify criteria demonstrating improvements in robustness, 
attesting to microbial survival, long-term viability during transportation, and ease of application at 
the intended site.  
 
 

2.3.5 Hydrogels and encapsula-on polymers  
 
The food, medical and environmental sectors practice encapsulation for the introduction of targeted 
microbial cells employed to extend the viability and efficacy of the beneficial metabolic processes 
specific to each application, Table 3.  
 
(Bashan et al., 2002) inoculated soil utilising microbeads generated through a low-pressure spray of 
bacterial culture suspended in a highly nutrient-liquid base blended into an alginate solution. The 
resultant suspension manifested as small diameter droplets, which when sprayed through a calcium 
chloride solution solidified to form 100–200 μm microbeads containing colony-forming units (CFUs). 
The microbeads exhibited viability and exhibited resilience when subjected to a conventional freeze-
drying procedure. Within a moist environment, the microbeads effectively biodegrade within a span 
of 15 days.  
 
This example illustrates one method used to immobilise and encapsulate at the micro level.  Other 
techniques include flocculation, adsorption to surfaces, covalent bonding to a carrier, intercellular 
cross-linking, polymer-gel encapsulation, and matrix entrapment (Cassidy et al., 1996). The selection 
of an appropriate polymer is pivotal for each of these technologies, tailored to the specific 
requirements of the application. The available spectrum of polymers spans both synthetic and 
natural variants. In pursuit of environmentally sustainable objectives, natural biopolymers often 
exhibit greater compatibility compared to their synthetic counterparts, and they are better equipped 
to provide a supportive niche for microbial growth when employed as the encapsulating medium.  
 
Polymers refer to a wide range of natural or synthe8c compounds composed of many mul8ples of 
simple chemical monomer units.  The linked monomer units form a polymer backbone consis8ng of 
repeat units of carbon atoms which during the polymerisa8on process have released chemical 
groups to allow the polymeric linkage between the units.  Synthe8c polymers, par8cularly those 
derived from petroleum products, have achieved widespread usage, though their structural 
robustness has introduced various environmental challenges.  In contrast, biopolymers are found 
throughout nature categorised into three principal groups, polysaccharides, polypep8des, and 
polynucleo8des.  Certain biopolymers such as rubber and co'on were familiar and in everyday use 
prior to the advent of chemically synthesised plas8cs.  Biopolymers origina8ng from living organisms 
represent an environmentally sustainable alterna8ve to synthe8c counterparts finding applica8ons 
in the pharmacological, medical, and agricultural sectors. 
 
 

2.3.6 Algal polysaccharides 
   
Alginate and κ-carrageenan are two naturally occurring polymers demonstrating distinctive 
properties when exposed to Ca2+ ions due to the presence of guluronic acid in alginates. Alginates 
are linear polymers of β (1,4)—D-mannuronic acid and a (1,4)- L-guluronic acid monomers found in 
nature in varying configurations exhibiting a wide range of properties, (da Silva et al., 2014; 
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Dhamecha et al., 2019). The resultant cross-linked matrix creates enclosed spaces capable of 
entrapping, protecting, and immobilising cells. Calcium alginate manifests a dense, large pore 
alginate matrix ideal for bacterial occupation, (Voo et al., 2016). Bacteria encapsulated within 
calcium alginate beads demonstrate enhanced calcite precipitation compared to control groups, 
(Soysal et al., 2020).  As calcium alginate beads biodegrade, they supply a sustained supply of 
nutrients and calcium ions for continuous microbial carbonate precipitation.  Microorganisms are 
encapsulated into the alginate using the syringe method to produce the alginate beads which form 
in the range of 0.5–3.5 mm in diameter, (Lancy & Tuovinen, 1984). Advanced techniques have 
further enabled the reduction of bead size down to 120 μm, (Musgrave et al., 1983).  
 
Algal polysaccharide beads increase the surface for cell attachment for encapsulated 
microorganisms facilitating a substantial increase in cellular metabolism. Alginate-encapsulated 
Saccharomyces cerevisiae cells produced 80% more ethanol when compared to planktonic cells 
(Galazzo & Bailey, 1990).  
 
Carrageenan derived from red algae such as Chondrus crispus offers a varied structural diversity 
composed of linear chains of β(1,3)-D-galactose and α(1–4)-D-galactose units which form a robust 
encapsulation gel, (Perrechil et al., 2020). The encapsulation gel is generated by extruding 
carrageenan and cell suspensions at a temperature of 42°C into a cold solution of potassium 
chloride. The risk of denaturing several of the temperature-sensitive proteins within the cells can be 
mitigated through the addition of lotus bean or carob bean gum. This technique has found large-
scale application for the encapsulation of microorganisms for the treatment of contaminated soil 
sites, (Hulst et al., 1985). Various manufacturing techniques, such as resonance nozzles, rotating disk 
atomizers, low-pressure ultrasonic nozzles, and parallel plate electrostatic droplet generators, have 
been employed to achieve industrial-scale production of encapsulated alginate at rates exceeding 24 
lhr−1, (Ogbonna et al., 1989; Stormo & Crawford, 1992). Alginate and carrageenan compounds 
enhance encapsulation by providing both chemical and mechanical stability, ensuring more effective 
release of capsule contents, and affording protection to encapsulated cells when exposed to 
freeze/thaw cycles, (Huguet et al., 1994; Malhotra & Basir, 2020; Sarıyer et al., 2020).  
 
In similar comparison to alginate, pec8n is an anionic polysaccharide derived from plant cell walls 
and is composed of long sequenced par8ally methyl-esterified (1–4)-linked a D-galactosyl uronic acid 
forming a natural hydrogel with the addi8on of Ca

2+ divalent ions, (Yang et al., 2018).  A simple 
hydrogel encapsula8on technique incorporates the cell suspension with CaCO3 and sodium alginate, 
which can be either extruded or applied as an emulsion, (Liu et al., 2020). The thick stable wall of the 
pec8n capsule facilitates a controlled release and alleviates the stress on the encapsulated contents. 
 
Initial encapsulation methods employed a porous aggregate to encase the bacterial spores and 
nutrients, (Jonkers, 2007). Hydrogels, a broader class of compounds encompassing alginate and 
pectin, are hydrophilic gels of cross-linked polymer chains that house bacteria or spores and from 
which water stored in the matrix is dispersed. Several hydrogels including calcium alginate represent 
a non-toxic, renewable natural source offering a well-structured matrix and large pores, rendering 
them ideal for encapsulating bacterial cells, (Voo et al., 2016). Hydrogel encapsulation effectively 
simulates an intracellular environment by maintaining a water content exceeding 90% water, (Oyen, 
2014). The gradual release of water held within the hydrogel matrix extends protection to the cells 
from physical and chemical damage and facilitates metabolic CaCO3 precipitation, (Wang, Snoeck, et 
al., 2014).  
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2.3.7 Biofilms – bacterially generated biopolymers  
 
A challenge confronting biopolymer immobilisation technology is the relatively low mechanical 
strength of the capsule casing. Instability in the protective capsule will result in the untimely release 
of the contents and premature cell death. This can be addressed by reducing the size of the capsule 
to nano or micro dimensions.  Refining the capsule size has been demonstrated to enhance cell 
survival rates and cell longevity, (Jampílek & Králová, 2017; Prasad et al., 2017).   
 
A key advantage provided by bacterial biopolymers is a three-dimensional spatial matrix capable of 
accommodating microorganisms. Bacteria can synthesise four primary biopolymer classes, 
polysaccharides, polyesters, polyamides and inorganic polyanhydrides each expressing a diverse 
spectrum of properties. Microbial extracellular polymeric substances (EPS) or exopolymers, 
produced as a survival mechanism by bacterial cells, adhere to both hydrophobic and hydrophilic 
surfaces facilitating the formation of three-dimensional architectures constructing a biofilm, (Decho 
& Gutierrez, 2017). The production of biofilms provides several advantages to the cells contained 
within it including conferring a highly effective barrier to toxic molecules. The barrier raises the 
minimum inhibitory concentration of cytotoxins compared to that needed to destroy planktonic 
cells. Biofilm biopolymers are more resistant to mechanical stress, utilising electrostatic and 
hydrophobic forces and offering structural protection to resist deforming forces to the cell wall 
(Billings et al., 2015).  
 
 

2.3.8 Biopolymer addi-ves  
 
Enhancing the performance, characteris8cs, and resilience of biopolymers can be accomplished 
through the incorpora8on of natural fillers and an8oxidant stabilising compounds during their 
processing.  The introduc8on of organic or inorganic addi8ves into biopolymers during the 
encapsula8on procedure serves to further augment the physical a'ributes per8nent to polymer 
encapsula8on. Addi8ves are specific and con8ngent on biopolymer applica8on.  In instances where 
there is an incompa8bility between the addi8ve and the polymer, it may hinder the encapsula8on 
process, (Viveganandan & Jauhri, 2000). The incorpora8on of the addi8ve can enhance the bio-
carbona8on process and is an avenue for future research to advance encapsula8on technologies. An 
example is the addi8on of lec8ns which are carbohydrate-binding proteins to biofilm-derived which 
demonstrates an improvement in biopolymer linkages between the bacterial cells and the 
exopolysaccharides in the capsule wall thereby improving the encapsula8on success rate, Table 4.  
 
 
Table 4: Introducion of addiives to biopolymers to deliver capsule performance improvement 

Additive 
 

Encapsulation advantages References 

Clay minerals  
 
 
 
Skimmed Milk  
 
 
Starch (alginate)  
 
 
 
 

• Improved capsule wall thickness, • Extended 
bacterial survival rate • Reduced UV damage • 
Controlled cell release  
 
• Increases cell count • Faster release of cells 
from the capsule  
 
• Improves capsule matrix strength reducing 
physical stress • Reduces exposure to UV 
radiation  
 
 

(Liffourrena & Lucchesi, 2018; 
Zohar-Perez et al., 2003)  
 
 
(Bashan et al., 2002; Power et 
al., 2011; Yu et al., 2001)  
 
(Dunkle & Shasha, 1989; 
Jankowski et al., 1997; Kim et al., 
2005; Qi & Tester, 2019)  
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Chitin and chitosan  
 
 
 
Humic acid  
 
Sugars  
 
 
Proteins (hydrolysates, 
gelatine, albumin, elastin, 
casein, biofilm lectins)  

• Bioactive oligosaccharides improve resistance 
to pathogens and overall antimicrobial 
properties of the capsule  
 
• Improved cell survival 
 
• Protection from osmotic pressures • Improved 
resistance to desiccation  
 
 
• Enhance nutrient uptake by encapsulated cells 
• Bio-stimulants • Improved encapsulation rates 
• Improved linkage between microorganisms and  
exopolysaccharides  
 

(Berger et al., 2014; Estevinho et 
al., 2013; Muxika et al., 2017; 
Nah & Jeong, 2021) 
 
(Young et al., 2006) 
 
(Morgan et al., 2006; San Keskin 
et al., 2018; Schoebitz et al., 
2013) 
 
(Casadesús et al., 2019; Colla et 
al., 2017; Elzoghby et al., 2015; 
Nesterenko et al., 2013; Valdivia-
Rivera et al., 2021; Vejan et al., 
2019) 
 

 
 
The incorporation of microfibres in conjunction with encapsulated bacteria into a lime medium 
represents an advancement of the bio-carbonation process. The synergy arises from the interaction 
between the microfibres loaded with encapsulated bacteria within the three-dimensional fibre 
matrix combined with the addition of calcium lactate as a precursor resulting in improved efficiency 
and an extended bio-carbonation period (Luo et al., 2015; Su et al., 2021). The use of 
environmentally compatible fibres such as cellulose appears to stimulate bacterial cells to produce 
EPS through mechanisms that may involve genomic or proteomic alterations within the cells (Gupta 
et al., 2017; Singh & Gupta, 2020).  
 
 

2.3.9 Factors to consider in designing a limewash encapsula-on technology 
 
The optimisation of bio-carbonation efficiency hinges on the encapsulation of the most appropriate 
non-pathogenic bacteria. Within a recent comprehensive review of the performance of several 
Bacillus sp. incorporated into concrete mixes, Bacillus halodurans demonstrated the highest 
efficiency in spore formation, viability, and calcium carbonate formation, (Sri Durga et al., 2021).  
 
(Souradeep & Kua, 2016) devised an eight-factor checklist to evaluate the effectiveness of a self-
healing system within concrete substrates. Six of these criteria can be adapted to gauge the 
selection of a system for employment in limewash encapsulation.  
 

1. The capsule wall must be sufficiently robust to safeguard the capsule contents during the 
mixing process yet thin enough to ensure a timely release of the microbial healing agent. 

2. A homogenous distribution of the capsules throughout the limewash is important to 
guarantee a uniform release of cells into the application area.  

3. The timing of the release of the healing agent must exhibit a responsiveness ensuring its 
availability precisely when and where the bio-carbonation is required.  

4. As capsules fracture and discharge the microbial contents, the capsule fragments must not 
compromise the structural integrity of the limewash.  

5. The release of the capsule contents should achieve a dual purpose, maintaining the viscosity 
of the limewash for uniform capsule distribution and adequately viscous to retain microbial 
cells at the point of application.  

6. The survival rate of the bacteria is linked to the stability and release mechanism of the 
capsule polymer. Spores are more resilient prolonging microbial cell viability for up to 6 
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months whereas live bacterial cells though immediately responsive upon release have a 
limited lifespan, (Wiktor & Jonkers, 2011).  

 
The merits of developing a bacterial-enabled limewash for use on lime render and lime composites 
are promising as a more resilient sacrificial limewash layer to extreme weather events has 
environmental and economic benefits.  
 
This analysis identifies four areas that contribute to the formulation of limewash encapsulation and 
extend the natural carbonation process through bio-carbonation.   

• Firstly, the selection of encapsulation technology at micro or nanoencapsulation dimensions 
as small as 100–200 μm to protect the capsule contents from physical stress.  

• Incorporating the future development of a biopolymer or EPS-derived biopolymer 
possessing the capability to sustain living cells and control the timely release of the cells 
during the limewash application procedure.  

• Assessing optimal additives and bio-enhancers such as microfibres and calcium carbonate 
nucleating microbial species is crucial to determine the optimal combination to maximise 
the bio-carbonation process as limewash carbonates during successive applications to stone 
or render surfaces.  

• Lastly, it is essential to design a formulation with the appropriate density for the bacterial 
capsules.  The formulation should permit a uniform cell release maintaining the integrity and 
performance of the limewash. 

These four areas provide a structured framework for the design of limewash encapsula8on, with a 
focus on extending the natural carbona8on process through bio-carbona8on. 
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2.4 Chapter Summary  
 
Local authorities are constrained by statutory obligations inherent in heritage conservation policy, 
which may curtail their latitude in considering innovative alternatives during the consent process. 
These conservation principles also confront challenges in accommodating a primary goal outlined by 
the United Kingdom Government within the Government Construction Strategy, namely, the 
systematic reduction of carbon emissions. The concomitant surge in environmental legislation 
presents an auspicious opportunity for the introduction of novel technologies and alternative 
conservation materials to augment the traditional portfolio of skills and techniques necessary for 
mitigating the impact of extreme weather events. The integration of any new conservation material 
necessitates a comprehensive evaluation, resulting in the formulation of technical and safety data 
sheets, as well as environmental product declarations, reinforced by guidelines for building 
applications.  
 
Research regarding the advancement of cemen88ous materials has focused on enhancing the 
strength of concrete, with a lesser focus on improving lime render performance. This emphasis on 
concrete is partly economic and stems from its suscep8bility to fracturing over 8me and the inherent 
difficulty of repair due to accessibility limita8ons. 
 
One avenue for self-healing explored in the literature involves the use of immobilised 
biomineralising bacteria. These bacteria can repair microfractures in render materials by producing 
calcium carbonate through ureolysis. This approach relies on anaerobic ureoly8c bacteria, which 
generate environmentally undesirable by-products like ammonia. 
 
Another strategy incorporates biopolymers directly into the cemen88ous mixture. This leverages the 
biopolymer's flexibility to complement the compressive strength of concrete. However, finding an 
op8mal mixing ra8o that maintains sufficient strength in the hybrid material remains a challenge. 
 
Various a'empts have been made to address these limita8ons. One approach involves introducing 
addi8ves into the biopolymer, such as blood proteins for enhanced chemical bonding or physical 
scaffolding materials like horsehair to reinforce the polymer structure. Addi8ves may have 
unan8cipated consequences, nega8vely impac8ng the physicochemical proper8es of the material. 
 
Other efforts have focused on extending the biomineralising self-healing lifespan of the bacteria. 
This includes inducing sporula8on before incorpora8on into the cemen88ous material or u8lising 
immobilisa8on frameworks like graphite nanoplates or melamine microcapsules. While these 
methods have achieved limited success, they fail to address the issue of environmentally harmful by-
products. Addi8onally, robust immobilisa8on frameworks, while protec8ng the cells, can hinder 
their release and func8onality. 
 
Despite these challenges, biopolymers remain a preferred method for immobilisa8on and 
encapsula8on of cells within a 3D polymer matrix. The use of naturally sourced and biodegradable 
biopolymers like alginate, cellulose, carrageenan, or harvested biofilm polymers offers promising 
poten8al for crea8ng suppor8ve structures to deliver and sustain organic payloads in a sustainable 
manner. 
 
Overall, while substantial progress has been made in utilising biopolymers for self-healing 
cementitious materials, significant challenges remain regarding material optimisation, 
environmental impact, and long-term functionality. 
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Biodesigned materials tailored for u8lisa8on within the construc8on sector can transcend the 
enhancements typically a'ributed to conven8onal heritage materials, such as lime. This research 
advocates the merits of microbial-encapsulated limewash and recommends con8nuous investment 
in microbial self-repair technologies. The incorpora8on of microbial materials in building 
construc8on is poised to become a mainstream technological advance, (Heveran et al., 2020). 
 
Equally important are the prospects arising from this evalua8on, which foster the development of 
alterna8ve construc8on materials, exemplified by hemp-lime bio-composites for8fied with carbon 
sequestra8on layers. By expanding the efficacy of microbe-encapsulated limewash beyond its 
applicability to listed buildings and cul8va8ng innova8ve biodesigned ac8ve coa8ngs to combat 
environmental pollutants and greenhouse gases, the outcome of this research has the poten8al to 
effectuate a global impact, both environmentally and economically. The availability of genome 
databases and further explora8on into metabolic pathways will leverage transforma8ve microbial 
advancements, yielding tangible environmental improvements for heritage structures and the 
broader construc8on industry. 
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CHAPTER THREE: Extending the climate resilience of tradi0onal 
materials u0lising microbial biopolymer encapsula0on 
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Chapter Abstract 
 
 
This chapter delves into the poten8al of microbial encapsula8on of biopolymers as a novel strategy 
to bolster the climate resilience of historical buildings constructed with lime, stone, and brick. 
Expanding upon the concept of self-healing limewash introduced in the preceding chapter, this 
approach harnesses the biomineralisa8on abili8es of microorganisms to for8fy and safeguard the 
structural integrity of heritage structures. By encasing microbes within biopolymeric matrices, their 
metabolic ac8vi8es can be harnessed to induce the forma8on of mineral deposits within the building 
materials, increasing the mineral density, thereby enhancing their resistance to environmental 
degrada8on and promo8ng self-healing func8onali8es. This bio-inspired approach shiIs the focus 
from intrinsic material proper8es to harnessing the metabolic processes of microbes to induce the 
forma8on of protec8ve bio-deposits within the building fabric, poten8ally offering a novel and 
biocompa8ble approach to heritage conserva8on in the face of increasingly erra8c environmental 
condi8ons. 
 
The cornerstone of this bioremedia8on strategy hinges upon the efficacious integra8on and 
enduring resilience of live cells or spores within the harsh chemical proper8es of limewash. This 
necessitates the advancement of encapsula8on or immobilisa8on technologies, essen8ally 
construc8ng a protec8ve biopolymer shell to safeguard the microorganisms and enable their ac8ve 
biomineralisa8on within the limewash matrix. 
 
To achieve this, the chapter reviews per8nent technologies and principles. Key areas of focus include 
biopolymer formula8on, 3D extrusion and immobilisa8on techniques, capsule release mechanisms, 
and the fundamental understanding of microbial biomineralisa8on. 
 
This research translates fundamental principles of biomineralisa8on and microbial-mediated 
processes into tangible applica8ons for heritage stone conserva8on. The prac8cal focus is twofold. 
First, it aims to design and op8mise a suitable biopolymer coa8ng for sustained encapsula8on of 
microorganisms. This involves exploring various technologies like 3D bioprin8ng, extrusion, 
electrospraying, and tailored polymerisa8on chemistry to achieve a robust and durable 
encapsula8on matrix. The second step involves the selec8on, cul8va8on, and incorpora8on of 
appropriate microorganisms, either encapsulated or immobilised, into the coa8ng system. Diverse 
formula8ons are then rigorously assessed through in vitro and in situ performance measures, 
facilita8ng comparison with control samples to iden8fy the most effec8ve formula8on for further 
inves8ga8on. 
 
Once the op8mal formula8on is established, the research delves deeper into biomineralisa8on 
strategies. Compara8ve studies are conducted between heterotrophic and autotrophic 
microorganisms to evaluate the poten8al of u8lising photosynthesis as a driving force for 
biomineralisa8on within the coa8ng system. This aligns with the second research ques8on, which 
explores how both chemical and photosynthe8c approaches can be harnessed to extend the lifespan 
of protec8ve limewash layers on heritage structures. 
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3.0 Introduc<on 
 
Mi8ga8ng the impact of extreme weather on heritage buildings necessitates the development of 
novel materials to protect exterior surfaces.  Several studies, inves8ga8ng the strengthening of lime 
renders, have u8lised addi8ves such as glass, carbon fibres, or reinforced cement-based mixes, 
(Angiolilli et al., 2020).  While these addi8ves may augment material strength and duc8lity the 
addi8ves also introduce bri'leness or as in the case of synthe8c addi8ves, have a deleterious impact 
on vapour permeability by reducing porosity and interfering with the curing process of the material.  
Historically, lime has stood as a robust weather-resistant compound, but the escala8ng frequency 
and intensity of erosive climate forces are exer8ng unprecedented stresses on the weather 
performance of the render. 
 
The ramifica8ons of inac8on in addressing this issue will extend to the degrada8on of noteworthy 
heritage structures which in turn, has the poten8al to impede heritage tourism resul8ng in adverse 
economic consequences for local communi8es, (Mosoarca et al., 2017).  In the immediate term, 
conven8onal conserva8on prac8ces may prove adequate in temporarily sustaining the structural 
integrity of these structures.  However, should meteorological condi8ons become increasingly 
severe and impac5ul, the conven8onal conserva8on paradigm will likely prove insufficient, exposing 
heritage structures to a cumula8ve risk of deteriora8on.  Consequently, it is impera8ve to develop 
and embrace new technological approaches necessita8ng the development and adop8on of 
innova8ve solu8ons.  The realisa8on of this impera8ve transforma8on in conserva8on prac8ce 
hinges upon the recep8vity of heritage ins8tu8ons to embrace change and secure funding 
mechanisms to support the requisite research, (Sesana et al., 2018).   
 
As elaborated upon in the main introduc8on, this chapter delves into the first prac8ce component of 
the employed methodology. This component is preceded by a rigorous examina8on of relevant 
literature and design methodologies, which serves as the theore8cal underpinning for the 
subsequent prac8cal explora8on. This approach ensures a well-grounded and informed engagement 
with the chosen prac8ce, fostering a deeper understanding of its poten8al contribu8ons to the 
research objec8ves. 
 
3.1 Extreme weather impact on built heritage 
 
For several centuries, historic edifices have steadfastly withstood exposure to environmental 
stresses.  In the most recent decade, arguably the most formidable challenge, and existen8al threat, 
confron8ng the longevity of historic structures results from the shiIing climate and exposure to the 
extreme meteorological phenomena.  The advent of warmer, we'er summers, punctuated by 
periods of intense wind-driven salt-laden rain, coupled with an increase in the frequency of droughts 
and water-saturated exteriors foreshadows unsustainable surface moisture levels that penetrate 
exterior renders resul8ng in structural failure.  A more stringent regime of repair and maintenance is 
impera8ve to counterbalance the accelera8ng degenera8on of materials to keep pace with the 
evolving climate condi8ons.  Failure to ins8tute maintenance programmes will lead to burgeoning 
repara8on costs and a profligate consump8on of material and labour resources to the detriment of 
the performance of historic buildings.   
 
The resul8ng deteriora8on and a'ri8on of notable heritage buildings can exert repercussions on the 
local community.  The impact can extend beyond the immediate structural aspects and reach into 
the social, cultural, economic, and historical dimensions of the community. Culturally, heritage 
buildings serve as landmarks and repositories of historical memory, the loss of which erodes the 
collec8ve iden8ty of a community and severs intergenera8on connec8ons.  There is also a significant 
economic impact on local heritage tourism, (Mosoarca et al., 2017).  Heritage tourism supports local 
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ar8sans, and services with overall reduced tourism revenue impac8ng businesses, jobs, and local 
authority revenues.  In the near term, adhering to conven8onal methodologies for the conserva8on 
and upkeep of the building exteriors may suffice.  In an8cipa8on of more aggressive climate changes 
occurring, conven8onal conserva8on prac8ces may prove to be inadequate.  Embracing innova8ve 
technological approaches to heritage preserva8on necessita8ng the adop8on of novel solu8ons may 
be challenging.  The inherent ins8tu8onal resistance to change and the quest for new funding 
resources to underpin the research are barriers which must be overcome in addi8on to the 
challenge of technological innova8on, (Sesana et al., 2018).   
 
 
3.2 The tradi<onal use of lime in building repair 
 
Lime, a crucial material in construc8on and heritage preserva8on is produced from burning calcium-
based rocks, seashells, and corals, in a kiln.  During this process at around 900°C of calcining, calcium 
carbonate converts into quicklime or calcium oxide and carbon dioxide.  The calcium oxide is ‘slaked’ 
in water forming a lime hydrate. Depending on the amount of water used, this may be in the form of 
lime pu'y, air-slaked using the water in the atmosphere, or with dampened aggregate, the la'er 
forming a ‘hot mix’.  The wet hydrate, lime pu'y or calcium hydroxide is also known as non-
hydraulic lime due to its inability to set underwater and relies on CO2 in the air to carbonate.  This 
process of indura8on must occur above 5°C and at op8mal moisture levels.  The produc8on of 
hydraulic lime involves limestones burnt with the inclusion of clay, the more clay, the stronger the 
hydraulic lime mortar.   The clay compounds, containing silicates, aluminates, and iron oxides, 
become reac8ve during the process and bond with the calcium ions in the calcium hydroxide.  
Hydraulic lime is used where a degree of hardness is required in the construc8on, and it will even be 
set underwater.  Compared to non-hydraulic lime, hydraulic lime has higher compressive strength 
and is less permeable to water vapour which may impair the movement of moisture vapour in 
tradi8onal material structures. 
 
The lime render when applied to a building remains suscep8ble to erosion from atmospheric 
pollutants, biological a'ack, and the impact of wind-driven rain.  Applying a sacrificial surface finish 
to the lime render has been a widespread prac8ce to safeguard the render from erosion and 
mi8gate the need for costly repairs, and to protect underlying building materials which may be 
scarce or of inferior quality, thus contribu8ng to the longevity of heritage structures.   
 
 
3.3 The sacrificial limewash layer 
 
Limewash is applied in successive, stra8fied layers incrementally forming a protec8ve, porous layer 
of calcium carbonate atop lime render.  This stra8fied approach serves the dual purpose of impeding 
the ingress of moisture while facilita8ng its egress from within the building fabric.  The limewash 
layer operates as a sacrificial defence mechanism against inclement weather condi8ons, extending 
the lifespan of the underlying lime render.  The addi8on of binders to the limewash augments 
substrate adhesion between the lime render and limewash (Forster et al., 2020; Rodríguez-Navarro, 
2012; Zhao et al., 2015).  Nevertheless, the presence of binders contained within the limewash may 
have unintended consequences including mould prolifera8on, altera8ons in compressive strength 
and compromised moisture permeability. Tradi8onal binders such as tallow, linseed oil, casein, and a 
range of pozzolans added to limewash exert dis8nct and las8ng effects on the long-term efficacy of 
the limewash layers.  
 
Lime has been used over centuries as a sustainable, durable, and non-toxic building material.  In 
nature, calcium carbonate (CaCO3) assumes a comparable role forming several protec8ve layers 
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notably in the shells of marine animals such as coccoliths and as cu8cle reinforcement in 
crustaceans.  Within prokaryo8c microbial communi8es, organisms such as bacteria can be induced 
to generate biogenic precipita8on of CaCO3 as an outcome of metabolic interac8ons with inorganic 
compounds, underlining the u8lity of CaCO3 in both the natural and built environments, (Boquet et 
al., 1973). 
 
 
3.4 Development of self-repairing bioconcrete 
 
The produc8on of concrete comprises the amalgama8on of cement, water, and aggregate. Cement 
acts as the binding agent, filling the gaps between aggregate par8cles. This results in a high 
compressive strength; but also, suscep8bility to cracking, a cause of material degrada8on and a 
gradual decline in long-term durability.  Cracking in concrete allows dissolved anthropogenic 
pollutants and other chemicals to penetrate the structure.  Self-repairing cracks can occur due to the 
entry of water or moisture and hydra8ng cement in the form of calcium oxide (CaO) to form calcium 
hydroxide (Ca(OH)2), which in turn reacts with atmospheric CO2 to produce CaCO3 filling the gaps 
with the concrete-compa8ble calcium deposit.  The success of autogenous self-repair mechanisms is 
dependent on the presence of non-hydrated material available in the cement cracks, the presence of 
which may adversely affect the workability of the cement.  Introducing fibres, non-hydrated cement, 
and other healing agents into the concrete mix is another form of treatment, though the release and 
combina8on of healing agents with water is unpredictable.  The addi8on of fibres in larger quan88es 
in an a'empt to improve the available density of the agents, may reduce the mechanical proper8es 
of the concrete.  Challenges posed by these approaches have led to the explora8on of alterna8ve 
technologies, such as leveraging cellular processes to induce targeted biomineralisa8on within 
micro-fractured building materials, (Seifan et al., 2016). 
 
The introduc8on of microorganisms into concrete mixes has demonstrated the ability to facilitate 
microfracture repairs that occur post-curing, (Jonkers, 2021; Vijay et al., 2017). These repairs 
primarily rely on metabolic biochemical pathways, including the hydrolysis of urea, denitrifica8on, 
and sulphate reduc8on, though the by-products of these pathways can lead to environmental 
hazards. An alterna8ve metabolic pathway, employed by phototrophs, avoids the produc8on of 
undesirable toxic metabolites. Phototrophs u8lise light as an energy source to drive the primary 
metabolic pathway suppor8ng CaCO3 precipita8on. For deeper fractures within the substrate, the 
success of phototrophic repair depends on the presence of environmental CO2 and the availability of 
light as an energy source, which may not be feasible in the innermost regions of concrete structures, 
(Castro-Alonso et al., 2019).   
 
This chapter adopts an experimental approach that addresses the issue by designing a novel solu8on 
to introduce CaCO3-precipita8ng bacteria into limewash before its applica8on to building surfaces. 
The inclusion of bacteria enhances the repair of surface microfractures as they occur, augmen8ng 
carbonate precipita8on and reinforcing the robustness of the sacrificial limewash layer. When 
ac8vated, the bacterial CaCO3 deposits effec8vely seal microfractures, preserving the strength and 
integrity of the lime render by slowly increasing the CaCO3 density which reinforces the protec8ve 
sacrificial layer. This mechanism resists water ingress while retaining open porosity to enable 
moisture permeability and avert long-term water-induced structural deteriora8on.   
 
Mixing and preparing lime for use in building applica8ons imposes physical and chemical stresses on 
exposed live cells. There is a reduc8on in pore size as material density increases, temperature rises, 
and an alkaline pH as high as 13 can be reached. These condi8ons reduce the survival rate of 
unprotected cells within the lime unless a mechanism can be found to protect and gradually release 
the cells when the external condi8ons are less severe.   
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3.5 Cell encapsula<on and encapsulated chemical payloads 
 
One strategy to mi8gate the impact of the stress on bacterial cells is by immobilising them in a 
nutrient or gel medium encapsulated by an outer protec8ve barrier.  The encapsula8on of bioac8ve 
materials within an outer matrix serves to shield the contents from poten8al harm during various 
stages, such as produc8on, transporta8on, and delivery ul8mately extending the viability of the cells 
un8l they reach their intended release site.  The process of encapsula8on introduces several 
challenges when designing the outer protec8ve structure, including considera8ons related to the 
material proper8es and composi8on.  The objec8ve of the material design is to facilitate the 
encapsula8on process in a manner that supports cell viability.  Addi8onally, a mechanism, either 
passive or ac8ve, must be incorporated into the encapsula8on lifecycle to govern and target the 
release of the bioac8ve material,  Figure 10.  
 
The specific requirements of the encapsula8on process are con8ngent on the nature and intended 
func8on of the contents within the capsule.  Factors such as 8me sensi8vity, dura8on, and the 
loca8on of release must be accommodated, and the design should incorporate mechanisms to 
prevent premature content release. The choice of dispersal strategies is con8ngent upon the 
environment in which the encapsulated material is intended for delivery.  Various triggers can be 
employed to signal the encapsula8on material to ini8ate content release, including photo-
s8mula8on, heat, chemical chela8on, pH changes, magne8c fields, or ionic modula8on.  For more 
advanced applica8ons, mul8-layered and mul8-compound encapsula8on materials can be employed 
to enhance the precision of the release mechanism. It is essen8al for the release mechanism to 
withstand adverse physical and chemical forces in the environment and to avoid introducing toxicity 
into the surroundings as the capsule disintegrates and releases its contents. The use of a modifying 
chemical trigger, for instance, must be approached with cau8on to prevent contamina8on of the 
immediate environment and poten8al harm to delicate ecosystems. The specific nature of the 
release mechanism is dictated by the characteris8cs of the release site, with pre-programmed 8med 
or condi8on-dependent release mechanisms being favoured due to their efficiency in resource 
u8lisa8on and focused impact. 
 
 

 
Figure 10: Muliple factors contribute to the success of an encapsulaion process. Cells or spores entrapped 
within a hydrogel or enveloped by a polymer matrix must receive adequate nutrients to sustain metabolic 
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aciviies. Addiionally, the encapsulaion methodology must exhibit robustness, capable of withstanding and 
responding to the various mechanical and chemical environmental challenges that may threaten the integrity 
of the encapsulated cargo.  The choice of capsule material must ensure compaibility with the surrounding 
environment and ideally be sourced from renewable origins, aligning with sustainable pracices. The efficient 
delivery of microbial cells or spores to the designated target site, coupled with the control of iming and 
release of the encapsulated contents, must align with the intended applicaion, ensuring opimal efficacy 

 
3.6 Biopolymers 
 
Polymers are large molecules constructed from smaller monomer units, arranged in a variety of 
covalently bonded structures.  Monomers form two or more bonding sites, forming linear 
macromolecules.  When three or more bonding sites are available, polyfunc8onal branched 
macromolecules emerge, developing into three-dimensional networks of branches and cross-links.  
The design of degradable polymers necessitates specific proper8es including robustness for targeted 
delivery, sustainability in development, and minimal environmental impact. 
 
The four fundamental polymer structures linear, branched, cross-linked, and networked contribute 
to the structural and func8onal proper8es of both synthe8c and natural polymers.  Linear structures 
consist of long polymer chains interconnected by van der Waal or hydrogen bonds that can be 
disrupted by heat and subsequently reassembled.  In contrast, branch polymers share a comparable 
polymer backbone, but with shorter chain structures which introduce interference, increasing the 
separa8on between the polymer backbones and altering the polymer density.  The complex 
branching chains increase resistance to mel8ng when heated.  Cross-linked polymers involve several 
parallel polymer backbones linked by more robust covalent bonds.  The degree of covalent linkage 
renders cross-linked polymers to thermoset, mel8ng at higher temperatures.  Network polymers 
feature complex three-dimensional linkages offering a high degree of structural integrity and a 
higher heat resistance. 
 
Bio-based polymers are derived from renewable and biodegradable sources.  Examples include 
alginates extracted from sources such as seaweed, brown marine algae, and bacteria, and cellulose 
obtained from industrial processes involving materials such as wood, co'on, flax, hemp, sisal, jute, 
and bamboo.  Beyond plant and animal sources microorganisms serve as diverse and abundant 
sources of biopolymers. This broad spectrum of naturally produced biopolymers opens the immense 
poten8al for the biotechnological produc8on of chemically and gene8cally tailored biopolymers that 
also align with environmental sustainability goals. 
 
Bacteria synthesise various classes of biopolymers, either serving as virulence factors when 
generated by pathogenic bacteria or biomaterials when produced by non-pathogens.  Biopolymers 
are derived from polysaccharides, polyamides, polyesters, and polyphosphates, all of which are 
found within bacterial biofilms and underpin the formula8on of protec8ve capsular materials around 
bioac8ve contents.  Biopolymers apart from their immunological protec8ve func8ons, enhance 
cellular adhesion, provide environmental defence mechanisms, store energy, and provide 
mechanical and chemical protec8on.  While biopolymer compounds have diverse applica8ons, 
biopolymer manufacture can present challenges to large-scale produc8on.   
 
This review centres on the encapsula8on of carbonate-precipita8ng bacteria within biopolymer 
shells.   The objec8ve is to extend the durability and lifespan of limewash when used with lime-based 
construc8on products, ac8ng as an enhanced sacrificial barrier, that resists erosion caused by 
changing weather pa'erns. 
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3.7 Microbial encapsula<on 
 
Microbial encapsula8on involves packaging intact cells or spores within a polymer capsule, the size 
of which may be less than 1 µm.  The process mobilises polymer materials to surround the bioac8ve 
material and the required nutrients to sustain and extend cell viability.  Encapsula8on polymers can 
be designed to respond to s8muli enabling targeted release of the encapsulated components at 
defined temporal or spa8al coordinates.   
 
The simplest encapsula8on unit comprises three elements: a bioac8ve material suspended in 
nutri8onal gel and enclosed by the capsule material, Figure 11.   The func8on of the capsule 
structure protect the contents, limit possible content loss, and extend cell viability.  One approach to 
classifying cell entrapment revolves around the immobilisa8on of the cells, encompassing 
aggrega8on, adhesion, or adsorp8on within either inorganic or organic carriers.  Biopolymers 
facilitate the infiltra8on of cells into the encapsula8ng matrix, anchoring the cells within the 
inters88al spaces, within suspended nutrients, or directly onto the matrix surface.   
 
The a'achment of cells occurs through mechanisms such as the secre8on of adhesive polymers and 
covalent or ionic bonding between the cell membrane and the matrix wall.  The integrity of the 
encapsula8ng barrier is important, suppor8ng the naviga8on of the capsule through hos8le physical 
and chemical environments while avoiding premature release.  Hos8le or toxic environmental 
condi8ons include oxygen stress, temperature extremes, dehydra8on, rapid changes in pH, and 
mechanical damage.   In the absence of encapsula8on, introducing cells directly into the 
environment with challenging parameters oIen leads to premature cell death, subop8mal 
popula8on densi8es and limited success rates.   
 
The wide range of possible applica8ons for the encapsula8on process, especially characterised by 
environmentally hos8le environments such as alkaline pH found in lime-based products, opens 
opportuni8es to tailor an encapsula8on design to improve the robustness of lime on historic 
structures. 
 

 

 

Figure 11:  Design strategies for microencapsulaion construcion.  Mulilayer capsule design comprises 
several polymer layers capable of responding to fluctuaing environmental condiions. A single core design 
may contain muliple contents including segregated nutrients, heterogenous cell types, spores, or contents 
release triggers.  The number of cores and funcions can increase the complexity of a single encapsulaion.  In 
combinaion, both designs produce structures capable of complex responses to environmental change 
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3.7.1 Encapsula-on applica-ons 
 
Encapsula8on serves to protect the capsule content from forces such as oxygen stress, dehydra8on, 
UV radia8on or mechanical damage.  While the encapsula8on design is required to trigger site-
specific capsule content release, the capsule may also need internal content separa8on barriers to 
prevent premature interac8on between contents such as precursors and enzymes. 
 
The successful metabolic ac8vity of cells, when released from the capsule, relies on the contents 
surviving the journey to the delivery site.  This can range from naviga8ng corrosive stomach acid 
when delivering inoculants to the lower diges8ve tract, to surviving a high-alkaline pH as found in 
lime.  Encapsula8on can also protect cells from long-term storage either in dry, liquid, or frozen (-
18°C) form which may be necessary to extend encapsula8on as a viable industrial process allowing 
for medium-term storage and transporta8on. 
 
One op8on is the encapsula8on of cells into a dry powder for ease of handling using techniques such 
as spray, freeze and fluidized bed drying.  Dry powders are an effec8ve storage op8on but in powder 
form makes the controlled release of the contents challenging and may result in prematurely 
fracturing of the encapsula8on coa8ng.  This may be avoided by incorpora8ng hydrocolloidal beads 
that may provide a slower release of immobilising cells by adhering the cells to a controlled-release 
hydrogel matrix within the capsule.  A hydrogel matrix can extend cell longevity due to the gradual 
release of water content from the gel, though the process has a shorter lifespan than dry powder 
encapsula8on.   
 
 

3.7.2 Designing encapsula-ng biopolymers 
 
The choice of the encapsula8on material is dependent on how the material responds to 
environmental factors such as the chemistry of the medium, temperature, pH, hydra8on, and 
fluidity.  Biopolymers should be from renewable sources and environmentally sustainable for 
applica8on with built heritage structures.  The material must also encourage capsule content 
viability by providing a chemically stable internal environment and protec8ve buffer for enclosed 
cells. 
 
Inorganic materials such as ceramics, clay, glass, and silicates, have been successfully employed to 
immobilise cells.  Inorganic materials possess inherent characteris8cs that facilitate the adsorp8on of 
organic compounds through covalent bonding sites, the chela8on of metal compounds, or the 
forma8on of phase entrapment.  It is important to note that when stored for extended dura8ons, 
inorganic capsules may promote the forma8on of biofilms by the microorganisms contained within, 
fouling the adsorp8on surfaces of the material, and impeding the encapsula8on process. 
 
Encapsulated cells exhibit a heightened affinity and biocompa8bility with natural biopolymers.  
Many biopolymer materials offer the advantage of forming three-dimensional matrices within the 
polymer structure providing a conducive environment for cells and surrounding nutrients.   The level 
of protec8on offered by a biopolymer matrix is intricately linked to the rheology and kine8cs of the 
polymer matrix, further underscoring the significance of the material choice. 
 
 
3.8 Review of encapsula<on technologies 
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Encapsula8on technology extends across several industrial sectors, with each applica8on tailored to 
specific needs and objec8ves.  Nutri8onal encapsula8on in foods, for example, is used to conceal 
odours or undesirable flavours and safeguard nutrients un8l they reach the designated absorp8on 
site in the human body. The release of the contents can be customised to be site-dependent or 
triggered by environmental cues such as pH levels, temperature varia8ons, or the commonly 
employed reac8on to water. 
 
Incorpora8ng bioac8ve compounds into various sectors, spanning from graphic design to 
pharmaceu8cals, necessitates the adop8on of diverse encapsula8on techniques.  Each technique is 
designed in considera8on of the materials to be used, the intended loca8on of deployment, and the 
specific applica8on, as summarized in [Appendices: Table 24]. 
 
 
3.9 Renewable and sustainable biopolymers – structure, source, and encapsula<on 
op<ons 
 
Polymers encompass a diverse class of predominantly organic compounds, both natural and 
synthe8c.  Polymer chemistry primarily consists of carbon and hydrogen atoms augmented with 
other non-metallic elements notably oxygen, nitrogen, sulphur, and silicone.  The carbon atoms form 
a backbone structure to which various chemical groups a'ach such as hydroxyl groups, leading to 
robust molecular bonds within and between the carbon chains.   
 
In contrast, biopolymers are produced from natural sources, through the synthesis of biological 
materials or direct biosynthesis by living organisms.  The natural origin, widespread availability, 
biocompa8bility, biodegradability, and non-toxicity nature have laid the founda8on for extensive 
biopolymer applica8ons in fields such as nutri8on, pharmaceu8cals, and medicine.   
 
Classifica8ons of biopolymers can be approached from a number of angles.  Firstly, they can be 
categorised based on their chemical composi8on, such as sugar, starch, and cellulose.  Secondly, the 
source of origin serves as another classifica8on criterion, differen8a8ng between natural, synthe8c, 
or microbial biopolymers.   Lastly, structural classifica8on is determined through the examina8on of 
their monomeric units, including polysaccharides, proteins, and polynucleo8des   
 
The structural composi8on of biopolymers varies depending on source of origin, and exposure to 
environmental factors which can impact their structural integrity and func8onality.   Biopolymers are 
predominantly characterised by their biocompa8ble and biodegradable chemical composi8on 
regarded as unlikely to lead to environmental toxicity.  There are excep8ons as exemplified by the 
biotechnological synthesis of non-biodegradable polymers from renewable sources like 
polythioesters.  These polymers are synthesised by microorganisms but resist microbial degrada8on, 
challenging the paradigm of biodegradability, (Steinbüchel, 2005). 
 
 

3.9.1 Polysaccharide biopolymers 
 
Sources of polysaccharide biopolymers are diverse and include chitosan derived from the outer 
skeleton of shellfish, alginate sourced from brown seaweed, gellan gum produced by the bacterium 
Sphingomonas elodea, carrageenan obtained from red seaweed, and xanthan gum synthesised by 
the bacterium Xanthomonas campestris.  Several of these biopolymers are excreted by bacteria and 
denoted exopolysaccharides, represen8ng high-viscosity, long-chain sugar monomer polymers.  In 
addi8on to sugar residues, the chemical backbone of exopolysaccharides incorporates several 
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chemical moie8es such as phosphates, pyruvates, and acetates, (Vu et al., 2009).  Bacterial 
exopolysaccharides manifest considerable func8onal diversity and offer promising poten8al for 
biotechnological applica8ons.  The limited availability of genomic data on exopolysaccharide 
produc8on presently limits the op8misa8on of industrial applica8ons, though the compara8vely 
compact prokaryo8c genomes offer further opportuni8es for future research into renewable 
polysaccharide produc8on. 
 
Several polysaccharide biopolymers can be modified by altera8on or replacement to their hydroxyl 
groups, providing a wide range of addi8onal func8onali8es (Dassanayake et al., 2018).  The source 
and type of polysaccharide influences the proper8es displayed such as gelling poten8al, mechanical, 
chemical and degree of polymerisa8on, crea8ng the poten8al for an extensive range of biopolymer 
applica8ons.  Among the numerous polysaccharide biopolymers available, several have been 
extensively researched, chemical structures iden8fied, and func8ons studied.  An overview of the 
source, structure, and func8on of several commonly encountered biopolymers is summarised in 
[Appendices: Table 25]. 
 
 

3.9.2 Bacterial extracellular polymeric synthesis (EPS) 
 
Biopolymer demand has substan8ally increased as they are biodegradable, biocompa8ble and have 
wide applica8on across most industries.  The demand con8nues to grow as new applica8ons are 
sought to replace petrochemical polymers.  Microbial polysaccharides are replacing tradi8onal 
polysaccharide sources as they do not require purifica8on during their extrac8on and can be 
biosynthesised within bioreactors ensuring a steady and reliable supply.  In many instances, 
microbial biopolymers can be produced using waste materials as a carbon source for polymer chain 
biosynthesis. 
 
Many bacterial biopolymers are extracellular, secreted from the cell to form a protec8ve biofilm 
matrix. These biofilms enable diverse bacterial infec8ons, providing immobilised cells within the 
matrix with environmental protec8on and facilita8ng their par8cipa8on in biogeochemical processes 
contribu8ng to nutrient cycling and bioremedia8on, (Flemming & Wuertz, 2019; Yadav, 2018).  
Biofilms provide nutrient-rich extracellular polymeric substances (EPS) serving as ideal incubators for 
fostering microbial cell diversity, (Penesyan et al., 2021). 
 
The EPS serves as a conduit for transporta8on and communica8on among immobilised cells within 
the matrix.  Concentra8on gradients of oxygen, nutrients, pH, and metabolites give rise to 
differen8al condi8ons within the matrix.  The matrix forms an intercellular ecosystem, func8oning as 
a mul8cellular structure and facilita8ng a chemical signalling system between cells known as quorum 
sensing.  The chemical signals act as a mechanism for communica8on which facilitates autoinducers 
to regulate gene expression for complex processes such as sporula8on, (Davies et al., 1998; Donlan, 
2002; Rivas et al., 2005; Ruiz et al., 2008; Rutherford & Bassler, 2012; Von Bodman et al., 1998; 
Waters & Bassler, 2005).  Quorum sensing and intercellular chemical signals within the EPS as 
observed in Bacillus subKlis also evokes cell differen8a8on within the cellular community, (López et 
al., 2009; Marlow et al., 2014; van Gestel et al., 2015; Veening et al., 2008) 
 
EPS consists of biopolymers and complexes of proteins, polysaccharides, nucleic acids, and humic 
substances.  The interplay between these chemical cons8tuents results in a three-dimensional 
architectural matrix containing spaces that accommodate cells, safeguarding them from 
environmental stresses such as dehydra8on and fluctua8ons in pH.  The EPS matrix varies depending 
on the cell type producing the polymeric substances.  Func8onally the EPS can be classified into 
several categories, primarily structural, sorp8ve, surface-ac8ve, redox-ac8ve, and nutri8ve, all of 
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which are important factors when considering biopolymer encapsula8on.  These proper8es endow 
EPS with the capacity to resist desicca8on, biocides, inorganic pollutants, and UV radia8on, (H. C. 
Flemming & Wingender, 2010).  
 
Mechanically the polymer matrix serves as a protec8ve shield, withstanding chemical toxins, 
mi8ga8ng the impact of mechanical stress, and forming a barrier against an8microbial agents that 
might disrupt the cell community.  Within the matrix immobilised cells metabolically adjust, resul8ng 
in slower cell growth.  The reduc8on in cell ac8vity serves to limit the damage inflicted by 
environmental toxins or an8microbial agents that could poten8ally penetrate the polymeric matrix 
exterior.   
 
The extrac8on of EPS biopolymers for use in cellular encapsula8on presents intriguing possibili8es 
for crea8ng a non-hos8le cellular environment which can shield cells and enhance their metabolic 
performance.  Consequently, ar8ficial biopolymer encapsula8on may invoke a metabolic response 
with periods of dormancy and persistence thereby extending the encapsulated cell viability when 
exposed to an8microbial stress. 
 
 

3.9.3 Cellular mechanisms involved in extracellular polymeric produc-on 
 
Bacterial polysaccharides found within the EPS exhibit characteris8cs based on the bacterial species 
responsible for the EPS produc8on.  The EPS origina8ng from Gram-nega8ve bacteria is generally 
neutral or polyanionic.  In contrast, Gram-posi8ve bacteria will produce an EPS that is ca8onic.  The 
polysaccharide composi8on indicates a dynamic synthesis process linked to changes in the 
environmental condi8ons, Figure 12, (Flemming & Wingender, 2001; Mayer et al., 1999; Ruiz et al., 
2008; Waters & Bassler, 2005).   
 
Bacterial polysaccharides are mostly synthesised intracellularly with the excep8ons of dextran and 
levan, [Appendices: Table 26].  Both homopolysaccharides are synthesised extracellularly and are 
secreted into the extracellular space where enzymes facilitate their polymerisa8on. The forma8on of 
mucoid colonies serves as an indicator of high concentra8ons of secreted exopolysaccharides. (Rana 
& Upadhyay, 2020).  The produc8on of bacterial exopolysaccharides is orchestrated through four 
dis8nct cellular mechanisms, each playing a pivotal role in the biosynthesis process.  These 
mechanisms include the ATP-binding casse'e (ABC) transporter pathway (Mar8nez et al., 2020; C. 
Yang et al., 2021; Zaynab et al., 2021), the synthase pathway (Rana & Upadhyay, 2020), the 
Wzx/Wzy dependent pathway (Rana & Upadhyay, 2020; Schmid, 2018), and a fourth pathway which 
synthesises the extracellular polysaccharide using a single sucrase protein (Nanjani & Soni, 2012).   
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Figure 12:  Cellular mechanisms involved in the producion of bacterial EPS.  The idenificaion of specific 
geneic sequences responsible for encoding the biosyntheic machinery for EPS in the bacterial genome offers 
a pathway for enhancing or over-expressing EPS producion. Environmental factors such as pH, temperature, 
raio of carbon to nitrogen (C/N), availability and source of carbon, and oxygenaion also exert an influence 
over EPS synthesis through these mechanisms, (Staudt et al., 2011).  An opimal C/N raio for 
exopolysaccharide expression is reported as 10:1, (Xiaotong et al., 2012) 

 

3.9.4 Microbial producers of extracellular polysaccharides   
 
Within the EPS exopolysaccharides that reside within the biofilm, (O’Gara, 2007) are found in 
embedded proteins, (O’Neill et al., 2008) and extracellular DNA, (Mann et al., 2009).  Major 
producers of exopolysaccharides include bacteria Sphingomonas, Pseudomonas, Acetobacter, 
Escherichia, Bacillus, Xanthomonas campestris, Zymomonas, Pseudomonas, Mycobacterium, 
Corynebacterium, Erwinia, and Azotobacter, in addi8on to several halophilic archaea, (Czaczyk & 
Wojciechowska, 2003; Dela're et al., 2016; Rana & Upadhyay, 2020).  Biopolymers are readily 
obtained from the extrac8on of exopolysaccharides,  a process economically more advantageous 
than obtaining from non-microbial biopolymer sources, [Appendices: Table 26]. 
 
The extrac8on and purifica8on of exopolysaccharides are con8ngent upon the source and loca8on 
of the biopolymers.  Capsular polysaccharides are intracellular and therefore less accessible as they 
are bound to the cell.  In contrast, extracellular polysaccharides are electrosta8cally a'ached to the 
cell surface making removal more economical, (Sugumaran & Ponnusami, 2017).  Extrac8on from 
either the cell-wall complex or the polysaccharide capsule around the cells can be executed using 
enzyma8c or chemical processes, (Jindal & Singh Kha'ar, 2018; Linton et al., 1991; Pace & Righelato, 
1980; Smith & Pace, 1982; Sutherland, 2008).  The polysaccharide yield is maximised by ensuring a 
non-alkaline extrac8on process which avoids glycoprotein cleavage preven8ng the unwanted co-
extrac8on of proteins, (Slodki & Cadmus, 1978).  A cost-effec8ve, efficient, and non-invasive 
biopolymer extrac8on can be achieved using 1.5M NaCl solu8on on both Gram-posi8ve and Gram-
nega8ve bacteria, (Chiba et al., 2015).  Further refinement in the separa8on of protein and 
polysaccharide components can be achieved using molecular mass separa8on u8lising a 
discon8nuous electrophore8c system. 
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3.9.5 Protein-based biopolymers 
 
Proteins serve as prominent biopolymers with diverse origins, encompassing both botanical, such as 
soy, and zoological sources like wool, silk, gela8ne, and collagen. In the context of biotechnology and 
material science, their biocompa8bility and enzyma8c degradability are subject to modula8on, 
primarily through techniques like crosslinking. Crosslinking enhances the structural integrity of 
proteins, rendering them useable for applica8ons necessita8ng robust structural support, such as 
the bioprin8ng of protein matrices, (Nagarajan et al., 2019).   
 
Historical narra8ves trace the inclusion of proteins into cemen88ous mixes as documented and 
recorded in ancient palm leaf texts at Padmanabhapuram Palace in India (Shivakumar & Selvaraj, 
2020), the inclusion of casein protein admixtures (Brzyski et al., 2021), and the introduc8on of 
bovine blood and egg white into lime mixes (Sayre, 1976).  The historical narra8ves suggest these 
organic materials would improve the binding between lime par8cles, diminishing pore size and 
preserving the material porosity to manage moisture dynamics, (Thirumalini et al., 2018).   
 
Several natural proteins of non-microbial origin are readily available from incorpora8on as 
pozzolans, a choice of ar8sans to improve the texture, workability, adhesion, and performance of 
lime-based construc8on materials, [Appendices: Table 27]. 
 
 

3.9.6  Gel and polymer capsule forma-on 
 
A gel forms when a charged polymer is introduced to an oppositely charged mul8valent counter-ion.  
The process to generate this biocompa8ble matrix is rela8vely straigh5orward and inexpensive.  A 
commonly employed gel is alginate, composed of sequenced 1,4-linked b-D-mannuronic and a-D-
guluronic acid residues.  Divalent ca8ons (Ca2+) can induce gel forma8on by binding to the guluronic 
residues forming electronega8ve cavi8es, the more abundant the guluronic residues the stronger 
the gela8on.  Calcium chelators such as phosphate or lactate, or displacement ca8ons such as 
sodium or magnesium will hinder the forma8on of a stable gel. 
 
Chitosan, a polyglucosamine polysaccharide similar to alginate in stability, may interact with cell 
membranes, limi8ng its u8lity in cell encapsula8on.  Pec8n, a linear polymer of 1,4 a-D-
galacturonate, binds to calcium ions to form a gel.   A pec8n gel is more resistant to chela8on by 
compe88ve ions and, when combined with alginate, produces a robust pectate-alginate hybrid, 
(Tóth et al., 1989). 
 
The process of crea8ng thermally stable gel beads involves introducing a warm polymer solu8on into 
cold water, though very high polymer temperatures can nega8vely impact cell viability during 
encapsula8on. Lower-temperature polymers offer a solu8on to this issue but may result in less 
resilient capsules that dissolve at lower temperatures. Research into designing temperature-
sensi8ve triggers for capsule materials at specific temperatures is warranted. To enhance polymer 
capsule robustness, polymers can be mixed with other biopolymers such as locust bean gum or 
taurine, (Guiseley 1989, Audet, 1989, Cairns 1986, Murano 1998). 
 
The size and solubility of the gel matrix within a newly formed gel capsule dictate its surface 
porosity, which, in turn, influences permeability. Several methods can be employed to control 
permeability. One approach is to introduce an outer membrane around the capsule, offering greater 
control over the exchange of substances between the contents within the capsule and the 
surrounding environment. This may introduce performance issues raising challenges related to 
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biocompa8bility, biosustainability, and poten8al impairment to the capsule release mechanism, 
possibly affec8ng cell viability. Early studies have u8lised poly-L-lysine as a high molecular weight 
polyamine coa8ng, with secondary coa8ngs of polymers such as alginate, (O’Shea 1984), 
polyethyleneimine, (Sun and O’Shea 1985, poly-L-ornithine, poly-L-glutamate, (Burgarski 1993), and 
chitosan, (McKnight 1988).  Blending biopolymers or co-extruding a hydrophobic polymer with a 
hydrogel can enhance biopolymer resistance to degrada8on and slow down cell release from the gel 
capsule, (Dupuy, 1988).  Another straigh5orward method involves adding addi8onal outer layers by 
co-extruding cell-laden droplets of gel into a coa8ng polymer, such as through interfacial 
coacerva8on, passively coa8ng an addi8onal layer on the capsule surface with an oppositely charged 
polymer. 
 
The exterior composi8on of the exopolysaccharide capsule plays a cri8cal role in determining its 
func8onal characteris8cs. Surface-ac8ve exopolysaccharides exhibit amphiphilic proper8es, 
featuring both hydrophilic and hydrophobic a'ributes, which influence the chemical reac8vity of the 
polysaccharide. Each polysaccharide component facing the exterior environment governs the 
sorp8ve, surface-ac8ve, structural, and redox-ac8ve func8onality of the capsule's exterior, 
(Kanamarlapudi & Muddada, 2017).   Electroac8ve bacteria such as Escherichia coli can exhibit 
redox-ac8ve proper8es, which are useful for a'rac8ng and decontamina8ng environmental 
pollutants, including uranium, arsenate, and silver ions, (Freitas et al., 2011; Kang et al., 2014).   
 
The structural benefits imparted by exopolysaccharides are important in protec8ng against external 
forces that could damage the cells within the gel matrix, and for improving water reten8on by 
extending periods of hydra8on and viability of the contents within the capsule.   
 
 
3.10 Biopolymer capsule structure and content release mechanisms 
 
The encapsula8on polymer structures establish a selec8vely permeable polymeric barrier, 
segrega8ng the interior contents from the surrounding environment. Varia8ons in the choice of 
biopolymer materials exert a pronounced influence on the structural robustness, porosity, 
characteris8cs, and overall func8onality of the encapsulated en8ty and its internal cons8tuents. The 
primary objec8ve of the encapsula8on procedure is to sustain the encapsulated contents within a 
transient ecosystem conducive to cellular viability and prolifera8on. The reten8on of live cells within 
the capsule is subject to a finite temporal constraint, necessita8ng the efficient delivery and 
subsequent release of the contents. 
 
 

3.10.1 Types of encapsula-on structures 
 
Encapsula8on structures are predominantly capsules, microcapsules, or nanotubes, each of which 
serves as a secure enclosure for live cells, spores, or bioac8ve compounds. The selec8on of the most 
suitable structure is con8ngent upon the specific requirements of the intended applica8on. 
Enhancements can be made to the polymer material to facilitate the efficient diffusion of gases, 
delivery of nutrients, and the removal of metabolic waste from the contents within the capsule. 
 
To augment the proper8es of the polymer, modifica8ons such as the introduc8on of secondary 
polymer structures, the integra8on of s8muli-responsive elements, or the incorpora8on of 
'intelligent' or smart materials, capable of execu8ng limited programmed responses, can be 
implemented, Table 5. 
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Table 5: Three examples of cell delivery vehicles which modify the encapsulaing polymer, controlling content 
delivery and capsule content release 

Encapsula>on 
vehicle 

Construc>on and 
composi>on 

Proper>es Advantages and 
disadvantages 

References 

Nanotube 
embedded 
polymers 

Carbon nanotubes are 
embedded into the 
polymer matrix.  The 
contents can be released 
from the nanotube using 
one of several mechanisms 
such as rupturing the 
nanotube with a laser or 
hea5ng the contents which 
expand and are forced out 
of the tube.  

The nanotubes will 
heat or rupture when 
absorbing infrared 
radia5on between 700 
to 1100 nm.   
 
Nanotubes range from 
100 µm to 1000 µm in 
size. 

Warming is achieve using 
molecular vibra5on, but 
the vibra5on or heat may 
cause cell death before 
the cells can be released.  
Sunlight is sufficient as a 
hea5ng source to trigger 
nanotube content 
release though as a 
mechanism it is 
unpredictable in 
temperate climates. 
 

(Iijima, 1991; 
Pas5ne et al., 
2009; Prakash & 
Chang, 1995; 
Rodes et al., 
2014) 

Microcapsules 
with 
embedded 
chromophores 

Chromophores embedded 
into the microcapsule 
polymer shell can be 
reversibly triggered by light 
to alter their structural 
configura5ons, such as 
switching between 
hydrophilic or hydrophobic 
proper5es.   

Light sensi5ve 
chromophores such as 
azobenzenes undergo 
conforma5onal 
change when exposed 
to light, changing their 
dipole moment, 
altering polymer 
permeability. 

Polymer embedded 
chromophores can 
increase or decrease the 
polymer porosity and 
altering contents release. 
 
Studies are limited to 
chromophore embedded 
in synthe5c polymers.   
 

(Alfieri et al., 
2021; Marder et 
al., 1997; Tao et 
al., 2004) 

Microcapsules 
with 
embedded 
‘smart’ 
materials 

Smart materials are self-
actua5ng in response to 
external s5muli.  Smart 
materials are important 
features of 3D addi5ve 
manufacturing, based on 
the work by Skylar Tibbits, 
Self-Assembly Lab, MIT,  
2015. 

Cellulose in 
conjunc5on with gels, 
copolymers, and 
nanopar5cles, can 
incorporate smart 
responses to external 
s5muli such as pH, 
temperature, light, 
electricity, and 
mechanical forces. 
 
Blended ‘smart’ 
cellulose as the 
encapsula5ng polymer 
will respond to 
external s5muli, by 
changing porosity, 
altering capsule shape 
and triggered content 
release. 
 

Cellulose is nontoxic, 
mechanically robust, 
biocompa5ble, and 
hydrophilic. The 
biopolymer 
demonstrates a high 
sorp5on capacity and 
rela5ve stability over a 
broad temperature 
range. 
 
 
 

(Correa et al., 
2015; Klemm et 
al., 1998; Qiu & 
Hu, 2013) 

 
 

3.10.2 Capsule release mechanisms 
 
The release of content from capsules can be ini8ated through the manipula8on of polymer 
morphology.  Release triggers are able to be site-specific, stage-specific, or responsive to external 
s8muli such as pH, temperature, ionic strength, magne8c fields, light, irradia8on, or osmo8c shock, 
(Zhang et al., 2012).  The release mechanism primarily arises from either the degrada8on of the 
polymer structure or the incorpora8on of trigger elements into the polymer matrix. 
 



91 
 

Polymer degrada8on can occur through either bio8c or abio8c mechanisms. Bio8c degrada8on 
commences with microorganisms catalysing the breakdown of chemical bonds within the polymer 
through enzyma8c ac8on. This enzyme-catalysed polymer degrada8on is analogous to the processes 
observed in proteins and polysaccharides. In the degrada8on of proteins, proteases effec8vely 
catalyse the unfolding of protein structures into amino acids, which can subsequently be further 
degraded to generate CO2 or methane and water. Polysaccharide degrada8on similarly involves 
enzyma8c ac8vity targe8ng the glycosidic bonds of polysaccharides, leading to the produc8on of 
smaller sugar units. In contrast, abio8c degrada8on relies on non-enzyma8c physical and chemical 
environmental processes, including the natural degrada8on of polymer molecule chains. In cases 
where bio8c or abio8c triggers are employed to dismantle the polymer, the mechanism must 
facilitate the on-demand degrada8on of the polymer. Despite its complexity, there exist notable 
examples of targeted polymer degrada8on for the controlled release of pharmaceu8cals or food 
addi8ves. An illustra8ve example is the degrada8on of pec8n within tablets entering the large 
intes8ne, which is catalysed by colonic microbial-derived enzymes, resul8ng in the dissolu8on of 
pec8n and the release of the drug, (Morales-Medina et al., 2022). 
 
Incorpora8ng trigger elements into the polymer, such as carbon nanopar8cles and chromophores, 
can sensi8ze the capsule to external s8muli, enabling a response to light at specific wavelengths. 
These s8muli and trigger releases are designed to minimise any harm to encapsulated cells within 
the polymer matrix, as highlighted in Table 5. Given the broad spectrum of light, it is possible to 
accommodate mul8ple trigger points at different wavelengths. The selec8on of wavelengths can be 
made with considera8on for ease of focus and minimal interference with the cellular processes 
within the encapsulated cells. However, a key challenge in u8lizing light as a trigger is the limited 
accessibility to the delivery point of the capsule contents. Furthermore, it is crucial to avoid high-
energy wavelengths that could induce photo-vibra8on in biomolecular structures, poten8ally leading 
to hea8ng and premature degrada8on of the biopolymer.   
 
   
3.11 Biopolymer availability and selec<on 
 
The selec8on of an appropriate biopolymeric material, whether it be a polysaccharide or protein-
based polymer for encapsula8on necessitates careful considera8on of several cri8cal factors. These 
factors encompass polymer availability, biocompa8bility, physical and chemical robustness, 
responsiveness to external s8muli, and compa8bility with the encapsula8on manufacturing process. 
Of par8cular significance is the requirement for these polymers to exhibit high levels of physical and 
chemical resilience, as this is impera8ve for their u8lisa8on in an environment characterised by high 
alkalinity, such as a lime solu8on (Ca(OH)2). 
 
Among the abundant naturally occurring biopolymers, alginate and cellulose stand out as prominent 
choices as encapsula8on materials due to their sustainability, ease of gela8on, biocompa8bility, 
biodegradability, and non-toxic nature.   
 
Alginate, for instance, readily undergoes gela8on when exposed to divalent ca8ons, most notably 
Ca2+. The resul8ng hydrogels can be further cross-linked to establish three-dimensional structural 
compartments. The alginate hydrogel compartments fulfil the role of delivery vehicles for cells, 
facilita8ng their safe transporta8on while providing a naturally moist environment. This is of 
importance for targe8ng treatment sites required in both pharmaceu8cal drug delivery and 
environmental applica8ons.   
 
Cellulose, in comparison, offers a diverse range of physical forms, including crystalline structures, 
fibrils, and hydrogels, each endowing the polymer with a wide spectrum of chemical, mechanical, 
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and biological proper8es that support effec8ve encapsula8on. In par8cular, cellulose sulphate 
stands out as a robust capsule polymer that retains its integrity across a wide pH range.  Simple co-
extrusion expressed through a vibra8ng nozzle has captured up to 5 million bacteria per capsule in 
0.7 mm droplets embedded in cellulose sulphate (Gunzburg et al., 2020).   
 
Sourcing alginate and cellulose from natural sources, such as seaweed and plants, presents a 
challenge of impurity removal. Such impuri8es, which include heavy metals, endotoxins, and organic 
compounds like hemicellulose and lignin, must be effec8vely eliminated from the raw extrac8ons. 
Failure to do so could jeopardize the viability of encapsulated cells. An alterna8ve approach to 
circumvent this issue involves the acquisi8on of these biopolymers through bacterial synthesis, 
elimina8ng the need for the cumbersome and costly impurity removal process. 
 
While the abundance and inherent eco-friendliness, including renewability, biocompa8bility, and 
biodegradability, posi8on cellulose as a strong contender for replacing petroleum-based polymers, 
transi8oning towards widespread cellulosic biopolymer subs8tu8on remains subject to challenges. 
Overcoming these obstacles in the coming years is crucial for unlocking the full poten8al of this 
environmentally sustainable material. Key areas demanding a'en8on include the development of 
cost-effec8ve, and 8me-efficient methods for all stages of cellulosic biopolymer produc8on. This 
encompasses streamlining cellulose isola8on from lignocellulosic sources, tailoring cellulose into 
suitable forms, and op8mising polymerisa8on processes.  The abundant, highly flexible scope 
offered by cellulose deserves further inves8ga8on as one of two poten8al encapsula8on 
biopolymers along with alginate. 
 
 

3.11.1 Bacterial Cellulose, physical and chemical proper-es 
 
The mechanical, structural, thermal, and fluidic a'ributes of cellulose, an abundant and sustainable 
resource, render it highly suitable for applica8ons in building construc8on. Among the various 
cellulose materials, bacterial cellulose nanofibers stand out as one of the most mechanically resilient 
organic substances. When cellulose fibres are fragmented into nanoscale cons8tuents, they give rise 
to fibrillated cellulose.  Fibrillated bacterial cellulose nanofibers can achieve dimensions as small as 5 
nm, contras8ng to plant cellulose, which averages around 100 µm, suppor8ng bacterial cellulose as a 
useable encapsula8on biopolymer (Li et al., 2021). 
 
The density of the hydroxyl groups on the cellulose fibrils facilitates inter and intra-molecular 
hydrogen bonding conveying robust mechanical proper8es to the fibrils. The structural arrangement 
of the fibrils further strengthens the mechanical proper8es, suppor8ng a high-strength, lightweight 
cellulose structure, which can be further improved by bonding the hydroxyl groups to other 
polymers (Biswas et al., 2017).   
 
Fibrillated bacterial cellulose can be economically sourced from bioreactor cultures, (Shoda & 
Sugano, 2005; Wang et al., 2019).  Chemical modifica8on to the surface func8onal groups of the 
cellulose molecules modifies the cellulose membrane pore size.  The reduc8on in pore size 
combined with water binding within the matrix, ensures resilience to desicca8on.  The modified 
porosity within the hydrogel structure maintains the movement of gases and nutrients enabling 
long-term support to encapsulated cells within the matrix, (Drachuk et al., 2017; Sun et al., 2018).   
 
Crosslinking between cellulose fibrils confers elas8c and mechanically robust proper8es to the 
hydrogel, while enabling the reten8on of nutrients and moisture (Oyen, 2014; Peppas et al., 2000).  
Modifica8ons to the crystalline bonds through etherifica8on synthesise cellulose ether deriva8ves 
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altering the solubility and other physicochemical proper8es such as biodegradability and 
hydrophilicity, extending the range of applica8ons (Bhaladhare & Das, 2022; Kabir et al., 2018; 
Klemm et al., 2005; Rose & Palkovits, 2011; Sannino et al., 2009).  Ether deriva8ves of cellulose have 
excellent water reten8on capacity and are u8lised in the cemen8ng process in oil extrac8on.  During 
drilling for oil, fluid circula8on loss is a serious problem and injec8ng cement improves the oil 
recovery process.  Cellulose and cellulose deriva8ves termed cellulosics, commonly take this role as 
fluid loss addi8ves maintaining the required rheological proper8es of the cement (K. Liu et al., 2021). 
 
 

3.11.2 Sustainable synthesis of renewable bacterial cellulose  
 
Cellulose sourced from bacteria is produced at a much lower energy cost and mi8gates the risk of 
environmental pollu8on compared to the cellulose extrac8on process from wood (Brown Jr, 1999).  
Cellulose exhibits excellent mechanical and chemical proper8es and similar to alginate, 
demonstrates a capacity to retain water.   
 
The biosynthesis of cellulose occurs u8lising carbon available from the surrounding medium, which is 
polymerised into single, linear ß-(1-4)-glucan chains through the cataly8c ac8on of enzymes found 
within the cytoplasmic membrane, Figure 13.  These chains traverse through pores in the outer 
membrane and reach the exoplasm, where they undergo assembly into sub-fibrils between 1 to 15 
chains in length.  These sub-fibrils undergo progressive crystallisa8on culmina8ng in the forma8on of 
microfibrils a step in the progressive assembly toward forming cellulose fibres, (Bureau & Brown, 
1987). 
 
 
 

 
 

Figure 13: The biochemical pathway of cellulose synthesis in Acetobacter xylinum. The cellulose yield can be 
enhanced by uilising modified A. xylinum strains to axenuate the ketogluconate pathway,  divering glucose 
from forming ketogluconate.  The diversion of the glucose carbon source to the above pathway augments a 
higher cellulose output.  Nuclear magneic resonance (NMR) of bacterially synthesised cellulose reveals two 
polymeric structures, cellulose I and II, the laxer being more thermodynamically stable through greater 
hydrogen bonding (Poddar & Dikshit, 2021) 

 

Cellulose 
fibre Microfibre

Nano fibre
bundle Nano fibre

O
H

CH2OH

OH

H

H

OH

OH

H
H

OH

Glucose
(C6H12O6)

Cellulose (C6H10O5)n

HHH

glucosekinase phosphoglucomutase
UDPG-

pyrophosphorylase Cellulose synthase

Glucose-6-
phosphate

Glucose-1-
phosphate

pe
rip

la
sm

pe
rip

la
sm

cy
to

pl
as

m

cy
to

pl
as

m

UDP-Glucose cellulose

Cyclic di-guanylic acid

ac#va#on



94 
 

Bacterial cellulose produc8on is an eco-friendly and renewable process that can u8lise various 
organic fermenta8on media as carbon sources, (Velásquez-Riaño & Bojacá, 2017).  Industrial and 
human waste can serve as viable carbon substrates, offering diverse sugars, nitrogen, and essen8al 
nutrients, (Horue et al., 2021).  Other carbon sources include tobacco waste (Ye et al., 2019), and 
landfill waste, which if leI to deteriorate are material contributors to CO2 and CH4 greenhouse gas 
genera8on.  Landfill waste is composed of approximately 70% organic ma'er providing an ample 
carbon source to generate a fermenta8on medium (Dahiya et al., 2018).   
 
Efficiency in bacterial cellulose produc8on is fundamentally governed by the characteris8cs of the 
bacterial strain employed. Gluconacetobacter hansenii, a well-studied bacterial cellulose producer, is 
recognized for its efficiency. Nevertheless, this strain's slow growth leads to reduced cellulose 
produc8on and a proclivity for spontaneous muta8on into non-cellulose-producing strains.  An 
approach to address these limita8ons involves the development of stable bacterial cellulose 
biosynthesis systems by recombinant expression using co-expression plasmids, pBCS and pCMP, of 
the bacterial cellulose synthase operon (bscABCD) and the upstream operon (cmcax, ccp Ax) 
introduced into Escherichia coli.  The resultant dense fibre network is approximately 1000-3000 µm 
in length and has a diameter of 10-20 µm.  The use of plasmids for recombinant expression into 
different strains of E. coli offers a basis for comparison to assess which strain is most able to bear the 
metabolic load on E. coli facilita8ng an efficient commercial produc8on of cellulose.  The 
compara8ve produc8on by recombinant expression in E. coli is more advantageous for bacterial 
cellulose produc8on than that found in the gene8c source G. hansenii (Buldum et al., 2018).  Within 
Acetobacter, cellulose synthase encodes three (acsAB, acsC, and acsD) or four (bcsA, bcsB, bcsC and 
bcsD) subunits (Kawano et al., 2002; Lee et al., 2014).  Within the operon bcsA and bcsB encode and 
regulate cellulose synthesis whereas bscC is likely to form the protein membrane pores which allow 
cellulose secre8on and bcsD is responsible for the forma8on of the cellulose nanofibrils.  The 
upstream operon also plays a crucial role in enhancing cellulose synthesis and ensuring the 
extracellular transporta8on of the cellulose chains. 
 
Modifica8on to newly synthesised bacterial cellulose can occur in situ, with the addi8on of 
exogenous molecules at the onset of the fermenta8on process, (Cacicedo et al., 2016), or ex situ, 
where modifica8ons are introduced aIer the synthesis and purifica8on, (Ul-Islam et al., 2021).  
Modifica8ons change the cellulose fibre composite density, fibre porosity, and chemical 
func8onality.  The range of bacterial cellulose nanocomposites produced through these methods is 
extensive, featuring the inclusion of graphene nanosheets, metal oxides and carbon nanotubes.  
These materials are gradually replacing petroleum-derived plas8cs and opening new horizons in 
flexible electronics.  The incorpora8on of remote-sensing chemical triggers and 8me-release 
compounds presents opportuni8es for further research in 8me-release encapsula8on applica8ons 
thereby enhancing the development of tradi8onal materials. 
 
 

3.11.3 Bioreactor design for bacterial cellulose produc-on 
 
The long-term produc8on and availability of bacterial cellulose necessitates the implementa8on of 
an industrial process proficient in culturing bacteria and the efficient and economical extrac8on of 
cellulose.   Bioreactors offer a controlled environment wherein the biochemical processes crucial to 
the produc8on of natural products from cellular metabolism are cul8vated and harvested.  More 
recently, bioreactors have assumed an increasingly important role in providing source polymers for 
the bioprin8ng of cellular structures including 8ssue and organ biosynthe8cs.   
 
One challenge for commercial development for the biosynthesis of cellulose is the impact of 
mechanical agita8on on the bacterial culture.  S8rring or other forms of movement are oIen 



95 
 

employed to ensure that the producing cells receive an adequate supply of oxygen and essen8al 
nutrients.  Overly agita8ng the producing cells results in cellulose-producing bacteria conver8ng into 
non-cellulose-producing mutants (Jamsheera & Pradeep, 2021).  More recent advances in bioreactor 
design have enabled the scale-up of commercially produced bacterial cellulose, reducing the effect 
of muta8on conversions into non-cellulose producers, and overcoming the increasing viscosity of the 
incuba8on fluid due to the cellulose accumula8on, [Appendices: Table 28].  
 
 

3.11.4 Post-synthesis biopolymer strengthening  
 
Following the synthesis of bacterial cellulose, the biopolymer can undergo further reinforcement 
through a process known as cross-linking.   Cross-linking can be accomplished by the applica8on of 
physical force, exposure to chemical s8muli, or subjec8ng the cellulose molecule to radia8on, 
forming links between the polymer chains, Table 6, (Zainal et al., 2021).  These processes create a 
hydrogel, a three-dimensional hydrophilic polymeric network structure into which cells can be 
incorporated through either covalent or physical a'achment of the cells to the gel.  The control of 
cell release from the hydrogel is achieved by facilita8ng cell release through expanding or 
contrac8ng the gel, modifying the gel pH, and temperature, or altering the gel ionic strength.   
 
 
Table 6: Methods for cross-linking polymer chains to form hydrogels. The rigidity of the gel matrix is 
determined by the density and strength of the bonds, with each cross-linking technique conferring varied 
responsive properies into the hydrogel (Bhaladhare & Das, 2022).  The hydrogel structure can be tailored during 
the cross-linking process by altering the density, biodegradability, mechanical strength, chemical reacivity, 
and porosity 

Physical Crosslinking 
 

Chemical Crosslinking Radia>on Crosslinking 

Physical crosslinking occurs with 
macromolecular entanglement, ionic 
avrac5on, electrosta5c interac5ons, 
hydrogen bonding or hydrophobic 
interac5ons (Akhtar et al., 2016).   
 
Physical crosslinking is usually 
reversible. It occurs during freeze-thaw 
and photo-ini5ator treatments.  Adding 
polyvinyl alcohol to the cellulose 
nanocrystal during freeze-thaw 
improves the compression 
performance, reducing the gel 
porosity, (Butylina et al., 2016).   
 
Physical cross-linking is u5lised for 
biopolymer applica5ons in 5ssue 
engineering, 5ssue implants and drug 
delivery systems.   
 

Chemical cross-linking occurs between 
covalent bonds, linking cellulose polymer 
chains with chemical crosslinked agents 
(Hu et al., 2019).   
 
Chemical cross-linking is irreversible, 
which results in the produc5on of robust 
hydrogels.  Citric acid is an inexpensive, 
nontoxic, hydrophilic, crosslinking agent 
(Gyawali et al., 2010; Stone et al., 2013).  
forms strong hydrogen bonds, improving 
water absorp5on and hydrogels with 
thermal stability at room temperature 
(Ghorpade et al., 2016, 2017)   
 
Covalently cross-linked hydrogels are 
highly stable and resistant to 
environmental pressures.  Cell release 
control mechanisms can include the use 
of modified covalent bonds. 
 
Chemical cross-linking is u5lised in 
biomedical, agriculture and 
pharmaceu5cal product development.   
 

Gamma, ultraviolet and electron 
beam radia5on invoke polymer 
cross-linking (Mizera et al., 
2012).   
 
Replacing poten5ally toxic 
chemical cross-linking agents 
with radia5on treatment enables 
designs of hydrogels for use in 
environments sensi5ve to 
chemical pollutants. 
 
Applica5ons for radia5on 
crosslinking are found in the 
food, biomedical and 
environmental sectors.  
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Despite their individual advantages in bioengineering applica8ons, cellulose and alginate gels display 
divergent mechanical proper8es. Cellulose gels, while abundant and biocompa8ble, tend towards 
bri'leness and limited rupture strength. Conversely, alginate gels boast elas8city and high breaking 
points. A promising approach, therefore, lies in the crea8on of composite gels that leverage the 
strengths of both polymers. By strategically combining cellulose and alginate, researchers can fine-
tune crucial parameters like rupture strength, Young's modulus, and environmental stability, 
tailoring the resul8ng material to specific applica8on demands. This strategy opens exci8ng avenues 
for bioengineering innova8ons by allowing for customized control over mechanical proper8es within 
a readily available, biocompa8ble scaffold. 
 
 

3.12 Bacterial biomineralisa<on 
 
Ac8ve bacterial biomineralisa8on is the phenomenon wherein bacteria secrete inorganic minerals 
u8lising energy from the cell. Biomineral forma8on is a consequence of cellular metabolism 
incorpora8ng selec8ve ca8ons and con8ngent on specific environmental condi8ons for the 
mineralisa8on to occur.  The most common biominerals produced are calcium carbonate and 
calcium phosphate. In the natural world, these minerals are combined with biopolymers collagen or 
chi8n to synthesise load-bearing structures such as bones and shells.  The bacterial-induced 
mineralisa8on and subsequent mineral forma8on arise from the manipula8on of the chemical 
environment surrounding the organism brought about by the metabolic ac8vity of the cell. 
 
Biomineralisa8on occurs across diverse environments where microbial metabolic processes lead to 
the produc8on of CaCO3.  Several bacterial species have demonstrated the ability to generate 
op8mal carbonate deposi8on and are outlined in Table 7.  Biomineralisa8on is usually biologically 
controlled, biologically induced, or biologically mediated, (Achal & Mukherjee, 2015; Weiner & Dove, 
2003). 
 
 
Table 7: Bacteria demonstraing opimal calcium carbonate biomineralisaion and deposiion.  Chemotrophic 
metabolic by-products from metabolic acivity in precipitaing bacteria may result in surface staining due to 
the formaion of ammonia, nitrites, and hydrogen sulphide.  Staining affects the limestone pore size, failing to 
prevent water entry or managing moisture movement out of the building 

Microorganism 
 

CaCO3 deposi>on References 

Bacillus cereus Iden5fied in-situ genera5ng a surficial protec5ng coat – 
biocalcin- from bacterial carbonatogenesis on Saint Médard 
Church.  The coa5ng improved resistance to water entry 
through bio-carbona5on without any deteriora5on apparent 
on the building surface.  Long-term issues can occur with the 
forma5on of endospores and biofilms on the building surface 
which may result in unsightly discoloura5on. 
 

(Castanier, le Métayer-
Levrel, et al., 1999; le 
Métayer-Levrel et al., 1999; 
Orial, 2000; Orial et al., 
1993) 

Myxococcus xanthus Precipita5on of CaCO3 was produced down to a depth of >500 
µm.  Biofilm forma5on was not observed.   
 

(Rodriguez-Navarro et al., 
2003; Tiano et al., 1999) 

Micrococcus sp. 
Bacillus subGlis 

Calcium carbonate bio-precipita5on reduced water entry on 
the building surface. Discoloura5on occurred, caused by 
bacterial metabolic by-products and fungal staining.  Avempts 
to further improve CaCO3 deposi5on by the introduc5on of 
organic matrix macromolecules from MyGlus californianus 
shells were unsuccessful resul5ng in low carbonate yields. 
 

(Tiano et al., 1999) 

Bacillus sp. Bacillus 
sphaericus 

CaCO3 microbial precipita5on successfully reduced water 
absorp5on into limestone by around 50%. 

(Dick et al., 2006) 
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The precipita8on of CaCO3 is regulated by several factors, including the concentra8on of calcium 
ions, the availability of dissolved carbon, the pH of the surrounding medium, and the presence of 
nuclea8on sites (Hammes & Verstraete, 2002).  Incorpora8ng microbially derived CaCO3 into 
carbonate-based materials like concrete and lime has been reported to yield various beneficial 
effects, including reduced shrinkage during curing, enhanced resistance to freeze-thaw cycles and 
improved permeability (Achal et al., 2015; Bang et al., 2010; de Muynck et al., 2008, 2010; Ghosh et 
al., 2005; Jonkers, 2007, 2021; Jonkers & Schlangen, 2009; Wiktor & Jonkers, 2011).   
 
One approach to include microbials into cemen88ous materials introduced spores of B. sphaericus 
into modified alginate-based hydrogels.  B. sphaericus is an alkali tolerant ureoly8c, decomposing 
urea forming ammonium (NH4

+) and carbonate (CO3
2-).  In a high calcium environment this leads to 

the deposi8on of CaCO3.  The inoculated hydrogel was incorporated into concrete with the objec8ve 
of autonomously repairing cracks and long-term maintenance of the substrate.  The hydrogel 
immobilising the spores to provide a medium for the cells, when ac8ve, to precipitate around 70% 
CaCO3 in weight, in and on to the hydrogel matrix.  Measuring and comparing oxygen consump8on 
between free spore bacterial applica8ons and hydrogel immobilised spores provided a comparison 
for the poten8al to hydrogel immobilise carbona8ng bacteria in concrete applica8ons (Wang, 
Snoeck, et al., 2014). 
 
Numerous studies have employed several methodologies to evaluate the forma8on of microbial 
CaCO3 deposi8on on stone surfaces.  A summary of these approaches is presented in Table 8.  Each 
of the studies concludes that microbial CaCO3 deposits effec8vely reduce water ingress into the 
substrate layer without hindering moisture movement unlike the applica8on of synthe8c sealants.   
 
 
Table 8: Overview of a range of methodologies applying and measuring the effeciveness of bacterial calcite 
surface deposits 
 

Purpose of, and approach to 
the study 
 

Microbial source and 
inoculum composi>on  

Evalua>on of calcite forma>on Reference 

Protec>on of building facades 
 
The applica5on bacteria in a 
nutri5onal medium are applied 
directly to a limestone surface  
 
The ’biological mortar’ 
consisted of the bacterial 
nutrient mix and limestone 
powder.  The surface was 
repeatedly soaked with a 
standard nutri5onal medium 
 

The study iden5fied  >100 
different carbonatogenic 
strains isolated from 
carbonate-producing 
environments 

Biocalcin forma5on was 
observed using a scanning 
microscope.  As carbonated 
surfaces obscure new calcite 
forma5on an inert non-
carbonate surface (brick) 
provided the control surface   
 
The study evaluated the 
enumera5on of bacterial 
popula5ons, measurement of 
surficial permeability and 
changes to the surface 
roughness by imprint moulding 
 

(Le Métayer-
Levrel et al., 
1999) 

Reinforcement of weathered 
porous calcareous stones 
 
A saturated calcium 
bicarbonate solu5on and 
calcite nanopar5cles provide 
the Ca2+ and CO32- ions.  The 
solu5on was delivered onto 

Organic matric molecules 
(OMM), aspar5c acid-rich 
proteins control the 
biomineralisa5on of calcite.   
OMMs controlled the 
nuclea5on of CaCO3 crystals 
within the weathered 
calcareous stone pores 

Porosity, stone cohesion 
(determined by a drilling 
resistance measuring system), 
water uptake and hardness 
were assessed before and a{er 
treatment   
 

(Tiano et al., 
1999, 2006) 
(Gaggero & 
Scrivano, 2016; 
Tiano & 
Pardini, 2004; 
Vandevoorde 
et al., 2009)  
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the surface of porous stones 
the surface using a fine spray 
 
The study applied polypep5des 
to control CaCO3 crystal 
forma5on   

 
The stone was sprayed using 
Ca(HCO3)2 in a low 
concentra5on of polyaspar5c 
acid to inhibit crystallisa5on 
forming in the solu5on 
  
A supersaturated solu5on of 
CaCO3 was formulated using 
CaCl2  and (NH4)2CO3 
 

New calcite crystal forma5on 
was evaluated using a calcein 
spray (C30H26N2O13) and 
measuring the fluorescence 
under UV light (495/515 nm).  
 

Brushed applica>on of a 
saturated solu>on containing 
cultured cells in water 
 
Sterilised stone bioclas5c 
limestone samples were 
inoculated with 4 ml of a B4 
culture (calcium acetate, 
0.25%; yeast extract, 0.4%; 
dextrose, 0.5%; pH 8) and 
placed on a V-shaped glass rod 
in sterile Petri dishes soaked in 
sterile dis5lled water, 
incubated at 28°C for 15 days 
 

Overnight cell cultures 6 x 106 
cells cm-2  of Micrococcus sp. 
wild strain (BC434) and 
prototrophic Bacillus subGlis, 
(PB19) were brushed in several 
applica5ons onto the upper 
stone surface 
 
Every 24 hours, the bacteria 
were coated with 1 ml of 
sterile B4 nutrient medium 

Bacterial samples showed a 60% 
reduc5on in water absorp5on 
using a capillary water 
absorp5on test soaking the 
samples in dis5lled water for 20 
minutes  
 
 
 

(Tiano et al., 
1999) 

Bio-deposi>on of CaCO3 layer 
by Bacillus sp.    
 
Five strains of Bacillus 
sphaericus and one strain of 
Bacillus lentus were tested for 
ureoly5c-based CaCO3 
precipita5on   
 
Bacillus sp. was isolated from a 
biocataly5c ureoly5c 
calcifica5on reactor, 
suspended in a sterile 8.5 g l-1 
NaCl solu5on, diluted and 
plated on precipita5on agar.   
 
Op5mal bacterial CaCO3 
deposi5on compared the 
differen5al precipitates by 
sample as measured by water 
absorp5on rate 
 

Limestone samples inoculated 
with 1% of each Bacillus strain 
were incubated in air5ght 
sterilised jars with liquid 
medium (3 g l-1 Nutrient Broth 
comprising 2.12 g l-1 NaHCO3 
and 10 g l-1urea, and double 
deionised water)   
 
Posi5ve colonies were selected 
based on microscopic 
visualisa5on of crystal 
forma5on over 10 days   
 

7.5 g l-1 CaCl2 added in two 
phases precipitated CaCO3 onto 
biofilms formed on the 
limestone surface 
 
 Deposited calcite crystals were 
visualised using a scanning 
electron microscope.   
 
Differen5al bacterial 
precipitates were measured by 
rate of water absorp5on. 
 
A satura5on curve reached a 
constant 64% value a{er two 
days providing comparisons of 
water-repellent calcite 
forma5on 
 

(Dick et al., 
2006) 

Induced carbonate 
biomineralisa>on using 
Myxococcus xanthus 
 
Inves5gates CaCO3 
precipita5on and if addi5onal 
protec5on is achieved without 
blocking, porous limestone or 
deleteriously effects moisture 
movement 
 
Myxococcus xanthus, a gram-
nega5ve, non-pathogenic 
aerobic soil bacterium can 

M. xanthus was precultured in 
liquid medium CT (1%[wt/vol] 
Bacto Casitone and 0.1% 
[wt/vol] MgSO4.7H2O in a 10 
mM phosphate buffer, pH 6.5) 
and applied to the limestone 
 

Weight change and X-ray 
diffrac5on determined the 
amount and composi5on of 
newly formed carbonate   
 
Texture and penetra5on depth 
of the carbonate produc5on was 
determined by scanning 
electron microscopy 
 
Epitaxial growth on pre-exis5ng 
calcite confirmed the forma5on 
of carbonate crystals during the 
first 10 days with minimal effect 
on moisture movement 

(Chekroun et 
al., 2004; 
Rodriguez-
Navarro et al., 
2003) 
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induce carbonate precipita5on 
in porous limestone   
 
The bacterium has no dormant 
spore phase which avoids 
unwanted metabolic products 
 

 

Bacterial carbonate 
precipita>on forming an 
alterna>ve surface treatment 
 
Inves5gated measures to 
protect concrete and lime 
surfaces against water 
damage, avoid pore blockers 
and eliminate environmentally 
incompa5ble repellents.  
 
Incorpora5ng organic or 
inorganic protec5ve coa5ngs 
result in secondary issues such 
as differen5al thermal 
expansion coefficients or 
surface toxin produc5on.   
 

Cement mortar prisms were 
prepared and cured 28 days 
prior.   
 
Cultures u5lised liquid nutrient 
culture medium of 3 g l-1 
nutrient broth powder, 2.21 g 
l-1 NaHCO3 and 10 g l-1 urea at 
28 °C    
 
Prisms were immersed for 24 h 
in 0.3 and then 0.6 L of B. 
sphaericus stock culture prior 
to submersion in the nutrient 
solu5on 

Bacillus sphaericus as an agent 
for carbonate precipita5on was 
compared to organic and 
inorganic water repellents.  
Bacterial culture type and 
medium composi5on influenced 
CaCO3 carbona5on and crystal 
morphology   
 
Water penetra5on was 
measured using capillary water 
suc5on and weight change, and 
CaCO3 morphology scanned 
using an electron microscope 
  

(de Muynck et 
al., 2008, 2010) 

 
 
Biologically controlled mineralisa8on occurs within one of two cellular loca8ons.  In extracellular 
mineralisa8on ca8ons passively diffuse out of the cell into the surrounding exopolysaccharides.  
Intracellular mineralisa8on involves crea8ng a vesicle inside the cell and isola8ng minerals within the 
space, Table 9.  The vesicle and mineral are later secreted from the cell.  An excep8on is 
AchromaKum oxaliferum which precipitates calcite crystals into the intracellular space without the 
forma8on of vesicles (Head et al., 2000).   
 
Biologically induced mineralisa8on precipitates minerals as a by-product resul8ng from the 
metabolic ac8vity of the microorganism and interac8on with the ions in the surrounding 
environment.   
 
Biologically mediated mineralisa8on results from the interac8on between organic and inorganic 
compounds independent of biological ac8vity. 
 
 
Table 9: Biomineralisaion resuling from either extracellular or intracellular mechanisms (De Yoreo, 2003; 
Giuffre et al., 2013).  The process may be triggered by HCO3

- related pH changes (Chekroun et al., 2004; Dupraz 
et al., 2009; Görgen et al., 2021; Hoffmann et al., 2021; Perito et al., 2014), or gene mediaion (De Wever et al., 
2019; Mansor et al., 2015).  Biodeposiion of CaCO3 is dependent on five factors, the pH of the environment, 
the availability of dissolved inorganic carbon, the availability of nucleaion sites, the bacterial type, and the 
composiion of nutrients available (Hammes & Verstraete, 2002) 

Biomineralisa>on Extracellular Intracellular 
 
Mechanism 
 

 
Extracellular Mechanisms 

(Achal et al., 2015) 

 
Intracellular Mechanisms 

(Benzerara et al., 2014; Cam et al., 2015; Head 
et al., 2000) 

 
 
Energy Cost 
 

 
Passive 

 
Ac5ve 
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Process 

 
Biomineralisa5on occurs with extracellular 

organic molecules 
 

 
Biomineralisa5on occurs either from cellular 

metabolic ac5vity  
or 

Mediated through gene expression 
 

 
Precipita>on 

 
Biomineral precipita5on triggers at the satura5on index of the extracellular solu5on.  

Ca2+ ac5vity and CO32-, HCO3- ac5vity increases while the energy threshold for  
nuclea5on to occur decreases 

 
 
Factors influencing 
mineralisa>on 
 

 
Biologically influenced mineralisa>on results 

from bacterially manufactured organic 
polymers (glycoproteins and polysaccharides) 

in the EPS serving as nuclea5on sites and 
supported by a surrounding saturated ion 

solu5on 
 

 
Metabolic-induced mineralisa>on occurs 

chemically as an increase in HCO3- ions modify 
the pH a shi{ which alters the CO32- kine5cs in 

the surrounding cell environment triggering 
mineralisa5on 

 
or 
 

Gene controlled mineralisa>on mediates 
aspects of expression of the nuclea5on and 

precipita5on processes, such as performance 
of cell membrane ion pumps 

 
 
 

3.12.1 Condi-ons leading to calcium carbonate biodeposi-on 
 
Condi8ons driving the genera8on of sufficient concentra8ons of calcium and carbonate ions trigger 
CaCO3 precipita8on.  This is illustrated when the ion ac8vity product (IAP) exceeds the solubility 
constant (Kso) defining the satura8on state (Ω), (Morse, 1983).  Outlined in Figure 14, if Ω >1, 
precipita8on will occur as the system is oversaturated, equa8on 14(a). As the amount of dissolved 
inorganic carbon available is dependent on the temperature and pressure of CO2, the constants 
governing dissolu8on of CO2 in water at 25°C and 1 atm, are included in the equa8on 14(b), (Stumm 
& Morgan, 1981).   
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Figure 14: Equaions outlining the dynamics of calcium carbonate precipitaion. (a) CaCO3 precipitaion occurs 
when the ion acivity product IAP is > the solubility constant (Kso).  If the saturaion state, Ω, is > 1 and the 
constants governing dissolving CO2 in water (25℃ and 1 atm) are given, the system is oversaturated, and 
precipitaion will occur.  By altering these parameters, microorganisms influence CaCO3 precipitaion, 
(Hammes & Verstraete, 2002).  (c) dissolved CO2 is normally in equilibrium with HCO3

- and CO3
2-, whereby the 

removal of CO2 from the equaion increases the pH resuling in CaCO3 precipitaion, (Dhami et al., 2014) 
 

 

3.12.2 Photoautotrophic biodeposi-on of calcium carbonate 
 
Photosynthe8c microorganisms found in high calcium environments in marine and freshwater 
systems can trigger calcite precipita8on.  Within aqueous environments, photoautotrophs partner 
with heterotrophs, microorganisms which mediate CaCO3 precipita8on through reduc8on and 
oxida8on reac8ons, u8lising available urea, nitrates, sulphates, sulphides, and methane, (Arp et al., 
2001; Plée et al., 2010; Zhu & Di'rich, 2016).  Photosynthe8c microorganisms have played a 
substan8al role in the precipita8on of carbonate contribu8ng almost 70% of the carbonate rocks on 
the planet.  Notably, the annual whi8ng events observed in North American lakes and subtropical 
seas are a consequence of the ac8vi8es of cyanobacteria, (Altermann et al., 2006; Thompson et al., 
1997).   
 
 

3.12.2.1 Phototrophs – cyanobacteria and algae 
 
Cyanobacteria exhibit a remarkable capability to precipitate CaCO3 through mechanisms associated 
with photosynthesis. This precipita8on process is ini8ated by the uptake of inorganic carbon during 
photosynthesis, which leads to an eleva8on in the pH of the surrounding environment. The 
proper8es of the outer cell membrane can also play a role in triggering this phenomenon.  
Cyanobacteria have also been observed forming CaCO3 intracellularly.  Bacterial viruses can induce 
cyanobacteria to lysate causing calcifica8on due to carbonate domina8ng the inorganic carbon 
species in the environment.  Virus par8cles such as viral capsids in the lysate may also s8mulate 
precipita8on to occur, (De Wit et al., 2015; Pacton et al., 2014; Peng et al., 2013; Xu et al., 2019).   
 
Algae and cyanobacteria are primary microorganisms engaged in photosynthesis and related 
photoautotrophic processes leading to the precipita8on of calcium carbonate, Figure 15.  HCO3

- 
enters the cytosol of the organism through the membrane where carbonic anhydrase catalyses the 
reac8on to disassociate HCO3

- into CO2 and OH-.  The produc8on and movement of hydroxyl ions 
into the immediate environment around the cell causes an increase in pH.  If calcium ions are 
present in the surrounding environment, the increase in pH will encourage the forma8on of calcium 
carbonate crystals.  By altering these precipita8on parameters microorganisms can affect the 
precipita8on of CaCO3 (Hammes & Verstraete, 2002).  Dissolved CO2 is normally in equilibrium with 
HCO3

- and CO3
2-, whereby the removal of CO2 from the equa8on contributes to an increase in the pH 

resul8ng in CaCO3 precipita8on, Figure 14(c) (Dhami et al., 2014).  
 
Two metabolic pathways have been successfully combined by cyanobacteria, oxygenic 
photosynthesis and respira8on, pathways which can occur simultaneously.  In bacteria and algae, 
the primary produc8on for assimila8ng inorganic carbon into organic carbon occurs via the ribulose 
biphosphate (RuBP) or Calvin-Benson cycle, though genomic studies have iden8fied the existence of 
other autotrophic carbon fixa8on pathways within the ecosystem (Hügler & Sievert, 2010).  
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Within the thylakoid membrane, protein complexes play a crucial role in catalysing the respiratory 
and photosynthe8c electron transport chain. In most cyanobacteria, photosynthe8c electron 
transport primarily transpires in the thylakoid membrane, while the respiratory electron flow occurs 
in both the thylakoid and cytoplasmic membranes. Redox-ac8ve components such as the 
plastoquinone pool and the cytochrome b6f complex are instrumental for both photosynthesis and 
respira8on within the thylakoid membrane. Addi8onally, electron carriers like plastocyanin and 
cytochrome C6 are found within the thylakoid lumen. The photosynthe8c electron chain and 
respiratory electron flow are reviewed in detail in the literature (Andersson & Barber, 1996; Bendall 
& Manasse, 1995; Cooley et al., 2000; Gan', 1994; Hippler et al., 1998; Kaneko et al., 1996; 
Mullineaux, 2014; Ort & Yocum, 1996; Schme'erer, 1994; Whitmarsh, 1998). 
 
 
 

 
 
Figure 15: Movement of ions across a Gram-negaive cell envelope illustraing photosynthesis-driven 
carbonate precipitaion. Components of Gram-negaive bacteria consist of a plasma membrane, periplasmic 
space, which contains a covalently linked to the outer membrane rigid pepidoglycan layer.  Gram-posiive cell 
walls are typically thicker (Madigan et al., 2019).  The HCO3

- and OH- exchange process across the cell 
membrane produces an increase in the pH resuling from the OH- in the immediate environment around the 
outer membrane.  A symporter protein transports in Na+ and HCO3

- while CO2 diffuses into the cell.  As a result 
of the higher pH value and high calcium ion concentraion, CaCO3 crystals form at nucleaion sites around 
bacteria with electronegaive cell membranes and associated exopolymeric compounds (Hammes & 
Verstraete, 2002). 
 
 

3.12.2.2 Chemotrophic bacteria 
 
Chemotrophic microorganisms engaged in the biomineralisa8on of calcium carbonate employ 
various metabolic processes, including urea hydrolysis, ammonifica8on of amino acids, 
denitrifica8on, and sulphate reduc8on, as sources of energy. These metabolic ac8vi8es result in the 
genera8on of environmentally harmful by-products, such as ammonia, nitrites, nitrous oxide, and 
hydrogen sulphide, which, upon interac8on with oxygen, give rise to elemental sulphur or oxidised 
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sulphur species, (Castro-Alonso et al., 2019).  prolonged exposure to these toxic by-products 
contributes to the corrosion of lime-based surfaces, including concrete, (O’Connell et al., 2010).   
 
Both phototrophic and chemotrophic bacteria have developed survival strategies to endure harsh 
environmental condi8ons. They achieve this resilience by encapsula8ng their cellular DNA and 
cri8cal biochemical processes within environmentally resistant spores. The remarkable resistance 
proper8es employed by bacterial spores to chemical and physical agents have been the subject of 
extensive inves8ga8on by the inclusion of spores into cement renders, which remain dormant un8l 
water enters through as the concrete matrix cracks, (Ertelt et al., 2021).   
 
 

3.12.3 Bacterial spore forma-on 
 
The bacterium B. subKlis replicates by binary fission every 30 minutes in an ideal non-stressful 
environment.  When subject to deteriora8ng surroundings the cells experience metabolic stress, 
ini8a8ng the sporula8on regulatory pathway.  Within 10 hours, the bacterium sporulates and forms 
an endospore.   
 
The spore is a repository for a replica of the bacterial DNA and essen8al nutrients encased within a 
dehydrated shell-like structure, extending prolonged viability in a dormant state.  The structure 
contains high concentra8ons of calcium bound to dipicolinic acid (pyridine-2,6-dicarboxylic acid), a 
compound which plays a role in bacterial endospore heat resistance, (B. Setlow et al., 2006).  The 
spore maintains a low water content containing a satura8on of small acid-soluble proteins of the α/β 
type.  These proteins protect the DNA from wet and dry heat, desicca8on, and toxicity, and diminish 
the sensi8vity of the DNA to UV radia8on, (Cortezzo & Setlow, 2005; Nicholson et al., 2000, 2005; 
Popham et al., 1995; P. Setlow, 2003, 2006) 
 
The forma8on of the endospore is a complex bacterial process that has been extensively studied in 
B. subKlis.  The master regulator ini8a8ng sporula8on in this bacterium is the DNA-binding protein 
Spo0A a conserved element in spore-forming bacteria.   The sequen8al ac8va8on of the sporula8on 
regulators results in the expression of over 500 genes, (Errington, 2003; Kroos, 2007; Molle et al., 
2003). 
 
Sporula8on ini8ates asymmetric cell division leading to the emergence of two cell types, a smaller 
forespore housing a copy of the chromosome, and a mother cell which surrounds the forespore.  
This process results in the forma8on of two membranes with a surrounding pep8doglycan cortex.  
Over 70 different proteins coat the forespore membrane surface.  Once the mother cell undergoes 
lysis, the new spore is released, (De Hoon et al., 2010). 
 
Once formed the spore is capable of resis8ng heat, radia8on, oxida8on, and desicca8on for up to 
hundreds of years.  The spore can promptly ini8ate DNA replica8on and cellular growth upon the 
spore membrane receptors detec8ng nutrients and water.   
 
 
3.13 Lime-based substrates 
 
The use of concrete following the adop8on of portland cement as a replacement for lime has 
become widespread throughout the world due to its technical superiority and high compression 
strength.  The long-term viability of concrete, however, also presents challenges.  Concrete exhibits 
limited tensile capacity rendering it suscep8ble to cracking.  Issues encompassing thermal expansion, 
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thermal conduc8vity, chemical vulnerability to contaminants, such as sulphates, spalling due to stray 
currents, and corrosion to the steel rebar when inadequately shielded from sodium chloride, further 
complicate its long-term usage. 
 
On a global scale, 30 billion tons of concrete is produced each year, and the demand is growing.  The 
carbon footprint for concrete is at least 8% of anthropogenic CO2 emissions.  The demand and 
manufacture of concrete are an8cipated to persist for the foreseeable future.  Consequently, 
mi8ga8ng the carbon footprint associated with concrete necessitates innova8ve technological 
advancements for CO2 capture during the manufacture process and novel strategies for carbon 
sequestra8on, (Editorial, 2021).  
 
Structures built prior to 1880 featuring solid renders, are most likely constructed using lime mortar 
and lime render finishes.  Lime-based materials demands lower energy consump8on, are fired at 
lower temperatures, and readily absorb CO2 during the hardening process.  The surge in interest to 
u8lise lime for historic repairs and new construc8on projects is primarily driven by its 
environmentally friendly profile.  
 
 

3.13.1 Lime addi-ves 
 
Addi8ves or admixtures have been incorporated into lime-based products with the aim of enhancing 
their working proper8es.  These enhancements draw upon a wealth of historical knowledge accrued 
over centuries of prac8cal applica8on and, more recently, through comprehensive research 
endeavours aimed at elucida8ng the underlying chemical mechanisms governing their effec8veness. 
The primary objec8ves of these efforts revolve around the refinement of lime renders and mortars 
imbuing them with enhanced plas8city and workability.  The desired a'ributes facilitate the 
development of greater rigour to withstand freeze-thaw cycles, and water entry while permiTng 
gradual curing and progressive strength development through CO2 inclusion.  Among the addi8ves 
employed, surfactants play an important role, manifes8ng as both posi8vely and nega8vely charged 
ions.  These ions align themselves toward either the outside surface or inner render thereby 
providing adhesion between the molecules on the surface of the render. 
 
The integra8on of organic addi8ves into lime products can be traced back to the construc8on of the 
Xianyang Palace in Xi’an, China where the use of pig blood as an addi8ve was documented, (Zhao et 
al., 2014).  Incorpora8ng proteins in the form of blood, milk products, or albumin is purported to 
improve lime workability, strength, and resilience to adverse weather condi8ons, (Falkjar, 2019; 
Fang et al., 2015; Pahlavan et al., 2018).  Under the direc8on of Thomas Telford, the construc8on 
mortar for the Pontcysyllte Aqueduct (1805), part of the Llangollen Canal, designated a Scheduled 
Ancient Monument of Na8onal Importance, included the blood from bulls.  There exists an op8mal 
addi8ve composi8on in conjunc8on with lime, as excessive addi8ve content has been demonstrated 
to reduce mortar compression and flexibility, (Mydin, 2017; Zhao et al., 2015).    
 
Within natural shell structures, polar amino acids such as serine, cysteine, asparagine, glutamine, 
and lysine play an important role in CaCO3 biomineralisa8on, (Zhang et al., 2022).  These amino acids 
contribute to the stabilisa8on of amorphous CaCO3 forma8on, promo8ng the forma8on of 
polymorphs, namely vaterite and aragonite.  This results in an enhancement of the compression and 
flexibility of the lime, (Khan et al., 2021).  
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3.13.2 Preparing and applying limewash  
 
Limewash presents as an aesthe8cally a'rac8ve surface treatment, enhancing architectural 
structures and providing a safeguard for the protec8on of historically significant buildings.  It is 
comparably inexpensive and can be applied by ar8sans or homeowners alike.  Limewash is versa8le 
for applica8on over a variety of substrates such as lime plaster, render, earth walls, and 8mber.   It 
can be applied over old or exis8ng limewash if the structural integrity of the finish is intact.  It may 
also be applied to cement renders, though it requires pre-tes8ng to determine if when employed it 
requires addi8ves for improved adhesion.  Cau8on is advised when employing addi8ves such as 
tallow and casein as they have the poten8al to reduce porosity and foster undesired microbial 
growth. 
 
As limewash is applied to a surface, it accumulates in thickness with each coat.  The underlying coat 
must be an absorp8ve surface, as underlying layers of paint will prevent the adhesion and limit the 
performance of the lime.  Limewash is made in one of two ways, using quicklime, or lime pu'y.  The 
use of ordinary bagged lime in applica8ons which dry too rapidly or are applied excessively thickly 
will result in deficient adhesion and a powdery lime finish.   
 
Limewash derived from slaked lime or lime pu'y is diluted with water to a'ain a consistency 
resembling milk or single cream, approximately 20% lime to 80% water.  The consistency is 
important, as if mixed too thick it will crack on drying.  Many layers, up to five or more, of a thin 
wash are superior to fewer and less durable thicker coats.  During the applica8on process, a 
limewash brush of soI to medium s8ffness serves to hold the limewash and act as a trigger to 
release cells from encapsula8on. 
 
On ini8al applica8on, limewash is translucent, becoming opaque as it undergoes the drying process 
on the underlying substrate.   This transforma8on signifies a conversion of calcium hydroxide to 
calcium carbonate.  To facilitate this transforma8on, the underlying surface is kept damp, not wet, 
and the temperatures are regulated within the ranges 45°F (7.2°C) to 60°F (15.6°C), aligning with the 
average weather temperatures during the more temperate months of the year. 
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3.14 PRACTICE: Inves<ga<ng biopolymer encapsula<on strategies for enhanced 
weather resistance in limewash: A dual environment approach 
 
 
  



107 
 

Abstract 
 
 
The escala8ng severity of the effects of climate change poses a significant threat to heritage 
buildings, par8cularly through the accelerated deteriora8on of their exterior lime render and 
mortar. This cri8cal challenge for heritage owners and conserva8on professionals is further 
compounded by rising costs of both direct materials (lime, building materials) and indirect support 
resources (scaffolding, skilled labour). This economic reality accentuates the urgent need for 
innova8ve and cost-effec8ve conserva8on strategies. 
 
This study proposes a novel approach to address this issue by incorpora8ng encapsulated 
biomineralising bacteria into a prepared limewash solu8on. The objec8ve is to leverage the natural 
biomineralisa8on proper8es of these bacteria to enhance the weather performance of the 
protec8ve limewash layer. As the limewash is applied, the encapsulated bacteria become embedded 
within the material, producing calcite crystals that strengthen its internal structure. This bio-based 
technique has the poten8al to significantly extend the lifespan of lime render and mortar, reducing 
the frequency and cost of repair interven8ons while aligning with sustainable preserva8on prac8ces. 
Further research is necessary to op8mise its applica8on and long-term performance, but this 
innova8ve approach holds promise for safeguarding heritage structures in the face of a changing 
climate. 
 
The central focus lies in evalua8ng the efficacy of biopolymers as encapsula8on materials, 
safeguarding and sustaining bacterial growth within the limewash matrix. The ul8mate objec8ve is 
to achieve medium-term biomineralisa8on, manifested as an increase in the robustness of calcium 
carbonate (CaCO3) within the limewash, while concurrently maintaining or enhancing its key 
performance criteria: porosity, absorp8on, and surface cohesion. 
 
The study adopts a mul8faceted approach, considering both autotrophic and heterotrophic bacterial 
strains. This diversity allows for the explora8on of carbon dioxide capture poten8al during 
biomineralisa8on, with autotrophic bacteria u8lising sunlight for ATP genera8on within their cells. A 
rigorous methodology is employed to assess the impact of various factors on the aforemen8oned 
limewash proper8es. Bacterial type, introduc8on method, biopolymer material, and 
encapsula8on/immobilisa8on mechanics are all systema8cally evaluated. This assessment is 
conducted in situ on an exposed coastal island site in Scotland, complemented by compara8ve in 
vitro experimenta8on using limewash blocks. This dual approach ensures a comprehensive 
understanding of how each factor influences the robustness of the limewash outer layer, directly 
correla8ng to its suitability in mi8ga8ng the erosive effects of extreme weather events. 
 
The an8cipated outcomes of this research hold significant value for heritage owners and 
conserva8onists. The successful implementa8on of biomineralising bacteria in limewash offers a 
prac8cal and sustainable solu8on for preserving heritage buildings under the duress of a changing 
climate. Furthermore, the in-depth inves8ga8on of biopolymer types, chemical formula8ons, and 
encapsula8on processes will contribute valuable knowledge to the field of heritage conserva8on, 
informing best prac8ces for this innova8ve preserva8on approach. The interdisciplinary nature of 
this research, encompassing biological, material science, and chemical perspec8ves, promises to 
advance the field of heritage conserva8on and pave the way for the sustainable preserva8on of 
historical structures. 
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3.14.1 Introduc-on 
 
Limewash, a tradi8onal and environmentally sustainable surface coa8ng, relies on its formula8on for 
the a'ainment of specific proper8es and enduring efficacy. In comparison with synthe8c paints, 
limewash has a low-impact environmental footprint and is breathable, facilita8ng moisture 
dissipa8on and precluding issues such as mould and decay. Its dis8nc8ve, textured finish imparts a 
8meless aesthe8c and has historically safeguarded heritage structures for centuries. 
 
The inherent fire-resistant a'ributes of limewash render it a commendable choice as a fire-retardant 
coa8ng for both residen8al and commercial buildings. Over 8me, limewash undergoes abio8c 
carbona8on, absorbing CO2 from the atmosphere, thereby eleva8ng the density as calcium 
carbonate forms. This intrinsic process normally enhances the long-term resilience of the coa8ng. 
 
However, a substan8al challenge confron8ng the sustained use of limewash as a protec8ve surface 
coa8ng lies in its resilience against erosive forces linked to climate change. Accelerated erosion of 
the limewash surface not only escalates maintenance expenditures but also diminishes the CO2 
sequestra8on advantage, leaving underlying materials, usually rendered, vulnerable to damage from 
dampness, biological colonisa8on, and infesta8on. Over 8me such vulnerabili8es pose a tangible 
threat to the structural integrity of the building. 
 
Changing clima8c condi8ons have resulted in a surge in the erosive impact of extreme weather 
phenomena on the facades of heritage structures.  Breathable materials such as lime, when subject 
to acidified rain, wind-driven salt-laden storms, longer protracted cycles of water satura8on and arid 
spells are vulnerable to accelerated erosion.  To address this challenge, the development of bio-
enhanced limewash as a protec8ve layer is proposed.   This innova8ve approach aims to augment 
abio8c calcium carbonate deposi8on while preserving material porosity and resistance against 
clima8c forces.   
 
The methodological underpinning of this research involves the envelopment of bacterial cells within 
biologically derived polymers.  These bacterial structures are created to enhance physical stability, 
providing a protec8ve microenvironment for cell survival, and control cell release.  Microfluidic 
devices are used to facilitate the genera8on of microcapsules containing several hundred bacteria 
encased within a biopolymer liquid, hardening due to a combina8on of solvent evapora8on and the 
provision of a polymer cross-linking agent.  This technique delivers high-throughput encapsula8on 
with the poten8al to develop the concept on an industrial scale.  The released encapsulated cells 
create crystalline deposits of calcium carbonate around nuclea8on sites surrounding the cell 
membrane, increasing the calcium carbonate density without blocking the fine pore structure in the 
lime.  The approach merges material science, chemistry and microbiology resul8ng in a pla5orm 
with mul8ple applica8ons. The focus of this study is on building conserva8on and further 
contribu8ng to new knowledge in heritage science.   
 
Complying with conserva8on prac8ce on lime-rendered heritage buildings requires limewash to be 
maintained and reapplied regularly to mi8gate exterior erosion and prevent the underlying render 
from water damage.  Limewash provides a waterproof yet vapour porous external surface which acts 
as a sacrificial layer over lime render, a technique successfully used by ar8sans on heritage buildings.  
The regular replacement of weather-eroded limewash prolongs the integrity of the lime render and 
the building structure.   
 
Changes in weather pa'erns are increasing the frequency of wind-driven rain and drought cycles 
resul8ng in the water satura8on of building exteriors.  Limewash requires reapplica8on, depending 
on geographic loca8on, aIer five to ten years.  The increased weather intensity due to climate 



109 
 

change has reduced the maintenance frequency in exposed and coastal loca8ons to less than three 
years. 
 
Within the literature, the u8lisa8on of bacteria has been explored predominantly as a means of 
microbially induced calcium carbonate precipita8on within concrete.  The harsh alkaline 
environment and mixing methods required to prepare concrete limit bacterial survival rates and 
once the concrete has been set it restricts bacterial access to nutrients, water, and oxygen. 
 
In contrast, limewash is applied to the exterior of lime renders making the available of water and 
nutrients more accessible.  This study proposes methods for effec8ve techniques to introduce 
microorganisms into limewash.  By comparing the direct addi8on, immobilisa8on, and encapsula8on 
of bacteria u8lising biopolymer structures into limewash, the impact on the porosity, cohesion, and 
water absorp8on of the limewash can be assessed to determine an op8mal bio-formula8on to 
address weather-driven erosion. 
 
 

3.14.2  Microbially induced calcium carbonate precipita-on 
 
Microbial biomineralisa8on is influence by the concentra8on of available calcium, the availability of 
dissolved inorganic carbon, pH, and the presence of nuclea8on sites, (Hammes & Verstraete, 2002).  
Nuclea8on sites include bacterial cell membranes and polymeric substances found around the cell 
structures.  In conjunc8on with suppor8ve environmental condi8ons and bacterial strains, the 
crystal morphology of CaCO3 forma8on on nuclea8on sites can be observed around the exterior of 
the cell.  
 
The two microorganisms selected for this study, Bacillus sphaericus, and Synechococcus elongatus 
Nageli, (PCC 7942) nucleate CaCO3 around the cell membrane.  The study inves8gates how available 
energy sources drive CaCO3 forma8on, while sustaining cell resilience using immobilisa8on and 
encapsula8on techniques to create protec8ve biopolymer structures.  Synechococcus is a rapidly 
growing, unicellular autotrophic cyanobacterium found in oceanic surface and freshwater 
environments, whereas  B. sphaericus is a mesophilic, aerobic Gram-posi8ve bacterium that occurs 
worldwide in soil and aqua8c habitats.   Live cells rather than spores were used in the study to 
encourage immediate microbial CaCO3 forma8on to accommodate the rapid applica8on of limewash 
layers.  Interes8ngly, dead cells remain capable of  crystallisa8on by becoming nuclea8on units 
encouraging CaCO3 crystallisa8on, a phenomenon that s8ll can be considered as ‘mineralisa8on 
through biological influence’, (Dupraz et al., 2009).   
 
 

3.14.3 Comparing alginate and cellulose biopolymers 
 
The process of encapsula8on used in this study requires the cross-linking polymerisa8on of sodium 
alginate and sodium carboxymethyl cellulose to form biopolymer protec8on around the bacterial 
cells.  Each of the biopolymers was compared during and post-synthesis to evaluate the 
effec8veness and robustness of the extruded biopolymer shell.  A similar process of immobilisa8on 
was compared by forming a cross-linked alginate hydrogel and the effec8veness of the hydrogel was 
evaluated by measuring the degree of adherence of incubated bacterial cells to the hydrogel surface.  
 
Sodium alginate is a sustainably sourced, high-absorbent, polymeric flocculant harvested from the 
cell wall of Sargassum or Turbinaria brown algae (Viswanathan & Nallamuthu, 2014).  Alginate, a 
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polysaccharide present in the cell walls of brown algae, predominantly exists as calcium, magnesium, 
and sodium salts. However, only sodium alginate exhibits water solubility, facilita8ng its extrac8on 
from the algal biomass. This process typically involves treatment with a hot alkali solu8on, followed 
by dilu8on and filtra8on to remove insoluble residues. Subsequent acidifica8on precipitates the 
alginate, which is then redissolved upon the addi8on of alcohol and sodium carbonate. Notably, the 
resul8ng sodium alginate is insoluble in the alcohol-water mixture, enabling its straigh5orward 
extrac8on. Finally, the extracted alginate undergoes drying and grinding to yield sodium alginate 
powder.  A clear viscous solu8on forms when sodium alginate is dissolved in water.  The addi8on of 
calcium chloride to sodium alginate solu8on generates a replacement reac8on, displacing the 
sodium ions associated with the alginate with calcium ions, forming a calcium alginate polymer gel 
(chemical equaGon.1).  The displaced sodium combines with the chloride ions to form sodium chloride 
which remains in solu8on and can be disposed of safely. 
 
 

2NaC6H7O6 + CaCl2  à 2NaCl + C12H14CaO12   (1) 
 
 
Calcium alginate gel has interes8ng physical proper8es.  It is hydrophilic as a result of nega8ve 
charges on the alginate and yet the ionic gela8on of calcium alginate is not water-soluble.  This 
results from the gel-forming from layers of nega8vely charged alginate molecules interconnected by 
calcium ions Ca2+, Figure 16.   
 
 
 

 
 
Figure 16: Chemical structure of calcium alginate.  Alginate molecules are negaively charged COO- providing a 
charge axracion to the Ca2+ ions layered between each alginate chain, resuling in the formaion of a solid 
gelainous hydrogel structure.  A large amount of water is locked between the chains when the calcium and 
alginate form the polymer 
 

 
Sodium carboxymethyl cellulose, a polyanionic biopolymer, results from the reac8on of cellulose 
with chloroace8c acid and sodium hydroxide forming several ac8ve hydroxyl and carboxyl groups 
(Thakur & Thakur, 2014).  It is a water-soluble polyanion which polymerises with poly-diallyl-
dimethyl-ammonium chloride (pDADMAC) facilita8ng extrusion and encapsula8on similar to the 
Ca2+/alginate encapsula8on process.  The chemical synthesis of sodium carboxymethyl cellulose is 
rela8vely straigh5orward sourcing cellulose from wood pulp, and chloroace8c acid is a deriva8ve of 
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vinegar and is a rela8vely safe biosynthe8c.  PolyDADMAC is also not toxic to humans and is 
formulated by reac8ng allyl chloride with dimethylamine, then undergoing a radical polymerisa8on 
with an organic peroxide func8oning as a catalyst. 
 
In this study, both the Ca2+/alginate and CS/pDADMAC polymers were individually incorporated into 
two encapsula8on techniques, bio-extrusion, and electrospraying.  The biopolymer capsules 
produced from each technique were evaluated to observe the structural and chemical stability of 
the biopolymer shells.  The process of hydrogel immobilisa8on requires the alginate polymer to be 
chemically cross-linked to form a robust 3D hydrogel matrix.  Once formed, a process which takes a 
few seconds, the hydrogel matrix and adsorbed bacterial cells, a process that takes 16 hours, can be 
cut, or blended to the required size for inclusion in the limewash. 
 
The impact of introducing bacterial-linked biopolymers into the limewash and the effect the 
biopolymer and biomineralising bacteria exerted on the rela8ve robustness of the lime was 
measured using three criteria, porosity, a measure of moisture permeability, cohesion, an indicator 
of how surface strength resists erosion, and resistance to water absorp8on. 
 
 

3.14.4  Advantage of microbially induced CaCO3 precipita-on in limewash when 
compared to self-healing cement studies 
 
Ordinary portland cement (OPC) was introduced during 19th century Britain and provided the 
advantages of affordability, durability, and versa8lity.  The high compressive strength of OPC was 
accompanied by a weakness in the concrete to develop cracks, which if untreated, may cause 
structural failure. The forma8on of microcracks in concrete has led to several ini8a8ves to u8lise 
synthe8c binders as a flexible repair material, which reduces water entry into the concrete, but with 
a disadvantage in that it lacks the compara8ve compressive strength.  Another drawback to using 
cement is the genera8on of carbon dioxide, pollutants, and energy usage during the produc8on 
process.  Ini8a8ves to address these issues include encouraging researchers to inves8gate new 
approaches to remediate or even replace concrete for use in construc8on.  Tradi8onal products like 
lime in conjunc8on with the development of new biopolymer compounds are unlikely to replace 
concrete but may provide a reduc8on in its use and encourage the development of new bio-
compounds from industrial waste. 
 
There are several advantages to developing construc8on materials made with bio-products.  Natural 
bioproducts are usually environmentally compa8ble and require a frac8on of the energy to produce.   
The u8lisa8on of microorganisms as biochemical factories to synthesise new products may also have 
the advantage of removing harmful pollutants and sequestering ions that would otherwise lead to 
oxida8ve and reduc8ve environmental damage.     
 
Unlike concrete repairs, in which a'empts to fill fractures and cracks present prac8cal challenges 
which may be deep inside the substrate, microbially induced CaCO3 in limewash is easily applied 
across the limewash surface.  This is lower cost and does not require ar8san or trade skills for its 
applica8on over lime render.  If the bio-limewash is more resilient than currently available limewash 
products, the poten8al to reduce building ownership costs, maintenance schedules and the long-
term CO2 footprint of the property is compelling. 
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3.14.5  Ques-ons raised by the research 
 
Research in microbial biosynthesis prompts several ques8ons regarding the advancement of 
encapsula8on technology for the integra8on of bacteria to biomineralise and augment limewash.   
 
In the context of the two research ques8ons in this thesis, this prac8ce element poses two sub-
ques8ons: 
 
First, what is the impact of introducing natural biopolymers and biomineralising bacteria on the 
porosity, strength, and water resistance of limewash?   
 
Second, what is the efficacy of technologies that enable bacterial viability in limewash to enhance 
limewash curing? 
 
 

3.14.2  Materials and Methods 
 

3.14.2.1  Bacterial prepara<on. 
 
The experimental procedures involve the cul8va8on of two dis8nct microorganisms, Synechococcus 
elongatus Nageli PCC 7942, and Bacillus sphaericus, both obtained from ATCC (American Type 
Culture Collec8on).  These methodologies adhere to standard prac8ce in microbial cul8va8on. 
 
The inocula8on process involves asep8cally introducing S. elongatus into Medium BG-11 broth, 
which has been sterilised by autoclaving at 120°C for 15 minutes.  Subsequently, agar culture plates 
were prepared using BG-11 nutrient agar [Appendices: Table 48].  Cultures were subjected to a 
controlled environment, maintained at 26°C, under a 'Sansi' grow light with a light density of 70 
µmol S-1 m-2 for 14 days. Cultures of S. elongatus in BG-11 broth, subjected to the same condi8ons, 
were posi8oned in a slanted orienta8on to op8mise gas exchange and augment exposure to light. 
 
B. sphaericus was cul8vated in liquid nutrient broth. The broth composi8on comprised 3 g L-1 
nutrient broth powder, 2.21 g L-1 NaHCO3, and 10 g L-1 urea, diluted to a final volume of 1 litre with 
dis8lled water.  Incuba8on of the broth cultures occurred at 37°C for 16 hours, allowing the 
a'ainment of an OD630 turbidity reading of 1.4 for each culture as determined by Colony-Forming 
Units (CFUs) serial dilu8on counts. 
 
The me8culous a'en8on to asep8c technique, selec8on of appropriate growth media, and control of 
incuba8on condi8ons of these methodologies ensure the reproducibility and reliability of the 
experimental outcomes. 
 
 

3.14.2.2  Immobilisa<on in Alginate Hydrogel  
 
To prepare the alginate hydrogel, 1 g of calcium chloride (CaCl2) was dissolved in 30 ml of dis8lled 
water.  Once dissolved, 6 ml of the solu8on was slowly added, while s8rring to a solu8on of 1.17 g 
sodium alginate dissolved in 50 ml of dis8lled water, at a temperature of 30°C.  The resul8ng 
gela8nous calcium alginate was thoroughly washed in dis8lled water and allowed to stand for two 
days to facilitate the removal of excess moisture. 
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The prepared calcium alginate hydrogel was placed into a sealed jar and autoclaved at 120°C for 15 
minutes, Figure 17.  The hydrogel was asep8cally sec8oned into 2 mm thick segments and placed 
into 5 ml aliquots of each bacterial culture suspended in liquid broth.  The hydrogel and B. 
sphaericus broth amalgama8on was then incubated for 16 hours at 37°C aIer which it was 
transferred to refrigera8on at 5°C un8l required.  To measure bacterial cell viability, a sec8on of the 
hydrogel was plated, and colonies were counted.  
 
 
 

 
 

Figure 17: Immobilising bacteria by adsorpion onto an alginate hydrogel.  The hydrogel protects cells from 
mechanical force and supplies water, oxygen, and nutrients from the absorbed nutrient broth 

 

3.14.2.3  Encapsula<on 
 
Bacterial broth containing either S. elongatus or B. sphaericus was diluted to achieve an OD630 
turbidity reading of 1.4, forming the cell and nutrient solu8on to be enclosed within capsules during 
the encapsula8on process.  Live bacterial counts were established from a serial dilu8on standard line 
equa8on and plated for colony coun8ng to determine the respec8ve colony-forming unit values 
(CFU). 
 
The encapsula8on process u8lised a coaxial needle style C 21G (inner)/28G (outer) 50,50,0 (SKE 
Research Equipment, Milan).  Each of the liquid components was supplied from separate 50 ml 
syringes and delivered to the coaxial needle by an Inovenso, IPS series 5, dual syringe (Inovenso 
Teknoloji Ltd., Istanbul), enabling control over the encapsula8on flow rate. 
 
 

3.14.2.4  Biopolymer-hardening solu<ons used in the encapsula<on process 
 
An alginate polymer, 2 wt% sodium alginate was dissolved in dis8lled water and autoclaved at 120°C 
for 15 minutes.  The resultant alginate solu8on was subsequently cooled to 25°C and 30 ml of this 
solu8on was introduced into a sterile 50 ml syringe.  An inherent advantage of alginate as an 

1.17 g sodium alginate 
in 50 ml dis&lled water 
at 30°C

1 g CaCl2 in 30 ml 
dis&lled water

6 ml slowly added 
while constantly 
s&rring alginate 
solu&on

15 – 90 
seconds

Alginate 
hydrogel 
solidifies

Leave hydrogel to dry for 48 
hours, and autoclave at 120°C 
for 15 minutes.  Cut the hydrogel 
into small gela&nous pieces and 
incubate at 37°C for 16 hours 
with bacteria in 30 ml nutrient 
broth.  Evaluate CFU value of 
hydrogel inocula&on by pla&ng



114 
 

encapsula8ng polymer lies in its capacity to create a naturally moist environment, thereby fostering 
prolonged cell viability.   This a'ribute is due to the water-reten8on capabili8es of alginate, while 
cross-linking establishes structural compartments that serve the dual purpose of retaining addi8onal 
water and a 3D matrix to enclose cells.  
 
The second polymer in the study, sodium carboxymethyl cellulose was formulated with 2 wt% 
sodium carboxymethyl cellulose dissolved in dis8lled water and autoclaved at 120°C for 15 minutes.  
AIer cooling to 25°C, 30 ml of the carboxymethyl cellulose solu8on was dispensed into a separate 
sterile 50 ml syringe. 
 
Bacterial cells were uniformly suspended in 60 ml of nutrient medium and incubated un8l reaching 
an OD630 of 1.4 equa8ng to a CFU value of 106 cells mL-1.  The resul8ng bacterial cell suspension in 
each respec8ve nutrient liquid medium was then introduced into sterile 50 ml syringes. 
 
The capsule hardening solu8on for sodium alginate comprised a 50 ml solu8on of 2M CaCl2, 
autoclaved at 120°C for 15 minutes and subsequently cooled to room temperature.   
 
The capsule hardening solu8on for sodium carboxymethyl cellulose consisted of a 50 ml solu8on of 
60 g L-1 pDADMAC, autoclaved at 120°C for 15 minutes and allowed to cool to room temperature.   
 
 

3.14.2.5  The extrusion process 
 
The 3D extrusion methodology u8lised in this study demonstrates design flexibility and economic 
viability associated with the produc8on of 3D extruded bioencapsulated components.  The 
effec8veness of the extrusion process, hinges upon several determinants, encompassing the 
dimensions and quality of the required output, the nature of materials employed, and the scale and 
complexity of the extrusion apparatus.   
 
In the context of most addi8ve manufacturing procedures, object fabrica8on occurs through the 
sequen8al deposi8on of layers of polymer material, thereby incrementally construc8ng the overall 
form of the printed object.  The biopolymer extrusion process, devised for the present inves8ga8on, 
represents an adapta8on from conven8onal addi8ve technology.  It involves the 3D encapsula8on of 
a liquid cons8tuent within a biopolymer coa8ng, the rapid solidifica8on of which is achieved through 
cross-linking long-chain polymerisa8on, resul8ng in the encasing of the contents within a protec8ve 
outer capsule.   
 
Cri8cal to the success of encapsula8ng live bacterial cells in the course of this study are the polymer 
formula8ons, the transi8on from liquid to solidified biopolymer and the mechanism to achieve low-
stress extrusion.  Alginate, primarily derived from seaweed, and cellulose, extractable from various 
plant sources, meet the environmental and physical criteria as suitable candidates based on these 
criteria, with the ability to sustain live cells, for applica8on in limewash on conserva8on structures.  
 
 

3.14.2.6  Alginate biopolymer capsules   
 
The encapsula8on process u8lises a coaxial needle interconnected through autoclaved and sterile 
silicone tubes to each of the two prepared syringes affixed to the modulated delivery pump, Figure 
18.  The central outlet of the coaxial needle is linked to the syringe containing the cell/nutrient 
medium, while the outer coaxial needle is connected to the syringe containing the biopolymer.  
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Extrusion on the dual syringe pump operated at an op8mised rate of 50 µL min-1.  Polymer-
encapsulated cell droplets were extruded into a 2M CaCl2 solu8on and the capsule wall solidified at 
room temperature taking approximately 30 minutes.  The resultant capsules, centrifuged at 1200 
rpm, and washed in sterile dis8lled water, were suspended in 80 ml of sterile nutrient broth.  The 
capsules and nutrient broth were refrigerated for storage at 5°C. 

 
 
 

 
 

Figure 18: Extrusion of alginate-encapsulated bacterial cells in nutrient broth into a soluion of 2M calcium 
chloride. The polymer and the cell soluion are contemporaneously sprayed from coaxial jets to form the 
capsule, a process termed coextrusion. Several factors determine the coaxial diameter, porosity, and structure 
such as fluid viscosity, concentraion of solutes, type of biological material, temperature and distance, D.  
Within the coaxial needle, the cell fluid is surrounded by the biopolymer forming a polymer sheath before the 
capsule exits the coaxial needle.  If D is > 3 cm, the capsule fails to form due to impact forces when entering 
the hardening soluion 

 
 

3.14.2.7  Cellulose biopolymer capsules   
 
The coaxial needle affixes through autoclaved sterile silicone flexible tubes configured iden8cally to 
the extrusion process outlined in sec8on 3.14.4.6.  Two syringes, previously prepared, were 
introduced into the delivery pump, Figure 19.  The outlet of the coaxial centre needle was linked to 
dispensing the bacterial nutrient medium, while the exterior coaxial assembly was connected to the 
syringe containing the cellulose biopolymer.  The dual syringe pump was set to an op8mal extrusion 
speed of 25 µL min-1.  Subsequently, droplets of polymer-encapsulated cells were extruded into a 
solu8on of 60 g L-1 pDADMAC.  The capsule wall hardened at room temperature taking 
approximately 30 minutes.  Following extrusion, the capsules underwent centrifuga8on at 1200 rpm 
and were washed in sterile dis8lled water.  The capsules and nutrient broth were refrigerated for 
storage at a temperature of 5°C. 
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Figure 19: Extrusion of cellulose-encapsulated bacterial cells in nutrient broth into a soluion of pDADMAC. 
Droplets exuded at 25 µL min-1 from the coaxial needle falling under gravity into the 60 g L-1 pDADMAC 
soluion in the collecing base.  By simple co-extrusion, up to 5 million bacteria can be captured per capsule 
expressed.  The introducion of a vibraing nozzle enables the formaion of stable 0.7 mm droplets of bacteria, 
(Gunzburg et al., 2020) 
 
 
Modula8ng the flow rate through the coaxial needle appears not to influence droplet size, exer8ng 
influence primarily on the frequency of the droplet genera8on.  A reduc8on in alginate 
concentra8on within the polymer capsule demonstrates a discernible trend towards smaller droplet 
sizes, likely a'ributable to varia8ons in surface tension.  Conversely, the propensity for capsule 
rupture increases with diminished alginate concentra8ons, a consequence of decreased structural 
robustness stemming from fewer cross-links in the polymer, (Chaurasia et al., 2017; Ching et al., 
2017; Mar8ns et al., 2017).  This phenomenon has been quan8fied for capsules formed with 2.0% 
alginate exhibi8ng rupture below a threshold force of 6.0 N, a force magnitude inferior to that 
exerted by a finger8p, (Said Ismail et al., 2021).  Microscopic examina8on of the capsules assessed 
the capsule wall integrity coupled with an evalua8on of the viability and prolifera8on of the average 
bacterial cell popula8on.  A micro8ter assay served to evaluate and confirm the viability of the 
encapsulated cells when stored at room temperature. 
 
 

3.14.2.8  Electrospraying  
 
Electrospraying involves a microencapsula8on technique genera8ng minute liquid droplets from a 
small needle aperture within an electric field.  The process leverages electrosta8c forces induced by 
the applica8on of a high voltage between the liquid, typically a polymer, and a receiving substrate or 
collec8ng fluid.  The forma8on of a ‘Taylor cone’ facilitated by the electrical charge is due to the 
forces from the charge exceeding the surface tension forces, delivering a spray of droplets toward 
the collec8ng base.  The resultant droplet size and delivery rate can be modulated based on factors 
such as the voltage differen8al, needle diameter, which determine the produc8on of micro or nano 
droplets.    
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3.14.2.9  Electrosprayed alginate biopolymer capsules   
 
 
 

 

 
 

Figure 20: Electrosprayed extrusion of alginate-encapsulated bacterial cells in nutrient broth, into a soluion of 
calcium chloride.  The droplets exude from the coaxial needle head and become highly charged and produce a 
repelling force against the surface tension of the polymer.  As the electric potenial energy approaches the 
value of the surface energy, the shape of the droplet is distorted forming a Taylor cone.  The criical voltage at 
which this occurs is dependent on several factors including the surface tension of the soluion, the diameter of 
the droplet and the electric field strength.  The charge holds the sheath in place as the newly formed coaxial 
capsule is pulled toward the oppositely charged (or earthed) base plate.  Electrospraying produces smaller 
droplets the diameter of which is also determined by the soluion concentraion and the applied voltage.  The 
contemporaneous spraying of the biopolymer and cell soluion from two coaxial jets is termed electro-
coextrusion 

 
 
The coaxial needle is connected via autoclaved sterile silicone flexible tubes to two of the prepared 
syringes inserted into the electronically controlled delivery pump, Figure 20.  The coaxial centre-
needle outlet is connected to deliver the bacterial nutrient medium syringe, and the alginate-
containing biopolymer syringe is connected to the exterior needle of the coaxial needle.  The high-
voltage unit (30kV, Genvolt HV Output, posi8ve polarity) is a'ached across the coaxial needle and 
the conduc8ng sheet, placed beneath the collec8ng dish solu8on.  The extrusion speed on the dual 
syringe pump was operated at an op8mal 50 µL min-1.  Polymer-encapsulated cell droplets were 
electrosprayed into 2M CaCl2 and leI to harden at room temperature for 30 minutes.  The formed 
capsules were centrifuged at 1200 rpm and washed in sterile dis8lled water then suspended in 80 ml 
of sterile nutrient broth, refrigerated at 5°C.  The high voltages used in the study required each piece 
of electrical equipment to be earthed to prevent feedback currents from damaging the devices. 
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3.14.2.10  Electrosprayed cellulose biopolymer capsules   
 
The arrangement to electrospray cellulose polymer capsules follows a similar procedure to the 
alginate electrospray method.  The alginate polymer is replaced with sodium carboxymethyl 
cellulose and the CaCl2 hardening solu8on is replaced with 60 g L-1 pDADMAC fluid.    
 
 

3.14.2.11  Evalua<ng post-extrusion survival rates 
 
The assessment of bacterial cell survival aIer encapsula8on or immobilisa8on procedures involved 
the u8lisa8on of pla8ng and subsequent enumera8on of colonies. Enumera8on of encapsulated 
bacterial cells and fragments within bacterially immobilised hydrogel matrices was achieved through 
the plate count method, and the quan8fica8on was expressed as colony-forming units (CFU mL-1). A 
plate was deemed countable when exhibi8ng a colony range between 30 and 300, as fewer than 30 
colonies would yield a sample size inadequately representa8ve for accurate analysis. Conversely, 
counts surpassing 300 presented challenges in precise enumera8on without the assistance of an 
automated coun8ng system. The determina8on of colony count in the original bacterial solu8on was 
ascertained through agar pla8ng serial dilu8on. The calcula8on involved considera8ons of the colony 
count, the total dilu8on factor of the enumerated plate, and the volume of the cultured medium 
plated, as represented by EquaKon 2 and EquaKon 3.  The encapsula8on survival yield (ESY) is a 
measurement of the number of surviving cells post-encapsula8on. ESY is calculated at different 
periods and graphically represented by EquaKon 4. 
 
 

 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	 = 	
𝐹𝑖𝑛𝑎𝑙	𝑣𝑜𝑙𝑢𝑚𝑒	(𝑑𝑖𝑙𝑢𝑡𝑒𝑑	𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑠𝑡𝑜𝑐𝑘	𝑣𝑜𝑙𝑢𝑚𝑒)

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑡ℎ𝑒	𝑠𝑡𝑜𝑐𝑘	𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑
 

(2) 

   
 𝐶𝐹𝑈	𝑚𝐿!" 	= 	

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠	𝑐𝑜𝑢𝑛𝑡𝑒𝑑	 × 	𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑐𝑢𝑙𝑡𝑢𝑟𝑒	𝑝𝑙𝑎𝑡𝑒𝑑

 (3) 

   
 𝐸𝑆𝑌%	 = 	

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑣𝑖𝑎𝑏𝑙𝑒	𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠	𝑎𝑓𝑡𝑒𝑟	𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑣𝑖𝑎𝑏𝑙𝑒	𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠	𝑏𝑒𝑓𝑜𝑟𝑒	𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛

	× 	100 (4) 

 
 
Encapsula8on CFU mL-1 is counted from the incubated plate colonies formed from the source 
dilu8on at factor 106.   Coun8ng is conducted before encapsula8on and following the encapsula8on 
process over five hours.  ESY evaluates the effect of the encapsula8on process, including the 
effec8veness of the biopolymer capsule, on cell viability. 
 
 

3.14.2.12  In vitro installa<on and assessment 
 
Evalua8ng limewash curing within a controlled laboratory environment, alongside the examina8on 
of the impact of bacterial and biopolymer encapsula8on on the curing process, presents both 
advantages and disadvantages. Among the advantages are the heightened precision in limewash 
prepara8on with and without bacterial addi8ons, 8ght control over environmental condi8ons 
throughout and aIer applica8on, and the crea8on of a curing environment unaffected by 
atmospheric pollutants and unpredictable weather events. Conversely, the drawbacks associated 
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with a laboratory seTng encompass the stringent regula8on of temperature, humidity, and light, as 
well as the absence of the influence of weather pa'erns on the limewash surface. This absence may 
lead to accelerated drying of the limewash, poten8ally compromising both abio8c and bio8c curing 
processes. It is impera8ve to consider these factors in the analysis and comparison of results 
obtained in vitro versus those observed on-site. 
 

3.14.2.13  Prepara<on of lime render units for in vitro analysis 
 
Experimental lime units or blocks were designed to establish a test area measuring 28 mm x 18 mm 
x 3 mm, affixed to a founda8onal support structure with dimensions of 33 mm x 40 mm x 22 mm. 
The founda8onal substrate consisted of NHL 3.5 hydraulic lime base render (Conserv®, binder BS EN 
459-1:2015), while the upper tes8ng layer featured NHL 3.5 hydraulic lime finishing coat render 
(Conserv®, binder BS EN 459-1:2015, colour Elm Cragg). The criteria for material selec8on for the 
units priori8zed a'ributes such as 100% natural sourcing, breathability, and sustainability, devoid of 
addi8ves, plas8cisers, or cement. 
 
The produc8on of these units involved the use of a mold, employing a lime-to-sand ra8o of 1:2.5, 
combined with tap water to achieve the desired consistency. Following a curing period of 21 days, 
the units were removed from the mold and allowed an addi8onal 7 days for air-drying at room 
temperature. A concluding lime coat, reaching a depth of 3 mm, was applied to the upper surface of 
each unit. Subsequently, the units, featuring the finishing lime coat, underwent a further 21-day 
curing process at room temperature, Figure 21. 
 
 

 
 

Figure 21: Dimensions of the tesing units were designed to evaluate microbial biomineralisaion, ascertain the 
viability of encapsulated cells, and conduct performance comparisons between the extrusion and 
electrospraying encapsulaion methodologies. Addiionally, these units served as a pla�orm for appraising the 
effeciveness of alginate-hydrogel immobilised cells. The base unit is forified with waterproof paint to prevent 
moisture ingress thereby isolaing the experimental surface, measuring approximately ±504 mm² 
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3.14.2.14  Limewash prepara<on  
 
The limewash is prepared by adding lime: water to a ra8o of 50:50, slowly mixing in addi8onal lime 
powder toward a lime: water ra8o of 20:80, resembling a single cream consistency.  The prepared 
limewash is divided into several containers and when required for applica8on, mixed with the 
sample formula8ons as illustrated in Table 10. 
 
The inves8ga8on, conducted to enhance efficiency and resource u8lisa8on, was bifurcated into two 
sequen8al phases. In Phase 1, the impact of biopolymer composi8on and 
encapsula8on/immobilisa8on methods on B. sphaericus, a resilient bacterium amenable to 
overnight culture, was scru8nised. Building upon the insights garnered in Phase 1, Phase 2 
concentrated on refining the encapsula8on protocol deemed most efficacious for assessing the 
second microorganism, S. elongatus, a cyanobacterium.  S. elongatus has a longer incuba8on period 
than B. sphaericus, its growth condi8ons necessita8ng a more protracted and intricate culture 
arrangement. 
 
 
Table 10: Phase 1 - Limewash/bacterial cell formulaions derived from B. sphaericus, in non-encapsulated, 
encapsulated, and immobilised states.  Encapsulaion employs two disinct biopolymer matrices, alginate, and 
cellulose, which are assessed and contrasted as efficacious biopolymer bases for encapsulated bacteria. Test 
samples 4, 5, and 6 are hybrid formulaions base layered with lime/alginate hydrogel. This layer is 
subsequently overlaid with either planktonic or encapsulated biopolymer formulaions.  Sample formulaions 
are applied over three days in laboratory condiions.  An idenical experimental procedure and formulaions is 
applied to both in vitro and in situ installaions. Phase 2, invesigaing biomineralisaion in S. elongatus is 
idenical for the Control and Test Sample 3 uilising encapsulated-alginate biopolymer 

 
n = number of 
limewash layers 
n*a = number of 
limewash layers 
applied first 
 

Limewash only B. sphaericus – 
non-

encapsulated 

B. sphaericus – 
encapsulated – 

alginate 
biopolymer 

B. sphaericus – 
encapsulated – 

cellulose 
biopolymer 

B. sphaericus – 
immobilised – 

alginate hydrogel 

Control 5     
Test sample 1  5    
Test sample 2   5   
Test sample 3    5  
Test sample 4  3   2*a 
Test sample 5   3  2*a 
Test sample 6    3 2*a 
Test sample 7     5 

 
 

3.14.2.15  Prepara<on of  inoculated limewash samples   
 
Each of the test samples outlined in Table 10 were prepared as follows: 
 
Test sample 1: 10% v/v nutrient broth containing 106 bacterial cells mL-1 was added to the prepared 
limewash, mixed thoroughly, and applied to the test area.  Approximately 3 hours was allowed 
between each of the 5 applica8ons. 
Test samples 2 - 6: 10% v/v nutrient broth containing 30% (v/v) encapsulated bacterial cells were 
added to the prepared limewash, mixed thoroughly, and applied to the test area.  Approximately 3 
hours was allowed between each of the 5 applica8ons. 
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Test sample 7: 30% v/v nutrient broth containing 100% (v/v) hydrogel containing immobilised B. 
sphaericus cells was added to the prepared limewash, mixed thoroughly, and applied to the test 
area.  Approximately 3 hours was allowed between each of the 5 applica8ons. 
 
 

3.14.2.16  On-site Installa<on and Assessment 
 
The site of the experimental wall sec8on is situated on the sheltered east coast of the island of Jura 
at the southern end of Small Isles Bay at a la8tude: 55° 49’ 59.99” N Longitude: -5° 55’ 59.99” W.  
The wall sec8on is located on the east gable of a concrete-over-stone rendered building at 
approximately 1.52 m from ground level and unencumbered by human or vehicle traffic, Figure 22. 
 
 

 
 

Figure 22: The building, aspect, and locaion of the experimental wall secion.  The secion is north-east facing.  
The top layers of concrete were removed from the wall secion, exposing the original stone beneath prior to 
the applicaion of new lime render 

 

3.14.2.17  On-site Prepara<on  
 
The old concrete wall render was removed to dimensions measuring 900 mm x 500 mm x 40 mm, 
revealing the underlying stone substrate. A single levelling coat of lime render was applied onto the 
exposed stone to provide robust adhesion for subsequent lime render applica8ons. 
 
To prevent rapid moisture evapora8on from the base lime coat, the underlying stone was soaked 
with water. Following the base coat applica8on, as the base coat dried, a resilient surface skin 
formed permiTng two successive lime render layers to be applied, denoted as the 'scratch and float 
coats’. Adequate intervals for ini8al weTng and drying were observed between the successive 
applica8ons. 
 
Each of the lime render strata was composed of Conserv NHL 3.5 hydraulic lime render adhering to 
BS EN 998-1:2016 standards, incorpora8ng a medium coarse aggregate and blended sands 
conforming to BS EN 13139-1:2015, and lime binder in accordance with BS EN 459-1:2015. The 
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cons8tuent elements were mixed with tap water, following the guidelines s8pulated in the product 
instruc8ons. 
 
Due to unseasonably high temperatures and arid clima8c condi8ons, the levelling coat dried rapidly 
requiring periodic spraying with water to prevent premature contrac8on encouraging the 
development of microcracks. The final layer, designated as the 'fine' lime layer, culminated in the 
applica8on of a finishing or topcoat u8lizing Conserv NHL 3.5 hydraulic lime render BS EN 998-
1:2016, blended with tap water following the product instruc8ons. 
 
The curing period for the en8rety of the constructed wall segment spanned 40 days and was 
completed as illustrated in Figure 22 and 23. 
 
 

 
 

Figure 23: Wall cross-secion displaying each of the lime layers.  The total thickness of the secion is ±40 mm.  
The fine topcoat was ±5 mm thick.  During layering the surface was sprayed with water to avoid the material 
drying thereby prevening contracion and subsequent cracking 

 
 

3.14.2.18  Limewash prepara<on  
 
To formulate the standard limewash solu8on, a combina8on of hydraulic lime and water is 
employed in a ra8o of 50:50.   Addi8onal water is incorporated as necessary to a'ain a final lime-to-
water ra8o of approximately 20:80, yielding a consistency akin to single cream.  The resultant 
limewash was subsequently distributed into several containers, each formulated as indicated in 
Table 11.  The formula8ons emulate the limewash applica8ons u8lised for the laboratory test units 
for phase 1.   
 
During the applica8on phase, each sample was applied to the designated wall sec8on across defined 
120 mm x 500 mm strips, as illustrated in Figure 24.  The pH of the limewash registered at 11.1, the 

Levelling coat of 
hydraulic lime render

‘Finishing or top-coat’ 
coat of hydraulic lime 
render

500 mm

Wall sec&on

40 mm
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rela8ve humidity at 80% and air temperature of 18°C.  Rela8ve humidity and temperature were 
monitored using a Protmex HT607 Temperature Humidity meter high precision digital hygrometer 
and pH using an Apera SX610 ±0.1 accuracy, 0-14 pH meter. 
 
 

 
 

Figure 24: The wall secion map outlines the areas for the applicaion of each limewash formulaion outlined in 
Table 10.  Each secion measures ±120 mm x 500 mm.  The term ‘Immobilised’ denotes vegetaive cells affixed 
to an alginate hydrogel, ‘Alginate’ refers to vegetaive cells encapsulated within sodium alginate/CaCl2 
extruded polymer shell, ‘cellulose’ designates vegetaive cells encapsulated within a sodium carboxymethyl 
cellulose/pDADMAC extruded polymer shell.  The control is limewash only.  Each secion is textured in contrast 
to the next to facilitate visual differeniaion 

 
 

3.14.2.19  Measuring the effects of immobilisa<on and encapsula<on on porosity, cohesion, 
and absorp<on of the limewash layer   
 
The chosen methodologies for assessing altera8ons in the limewash formula8ons necessitated 
accuracy, portability, ease of administra8on and reproducibility in both field and laboratory 
environments. The three measures for evalua8on across each lime formula8on are porosity, 
cohesion, and absorp8on, chosen as key performance criteria indica8ng the degree of robustness of 
limewash. 
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3.14.2.19.1  Porosity 
 
Porosity serves as a quan8ta8ve measure of open capillary pores within the crystal laTce of 
limewash. This parameter is subject to the influence of various factors, including the type of binder 
employed, the binder-to-aggregate ra8o, aggregate dimensions, and the extent of compac8on 
during the applica8on onto the wall surface. Capillary pores confer the moisture permeable 
a'ributes to lime and can exhibit diameters spanning from 0.1 to 100 µm. The forma8on of these 
pores is con8ngent upon the water-to-binder ra8o and the carbona8on-to-hydra8on ra8o. Pores 
facilita8ng the permea8on of liquids or gases, are predominantly situated proximal to the lime 
surface, hence the terminology of 'open' pores (Maria, 2010; Mehta & Monteiro, 2014; Papayianni & 
Stefanidou, 2006).   
 
Various techniques, both direct and indirect, are employed to measure porosity.  Direct microscopic 
analyses, encompassing stereo binocular, petrographic, or scanning electron microscopy, prove 
more suited for in vitro assessments, necessita8ng the desicca8on of the sample. Conversely, 
indirect methodologies, such as pressurised devices or mercury-based intrusion porosimetry, require 
the extrac8on of samples from the site for subsequent laboratory tes8ng. In light of the constraints 
associated with remote, on-site condi8ons in this study, Alizarin Red stain emerges as a viable 
approach for porosity determina8on within the limewash layer. Alizarin Red, an anionic dye 
exhibi8ng an affinity for ca8onic metals like calcium, is applied by brushing 0.1 ml of a 0.025M 
solu8on onto the surface, followed by in situ air-drying of the sample. Subsequent excision from the 
limewash layer enables measurement to ascertain the depth of stain penetra8on. Where necessary, 
op8cal microscopy is employed to determine the Alizarin Red depth and staining characteris8cs, to 
verify the dimensions and morphology of calcite crystals, if formed. 
 

 

3.14.2.19.2  Cohesion 
 
Surface cohesion is appraised by examining the integrity and durability of the limewash surface 
layer. The evaluation entails the application of peeling tape of dimensions 25 mm x 15 mm, to the 
surface, and gauging the ability to remove the surface layer.  Cohesion, in this context, serves as an 
indicative measure of the bonding strength between lime particles in the surface limewash.  To 
conduct this assessment, segments of peeling tape are sectioned, weighed, and applied with 
consistent pressure onto the designated test surface area. Following a 15-second adhesion period, 
the tape is subsequently removed and reweighed. The weight variation serves as an indicator of the 
extent of surface material loss onto the tape, providing a quantifiable metric for the strength of 
bonding between the constituent particles of the limewash surface. 
 

 

3.14.2.19.3  Absorp6on   
 
Absorp8on levels detected at the limewash surface serve as an indicator of the water-resistance 
exhibited by the wash. Enhanced resistance to water satura8on correlates with heightened 
protec8on for the underlying lime render and stonework, thereby mi8ga8ng the risk of long-term 
water-induced damage. The method employed to quan8fy water uptake relies on capillary water 
absorp8on, employing the contact sponge method as illustrated in Figure 25. The procedural 
framework outlined in the UNI 11432:2011 standard involves u8lising a sponge with pre-defined 
dimensions, saturated with water un8l reaching its satura8on point. The water-saturated sponge is 
pressed against the limewash surface at a standardised pressure. The quan8fica8on of water 
absorp8on is determined by assessing the disparity in the weight of the sponge before and aIer a 
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60-second applica8on period (Gaggero & Scrivano, 2016; Ribeiro et al., 2022; Vandevoorde et al., 
2009).   
 
To ensure consistency in saturation, the sponge is submerged beneath the surface of the water, 
maintained at room temperature, undergoing repeated compressions to expel trapped air from 
within the sponge. Following a five-minute soaking period, the sponge is placed in a horizontal 
position on a Perspex slope, then inclined at an angle of 20° for 60 seconds, enabling the drainage of 
excess water before weighing. Subsequently, the sponge, held in the holding apparatus depicted in 
Figure 25, is promptly applied to the designated wall or lime block section, following which it is 
reweighed. 
 
 

 
 

Figure 25: Applying the sponge apparatus to the wall.  The image above illustrates the relaionship between 
the underlying lime render and outer limewash layers.  The wet sponge is retained within the Perspex holder 
and a consistent pressure is applied across the limewash surface.  The force is consistently maintained, and 
measured using a pocket penetrometer, for 60 seconds.  An idenical approach is used to assess absorpion on 
the in vitro lime units 

 
 

The contact sponge method represents a non-invasive, in-situ approach enabling comparable 
assessment of water absorption by the limewash surface. This involves the systematic reweighing of 
the sponge, with subsequent computation of water uptake from the sponge, quantified in g mm-2.  
Uniform pressure is achieved by utilizing sponges of identical density, affixed to a non-absorbent 
substrate such as Perspex, with positioned at the centre a pocket penetrometer, through which 
consistent pressure is exerted. In the course of this investigation, a load of 0.45 kg was applied to the 
interface connecting the sponge surface and the limewash section in direct contact with the sponge.   
 
 

3.14.3  Results 
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3.14.3.1  The impact of alginate and cellulose biopolymer encapsula<on on cell viability 
 
The assessment of cell viability necessitates the use of reliable assays that can assess the varia8ons 
in the encapsula8on efficiency, stability of the encapsula8ng material and the impact of the 
encapsula8on process on the microbial physiology.   
 
The assessment of colony-forming units (CFU) over 8me is a method to gauge cell viability.  This 
requires the enumera8on of CFUs quan8fied as forming viable colonies under specific growth 
condi8ons. 
 
Colony forming units (CFU) in the nutrient stock solu8on were measured before encapsula8on and 
over 6 hours following the encapsula8on process.  Figure 26 compares the colony-forming unit count 
indica8ng viable B. sphaericus cells in (a) baseline (not encapsulated), (b) encapsulated in alginate 
biopolymer and (c) encapsulated in cellulose biopolymer. 
 
 

 
 
Figure 26: The impact of alginate and cellulose biopolymer encapsulaion on cell viability.  A lower CFU staring 
point for the alginate and cellulose biopolymer results as compared to the baseline is indicaive of the 
volumetric impact of the biopolymer shell on reducing the cell count as compared to a liquid broth baseline 
comparison (red). Data located in [Appendices: Table 29] 
 
 
To assess the decrease in the colony percentage count over the 6 hours, Figure 27 illustrates the CFU 
mL-1 as a percentage of the CFU value taken at the start of the experiment. 
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Figure 27: The B. sphaericus encapsulaion survival yield (ESY) is a measure of the number of surviving cells 
post-encapsulaion.  Encapsulaions CFU mL-1 were counted from the colonies formed on the inoculated agar 
plate, at a diluion factor of 106 before encapsulaion and following the encapsulaion process and monitored 
over six hours to evaluate the impact of the encapsulaion process on cell viability. Data located in 
[Appendices: Table 29] 
 
 

3.14.3.2  Compara<ve CFUs resul<ng from B. sphaericus inoculated alginate hydrogel 
 
The alginate hydrogel fragments inoculated with B. sphaericus, underwent agar pla8ng to quan8fy 
the forma8on of colony-forming units per millilitre, (CFU mL-1). This assessment es8mates the CFU 
count resul8ng from the immobilisa8on of B. sphaericus within the alginate hydrogel in comparison 
to the baseline count.  Figure 28  illustrates the compara8ve analysis of CFU count between B. 
sphaericus cells immobilised in the alginate hydrogel and the bacterial viability observed over 6 
hours of immobilisa8on. 
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Figure 28: The CFU count for viable, immobilised B. sphaericus cells adhered to alginate hydrogel compared 
with viable non-immobilised cells, over 6 hours. Data located in [Appendices: Table 30] 
 
 
The immobilisa8on survival yield (ISY) is a measurement of the number of surviving cells post-
immobilisa8on.  Figure 29 illustrates the CFU mL-1 as a percentage of the 8me zero CFU value over 
the 6 hours. 
 

 
 

Figure 29: The immobilisaion survival yield (ISY) counted from the plate colonies formed from the serial 
diluion - factor 106 before immobilisaion and post-hydrogel immobilisaion over six hours.  The graph 
illustrates the impact of the alginate hydrogel on cell viability.  Data located in [Appendices: Table 30] 
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3.14.3.3  In vitro and in situ results 
 
The tabulated results for the (in situ) limewash wall sec8ons and the (in vitro) lime units are found in 
the [Appendices: Tables 31-39]. 
 
Wall sec8on A serves as the control consis8ng of 5 layers of limewash.  The descrip8on of the 
bacteria, biopolymer, and method for inser8on into the limewash is outlined in Table 11 for each of 
the sec8ons B through H.   
 
 
Table 11: Descripion of the formulaions for each limewash layer as applied to the wall secions A-H.  Idenical 
formulaions were uilised for the laboratory lime units.  The control allocated to secion A, comprises 
limewash void of bacterial or biopolymer addiions.  Wall secions B through H are formulated with bacterial, 
biopolymer or hydrogel components.  In the instances when two different formulaion layers are applied to 
the same secion, (secions E, F, G) the layers are applied sequenially as outlined in Table 10 

 
 
 
Eight limewash samples were applied to assess their proper8es on different wall sec8ons. The 
control sample 1 consisted of 5 layers of standard limewash. Samples 2, 3, and 4 contained non-
encapsulated, alginate-encapsulated, and cellulose-encapsulated bacteria, respec8vely, applied in 5 
layers. Samples 5, 6, and 7 had an ini8al 2 layers of base limewash with alginate hydrogel and 
immobilised bacteria, followed by 3 layers of non-encapsulated, alginate-encapsulated, or cellulose-
encapsulated limewash, respec8vely. The final sample (8) consisted of 5 layers of alginate hydrogel 
with immobilised bacteria. 
 
 

3.14.3.4   Porosity results 
 
Images illustra8ng 60-second spot tes8ng of Alizarin Red on each wall sample, sec8ons A through H 
are illustrated in Figure 30.  Profile sec8ons were removed around the spot-tested limewash to 
enable measurement of the depth of Alizarin Red penetra8on into the wash and render.  
Measurements, in mm, were undertaken on-site and confirmed in the laboratory under an op8cal 
microscope. 
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Phase 1 
The results for the porosity measurements for B. sphaericus on wall sec8ons A through H are plo'ed 
in Graph A, Figure 31, indica8ng the depth into the limewash open pore structure stained by Alizarin 
Red. 
 
Compara8ve data for B. sphaericus inoculated lime units is displayed in Graph B, Figure 31. 
 
Phase 2 
The results for lime units comparing the control (limewash only) and alginate-encapsulated S. 
elongatus are displayed in Graph C, Figure 31. 
 

 
Figure 30: The impact of Alizarin Red dye onto secions A – H, applying  0.1 ml of Alizarin Red (0.025M). The 
dye readily penetrated the limewash through open pores.  Reduced pore accessibility to the dye resulted in 
horizontal spread on the surface of the limewash observed on secions E, F, and G 
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Figure 31: The impact of bacterial and biopolymer inclusion on limewash porosity assessed using a 60-second 
applicaion of 0.1 ml Alizarin Red serving as a metric for open-porosity of the limewash.  The standard error 
bars convey the extent of data dispersion around the mean value. Graph A illustrates porosity measurements 
taken on the wall secions A through H. Graph B delineates porosity measurements applied to the lime units. 
Graph C compares the impact on porosity for lime units of alginate biopolymer encapsulated S. elongatus (2) 
with the lime-only control formulaion (1).  Data located in [Appendices: Table 31; Table 32; and Table 33] 
 
 
Sta0s0cal review of the data displayed in Figure 31 
 
Standard error bars with minimal, or no overlap suggest a reasonable difference between the 
compared results.  To confirm the significance of the difference, the study u8lised a null hypothesis 
significance test between the control and alginate encapsulated B. sphaericus cells to determine if 
the results are from chance alone, or if the difference is significant.  The null hypotheses and 
alterna8ve hypotheses for graphs figures 31, 32 & 33 are noted in the appendices.  It is common for 
biologists to use 5% as the cri8cal significance level which is expressed in the tables below as alpha 
(α) at 0.05. 
 
By rejec8ng (H1), the null hypothesis (H0) indicates the results are significant and the data pa'ern 
cannot be accounted for by chance alone. 
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Test material Porosity results comparing the 
control to the alginate encapsulated 
B. sphaericus 

Porosity results comparing the 
control to the alginate encapsulated 
S. elongatus 

Lime blocks (in vitro) P  = 0.0209 
P is therefore significant; the null 
hypothesis is rejected indica5ng there 
is a significant difference between the 
results 

P  = 0.0001 
P is therefore highly significant; the 
null hypothesis is rejected indica5ng 
there is a significant difference 
between the results 

Wall sec5ons (in situ) P  = 0.0741 
P is therefore sugges5ve only; the 
null hypothesis may or may not be 
accepted indica5ng and ques5ons 
any significant difference between 
the results 

 

 
 
 

3.14.3.5  Cohesion results 
 
Tests for cohesion serves as a quan8ta8ve assessment of the structural integrity or robustness of the 
external stratum of the limewash, indica8ng resistance to material displacement from the 
underlying strata.  The quan8fica8on of solid mass removed through the tape-mediated peeling is 
expressed in grams per 250 square millimetre (g 250 mm-2).  This metric is derived from the 
compara8ve analysis of the predetermined weight of the peeling tape before and aIer its 
applica8on to either the wall or the sec8on of the lime block.   The comparison of these outcomes is 
visually delineated in the graphical representa8ons found in Figure 32.  
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Figure 32: Impact of biopolymer and microbial inclusion on limewash cohesion.  Graph A presents cohesion on 
in-situ wall secion measurements.  Graph B displays cohesion outcomes derived from measurements on 
corresponding lime units.  Graph C, based on the experimental outcomes from Graphs A and B, compares 
cohesion measurements on control and alginate-encapsulated S. elongatus limewash on lime units.  The 
standard error bars communicate the degree of spread of the data around the mean value. Data located in 
[Appendices: Table 34]; Table 35; and Table 36] 
 

 
Sta0s0cal review of the data displayed in Figure 32 
 
Standard error bars with minimal, or no overlap suggest a reasonable difference between the 
compared results.  To confirm the significance of the difference, the study u8lised a null hypothesis 
significance test to between the control and alginate encapsulated B. sphaericus cells to determine if 
the results are from chance alone, or if the difference is significant.  It is common for biologists to 
use 5% as the cri8cal significance level. 
 
By rejec8ng (H1), the null hypothesis (H0) indicates the results are significant and the data pa'ern 
cannot be accounted for by chance alone. 
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Test material Cohesion results comparing the 
control to the alginate encapsulated 
B. sphaericus 

Cohesion results comparing the 
control to the alginate encapsulated 
S. elongatus 

Lime blocks (in vitro) P  = 0.0385 
P is therefore significant; the null 
hypothesis is rejected indica5ng there 
is a significant difference between the 
results 

P  = 0.0001 
P is therefore highly significant; the 
null hypothesis is rejected indica5ng 
there is a significant difference 
between the results 

Wall sec5ons (in situ) P  = 0.0003 
P is therefore highly significant; the 
null hypothesis is rejected indica5ng 
there is a significant difference 
between the results 

 

 
 
 

3.14.3.6  Water absorp<on – contact sponge method 
 
A water saturated sponge was held for 60 seconds at a sustained pressure of 0.45 kg cm-2.  During 
the wall sec8on assessment, the ambient temperature was 13°C and the rela8ve humidity was 75%.  
The temperature was 18°C and the rela8ve humidity 65% for the lime unit absorp8on measurement.  
The results are adjusted to g cm-2 for data comparison. Figure 33 illustrates the data graphs for the 
test samples. 
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Figure 33: Impact of biopolymer and microbial inclusion on the water absorpion properies of limewash.  
Absorpion is a measure of the mass of water (g) absorbed by the limewash sample per sq. cm azer 60-second 
contact between the sponge and lime wash surface.  Graph A displays the results from the in-situ wall secions.  
Graph B charts the results from the in vitro lime blocks.  The standard error bars communicate the degree of 
spread of the data around the mean value.  Data located in [Appendices: Table 37; Table 38; and Table 39] 
 
 
 
Sta0s0cal review of the data displayed in Figure 33 
 
Standard error bars with minimal, or no overlap suggest a reasonable difference between the 
compared results.  To confirm the significance of the difference, the study u8lised a null hypothesis 
significance test between the control and alginate encapsulated B. sphaericus cells to determine if 
the results are from chance alone, or if the difference is significant.  It is common for biologists to 
use 5% as the cri8cal significance level. 
 
By rejec8ng (H1), the null hypothesis (H0) indicates the results are significant and the data pa'ern 
cannot be accounted for by chance alone. 
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Test material Absorp>on results comparing the 
control to the alginate encapsulated 
B. sphaericus 

Absorp>on results comparing the 
control to the alginate encapsulated 
S. elongatus 

Lime blocks (in vitro) P  = 0.0190 
P is therefore significant; the null 
hypothesis is rejected indica5ng there 
is a significant difference between the 
results 

P  = 7.017E-08 
P is therefore extremely significant; 
the null hypothesis is rejected 
indica5ng there is a significant 
difference between the results 

Wall sec5ons (in situ) P  = 0.0136 
P is therefore significant; the null 
hypothesis is rejected indica5ng there 
is a significant difference between the 
results 

 

 
 

3.14.4   Analysis and Discussion  
 
The study was premised upon two research sub-ques8ons rela8ng to the erosive atmospheric 
factors impac8ng limewash, exacerbated by the escala8ng frequency and unpredictability a'ributed 
to climate change. These ques8ons are: 
 
What is the impact of introducing natural biopolymers and biomineralising bacteria on the porosity, 
strength, and water resistance of limewash?   
 
What is the efficacy of technologies that enable bacterial viability in limewash to enhance limewash 
curing? 
 
The ini8al query hypothesises the poten8al ramifica8ons of introducing biomineralising bacteria 
aligned with natural biopolymers on fundamental characteris8cs of limewash.  The subsequent 
query scru8nises the efficacy of technologies to incorporate microbials into limewash prior to curing.  
To address these inquiries, the study examined the influence of two biomineralising microorganisms, 
namely bacterium B. sphaericus and cyanobacterium S. elongatus upon their introduc8on into 
limewash.  This encompassed the examina8on of two naturally occurring biopolymers employed for 
the construc8on of protec8ve structures through processes of encapsula8on and immobilisa8on.  
The culmina8on of the study involved a compara8ve analysis of the effec8veness of three 
technological methodologies, coaxial extrusion, coaxial electrospraying and hydrogel forma8on.  The 
integra8on of these outcomes facilitated the deriva8on of conclusions aimed at addressing the 
research ques8ons put forward. 
 
 

3.14.4.1  Survival yield for alginate and cellulose encapsulated cells 
 
The quan8fica8on of colony-forming units (CFUs) serves as a metric for viable microbial cells within a 
given sample. The growth of CFUs over 8me offers a dynamic perspec8ve on cell viability.  Ini8ally, a 
lag phase as cells adapt to their medium, may be observed.   Subsequent phases represent ac8ve cell 
division, and exponen8al growth, eventually leading to a sta8onary phase deno8ng equilibrium 
between cell division and cell death.  The last phase results in cell death due to nutrient exhaus8on 
and raised concentra8on of metabolic waste products.   
 
The encapsula8on survival yield (ESY) is defined as the number of surviving cells post-encapsula8on.  
In the quan8fica8on encapsula8on, CFU mL-1 was counted from incubated plate colonies cultured 
from a serial dilu8on factor 106, yielding 30 – 300 colonies per plate.  The assessment was performed 
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both pre- and post-encapsula8on over six hours.  The objec8ve is to evaluate the impact of the 
encapsula8on process on cell viability.   
 
The purpose of the quan8fica8on is to ensure that cells are viable in sufficient numbers in 
encapsulated or immobilised states, enabling cell survival during the extrusion, collec8on, and 
transporta8on stages.  The study posits that successfully encapsulated cells within a nutrient 
solu8on can survive the manufacturing process and successful medium-term storage at a 
temperature of  5°C un8l shipment.  At this temperature cell metabolism reduces, mi8ga8ng 
metabolic stress within the capsule and temporarily arres8ng growth. 
 
Figure 26 compares cell viability pre- and post-encapsula8on over 6 hours measured at room 
temperature.  The baseline (red) serves as the control indica8ng no discernible reduc8on in CFU 
count over the 6 hours for cells suspended in a nutrient solu8on.   
 
The bacterial cells encapsulated within the alginate capsules demonstrated a marginal reduc8on in 
viability at encapsula8on with a gradual decline in CFU count from 8.8 to 7.8 x 108 CFU mL-1.  The 
ini8al reduc8on from 11 x 108 CFU mL-1 suggests a combina8on of the extrusion stress during 
encapsula8on, poten8al inhibitory effects upon contact with the CaCl2 solu8on as the pre-formed 
capsule enters the hardening solu8on, and the influence of the capsule polymer in the pla8ng 
solu8on. 
 
A decrease in cell viability is evident within the cellulose capsules, following a pa'ern similar to the 
alginate-encapsulated cells, exhibi8ng a gradual reduc8on in viability over the 6 hours.  The lower 
CFU viability in cellulose biopolymer capsules may be a'ributed to a weaker cellulose capsule wall 
structure or pDADMAC leakage into the cellulose capsule before hardening.   
 
During the encapsula8on process, alginate capsules promptly solidified forming a dis8nct opaque 
biopolymer shell, with sustained integrity during collec8on.  In contrast, cellulose capsules upon 
exposure to the pDADMAC polymer hardening solu8on remained transparent, evolving into a semi-
opaque state aIer 15 minutes.  By visual observa8on, it is es8mated the cellulose capsule forma8on 
had approximately an 80% success forma8on rate at extrusion compared to the alginate capsule 
success rate, closer to 95-98%. 
 
Compara8ve analysis of encapsula8on survival yield, expressed as a percentage of the ini8al 
extrusion CFU count, Figure 27, confirms a lower cell death reduc8on (15%) in alginate biopolymer 
capsules compared to cellulose biopolymer capsules (35%) over the 6 hours.   
  
 

3.14.4.2  Survival yield for alginate hydrogel immobilised cells 
 
B. sphaericus cells immobilised on an alginate hydrogel substrate exhibited sustained viability 
throughout a 6-hour post-immobilisa8on dura8on, Figure 33.  The observed reduc8on in CFU counts 
rela8ve to the non-immobilised baseline mirrors a similar trend as in the alginate and cellulose 
encapsula8on process.  The u8lisa8on of CaCl2 for polymerisa8on is a factor which may be 
implicated in the poten8al reduc8on of live cell viability upon adsorp8on onto the hydrogel surface. 
The subsequent removal of the cells from the hydrogel for pla8ng, a requisite step for CFU 
enumera8on may further contribute to a reduc8on in CFU results compared to the baseline. 
 
The sustained cellular viability during the 6-hour post-immobilisa8on interval may be explained by 
the hydrogel a'ribute of retaining water and nutrients from the bacterial broth.  Hydrogels, known 
for their gradual and consistent release of water and soluble nutrients, afford a protec8ve zone to 
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the adsorbed cells ensuring their physical integrity and sustenance. This is substan8ated by the 
maintained immobilisa8on survival yield at a level exceeding 90% at the termina8on of the 6-hour 
assessment period, Figure 29. 
 
 

3.14.4.3  In vitro lime block analysis 
 
The unit  samples were maintained at laboratory controlled temperature and rela8ve humidity 
condi8ons from the limewash formula8on to unit applica8on through to analysis.  The controlled 
seTng provided stable condi8ons for the systema8c observa8on and quan8fica8on of the 
performance of each formula8on on the lime units. 
 
The sustained environmental uniformity diverging from in-situ weather condi8ons could impact the 
metabolic response of microorganisms used in the study.  Specifically, the low rela8ve humidity and 
the absence of rain may pose a constraint on the capacity of encapsulated and immobilised cells to 
ac8vely metabolise within the limewash.  Consequently, this could impede or even preclude the 
forma8on of Ca2+ nuclea8on sites.  A daily spraying regime was implemented on the lime units to 
simulate an authen8c rain cycle.  It is important to underscore that this mi8ga8on strategy, while 
introducing an element of variability is unrepresenta8ve of the nuanced weather cycles experienced 
in-situ.  The interpreta8on of the results should, therefore, be tempered by an awareness of the 
limita8ons inherent in the experimental design, Table 12. 
 
 
Table 12: (Top bar - Secion) – displays a qualitaive summary of the lime units incorporaing B. sphaericus, 
based on the three criteria measured to assess the ranked limewash formulaion performance (Middle bars – 
Porosity, Cohesion, Absorpion).  The limewash formulaions equate the formulaions to wall secions/graph 
numbers and provide the formulaion descripions 

Lime Units 
Sec5on Below op>mal Performing Op>mal Performance 

 
Porosity G E D F A B H C 
Cohesion H G D F E A B C 
Absorp5on A E D G H B F C 

 
Sec>on Graph No. Limewash formula>on descrip>on 

A 1 Control 
B 2 5-layers B. sphaericus (non-encapsulated) 
C 3 5-layers B. sphaericus (encapsulated) Alginate 
D 4 5-layers B. sphaericus (encapsulate) Cellulose 
E 5 2-layers B. sphaericus (immobilised), 3-layers B. sphaericus non-encapsulated 
F 6 2-layers B. sphaericus (immobilised), 3-layers B. sphaericus, Alginate encapsulated 
G 7 2-layers B. sphaericus (immobilised), 3-layers B. sphaericus, Cellulose encapsulated 
H 8 5- layers B. sphaericus, (immobilised), Sample 8 

 
 

3.14.4.4  In situ wall sec<on analysis 
 
The in-situ wall sec8ons denoted as A to H, installed on the Isle of Jura, faced a North-East 
orienta8on, rendering them suscep8ble to the impact of prevailing weather condi8ons. Notably, 
during the ini8a8on of the inves8ga8on, the installa8on of the limewash formula8ons on the wall 
sec8on was conducted under uncharacteris8cally warm, dry, and sunlit weather condi8ons. This 
necessitated the consistent hydra8on of the wall sec8on to avert premature drying, shrinkage, and 
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the forma8on of fissures within the wash. The compara8ve performance of each formula8on of B. 
sphaericus on the wall sec8ons is presented in Table 13. 
 
 
Table 13: (Top bar - Secion) – displays a qualitaive summary of the lime secions incorporaing B. sphaericus, 
based on the three criteria measured to assess the ranked limewash formulaion performance (Middle bars – 
Porosity, Cohesion, Absorpion).  The limewash formulaions equate the formulaions to wall secions/graph 
numbers and provide the formulaion descripions 

Wall Sec>ons 
Sec5on Below op>mal Performing Op>mal Performance 

 
Porosity G F E A H D B C 
Cohesion H G D F E A B C 
Absorp5on F G H E A D B C 

 
 

Sec>on Graph No. Limewash formula>on descrip>on 
A 1 Control 
B 2 5-layers B. sphaericus (non-encapsulated) 
C 3 5-layers B. sphaericus (encapsulated) Alginate 
D 4 5-layers B. sphaericus (encapsulate) Cellulose 
E 5 2-layers B. sphaericus (immobilised), 3-layers B. sphaericus non-encapsulated 
F 6 2-layers B. sphaericus (immobilised), 3-layers B. sphaericus, Alginate encapsulated 
G 7 2-layers B. sphaericus (immobilised), 3-layers B. sphaericus, Cellulose encapsulated 
H 8 5- layers B. sphaericus, (immobilised), Sample 8 

 
 
The formula8on C, comprising alginate-encapsulated B. sphaericus, exhibited superior performance 
compared to control (A) across all three evaluated parameters.  This observa8on implies that B. 
sphaericus not only survived the applica8on to the wall sec8on but also ini8ated biomineralisa8on, 
thereby inducing a bio8c augmenta8on of CaCO3 in the abio8c curing of the limewash.  The 
introduc8on of planktonic cells in nutrient broth directly into the limewash before applica8on (B), 
yielded superior outcomes across the three assessed parameters, surpassing the outcomes for the 
control (A).  This outcome was unexpected on two fronts: firstly, considering the suscep8bility of 
cells to the ini8ally elevated pH of the limewash, and secondly, the bacteria exhibited superior 
performance in comparison to both cellulose encapsula8on and hydrogel immobilisa8on. 
 
This outcome prompts inquiries into the impact of the biopolymer on limewash curing, the resilience 
of the cellulose capsules during applica8on, and the influence of the hydrogel on limewash curing 
and adhesion.  The previous assessment of cell survival yields indicates no hindrance to cell viability 
for alginate or cellulose biopolymers used in encapsula8on or immobilisa8on.  Consequently, a 
plausible explana8on may infer that the physicochemical proper8es of cellulose during applica8on 
are inferior to alginate, and alginate in a hydrogel form exerts an influence over limewash curing 
which hinders the curing.  This explana8on is substan8ated by the subop8mal performance of the 
hydrogel and cellulose co-layered sec8ons F & G.  Further corrobora8ng evidence is provided by the 
diminished effec8veness of both alginate-encapsulated bacteria (C) and non-encapsulated 
planktonic cells (B) when co-layered in a 2-layer, 3-layer formula8on with a hydrogel. 
 
 

3.14.4.5  Compara<ve analysis between the in vitro lime units and in situ wall sec<on  
results 
 



140 
 

3.14.4.5.1  Porosity 
 
 
Table 14: The limewash formulaion demonstraing the opimal porosity performance is C, comprising 5 layers 
of limewash containing alginate encapsulated B. sphaericus.  The two formulaions within the top three 
opimal porosity performances are B, comprising 5 layers of non-encapsulated B. sphaericus and H, 5 layers of 
immobilised B. sphaericus in alginate hydrogel. Formulaions C, B, H and D showed greater porosity on the 
porosity scale than the control, A in the wall secion comparisons.  G displayed the lowest porosity ranking in 
both the lime units and the wall secion. 
 
Lime units 

Porosity G E D F A B H C 
Wall sec>on 

Porosity G F E A H D B C 
 
 
The encapsula8on of B. sphaericus within alginate matrices conferred the highest degree of 
protec8on and cell viability throughout the dura8on of the study. This is substan8ated by the 
superior performance observed in porosity metrics, a result from the reten8on and enhancement of 
open pores within the limewash layers, Table 14. While the op8cal assessment of Alizarin Red 
revealed marginal differen8als in porosity measurements among the formula8ons, the sta8s8cally 
significant dis8nc8on between the alginate-encapsulated bacterium and the control is noteworthy.  
 
Sustained porosity serves as a quan8fiable indicator of the moisture exchange between the building 
exterior and the underlying render layers. This parameter assumes cri8cal importance in addressing 
concerns such as dampness, rising moisture, the egress of internal moisture from the building 
envelope, and the regula8on of moisture accumula8on in inters88al spaces. 
 
Despite varia8ons in ranking across lime units, the introduc8on of planktonic cells (B) into the 
limewash and the incorpora8on of bacterially adhered hydrogel (H) each engendered an op8mal 
level of performance.  It is possible a propor8on of cells survived direct introduc8on into the alkaline 
limewash, somewhat diluted and less aggressive than lime render or concrete, and likely cell 
fragments from dead bacteria con8nued to provide nuclea8on sites for CaCO3 forma8on.  A similar 
scenario is conceivable for the hydrogel outcome; however, the failure of the hydrogel to manifest 
improved cohesion or adsorp8on implies that it is the interac8on with the hydrogel, rather than live 
cells, that contributed to the enhanced limewash porosity. 
 
 

3.14.4.5.2  Cohesion 
 
Cohesion, deno8ng the extent of adherence within the surface layer and its resistance to erosion, 
cons8tutes the key parameter if porosity and absorp8on, on assessment, demonstrate acceptable 
performance ranges. The results of cohesion within the wall sec8on were congruent with the lime 
unit outcomes. The control layer denoted as (A) serves as the benchmark, and any formula8on 
yielding a substandard cohesion outcome compared to A necessitates rejec8on, Table 15. 
 
 
Table 15: The cohesion results are idenical for both the lime block and wall secion tesing.  The opimal 
cohesion performance is C, comprising 5 layers of limewash containing alginate-encapsulated B. sphaericus.  
The two formulaions within the top three opimal cohesion performances are B, comprising 5 layers of non-
encapsulated B. sphaericus and A, the control.  All other formulaions when measuring cohesion, performed 
at a level below opimal when compared to the control 
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Lime units 
Cohesion H G D F E A B C 

Wall sec>on 
Cohesion H G D F E A B C 

 
 
 
Op8mal cohesion performance, denoted as C, was observed in the case of alginate-encapsulated B. 
sphaericus and formula8on B, the introduc8on of planktonic cells to the limewash.  This indicates 
both formula8ons facilitate the accumula8on of Ca2+ ions around nuclea8on sites for the genera8on 
of addi8onal CaCO3 molecules. While not quan8fied in the present study, it is plausible that the 
protec8ve alginate layer enveloping the bacterial nutrient medium extends the calcium carbona8ng 
process within the limewash beyond the immediate nuclea8on of planktonic cells and cell 
membrane fragments. 
 
The superior cohesion exhibited by formula8ons C and B establishes a founda8onal framework for 
enhancing the longevity of limewash against erosive weather forces, thereby retarding the sacrificial 
role of the limewash over the underlying render. 
 

3.14.4.5.3  Absorp-on 
 
The observed variance in Table 16 for the control (A) may plausibly be a'ributed to an anomalously 
elevated ambient temperature during the prepara8on of the wall sec8ons. In the absence of 
biopolymer or nutrient cell augmenta8ons, the applica8on of pure limewash would likely have 
undergone rapid desicca8on, poten8ally resul8ng in microfractures within the lime matrix and 
subsequently amplifying water absorp8on characteris8cs. This explica8on may also be extrapolated 
to lime units subjected to low rela8ve humidity and possessing a reduced scaled surface area, 
thereby facilita8ng accelerated desicca8on in the absence of water-retaining biopolymer addi8ons. 
 
 
Table 16: The water absorpion findings revealed a significant incongruity between the lime units and the 
respecive wall secions. Alginate-encapsulated B. sphaericus (C) demonstrated superiority as the preeminent 
performer in comparison with alternaive formulaions, while the introducion of planktonic bacterial cells to 
the limewash (B) exhibited opimal performance 

Lime units 
Absorp5on A E D G H B F C 

Wall sec>on 
Absorp5on F G H E A D B C 

 
 

3.14.4.6  Compara<ve analysis of the op<mal performance limewash formula<ons 
 
In the context of formula8ons B to H, each introduces a bio8c component with the overarching 
objec8ve of augmen8ng the CaCO3 density of limewash in comparison to the control, denoted as A. 
As outlined in the introduc8on to the chapter, this strategic augmenta8on seeks to extend the 
durability of limewash. The evalua8on of durability in this study hinges upon three cri8cal criteria: 
porosity, cohesion, and absorp8on. These parameters collec8vely serve as benchmarks for assessing 
the efficacy of the formula8ons and the impact this will have on extending the overall lifespan of 
limewash as a protec8ve coa8ng. 
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3.14.4.6.1  Formula6on B – planktonic addi6on of B. sphaericus in nutrient medium to  
limewash 
 
Formula8on B exhibited op8mal efficacy across all three evalua8on criteria. This superior 
performance may be a'ributed to the capacity of dead cell fragments serving as nuclea8on sites for 
crystallisa8on within the limewash, facilitated by the retained capacity of cell membranes to 
assimilate Ca2+ ca8ons, (Dupraz et al., 2009).   
 
Biologically influenced mineralisa8on, serves as the primary contribu8on by this phenomenon, 
extending the biomineralisa8on process, thereby augmen8ng performance rela8ve to the control 
group. A similar outcome was replicated on the primary façade of the Angera Cathedral in Italy. This 
involved the applica8on of bacterial cell frac8ons, dissolved in CaCl2, onto the surface, succeeded by 
the administra8on of a supersaturated calcium bicarbonate (Ca(HCO3)2) solu8on to furnish calcium 
ions and CO2. Notably, this inves8ga8on elucidated the genesis of novel crystals within the pores of 
the stone substrate, yielding a discernible reduc8on in water absorp8on by as much as 6.8%, (Perito 
et al., 2014).   
 
 

3.14.4.6.2  Formula6on C, alginate encapsulated B. sphaericus in limewash  
 
Encapsula8on of B. sphaericus within the alginate biopolymer (C) consistently exhibited op8mal 
performance across all three criteria, surpassing the control group in both in situ and in vitro 
assessments. The results demonstrated by formula8on C, indicate augmenta8on and evidence of 
open porosity, thereby enhancing the moisture management capability of the limewash. Notably, 
this improvement did not compromise its absorp8on characteris8cs concerning water satura8on 
resistance. 
 
The literature varies on the length of 8me for microbially induced carbonate precipita8on to form, 
one reason for the divergence arises from varia8ons in the different mediums u8lised for 
measurement and observa8on. Biomineralisa8on can manifest within a rela8vely short 8meframe of 
72 hours, deposi8ng calcium carbonate crystals exhibi8ng morphological transforma8ons from 
ellipsoidal to rhombic structures. (Gu et al., 2022).  This phenomenon, observed through scanning 
electron microscopy, implies that bacteria can serve as nuclea8on sites for calcium carbonate 
forma8on from the ini8al day of incuba8on. However, owing to the diminu8ve size of the rhombic 
structures, their percep8bility may be delayed un8l the seventh day or later. It is noteworthy that 
crystal forma8on may be less conspicuous in the short term when bacteria are shielded by 
encapsula8on. 
 
 

3.14.4.6.3  Formula6on D, cellulose encapsulated B. sphaericus in limewash 
 
There is disparity in formula8on D, lime unit performance in comparison with the wall sec8ons, with 
porosity and satura8on, recorded below op8mal. The cellulose-encapsulated B. sphaericus 
formula8on consistently exhibited inferior performance compared to formula8on C, alginate-
encapsulated and planktonic formula8on B. 
 
The diminished performance may be a'ributed to a rapid desicca8on of the blocks, leading to failure 
of the cellulose as an encapsula8ng agent, to regula8ng water reten8on and release. This may 
explain the improved performance of the cellulose-encapsulated formula8on on wall sec8ons which 
were exposed to frequent rainfall during the study. 
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During the processes of extrusion and electrospraying, the cellulose capsules exhibited a prolonged 
forma8on in pDADMAC solu8on in comparison to the alginate counterparts in CaCl2. Furthermore, 
the conversion rate of fully formed cellulose capsules extruding into the pDADMAC was notably 
lower, around 70-80% forma8on rate, in stark contrast to the 98% conversion rate observed for 
alginate capsule forma8on.  
 
This discrepancy indicates a proclivity for cellulose to form a weaker biopolymer shell rela8ve to 
alginate. Addi8onally, the cellulose biopolymer capsules demonstrated a tendency to coagulate 
within the pDADMAC solu8on, necessita8ng con8nuous rota8on of the collec8ng plate to prevent 
premature fusion of cellulose capsules before the polymerisa8on process a'ained complete 
solidifica8on. 
 
 

3.14.4.6.4  Comparisons and discussion on formula6ons E, F, G and H 
 
The outlier within the formula8ons denoted on the wall sec8ons and lime units as E, F, G, and H, 
exhibited subop8mal performance, is formula8on H. Formula8on H dis8nguishes itself as an 
immobilising matrix for B. sphaericus, thereby facilita8ng adherence to the hydrogel matrix. A salient 
a'ribute of alginate hydrogel resides in its capacity to sequester water during the polymerisa8on 
process, gradually dispensing both water and associated nutrients over an extended 8me span, 
which can extend to several months. This inherent property likely contributed to the formula8on H 
limewash a'aining op8mal performance on lime units, effec8vely mi8ga8ng the desicca8ve 
influence of the laboratory atmosphere, and releasing water and nutrients for the bacterial cells to 
remain viable thereby enhancing porosity and satura8on characteris8cs. 
 
Concomitantly, the wall segment of hydrogel-based formula8on H exhibited some porosity 
performance, albeit satura8on levels deviated from the op8mal range. Plausible possibili8es posit 
that the 8med release of water from the hydrogel, sustained limewash porosity, whereas the wall 
segment, subject to ambient humidity and rainfall, experienced a dampening effect on hydrogel 
water release, resul8ng in subop8mal satura8on performance. 
 
The hydrogel-infused sec8on H demonstrated subop8mal cohesion for both wall and block 
segments. Paradoxically, the favourable impact of hydrogel-mediated water management on 
limewash porosity appears to compromise the overall structural integrity rela8ve to alterna8ve 
formula8ons. It is conjectured that, over a protracted trajectory spanning several months, the 
gradual water release might foster prolonged bio8c and abio8c CO2 fixa8on within the limewash, 
culmina8ng in a long-term resilient surface. However, the dura8on of the study precludes conclusive 
valida8on of this hypothesis, and the survivability of the ini8ally soIer hydrogel under sustained 
environmental extremes for building surfaces remains a subject of conten8on. 
 
Sec8ons E, F, and G featured composite limewash layers, with the founda8onal two layers 
comprising hydrogel-limewash formula8on, juxtaposed with the subsequent three layers either non-
encapsulated or encapsulated with alginate or cellulose. The composite limewash layers consistently 
demonstrated subop8mal performance. The inclusion of these composite layers, guided by the 
an8cipa8on that the underlying slow-water-releasing hydrogel layers would augment the external 
bacterial layers, whether encapsulated or not, with a view to achieving op8mal cohesion, porosity, 
and satura8on performance, proved unsuccessful. Results imply that the hydrogel layers may have 
impeded the ini8al curing process, leading to compromised adherence of limewash layers to the 
underlying lime render, thereby resul8ng in subop8mal cohesion, porosity, and satura8on 
characteris8cs. 
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3.15  PHASE II: Inclusion and performance of alginate encapsulated S. elongatus in 
limewash 
 
The outcomes derived from phase I experimenta8on u8lising B. sphaericus across diverse 
biopolymer formula8ons have provided instruc8ve insights for evalua8ng the incorpora8on of 
cyanobacterial S. elongatus into alginate-encapsulated limewash. S. elongatus, a unicellular 
cyanobacterium, exhibits rapid autotrophic growth con8ngent upon sunlight availability and an 
appropriate nutrient profile. Importantly, Synechococcus is not associated with harmful algal blooms 
or freshwater toxins. This cyanobacterium, a freshwater photoautotroph, adeptly sequesters 
atmospheric CO2 to build energy reserves. The capacity to sequester atmospheric CO2, coupled with 
the absence of environmentally toxic metabolic by-products, typical of heterotrophs, renders S. 
elongatus a sustainable op8on for augmen8ng biomineralised limewash. 
 
Figures 31, 32, and 33 delineate the performance differences between alginate-encapsulated S. 
elongatus and the control, contextualised against the benchmarks established during phase I, 
u8lising B. sphaericus formula8ons. In each figure, graph C respec8vely illustrates sta8s8cally 
significant posi8ve outcomes for porosity, cohesion, and absorp8on, contras8ng favourably with the 
control, and mirroring the performance of alginate-encapsulated B. sphaericus. 
 
In summary, both B. sphaericus and S. elongatus, when encapsulated in alginate, exhibit 
biomineralisa8on capability within limewash, with B. sphaericus demonstra8ng marginally superior 
performance. However, the advantages of incorpora8ng either microorganism into lime-based 
materials are evident. Limewash, characterised by its diluted alkaline nature, is a recep8ve substrate 
for alginate-encapsulated S. elongatus, leveraging daylight availability, atmospheric CO2 
sequestra8on capability, and the absence of toxic metabolic by-products during mineralisa8on. In 
regions with limited sunlight, such as winter in the northern hemisphere, B. sphaericus may emerge 
as a more robust alterna8ve, foregoing atmospheric CO2 sequestra8on for broader applicability in 
harsher environmental condi8ons.   
  
 
3.16  Addressing the research ques<ons 
 
The inves8ga8on into the impact of incorpora8ng biomineralising bacteria, aligned with natural 
biopolymers on the porosity, strength, and water resistance of limewash has yielded findings which 
support limewash biomineralisa8on as a viable study for improving the outer surface robustness and 
longevity. The integra8on of live B. sphaericus or S. elongatus into the limewash matrix has 
demonstrated improvements in the short-term curing process when compared to abio8c curing. 
Op8mal performance above the standard limewash control was discerned across the selected key 
parameters—porosity, cohesion, and absorp8on, results which challenge the view that the 
ostensibly inhospitable nature of the strongly alkaline limewash matrix would induce rapid cell 
death. 
 
Results on planktonic inclusion into the limewash indicate that despite a higher propor8on of cell 
death, the retained capacity of deceased cells to func8on as crystallisa8on nuclei in the liquid 
medium is a func8on of the ability of cell wall fragments to uptake ca8ons such as Ca2+, (Dupraz et 
al., 2009).  Further explora8on into the temporal dynamics of Ca2+-mediated membrane ac8vity 
could shed light on the dura8on and extent to which deceased cells contribute as crystallisa8on 
nuclei. 
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The u8lisa8on of alginate-immobilised B. sphaericus, however, diverged from expecta8ons that the 
adsorp8on of bacterial cells onto the nutrient hydrogel would protect and hydrate thereby 
sustaining bacterial nuclea8on of calcium carbonate, an outcome not substan8ated. Instead, the 
hydrogel presence impaired open porosity and limited resistance to absorp8on, outcomes resul8ng 
in observed weakening of the adhesion of limewash layers to the underlying render, compromising 
the cohesive integrity of the outer layer. The incorpora8on of underlying layers of B. sphaericus 
hydrogel formula8on with various encapsula8on strategies failed to provide the an8cipated 
hydra8ng and suppor8ve nutrient underlay, resul8ng in subop8mal performance for each 
formula8on. 
 
Contras8ngly, alginate-encapsulated B. sphaericus demonstrated op8mal performance across all 
evaluated criteria—porosity, cohesion, and absorp8on. The alginate biopolymer displayed robust 
polymerisa8on during extrusion, forming a protec8ve capsule around the bacterial cells. Notably, 
these encapsulated bacteria exhibited longevity throughout the manufacturing, storage, and 
delivery processes, even when transported over a considerable distance at ambient temperature. In 
contrast, cellulose-encapsulated cells exhibited lower robustness during manufacture, resul8ng in a 
slower and less effec8ve polymerisa8on process. The coagula8on of cellulose polymer capsules 
further reduced the surface area available for bacterial release upon applica8on to the render 
surface. Compara8ve assessments of in vitro cell viability over the ini8al six hours post-manufacture 
underscored the superior robustness of alginate-encapsulated cells compared to their cellulose-
encapsulated counterparts. 
 
Drawing upon the outcomes from phase I wherein the assessment of bacterium B. sphaericus, 
transpired that the alginate biopolymer encapsula8on emerged as the most effec8ve 
biomineralisa8on vehicle, an analogous approach was adopted to evaluate phototropic 
cyanobacteria, S. elongatus.  Commensurate outcomes were observed, underscoring the impera8ve 
role of UV light furnishing the energy requirements for the biomineralisa8on in S. elongatus. 
 
In considera8on of these findings, the inves8ga8on into the effec8veness of technologies facilita8ng 
bacterial viability in limewash for augmen8ng the curing process, emerges as a complex and 
mul8faceted undertaking. The interac8on among bacterial encapsula8on, biopolymer selec8on, and 
subsequent effects on crucial performance parameters demonstrated in this study, presents an 
opportunity for a thorough explora8on to elucidate the underlying mechanisms that may catalyse a 
broader applica8on for bio-enabled surface protec8on. 
 
The synergy of these technologies with chemobiological variables, albeit mul8faceted, imparts 
several key insights. The genera8on of encapsulated three-dimensional structures through the 
applica8on of coaxial bioprin8ng techniques affords a spectrum of dimensions for capsule 
construc8on, con8ngent upon factors such as coaxial extruding needle diameter, biopolymer type, 
concentra8ons of biopolymer and hardening agent, and the speed of bioprin8ng. The physical 
dimensions of the coaxial nozzle can impose limita8ons on the extent of capsule size reduc8on via 
bioprin8ng extrusion methods. Nevertheless, further reduc8on in capsule size and enhanced capsule 
produc8on can be achieved through the introduc8on of a voltage differen8al between the extruding 
nozzle and the collec8ng fluid. The size and speed of the capsules exhibit a direct propor8onality to 
the applied voltage, necessita8ng stringent safety protocols for both associated machinery and 
operators in the presence of the requisite 30 kV differen8al. Electrospraying smaller biopolymer 
capsules, with minimal impact on the encapsulated microorganisms, holds promise for refining and 
enhancing the performance of bio limewash. 
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3.17  Conclusion 
 
The inves8ga8on was prompted by the erosive impact of increased frequency and intensity of 
weather pa'erns on limewash surfaces.  The goal was to for8fy the erosive resistance of limewash, 
which involved the preserva8on of dis8nc8ve lime a'ributes, including porosity and resistance to 
satura8on. The posi8ve consequence is a reduc8on in the frequency of exterior maintenance 
mi8ga8ng the carbon footprint associated with material degrada8on, labour, material 
transporta8on, and ancillary ac8vi8es such as the conveyance and assembly of scaffolding.  Of note 
is the correlated decrease in costs, rendering the ini8a8ve both environmentally and economically 
efficacious. 
 
The research explored two focal areas: the impact of biopolymer-protected bacteria proficient in 
bio8c biomineral forma8on and the iden8fica8on of technology conducive to the embedding and 
viability of bacteria within the limewash solu8on. 
 
Two microbial op8ons, B. sphaericus and S. elongatus, were iden8fied in the literature as facilitators 
of bio8c calcium carbonate forma8on. The la'er is a photosynthe8c cyanobacteria capable of 
sequestering atmospheric CO2.   
 
The encapsula8on of B. sphaericus or S. elongatus within alginate matrices offers a methodological 
approach to augment the biomineralisa8on process of limewash, as confirmed through sta8s8cal 
analyses comparing the limewash control to the experimental formula8on. 
 
Encapsula8on within a calcium alginate biopolymer delivered a robust 3D bioprinted protec8ve 
shell.  This allowed for the introduc8on of either B. sphaericus or S. elongatus into mixed limewash 
formula8ons, with minimal compromise to cell viability.  The alginate biopolymer yields a resilient, 
cost-effec8ve, and sustainable resource that gradually decomposes into non-toxic cons8tuents. 
 
The alginate biopolymer safeguards the encapsulated microorganism when introduced into the 
alkaline limewash. Mechanically applying the limewash formula8on to the wall ruptures the alginate 
capsules, thereby ins8ga8ng the biomineralisa8on process. 
 
Two bioprin8ng technologies underpinned the encapsula8on process: 3D extrusion prin8ng and 3D 
electrospraying. While both methodologies yielded intact capsules suitable for limewash integra8on, 
the la'er exhibited a notable advantage in genera8ng smaller capsule diameters at an accelerated 
rate. This was a'ributed to the energy supplied by the applied voltage differen8al between the 
prin8ng nozzle and the collec8ng base. Importantly, cell viability remained comparable for both 
encapsula8on techniques. 
 
This study successfully demonstrated the encapsula8on of B. sphaericus and S. elongatus within an 
alginate biopolymer.  The encapsula8on process demonstrated effec8ve biomineralisa8on, 
augmen8ng porosity, enhancing cohesion, and improving water absorp8on characteris8cs.  
Consequently, these enhancements collec8vely for8fied the resilience and durability of the 
limewash.  S. elongatus is most suitable for limewash applica8on within the late Spring to early 
Autumn 8meframe, con8ngent upon la8tudinal considera8ons. Both microorganisms are op8mally 
deployed under temperate clima8c condi8ons, precluding weather extremi8es.   
 
Longer-term studies will afford opportuni8es to observe ongoing for8fica8on of limewash durability, 
ensuring congruence with conserva8on and environmental principles. 
 
 



147 
 

3.18  Next steps for the study 
 
The inves8ga8on has affirmed the poten8al to enhance the durability of limewash against erosive 
climate-induced weather fluctua8ons through the incorpora8on of calcium carbonate 
biomineralising bacteria, within a 3D bioprinted alginate-based biopolymer matrix. 
 
To progress towards a commercially viable formula8on, it is impera8ve to undertake further study, 
ensuring alignment with environmental and conserva8on prac8ces.  Areas warran8ng further study 
include understanding user preferences for building hues which will require coloured addi8ves into 
the limewash.  Understanding the effect of coloured pigments on bacterial viability and the 
consequen8al influence on calcium carbonate forma8on at nuclea8on sites requires a broad study of 
available limewash pigments.   
 
During the study, an encapsulated biopolymer-to-limewash ra8o of 10:90 was applied, based on 
ini8al experimenta8on, whereas more op8mal ra8os may be applicable and need further 
inves8ga8on. 
 
Over several years, the limewash may change its proper8es depending on longer-term altera8ons in 
the chemobiological components of the formulated limewash.  This includes inves8ga8ng any 
repercussions of incorpora8ng alginate biopolymers on the propensity for organic growth to 
colonise building surfaces and ensuring bacterial metabolism does not cause changes in the 
limewash pa8na due to long-term chemical interac8ons. 
 
Subsequent discussions on prospec8ve commercialisa8on and large-scale produc8on must consider: 
 
The viability of provisioning a nutrient addi8ve featuring encapsulated viable cells to commercially 
available limewash. Stock preserva8on at 5°C to a'enuate metabolic ac8vity is plausible, albeit 
considera8ons must encompass refrigera8on costs and inclusive delivery packaging within the 
economic paradigm. The finite viability of encapsulated cells at ambient temperatures, owing to 
metabolic deple8on of nutrients and escala8ng cytotoxic metabolic by-products, must be factored 
into assessments. 
 
There are several developmental opportuni8es to explore in the area of bacterial inclusion.  By 
forcing the bacterial cells to sporulate, spores which are highly resistant to adverse condi8ons, 
introduced into alginate capsules, may be freeze-dried.  Similar to freeze-drying foods, the spore-
containing capsules may have an extended shelf life and provide a ready solu8on to storage and 
transporta8on issues which face live encapsulated alginate capsules.  Further inves8ga8on is needed 
to assess the readiness of encapsulated spores to rehydrate in limewash and the 8me necessary for 
the bacteria to emerge from the spores and par8cipate in biomineralisa8on together with the 
percentage viability yield following undergoing freeze-drying and long-term storage.  The 
technological intricacies underpinning the freeze-drying of the formula8on necessitate further 
explora8on with regard to its impact on microbial longevity and biomineralisa8on performance. This 
entails designing forced sporula8on, discerning reanima8on condi8ons, conduc8ng longevity 
inves8ga8ons, and evalua8ng the ramifica8ons of the process on the biopolymer polysaccharide 
chain architecture. 
 
A second opportunity builds synergy with the second prac8ce component of this study, the 
extrac8on and isola8on of secondary metabolites, Chapter Four.   Introducing microbial secondary 
metabolites during bioprin8ng into exis8ng or suppor8ng capsules as natural biocides introduces 
an8microbial agents to prevent unwanted microbial growth on the limewash surface.  This approach 
mi8gates the combined effect of anthropogenic pollutants, the presence of carbon and nitrogen 
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addi8ves which with warmer we'er weather encourages unwanted organic growth, deteriora8ng 
the pa8na of the building surface. 
 
This roadmap for further inves8ga8on serves to address cri8cal gaps in understanding encapsula8on 
and biomineralisa8on in limewash, laying the groundwork for the development of a robust and 
sustainable solu8on with broad applicability in conserva8on prac8ces. 
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CHAPTER FOUR: An0microbial impact of lichen secondary 
metabolites on climate-accelerated biodeteriora0on 
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Chapter Abstract 
 
 
Biodegrada8on poses a significant threat to the longevity and integrity of building structures. 
Microbial colonisa8on, fuelled by readily available water, favourable environmental condi8ons, and 
nutrient sources, accelerates the deteriora8on of both exterior and interior surfaces. Climate change 
exacerbates this challenge by increasing moisture satura8on, humidity levels, and erosive forces, 
further jeopardising the structural stability of buildings. Moreover, temperature fluctua8ons alter 
microbial growth pa'erns and metabolite produc8on, poten8ally leading to increased occupant 
infec8on rates and inflammatory responses. Even non-pathogenic microbes must adapt their 
biochemical arsenal to survive and compete for resources in this changing landscape, an adapta8on 
which may provide poten8al sources for an8microbial agents. 
 
The incorpora8on of organic materials into tradi8onal building products, as discussed in Chapter 
Three, introduces a poten8al carbon source for colonising organisms, promo8ng biodeteriora8on of 
the substrate. Therefore, it is crucial to develop bioprotec8ve strategies that target colonising 
organisms responsible for biodegrada8on while leaving beneficial bacterial inclusions, such as those 
involved in biomineralisa8on, unharmed. This necessitates the iden8fica8on and extrac8on of 
naturally occurring an8microbial compounds with selec8ve ac8vity. 
 
This chapter explores the poten8al of non-pathogenic organisms, such as lichen, to biosynthesise a 
diverse array of pharmaceu8cally ac8ve compounds capable of inhibi8ng the growth and 
coloniza8on of human pathogens on building surfaces. Secondary metabolites extracted from two 
lichen species, Ochrolechia parella and Ramalina siliquosa, sourced from island and coastal loca8ons 
in the Northern UK, were evaluated for their an8microbial efficacy against both pathogenic and 
biodegenera8ve microbes, Staphylococcus aureus and Penicillium chrysogenum. The lichen species 
selected share the same environmental habitat as the target microbes, poten8ally enhancing the 
specificity and effec8veness of their secondary metabolites. 
 
The extrac8on and isola8on of these secondary metabolites offer a more environmentally 
sustainable alterna8ve to conven8onal chemotoxic or mechanical treatments for removing moulds 
and bacteria from building materials. This approach is less likely to induce allergic reac8ons or 
inflammatory responses in building occupants compared to harsh chemical agents. 
 
The research findings demonstrate that isolated secondary metabolites from Ochrolechia parella and 
Ramalina siliquosa exhibit potent an8microbial ac8vity against Staphylococcus aureus and 
Penicillium chrysogenum. Eight out of the twenty-one isolated secondary metabolite extracts 
displayed significant an8microbial poten8al. Moving forward, this study recommends employing 
advanced analy8cal techniques, such as Mass Spectrometry and Nuclear Magne8c Resonance, to 
iden8fy the isolated bioac8ve compounds. Comparing the ion fragmenta8on pa'erns of the isolated 
metabolites with known secondary products from O. parella and R. siliquosa, can poten8ally iden8fy 
exis8ng compounds with targeted an8microbial proper8es. For metabolites with no exis8ng 
matches, sequencing the chemical structure offers the exci8ng possibility of discovering novel 
secondary metabolites with valuable an8microbial proper8es. 
 
This research paves the way for the development of bio-based an8microbial strategies for building 
materials, promo8ng a more sustainable and occupant-friendly approach to managing microbial 
colonisa8on and biodegrada8on in the built environment. 
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4.0 Introduc<on 
 
Chapter Four delves into the iden8fica8on of novel lichen-based an8microbials as natural deterrents 
against climate-driven biodeteriora8on as a result of microbial colonisa8on.   
 
As elaborated upon in the main introduc8on, this chapter delves into the second prac8ce 
component of the employed methodology. This component is preceded by a rigorous examina8on 
of relevant literature and design methodologies, which serves as the theore8cal underpinning for 
the subsequent prac8cal explora8on. This approach ensures a well-grounded and informed 
engagement with the chosen prac8ce, fostering a deeper understanding of its poten8al 
contribu8ons to the research objec8ves. 
 
Lichens represent a notably rich source of secondary metabolites with the poten8al to unveil 
previously unexplored applica8ons in the pharmaceu8cal industry.  Nearly 1000 secondary 
metabolites, predominantly specific to lichen, have been iden8fied.  These compounds exhibit 
pharmaceu8cal poten8al as an8microbials, an8oxidants, an8virals, an8-inflammatories, and cancer 
treatments.  The unique rela8onship between the lichen photobiont and mycobiont is only par8ally 
understood in terms of how this symbio8c partnership contributes to a diverse array of secondary 
products. These partnerships confer an extended lifespan to the lichen, with the photobiont 
shielding against the detrimental effects of UV light, and the mycobiont countering the impacts of 
dehydra8on and damage from adverse climate condi8ons.   
 
The synthe8c design, development and manufacture of an8microbial agents is 8me-consuming and 
costly in comparison to microbial bio-manufacturing.  Microorganisms have evolved highly efficient 
manufacturing processes developing biosynthe8c pathways to repurpose primary metabolites.  The 
chemical logic governing the forma8on of the C-C and C-N bonds within secondary product scaffolds 
along with the enzymes orchestra8ng synthesis, characterise the synthesised products.  Predic8ng 
the outcomes of modifica8ons is con8ngent upon discerning pa'erns of reac8vity.  The efficiency of 
the biosynthe8c pathway for secondary products can be enhanced by manipula8ng external growth 
condi8ons, supplying alterna8ve precursor building blocks or modifying the cellular manufacturing 
process through altera8ons to the gene sequence.  Genes responsible for biosynthe8c enzyme 
produc8on are frequently clustered on the genome, co-located with resistance and export genes, 
and exhibit coordinated transcrip8on in one or more operons.  Ac8vator or repressor signalling 
molecules respond to diverse environmental and cellular condi8ons ac8ng in concert with primary 
metabolic pathways, modifying the secondary metabolite synthesis pathway. 
 
The yield of secondary ac8ve compounds derived from biological sources is typically low.  Solvent 
extrac8on protocols though 8me and solvent-intensive, are the predominant methods for obtaining 
secondary product extracts restric8ng the discovery of natural products for pharmacological 
development.  An urgent need exists to devise cost-effec8ve methods for the extrac8on and 
iden8fica8on of bioac8ve natural products.  While solvent extrac8on protocols dominate, the choice 
of solvent becomes central for op8mal extrac8on.  The diverse range of secondary products 
produced by individual lichens necessitates me8culous separa8on, isola8on, and tes8ng to evaluate 
the pharmaceu8cal poten8al of these high-yield compounds.  This study inves8gates solvent 
extrac8on, isola8on, and purifica8on techniques to assess the an8microbial proper8es of secondary 
metabolites from the lichens Ochrolechia parella and Ramalina siliquosa on the nosocomial 
pathogen, Staphylococcus aureus and mould Penicillium chrysogenum. Alongside Aspergillus, 
Cladosporium and Stachybotrys chartarum, both S. aureus and P. chrysogenum can cause acute 
toxicity, even death.  In addi8on to conven8onal micro8ter assays to determine an8microbial 
ac8vity, this study also references the use of mass spectrometry as a method to iden8fy the 



152 
 

chemical signatures of extracted an8microbial secondary products, though this study focuses on 
iden8fying an8microbial ac8vity.   
 
 
4.1 A review of lichen secondary metabolites 
 
The use of biological materials sourced from herbal and alterna8ve folk medicines date as far back as 
60,000 years in Iraq, with wri'en records some 8,000 years ago in China and 5,000 years in Sumer.   
Despite a millennium of prac8ce, the absence of empirical data was met with scep8cism by the 
scien8fic community.  The resurgence of interest in alterna8ve natural sources, driven by the 
escala8ng challenge of an8microbial drug resistance, is contribu8ng to the explora8on of 
unconven8onal avenues in an8microbial research, and to future profitability within the 
pharmacological sector (Pan et al., 2014).   
 
Tradi8onally, lichens have been employed for medicinal, culinary, perfumery, and colouring tex8les. 
In the last five decades, a growing number of compounds with pharmaceu8cal poten8al have been 
isolated from various lichen species. Notable among these is ‘Chharila,’ a blend of Parmelia, Usnea 
longissima, Ramalina subcomplanata and Heterodermia tremulans, u8lised as an astringent and 
laxa8ve in India (Shukla et al., 2010).   
 
Over a thousand bioac8ve products derived from secondary metabolic pathways in lichen have been 
iden8fied.  Microbial secondary metabolites exhibit promising results serving as valuable 
pharmaceu8cal agents with an8microbial, an8oxidant, an8viral, an8-inflammatory, and an8cancer 
proper8es. This study focuses on two coastal lichen species, Ochrolechia parella and Ramalina 
siliquosa, situated in extreme weather condi8ons across the UK, grow predominantly on stone 
surfaces. Both lichens, compe8ng for nutrients on similar substrate territories in damp coastal 
environments, are subject to intricate interac8ons and compe88on with other microorganisms. 
 
Lichens, composite organisms featuring a mutually beneficial rela8onship between fungi and algae 
or cyanobacteria, cons8tute a unique symbio8c partnership. Recent research indicates a more 
complex symbio8c lichen framework involving bacteria and algae, capable of producing a broader 
spectrum of pharmaceu8cal products than ini8ally posited (Bates et al., 2011).   
 
Within this partnership, the mycobiont plays a primary role in protec8ng the photobiont from 
ultraviolet (UV) light exposure and desicca8on during extended droughts, while also absorbing 
mineral nutrients from the underlying surface or from dissolved atmospheric salts (BeGora & 
Fahselt, 2001; McEvoy et al., 2006, 2007; Nybakken & Julkunen-Tii'o, 2006; Solhaug et al., 2003).  
Photobionts, cons8tu8ng 90% of lichen, are eukaryo8c, whereas cyanobionts (10%) are prokaryo8c 
cyanobacterial organisms. Photobionts perform photosynthesis, genera8ng nutrients and precursor 
compounds, and fix atmospheric nitrogen to produce ammonia, a precursor for organic nitrogen 
compounds u8lised by the mycobiont.   
 
Taxonomically, saxicolous lichens are classified as epilithic based on their mode of a'achment to the 
substrate and endolithic based on their mode of entry into the substrate, Figure 34.  O. parella is an 
epilithic crustose lichen, the medulla of which maximises the a'achment to the rock; R. siliquosa is a 
fru8cose lichen, a'ached to the substratum at a single point. 
 
The bacterial rela8onship in lichen is an opportunity for further explora8on and may hold poten8al 
to iden8fy new sources of an8microbial, an8oxidant, and pharmaceu8cally ac8ve agents (Kim et al., 
2014).  The diverse bacterial communi8es associated with lichens are gaining increased a'en8on 
from researchers, aiming to evaluate the genes involved in secondary metabolite produc8on with 



153 
 

the prospect of enhancing expression or modifying chemical pathways, (González et al., 2005; Grube 
et al., 2009).  
 
 

 
 

Figure 34: The taxonomy of saxicolous lichens and the mode of axachment of a crustose lichen (O. parella) to a 
substrate.  The photobiont is protected below the cortex layer.  The lichen interface with the substrate is 
anchored using rhizines, a site for several biochemical aciviies with the environment 

 
 
The classifica8on of lichen encompasses three dis8nct types: crustose, foliose, and fru8cose, each 
delineated by the composi8on of the lichen thallus. The thallus, comprising an upper and lower 
cortex, an algal or cyanobacterial layer, and a medulla, exhibits species-specific varia8ons in 
arrangement. Crustose lichens lack the lower cortex in their thallus structure. In contrast, foliose 
lichens encompass all layers and anchor themselves to substrates through rhizines. Fru8cose lichens 
are characterised by a dis8nc8ve thallus structure enveloping a robust central cord, securing the 
lichen to the substrate. Photobionts occupy approximately 7% of the total thallus volume, though 
varia8ons in bacterial and algal content exist, con8ngent upon the diversity of the bacterial 
component.   
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The ecological niche occupied by lichen reveals a remarkable diversity of nutrient acquisi8on 
strategies employed by lichen within their habitats. Notably, lichen u8lise a plethora of mechanisms 
to extract essen8al nutrients from their substrate, as depicted in Figure 35. 
 

 
 

Figure 35: Diagram illustraing metabolic aciviies within the lichen and between the lichen, the environment, 
and the substrate. 1 - (Oh et al., 2018), 2 - (Schmih & Flemming, 1999), 3 - (Flemming & Wingender, 2001), 4 - 
(Molin & Tolker-Nielsen, 2003), 5 - (Guiamet et al., 2013), 6 - (Billings et al., 2015), 7 - (Carniello et al., 2018).  
Lichens are stable, and ecologically obligate, consising of the mycobiont and one or more photoautotrophic 
organisms, algae, or cyanobacterium.  This complex ecosystem supports lichens across a wide range of 
habitats.  Mycobionts cultured without the photobiont may sill produce secondary products, though the 
metabolite profile may differ, (Brunauer et al., 2007) 
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Lichen maintain a high level of independence on readily available environmental nutrients, while 
demonstra8ng sensi8vity to changes in surrounding environmental condi8ons, having a marked 
effect on their growth and survival.  Overall, their ability to thrive in diverse habits is demonstra8ve 
of how secondary products are used by lichen as an effec8ve defence against adverse factors 
including compe88on from other lichen, bacterial a'ack and as a deterrent to encroaching plant and 
animal life.   
 
Lichen produces two categories of metabolites, primary and secondary.  Primary metabolites, chiefly 
comprising proteins, lipids, polysaccharides, carotenoids, and vitamins, originate in the photobiont 
and mycobiont. Their water solubility facilitates extrac8on during metabolic studies. Conversely, 
secondary metabolites, cons8tu8ng up to 30% of the dry weight of a lichen, exhibit stability but poor 
water solubility, necessita8ng extrac8on using organic solvents. The medulla is a common deposi8on 
site for secondary products, many of which exhibit pigmenta8on, poten8ally contribu8ng to the UV-
filtering capabili8es of lichen. (Crawford, 2019; Goga et al., 2020).  
 
The produc8on and metabolic investment in synthesising secondary metabolites prompt inquiry into 
the purpose of this diverse array of organic molecules. Although not directly par8cipa8ng in primary 
metabolic func8ons, a discernible connec8on between major primary metabolic pathways is 
observed. This linkage contributes to the availability of numerous precursor molecules, thereby 
facilita8ng their processing in secondary metabolic pathways, Figure 36.   
 
 

 
 

Figure 36: Three major cycles involved in the producion of secondary metabolites, the acetate polymalonate 
pathway, the mevalonic acid pathway and the shikimic acid pathway. Each class of secondary product – small 
organic molecules <1500 Daltons) follows a set of chemical steps which enables the synthesis of the structural 
and funcional group complexiies using primary metabolic compounds and defines the final architectures 
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Secondary products are structurally divided into six main classes though within these are a wide 
range of subclasses and variants.  These main classes are polyke8des, stable framework pep8des, 
isoprenoid/terpenoids, alkaloids, nucleosides and phenylpropanoids.  The structural frameworks 
operate to a chemical logic which allows the forma8on of rules concerning the synthesis of the 
building blocks, the class structures of C-C and C-N bonds and the related enzymes which 
characterise their manufacture.  This set of chemical logic sets the framework rules to allow the 
predic8ons as to how newly discovered secondary products may react, (Bertrand et al., 2018). 
 
One of the main secondary product classes synthesised by lichens is polyke8des, a family of modified 
aroma8c polyphenols.  The acetate polymalonate pathway is the major pathway through which 
many of the secondary metabolites are produced including lichen acids, mainly the primary β-orcinol 
deriva8ves, depsides, tridepsides, tetradepsides, depsidones, benzofurans, aryls, usnic acid and 
deriva8ves, polyphenolics, xanthones, and anthraquinones primarily derived from precursors 
malonyl CoA and acetyl CoA.  The shikimic acid pathway is mainly responsible for producing pulvinic 
acid deriva8ves and a variety of disaccharides and polysaccharides, from precursors such as amino 
acids, especially phenylalanine and polyols, which are produced as intermediates in the primary 
metabolic pathways. The mevalonic acid pathway gives rise to the produc8on of terpenoids, 
including diterpenoids, triterpenoids, sesquiterpenoids, carotenoids and sterols from precursor 
compounds, mainly acetyl CoA. These secondary compounds imbue lichens with a characteris8c 
presenta8on and smell, (Tetali, 2019).  
 
Lichens may also employ biochemical strategies to protect some proteins and pep8des from 
recycling cellular processes by turning them into longer-lived low molecular weight secondary 
products.  These strategies include the genera8on of cyclic pep8des and modifica8on of side chains 
set to resist enzyma8c degrada8on of pep8de bonds.  These pep8de-based secondary products are 
manufactured on non-ribosomal pep8de synthetase frameworks, (Payne et al., 2017).  The 
polyke8de and non-ribosomal pep8de synthesis are both constructed along a manufacturing 
assembly line following similar chemical logic which has facilitated bacterial hybrid manufacturing 
lines.  A representa8on of a polyke8de manufacturing line is shown in Figure 48, building the final 
product as the ini8al precursor progresses along the modular assembly units.  
 
The prominent array of secondary products derived from a singular chemical framework, namely the 
Δ2 and Δ3 isomers of isopentenyl diphosphate, encompasses the valuable bioproducts known as 
isoprenoids/terpenoids. These compounds play integral roles in secondary metabolism, involving 
signal transduc8on, reproduc8on, communica8on, and defence mechanisms. Their indispensability 
for survival is underscored by their burgeoning significance in the pharmaceu8cal, biofuel, and 
nutraceu8cal industries, (Tetali, 2019).   
 
Nitrogen atoms, while not pivotal to the polyke8de, nonribosomal pep8de, and isoprenoid families, 
cons8tute crucial components within the alkaloid families, forming at least one nitrogen atom 
enclosed within a heterocyclic ring.  Alkaloids, therefore, employ primary amino acids as 
fundamental building blocks in the alkaloid synthesis process and for the establishment of func8onal 
groups that engage with biological targets. 
 
Lichens adeptly employ a limited pool of primary metabolic building blocks and enzyme families in 
the construc8on of a wide spectrum of end-product architectures and func8onal group arrays. This 
efficiency underscores the capacity of microorganisms to generate diverse scaffold structures. 
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Each lichen species manifests a dis8nc8ve secondary metabolite profile, (Mitrović et al., 2011).  
Lichen secondary products exhibit dis8nc8ve a'ributes compared to many pharmaceu8cals; for 
instance, certain metabolites can impede cancer cell prolifera8on without inducing secondary 
tumours over extended periods, in contrast to contemporary chemotherapy regimens. 
Consequently, lichen secondary products assume a noteworthy role in the realm of naturally derived 
bioac8ve clinical and environmental treatments, serving as founda8onal chemical structures for the 
synthesis of potent analogues.  Notwithstanding, although a wealth of compounds has already been 
discovered, their bioavailability, scope and mechanism of ac8on remain unclear in the literature, 
(Zhao et al., 2021). 
 
Lichens strategically employ secondary products to exert allelopathic effects on other microbial 
species, par8cularly when the availability of preferred substrates becomes contested. Nevertheless, 
the intricacies of the symbio8c rela8onship between the photobiont and mycobiont within lichens 
remain inadequately elucidated, hindering conclusive determina8on of whether this symbiosis 
confers a compe88ve advantage for lichens against non-lichen organisms. Addi8onally, it remains 
unclear whether there exist preferred symbio8c rela8onships that favour the establishment of 
substrate dominance. 
 
 

4.1.1 Ochrolechia parella 
 
Ochrolechia parella, a robust crustose lichen, thrives in habitats characterised by extreme 
environmental condi8ons, notably cold temperatures, and high moisture levels with salinity. The 
adaptability of O. parella is evident in its occurrence in both the Arc8c and Antarc8c regions, 
predominantly on substrates composed of siliceous or siliciferous rock. Figure 37.   
 
 
 

 

 
Figure 37: Ochrolechia parella.  Ochrolechia species consists of a crustose thallus which is occupied by a 
chlorococcoid photobiont which is classified as Chlorophyceae - of the genus Trebouxia. The thallus of O. 
parella is grey with a white prothallus forming large patches or morphol substructures, resembling growth 
rings ranging from a smooth to a warted appearance and displaying an apparent coniguous physical structure. 
(Source: Image by author) 
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The secondary metabolites synthesised by O. parella cons8tute a dis8nc8ve assemblage of natural 
organic compounds, bearing diverse and significant biological implica8ons, (Calco' et al., 2018).  
These compounds, extracts and bioac8ve substances confer mul8ple health benefits in the research 
fields of cancer therapeu8cs, mi8ga8on of an8oxidant stress and inflamma8on and comba8ng 
diseases such as diabetes, Table 17.   
 
 
Table 17: Literature sources quoing lichen secondary metabolite pharmaceuical acivity produced by O.  
parella.  Mechanisms of acion of the secondary compounds remain an area for further study.  The assumed 
targets of acion include inhibiion of cell wall synthesis, efflux pumps, plasma membrane integrity, DNA/RNA 
protein synthesis, cell division and mitochondrial funcion 

Lichen Compound Pharmaceutical activity References 

Gyrophoric acid 
(Figure 38A) 
 

Antimicrobial, anticancer, 
antioxidant, antidiabetic 

(Bačkorová et al., 2011; Cardile et al., 2017; 
Mohammadi et al., 2022; Plsíkova et al., 2014) 

Vulpinic Acid 
(Figure 38B) 
 

Antimicrobial, anticancer, stem cell 
control/ osteogenesis & 
adipogenesis, oxidative-stress 
therapy, herbivore antifeedant 

(Bačkorová et al., 2011; Cansaran-Duman et 
al., 2021; Koparal, 2015; Lauterwein et al., 
1995; Varol et al., 2016) 

Lecanoric Acid 
(Figure 38E) 
 
 

Antitumour, antioxidant, 
antibacterial, antifungal, antidiabetic, 
anticancer, anti-inflammatory, 
probiotic growth stimulant 

(Bogo et al., 2010; Gaikwad et al., 2012; 
Gomes et al., 2003; Honda et al., 2010; Luo et 
al., 2009; Thadhani et al., 2011, 2015) 

Parellin 
(Figure 38C) 
 

A heavily methylated chlorinated 
depsidone awaiting biological 
evaluation 

(Calcott et al., 2018; Millot et al., 2007)  

α-Alectoronic acid 
(Figure 38D) 
 

Bactericide (Elix et al., 1974; Elix & Stocker-Wörgötter, 
2008; Farkas et al., 2021; Latkowska et al., 
2015) 

Ergosterol peroxide 
(Figure 38F) 
 

Anticancer, antimicrobial, cytotoxic, 
immunosuppressive, antioxidant 

(He et al., 2018; Kim et al., 1999; Merdivan & 
Lindequist, 2017; Nowak et al., 2022; Yodsing 
et al., 2017) 
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Figure 38: Idenified lichen secondary products sourced from O. parella.  (Naional Center for Biotechnology, 
2022).   
 
 
 
The symbio8c rela8onship between bacteria and lichen offers a promising avenue for further 
inves8ga8on, holding the promise of uncovering novel reservoirs of an8microbial, an8oxidant, and 
pharmaceu8cally ac8ve agents (Kim et al., 2014).  The diverse bacterial communi8es intricately 
associated with lichen have garnered increased a'en8on, promp8ng researchers to explore the 
gene8c underpinnings of secondary metabolite produc8on, (González et al., 2005; Grube et al., 
2009).  
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Notwithstanding these advancements, a comprehensive explora8on of the impact of mul8ple 
bacterial communi8es within lichen species on secondary metabolite produc8on remains an area for 
further scien8fic discourse.  
 
 

4.1.2 Ramalina siliquosa 
 
The Ramalina genus encompasses more than 240 species, sharing a comparable phenotype 
characterised by the inclusion of an algal source facilita8ng photosynthesis. This process yields 
organic compounds vital for the lichen metabolic pathways, culmina8ng in the synthesis of various 
secondary products, predominantly polyphenolic, including depsides and depsidones. Ramalina 
siliquosa is prevalent along the Atlan8c coast spanning from Portugal to northern Norway and 
extending eastward to Finland and the Russian shores and dominates seashore rocks and walls in 
northern Britain, Figure 39.  Ini8al inves8ga8ons revealed the produc8on of hypoprotocetraric acid 
and regional varia8ons in related depsidones nors8c8c, s8c8c, salazinic and protocetraric acids 
(Culberson, 1967). 
 
 

 
 

Figure 39: Ramalina siliquosa, also known as sea ivory, is a branched lichen found on siliceous rocks and stone 
walls on coastlands around the UK and Iceland, (where it is a protected species).  It is found above high-ide 
demarcaion and tolerates salt-water spray.  The prongs produce spore-producing bodies and form part of the 
diet of sheep in extreme weather locaions such as Shetland and North Wales (Dobson, 2018; Tyler-Walters & 
Hiscock, 2023). (Author’s image) 
 
 
 
Chemical diversity among Ramalina chemotypes manifests in dis8nct concentra8ons of usnic acid, 
accompanied by varied biological ac8vi8es, such as an8bacterial or an8oxidant proper8es, arising 
from disparate biosynthe8c pathways. Despite comprehensive documenta8on of lichen secondary 
metabolites, ample prospects persist for systema8c screening to discern specific an8microbial and 
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an8oxidant proper8es.  Recent studies, underscore the inhibitory poten8al of lichen secondary 
metabolites against Aspergillus species, demonstra8ng protolichesterinic acid against A. flavus, 
lecanoric acid against A. fumigatus and orsellinic acid against A. niger with inhibitory effects 
commensurate with commonly used an8fungal agents (Furmanek et al., 2019). 
 
The close rela8onship between the cyanobacteria and the lichen biont significantly influences the 
biosynthesis of metabolites resul8ng from this symbiosis, thereby shaping the secondary product 
profile, (Calco' et al., 2018).  This complex symbio8c rela8onship between cyanobacteria and lichen 
intricately intertwines their metabolic pathways, crea8ng significant challenges in pinpoin8ng the 
origins of secondary metabolites within the resul8ng organism, (Ranković & Kosanić, 2015).   
 
While the solubility of most secondary metabolites in water is low, excep8ons include lichen-
manufactured polyphenols atranorin and usnic acid, (Fernández-Moriano et al., 2015).  Organic 
solvents again emerge as effec8ve extrac8on agents for these secondary products. 
 
Less than 50% of Ramalina species have been subject to publica8ons iden8fying chemical or 
biological ac8vity from compound extracts.  Usnic acid is the most scru8nized extract, with in-vitro 
assessments highligh8ng its inhibitory effects on biological ac8vi8es. Ongoing inves8ga8ons, reveal 
several other extracts demonstra8ng an8microbial, an8tumor, and an8-inflammatory proper8es, 
signifying the untapped poten8al of Ramalina as a source of diverse bioac8ve molecules, (Moreira et 
al., 2015).   
 
Within the wide-ranging chemical profile of R. siliquosa, primary and secondary products coexist, 
with the la'er exhibi8ng bioac8ve proper8es of interest to this study.  Depsides, depsidones, fa'y 
acids, sterols, and monocyclic aroma8c compounds dominate the chemical profile, and the 
structures of select primary compounds are elucidated in Figure 40. 
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Figure 40: Idenified lichen secondary products sourced from R. siliquosa, (Parrot et al., 2013). Chemical 
structures - (Naional Centre for Biotechnology, 2022) 

 
 
Usnic acid, isolated in 1834, stands as one of the earliest secondary compounds derived from lichen 
and is variably distributed across Ramalina species. Certain species yield deriva8ves such as usimine 
A, usimine B, usimine C, usninic acid, and iso-usnic acid, each presen8ng a spectrum of bioac8ve 
effects, (González et al., 1992; Kim et al., 2018; Lee et al., 2010; Paudel et al., 2011).  The 
an8microbial ac8vity of usnic acid or phenolic deriva8ves, exerts its effects by modifying protein 
structures in target cells and inducing apoptosis, (Cansaran et al., 2007; IngólfsdóTr, 2002).  
Nors8c8c acid and protocetraric acid exert an8microbial ac8vity on several bacteria and fungi, at 
concentra8ons of between 3.3 – 6.6 µg 25µL-1, though usnic acid appears to show the best results 
exer8ng minimum inhibitory concentra8on (MIC) at concentra8ons of between 0.39 – 3.1 µg 25µL-1, 
(Tay et al., 2004). 
 
The diverse bioac8vi8es exhibited by R. siliquosa as biological sources of metabolites encompass 
an8bio8c, an8tumour, an8mutagenic, an8viral, allergenic, inhibitory effects on plant growth and 
enzyme ac8vity, and an8microbial proper8es.  Notwithstanding, research into the an8fungal effects 
of lichen secondary products, par8cularly against building moulds and bacteria responsible for 
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biodeteriora8on, remains limited. The resurgence of interest in natural sources of an8microbial 
agents, given the rise in an8bio8c-resistant pathogens, emphasises the economic poten8al of 
iden8fying, mapping metabolic pathways, extrac8ng, and enhancing secondary products from 
microbial sources compared to synthe8c alterna8ves. 
 
 
4.2 Climate-affected biodeteriora<on of tradi<onal materials 
 
There are divergent perspec8ves regarding the impact of microbial growth on historic structures, 
par8cularly whether it manifests as biodeteriora8ve or bioprotec8ve, (Liu et al., 2022).  The 
challenge is that bacterial colonisa8on on stone structures readily forms a protec8ve biofilm.  This 
biofilm serves mul8faceted func8ons, including thwar8ng detachment from the substrate, 
cons8tu8ng a biochemical safeguarding matrix, and sustaining hydra8on during arid periods. The 
heterogeneity of the biofilm facilitates the incorpora8on of diverse planktonic microbial organisms 
into this protec8ve configura8on, endowing the community with adaptability to a spectrum of 
environmental condi8ons, encompassing extreme weather events. This adaptability is a'ributed to 
the metabolically suppor8ve matrix and the resilience of the biofilm against both physical and 
chemical a'acks.   A consequence of the metabolic processes is the inflic8on of physical and 
chemical damage as a result of the organic acids, release of ca8ons, salt recrystallisa8on and 
mechanical adhesion to the material surface.   
 
An alterna8ve viewpoint discussed in Chapters Two and Three is that the robust tolerance of the 
biofilm atop the stone substrate is inherently bioprotec8ve, shielding against weather erosion and 
the corrosive effects of anthropogenic pollutants that may lead to delamina8on of the stone.  The 
degree of abio8c weathering par8cularly in response to heightened occurrences of extreme weather 
events on stone exteriors,  serves as a metric for determining the bioprotec8ve nature of the biofilm 
layers.  However, unless the erosive forces and frequency of extreme weather events pose a 
substan8al threat to abio8c stone weathering, the visual blemishes caused by biofilm forma8on and 
the poten8al damage from acidic and ca8onic metabolic waste products persist. 
 
Biochemical mechanisms underpinning stone deteriora8on and discoloura8on are associated with 
the produc8on of both organic and inorganic acids. Fungal hyphae contribute to physical 
degrada8on by infiltra8ng micro-spaces generated through climate-induced erosion in the stone, 
thereby destabilising the overall structural integrity. The synergis8c ac8on of hyphal penetra8on and 
acid-induced dissolu8on of the stone facilitates the ingress of water and salts into newly formed 
micro-fractures, culmina8ng in the delamina8on of the stone surface, par8cularly during 
freeze/thaw cycles. 
 
Climate fluctua8ons also exert discernible effects on exposed wooden structures. In loca8ons 
characterised by a predominant use of wood in construc8on, such as Iceland and Norway, fungal 
decay emerges as a significant concern. Despite 8mber being lauded for its eco-friendly a'ributes, 
being renewable and a carbon sink, regions even subject to permafrost, such as the Arc8c, witness 
wood succumbing to fungal decay, notably perpetrated by species like Leucogyrophana mollis 
thriving in polar condi8ons, (Ma'sson et al., 2010).  Fungal rot proves to be a per8nent issue even in 
extreme cold condi8ons. Over 8me, heritage wooden structures in polar seTngs exhibit 
deteriora8on, albeit at a measured pace, as fungi adeptly adapt to the severe cold, cyclically 
transi8oning between dormancy and rethawing each summer, (Björdal & Dayton, 2020; Duncan, 
2007).  The global diversity of fungal species, es8mated between 1.5 to 12 million, underscores the 
capacity of certain species to depolymerize wood, removing cellulose or lignin and inducing 
catastrophic decay, (Bhunjun et al., 2022; Blanche'e, 2000). 
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4.3 The impact of climate and environmental changes on secondary metabolite 
produc<on 
 
The increase in secondary metabolites discovered and a'ributed to lichenized fungi, coupled with 
empirical indica8ons of their suscep8bility to environmental changes, presents a salient avenue for 
explora8on of the processes underpinning their biosynthesis and regulatory mechanisms. Current 
inves8ga8ons into the impact of environmental s8muli on lichen secondary metabolite produc8on 
have generally operated under the premise that altera8ons in culturing condi8ons can effec8vely 
mimic natural environmental stresses. This allows employing targeted methodologies for in-depth 
scru8ny of lichen growth dynamics, secondary product synthesis, and the environmental impact 
within a wide range of habitats, Figure 41. 
 
A diverse range of fungal secondary metabolites emanates predominantly from a select set of 
biochemical pathways, notably the mevalonic acid pathway, malonate pathway, and shikimic acid 
pathway, Figure 36. Manipula8ng available precursors within these pathways has emerged as a focal 
point, primarily oriented towards elucida8ng the produc8on of novel an8microbial agents. However, 
this approach equally holds promise for discerning the influence of environmental changes on 
nutrient supply availability. The ongoing explora8on through next-genera8on sequencing of 
prokaryo8c genomes promises con8nued insights into the repercussions of environmental 
condi8ons, par8cularly that manifest in extreme environments, on genomes, transcriptomes, 
proteomes, and the resultant modula8on of secondary metabolite produc8on and composi8on. 
 
This study adopts a deduc8ve approach to inves8gate the interplay between environmental changes 
and the produc8on and poten8al modifica8on of lichen secondary metabolites. Given the 
established premise that gene8c adjustments or metabolic shiIs in moulds and bacteria enhance 
their survival, it stands to reason that similar adapta8ons likely occur in other organisms thriving in 
analogous environments, such as lichens. Facing the pressure of securing long-term occupancy of 
their substrate, lichens must adjust their internal mechanisms to op8mise compe88on. Hence, it is 
hypothesised that the produc8on and maintenance of an8microbial lichen secondary metabolites 
serve as a strategic response to the microbial challenge posed by compe8ng species within the same 
niche. 
 
Environmental altera8on can directly influence cellular processes, driving adap8ve responses 
illustrated by the interplay between UV light intensity and lichen pigment synthesis. Increased UV-B 
radia8on arising from ozone deple8on triggers enhanced pigment produc8on in lichen as a 
photoprotec8ve mechanism, effec8vely absorbing excess light. The combined threats of climate-
induced ozone deple8on and anthropogenic pollu8on suggest a con8nued weakening of the 
atmospheric shield, poten8ally leading to a sustained upregula8on of lichen pigmenta8on. This 
phenomenon exemplifies how environmental changes directly modify cellular ac8vity, shaping 
adap8ve responses that dictate the ability of lichen to cope with changing s8muli. 
 
The manufacturing processes and func8onal a'ributes of lichen secondary metabolites oIen remain 
elusive, providing inconclusive insights into the nexus between environmental condi8ons and 
produc8on outcomes. Discussions rela8ng to the impact of climate on lichen secondary metabolism 
predominantly orbit around variables such as pH, temperature, and UV radia8on fluctua8ons. The 
adaptability of lichen across a spectrum of extreme environments is evident in the myriad of lichen 
species thriving in diverse global climates. Nevertheless, the impact of climate-induced altera8ons 
on lichen metabolic chemistry is rela8vely underexplored, despite discernible correla8ons between 
the produc8on of specific secondary metabolites and lichen tolerance to environmental changes.     
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The response of lichen to environmental fluctua8ons is underscored by the ac8va8on of dis8nct 
gene clusters, thereby facilita8ng a flexible range of secondary metabolite synthesis, (Brunauer et 
al., 2007).  These environmental dynamics have engendered analogues and deriva8ves within the 
secondary synthesis pathways, endowing lichen with a compe88ve advantage and exer8ng 
inhibitory effects over compe8tors vying for shared spa8al niches on stone substrates, (Dayan & 
Romagni, 2001).   
 
 

 
 

Figure 41: Climate and environmental factors, inclusive of anthropogenic pollutants, exert influence upon the 
outermost layer of surface lichen. The hydrophobic nature of the lichen exterior imparts some resistance to 
water-soluble environmental substances; however, this resistance may diminish due to surface abrasion, acid 
axack, and the presence of organic pollutants, thereby compromising the protecive layer. The reliance of the 
lichen on cyanobacteria or algae residing within the upper structural layers is integral for shielding against UV 
light. An inherent peril to these protecive mechanisms lies in prolonged desiccaion periods of the lichen 
structure, which diminishes the protecive envelope that the lichen extends to its pigment-producing bacterial 
or algal microbial associates 

 
 
Efforts to establish a correla8on between metabolite concentra8on and luminosity have yielded 
inconclusive findings, (Armaleo et al., 2008; Bjerke et al., 2005; McEvoy et al., 2007; Millot et al., 
2007; Stephenson & Rundel, 1979; Werner Bjerke & Dahl, 2002).  Millot et al, (2007), postulate that 
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the dura8on of light exposure may elicit either inhibitory or s8mulatory responses con8ngent upon 
the specific secondary product, with heightened levels observed during the summer months.   
Furthermore, the synthesis of lichen compounds exhibits dynamic fluctua8ons in response to various 
environmental variables, including the propor8on of UV-A and UV-B exposure (e.g., usnic acid), 
substrate pH, moisture levels, temperature (e.g., gyrophoric acid, 4-O-dimethylbarba8c acid), 
drought condi8ons, geographical loca8on, eleva8on (rhizocarpic acid), and seasonal varia8ons, 
(Bjerke et al., 2003, 2005; Werner Bjerke & Dahl, 2002).   
 
The poten8al for the iden8fica8on of novel sources of an8microbial ac8ve agents resides within the 
intricate rela8onship between lichens and bacteria, (Kim et al., 2014).  The increasing a'en8on 
directed towards the diverse bacterial communi8es associated with lichens underscores a growing 
interest among researchers in assessing the gene8c underpinnings of secondary metabolite 
produc8on. This scru8ny aims to induce overexpression and modifica8ons in synthesis processes, 
facilita8ng the incorpora8on of novel func8onal groups and the poten8al discovery of an8microbial 
agents, (González et al., 2005; Grube et al., 2009).  
 
The flexibility of lichen secondary metabolite produc8on suggests a need for a comprehensive 
explora8on of genomic regula8on. The abundance of genes encoding secondary metabolites 
appears to surpass the catalogued compounds, hin8ng at the prospect that lichens have evolved an 
array of genes to orchestrate secondary metabolite produc8on adap8vely, responding to ecological 
and environmental stressors dynamically, (Deduke, Timsina, & Piercey-Normore, 2012). 
 
 
4.4 Building material biodeteriora<on and the impact of fungal and bacterial organic 
acids 
 
Organic acids synthesized by fungal, bacterial, and algal microorganisms have been implicated in the 
biodeteriora8on of architectural materials, (Gaylarde & Morton, 1999; Ortega-Calvo et al., 1991; 
Warscheid & Braams, 2000).  The structure and chemical synthesis by fungi, known for their 
adeptness in the biodegrada8on process, readily degrade wooden, gypsum, concrete, mortar, and 
brick structures, while also compromising wallpapers, paints, and interior furnishings, Figure 42.  The 
filamentous nature of fungi enables the u8lisa8on of mycelium to infiltrate materials, employing 
various enzymes and metabolites in the chemical breakdown of substrates, par8cularly in the 
presence of water, (Pandey & Kiran, 2020).   
 
Chemical acids generated by mycelium encompass citrate, malate, itaconate tartrate, gluconate, 
fumarate, oxalate, and succinate. These organic acids possess the capacity to extract available 
ca8ons from the substrate, (Dörsam et al., 2017; Magnuson & Lasure, 2004).  The combina8on of 
acidic assault and ca8on removal precipitates material weakening, with prolonged exposure 
resul8ng in structural failure, (Warscheid & Braams, 2000).  A survey of 62 filamentous fungi isolated 
from 42 structures iden8fied 40 strains exhibi8ng the produc8on of acidic metabolites. S. chartarum, 
isolated from gypsum board and wallpaper, exhibited pronounced acid ac8vity. The determina8on 
of acid ac8vity involved quan8fica8on employing an acid ac8vity coefficient (Q), es8mated using 
bromocresol purple on growth medium. The manifesta8on of acidity zones around colonies was 
discerned by a yellow hue, and measurements of colony diameter (dc) and yellow zone diameter 
(dy) were undertaken. The acid ac8vity coefficient (Q) was computed using the formula: 
 

 𝐴𝑐𝑖𝑑	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑄 = 𝑑𝑦 − 𝑑𝑐	(𝑚𝑚) (5) 
 
Several Penicillium sp., P. brevicompactum, P. expansum, Penicillium chrysogenum and S. chartarum 
measured an acidity coefficient Q range between 1.32 +/- 0.05 and 2.83 +/- 0.01.  The most 
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significant altera8ons in pH occurred during the ini8al day of the sta8onary growth phase, reflec8ng 
substan8al organic acid produc8on on mortar, followed by gypsum and wallpaper. The qualita8ve 
nature of organic acids produced appears con8ngent upon the type of building material, with mortar 
exhibi8ng heightened acid produc8on poten8ally linked to its ini8al higher pH s8mula8ng fungal 
acidogenesis, (Gutarowska & Czyżowska, 2009).   
 
 

 
 

Figure 42: The impact of environmental condiions on substrate bioerosion mechanism.  Crustose lichens 
comprise three disinct layers: the upper cortex layer, housing pigmentaion; the central layer containing algal 
or cyanobacterial components; and the medulla, employing hyphae for substrate axachment. The formaion 
of polyphenolic compounds at the lichen-substrate interface, plays a pivotal role in substrate surface erosion, 
thereby contribuing essenial caions for cellular metabolism, (Adamo & Violante, 2000).  Substrate surface 
erosion, a consequence of abioic and bioic influences, encompasses mechanical damage induced by wind-
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driven rain, the introducion of organic and inorganic acids from plant and avian excreta, bacterial biofilms, 
and bioweathering facilitated by the infiltraion of lichen hyphae 

 
 
The forma8on of soluble salts arising from the interac8on between various organic acids and 
substrate minerals, including Ca, Fe, Al, Mg, K, and Na salts, renders them suscep8ble to removal 
from architectural materials under the influence of rain, humidity, or condensa8on prompted by 
meteorological events. In certain scenarios, insoluble salts, exemplified by oxalic acid on calcium 
carbonate yielding calcium oxalate, are generated, leading to the degrada8on of building materials 
and the forma8on of an aesthe8cally undesirable pa8na a'ributed to fungal pigments on the 
material surface. The pronounced aggressiveness of mould infesta8on in damp environments is 
explicable through the diverse array of exoenzymes biosynthesised by fungi, including cellulases, 
glucanases, kera8nases, and mono-oxygenases, in conjunc8on with low aw values deno8ng the 
measure of unbound free water available for microbial growth. 
 
On wallpaper surfaces, organic acids ini8ate the hydrolysis of polymer polysaccharides, par8cularly 
cellulose present in both wallpaper fibres and adhesive paste, resul8ng in material weakening and 
discoloura8on. Varia8ons in moisture levels pose a serious threat to art objects within domes8c and 
museum seTngs, necessita8ng treatment methods devoid of long-term deleterious effects on the 
fabric of the objects. Addi8onally, the presence of fungal spores and toxic metabolic by-products 
poses health risks to both museum personnel and artefact conserva8onists. 
 
Despite the limited nutrient availability in stone substrates, fungi flourish in humid condi8ons 
induced by wind-driven rain and elevated temperatures. Epilithic fungi colonise the rock surface, 
while endolithic fungi inhabit microcracks within the stone, both exhibi8ng heightened metabolic 
ac8vity conducive to fungal acid erosion and ca8on extrac8on. 
 
Addressing fungal colonisa8on involves a restricted repertoire of physical and chemical methods 
con8ngent upon the composi8on and strength of the material harbouring organic contaminants and 
the desired treatment outcome for any residual pa8na. Tradi8onal conserva8on methods, including 
the judicious selec8on of disinfectants based on mould type and chemical composi8on, present 
prac8cal challenges, and limita8ons, (Allsopp et al., 2004).  An alterna8ve approach involving high 
doses of gamma radia8on exceeding 10-25 kGy proves effec8ve in fungal eradica8on, yet logis8cal 
difficul8es in irradia8ng architectural recesses, operator health risks, and poten8al substrate damage 
necessitate careful considera8on, (Shathele, 2009).  Chemical treatments, encompassing liquid 
biocides, fumiga8on with methyl and ethylene bromide, or products containing slow-release 
formaldehyde or ammonium compounds, pose health and environmental risks. Ethanol, a 
compara8vely less toxic fungitoxic solu8on, may exhibit efficacy with prolonged applica8on, though 
its sufficiency in most restora8on scenarios remains uncertain, (Ni'érus, 2000).   
 
Four prevalent fungi, namely Cladosporium, Aspergillus, Penicillium, and Stachybotrys, commonly 
referred to as moulds, collec8vely contribute to the degrada8on of tradi8onal materials. The 
evolving climate may exacerbate mould contamina8on in repurposed commercial historic buildings, 
posing an escala8ng challenge. Given the poten8al health hazards associated with mould exposure, 
par8cularly in suscep8ble individuals, the legal implica8ons for employers are likely to intensify, 
underscoring the need for comprehensive mi8ga8on strategies. A comprehensive understanding of 
the dis8nct material deteriora8on mechanisms employed by various mould and bacteria species 
residing in damp pre-1919 buildings is crucial for formula8ng effec8ve treatment strategies and 
containing biological risks. This study specifically inves8gates the interac8ons of four dominant 
moulds on tradi8onal materials – Aspergillus, Cladosporium, Stachybotrys, and Penicillium – 
commonly found in such environments. Addi8onally, Staphylococcus aureus, an opportunis8c 
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bacterial pathogen with an increasing prevalence in older, damp residences, par8cularly those 
harbouring animals, is included to evaluate the efficacy of lichen-derived an8microbial secondary 
metabolites against this diverse microbial community. Through this mul8faceted approach, the 
study aims to iden8fy poten8al an8microbial solu8ons for safeguarding the integrity of historic 
structures against deteriora8on mechanisms which have been outlined in Chapter Two. 
 
 

4.4.1  Cladosporium moulds 
 
Cladosporium is a genus of mould encompassing numerous species which can be found in both 
indoor and outdoor building surfaces, Figure 43. 
 
 

 
 
Figure 43: The proliferaion of Cladosporium moisture-laden wooden periphery, impervious to pre-empive 
applicaion of ostensibly ‘mould resistant’ commercial paint.  Symptoms manifested by individuals exposed to 
Cladosporium include but are not limited to, headache, faigue, breathing difficulies, chest pains and 
inflammaion of the eyes.  The emergence of this mould signifies water incursion or dampness. (Author’s 
image) 
 

 
 
The species is not confined to colonising building materials.  The intrinsic nature of tradi8onal 
materials to retain moisture coupled with the accre8on of genera8ons of surface nutrients 
stemming from prior surface treatments and anthropogenic contaminants furnishes a nutri8onal 
founda8on conducive to rapid colonisa8on.  Cladosporium is discernible by a dark-green to black 
pigmenta8on and typically develops a colony of hyphae giving rise to conidiophores bearing conidia 
spores.  In ordinary circumstances, the mould is nominally pathogenic, whereas an individual with a 
compromised immune system, asthma or respiratory allergies may develop respiratory 
complica8ons.  Remedial interven8ons include ace8c acid, hydrogen peroxide and chlorine (bleach), 
or in severe cases chemical treatments with pronounced environmental toxicity. 
 
 

4.4.2  Aspergillus moulds 
 
Aspergillus is iden8fied by flask-shaped frui8ng bodies called conidiophores, producing conidia a 
similar structure found in Cladosporium manifes8ng in either black or yellow-green, Figure 44.  
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Conidia disseminate spores from the mould into the atmosphere containing mycotoxins and vola8le 
organic compounds that compromise indoor air quality. 
 

 
 

Figure 44: Aspergillus is black on the surface and slightly white or yellow underneath.  Other species such as 
Aspergillus flavus is yellow-green, with a brown underneath.  Outbreaks of nosocomial aspergillosis occurs 
mainly amongst the most severely immune hospital paients, (Author’s image) 

 
 
Adverse health effects for individuals sensi8ve to Aspergillus spores typically manifest when a 
disturbance to the surface hos8ng the mould, such as during renova8on or maintenance, occurs. 
Building materials fostering Aspergillus growth func8on as reservoirs for this infec8ous agent, which 
is liberated and typically enters the body via the pulmonary tract or through skin wounds. 
 
Aspergillus spores from Aspergillus flavus and Aspergillus parasiKcus prevalent on warm, damp 
surfaces -especially those comprised of cellulose, such as damp wood and wallpaper – cons8tute the 
principal source of a family of toxins, called aflatoxins.  Prolonged exposure to aflatoxins, whether 
via inhala8on through the pulmonary tract or inges8on through contaminated food exposed to 
fungal sporula8on, is correlated with the development of liver cancer.   
 
The ability of Aspergillus to degrade plant cell wall polysaccharides is accomplished through the 
produc8on of a wide range of polysaccharide-degrading enzymes.  This yield benefits within the 
tex8le, paper and pulp industries supplemen8ng conven8onal chemical and mechanical processing.  
These enzymes are very effec8ve against heteropolysaccharides such as hemicellulose, pec8n, and 
cellulose, each contribu8ng to rigid plant-based structures.  The produc8on of the celluloly8c 
enzymes by aspergilli is a substan8al contributor to cellulose-based biodeteriora8on of tradi8onal 
materials, (de Vries & Visser, 2001). 
 
 

4.4.3  Stachybotrys chartarum 
 
Stachybotrys chartarum is a black slimy mould that is common on the exterior and interior of 
buildings. It is slow growing, compe8ng poorly with other moulds but proliferates in damp, dark, 
uncolonized areas of human habita8on.  It grows rapidly on cellulose-based materials such as paper 
and paper-covered plasterboard, Figure 45.  It readily spreads through sporula8on when the source 
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material is dry, causing the spores to be aerosolised causing further contamina8on and material 
biodeteriora8on and is a danger to human health.  
 
 

 
 

Figure 45: Stachybotrys chartarum growing on damp wood.  An associaion between acute idiopathic 
pulmonary haemorrhage amongst infants and Stachybotrys is thought possible, (Author’s image) 

 
 
At low doses, the effects are mildly neurotoxic causing headache, nausea, muscle aches, pains, and 
fa8gue.  As the exposure con8nues, the immune system may be nega8vely affected reducing the 
resistance to other infec8ons.  The symptoms S. chartarum is linked to have been termed ‘sick 
building syndrome’ though the literature is rela8vely ambiguous on the severity of impact on human 
hosts.  Under normal condi8ons, S. chartarum requires water to thrive, and hidden leaks in roof 
spaces and walls may conceal contaminated areas un8l the damage becomes catastrophic through 
material failure.  Climate change increases the opportunity for a rise in water entry into buildings 
through rising dampness, increased condensa8on, overflowing gu'ers, down pipes inadequate for 
the increased water volume and rain-saturated exterior renders, mortars, and stone surfaces.  The 
easiest approach to control the mould is to control the moisture.  Modern chemical control uses 
bleach, though the chlorine solu8on may not remove the residues which are toxic and allergenic and 
may cause addi8onal toxicity and damage to tradi8onal surfaces.   
 
 

4.4.4  Penicillium chrysogenum 
 
A member of the Penicillium genus, a blue-green fungus, ranks among the three most prevalent 
fungi, alongside Aspergillus and Cladosporium, in indoor environments exposed to moisture or 
within structures compromised by water ingress, Figure 46. While it is improbable to be a direct 
e8ological agent of diseases, this fungus is proficient in synthesizing various compounds, such as 
Penicillin Roquefort Toxin (PR-toxin), a mycotoxin with the capacity to impede protein synthesis in 
the liver, poten8ally through interference with cellular transcrip8on, (Moulé et al., 1978).  This 
mycotoxin may induce acute toxicity by augmen8ng blood vessel permeability, consequently 
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diminishing blood volume, thereby causing direct and indirect harm to vital organs such as the lungs, 
kidneys, liver, and heart, (Chen et al., 1982). 
 
 

 
 

Figure 46: Penicillium chrysogenum growing on an internal plaster wall in a damp environment in a heritage-at-
risk building in Scotland.  It reproduces through spores or conidia which are carried by air currents to new 
damp colonisaion sites in the building.  The airborne spores are implicated as human allergens due to the 
presence of serine proteases as major allergenic proteins. (Author’s image) 

 
 
Individuals inhabi8ng moisture-laden buildings with P. chrysogenum prolifera8on are predisposed to 
manifest allergic symptoms upon inhala8on of the mould spores. Func8oning both as an allergen 
and a pathogen, the growth of P. chrysogenum poses a hazard to individuals with compromised 
immune systems, (Knutsen et al., 2012).  P. chrysogenum serves as a source for several secondary 
metabolites, encompassing roquefor8nes, cyclic hydrophobic tetrapep8des, siderophores, penitric 
acid, w-hydroxyemodin, chrysogenin, chrysogine, sesquiterpene, and sorbicillinoids. The diverse 
array of compounds produced by the mould facilitates a broad-spectrum chemical assault on the 
surrounding environment and host substrate, (Guzmán-Chávez et al., 2018). 
 
The mould proliferates readily on damp or water-damaged materials, which serve as primary 
nutrient sources for its growth. Such materials include plasterboard, wallpaper, starch adhesives, 
synthe8c paints, and accumula8ons of internal pollutants and dust. In persistently damp indoor 
environments, Penicillium may also colonise leather products, clothing and furniture, and extend its 
presence to perishable items such as dairy products, fruits, and vegetables. Consequently, the 
organism poses a dual threat, not only to immunocompromised individuals but also to the structural 
integrity of indoor materials, leading to destruc8ve decay through the decomposi8on of organic 
substances, (Perrone & Susca, 2017).  
 
 

4.4.5  Staphylococcus aureus 
 
In contrast to fungal organisms, such as Aspergillus, Cladosporium, Stachybotrys, and Penicillium 
species, Staphylococcus aureus (S. aureus) stands out as a Gram-posi8ve commensal bacterium with 
the poten8al to transform into an opportunis8c pathogen, elici8ng infec8ons in various soI 8ssues 
and bloodstream, leading to sepsis, Figure 47. This transforma8on is facilitated by the synthesis of 



173 
 

enzymes and surface proteins, inducing cytoly8c effects that culminate in inflamma8on and toxic 
shock. S. aureus demonstrates proficiency in horizontal gene transfer, acquiring genes resistant to a 
spectrum of an8bio8cs, thereby evolving into a state of total resistance against many 
pharmacologically manufactured an8microbial agents. The combina8on of heightened virulence, 
a'ributable to surface proteins 8ghtly binding the bacterium to host cells, enabling a high degree of 
invasiveness, and rapid dissemina8on contribute to its pathogenicity. The global impact of bacterial 
and fungal an8microbial resistance on morbidity is substan8al. 
 
 

 
 

Figure 47: Scanning electron microscopic image of S. aureus taken from a vancomycin resistant culture, 2001.  
(Source: Centre for Disease Control, public domain, photo credit J.H.Carr) 
 
 
The acquisi8on of an8bio8c resistance poses a significant challenge for individuals exposed to S. 
aureus. Airborne transmission becomes par8cularly consequen8al in environments where the 
bacterium may not be conspicuously detectable, such as within wall and ven8la8on cavi8es. The 
prevalence of pathogenic and mul8-resistant strains intensifies when buildings are situated in close 
proximity to animal farms, (Gandara et al., 2006; Madsen et al., 2018; Moon et al., 2014b). 
 
S. aureus has a high survival rate in adverse condi8ons, enduring prolonged periods of drought. 
Upon reac8va8on in moist and damp condi8ons, it becomes highly contagious to exposed hosts. The 
frequency of such damp and dry condi8ons is an8cipated to rise with climate changes, alongside 
increased water penetra8on into building infrastructures.  
 
Temperature varia8ons associated with climate change also contribute to the distribu8on of 
an8bio8c resistance. Studies indicate that a temperature increase of 10 °C correlates with a 
respec8ve rise in an8bio8c resistance of 4.2%, 2.2%, and 2.7% for common pathogens like 
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus. This data implies that the threat 
of an8bio8c resistance may be significantly underes8mated as environmental condi8ons and 
subop8mal housing performance are influenced by temperature eleva8ons resul8ng from climate 
change, (MacFadden et al., 2018).  
 
 

4.5  Biosynthesis of secondary metabolites 
 
Synthe8cally manufacturing complex an8microbial agents is 8me consuming and expensive in 
comparison to the manipula8on of organisms for intracellular bio-manufacture the biochemical 
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products.  Microorganisms have evolved highly efficient manufacturing processes developing 
biosynthe8c pathways that repurpose primary metabolites.   The chemical logic that builds up the C-
C and C-N bonds within secondary product scaffolds and the enzymes involved in the synthesis 
characterises the resul8ng products and predicts modifica8ons based on reac8vity pa'erns.  Yield 
efficiency and chemical modifica8ons of the secondary product biosynthe8c pathway can be 
achieved through the altera8on of  external growth condi8ons, provision of alterna8ve precursor 
building blocks, or direct modifica8on of the cellular manufacturing process u8lising gene8c 
modifica8on to the gene sequence.  Genes responsible for the biosynthe8c enzyme produc8on are 
frequently clustered on the genome, oIen with resistance and export genes, and exhibit 
coordinated transcrip8on in one or more operons.  Ac8vator or repressor signalling molecules 
responsive to various environmental and cellular condi8ons, work in conjunc8on with primary 
metabolic pathways s8mula8ng related physiological modifica8ons such as sporula8on.  
 
The five structurally dis8nct subclasses of polyke8de natural products are constructed with a similar 
logic based on principles derived from fa'y acid biosynthesis.  Polyke8des exhibit remarkable 
structural diversity and can be isolated from bacteria, plants, and fungi.  Their structure comprises a 
con8nuous backbone of carbon atoms which may be configured into rings, accompanied by 
numerous func8onal groups such as ketones, alcohols and alkenes a'ached.  Notable examples 
include erythromycin and oxytetracycline, both recognised an8bio8cs. 
 
Polyke8des are assembled by polyke8de synthase enzymes with four iden8fied classes.  Type I 
synthases, prevalent in bacteria are proteins with mul8ple ac8ve enzyme sites, each opera8ng once 
during the assembly line cycle.  Type I itera8ve synthases found in fungi and some bacteria, feature 
mul8ple ac8ve enzyme sites each capable of func8oning during mul8ple chain extension cycles.  
Type II synthases found in bacteria, consist of mutually suppor8ve single ac8ve sites on small 
proteins ac8ng collabora8vely in secondary metabolite assembly.  Type III synthases, found in plants 
and some bacteria are compact proteins catalysing all necessary steps.   
 
Non-ribosomal pep8des are assembled from amino acid units, without restric8on to the 20 
proteinogenic units, encompassing over 100 different amino acids.  Structurally, these pep8des can 
be linear with free N- and C- termini, cyclic joining the N- and C- termini or through the linkage of a 
side chain, typically to the C-terminus.  Examples include vancomycin an an8bio8c and cyclosporin, 
an immunosuppressant. 
 
Ribosomal pep8des are composed of amino acids, undergo enzyma8c modifica8on aIer transla8on 
on the ribosome.  Thiostrepton is one of the first known ribosomal pep8de an8bio8cs. 
 
Aminoglycosides represent extensively modified carbohydrate ring structures that incorporate 
amine-subs8tuted cyclohexane rings. The hydroxy groups within these structures are subject to 
subs8tu8on by amines or ketones, accompanied by the addi8on of methyl groups to carbon, 
nitrogen, or oxygen atoms within the ring system, as exemplified by the an8bio8c streptomycin.   
 
Terpenes, terpenoids, or isoprenoids cons8tute a diverse category of cyclic secondary metabolites 
characterised by a hydrocarbon framework featuring alkenes, ethers, ketones, alcohols, esters, and 
carboxylic acids as func8onal groups. Illustra8ve instances encompass monoterpene, such as 
menthol, taxol—an an8cancer agent, and sesquiterpene artemisinin—an an8-malarial agent. 
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4.5.1  Genomic and proteomic modifica-ons, dele-ons, and restructuring of 
secondary metabolite synthesis 
 
Several natural product types are synthesized through a modular assembly of enzymes, each module 
dedicated to a specific fragment in the synthesis process. The orchestra8on of these metabolic 
processes is governed by secondary metabolism genes, which, when modified or deleted, can induce 
altera8ons in the enzyme pathway, leading to the forma8on of novel secondary product structures, 
Figure 48.  This schema8c, representa8ve of a single type I polyke8de synthetase module, delineates 
the interconnec8on between genes encoding proteins, housing a series of enzyme domains. These 
domains, organized in recurring modules, facilitate the stepwise chain extension cycle, ul8mately 
culmina8ng in the produc8on of the secondary metabolite. Upon comple8on of the chain extension 
across the modules, the thioesterase domain facilitates the folding of the carbon chain, promo8ng 
the reac8on between the terminal hydroxyl (-OH) group and the thioester link, resul8ng in the 
forma8on of a cyclic ester, subsequently liberated from the polyke8de synthase. 
 
Similarly, the manipula8on of the synthesis pathway can be achieved by rearranging the order of 
enzymes, thereby inducing modifica8ons in the arrangement of structural groups and proper8es 
within the secondary product. 
 
Biosynthesis can be directed by altering the precursors upon which the organism relies for the 
secondary metabolite pathway. Exploi8ng the structural resemblance between precursors and the 
adaptability of enzymes in the synthesis pathway, the cell can be directed to generate novel 
metabolites.   
 
The emergence of new secondary products in nature is facilitated through mutagenesis, wherein a 
naturally occurring mutant cell undergoes altera8ons in a biosynthe8c step, enabling the organism 
to produce secondary metabolites from alterna8ve precursors. Mutagenesis serves as the 
founda8on for crea8ng synthe8c secondary metabolites by muta8ng and isola8ng cells capable of 
altering precursor selec8on due to changes in biosynthe8c steps or enzymes in the manufacturing 
process. Genomics has revolu8onized the study of secondary metabolic pathways, allowing for the 
manipula8on of genes through inser8on, modifica8on, or dele8on, elimina8ng the need to rely on 
fortuitous mutagenesis, (Anyaogu & Mortensen, 2015; Scharf & Brakhage, 2013; Tsunematsu et al., 
2013; Yaegashi et al., 2014).  Advancing further in the pursuit of new secondary metabolites involves 
the cloning of individual biosynthe8c genes, incorpora8ng them into new codes within an organism, 
thereby genera8ng novel biosynthe8c enzymes and unprecedented secondary products.   
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Figure 48: Diagrammaic representaion of the funcion of the polykeide synthase involved, in this example, in 
the biosynthesis of erythromycin.  Three genes 1 – 3, code for 3 proteins 1 – 3, and enzyme domains are 
arranged in repeaing groups or modules.  Each module contains a set of domains which carry out an aspect of 
the single chain extension (1) from the starter unit to the thioesterase domain which folds the carbon chain (2) 
to produce a cyclic ester which is then released 

 
 
Following the libera8on of the synthesized secondary product by polyke8de synthetase, various 
biochemical post-modifica8ons become feasible. These modifica8ons encompass the oxida8on of C-
OH bonds, epoxida8ons of C=C bonds, addi8onal folding to generate cyclic structures (apart from 
those facilitated by the thioesterase), and methyla8ons at the O and C atoms.   
 
Predominantly, lichen polyke8de metabolites emanate from the fungal partner, although the 
influence of algal or cyanobacterial carbohydrate produc8on on polyke8de synthesis is plausible, 
(Elshobary et al. 2016).  Despite the diversity in lichen polyke8de produc8on, the cul8va8on of 
lichen, due to slow growth, poses a formidable challenge. The advent of gene knockout and 
heterologous expression techniques has facilitated an in-depth scru8ny, leading to the elucida8on of 
81 polyke8de synthase gene sequences, their genomic localisa8on within lichen genomes, and the 
assignment of biosynthe8c pathway predic8ons derived from these gene clusters  (Bertrand & 
Sorensen, 2018).  Conven8onally, the taxonomic nomenclature of the mycobiont mirrors that of the 
symbio8c unit.   
 
Among the 81 iden8fied polyke8de synthase gene sequences from lichenizing fungi, 38 belong to 
the type I non-reducing category. These proteins are generally large, featuring mul8ple enzyme 
ac8ve sites. The founda8onal architecture of non-reducing lichen entails a starter acyl carrier protein 
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transacylase (SAT), a ketosynthase (KS), an acyltransferase (AT), an acyl-carrier protein (ACP), a 
product template domain (PT), and a terminal domain comprising either thioesterase (TE), claisen 
cyclase (CYC), or reductase (R), (Staunton & Weissman, 2001; Weissman, 2015).  Of note, The type I 
non-reducing PKS architecture in lichens encompasses only the SAT-KS-AT-PT-ACP-TE domains, 
resembling those implicated in the biosynthesis of aroma8c polyphenols.   
 
This biosynthesis structure applies in the forma8on of usnic acid, a common lichen secondary 
product, the carbon atom for which originates from acetate while two methyl groups derive from S-
adenosylmethionine, (Abdel-Hameed et al., 2016).   
 
Lichen used in tradi8onal medicine was reviewed as early as 1921 and more recently by Crawford, 
2015, and Upre8 et al. 2007, although not comprehensive reviews, they provide an opportunity for 
further research, par8cularly in bioinforma8c studies, (Crawford, 2019; Smith, 1922; Upre8 & 
Cha'erjee, 2007) 
 
A viable approach to delineate the func8ons of uncharted genes associated with secondary products 
involves the applica8on of s8muli to induce metabolite produc8on. Environmental altera8ons exert 
a profound influence on lichen secondary metabolism, with factors such as the availability of UV 
light, the origin of carbon, and desicca8on during periods of drought being per8nent examples, 
(Brunauer et al. 2007; Deduke, Timsina, and D. 2012; Elshobary et al. 2016).  This technique has been 
used to induce C. grayi to produce grayanic acid, enabling the related gene cluster to be iden8fied, 
(Culberson & Armaleo, 1992).  Inves8ga8ng the impact of stressors arising from changes in 
environmental factors on organisms necessitates innova8ve field-based methodologies to 
comprehend the intricate interplay between climate fluctua8ons, ac8va8on or inhibi8on of 
biosynthe8c genes, transcrip8onal expression, and secondary metabolite synthesis. 
 
 

4.5.2  Secondary metabolite produc-on in O. parella 
 
The symbio8c associa8on between photosynthe8c algae or cyanobacteria within lichen and the 
biosynthesis of secondary metabolites presents significant research poten8al in the quest for novel 
bioac8ve agents.  This poten8al is paralleled by the secondary product genera8on resul8ng from co-
associated bacteria (Calco' et al., 2018).   
 
The availability of data on lichen secondary metabolite produc8on from the literature is limited, 
reviewing a rela8vely limited number of lichen species. In this instance, the pharmacological 
proper8es of several O. parella secondary metabolites have been researched and summarised in 
[Appendices: Table 40]. 
 
Gyrophoric acid (GA) a secondary product with a molecular formula C24H20O10, Figure 38A, 
modulates several cellular pathways rela8ng to cardiovascular disease, diabetes, and cancer.  This 
compound is a polyaroma8c depside with func8onal carboxyl and hydroxyl side groups that can 
target specific enzyma8c ac8ve sites.  Gyrophoric acid has been shown to affect topoisomerase 1, 
compromising cell viability and resul8ng in apoptosis.  Beyond poten8al applica8ons in cancer 
treatment, these cytosta8c effects may extend to exert broader control over cell growth and 
differen8a8on, (Cardile et al., 2017; Mohammadi et al., 2022). 
 
The chemical structures of gyrophoric and vulpinic acids (VA), Figure 38B, have been recognized for 
their role as ultraviolet filters. In human kera8nocytes, both compounds, at non-toxic doses below 
400 µM, exhibit in vitro photoprotec8ve proper8es, preven8ng cytotoxicity, apoptosis, and 
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cytoskeletal degrada8on. This outcome holds promise for the development of future UV-protec8ve 
products, (Lohezic-Le Devehat et al., 2013; Varol et al., 2016).  The mechanism of GA-mediated 
apoptosis is unclear; however, parallels with other lichen metabolites, such as usnic acid, suggest 
similari8es as apoptosis markers, (Goga et al., 2019). 
 
In addi8on to its capacity to circumvent cytotoxic and apopto8c effects induced by UV light, GA 
demonstrates effec8ve an8microbial ac8vity against various bacterial and fungal pathogens, coupled 
with robust an8oxidant protec8on, (Ranković et al., 2008).   
 
 

4.5.3  Secondary metabolite produc-on in R. siliquosa 
 
There exist 246 dis8nct species within the Ramalina genus worldwide, displaying considerable 
diversity in polyke8de produc8on (Moreira et al., 2015b). This variability encompasses the synthesis 
of β-orcinol depsides and depsidones, wherein usnic acid stands out as the predominant cor8cal 
compound, (Esslinger, 2021) 
 
In studies of Ramalina siliquosa complex found in Bri'any, ten main compounds were iden8fied. In 
Table 18, the first six en88es delineate the chemotypes – primarily depsidones, a type of 
polyphenolic compound composed of two or more monocyclic aroma8c units linked by an ester 
group.  The presence of these compounds play a role in dis8nguishing the differen8a8on between R. 
siliquosa species, (Parrot et al., 2013). 
 
 
Table 18: Literature sources quoing pharmacologically acive chemical secondary extracts idenified from R. 
siliquosa.  An undefined grouping of 22 minor compounds, such as connorsicic acid, perisicic acid, 
conhypoprotocetraric acid, varioliic acid, gangaleoidin, physodic acid, and coquimboic acid have also been 
idenified requiring further study 

Secondary Product Descrip>on and proper>es References 
(1) Salazinic acid A depside with a lactone ring, the presence or 

absence of which can help dis5nguish between 
species of lichen.  It has been shown to have 
an5microbial proper5es in vitro and may be a potent 
modulator of key signalling pathways in colorectal 
cancer cells.  It also serves as an an5oxidant and 
photo protectant.  The salazinic acid content of R. 
siliquosa has been shown to increase as the annual 
mean temperature increases and can be higher on 
south-facing stone. 

(Fagnani et al., 2022; Hamada, 
1982; Manojlović et al., 2012) 

(2) Peristictic acid A b-orcinol depsidone, possible ac5on as a 
superoxide anion scavenger with compara5ve 
potency to ascorbic acid and low human cell toxicity. 

(Elix & Wardlaw, 2000; Ismed et 
al., 2017) 

(3) Cryptostictic acid A depsidone with a high radical and superoxide 
scavenging abili5es. 

(Bay et al., 2020; Gadea et al., 
2017) 

(4) Protocetraric acid Broad spectrum an5microbial proper5es against 
pathogenic microbes including SARS-CoV-2 and 
selec5ve an5fungal ac5vity. 

(Fagnani et al., 2022; Nishanth et 
al., 2015) 

(5) Stictic (scopuloric) acid Demonstrates an5oxidant, cytotoxic and apopto5c 
effects in vitro. 

(Lohézic-Le Dévéhat et al., 2007; 
Pejin et al., 2017) 

(6) Norstictic acid A selec5ve allosteric transcrip5onal regulator 
func5oning as an an5-cancer agent, targeted 
an5bacterial ac5vity and can reduce some tumour 
growths.  Environmentally involved in metal 
homeostasis by forming pH-dependent metal 
complexes affec5ng intracellular metal uptake. 

(Garlick et al., 2021; Hauck et al., 
2010) 
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(7) Hypoprotocetraric acid A secondary compound demonstra5ng bactericidal 
proper5es and effec5ve within a period of 0-6 hours 
from kine5c 5me kill assay studies. 

(Culberson, 1965; Culberson & 
Hale, 1973; Neeraj et al., 2011; 
Parrot et al., 2013) 

(8) 4-O-demethylbarbatic 
acid 

Demonstrates an5bacterial and an5-cancer 
proper5es and linked to the forma5on of atranorin 
(a depside) in lichen as a precursor compound. 

(Kim et al., 2021; LaGreca et al., 
2020; Michele� et al., 2021; 
Punniyako� et al., 2023) 

(9) Usnic acid An abundant lichen metabolite with an5bio5c 
proper5es against S. aureus, enterococci, and 
mycobacteria.  The secondary product has ultraviolet 
absorp5on and preserving proper5es.  Usnic acid is 
toxic and tools such as encapsula5on release 
systems are required to overcome this 
pharmacological obstacle to fully exploit the 
an5tumour, an5viral and an5parasi5c proper5es. 

(Cocchievo et al., 2002; 
Lauterwein et al., 1995; Macedo 
et al., 2021) 

 
 
4.6  Effects of lichen secondary metabolites on biofilm forma<on and microbial 
growth 
 
Most microorganisms comprising bacteria and fungi, develop protec8ve communi8es referred to 
earlier in the text as biofilms (Bridier et al., 2017).  Biofilms are ins8gated by the a'achment of 
planktonic cells to surfaces, s8mula8ng the produc8on of extracellular polymeric substance (EPS). 
The EPS serves as a substrate facilita8ng cellular adherence, endowing resistance against external 
physical and chemical threats, and fostering a collec8ve co-metabolic existence within the 
community, (López et al., 2010).  The environmental rigours, including altera8ons in nutrients, 
temperature extremi8es, desicca8on, pH fluctua8ons, as well as physical and UV-induced threats 
exerted upon biofilms confer protec8ve advantages in diverse ecological, industrial, and medical 
environments, (Flemming et al., 2016).  These advantages pose formidable challenges to human 
endeavours, manifes8ng as environmental encrusta8ons, conduit obstruc8ons, the forma8on of 
slime and suppor8ng the prolifera8on of pathogenic en88es on for example, crucial medical 
apparatus such as catheters and within water purifica8on systems. The biofilm provides a template 
for the development of phenotypic variants, in part a result of horizontal gene transfer, within the 
coopera8ve network of bacteria.  The EPS is adept at providing physical protec8on to cells contained 
in the matrix and provides a substan8ve barrier to hinder the entry of an8microbial compounds 
(Bridier et al., 2017). 
 
The biofilm EPS ini8ally forms a condi8oning layer on the a'achment surface comprising of 
polysaccharides and proteins serving as a robust scaffold to a'ract addi8onal cellular affixa8on.  
Subsequent planktonic cells adhere to the precondi8oned surface, impelled by the nega8ve charge 
of the outer membrane, bonding through hydrophobic, electrosta8c, and van der Waals forces. 
These ini8ally feeble forces are subsequently for8fied by the EPS, evolving into a suppor8ve matrix 
wherein cells and extraneous materials aggregate. As the EPS accumulates proteins, nucleic acids, 
and lipids, it develops into a three-dimensional, charged, and hydrated structure, proficient in 
sustaining a nutrient-rich environment for the enclosed cellular consor8um. This matrix, facilita8ng 
chemical diffusion, nutrient provisioning, metabolic toxin dispersion, and waste removal, engenders 
cellular communica8on within the biofilm community. The for8fying influence of the matrix persists 
un8l diffusional inefficiencies prompt biofilm disengagement, inducing network fragmenta8on and 
affording opportuni8es for fresh colonisa8on. 
 
Biofilms confer heightened resilience to various environmental stressors upon microorganisms 
ensconced within the EPS matrix, affording protec8on against deleterious condi8ons that would 
typically compromise or exterminate planktonic cells.     
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Removing the biofilm presence from architectural substrates poses formidable challenges, typically 
necessita8ng interven8ons of a physical or chemical nature. However, these removal methodologies 
may render the substrate structurally compromised, rendering it suscep8ble to subsequent 
biological and chemical assaults. Leveraging natural an8microbial agents for biofilm a'enua8on or 
eradica8on encompasses strategies such as inhibi8ng persister cell forma8on, a phenomenon 
wherein cells assume a state of diminished growth, bolstering tolerance to an8microbial 
interven8ons, or impeding pivotal steps in microbial primary metabolic pathways. Disrup8on or 
impairment of the biofilm structure presents an opportune moment to expose biofilm-embedded 
bacteria to an8microbial agents. Strategies encompassing the inhibi8on of biofilm produc8on, 
coupled with the role of an8microbial agents, open avenues for the explora8on of secondary 
products derived from lichens, with poten8al an8-biofilm and an8microbial a'ributes, (Beloin et al., 
2014).   
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PRACTICE: Assessment of an<microbial efficacy of secondary metabolites  from lichen 
Ochrolechia parella and Ramalina siliquosa against deteriora<ve growth of mould 
Penicillium chrysogenum and bacterium Staphylococcus aureus 
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Abstract 
 
 
 
The diverse bioac8ve poten8al of lichen-derived secondary metabolites, encompassing 
an8microbial, an8oxidant, an8viral, and an8-inflammatory ac8vi8es, is well-established. However, 
despite the recognised poten8al of lichens as reservoirs of these valuable compounds, research 
exploring the impact of climate-driven weather extremes on their secondary metabolite produc8on 
and an8microbial profiles, par8cularly in the context of construc8on materials, remains limited. This 
chapter addresses this cri8cal gap by inves8ga8ng the extrac8on, isola8on, and an8microbial 
evalua8on of secondary metabolites from two coastal lichen species, Ochrolechia parella and 
Ramalina siliquosa, known for their resilience to extreme weather condi8ons. The study aims to 
assess their poten8al as sustainable and eco-friendly an8microbial agents for comba8ng 
biodeteriora8on on tradi8onal building materials.  
 
The inves8ga8on delves into the largely unexplored poten8al of coastal lichens as a source of 
sustainable and effec8ve an8microbial agents for the protec8on of tradi8onal building materials. 
Resilient lichens, Ochrolechia parella and Ramalina siliquosa, thrive in harsh coastal environments, 
sugges8ng a unique metabolic profile with poten8ally valuable an8microbial proper8es. Through 
careful extrac8on, isola8on, and evalua8on of their secondary metabolites, the study aims to 
iden8fy bioac8ve compounds with potent ac8vity against Penicillium chrysogenum and 
Staphylococcus aureus, two major microbial contributors to biodeteriora8on in buildings.  
 
By unearthing bioac8ve an8microbials from natural sources, this research establishes a founda8onal 
chemical framework with twofold purpose: guiding microbial biosynthesis and facilita8ng in vitro 
chemosynthesis of commercially viable an8microbial agents. This research not only offers a 
promising approach to comba8ng the increased microbial growth observed on tradi8onal surfaces 
due to climate-induced environmental changes, but also contributes to the development of 
environmentally friendly an8microbial solu8ons while seeking to establish a founda8on for future 
an8microbial development in the construc8on industry. 
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4.7 Introduc<on 
 
The colonisa8on of buildings by microorganisms can lead to surface coverage, loss of original 
tradi8onal materials, and irreversible changes to the substrate where microorganisms flourish.  The 
nature of the physico-biological nature of the building is highly dynamic and subject to con8nuous 
changes under influences from the environment.  Even minor shiIs in microclima8c condi8ons can 
disrupt the balance between the environment and the build surface, triggering biodegenera8ve 
processes.  Understanding the interac8ons is crucial to preven8ng damage and providing insight into 
environmentally focused restora8on and conserva8on treatments.   
 
Lichen O. parella and R. siliquosa grow in coastal and island loca8ons across the north of Scotland, 
tolera8ng extreme weather condi8ons, the la'er providing a food source for grazing animals during 
the winter.  The deteriora8on of exterior building elements leading to cracks and water entry 
provides ideal condi8ons for prolifera8on on the interior surfaces of the building such as wallpaper, 
post-1950s plasterboard and adhesive pastes.  These internal surfaces comprise organic compounds 
including diverse nutrients such as cellulose, and other carbon sources providing a stable nutri8onal 
anchorage for rapid microorganism growth and dissemina8on.   
 
The prac8ce sec8on pertains to the explora8on of how innova8ve configura8ons in microbial 
biosynthesis can propel tradi8onal building conserva8on forward amidst the backdrop of climate 
change, par8cularly by allevia8ng the biodeteriora8on of built heritage.  The biochemical processes 
involved in the biodegrada8on orchestrated by moulds and bacteria residing on both interior and 
exterior surfaces manifest environmentally induced responses, giving rise to the forma8on of ini8al 
biofilm colonies and subsequent microbial prolifera8on. The pace of biodeteriora8on gains 
momentum enhanced by the availability of nutrients, water, and warmth. 
 
This study operates on the premise that less deleterious microorganisms when subjected to 
analogous environmental s8muli, undergo similar s8mula8on for growth and engage in compe88ve 
interac8ons with moulds and bacteria. Compe88on is enacted through the produc8on of secondary 
metabolites serving as an8microbial agents to the targeted microorganism. The core hypothesis 
suggests that by successfully iden8fying an8microbial secondary metabolites that may provide 
compe88ve advantage over other microbial colonisa8on, a framework is established to derive 
an8microbial synthe8c analogues designed from sustainable and natural sources. These frameworks, 
in turn, serve as templates for the formula8on of natural conserva8on treatments. The cul8va8on of 
a library of an8microbial secondary products emerges as a promising bioconserva8on strategy. This 
strategy is designed to enhance ongoing maintenance and repair efforts, aimed at mi8ga8ng 
climate-accelerated bioerosion in the context of heritage preserva8on. 
 
 

4.7.1  Challenges for Secondary Metabolite Research 
 
The inves8ga8on into the produc8on of secondary metabolites by communi8es is challenging when 
cul8va8ng and sustaining lichens within laboratory environments. Lichens, characterised by slow 
growth rates spanning 0.01 to 64 mm per annum, predominantly gravitate towards the lower end of 
this spectrum. The protracted lifespan coupled with languid growth poses a conundrum for in vitro 
experimenta8on, as altera8ons in environmental parameters exert substan8al impacts on metabolic 
pathways and ensuing chemical profiles, (Deduke, Timsina, & Piercey-Normore, 2012).  The obligate 
symbio8c nature of lichens further complicates endeavours to segregate the photobiont from the 
mycobiont for the progression of compara8ve gene8c inves8ga8ons. Despite these challenges, 
innova8ve methodologies have yielded the sequencing and registra8on of more than 80 polyke8de 
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synthase (PKS) gene clusters in lichens, inclusive of commonplace accessory genes like cytochrome 
p450 and FAD-dependent oxidases, as registered on GenBank, (Gunawardana et al., 2021). 
 
Usnic acid emerges as the focal point among bioac8ve secondary metabolites derived from lichens. 
Its molecular representa8on C18H16O7; 2,6-diacetyl-7,9-dihydroxy-8, 9b-dimethyl-1, 3(2H, 9ßH) - 
dibenzofurandione, has limited solubility in water which necessitates systema8c explora8on of 
op8mal solvents for extrac8on. Ethanol, posited as a viable alterna8ve to the commonly employed 
acetone, has exhibited pharmaceu8cal relevance. Nevertheless, the selec8on of a solvent requires 
considera8on beyond efficiency, encompassing safety, health, and environmental implica8ons, 
(Ahmad et al., 2017).   
 
While acetone is a predominant solvent for lichen secondary product extrac8on as illustrated in the 
extrac8on of gyrophoric acid from Umbilicaria hirsuta (Goga et al., 2019),  diverse solvents with 
varying polari8es present the prospect to extract a broader spectrum of bioac8ve compounds.  Post-
solvent extrac8on, filtra8on followed by vacuum evapora8on is typically employed to separate 
bioac8ve compounds from the solvent. The scru8ny of compe88ve interac8ons among lichens has 
led to methodological advancements, such as the explora8on of non-random associa8ons between 
thalli groups to discern coexistence pa'erns. The nearest neighbour model stands out as a promising 
predictor of degrees of compe88on in dis8nct lichen communi8es, spotligh8ng synthesised products 
for poten8al an8microbial scru8ny, (Armstrong & Welch, 2007; Bha'acharyya et al., 2016) 
 
Thin layer chromatography (TLC) serves as a methodology for segrega8ng and assessing the 
presence of secondary lichen products within extrac8ons and may be augmented by the 
incorpora8on of mass spectrometry as a complementary technique suppor8ng product 
iden8fica8on, (Le Pogam et al., 2017).  Micro extracts from lichen fragments can be 
chromatographed u8lising a two or three-eluent system, with resul8ng compound spots assigned 
rela8ve front (RF) values for comparison to known lichen substances. Although a straigh5orward 
procedure, the determina8on of RF values is 8me-consuming and resource-intensive. Prepara8ve 
TLC, leveraging a macro scale with adsorbent silica, expedi8ously isolates individual compounds 
within lichen extracts, facilita8ng rapid purifica8on with minimal eluent volumes.  Detectable zones 
extracted from the silica plate enable the isola8on of reasonably pure compounds from the 
chromatogram (Wing & Bemiller, 1972).   
 
The synergis8c combina8on of prepara8ve TLC and mass spectrometry processes has found 
extensive applica8on in the analysis of secondary products, contribu8ng to metabolic gene knockout 
and gene cluster iden8fica8on across diverse organisms, (Bertrand & Sorensen, 2018; Medema et 
al., 2015; Nepal & Wang, 2019; Rutledge & Challis, 2015).  Nevertheless, secondary products are 
complex consis8ng of an array of molecules displaying varying proper8es.  Isola8ng and ionising 
specific molecules can be challenging as several dominant ions may mask molecules of interest.  The 
complex spectra resul8ng from unknown compounds can be challenging to decipher as spectral 
databases are unlikely to be sufficiently comprehensive to iden8fy these novel complex compounds, 
an opportunity for future researchers. 
 
The assessment of minimum inhibitory concentra8ons of lichen secondary products impac8ng 
bacterial growth is effec8vely conducted by u8lising 96-well plates and serial dilu8on protocol. 
Determining the minimum concentra8on at which bacterial growth stops or is prevented and 
evalua8ng poten8al inhibi8on of biofilm forma8on cons8tutes a straigh5orward yet resource-
intensive procedure, (Andrews, 2001; Ben-David & Davidson, 2014).   
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4.7.2   Materials and Methods 
 

4.7.2.1 Lichen Secondary Product Collec<on and Extrac<on 
 
O. parella and R. siliquosa samples were collected from North facing, heritage stonework at an 
extreme weather site at Yell, Shetland, 60°34'21.9"N 1°11'20.9"W, Figure 49.  Approximately 150g of 
each specimen was collected, air-dried, and stored in sealed bags for transporta8on. 
 

 
 

Figure 49: R. siliquosa (lez) and O. parella (right) prior to their retrieval from colonised stonework situated on 
a geographically isolated and climaically challenging coastal island within the North Sea region.  Both lichen 
species exhibit prolific growth at the collecion site, demonstraing resilience to environmental factors 

 
 
Samples of mould and bacteria were collected from three loca8ons within the premises, at a site 
where water damage and the prolifera8on of microorganisms was apparent on the surfaces, Figure 
50.  Care was taken to ensure collec8on sites were free from animal and bird contamina8on. 
 
 

 
 

Figure 50: Samples of mould collected from damp surfaces of interior walls. White mould, situated on damp 
wallpaper (lek of image), was iden-fied as the source of a dis-nc-ve odour, commonly accompanied by a 
confluence of mould species such as Cladosporium, Penicillium, and Aspergillus. On the right, the presence of 
black mould exemplifies Stachybotrys prolifera-on. The images illustrate the manifesta-on of mould growth on 
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damp wallpaper, thriving due to the abundance of carbon and a diverse array of nutrients present within the 
wallpaper, underlying paste, and the wall substrate 

 
 

4.7.2.2 Sampling methods 
 
Several microbial sampling methods are commonly u8lised including swabbing – a sterile swab 
collects the sample and is suspended in nutrient medium – impac8on – collec8ng and blowing 
sample air across a solid surface – and direct pla8ng – pressing nutrient agar directly onto the 
microbial sample area.  For the purposes of this study two methods were applied, needle sampling 
and adhesive tape. 
 
Needle sampling involves the asep8c extrac8on of minute biological samples from the material 
surface, thereby minimising intrusion, and damage to the underlying substrate. The u8lity of this 
method is constrained by the limited scope of analyses applicable to the extracted samples. The 
paucity of informa8on regarding the distribu8on of the sample and its rela8onship to neighbouring 
microorganism colonies restricts comprehensive analysis. Nonetheless, the method excels in species 
iden8fica8on while mi8ga8ng the impact of extrac8on on the material. 
 
Conversely, the adhesive tape method entails transferring informa8on from surface microorganisms 
to a glass slide for microscopic staining and iden8fica8on. The width of the tape facilitates a more 
expansive representa8on of the sample and its surrounding colony, providing an accurate depic8on 
of spa8al rela8onships between organisms. The effec8veness of the method relies on selec8ng an 
adhesive strength that minimally damages surface lamina8ons, especially when clima8c or pollutant-
induced delamina8on has occurred. Colonies, sourced from interior Penicillium chrysogenum and 
Staphylococcus aureus, were cul8vated on agar plates commensurate to the nutrient profile of the 
organism.  The adhesive tape-affixed samples were placed on the agar plate surface. 
 
Microorganisms that breach material surface layers, frequently cause delamina8on or crumbling. 
The me8culous extrac8on and collec8on of biomasses a'ached to moist or crumbling material using 
both these methods and sterile instruments can be undertaken with minimal disrup8on to the 
microbiome colonising the test area. 
 
Culturing microorganisms on media plates tailored to their specific nutrient requirements is integral. 
Staphylococcus aureus thrives on standard nutrient agar or nutrient broth, while Penicillium 
chrysogenum flourishes on DG18, [Appendices: Table 41] or malt extract agar, [Appendices: Table 
42]. Incuba8on periods vary; op8mal growth condi8ons for P. chrysogenum occur at 23°C and pH 3-
4.5, with a poten8al dura8on of up to three weeks. The bacterium in this grouping, S. aureus, readily 
proliferates on nutrient agar or in nutrient broth at 36°C, typically achieving growth overnight. 
 
In supplement to specimens procured from the in situ site, laboratory-purified samples of S. aureus 
and P. chrysogenum were acquired from ATCC as samples in reserve in the event of issues with 
collected sample viability.  
 
 

4.7.2.3 Solvent selec<on and usage 
 
Solvents exhibit inherent characteris8cs of polarity, either polar or non-polar. The determina8on of 
the polarity of a solvent is con8ngent upon the evalua8on of its dielectric constant. Polarity, a 
fundamental a'ribute, manifests in various physical proper8es, notably impac8ng surface tension 
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and solubility. For instance, water, exemplifying a strongly polar solvent, manifests a dielectric 
constant of 80 at 20°C, underscoring its polarity. Conversely, solvents a'aining dielectric constants 
below 15 are deemed nonpolar.  In comparison, the dielectric constant for methanol is 32.6 and 
ethanol 24.3 at 20°C.  The dielectric constant is defined as the ra8o of the electric permeability of 
the material to the electric permeability of free space.  It is expressed as a func8on of temperature.  
The higher the numerical value of the constant the greater the ability of the solvent to dissolve salts. 
 
The significance of polarity is par8cularly evident in the extrac8on of compounds from organic 
sources, wherein the polar nature of solvents plays a decisive role. Organic compounds such as 
sugar, alongside inorganic en88es like sodium chloride (NaCl), exhibit strong polarity, rendering 
them soluble solely in highly polar solvents like water. 
 
Efficiency in solvent extrac8on within organic samples is con8ngent upon various factors, including 
par8cle size, solvent to solid ra8o, extrac8on temperature, and dura8on. Each of these parameters 
influences the process of extrac8ng chemical products from organic matrices.  Within the realm of 
pro8c solvents, the propensity to donate protons (H+) to solutes through hydrogen bonding is a 
defining characteris8c. Water (H2O), an omnipresent pro8c solvent, serves as a notable example.  
 
Conversely, polar apro8c solvents lack an acidic proton while retaining their polar nature. 
Exemplifying this category, acetone (C3H6O), engages with strong acids and bases, demonstra8ng 
miscibility with water and methanol. 
 
In the context of solvent selec8on for extrac8on studies, secondary metabolites, characterised by 
reduced polarity, necessitate less polar solvents. In this study, methanol is chosen as the solvent, 
given its capacity to facilitate the solubility of a wide range of secondary metabolites. Conversely, 
primary metabolites such as carbohydrates and proteins, displaying a predilec8on for water 
solubility, are less likely to be extracted from the lichen source during the methanol extrac8on 
process. 
 
 

4.7.2.4 Solvent extrac<on procedure 
 
From the air-dried specimens gathered, 50 grams of lichen are ground u8lising a pestle and mortar, 
aiming to op8mise the surface area accessible to the solvent. Subsequently, 200 ml of methanol is 
introduced into a stoppered flask, ini8a8ng an extrac8on process within an agitator, las8ng 48 
hours. Employing a vacuum filtra8on pump and filtra8on apparatus, each specimen is filtered to 
eliminate solid debris from the resultant extract. The obtained extracts are subjected to evapora8on 
within a vacuum evapora8on chamber, facilita8ng the determina8on of the weight of the desiccated 
extract sample for each lichen [Appendices: Table 43] 
 
The extrac8on yield (6) for each lichen is defined as: 
 
 

 𝑌𝑖𝑒𝑙𝑑	%	 = 	
𝑀𝑎𝑠𝑠	𝑜𝑓	𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒	𝑖𝑛	𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑀𝑎𝑠𝑠	𝑜𝑓	𝑡ℎ𝑒	𝑑𝑟𝑖𝑒𝑑	𝑙𝑖𝑐ℎ𝑒𝑛	𝑠𝑎𝑚𝑝𝑙𝑒

	× 	100 (6) 

  
 
 
 
Using the standard dilu8on equa8on (7), a solu8on of each extract was formulated to a 
concentra8on of 10 mg ml-1 in methanol.  The formula is used to calculate an unknown quan8ty 
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where two solu8ons are propor8onal, where C1V1 is the concentra8on or amount and the volume at 
the start of the dilu8on and C2V2 is the concentra8on or amount and volume required on comple8on 
of the dilu8on. 
 
 

 𝐶"	 	× 	𝑉$ 	= 	𝐶$ 	× 	𝑉$ (7) 
 
 
 

4.7.2.5 Assessment of an<microbial ac<vity of the extracted lichen compounds 
 
Three different agar plates were prepared, DG18 agar and Malt Extract Agar for P. chrysogenum, and 
Nutrient Agar for S. aureus.  DG18 agar serves as an op8mal medium for general-purpose mould 
propaga8on, characterised by a reduced water content rela8ve to other agars. This characteris8c 
impedes the rapid prolifera8on of fungal spores and mi8gates bacterial growth, thereby minimising 
poten8al sources of interference and contamina8on.   
 
Each agar plate underwent inocula8on with P. chrysogenum and S. aureus, respec8vely, prior to the 
introduc8on of sterile cellulose discs laden with either the control substance (methanol) or the 
lichen extract in methanol. Four sterile cellulose discs were prepared for each agar plate. Of these, 
one disc was inoculated with 2 µl of methanol, represen8ng the control, with an explicit placement 
on each plate. The remaining three discs were individually impregnated with 2 µl of lichen extract, 
allowed to dry, and subsequently posi8oned onto the agar plate, [Appendices: Figure 76]. 
 
Dis8nct incuba8on periods were ins8tuted for each agar plate. S. aureus underwent a 24-hour 
incuba8on at 36°C, while P. chrysogenum was op8mally cul8vated at 23°C under a pH range of 3-4.5, 
with an extended dura8on of up to three weeks. 
 
 

4.7.2.6 Separa<ng, iden<fying, and isola<ng individual lichen extracts 
 
The presence of a range of secondary metabolites within an organic solvent such as methanol must 
be verified to confirm extrac8on was effec8ve and to inform the appropriate technique to isolate the 
number of secondary products in the extract.  The technique u8lised to isolate and iden8fy the 
presence of secondary products in the extract is thin layer chromatography. 
 
 

4.7.2.6.1 Confirming the presence of mul6ple extracted compounds 
 
Thin layer chromatography (TLC) is a separa8on technique for quan8ta8ve and qualita8ve analysis.  
TLC stands as a pivotal separa8on technique employed in both quan8ta8ve and qualita8ve analyses. 
The method involves the applica8on of a thin layer of a sta8onary phase, typically silica gel, onto an 
inert substrate, such as an aluminium plate. Func8oning as the mobile phase, a liquid solvent 
transports the samples under examina8on across the plate, effec8ng the separa8on of the sample 
into dis8nct compound components 
 
It is crucial to note that the mobile and sta8onary phases exhibit disparate proper8es. The sta8onary 
phase is characterised by high polarity. In this par8cular inves8ga8on, the mobile phase consists of a 
solvent mixture comprising dichloromethane (dielectric constant 8.93 at 20°C) and methanol, which, 
in contrast to the sta8onary phase, manifests non-polar a'ributes. AIer the separa8on process, the 
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visual detec8on of spots, that is, the visual representa8on of deposited compounds,  is facilitated 
under ultraviolet light. 
 
Quan8fica8on is achieved by determining the ra8o of the distance travelled by the substance 
rela8ve to the baseline of origin, divided by the total distance covered by the mobile phase. This 
ra8o is termed the retarda8on or reten8on factor, denoted as, Rf.  The schema8c representa8on of 
the chromatographic separa8on and iden8fica8on of compounds within an unknown extract is 
illustrated in Figure 51. 
 

 
 

Figure 51: Fabricaing a Thin-Layer Chromatography (TLC) plate, wherein the plate, inscribed and bearing a 
minute aliquot of the extract, is introduced into a sealed glass jar containing an eluent comprised of 10% 
methanol and 90% dichloromethane. The eluent ascends the silica gel matrix affecing the migraion of 
compounds inherent to the extract. The Relaive front (Rf) value is ascertained by evaluaing the distance 
traversed by the extracted compound from the baseline and the extent covered by the solvent front azer the 
process.  The completed plates can be viewed [Appendices: Figure 78] 

 
 
Procedure: 
 
TLC plates, commercially procured and composed of silica gel affixed to an inert binder of calcium 
sulphate on an aluminium substrate, are, due to the fragile composi8on of the plate, carefully 
labelled. A fine pencil demarca8on, situated approximately 10-15 mm from the base of the plate, 
establishes the line of origin. This mark designates the area where the analyte will be deposited for 
subsequent analysis. 
 
A micro-capillary tube is used to apply a minute aliquot of the extract to the baseline. Subsequent to 
applica8on, the solvent undergoes controlled evapora8on to preclude interference with the mobile 
phase. Mul8ple samples are consecu8vely deposited on the baseline, maintaining adequate spa8al 
separa8on to prevent samples blending. 
 
Within a screw-top separa8on chamber housing a strip of filter paper extending from the rim to the 
base, a solvent mixture comprising 10% methanol and 90% dichloromethane is introduced to a 
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depth not surpassing 10 mm. The filter paper ensures a saturated solvent environment for the TLC, 
facilita8ng op8mal separa8on. 
 
Subsequent to the assembly of the TLC plate into the separa8on chamber, the solvent ascends the 
plate, carrying components of the eluate. Extrac8on is terminated when the solvent advances 
approximately 15 mm from the top of the plate. 
 
The apex of the advancement of the solvent, termed the solvent front, is lightly delineated with a 
pencil. Post-extrac8on, the TLC plate undergoes visualisa8on under ultraviolet light, and the 
observed sample deposits or spots are outlined using pencil markings. 
 
Thin layer chromatography encounters limita8ons dictated by the prerequisite for the solubility of 
the target component in the mobile phase. The Rf, calculated from the chromatograph, is recorded. 
In this instance the Rela8ve front Rf determined from the chromatograph was recorded though not 
used for iden8fica8on purposes due to limita8ons of the procedure when compara8ve compounds 
are either not yet iden8fied (as in this study) or not available.   
 
 

4.7.2.6.2 Applica6on of Prepara6ve Thin-Layer Chromatography for the Separa6on and 
Isola6on of Cons6tuents from Lichen Species O. parella and R. siliquosa 
 
Prepara8ve thin-layer chromatography (PTLC) represents a methodology employed for the 
concurrent separa8on, isola8on, and extrac8on of minute quan88es of compounds, thereby 
effec8ng the purifica8on of samples derived from the ini8al extract. Analogous to thin-layer 
chromatography (TLC), PTLC cons8tutes a separa8on technique u8lising a sta8onary phase, typically 
involving a more substan8al coa8ng of silica on either glass or aluminium. The mobile phase, 
exploi8ng the polar a'ributes of the solvent, facilitates the segrega8on of components within the 
mixture. While PTLC may lack the sensi8vity characteris8c of high-performance liquid 
chromatography, its adaptability and efficiency render it a valuable method for purifying minute 
amounts of compounds. 
 
Procedure: 
 
Employing mul8ple plates, a dot coding applied to one of the upper corners of each plate serves as a 
means of iden8fica8on for individual plates and avoiding plate contamina8on. 
 
Extracts exhibi8ng an8microbial ac8vity are subjected to PTLC, with each extract allocated to a 
separate plate. This process facilitates the separa8on of ac8ve compounds within the extract, 
purifying the samples for subsequent iden8fica8on, either by confirming Rf value comparisons, 
through mass spectrometry, or the assessment of bioac8ve an8microbial of compounds. 
 
The eluent, composed of 90% dichloromethane and 10% methanol, is applied to sit below the 
straight line on which the extract is deposited. It is impera8ve that the extract is thoroughly dried 
before introducing the plate and sealing the container, Figure 52. A fine do'ed line, drawn 1 cm 
from the top of the plate, serves as an indicator signifying the comple8on of the process. 
 
When the solvent reaches the upper do'ed line, the plate is carefully extracted, it is subsequently 
allowed to air-dry in a well-ven8lated environment. 
 
Under UV light, the plate reveals the compound lines which are carefully demarcated using the fine 
point of a scalpel or a soI pencil, ensuring the preserva8on of the integrity of the silica layer. Once 
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marked, the plate is carefully scraped, with each silica segment transferred into individually labelled 
glass falcon tubes [Appendices: Figure 79]. 
 
To each falcon tube, 5 ml of methanol is introduced, followed by vortex agita8on for 15 seconds, a 
procedure repeated five 8mes. Centrifuga8on is then employed to compact the silica within the 
falcon tubes. 
 
The extract segment undergoes filtra8on and is subsequently stored in small glass screw-top bo'les. 
The use of glass is impera8ve throughout the procedure to preclude exposure to plas8cs, which may 
introduce minute par8cles of contaminants. 
   
The mass of the secondary product extracted within the methanol is determined by evapora8ng the 
methanol samples prior to recons8tu8ng the solu8ons in up to 1 ml of methanol to standardise the 
concentra8ons. The resultant samples are stored at 5°C. 
 
 
 

 
 

Figure 52: Preparatory TLC plate within the solvent container.  Filter paper is included to maintain a consistent 
solvent saturaion.  A 20 mm margin is allowed around the plate to miigate contaminaion or damage from 
handling the plate 

 
 

4.7.2.6.3 Inves6ga6ng the inhibitory effect of preparatory TLC extracts from O. parella and R. 
siliquosa on microbial growth 
 
Procedure 
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Agar media plates were prepared by the asep8c pouring of autoclaved warm agar into sterile petri 
dishes. Three different sets of agar plates were prepared, DG18 agar and Malt Extract Agar, for 
op8mal growth of P. chrysogenum, and Nutrient Agar to cul8vate S. aureus. 
 
The respec8ve plates were inoculated with each of the biodeteriora8ng microbes, P. chrysogenum 
and S. aureus from liquid broth cultures with the addi8on of one cellulose disc per plate containing 
the control (methanol).   
 
Four asep8cally prepared cellulose discs were allocated to each agar plate. One cellulose disc on 
each plate received 2 µl of methanol as the control, while the remaining three discs were spot-
inoculated with 2 µl of lichen extract, allowed to asep8cally dry, and subsequently introduced onto 
the agar surface. 
 
The incuba8on parameters for each microbial strain varied, with S. aureus subjected to a 24-hour 
incuba8on period at 36°C and P. chrysogenum op8mal at 23°C for a dura8on of up to 3 weeks. 
 
 

4.7.2.6.4   Measuring the effect of bioac6ve extracts in micro6ter bioassay serial on S. aureus 
and P. chrysogenum growth 
 
Micro8ter assays represent a quan8fica8on approach for determining the concentra8on of an ac8ve 
an8microbial compound, offering a convenient and cost-effec8ve means to assess potency. This 
method involves a sequen8al dilu8on of the original sample, maintaining a constant dilu8on factor 
(a tenfold decrease in concentra8on for each step) to create a series of progressively less 
concentrated samples. The applica8on of a dilu8on factor of 10 facilitates the precise measurement 
of extremely low substance concentra8ons, par8cularly advantageous in evalua8ng the 
an8microbial efficacy of secondary metabolites.  
 
Within an8microbial suscep8bility tes8ng, broth dilu8on stands as a fundamental method. This 
procedure entails the prepara8on of ten-fold dilu8ons of the an8microbial agent in a liquid growth 
medium within a 96-well micro8tra8on plate. Each well receives microbial inoculum, prepared in the 
same medium following dilu8on of a standardised microbial suspension adjusted either to 0.5 
McFarland scale or with turbidity set to 1.6 ± 0.5 at 630 nm using a spectrophotometer. Subsequent 
to thorough mixing, the micro8tra8on plate undergoes incuba8on under condi8ons conducive to the 
growth of the test microorganism. 
 
Various potency metrics, such as the minimum inhibitory concentra8on (MIC) and minimum 
bactericidal concentra8on (MBC), offer insights into the bioac8vity of an8microbial agents. The MIC, 
defined as the lowest concentra8on inhibi8ng visible microorganism growth aIer overnight 
incuba8on, serves as a cri8cal parameter (Andrews, 2001).  Conversely, the MBC is the an8microbial 
concentra8on preven8ng all bacterial cell growth. In the context of ini8al assessments of secondary 
metabolite an8microbial ac8vity, the MBC may not be applicable due to insufficient concentra8ons. 
The study primarily concentrates on inhibitory concentra8ons influencing visible growth, determined 
through op8cal density measurements of bacterial turbidity. The MBC or minimum fungicidal 
concentra8on (MFC), also known as the minimum lethal concentra8on (MLC), represents the 
concentra8on needed to eliminate 99.9% of the final inoculum aIer a 24-hour incuba8on, 
determined through sub-culturing samples onto agar plates to ascertain surviving cell counts (CFU 
mL-1).  
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Un8l the MIC is a'ained, the an8microbial agent concentra8on is deemed non-inhibitory (NIC), as it 
does not constrain bacterial growth. Beyond the NIC threshold, the MIC triggers observable, and 
measurable reduc8ons in bacterial growth. As the compound concentra8on escalates, it may 
achieve the MBC, hal8ng all bacterial growth. MIC determina8on employs a semi-quan8ta8ve test 
providing an approximate value for the lowest secondary metabolite concentra8on needed to 
impede the growth of the selected bacteria or mould. The micro8ter method assesses sample 
turbidity, a property influencing op8cal density measurements, genera8ng data for graphical 
representa8ons of inhibitory effects.   
 
The turbidity of the ini8al microbial solu8on is gauged before use in well-plates, adjusted within the 
appropriate nutrient medium to an approximate OD of 1.6 ± 0.5 at 630 nm. Each 96-well plate 
adheres to the format depicted in Figure 53 and Figure 54, featuring two control rows for baseline 
comparisons. Row H serves as the control for absorbance under normal bacterial growth condi8ons, 
while Row A gauges the absorbance of microbial growth influenced solely by the addi8on of 
methanol, assessing poten8al impacts of the methanol solvent used in lichen sample extracts on 
microbial growth. 
 
 
 

 
 

Figure 53: The spaial disposiion of 96-well plates established for the invesigaion. Measurement of 
unimpaired microorganism growth absorbance is conducted along row H. The evaluaion of the impact 
stemming from the inclusion of methanol in the sample addiives (methanol exclusively) on absorbance 
measurements of microorganism growth is delineated within the control row A.  Serial diluions begin from an 
extract concentraion of 100 µg ml-1 and diluted 10-fold between diluion 1 (100 µg ml-1) through to sample 
diluion 11 (1.00E-08 µg ml-1).  Note: Data recorded for graphical and bar graph analysis, wells 2 – 12 
correspond to serial diluions 1-11 on both analysis graphs.  The extract concentraion in well 2 iniiates the 
serial diluions with 100 µg ml-1 as the base 
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Figure 54: 96-well plate layout for plates 1 to 3.  Layout for plates 1-3 analysing the animicrobial impact of 
extracted and purified samples O. parella 1,2,3,5,9,10, and R. siliquosa 3 and 10 

 
 

4.7.3  Results 
 

4.7.3.1 Solvent extrac<on 
 
The extrac8on yield for the two lichen species collected from the coastal site loca8on was R. 
siliquosa at 2.84% and O. parella at 5.45%, [Appendices: Table 43] 
 
 

4.7.3.2 Assessment of an<microbial ac<vity exhibited by the extracted lichen compounds 
 
An8microbial ac8vity in both the R. siliquosa and O. parella extracts resulted in an8bacterial 
interference, resul8ng in zones of inhibi8on of microbial growth, across all three plates.  Each plate 
incorporated a control disc comprising of methanol only, to ascertain the absence of inhibitory 
effects on microbial growth a'ributable to methanol, [Appendices: Figure 76].  No zones of inhibi8on 
were discerned around the control discs on any of the test plates.  The diametric measurements of 
the inhibi8on zones varied with dimensions ranging from 8 mm observed on the P. chrysogenum 
plates to 11 mm indicated on the S. aureus plates.  The observed zones of inhibi8on serve as 
indicators of the inhibitory effects of compounds derived from each lichen isolate on the targeted 
microbial species, [Appendices: Figure 77]. 
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4.7.3.3 Separa<ng and iden<fying individual compounds from lichen methanol extracts 
 
The preparatory plates facilitated chromatographic separa8on for the individual lichen extracts.  
Assessment of the separa8on quality on preparatory TLC plates involves gauging the distance and 
sharpness between the extract fronts as delineated in Figure 55 and Figure 56.  Limita8ons inherent 
in the technique have the poten8al to obfuscate the demarca8on between each cons8tuent within 
the extract.  In the event of such occurrences, similar proper8es are likely to manifest between 
adjacent isolates on the preparatory plate during the an8microbial evalua8on.  Consequently, the 
lichen extract may be separated using different polarity solvents prior to isola8on on the preparatory 
plate. 
 
 
 

 
 

Figure 55: Preparatory TLC plate separaing extracts obtained from O. parella.  Variaions in the line-front are 
common, reflecing imperfecions in the silica layer varying resistance to the eluent as it rises upwards, 
deposiing component compounds 
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Figure 56: Preparatory TLC plate separaing extracts obtained from R. siliquosa.  Variaions in the line-front is 
common, reflecing imperfecions in the silica layer varying resistance to the eluent as it rises upwards, 
deposiing component compounds 

 
 
In addi8on to silica varia8ons on the plate, separa8on varia8ons may also occur depending on the 
appropriateness of the solvent to each isolate and changes to the temperature within the 
chromatography chamber.    
 
 
 

 
 

Figure 57: Colour variaions denote separaion zones on the TLC preparatory plate,  discernible when 
subjected to short-wave ultraviolet light.  The disincive striaions of individual compounds are observable and 
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assigned sample codes on the respecive lichen plates.  Specifically, codes A1 – 10 correspond to ten discreet 
isolates originaing from the extract of lichen O. parella; while codes B1 – 11 pertain to eleven disinct isolates 
derived from the lichen R. siliquosa.  The silica area between striaions can be extracted from the plate 
facilitaing the isolaion of purified compounds isolate from the lichen extract 

 
 
Compound separa8on for O. parella and R. siliquosa yielded dis8nct stria8on bands on each 
chromatography plate facilita8ng the extrac8on of individual bands for subsequent analysis.  Similar 
in the reten8on factor Rf fronts corresponding to A1/B1, A2/B2, A4/B5, B8/B9 suggest there may be 
similarity in secondary products obtained from both lichens, Figure 55 and 56.  To validate this 
hypothesis, a recommended approach involves conduc8ng chromatography runs with pure samples 
of known secondary products under iden8cal condi8ons and subsequently comparing the Rf values 
of these reference samples with those obtained from the lichen extracts.  This verifica8on process 
was deferred a'ributed to the cost and resource commitments associated with the comprehensive 
iden8fica8on of the numerous extracted samples.  The mass of silica plus secondary product extract 
obtained from each silica zone from the preparatory TLC plates in Figure 57 is tabulated and 
displayed graphically [Appendices: Table 44]. 
 
 

4.7.3.4 Inhibitory effect of purified extracts from O. parella and R. siliquosa on microbial 
growth 
 
The zone of inhibi8on delineates a region devoid of microbial prolifera8on observed proximal to a 
treated disc on an agar plate, indica8ng the impact of the test compound on microbial growth.  The 
magnitude of the zone of inhibi8on is indica8ve of the suscep8bility of the microorganism to the 
an8microbial agent [Appendices: Table 45]. 
 
 

4.7.3.5 An<microbial inhibitory effects by O. parella and R. siliquosa extracts on the growth 
of S. aureus  
 
Cellulose discs each impregnated with a different extract per disc are posi8oned onto nutrient agar 
plates inoculated with S. aureus designated plates 33 to 40.  Following an overnight incuba8on 
period, the presence or absence of zones of inhibi8on surrounding each disk is delineated as in 
Figure 58. 
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Figure 58: Plates 33 – 36 (O. parella secondary metabolite extracts, samples 1-10: S. aureus grown on nutrient 
agar) and Plates 37 – 40 (R. siliquosa secondary metabolite extracts, samples 1-11: S. aureus grown on nutrient 
agar). The formaion of inhibitory halos indicates animicrobial acivity.  Zones of inhibiion are observed on 
Plate 33 (sample 1: 9mm), (sample 2: 8 mm), (sample 3: 8 mm), Plate 34 (sample 5: 13 mm), Plate 35 (sample 
9: 11 mm), Plate 36 (sample 10: 11 mm), Plate 37 (sample 3: 12 mm) 

 
 

4.7.3.6 An<microbial inhibitory effects by O. parella and R. siliquosa extracts on the growth 
of P. chrysogenum 
 
The extract-treated cellulose discs posi8oned on P. chrysogenum inoculated agar plates 1 to 16 are 
illustrated in Figure 59. 
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Figure 59: Plates 1 – 4 (O. parella secondary metabolite extracts, samples 1-10: P. chrysogenum grown on 
DG18 agar), plates 5 – 8 (R. siliquosa secondary metabolite extracts, samples 1 - 11: P. chrysogenum grown on 
DG18 agar), plates 9 – 12 (O. parella secondary metabolite extracts, samples 1-10, grown on medium malt 
extract agar), plates 13 – 16 (R. siliquosa secondary metabolite extracts, samples 1-11: P. chrysogenum grown 
on medium malt extract agar).  Zones of inhibiion are only observed on Plate 8 (sample 10: 11 mm) 

 
The agar disc-diffusion methodology proves unsuitable for ascertaining the minimum inhibitory 
concentra8on (MIC) due to the inherent limita8on of accurately quan8fying the diffusion of the 
an8microbial agent within the encompassing agar medium. Nonetheless, the disc-diffusion approach 
offers dis8nct advantages in terms of its simplicity, cost-effec8veness, and u8lity in assessing the 
efficacy of various microorganism-an8microbial agent combina8ons. Furthermore, it furnishes a 
straigh5orward framework for the interpreta8on of successful outcomes.  A summary of the 
secondary metabolite extracts on cellulose discs recording any an8microbial ac8on resul8ng in 
inhibi8on zones around the discs are presented in Table 19. 
 
 
Table 19: Summary observaions and measurements of inhibiion zones resuling from sample lichen extracts 
from O. parella and R. siliquosa.  The recorded samples successfully demonstrated inhibitory effects on S. 
aureus and P. chrysogenum growth 

Lichen secondary 
metabolite samples 

 
S. aureus 

 

 
P. chrysogenum 

 
O. parella 
Sample 1 
Sample 2 
Sample 3 
Sample 5 
Sample 9 
Sample 10 

 
9 mm 
8 mm 
8 mm 

13 mm 
10 mm 
11 mm 

 
- 
- 
- 
- 
- 
- 

R. siliquosa 
Sample 3 
Sample 10 

 
12 mm 

- 

 
- 

11 mm 
 
 

4.7.3.7 Micro<ter Results based on Turbidity 
 
The analy8cal framework assessing the an8microbial impact of isolated secondary metabolites on 
microbial growth provides a systema8c approach interpre8ng micro8ter results derived from serial 
dilu8ons of an8microbial agents.  The parameter determining minimum inhibitory concentra8on 
(MIC) values indicates the lowest concentra8on of an an8microbial agent at which visible microbial 
growth is inhibited. 
 
The systema8c analysis follows a structured approach to presen8ng the micro8ter results from the 
serial dilu8ons.  Data is collected from each well in the micro8ter place, the concentra8on of the 
an8microbial agent and the corresponding microbial growth or inhibi8on observed and recorded 
[Appendices: Table 46-53]   
 
Line graphs represent and inspect the rela8onship between an8microbial concentra8on and 
microbial growth in the form of sample-concentra8on response curves.  The analysis seeks to 
iden8fy trends and pa'erns in the data that may reveal dose-dependent inhibitory effects. 
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Graphs based on the op8cal density readings for decreasing concentra8ons of respec8ve secondary 
products are presented in Figures 60 through to Figure 67, below.  Absorbance values are displayed 
as op8cal density (OD), measured at OD 630 for all samples.  The turbidity measurement of microbial 
cultures is widely used to determine the cell number of growing microorganisms in a culture.  OD 
ranges vary between 580 and 650 depending on the op8cal set up on the photometer by the 
manufacturer.  This fact OD values vary depending on the instrument is relevant restric8ng 
comparison of results to reference or literature values. 
 
Serial dilu8ons begin from an extract concentra8on of 100 µg ml-1 and diluted 10-fold between 
dilu8on 1 (100 µg ml-1) through to sample dilu8on 11 (1.00E-08 µg ml-1) 
 

 
 
 

 
 

Figure 60: Graph plo�ng the animicrobial effect of sample 10, extracted from O. parella.  S. aureus bacterial 
growth is inhibited at concentraions in wells 1,2,3.  The inhibitory effect decreases as the extract is diluted 
between cells 3 and 11. Data is based on turbidity measurements at OD 630 [Appendices: Table 46] 
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Figure 61: Graph plo�ng the animicrobial effect of sample 9, extracted from O. parella.  S. aureus bacterial 
growth is inhibited at concentraions in wells 1 and 2.  The inhibitory effect decreases as the extract is diluted 
between cells 2 and 11.  Data is based on turbidity measurements at OD 630 [Appendices: Table 47] 

 
 

 

 
 
Figure 62: Graph plo�ng the animicrobial effect of sample 5, extracted from O. parella.  S. aureus bacterial 
growth is inhibited at concentraions in wells 1, 2 and 3.  The inhibitory effect of the sample on bacterial 
growth is most pronounced between cells 8 and 11.  Data is based on turbidity measurements at OD 630 
[Appendices: Table 48] 
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Figure 63: Graph plo�ng the animicrobial effect of sample 1, extracted from O. parella.  S. aureus bacterial 
growth is inhibited at well 1 concentraion.  A strong inhibitory effect of the sample on bacterial growth 
coninues through to cell 8.  There appears slight microbial growth simulaion in wells 9 to 11.  Data is based 
on turbidity measurements at OD 630 [Appendices: Table 49] 

 

 
Figure 64: Graph plo�ng the animicrobial effect of sample 2, extracted from O. parella.  S. aureus bacterial 
growth is inhibited from well 1. The effect gradually reduces between well 1 and well 11.  Data is based on 
turbidity measurements at OD 630 [Appendices: Table 50] 
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Figure 65: Graph plo�ng the animicrobial effect of sample 3, extracted from O. parella.  S. aureus bacterial 
growth is inhibited from well 1 and 2.  The effect gradually reduces between well 3 and well 10.  Growth 
exceeds the control in well 11. Data is based on turbidity measurements at OD 630 [Appendices: Table 51] 

 

 
Figure 66: Graph plo�ng the animicrobial effect of sample RS3, extracted from R. siliquosa.  S. aureus 
bacterial growth is inhibited between wells 1 to 7.  The effect gradually reduces between well 7 and well 11.  
Data is based on turbidity measurements at OD 630 [Appendices: Table 52] 
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Figure 67: Graph plo�ng the animicrobial effect of sample RS10, extracted from R. siliquosa.  P. chrysogenum 
fungal growth is inhibited between wells 1 to 10.  Data is based on turbidity measurements at OD 630 
[Appendices: Table 53] 
 
 
Standard error bars displayed on graphs 60 to 67 are indicators as to the degree of dispersion 
exhibited by the data around the mean value.  Low spread implies the data clusters around the 
mean, a more extensive spread signifies greater variability from the mean.  An addi8onal 
determinant of the standard error spread pertains to the reliability of the mean value in accurately 
represen8ng the dataset. A reduced standard error spread corresponds to heightened data 
reliability, although it is impera8ve to note that larger error bars do not inherently invalidate the 
dataset.   
 
In instances where the standard devia8on error bars exhibit escala8ng degrees of overlap, it may 
suggest that the observed differences lack sta8s8cal significance. Such an inference necessitates 
confirma8on through rigorous sta8s8cal tes8ng. Conversely, non-overlapping standard devia8on 
error bars indicate a poten8al significance in differences, though this observa8on does not 
conclusively establish sta8s8cal significance. In the present experimental context, the constrained 
sample size poses challenges in conduc8ng a sta8s8cally robust analysis, rendering it arduous to 
draw defini8ve conclusions. 
 
To enhance the inferen8al precision of the analysis, a more extensive sample size ('n') is desirable, as 
it would yield narrower error bars and more accurate es8ma8ons of true popula8on values. For each 
error bar in the aforemen8oned graphs, 'n' is limited to 2, underscoring the experimental 
constraints. The discernible trends in the graphs, coupled with the observed error bar overlaps, 
suggest a discernible pa'ern of ac8on for each an8microbial agent, though with larger sample sizes 
the degree of confidence, determined by establishing probability values, will affirm sta8s8cal 
significance. 
 
 



205 
 

4.7.4 Analysis and Discussion 
 
The iden8fica8on of an8microbial proper8es in natural sources, exemplified by the explora8on of 
tree bark extracts in Peru, has paved the way for the development of biocidal solu8ons with 
enhanced sustainability. While challenges regarding long-term efficacy, poten8al degrada8on, and 
higher ini8al produc8on costs remain, the inherent specificity and environmental compa8bility of 
natural an8microbials posi8on them as promising candidates for sustainable biocontrol strategies. 
 
Suppor8ng the ini8al observa8ons of inhibi8on zones using disc diffusion assays, six extracts derived 
from O. parella demonstrably exhibited an8microbial ac8vity against S. aureus. Ini8al concerns 
regarding the poten8al iden8ty of secondary metabolites in extracts OP1, OP2, and OP3, arising 
from their adjacency on the prepara8ve TLC plate, were refuted by the dis8nct an8microbial profiles 
displayed by each extract at equivalent strengths. Minimum inhibitory concentra8ons (MICs) for all 
extracts ranged between 1 and 100 µg ml-1, Figure 68. As an8cipated, decreasing extract 
concentra8ons resulted in diminished an8microbial effects, transi8oning from complete inhibi8on to 
decelerated microbial growth without complete eradica8on, as evidenced by residual growth in 
wells. 
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Figure 68: Summary analysis of the animicrobial effects of lichen extracts from O. parella and R. siliquosa.  
These effects are categorised as MIC, slowed growth, and minimal effects on growth, on two microorganisms, 
S. aureus and P. chrysogenum.  Extract concentraions are in serial diluion and presented in µg ml-1 

 
 
While the O. parella secondary metabolites exhibited no an8microbial response against P. 
chrysogenum, R. siliquosa extract RS10 demonstrated a dose-dependent inhibitory effect. At the 
highest concentra8on tested (100 µg/ml), RS10 significantly suppressed P. chrysogenum growth. 
However, this effect diminished rapidly with decreasing extract concentra8on, becoming 
undetectable below 10-5 µg ml-1. These findings suggest that RS10 contains poten8al an8fungal 
compounds whose ac8vity is concentra8on-dependent. 
 
This contrasts with the observed ac8vity against S. aureus, where only one R. siliquosa extract, RS3 
displayed any inhibitory effect. Notably, the MIC range for RS3 against S. aureus was considerably 
wider,  100 - 10-4 µg ml-1, compared to the MIC for RS10 against P. chrysogenum at 100  µg ml-1. This 
implies that the bioac8ve compounds within RS3 are potent even at lower concentra8ons of 10-5 µg 
ml-1 making it the most potent an8microbial in the tes8ng samples against S. aureus. 
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Overall, these results highlight the differen8al an8microbial poten8al of secondary metabolites 
within O. parella and R. siliquosa, with dis8nct efficacies and concentra8on specifici8es observed 
against S. aureus and P. chrysogenum.  
 
The results suggest several points about the dis8nctness and ac8vity of the lichen extracts. Despite 
their proximity on the preparatory TLC plate, extracts OP1, OP2, and OP3 displayed differen8al 
an8microbial profiles, indica8ng unique chemical composi8ons rather than contamina8on between 
layers. Similarly, extracts OP9 and OP10 exhibited dis8nct ac8vity pa'erns. Notably, extract RS10 
demonstrated an8microbial effects against the mould P. chrysogenum, while O. parella lacked such 
ac8vity. 
 
However, the applica8on of secondary metabolite an8microbials necessitates careful considera8on 
of poten8al adverse effects on building occupants. Human bodies harbour diverse ecosystems of 
beneficial microorganisms, known as microbiomes, that play crucial roles in host defence, including 
the gastrointes8nal microbiome. Consequently, risk assessment is paramount before employing 
an8microbials on building interior surfaces. Broad-spectrum or targeted an8microbials can disrupt 
these microbiomes, poten8ally leading to serious physiological consequences. Nevertheless, the 
extracts derived from non-toxic lichens found on and around buildings minimises risks at low 
concentra8ons. Nonetheless, compliance with health and safety protocols requires thorough 
toxicological screening of any secondary metabolites to assess their poten8al impacts on human 
occupants. 
 
When assessing health concerns, determining the minimal effec8ve dose in product development, 
relies on establishing the minimum inhibitory concentra8on (MIC) of the an8microbials. While 
various methods exist, this study employs the standardised dilu8on technique to quan8fy in vitro 
an8microbial ac8vity. This method measures the lowest concentra8on inhibi8ng microbial growth, 
as defined by visual turbidity measurements in µg ml-1. EUCAST guidelines are adopted to ensure 
uniform result evalua8on. 
 
The discovery of an8microbial proper8es within natural sources on which this study is based has 
been founda8onal for the development of modern biocides, an8oxidants and diverse 
pharmacological applica8ons. While challenges such as long-term efficacy, poten8al degrada8on, 
and higher ini8al produc8on costs need to be addressed, the specificity and environmental 
compa8bility of natural an8microbials make them promising candidates for sustainable biocontrol. 
 
Lichens, with their remarkable adaptability to diverse environments marked by varied pH, 
temperature, ultraviolet light, and water satura8on cycles, offer a compelling source of such 
products. While the metabolic processes underpinning this robustness remain elusive, secondary 
metabolites play a key role in conferring environmental tolerance. This suggests flexibility in lichen 
species and provides an insight that relates to them ac8va8ng different gene clusters depending on 
the environment. 
 
One of the two lichen inves8gated, O. parella, exhibits environmentally dependent produc8on of 
secondary metabolites, par8cularly with respect to light intensity. This necessitates further 
inves8ga8on to op8mise harves8ng periods and understand the environmental impacts on both the 
availability and potency of these valuable compounds throughout the year. 
 
This research argues against the indiscriminate use of concentrated, broad-spectrum synthe8c 
chemical treatments. Instead, it proposes iden8fying synergis8c combina8ons of compa8ble 
secondary metabolites capable of targe8ng a wider range of organisms. This approach offers the 
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poten8al for effec8ve an8microbial ac8vity at lower doses, thereby mi8ga8ng environmental 
contamina8on risks. 
 
Determining the minimal effec8ve dose relies on establishing the minimum inhibitory concentra8on 
(MIC) of the an8microbials. While various methods exist, this study employs the standardised 
dilu8on technique to quan8fy in vitro an8microbial ac8vity. This method measures the lowest 
concentra8on inhibi8ng microbial growth, as defined by visual turbidity measurements in µg ml-1. 
EUCAST guidelines are adopted to ensure uniform result evalua8on. 
 
By focusing on MIC levels of natural an8microbials and targe8ng specific interac8ons, these results 
based on O. parella and R. siliquosa extracts, pave the way for a more sustainable approach to 
biocontrol, minimizing environmental impact and poten8ally enhancing efficacy through synergis8c 
combina8ons.  
 
In the evalua8on of the efficacy of secondary metabolites for use in conserva8on, compara8ve 
assessments against synthe8c alterna8ves establish important benchmarks. Natural agents may 
degrade faster due to their organic nature, requiring more frequent applica8on, and their ini8al 
extrac8on and purifica8on can be expensive, increasing conserva8on costs. However, long-term 
benefits are likely to emerge. The abundant supply of organic precursors combined with poten8ally 
lower research and development costs for natural products compared to complex, and poten8ally 
environmentally toxic, synthe8c alterna8ves can ul8mately prove advantageous. 
 
Another advantage is how advances in gene8c sequencing have fuelled a renewed interest in 
secondary metabolites. Iden8fying gene clusters responsible for their biosynthesis is a necessary 
step to commercialisa8on. Though slow lichen metabolism poses challenges, gene edi8ng 
techniques and computa8onal in silico approaches offer tools to accelerate unlocking their poten8al.  
By harnessing the power of gene8c technology and a nuanced understanding of microbial resistance, 
full poten8al of these nature-derived solu8ons can be unlocked for a sustainable and healthy built 
environment. 
 
Opera8onalising this strategy for applica8on in the construc8on industry demands a deep 
understanding of an8microbial mechanisms to address biodeteriora8on and its interac8on with 
climate change. This knowledge can pave the way for construc8ng natural product combina8ons 
that not only enhance effec8veness but also impede microbial adapta8on and resistance 
development.  This is par8cularly effec8ve in construc8on when dealing with a range of materials 
and biodeteriora8on accelerated by external factors such as more frequent extreme weather events. 
 
An8microbial efficacy hinges on interference with key cellular processes, including cell wall 
synthesis, membrane integrity, nucleic acid synthesis, ribosomal func8on, and folate pathways. 
Dissec8ng these mechanisms has been integral to designing effec8ve an8microbial combina8ons 
and mi8ga8ng microbial adapta8on and resistance. 
 
Cell wall composi8on dictates suscep8bility - bacteria rely on pep8doglycan, while fungi possess 
chi8n-reinforced walls and ergosterol-rich membranes. This disparity translates to contras8ng 
resistance profiles, providing some insight into the contras8ng an8microbial results of secondary 
metabolites from R. siliquosa and O. parella demonstrated in this study. Bacterial agents generally 
target pep8doglycan assemblies, whereas an8fungal drugs disrupt ergosterol synthesis, leading to 
impaired membrane fluidity and integrity. 
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Delving deeper into resistance, bacterial mechanisms are be'er understood, involving plasmid and 
phage-mediated gene8c exchange. Fungal mechanisms, however, remain shrouded in obscurity due 
to the lack of standardized DNA transfer assessment methods. 
 
Among bacterial targets, the cell wall stands out. An8microbials can hamper cell wall synthesis, 
disrupt ion pumps and efflux mechanisms, or destabilise pep8doglycan, ul8mately rendering the cell 
vulnerable to osmo8c lysis. 
 
Ribosomes and their associated protein synthesis machinery are another crucial ba'leground. 
An8bio8cs can bind ribosomal RNA, disrupt messenger RNA reading frames, or inhibit ergosterol-
synthesizing cytochrome P450 enzymes in fungi, effec8vely hal8ng protein produc8on. 
 
Nucleic acid metabolism offers another avenue for interven8on. An8microbial penetra8on through 
the cell wall allows targe8ng of enzymes cri8cal for DNA replica8on and repair, causing deoxyribose 
strand breaks that stall replica8on and transcrip8on. 
 
Bacteria possess addi8onal vulnerabili8es in the form of growth-specific metabolic pathways. 
Targe8ng enzymes involved in folate conversion, nucleo8de biosynthesis, or chemical signalling 
pathways can stall bacterial growth. Iden8fying the specific mechanisms affected by individual 
secondary metabolites is crucial when developing synthe8c improvements from naturally sourced 
lead compounds for craIing effec8ve an8microbial combina8ons.   
 
In conclusion, a nuanced understanding of an8microbial mechanisms, par8cularly their interplay 
with diverse cell wall structures, and their influence on resistance development is key to craIing 
effec8ve an8microbial regimens.  By harnessing the power of gene8c technology and a nuanced 
understanding of microbial resistance, full poten8al of these nature-derived solu8ons can be 
unlocked for a sustainable and healthy built environment based on a vast range of microbial 
secondary metabolites. 
 
 

4.7.5  Conclusion  
 
The study tackles the research ques8ons through a novel microbial biosynthesis-based 
bioremedia8on strategy aimed at allevia8ng climate-exacerbated biodeteriora8on in built heritage, 
offering a poten8al solu8on for preserving cultural assets.  By focusing on two coastal lichen species, 
Ochrolechia parella and Ramalina siliquosa, exposed to increased extreme weather events, the study 
explores their poten8al as sources of an8microbial secondary metabolites for combaTng 
biodeteriora8ve microbes. 
 
Through solvent extrac8on and thin-layer chromatography, eight secondary metabolites exhibi8ng 
an8microbial ac8vity were iden8fied from a total of 21 extracts. Notably, six extracts from O. parella 
and one from R. siliquosa inhibited the growth of Staphylococcus aureus, while only one extract from 
R. siliquosa displayed ac8vity against Penicillium chrysogenum. The remaining 13 extracts, despite 
lacking visible inhibi8on against the tested microbes, may possess bioreac8vity towards unassessed 
bacteria or moulds. 
 
These findings suggest that both lichen species harbour bioac8ve secondary metabolites with 
poten8al for applica8on in trea8ng biodeteriora8on on damp historic building surfaces. Further 
research is warranted to iden8fy the specific bioac8ve compounds using techniques like compara8ve 
Rf TLC, mass spectrometry, and nuclear magne8c resonance. Characterisa8on of their chemical 
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structures and func8onal groups will pave the way for synthesising synthe8c analogues, facilita8ng 
the commercialisa8on of bioremedia8on strategies for protec8ng heritage structures from climate-
induced biodeteriora8on. 
 
The inves8ga8on into lichen-derived an8microbial metabolites extends beyond the realm of built 
heritage preserva8on. These environmentally sustainable agents hold promise for broader 
applica8ons in environmental pharmacology, aligning with the growing emphasis on sustainable 
natural products. Addi8onally, the study underscores the importance of inves8ga8ng the interplay 
between environmental stressors and bioposi8ve secondary metabolites in lichens, poten8ally 
leading to the discovery of novel therapeu8c agents for various diseases. 
 
 
4.8    Chapter Summary 
 
This chapter delves into the intersec8on between climate change, the biodeteriora8on of tradi8onal 
materials by microbes, and the  realm of secondary metabolites. It unpacks the mul8-faceted 
dilemma of climate-driven material decay, showcasing the intriguing poten8al of microbial-derived 
compounds as a sustainable solu8on for safeguarding built heritage. 
 
The chapter contextualises by exploring how clima8c shiIs, primarily rising temperatures, humidity, 
and precipita8on, orchestrate the biodeteriora8on of tradi8onal materials by microorganisms, 
par8cularly moulds and bacteria. It inves8gates how these environmental fluctua8ons influence the 
growth and ac8vity of biodeteriora8ng microorganisms, focusing on their impact on tradi8onal 
materials. 
 
Environmental fluctua8ons, including those induced by climate change influence the produc8on of 
secondary metabolites by microorganisms. These biosynthesised compounds are then brought 
poten8al to protect biomaterials or influence microbial compe88on is explored. 
 
ShiIing focus to the vulnerability of tradi8onal materials in buildings, the chapter dives deep into the 
specific challenges of biodeteriora8on in this context. The types of microorganisms involved, the 
mechanisms of decay, and the environmental factors that exacerbate the problem are examined. 
 
Lichen secondary metabolites, emerges as poten8al an8microbial treatments for material 
deteriora8on.   The chapter explores how these defensive compounds can inhibit biofilm forma8on 
and microbial growth, paving the way for poten8al applica8ons in safeguarding materials. 
 
Finally, the chapter delves into the prac8cali8es of assessing the an8microbial efficacy of secondary 
metabolites extracted from specific lichen species, such as Ochrolechia parella and Ramalina 
siliquosa. Their effec8veness against pathogenic organisms like Penicillium chrysogenum and 
Staphylococcus aureus is studied in detail.   
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CHAPTER FIVE: Bioenhancement and built heritage conserva0on: 
Future direc0on for the research 
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Chapter Abstract 
 
 
The concluding chapters of this study present a cri8cal review of two key themes: the opportunity to 
create innova8ve bioprotec8ve solu8ons, and the urgent need to delve deeper into the impact of 
climate-driven biodeteriora8on on built heritage. This review is undertaken with careful 
considera8on of the implica8ons arising from the research findings presented in Chapters Three and 
Four. 
 
The well-documented changes in global temperature, the increasing frequency and intensity of 
extreme weather events, and the ongoing research detailing the effects on glaciers and global ice 
reservoirs all point towards a stark reality: these phenomena will undoubtedly have an existen8al 
impact on every facet of daily life. Simply con8nuing to apply and replicate past strategies for built 
heritage conserva8on may prove insufficient in the face of the significant climate-related challenges 
that buildings will be forced to endure. 
 
This presents a unique challenge and, simultaneously, an exci8ng opportunity. The development of 
new and adaptable technologies lies at the heart of this endeavour. These technologies must 
seamlessly weave together the reliability of past prac8ces with cuTng-edge material science and 
innova8ve manufacturing techniques. By doing so, researchers can build a broader and more robust 
por5olio of solu8ons for protec8ng our built heritage. 
 
Informed by the stringent requirements of heritage conserva8on science, this chapter outlines a 
framework for the future direc8on and poten8al avenues for further research building upon the 
founda8ons laid in chapters three and four. This framework not only seeks to safeguard cultural 
treasures but also explores opportuni8es to unlock economic and environmental value across a wide 
range of industry applica8ons.  
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5.0  Bioenhancement, built heritage and climate change 
 
The intersec8on of climate change and the bioconserva8on of built heritage is a complex and crucial 
issue, which this study has taken a crucial and mul8faceted approach, iden8fying gaps in exis8ng 
knowledge while researching bioprotec8ve op8ons to address several of the challenges.   
 
Based on the loss and poten8al threat by climate change impac8ng numerous built heritage sites,  
the consequence of inac8on erodes the context and meaning of these sites, disrup8ng 
intergenera8onal transmission of tradi8onal knowledge and prac8ces, and erasing valuable 
knowledge systems embedded in these sites.  Without singular focus, mi8ga8on and adapta8on 
measures by local authori8es and heritage associa8ons can divert resources and a'en8on away 
from heritage preserva8on, especially when economic hardships threaten maintenance budgets and 
building upkeep.  The speed of deteriora8on of heritage resources due to the increased frequency in 
extreme weather events will lead to neglect and further vulnerability of valuable cultural assets. 
 
Conversely, a focus on built heritage can become a tool for climate ac8on.  As discussed, tradi8onal 
building techniques oIen ground and embody sustainable principles.  Studying and incorpora8ng 
these prac8ces, such as lime exterior surfaces and sacrificial limewash coa8ngs, into novel bio-driven 
preserva8on research can promote climate resilience. 
 
During na8onal and local economic hardship with mul8ple demands for basic services on 
departmental budgets, opportuni8es to engender community engagement u8lising heritage as a 
tool for climate ac8on are impera8ve.  Heritage sites can serve as focal points for climate educa8on 
and local engagement, encouraging tradi8onal knowledge sharing and introducing new 
technological ini8a8ves such as bioprotec8ve surfaces and the use of natural an8microbial agents 
with both occupant health and building resilient benefits, raising awareness, and inspiring 
communi8es to engage.  Retaining and extending the use of heritage and pre-1919 buildings 
improves the priori8sa8on and alloca8on of resources in the face of limited funding.   
 
Building sufficient numbers of quality dwellings remains a constant challenge for local and na8onal 
authori8es.  The development of adapta8on strategies enabling historical and pre-1919 structures to 
be retrofi'ed for energy efficiency and resilience demonstrate prac8cal op8ons for adapta8on in 
exis8ng se'lements.  The repurposing of older buildings mi8gates the arguments for the need to 
develop new construc8on on green sites adjacent to high density loca8ons and the cost of reforming 
brown industrial sites safe for residen8al buildings.  Older buildings constructed with brick and stone 
are effec8ve heat sinks and provide a solid surface for bioenhanced lime finishes and natural 
an8microbial treatments on the building surfaces. 
 
Remote coastal and island loca8ons are par8cularly and unequally vulnerable, the impact of climate 
change is unevenly distributed.  Indigenous communi8es such as found in Islands on the North and 
West of Scotland and other geographically vulnerable regions face dispropor8onate risk.  In addi8on 
to enhancing community engagement, exis8ng legal frameworks and conserva8on prac8ces may not 
be adequate to address the complex threats posed by climate change.  Indeed, this inadequacy may 
extend to opposi8on to novel technological adapta8ons of tradi8onal conserva8on prac8ces.  
Integra8ng climate resilience into heritage policies and local authority planning prac8ces requires 
urgent a'en8on and innova8ve approaches balancing the vulnerability of climate challenges with 
the poten8al of built heritage. 
 
While the growing research on the impact of climate change on heritage tourism, more oIen a 
crucial financial contribu8on to the local economy, offers valuable insights, cri8cal gaps remain. 
Owing to the diverse and geographic spread of historic structures, many of the exis8ng studies, as 
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with this thesis, focuses on individual case studies, oIen highligh8ng drama8c threats like sea level 
rise or extreme weather events. This can be valuable for raising awareness but neglects broader 
systemic forces. A more holis8c approach is needed, examining the interplay between climate 
change, global tourism trends, and local socio-economic dynamics. Further studies that move 
beyond singular site analyses are needed to explore how shiIing climate pa'erns influence tourist 
flows, reshape des8na8on branding, and exacerbate pre-exis8ng vulnerabili8es in tourism-
dependent communi8es. Addi8onally, the field oIen overlooks the agency of local stakeholders. 
Local communi8es and cultural custodians possess rich knowledge of adap8ng to environmental 
change and should be recognised as ac8ve par8cipants in shaping resilient heritage tourism futures. 
Filling these cri8cal gaps with interdisciplinary research provides exci8ng opportuni8es for further 
research that can pave the way for sustainable and equitable heritage tourism in the face of a 
changing climate. 
 
An outcome from this study is the iden8fica8on of knowledge gaps and the limited suppor8ng 
research on the specific impacts of climate change on different types of heritage.  More data and 
scien8fic understanding are crucial for effec8ve adapta8on and mi8ga8on strategies. 
 
As the planet warms, rainfall intensifies and precipita8on pa'erns alter, amplifying the 
biodegrada8on of tradi8onal building materials.  These changing condi8ons create op8mal 
condi8ons for diverse microbial communi8es, accelera8ng their growth and degrada8on poten8al.  
As buildings become more frequently exposed to rainfall events and rising sea levels, the building 
materials, exposed to prolonged moisture, facilitate microbial access and ul8mately the structural 
integrity fails.  Altered clima8c condi8ons are likely to lead to the emergence of new microbial 
species capable of degrading materials previously considered resistant, requiring new an8microbial 
tools to address this threat from shiIing bio8c communi8es. 
 
Wood is par8cularly vulnerable to microbial a'ack, increasing the decay rate, which is of par8cular 
concern in 8mber-framed buildings and historical structures.  Though more durable, masonry is also 
suscep8ble to biodegra8on, a process enhanced by moisture and temperature fluctua8ons resul8ng 
in acidifica8on, ion chela8on, and mineral sequestra8on.  These changes in the stone surface 
material leads to compromised structural integrity and loss of cohesion. 
 
The challenges and considera8ons facing biodeteriora8on of built heritage relate to the limited long-
term data on the combined effects of climate change and biodegrada8on.  This makes it difficult to 
accurately predict tradi8onal material lifespan under future climate scenarios.  The proposal to 
bioenhance limewash by introducing biopolymer encapsulated biomineralising microorganisms is a 
new building prac8ce requiring building conserva8on prac8ces to accept material adapta8on.  
However, the long-term sustainability of construc8on materials increasingly requires considera8on 
of the biodegradability cycle of the proposed material.  Bioenhanced limewash against this criterion 
is a viable strategy, composed of tradi8onal materials, natural biodegradable polymers and bacteria 
commonly found in soil and lakes. 
 
In the event temperature rises exceed 1.5°C, further points arise for considera8on u8lising 
biomaterials and natural an8microbials in the construc8on industry.  The viability of microorganisms 
such cyanobacteria and bacteria S. elongatus and B. sphaericus  or lichens such as O. parella and R. 
siliquosa over long periods of extreme temperatures is unknown.  Similarly, the role of temperature 
and moisture varia8ons on these organisms in specific geographic regions.   
 
The concept of bioenhancement for at-risk tradi8onal building materials is for the preserva8on of 
cultural heritage and promo8on of sustainable construc8on and maintenance prac8ces.  The 
increasing threat of climate change and its impact on tradi8onal materials has spurred the search for 
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sustainable and resilient alterna8ves.  Microbial biopolymer encapsula8on proposed in this research, 
a bio-based technology, u8lises the metabolic capabili8es of microorganisms to produce protec8ve 
coa8ngs, emerging as a promising solu8on. 
 
There are several opportuni8es and poten8al challenges which need to be addressed for the 
prac8cal development of bioenhancement strategies. 
 
The development of bioenhanced limewash offers an eco-friendly alterna8ve to the applica8on of 
synthe8c water-resistant paints which are oIen reliant on energy-intensive and pollu8ng processes.  
U8lising biomineralising bacterial and cyanobacterial resources which are renewable and capable of 
developing long-term protec8ve surfaces align with green building principles and reduces the 
environmental impact.  Enhancing tradi8onal materials leverages unique proper8es and building 
sensi8vi8es, such as moisture management.  Bioenhanced materials and techniques can be tailored 
to specific material composi8ons, ensuring compa8bility with the original performance of the 
building material while minimising the harmful environmental side effects.  Compared to synthe8c 
polymers, naturally sourced biopolymers are usually biodegradable, aligning with circular economy 
principles.  The op8on to derive biopolymers from microbial synthesis extends the op8on of tailoring  
polymer structures which can be manipulated through microbial engineering, offering the poten8al 
to design coa8ngs with specific func8onali8es like UV resistance, fire retardancy and water 
repellence.   The replacement of bio-toxic treatments with microbially sourced an8microbial agents 
to minimise harmful moulds and bacteria on building surfaces are likely to be less allergenic to 
occupants without compromising biocidal effects.  
 
Compared to tradi8onal restora8on methods, bioenhancement can offer cost savings due to readily 
available or cul8vated biological materials and poten8ally less labour-intensive processes.  The 
development of natural biopolymer compounds for use in new conserva8on technologies are a 
readily available resource, the availability and lower cost making heritage preserva8on more 
accessible for communi8es with limited resources. 
 
Bioenhancement, as demonstrated with alginate encapsulated limewash can improve the structural 
proper8es and longevity of tradi8onal materials enhancing their resistance to weathering, decay, 
and mechanical stress.  This extends the lifespan of historical structures and reduces the need for 
frequent interven8ons, lowering the carbon profile associated with material manufacturing, 
employed labour, equipment usage and repe88ve maintenance schedules. 
 
The field of bioenhancement and the development of new biomaterials is s8ll in its infancy, with the 
poten8al to evolve offering possibili8es for novel func8onali8es in tradi8onal materials.  In addi8on 
to bioenhanced surfaces and self-healing proper8es, the enhancement of thermal insula8on through 
bio-based modifica8ons and bio-photo-electric enhancements to solar powered genera8on of 
electricity can add value to historical structures, without impinging on heritage conserva8on values. 
 
Though bioenhancement offer exci8ng possibili8es for developing novel func8onali8es, the 
approach must consider the challenges to be overcome to be accepted in mainstream conserva8on 
prac8ce.  The long-term performance and durability of bio-enhanced materials remain under 
inves8ga8on. Extensive research and monitoring are needed to ensure the effec8veness of these 
methods over extended periods.   
 
The incorpora8on of cyanobacteria into bioenhanced surface coverings, for example, must be 
monitored to avoid discoloura8on forming due to the photosynthe8c pigments within the cells, and 
ensure discarded rainwater from the building surface avoids contamina8ng water supplies, rivers, 
and lakes.  Similarly, the introduc8on of an8microbial agents into building materials and biocides 
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necessitates careful considera8on of poten8al health risks and unique allergenic reac8ons for 
occupants and the environment.  Thorough safety assessments and regula8ons are crucial to ensure 
responsible implementa8on. 
 
Climate change is driving significant shiIs in microbial communi8es, poten8ally accelera8ng 
biodeteriora8on processes that damage materials and infrastructure.  In this context, the 
an8microbial proper8es, in this study derived from lichens O. parella and R. siliquosa, offer intriguing 
possibili8es for sustainable bio-based protec8on.  This study explored the extrac8on and isola8on of 
a range of secondary metabolites from these sources, and cri8cally examined the impact of these 
metabolites on climate-accelerated biodeteriora8on by the mould P. chrysogenum and pathogenic 
bacterium, S. aureus, considering their efficacy, environmental implica8ons, and future direc8ons. 
 
The outcome from the study has shown promising results isola8ng a range of secondary metabolites 
from each lichen, capable of selec8vely inhibi8ng the growth and ac8vity of P. chrysogenum and S. 
aureus.  In this context, both lichens offer intriguing possibili8es for sustainable biobased protec8on.  
These finding support similar studies in plant-derived terpenes found to inhibit wood-decaying fungi.  
However, the effec8veness of secondary metabolites varies depending on several factors such as the 
specificity of the secondary product against specific organisms targeted, and the nature of the 
material being protected.   
 
Poten8ally the u8lisa8on of secondary metabolites offers eco-friendly alterna8ve to synthe8c 
biocides, however it is crucial to consider possible interac8ons and environmental impacts.  Some 
metabolites, if synthesised to give an invasive advantage to the organism could inadvertently 
introduce an ecological disrup8on in the surrounding environment. 
 
One advantage of secondary metabolites as bioac8ve compounds delivering an8microbial 
capabili8es is the rela8ve low concentra8ons required to inhibit growth.  Commercially, the large-
scale cul8va8on of selected organisms for their metabolite produc8on requires careful planning to 
ensure sustainable prac8ces and minimal resource deple8on.  It is highly likely many of the iden8fied 
natural an8microbials will become lead compounds for more effec8ve or efficient secondary 
metabolites as a result of precursor or gene8c modifica8ons altering the chemical structure of the 
metabolite.  In both natural and altered state, the environmental implica8ons must be carefully 
considered.  While cau8on is essen8al, the opportunity to explore synergis8c combina8ons of 
different metabolites and developing targeted delivery systems will lead to enhanced efficacy and a 
reduc8on of synthe8c chemical toxins currently used in material preserva8on. 
 
Current bioenhancement techniques oIen lack standardised protocols which are required for the 
scaling up of produc8on processes and for commercial viability and ease of adop8on by the end-
user.  Integra8ng biological processes and materials into building restora8on is likely to raise 
concerns among members of the public and heritage conserva8on professionals.  Long-term studies, 
peer-reviewed empirical data and effec8ve communica8on and educa8on are crucial steps to 
address misconcep8ons and garner wider acceptance for bioenhancement technologies. 
 
Concerns regarding ethical considera8ons must be considered as the use of biological agents raises 
concerns regarding  poten8al ecological imbalances, and the unpredictable nature of adap8ve 
processes such as mutagenesis, resul8ng in unintended consequences.  The involvement of peer-
reviewed research, sustainable resourcing, controlled test-applica8ons, and long-term monitoring 
are essen8al to minimise environmental risks. 
 
Designing bioenhancements for at-risk tradi8onal building materials presents an exci8ng and 
promising approach for sustainable heritage preserva8on, capable of mi8ga8ng environmental 
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changes brought about by climate change.  Addressing the challenges related to long-term efficacy, 
safety, standardisa8on, public percep8on, and ethical considera8ons is crucial for responsible and 
successful implementa8on.  Through con8nued research, development, and open dialogue, 
bioenhancement has the poten8al to revolu8onise heritage conserva8on and contribute to a more 
sustainable, climate-durable built environment. 
 
 
5.1  Future direc<on for the research 
 
The inescapable evidence for UK climate change has gained relevance within heritage conserva8on 
groups.  Assessing the performance of historical buildings under such environmental pressures has 
become crucial for their long-term preserva8on.  Drawing upon the experimental methods 
presented in the previous chapters, three strategic research direc8ons are proposed that leverage 
future climate risk assessments to inform broader advancements in the built heritage sector and 
with wider applica8on across the construc8on industry.   
 
Innova8ve strategies are essen8al to combat physicochemical erosion, address the rising of 
biodeteriora8ng microorganisms colonising tradi8onal materials, and prevent structural failure.  This 
necessitates the development of conserva8on alongside robust technologies and compa8ble new 
and hybrid materials. Such technologies such demonstrate not only responsiveness to, but even the 
ability to an8cipate detrimental environmental changes. 
 
Across the UK and Europe, ini8a8ves have been underway documen8ng the ini8al stages of the 
impact of climate change on building deteriora8on as well as assessing building vulnerability, and 
exploring adapta8on strategies for cultural heritage, (Sabbioni et al., 2008; Sesana et al., 2018).  
While research analysing these threats on the surfaces of heritage structures is growing, studies 
proposing solu8ons, methods and tools remain rela8vely scarce.  
 
Based on this shor5all, three research strategies are proposed as con8nua8ons from the discoveries 
emerging from the prac8ce elements in this thesis. These strategies, which extend the 
biopreserva8on approach with poten8al for broader applica8on in the construc8on industry, each 
target a specific aspect of climate-related degrada8on in tradi8onal materials. 
 
Bioprospec8ng, informed by the empirical findings of Chapter 4, seeks to harness secondary 
metabolites from microorganisms to combat destruc8ve moulds and bacteria. Bioprin8ng organic 
inclusions, drawing upon the empirical findings of Chapter 3, aims to enhance material performance 
by introducing bioorganic elements through novel design technologies. Finally, the development of 
designer and hybrid biopolymers is proposed as a means to complement exis8ng materials, create 
new hybrid compounds, and poten8ally replace failing tradi8onal materials altogether. 
 
This research agenda builds upon the established founda8on of biopreserva8on while pushing the 
boundaries of its applica8on, poten8ally leading to significant advancements in the field of 
sustainable built heritage conserva8on.  
 
 
5.2  Bioprospec<ng secondary metabolite bio-deterrents 
 
The resilience of the built environment hinges on its ability to withstand diverse threats. Fortunately, 
natural selec8on offers a potent arsenal in the form of secondary metabolites, organic compounds 
synthesised by living organisms beyond their core metabolic needs. These mul8faceted molecules 
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empower sustainable and durable construc8on prac8ces by offering UV protec8on, an8microbial 
prowess, an8oxidant shielding, and even biomineralisa8on facilita8on. 
 
One notable challenge faced by building materials is UV-induced photodegrada8on. Secondary 
metabolites like flavonoids produced by ac8nomycetes and polyphenols synthesised by recombinant 
bacteria can combat this issue. Their inherent UV-absorbing proper8es act as a shield, preven8ng 
surface damage and mi8ga8ng long-term sun exposure. 
 
Another pervasive threat comes from microbial colonisers. These organisms unleash a destruc8ve 
repertoire of toxins and exploit diverse degrada8on mechanisms. Fortunately, secondary 
metabolites like terpenoids exhibit potent an8microbial ac8vity. Their incorpora8on into building 
materials like limewash, wood preserva8ves, and wallpaper adhesives offers a natural defence 
against fungal decay and algal biofilm forma8on. 
 
But the benefits of secondary metabolites extend beyond direct antagonism. Certain compounds, 
such as terpenes, tannins, flavonoids, and saponins, possess excep8onal an8oxidant proper8es. 
Integra8ng these substances into coa8ngs or as addi8ves to exis8ng building products can not only 
neutralise free radicals and reduce oxida8ve damage but also degrade into environmentally 
harmless compounds over 8me. 
 
Unveiling the remarkable poten8al of secondary metabolites in construc8on requires unlocking the 
vast natural resource bank. Ini8a8ves like The LOTUS Ini8a8ve for Open Natural Products, 
documented in The Natural Products Atlas, play a crucial role in cataloguing and mapping these 
valuable tools. Maintained by researchers at Simon Fraser University, this collabora8ve effort allows 
for comprehensive explora8on of secondary metabolite research, (van Santen et al., 2019).  
Furthermore, specialised databases focusing on the bioac8vity of these compounds within the 
construc8on industry can hold economic and environmental benefits, (Singab et al., 2022).  
 
Inves8ng in this untapped field, currently hindered by underfunding, could yield innova8ve products 
with transforma8ve consequences. Biomineralisa8on techniques and environmentally compa8ble 
biocides derived from secondary metabolites have the poten8al to combat climate-induced building 
failures and safeguard the health of occupants.   
 
 

5.2.1 Developing bioac-ve compounds 
 
The reliance on natural bioac8ve compounds as inspira8on for synthe8c analogues has recently 
undergone a paradigm shiI in biochemical engineering. The focus has moved from simply replica8ng 
naturally sourced bioac8ve compounds to surpassing it, pushing the boundaries of potency and 
efficacy. This is par8cularly evident in an8microbial development, where researchers are 
transi8oning from solely characterising isolated ac8ve elements to harnessing the power of 
molecular biology. This direct targe8ng of specific receptors on pathogen cells bypasses the 
laborious process of bioac8vity-guided frac8ona8on, paving the way for the design of novel, highly 
effec8ve an8microbials with greater efficiency.  
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Figure 69: Discovery, design, and development steps for commercial development of natural animicrobial 
compounds, (Patrick, 2017).  Lichen ozen produces several secondary metabolites which act in combinaion to 
increase efficiency, detected during environmental trials.  The above process may take several years to 
successfully deliver a commercial product 

 
 
While extrac8on and purifica8on of naturally occurring an8microbials from the biosphere remains a 
cri8cal ini8al step, it cons8tutes only the first glimpse into their full poten8al. Unlocking the next 
level lies in deciphering the intricate pathways connec8ng the molecular structure of these 
compounds to their target receptors within the organism. This deeper understanding paves the way 
for the design of synthe8c agonists and antagonists, craIed to either mimic or disrupt the effects of 
the natural compound. Agonists, upon binding to their specific receptors, emulate the ac8ons of the 
original molecule, while antagonists occupy the binding site, blocking receptor ac8va8on and 
subsequently the biological response. This intricate dance between agonist and antagonist can be 
further illuminated by techniques like nuclear magne8c resonance spectroscopy (NMR). NMR 
provides invaluable insights into the iden8fica8on of epitopes, small molecules that bind to specific 
regions of a binding site, laying the groundwork for the development of lead compounds. By 
visualising the 3D structure of the natural compound and its interac8ons with target receptors, 
researchers can glean crucial informa8on for designing next-genera8on an8microbials with 
enhanced specificity and potency, pushing the boundaries of an8microbial development. 
 
 

5.2.2 Exploi-ng secondary product mechanisms of an-microbial ac-on 
 
The tradi8onal focus on mould and bacterial degrada8on of materials oIen overlooks the 
fundamental dissimilari8es in their underlying cellular machinery, poten8ally impeding the 
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development of effec8ve an8microbial strategies. Unlike bacteria, classified as prokaryotes with 
rela8vely simplis8c structures, moulds and fungi are eukaryotes possessing dis8nct organelles like 
mitochondria and a defined nucleus. This eukaryo8c complexity necessitates targe8ng diverse 
structures and metabolic processes compared to their prokaryo8c counterparts, as exemplified in 
Table 20. A singular approach to an8microbial control may therefore prove insufficient due to the 
inherent dispari8es in fungal and bacterial cellular organiza8on and func8on. Future research holds 
promise in delving deeper into these dis8nc8ons to design more precise and efficient strategies for 
material preserva8on against microbial assault. 
 
 
Table 20: Mould and bacterial animicrobial targets.  The cell wall and cell membrane are the primary barriers 
uilised by moulds against animicrobial agents.  The mould cell wall contains glucan and chiin and is a target 
for animicrobial compounds, though to be effecive, many of these agents ozen demonstrate non-
discriminaing adverse effects due to the doses required and potenial cytotoxicity of the compounds.  The cell 
wall and plasma membrane of all microbials are primary targets for bio-toxic agents as they form the primary 
layer of defence.  Examples of pharmaceuical agents targeing each of the pathways are indicated in brackets 

Bacteria (prokaryo_c) Mould (eukaryo_c) 
Damage metabolic pathways 
(animetabolites) 
 

Inhibit cell wall synthesis (Echinocandins) 

Inhibit cell wall synthesis (Penicillin) Disrupt cell membrane funcionality  
(Polyenes, Azoles) 

Disrupt the plasma membrane 
(Polymyxins) 
 

Damage fungal DNA and protein synthesis 

Impede protein synthesis (Tetracyclines) Impeding metabolic and signal pathways  
 

Prevent transcripion and translaion of 
DNA/RNA or the formaion of essenial 
proteins and enzymes (Fluoroquinolones) 
 

Disruping the producion of fungal 
virulence factors suppressing growth 

 
 
The impact of low-dose an8microbial agents with sustained growth-inhibitory effects on both 
pathogenic bacteria and moulds warrants further inves8ga8on. One promising avenue lies in the 
synergis8c poten8al of combining low-dose an8microbial agents. Such combina8ons present a 
greater challenge for pathogens to develop resistance, as the simultaneous targe8ng of mul8ple 
essen8al pathways diminishes the probability of successful compensatory muta8ons. This 
vulnerability stems from the sheer number of affected individuals within the microbial popula8on, 
effec8vely reducing the odds of a single organism acquiring adap8ve muta8ons across all targeted 
processes.   
 
In the quest for synergis8c an8microbials, natural sources offer a compelling alterna8ve to synthe8c 
compounds. Their long history of safe use and established ecological integra8on suggest poten8ally 
minimal disrup8on to natural ecosystems compared to novel synthe8c drugs. Medical folklore 
abounds with examples of naturally-derived synergies, such as the honey-vinegar blend known as 
oxymel. While neither honey nor vinegar individually exhibits potent an8microbial ac8vity, their 
combina8on in an oxymel formula8on demonstrably suppresses the growth of key pathogens like 
Pseudomonas aeruginosa and Staphylococcus aureus. Evidence suggests this synergism arises from 
the concerted impact of the organic acids in vinegar and the diverse secondary metabolites in honey 
on dis8nct cellular targets, leading to metabolic disrup8on and ul8mately, cell death, (Harrison et al., 
2023).  
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Efficient extrac8on and analysis of secondary metabolites are crucial to unlocking the full poten8al 
of natural synergies. Tailoring extrac8on processes to match the polarity of target compounds and 
employing sophis8cated separa8on and analy8cal techniques are essen8al. Rapid characterisa8on of 
chemical structures can be achieved using high-throughput spectrometry, which, coupled with 
metagenomic and metatranscriptomic analysis and chemoinforma8c tools, can illuminate the in vivo 
produc8on pathways and mechanisms of ac8on of these metabolites. The integra8on of machine 
learning algorithms enables the development of accurate predic8ve models based on mined 
bioinforma8cs data. Genomic signatures associated with enhanced secondary metabolite produc8on 
can be iden8fied using these models, facilita8ng the assessment of poten8al environmental impacts, 
par8cularly in the context of building material deteriora8on. 
 
 
5.3  Bioprin<ng organic inclusions 
 
The integra8on of live cells within biopolymer matrices into building materials using 3D bioprin8ng 
offers a transforma8ve approach to architecture. This technology enables controlled delivery and 
dynamic adapta8on of embedded biological elements within construc8on materials, developing bio-
integrated architecture and its applica8ons in the built environment. 
 
The next genera8on in bioprin8ng is evolving from addi8ve manufacturing principles developed for 
4D prin8ng.  The "fourth dimension" signifies the ability of the printed object to adapt to external 
s8muli or pre-programmed cues. This introduces responsive designs in the form of smart or 
intelligent materials, ini8ally exemplified by self-folding structures first introduced by Skylar Tibbet 
who heads the Self-Assembly Laboratory at MIT. (Chu et al., 2020).  Selec8ng appropriate materials 
for 4D prin8ng poses challenges. The material must fulfil applica8on requirements, exhibit desired 
shape memory, and adapt to layered addi8ve manufacturing. 
 
The majority of 4D Smart material research has focused on synthe8c polymers based on the 
compara8ve ease when building into the structure environmental sensor and trigger mechanisms to 
alter the molecular designs. 
 
Selec8ng appropriate smart biomaterials for 4D bioprin8ng poses several crucial challenges. The 
chosen material must not only fulfil applica8on requirements but also exhibit desired shape memory 
or physicochemical property changes in response to a desired s8mulus.  Furthermore, adap8ng this 
smart biopolymer to layered addi8ve biomanufacturing opens new possibili8es for innova8ve 
protein and enzyme layering within polymer structures, paving the way for bio-responsive materials.  
This approach transcends passive release mechanisms, enabling controlled delivery and dynamic 
adapta8on of embedded bio-elements. Gene8cally modified organisms could biosynthesise new and 
responsive polymer structures, paving the way for bio-integrated architecture. 
 
While an intriguing concept, the nascent field of 4D bioprin8ng for architectural applica8ons faces 
diverse hurdles in material selec8on and s8muli-responsive design. Biomaterial compa8bility, 
intricate layering of protein/enzyme func8onality, and gene8c engineering of bespoke polymers 
necessitate stringent considera8ons. Transcending passive release mechanisms, is an approach 
which promises dynamic adapta8on of embedded bio-elements, opening doors for bio-integrated 
architecture.  Encapsula8on of biomineralising cyanobacteria within alginate biopolymer capsules 
arguably represents a simple but effec8ve example.  Two different external release mechanisms can 
release the bacterial load from the capsule, the physical applica8on using a brush, causing the 
polymer capsules to rupture, and moisture from precipita8on on the limewash surface, triggering 
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the swelling of the biopolymer and contents release.  Both mechanisms are simple examples but 
effec8ve mechanisms which are triggered to release the contents at the most appropriate 8me. 
 
Environmentally responsive materials hold intriguing possibili8es. Piezoelectric polymers, for 
example, can transduce pressure into electricity, poten8ally powering sensors or harves8ng ambient 
energy, (Mahapatra et al., 2021), while liquid crystalline elastomers react to s8muli with mechanical 
actua8on, conver8ng kine8c energy into usable electricity within novel biopolymers, (Brighen8 et al., 
2020).   
 
Shape-memory polymers, chromogenic materials, magnetorheological materials, and photoac8ve 
polymers offer diverse func8onali8es, including manipula8ng morphology, controlling encapsulated 
material release, undergoing structural altera8ons, and influencing surface emissivity.  Shape-
memory polymers and their composites respond to diverse s8muli, manipula8ng morphology, 
controlling encapsulated material release, or undergoing structural altera8ons under light, (Dayyoub 
et al., 2022).  Chromogenic smart materials, readily formed from hydrogels or polymers, reversibly 
change colour in response to various triggers, influencing surface emissivity (Lampert, 2004).  
Magnetorheological materials, incorpora8ng nanoferromagne8c fillers, possess tuneable rheological 
proper8es under magne8c fields, (Lu et al., 2021).  Photoac8ve polymers find applica8ons in 
controlled release systems and poten8ally solar energy conversion, (Kondo, 2020). 
 
Driven by the need for sustainable heritage maintenance, bio-responsive smart biopolymers and 
bespoke addi8ve manufacturing hold transforma8ve poten8al. Self-assembling and damage-healing 
structures could significantly reduce maintenance costs and empower restora8on projects.  
Combining high-resolu8on 3D scanning with bioprin8ng offers a transforma8ve approach to intricate 
repair and replacement of heritage ar8facts. This bespoke technology enables customised assembly, 
minimises material waste, and paves the way for incorpora8ng bioprotec8ve or self-repairing 
components and opens opportunity for new business development in design and 3D digital heritage 
ar8fact libraries available to conserva8onists. 
 
The integra8on of these technologies requires addressing challenges like complexity, convergence of 
materials science and computer engineering, comprehensive tes8ng, and cost barriers.  Bioprin8ng 
for architectural applica8ons presents a paradigm shiI in the field. This technology offers a 
sustainable and adaptable approach to construc8on, with promising applica8ons in heritage 
conserva8on and beyond. Future research and development hold the key to unlocking the full 
poten8al of this transforma8ve technology. 
 
 
5.4  Designer and hybrid biopolymers - integra<ng tradi<onal and novel materials in 
sustainable heritage conserva<on 
 
The preserva8on of our built heritage necessitates a mul8faceted approach that embraces both the 
applica8on of new technologies to exis8ng materials and the development of enhanced tradi8onal 
materials. While the development of innova8ve compounds for contemporary structures holds 
significant promise for reducing the carbon footprint of the construc8on industry, tradi8onal 
materials remain a cornerstone of heritage conserva8on. Exploring the synergies between 
established methods and cuTng-edge advancements paves the way for a more sustainable and 
effec8ve approach to protec8ng the architectural legacy. 
 
Polymer science plays a crucial role in this endeavour. Understanding the fundamental structure and 
proper8es of polymers, categorised into thermoplas8cs, plas8cisers, fibres, elastomers, and 
thermosets, is essen8al for their applica8on in conserva8on prac8ces. The unique characteris8cs of 
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each category, dictated by the degree and type of interchain bonding, provide a diverse toolbox for 
material modifica8on and repair, Figure 70. 
 
Thermoplas8cs, for example, exhibit a reversible soIening upon hea8ng, offering opportuni8es for 
controlled manipula8on and reshaping. Their proper8es, influenced by factors like crystallinity and 
glass transi8on temperature, can be further tailored through the addi8on of plas8cisers. However, 
concerns regarding plas8ciser migra8on and environmental impact necessitate a cau8ous approach 
to their use in heritage contexts. 
 
 

 
 

Figure 70: Four basic structures form the polymer characterisics and determine the strength and flexibility.  
The intra-polymer and intra-polymer structural characterisics define the rigidity of the structure and the 
brixleness or ducile nature 

 
Polymer fibres, on the other hand, offer excep8onal strength and flexibility due to their ordered 
crystalline structure. These proper8es make them ideal for reinforcing weakened building elements 
and crea8ng composite materials with superior mechanical proper8es. Elastomers, conversely, 
possess remarkable elas8city but lack permanent shape reten8on. This characteris8c find applica8on 
in shock absorp8on and vibra8on dampening, poten8ally offering protec8on to heritage structures 
from environmental stresses. Thermoset polymers, with their irreversible curing upon hea8ng, 
provide another avenue for material consolida8on and strengthening. Biopolymers, such as cellulose 
and alginate, present exci8ng possibili8es in this realm. As demonstrated in chapter three their 
inherent sustainability, combined with the addi8on of lime, leads to hybrid materials with improved 
self-healing and calcium carbonate nuclea8on capabili8es. This synergy between the elas8c 
proper8es of biopolymers and the superior compressive strength of lime holds promise for the 
restora8on and reinforcement of historic structures. 
 
The ecological advantages of biopolymers are undeniable. Their low-energy footprint, renewability, 
and minimal health risks make them compelling alterna8ves to synthe8c materials in conserva8on 
applica8ons. However, challenges remain concerning their mechanical proper8es, water solubility, 
and produc8on costs. Con8nued research and development in biopolymer science, driven by their 
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biodegradability, non-toxic nature, and diverse physicochemical proper8es, offer promising solu8ons 
for overcoming these limita8ons. 
 
The construc8on industry presents a vast poten8al market for biopolymers, synthe8c biopolymers, 
and biopolymer-hybrid materials. By leveraging tools like molecular design, advanced omic 
technologies, and designer polymer chemistry, biopolymer research can be steered towards 
developing novel materials for repair and replacement in heritage contexts. This innova8ve 
approach, if embraced, can ensure the enduring legacy of built heritage while minimising 
environmental impact and promo8ng sustainable prac8ces. 
 
 
5.5  Chapter summary 
 
The integra8on of bioprotec8ve technologies into the preserva8on of tradi8onal materials offers a 
credible strategy for biodeteriora8on mi8ga8on, yet significant hurdles persist. Bio-based 
approaches leverage the metabolic capabili8es of microorganisms to combat biodegrada8ve agents, 
presen8ng several advantages in the face of climate change: environmental sustainability, reduced 
toxicity, and poten8al self-healing proper8es. Biomineralisa8on and biofilm biopolymers formed by 
beneficial bacteria act as physical barriers against destruc8ve microbes and environmental threats, 
while enzymes or an8microbial secondary compounds produced by these organisms directly target 
and neutralise biodeteriora8on agents. Addi8onally, the possibility of bioremedia8on of already 
degraded materials adds another exci8ng dimension to this approach. 
 
One key facet is the poten8al of gene8cally modified (GM) microorganisms, which adds a layer of 
complexity to the intricate interplay of opportuni8es and challenges. Targeted gene8c manipula8on 
of microbes presents compelling opportuni8es. Engineered organisms can be equipped with 
enhanced bioremedia8on capabili8es, enabling them to target and degrade harmful biodeteriogens 
more effec8vely. Moreover, the produc8on of specific an8microbial compounds or the expression of 
surface func8onali8es that inhibit colonisa8on by destruc8ve microbes can be achieved through 
gene8c manipula8on, poten8ally leading to more durable and efficacious bioprotec8ve treatments. 
This could revolu8onise the field of biotechnology by promo8ng the use of sustainable and 
environmentally friendly methods for material preserva8on. 
 
However, transla8ng the theore8cal benefits of bioprotec8on into prac8cal applica8ons for 
tradi8onal materials necessitates addressing several cri8cal challenges. Firstly, the long-term efficacy 
and durability of bio-based treatments require rigorous inves8ga8on. Environmental factors, 
material compa8bility, and poten8al interac8ons with exis8ng preserva8on methods need careful 
considera8on. Secondly, the poten8al for unintended consequences, such as the disrup8on of 
desirable microbial communi8es or the introduc8on of allergenic or pathogenic agents, necessitates 
thorough risk assessment and mi8ga8on strategies. 
 
The poten8al consequences of integra8ng GM microorganisms into bioprotec8ve strategies 
necessitates a cri8cal appraisal of the poten8al challenges. Public percep8on and regulatory hurdles 
surrounding the use of GM organisms remain significant, and robust risk assessment protocols are 
crucial to ensure the safety and environmental compa8bility of gene8cally altered microbes. 
Poten8al unintended consequences, such as the horizontal transfer of engineered genes to na8ve 
microbial communi8es or the emergence of resistant biodeteriogens, require careful considera8on 
and mi8ga8on strategies. Moreover, the ethical implica8ons of manipula8ng living organisms for 
human benefit must be though5ully addressed within the context of bioprotec8ve applica8ons. 
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Finally, the economic feasibility of bioprotec8ve technologies, par8cularly compared to established 
methods, demands further considera8on. Scalability, produc8on costs, and applica8on methods all 
influence the economic viability of these approaches. 
 
By exploring the conceptualisa8on and fabrica8on of biological and physicochemical organic 
compounds, bioprotec8ve technologies offer the poten8al for sustainable, renewable, and robust 
improvements in the durability of conven8onal materials. This advancement represents a significant 
stride towards the preserva8on of built heritage and its adapta8on to the challenges of climate 
resilience. 
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CHAPTER SIX: Conclusions  
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Built heritage faces increasing threats from climate change, with tradi8onal materials experiencing 
accelerated biodegrada8on due to complex interac8ons between biochemical, physical, and 
ecological factors. Tradi8onal repair methods struggle to keep pace with the intensifying threats of 
climate change, bioinspired and physicochemical organic compounds offer a revolu8onary path 
towards sustainable, self-healing, and adaptable materials for built heritage preserva8on. At the 
start of this study, this thesis posited that the strategic design and fabrica8on of these compounds, 
drawing inspira8on from the resilience shown by biological systems, can demonstrably enhance the 
durability and lifespan of conven8onal materials, enabling built heritage to not just survive, but 
thrive, in the face of clima8c extremes. 
 
On taking this thesis posi8on, the research unfolded within a framework constructed by posing two 
synergis8c ques8ons:  
 
The first ques8ons the mechanisms of biodegrada8on. How do climate change factors such 
as temperature, humidity, and precipita8on, impact the interac8ons between biochemical, physical 
and material proper8es, and ecological elements that drive the biodegrada8on of tradi8onal 
construc8on materials?  In what way do these key biodegrada8on pathways involved 
in biomineralisa8on and bioerosion threaten specific heritage materials under different climate 
scenarios? 
 
The second ques8ons whether through bioremedia8on and the biosynthesis of sustainable 
materials, innova8ve solu8ons can counter the erosive threat. To what extent can targeted microbial 
biosynthesis strategies be used to design and fabricate novel bio-based materials for bioremedia8on 
and protec8on of built heritage?  How can these bio-inspired materials be tailored to exhibit desired 
proper8es such as water resistance, an8microbial ac8vity and self-healing while ensuring 
compa8bility with specific historical materials and conserva8on ethics? 
 
The strengths of the research in suppor<ng the thesis 
 
As discussed in the introductory chapter, the earlier comprehensive literature review illuminated 
cri8cal knowledge gaps that have shaped the conceptual framework and research direc8on of this 
thesis. By examining the intersec8ons of climate change, biodeteriora8on, biomineralisa8on, bio-
delivery systems, and sustainable biocides, this study has iden8fied experimental evidence in 
subsequent chapters suppor8ng a mul8disciplinary approach to address the challenges facing 
cultural heritage preserva8on. 
 
While exis8ng research has made significant strides in understanding the impact of climate change 
on heritage materials, several limita8ons have been iden8fied. The predominant focus on 
environmental and material sciences has overlooked the poten8al of biological sciences to inform 
the development of effec8ve conserva8on strategies. Addi8onally, the lack of development of 
standardised methodologies for biodeteriora8on assessment had hindered accurate analysis and 
comparison of biomineralisa8on processes. 
 
Furthermore, research on biomineralisa8on has primarily concentrated on concrete, neglec8ng the 
specific needs of tradi8onal materials used in built heritage conserva8on. The development of 
biodegradable delivery systems for targeted applica8on within construc8on materials represents a 
significant opportunity to advance bio-based preserva8on techniques. By bridging the gap between 
the pharmaceu8cal and construc8on industries, this research has sought to develop innova8ve and 
sustainable solu8ons for the protec8on of cultural heritage. 
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The presented argument for the thesis makes a compelling case for exploring bio-based solu8ons in 
built heritage conserva8on. By leveraging various bio-inspired strategies, this research proposes new 
avenues to counter the damaging effects of climate change on historical materials and holds 
immense poten8al to revolu8onise conserva8on prac8ces, ensuring the longevity and authen8city 
of built heritage.  However, a deeper analysis reveals areas requiring further cri8cal evalua8on 
before fully endorsing the claims made, an evalua8on which is discussed in the la'er part of this 
chapter. 
 
The strength of the thesis is supported by a comprehensive research approach that incorporates 
diverse areas like microbial ac8vity, climate change, and tradi8onal material vulnerabili8es, offering 
a holis8c perspec8ve on biodegrada8on challenges.  The proposed applica8ons, such as erosive-
resis8ng limewash and lichen-derived biocides, showcase the poten8al of bio-based solu8ons for 
comba8ng biodeteriora8on.  Within a wider context emphasising sustainability, carbon 
sequestra8on, and reduced reliance on harmful chemicals the outcome of this research strengthens 
the arguments for bio-based approaches. 
 
The earlier chapters sought to address the two posited ques8ons in detail, providing empirical 
evidence to support the central thesis claim. Chapters one through four delve into the theore8cal 
and prac8cal aspects, while chapters three and four showcase two prac8cal applica8ons that 
exemplify the poten8al of bio-based solu8ons in built heritage conserva8on. 
 
The opening chapter of this inves8ga8on navigates the interplay between climate change and the 
biodegrada8on of tradi8onal materials. It lays the groundwork for an examina8on of how 
environmental perturba8ons induced by a warming planet influence the breakdown of historical and 
cultural artefacts. To this end, it delves into the fundamental mechanisms of microbial 
biodegrada8on opera8ng within these materials, illustra8ng the interac8on between microbes and 
their substrates. Subsequently, the chapter performs an analysis of how climate change is central to 
amplifying or dampening the tempo of degrada8on processes. 
 
Moving beyond material loss, the chapter illuminates the poten8al for improved tradi8onal material 
preserva8on to translate into environmental health benefits. By curbing biodegrada8on, occupant 
exposure to hazardous microbial by-products – a consequence of ac8ve breakdown – and the impact 
of microbial virulence factors, can be significantly reduced. Furthermore, the chapter introduces the 
no8on of biodegrada8on and bioprotec8on as poten8ally interchangeable en88es, depending on 
the lens through which they are viewed. This conceptual reframing suggests that climate change 
may be subtly 8pping the scales in this delicate biological tug-of-war, poten8ally opening doors for 
the development of innova8ve bioprotec8on strategies tailored to safeguard cultural heritage in the 
face of a changing climate. 
 
This chapter serves as a springboard, propelling the reader into a deeper explora8on of this 
mul8faceted issue. It paves the way for subsequent chapters to dissect the specific vulnerabili8es of 
diverse tradi8onal materials – wood, paper, tex8les and stone  – while analysing the clima8c factors 
influencing their biodegrada8on. Ul8mately, this inves8ga8on aspires to not only unveil the complex 
interplay between climate and material decay but also to illuminate the poten8al for harnessing 
biodegrada8on, reimagined as a force for preserva8on, in the fight against the burgeoning 
challenges of a changing climate. 
 
The second chapter introduces the concept of innova8ve bioprotec8ve strategies for safeguarding 
tradi8onal materials. It highlights the issue of limewash degrada8on on historical lime-rendered 
edifices, a'ribu8ng it to the erosive effects of wind-driven precipita8on. Subsequently, the chapter 
presents a proposi8on for incorpora8ng biomineralising microbial cells into the limewash 
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composi8on as a poten8al means to bolster its density and weather resilience. A compara8ve 
analysis is then undertaken, juxtaposing the metabolic pathways implicated in bacterial calcium 
carbonate precipita8on. This analysis probes and subsequently addresses concerns surrounding the 
longevity of cellular life within the highly alkaline condi8ons of lime and the poten8al for mechanical 
damage during lime prepara8on. The discourse culminates in the explora8on of diverse microbial 
inclusion strategies aimed at preserving cell viability within a cemen88ous matrix. 
 
Building upon the explora8on of lime in the prior chapter, a cornerstone material in pre-1919 
architecture, chapter three delves into the development of a revolu8onary self-repairing limewash. 
This research diverges from exis8ng approaches by presen8ng a novel framework: biomineralisa8on 
of the protec8ve outer layer on lime render buildings, empowered by photosynthesis as the driving 
force for calcium carbonate precipita8on within the limewash matrix. 
 
The chapter extends this perspec8ve by proposing an experimental design that cri8cally compares 
encapsula8on and immobilisa8on technologies using biopolymers as support matrices for 
biomineralising organisms. Subsequently, a prac8cal study assesses the efficacy of the proposed 
biomineralisa8on strategy, both in vitro and in situ. 
 
Ul8mately, the research demonstrates that photosynthesis-driven biomineralisa8on of limewash, 
u8lising cyanobacteria encapsulated within alginate biopolymers, can effec8vely mi8gate weather-
induced erosion while simultaneously offering environmental benefits. These benefits include the 
sequestra8on of atmospheric carbon dioxide and a reduced carbon footprint due to decreased 
biodegrada8on and less frequent surface maintenance. 
 
While incorpora8ng biopolymers like organic carbon into inorganic compounds like limewash offers 
advantages for building materials, it introduces the poten8al for biocolonisa8on by microorganisms 
on building surfaces. Chapter four explores the extrac8on and isola8on of secondary metabolites 
from lichen communi8es as a poten8al solu8on for biofilm control, specifically in light of climate 
change. 
 
The study recognises that climate change, with its associated increases in temperature and moisture, 
affects not only the colonisa8on dynamics of benign microorganisms like lichen but also creates 
favourable condi8ons for the rapid growth and colonisa8on of biodegrading moulds and bacteria. 
Therefore, it hypothesises that lichen, in response to these changes, will produce secondary 
metabolites with an8microbial proper8es to compete with and inhibit the growth of harmful 
organisms on the building surface. 
 
The prac8cal study focuses on lichen species O. parella and R. siliquosa, sourced from the same 
loca8on as the biodegrading organisms. It demonstrates that these lichens synthesise potent 
an8microbial secondary metabolites that effec8vely prevent and inhibit bacterial and mould growth. 
The chapter concludes that once the structural and func8onal configura8ons of these metabolites 
are iden8fied, they hold considerable promise as lead compounds for developing enhanced, 
synthe8c an8microbial agents for building surface protec8on. This finding complements the previous 
chapter on biomineralised limewash, offering a poten8ally synergis8c solu8on for preven8ng 
unwanted colonisa8on on the biomineralised surface. 
 
The study underscores the necessity for addi8onal inves8ga8ons to pinpoint the most efficacious 
naturally derived secondary metabolites for the development of novel biocides. This emphasis 
extends to a thorough evalua8on of the inhibitory mechanisms at play against select Gram-posi8ve 
and Gram-nega8ve bacteria, alongside eukaryo8c moulds, to guarantee compa8bility with 
biomineralisa8on-associated organisms. These findings pave the way for further delving into the 
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intricate interplay between climate shiIs, biodegrada8on processes, and the latent poten8al of 
microbial biosynthesis for bioremedia8on applica8ons and the sustainable development of materials 
in the context of built heritage conserva8on. 
 
Areas for further cri<cal analysis 
 
While the in vitro and ini8al in situ studies are promising, the long-term efficacy, par8cularly the 
durability of bio-based solu8ons in diverse environmental condi8ons needs thorough assessment, 
essen8al to ensuring solu8ons perform reliably across various climates and weather pa'erns. 
Introducing novel microorganisms and bioac8ve compounds therefore necessitates careful 
considera8on of the poten8al unintended consequences on non-target organisms and ecosystem 
dynamics.   
 
Both of these ini8a8ves present a need for a nuanced understanding of the complexity within this 
field of research.  The introduc8on of microorganisms into environmental frameworks such as 
heritage structures and the use of microbially synthesised an8microbial agents present poten8al 
trade-offs between the different approaches.  With careful bioprotec8ve strategies leveraging 
ongoing discussions about poten8al limita8ons and unpacking opposing viewpoints, the outcomes 
will strengthen the argument and provide valuable insights to further these solu8ons. 
 
There are also considera8ons in the gene8c modifica8on of microorganisms which raises ethical 
concerns that require open discussions and transparent approaches to ensure public trust and 
acceptance.  Collabora8on between conserva8on scien8sts, ethicists, policymakers and the public is 
essen8al to address concerns and responsibly refine acceptable stakeholder solu8ons. 
 
To achieve widespread adop8on, there are scalability and accessibility hurdles which will determine 
the economic feasibility of these solu8ons par8cularly in resource-limited seTngs and deserves 
further explora8on.  A contributory factor toward adop8on is demonstra8ng the long-term 
compa8bility of bio-based solu8ons with different historical materials and conserva8on prac8ces. 
 
Therefore, while the thesis offers a structured and promising argument for employing bio-based 
solu8ons in built heritage conserva8on, a cri8cal assessment reveals the need for further rigorous 
research addressing long-term efficacy, poten8al unintended consequences, ethical concerns, and 
prac8cal applica8ons. Only through in-depth analysis and responsible development can the immense 
poten8al of bio-inspired solu8ons be harnessed for the sustainable preserva8on of cultural heritage 
in a changing climate. 
 
In defence of the thesis, bio-inspired approaches have been demonstrated by this study as capable 
of the sustainable and effec8ve protec8on of built heritage in the face of climate change challenges.  
Resistance to adop8ng new bio-based prac8ces can be offset by careful selec8on and control of 
microbes, mi8ga8ng unintended consequences.  Ongoing research can address durability and 
efficacy concerns through the tailoring of bio-inspired materials which are compa8ble with specific 
materials and prac8ces, as demonstrated by the use of lime in this study. 
 
In conclusion, bioprotec8ve technologies hold immense promise for mi8ga8ng biodeteriora8on in 
tradi8onal materials.  While the arguments are compelling, it is important to acknowledge the 
poten8al limita8ons and opposing viewpoints which when addressed over the long term strengthen 
the argument and further valuable insights into the approach.  Acknowledging the mul8faceted 
rela8onship between biodegrada8on, climate change, and environmental health paves the way for 
innova8ve and sustainable approaches. It is important to acknowledge that this research is an 
ongoing process. Recognising both the limita8ons and the progress allows for a balanced and 
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construc8ve conversa8on about the future of bioprotec8ve technologies in heritage conserva8on.  
By considering these cri8cal perspec8ves, this research can contribute significantly to advancing the 
field of bio-based conserva8on and ensure the responsible and effec8ve applica8on of these 
technologies for safeguarding heritage structures for future genera8ons. 
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Glossary 
 

A  
Abioic Non-living physical or chemical parts of the environment that affect living 

organisms and the funcioning of ecosystems. 
Acidolysis A chemical reacion similar to hydrolysis where an acid replaces the role of 

water 
Allelopathic Methods to chemically inhibit the growth of one organism by another due 

to the release of substances acing as growth inhibitors 
Alpha pyrones An unsaturated cyclic chemical compound with the molecular formula 

C5H4O2 
Andrasin A Isolated from Penicillium spp. Andrasin A is a complex molecule and 

farnesyltransferase inhibitor a potenially useful secondary metabolite 
against tumour proliferaion 

Apoptosis Programmed cell death occurring within the normal growth and 
development lifecycle of an organism 

ATP-binding cassexe 
transporter pathway 

Muliple subunits forming a transport system superfamily belonging to 
large, ancient gene families.  They uilise the energy of ATP to translocate 
substrates across membranes 

Autotrophic An organism that can synthesise organic substances from inorganic 
substances such as carbon dioxide. 

aw Symbol for water acivity, or the amount of free water available.  The 
opimum aw value for the growth of a microorganism is usually in the 
range of 0.99 to 0.98 on a scale of 0 – 1.0.  S. aureus is the most aw tolerant 
pathogen with an aw of 0.86 

  
B  
Bacteraemia Refers to the presence of bacteria in the bloodstream 
Biofilm An extracellular polymeric matrix produced by an assemblage of microbial 

cells axaching the colony to a surface, primarily composed of 
polysaccharides.  The biofilm performs physical, chemical and transport 
services for the movement of compounds between, into and out of the 
colony 

Biophilic design A building industry term to connect the building occupant with the 
environment through the construcion of ‘biophilic spaces’ 

Bromocresol purple Bromocresol purple is a dye of the triphenylmethane family and a pH 
indicator 

  
C  
Chelaion Bonding of ions and molecules to metal ions by a chelator ozen acing as a 

sequestering agent. 
Chemolithotrophs Uses inorganic reduced compounds in energy-producing reacions, a 

process involving oxidaion of inorganic compounds linked to the synthesis 
of ATP 

Chromophore A molecule which absorbs a paricular wavelength of light thereby emi�ng 
a colour 

Citreohybridonol A secondary metabolite with a molecular weight of 500.6 g mol-1 
associated with respiratory tract infecions from Penicillium spp. in damp 
buildings 

  
D  
Decarboxylaion The chemical reacion removing a carboxyl group from a compound 

releasing carbon dioxide 
  
Diproic acid Acids capable of donaing two protons, examples include sulphuric acid 

(H2SO4) and carbonic acid, (H2CO3) 
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Disconinuous electrophoreic 
system 

A technique for separaing proteins according to size and charge, a type of 
gel electrophoresis 

Dyspnoea A shortness of breath or breathlessness 
  
E  
Endocardiis  
Endoliths Bacteria that live immediately beneath the stone surface using the 

substrate to protect the cell from UV radiaion 
Endophthalmiis An inflammaion of the inner coats of the eye resuling from intraocular 

colonisaion by infecious agents such as Penicillium 
Extracellular polymeric matrix A key element comprising the biofilm matrix, composed primarily of 

polysaccharides, water, and small amounts of proteins and DNA.  Purified 
versions can be extracted to form microbial biopolymers 

  
F  
  
G  
Glass transiion temperature Thermoplasics are polymers that sozen when heated and become firm 

when cooled, a point called the ‘glass transiion temperature’ Tg.  The 
point at which the polymer melts is referred to as the ‘melt transiion 
temperature’ Tm, a measure that increases with the crystallinity of the 
polymer 

  
H  
Haemosiderin A complex of parially digested ferriin and lysosomes funcioning as a 

metalloprotein iron storage complex, commonly found at sites where 
haemorrhage occurs 

Halophilic Organisms which are defined by their affinity for high saline environments, 
found within hypersaline ecosystems 

Heteropolysaccharide Polysaccharides which contain two or more different monosaccharide 
units. 

Heterotrophic  
Homopolysaccharide Polysaccharides made up of a single type of sugar monomer, for example, 

cellulose. 
Horizontal gene transfer The lateral movement of geneic informaion between different cell 

genomes, introducing DNA or RNA into the target cell, either as new genes 
or replacing exising genes. 

Humic substances Coloured organic compounds formed naturally during long-term 
decomposiion and transformaion of biomass residues. 

  
I  
Lead Compound A chemical compound with pharmacological or biological acivity that has 

some therapeuic use but has a subopimal structure that requires 
modificaion to fit bexer to the target.  The lead compound chemical 
structure serves as the staring point for chemical modificaion to improve 
the potency and selecivity or new compounds. 

Isochromans Heterocyclic compounds and their derivaives, used extensively to produce 
therapeuically related applicaions 

  
J  
  
K  
Kerainase Proteolyic enzymes that digest kerain, possessing a wide range of 

temperature and pH ranges that allow a complete degradaion of complex 
proteins. 

Keraiis Inflammaion or irritaion of the cornea 
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Koninginins A series of secondary products found in Trichoderma harzianum and 
Trichoderma koningii and P. corylophilum in damp buildings 

  
L  
  
M  
Meroterpenoids A chemical compound with a parial terpenoid structure ozen with diverse 

bioacivity potenial like anicancer, and ani-inflammatory abiliies 
Mesophiles Organisms that grow in moderaive temperatures, flourishing in 

temperatures between 20°C and 45°C such as Staphylococcus aureus.  The 
opimum temperature for growth is human body temperature of 37°C. 

Microbiocenosis A group of interacing organisms living as a bioic community alongside the 
physical environment supporing the community 

Mutagenesis The process by which the geneic informaion of an organism alters due to 
a mutaion which may cause naturally or as a result of exposure to 
mutagens 

  
N  
Nosocomial Refers to infecions which originate in a hospital ozen relaing to 

opportunisic pathogens 
  
O  
Omics Several areas of biological study of the enire complement of biomolecules 

or a molecular process usually ending in -omics, such as genomics, 
transcriptomics, proteomics, or metabolomics 

Operon A single DNA unit comprising a cluster of genes controlled by a single 
promoter 

Opportunisic pathogen An infecious pathogen normally commensal in the body, but triggers to 
cause disease when the host immune resistance is weakened 

Otomycosis A fungal infecion which affects one or both ears usually in tropical 
environments 

  
P  
Petrographic microscopy Used for opical analysis of thin secions of rocks and minerals  
Phase change materials 
(PCMs) 

Compounds which absorb or release heat as they undergo a physical 
change, such as from solid to liquid, or liquid to gas.  Organic PCMs include 
petrochemical products, lipids, and sugar alcohols, ozen used with 
encapsulaion technologies 

PCR (analysis) Polymerase Chain Reacion tests are accurate diagnosis tools to detect 
DNA or RNA of organisms by amplifying the DNA sequences incorporaing 
the use of primers and a DNA polymerase 

Phototrophs Organisms that use light as a primary source for metabolism through 
photon capture to produce organic compounds.  Notably, not all 
phototrophs are photosyntheic.  Phototrophs can be autotrophs (an 
organism producing compounds using carbon and light energy or inorganic 
chemical reacions) or heterotrophs (take their energy from other sources 
of organic carbon) 

Planktonic Free living microorganisms which have not formed or joined a biofilm 
pKa A measure of the strength of an acid on a logarithmic scale, useful in 

comparing the strengths of different acids 
Psychrophiles Microorganisms which exist in extreme cold and can grow in temperatures 

from 0°C to 5°C 
Pulmonary haemosiderosis Repeated episodes of intra-alveolar bleeding resuling in accumulaion of 

hemosiderin and the development of pulmonary fibrosis and severe 
anaemia 

  
Q  
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Quorum sensing Gene expression regulaion in response to fluctuaions in cell-populaion 
density using chemical signal molecules called autoinducers proporional 
to cell density 

  
R  
rRNA (16S) 16S ribosomal RNA is a component of the 30S subunit of a prokaryoic 

ribosome.  The genes coding for it are used in reconstrucing phylogenies 
due to the slow rates of evoluion of this gene region and therefore highly 
conserved. 

  
S  
Sepiolite A naturally occurring clay mineral of sedimentary origin composed of 

hydrous magnesium silicate. 
Sesquiterpene phomenone  
Spalling The process of delaminaion of stone surfaces due to the accumulaion of 

salts degrading the stone 
speleothems A geological formaion by mineral deposits that accumulate in caves.  They 

are commonly found in calcareous caves due to carbonate dissoluion 
reacions 

Stromatoliic A layered sedimentary formaion created mainly by photosyntheic 
microorganisms such as cyanobacteria and sulphate-reducing bacteria  

  
T  
Thermophiles Microorganisms that grow at temperatures of 55°C or higher 
Tunicate A marine invertebrate capable of biosynthesising cellulose 
Taylor’s cone A structure which forms, due to the applicaion of a large voltage, creaing 

a charged soluion as it exits an electrospinning or electrospraying needle a 
result of electrostaic repulsion sufficient to offset the surface tension of 
the liquid 

  
U  
Upregulaion (of genes) A cellular process triggered by an internal or external signal resuling in 

increased expression of one or more genes usually resuling in higher 
producions of the encoded proteins 

  
V  
  
W  
Wzx/Wzy dependent pathway In bacteria, the majority of cell-surface polysaccharides are produced by 

this pathway, including spore coaings, exopolysaccharides, and 
heteropolymeric anigens. 

  
X  
  
Y  
  
Z  
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PRACTICE – support data 
 
 
Note: Summary graphs and sta0s0cal results - defini0ons 
 
For assessing the variability of different samples in rela8on to each other standard error 
comparisons are appropriate, in this instance in evalua8ng whether samples are different or 
correlated due to chance alone or chance plus something else. 
 
A minimal or no overlap between the standard error bars for compara8ve data suggests that the 
samples under review are unlikely to have come from the same popula8on.  Standard error bars are 
indica8ve and suggest correla8on or difference, greater confidence in the outcome can be achieved 
by conduc8ng a two-tailed test against a null hypothesis significance test. 
 
A null hypothesis significance test helps decide whether chance alone can account for apparent 
pa'erns in the data. 
 
A two-tailed test is used when the alterna8ve hypothesis is non-direc8onal, sta8ng that popula8ons 
are different.   
 
The P value reflects the probability of geTng a value for the sta8s8c equal to, or more extreme 
than, the one calculated in the null hypothesis significance test if the null hypothesis is true.  P is 
u8lised in this study to establish a compara8ve significance level as follows. 
 
The below grading interpreta8on of P values enables the use of a grading system to indicate the 
degree of significance.  This system is derived from comparing the P value range to the chosen value 
of 0.05 which has been chosen as the benchmark indica8ng significance and the interpreta8on of P 
values is defined below. 
 
 

Range of P Values Interpreta0on used in this study 
  
>0.05 Non-significant 
0.10 – 0.05 Sugges8ve 
0.05 – 0.01 Significant 
0.01 – 0.001 Highly significant 
<0.001 Extremely significant 
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Table 21: Methods of microbial biodeterioraion.  Planktonic bacteria, biofilms, and fungal organisms 
collecively engage in the deterioraion of building materials through a mulifaceted approach comprising 
physical, chemical, and biological mechanisms. Biofilms and lichens represent consoriums of microorganisms 
that firmly adhere to surfaces, culminaing in the formaion of a protecive matrix composed of extracellular 
polymeric substances. Biofilms exhibit remarkable adaptability for surface axachment and subsequent 
biodegradaion of substrates. This adeptness is accomplished through the generaion of corrosive by-products, 
notably organic acids, and sulphur compounds, which insigate chemical reacions corroding building materials 
such as metals and concrete.  Biofilms acively produce an array of enzymes that expedite the decomposiion 
of intricate organic compounds. Notable examples include proteases, which are instrumental in the 
degradaion of proteins found in wood or syntheic paints, and cellulases, which catalyse the breakdown of 
cellulose present in wood or paper. Inside the confines of building interiors, fungal organisms are proficient in 
deterioraing natural fibres, including coxon, linen, silk, and wool. This degradaion process manifests as 
structural weakening, discolouraion, and ulimately fabric disintegraion 

Micro-
organism 

Method of biodeteriora_on 
Mechanical/physical Chemical Biological 

Bacteria – 
planktonic 
and pre- 
biofilm stage 

Unaxached planktonic 
bacteria exhibit limited 
mechanical erosive impact on 
their immediate environment 
unil they undergo 
aggregaion, resuling in the 
formaion of biopolymers and 
subsequent adhesion to 
adjacent surfaces. 

Planktonic cells will excrete 
metabolites, acids, and 
chelaing agents impacing 
the chemical properies of 
adjacent materials, 
heightening porosity, and 
weakening the mineral 
matrix. 

Endoliths, are a group of 
bacteria that thrive 
immediately beneath stone 
surfaces, effecively uilizing 
the substratum as a 
protecive shield against 
the deleterious effects of 
intense UV radiaion. The 
formaion of dark painas, 
arising from the secreion 
of oxalates, serves to 
augment the screening of 
UV radiaion. If the stone 
undergoes rapid cycles of 
heaing and expansion, this 
process can lead to 
potenial delaminaion of 
the uppermost layer of the 
stone. 

Bacterial 
biofilms 

During colonisaion, bacteria 
engage in the producion of 
polysaccharides and proteins, 
culminaing in the formaion 
of electrostaic, hydrophobic, 
and van der Waals adhesive 
axachments, (Flemming et al., 
2016; López et al., 2010).  
Once this axachment occurs, 
the resuling three-
dimensional extracellular 
polymeric substance (EPS) 
assumes highly adhesive 
properies, effecively 
anchoring the bacterial colony 
to the substrate, (Zhao et al., 
2023).  The EPS is central to 
axracing secondary 
colonisers into the matrix, 
paricularly photosyntheic 
microorganisms that 
contribute to the carbon 

The chemical composiion 
and surface characterisics 
of stone influence the 
growth of biofilms. This 
influence is evident when 
comparing the varying rates 
of biofilm colonisaion on 
stones with differing 
porosiies, such as 
limestone and marble. The 
availability of bioessenial 
elements like calcium (Ca), 
iron (Fe), and magnesium 
(Mg) serves as a crucial 
nutrient source for the 
biofilm development. 
In addiion to mineral-
derived nutrients, organic 
debris, including remnants 
from prior growth on the 
stone, such as lichen and 
previous biofilms, bird 

Microbial cells residing 
within a biofilm undergo 
metabolic adjustments in 
response to the availability 
of substrate nutrients. This 
phenomenon is manifested 
as alteraions in their 
metabolic aciviies. The 
extracellular polymeric 
substance (EPS) is central in 
facilitaing communicaion 
and establishing a network 
conduit for the 
transportaion of nutrients 
and disposal of metabolic 
waste products. 
The network conduits 
within the biofilm serve to 
promote a broader 
distribuion of organic acids 
onto the substrate, thereby 
enhancing the absorpion 
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producion capacity of the 
biofilm. Temperature 
fluctuaions lead to the 
expansion and contracion of 
water within the biofilm, 
generaing mechanical stress 
upon the adjacent substrate. 

excrement, and deposits of 
anthropogenic pollutants, 
can contribute addiional 
nutrients in the form of 
nitrogen and phosphorus. 
These organic inputs further 
support the successful stone 
surface colonisaion of 
biofilms. 
Cell metabolism leads to the 
dissoluion of carbon 
dioxide (CO2) found present 
in water held by the biofilm 
which leads to a reducion 
in pH at the interface 
between the substratum 
and the biofilm. This 
lowering of pH accelerates 
the chemical weathering of 
the underlying rock. 

of essenial nutrients. The 
biofilm also funcions as a 
pla�orm for the horizontal 
transfer of geneic material 
between heterogeneous 
microbial species. In 
paricular, this geneic 
exchange includes the 
potenial transmission of 
animicrobial-resistant 
genes, which can bolster 
the biodeterioraion 
capacity of the EPS and 
bolster the resistance of 
cells in the biofilm to 
biocidal treatments. 
The presence of enhanced 
gene structures within the 
biofilm community 
supports the enzymaic 
biodegradaion of various 
substrates, encompassing 
stone, cement, and wood. 
The interplay of microbial 
aciviies within the biofilm 
is a subject of significant 
academic interest and 
underscores the 
mulifaceted role of 
biofilms in various 
ecological and industrial 
contexts.   
 

Fungi, 
lichen, and 
algae 

Fungi and lichen extend 
hyphae into the microfracture 
crevices within a substrate, 
thereby inducing 
delaminaion and increasing 
the porosity of the material. 
This process is  intensified 
through the incorporaion of 
mineral salts assimilated from 
the substrate into the lichen 
thallus, which, in response to 
fluctuaions in temperature 
and moisture content, 
undergoes cycles of expansion 
and contracion, consequently 
widening the microcracks. 
Ongoing physical weathering 
increases the ingress of water 
into the larger fractures 
present in the substrate. This, 
in turn, promotes the 
proliferaion of biological 
organisms and contributes to 

The substratum pH 
influences biological 
colonisaion and is 
dependent on the pH range 
tolerance of the organism. 
The pH is an indicaion of 
the quanity of H+ and OH- 
ions which form at the 
extremes of the pH scale 
and are damaging to cellular 
processes.   Most fungi 
prefer slightly acidic 
substrates whereas 
cyanobacteria and several 
algae are more tolerant of 
alkaline condiions (Caneva 
et al., 2008). 
Fungi and lichens weather 
rocks through a variety of 
chemical mechanisms, 
including: 
Organic acid 
produc_on: Fungi and 
lichens produce a variety of 

Fungi, lichen, and algae 
contribute to the 
biodeterioraion of heritage 
structures through both 
mechanical and chemical 
mechanisms including by: 
Pigment Produc_on: These 
organisms produce 
pigments that permeate 
the stone, resuling in the 
staining of surfaces. The 
pigments result in a difficult 
to remove paina  
rendering the stone more 
vulnerable to damage, 
paricularly from solar 
radiaion and mechanical 
conservaion procedures. 
Moisture Augmenta_on: 
The microorganism 
presence on the stone 
surfaces elevates the 
moisture content through 
the coninuous absorpion 
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erosional processes driven by 
the acion of water. 
Lichen display an excepional 
capacity for water retenion 
which contributes to the 
deterioraion of building 
materials. The thallus is well-
suited to absorb and retain 
moisture, offering partner 
cyanobacteria or algae cells a 
reliable water source during 
periods of drought.  
 
 

organic acids, including 
oxalic acid, citric acid, and 
gluconic acid. These acids 
dissolve minerals in rocks, 
causing structural weakness. 
Chela_on: Some organic 
acids can chelate metal 
caions, binding to the 
caions and prevening the 
caions from bonding to the 
minerals in the rock. This 
weakens the rocks and 
make them more 
suscepible to weathering. 
Oxida_on: Fungi and lichens 
oxidize minerals in rocks, 
causing them to break 
down. 
 

of ambient moisture. The 
increase in moisture 
content serves as an ideal 
medium for the 
proliferaion of addiional 
organisms, including 
mosses and vascular plants. 
The colonisaion by 
secondary organisms can 
lead to substanial harm to 
the stone by affecing 
joints, causing cracks, and 
contribuing to the 
delaminaion of the stone 
surface. 
Enzyma_c Ac_on: Fungi, 
including lichen, are prolific 
secretors of a diverse array 
of enzymes, notably 
cellulases and ligninases. 
Each of these enzymes play 
a role in the decomposiion 
of organic compounds such 
as lignin and cellulose, 
which are commonly found 
in wood. Consequently, this 
enzymaic breakdown 
weakens the structural 
integrity of the wood, 
ulimately culminaing in its 
disintegraion. 
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Table 22: The impact of organic acids on biodegradaion.  Comparison of the acidity and structure of 
microbially produced organic acids which cause the degradaion of tradiional materials.   Oxalic acid is the 
least corrosion due to the protecive calcium oxalate which forms a seal over the substrate though this lowers 
the porosity and hampers the management of moisture in the material.  The most corrosive of the acids is 
citric acid (Bertron et al., 2009; Dyer, 2017; Larreur-Cayol et al., 2011) 

Organic 
Acid 

Chemical Profile Examples of 
organisms 
F=Fungi, 

B=Bacteria, 
L=Lichen, A=Algae 

Substrate biodegrada>on References 

Fusaric 
C10H13NO2 

Fusaric acid, characterised as a 
mycotoxin, exhibits notable 
an5microbial proper5es, 
rendering it a poten5al 
candidate for the control of 
bacterial strains, including 
Bacillus species. The Intrinsic 
resistance observed in various 
microorganisms is conjectured 
to be avributed to the 
existence of a fusaric acid 
tripar5te efflux pump within 
the cellular architecture.  
Fusaric acid has an acidity pKa 
value of 1.13 

Fusarium sp. (F) Fusarium sp. are the main 
producers of fusaric acid.  
Several bacteria can 
produce enzymes which 
degrade fusaric acid as part 
of their normal metabolic 
processes. 

(Bacon et al., 
1996, 2006; Hu 
et al., 2012) 

Ace5c 
C2H4O2 

Bacterial strains that 
synthesise monocarboxylic 
ace5c acid are employed in the 
industrial synthesis of vinegar. 
These microorganisms catalyse 
the oxida5on of ethanol and 
exhibit remarkable resilience 
to an acidic environment. Even 
at minimal concentra5ons of 
0.5 %wt, ace5c acid can 
manifest toxic proper5es. The 
bacterial resistance to ace5c 
acid is avributed to a 
mul5faceted array of 
mechanisms, including the 
involvement of proteins such 
as aconitase and a 
hypothesized ABC-transporter. 
The pKa of ace5c acid stands at 
4.75. 
 

Fusarium sp. (F), 
Aspergillus sp. (F), 
Acetobacter sp. (B), 
Gluconobacter sp. 
(B), 
Komagataeibacter  
sp. (B) 
Desulfosporosinus 
sp. (B), Clostridia 
sp. (B) 

The suscep5bility of metal 
pipelines, fuel storage 
tanks, and the mechanical 
deteriora5on of historical 
architectural structures due 
to Microbiologically 
Influenced Corrosion (MIC) 
concerns the industrial 
sector. Ace5c acid emerges 
as a key contributor to this 
phenomenon, amplifying 
the corrosive nature of 
these materials while 
simultaneously ac5ng as a 
potent electron donor to 
facilitate microbiota 
metabolism and MIC 
processes. 
Notably, ace5c acid's 
deleterious impact extends 
to the dissolu5on of 
calcium hydroxide within 
cemen55ous mixes, 
resul5ng in the removal of 
protec5ve layers and 
exposing more surface area 
to acid-mediated corrosion. 
Furthermore, this acid 
interacts with various 
hydrates, including 
aluminates, persistently 
producing soluble salts, 
such as calcium acetate 
monohydrate. The 
presence of these soluble 
salts, in turn, impairs the 

(Liaud et al., 
2014; Mariam 
Ninan et al., 
2020; Nakano & 
Fukaya, 2008; 
Sowards et al., 
2014; Sterflinger, 
2000) 
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structural integrity of the 
substrate and elevates its 
porosity, thereby 
exacerba5ng the 
vulnerability to MIC-related 
corrosion. 

Citric 
C6H8O7  

Citric acid exhibits an 
aggressive reac5vity in the 
context of deteriora5ng 
cemen55ous paste. This 
organic compound manifests 
as a tripro5c acid, capable of 
furnishing three protons per 
molecular when dissocia5ng 
dissocia5on, resul5ng in three 
dis5nct pKa values. Specifically, 
these pKa values are measured 
at 3.1, 4.7, and 6.4, a 
progression mirroring the 
augmented nega5ve charge 
associated with the successive 
dona5on of protons. 

Fusarium sp. (F), 
Aspergillus sp. (F), 
Penicillium 
frequentans (F) 

The pronounced 
degrada5on of clay 
silicates, micas, and 
feldspars found in both 
sandstone and granite, as 
well as calcite and dolomite 
present in limestone, can 
be avributed to the 
presence of citric acid.  Salt 
precipita5on occurs on the 
surface of the substrate, 
forming calcium (calcium 
citrate tetrahydrate), 
aluminium and iron 
complexes.  These 
compounds are suscep5ble 
to detachment, thereby 
exposing the underlying 
surface to subsequent 
deteriora5ve processes. 

(De La Torre et 
al., 1993; Fomina 
et al., 2007; 
Jes5n et al., 
2004; Liaud et 
al., 2014; Rashid 
et al., 2004; 
Sterflinger, 2000) 

Glyoxylic 
C2H2O3  
 

Glyoxylic is one of the C2 
carboxylic acids.  It has an 
acidity pKa of 3.83. 

Fusarium sp. (F) A compara5vely feeble acid 
exhibi5ng a deleterious 
effect on the structural 
matrix inherent in cement 
composi5ons through a 
process known as 
acidolysis, resul5ng in the 
dissolu5on of the solid 
phase. 

(Sterflinger, 
2000) 

Oxalic 
C2H2O4 

Oxalic acid is produced by 
several organisms notably 
fungi and bacteria.  Fungi are 
widespread producers of oxalic 
acid, while numerous bacteria 
incorporate this compound 
into their metabolic pathways.  
Oxalic acid has an acidity pKa of 
1.25. 

Aspergillus sp. (F) As the cemen55ous 
material is degraded by the 
microorganism it forms 
calcium oxalate 
monohydrate forming a 
surface protec5ve layer.  
Oxalic acid appears the 
least aggressive to 
cemen55ous materials, 
forming a surface covering 
which seals the pores in the 
substrate. 

(Chuang et al., 
2007; Duvon & 
Evans, 2011; 
Fomina et al., 
2007; Jes5n et 
al., 2004; Liaud 
et al., 2014; 
Palmieri et al., 
2019; Rashid et 
al., 2004; 
Sterflinger, 2000) 

Formic 
CH2O2  

Formic acid, a small molecule, 
impedes the prolifera5on of 
microorganisms and can 
poten5ally induce cytotoxic 
effects. These effects may arise 
from its ability to induce 
oxida5ve stress and hinder the 
process of protein 
biosynthesis.  It has an acidity 
pKa of 3.75. 

Aspergillus sp. (F), 
Cladosporium sp. 
(F) 

Formic acid is a rela5vely 
weak acid.  It is detrimental 
to the cemen55ous matrix 
through acidolysis causing 
dissolu5on of the solid 
phase. 

(Liaud et al., 
2014; Sterflinger, 
2000; Zeng et al., 
2022) 

Fumaric 
C4H4O4  

Fungal metabolism synthesises 
fumaric acid via two dis5nct 
pathways: the tricarboxylic 
acid cycle, predominantly 
confined to the mitochondrial 
metabolic cycle, and the 

Aspergillus sp. (F), 
Cladosporium sp.  
(F) 
Saccharomyces 
cerevisiae (F) 

A rela5vely weak acid.  It is 
detrimental to the 
cemen55ous matrix 
through acidolysis causing 
dissolu5on of the solid 
phase. 

(Jes5n et al., 
2004; Liaud et 
al., 2014; 
Sterflinger, 2000) 
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reduc5ve tricarboxylic acid 
cycle, opera5ng within the 
cytosol. The laver pathway is 
primarily accountable for the 
extracellular produc5on 
observed in filamentous fungi. 
Fumaric acid exhibits an acidity 
level characterised by a pKa of 
3.03. 

Gluconic 
C6H12O7  

Gluconic acid has an acidity pKa 
of 3.6 and  consists of a six-
carbon chain with five hydroxyl 
groups, termina5ng in a 
carboxylic acid group.  The 
gluconate anion can chelate 
Ca2+, Fe2+, K+ and Al3+ metals. 

Aspergillus sp. (F),  
Penicillium sp. (F) 
Acetobacter sp.(B) 
Gluconobacter sp. 
(B) 
Aureobasidium sp. 
(F) 
Saccharomyces sp. 
(F) 
 

A rela5vely weak acid.  It is 
detrimental to the 
cemen55ous matrix 
through acidolysis causing 
dissolu5on of the solid 
phase. 

(Chuang et al., 
2007; Fomina et 
al., 2007; Liaud 
et al., 2014; 
Rashid et al., 
2004; Sterflinger, 
2000) 

Glyoxylic 
C2H2O3  
 
 

Glyoxylic acid, with the 
chemical formula HOOCCHO, is 
a two-carbon organic 
compound that belongs to the 
family of α-ketoacids.   It is a 
highly reac5ve compound due 
to the presence of a carboxyl (–
COOH) and an aldehyde (–
CHO) func5onal group within 
its structure. The structure of 
the molecule comprises a 
carbonyl group (C=O) and a 
carboxylic acid group (–COOH) 
connected to a two-carbon 
chain.  Glyoxylic acid is an 
essen5al component in the 
glyoxylate cycle, which is a 
varia5on of the tricarboxylic 
acid cycle found in certain 
microorganisms, including 
bacteria and plants. It has an 
acidity pKa of 3.3. 

Aspergillus sp. (F) Glyoxylic acid, a rela5vely 
weak acid is involved in 
various chemical reac5ons, 
such as acidolysis and can 
condense with primary 
amines to form imines.  
Glyoxylic acid can undergo 
decarboxyla5on to yield 
glyoxal. 

(Sterflinger, 
2000) 

Itaconic 
C5H6O4  

Itaconic acid, also known as 
methylene succinic acid, is a 
dicarboxylic organic acid.  
Itaconic acid is characterised 
by a double bond between two 
adjacent carbon atoms and 
two carboxylic acid func5onal 
groups.  This metabolite has 
an5microbial proper5es and 
can disrupt the citric acid cycle 
in invading pathogens, 
hindering their growth.  
Itaconic acid has two steps in 
how it dissociates resul5ng in 
an acidity pKa of 3.84 and 5.55.  

Aspergillus sp.  (F) 
UsGlago maydis (F) 

A rela5vely weak acid.  It is 
detrimental to the 
cemen55ous matrix 
through acidolysis causing 
dissolu5on of the solid 
phase. 

(Liaud et al., 
2014; Sterflinger, 
2000; van der 
Straat et al., 
2014) 

Succinic 
C4H6O4  
 

Succinic acid is recognised as 
one of twelve bio-based 
building blocks, as designated 
by the U.S. Department of 
Energy, owing to its poten5al 
to facilitate the advancement 
of the bio-based economy. The 

Aspergillus sp. (F) Succinic acid is highly 
aggressive and generates 
calcium salts within a 
cemen55ous mix such as 
the compound calcium 
succinate trihydrate, an 
insoluble salt.  Degrada5on 

(Fomina et al., 
2007; Liaud et 
al., 2014; 
Mariam Ninan et 
al., 2020; nova-
Ins5tut GmbH, 
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molecular architecture of 
succinic acid presents a viable 
alterna5ve to phthalic 
anhydride and adipic acid in 
applica5ons involving 
plas5cizers and polyurethanes, 
thereby offering promising 
avenues for the development 
of biobased polymers, notably 
exemplified by polybutylene 
succinate.  As a dipro5c acid it 
has an acidity pKa of 4.21 and 
5.64. 

within the matrix is zonal, 
forming an amorphous 
outer degraded zone made 
of aluminium and iron and 
an inner zone with the 
principates of the calcium 
salt. 

2018; Rashid et 
al., 2004) 

Pyruvic 
C3H4O3  

Pyruvic acid is a simple α-
ketoacid with a carboxylic acid 
and ketone func5onal group.  
It has an acidity pKa of 2.45. 

Aspergillus sp.  (F) 
 

A rela5vely weak acid.  It is 
detrimental to the 
cemen55ous matrix 
through acidolysis causing 
dissolu5on of the solid 
phase.  Pyruvic acid may 
play a role in fostering the 
precipita5on of calcium 
carbonate when mixed into 
a cemen55ous matrix 
which includes Bacillus sp.  
It may do so by serving as a 
carbon source. 

(Jes5n et al., 
2004) 

Propionic 
C3H6O2  

Propionic acid, also known as 
propanoic acid, is a naturally 
occurring carboxylic acid with 
the chemical formula 
CH3CH2COOH. It is a simple 
organic compound consis5ng 
of three carbon atoms, six 
hydrogen atoms, and two 
oxygen atoms. Propionic acid is 
a liquid at room temperature 
and has a pungent, unpleasant 
odour.  Propionic acid has 
material science applica5ons. It 
is used in the synthesis of 
various compounds, including 
propionate-based plas5cs and 
resins. It is miscible with water 
and possesses quali5es like 
other carboxylic acids such as 
formic and ace5c acids.  It has 
an acidity pKa of 4.88. 

Aspergillus sp.(F) 
Propionibacterium 
sp. (B) 
Coprothermobacter 
platensis (B) 

It displays limited 
an5microbial proper5es 
against several moulds and 
bacteria.  It is a medium 
strength acid biodegrading  
lime and concrete surfaces. 

(Gonzalez-Garcia 
et al., 2017; 
Jes5n et al., 
2004; Liaud et 
al., 2014) 

Butyric 
C4H8O2  

+ 
Isobutyric 
acid 
C4H8O2 

Butyric acid, also known as 
butanoic acid, is a short-chain 
favy acid.  butyric acid is a 
carboxylic acid, consis5ng of a 
four-carbon alkyl chain 
terminated by a carboxyl 
group. It is a saturated favy 
acid, meaning that it lacks 
double bonds in its carbon 
chain. The presence of the 
carboxyl group allows it to 
exhibit acidic proper5es, as it 
can release protons (H+) in 
aqueous solu5ons. As a 
carboxylic acid it reacts with 
bases and will corrode metals.   

Aspergillus sp. (F) 
Clostridium 
butyricum (B) 

Found on cemen55ous 
surfaces, the fungal 
microbes are the most 
common producing butyric 
acid at a comparable 
strength with ace5c acid 
and forms complexes in 
aqueous solu5on with 
elements Ca, Al, Fe and Si.   
 
Butyric acid, with its strong 
odour, has been historically 
associated with the 
preserva5on of cultural 
heritage items, such as 
books, manuscripts, and 

(Dyer, 2017; 
Jes5n et al., 
2004; Liaud et 
al., 2014) 
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Both butyric acid and the 
isomer Isobutyric acid have an 
acidity pKa of 4.84. 

tex5les. The acid can be 
released during the 
decomposi5on of certain 
materials and can pose a 
threat to the preserva5on 
of these ar5facts. 

Ascorbic 
C6H8O6  

A water-soluble furan-based 
lactone of 2-ketogluconic acid, 
forming a mildly acidic 
solu5on.  Ascorbic acid has 
applica5ons in the field of 
material science. It is o{en 
used as a reducing agent in 
chemical processes and as a 
preserva5ve to prevent the 
oxida5on of food products.  It 
has an acidity pKa of 4.17.  

Aspergillus sp. (F) 
Galdieria parGta (A) 

Ascorbic acid biosynthesis 
proposed by Fu et al., 
(2020) factors as a major 
photoprotec5ve process in 
red algae.   

(Fu et al., 2020; 
Liaud et al., 
2014) 

Lac5c 
C3H6O3 

Lac5c acid is a soluble α-
hydroxy propionic acid 
belonging to the carboxylic 
acid family. There are two 
enan5omers of lac5c acid, 
namely L-lac5c acid and D-
lac5c acid, with L-lac5c acid 
being the predominant form in 
biological systems.  Lac5c acid 
can be polymerized to form 
polylac5c acid (PLA), a 
biodegradable and bioac5ve 
polymer.  It has an acidity pKa 
of 3.86. 

Aspergillus sp. (F), 
Cladosporium sp. 
(F) 
Lactobacillus sp. (B) 

Lac5c and ace5c acids 
cause dissolu5on and leach 
acid-suscep5ble 
cons5tuents out of 
cemen55ous materials.  
The loss of the leached 
minerals causes an increase 
in capillary porosity, a loss 
of cohesiveness and failure 
in the strength of the 
material. 

(Dyer, 2017; 
Liaud et al., 
2014; Sterflinger, 
2000; Zhang et 
al., 2023) 

Malic 
C4H6O5  
 

Malic acid is a 2-
hydroxybutanedioic 
dicarboxylic acid produced 
with a chemical structure 
consis5ng of two carboxyl 
groups (-COOH) avached to an 
alkane chain which contributes 
to a sour taste when added to 
foodstuffs.  It is an important 
component in the Calvin Cycle 
and Citric Acid Cycle.  It has an 
acidity pKa of 3.4. 

Aspergillus sp. (F) A rela5vely weak organic 
acid though may be 
detrimental to the 
cemen55ous matrix found 
in building structures 
caused by acidolysis which 
dissolves the solid phase.  
The forma5on of the acid 
salts may lead to expansion 
and contrac5on within the 
cement structure forcing 
the crea5on of 
microfractures. 

(Liaud et al., 
2014; Mariam 
Ninan et al., 
2020) 

Tartaric 
C4H6O6  
 

It is found naturally in many 
fruits and incorporated into 
food groups and baking 
products as an5oxidant E334.  
It has two dissocia5on 
constants  with an acidity pKa 
of 2.98 and 4.34. 

Aspergillus sp. (F) Tartaric acid is used as a 
retardant on cement-free 
mortars and performs as a 
superplas5ciser, extending 
the mortar fluidity by up to 
2 hours in calcium 
sulphoaluminate cements.  
In a cemen55ous mix, 
tartaric acid is moderate to 
low in aggressive avack, 
forming insoluble calcium 
tartaratetetrahydrate 
which forms a moderate 
protec5ve layer. 

(Coppola et al., 
2018; Liaud et 
al., 2014; 
Mariam Ninan et 
al., 2020) 

Malonic 
C3H4O4  
 

It is a dicarboxylic acid of 
medium strength which is 
characterised by two carboxyl 
(COOH) func5onal groups 
located at the ends of a carbon 

Penicillium sp. (F) Malonic acid is a precursor 
for several chemical 
compounds, which can 
form protec5on against UV 
light, corrosion, and 

(Sterflinger, 
2000) 
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chain. Its structural formula 
can be represented as HOOC-
CH2-COOH. The presence of 
two carboxyl groups imparts 
important chemical proper5es 
and reac5vity to malonic acid.  
It is a building block chemical 
in B vitamin synthesis.  It is 
highly hydrophobic and 
virtually insoluble in water.  It 
has an acidity pKa of 2.85. 

oxida5on.  Isolated it has 
few applica5ons and the 
compound is rela5vely 
unstable.   

Tenuazonic 
C10H15NO3 
 

Tenuazonic acid is a secondary 
metabolite belonging to the 
class of tetramic acids and is a 
mycotoxin which acts as an 
inhibitor on ribosomal protein 
synthesis.  It contains a 
tetramic acid moiety, which is 
a four-membered ring with an 
amide group, and an isoprenyl 
side chain with proper5es that 
are phytotoxic and cytotoxic.  
It has an acidity pKa of 3.5. 
 

Penicillium sp. (F) 
Alternaria sp. (F) 
Chaetomium sp. (F) 
Aspergillus sp. (F) 
Ulocladium sp.(F) 
Paecilomyces sp. (F) 

Fungal specimens isolated 
from infested building 
materials are usually found 
on water damaged sec5ons 
of gypsum board, 
wallpaper, wood, and 
chipboard.  Symptoms 
include allergy, fa5gue, 
skin, and mucous 
membrane irrita5on.  
Visually fungal growth on 
building materials can vary 
from discoloura5on to large 
biomass growths and 
covonlike colonies.  Surface 
discoloura5on indicates 
decay and material 
solubilisa5on. 

(Nielsen et al., 
1999; Sterflinger, 
2000) 
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Table 23: The impact of environmental changes on colonising microbial populaions.  Environmental changes 
invoked by fluctuaions in the climate and the impact on microbial populaions and responses on the 
deterioraion of tradiional materials 

Environmental factors Implica>ons of the microbial response References 
Temperature increases and 
fluctua5ons 

Microorganisms exhibit suscep5bility to fluctua5ons in 
temperature, which can influence the growth kine5cs and the 
concomitant produc5on of organic acids. An increase in the 
density of a microbial popula5on serve to foster horizontal 
gene transfer between species, with implica5ons on the 
processes of organic maver decomposi5on ecosystems.  
 
This phenomenon exerts a discernible impact on the efficacy 
of the carbon cycle. An addi5onal long-term consequence 
effects the structural integrity of edifices, encouraging the 
dissolu5on of salts and the forma5on and subsequent 
expansion of microfractures within building substrates. 
 
Varia5ons in temperature and rela5ve humidity can induce an 
escala5on in the precipita5on of moisture within interior 
spaces, leading to the accumula5on of moisture on wall 
coverings, wood surfaces, and wall finishes encouraging the 
colonisa5on by mould and bacteria, thereby fostering their 
adhesion, prolifera5on, and the avendant biodegrada5on of 
the underlying substrates. 
 

 

Altered precipita5on 
paverns 

Climate change-induced altera5ons in precipita5on paverns 
result in modifica5ons to moisture levels and the satura5on of 
building render. These fluctua5ons in moisture content 
influence the development and func5onality of microbial 
communi5es. Specifically, elevated moisture levels create 
conducive environments for microbial prolifera5on, leading to 
enhanced produc5on of organic acids and an increased 
demand for nutrients derived from the substrate. During 
periods of intense rainfall, building render and mortar joints 
become oversaturated, thereby promo5ng the growth and 
penetra5on of hyphae into the substrate, ul5mately 
expedi5ng material deteriora5on. 
 

 

Changes to pH The interplay between organic acid-producing microorganisms 
and the pH of the immediate surroundings is dynamic and 
environmentally significant. The extent of pH modula5on is 
linked to altera5ons in clima5c condi5ons that either facilitate 
or impede the prolifera5on of microorganisms. Among the 
various clima5c factors, changes in the atmospheric 
concentra5on of carbon dioxide play a key role, contribu5ng 
to the phenomenon of rain acidifica5on. Acidifica5on, in turn, 
influences the pH of lime or cement-based materials, 
ul5mately promo5ng the accelerated dissolu5on of their 
alkaline salt components. Such environmental shi{s have the 
poten5al to foster the abundance and diversity of organic acid 
producers within the ecosystem. 
 
Generally, complexa5on reac5ons, the reac5on of elements in 
the substrate with different organic acids, occurs when metal 
ions have been released into solu5on following ini5al 
acidolysis.  The elements commonly encountered in lime, 
hydraulic lime, and cement matrices, namely calcium (Ca), 
aluminium (Al), magnesium (Mg), and iron (Fe), exhibit varying 
propensi5es to form salts with organic acids, though 
aluminium and iron salts tend to display rela5vely lower 
solubility.  In par5cular, calcium ions exhibit a notable affinity 
for binding with a range of organic acids, excep5ng tartaric, 

(Bertron et al., 2009; 
Larreur-Cayol et al., 
2011; Mariam Ninan et 
al., 2020) 
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oxalic, and citric acids. This proclivity for solubiliza5on results 
in leaching, a phenomenon that becomes more pronounced as 
rain satura5on increases. Consequently, the enhanced 
leaching of calcium ions contributes to the degrada5on of lime 
and concrete structures. The extent of degrada5on is further 
con5ngent on the proper5es and solubili5es of the calcium 
salts formed in the process.  
 
For instance, calcium acetate (Ca(C2H3O2)2), calcium 
propionate (Ca(C3H5O2)2), and calcium lactate (Ca(C3H5O3)2) 
are soluble in water.  Other Ca-organic acid salts, such as 
calcium citrate (Ca3(C6H5O7)2), calcium malate (C4H4CaO5) and 
calcium oxalate (CaC2O4), are sparingly soluble.  These 
differen5al solubili5es contribute to the complex chemical 
dynamics that underlie the intricate rela5onship between 
organic acid-producing microorganisms, environmental pH, 
and the degrada5on of lime, hydraulic lime, and concrete 
structures. 
 

Environmental changes 
invoking phase changes in 
microbial community 
composi5on 

Climate changes have the capacity to induce shi{s in the 
composi5on and diversity of microbial communi5es. 
Microorganisms par5cipate in intricate ecological networks, 
wherein modifica5ons to the community structure can 
influence the produc5on of organic acids and secondary 
metabolites. Fluctua5ons in environmental factors such as 
temperature, moisture levels, and nutrient availability can 5p 
the balance in favour of specific microbial taxa, thus 
poten5ally modula5ng the dynamics of organic acid 
produc5on. 
 
On a broader geographical scale, altera5ons in climate 
paverns may exert adverse effects on the func5onal roles 
played by microbial communi5es involved in carbon and 
nutrient recycling processes. This, in turn, may contribute to 
the establishment of posi5ve feedback loops eleva5ng 
atmospheric carbon and methane levels. 
 

(Gutarowska & 
Czyżowska, 2009; 
Komar et al., 2023) 
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Table 24: An overview of encapsulaion technologies employed across industry sectors.  Not all encapsulaion 
techniques are suitable for live cell inclusion due to processing stresses which reduce cell viability.  
Electrospinning, extrusion, emulsificaion and coacervaion have proven successful for the encapsulaion of 
live cells 

Encapsula>on 
technique 

Descrip>on Reference 

Spray 
chilling/freeze-
drying and 
cooling 
 

Spray cooling, chilling and spray drying are similar immobilisa5on 
processes.  The core material is dispersed in a liquified coa5ng and 
atomised into chilled air, solidifying the capsule.  This process is ideal for 
a material such as oil, (mel5ng point around 32°C).   
 
Freeze-dried probio5cs encapsulated in liquified lipids form beads 
between 75 -300 µm.  Modifica5ons to the mel5ng point of the capsule 
material controls content release when temperature varia5on provides 
the trigger point.   
 
Spray drying is simple, fast, scalable, and cost-effec5ve and used for 
bioac5ve ingredients such as vitamins, probio5c living cells, 
an5oxidants, and enzymes.  Spray drying and freezing live cells does 
reduce cell viability which can be improved using cryogenic protectants 
prior to freezing, though more costly and energy inefficient.  Freeze 
drying compared to spray drying is faster and cheaper while achieving 
higher cell viability rates. 
 

(Bakry et al., 2016; 
Celli et al., 2015; Jafari 
& McClements, 2017; 

Sarabandi et al., 2018) 

Coacerva5on 
 
Figure 71 

Coacerva5on is a technique that can address storage, light, oxygen, or 
heat sensi5vity issues which threaten to deac5vate the capsule 
contents. 
 
The process of coacerva5on occurs as a pH-sensi5ve ionic avrac5on 
between charged ions.  Gela5n and Arabic gum are biodegradable 
coacerva5on compounds which change electrosta5c avrac5on between 
ions based on changes in pH.  
 
Using gela5n as a coacerva5on material for bacterial cell capsules is not 
effec5ve due to the rela5vely high temperatures (60°C) required to 
dissolve the compound.  Gela5n may also be unacceptable as an 
unsustainable animal product.  Gum Arabic, a complex polysaccharide 
predominantly composed of arabinogalactan and glycoprotein (1%) 
exhibits low-energy solubility and can more easily form protec5ve 
capsules which are suppor5ve of a live-cell coacerva5on process. 
 

(Devi et al., 2016; Kruif 
et al., 2004; Muhoza et 

al., 2022; 
Napiórkowska & Kurek, 

2022) 

Fluid bed coa5ng 
 

Fluid bed coa5ng keeps in mo5on a solid form of the core material.  The 
liquid coa5ng is sprayed through a nozzle, circula5ng the compound to 
be encapsulated through the high velocity air, deposi5ng an atomised 
coa5ng material on the core surface.  The process is most effec5ve for 
encapsula5ng solid materials.  The coa5ng thickness, level of protec5on 
and speed of capsule decay can be controlled by extending the period of 
treatment. 
 

(Coronel-Aguilera & 
San Mar�n-González, 
2015; Guignon et al., 

2002; Teunou & 
Poncelet, 2002) 

Liposome 
entrapment 

Liposomes possess an aqueous core surrounded by a phospholipid 
membrane which spontaneously forms when phospholipids and an 
aqueous medium are mixed.  The core contents of the capsule are 
efficiently contained suspended and insoluble in the surrounding 
phospholipid medium. 
 

(da Silva Malheiros et 
al., 2010) 

Rota5onal 
suspension 
separa5on 

Rota5onal suspension separa5on suspends the core in the capsule 
material dropping it on to a rota5ng disk. The encapsulated par5cles 
spin off-the-disk which can then be either dried or chilled for storage 
and transporta5on. 
 

(Mishra, 2019) 
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Extrusion  
 
Figure 72,  
Figure 73 

Extrusion mixes a dense liquid core with the capsule material,  forcing 
the mix into a dehydra5ng liquid.  Depending on the extrusion 
technique, the hardened material may then be fractured into similar 
size pieces and dried.  The larger size of extruded capsules may not be 
suitable for all applica5ons. 
 
Extrusion can also be used as a microencapsula5on process extruding 
microorganisms through a needle to form droplets which fall into a 
hardening solu5on.  The needle diameter controls the bead size, the 
distance of the fall into the hardener influences the shape. 
 
Alginate, a linear heteropolysaccharide, is a biopolymer extrusion 
material formulated from D-mannuronic and L-guluronic acid the exact 
propor5ons of which vary depending on the algal source.  Divalent 
calcium ca5ons preferen5ally bind to the L-guluronic acid forming an 
extruded gel.  A cell suspension therefore can be added to a sodium 
alginate hydrocolloidal solu5on which will harden when dropped into a 
CaCl2 solu5on.  The ionically cross-linked calcium alginate gel forms a 
biocompa5ble three-dimensional matrix sphere around the cell 
suspension.   
 
The alginate concentra5on can vary from 0.6% with 0.3M CaCl2, to 1-2% 
alginate with 0.05 to 1.5M CaCl2.  Increasing the sodium alginate 
concentra5on, needle diameter and the propor5on of L-guluronic acid 
reduces the bead size.  
 
Extrusion is a low-cost technology which can support a cell survival rate 
up to 95%.  Bead size by extrusion may reach diameters of 2-5 mm.  
Modifying the droplet extrusion parameters can produce pendent 
droplets to a con5nuous stream by adjus5ng the jet velocity, the liquid 
surface tension and density, and the nozzle diameter. A coaxial air jet 
around the needle can increase the velocity drop which has a flow rate 
limit of no more than 30 mLh-1.   
 

(Huguet et al., 1994; 
Jankowski et al., 1997; 

John et al., 2011; 
Krasaekoopt et al., 
2003; Smidsrød & 
Skjåk-Bræk, 1990) 

Emulsifica5on  
 
Figure 74 

A small volume of cell-polymer suspension, the discon5nuous phase, is 
added to a large volume of vegetable oil, the con5nuous phase and 
homogenised to form an emulsion.  Insoluble polymer gel par5cles are 
formed by cross linking the polymer within the oil phase. The size of the 
encapsulated par5cles is controlled by the agita5on speed of the 
solu5on.  Adding emulsifiers like sodium lauryl sulphate, lower the 
surface tension reducing the capsule size down to 25 µm.   
 
Other addi5ves can support the emulsifica5on process like carrageenan, 
a marine algal polysaccharide, cellulose acetate phthalate, a polymer 
insoluble at a pH of 5 or lower, and chitosan, derived from crustacean 
shells.  Carrageenan encapsula5on beads are formed at higher 
temperatures and stabilised by the addi5on of potassium ions in the 
form of potassium chloride.  
 
Calcium ion enriched alginate added at a slightly acidic pH of 6.5 prior to 
the emulsion forma5on forms gel beads tolerant of carbonate 
environments.  Alginate stability is fragile in the presence of phosphate, 
lactate and citrate which act as calcium ion chela5ng agents, weakening 
the gel encapsula5on which may provide a design mechanism to control 
contents release. 
Scaling up emulsion produc5on is expensive compared to extrusion due 
to the inclusion of oil.  Microorganism survival rates range between 80 – 
95%, and encapsulated bead size diameters are smaller than by 
extrusion, between 25 µm to 2 mm. 
 

(Abang et al., 2012; 
Audet & Lacroix, 1989; 

Krasaekoopt et al., 
2003; Poncelet et al., 

1995; Smidsrød & 
Skjåk-Bræk, 1990) 

Inclusion 
complexa5on 

Encapsula5on takes place at the molecular level using cyclodextrins 
which contain a hollow, hydrophobic centre, and a hydrophilic outer 
membrane surface.  Molecules of lower polarity replace the water 

(Alonso et al., 2014) 
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molecules in the centre of the cyclodextrin causing the complex to 
precipitate out of the liquid as the solubility decreases.   
 

Coaxial electro-
spraying and 
electrospinning 
 
Figure 75 

Coaxial electrospraying is an electrohydrodynamic process producing 
mul5layer micropar5cles with coaxial electrified jets.  Coaxial 
electrospinning and electrospraying delivers single or double step 
encapsula5on of water-soluble bioac5ve agents including live cells, into 
nanofibers or nanocapsules.   
 
Encapsulated cell storage stable at room temperature - with 40-day 
viability - and 130 days at 5ºC has been achieved. Cells remain viable in 
calcium alginate microbeads as small as 300 µm 
 
Small diameter beads are produced by extruding the polymer solu5on 
through an electrosta5cally charged needle.  The collec5ng plate is 
grounded or has an opposite electrosta5c charge.  The extruding droplet 
from the needle 5p accumulates a charge and is pulled toward the 
collec5ng plate.  The droplet diameter is controlled by reducing needle 
diameter, increasing electrosta5c poten5al, solvent evapora5ve 
vola5lity, reducing drop distance, dilu5ng polymer concentra5on, and 
reducing the flow rate.    
 

(Arpagaus, 2019; Jiang 
et al., 2014; 

Rostamabadi et al., 
2020; Tapia-Hernández 

et al., 2017); (Hallé et 
al., 1994) 

 
 

 
 

 
 
 

Figure 71: Coacervaion process: Diagram outlining the steps in the coacervaion process forming a 
microcapsule wall around the core material.  The core material is suspended in a liquid phase separated from 
the polymeric soluion which surrounds the core.  The coaing, such as the polysaccharide complex, solidifies, 
encapsulaing the core material.  The two liquid phases separate into a concentrated colloidal phase, the 
coacervate, and a second diluted colloidal phase.  Similar to emulsificaion, coacervaion follows four stages, 
an iniial suspension of the core material in the liquid phase, secreion of the coacervate liquid phase, 
deposiion of liquid polymer around the core material and the firming of the microcapsule wall 
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Figure 72: Three types of extrusion mechanisms. (i) Droplets form under gravity from the dispensing nozzle.  A 
low-cost technique but subject to nozzle blockage.  (ii) Adding a coaxial air-jet increases droplet delivery 
speed and reduces the capsule size.  (iii) Applying an electrostaic potenial increases the dispensing force.   
Droplet characterisics are determined by the potenial difference, polymer viscosity and nozzle diameter 

 

Figure 73: Low cost, high-volume encapsulaion techniques.  These extrusion processes are designed to 
maintain relaively low stress on the capsule contents to deliver high cell viability post-encapsulaion. In (B) and 
(C), cells are suspended in a nutrient hydrocolloid soluion such as alginate or cellulose.  In (A) a dual syringe 
delivery separates the biopolymer from the nutrient/cell soluion, which are combined in a co-extrusion nozzle.  
The biopolymer soluion evaporates on exiing the nozzle and the capsule falls into a collecing dish.  (B) and (C) 
drop the unformed capsules into a hardening soluion of mulivalent caions, in this instance calcium chloride, 
triggering the polymer to form a cross linked three-dimensional matrix around the cells.  (C) uses a rotaing disk 
with muliple extrusion nozzles to improves the opimal cell inclusion per droplet and increases the rate of 
producion of formed beads.  Extrusion encapsulaion has demonstrated high cell viability compared to other 
methods discussed in Table 24   
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Figure 75: Coaxial electrospraying: Droplets exuded from the coaxial needle become highly charged and 
produce a repelling force against the surface tension of the polymer in the droplet.  This produces smaller 
droplets which propel toward the charged collecing base, increasing the speed for evaporaion of any volaile 
solvents in the droplet mix.  Sodium alginate and the cell/nutrient soluion are contemporaneously sprayed 
from the coaxial jet. This process is termed electro-coextrusion. Coaxial capsule composites demonstrate 
stability and high porosity.  Coaxial diameter is determined by fluid viscosity, solute concentraion, the 
inclusion and type of biological material, the applied voltage, room temperature and the distance, D, through 
which a solvent may evaporate.  If the opimum distance D is exceeded, the capsule breaks on hi�ng the 
hardening soluion and fails to form a viable unit 

Figure 74: Encapsulaion by emulsificaion – (A) cell droplet dispersion by sirring in oil (emulsifying), (B) 
addiion of CaCl2 hardens the polymer forming the encapsulated bacterial cells.  Capsules retain a liquid core.  
The technique is based on the coninuous phase (vegetable oil) and the disconinuous phase (cell-polymer 
suspension), the speed of sirring homogenises the liquids forming a water-in-oil suspension cross-linking the 
water-soluble polymer with CaCl2 
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Table 25: An overview of several key biopolymer polysaccharides and amino-polysaccharides sourced from 
plants, animals, and microorganisms 

Polysaccharide Source Structure and func_on Reference 
Agar Agar is obtained from 

the Rhodophyceae class 
of red algae.   
Agar is a low-cost 
renewable biopolymer 
source that can 
subs5tute for oil-
derived plas5c-based 
food packaging.   

Seaweed-derived alginate composi5on varies 
depending on the area of the plant it is 
harvested and the growth condi5ons. Agar is a 
thermo-reversible hydrocolloid and can 
repeatedly transform between a highly viscous 
gel and a low viscous solu5on, unlike alginate in 
which gela5on is irreversible.  Pure agar is 
brivle, with high moisture permeability and poor 
thermal stability.  Biopolymer blends improve 
agar func5onality such as an5microbial, 
hydrophobic, and higher plas5city proper5es.  
Agar is composed of agaropec5n and agarose, 
the laver a linear polysaccharide of repe55ve 
units of D-galactose and 3-6, anhydro-L-
galactose, linked by alterna5ng a-(1-3) and b-(1-
4) glycosidic bonds. 
 

(Armisén, 1991; 
Mar�nez-Sanz et al., 
2019; Mostafavi & 
Zaeim, 2020; Rehm 
& Valla, 1997; 
Remminghorst & 
Rehm, 2006) 

Alginate Alginate is a collec5ve 
term for the 
biopolymer sourced 
from marine brown 
algae Phaeophyceae, 
brown seaweeds such 
as species of 
Ascophyllum, and 
seaweeds sargassum 
and turbinaria and the 
red algae, 
Rhodophyceae.   
Alginate is also 
produced by 
Azotobacter vinelandii 
and several 
Pseudomonas species 
which produce a similar 
polymer structure to 
alginate.   
 

Alginate is an irreversible hydrocolloid material.  
It can be set to form strong and impressionable 
material using sodium alginate and aqueous 
calcium sulphate (CaSO4), forming calcium 
alginate and sodium sulphate (Na2SO4). This is a 
fast reac5on which can be slowed by the 
addi5on of trisodium phosphate (Na3PO4).  
Sodium or calcium alginate added to concrete 
mortar as a replacement for synthe5c 
superabsorbent polymers (SAP) removes the risk 
of decreased mortar strength commonly found 
with SAP applica5ons.  Alginates consist of linear 
copolymer units of b-(1-4) linked d-mannuronic 
acid and b-(1-4) linked l-guluronic acid and can 
form a three-dimensional matrix to provide a 
suppor5ve environment to encourage cellular 
growth. 
 

(Abbas & Mohsen 
2020; Arab et al., 
2021) 

Carrageenan A family of linear 
sulphated anionic 
polysaccharides 
extracted from red 
seaweeds such as 
Chondrus crispus.   

Carrageenan is made up of alterna5ng 3-linked 
b-D-galactopyranose (G-units) and 4-linked a-D-
galactopyranose (D-units) or 4-linked 3,6-
anhydro-a-D-galactopyranose (DA-units).  The 
biopolymer is used in delivery systems of 
bioac5ve ingredients in the food industry based 
on its flexibility to form several delivery 
structures including hydrogels, emulsions, 
microcapsules, and nanotubes.  Kappa (к)-
carrageenan has been inves5gated as a viscosity 
modifying admixture in cement-based materials 
indica5ng a mixture of 0.5% (к)-carrageenan 
showed the highest compressive strength with a 
beneficial effect as a superabsorbent agent on 
shrinkage of low water-to-cement concrete. 
 

(Boukhatem et al., 
2021; Dong et al., 
2021) 

Cellulose An abundant supply of 
cellulose biopolymer 
material sourced from 

Cellulose is a long-chain highly polymerised 
molecule, the degree of polymerisa5on differing 
based on the methods employed for its 

(Klemm et al., 2005; 
Peresin et al., 2010; 
Rinaudo, 2006)    
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plants, microorganisms, 
and tunicates, a marine 
invertebrate capable of 
biosynthesising 
cellulose.  

extrac5on.  It is a linear homopolymer of  b-D 
glucose monomers covalently lined together by 
1-4 glycosidic bonds.  Cellulose comprises of 
several fibres bound with extensive hydrogen 
bond linkages.  This mul5-layered assembly is 
formed from fibrils, and cellulose molecules.  
The biopolymer is highly crystalline, hydrophilic, 
though insoluble in water and most common 
solvents.  The degree of crystallisa5on and fibre-
arrangement is determined by the cellulose 
source.  Covon fibre is approximately 80% 
crystalline, compared to wood cellulose at 
around 50% crystalline. 
 

Chi5n One of the most 
abundant amino-
polysaccharide 
biopolymers.  Chi5n is 
found in exoskeletons, 
insect cu5cles and 
fungal cell walls 
providing strength and 
structural support.  It is 
extracted from the 
shells of crabs, shrimps, 
and lobsters. 

A linear polymer with acetamide or amine 
func5onal groups avached to C2 of the glucose 
monomer and linking 2-deoxy-D-glucopyranose 
together by b(1-4) glycosidic bonds.  Extensive 
intra and inter-polymer chain hydrogen bonds 
which results in highly crystalline microfibril 
forma5on.  Chi5n is a tough biopolymer, 
structurally comparable to cellulose and 
func5onally comparable to the fibrous protein 
kera5n. It is highly insoluble in water and most 
solvents and forms strong biopolymer coa5ngs 
resul5ng in it being adopted in several industrial 
processes.  When combined in an organic matrix 
with calcium carbonate, it forms a tough 
composite. 
 

(Chen et al., 2015; 
Ravi Kumar, 2000; 
Rinaudo, 2006)     

Chitosan A deriva5ve of chi5n 
formed due to par5al 
deacetyla5on.  It can be 
made by trea5ng shells 
comprising of chi5n 
with sodium hydroxide.  
Commercially the 
degree of deacetyla5on 
of chi5n ranges from 
60-100%.   

Chitosan can be dissolved in weak acids with pH 
of 6.5 or less, such as hydrochloric acid, and 
organic acids such as formic, ace5c, oxalic, and 
lac5c acids.  Chitosan when added as a coa5ng 
on alginate beads, forms a membrane around 
the alginate strengthened by the posi5vely 
charged chitosan amino groups with nega5vely 
charged carboxylic acid alginate groups. Beads 
prepared with a high molecular weight chitosan 
provide encapsulated cells with a higher survival 
and viability due to the thicker bead membrane. 
This has been demonstrated in simulated 
gastrointes5nal condi5ons.  Similarly, poly-L-
lysine can form strong polymer complexes with 
alginate providing similar encapsula5on coa5ng 
proper5es.  Chitosan is soluble in water. 
 

(Ravi Kumar, 2000; 
Rinaudo, 2006; 
Chávarri et al., 2010; 
Cui et al., 2008)   

Inulin Inulin is a plant 
polysaccharide found in 
more than 36,000 plant 
species, though it is 
mainly extracted from 
chicory.  It is an energy 
storage polysaccharide 
and is found in roots 
and rhizomes. 

Inulin is soluble in water crea5ng an osmo5c 
switch as it alters its osmo5c poten5al by 
adjus5ng the level of inulin polymerisa5on.  It is 
a heterogenous collec5on of linked fructose 
polymers which can form a three-dimensional 
gel network ideal for use in emulsions and spray-
drying encapsula5on.  Inulin is a combina5on of 
fructose and glucose molecules forming 
polydisperse b(2-1) fructan.  A glucose molecule 
is usually found at each end of the fructose 
chain linked by a(1-2) bonds. 
 

(Dobre et al., 2008; 
Goëlo et al., 2020; 
Phelps, 1965) 

Pec5n Pec5n is a high 
molecular weight 
polysaccharide that 
contributes to plant cell 

Pec5n is a polymer with a linear structure 
comprising a large number of  galacturonic 
acid monomer units linked via α-(1→4)-
glycosidic bond forming the polymer backbone.  

(Mohnen, 2008; 
Rehman et al., 2019; 
Rosales & Fabi, 2023) 

https://www.sciencedirect.com/topics/medicine-and-dentistry/galacturonic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/galacturonic-acid
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wall structure and is 
commonly associated 
as a gelling agent.  It is 
a complex structural 
and func5onal 
polysaccharide. 

In addi5on to its structural role, pec5n regulates 
cell-cell adhesion and intracellular signalling 
molecules.  In addi5on to applica5ons in the 
food and pharmaceu5cal industries, pec5n can 
bind to tumours and reduce growth and 
cancerous cell migra5on.  It is used to form 
stable nanostructures to protect, aid absorp5on 
and improve the availability of ac5ve 
compounds. 
 

Pullulan Pullulan is produced 
aerobically from starch 
by the polymorphic 
fungus Aureobasidium 
pullulans.  It is an 
economically viable 
polymeric source 
material made from 
feedstock 
fermenta5on. 
 

Pullulan is a water-soluble, non-toxic, strictly 
linear glycosic polysaccharide consis5ng of three 
glucose units connected by α-(1→4)-glycosidic 
bonds, connected to each other by an α-1,6 
glycosidic bond.  It is used in a wide variety of 
applica5ons including cosme5c products, food 
addi5ves (inhibits fungal growth), blood plasma 
subs5tute and adhesives.  It is readily soluble in 
water, has excellent water reten5on and low 
viscosity.   
 

(Cheng et al., 2011; 
Kraśniewska et al., 
2019; Singh et al., 
2008) 

Starch Starch is an abundant, 
renewable biopolymer 
that has applica5ons 
across industrial sectors 
including food, tex5les, 
and pharmaceu5cals.  It 
can be extracted from 
numerous plant 
sources such as potato 
(Solanum tuberosum), 
corn (Zea mays) and 
wheat (TriGcum 
aesGvum).   

Starch is a homopolymer comprising amylose 
and amylopec5n.  Amylose molecules may have 
up to ten branches, whereas amylopec5n has α-
glucose units in its polymeric structure linked 
with (1→4) glycosidic and α (1→6) bonds.  Due 
to brivleness, starch is best u5lised as a 
biopolymer blend, the applica5on guiding the 
blend design. Starch based biopolymers are non-
toxic and biocompa5ble, and their 
biodegradable proper5es are replacing 
petrochemical plas5cs.  Starch ethers have been 
used as addi5ves for hydraulic binders such as 
cement and lime. 
 

(Dava, 2011; Falcão 
et al., 2022; Gamage 
et al., 2022) 
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Table 26: Sources of biopolymers extracted from microbial biofilms.  Bacterial biopolymers have diverse 
physicochemical and rheological properies derived from the biological building blocks (Tang et al., 2012).  
Microbial polymer biosynthesis is more economically compeiive than non-microbial sources as the extracion 
and purificaion processes are lower cost, (Llamas et al., 2012).  Pullulan, curdlan, dextran, and cellulose are 
homopolysaccharide polymers which differ in linkage bonds compared to heteropolysaccharides, affecing 
their chemical behaviour, synthesis, and industrial applicaions 

Microorganism Polysaccharide Chemical structure Proper>es References 
Lactobacillales 
(Lactobacillus sp.), 
Leuconostocaceae 
(Leuconostoc sp.), 
Leuconostoc 
mesenteroides, 
Streptococcaceae 
(Streptococcus sp.) 

Dextran 
C18H32O16 

Homopolysaccharide, 
high molecular weight, 
backbone structure 
contains glucose with 
mul5ple a-(1,6)-
linkages.  The 
arrangement of side 
chain linkages varies 
between bacterial 
strains.  It is a water-
soluble glucan which is 
highly biodegradable 
and biocompa5ble. 
 

Commercial producers L. 
mesenteroides and L. 
dextranicum produce a 
matrix gel which can strain 
out macromolecules.  It is 
widely used in clinical 
applica5ons such as wound 
care and drug encapsula5on 
as it is non-toxic.  

(Hussain et al., 
2017; Lapasin, 
2012; Naessens 
et al., 2005; 
Rehm & Valla, 
1997)  
 
 
 

Lactobacillus sp. (L. 
rhamnosus, L. 
kefir, L. 
kefiranofasciens) 

Kefiran 
(C12H24O11) 

A capsular water-soluble 
branched glucogalactan 
polysaccharide.  The 
exopolysaccharide is 
produced by lac5c acid 
bacteria. 

A non-toxic polysaccharide 
with an5bacterial, 
an5fungal and an5tumour 
proper5es.  Kefiran can 
enhance gel viscosity and 
viscoelas5city, chosen for 
applica5ons requiring 
scaffolds or encapsula5on. 
Demonstrates an5microbial 
ac5vity 
 

(Rehm et al., 
2009; Micheli et 
al., 1999; 
Moradi & 
Kalanpour, 
2019) 

Rhodospirillales, 
Sphingomonadales
, (Sphingomonas 
elodea) 
Acetobacter, 
(Acetobacter 
xylinum), 
Agrobacterium, 
Pseudomonas, 
Rhizobium, 
Achromobacter, 
Aerobacter, 
Azotobacter, 
Sarcina ventriculi, 
Escherichia, 
Pseudomonas 
elodea,  

Cellulose, 
(C6H10O5)n 
 

Cellulose is a linear 
homopolysaccharide of 
monosaccharide glucose 
with 1,3 b- and 1,6 b 
glycosidic linkage. 
Unlike plant sourced 
cellulose, bacterial 
cellulose has an ultrafine 
nanofibrous network 
structures.  Cellulose is 
highly hydrophilic. 

The purity of bacterial 
cellulose is u5lised in non-
toxic food applica5ons and 
biomedical formula5ons.  It 
has a high tensile strength, 
flexible, a high modulus of 
elas5city, shear-thinning 
capacity, and chemical 
stability.  It is also non-toxic 
and porous, and 
biocompa5ble with cell 
inser5ons. 

(Garrity et al., 
1984; Jonas et 
al., 1998; 
Klemm et al., 
2001) 
 
 
 
 

 Gellan  Gellan is a linear anionic 
heteropolysaccharide 
with tetrasaccharide 
repea5ng molecules of 
b-D-glucose, -D-
glucuronic acid and a-L-
rhamnose.  At high 
temperatures – around 
120°C it forms a 
transparent gel. Gela5on 
depends on the gellan 
concentra5on, ionic 

Gellan is a stable, elastic gel 
producing a consistent 
viscosity matrix in which to 
suspend cells.  Applications 
are within the food and 
biomedical industry.  Cells 
can be entrapped using gel 
beads by extrusion or 
emulsification and warm 
gellan gum.  Gellan is 
suitable for immobilisation 
of thermophilic 

(Fialho et al., 
2008; Rehm & 
Valla, 1997; 
Lapasin, 2012) 
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strength, and the use of 
divalent stabilising 
ca5ons. 

microorganisms that can 
tolerate temperatures up to 
60°C.  Citrate or 
metaphosphate decrease 
the gel formation 
temperature thereby 
accommodating heat 
sensitive microorganisms. 

 
Sphingomonas sp. 
Alcaligenes 

Welan 
(c7H8N2O3) 

Water-soluble 
biopolymer composed of 
tetrasaccharide 
backbone with side 
chains of either L-
rhammose or L-mannose 
subs5tute on C3 of the 
1,4-linked glucose 
structure comprising of 
D-glucose, D-glucuronic 
acid and L-rhammose. 
 

Welan, due to its stability 
and viscosity at higher 
temperatures, has 
pseudoplas5c applica5ons 
in the food, biomedicine, 
and industrial sectors such 
as cement produc5on.  It is 
stable across the pH range 
and in the presence of 
calcium. 
 

(Kaur et al., 
2014; 
Chandrasekaran 
et al., 1995; Vu 
et al., 2009) 

Alcaligenes 
faecalis, 
Alcaligenes 
faecalisvar, 
Sinorhizobium 
meliloG 

Curdlan 
(C6H10O5)n 
 
 
 
 
 

Low molecular weight 
comprising of b-1,3-
linked glucose residues, 
linear, water-soluble 
linear 
homopolysaccharide 
with 1,3 b- and 1,6 b 
glycosidic linkage.   

Curdlan when heated above 
55ºC forms an elas5c gel.  It 
is non-toxic and can be used 
in food and pharmaceu5cals 
and bioremedia5on.  
Exhibits an5-tumour, an5-
HIV, immunomodulatory 
effects.  Poor solubility in 
water, thermally stable and 
non-toxic. 
 

(Chandrasekara
n et al., 1995; 
Freitas et al., 
2011; Gummadi 
& Kumar, 2005; 
Hussain et al., 
2017; Lapasin, 
2012; Rehm & 
Valla, 1997) 

Pseudomonadales, 
Pseudomonas 
aeruginosa, 
Azotobacter 
chroococcum, A. 
vinelandii 
 

Alginate 
(C6H8O6)n 
 

Linear hetero-
polysaccharide of D-
mannuronic and L-
guluronic acid the 
composi5on varies by 
microorganism source.  
Guluronic acid content 
determines the gelling 
performance.  Porosity is 
reduced by modifying 
the alginate with 
addi5ves or coa5ng the 
beads with polymer. 
Alginate is a key 
component of 
desicca5on resistant 
cysts  in Azotobacter.   
 

U5lised in several industrial 
and pharmaceu5cal 
applica5ons including cell 
encapsula5on.  Enzymes are 
used for a controlled 5me-
release.  It is non-toxic and 
biocompa5ble. Increasing 
the Na+/Ca2+ ra5o using 
chela5ng compounds such 
as an5-gelling ca5ons Na+, 
Mg2+, phosphate, citrate, or 
lactate, triggers 
encapsulated content 
release.  
 
 

(A Rehm et al., 
2009; Ertesvåg 
& Valla, 1998; 
Krasaekoopt et 
al., 2003; López-
Pliego et al., 
2018; Mandal et 
al., 2006; 
Peteiro, 2018; 
Rowley et al., 
1999) 
 

Xanthomonadales, 
Xanthomonas 
campestris 

Xanthan 
C35H49O29 

High molecular weight 
anionic hetero-
polysaccharide 
comprising a glucose-
unit main chain and side 
chain trisaccharide of a-
D-mannose and acetyl 
group.  It has a b 1,4-
linked D-glucose 
backbone and 
subs5tuted alternately 

The stabilisa5on proper5es 
of Xanthan enables 
addi5ves to be suspended 
in the high viscosity 
polysaccharide gel.  Xanthan 
is used in the cosme5c, 
health, industrial, and 
pharmaceu5cal industries. 

(Hussain et al., 
2017; Rehm & 
Valla, 1997) 



304 
 

with every second 
glucose residue is a 
trisaccharide chain.  It is 
water soluble, thermally 
stable with limited 
electrical conduc5vity. 
 

Aureobasidium 
pullulans  

Pullulan 
(C6H10O5)n 
 

Linear repea5ng 
copolymer 
homopolysaccharide 
with 1,3 b- glucan and 
1,6 b-glycosidic linkage 
 

Pullulan is a water-soluble 
gum produced aerobically 
by fungus A. pullulans.  
Used in the medical, 
pharmaceu5cal, 
lithographic, and food 
industries. 
 

(Freitas et al., 
2011; 
Sugumaran, 
2017; R. S. 
Singh et al., 
2008) 

Zymomonas 
mobilis, Bacillus 
subGlis, 
Hallomonas, 
Psuedomonas, 
Streptococcus, 
Mycobacterium, 
Gluconobacter 

Levan 
(C18H32O16)n 

A homopolysaccharide 
of fructose units.  The 
enzyme levansucrase 
breaks the sucrose bond 
between glucose and 
fructose, polymerising 
the units.  Fructose 
composi5on is a-typical 
for a biopolymer. 
 

Solubility is temperature 
dependent in water and oil.  
It is insoluble in several 
organic solvents such as 
methanol and ethanol.  The 
molecular branching and 
hydroxyl groups provides 
the biopolymer with 
cohesive strength 

(Freitas et al., 
2011; Öner et 
al., 2016) 

Streptococcus 
zooepidemicus 

Hyaluronic acid 
(C14H21NO11)n  

An exopolysaccharide 
with repea5ng units of 
D-glucuronic acid and N-
acetyl-D-glucosamine.  It 
is a hydrophilic polymer 
holding large amounts of 
water due to hydrogen 
bonds between the 
carboxyl and N-acetyl 
groups. 

Hyaluronic acid 
demonstrates non-
immunogenic, non-
inflammatory, 
bacteriosta5c, and 
biodegradable proper5es.  It 
is not mechanically stable 
under stress limi5ng 
applica5ons to the cosme5c 
and drug industries. 
 

(Hussain et al., 
2017; Morra, 
2005; Pitarresi 
et al., 2009) 
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Table 27: Proteins as bioacive consituents for storage and conveyance.  Numerous proteins have uility for 
storage, conveyance, and the encapsulaion of bioacive consituents. In their naive conformaion, proteins 
ozen lack the requisite robustness, but may be modified to tune their performance as encapsulaing agents.  
This adaptability arises from the intricate folded structures and coiled geometries characterising proteins that 
are sensiive to environmental factors, such as pH, ionic strength, and subtle variaions in temperature.  These 
factors induce alteraions in protein hydrophobicity and surface charge, affecing the biopolymer 
encapsulaion coaings. Protein sourced from animal, plant or microbe materials can improve mechanical 
properies of lime-based material.  A challenge to uilise pure protein biopolymers as encapsulaion structures, 
is the vulnerability of the protein molecules to denaturing, resuling from the complex folded protein structure 
limiing applicaions away from mechanically stressful environments.  It is an area for further research to 
extending the robustness of proteins and leverage synergies by using proteins as addiives to polysaccharide 
biopolymers 

Protein Chemical Structure Proper>es References 
Gela5n A water-soluble biopolymer 

produced denaturing collagen in 
animal bones and skin. It consists of 
large numbers of glycine, proline, 
and 4-hydroxy proline residues.  
Gela5on, is a reversible 
transforma5on, occurring when the 
gela5ne is cooled below 30 - 35°C.   

The amphoteric nature of gela5n 
interfaces with anionic polysaccharides 
such as gellan for use in encapsula5on.  
Gela5n becomes posi5vely charged when 
the pH falls below the isoelectric point.  
The robust gela5n protec5on around a 
ca5onic polysaccharide can extend the 
resistance to adverse environmental 
condi5ons.   

(Deshmukh et al., 
2017; Klemm et al., 
2005; Krasaekoopt 
et al., 2003, 2006) 
 
 
 

Albumins A water-soluble family of globular 
animal proteins.  The protein is 
sensi5ve to environmental stress, but 
albumin conjugates have improved 
func5onality.  It is found in the serum 
of mammals and is synthesised 
almost exclusively in the liver.  a-
lactalbumin, a major whey protein in 
milk consists of 123 amino acids in a 
globular ter5ary structure with two 
lobes forming a calcium-binding site.  
The protein can exist either calcium 
bound, or calcium depleted. 

Albumins denature on hea5ng.  Readily 
available in pure form, water soluble, 
biodegradable, and mostly 
biocompa5ble.  Biopolymer par5cles can 
be formed by denaturing globular 
proteins using a change in pH to 
encourage repulsion between protein 
molecules and promote unfolding.  Other 
albumin types include ovalbumin and 
whey protein.  Low viscosity, high 
solubility, emulsify and form films.  A 
pec5n matrix coated with whey increases 
the protec5ve layer surrounding 
encapsulated cells. Whey proteins are 
used in extrusion methods of cell 
encapsula5on. 

(Barone et al., 
2020; Gerez et al., 
2012; Matalanis et 
al., 2011; 
Weinbreck et al., 
2010; Ying et al., 
2012) 
 

Soy Soy protein is a hydrophilic globular 
protein consis5ng of polypep5de 
chains of protein polymers with 
disulphide and hydrogen bonds 
forming 3D structures.  The source is 
widely available and renewable. 
Calcium ions cause cold-set gela5on 
useful for heat-sensi5ve cell 
encapsula5on. 

The soy protein carrier may be useful for 
live cell delivery and release within acid 
to alkaline environments.  Soy protein 
compared to other proteins is 
economically compe55ve for large scale 
produc5on making it one of the most 
easily available biodegradable polymers.  
It has a low water resistance which may 
be improved by developing soy bio-
composite 

(Chhavi et al., 
2017; Q. Liu et al., 
2015; Maltais et 
al., 2010; Yew et 
al., 2011)  
 
 

Fibroin An insoluble protein found in insect 
silk.  Its primary structure consists of 
a reoccurring amino acid sequence 
(Gly-Ser-Gly-Ala-Gly-Ala)n in layers of 
an5parallel beta sheets.  Fibroin – 
albumin polymer blends can produce 
biopolymer structures with 
diameters averaging 200 nm. 

Biocompa5ble, biodegradable, and an5-
microbial proper5es.  The biopolymer is 
thermally stable.  Silk fibroin can form 
porous three-dimensional structures and 
is currently used in three-dimensional 
prin5ng and 5ssue engineering. 

(Buitrago et al., 
2018; Nguyen et 
al., 2019) 

Caseins Casein proteins, a family of 
phosphoproteins are isolated from 
milk. It forms a gel-like structure with 
the addi5on of acids, calcium, or 

It is found in milk as a suspension due to 
its rela5vely hydrophobic property.  
Useful proteins to build structures with 
further func5onality with other 

(H. Chen et al., 
2015; Song et al., 
2022) 
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enzymes.  Zein-casein composite 
nanocapsules are well established as 
spray-dried complexes. 

biopolymers.  U5lised within the food 
and pharmaceu5cal industries to form 
encapsulated systems to protect 
anthocyanins in food products. 

Gliadin and 
zein 

Gliadin is made up of single-chain 
polypep5des linked by 
intramolecular disulphide bonds.  It 
has low solubility in aqueous solu5on 
excepts at high pH. 
 
Zein is a prolamine rich protein found 
in the endosperm of corn kernels.  It 
is a hydrophobic and thermoplas5c 
material. 

Hydrophobic proteins which form 
biopolymers suitable for encapsula5on of 
ac5ve ingredients.   
Zein is only soluble in aqueous ethanol.  
Zein fibres have been produced by 
electrospinning.  It can be processed into 
bioplas5c polymers for use in 
microencapsula5on.  The main 
commercial focus is toward delivery of 
biopackaged ingredients in the food and 
pharmaceu5cal industry. 
 

 
(Neo et al., 2013; 
Torres-Giner et al., 
2010) 
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Table 28: Bioreactor systems.  A system comparison of bioreactor advances and techniques for commercial 
producion of bacterial cellulose.  Bacterial cellulose producion opimally occurs at pH 6.5.  The producion of 
secondary metabolites gluconic, lacic and aceic acid inhibits cellulose producion when contaminaing the 
culture medium and must be miigated within the bioreactor for opimal cellulose delivery.  The energy 
consumpion required to run the bioreactors can also be a limiing factor in bacterial cellulose producion, 
however, the growing demand for high-grade bacterial cellulose will encourage the scaling up of more efficient 
cellulose producion technologies 

Bioreactor System Proper>es References 
 

Sta5c culture 
bioreactor 

Bacterial cellulose cultures are strain-dependent, with produc5on 
taking from ten days to six weeks.  Simply constructed sta5c vessels 
use coconut water, added sugar and as the nitrogen source, 
ammonium sulphate.  This category of reactor yields 5 g L-1 in less than 
a month. 
 

(Iguchi et al., 2000; Lee 
et al., 2014)  

S5rred culture 
bioreactor 

The accumula5on of cellulose in the culture increases the viscosity-
producing gradients which restrict the nutrient and oxygen supply to 
the cellulose-producing bacteria.  The cellulose yield is dependent on 
the s5rring speed inside the tank, which increases the available 
oxygen.  Over a six-day period, the cellulose yield can range from 1.08 
to 1.71 5 g L-1.  Adding molasses hydrolysed by sulphuric acid provides 
the carbon source yielded 5.3 g L-1 over 72 hours.  The addi5on of 
agar, or insoluble micropar5cles such as clay, reduces shear stress and 
also increases cellulose produc5on.  Increasing the bacterial cellulose 
cell concentra5on increases cellulose produc5on as a quorum 
response, which restricts normal metabolism and increases cellulose 
synthesis.  
 

(Bae et al., 2004; Bae 
et al., 2005; Dudman, 
1959; Kouda et al., 
1996; Stepanov & 
Efremenko, 2018) 

Airli{ bioreactors A simple, easy-to-use design though less suitable for viscous cultures 
results in a lower cellulose produc5on.  The energy used by this 
method compared to a s5rred tank reactor is considerably less.  
Modifica5ons to the reactor design to improve oxygen transfer plus 
the addi5on of agar reportedly produced a yield of 6.8 g L-1.   
 

(Choi et al., 2009; Kim 
et al., 2012)  

Aerosol bioreactors The supply of oxygen and carbon are limi5ng factors on the 
produc5on of bacterial cellulose within a bioreactor.  In this design an 
aerosol reactor avaches bacteria to a rota5ng drum improving access 
for the bacteria to the nutrient flow.  To overcome the increased build 
up and viscosity caused by cellulose hampering the drum rota5on, 
nutrients are sprayed from an aerosol onto the drum, producing up to 
9 g of dry cellulose per day.  Pellicles form at the highest oxygen and 
nutrient concentra5on on the top of the liquid media encouraging 
bacterial growth. 
 

(Hornung et al., 2007) 

Membrane 
bioreactor 

A membrane bioreactor achieves a sta5c environment, the membrane 
forming a large, shallow area on which to promote cellulose 
produc5on.  A hydrophilic membrane with a pore size of 0.45 µm 
allows nutrients, including oxygen rich air, to pass through one side of 
the membrane.  Cellulose producing bacteria are located on the other 
side of the membrane.  The newly produced cellulose diffuses through 
the membrane allowing for easier collec5on and a reduc5on in the 
cellulose extrac5on cost delivering a bacterial cellulose produc5on of 
0.4 g (dry mass) m-2 h-1. 
 

(Hofinger et al., 2011; 
Lee et al., 2014; 
Yoshino et al., 1996) 

Horizontal li{ 
reactor 

Most bioreactors require the apparatus to be halted while the 
cellulose is extracted.  A horizontal li{ reactor cultures the cellulose 
while con5nuously extrac5ng the cellulose which is produced along 
the length of the tank.  This technique does not disturb the bacterial 
cellulose nanofibers present within the bacterial pellicle. 
 

(Kralisch et al., 2010) 
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Rotary bioreactor In the airli{ and agita5on bioreactor systems, the cellulose adheres to 
parts of the reactor hampering removal.  Bacterial cellulose 
produc5on is reportedly 2.75-fold higher in rotary bioreactor systems 
compared to sta5cally produced cellulose from the same volume of 
media. A rotary bioreactor incorporates eight circular discs, 
redirec5ng cellulose adhesion, the discs which are part covered in 
culture medium, with the remaining part exposed to the air.  Eight 
discs appear to be the op5mal number to encourage efficient bacterial 
pellicle produc5on. 
 

(Serafica et al., 2002; 
Sharma et al., 2022) 
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Table 29: CFU count indicaing viable B. sphaericus cells encapsulated in (a) alginate biopolymer and (b) 
cellulose biopolymer, compared to the non-encapsulated baseline (lez).  ESY - % drop in CFU/ml over a 6-hour 
period (right) 
 

 
 
 
 
 
 
 
 
Table 30: CFU count indicaing viable B. sphaericus cells immobilised in alginate compared to the non-
immobilised baseline (lez).  ISY - % drop in CFU over 6 hours - alginate hydrogel, (right) 
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Table 31: Porosity results – wall secions - B. sphaericus 

Condiions at the ime measurements were taken: 
 
Temperature   14° C 
Relaive Humidity 76% 
 
Porosity was measured using 0.025M soluion of Alizarin Red, applied and air dried before depth of 
penetraion measurements were undertaken. Three tests were conducted on each wall secion.  Results are in 
mm. 
 

 
 
 
 
 
Table 32: Porosity results – lime blocks - B. sphaericus 

Condiions at the ime measurements were taken: 
 
Temperature   20° C 
Relaive Humidity 60% 
 
Porosity was measured using 0.025M soluion of Alizarin Red, applied and air dried before depth of 
penetraion measurements were undertaken. Three tests were conducted on each lime block.  Results are in 
mm. 
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Table 33: Porosity results – Lime blocks – S. elongatus 

Temperature   20° C 
Relaive Humidity 60% 
 
Porosity was measured using 0.025M soluion of Alizarin Red, applied and air dried before depth of 
penetraion measurements were undertaken. Results are in mm. 
 
Twelve lime blocks comprised the experiment for comparison with the results in secion A 2.  Six blocks formed 
the control (limewash only), and six blocks were treated with a limewash-encapsulate mix.    
 
The control and alginate encapsulated S. elongatus comparisons were carried out on six control and six 
inoculated lime blocks.   
 

 
 
 
 
 
 
Graph A – Wall Sec_ons (B. sphaericus) – Porosity – Sta_s_cal results 
 
The null hypothesis compares the porosity results from the Control (1 or sec8on A) and the highest 
performing formula8on of alginate encapsula8ng B. sphaericus (3 corresponding to wall sec8on C). 
 
A two-tail t-test was carried out on the sample data.  The difference between the results can be 
considered non-significant, therefore the null hypothesis must be accepted.  This outcome concludes 
that the data for the porosity of moisture between Control A and Sample C is not significant as 
indicated by the non-overlap of the standard error bars. 
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Graph B – Lime blocks (B. sphaericus) – Porosity – Sta_s_cal results 
 
The null hypothesis compares the porosity results from the Control (1 or sec8on A) and the highest 
performing formula8on of alginate encapsula8ng B. sphaericus (3 corresponding to wall sec8on C). 
 
A two-tail t-test was carried out on the sample data.  The difference between the results can be 
considered sugges8ve only and may consider the null hypothesis to be accepted.  This outcome 
concludes that the data for the porosity of moisture between Control A and Sample C is only possibly 
significant as indicated by the non-overlap of the standard error bars. 
 

 
 
 
Graph C – Lime blocks (S. elongatus) – Porosity – Sta_s_cal results 
 
The null hypothesis compares the porosity results from the Control (1 or sec8on A) and the highest-
performing formula8on of alginate encapsula8ng S. elongatus (B or 2). 
 
A two-tail t-test was carried out on the sample data.  The difference between the results can be 
considered highly significant, therefore the null hypothesis can be rejected.  This outcome concludes 
that the data for the porosity of moisture between Control A and Sample C is highly significant as 
indicated by the non-overlap of the standard error bars. 
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Note: Explana8on for using a different control, excluding S. elongatus from wall sec8on study and 
representa8on as separate data in Figures 31, 32, 33 
 
Cyanobacterium Synechococcus elongatus is phototrophic and capable of extrac8ng carbon dioxide 
from the atmosphere, forming calcium carbonate crystals around extracellular nuclea8on sites.  The 
inten8on of the study was to include the encapsulated S. elongatus assessment at the same 8me as 
B. sphaericus.  Unfortunately, the post-COVID impact delayed the availability of viable S. elongatus 
stock from UK or European suppliers.  A further delay resulted from an unresponsive microbial batch 
supplied by the supplier from pre-COVID stock.  The supply of a viable sample stock extended the 
prac8ce element by 6-months.  This presented an on-site loca8on challenge.  The Northern loca8on 
of the Isle of Jura, Scotland, reduces available daylight and temperatures lower from August 
onwards,  which would have nega8vely impacted the study or added a further 12-month delay.  To 
mi8gate the challenge, S. elongatus encapsula8on in limewash evalua8on was conducted in vitro 
addressing the seasonal environmental challenges.  Based on the previous results from B. sphaericus 
on both wall sec8ons and lime blocks, the cyanobacterium was evaluated within an alginate 
encapsulate.  
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Table 34: Cohesion results – wall secions - B. sphaericus 

Five test strips of adhesive tape were cut, measured and weighed before and aIer the cohesion test 
on the respec8ve wall sec8on.  The weight of lime removed by the adhesive tape from the surface of 
the sec8on is adjusted to compare surface abrasion in g cm-2 
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Average, standard devia_on and standard error 
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Table 35: Cohesion results – lime blocks – B. sphaericus 

Three test strips of adhesive tape were cut, measured and weighed before and aIer the cohesion 
test on the respec8ve lime block.  The weight of lime removed by the adhesive tape from the surface 
of the sec8on is adjusted to compare surface abrasion in g cm-2 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 36: Cohesion results – lime blocks – S. elongatus 

Based on the previous work in sec8on A 2 the alginate biopolymer was u8lised as the preferred 
encapsula8on polymer.  The result below compares the control data to the data for alginate-
encapsulated S. elongatus. 
 
(next page) 
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     Table 36   Cohesion results – lime blocks – S. elongatus 
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Graph A – Wall Sec_ons (B. sphaericus) – Cohesion – Sta_s_cal results 
 
The null hypothesis compares the cohesion results from the Control (1 or sec8on A) and the highest 
performing formula8on of alginate encapsula8ng B. sphaericus (3 corresponding to wall sec8on C). 
 
A two-tail t-test was carried out on the sample data.  The difference between the results can be 
considered significant, therefore the null hypothesis must be accepted.  This outcome concludes that 
the data for the cohesion between Control A and Sample C is significant as indicated by the non-
overlap of the standard error bars. 
 
 

 
 
 
Graph B – Lime blocks (B. sphaericus) – Cohesion – Sta_s_cal results 
 
The null hypothesis compares the cohesion results from the Control (1 or sec8on A) and the highest 
performing formula8on of alginate encapsula8ng B. sphaericus (3 corresponding to wall sec8on C). 
 
A two-tail t-test was carried out on the sample data.  The difference between the results can be 
considered highly significant, therefore the null hypothesis is rejected.  This outcome concludes that 
the data for the cohesion results between Control A and Sample C is significant as indicated by the 
non-overlap of the standard error bars. 
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Graph C – Lime blocks (S. elongatus) – Cohesion – Sta_s_cal results 
 
The null hypothesis compares the cohesion results from the Control (1 or sec8on A) and the highest-
performing formula8on of alginate encapsula8ng S. elongatus (2 or B). 
 
A two-tail t-test was carried out on the sample data.  The difference between the results can be 
considered highly significant, therefore the null hypothesis must be accepted.  This outcome 
concludes that the data for cohesion between Control A and Sample B is significant as indicated by 
the non-overlap of the standard error bars. 
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Table 37: Absorpion results – wall secions - B. sphaericus 

Condi8ons at the 8me measurements were taken: 
 
Temperature   13° C 
Rela8ve Humidity 75% 
Each measurement  
was conducted over 60 seconds 
 
The contact sponge dimensions are 44 x 55 x 0.06 mm.  Five tests were conducted on each wall 
sec8on.  The results were calculated for a 1 cm-2 wall sec8on.  Results are in g cm-2 s-1  
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Average, standard devia_on and standard error 
 

 
 
 
 
 
 
 
Table 38: Absorpion results – lime blocks - B. sphaericus 

Condi8ons at the 8me measurements were taken: 
 
Temperature   20° C 
Rela8ve Humidity 60% 
Each measurement  
was conducted over 60 seconds 
 
The contact sponge dimensions are 10 x 20 x 0.06 mm.  Tes8ng was conducted on six lime blocks.  
The results are calculated in g cm-2 s-1  
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Table 39: Absorpion results – lime blocks – S. elongatus 

 
Condi8ons at the 8me measurements were taken: 
 
Temperature   20° C 
Rela8ve Humidity 60% 
Each measurement was enacted over a 60-second interval. 
 
The contact sponge dimensions are 10 x 20 x 0.06 mm.  Tes8ng was conducted on six lime blocks.  
The results are calculated in g cm-2 s-1  
 
(next page) 
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                     Table 39   Absorpion results – lime blocks – S. elongatus  
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Graph A – Lime Wall Sec0ons (B. sphaericus) - Absorp0on– sta0s0cal results 
 

 

 

 
 
 
Graph B – lime blocks (B. sphaericus) – Absorp_on - sta_s_cal results 
 
The null hypothesis compares the absorpion results from the Control (1 or secion A) and the highest 
performing formulaion of alginate encapsulaing B. sphaericus (3 corresponding to wall secion C). 
 
A two-tail t-test was carried out on the sample data (below).  The difference between the results can be 
considered significant, and the null hypothesis is rejected.  This outcome concludes the data for the absorpion 
of water between Control A and Sample C is significantly different as indicated by the non-overlap of the 
standard error bars. 
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Graph C – Lime blocks (S. elongatus) – Absorp_on - sta_s_cal results 
 
The null hypothesis compares the absorpion results from the Control (1) and the high-performing formulaion 
of alginate encapsulaing S. elongatus (3). 
 
A two-tail t-test was carried out on the sample data (below).  The difference between the results can be 
considered highly significant, and the null hypothesis is rejected.  This outcome concludes the data for the 
absorpion of water between Control A(1) and Sample B(2) is significantly different as indicated by the non-
overlap of the standard error bars. 
 

 
  



327 
 

Table 40: Secondary metabolites produced and known pharmaceuical acivity by lichen O. parella. The 
assumed targets of acion include inhibiion of cell wall synthesis, efflux pumps, disrupion of plasma 
membrane integrity, suppression of DNA/RNA protein synthesis, cell division and mitochondrial funcion 

 
Lichen Compound 
 

Pharmaceutical activity References 

Gyrophoric acid 
 
 
 

Antimicrobial, anticancer, antioxidant, 
antidiabetic 

(Bačkorová et al., 2011; Cardile et al., 
2017; Mohammadi et al., 2022; Plsíkova 
et al., 2014) 

Vulpinic Acid Antimicrobial, anticancer, stem cell control/ 
osteogenesis & adipogenesis, oxidative-
stress therapy, herbivore antifeedant 
 

(Bačkorová et al., 2011; Cansaran-Duman 
et al., 2021; Koparal, 2015; Lauterwein et 
al., 1995) 

Lecanoric Acid 
 
 

Antitumour, antioxidant, antibacterial, 
antifungal, antidiabetic, anticancer, anti-
inflammatory, probiotic growth stimulant 

(Bogo et al., 2010; Gaikwad et al., 2012; 
Gomes et al., 2003; Honda et al., 2010; 
Luo et al., 2009; Thadhani et al., 2011, 
2015) 
 

Parellin A heavily methylated chlorinated depsidone 
awaiting biological evaluation 
 

(Calcott et al., 2018; Millot et al., 2007) 

α-Alectoronic acid Bacteriocide (Elix et al., 1974; Elix & Stocker-
Wörgötter, 2008; Farkas et al., 2021; 
Latkowska et al., 2015) 
 

Ergosterol peroxide Anticancer, antimicrobial, cytotoxic, 
immunosuppressive, antioxidant 

(He et al., 2018; Kim et al., 1999; 
Merdivan & Lindequist, 2017; Nowak et 
al., 2022; Yodsing et al., 2017) 
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Table 41: Formula and method for the preparaion of DG18 Agar (Dichloran 18% glycerol agar). The reagents in 
the table are introduced into disilled water, followed by sirring and heaing to facilitate the dissoluion of 
agar. The resultant soluion is adjusted to a volume of 1000 ml with disilled water. Glycerol of analyical 
reagent grade, totalling 220 g, is incorporated, and the agar is subjected to sterilisaion through autoclaving at 
121°C for 15 minutes. Subsequently, the medium is cooled to 45°C, and plates are poured under asepic 
condiions 

 
 

Reagent Quan>ty 

Glucose 10.0 g 

Bacteriological peptone 5.0 g 

KH2PO4 1.0 g 

MgSO4·7H2O 0.5 g 

Rose Bengal (5% aqueous soln., 
w/v) 

0.5 ml 

Dichloran (0.2% in ethanol, w/v) 1.0 ml 

Chloramphenicol 0.1 g 

Agar 15.0 g 

Dis5lled water 1.0 litre 

 
 
 
 
 
 

Table 42: Formula and method for the preparaion of Malt Extract Agar (MEA). The reagents in the table are 
introduced into disilled water, followed by sirring and heaing to facilitate the dissoluion of agar. The 
resultant soluion is adjusted to a volume of 1000 ml with disilled water. The agar soluion is subjected to 
sterilisaion at 121° C for 15 min. The medium is cooled to 45° C and the plates are then poured under asepic 
condiions 

 
 
 

Reagent Quan>ty 

Malt extract, 
powdered 

20.0 g 

Glucose 20.0 g 

Peptone 1.0 g 

Agar 20.0 g 

Dis5lled water 1.0 litre 
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Table 43: Weight of dried compounds extracted using methanol solvent.  Source lichen materials, O. parella 
and R. siliquosa, 50 g each, were separately crushed and extracted in methanol.  The dried weight of the 
compounds extracted from each of the lichen was measured following solvent evaporaion 

 
Sample Weight of container 

empty (g) 
Weight of container 

with dried sample (g) 
Weight of sample (g) 

O. parella 162.965 165.691 2.726 
R. siliquosa 135.677 137.098 1.421 

 
Yield % for O. parella is 5.45% and for R. siliquosa is 2.84% 
 
 
 
 
 
 

 
 

Figure 76: Assessing the animicrobial properies of extracted lichen compounds.  Disc assay to assess 
animicrobial inhibitory effect of potenial secondary metabolites within iniial crude extracts against 
bacterium S. aureus, and mould P. chrysogenum.  Post-incubaion, zones of inhibiion around the treated discs 
indicated animicrobial properies inhibiing the growth of the microorganisms on the nutrient plates 
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Figure 77: Examples of zones of inhibiion obtained from iniial assessments of animicrobial properies of the 
extracted compounds from O. parella and R. siliquosa.  Diameters for the zone of inhibiion ranged from 11 
mm (lez) on S. aureus to 8 mm (right), on P. chrysogenum.  The iniial extracts of both lichen compounds 
contained animicrobial agents 
 
 

 
 

Figure 78: Thin-layer chromatography plates illustraing the separaion and Rf calculaions of secondary 
products idenified in the extracts from O. parella and R. siliquosa.  Procedure is repeated several imes and 
reviewed and marked under UV light, to confirm product separaion.  The TLC plate study above confirmed the 
presence of several separate products in the samples, supporing moving to the process of separaing, 
isolaing, and extracing each potenial secondary product compound using preparatory thin-layer 
chromatography 
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Figure 79: Outlining and extracing secondary metabolite segments from the preparatory TLC plate.  The image 
below indicates a sample has been removed from the plate using a scalpel blade, revealing the underlying 
supporing aluminium sheet. The silica containing the isolated secondary product is weighed and stored in a 
small, labelled glass boxle.  The procedure is repeated for each idenified layer 

 
Table 44: Comparaive mass of silica containing secondary products extracted from the preparatory TLC plates 
A and B.  The weight differenials between samples indicates the relaive spread of the secondary product 
deposit as the solute progressed up the plate 
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Table 45: The inhibitory effect of preparatory TLC extracts from O. parella and R. siliquosa on microbial growth 
for bacterium S. aureus, and mould, P. chrysogenum 

 

 
 
 
 
Table 46: Microiter Results based on Turbidity, (OD 630), for Sample OP10 

 
 
 
Table 47: Microiter Results based on Turbidity, (OD 630), for Sample OP9 

 



333 
 

 
Table 48: Microiter Results based on Turbidity, (OD 630), Sample OP5 

 
 
 
 
Table 49: Microiter Results based on Turbidity, (OD 630), Sample OP1 

 
 
 
 
Table 50: Microiter Results based on Turbidity, (OD 630), Sample OP2 
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Table 51: Microiter Results based on Turbidity, (OD 630), Sample OP3 

 
 
 
 
Table 52: Microiter Results based on Turbidity, (OD 630), Sample RS3 

 
 
 
 
Table 53: Microiter Results based on Turbidity, (OD 630), Sample RS10 
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Table 54: Formulaion and method for the preparaion of BG11 nutrient medium 

 
Method 
 
For 1 Litre Total Volume.  Note: BG11 is light sensi8ve and may degrade.  It should be stored in the 
refrigerator when not in use. 
 
Liquid Medium: 
 
1.  To approximately 900 mL of dis8lled H2O add the first 8 components in the order specified 

while s8rring con8nuously. 
2.  Bring the total volume to 1 Litre with dH2O. 
3.  Cover and autoclave medium to sterilize. 
4. The micronutrients are added separately to a total volume of 1 Litre. 
5. Add 1mL of the micronutrient solu8on to the 1L Macronutrient BG11 Broth 
 
Agar Medium: 
 
1.  To approximately 400 mL of dis8lled H2O add the first 8 components in the order specified 

while s8rring con8nuously. 
2.  Bring the total volume to 500 mL with dis8lled H2O. 
3.  In a separate container add 15 g of nutrient agar to 500 mL of dis8lled H2O (final 1.5% w/v). 
4.  Cover and autoclave both solu8ons. 
5.  In a water bath allow both solu8ons to cool to 45-50 °C. 
6.  Add sterile Sodium Thiosulfate to the agar solu8on and mix well. 
7.  Combine both agar and liquid solu8ons, mix well. 
8.  Allow to cool then store at refrigerator temperature. 
 
Formula0on: 
 

Macronutrients Mg L-1 
NaNO3 1500.00 
K2HPO4 40.00 
MgSO4.7H2O 75.00 
CaCl2.2H2O 36.00 
Citric Acid 6.00 
Na2CO3 20.00 
Na2EDTA 1.00 
Ferric ammonium citrate 6.00 
Micronutrients  
H3BO3 2.86 
MnCl2.4.H2O 1.81 
ZnSO4.7H2O 0.222 
Na2MoO4.2H20 0.39 
CuSO4.5H2O 0.079 
Co(NO3)2.6H2O 0.0494 
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Health and safety support documenta<on 
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