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A B S T R A C T

Graphene (G) and graphene oxide (GO) are increasingly employed in energy, materials, and healthcare sectors. 
Silver (Ag) and copper (Cu) nanomaterials, including their nanoclusters, are crucial for advanced antimicrobial 
therapies and improving the performance of materials in energy and biomedical applications. However, 
achieving uniform dispersion and stability in both hydrophobic and hydrophilic environments remain a chal-
lenge. This study addresses these challenges by synthesizing and characterizing PEGylated GO30 functionalised 
with Ag and Cu nanoclusters through amide bond formation. Using TEM, SEM, UV–Visible spectroscopy, FTIR, 
Raman spectroscopy, TGA, and molecular dynamics (MD) simulations, we identified optimal strategies and 
mechanism for stabilising these nanoclusters as well as the nanostructures. The oxidation and subsequent 
PEGylation of graphene significantly enhance the interaction energy of Ag nanoclusters by 239.47 kcal/mol and 
Cu nanoclusters by 259.98 kcal/mol. This functionalisation (GO-PEG-NH2) also substantially reduces nanocluster 
mobility on the graphene-based surface, with mean squared displacement (MSD) values of 20–30 Å2 at 500 ps, 
compared to 150–175 Å2 for non-functionalised graphene clusters. SEM and TEM analyses show that PEGylation 
promotes nanoparticle dispersion and reduces aggregation on GO30 sheets, achieving a more consistent size 
distribution of 10–20 nm. U-Visible spectroscopy reveals that PEGylated Ag nanoparticles exhibit a stable 
plasmonic response between 400–450 nm, while the broadening of decomposition peaks indicates improved 
thermal stability and uniform heat distribution. Overall, PEGylation markedly enhances the stability, dispersion, 
and functionality of metal nanoclusters on graphene-based materials, underscoring their potential for drug de-
livery, antimicrobial technologies, and energy storage, while laying a strong foundation for future research in 
functional nanomaterials.

1. Introduction

Graphene has attracted significant attention in material science, 
energy and biomedical due to its exceptional properties, including its 
single layer of carbon atoms arranged in a hexagonal lattice with sp2 
hybridized bonds. Graphene is known for its outstanding electrical 

conductivity [1], mechanical strength [2], and thermal stability [3]. 
Meanwhile, graphene oxide (GO), a derivative of graphene produced via 
oxidative exfoliation of graphene, offers additional advantages [4,5]. 
GO’s hydroxyl (–OH), epoxy, and carboxyl (–COOH) groups can 
enhance its dispersibility in both hydrophobic and hydrophilic solvents 
and enable their easy surface modification [6,7]. These functionalities 
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(M.F. Gilsanz), misabel.lado@universidadeuropea.es (I. Lado-Touriño), arisbel.cerpa@universidadeuropea.es (A. Cerpa-Naranjo), g.g.ren@herts.ac.uk (G. Ren). 

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

https://doi.org/10.1016/j.apsusc.2025.162430
Received 1 October 2024; Received in revised form 23 December 2024; Accepted 14 January 2025  

Applied Surface Science 688 (2025) 162430 

Available online 19 January 2025 
0169-4332/Crown Copyright © 2025 Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:miriam.roldan@universidadeuropea.es
mailto:p.irigo2@herts.ac.uk
mailto:mrojas@ccia.uned.es
mailto:mariana.arce@universidadeuropea.es
mailto:javier.perez4@universidadeuropea.es
mailto:mariafuencisla.gilsanz@universidadeuropea.es
mailto:misabel.lado@universidadeuropea.es
mailto:arisbel.cerpa@universidadeuropea.es
mailto:g.g.ren@herts.ac.uk
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2025.162430
https://doi.org/10.1016/j.apsusc.2025.162430
http://creativecommons.org/licenses/by/4.0/


allow GO to form covalent bonds with various functional groups [8], 
polymers [9], and drugs [10], making it ideal for applications which 
requiring advanced material integration and versatility [11,12].

In particular. the large specific surface area of GO makes it ideal for 
loading a range of therapeutic agents, including drugs, functional 
nanoparticles and nanoclusters [13,14]. Sanchez et al. explored the in-
teractions between graphene-based nanomaterials and biological sys-
tems and underscored the importance of detailed material 
characterisation to address potential cytotoxicity and optimise their 
applications in drug delivery and biosensing [15]. While GO provides 
enhanced dispersibility and functionalisation compared to graphene, its 
lower electronic conductivity and potential stability issues may limit its 
effectiveness in antimicrobial treatments and drug delivery [16,17]. 
Conjugating GO with PEG—a technique known as PEGylation— signif-
icantly enhances its synergistic properties, [18,19,20]. With non- 
aminated PEG, the carboxyl groups on the GO surface undergo esteri-
fication by reacting with the hydroxyl groups of PEG chains [21]. In 
contrast, aminated PEG (PEG-NH2), which features amino groups at the 
chain ends, forms amide bonds with these carboxyl groups through 
amidation under appropriate activation conditions [22]. The PEGylation 
process improves its interaction with metal nanoparticles, resulting in 
better dispersion and nano-stability [14]. Specifically, PEG-NH2 offers 
distinct benefits, including stronger and more stable covalent bonds, 
greater chemical and thermal stability, and increased versatility for 
further functionalisation. These properties enhance material perfor-
mance, positioning PEG-NH2 as an ideal choice for applications such as 
drug delivery and catalysis, where stability and adaptability are critical 
[23,24,25,26]. For covalent bonding to occur, drugs, metallic nano-
particles, or biomolecules must be functionalised and chemically acti-
vated to react with the amino groups of PEG-NH2. Covalent bonds 
provide superior stability and durability, making them particularly ad-
vantageous for applications requiring robustness and resistance to 
environmental changes, such as catalysis or the long-term transport and 
controlled release of drugs [22 27,28]. In the absence of chemical 
activation, non-covalent interactions like electrostatic forces and Van 
der Waals interactions predominate [26]. At acidic pH, the amino 
groups are protonated, acquiring a positive charge that enhances elec-
trostatic interactions with negatively charged nanoparticles or bio-
molecules, thereby increasing retention and stability on the 
functionalised surface. Conversely, under neutral or slightly basic pH, 
the amino groups of PEG-NH2 remain uncharged, reducing the strength 
of electrostatic interactions and leading to weaker interactions domi-
nated by Van der Waals forces. Non-covalent interactions, being more 
sensitive to external stimuli like pH and temperature, offer dynamic and 
reversible behaviour, which is desirable for applications such as sensing, 
bio-detection, or antimicrobial activity, where adaptability is key [26]. 
Additionally, the uncharged state of the amino groups can promote 
coordination interactions with metal surfaces, further broadening the 
material’s versatility [27,28,29]. Furthermore, PEG-NH2 functionalisa-
tion provides significant advantages in drug delivery systems, particu-
larly for hydrophobic drugs. Liu et al. demonstrated that PEG-NH2- 
functionalised GO nanoparticles (NGO-PEG) effectively delivered 
paclitaxel, a hydrophobic drug, by enhancing its solubility and stability 
in aqueous environments. The PEG-NH2 coating creates a hydrophilic 
barrier that prevents aggregation, while strong hydrophobic interactions 
between paclitaxel and the GO surface improve drug loading capacity. 
This dual functionality resulted in superior tumour inhibition compared 
to free paclitaxel [17]. These findings underscore the multifunctionality 
of PEG-NH2, which not only improves interaction, stability and adapt-
ability but also optimizes the efficacy of therapeutic applications by 
addressing critical challenges such as drug solubility and controlled 
release. This balance of stability and adaptability highlights the impor-
tance of designing hybrid systems with interaction types tailored to their 
application through a combination of experimental and computational 
approaches.

In addition to drug delivery, PEG-NH2 also plays a crucial role in 

antimicrobial applications. For instance, Ag and Cu nanoparticles offer 
significant advantages over traditional antibacterial drugs due to their 
broad-spectrum activity and reduced bacterial resistance [30,31]. 
Studies have shown that incorporating PEG-NH2 into GO enhances their 
effectiveness by facilitating the formation of stable covalent bonds with 
functionalised metal nanoparticles [32,33]. This functionalisation im-
proves the binding affinity with metal nanoparticles and stability of the 
nanoparticles, effectively addressing common stability issues of nano-
particles such as aggregation and dissociation [34,35]. In antimicrobial 
applications, both covalent and non-chemical bindings play a crucial 
role in the performance of functionalised GO surfaces, such as GO-PEG- 
NH2, with metal nanoparticles. Among the non-covalent interactions, at 
physiological pH, the functional groups on GO-PEG-NH2 primarily rely 
on weaker Van der Waals forces due to the neutral state of PEG-NH2. 
However, the surface charge of metal nanoparticles, which depends on 
their synthesis, can be tailored to optimise electrostatic interactions at 
this pH, improving the adhesion and stability of nanoparticles on 
functionalised GO surfaces and enhancing their antimicrobial efficacy. 
Additionally, at neutral pH, coordination interactions between the 
amino groups of PEG-NH2 and metals with incomplete d orbitals, such as 
Ag or Cu, can also play a significant role. These non-covalent in-
teractions further stabilise and immobilize metal nanoparticles, com-
plementing electrostatic and Van der Waals forces. In 
microenvironments where local pH drops (e.g., near bacterial biofilms), 
the pH-responsive behaviour of PEG-NH2 may further promote elec-
trostatic interactions, providing an adaptive advantage for targeted 
antimicrobial activity. By leveraging the dual functionality of PEG-NH2, 
these mechanisms collectively optimise the performance of antimicro-
bial systems [26,36,37]. A study by Bao et al. demonstrated the evidence 
that 8-arm PEG-functionalised GO-AgNPs showed improved dispersion 
stability with improved antibacterial performance in physiological so-
lutions [37]. These results highlight the potential of PEGylation to 
optimise nanoparticle systems for advanced biomedical applications. 
Further exploration of diverse PEG-NH2 architectures and their inte-
gration with GO could unlock additional benefits, enhancing the reli-
ability, stability, and overall efficacy of these systems in critical 
antimicrobial and therapeutic contexts.

Materials Studio is a versatile platform for modelling and simulating 
material properties at the molecular level, supporting both classical and 
quantum mechanical methods [38,39]. The FORCITE module within 
Materials Studio excels in classical MD simulations, solving Newton’s 
equations of motion to obtain structural, dynamic, and thermodynamic 
properties of systems [40,41]. While other tools like Gaussian and 
Vienna ab initio simulation package (VASP) are used for ab initio cal-
culations, which solve the Schrödinger equation to obtain electronic 
properties, these methods are computationally intensive and suited for 
smaller systems [42,43]. In contrast, FORCITE’s efficient COMPASSII 
force field allows it to handle larger systems and extended simulation 
times effectively, making it especially useful for examining interaction 
energies, binding affinities, and the impact of functional groups on 
nanoparticle behaviour [44,45,46].

While significant progress has been made in exploring the properties 
and applications of GO and its functionalised derivatives, much of the 
existing research remains limited in scope, often isolating the effects of 
GO functionalisation or metal nanoparticle interactions. Furthermore, 
many studies neglect the integration of both experimental and theoret-
ical approaches, leading to a fragmented understanding of these systems 
[19,37,44]. This study presents a novel approach by combining cutting- 
edge experimental techniques with molecular dynamics (MD) simula-
tions to offer a comprehensive, multi-dimensional analysis. Unlike prior 
works, we explicitly compare numerical predictions with practical 
characterisation data, including scanning electron microscopy (SEM), 
energy-dispersive X-ray spectroscopy (EDS), transmission electron mi-
croscopy (TEM), UV–visible spectroscopy, Fourier-transform infrared 
spectroscopy (FTIR), Raman spectroscopy, and thermogravimetric 
analysis (TGA). This integrated methodology provides a holistic view of 
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the structural, morphological, and suspension stability characteristics of 
PEGylated GO functionalised with Cu and Ag nanoclusters, addressing 
key gaps in the current literature and offering a deeper understanding of 
the synergy between GO and metal nanoparticles.

2. Material and methods

2.1. Computational theory

2.1.1. Molecular dynamics simulations
MD simulations were employed to explore the interactions between 

graphene-based materials and small Cu and Ag nanoclusters, with a 
specific focus on how PEG-NH2 chains influence these interactions The 
simulations aimed to elucidate the molecular mechanisms governing 
these interactions. To achieve this, the FORCITE module of Materials 
Studio 9 was utilised [47]. The simulations were performed within the 
NVT ensemble, which maintains a constant number of particles, volume, 
and temperature, for a duration of 1000 ps. Temperature control was 
managed at 298 K using a Nosé–Hoover thermostat, known for its effi-
ciency in maintaining temperature stability throughout the simulation 
[48,49]. Electrostatic and van der Waals interactions were computed 
using an atom-based summation method with a cut-off distance of 12.5 
Å, ensuring a balance between computational efficiency and accuracy. 
The COMPASSII force field was employed for calculating interactions 
between atoms, parameterised to accurately predict various properties 
of organic and inorganic materials [50], including graphene and 
graphene-based materials [51,52]. This force field considers only non- 
covalent interactions between the nanoclusters and graphene de-
rivatives in the calculations, including electrostatic interaction and van 
der Waals forces, and it does not account for the simulation of chemical 
bond formation.

2.1.2. Molecular models for nanoclusters on graphene sheets
The graphene sheet for all graphene-derived materials seen in Fig. 1, 

was set at 24 × 19 Å2. GO30 was modelled with a chemical formula of 
C200H61O63, resulting in an O content of 29.03 % by weight. This model 
incorporated hydroxyl (–OH), epoxide (− O-), and carboxyl (–COOH) on 
the surface and edges of the graphene sheet. The modelling of GO30- 
PEG-NH2 involves grafting four PEG-NH2 chains, each with a degree of 
polymerization (n = 10), onto a single GO30 sheet, yielding the chemical 
formulaC289H245N8O100.

The initial structures were prepared by placing 13-atom icosahedral 

metal nanoclusters, representing Cu and Ag, 12 Å away from the 
graphene-based materials within a 40 × 40 × 40 Å3 periodic simulation 
cell. These clusters were then surrounded by 2375 water molecules to 
simulate a realistic setting for studying the interactions between the 
metallic clusters and the graphene-derived materials. With the config-
urations established in Fig. 2, the next step involved quantifying these 
interactions by calculating the interaction energies using Equation (1)
[50]: 

ΔE = EGBM+cluster − (EGBM + Ecluster) (1) 

where EGBM+cluster represents the equilibrium potential energy of the 
system with the cluster, while EGBM and Ecluster are the energies of the 
isolated graphene-based materials and clusters, respectively. These en-
ergies were averaged over the last 300 ps of each simulation. The mean 
squared displacement (MSD) of clusters was determined using Equation 
(2): 

MSD =
1
N
∑N

i=1
〈(ri(0) − ri(t))2

〉 (2) 

where ri(0) is the initial position, ri(t) is the position at time and N is the 
number of atoms in the cluster. MSD was calculated from the particle 
positions along its trajectory using a time step of 5 ps.

2.2. Experimental methodology

2.2.1. Synthesis
Materials
Graphene oxide with a 30 % degree of oxidation (GO30) was acquired 

from NanoInnova Technologies. The compound of 4arm-PEG5K-NH2 
(PEG-NH2) was sourced from Sigma-Aldrich. Rest of chemical agents 
such as N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC-HCl), N-Hydroxysuccinimide 1-Hydroxy-2,5-pyrrolidine-
dione (NHS) and AgNO3 and Trisodium citrate dihydrate (Na3C6H5O7) 
were also provided by Sigma-Aldrich. All materials were used as 
received unless otherwise indicated. Copper nanoparticles were sourced 
from CF Nanotechnology® (Suzhou, China) and ultra-pure deionized/ 
distilled water was obtained using a lab-based Milli-Q system.

Synthesis of GO30-PEG-NH2
The synthesis procedure builds upon author’s previous studies [53], 

with a minor modification of incorporating a combination of EDC-HCl 
and NHS into the system of PEGylation of GO30 as shown in Fig. 3. 

Fig. 1. Molecular models for studying metal cluster interactions with graphene-based materials.
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The combination of the pairing reagents effectively activates carboxyl 
groups, forming a stabilised intermediate that can significantly enhance 
the formation of an amide bond between the primary amine of PEG-NH2 
and the carboxyl group of GO30 [21].

In practice, the initial step in the synthesis involved dispersing 100 
mg of GO30 in 100 ml of deionised water (1 mg/ml; 0.1 % w/v), followed 
by 20 min of ultrasonication to prevent agglomeration by disrupting the 
π-π interactions between graphene sheets. EDC-HCl and NHS were then 
introduced in a 1:1 M ratio, and the mixture was magnetically stirred at 
60 rpm for 3 h. Subsequently, PEG-NH2 was added, and followed by a 
second ultrasound dispersion cycle to enhance compound intercalation, 
subjected to magnetic stirring for 16 h. After PEGylation, the GO30-PEG- 
NH2 dispersions were purified through successive centrifugation cycles 
at 6000–6500 RCF, each lasting 30 min. The supernatant was removed 
after each cycle, and the precipitant was redissolved in deionized water 
to eliminate any unreacted materials and by-products. The resulting 
nanostructures were isolated through vacuum filtration using a vacuum 
pump, followed by drying in an oven at 40 ◦C for 2 h to ensure a thor-
ough and expedited removal of residual moisture.

Synthesis of Ag nanoparticles
Ag nanoparticles were synthesized by chemical reduction using the 

Frens method [54,55], where AgNO3 is used as a precursor and 
Na3C6H5O7 as a reducing and stabilising agent Fig. 4.

In a 50 mL of 1.0 mM AgNO3 solution was placed, covered with Al 
foil and fitted with a magnetic stirrer. The solution was then heated 
under continuous stirring, and upon reaching its boiling point, 500 μL of 
0.189 M Na3C6H5O7 was swiftly introduced. The mixture was stirred at 
200 rpm for an additional 20 min while maintaining the boiling tem-
perature. The Ag nanoparticles were then centrifuged at 2400 RCF for 
30 min and resuspended in the desired volume of distilled water. Finally, 
the nanoparticles were stored at 4 ◦C in the dark, wrapped in Al foil.

Preparation of GO30/GO30-PEG-NH2-Ag and GO30/GO30-PEG- 
NH2-Cu suspensions

For the preparation of GO30 and GO30-PEG-NH2 suspensions with Ag 
and Cu nanoparticles, the materials (either in powdered or dispersed 
form) were mixed in a 30:70 wt ratio of GO30/GO30-PEG-NH2 to Ag and 
Cu nanoparticles, maintaining a final nanocomposite concentration of 1 
mg/ml in the suspension. The mixture was then sonicated in a liquid 
processor for 10 min at 50 % amplitude, using an applied pulse sequence 
of 20 s on and 5 s off, while being cooled in an ice bath. Following this, 
the dispersed suspensions were subjected to mechanical mixing for 16 h 
in a hybridization incubator at room temperature.

2.2.2. Materials characterization
Characterisation techniques focused on evaluating the size, 

distribution, and morphology of GO30, GO30-PEG and their conjugated 
with metal clusters. SEM imaging was performed at 20 kV using a JEOL 
JSM 6335F (JEOL Ltd., Tokyo, Japan) with a conductive carbon tape 
substrate, ensuring high-resolution imaging and accurate electron con-
duction. The SEM images were analysed to determine the probability 
distribution of metal clusters on the GO30 sheets, providing critical in-
sights into the dispersion and uniformity of the nanocomposites.

TEM analysis, conducted with a JEM-2100 (JEM Ltd., Tokyo, Japan) 
operated at 200 kV, offered detailed imaging of the internal structure of 
the nanoparticles. For sample preparation, dispersions were diluted to 
0.01 wt% and a drop was placed on a carbon-coated Cu grid.

UV–Visible spectroscopy was performed using a Thorlabs SLS205 
fibre-coupled xenon light source, with the dispersed samples placed in a 
10 mm path-length quartz cuvette. Absorption spectra were recorded 
across the UV to near-infrared (NIR) range, revealing the electronic 
structure and optical behaviour of the nanoparticles.

FT-IR spectroscopy was performed with a Nicolet iS50 FT-IR spec-
trometer (Thermo Scientific, Spain) equipped with a germanium ATR 
accessory (Miracle Single Reflection ATR, Pike, Spain) to identify 
functional groups, providing detailed insights into the chemical struc-
ture and confirming successful functionalisation. The powder samples 
were directly deposited onto the germanium crystal and secured with a 
compressor rod. Blank measurements were performed prior to each 
sample analysis. All spectra were recorded within the wavenumber 
range of 3700–700 cm− 1.

Raman spectroscopy was used to assess the structural and vibrational 
properties of PEGylated GO30 nanocomposites functionalised with Ag 
and Cu nanoclusters. A 532 nm DPSS laser was employed to enhance 
Raman signals. The setup included a 20x objective for beam positioning 
and photon collection, coupled with a HORIBA 1250 M spectrometer 
equipped with a 1200 gr/mm grating and 400 μm slit for high resolu-
tion. Samples were deposited on quartz slides, revealing structural 
modifications and strong Raman signal enhancement, indicative of 
successful functionalisation.

Additionally, thermal analysis (TGA) and derivative thermogravi-
metric analysis (DTA) of approximately 10 mg of the sample were car-
ried out using Seiko SSC 5200 TG-DTA 320 System to determine the 
thermal stability by monitoring mass changes during heating in a helium 
atmosphere from 30 ◦C up to 1000 ◦C with a heating rate of 10 ◦C/min. 
Before heating, the sample was kept during 30 min with a flow rate of 
100 mL/min of Helium to remove any air in the equipment.

Fig. 2. Models for illustrating metallic nanocluster interactions with graphene, GO30, and GO30-PEG-NH2 in hydrated conditions, shedding light on early alignment 
and distribution.
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Fig. 3. A schematic illustration of chemical reaction pathway for the synthesis of GO30-PEG-NH2, is showcasing the PEGylation of GO30 via amide bond formation 
that facilitated by EDC-HCl and NHS activation of –COOH groups.

Fig. 4. Ag+ ions were reduced to Ag nanoparticles using Na3C6H5O7 as the reducing agent. Byproducts such as citrate, oxalate, and acetone dicarboxylate are formed, 
affecting nanoparticle growth and stability.

M. Roldán-Matilla et al.                                                                                                                                                                                                                       Applied Surface Science 688 (2025) 162430 

5 



3. Results and discussion

3.1. Molecular simulation

3.1.1. Interaction energies of metal clusters on functionalised graphene
The average interaction energy (ΔE) results, shown in Fig. 5 and 

calculated using Eqn. (1), indicate that Ag clusters interact more 
strongly with graphene surfaces, including functionalised ones, GO30 
and GO30-PEG-NH2, compared to Cu clusters. This is evidenced by the 
more negative ΔE values observed for Ag clusters in all cases [56,57]. 
For pristine graphene, Ag demonstrates a stronger interaction than Cu, 
with a ΔE difference of 29.18 kcal/mol. When graphene is oxidized to 
GO30, ΔE for both metals become more negative, with Cu and Ag 
reaching values of − 462.05 kcal/mol and − 485.29 kcal/mol, respec-
tively. Although the interaction energies increase in magnitude for both 
metals, the ΔE difference between GO30-Ag and GO30-Cu (23.24 kcal/ 
mol) is slightly smaller than for pristine graphene, suggesting that 
oxidation enhances Cu’s affinity through additional non-covalent in-
teractions. However, Ag retains a stronger overall interaction [58].

PEGylation (GO30-PEG-NH2) further increases the interaction en-
ergy, with Cu reaching − 497.91 kcal/mol and Ag − 506.58 kcal/mol, 
representing an improvement of 35.86 kcal/mol for Cu and 21.29 kcal/ 
mol for Ag compared to their oxidized form (GO30 only). PEGylation also 
reduces the ΔE difference between both metals to just 8.67 kcal/mol. 
This suggests that the PEG-NH2 chains introduce stabilising forces, such 
as steric hindrance and non-covalent interactions, enhancing the affinity 
of both metals, with a stronger effect on Cu [59]. While Ag maintains 
stronger overall interaction energies, Cu shows a greater increase in 
affinity with GO and especially GO-PEG-NH2, suggesting that graphene 
oxidation and PEGylation significantly enhance Cu adsorption 
compared to Ag. Further computational calculations and experimental 
validation with different configurations are needed to confirm this trend 
and assess Cu’s capacity to generate more interactions.

3.1.2. Cluster stability on functionalised graphene sheets
The presence of PEG-NH2 enhances these interactions by providing 

steric stabilisation, preventing cluster movement and aggregation 
through the formation of a physical barrier. This limits the proximity of 
clusters and reduces the likelihood of van der Waals-driven aggregation 
[19,34]. The final configurations of the systems, shown in Fig. 6, provide 
key insights into the interactions between metallic clusters and 
graphene-based sheets, consistent with similar studies involving gra-
phene and metal nanoparticles [60,61]. Throughout the 1000 ps simu-
lation, both Cu and Ag clusters remain firmly adhered to the graphene 

surfaces. Specifically, in the GO30-PEG-NH2-Ag system, Ag clusters 
interact closely with NH2 groups located at the ends of the PEG chains on 
the GO30 sheets. Further calculations increasing the number of clusters 
would be needed to confirm this. A similar effect is observed for Cu in 
GO30-PEG-NH2, although Ag exhibits slightly stronger interaction en-
ergies. This aligns with findings reported by Y. K. Cheong et al., who 
demonstrated the effectiveness of Cu doped NH2 functionalised GO as a 
catalyst for selective oxidation reactions [19]. Their work showed that 
functionalising GO with amines, such as those in PEG-NH2, improves the 
distribution and stability of metal particles while enhancing the mate-
rial’s catalytic performance. GO-PEG-NH2 serves as an excellent support 
for metallic nanoparticles by promoting dispersion, preventing 
agglomeration, and maximizing catalytic sites, reflecting the significant 
role of both PEG chains with –NH2 groups in optimising interactions and 
functionality.

3.1.3. Radial distribution function (RDF) analysis
The RDF analysis, shown in Fig. 7, reveals two main peaks within the 

short-distance range (up to ~ 6 Å), representing the most probable 
distances between the clusters and the surfaces. The first RDF peak in-
dicates the closest adsorption distance and is directly correlated with the 
ΔE values. Pristine graphene (G) with Cu and Ag clusters shows the 
largest adsorption distances (~3.57 Å), indicating weaker interactions 
compared to the functionalised systems. Although the RDF peaks are 
more intense in these systems, suggesting a higher probability of finding 
clusters at a specific distance, the greater distance between the clusters 
and the surface significantly weakens non-covalent interactions. Gra-
phene oxidation (GO30) introduces functional groups on the surface that 
reduce the adsorption distance for both metals. In GO30-Cu the first peak 
appears at 3.25 Å, while for GO30-Ag is at 3.27 Å, reflecting stronger 
interactions than in G. These results suggest that the functional groups of 
GO30 improve interactions, promoting closer adsorption of the metal 
clusters to the surface. On the other hand, GO30-PEG-NH2 systems pre-
sent the shortest adsorption distances for both metals, with values of 
2.83 Å for both Cu and Ag. This shorter distance suggests stronger in-
teractions, confirmed by the more negative interaction energies in these 
systems. PEGylation introduces additional interactions (steric hindrance 
and non-covalent interactions), which promote the proximity of the 
clusters to the surface and a more efficient adsorption dynamic, resulting 
in greater system stability, consistent with findings by I. Lado-Touriño 
and A. Páez-Pavón on nanoparticle dispersion in polymer nano-
composites [44].

The RDF profiles reflect only non-covalent interactions between 
clusters and graphene surfaces. Quantum mechanical calculations are 
needed to fully understand interaction mechanisms, including potential 
charge transfer involving metal d-orbitals, which cannot be captured by 
classical force fields like COMPASSII [62]. While charge transfer can 
occur, it is typically weak compared to the dominant van der Waals 
interactions governing metal-graphene systems [63,64].

3.1.4. Time-dependent adsorption and mobility of pegylated nanoclusters
PEGylation’s impact on the adsorption dynamics of Cu and Ag 

nanoclusters on graphene-derived surfaces is clearly demonstrated in 
Fig. 8, revealing important trends in stability and interaction behaviour. 
PEGylation significantly enhances the stability of metal clusters, 
particularly in Cu-based systems, which initially display notable insta-
bility due to weaker initial interactions. In contrast, Ag-based systems 
exhibit more rapid and stable adsorption profiles, with minimal fluctu-
ations after 200 ps, indicating inherently stronger interactions with both 
pristine and oxidized graphene. Notably, PEGylated systems, such as 
GO30-PEG-NH2-Cu, achieve stabilisation more quickly and with reduced 
fluctuations, highlighting PEG-NH2’s role in reducing surface mobility 
and promoting a more uniform adsorption profile.

The analysis of Cu and Ag nanoclusters’ mobility in Fig. 9, as 
determined using Eqn. (2), reveals that PEGylated systems like GO30- 
PEG-NH2-Cu and GO30-PEG-NH2-Ag exhibit significantly lower mean 

Fig. 5. The average interaction energy (ΔE) for Cu and Ag cluster adsorption 
on graphene and its functionalised forms indicates stronger interactions for Ag 
clusters. Surface functionalisation, particularly with PEGylated GO30 (GO30- 
PEG-NH2), further enhances these interactions.
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squared displacement (MSD) values, around 20–30 Å2 at 500 ps, indi-
cating reduced cluster mobility due to stronger non-covalent in-
teractions with the graphene surface. This reduced mobility corresponds 
with the increased stability seen in Fig. 8, where PEGylation led to more 
stable adsorption. Conversely, non-functionalised systems such as G-Cu 
and G-Ag show higher MSD values of approximately 150 Å2 and 175 Å2, 
respectively, reflecting weaker non-covalent interactions and greater 
mobility. PEGylation appears to effectively immobilize the clusters, 
likely due to steric hindrance from the PEG-NH2 chains, which physi-
cally prevent cluster movement, and increased interaction strength with 
the graphene surface. This steric effect, combined with non-covalent 
interactions provided by PEG-NH2, contributes to the observed stabili-
sation and reduced mobility of the nanoclusters.

These results suggest that PEGylation is crucial for optimising the 
stability and mobility of metal nanoclusters, which can significantly 
enhance the performance of nanocarriers in targeted drug delivery, 
improve sensing capabilities, and boost antimicrobial efficacy. The 
alignment between enhanced stability and reduced mobility un-
derscores the potential of PEGylated nanoclusters for diverse applica-
tions. Further exploration through detailed experimental analyses will 
offer deeper insights into these materials’ practical applications and 
their effectiveness in these fields.

3.2. Experimental results

3.2.1. SEM and EDS analysis
The SEM analysis in Fig. 10 highlights the deposition patterns of Ag 

and Cu nanoparticles on PEGylated and non-PEGylated GO30 sheets. In 
non-PEGylated samples (GO30-Ag, GO30-Cu), nanoparticles are sparsely 
distributed with uneven surface coverage, likely caused by weak van der 
Waals forces and insufficient steric hindrance [65]. This limited inter-
action reduces their stability and uniformity. In contrast, PEGylated 

samples (GO30-PEG-NH2-Ag, GO30-PEG-NH2-Cu) display significantly 
improved nanoparticle distribution, stronger surface interactions, and 
enhanced coverage due to PEG’s steric and electrostatic stabilisation 
effects.

The EDS results corroborate these observations. For GO30-Cu, Cu 
content is 28.6 %, indicating moderate nanoparticle retention, while 
GO30-PEG-NH2-Cu shows reduced Cu (13.9 %) and increased carbon 
(68.5 %), signifying the contribution of the PEG layer to improved 
dispersion and stability. Similarly, GO30-Ag has low Ag content (4.1 %), 
reflecting uneven nanoparticle attachment, whereas GO30-PEG-NH2-Ag 
exhibits a higher Ag concentration (8.4 %) and elevated carbon (79.4 
%), confirming PEGylation’s role in enhancing surface interaction and 
retention. Trace Na and Cl peaks in PEGylated samples likely arise from 
residual ions during synthesis. Collectively, the results demonstrate that 
PEGylation significantly improves nanoparticle adhesion, dispersion, 
and stability, making the composites more suitable for applications such 
as antimicrobial systems, drug delivery, and energy storage.

3.2.2. Pegylation effects on nanoparticle size
The size distribution analysis in Fig. 11 highlights the impact of 

PEGylation on the size and uniformity of Cu and Ag nanoparticles 
attached to GO30 sheets, with a specific focus on the 10 to 100 nm range. 
This size range is crucial for optimising material properties and plas-
monic activity, as nanoparticles within this range are large enough to 
avoid quantum size effects, ensuring sufficient electron density for 
effective collective oscillations. Additionally, they are small enough to 
avoid significant radiative damping, which can occur in larger particles 
and reduce plasmonic efficiency. The analysis shows that PEGylation 
significantly narrows the size distribution and reduces the average size 
of both Cu and Ag nanoparticles, concentrating most particles in the 
10–20 nm range. For non-PEGylated samples, the distribution is 
broader, with fewer particles in the optimal size range, particularly for 

Fig. 6. Final positions of Cu and Ag clusters on graphene and functionalised GO30 sheets after 1000 ps of simulation. The clusters adhere closely to the surface, with 
PEG chains interacting and stabilising the nanoparticles, preventing their movement and aggregation.
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Cu, where the distribution extends across a wider range of diameters. 
This size control enhances the nanoparticles’ antimicrobial and sensing 
properties, as smaller, uniformly distributed particles provide increased 
surface area for interactions and more consistent performance in ap-
plications such as pathogen detection and inactivation [66].

3.2.3. TEM imaging
The TEM analysis of GO30 composites with Cu and Ag nanoparticles, 

with and without PEG modification in Fig. 12, reveals key differences in 
internal structure and crystallography. In GO30-Cu, significant nano-
particle aggregation and poor crystallographic alignment are observed, 
attributed to high surface energy and Ostwald ripening, leading to un-
even dispersion [67,68]. The GO30-PEG-NH2-Cu sample shows 

improved dispersion and more uniform internal structures due to PEG’s 
steric stabilisation, which mitigates aggregation. Similarly, GO30-Ag 
displays better dispersion and structural consistency than Cu, benefiting 
from Ag’s lower surface energy and stronger interactions with GO’s 
oxygen-containing groups [69]. The PEGylated GO30-Ag samples also 
exhibit improved dispersion and enhanced crystallographic order. These 
TEM observations are consistent with the size distribution analysis, 
shown in Fig. 11, which highlights how PEGylation effectively narrows 
the particle size range and maintains optimal sizes for improved mate-
rial properties.

3.2.4. UV–visible spectroscopy
The UV–Vis spectrum in Fig. 13 reveals distinct properties between 

Fig. 7. (a) RDF analysis of Cu and Ag clusters with graphene, GO30, and GO30-PEG-NH2, showing three interaction peaks. Inset: close contact (2.83 Å) between Ag 
clusters and GO3-PEG-NH2. (b) Bar graph of the first two RDF peaks for Cu and Ag clusters, indicating surface interactions and midrange clustering.

Fig. 8. Time-dependent variation in the distance between the cluster’s centre 
of mass and the surface of the graphene-derived material.

Fig. 9. MSD of Cu and Ag nanoclusters over 500 ps, demonstrating reduced 
mobility in PEGylated systems compared to non-functionalised ones.
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PEGylated and non-PEGylated Cu and Ag nanoparticles. Non-PEGylated 
Cu nanoparticles exhibit a peak around 225–232 nm, associated with 
Cu2+ ions, undergoes a redshift to 260 nm in PEG-containing samples. 
This shift suggests changes in the electronic environment due to PEG’s 
influence. PEG also enhances the peak at 290–300 nm associate with 
graphene π-π* transitions in both Cu and Ag nanoparticles, and reduces 
the shoulder around 300 nm, indicating decreased GO30 layer thickness 

[20]. PEGylated Cu samples show a broad peak around 600–700 nm, 
confirming Cu nanoparticles and their improved plasmonic response. 
For Ag nanoparticles, the surface plasmon resonance peak redshifts from 
430 nm in bare Ag to 418 nm when conjugated with GO. However, upon 
PEGylation, the absorbance increases, maintaining consistent optical 
characteristics despite the interaction with graphene [37]. This suggests 
potential applications in fields like optical sensing and imaging, where 

Fig. 10. SEM and EDS analysis of GO30 nanocomposites with Cu and Ag nanoparticles, with and without PEGylation. (a, b) GO30-Cu shows uneven nanoparticle 
distribution with 28.6% Cu. (c, d) GO30-PEG-NH2-Cu demonstrates improved dispersion and reduced Cu content (13.9%). (e, f) GO30-Ag exhibits sparse Ag clusters 
with 4.1% Ag. (g, h) GO30-PEG-NH2-Ag achieves better coverage and higher Ag content (8.4%).

Fig. 11. Size distribution analysis of Cu (a) and Ag (b) nanoparticles on GO30 sheets, highlighting the impact of PEG functionalisation on particle size and stability, 
based on SEM analysis.
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consistent and stable plasmonic responses are crucial for accurate signal 
detection and enhanced performance [70].

3.2.5. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectrum in Fig. 14 confirms successful PEGylation and 

suggests physical interactions between Ag and Cu nanoparticles and 
GO30/GO30-PEG-NH2. The GO30 spectrum displayed distinct bands 
characteristic of oxygen-containing groups, including a broad band at 
3200–3600 cm− 1 corresponding to the stretching of the O–H bond in 

–OH groups, both from surface hydroxyls and adsorbed water, and a 
band at 1726 cm− 1 linked to C=O stretching in –COOH groups. Addi-
tionally, the band at 1618 cm− 1 was associated with C=C stretching, 
indicating non-oxidised graphene regions, and the band around 1170 
cm− 1 corresponds to the antisymmetric stretching vibration of the C-O-C 
bond in the epoxy ring, while the peak at 1047 cm− 1 is associated with 
the C-O stretching in the C-OH group [71].

These functional groups are indicative of the oxidation level of GO30 
and contribute to its hydrophilicity and potential for further 

Fig. 12. TEM images of GO30 composites with Cu and Ag nanoparticles: (a) GO30-Cu, (b) GO30-PEG-NH2-Cu (c) GO30-Ag, and (d) GO30-PEG-NH2-Ag. PEG improves 
dispersion and stability, with GO30-PEG –NH2-Ag showing the most uniform nanoparticle distribution.

Fig. 13. UV–Visible spectra of GO30-metal composites (30:70 ratio). (a) PEGylated GO30-Cu displays a defined Cu2+ peak at 260 nm and a broad 600–700 nm peak. 
(b) GO30-Ag with PEG exhibits a stabilised plasmon peak at 400–450 nm. Highlighting PEG’s role in enhancing and stabilising optical features.

Fig. 14. FTIR spectra showing successful PEGylation of GO30, with key changes in functional groups and subtle interactions with Ag and Cu nanoparticles, high-
lighting the modifications to the material’s chemical structure.
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functionalisation. Upon comparing the spectrum of GO30 with that of 
GO30-PEG-NH2 the emergence and modification of specific bands were 
observed. The band at 1623 cm− 1 corresponds to C=O stretching in the 
amide structure (Amide I band). Additionally, a ’shoulder’ around 1580 
cm− 1 suggests a secondary contribution from the Amide II band, asso-
ciated with N–H bending. This overlap results in the asymmetry 
observed in the Amide I band, highlighting the presence of both vibra-
tional modes [72]. A new peak appeared at approximately 2879 cm− 1, 
which was attributed to the stretching of C–H bonds in the –CH2 groups 
of the PEG-NH2 chains [19], and the peak at 1074 cm− 1 likely results 
from a combination of C-O-C stretching in the ether groups of PEG-NH2 
and C-O stretching in the C-OH groups present in GO30, as indicated by 
the band shift and the difference in the chemical environment [72].

While the FTIR spectra did not exhibit distinctive bands for the 
interaction between GO30/GO30-PEG-NH2 and the Ag and Cu nano-
particles due to the nature of the interactions involved, subtle shifts and 
changes in band intensities suggested physical interactions, such as Van 
der Waals forces, electrostatic forces, and hydrogen bonding, between 
the metal clusters and the functional groups of the nanocomposites. The 
nature of these interactions directly influences the material’s stability 
and performance [26].

3.2.6. Raman spectroscopy
The Raman spectrum of PEGylated GO30 nanocomposites with Ag 

and Cu nanoclusters seen in Fig. 15, highlights the structural and 
functional impacts of PEGylation. The D-band (1350 cm− 1) and G-band 
(1580 cm− 1) reflect the defect density and graphitic (sp2) domains of 
GO30, respectively. PEGylation enhances the uniformity of nanocluster 
distribution, which not only mitigates aggregation but also facilitates 
improved interactions with the GO surface. This effect is evident in the 
higher Raman signal intensities and elevated baselines observed for 
GO30-PEG-NH2-Ag and GO30-PEG-NH2-Cu. The elevated baseline 
further suggests that PEG chains increase the effective surface area and 
induce defect-related electronic states, amplifying the overall Raman 
response [19]. The higher I(D)/I(G) ratio in PEGylated samples, in-
dicates an increase in defects or functional groups. While the rise in 
defect-related features may indicate a loss in structural integrity, it also 
enhances chemical reactivity and creates active sites for further func-
tionalisation and reactions.

3.2.7. Thermal analysis
The TGA and DTG analysis in Fig. 16 reveals notable differences in 

the thermal stability of GO30 composites functionalised with PEG and 
metal nanoparticles. The initial mass loss around 120 ◦C, primarily due 
to the evaporation of adsorbed and interlayer water, is substantial for 
GO30 at 12.5 %, while GO30-Cu and GO30-Ag show significantly lower 
losses of 1.62 % and 1.7 %, respectively, indicating better water 

retention when functionalised with metal nanoparticles [73]. PEGyla-
tion increases this loss slightly, with GO30-PEG-NH2-Cu at 2.3 % and 
GO30-PEG-NH2-Ag at 1.8 %.

In the critical decomposition range between 150 ◦C and 350 ◦C, 
where oxygen-containing functional groups decompose [74], GO30 ex-
hibits a mass loss of 31.71 %, reflecting the instability of these functional 
groups. GO30-Cu shows improved stability with a lower mass loss of 
12.77 %, while GO30-PEG-NH2-Cu experiences a slightly higher loss of 
18.59 %, suggesting that PEGylation introduces additional labile func-
tional groups, thereby reducing thermal stability. Conversely, GO30-Ag 
demonstrates greater stability with a mass loss of only 6.43 %, and GO30- 
PEG-NH2-Ag, despite PEGylation, maintains a relatively low loss of 
10.35 %.

Notably, PEGylation broadens the decomposition peak around 
120 ◦C, reflecting a more gradual and varied release of adsorbed water. 
Additionally, samples conjugated with metal nanoparticles display 
broader decomposition peaks beyond 200 ◦C compared to bare GO30. 
This broadening suggests that the presence of metal nanoparticles af-
fects the uniformity of thermal degradation and heat distribution, due to 
variations in interaction with the GO30 matrix and the distribution of 
metal particles within the composite. These multifunctional properties 
make PEGylated GO30 composites with metal nanoparticles promising 
for biomedical applications like targeted drug delivery and imaging, as 
well as for energy storage systems due to their enhanced stability and 
uniformity.

4. Conclusion

This study explores the interactions of graphene-based materials 
with small Cu and Ag nanoclusters, particularly focusing on the role of 
PEG-NH2 chains. Key findings include: 

1. Interaction energies: The interaction energies for both metals in-
crease when graphene is oxidized to GO30, with a greater improve-
ment for Cu than Ag. The functionalisation of GO30 with PEG-NH2 
further enhances the affinity of both metals, particularly for Cu. 
While Ag continues to exhibit stronger interactions, the energy dif-
ference narrows with oxidation (23.24 kcal/mol) and PEGylation 
(8.67 kcal/mol), suggesting that Cu benefits more from these pro-
cesses. Further computational analyses are necessary to better 
determine Cu’s potential for forming additional interactions.

2. Cluster stability and mobility: The analysis of the mobility of Cu 
and Ag nanoclusters in PEGylated systems (GO30-PEG-NH2) reveals 
significantly lower mean squared displacement (MSD) values 
compared to non-functionalised systems, such as G-Cu and G-Ag, 
with ranges of 20–30 Å2 and 150–175 Å2 at 500 ps, respectively. This 
indicates reduced mobility, likely driven by steric stabilisation and 
enhanced non-covalent interactions.

3. Nanoparticle distribution: SEM and TEM analyses show that 
PEGylation leads to better dispersion and reduced aggregation of 
nanoparticles on GO30 sheets, narrowing the size distribution to 
10–20 nm enhancing their effectiveness in sensing antimicrobial 
activity.

4. Optical and thermal properties: UV–Visible spectroscopy indicates 
PEGylated Ag nanoparticles exhibit a more stable plasmonic 
response at 400–450 nm. Metal nanoclusters significantly enhance 
thermal stability, with GO30-Ag and GO30-PEG-NH2-Ag showing 
notably lower mass losses of 6.43 % and 10.35 %, respectively, while 
PEGylation broadens the decomposition peak around 120 ◦C, indi-
cating improved heat distribution.

Overall, PEGylation significantly enhances the stability, dispersion, 
and functionality of metal nanoclusters on graphene-based materials, 
improving their potential for various applications in nanomedicine and 
material science.

Fig. 15. Raman spectra of PEGylated GO30 nanocomposites with Ag and Cu 
nanoclusters, showing enhanced signal intensity and higher ID/IG ratio, indi-
cating improved nanoparticle dispersion and increased defects for bet-
ter reactivity.
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