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ABSTRACT
Systems composed of bioadhesive and thermoresponsive polymers can combine in situ
gelation with bio/mucoadhesion, enhancing retention of topically applied drugs. The
effect of bioadhesive sodium carboxymethylcellulose (NaCMC) and hydroxypropyl
methylcellulose cellulose (HPMC) on the properties of thermoresponsive Pluronic
F127 (F127) was explored, including micellization and the mucoadhesion. A
computational analysis between these polymers and their molecular interactions were

ro
of

also studied, rationalising the design of improved binary polymeric systems for
pharmaceutical and biomedical applications. The morphological characterization of

-p

polymeric systems was conducted by SEM. DSC analysis was used to investigate the

re

crystallization and micellization enthalpy of F127 and the mixed systems. Micelle size
measurements and TEM micrographs allowed for investigation into the interference of

lP

cellulose derivatives on F127 micellization. Both cellulose derivatives reduced the

na

critical micellar concentration and enthalpy of micellization of F127, altering
hydrodynamic diameters of the aggregates. Mucoadhesion performance was useful to

ur

select the best systems for mucosal application. The systems composed of 17.5% (w/w)

Jo

F127 and 3% (w/w) HPMC or 1% (w/w) NaCMC are promising as topical drug
delivery systems, mainly on mucosal surfaces. They were biocompatible when tested
against Artemia salina, and also able to release a model of hydrophilic drug in a
controlled manner.

Keywords: hydrogel; polymer blends; sodium carboxymethylcellulose; hydroxypropyl
methylcellulose; poloxamer 407; drug delivery systems.
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1. Introduction
Polymer blends are an advantageous strategy to develop new drug delivery
systems, combining properties of the constituent biocompatible excipients to generate
formulations with improved performance. Blends composed of bioadhesive and
thermoresponsive polymers combine in situ gelation with mucoadhesion, enhancing
local delivery of drugs through improved retention [1]. Pluronics are triblock
copolymers composed of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene

ro
of

oxide) (PEO-PPO-PEO). They are non-ionic and amphiphilic materials able to interact
with hydrophobic surfaces, such as biological membranes [2]. When in aqueous

-p

dispersion above a critical micellization temperature, Pluronics can self-assemble

re

forming micelles, which have been used for the solubilisation of weakly-soluble drugs
[3–5]. Their hydrophobic PPO core is able to incorporate water insoluble molecules and

lP

protect agents from external interactions [4]. Pluronic F127 (F127) solutions also

na

exhibit thermoreversible gelation, switching from liquid to gel when warmed due to the
formation of the micelles. When the volume fraction of the micelles is high enough, the

ur

micelles pack into a face-centered cubic gel [6]. Therefore, formulations containing this

Jo

polymer can present improved retention at the application site, which is important for
local drug delivery systems, such as dermatological, oral or ophthalmic formulations.
Despite its positive properties for pharmaceutical applications, F127 forms weak shearthinning hydrogels [7], even considering its increased gel strength at elevated
temperature [4]. There are significant drawbacks for thermogelling F127 dispersions in
addition to its insufficient gel strength, including weak mucoadhesiveness and rapid
dissolution, which limits its performance in drug delivery systems. Chemical
modification or the incorporation of polymer additives have been demonstrated to
enhance the properties of F127 hydrogels [6].
3
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F127 preparations have been improved for many routes of administration by
combination with other hydrophilic polymers (e.g. mucoadhesive polymers or other
grades of Pluronic) or particulates such as liposomes or nanoparticles [8–10].
Considering mucosal application (e.g. oral, ophthalmic, nasal, retal or vaginal routes), a
common limitation is the humidity of the environment and presence of liquids, which
reduces the adhesion of the preparation through overhydration, dissolution, and an
increase in gelation temperature to above 37 °C following dilution in physiological

ro
of

fluids [11]. Following sublingual administration, for example, salivation, tongue
movement and swallowing can quickly remove the pharmaceutical system from the

-p

application site [9,12,13]. To overcome poor retention and weak gel strength,

re

synergistic interactions between F127 and other additives have been explored,
including: poloxamer 188 [14,15], carbomers [1,16–18], polycarbophil [18], alginate

lP

[19], chitosan [20] and cellulose derivatives [21–24]. Moreover, mixing polymeric

na

additives with F127 is attractive as the resultant materials would not require the
regulatory burden that a chemical modification would impart [6].

ur

Gels and ointments for topical application have been extensively formulated

Jo

with F127, and most of them contain thickening agents such as carbomers or other
poly(acrylic acid) derivatives [4,25]. Cellulose derivatives have also been suggested as
good hydrophilic polymers to form polymeric blends with F127 since they do not
present toxicity [16]. Cellulose is a plant polysaccharide in nature, and one of the most
widely used excipients in pharmaceutical industry. It is composed of (1 → 4) linear
chains linked to D-glucose units, and as a pharmaceutical excipient is often covalently
modified to form ether derivatives such as hydroxypropyl methylcellulose (HPMC) or
sodium carboxymethylcellulose (NaCMC). These cellulose derivatives are known to be
effective mucoadhesives and gel formers [25–27]. HPMC in solid dosage forms, such as
4
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tablets, has demonstrated adhesive properties similar to that observed for poly(acrylic)
acid derivatives and NaCMC. It is known that the mucoadhesive behaviour of HPMC
may depend on the mucosal surface to which it is applied, with strong adhesion
demonstrated onto the gastrointestinal tract [28]. It is believed that its mucoadhesive
performance is related to entanglements between its macromolecular chains and the
mucin glycoprotein network constituting secretory mucus [25]. NaCMC is often used as
an excipient in solid, liquid or semi-solid pharmaceutical dosage forms, demonstrating

ro
of

intermediate mucoadhesive force among the most known mucoadhesive polymers
[25,29].

-p

Systems containing F127 combined with HPMC or NaCMC mucoadhesive

re

agents have previously been evaluated for their rheological and mechanical
characteristics for use as topical drug delivery systems [21–24,30]. The addition of

lP

cellulose derivatives to F127 hydrogels not only to contribute to the optimization of gel

na

strength [24], but also to improve mucoadhesion [23]. For example, the addition of
HPMC and NaCMC to F127 improved the retention of pilocarpine in the pre-corneal

ur

area, facilitating its retention and effect on the cornea [31–33]. However, a fundamental

Jo

understanding of the processes leading to rheological synergism is missing. The effects
of both cellulose derivatives on F127 micelle formation have not been studied and
specific chemical interactions are not well understood.
The incorporation of drugs or additives to aqueous Pluronic dispersions may
influence its critical micelle concentration (CMC) and temperature (CMT), its
aggregation number and the structure of its micelles [34–37]. At low temperature and
copolymer concentration, both PPO and PEO are hydrophilic, presenting as unimers
with a radius of about 2 nm. Above its CMC and CMT the block copolymers selfassemble into spherical micelles with a hydrodynamic radius of around 10 nm, which

5
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the core, constituted of PPO portion, occupies 4-5 nm of this diameter and it is
surrounded by a hydrophilic PEO portion [38]. The literature reports that increasing
Pluronic micelle size increases the drug loading ability of the micelles [39,40].
Moreover, there is some evidence indicating that the morphology of Pluronic micelles
plays an important role in drug delivery and targeting application [34,37,41].
The objective of this study was to evaluate the effect of NaCMC and HPMC on
F127 micellar properties and interactions within the system to gain insight into the

ro
of

mechanisms underpinning rheological synergism [24]. A computational analysis
between the polymers and their interactions was studied, helping understand optimal

-p

conditions for forming in situ gelling systems. Mucoadhesion was also studied, and the

re

release of a model hydrophilic drug was studied, to indicate suitability for future
formulation development. Thus, this study investigates modification of the micelle

lP

structure of F127 by cellulose derivatives, looking at the mucoadhesive ability and the

na

capacity of the system to release drugs for pharmaceutical and biomedical applications.

Jo

2.1. Materials

ur

2. Materials and Methods

Pluronic F127, erythrosine B, mucin (from porcine stomach, type II crude), and
phosphate buffered tablets (pH 7.4) were purchased from Sigma-Aldrich (Sao Paulo,
Brazil). HPMC K100 Methocel® (8.1% hydroxypropoxyl content and 22% methoxyl
content) was donated from Colorcon Dow Chemical CompanyTM (Datford, United
Kingdom). NaCMC (degree of substitution between 0.8 and 0.95) was purchased from
Synth (Diadema, SP, Brazil). Ultra-purified water was obtained in-house using a MilliQ water purification system (Millipore, Merck, Darmstadt, Germany). Unless specified,
all reagents were used without further purification.
6
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2.2. Preparation of systems
The thermogelling systems were prepared by dispersion of HPMC (3 or 4%,
w/w) or NaCMC (1.0 or 1.5%, w/w) in purified water with mechanical stirring, at room
temperature as described in Table 1. After completely dispersion of the cellulose
derivative, an appropriate amount of F127 (17.5 or 20%, w/w) was added to the
preparation and the mixture was stored at 5 C for 48 h, to ensure complete polymer

ro
of

wetting. Afterwards, the polymeric system was stirred again to complete dispersion of

-p

polymers. The systems were kept at 5 C for at least 24 h before analysis [1,42,43].

re

Table 1

lP

Composition of the selected semi-solid formulations containing Pluronic F127 (F127)
and sodium carboxymethylcellulose (NaCMC) or hydroxypropryl methylcellulose

na

(HPMC).

Jo

ur

Concentrations (%, w/w)
F127
NaCMC
HPMC
17.5
1.0
17.5
1.5
20.0
1.0
20.0
1.5
17.5
3
17.5
4
20.0
3
20.0
4

2.3. Scanning electron microscopy (SEM)
To perform the morphological analysis of the systems, the polymeric blends
were subjected to instant freezing using liquid nitrogen at −80 °C for 20 min. Frozen
samples were then lyophilized for 48 h using a Micro-196 modulo freeze dryer (Thermo
Electron Corporation, Oregon, USA). Segments of the dried samples were carefully
7
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deposited on stubs containing double-sided adhesive carbon tape. The samples were
metallized by the deposition of a thin layer of gold using a metallizer Sputter Coater,
model SCD 050 (Bal-Tec, California, USA), and evaluated using a SS550 Superscan
scanning electron microscopy (Shimadzu, Tokyo, Japan).

2.4. Molecular modelling analysis
Molecular modelling studies of NaCMC, HPMC, NaCMC/F127, NaCMC/PEO,

ro
of

NaCMC/PPO, HPMC/F127, HPMC/PEO and HPMC/PPO were performed to evaluate
the interaction of the cellulose derivative and F127 oligomers or fragments. PEO (-

-p

PEO12-), PPO (-PPO12-), F127 (-(PEO)5-(PPO)3-(PEO)5-), NaCMC (-(C8H16NaO8)2-)

re

and HPMC (-C32H60O19-) were used. It was carried out using Orca 4.0 program [44]
optimized in vacuum. Hartree-Fock (HF) method with implementations for long range

lP

interactions (HF-3c) was used to obtain the most stable geometric structure in

na

macromolecular systems [45]. The advanced molecular editor Avogadro program
version 1.1.1 [46], was applied for graphical visualization of the structures. The
) between proportional fragments or oligomers of F127

ur

complexation energy (

Jo

copolymer and NaCMC or HPMC was determined according to Eq. (1) [47].

(1)

⁄

where,

⁄

,

, and

are the total electronic energy

for the optimized structures of the complex between NaCMC or HPMC and the
copolymers fragments or oligomers of F127; the amount of cellulose derivatives
fragments, and F127 fragments or oligomers, respectively.

8
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2.5. Differential scanning calorimetry (DSC)
Ca 35 mg of each formulation, 5 mg of lyophilized formulation, or 5 mg of the
constituent polymers were placed in aluminium pans and hermetically sealed. DSC was
performed using a DSC Q20 (TA Instruments, Surrey, UK) at a heating rate of 5
C/min between 5 and 40 C for the hydrogels, and from 0 to 400 C for the lyophilized
systems, under a nitrogen atmosphere. The F127 crystallinity was calculated using DSC

ro
of

thermograms as the ratio of the measured polymer crystallization enthalpy to the
product of the polymer weight fraction and the crystallization enthalpy of completely
crystallized F127 [48]. The micelle formation temperature (CMT) was determined from

-p

the endothermic peak in the DSC thermograms of the hydrogels, which occurred

lP

re

between 10 and 20 C.

2.6. Dynamic light scattering (DLS)

na

Micelle formation and critical micelle concentration (CMC) were studied using a
Zetasizer Nano ZS (Malvern, UK) [49,50]. Samples were diluted in purified water.

ur

F127 dispersion was evaluated at concentrations ranging from 10 mg/mL to 0.01

Jo

mg/mL. The mixtures containing HPMC and NaCMC were kept at 1 mg/mL. The
scattering intensity of the samples was evaluated using attenuator 10 at 37 C and
analysed using Malvern’s Zetasizer® software over a range of concentrations.

2.7. Transmission electron microscopy (TEM)
The TEM analysis was performed using a JEM-1400 Transmission Electron
Microscope (JEOL, Tokyo, Japan), with an accelerating voltage of 120 kV. Samples
containing mixtures of 17.5% F127 and 3% HPMC or 1% (w/w) NaCMC were diluted

9
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50-fold, and then negatively stained with 2% (w/v) uranyl acetate solution for
observation. Samples were prepared at 37 C to study the micelle formation.

2.8. In vitro mucoadhesion assessment
The mucoadhesive properties of the hydrogels were assessed using a TA.XT
Plus texture analyser (Stable Micro Systems, UK) in tension mode. The polymeric
blends were kept in a water bath for equilibration at 37 ± 1 ºC. Mucin disks were

ro
of

prepared by compression of 300–400 mg crude porcine mucin and then horizontally
attached to a mobile cylindrical probe by a double-sided adhesive tape, and

-p

mucoadhesion determined using the tensile strength method. The probe was lowered at

re

a speed of 1 mm/s until it reached the mucoadhesive hydrogel surface with a 0.03 N
contact force, keeping the substrate just in contact with the hydrogel surface. The disk

lP

and formulation were kept in contact for 30 s, and the probe was withdrawn at a rate of

na

10.0 mm/s until complete detachment between mucoadhesive hydrogels and mucin
disks [43]. The maximum force of detachment and the work of adhesion, which is the

ur

area under the force/distance curve, were determined using Texture Exponent 32

Jo

software (Stable Micro Systems, UK). All measurements were performed at least in
three replicate samples, and the adhesion parameters calculated as mean values ±
standard deviation.

2.9. Toxicity evaluation using Artemia salina
The toxicity study using Artemia salina was performed for the two formulations
containing 17.5% F127 and 3% HPMC or 1% NaCMC, which were selected from
mucoadhesion studies. Saline (3.5% w/v NaCl) was utilized to hatch Artemia salina
cysts at 25 C [51]. Cysts were deposited in a dark chamber, interconnected to an
10
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illuminated chamber (using a lamp of 7 W), allowing migration of the nauplius
(phototropism). After 48 h of incubation, the organisms were transferred to a Petri dish
and used to evaluate the toxicity of the formulations containing 17.5% (w/w) F127 and
3% (w/w) HPMC or 1% (w/w) NaCMC. An aliquot of 1 mL (1:2 dilution), 2 mL (2:3
dilution) or 3 mL (3:4 dilution) of each stock dispersion were added to the well
containing 20-25 nauplius, and the volume was made up 1.0 mL with saline water. After
30 min, the viability of microcrustaceans was calculated according to the Eq. (2):

ro
of

⁄

(2)

-p

Dead crustacea were quantified by counting immobile Artemia salina. Mobile crustacea

re

were considered to be live [52].

lP

2.10. In vitro evaluation of drug release profile

na

Erythrosine (ERI) was used as a hydrophilic drug model to investigate the ability
of binary polymeric systems to control drug release. The analysis was performed using

ur

a modified Franz cell apparatus, with cellulose acetate membrane as support (molecular

Jo

weight cut-off 12,400 kDa; Sigma-Aldrich, Sao Paulo, Brazil). The amount of 50 mL of
phosphate buffered saline, pH 7.4, at 37 C, stirred with a magnetic bar was used as
receiver fluid. 2.0 mL was sampled and replaced with a new receiving fluid at 15 min,
30 min, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h and 24 h [53]. The ERI concentration was evaluated
by spectrophotometry (λ= 525 nm). The mechanism of ERI release from the ERI
solution (1%, w/w) and from the two selected polymeric systems composed of 17.5%
(w/w) F127 and 3% (w/w) HPMC or 1% (w/w) NaCMC and 1% (w/w) ERI was studied
fitting the data to Higuchi, first-order, and Korsmeyer-Peppas equations.

11
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ERI was quantified using a spectrophotometer (UV-1800, Shimadzu, Sao Paulo,
Brazil) at max= 525 nm. The Beer’s law was obeyed over the concentration range of
0.06-8.0 g/mL with a high degree of correlation (r = 0.9980). The proposed method is
fairly sensitive with 0.096 and 0.291 g/mL as detection and quantification limit,
respectively. Fig. S1. displays the spectra recorded of ERI into a polymeric mixture at
6.0 g/mL (A) and the spectrum of the polymeric matrix without the drug (B and C),

ro
of

demonstrating ERI peak at 525 nm with none being observed by polymeric system.

2.11. Statistical analysis

-p

The effect of type and concentration of each cellulose derivative on the

re

detachment force and work adhesion were statistically treated using two-way ANOVA.

lP

Individual differences between means were identified using Tukey’s honestly
significant difference post-hoc test. In all cases, p < 0.05 was taken to denote

na

significance.

ur

3. Results and discussion

Jo

The selection of the most suitable systems containing F127 and NaCMC or
HPMC to be used for pharmaceutical and biomedical applications was made based on
gelation temperature (Tsol/gel), and other rheological parameters previously described
[24]. Eight formulations that have demonstrated suitable mechanical and rheological
properties as topical drug delivery systems were selected to investigate F127-additive
interactions. Four of them were composed of F127 (17.5 or 20%, w/w) and HPMC (3 or
4%, w/w) and the other four were composed of F127 (17.5 or 20%, w/w) and NaCMC
(1.0 or 1.5%, w/w), which demonstrated a density of approximately 1 g/mL (Table S1).
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3.1. Scanning electron microscopy (SEM)
Morphological analysis of the polymeric systems allows for a better
comprehension of their structure and organisation. It may be a complementary tool
following previous mechanical and rheological characterization of the hydrogels [24].
Fig. 1 and 2 display SEM images of the selected systems containing 17.5 or 20 % F127

Jo

ur

na

lP

re

-p

ro
of

and 3 or 4 % HPMC or 1 or 1.5% NaCMC.

Fig. 1. Scanning electron microscopy (SEM) images of Pluronic F127 (F127) and
hydroxypropyl methylcellulose (HPMC) binary polymeric formulations at different
concentrations and magnitude of 2000x: (A) 17.5% (w/w) F127 and 3% (w/w) HPMC;
(B) 20% (w/w) F127 and 3% (w/w) HPMC; (C) 17.5% (w/w) F127 and 4% (w/w)
HPMC; (D) 20% (w/w) F127 and 4% (w/w) HPMC.

The morphology of the formulation is often attributed to the interactions
between polar groups of micellar copolymer and cellulose derivatives [54]. In general,
13
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the polymeric platforms demonstrated a well organised morphology, which though
heterogeneous, is well defined. Both polymeric combinations resulted in a sponge-like
system, which is possible related to self-assembly of gel, as already described in the
literature for other F127 blends [55,56]. Formulations containing F127 and HPMC (Fig.
1) showed a lamellar layout. A better-defined structure was observed at lower
concentrations of F127, particularly in presence of low HPMC concentration. The
system composed of 20% (w/w) F127 and 3% (w/w) HPMC appeared relatively dense,

ro
of

representative of a highly cohesive system, as also observed by texture profile analysis
previously [24]. Moreover, systems composed of 20% (w/w) F127 and 4% (w/w)

-p

HPMC demonstrated amorphous morphology when compared to the other formulations,

re

since hydrophobic associations and hydrogen bonds may contribute to this cohesion

Jo

ur

na

lP

[55,57].
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Fig. 2. Scanning electron microscopy (SEM) images of binary Pluronic F127 (F127)
and sodium carboxymethylcellulose (NaCMC) polymeric formulations at different
concentrations and magnitude of 2000x: (A) 17.5% (w/w) F127 and 1.0% (w/w)
NaCMC; (B) 20% (w/w) polox407 and 1.0% (w/w) NaCMC; (C) 17.5% (w/w) F127
and 1.5% (w/w) NaCMC; (D) 20% (w/w) F127 and 1.5% (w/w) NaCMC.

SEM images of the formulations of F127 and NaCMC (Fig. 2) demonstrated

ro
of

clear reduction in pore size when the concentration of F127 increased. This may be a
consequence of the reduced volume fraction of trapped water, since the porous are

-p

result of the water sublimation during the lyophilisation process. The establishment of

re

hydrogen bonds between PEO moieties of F127 and carboxylic segments of NaCMC
may also have contributed to the formation of channels, as already observed for

lP

mixtures of F127 and poly(acrylic acid) derivatives [55,58,59]. It may be suggested that

na

NaCMC exhibited greater potential for interaction with water compared to HPMC
formulations, showing better space to trap hydrophilic drugs [24]. Additionally, the

ur

SEM images evidenced possible change in the micelle dimensions for each cellulose

Jo

derivative, which may also support interaction between thermoresponsive and
mucoadhesive polymers.

3.2. Molecular modeling analysis
Computational modelling allows for the comprehension of interactions involved
between different molecules [60,61]. As interactions between F127 and NaCMC or
HPMC are not completely understood [23,24,30]. This tool is useful to study, at a
molecular level, how polymeric blends composed of cellulose derivatives and F127
behavior at simulated vacuum atmosphere. This contributes to the knowledge of how

15
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these additives effect drug packing and micellization parameters of triblock F127,
which are important to understand the formation of different nanostructures in aqueous
solution [62]. Herein, chemical interactions were concerned in terms of ∆EComp between
both mucoadhesive and thermoresponsive polymers, and the ∆EComp values for
optimized structures are displayed in Table 2.

Table 2

ro
of

Total electronic energy for the optimized fragment of sodium carboxymethylcellulose
(NaCMC), hydroxypropyl methylcellulose (HPMC) and the complexes of 1:1 and 1:2

Jo

ur

na

lP

re

-p

structure with Pluronic F127 (F127) calculated at the HF-3c level of theory.

16
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HF-3c/hatrees= -1731.389586391440

NaCMC

HPMC/1F127
HF-3c/hatrees= -4589.429974552590
a
∆EComp /kcal mol-1= -30.13343577

NaCMC/1F127
HF-3c/hatrees= -3898.496211700285
a
∆EComp /kcal mol-1= -32.71768652

lP

re

-p

ro
of

HPMC
HF-3c/hatrees= -2422.327467506020

na

HPMC/2F127

HF-3c/hatrees= -6065.613438871278
a
∆EComp /kcal mol-1= -50.79600363

Jo

ur

HF-3c/hatrees= -6756.52671808325
a
∆EComp /kcal mol-1= -35.35806373

NaCMC/2F127

1 hartree = 627.5095 kcal/mol.
a
For the calculations of ∆EComp/kcal mol-1 were used the values from HF-3c/hartrees.
17
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Values of F127 fragments in HF-3c/hartrees were extracted from [61].

The complexation between F127 and both cellulose derivatives was favorable
(∆EComp < 0). NaCMC presented ∆EComp= -32.718 kcal/mol, while HPMC showed
values of -30.133 kcal/mol considering 1:1 proportion. The similarity of ∆EComp
observed for them may indicate similar impact of both changing physical-chemical
properties of F127. However, when the proportion between cellulose derivatives and

ro
of

F127 is increased to 1:2, it is possible to observe a more evident gap between NaCMC
and HPMC mixtures. Considering the proportion 1:2, NaCMC presented ∆EComp= 50.796 kcal/mol, while HPMC showed values of -35.358 kcal/mol. In Table S2 there

-p

are the ∆EComp values for optimized cellulose derivatives with each segment of F127

re

(PEO and PPO). It indicated greater tendency of interaction between HPMC and PEO

lP

than HPMC and PPO, which increases the hydrophobicity of this segment. Meanwhile,
NaCMC demonstrated higher interaction with PPO moiety. Since each cellulose

na

derivative presents different hydrophobic/hydrophilic balance, the interactions

ur

stablished with F127 may occur in numerous different manners (e.g. hydrogen bonds,
electrostatic or hydrophobic interactions) [63]. The findings also suggest a facilitated

Jo

stabilization of the F127 fragment in presence of NaCMC in comparison to HPMC,
which can facilitate interaction with the copolymer.

3.3. Differential scanning calorimetry (DSC)
DSC analysis is an important device to characterise polymers or their mixtures,
as well as to study nanostructured systems [64]. It provides detailed information about
enthalpy changes associated with thermally-induced process occurring within different
substances, which may be used to understand alterations in F127 behaviour due to the

18
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presence of additives [65]. The calorimetric profile of the lyophilised polymeric systems
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lP

re

-p

ro
of

and the constituent polymers were evaluated in order to characterize them (Fig. 3).
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Fig. 3. DSC calorimetry thermogram of mono-polymeric and binary polymeric systems containing freeze dried (A) 17.5 or 20% (w/w) Pluronic
F127 (F127) and 3 or 4% (w/w) of hydroxypropyl methylcellulose (HPMC), or (B) Pluronic F127 (F127) and 1 or 1.5% (w/w) sodium
carboxymethylcellulose (NaCMC).
20
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The DSC thermograms of the pure polymers showed fewer features compared to
the mixtures. In DSC studies the cleavage of existing hydrogen bonds gives an
endothermic signal and the formation of new bonds may give an exothermic one. F127
displayed an endothermic peak at 55.2 C, associated with its melting point [66,67].
Moreover, a minor exothermic peak at about 150 C was observed for it, suggesting a
possible crystallization [68,69]. The cellulose derivatives also demonstrated a melting

ro
of

point of 154.01 C for NaCMC and 154.16 C for HPMC, in agreement with the
literature [70]. Exothermic peaks were observed for both cellulose polymers above 300
C, characterizing a degradative event.
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Although small when compared to the pure copolymer, the endothermic peak of

re

F127 at the same position (about 55 C), was observed for all formulations (Fig. 3).
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Revealing the existence of F127 in crystalline state, in agreement with the literature
[66]. Considering 100% F127 has a melting endotherm of 112.2 (J/g) magnitude, a

na

reduction of F127 crystallinity was observed in NaCMC or HPMC formulations (Table

ur

S3). The addition of HPMC led to a non-concentration dependent reduction of F127
crystallinity in a range of 9.83-11.97%, while NaCMC demonstrated higher impact,

Jo

decreasing its crystallinity by 7.66 to 28.64% depending on the formulation. The
reduction in crystallinity may be linked to plasticisation of the F127 by HPMC or
NaCMC as a result of intermolecular interaction, also predicted in this rank order in
silico. As NaCMC had a greater impact on this parameter than HPMC, its reduced
crystallinity may emphasize, therefore, its stronger interaction with F127, in agreement
with computational modelling and with previously determined rheology [24]. The
crystallinity refers to the degree of structural order of a solid, which influences its
mechanical, thermal and chemical properties [68].
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It is possible to observe that the exothermic peak at 150 C viewed at isolated
F127 (1.90 J/g) thermogram was intensified when the mixture was made with HPMC
(13.46 J/g in average) and NaCMC (14.30 J/g in average). Depending on the heating
rate of the method, crystalline organization and hydration degree of the polymers, DSC
peak may be influenced, resulting in broad or sharp peak in comparison with the
literature [71–73]. However, the endothermic characteristic signals of the cellulose
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derivatives (around 154 C) were not observed on the dried polymeric blends. Lack of a
melting peak indicates that the substance is present in an amorphous rather than a
crystalline state [67,68,74,75], which give to the system increased flexibility [76]. The
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decrease or absence of crystallinity have been already revealed in some polymeric

re

blends, as observed for PVA/ methylcellulose [77], PVA/ carboxymethyl cellulose [78]

lP

and PVP/ HPMC mixtures [76]. These observations may indicate that the ordered
association of the cellulose derivatives molecules is strongly constrained by the

na

presence of the F127 [77].

The thermograms are able to reflect the greater amount of F127 composing the

ur

binary system with predominance of its calorimetric profile when compared to HPMC

Jo

and NaCMC. Additionally, both systems containing the greater amount of
thermoresponsive and mucoadhesive polymer (yellow line in Fig. 3) exhibited extra
small endothermic peaks at around 200 C, which was not observed on the other studied
mixtures. This may be related to crystallization and melting of possible stable phase or a
solid-solid transition, since both polymers are used in the highest concentration [68,79].
Formation of micellar domains is always required for F127 gelation. DSC was
also used to study the transition induced by temperature in the self-assembled aqueous
polymeric dispersions [3,80], determining the CMT of the formulations. The presence
of endothermic peaks comes from the desolvation of the hydrophobic portion of F127
22
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with raising temperature [81]. Since this phenomenon leads to the micelle formation,
the peak can be considered the CMT, while its integrating area may be determined as
the enthalpy of micellization [10]. The literature reports a CMT for pure 20% (w/w)
F127 dispersions at about 12 C [15,82,83], and an enthalpy of micellization of 25.5  2
J/g of F127 [84,85].
As showed in Fig. 4, all evaluated formulations demonstrated the micellization
property imparted by F127, though no large difference was observed among their
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enthalpic behaviour (Table S4), in agreement with their previously determined Tsol/gel
[24,86]. The cellulose derivatives increased the CMT of F127, with values greater than

-p

12 C. HPMC-content formulations exhibited CMT (Tpeak) around 14-16 C, whereas

re

NaCMC systems displayed CMT (Tpeak) between 14 and 17 C, with the values found

lP

inversely proportional to the polymer concentration. Each system demonstrated to begin
the micellization at different temperatures (Table S4), with the lowest Tonset for the most

na

concentrated systems. The mixture containing 20% (w/w) F127 and 4% (w/w) HPMC
exhibited 10.2 C as Tonset, while 20% (w/w) F127 and 1.5% (w/w) NaCMC showed

ur

11.2 C. Then, the 20/1 NaCMC formulation demonstrated 12.2 C and 20/3 HPMC
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system presented 11.1 C. Moreover, systems containing higher F127 concentration
started the micellization process before those that were less concentrated.
The positive enthalpy indicates the transfer of unimers from solution to the
micelle, which is an enthalpically unfavourable endothermic process [84]. Although a
negative entropy contribution must be the driving force for the micellization of F127
block copolymer [87], direct interactions between cellulose derivatives and copolymer
may also contribute to changes in its enthalpy. In comparison to raw F127 dispersions,
both cellulose derivatives reduced the micelle formation endotherm of the copolymer
around 0.8-fold, raising structural disorder [88]. Whilst no statistical significance was
23
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observed, the total micellization enthalpy observed for HPMC was slightly less than
that displayed for NaCMC formulations, further from the values described for pure
F127. As the temperature increases, F127 micelles formation occur due to an
entropically driven desolvation of PPO blocks [6,89], thereby, the reduction in total
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enthalpy reflects the decline in the energy consumed for PPO dehydration [81].

Fig. 4. DSC calorimetry thermogram of binary polymeric hydrogels composed of
Pluronic F127 (F127) and hydroxypropyl methylcellulose (HPMC) or sodium
carboxymethylcellulose (NaCMC).

The importance of hydrophobic effect in the micellization enthalpy of F127
systems is already known [90,91]. Comparatively, the hydrodynamic volume occupied
by NaCMC is frequently higher than that occupied by HPMC. As an ionic polymer,
24
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NaCMC polymeric chains are able to be more extended. By Mark-Houwink-Sakurada
relationship, an  = 0.87 was found for NaCMC in 0.1 M NaCl [92], and  = 0.53 for
HPMC in aqueous solution [93]. Therefore, the micellization properties may be also
affected by the greater interaction of NaCMC with water, providing a large steric bulk
to interfere with micelle packing when compared to HPMC, which has relative
hydrophobicity as a non-ionic species [24,38,94]. For instance, the addition of ethanol
has been noted to reduce the enthalpy of micellization and increase the CMT of F127 in
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a similar way due to its structure breaking effect on water [95,96].
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3.4. Dynamic light scattering (DLS)
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DLS analysis of F127 dispersions was used to investigate the micellization
process and aggregate formation. The values of light scattering intensity as a function of

lP

F127 concentration of F127 pure system, as well as, binary systems containing F127
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and HPMC or NaCMC, at 37 C, are displayed in Fig. 5. The light scattering intensity
observed by F127 at concentrations below its CMC shows a nearly constant profile,

ur

indicative of background data. This intensity begins to increase linearly above its CMC,

Jo

as the number of micelles in solution linearly increases with concentration, scattering
light monotonically. Therefore, the intersection of the straight lines that best matched
the data obtained corresponds to the CMC of the polymeric dispersion [49,50].
As exposed in Fig. 5., the intersection of best fit lines drawn through the data
points corresponds to 0.227 mg/mL for monopolymeric F127 dispersion (Fig. 5. A),
0.122 mg/mL for the mixtures composed of F127 and HPMC (Fig. 5. B) and 0.169
mg/mL for the mixture containing F127 and NaCMC (Fig. 5. C). This intersection
indicates the CMC of F127 copolymer in solution.

25

Jo

ur

na

lP

re

-p

ro
of

Journal Pre-proof

Fig. 5. Dynamic light scattering measurements of (A) Pluronic F127 dispersion, and
mixtures composed of Pluronic F127 (F127) and (B) hydroxypropyl methylcellulose
(HPMC) or (C) sodium carboxymethylcellulose (NaCMC) at 1 mg/mL and 37 C.
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Pluronic F127 exists in solution as unimers, self-assembling into micelles at
concentrations above the CMC, where the polymer self-aggregates [97]. Pure
dispersions of F127 had a CMC of 0.227 mg/mL. As reported in previous studies, F127
CMC varies dependent on the temperature and method used. At 37 C, by DPH
fluorescence, a CMC of 0.16 mg/mL was observed for F127 [98,99], while by static
light scattering CMC = 0.11 mg/mL was demonstrated [100]. Moreover, at 35 C, a
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CMC = 0.25 mg/mL was also found [86]. Herein, the addition of both cellulose
derivatives decreases the CMC of F127. The interaction between cellulose additives and
F127 may replaces water solvating F127 chains, favoring the micelle formation, as well
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as competition for solvent effectively concentrating the polymer [69,95]. F127/NaCMC

re

mixture demonstrated a CMC value of 0.169 mg/mL, while the F127 and HPMC

When

increasing

lP

mixture showed a CMC of 0.122 mg/mL, as displayed in Fig. 5 (B and C).
temperature,

F127

aggregation

becomes

favoured,

na

accompanied by a reduction in its CMC, which has been shown to be altered in the
presence of additives [6,32]. Overall, this change mainly depends upon the

ur

lyophobic/lyophilic character of the solutes and the presence of cosolvents [3,35,40].
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The addition of kosmotropic (order-making) sodium chloride in F127 dispersions
reduces its CMC, while chaotropic (order-breaking) urea has the reverse effect. Sodium
ions are able to induce hydrophobicity in the PPO moiety, reducing the hydrophilicity
of PEO moieties favouring the micellization of the block copolymer at lower
concentrations [32]. Moreover, the in silico study showed a good interaction of NaCMC
with PPO and PEO (Table S2). The addition of the cellulose derivatives appears to act
in this way. They may be able to reduce free water in the system, behaving as structure
promoters, reducing the CMC of F127 copolymer [95,101].
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In order to determine specific interactions between the polymers, FTIR-ATR
analyses were performed for isolated polymers and the lyophilized binary systems in the
lowest concentration evaluated (Fig. S2 and S3). Since F127 is the major polymer
constituting the hydrogels, the FTIR of them were similar to the observed for raw F127.
Bands around 3420 cm-1 shifts display the hydroxyl group, which had their intensity
reduced for the hydrogels. It suggests that breakage of hydrogen bonds take place due to
the presence of a lower amount of hydroxyl groups by their involvement in the

ro
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interaction with the cellulose derivatives [102,103]. It was observed mainly for NaCMC
preparations, confirming its high interaction with F127 by hydrogen bonds, while

-p

HPMC may use other ways to interact (e.g. hydrophobic interactions). Additionally,

re

bands around 2880 cm-1 exhibiting C-H stretch vibration of F127 [104] were also more
supressed for NaCMC systems, agreeing with computational modelling.
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Interactions between the polymers, evidenced in silico and by spectroscopy,

na

supports the cellulose derivatives behaviour on the F127 micellization process, since the
interactions may increase the hydrophobicity of the copolymer. Moreover, hydrogen

ur

bonding between cellulose derivatives and PEO blocks of F127 may lead to decreased

Jo

effective block length of PEO, thereby facilitating micellization [81].
With spherical architecture, the micelles of F127 can be characterized precisely
by their radius [84]. By DLS, a diameter of 31.77 ± 1.43 nm (PDI of 0.166) was
determined for F127 dispersion [105]. When mixed with NaCMC, a larger diameter for
the micelles was observed (36.89 ± 1.56 nm), with a larger polydispersity index (PDI =
0.322). In the presence of HPMC, a diameter of 26.23 ± 0.20 nm was shown for the
system, with a PDI of 0.136. In the literature, the favourable association of polyethylene
glycol with PEO blocks in corona has been reported, leading to the formation of micelle
clusters with increased diameter [91,106]. The corona specific dehydration induces inter
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micellar attraction and cluster formation, whereas core specific dehydrations bringing
sphere-to-rod micellar shape transition is also reported [34]. It is suggested that micellar
clusters and heterogeneity of size may be related to changes in the corona [83], which
may reflect the preference of NaCMC chains for this environment in comparison to
HPMC, as already demonstrated for poly(acrylic acid) and F127 blends [81].

3.5. Transmission electron microscopy (TEM)
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There are many techniques available to determine particle or micelle size, but
only TEM currently allows the direct observation of the particles [107]. TEM images

-p

(Fig. 6) of F127 and HPMC or NaCMC mixtures were obtained at 37 C. Although the

re

particle sizes evaluated by TEM technique were slightly different in terms of absolute
values from that observed by DLS, the distribution profile was the same. TEM samples

lP

were measured dry, whereas DLS was conducted in solution. Since the hydrodynamic

na

diameter measured by DLS assumes a hydration layer surrounding the molecule, it is
intuitive that the diameter measured by TEM is lower [83].

ur

All the data evidenced a well-defined nanostructured system, with particles of

Jo

13.60 ± 2.97 nm for HPMC formulations and, 25.34 ± 4.69 nm micelles for NaCMC
systems observed. The micelles exhibited a spherical shape and core-shell structure of
F127 agreeing with what has been recently published [108]. The high polydispersity for
NaCMC systems, as well as the low polydispersity for HPMC observed by DLS were
confirmed by TEM (Fig. 6) The literature provides TEM images of F127 systems with
highly homogeneous micelles of about 10 nm [56,83].
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Fig. 6. TEM images of F127 and HPMC (A) or NaCMC (B) formulations made at 37 °C (A). Original magnification x150,000.
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It is possible to observe that, at the same magnification, F127 system containing
NaCMC are able to form smaller number of micelles with higher diameter, compared to
HPMC-content system. Systems containing F127 and HPMC allowed the formation of a
greater number of micelles with low diameter. Therefore, considering a same amount of
F127, HPMC system may have a reduced aggregation number, which is defined as the
average number of block copolymers chains comprising one micelle [69]. Furthermore,
increased hydrophobicity and compression of corona have demonstrated apparent
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decrease of micelle size, building further dehydrated and dense micelles [84]. The
finding may reflect the major presence of interactions stabilised between HPMC and

-p

PEO moiety of F127 (Table S2), which decrease the aggregation number [35],

re

compressing the hydrophilicity of PEO segment.

The higher heterogeneity of size evidenced for NaCMC formulations by TEM

lP

micrographs, also supports the micellization disruption within those formulations,

na

observed by DLS, since it may have a negative effect on the ordering micelles which
occurs in a liquid crystalline fashion [83]. Besides changing the CMC of the F127 in

ur

distinct proportions, the two cellulose derivatives produced different sizes of

Jo

nanoparticles, which may allow bespoke drug delivery and targeting applications. The
solubilization of different drugs is governed by their partition coefficient; however, a
greater size of micelles has been noted as a driving factor for increase in their drug
loading capacity [37]. Meanwhile, Pluronic micelles around 10-15 nm have
demonstrated advantageous permeability in tissues in which it is increased, such as
tumour or inflammatory sites, so that improving drug delivery [39].

3.6. Mucoadhesion
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Alongside the development of topical dosage forms, defining mucoadhesive
properties is an important step to characterize formulation-mucin interactions.
Particularly, when prolonged residence time and decreased leakage of the formulation
with mucosal secretion are required [12,17,109]. In pursuit of this, mucoadhesive
excipients, such as the cellulose derivatives studied, enhance the retention of
pharmaceutical dosage forms by numerous mechanisms [110]. The stronger the
mucoadhesive force, the larger the amount of pharmaceutical systems remains in the
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targeted mucosal [109].

Among numerous methods described in the literature, tensile strength is the most

-p

frequently used to evaluate the mucoadhesive profile of different formulations, and

re

therefore a useful comparator measurement [110]. Its determination is based on two
parameters: detachment force and work of adhesion. One represents the measurements

lP

of maximum force to detach the dosage form, while the latter provides a wider

na

evaluation of the sum of all established bonds, including cohesion in the formulation
[12,43]. Fig. 7 displays the results obtained for the eight selected polymeric blends

ur

containing F127 and HPMC or NaCMC. After the first ―contact‖ step, semi-solid

Jo

systems are able to ―consolidate‖ their mucoadhesion with further physical and
chemical interactions. With respect to interactions, although electrostatic and ion-dipole
interactions may play part of the process; due to the oligosaccharide sidechains of the
mucin, hydrogen-bonding between cellulose derivatives and mucin is believed to play a
higher role on the mucoadhesive performance of the preparations. Moreover,
considering the backbone of the polymers, hydrophobic interactions may also occur due
to the loss of entropy of water molecules as they solvate hydrophobic portions of the
polymers in solution [111,112].
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Within thermoresponsive hydrogels, either increase of formulation-mucosa
interactions or in situ gelation approaches aim to improve mucoadhesion [111].
Previous studies suggest retention of F127 on mucosal membranes is due to its viscosity
at 37 C [113], which may be modified by the presence of additives [4]. F127 has
shown to increase mucoadhesive force of polymeric systems, preventing their migration
from mucosal tissue [109]. Hence, with respect to F127 concentration, systems
composed of 20% (w/w) F127 exhibited mucoadhesive profile marginally higher than

ro
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those containing 17.5%. By detachment force and work of adhesion, in most
formulations there was not significative difference between both concentrations

-p

evaluated, with significance (p<0.05) only observed for systems containing 4% (w/w)

re

HPMC.

Considering force of adhesion, formulations containing 1% (w/w) NaCMC or

lP

3% (w/w) of HPMC demonstrated better mucoadhesive profiles when compared to the

na

higher concentrations evaluated. The attributes that lead to improved retention in
complex polymeric blends are multifaceted. However, it may be suggested the low

ur

viscosity of less concentrated systems allows for greater mobility of formulations to

Jo

spread and wet a surface. Some studies have demonstrated HPMC is unable to bond to
mucin, and its mucoadhesive profile related with chain entanglement and physical
interlocking with mucus, which also become facilitated in less concentrated
formulations [114]. For NaCMC, although it is able to develop strong hydrogen
bonding with mucin, studies by surface plasmon resonance demonstrated that these
interactions need to be followed by physical interlocking with mucus, being the
combination of these two phenomena the most probable mechanism of its
mucoadhesion [114,115]. Therefore, more diluted systems may allow for improved
interpenetration of polymer and mucin chains, favouring the establishment of bonds
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between mucoadhesive polymer and mucin when it comprises binary polymeric systems
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[30].
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Fig. 7. Determination of mucoadhesion by the detachment force (A) and by the adhesion work (B) of the binary polymeric formulations of


o
J

Pluronic F127 (F127) and sodium carboxymethylcellulose (NaCMC) or hydroxypropyl methylcellulose (HPMC) at 37 °C, using a mucin disk
as a substrate. Each value represents the mean (± standard deviation) of at least three replicates.
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The outcomes from work of adhesion were not statistically different between
most NaCMC and HPMC systems. However, a statistical difference was observed
between 17.5% (w/w) F127/NaCMC systems and the 20/4 HPMC preparation,
difference also being found between 17.5/1 NaCMC preparation and 17.5/3 HPMC
systems (p<0.05). Considering this measurement, values marginally increased for
NaCMC preparations comprising the highest amount of this polymer; however, it was
not statistically significative (p>0.05). This may indicate a higher ability to hydrogen
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bond between NaCMC and mucin, when there is increased quantity of polymer.
Meanwhile, for HPMC the same was not observed, reflecting the hampered physical

-p

interpenetration between mucoadhesive polymer and mucin chains in highly

re

concentrated preparations. Still, 20/4 HPMC-content hydrogel reached raised values for
this parameter, suggesting its larger viscosity may aid its retention [114].
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As demonstrated in Fig. 7, NaCMC formulations presented half of the

na

detachment force found for HPMC ones. In previous study of mucoadhesion of
compressed polymer disks, HPMC has performed better mucoadhesiveness than

ur

NaCMC [116]. Furthermore, since HPMC presents higher hydrophobicity, it has lower

Jo

ability to attract water to the system. The literature describes that water concentration
influences the tensile strength method, and a super hydration state of some polymers
can reduce their mucoadhesive performance [117–119].Therefore, this phenomenon
may be related with the ability of cellulose derivatives to interact with water, and a
higher swelling ability may not favour the adhesion process. It is known that NaCMC
molecules with lower hydration degree demonstrate higher mucoadhesive properties,
due to the water diffusion between gel and mucosa [120]. Another aspect influencing
the lowest values observed for NaCMC may be its ionized state, where negative charges

36

Journal Pre-proof
lead to repulsive force when upon contact with also negatively-charged mucin chains
[115].
The magnitude of the mucoadhesion is of great interest to the potential clinical
utility of these formulations. Hence, evaluating this performance and based on all the
background analyses, one formulation of each cellulose derivatives was selected.
Considering their use as local drug delivery system, with good retention on the mucosal
surface, the systems composed of 17.5% (w/w) F127 and 3% (w/w) HPMC or 1%

ro
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(w/w) NaCMC were selected for toxicity and drug release study.
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3.7. Artemia sanila toxicity study
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The preliminary toxicity test using Artemia salina is an economic, fast, and
reliable test to confirm the biocompatibility of the polymeric systems, which were

lP

already produced with biocompatible polymers. The reliability is related to sensitivity

na

of the cysts to a toxic substance present in the medium solution [51,52].
The results obtained for 17.5% (w/w) F127 and 3% (w/w) HPMC or 1% (w/w)

ur

NaCMC are displayed in Fig. 8A. It was found both polymeric systems showed

Jo

viability higher than 85% with 1, 2 or 3 mL of formulation. The systems were
considered safe, because even at the higher evaluated concentration they kept nauplius
viability, as expected. However, higher quantities of formulation promoted higher
mortality for Artemia salina, which may occur by the entrapment of the nauplius into
the polymeric systems, and not only by systems’ toxicity.
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Fig. 8. (A) Artemia salina viability rate (%) from binary polymeric systems composed of 17.5% (w/w) Pluronic F127 (F127) and 3% (w/w)
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hydroxypropyl methylcellulose (HPMC) or 1% (w/w) sodium carboxymethylcellulose (NaCMC). (B) In vitro release profile of ERI from 1%
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(w/w) aqueous solution, F127/HPMC and F127/NaCMC polymeric systems. Standard deviations are smaller than the symbols. In all cases, the
relative standard deviation of replicate analyses was < 5%.
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3.8. In vitro drug release profile
Drug release is an important ability in drug delivery systems since it controls
magnitude and duration of therapeutic effect. It refers to the process in which drug
solutes migrate from the polymeric system to the outer surface of the polymer and, then,
to the receiving fluid. The in vitro release contributes to the rate and extent of drug
bioavailability in the body, contributing to these factors without requiring alteration of
drug chemistry [13,121].
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Mathematical models of release are often zero- and first- order rate, but there are
those that provide fast initial dose followed by zero- or first-order release of the

-p

sustained drug [121]. Their purpose is to simplify the complex release process, trying to

re

predict the release mechanism from specific materials, characterising the system [122].
The release of the drug can be theoretically predicted considering the amount and type

lP

of the drug, the polymer or other adjuvants, the size and shape of the pharmaceutical

na

system [123]. Mixtures composed of F127 and other synergic polymers are frequently
used in the development of drug delivery systems with controlled release [13,52,124],

ur

since different microphases of F127 can impart different microenvironments and,

Jo

consequently, with drug release modulation [125]. ERI, a hydrophilic drug, was
incorporated into the hydrogels, and the release was fitted by suitable equations for
semi-solid systems, namely: first-order, Higuchi, and the Korsmeyer-Peppas model
[121,126].
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Table 3
Parameters of each mathematical model for release study of erythrosine (ERI) from a control solution, 17.5% (w/w) Pluronic F127 (F127) and
3% (w/w) hydroxypropyl methylcellulose (HPMC) or 1% (w/w) sodium carboxymethylcellulose (NaCMC) polymeric systems.
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Models
First order

Formulations
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Higuchi

k

R2

k

ERI solution

0.023 ± 0.002

0.842 ± 0.013

7.562 ± 0.536

Polox407/HPMC

0.008 ± 0.001

0.983 ± 0.017

2.630 ± 0.179

Polox407/NaCMC

0.007 ± 0.000

0.899 ± 0.019
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2.675 ± 0.057
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R2

0.929 ± 0.0127

3.207 ± 0.119

0.619 ± 0.019

0.530 ± 0.023

0.842 ± 0.028

0.568 ± 0.053

1.073 ± 0.284

0.550 ± 0.075

0.930 ± 0.009

1.135 ± 0.047

0.571 ± 0.011

0.445 ± 0.014
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The aqueous solution of ERI showed a total release (100%) after 24 h, with 50%
of ERI released after 6 h. The hydrogels presented prolonged release at 37 °C, as none
of them reached a complete release of ERI after 24 h of study (Fig. 8B). Both NaCMC
and HPMC formulations demonstrated similar release profile, releasing less than 50%
ERI after 24 h. Nonetheless, HPMC preparation shown ERI release slightly higher at 24
h, being about 43% compared to 38% of NaCMC.
For HPMC system, the best R2 was found when fitting with the first order
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equation (0.983), while for NaCMC preparation and ERI solution, the best to fit the data
was Higuchi model (R2=0.930 and 0.929, respectively). The aqueous solution and
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NaCMC formulation, best fit by Higuchi kinetics, demonstrate that ERI release is

re

mainly driven by the difference of concentration between formulation and bulk solution

as fitted by first-order model.
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[30], meanwhile HPMC preparation shows the major influence of polymeric relaxation
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Drug release from formulations can be controlled by different factors (e.g.
dissolution, diffusion, osmosis, swelling, partitioning and erosion). Indeed, a

ur

hydrophilic drug is easily released through diffusion mechanism, while hydrophobic
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ones are normally related to swelling or erosion of the matrix [121]. The correlation
coefficient for both formulations and control solution by Korsmeyer-Peppas equation
were around 0.50 (Table 3). The low correlation coefficient obtained by this model may
occur due to the amount of total ERI released, since its release did not attain at least
60%, the method was not accurately predicted.
For the aqueous solution, drug release is expected to be mainly controlled by the
cellulose membrane, which is used as support for the formulation in the model. Herein,
fitted by Higuchi kinetic, it confirmed the greater contribution of Fickian diffusion for
ERI release through the membrane. NaCMC formulation, though mainly governed by
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diffusion, presented the release of ERI also relying on the swelling state of the system.
Therefore, it was obtained reduced k-value in comparison to the solution, which
indicates the dissolution of gel sustaining this release [127]. The rearrangement of
polymeric chains occurs slowly, and the diffusion process fosters a time-dependent
effect. On the other hand, HPMC system displayed a first order kinetic for ERI release.
The tension and untangling of the polymer chains occurs guiding the release of the drug
[121], which could favour the higher release reached for HPMC system at the last time
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point comparing to the NaCMC matrix.

Therefore, in comparison to aqueous control, the hydrogels widely improved the
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controlled release of ERI, increasing its duration over an extended period. Moreover,

re

the release kinetics also support the structuration of the systems, in agreement with the
previous analysis. Within the hydrogels, the mesh size dictates the release of drugs

lP

through diffusion, that is altered though degradation and swelling of the matrix [128].
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Being mainly governed by swelling and relaxation of the polymeric chains, with
influence from Fickian diffusion (an intrinsic characteristic of the Franz cells model),

ur

HPMC seen to build up a less organized system than NaCMC.
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NaCMC establishes well-structured bonds with F127, building an organized
matrix. Thus, the well-formed channels, as shown by SEM imagens, allow for the
permeating fluid into the system prioritizing the release of the drug due to the difference
in concentration. Meanwhile, the interactions between HPMC and F127 impact in a
release favoured by the relaxation of their chains. The amorphous matrix also observed
by SEM micrographs swells over the time increasing the release of the payload,
suggesting that polymer relaxation is the dominant mechanism for drug transport in this
case [129].
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4. Conclusions
The morphological characterization of the eight previously selected systems
evidenced that 17.5% (w/w) F127 formulations had a well-defined structure, with
clearer and higher porosity compared to the 20% (w/w) F127. A computational
modelling demonstrated the interaction between F127 and cellulose derivatives are a
favourable process, which is marginally favoured for NaCMC. Calorimetric
characterization allows observation of a reduction of the F127 crystallinity when mixed

ro
of

with the cellulose derivatives, more evident for NaCMC. By DSC of the hydrogels, it
was possible to observe the cellulose derivatives reduced the enthalpy of micellization

-p

of F127, increasing its CMT, with higher concentrations of F127 starting the

re

micellization process first. NaCMC and HPMC reduced the CMC of F127, leading to a
different size and quantity of micelles. When combined with F127, NaCMC reduced its

lP

CMC and produced lower number of micelles with a higher diameter. Although HPMC

na

also decreased the CMC of F127, it was able to form micelles in higher quantity and
reduced diameter, which was confirmed by DLS and TEM analyses. The findings

ur

present a rationale for understanding how cellulose derivatives affect the micelles

Jo

formation, being key to understating how formulated micelles function as drug delivery
systems. The mucoadhesion was efficient for all the evaluated systems. With greater
chain mobility, less concentrated systems were better to attain higher mucoadhesive
force on mucin disks. Formulations composed of 17.5% (w/w) F127 and 3% (w/w)
HPMC or 1% (w/w) NaCMC were selected as the most appropriated systems to be used
as local drug delivery systems, particularly considering their good retention on the
mucosal surface. Artemia salina test confirmed the formulations are biocompatible, and
the release study demonstrated they are able to release hydrophilic drugs, in a controlled
way, by different mechanisms.
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Systems showed important mucoadhesion performance and dependent on
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