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Over the last decade, significant progress has been made in developing hydrogels as medical devices. By
physically cross-linking pharmaceutically approved polymers into three-dimensional matrices, we can
ensure their biocompatibility and facilitate their seamless transition from the laboratory to clinical
applications. Moreover, the reversible nature of their physical cross-links allows hydrogels to dissolve in
the presence of external stimuli. Particularly, their high degree of hydration, high molecular weight, and
superior flexibility of the polymer chains facilitate their interaction with complex biological barriers
(e.g., mucus layer), making them ideal candidates for mucosal drug delivery. However, fine-tuning the
composition of the hydrogel formulations is of great importance to optimize the performance of the
medical device and its therapeutic cargo. Herein, we investigated the influence of different Eudragits®
on the properties of hydrogels based on polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), and
polyethylene glycol (PEG), which were originally proposed as ocular inserts in previous reports. Our
research aims to determine the effects that including different Eudragits® have on the structure and
protein ocular delivery ability of various hydrogel formulations. Properties such as matrix stability, protein
Received 13th July 2023, encapsulation, release kinetics, mucoadhesion, and biocompatibility have been analyzed in detail. Our
Accepted 11th September 2023 study represents a guideline of the features that Eudragits® have to exhibit to endow hydrogels with
DOI: 10.1039/d3tb01579¢ good adhesion to the eye’s conjunctiva, biocompatibility, and structural strength to cope with the ocular
biointerface and allow sustained protein release. This work has important implications for the design of
rsc.li/materials-b new hydrogel materials containing Eudragits® in their composition, particularly in mucosal drug delivery.

1. Introduction applications. They are three-dimensional cross-linked networks

that can retain water and respond to external stimuli such as
Developing drug delivery systems capable of overcoming phy- changes in temperature or pH.>* Their inherent softness and
sical and biological barriers is a topic of intense research.’ elasticity ensure negligible tissue irritation. Depending on the
Hydrogels stand out among the various polymeric materials cross-linking mechanism used in their preparation, a distinction
designed to encapsulate and control cargo release in numerous can be made between physically and chemically cross-linked
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hydrogels.* In the first case, the polymer chains are reversibly
linked, and the hydrogel can eventually be dissolved. Most
polymers approved by regulatory authorities can form physically
cross-linked hydrogels, without the need for chemical modifica-
tion of their structure. This ensures biocompatibility, increases
patient compliance, reduces side effects, and shortens the path
from laboratory to market.> Consequently, several physical hydro-
gels are currently available in the market for drug delivery, wound
dressing, personal care, tissue engineering, and contact lenses,
among others.®”

Significant efforts are being made to develop hydrogels that
adhere to the mucous membranes of the eye, mouth, vagina,
stomach, bladder, and nose, as these are the main administration
routes for therapeutic agents into the body.® Studies have shown
that the interactions between hydrogels and mucous membranes
can prolong the residence time of drugs at the application site.’
However, several problems occur when physically cross-linked
hydrogels are used in mucosal tissue, as they tend to hydrate
and eventually dissolve or degrade, losing their integrity and
mucoadhesive properties. Therefore, developing hydrogels with
optimal properties matching the drug delivery or tissue healing
times remains challenging. A great focus is given to preparing
materials that can interact with mucin, one of the major
components of the mucosa, by selecting polymers with high
molecular weight. Indeed, long and flexible chains increase the
entanglement between the polymers and the mucosal layer.'®
For the same reason, the degree of cross-linking between the
chains and the hydration of the network are carefully fine-tuned
in hydrogels. Excessive cross-linking decreases flexibility and
the ability for mucosal adhesion.’* To ensure that polymers
have good mucoadhesive properties, they are also provided with
functional groups that can form hydrogen bonds, such as
hydroxyl, carboxyl, and amino groups. Likewise, polymers with
charged functional groups are commonly used to increase
mucoadhesion."”
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Although several hydrogels based on polyvinyl alcohol (PVA),
polyethylene glycol (PEG) or polyvinylpyrrolidone (PVP) have been
investigated recently, many other polymers widely used in differ-
ent pharmaceutical forms are promising candidates for the next
generation of mucoadhesive gels.”® Eudragits™ polymers, for
example, are a family of versatile polyacrylate derivatives char-
acterized by a range of aqueous solubility with minimal chemical
structural changes. Therefore, they are considered promising
options for developing novel drug delivery systems.'* In this
sense, Eudragits™ have been extensively explored in recent years
for their potential applications in gastrointestinal release and as
protective coatings for tablets."® Despite these advances, there is
a surprising lack of studies addressing the use of Eudragits™ in
hydrogel formulations.'® Recent studies have investigated the use
of pH-sensitive Eudragits™ to produce polymeric films contain-
ing drugs loaded into contact lens hydrogels to open up new
applications for drug delivery in ophthalmology."” In addition,
Eudragits® were chemically cross-linked with acrylic acid in the
presence of methylenebisacrylamide to create pH-sensitive
Eudragit®-co-acrylic acid hydrogels as smart carriers for colon
drug delivery.'® Moreover, non-pH-sensitive Eudragits® have
been used in hydrogel formulations to improve their mucoadhe-
sive properties. For example, Eudragit® RS and S100 have shown
remarkable improvement in the mucoadhesion of hydrogels to
the vaginal and buccal mucosa.'® Furthermore, some Eudragits®
have been investigated to prepare physically cross-linked hydro-
gels for ophthalmic applications.”>*" It is worth noting that many
of the reported studies focused exclusively on drug delivery
without considering the effects of the mucosal layer and high
humidity that are prevalent in certain areas of the body, such as
the eye. Hence, a comprehensive understanding of these para-
meters remains unexplored and further studies are needed.

In this work, five representatives Eudragits® were studied as
components of physically cross-linked hydrogels based on PVP,
PVA, and PEG (Fig. 1). This study aimed to determine similarities

(Model protein)
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Fig.1 Chemical structure of the polymers that constitute the hydrogel and the model protein (Bovine Serum Albumin, BSA) encapsulated within the
network. (A—E) Commercial names and chemical structures of the different Eudragits™.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. B, 2023, 11, 9276-9289 | 9277


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb01579c

Open Access Article. Published on 12 rugsjo 2023. Downloaded on 2026-01-08 04:37:14.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

and differences between five different hydrogel formulations in
terms of their matrix stability, protein release, pore size, crystal-
linity, rheological properties, and cytotoxicity. Since the five
hydrogels are based on non-water soluble Eudragits™ (RSPO,
RL100) or water-soluble ones (S100, L100, L100-55), it is
hypothesized that the release kinetic of an encapsulated protein
can be fine-tuned based on the selected formulations. Indeed,
we found that the release profile can range from sustained to
burst release, allowing for adjustment according to specific
medical requirements.

2. Materials and methods

The starting materials were purchased from various suppliers:
Merck®™ (Spain) provided PEG 2 kDa, bovine serum albumin-
fluorescein isothiocyanate conjugate (BSA-FITC), and phosphate
buffer saline pH = 7.4. PVA 100 kDa and PVP 50 kDa were acquired
from Fisher Scientific® (Spain). Evonik® (Germany) generously
provided free of charge Eudragit‘@ RSPO, RL100, S100, L100, and
L100-55. 99.8% D,O NMR solvent, 99.5% glycerol, and ACS grade
potassium sulphate (K,SO,) were obtained from Scharlab®
(Spain). AJL Ophthalmic® (Spain) provided Balanced Salt Solution
(BSS) for irrigating the tissues of the eyes. All the reagents were
used as received without any further purification. Type I quality
water was used for the experiments and was obtained from a
purification system (18.2 MQ cm). Thermo Fisher Scientific®
(Spain) provided Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), penicillin-streptomycin solution (P/S)
and AlamarBlue® cell viability reagent.

2.1. Hydrogel preparation

Physically cross-linked hydrogel matrices were prepared by solvent
casting as previously reported, with minimum modifications.>*"
For all the formulations PVP (12 wt%) and PVA (27 wt%) were
mixed at 90 °C in H,O-ultra pure (100 mL) for 2 h. After cooling to
room temperature (25 °C) PEG (27 wt%) and glycerol (27 wt%) were
added to the mixture, followed by the addition of Eudragits®™ in a
final concentration of 7 wt% according to Table 1 (see Results
section) to produce the various hydrogels. To dissolve Eudragit®
RL100, RSPO, and Eudragit® L100-55, 2 mL of acetone was used
for the first case and ethanol for the remaining two. The pH of the
pre-gel solutions was stabilized to 7.4 with 10 mM PBS and NaOH/

Table1 Common ingredients composition and concentration employed
for the fabrication of hydrogels A-E

Matrix hydrogel Chemical Concentration
component (average MW) structures (% wiw)
PVA (100 kDa) M 27

OH
PVP (50 kDa) N o 12

o

PEG (2 kDa) £OQ~OH 27

n

HO™ ™y OH

Glycerol (92 Da) (T)H 27
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HCI 1 M. The mixture was dried at 50 °C in an oven until constant
weight, resulting in a final thickness of approximately 1 mm.

2.2. Dynamic oscillatory viscoelasticity

Dynamic oscillatory measurements were conducted utilizing a
Tritec 2000 DMA (Triton Technology). The experimental proto-
col employed a consistent frequency of 1 Hz across a tempera-
ture spectrum spanning from —100 to +50 °C. The resulting
curves encompassed G’, G”, and the Tan ¢ loss tangent. Nota-
bly, the Tan ¢ facilitated the determination of the glass transi-
tion temperature (7y). Data acquisition was subjected to
analysis using Microsoft Excel 2021 and GraphPad Prism 9.3.

2.3. Hydrogels internal morphology

To observe the internal morphology of the hydrogels, their
cross-sections were examined. For that, the hydrogels were
cryo-fractured in liquid nitrogen into pieces and lyophilized.
The resulting freeze-dried materials were then coated with gold
using a Bio-Rad SC500 sputter coater for 2 min before being
analyzed with a Hitachi TM3030 SEM microscope at 15 keV.

2.4. Hydrogel stability under mimicked ocular conditions

The system designed to simulate eye conditions involves a 3D
printed mould that holds a hydrogel sample at a 45° angle, as
shown in Fig. 2. The hydrogel is exposed to the environment,
and a buffer is dispensed at the upper end, flowing along the
material’s surface and ultimately being collected as aliquots. As
the hydrogel is stabilized by physical interactions, the buffer
can dissolve the polymers that form the matrix, leading to the
disaggregation of the hydrogel. Given that ophthalmology is
one of the potential applications for this type of material and
that the hydrogel is exposed to a liquid, an isotonic salt
solution (BSS) for irrigating eyes was used.

Eventhough the tear flow rate is 2.2 pL per minute in a
normal eye,>” this value is too low for a laboratory experiment.
Therefore, a scaled flow rate of 110 pL per min (50 times the
normal rate) was used. The systems were set inside an oven
maintained at a constant temperature of 37 £ 1 °C. A 1.5 X
0.5 x 0.1 cm sample was taken from each hydrogel and placed

110 pL/min

Fig. 2 Schematic representation of the setup used to perform the stability
and protein release assays.

This journal is © The Royal Society of Chemistry 2023
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inside the 3D mould. The collected aliquots were then analyzed
using a Bruker Fourier 300 NMR spectrometer with BSS/D,0 90/
10 as a solvent. The data were processed with MestReNova 14.2
software with the equipment set to "H-NMR, 128 scans, and 1 s
of relaxation time in water suppress mode.

2.5. Moisture uptake and moisture content

2.5.1. Moisture uptake. To evaluate the stability of the
hydrogels under high humidity conditions, we determined
the percentage of moisture absorption. First, the hydrogels
were cut into pieces of 1 x 1 x 0.1 cm and incubated in a
desiccator with saturated solutions of K,SO,4, which maintained
a relative humidity of 97% at temperatures ranging from 20-
25 °C.° We weighed the samples every 24 h until they reached a
constant weight. The percentage of moisture uptake (MU) was
then calculated using Formula eqn (1), where W; represents the
initial weight of each hydrogel, and W; represents the final
weight of the material. This procedure was performed in
triplicate for each sample.

(W —

i

% Moisture Uptake (MU) = W)

x 100 (1)

2.5.2. Moisture content. To determine the amount of water
absorbed by the hydrogels under laboratory conditions (25 °C,
30-50% humidity), we measured their water content. Specifi-
cally, we placed all hydrogel patches (with dimensions 1 x 1 x
0.1 cm) in a desiccator with silica-gel in triplicate. Every
24 hours, we individually weighed the samples and immedi-
ately returned them to the desiccator until reaching a constant
weight. We then calculated the percentage of moisture content
(MC) using Formula eqn (2), where W; represents the initial
weight of each hydrogel, and W; represents the final weight of
the material. This procedure was performed in triplicate for
each sample.

(Wi — W)

% Moisture Content (MC) = 100 — W
i

x 100 (2)

2.6. Bovine serum albumin as a model for encapsulation and
release studies

BSA-FITC was encapsulated within the five different hydrogels.
To prepare samples measuring 5.5 x 3.5 x 0.1 cm in a silicone
mould, 5 mg of BSA-FITC was added to the pre-gel solution of
each hydrogel. The average hydrogel’s thickness was 1 mm.

To conduct the release studies, a sample from each hydrogel
measuring 1.5 x 0.5 x 0.1 cm was placed in the 3D mould
release system, following the same methodology detailed in
Section 2.3. The collected aliquots were quantified every five
min by measuring the maximum absorbance of FITC at 494 nm
using a NanoPhotometer NP80 from Implen®.

2.7. Mucoadhesive properties of hydrogels towards ocular
conjunctiva

The adhesion capacity of the hydrogels was determined using
porcine eye conjunctiva as a substrate by a probe tack adhesion
test. For this purpose, axial experiments were performed using

This journal is © The Royal Society of Chemistry 2023
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an Ares-G2 rheometer (TA Instruments) with parallel plate
geometry. Porcine conjunctiva was extracted from pig eyes
purchased from a local abattoir and kept frozen until use.
Before testing, the tissue was hydrated with BSS, and a circular
section was cut and glued to the upper plate. An approximately
800 um thick hydrogel film was firmly attached at the bottom of
the setup. The surface area for measurement (8 mm diameter
upper plate) was smaller than the probe area (12 mm diameter
bottom plate) to avoid hydrodynamic and bending effects
during the detachment.>® The test was performed in three
stages: (1) compression in which the upper plate descended
at 0.1 mm s~ " until &, = 500 um, (2) contact period for 120 s,
and (3) debonding at constant velocity (Vgep): 0.314 mm s,
which corresponds to a nominal strain rate of 0.6 s~ *. Force (F)-
displacement (h(t)) data were acquired during each experiment
and transformed to stress (s)-strain curves (eqn (3)—(5)):

r
o= (3)
&= (h(t) = ho)lho (4)
de . dVdeb
& ®

where A is the contact area between the probe and the material,
and hy is the initial layer thickness. From these curves, the work
of debonding or adhesion W,q, was calculated as indicated by
eqn (6).

Emax

o(e)de (6)

Wadn = hoJ
0

Preliminary adhesion tests, performed at different contact
times, showed that an increase in the contact time above 120 s
no longer increased the adhesion work (data not shown), so it
was assumed that during this contact stage, the adhesive
hydrogel-conjunctive interface was optimally established.

2.8. Thermal and X-ray diffraction characterization

2.8.1. Thermogravimetric analysis (TGA). To determine the
thermal stability of the materials, hydrogels A-E were heated in
aluminium oxide crucibles under a pure nitrogen atmosphere
using a Thermal Gravimetric Analyzer Q500 TA Instruments (New
Castle, DE, USA). The initial sample mass was approximately
10 mg. Samples were heated from 30 to 700 °C at 10 °C min ™",
and mass changes were recorded.

2.8.2. Differential scanning calorimetry (DSC). The thermal
behaviour of the samples was analyzed by non-isothermal differ-
ential scanning calorimetry (DSC). Experiments were performed
on a PerkinElmer 8500 DSC equipped with an Intracooler III,
calibrated for temperature and heat flow using an indium
standard. Approximately 3 mg of each sample was placed in an
aluminium hermetic pan and analyzed under a nitrogen atmo-
sphere. The samples were subjected to heating and cooling scans
at a constant rate of 20 °C min ™ '. First, the samples were heated
from 30 to 90 °C, kept isothermally for 3 min to erase the thermal
history, and cooled to 30 °C. A subsequent heating scan was then
performed for all samples.

J. Mater. Chem. B, 2023, 11, 9276-9289 | 9279
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2.8.3. Wide-angle X-ray scattering (WAXS). X-ray powder
diffraction patterns were collected by using a Philips X’pert
PRO automatic diffractometer operating at 40 kV and 40 mA, in
theta-theta configuration, secondary monochromator with
Cu-Ko. radiation (4 = 1.5418 A) and a PIXcel solid state detector
(active length in 20 3.347°). Data were collected from 5 to 70°
20, with a step size of 0.026° and a time per step of 180 s at
room temperature, for a total data collection time of 30 min. A
variable divergence slit was utilized, providing a constant 8 mm
area of sample illumination.

2.9. Metabolic activity assessment

To investigate the cellular response to different hydrogel for-
mulations, samples of the hydrogels (1.5 x 0.5 x 1 cm) were
dissolved in 2 mL of BSS at different degrees of dissolution
(25%, 50%, and 100%). The resulting solutions were mixed in a
1:1 ratio with complete media and then sterile-filtered.

To determine the cellular metabolic activity in response to
the different hydrogel formulations, human fibroblasts (MRC-
5, ATCC), which is a human lung fibroblast cell line supported
by the ISO 10993-5 were seeded at a density of 5000 cells per
well on 96-well plates with complete medium (DMEM + 10%
FBS + 1% P/S) and incubated overnight to allow cell adherence
to the tissue culture plastic. Then, the complete medium was
aspirated and replaced by the abovementioned material solu-
tions. The metabolic activity was determined at two different
time points (i.e., 24 and 48 h) with AlamaBlue® following a
previously reported protocol.>* This assay, which relies on the
capacity of viable cells to reduce resazurin (i.e., the active
ingredient in AlamarBlue) to resofurin, was used herein as an
indicator of cell viability. In this experiment, BSS mixed with
complete media (1:1 weight ratio) was used as a control.

The statistical analysis was performed using the software
GraphPad Prism 9.4, a two-way ANOVA was carried out to test the
variance difference among the treatments, and a post-Hoc Tukey
test were run to compare all possible pairs of the means for the

View Article Online
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dissolution percentages of the hydrogels and controls, the 0.05
alpha value, and a confidence interval of 95% were set, the error
bar corresponds to the SEM were n = 5 for each concentration.

3. Results and discussion

3.1. Hydrogel preparation

In this study, we attempt to analyze the influence of Eudragits®
on the properties of hydrogels commonly used as ocular inserts
for the controlled release of various drugs.>! For this purpose, five
Eudragits®™ were selected based on their pH-dependent water
solubility. Two of these Eudragits®™, RSPO, and RL100, were
included in the hydrogel formulations A and B, respectively, as
pH-independent polymers. They are tri-block copolymers with an
average molar mass of 32 kDa, composed of ethyl acrylate, methyl
methacrylate, and a comparatively small amount of methacrylic
ester with quaternary ammonium groups. The difference
between the two polymers is the number of repeating units in
the block containing the quaternary ammonium, with RSPO
having a fraction of 0.1 units and RL100 0.2 units with respect
to the ethyl acrylate monomer (see Fig. 1). The presence of the
ammonium group in the polymer makes it insoluble in water,
with swelling aqueous capacities, cationic charge, and non-
biodegradable properties.*

In addition, we also investigated water-soluble polymers,
specifically Eudragit®™ $100 (hydrogel C), Eudragit®™ 1100 (hydro-
gel D), and Eudragit™ L100-55 (hydrogel E), which are soluble at
PH values above 7.0, 6.0 and 5.5, respectively. These Eudragits®™
are diblock copolymers with methacrylic acid and ethyl acrylates
repeating units. The molar ratio between the blocks differs for
Eudragit® S100 and L100, being 1:2 and 1:1, respectively.
Eudragit® L100-55 has a terminal ethyl group instead of
a terminal methyl group in the ethyl acrylate block. These
anionic polymers have an average molar mass of approximately
125 kDa.”® Table 1 presents a compilation of the ingredient
formulations commonly employed in creating hydrogels A-E,

Table 2 Eudragit variants utilized in the formulation of hydrogels A-E, along with their respective chemical structures, monomer compositions, and

properties
Chemical structures Concentration Solubility
Sample Eudragit (Average MW) and monomers fractions (% wiw) in water
Hydrogel A Eudragit RSPO (32 kDa) ¢ ¢ m=2 7 No
¢ p=1
. OM 0.2
Hydrogel B Eudragit RL100 (32 kDa) SO P8 m=2 7 No
oei p=1
Hydrogel C Eudragit S100 (125 kDa) ifij:iz 7 pH > 7
|
Hydrogel D Eudragit L100 (125 kDa) m1 7 pH > 6
[
. 1 1
Hydrogel E Eudragit L100-55 (125 kDa) HO Sog Y0 7 pH > 5.5
)
9280 | J Mater. Chem. B, 2023, 11, 9276-9289 This journal is © The Royal Society of Chemistry 2023
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along with their corresponding concentrations. In Table 2, the
distinct Eudragit® variations applied in each material are
detailed, accompanied by their chemical structures, monomer
compositions, utilized concentrations, and aqueous solubility.

It is crucial to emphasize our demonstration of the hydrogel
categorization of materials A-E through dynamic viscoelasticity
measurements (Section S1, ESIt). By assessing the storage (G')
and loss (G") moduli alongside the Tan J, we have substantiated
the presence of distinct thermal transitions. These transitions
discern between the material’s elastic behaviour, indicative of the
hydrogel structure, and the time-dependent deformations result-
ing from viscous dissipation. Within this context, we have
identified the glass transition temperature of hydrogels A-E
within the temperature range of —19 to 1 °C. Notably, we have
also established the presence of rheological moduli at tempera-
tures below 0 °C, a compelling demonstration that unequivocally
validates the hydrogel nature of these materials, as anticipated.

PVP, PVA, PEG, and glycerol were used as the main compo-
nents of the hydrogels, and the respective Eudragits™ were
added in a proportion of 7 wt%. The pre-gel solutions were
prepared as described in Section 2.1 and then dried to produce
hydrogel films by solvent casting. The hydrogel matrix was
constructed through the establishment of hydrogen bonds
among polymeric chains, as depicted in Fig. 3. The mass of
the polymers was fine-tuned during solution to obtain hydrogel
films with a thickness of 1 mm. Fig. 4 shows the appearance of
the hydrogels and their average thickness. Notably, different
opacities were observed in the hydrogel films, suggesting that
the Eudragits® might interfere with the crystallization of PVA
chains during the gelation process (this phenomenon will be
further discussed in Section 3.6.).

3.2. Internal structure of the hydrogels

In the preparation of hydrogels, a rational selection of polymers
should be made since they are expected to influence the
structure and final properties of the materials. It has been

View Article Online
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(A)

Hydrogel A Hydrogel B Hydrogel C
Hesponsi
FPOLY W
Hydrogel D Hydrogel E | (B)
e | | L.
Fig. 4 (A) Pictures of the hydrogel films. (B) Hydrogel's thickness (mm)

measured with a digital calliper (N = 3).

shown that the presence of hydrophobic polymers in the
hydrogel composition leads to a decrease in its water swelling
ability and an increase in the pore size.?® In general, the pore
size of hydrogels is known to greatly affect other properties,
in addition to the swelling capacity, such as mechanical pro-
perties, drug encapsulation, and cargo release kinetics.?”
Therefore, to anticipate the effects of Eudragits™ on the final
properties of the hydrogels, we determined the pore size of the
five networks in the dried state by SEM of the cross sections.
Interestingly, the SEM micrographs and the histogram dis-
tribution of about 1000 pores of each hydrogel, shown in Fig. 5,
suggest a strong dependence between the pore size and the type
of Eudragit®. Hydrogels A and B, containing non-water-soluble
Eudragits®, show wider pore size distributions than hydrogels
C, D, and E, based on water-soluble Eudragits@‘. The average
pore diameter of materials A and B ranges from 11 to 14 um,
while materials C, D, and E have smaller pore diameters with
values ranging from 3 to 6 pm. These differences in pore size
are directly related to the structural composition of the material

0O o
- 7
o f\{'—
PVA Eudragit
(§7§o LO\“/%O—H
PVP PEG

Fig. 3 Scheme illustrating the formation of hydrogel bonds among polymeric chains, resulting in the creation of the hydrogel matrix.
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Fig. 5 SEM pictures and histogram distribution for the pores in the transversal cut of the five hydrogels after their freeze drying. (A)—(E) SEM pictures and
histograms for all the samples. Scale bar: 50 um. (F) Summary plot with the average pore diameter for the five materials. (N > 500).

in terms of the number of cross-links and physical interactions
between the polymer chains. It is known that PVA-based
hydrogels generally have small pores of about 1 pm because
PVA forms crystals during the freeze-drying process. However,
when PVA is combined with other polymers with different
hydrophilicities, the number of crystals formed is affected,
leading to an increase in the pore size of the hydrogels.*® We
hypothesize that this effect is responsible for the variation in
the pore size distribution of our materials. We anticipate these
differences will also affect the matrix stability and mucoadhe-
sion properties, which will be analyzed in detail in the following
Sections (3.3 and 3.5).

3.3. Determination of the dissolution rate of the hydrogels

Considering the potential application of PVA, PVP, PEG, and
glycerol-based hydrogels as ocular inserts, the effect of Eudra-
¢it™ on their dissolution rate is a key factor to be evaluated.?*!
Hydrogel-based ocular inserts should ideally dissolve when
placed in the eye bag, absorbing tears and slowly releasing
the hydrogel matrix components and their pharmaceutical
cargoes. Hydrogels that maintain their integrity over time are
desirable because they ensure a reduction in dosing frequency
while preserving their tissue adhesion. Therefore, we performed
stability tests by incubating the hydrogels in an aqueous ocular
irrigation solution (BSS) at a constant flow rate (110 uL min ") at
37 °C. We used a 3D-printed system (Fig. 2) to hold the hydrogels
during the assay, and we collected aliquots at different time

9282 | J Mater. Chem. B, 2023, 11, 9276-9289

intervals for NMR analysis. We correlated the signals of the 'H-
NMR spectra with those corresponding to the pure components
of the hydrogel formulations (Fig. S2, ESIt).

Fig. 6 shows the "H-NMR spectra of samples obtained at
different dissolution times for hydrogels A and B, which are
structurally similar as they contain hydrophobic Eudragits®. It
should be noted that hydrogel A required 230 min for complete
dissolution, while hydrogel B required only 75 min. This difference
can be attributed to the relative composition of both Eudragits®;
the RSPO variant contains twice the amount of quaternary amines
compared to Eudragit®™ RL100. This fact leads to a higher hydro-
phobicity of hydrogel A, making this hydrogel less prone to
dissolution. The signals of all polymers (PEG, PVP, PVA, and
Eudragit® RSPO) can be seen together with the signal of glycerol
after 5 min, indicating that they dissolve in the aqueous medium
and are released from the hydrogel matrix (Fig. 6A). Similar results
can be seen in the range 30-120 min. Conversely, at the end of the
experiment (150-230 min), the signals from glycerol and PVP were
no longer detectable. This result indicates that the degradation of
the hydrogel matrix is not uniform, as the dissolution rate varies
for each polymer. As a result, the number and strength of physical
interactions that stabilize the matrix change when some polymers
are removed. Therefore, the permeability of the matrix decreases
as a function of the glycerol and PVP release as they have the
fastest dissolution rate, leading to an increase in the overall
stability of the matrix. The results for the dissolution of hydrogel
B (Fig. 6B) support this conclusion. Since the matrix is more

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 H-NMR spectra (300 MHz, BSS/D,0O 90/10) were obtained during the dissolution of hydrogel A and hydrogel B with BSS at a constant flow rate of
110 pL min~tat 37 °C. For hydrogel A, the spectra were shifted 150 min, 180 min, and 2300 min by —0.24 ppm to improve the observation of the signals.
For hydrogel B, the 60 min and 75 min spectra were shifted by —0.24 ppm.

soluble, the total time required for its dissolution is less than for
hydrogel A. During the first 5 min of dissolution of hydrogel B,
signals from all polymers (PEG, PVP, PVA, and Eudragit® RL100)
were observed along with the signal from glycerol. These signals
were also observed in the 10-60 min spectra. At the end of the

This journal is © The Royal Society of Chemistry 2023

experiment (75 min), the signals from all polymers were still
present, indicating that the dissolution of the hydrogel B matrix
was more uniform and balanced.

Fig. 7 shows the "H-NMR spectra of samples obtained at
different dissolution times for hydrogels C, D, and E, which are
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structurally similar as all contain hydrophilic Eudragits® with
pH-dependent water solubility. It should be noted that hydrogel
C required 145 min for complete dissolution, while hydrogels D
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and E required 130 min and 105 min, respectively. These
results indicate that hydrogel C is the most robust among the
three formulations.

Hydrogel C (Fig. 7A) is composed of Eudragit™ $100, which
is water-soluble at a pH greater than 7. During the experiment,
dissolution was performed with BSS at physiological pH
(pH = 7.4). As can be seen, the signals of PVP and PVA were
visible during the range 10-90 min. However, at the end of the
experiment (145 min), the signals of both polymers were no
longer detectable, indicating uneven dissolution of the matrix.
Considering that the strength and number of physical interac-
tions changed during the dissolution process, in the absence of
the PVP polymer (145 min), the stability of hydrogel C
increases. This is evidenced by the longer time required for
complete dissolution (145 min) compared to hydrogels D and E
(130 and 105 min, respectively).

Hydrogel D and E (Fig. 7B and C) are composed of Eudra-
gits® that are water soluble at pH above 6 and 5.5, respectively.
Unlike hydrogel C, the signals corresponding to Eudragits®
L100 and L100-55 exhibited consistent intensity throughout the
experiments, leading to a more uniform dissolution process.
The "H-NMR spectra revealed a gradual dissolution of PVP and
glycerol signals over time (10-130 min), suggesting a more
evenly distributed dissolution of the matrix.

All the above data, as well as the analysis of moisture content
(MC) and moisture uptake (MU) (Fig. S4, ESIt), have shown the
dependence of the matrix stability on ambient humidity. Our
findings in MU indicated that hydrogel C possesses a remarkable
capacity to absorb a significant amount of water without compro-
mising its structural integrity. This feature place hydrogel C as the
most promising candidate for drug delivery in ophthalmology,
however, further investigations should be performed.

3.4. Encapsulation and release of proteins

Hydrogels have been used to encapsulate and release various
pharmaceutically active substances.?® Proteins are of particular
interest, as they catalyse reactions in misfolding protein dis-
eases (e.g., cystic fibrosis), assist in healing ocular wounds, and
are fundamental components of vaccines.*® However, their lack
of stability during storage and administration, as well as their
difficulty in crossing biological barriers such as the mucosa and
skin, calls for developing protein delivery systems.*' Therefore,
we investigated the protein loading capacity of our hydrogels by
encapsulating fluorescently labelled BSA (BSA-FITC) as a model
cargo. Using a protein conjugated to a fluorophore allowed us
to observe the homogeneity of the encapsulation in the hydro-
gel film. In addition, the fluorophore allows subsequent release
analysis by quantification using UV-Visible and fluorescence
spectrophotometry. Fig. 8 shows the appearance of the five
hydrogels after BSA-FITC encapsulation and the release kinetics
as a percentage of cumulative protein release over time. The
orange aspect (from FITC) confirms that the protein is uni-
formly distributed in the hydrogel films.

To study the release kinetics of BSA-FITC from hydrogels
A-E, we used the same method as in Section 3.3. As previously
observed, the dissolution rate of the protein-laden hydrogels

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (A) Photos of the A-E hydrogel films containing BSA-FITC. (B) BSA-FITC release kinetics from hydrogels A-E. Results are presented as a
percentage of cumulative protein release. (N = 3).

Table 3 Summary of key data from the release kinetics of BSA-FITC from  sustained to burst release, depending on the specific require-
hydrogels A-E ments, by varying the type of Eudragit®™ in the formulation. It is

Hydrogel 50% BSA (min) 80% BSA (min) 100% BSA (min) possible to predict the hydrogel release profiles using Peppas’
model equation, which takes into account Fick’s diffusion or

A 63 120 175 32 .

B 25 50 85 Case-II transport.”” However, in our study, the used constant
C 35 65 95 fluid flow prevented accurate comparison with the predicted
ED 2‘51 ;; 13(5) results. The different outcomes obtained from the application

of the model equation indicate a mixture of diffusion modes,
which makes it difficult to determine the release mechanism.
Therefore, no conclusive findings on the release mechanism
varied, indicating different protein release kinetics for each can be presented.
material. Table 3 shows the time in minutes, after which 50%, A comparison between the results of the "H-NMR dissolu-
80%, and 100% of BSA-FITC were released from hydrogels A-E.  tion rates for the empty hydrogels and the release of BSA-FITC
Fig. 8 and Table 3 compare the release kinetics of hydrogels reveals slight differences among the time required for the total
A and B. Hydrogel A took more than twice longer than hydrogel dissolution of the material. In the previous section, we made an
B to release 50%, 80%, and 100% of the protein, probably due observation regarding the elution of Eudragit® and PVP in
to the stronger physical interactions, as discussed in the pre- hydrogel A compared to hydrogel B. It was found that these
vious section. The presence of the Eudragit® RSPO in hydrogel ~components eluted at a faster rate in hydrogel A. Now, we have
A significantly affected its release behaviour compared to the observed that hydrogel A released the total amount of protein
other formulation. This material exhibited a sustained release after 175 min, while it took 230 min for the empty hydrogel to
in contrast to a burst release observed in hydrogel B, which dissolve completely. In contrast, protein-laden hydrogel B
featured weaker interactions between the polymer chains. achieved complete protein release in 85 min, whereas it took
Of the other three hydrogels, based on water-soluble Eudra- 75 min for the dissolution of the empty hydrogel. This sig-
gits™, hydrogel C showed a burst release profile, as the protein  nificant difference in elution time between the protein and the
was released around 10-25% faster than hydrogels D and E. In  complete dissolution of the empty hydrogel indicates that the
contrast, hydrogel D demonstrated a sustained release, while protein exhibits strong interactions with both Eudragit® and
hydrogel E exhibited an intermediate behaviour. As hypothe- PVP. Consequently, these interactions facilitate the protein’s
sized, it is possible to control the kinetic release profiles from faster release from hydrogel A in comparison to hydrogel B.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. B, 2023, 11, 9276-9289 | 9285
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This hypothesis gains further support from hydrogels C, D, and
E. For hydrogel C, the total amount of protein was released after
95 min, while it took 145 min for complete empty hydrogel
dissolution under "H-NMR studies. Notably, hydrogel C exhibited
earlier elution of PVP compared to the other polymers. In contrast,
hydrogels D and E required the same time for total dissolution as
for the complete release of the protein. In these two materials, the
signals of Eudragits™ and PVP consistently eluted over time,
reinforcing the theory that these two polymers have strong inter-
actions with BSA, leading to their continuous elution.

3.5. Mucoadhesive properties of hydrogels towards ocular
conjunctiva

The hydrogels developed in this work were rationally designed
as ocular inserts for drug delivery, making it crucial to measure
their mucoadhesion and ensure that they firmly attach to the ocular
conjunctiva. Therefore, our concept aimed to leverage the adapt-
ability of the adhesion probe method for simulating the conditions
in which ophthalmic inserts are utilized. The probe tack adhesion
test allowed us to assess the mucoadhesive of the material using
ex vivo porcine ocular conjunctiva, eliminating the need for in vivo
animal models. The objective was to identify the optimal para-
meters that ensure the material’s adhesion to the ocular conjunc-
tiva, considering the hydration conditions as a pivotal property to be
studied. We, therefore, tested three scenarios: (A) dry hydrogel films,
without pre-hydration, (B) pre-hydrating the hydrogels for 3 and
5 days at a relative ambient humidity of 95%, and (C) pre-
hydrating the materials for 10 and 30 min by adding 20 pL of
BSS on top of each hydrogel.

Table 4 demonstrates that all dry hydrogel films exhibit
negligible work of adhesion prior to the hydration (day 0). On
the contrary, the hydrogels hydrated with 20 pL of BSS buffer
for 10 or 30 min exhibited higher work of adhesion than those
hydrated under a humid atmosphere. This demonstrates that
the water absorption and swelling capacity of the hydrogels
happen within minutes. Hydrogel B exhibits the highest work
of adhesion, reaching 23 ] m~> after 10 min of hydration with
BSS. However, after 30 min of hydration, this value remains
relatively constant, slightly decreasing to 20 J m™2. Similar
tendencies were observed when hydrogels were hydrated in a
95% relative humidity environment. After 3 days of hydration,
the work of adhesion was 2 ] m ™2, but after 5 days of hydration,
this value decreased to 1.5 ] m 2. Hydrogel B also dissolves the

Table 4 Work of adhesion obtained for hydrogels A—E. Day 0 means
without pre-hydration; days 3 and 5 refer to hydration in 95% of relative
humidity; 10- and 30 min BSS refers to hydration with 20 pL of BSS
solution

Work of adhesion (J m ?)

Sample Day0 Day3 Day5 10 minBSS 30 min BSS
Hydrogel A 0.7 2 2.5 7.5 10
Hydrogel B 0.03 2 1.5 23 20
Hydrogel C 0.2 4 5 10.5 14
Hydrogel D 0.34 2 2 10 4
Hydrogel E 0.59 4.5 3 5 17.5
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View Article Online

Paper

fastest in the stability assay described in Section 3.3, which
correlates with the decreased tendency of work of adhesion.

Hydrogel D exhibited a similar trend to hydrogel B in terms
of the effect of hydration on its work of adhesion. As the
hydrogel becomes more hydrated, its adhesive capacity
decreases, with a value of 10 J m~? after 10 min of hydration
and 4 ] m~? after 30 min of hydration. However, hydrogel D had
the lowest work of adhesion among the five hydrogels tested,
making it the least suitable option as an ocular insert. Hydro-
gels A and C appear to be the most promising candidates for
use as ocular inserts because of their mucoadhesive properties.
Both hydrogels show a consistent increase in mucoadhesion as
hydration increases. However, after 30 min of hydration, hydro-
gel C demonstrates a work of adhesion of 14 ] m™?, whereas
hydrogel A exhibits only 10 ] m >, suggesting some advantage
of hydrogel C.

The hydrogel E behaves between the other hydrogels con-
cerning mucoadhesion. After being hydrated for 10 min with
BSS buffer, its work of adhesion was 5 ] m ™2, but it increased to
17.5 ] m™ > after being hydrated for 30 min. Although this
hydrogel exhibits a significant increase in mucoadhesiveness
after prolonged hydration, this approach has a major draw-
back, as the matrix’s stability could be compromised if it is
hydrated for extended periods as seen by NMR dissolution and
moisture uptake studies.

3.6. Thermal and X-ray diffraction characterization

The presence or absence of crystals formed during gelation can
significantly affect the properties of the synthesized materials.
Crystals can generate rigid structures within the gel that reduce
its swelling capacity, creating a network of particles that resist
deformation. Depending on the specific application, the presence
or absence of crystals may be desired to tailor the final materials.
Therefore, to fully understand the hydrogels’ properties, we con-
ducted a thorough characterization using thermal and X-ray
diffraction techniques to determine the presence or absence of
crystals in empty and protein-laded hydrogel films. We also
investigated the influence of the conjugated fluorophore on the
possible appearance of crystals. Hence, 15 samples were prepared
and divided into three groups. (A) Empty hydrogels A-E, named
hydrogel X 1. (B) Hydrogels A-E with encapsulated BSA protein,
called hydrogel X 2. (C) Hydrogel A-E with encapsulated BSA-
FITC, named hydrogel X_3.

DSC was employed to identify the different thermal transitions
the material undergoes when the temperature increases. Fig. 9
shows heating and cooling DSC scans for hydrogel A in the three
scenarios previously described. The same experiment was repeated
after 24 h with a heating and cooling rate of 20 °C min".

The DSC results for hydrogel A with and without BSA protein
show endothermic peaks in the first heating scans in Fig. 9A.
Endothermic peaks could be due to the melting of polymeric
crystals within the gels, as PEG and PVA are present in the
formulations, although they could also be due to the gel-sol
transition.

The endothermic peak temperature in hydrogels A 2
(43.6 °C) and A_3 (42 °C) with BSA were lower than for hydrogel

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (A) First heating DSC scans for hydrogel A. A_1 empty hydrogel A. A_2 hydrogel A with BSA. A_3 hydrogel A with BSA-FITC. (B) DSC cooling scans.

(C) Second heating DSC scans. (D) First heating DSC scans after 24 h. (E) DSC cooling scans for the second experiment. (F) Second heating DSC scans for

the second experiment. Heating and cooling rates for all cases are 20 °C min™.

A_1 without BSA (50.1 °C). This result reinforces the important
role that proteins play in the physical interactions of the
material. However, after cooling down (Fig. 9B) and reheating
the samples (Fig. 9C), no exothermic (during cooling) or
endothermic (during heating) peaks were observed. It is possi-
ble that at the rate employed to perform the DSC measurements
(20 °C min™"), the material cannot form crystals or form gels
during cooling from 80 °C. To confirm this, the materials were
stored and reheated after 24 h (Fig. 9D), and endothermic peaks
were observed again for hydrogels A 1 and A_3. Thus, we
concluded that physically cross-linked hydrogels take several
hours to form after dissolution, so there were no transitions in
the second heating scan. Data for hydrogels B-E can be found
in Fig. S5 (ESIT).

Table S2 (ESIT) summarises the temperatures at which the
endothermic peak (T,) is obtained and the observed enthalpy of
the endothermic transition (AH},) that indicates the strength of
the intermolecular interactions forming the hydrogels. The
enthalpies reported in Table S2 (ESIt) are very significant,
between 5 and 25 J g '. For empty hydrogel A_1, AH, was
24.8 J g~'. When BSA was encapsulated, AH,, decreased to
4.2 ] ¢ '. However, when the BSA was modified with FITC,
AH, increased to 16.1 J g ', indicating that the cohesive
energies are influenced by the presence of the protein. Surpris-
ingly, when FITC was added, enthalpy values increased signifi-
cantly, especially compared to unmodified BSA with lower
values. This result suggests that FITC may increase hydropho-
bic interactions between polymeric chains, strengthening the
intermolecular interactions and giving higher enthalpy values,
even in BSA. Similar conclusions were obtained for hydrogels
B-E (Section S4.1, ESI{). We confirmed these consistent trends

This journal is © The Royal Society of Chemistry 2023
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with thermogravimetric analysis (TGA) and Wide-angle X-ray
scattering (WAXS) techniques. A comprehensive examination
and analysis of these findings can be found in Sections S4.2
and S4.3 of the ESIT section.

3.7. Study of the effect of the hydrogels in MRC-5 cells

The cytocompatibility of the developed hydrogel systems was
studied using the MRC-5 cell line.*? In the present study, we used
a well-established cell line, obtained from a recognized culture
collection, to carry out a preliminary cytotoxicity study of the
developed hydrogels. The MRC-5 (CCL-171) is a human lung
fibroblast cell line that is supported by the ISO 10993-5 and
considered as appropriate for the biological evaluation of medical
devices. The hydrogel formulations were first dissolved in BSS,
with varying times required for complete dissolution (e.g., for-
mulation A - 480 min, formulation B - 135 min, formulation C -
150 min, formulation D - 130 min, and formulation E - 135 min).
Samples were acquired at different degrees of dissolution (i.e., 25
and 50%) to investigate the potential cytotoxicity of different
polymer concentrations in the BSS solution. The dissolutions
containing the byproducts of the hydrogel formulations were
then incubated with MRC-5 cells, and their metabolic activity was
measured after 24 and 48 h. As shown in Fig. 10, the metabolic
activity of MRC-5 cells significantly decreased in the presence of
dissolutions containing the byproducts of formulations A and B.
Accordingly, the metabolic activity of MRC-5 cells after 48 h
decreased from 100% to 17% and 9% for formulations A and B
(100% dissolution), respectively. The cytotoxic effect was particu-
larly pronounced for formulation B, as even a sample undergoing
only 25% of its complete dissolution reduced the metabolic
activity from 100% to 61% after 24 h. This fact may be attributed
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Fig. 10 Metabolic activity of MRC-5 cells was measured after 24 and 48 h of incubation with different dissolution degrees: (a) control, 0% dissolution,
(b) 25% dissolution, (c) 50% dissolution, and (d) 100% dissolution of hydrogels A—E. Asterisks denote a statistically significant difference compared with the

control were ****P < 0.0001, *** P < 0.001, ** P < 0.01, and * P < 0.05. Error bar calculated as SEM were n = 5.

to the presence of quaternary amines in both formulations,
(formulation A with Eudragit®™ RSPO having 5% of quaternary
amines, while the formulation B contains Eudragit® RL100 has
10% of quaternary amines), which are associated with the
cytotoxicity related to the cationic functionalities. Indeed, as
recently reported in a multiparametric study, cationic function-
alities not only elicit a cytotoxic response but also downregulate
DNA replication and induce an inflammatory response in cells.*
The formulation D showed a mild cytotoxic effect after 24 h
reducing the cell viability by 22% at the highest concentration.
After 48 h, at 100% of hydrogel dissolution, the cell viability was
reduced by 9% in this formulation. On the other hand, the
formulation E only affected the cell viability by 10% at 48 h at
the highest concentration. Interestingly, the formulation C did not
show any detrimental effect on the cell viability. These observed
differences can be explained by the different degrees of carboxyl-
ation among the studied formulations. Formulation D (Eudragit™
L100) has a degree of carboxylation of 48%, which is similar to the
one reported for formulation E (Eudragit® L100-55). In contrast,
formulation C (Eudragit®™ $100) only has 29% of acidic groups.*®
Previous studies carried out on HeLa cells showed that the
polycarboxylates such as Eudragit® S$100, are well tolerated by
eukaryotic cells at high concentrations. Thus, we believe that the
differences on the cellular viability among the formulations C, D
and E, can be attributed to the number of carboxylic groups
present in the Eudragit®.>?* It can be concluded that these
formulations C, D and E are potentially suitable for biomedical
applications.

4. Conclusions

The primary aim of this study was to explore the role of Eudragits®™
in the fabrication of physically cross-linked hydrogels. To this end,
five distinct materials were formulated employing PVP, PVA, PEG,
glycerol, and five variants of Eudragits® (RSPO, RL.100, $100, L100
and L100-55) through the solvent casting method. Among these five
hydrogels, hydrogel C based on Eudragit® $100 emerged as
the most promising candidate as an ocular insert for protein
delivery. Its remarkable physico-chemical attributes, mucoadhesive
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properties, and biocompatible nature distinguish it within the pool
of hydrogel contenders. The synthesis of this material involved the
incorporation of constituents in specific proportions: 7 wt% Eudra-
git™ $100, 27 wt% PVA, 12 wt% PVP, 27 wt% PEG, and 27 wt%
glycerol. It was prepared with high homogeneity and reproducibility,
exhibited the smallest pore size, and had the best swelling ability
while maintaining its integrity. In addition, hydrogel C showed a
BSA burst release, which could be ideal for treatment of a wound
in its acute phase, whereas the more hydrophobic formulations
(hydrogels A and B) showed sustained protein release. This
study not only introduced a novel methodology to quantify
release under ocular conditions but also optimized a novel
protocol to quantify the adhesive capacity of hydrogels toward
the conjunctive of the eye using a rheometer, thereby reducing
the need for in vivo animal testing. The results confirmed that
hydrogel C increased its work of adhesion while increasing
hydration. Finally, thermal and X-ray analysis showed that a
combination of hydrophilic polymers with proteins can reduce
the formation of crystals during the gelation process.

In summary, Eudragits®™ have great potential as building
blocks for the preparation of physically cross-linked hydrogels.
Their rational selection enables to fine tune the hydrogel’s pore
size, the dissolution kinetics, and the protein release profiles,
among other properties. This overall modulation enables to
control the adhesion of materials to the mucus layer, yielding
significant outcomes tailored to the final application.
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