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This study explores the formulation and characterization of poly(vinyl alcohol) (PVA)-based composite
hydrogels synthesized through solid-state crosslinking. Comprehensive assessments were conducted on
their physicochemical properties, leachables, and immunogenicity. Swelling experiments demonstrated
that the incorporation of poly(vinylpyrrolidone) (PVP) enhanced water retention, while chitosan had a
minimal effect on swelling behavior. Qualitative analysis of leachables identified water-soluble
components, including dehydrated PVA and PVP. Fourier-transform infrared (FTIR) spectroscopy con-
firmed the formation of ester bonds and indicated increased hydrogen bonding post-crosslinking.
Thermal stability was validated by differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA), with decomposition observed at 320-330 °C. X-ray diffraction (XRD) analysis revealed enhanced

Received 30th September 2024, crystallinity following crosslinking. Solid-state nuclear magnetic resonance (NMR) further confirmed

Accepted 21st December 2024 chemical changes consistent with the results from other characterization techniques. In vitro assays
using DC2.4 mouse dendritic cells showed that hydrogel extracts inhibited cell proliferation without

causing cytotoxicity or triggering significant immune responses. These findings highlight the hydrogels’
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Introduction

Hydrogels are three-dimensional crosslinked networks of inso-
luble polymers that can absorb and retain water within their
structure.” Due to their high water content, hydrogels provide a
medium for the diffusion of water-soluble substances.”> When a
hydrogel dries, it transforms into a xerogel, which can swell
again upon rehydration.> A dry hydrogel can also be synthe-
sized through solid-state chemistry, where crosslinking occurs

“@School of Pharmacy, Queen’s University Belfast, Belfast BT9 7AF, UK.
E-mail: r.donnelly@qub.ac.id

b Department of Pharmaceutical Science and Technology, Faculty of Pharmacy,
Universitas Hasanuddin, Makassar 90245, Indonesia

¢ Allergy Research Group, Instituto de Investigacion Biomédica de Mdlaga y
Plataforma en Nanomedicina-IBIMA Plataforma BIONAND, Mdlaga 29590, Spain

 Department of Pharmacy and Pharmaceutical Technology, Faculty of Pharmacy,
University of Seville, Seville 41004, Spain

¢ School of Biological Science, Queen’s University Belfast, Belfast BT9 7AF, UK

T Patrick G Johnson Centre for Cancer Research, Queen’s University Belfast,
Belfast BT97BL, UK

¢ Universidad de Mdlaga, Mdlaga 29071, Spain

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tb02181a

This journal is © The Royal Society of Chemistry 2025

biocompatibility and stability, supporting their potential for biomedical applications.

after the polymeric blend has been dehydrated. This type of
material is classified as a hydrogel-forming polymer since it
swells into a hydrogel when exposed to water." Hydrogels have
been used extensively in the biomedical and pharmaceutical
fields as wound dressing,” scaffolds for tissue engineering,®
sensors’ and drug delivery.® Typically, hydrogels are fabricated
from biocompatible polymers such as poly(vinyl alcohol) (PVA),
poly(vinylpyrrolidone) (PVP) and chitosan.”*® The polymers can
be combined into one composite hydrogel to achieve specific
preferred physical, chemical and biological characteristics.* ™
Extra caution is taken when formulating hydrogels that are
intended for biological applications, especially if they are meant
to make direct contact with biological tissue.'*™'® PVA was selected
as the primary hydrogel-forming polymer in this study due to its
widespread use in pharmaceutical and biomedical applications in
various forms such as microneedles,"” injectable hydrogels,'® oral
hydrogels,"® and implantable hydrogels.*

Every design of hydrogel-based medical devices and thera-
peutics faces a significant challenge due to the potential
leachables.>>* Hydrogels that are produced by crosslinking
polymers using solid-state chemistry, which involves the formation
of new chemical bonds via polymerization or macromolecule side
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group reactions, tend to yield incomplete reactions.
example, chemically crosslinked hydrogels have been shown to
produce hydrogels with a gel fraction less than 100%. This
indicates that the hydrogel contains unreacted monomers,
polymers, or crosslinkers that are soluble and leach when the
hydrogel swells."*?>29731

Although the majority of hydrogels are made from biocom-
patible materials, many of the other components, such as
crosslinkers or photoionizers, are not.>*** The use of hydrogels
in applications such as implants and microneedles, where they
are in direct contact with unprotected living tissue, theoreti-
cally, leads to the deposition and accumulation of harmful
leachables in the body.**** The safety profiles of biocompatible
polymers have been extensively researched and reported.
Numerous studies have shown that these materials are safe
for use in a variety of pharmaceutical preparations.'****” For
instance, low molecular weight PVA has been observed to be
eliminated from the skin within six days following its topical
application as microneedles and has shown no significant
toxicity in healthy mice, even with daily insertions over a
160-day period.*® However, there have been several reports of
people experiencing anaphylactic shock after ingesting or
applying these polymers.**™** The most common allergic reaction
to PVP can occur through oral ingestion or vaginal or dermal
application.>**? PVP is known to trigger type I allergies.*® Allergic
reactions to chitosan are rare, but it has been reported that
chitosan can boost dendritic cell maturation.*® In addition,
although PVA is regarded as nonhemolytic, it can cause minor
irritation to the surrounding tissues.**

Dendritic cells (DCs) are in charge of initiating all antigen-
specific immune responses. DCs are antigen-presenting cells
(APCs) that are responsible for presenting antigens to native T
cells.*>*® DCs are crucial in the initiation of allergic reactions.*”
Following an allergen encounter, DCs become activated,
mature, and differentiate into immunostimulatory DCs capable
of effectively presenting antigens to T cells.*” It is known that
exposing DCs to biomaterials can modulate DC responses.
Depending on the material’s properties, this exposure can either
accelerate DC maturation or promote DC tolerance.*® The mod-
ulation of the DC response toward materials is influenced by their
surface chemistry, surface hydrophilicity, surface topography,
spatial structure, surface roughness, and surface charge.®

Herein, we report, for the first time, the formulation and
characterisation of leachable-free PVA-based composite hydrogels
synthesised through solid-state crosslinking reaction. The leach-
ables from the hydrogels were identified and their toxicity toward
dendritic cell lines was studied. We also report the response of the
dendritic cells after being exposed to hydrogel extracts. DC
maturation and activation markers were also analysed.

Materials and methods
Materials

Chemicals and materials used in this study were PVA (87-89%
hydrolysed, 85-124 kDa; Sigma Aldrich, Dorset, UK), PVP K-29/32
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(Ashland, Kidderminster, UK), chitosan (low molecular weight;
Sigma Aldrich, Dorset, UK), OA (Sigma Aldrich, Dorset, UK),
RPMI-1640 (Sigma-Aldrich, Madrid, Spain), ELISA Flex Mouse
TNF-o. kit (Mabtech AB, Nacka Strand, Sweden), FITC anti-
mouse CD40 (BioLegend, San Diego, California, USA), APC anti-
mouse CD80 (BioLegend, San Diego, California, USA), Zombie
Aqua™ fixable viability kit (BioLegend, San Diego, California,
USA), PBS tablet (pH 7.4, 10 mM; Sigma-Aldrich, Madrid, Spain),
WST-1 reagent (Sigma-Aldrich, Madrid, Spain), Gibco Trypsin
EDTA (Sigma-Aldrich, Madrid, Spain), 96-well polystyrene F bot-
tom clear ELISA high binding plate (Merck Life Science S.L.U.,
Madrid, Spain), and 96-well cell culture plate (Cole-Parmer Instru-
ment Co., Ltd, Eaton Socon, UK). The DC2.4 mouse dendritic cell
line was purchased from Merck (Merck Life Science S.L.U.,
Madrid, Spain). Purified water was obtained from an ELGA Pure-
lab Flex 2® ultrapure water purification system (Vivendi Water
System Ltd, Bucks, UK), and Milli-Q water was obtained using
Millipore Q-POD® (Merck Life Science S.L.U., Madrid, Spain)
equipped with a Biopak®™ polisher (Merck Life Science S.L.U.,
Madrid, Spain).

Hydrogel synthesis

The solvent casting process was employed to manufacture
hydrogel films."”” The composition of each formulation is
provided in Table 1 and the preparation of the polymeric stock
solution is presented in the ESLf Initially, the polymeric
aqueous solutions were weighed and mixed thoroughly in a
Falcon®™ tube. Next, a volume of 250 pL of the mixture was
accurately transferred into a silicone mould with dimensions of
12 x 12 x 3.2 mm using a positive displacement pipette.
Following centrifugation at 5000 rpm for 15 minutes, the
mixture was left to dry at room temperature for the next 48
hours. The dried films were gathered, punched into circular
shapes using a paper puncher (~8 mm in diameter), and
thereafter subjected to crosslinking in a preheated oven at a
temperature of 130 °C for a duration of one hour.

In this paper, uncrosslinked polymeric film formulations
are denoted by the prefix ‘u’ (e.g., uP, uPP, uPPChi), crosslinked
formulations by ‘¢’ (e.g., cP, cPP, cPPChi), and washed or
leachable-free formulations by ‘w’ (e.g., wP, wPP, wPPChi).

Swelling experiments

Swelling rate, gel fraction, and equilibrium water content
measurement. The swelling study was carried out in water and
PBS (pH 7.4, 10 mM). The weight of each film sample was

Table 1 Composition of the hydrogels

Amount (wWt%)

Composition P PP PPChiy 155 PPChiy 5 PPChiy 65
PVA 85-124k 15 15 15 15 15

PVP K29/32 — 10 10 10 10
Chitosan — — 0.125 0.25 0.625

OA 0.7 0.7 0.7 0.7 0.7

Acetic acid — — 0.2375 0.475 1.1875
Purified water 84.3 74.3 73.9375 73.575 72.4875

This journal is © The Royal Society of Chemistry 2025
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measured and recorded as m,, before being individually sub-
merged in 5 mL of swelling medium. The weight of the
expanded hydrogel was subsequently measured at specific time
intervals (m,). The weight at the final time point was recorded
as meq after a duration of 48 hours. The hydrogel, which had
reached its maximum swelling capacity, was subsequently
dehydrated in an oven set at 80 °C for a duration of 24 hours.
The weight of the hydrogel after it was dried again was
measured as my. The swelling percentage, gel fraction, and
equilibrium water content were determined using eqn (1), (2),
and (3), respectively.”” Graphs depicting the relationship
between %S and ¢ were created using the calculated data. The
experiments were conducted in triplicate.

%5, ="« 100% 1)
my

%GF =" % 100% 2)
my

BEWC = "% o 100% (3)

X

where %S, = swelling percentage at time ¢ (%); %GF = gel
fraction (%); %EWC = equilibrium water content (%); m, =
mass of the hydrogel before swelling (mg); m, = mass of the
hydrogel after swelling at time ¢ (mg); meq= mass of the
hydrogel after swelling at equilibrium (mg); and m, = mass of
the xerogel/redried swollen hydrogel (mg).

Swelling-deswelling study. The selected formulations were
tested in a swelling-deswelling experiment. During each cycle,
a hydrogel sample from each formulation was weighed (m,) and
then placed separately in 5 mL of water. The hydrogels were let
to sit in the media for 48 hours. Subsequently, the swollen
hydrogel was extracted and gently dried by blotting it with filter
paper. The hydrogels were then subjected to a drying process in
an oven at 80 °C for a duration of 24 hours in order to eliminate
the absorbed water. After drying, the remaining mass was
weighed (my). Subsequently, the same hydrogel samples were
immersed in clean water for an additional 48 hours, and the
process of swelling and deswelling was repeated five times. The
%GF and %EWC values for each formulation after each cycle
were calculated using eqn (2) and (3), where m, from the
previous cycle was used as m, for the next cycle. The experi-
ments were carried out in triplicate.

Qualitative leachable experiments

Spectrophotometry UV-Vis analysis. All crosslinked and
washed hydrogel formulations were subjected to a qualitative
leachable investigation. Each hydrogel formulation (~25 mg)
was placed in a glass vial containing 5 mL of water. The vials
were allowed to sit and remain undisturbed at room tempera-
ture. Subsequently, 0.5 mL of the water extract was removed
from each vial and then mixed with 4.5 mL of water. Samples
were collected at intervals of 1, 5, 15, and 30 minutes. After each
sampling, the vials were refilled with an equivalent volume
of water. The diluted extract was subsequently transferred
into a quartz cuvette, and the absorbance of the sample in

This journal is © The Royal Society of Chemistry 2025
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the wavelength range of 200 to 800 nm was measured using an
Agilent Cary 60® UV-Vis spectrophotometer (Agilent Techno-
logies UK Ltd, Stockport, UK) in double-beam mode.

Liquid "H-NMR analysis. Concentrated extracts were made
for the purpose of conducting liquid "H-NMR analysis. Clear
glass vials, each holding 75 mg of crosslinked hydrogel, were
filled with approximately 1.5 mL of HPLC-grade water. The vials
were left undisturbed at ambient temperature for a duration of
24 hours to facilitate the extraction of the leachable constituent
from the hydrogel. The aqueous extract of each hydrogel was
then collected in a 2 mL Eppendorf tube and stored in a freezer
at —80 °C for 1 hour. The samples were subjected to a drying
process for 25 hours in a freeze dryer. Freeze-drying cycles used
in this study can be found in the ESI.{ The dried samples were
subsequently dissolved in DMSO-ds and transferred into NMR
tubes. Additionally, four separate controls were prepared,
which included the pristine and the heated polymers (where
the dry polymer was heated at 130 °C for 1 hour). Subsequently,
the Bruker 400 MHz nuclear magnetic resonance spectrometer
equipped with an Ultrashield™ Plus Magnet (Bruker Biospin,
Ettlingen, Germany) was employed to scan all the samples and
standards.

Physicochemical characterisation

ATR-FTIR analysis. ATR-FTIR analysis was performed on all
formulations, pristine polymers, and crosslinker. Each sample
was positioned and fastened onto a PerkinElmer Spectrum
Two® FT-IR spectrometer (PerkinElmer, Buckinghamshire,
UK) with a Pike MIRacle® ATR attachment (Pike Technologies,
Madison, Wisconsin, USA) diamond stage where the absor-
bance was then measured within the spectral range of 750 to
4000 cm ', The measured absorbance values were then
adjusted by subtracting the background reading. A total of 64
scans were performed on each sample. Subsequently, all of the
spectra were normalised and graphed as a percentage of
transmittance against the wavenumber. The process of normal-
isation was conducted utilising the OriginPro® programme.

DSC analysis. The thermal characteristics of the samples
were examined by differential scanning calorimetry (DSC).
Every sample (including hydrogels, specific polymers, and
oxalic acid) was carefully weighed within the 5 to 10 mg range
and individually placed inside an aluminium DSC pan. Subse-
quently, the pan was enclosed with a lid, and the entire crucible
was sealed using a crimping machine. Next, the crucible was
positioned adjacent to the control crucible on the heating
platform of a TA Instrument DSC Q20" differential scanning
calorimeter (TA Instruments, New Castle, Delaware, USA). The
scan was operated under a nitrogen flow rate of 50 mL min .
It was set to run in ramp mode, with a heating rate of
10 °C per minute. The temperature range was from 25 to 400 °C.
The data were analysed using the TA Instruments Universal
Analysis 2000® programme, and the normalised thermograms
of all samples were created using OriginPro 9™ software.

TGA analysis. Thermogravimetric analysis (TGA) was used to
investigate the alteration in the weight of the samples through-
out the process of heating to confirm the thermal events
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observed in DSC analysis. A quantity of 5 to 10 mg of the sample
was placed in an unsealed aluminium crucible and positioned
on the automatic loader of the TA Instrument TGA Q50
thermogravimetric analyser (TA Instruments, New Castle, Dela-
ware, USA). The specimens were subjected to gradual heating
from ambient temperature to 400 °C using a heating rate of
10 °C per minute, while being exposed to a nitrogen atmo-
sphere purging at 50 mL per minute. The change in weight
during the heating process was monitored. The data were
examined utilising the identical software employed for DSC.
Graphs illustrating the correlation between weight loss percen-
tages and temperature were generated using OriginPro 9®
software.

X-Ray diffraction analysis. An X-ray diffractometer (XRD) was
employed to investigate the characteristics of the dried hydro-
gels and their individual components in the solid state. A Cu K3
radiation source-equipped XRD instrument, operating at a
voltage of 40 kv and a current of 25 mA, was utilised for this
purpose. Every specimen was positioned on a zero-background
holder without any indentation. The samples were scanned
using the continuous PSD rapid scan mode at a rate of 6° min™ ",
in the 20 range of 5-60°. The diffractograms were then processed
and analysed using Diffrac.Eva® software.

Solid-state NMR. The solid state *C cross polarization-
magic angle spinning ("*C CP-MAS) NMR spectra of raw mate-
rials and hydrogel films, as well as their lyophilized extracts,
were recorded using a Bruker Avance III 600 MHz spectrometer
operating at 600 MHz. The spectra were obtained with a contact
time of 3.5 ms, a relaxation time of 5 s, a sweep width of 75 kHz
and a spinning speed of 10 kHz. Moreover, a pre-scan delay of
6.5 us and 5744 scans, with an overall experimental time of 8 h
was employed. Prior to the NMR analysis, the hydrogel films
were frozen and pulverized in a mill (Retsch ZM 200, Haan,
Germany) using liquid nitrogen and a 0.5 mm output sieve.

In vitro immunogenicity assay

Cell viability analysis. The DC2.4 mouse dendritic cell line
was utilised in this work. Further information regarding the
culture condition can be found in the ESI.f The cell suspension
was diluted and then placed in a 96-well culture plate with a cell
density of 500 cells per pL. Within each well, a volume of 100 pL
of the diluted cell suspension was introduced (with a total of
50000 cells per well). Two separate plates were prepared. The
plates were thereafter placed in a humidified incubator at a
temperature of 37 °C, with a CO, concentration of 5%, over-
night. Subsequently, the plate was transferred to a sterile hood.
Following the removal of the media by aspiration, 100 pL of pre-
warmed media was introduced into each well. Subsequently, a
volume of 100 pL of the treatment solution was introduced into
the specified wells, following the schematic diagram outlined
in the ESIL.T The procedure for preparing the treatment solution
is also included in the ESI.{ The plate was thereafter placed in a
humidified incubator with 5% CO, at a temperature of 37 °C for
a duration of 24 hours. Cell viability was evaluated using WST-1
labelling and flow cytometry. The WST-1 staining procedure
was carried out in accordance with the methodology provided
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by the manufacturer. The live and dead cell analysis in flow
cytometry was performed by labelling the cells with the Zombie
Aqua™ dye, following the instructions provided by the manu-
facturer.

CD40 and CD80 analysis. A separate culture was prepared
for the study of CD40 and CD80 expression. The treatment
solutions employed in this experiment were akin to those
employed in the cell viability analysis, with the inclusion of
LPS as the treatment group serving as a positive control. The
cells were subjected to the treatment outlined in the preceding
section. Following the treatment, the liquid portion containing
the suspended particles was gathered and preserved in a free-
zer. Subsequently, the cells were washed, labelled with a
fluorescent-tagged antibody (specifically for CD40 and CD80),
fixed, and then suspended in the flow buffer (10 mM PBS pH
7.4 + 2% FBS + 4 mM EDTA) prior to quantification using a flow
cytometer. The assessment was conducted utilising a CytoFLEX
V2-B3-R2® flow cytometer (Beckman Coulter Life Science,
Indianapolis, Indiana, USA) and the analysis was carried
out using FlowJo for Windows version 10.8.1 (FlowJo, LLC.
Ashland, Oregon, USA).

TNF-a measurement. TNF-o levels were measured using the
ELISA technique. Standard solutions were prepared by diluting
the standard stock with incubation buffer. The samples were
prepared by diluting the supernatant of the cell culture ten
times with incubation buffer. The measurement was carried out
according to the kit manufacturer’s protocol. The final reading
was then performed immediately after the last incubation step
using a BioTek Epoch® microplate spectrophotometer (Agilent
Technologies, Madrid, Spain) at a wavelength of 450 nm.

Statistical analysis

Statistical analyses were performed using GraphPad Prism®
software version 10.30.1 for Windows 64-bit (GraphPad
Software, Boston, MA, USA). One-way ANOVA with Tukey’s
multiple comparison test was used for analysis. Normality
was assessed prior to testing using the Shapiro-Wilk test.
P-values are reported to indicate statistical significance.

Results and discussion
Swelling experiments

All the obtained hydrogels were subjected to swelling kinetic
studies in purified water and PBS pH 7.4. The results are shown
in Fig. 1(A). The results indicate that the cPP formulation
exhibited the highest swelling percentage at ¢ = 48 h, with
448% =+ 42.3% in water and 324% =+ 6% in PBS pH 7.4. This
was followed by the chitosan-containing hydrogels: cPPChiy 155
(390% =+ 13% in water and 308% =+ 9% in PBS pH 7.4),
cPPChig 55 (394% + 7% in water and 318% =+ 8% in PBS pH
7.4), and cPPChig g,5 (385% + 8% in water and 317% =+ 3% in
PBS pH 7.4). The cP formulation showed the lowest swelling,
with 175% 4+ 6% in water and 246% =+ 20% in PBS pH 7.4.
Compared to the cP formulation, all differences in swelling
percentages were statistically significant, with p < 0.0001.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Plots of swelling percentage over time of all five formulations in
water and PBS pH 7.4 (means + SD, n = 3). (B) Comparison of the gel
fraction and equilibrium water content for all the formulations (means +
SD, n = 3).

The addition of PVP significantly increased the swelling per-
centage of the PVA-based hydrogel after 48 hours (p < 0.0001),
possibly through the formation of semi-IPN networks. PVP did
not participate in chemical crosslinking in these hydro-
gel formulations; rather, the polymer network of PVP was
entangled with the PVA network, resulting in a relatively loose
network, which in turn increased the capacity of the hydrogel to
hold more water.*® Similar behaviour was observed in alginate-
gelatine hydrogels, where the alginate-gelatine semi-IPN for-
mulation had a twofold greater degree of swelling than the
crosslinked alginate hydrogel.*® The calculations of %EWC and
%GF presented in Fig. 1(B) were performed based on the data
from the swelling study in water. It was clear that the addition
of PVP significantly reduced %GF (p = 0.0007) but increased
%EWC (p < 0.0001) due to the formation of semi-IPNs.*’

The inclusion of chitosan in cPP decreased the swelling
percentage of PVA-PVP hydrogels after 48 hours (p = 0.0040,
p = 0.0063, and p = 0.0014 for comparisons between cPP and
cPPChiy 1,5, between cPP and cPPChi, 5 and between cPP and
cPPChiy 6,5, respectively). However, the effect was miniscule on
the %GF of the chitosan-containing formulation, where
the difference was not statistically significant except for the
difference in %GF between the cPP and cPPChi0.25 groups
(p = 0.0178). The effect of chitosan addition to the hydrogel on
%EWC was not statistically significant (p > 0.05). In addition,
the concentration of chitosan did not significantly affect the
swelling percentage or %GF (p > 0.05). Similar results were
obtained when the swelling study was performed using PBS pH
7.4 as the medium, although the difference in swelling percen-
tage between cPP with cPPChij,s and cPP with cPPChige,s
was not statistically significant (p = 0.1331 and p = 0.1208 for
cPPChiy ,5 and cPPChi, ,5, respectively).

A comparison of the swelling study results in water and
PBS pH 7.4 revealed that the swelling percentages of cPP,
cPPChiy 155, cPPChiy 5 and cPPChig ¢,5 in water were greater

This journal is © The Royal Society of Chemistry 2025
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than those in PBS pH 7.4 (p < 0.05). This was due to the salt
screening effect that was exerted by the ions in PBS pH 7.4 on
the polar/ionisable groups in the hydrogel. Similar results have
been reported previously.’®>* On the other hand, the percen-
tage of swollen cP in PBS pH 7.4 was greater than that in the
water counterpart (p = 0.0044). A similar phenomenon was
observed for ethylene glycol diglycidyl ether (EDGE)-cross-
linked PVA-microcrystalline cellulose.® It is possible that the
pH of the medium played a greater role than the dissolved ions.
For example, the same swelling behaviour can be observed in a
boric acid-crosslinked PVA-chitosan hydrogel, where the swel-
ling ratio in PBS at pH 7.4 was greater than that in PBS at pH
4.0.>*** Considering that there was a negligible effect on
%EWC and %GF after the incorporation of various concentra-
tions of chitosan into the cPP formulation, only the formula-
tion with the highest concentration of chitosan (cPPChiy gs)
was characterised for the remaining studies.

Qualitative leachable analysis

Water soluble leachables were evaluated by a simple water
extraction step and the results are presented in Fig. 2. The
PVP spectra presented in the graph do show a distinct peak but
instead a large “mountain” toward the end of the UV spectrum.
This profile is consistent with what has been found in the
literature.>®® This band could be assigned to the = — n*
transition of the -C=O0 carbonyl and tertiary alicyclic amine
from the pyrrolidone ring of PVP. Like those of PVA and PVP,

AIOOO

-o- cP
= cPP
—&- CcPPChig 65

800

600

%EWC

400

200

Fig. 2 (A) The evolution of the gel fraction and equilibrium water content
of the hydrogels after each washing cycle (means + SD, n = 3). (B) The
appearance of uncrosslinked hydrogels (uP, uPP, uPPChig g25), crosslinked
hydrogels (cP, cPP, cPPChiggzs), and washed hydrogels (wP, wPP,
WPPChig_szs).
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the polymeric chains of chitosan bear far-UV chromophore
groups, for which the maximum absorbance wavelength is
201 nm, in dilute hydrochloric acid.’” At higher concentrations,
both polymers have visible “shoulder” signals in the spectra,
but no useful peak can be observed.

The absorption spectra of the extraction solution clearly
show the difference between crosslinked and washed hydro-
gels. In the cP hydrogel, only a small absorption shoulder can
be observed. The gel fraction calculation indicated that the
soluble part of the hydrogel was less than 10%, in addition to
the low molar absorptivity of the polymeric solution yielded in
that spectrum profile. The wP counterpart of the formulation,
however, did not show any peak in the scanning range. This
characteristic was also observed for the cPP and cPPChi g,5
hydrogels. Both formulations had gel fractions of approxi-
mately 75-80%, which means that >20% of their mass was
soluble. Judging from the intensity of the shoulder of the
spectrum, some of the PVP constituents were leached to the
extraction media. In all crosslinked formulation cases, leach-
ables were detected even after one minute of extraction and
became more intense as the extraction time increased. For the
washed hydrogels, no characteristic shoulder was observed at
any of the time points. The results indicated that the possible
leachables were removed during the washing process. This
finding is consistent with the gel fraction calculation results
discussed before (Fig. 3).

The leachables from each crosslinked hydrogel were then
isolated by drying through the lyophilization process, followed
by vacuum evaporation to remove the remaining water. Less
mass was isolated from the cP hydrogel than from the cPP and
cPPChiy 5 formulations. This corresponded to the high gel
fraction of the cP formulation; hence, less material was leached

-me- Water -omoe- Water -o- Water

06 10 mg/mL 064 10 mg/mL 064! 10 mg/mL
ImgmlL -~ 1mg/mL -~ I ---- Img/mL
Z 0.1 mg/mL £ ! 0.1 mg/mL
8 -~ 0.01 mg/mL g 044, - -=-0.01 mg/mL
g 0.001mg/mL & H
£ < 3 '
: %ol
B \ E ot \
PVA ) PVP S ~____ Chitosan
0.0 gz e 0.0 e - 0.0z 2o e
0 300 400 500 60O 700 800 0 300 400 500 60O 700 800 200 300 400 500 600 700 8§00
Wavelenght (nm) Wavelenght (nm) Wavelenght (nm)
e Water { - = - Water -oe- Water
0.6 1 minute 0.6 1 minute 0.6 1 minute
~ Sminutes Sminutes --+5 minutes
Z 15 minutes & 1S minutes  E --- 15 minutes
30 minutes 8 04 30 minutes 5 04 30 minutes
2 2 £
I % oul |
E =70 2 |
4 \ cPPChi, ..
FT L — — [ & S 7] oe
200 300 400 500 600 700 800 200 300 400 500 600 700 8§00 200 300 400 500 600 700 800
Wavelenght (nm) Wavelenght (nm) Wavelenght (nm)
- Water -i- Water - Water
06 1 minute 0.6 1 minute 0.6 1 minute
_ - Sminutes  _ -~ Sminutes ~--5 minutes
E -- 15minutes  E --- 15minutes & --- 15 minutes
30 minutes g 04 30 minutes g 04 30 minutes
2 2 H
s I g
202 302 302
< 2 =
; ’ WPPChiy o
o wP o WPP oo oes
200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800

Wavelenght (am) Wavelenght (nm) Wavelenght (am)

Fig. 3 (top row) Absorbance of PVA, PVP and Chi from 200 to 800 nm.
(middle row) The absorbance spectra of crosslinked hydrogel extracts
showing the presence of potential leachables in the solvent at different
extraction times for up to 30 minutes. (bottom row) The absorption
spectra of washed hydrogel extracts showing the absence of potential
leachables in the solvent at different extraction times, up to 30 minutes.
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Fig. 4 H-NMR spectra of pristine and heat-treated PVA, pristine and
heat-treated PVP, as well as cP, cPP and the cPPChig g5 Water extracts.

from the hydrogels. These isolated substances were dissolved
in DMSO-dg and scanned using a 400 MHz 'H-NMR spectro-
meter. For comparison, pristine and heat-treated water soluble
polymers were also scanned. The spectrograms of all the
materials are given in Fig. 4.

The "H-NMR spectra of pristine and heat-treated PVA were
identical, except for the lower intensity of the water peak at
~3.4 ppm due to water removal after heating.>®*° The NMR
spectra of both polymers showed the characteristics of partially
hydrolysed PVA. The methine (Co) hydrogens can be found at
~5.1-4.8 ppm due to the deshielding effect of the neighbour-
ing oxygen. The presence of hydroxyl hydrogens could be found
in the range of ~4.2-4.8 ppm.*®® There were several peaks
assigned to the hydroxyl groups, which indicated different
arrangements of the ~OH groups in the polymer backbone.>®*°
Similarly, the position of the methylene (CP) hydrogen atom
varied depending on the adjacent group, acetyl (X) or hydroxyl
(Y) group, and these peaks were observed between 1.8 and
1.3 ppm. The hydrogen from the acetyl CH; group was assigned
to the broad peak at ~1.9 ppm.*®**° The other peak assign-
ments for HS, Hn, He, H{ and Hy were 3.8-3.4, 3.3-2.9, 2.2-2.0,
1.8-1.7 and 1.7-1.4 ppm, respectively. This order was ascribed to
the proximity of neighbouring electronegative atoms (nitrogen
and oxygen).>®!

Due to the decreased amount of the isolated polymer (higher
%GF), the signal of the cP extract was weak, and low-intensity
peaks were not visible. However, the peaks that corresponded
to Hy (YY), CH; and Co protons were still detectable in the

This journal is © The Royal Society of Chemistry 2025
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spectrogram. The spectra of the cPP and cPPChi,¢,5 extracts
were stronger than those of the other samples, indicating that
the former contained a mixture of PVA and PVP polymers.
All five peaks of PVP were evident. The H{ peak from PVP
overlapped with the CH; peak from PVA, but each could still be
identified clearly. However, Hf (XX) and Hp (XY) could not be
identified because they overlapped with the Hy peak in the
spectrum of the PVA molecule. In addition, these peaks also
had weaker intensities. Interestingly, all the hydroxyl peaks of
PVA cannot be identified from the spectrogram. This result
indicated that the majority of the hydroxyl groups in the
extracted polymer were removed, which most likely happened
through dehydration in acidic environments.®>®* These find-
ings corroborated the hypothesis of the formation of alkene
bonds in the PVA hydrogel and explained the desaturation of
the yellow colour in the washed hydrogel (compared to that
in the crosslinked formulations), as the presence of alkenes
bearing PVA is one of the contributing factors to the observed
hydrogel discolouration.®*%?

Physicochemical characterisation

! to

The complete IR spectra from wavenumbers 4000 cm™
750 cm ™' of the hydrogels and their individual constituents
are given in the ESL The list of peaks of interest from all
constituent materials is also given in the ESI.{. Fig. 5 depicts
the breakdowns of some peaks of interest between 1800 and
1500 cm ™', and 4000 and 3000 cm ™', the PVA crystalline peak
(~1140 cm™") and the chitosan skeletal C-O peak (~665 cm™").

For the formulation containing only PVA and OA, the spectra
were very similar to that of neat PVA. All the characteristic
peaks of PVA can be observed in the spectra of the formula-
tions. The ratio of saturated to unsaturated C—=0O band inten-
sity exhibited the most noticeable difference. The peak
corresponding to saturated C—O in neat PVA had a greater
intensity than that in the rest of the PVA formulations (uP, cP
and wP). When comparing the spectra of the uncrosslinked and
crosslinked formulations, it was clear that the saturated C—O
peak intensity was greater before heating. The thermal dehydra-
tion of PVA contributed to this phenomenon. When PVA is
heated, C—C bonds are expected to form, particularly near the
C—0 group.®** Further analysis revealed no differences between
these features in the cP and wP hydrogels, confirming that no
hydrolysis occurred after one cycle of washing, which agrees with
the 100% gel fraction calculation reported in the previous section.

A comparison of the O-H vibrational bands revealed that the
corresponding peak was shifted to a lower wavenumber, indi-
cating that hydrogen bond formation increased after casting
(vO-H PVA > vO-H uP). Upon heating, the wavenumber
increased and did not change after the hydrogel was washed.
The subtle difference between the spectra of cP and wP was the
PVA crystalline peak at 1141 cm™'. The intensity of this
peak increased after crosslinking but then decreased after
washing. This trend was also observed for the cPP-wPP and
cPPChij 6,5-WPPChiy ¢55 formulations. The disappearance of
the peak was an indication of the loss of crystallinity after the
swelling-deswelling process.®>®”
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Fig. 5 (A) Overlaid C—=0O peaks of the polymers and crosslinker between

wavenumbers 1800 and 1500 cm™. (B) Overlaid O—H and N—H peaks of

the polymers and crosslinker between wavenumbers 4000 and 3000 cm™,

(C) ATR-FTIR spectra of formulations between wavenumbers 1800 and
1500 cm™™. (D) ATR-FTIR spectra of formulations between wavenumbers
4000 and 3000 cm™2. (E) Crystalline peaks (~ 1140 cm™) of PVA, crosslinked,
and washed hydrogels. (F) Characteristic C—O chitosan skeletal vibration peak
(~665 cm™?) of chitosan, wP, wPP, and chitosan-containing formulations.

One unique difference between the uP, cP and wP spectra
was the increased intensity of the shoulder peak at 2850 cm ™.
In some reports, this peak was assigned to the C-H stretching
vibration.®®”° Some other studies mentioned that this band
was attributed to C-H stretching related to aldehydes and was
often an indicator of successful crosslinking between PVA and
glutaraldehyde.®®”"”> As the reaction between carboxylic acid
(OA) and alcohol (PVA) will form ester bridges and not acetal
bridges, the peak at 2850 cm ' could be assigned to C-H
stretching of the CH group. The increased intensity in cP and
wP implies the formation of stable C—C bonds after cross-
linking reactions.”

In the PVA-PVP-OA formulation, the formation of new
unsaturated ester bonds was also observed, which was less
obvious than that in the PVA-containing formulations. The
presence of PVP was confirmed by the intense amide I band
at 1651 cm "' in all the PVA-PVP-OA formulations. Like the
vO-H peak in the spectrum of the PVA-containing formula-
tions, the »O-H peak in the spectrum of the PVA-PVP compo-
site formulations also shifted to a higher wavelength after
the crosslinking reaction but remained the same after the
swelling-deswelling step. A comparable trend was observed
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for the PVA-PVP-Chi-OA composite hydrogel, where the for-
mation of new unsaturated C—O esters was confirmed along
with the shift in the ¥O-H band after crosslinking. The only
noticeable chitosan peak that can be found across all chitosan-
containing formulations was a weak band at 665 cm ™", which is
a characteristic peak of the saccharide structure of chitosan.”*

All the formulations and starting materials were subjected to
DSC analysis, and the results are shown in Fig. 6. The PVA DSC
thermogram revealed several thermal events between 25 and
400 °C. The first was the glass transition temperature (7),
indicated by the shift in the baseline which was at 92.9 °C. The
first broad endothermic peak at 191.0 °C can be assigned to the
melting of PVA. The second endothermic peak at 324.9 °C was
attributed to the decomposition of PVA. The first very broad
peaks at 98.9 °C for PVP and 88.1 °C for chitosan were
attributed to the loss of moisture during the heating process.
A valley was formed at >350 °C in the PVP thermogram
indicating the onset of decomposition. According to the litera-
ture, the PVP decomposition peak appears at ~420 °C in the
DSC thermogram.” For chitosan, an exothermic decomposi-
tion peak can be observed at 302.9 °C. The DSC thermogram of
OA showed a characteristic thermal profile for a crystalline
material. The first peak that appeared at 86.2° can be assigned
to the removal of water molecules.”® The sharp endothermic
peak at 193.2 °C could be attributed to a melting event followed
by decomposition. This was confirmed by the 100% weight loss
in the TGA thermogram. OA decomposes to form water, carbon
monoxide and carbon dioxide molecules, leaving no char at the
end of the reaction.”®

In the PVA-OA formulation, a peak at approximately 165-
170 °C was observed. This peak corresponded to the melting/
relaxation point of the formulation. The intensity of this peak
increased after crosslinking. This can be attributed to the
change in the crystallinity of the material.”””® Further exami-
nation revealed that all the formulated hydrogels had very
similar thermograms. The first broad peak could be attributed
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Fig. 6 DSC thermograms of the polymers, crosslinker, and formulations.
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to the removal of bound water from the formulations, which
occurred between 90 and 100 °C for the PVA-OA formulation,
103 and 120 °C for the PVA-PVP-OA formulation, and 103 and
115 °C for the PVA-PVP-Chi-OA formulation. The peak that
appeared at ~320-330 °C in all formulations was assigned to
decomposition. The thermogram shows that the energy
required to remove water from the material depends on the
composition and the state of the hydrogel.

All the formulations and starting materials were subjected to
DSC analysis, and the results are shown in Fig. 7. From the
graph, it can be seen that OA decomposes completely at around
180 °C while PVA and chitosan decompose at around 250 and
220 °C, respectively, leaving 40% char at the end of the analysis
(400 °C). On the other hand, PVP did not decompose within the
scanning range. For all starting materials, the first step of
weight loss (<100 °C) corresponded to the removal of moisture
or bound water and the second weight loss (not observed in
PVP) corresponded to the decomposition. According to the
literature, the PVP decomposition peak appears at ~420 °C
in the DSC thermogram.” All other formulations showed
similar steps in weight loss.

Several peaks corresponding to both monoclinic and orthor-
hombic PVA were observed in the diffractogram depicted in
Fig. 8. The strong broad peak at 19.7° corresponded to the
orthorhombic lattice at the (2 0 2) plane. The other three halo
peaks at 11.6°, 22.9° and 40.7° can be attributed to the mono-
clinic lattice in the (2 0 0), (0 0 2), and (3 1 4) directions,
respectively.””®® However, all these peaks were very broad,
indicating that the pristine PVA polymer used in this study
had low crystallinity.'” The PVP diffractogram showed typical
halo peaks at approximately 11.3 and 21.8° 20, corresponding
to the amorphous form of the PVP polymer.®' The diffracto-
gram of pure chitosan showed broad peaks at 10.2° and 20.2°,
which can be assigned to the (0 2 0) and (1 1 0) planes of non-
deacetylated chitin, respectively. In chitosan, these peaks
become broader and less intense due to the disruption of
intermolecular hydrogen bonds after the removal of acetyl
groups from the polymer backbone.®>®** The diffractogram of
OAs indicated that the type of OA used in this work was the o
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Fig. 7 TGA thermograms of the polymers, crosslinker, and formulations.
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Fig. 8 X-ray diffractograms of polymers, crosslinkers, and all hydrogel
formulations.

form of the anhydrous crystal.** This form was characterized by
strong major peaks at 22.9°, 31.0° and 37.4° 20 corresponding
to the (1 1 1), (2 0 1) and (0 2 2) planes of the orthorhombic
lattice of the material (data retrieved from the Open Crystal-
lography Database using Difrac.Eva® software).®

All hydrogel film formulations showed similar diffraction
patterns. All the samples exhibited a characteristic halo peak at
19.5° which can be assigned to the (2 0 2) plane of orthorhom-
bic PVA. The results showed that all crosslinked formulations
(cP, cPP, and cPPChij ¢,5) had sharper peaks at this diffraction
angle, possibly indicating a greater degree of crystallinity. This
property could be attributed to the removal of residual water
during the crosslinking process and the abundance of energy
introduced by the heating process.®*®° Another feature that
needs to be highlighted is the disappearance of the peaks at
14.8° and 30.3° in the formulation after crosslinking. These
peaks could be attributed to the (2 0 0) and (—1 1 1) planes of

This journal is © The Royal Society of Chemistry 2025
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the OA dihydrate form (not shown in the graph).®*°° After the
polymeric solution dried, OA could have recrystallised. Accord-
ing to the thermal analysis results, the melting and decom-
position of OA did not occur at the temperature used for the
crosslinking process, so the peak disappearance could not be
attributed to either melting or decomposition. One possible
explanation is that OA was consumed by the crosslinking
reaction, so no further OA peaks were detected after the cross-
linking process. The disappearance of the crosslinker peak in
the formulation after crosslinking has also been reported for
suberic acid-crosslinked PVA hydrogels.”*

Fig. 9 displays the methylene signal at 45 ppm and methine
carbon resonances at approximately 70 ppm (PVA-II) and
65 ppm (PVA-III), along with a weak signal at 76 ppm (PVA-I).
The peaks for PVA-I and PVA-II were assigned to the isotactic
triad with two intramolecular hydrogen bonds and the hetero-
tactic triads with one intramolecular hydrogen bond, respec-
tively. The PVA-III peak was attributed to syndiotactic triads
without any intervening intramolecular hydrogen bonds.’* The
peak at the highest field was linked to the CH; group of the
residual acetate in PVA, while the peak at the highest frequency
was associated with the carbonyl carbon.®® The PVP spectrum
revealed methylene peaks at 42 ppm, 32 ppm, and 18 ppm. The
peaks at 18 ppm and 32 ppm were assigned to carbon atoms
nearest to the carbonyl group of PVP, and the peak at the lowest
field was attributed to the carbonyl carbon.’*

The CH; peak from PVA and the methylene peak of PVP at
18 ppm are well-resolved in the spectrograms of all hydrogel
extracts, whereas in the hydrogels, the CH; peak appears as a
shoulder peak. Similarly, the carbonyl peak of PVA also appears
as a shoulder in the hydrogels’ spectrograms. Notably, in the
extracts’ spectrograms, weak, split peaks are observed at
166 ppm and 165 ppm, likely due to leached oxalic acid
molecules during the hydrogel extraction process.”® The PVA
methylene peaks are not clearly visible in either the clean
hydrogels or the hydrogel extracts; only the methine peaks for
PVA-II and PVA-III are observed in all samples, suggesting the
conversion of C-C to C=C after the crosslinking process.
Additionally, the intensity of the PVA-II and PVA-III peaks is
less pronounced in the extracts, indicating that most leachables
were unbounded PVP. The ratio between PVA-II and PVA-III
also changes, reflecting a shift in the tacticity of the PVA
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Fig. 9 CP-MAS NMR spectra of PVA, PVP, hydrogel extracts and clean
hydrogels.
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hydrogel backbones. These findings are consistent with the
FTIR and liquid H-NMR results previously discussed.

In vitro immunogenicity assay

The number of viable cells in each treatment group was
determined using WST-1 staining. The cytotoxicity of the pris-
tine polymers, undiluted hydrogel extracts, and 1:103 and
1:106 dilutions of each extract was tested, and the results are
shown in Fig. 10(A). The results indicate that all the pristine
polymers did not cause cytotoxicity to DC2.4 cells at a concen-
tration of 1 ng per well. For comparison, a study on the
cytotoxicity of PVA and PVP against primary murine DCs
reported a modest reduction in cell viability. The viability of
these cells was not dose dependent when the concentrations
were tested across three orders of magnitude, which were
1 pg per well and 1 ng per well.”® Another study reported that
PVA is nearly nontoxic, as reflected by the small reduction in
immature human dendritic cell viability measured using the
MTT assay.”” There are no reports on the cytotoxicity of chitosan
against DCs. However, several studies have reported that chitosan
is nontoxic to several other healthy cells, such as the BJ dermis cell
line®® and the HT29-MTX-E12 intestinal cell line."?

Among the formulations, the cPP and cPPChiy 6,5 hydrogel
extracts produced a significantly lower number of viable cells
than did the control (p < 0.001). This reduction in viable cells,
however, did not occur at higher dilutions. The undiluted cPP
and cPPChiy ¢,5 hydrogel extracts exhibit lower pH values than
the fresh RPMI-1640 media due to the release of the acidic
leachable component. A lower pH is known to inhibit cell
growth in cell culture.”® Hence, it is possible that due to the
nonideal conditions of the expansion medium, the prolifera-
tion of cells in the undiluted cPP and cPPChi ¢,5 treatment
groups was slower than that in the control group, yielding lower
cell counts. In general, the hydrogels used in this study can also
be considered noncytotoxic toward DC2.4 cells.

Several studies on hydrogels containing PVA, PVP, and chito-
san (separately or in combination) have reported the in vitro
cytotoxicity of hydrogel extracts to several other cell lines.
A study reported that the gelatine/PVA/chitosan hydrogel extract
is nontoxic to the HT29-MTX-E12 cell line."® Other studies
reported that PVP/chitosan/glycerol and poly(2-hydroxyethyl
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Fig. 10 (A) Graphs showing cell viability/proliferation after treatment with
polymer solution and hydrogel extracts measured using WST-1 analysis. (B)
Graphs showing cell viability after treatment with polymer solution and
hydrogel extracts measured using flow cytometry.
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Fig. 11 (A) Normalised single-parameter flow cytometry histogram of
CD40+ cell analysis. (B) Graphs showing the percentage of CD40+ cells
after treatment with polymer solutions and hydrogel extracts.

acrylate)/itaconic acid/PVP hydrogels were nontoxic toward
murine 1929 fibroblasts.'®'°> PVA/clay hydrogels have also
been proven nontoxic to the K562 cell line.'® In addition,
a study reported the cytocompatibility of PVP/carboxymethyl-
cellulose hydrogels with MG63 human osteosarcoma cells and
murine 929 cells.'®*

Live and dead cell analysis was also performed using a flow
cytometer after cell staining with the Zombie Aqua™ dye, and
the results are presented in Fig. 11(B). As shown in the graph,
none of the polymers or hydrogels tested were cytotoxic at the
test concentration. These results complemented the findings
from the WST-1 study and confirmed that the reduction in the
cell’s absorbance in the undiluted cPP and cPPChi,g,5 treat-
ment groups relative to the control was due to inhibition of
the cell’s proliferation process rather than killing of the cells.
These results once again confirmed the cytocompatibility of
the material used in the hydrogel formulation, specifically
with DCs.

The expression of the CD40 protein on the surface of the
DCs was measured via flow cytometry. The numbers of CD40+
cells in all the control and treatment groups are depicted in
Fig. 11. From the graphs, it is evident that an increase in CD40+
cells was observed in the LPS-treated cells but not in the other
treatment groups. A study with primary DCs revealed that PVA
and PVP at 1 g per well and 1 ng per well induced a slight
increase in the CD40+ cell count. However, compared to that in
LPS-treated cells in the study, the increase in these parameters
was much lower.’® The increase in CD40 expression was greater
at lower polymer doses, which could indicate the occurrence
of feedback mechanisms during encounters with high or
persistent polymer doses.’® In this study, we observed slight
downregulation of surface CD40 expression in the cPP and
wPPChi, ¢,5 treatment groups, but this downregulation was
irrelevant to the activation and maturation of DCs. CD40 is a
surface transmembrane glycoprotein receptor that belongs to
the tumour necrosis factor receptor (TNFR) superfamily. CD40
is a biomarker of DC activation and maturation. CD40 signal-
ling induces changes in DCs, which increase the effectiveness
of APCs.'® Through the engagement of toll-like receptor 4
(TLR4), LPS induces DC activation. DC activation boosts the
expression of costimulatory molecules such as CD40, CD80,
and CD86.'° These results indicate that, while stimulation

This journal is © The Royal Society of Chemistry 2025
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with LPS induced a strong activation of the dendritic cells
(marked increase in CD40+ DC2.4 cells), none of the studied
experimental groups showed any significant dendritic cell
activation.

Flow cytometry was used to assess the expression of CD80 on
the surface of the DCs and the results are presented in Fig. 12.
The graphs show that the basal expression of CD80 is high in
this cell line. However, an increase in CD80 expression was still
observed in LPS-treated cells. Similarly, undiluted cPP and
cPPChiy ¢,5 extract-treated cells exhibited a detectable increase
in the transmembrane protein. This phenomenon could be
attributed to the slightly acidic expansion medium pH in those
treatment groups. CD80 expression on the surface of DCs
indicates cell maturity.'®” It was reported that exposing DCs
to acidic media could trigger their maturation.’®®'% In addi-
tion, modestly downregulated expression of CD80 was found in
the chitosan treatment groups as well as in the high dilutions
(106-fold) of the hydrogel treatment groups, except for the cPP
hydrogel. A slight decrease in CD80 expression is irrelevant to
cell maturation, and no explanation can be provided for this
phenomenon. CD80 is a maturation biomarker for DCs. Along
with CD86, CD80 is a shared ligand for CD28 and CD152.'"°
Mature dendritic cells express high levels of the costimulatory
molecules CD80 and CD86, which provide the signal needed for
triggering T-cell activation, expansion, and differentiation via
interaction with CD28.""" Strong immunogenic molecules such
as LPS activate DCs and increase the expression of common
costimulatory proteins such as CD40, CD80 and CD86.'°

The quantification of TNF-o secretion by DCs was accom-
plished through ELISA analysis of the cytokine concentration in
the expansion medium subsequent to incubation. The TNF-o
concentrations in each of the treatment and control groups are
presented in Fig. 13. A statistical analysis was conducted to
identify differences in the secretion of TNF-o. compared to that
in the control group. The graphs provide clear evidence of an
increase in TNF-o secretion in the group that was treated with
LPS. Furthermore, cells treated with the cPPChi, ¢,5 extract also
exhibited a slight increase in TNF-o production. In contrast,
there were no notable differences in TNF-o secretion among the
remaining groups.

This journal is © The Royal Society of Chemistry 2025
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TNF-a, an important pleiotropic cytokine, has been linked to
the development of numerous inflammatory disorders, includ-
ing allergies."” TNF-a production can be induced in DCs
through stimulation with LPS.'** The burst release of TNF-o
by DCs signifies the activation of the cells via the TLR path-
way.""* In untreated cells, the basal concentration of TNF-o was
103.4 + 9.4 pg mL " after 24 hours of incubation. It has been
mentioned that immature murine DCs exhibit increased
amounts of TNF-o.'™® The modest increase in TNF-o production
in the cPPChi, ¢,5 hydrogel extract (254.6 + 13.6 pg mL™ ") could
be linked to cell maturation due to exposure to an acidic
environment, as discussed in the previous section. This is
evident as a similar increase (although not statistically signifi-
cant) was observed in the cPP group (147.1 + 8.3 pg mL™"). The
results obtained in this study indicated that the hydrogel
extracts and the pristine polymers did not activate DCs through
the TLR pathway.

Conclusions

This study details the properties of clean PVA-based composite
hydrogels produced using the solid-state crosslinking process.
The hydrogels maintain their properties during the swelling-
deswelling process, with little alterations in thermal properties
and crystallinity. The ATR-FTIR analysis indicated that the final
product contains a higher number of C=C bonds, which can
be attributed to the thermal dehydration of the PVA chain
during the crosslinking process. The leachables obtained from
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the swelling and deswelling process were identified as a combi-
nation of PVA and PVP. The effect of the crosslinked and
washed hydrogel extracts was evaluated in DC2.4 cells.
Although the hydrogel extracts of both c¢PP and cPPChigeps
hindered cell growth, they did not cause any harmful effects on
the DC2.4 cell line, as was definitively proven. Furthermore, the
wPP and wPPChij 6,5 hydrogel extracts had minimal impact on
the expression of several markers. From the production of the
proinflammatory cytokine TNF-o. and the unique expression
patterns of CD40 and CD80, it is clear that all hydrogel
formulations did not possess immunogenicity against the
DC2.4 cell line.

This study addresses the potential biocompatibility con-
cerns related to the immunogenicity of the crosslinked hydro-
gels. It provides a strong foundation for extending the claim
of biocompatibility and non-immunogenicity to the hydrogel
formulations produced from the individual polymers used in
this study—PVA, PVP, and chitosan—despite some evidence of
chemical changes, such as the formation of diene bonds, after
crosslinking. As an immediate follow-up to this finding, future
work will focus on utilizing non-immunogenic, leachable-free
formulations for biomedical applications. These formulations
could be employed in the fabrication of microneedle devices
for drug delivery and interstitial fluid sampling, transmucosal
patches, or implantable hydrogel-based devices. However, the
potential applications are not limited to microneedles and
may extend to other pharmaceutical and biomedical purposes,
such as inserts, implants, and devices based on PVA, PVP, and
chitosan hydrogels.
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