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biomimetic functional materials via a green
approach for sustainable development: cellular
proliferation and mucosal tissue drug delivery
applications

Nistha Thakur and Baljit Singh *

The present research aims to explore the potential of marine-derived carrageenan (CG) polysaccharides in

developing bioactive materials via a green approach for sustainable development, thereby promoting the

well-being of society and mitigating human health issues. The health issues prevailing among women,

especially those related to female reproductive system, pose a significant challenge globally. Hence, the

proposed research work is based on the development of functional materials for the pharmaceutical

evaluation of an antibiotic therapeutic agent. These network hydrogels were fabricated via a copolymeric

reaction of PVP and polyacrylamide onto CG. The network hydrogels have unique traits that make them

perfect biomaterials for vaginal drug delivery (VDD) and overcome the limitations associated with

conventional VDD. The copolymers were characterized by FESEM, EDAX, AFM, FTIR spectroscopy, 13C-

NMR and XRD techniques. The materials were subjected to multiple performance analyses, including

biocompatibility, antioxidation, mucoadhesion, anti-inflammation, protein adsorption, antimicrobial

activity, simulated vaginal fluid sorption, drug delivery and cell viability of rhabdomyosarcoma cells to

evaluate their biomedical applications. The hydrogels expressed 190% ± 7.07% viability for RD cells and

promoted their proliferation, which signified their non-toxic nature to mammalian cells. The hydrogels

depicted a 52.40% ± 1.14% scavenging ability against DPPH radicals, which outlined their antioxidant

properties. The mucoadhesive performance of the material was expressed by the fact that it required

a force of 93 ± 6.11 mN for its separation from the mucosal surface. Additionally, diffusion of the

antibiotic agent from the drug-infused hydrogel followed a non-Fickian diffusion mechanism, and the

release profile was best interpreted by the Hixson–Crowell kinetic model. The cell viability, non-

haemolytic and biomedical properties of the hydrogels emphasize the use of these biomaterials as

a sustainable platform for intravaginal drug delivery.
Sustainability spotlight

Recently, research has predominately centered on designing materials from natural resources to promote sustainable development. These materials nd
widespread applications in biomedical elds and creation of health-care products. Marine-derived carrageenan gum, a natural polysaccharide, has been
explored for developing materials for drug delivery carriers, and its utilization is a safer and eco-friendly approach aligning with increasing demands for
sustainable and biocompatible materials. This work aligns with the UN's Sustainable Development Goals 3 and 9, as it is the sustainable renewable product in
the form of bioactive hydrogel wound dressing for good health and well-being.
1 Introduction

In recent years, research has progressively focused on the
innovation and development of advanced materials to improve
human health and address various medical challenges.1 Natural
polysaccharides are recognised and extensively explored for
desh University, Shimla-171005, India.

598–4621
synthesizing functional biomaterials for innovative drug
delivery (DD) systems.2 Vaginal infections prevailing among
women remain a signicant challenge globally.3 Despite the
availability of diverse vaginal dosage forms for vaginal infec-
tions and other associated disorders, the long duration of
therapy remains a pharmaco-therapeutic challenge associated
with DD to the vaginal area.4 These limitations have been
addressed through the design of hydrogel materials, enabling
their use as highly efficient carriers for VDD.5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The biocompatibility, tissue-like consistency, mucoadhesion
and high water retention capacity of hydrogels are some unique
traits that make them perfect biomaterials for VDD. The so
and rubbery nature of fully swollen hydrogels allows them to
mimic so biological tissues, making these materials usable for
DD during gynaecological treatment. Swollen mucoadhesive
gels ensure uniform distribution of drugs with minimal
leakage, which retains the medicine in the vaginal region.6 An
intra-vaginal route is applied for the delivery of antimicrobials,
anti-virals, labour inducers, prostaglandins, anti-protozoal
drugs and steroid drugs.7 Conventional VDD formulations
(including creams, gels, vaginal suppositories and tablets)
suffer from multiple limitations (leakage, spreading of drugs
over vaginal surfaces, low drug penetration, vaginal and cervical
secretions, smooth muscle contractions and low residence
time) during their application to the vaginal region.8 These
formulations are easily eluted with the vaginal uid, which
reduces their ability to stay at the adsorption site and led to
incomplete delivery of therapeutic agents. Moreover, when
these formulations are exposed to an acidic pH environment of
the vagina, they lose their structural integrity, cause local irri-
tation and become less viscous, and hence, the drug is released
at a faster rate.9,10 As a result, multiple doses are oen needed
daily to achieve the desired therapeutic effects, resulting in poor
patient compliance and failure of the desired therapeutic effects
along with increased overall treatment costs.11 Hence, advanced
VDD formulation is required to ensure proper release and sus-
tained retention for the intended period to get an improved
therapeutic outcome.12 Furthermore, the sustainability and
renewability of biopolymers make them desirable alternatives
for the conventional polymers and their functionalization
enhances their potential applications in healthcare products.13

Hassan and coworkers14 found that the adhesive properties of
chitosan–alginate-based polymeric materials have improved the
vaginal DD of progesterone. These hydrogels helped in
increasing the drug residence time in the vaginal cavity, allowing
better drug absorption and higher bioavailability over a pro-
longed period. Pérez and coworkers15 observed that the cellulose–
chitosan-based formulations provided sustained drug release
and remained adhered to the vaginal mucosa. Hassan and
coworkers16 prepared active luliconazole-loaded nanogels for
treating Candida albicans and observed that the vaginal gels
showed high drug encapsulation, enhanced mucosal perme-
ability and better patient comfort. The nanogels also provided
good vaginal-mucosal adhesion to aid formulation retention and
sustained drug release. Zhang and coworkers17 prepared stable
estradiol-loaded poly(hydroxyethyl methacrylate)-alginate hydro-
gels to facilitate vaginal wound repair. These hydrogels provided
sustained DD, supported cell growth and collagen deposition,
thereby restoring vaginal barrier while maintaining the acidic
environment and helped in wound healing. Pattanayak and
coworkers18 designed an antimicrobial agent-incorporated
cellulose acetate-based membrane to treat skin infections and
resolve concerns related to female hygiene products.

Iota carrageenan (CG) is an anionic sulfated galactan derived
from red sea weed, composed of alternating 3-linked b-D-
galactopyranose-4-sulphate (G4S units) and 4-linked 3,6-anhydro-
© 2025 The Author(s). Published by the Royal Society of Chemistry
a-D-galactopyranose-2-sulphate (DA2S units). In addition to
sulfate groups, xylose, glucose, uronic acids, and methyl esters
are also present in CG. CG hasmultitudinous biological activities
including anticoagulant, anti-thrombogenicity, anti-
inammatory, antimicrobial and antitumor properties.19–21 It is
widely used in the pharmaceutical industry and has various DD
applications.22,23 CG has a tendency to form complexes with the
drug, and hence, can increase drug loading, improve dissolution
rate of poorly water-soluble drugs, and provide sustained drug
release.24,25 Agili and coworkers26 prepared self-crosslinked CG-
poly(acrylamide) (AAm)-based hydrogels with antimicrobial and
anti-inammatory activities for wound healing applications.
Perotti and coworkers27 revealed that CG formulations block the
cell trafficking of macrophages from vagina, which may help to
prevent sexual transmission of HIV. PVP is a biocompatible and
hydrophilic polymer used in the biomedical eld. PVP can be
blended with other polysaccharides for its further enhancement
in biomedical horizon.28 The addition of biopolymers improved
the water retention and cellular proliferation properties of the
hydrogels.29,30 The poly(AAm)-based copolymers are highly swel-
lable and mucoadhesive in nature.31 Metronidazole is a widely
used antibiotic drug against aerobic/anaerobic-related infections
including various vaginal infections such as bacterial vaginosis.
Its antimicrobial action is explained by its binding withmicrobial
DNA and inhibits the synthesis of nuclear material, leading to
cell death.32

The novelty of the present project relied on the fact that the
innovative design of materials derived from carrageenan poly-
saccharide for use in VDD applications resolves health issues
prevailing among women, especially those related to female
genital health issues. This design involves the incorporation of
tissue-like consistency, biocompatibility, mucoadhesion and
vaginal uid retention properties into the network structure,
which are ideal requirements of biomaterials for use in vaginal
drug delivery. These network hydrogels were fabricated via
a copolymeric reaction of PVP and polyacrylamide onto CG to
develop perfect biomaterials for VDD, which will also overcome
the limitations related to the conventional vaginal DD dosages.
Hence, proposed research work is based on the development of
a functional material for the pharmaceutical evaluation of an
antibiotic therapeutic agent.
2 Materials and method
2.1 Materials used

Iota-carrageenan [HiMedia Laboratories Pvt. Ltd], acrylamide
[Merck specialties Pvt Ltd (Mumbai) India], PVP [Sigma-Aldrich
Chemie GmbH], N,N-methylenebisacrylamide (NN-MBA) and
ammonium persulfate (APS) [Fisher Scientic India Pvt Ltd,
Mumbai, India] were materials used to design network hydro-
gels. Metronidazole was purchased from ALKEM laboratories
Ltd Mumbai, India.
2.2 Synthesis of network polymeric hydrogels

Crosslinking reactions were envisaged to develop covalent
linkages to form polymeric network hydrogels. The reaction was
RSC Sustainability, 2025, 3, 4598–4621 | 4599
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Scheme 1 Pictorial representation of the synthesis and subsequent drug release from the hydrogel matrix.
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initiated by adding the solution of a denite content of free
radical initiator ammonium persulphate [APS] = 2.1 ×

10−2 mol L−1 into a solution of denite content of CG = 10% w/
v. Then, a denite amount of monomer [AAm] = 7.03 ×

10−1 mol L−1, [PVP] = 3% w/v and cross linker [NN-MBA] = 6.40
× 10−3 mol L−1 were added to the reaction system. The process
of crosslinking and polymerization was run for 3 hours for the
completion of the reaction that formed insoluble crosslinked
copolymeric materials and was assigned as CG-cl-poly(AAm)–
PVP hydrogels or copolymers. Further, the optimization of
various parameters were obtained by changing [AAm] from 4.22
× 10−1 mol L−1 to 12.63 × 10−1 mol L−1, [PVP] from 2% w/v to
5% w/v and cross linker from 6.40 × 10−3 mol L−1 to 32.43 ×

10−3 mol L−1 during a copolymerization reaction. The opti-
mized reaction parameters were obtained as [AAm] = 7.03 ×

10−1 mol L−1, [PVP] = 3% w/v, [NN-MBA] = 6.4 × 10−3 mol L−1,
[CG] = 10% w/v, [APS] = 2.1 × 10−2 mol L−1 based on swelling
and structural consistency of hydrogels maintained aer 24 h
swelling. These optimized formulations were then employed for
further investigations and subsequently utilized as matrices for
sustained drug release and biomedical evaluations. A pictorial
representation of synthesis and subsequent drug release from
the hydrogel matrix is given in Scheme 1.
2.3 Characterizations

Polymer characterization was performed by various techniques
using different analytic instruments. FESEM images and EDAX
spectra were recorded using a JEOL-JSM6100 SEM, AFM analysis
was performed using an INTEGRA, NT-MDT, Russia, FTIR
spectra of the polymer sample were recorded using a BRUKER
4600 | RSC Sustainability, 2025, 3, 4598–4621
ALPHA-Platinum-ATR-IR with KBr pellets, and 13C-NMR solid
state of samples was recorded using a JEOL-ECZR600 NMR and
XRD analysis was performed using a PAN-ANALYTICAL X'PERT
PRO INSTRUMENT.
2.4 Physico-chemical and biomedical properties

2.4.1 Swelling properties. The swelling of copolymers was
determined by the gravimetric method wherein dry polymer
samples were weighed and immersed in a buffer solution. The
samples were then removed from the solution periodically,
wiped with tissue paper and weighed immediately to determine
the swelling percentage with reference to their initial weight.
The swelling of material was evaluated in a simulated vaginal
uid (SVF). Briey, the SVF (pH 4.5) was prepared as described
previously.33 To 900 ml of distilled water, 3.51 g NaCl, 1.4 g
KOH, 0.22 g Ca(OH)2, 0.018 g bovine serum albumin (BSA), 2 g
lactic acid, 1 g acetic acid, 0.16 g glycerol, 0.4 g urea and 5 g
glucose were added. These chemicals were stirred until
complete dissolution. The pH of the mixture was then adjusted
to 4.5 using HCl and the nal volume was then adjusted to 1 L.

2.4.2 Drug delivery properties. Drug encapsulation in
hydrogels was carried out by a swelling equilibrium method.
For drug encapsulation, the sample was put in a drug solution
of xed concentration (metronidazole = 500 mg ml−1) at 37 °C
for a specic time. The release of metronidazole from the
encapsulated hydrogels was done by keeping the drug-
containing sample in a solution of different pH release media.
The drug loading and release of metronidazole were calculated
from the calibration curves of metronidazole prepared in
different media (distilled water lmax = 319 nm), pH 2.2 buffer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FE-SEM images of (a) CG and (b) CG-cl-poly(AAm)–PVP poly-
mer at different magnifications.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
sr

pn
a 

20
25

. D
ow

nl
oa

de
d 

on
 1

0.
02

.2
02

6 
19

:3
1:

57
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(lmax = 282 nm), pH 4.5 buffer (lmax = 319 nm) and pH 7.4
buffer (lmax = 318 nm) using a UV spectrophotometer. The
metronidazole release prole from various matrices was
analyzed by applying Ritger and Peppas eqn (i):34,35

[(Mt/MN) = ktn] (i)

where ‘k’ (polymer characteristic) and ‘n’ (diffusion exponent)
are constants. Mt/MN is a fraction of the drug released at time
‘t’. Release prole data were applied in various equations to nd
out the best t kinetic model for the release of the drug from the
drug-loaded sample.36,37

2.5 Biomedical properties

The blood compatibility of the material was assessed by exam-
ining the polymer interaction with citrated blood as thrombo-
genicity and haemolysis parameters.38–40 The protein adsorption
property of the hydrogels was determined using BSA as a refer-
ence protein by the Lowry method.41,42 The antioxidant activity
(AOX) of hydrogels was performed by 2,20-diphenylpicrylhydrazyl
(DPPH), Folin–Ciocalteu (FC) and phosphomolybdate (PM)
reagent assays.43,44 Mucoadhesion was determined by testing the
detachment force required to separate the copolymer from the
goat intestine membrane.45 Cell viability assay for CG-cl-poly(-
AAm)–PVP was conducted by using a transformed cell line,
namely RD (rhabdomyosarcoma cells obtained from the Central
Research Institute, Kasauli-HP-India). The cytotoxic effect of the
polymer sample was checked aer treating cells (RD) with the
polymer sample. The effect of polymer on RD cell lines (MTT
Assay) was determined. The mean values of all measurements
were used to calculate the cell viability percentage. The treated
group of cells was compared with the control group in the
absence of compounds.46 The antimicrobial (AMI) properties of
hydrogels were determined against bacteria Pseudomonas aeru-
ginosa (P. aeruginosa), Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) by an agar well diffusion method. Agar spread
Petri plates were used for this purpose. Prior to testing, nutrient
broth, polymeric lms and glass test tubes were sterilized in an
autoclave at 121 °C and 15 lbs pressure for 24 h. The antimi-
crobial activity of biomaterials with and without the drug was
evaluated by measuring the inhibition zone (in mm units)
surrounding the polymer samples. The anti-inammatory
activity of the hydrogels was investigated by a technique that
involves the inhibition of albumin denaturation, in which the
samples' turbidity was measured at 660 nm.47 The porosity of the
hydrogels was obtained by the ethanol diffusion method.48 The
gel strength of the swollen hydrogels was determined using
a texture analyser by recording the penetrating force required for
the probe of instrument to insert into the hydrogel up to 3 mm
depth.

3 Results and discussion
3.1 Characterizations

3.1.1 FESEM. FESEM analysis revealed a smooth and
homogeneous morphology of sulphated polysaccharides,
whereas a divergent irregular morphology of CG-PVP–
© 2025 The Author(s). Published by the Royal Society of Chemistry
poly(AAm) hydrogels was observed during FESEM image
assessment (Fig. 1). Irregular network structures appeared aer
the incorporation of poly(AAm)–PVP into the CG backbone via
graing and crosslinking reactions that led to the formation of
a strong interconnected network developed as a result of
covalent/non-covalent interactions between various functional
moieties of CG-PVP–poly(AAm). These irregular networks
appeared in the form of 3-D interconnected channels that are
signicant in controlling the swelling and drug release pattern
of biopharmaceutical carriers. These interconnected channels
appeared in the form of pores, enabling faster and extensive
swelling of the polymer matrix, which is benecial for hydrogels
used in VDD carriers. The porous network structure of the
hydrogel aids drug retention and facilitates slow DD to the
vaginal site.49,50 Varghese and coworkers51 illustrated a porous 3-
D interconnected microstructure of the CG-gelatin hydrogel
that allowed easy ow of therapeutic agents and efficient
nutrient transfer to the target site. Aoarea and coworkers52

elucidated a sponge-like porous unevenmorphology of chitosan
hydrogels developed for the VDD of progesterone. From the
FESEM images, Santo and coworkers53 elucidated that the
disorganized structures in CG-derived hydrogels were due to
higher crosslinking in the network structure.
RSC Sustainability, 2025, 3, 4598–4621 | 4601
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Fig. 3 AFM image of CG-cl-poly(AAm)–PVP polymers.
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3.1.2. 2EDAX. Elemental analysis of CG-cl-poly(AAm)–PVP
copolymer was performed to determine the elemental compo-
sition of samples (Fig. 2). The EDAX spectra illustrated the
presence of carbon, hydrogen, sulphur and nitrogen elements
in the obtained hydrogel-based VDD carriers. The ‘N’ and ‘S’
elements in hydrogels inferred the inclusion of CG, poly(AAm),
PVP and NNMBA crosslinker in the hydrogels on account of
their copolymerization reaction. However, the elemental anal-
ysis results of dried samples showed only C, O and S in CG
EDAX spectra. It appeared that amide moieties of poly(AAm),
PVP and NNMBA crosslinker introduced ‘N’ elements in the
crosslinked product. Hassanzadeh-Afruzi and coworkers54

found that the EDAX spectra of hydrogels shows the presence of
nitrogen atoms aer the incorporation of poly(AAm) into the CG
backbone, conrming the successful modication of CG with
poly(AAm).

3.1.3 AFM. The surface roughness evaluation of biomate-
rials from AFM analysis revealed the surface topography of the
hydrogels. Both the average and the root mean square rough-
ness were found to be 17.55 nm and 23.02 nm, respectively
(Fig. 3). The roughness of the VDD carrier was owing to surface
modulation by the copolymerization of poly(AAm)–PVP chains
onto the sulphated polymer. The graing reactions led to the
formation of a crosslinked hydrogel network due to inter- and
intra-cross-linking of polymer chains. These provide rough
surface topography to the hydrogel, which is signicant for VDD
applications, as it increases the available surface area for the
drug diffusion mechanism and, hence, prolongs the drug resi-
dence time. The uniform surface of PVP was modied into
a rough and coarse surface due to the covalent bonding via the
graing reaction of poly(AAm).55

The surface roughness of VDD devices is a useful feature that
provides adhesion properties to hydrogels. The mucoadhesion
of VDD provides site-specic adherence of drug carriers to
vaginal mucosa and releases the drug for a longer time period.
The rough surface of the polymer increases the surface area
Fig. 2 EDAX images of (a) CG and (b) CG-cl-poly(AAm)–PVP polymer.

4602 | RSC Sustainability, 2025, 3, 4598–4621
with mucosa and improves adhesion that leads to enhancement
in therapeutic agent release from formulations.13 Vaginal
epithelium with a mucosal layer creates a protective barrier,
wherein a rough hydrogel surface increases the contact area and
enhances the interlocking of hydrogels with the mucosal layer.
These rough surfaces deliver the drug site specically in the
vaginal region and prolong the diffusion time by releasing the
drug slowly and gradually. Moreover, the vaginal uid washes
away smooth drug formulations, whereas a rough polymer
surface promotes stronger adhesion to the vaginal membrane
and prevents premature clearance of DD carriers.8 The rough-
ness of polymeric materials is also useful in improving
biomedical applications, involving cell growth and cell prolif-
eration during the healing of wounds. The surface roughness
provides better adhesive property to the hydrogel, which
provides stronger mucoadhesion of the hydrogel to the mucosal
surface.56–58 Overall, the roughness of the present hydrogels can
enhance the mucoadhesive properties of site-specic DD
formulations.

3.1.4 FTIR spectroscopy. Fig. 4 shows the FTIR spectra of
the CG and CG-cl-poly(AAm)–PVP hydrogel. The FTIR spectra of
CG revealed characteristic bands between 3251 and 3453 cm−1
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of (a) CG and (b) CG-cl-poly(AAm)–PVP polymers.
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(ascribed to –OH stretching (str.)), at 2961 cm−1 (due to C–H
str.), at 1269 cm−1 (due to sulfate ester (O]S]O) symmetric str.
of S]O), at 1150 cm−1 (C–O str.) and at 1024 cm−1 (C–O–C str.
of the glycosidic band present in CG). The characteristic bands
of axial sulfate ester (C–O–SO3) were observed at 844 cm−1 and
806 cm−1 str. vibrations of O-4 of D-galactose-4-sulfate (G4S) and
O-2 of D-galactose-2-sulfate (DA2S), respectively.59

The FTIR spectra of the hydrogel illustrated a band at
3310 cm−1, which was attributed to H-bonding in the network
structure and a peak at 2927 cm−1 was due to –CH2 str. of
methyl and methylene groups of CG poly(AAm) and PVP. The
band observed at 1646 cm−1 (corresponding to C]O str. of
amide I band of poly(AAm) and PVP), at 1584 cm−1 (corre-
sponding to N–H in-plane bending of –CONH2 of poly(AAm) as
amide II), 1410 cm−1 (due to the –CH2 bending vibrations of
poly(AAm) and PVP), and at 1284 cm−1 (C–N str. of –CONH2 of
poly(AAm) as amide III and C–N vibration of PVP) of the poly-
mer matrix.55,60 The bands at 1080 and 906 cm−1 are charac-
teristic of galactopyranose ring/glycosidic linkage and C–O of
3,6-anhydrogalactose, respectively. The FTIR spectrum of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
copolymer indicated the incorporation of poly(AAm) and PVP
into the CG backbone aer the gra copolymerisation reaction.
Similar diagnostic bands at 840 cm−1 and 850 cm−1 due to the
axial sulfate ester (C–O–SO3) str. vibration of the G4S and DA2S
units of CG, respectively, were reported in other research
reports along with a band at 1200 cm−1 due to the ester sulfate
O]S]O symmetric vibration.61

3.1.5 13C NMR. The 13C NMR spectra of the CG and CG-cl-
poly(AAm)–PVP hydrogels are presented in Fig. 5. The 13C NMR
spectra of copolymers illustrated peaks between 184 and
175 ppm due to carbonyl carbon C]O of uronic acid of CG,
poly(AAm) and (C-6) of the lactam group of PVP. The peaks
between 60 and 103 ppm correspond to different carbon atoms
of the pyranose ring of DA2S and G4S residues of CG. Peaks
appeared around 40 ppm and between 30 and 35 ppm due to
methine (–CH2–CHX–) and methylene of (–CH2–CHX) of poly(-
AAm) and PVP. The peak at 40 ppm was also assigned to ring
carbon (–N–CO–CH2–CH2–) and 35 ppm to ring carbon (–CH2–C
H2–N(C]O)–) of the pyrrolidone ring of PVP. These peaks were
found along with a sharp peak at 16 ppm corresponding to
RSC Sustainability, 2025, 3, 4598–4621 | 4603
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Fig. 5 13C-NMR of (a) CG and (b) CG-cl-poly(AAm)–PVP polymers.
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methylene carbon (–CH2–CH2–CH2–) of the ring carbon of the
pyrrolidone ring of PVP,55,62 besides carbons of CG. The 13C
NMR spectra of CG revealed peaks around 180 ppm because of
the C]O carbon of uronic acid CG and at 104 ppm (anomeric
C1), 69 ppm (C2), 76 ppm (C3), 72 ppm (C4), 74 ppm (C5) and
61 ppm (C6) due to the G4S residue of CG. The spectra also
illustrated peaks at 94 ppm (C1), 74 ppm (C2), 76 ppm (C3 and
C5), 78 ppm (C4) and 69 ppm (C6) DA2S unit residues of CG.63

Meena and coworkers64 revealed that the 13C NMR spectra of
the CG-poly(AAm) hydrogel showed peaks in the range of
180 ppm to 62 ppm of DA2S and G4S residues of CG, and
diagnostic bands of poly(AAm) were observed in the range of
180 ppm of –CONH2, 43 ppm of methine carbon and 35 ppm of
methylene carbon of poly(AAm). Therefore, the presence of
peaks in the range of 180 ppm conrmed the presence of C]O
in PVP and poly(AAm), peaks at 40 ppm and 35 ppm conrmed
the graing of PVP and poly(AAm) onto the CG backbone. The
absence of peaks in the range of 120–140 ppm due to the sp2

carbon atom of monomer (CH2]CH–X) of AAm indicated the
conversion of sp2 hybridized carbon atom to sp3 carbon of
polymer (–CH2–CH–X–)n.65 Ammar and coworkers66 showed
presence of characteristic peaks at 177 ppm (due to C]O of
PVP), at 44, 33 and 16 ppm (carbon of pyrrolidone ring (–N–
CO–CH2–CH2–), (–CH2–CH2–N–(C]O)–) and (–CH2–CH2–CH2–)
respectively of PVP.
4604 | RSC Sustainability, 2025, 3, 4598–4621
3.1.6 XRD. The XRD patterns of CG and CG-cl-poly(AAm)–
PVP copolymers are shown in Fig. 6. The XRD patterns of CG
showed sharp peaks at 2q of 9.44°, 11.38°, 17.84°, 23.54°, 28.19°,
29.91°, 31.2° and 40.5°.67 The presence of these intense peaks was
due to orderly arranged polymeric chains of polysaccharides and
inter- and intramolecular hydrogen bonding interactions among
various functional groups present on saccharide units, which
make CG crystalline. In the case of CG-PVP–poly(AAm) hydrogel,
the presence of a broad peak near 2q of 22° showed complete
blending of synthetic polymers with the natural polymer CG. The
introduction of these monomers via a polymerization reaction
destruct hydrogen bonded interactions among the polymeric
chains of saccharide units and reduces the ordered crystalline
structure between CG polymeric chains. It led to a reduction in its
crystallinity and the formation of short-range arrangement of
polymeric chains, which endowed the amorphous character to
the hydrogel that is useful in DD applications.68

Some degree of crystallinity of the material was modied
aer the inclusion of PVP and poly(AAm) in the CG backbone
during copolymerization. This modulation in the long-range
order of polymer chains is benecial for the physico-chemical
properties of the material, including sorption and drug
release pattern. The amorphous structure of the hydrogel
contains randomly arranged polymer chains that lead to the
formation of a more open network structure that can accom-
modate a larger amount of drugs and, hence, improve the slow
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of (a) CG and (b) CG-cl-poly(AAm)–PVP polymers.
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and controlled release of the drug from the hydrogel matrix.69

Various other research reports also illustrated the modication
of the crystalline structure of polysaccharides to short-range
amorphous structures by destroying the H-bonded interaction
in polysaccharides. Sutar and coworkers70 observed a decrease
in the crystallinity of pectin when modied with poly(AAm) due
to a decrease in the intermolecular hydrogen bonded interac-
tion between the polymer chains of the polysaccharide. These
observations revealed that hydrogel-based VDD carriers are
amorphous in nature, which is useful in the diffusion of solvent
molecules during vaginal uid uptake and release of drugs
occurred in a slow manner. The reduction in crystallinity and
the formation of a more amorphous state of materials enhance
their ability for uid sorption and drug delivery applications. It
also promotes the exibility and adaptability and enhances the
functionality and long-term efficacy.71
3.2 Physico-chemical and biomedical properties

3.2.1 Swelling analysis. In order to modulate the degree of
network density of hydrogel-based VDD formulations, the
contents of AAm, PVP and NN-MBA were varied during their
© 2025 The Author(s). Published by the Royal Society of Chemistry
synthesis, which was evaluated from the results of swelling
properties (Fig. 7 and Table 1). The swelling results revealed
that the increase in monomer content [AAm] from 4.22 ×

10−1 mol L−1 to 12.63× 10−1 mol L−1 led to a reduction in water
uptake ability. Increase in poly(AAm) content in hydrogel
resulted in formation of more compact network structure due to
covalent linkage and intermolecular forces between polymer
chains and thereby reduced hydrogels ability to absorb water.72

Further, swelling rst increased with the increase in PVP
content from 2 to 4% w/v. The initial increase in the water
absorption tendency of the hydrogel was due to the enhanced
hydrophilicity of the gel matrix, which ultimately led to a greater
swelling index. However, beyond 4% w/v concentration of PVP,
there was a reduction in water uptake by hydrogels, which is due
to the enhancement in compactness and network density that
restricted polymer chain exibility, resulting in a lower swelling
ratio. With the increase in crosslinker NN-MBA content from 6.4
× 10−3 mol L−1 to 32.43 × 10−3 mol L−1 during synthesis,
a decrease in swelling was observed due to the overall increase
in aggregation and crosslinking density. The increase in the
number of cross-linking points results in a denser structure due
to the formation of polymer networks via the interaction of
RSC Sustainability, 2025, 3, 4598–4621 | 4605
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Fig. 7 Effect of (a) [AAm], (b) [PVP], (c) NN-MBA and (d) pH of swelling medium on the swelling of CG-cl-poly(AAm)–PVP hydrogels at 37 °C.
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functional groups of CG, which can interact with the crosslinker
that ultimately decreased the space and elasticity of the
hydrogel network and restrict the movement and penetration of
water molecules into polymer chains.

The swelling behaviour of the polymer matrix was further
investigated in a different media including simulated gastric
uid (pH 2.2), SVF (pH 4.5), and simulated intestinal uid (pH
7.4). The results demonstrated higher swelling at SVF than that
at pH 2.2 and lower swelling than that at pH 7.4. Higher
swelling at pH 7.4 might be due to the deprotonation or ion-
isation of polar functional groups that ionize and form charged
zones on pendant polymer chains that lead to electrostatic
repulsion between similar ionic charges in polymer chains and
4606 | RSC Sustainability, 2025, 3, 4598–4621
forms loose polymer networks, resulting in higher water
absorption and increased swelling.73 Overall, the result of
swelling analysis of hydrogel VDD properties revealed that
physico-chemical properties of the hydrogel in terms of swelling
were inuenced by the content of the polymer used during
graing and crosslinking reactions, which gave the optimized
parameters for designing of VDD formulations. At the same
time, high degree of swelling was found in the SVF of pH 4.5,
which further increased in a buffer solution of pH 7.4.

3.2.2 Drug release properties. The release prole of
metronidazole drug from the CG-cl-poly(AAm)–PVP hydrogel
was evaluated in a solution of varied pH buffer (Tables 2 and 3,
Fig. 8). The diffusion of drug at pH 4.5 that mimics vaginal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results of the swelling, gel strength, diffusion exponent ‘n’, gel characteristic constant ‘k’ and various diffusion coefficients for the
swelling kinetics of CG-cl-poly(AAm)–PVP hydrogels

S. no. Parameters
Swelling aer 24 h
(g g−1 of gel)

Diffusion
exponent ‘n’

Gel characteristic
constant ‘k’ × 102

Diffusion coefficients (cm2 min−1)

Initial
Di × 104

Average
DA × 104

Late time
DL × 104

Effect of PVP (% w/v)
1 2% 5.49 � 0.03 0.58 1.81 0.73 1.10 0.70
2 3% 7.01 � 0.20 0.61 138 0.60 0.87 0.59
3 4% 6.57 � 0.08 0.59 1.65 0.68 1.01 0.65
4 5% 6.40 � 0.21 0.60 1.62 0.77 1.10 0.73

Effect of [AAm] × 101 (mol L−1)
5 4.22 7.37 � 0.16 0.58 1.72 0.74 1.13 0.72
6 7.03 7.01 � 0.20 0.61 1.38 0.60 0.87 0.59
7 9.84 5.70 � 0.30 0.56 2.16 0.74 1.25 0.74
8 12.63 5.29 � 0.06 0.55 2.32 0.84 1.46 0.84

Effect of NN-MBA × 103 (mol L−1)
9 6.40 7.96 � 0.78 0.58 1.75 0.69 1.08 0.69
10 12.90 7.42 � 0.29 0.55 2.06 0.72 1.20 0.74
11 19.45 7.21 � 0.02 0.56 1.89 0.70 1.13 0.71
12 25.94 7.11 � 0.23 0.56 2.00 0.72 1.17 0.73
13 32.43 7.01 � 0.20 0.61 1.38 0.64 0.93 0.63

Effect of swelling medium
14 pH 2.2 buffer 5.96 � 0.24 0.58 1.97 0.89 1.07 1.02
15 pH 4.5 buffer 6.85 � 0.34 0.59 1.63 0.77 0.89 0.74
16 Distilled water 7.96 � 0.78 0.58 1.75 0.69 0.81 0.69
17 pH 7.4 buffer 7.04 � 0.13 0.68 1.18 1.16 1.07 0.98
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environment revealed more drug diffusion initially and then it
followed a slow and prolonged pattern of drug release. The
results of drug release suggest that metronidazole release from
the hydrogel matrix were sustained at pH 4.5 within 24 hours. At
pH 4.5, as the more compact structure and good porosity of the
hydrogel matrix resulted in good control over drug release
without dissolving at pH = 4.5. It is a matrix-based monolithic
DD carrier, where the drug is uniformly infused and diffusion
occurs uniformly due to swelling and solvent movement onto
the hydrogel.

Various covalent and non-covalent interactions of the drug
with various functional groups of the hydrogel matrix contrib-
uted to sustained drug release in SVF. In addition, the compact
network structure and the porosity of hydrogel matrix contrib-
uted to slow diffusion of drug.74 The degree of drug release from
the hydrogel matrix mainly depends on the relative rate of
diffusion of water molecules to the polymer network, swelling of
hydrogel, rate of polymer chain relaxation and drug release
prole.75 In the present case, drug release from drug-infused
hydrogels depends mainly on the swelling characteristics of
the polymer matrix.

It implied that faster release during earlier stages was due to
the rapid diffusion of surface-entrapped drugs from the
biopolymer network when they come in contact with release
media. Aer attaining a certain concentration, the swelling of
a polymer network occurs and creates a matrix-like DD system,
wherein the drug is uniformly distributed and drug diffuses
© 2025 The Author(s). Published by the Royal Society of Chemistry
slowly, so that the drug release prole becomes smoother, and
hence, more controlled and sustained drug release was
observed.50 Moreover, various types of covalent and non-
covalent interactions of drugs with various functional moie-
ties of hydrogel matrixes contribute to sustained drug release in
the vaginal epithelium. Furthermore, the initial diffusion
coefficient value (1.93 × 10−4 cm2 min−1) was higher than later
stage diffusion coefficient values (1.75 × 10−4 cm2 min−1),
indicating a slower and more controlled release over time. This
initial phase with rapid drug release was then followed by
a slower andmore controlled release; with no burst effect due to
reduction in concentration gradient, very less diffusion
occurred, which was also reected from the lower diffusion
coefficient value.76 The values of ‘n’ suggested the non-Fickian
diffusion mechanism of the drug. The R2 values indicated that
the kinetic model followed for release was the Hixson–Crowell
model to describe the drug release prole of metronidazole.

Dubashynskaya and coworkers77 have prepared a mucoad-
hesive system based on anionic sulfated polysaccharides for
improved VDD of metronidazole with modied drug release
proles. The strong mucoadhesive character of the hydrogel
was due to the entanglement of CG macro chains with glyco-
proteins in the mucosal membrane, resulting in sustained drug
release.

In the research report of Sabbagh and coworkers,73 the
release of acyclovir from the poly(AAm)-based hydrogel for the
treatment of vaginal infection was characterized at pH 4.2 and
RSC Sustainability, 2025, 3, 4598–4621 | 4607
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pH 7.4. They revealed that the faster release of the drug was
observed initially in 1–2 h, followed by slow and sustained
release up to 9 h. Narayana Reddy and coworkers78 demon-
strated that increasing the PVP content in the hydrogel matrix
enhances hydrophilicity, leading to faster drug release. Higher
PVP contents in chitosan–PVP microspheres also increase water
uptake, resulting in greater cumulative drug release. Cirri and
coworkers79 also revealed that metronidazole release from the
chitosan–alginate hydrogel involves an initial phase of rapid
drug delivery from the hydrogel surface, followed by a slow and
controlled diffusion phase, resulting in prolonged drug release.
Sharifzadeh and coworker57 revealed that the release of drug
from the poly(AAm)–carboxymethyl cellulose hydrogel exhibited
the initial release of drug due to the fast diffusion of drugs
through pores present on the surface of the materials and then
followed slower and prolonged release in SVF due to the
formation of diffusion barriers in the hydrogel matrix. Health-
care products and DD devices besides being compatible with
the vaginal pH should maintain their structural integrity for
their restoration, as in the case of bacterial vaginitis. As per the
WHO recommendation, the physiological vaginal pH (3.5–4.5)
plays an important role and a change in pH can be dangerous.80

Additionally, a study was conducted in distilled water and
pH 2.2 and pH 7.4 buffer media in order to observe the diffusion
characteristics of the polymer matrix in buffer solutions to
expand their future applications in designing DD systems for
the gastrointestinal tract. Furthermore, various enzyme immo-
bilization and tissue engineering applications were evaluated in
pH 7.4 buffer media, wherein this matrix could be explored as
a material for advanced applications.

A pictorial representation of the mucoadhesive polymer–
drug interactions for metronidazole drug delivery is shown in
Scheme 2.

3.2.3 Blood compatibility
3.2.3.1 Haemolytic and thrombogenicity assay. Haemolytic

and thrombogenicity assays of VDD formulations were per-
formed as the biopharmaceutical characterization of materials
to determine their blood compatibility properties (Table 4).
These properties displayed compatibility features during their
interactions with blood. The analysis of these tests disclosed
that the thrombogenicity of materials was 82.96 ± 1.67% and
the haemolytic index value was 1.35 ± 0.13% during blood–
polymer interactions. The material expressed haemolysis to
a lower extent, indicating the less RBC rupturing tendency of
hydrogels. These results indicated that polymer samples
possess a non-haemolytic and non-thrombogenic character.
Therefore, these biomaterials hold potential for use in
biomedical or clinical applications, including VDD.

The blood compatibility features of hydrogel-VDD formula-
tions were attributed to their hydrophilic nature. The presence
of polar functional groups (SO3H–OH, –C]O, and –CONH2) in
the hydrogel surface does not allow polymers to sufficiently
interact with the erythrocytes due to the formation of a hydrated
layer barrier via electrostatic repulsive forces, thereby prevent-
ing the disruption of their membrane. CG provides excellent
blood compatibility owing to its sulfate groups. Various sulfate
groups interact with blood factors to inhibit coagulation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of correlation coefficients (R2) of different drug release models for the release profile of metronidazole drug-loaded CG-cl-
poly(AAm)–PVP hydrogels

Drug release mediums

pH 2.2 buffer pH 4.5 buffer Distilled water pH 7.4 buffer

Zero order R2 0.93 0.96 0.90 0.96
Ko × 103 (min−1) 2.20 2.00 2.10 2.20

First order R2 0.98 0.99 0.99 0.98
K1 × 103 (min−1) 7.42 5.72 8.76 6.55

Higuchi R2 0.98 0.99 0.97 0.99
KH × 102 (min−1/2) 6.03 5.69 5.97 6.13

Korsmeyer–Peppas R2 0.97 0.98 0.96 0.99
KKP × 102 (min−n) 1.33 1.17 2.06 0.90

Hixson–Crowell R2 0.99 0.99 0.99 0.99
KHC × 103 (min−1/3) 1.59 1.33 1.75 1.49
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pathways, thereby preventing thrombus or clot formation.81 At
the same time, present materials are composed of CG, PVP and
poly(AAm), which are hydrophilic and have also been reported
as blood compatible in nature in other research reports. Popov
and coworkers82 revealed that the inclusion of CG onto pectin
has induced negligible erythrocyte haemolysis and caused no
change in their morphology. The rise in poly(AAm) content in
chitosan-hydrogels has reduced haemolysis, attributed to their
surface composition that provided minimum interaction with
blood cells. The poly(AAm)-based hydrogel illustrated negligible
clot formation and revealed the antithrombogenicity character
of the materials.72 PVP copolymers did not express any signi-
cant haemolytic effect on RBCs due to the negative surface
charge and hydrophilicity that supported their suitability as DD
carriers.

Overall, sulphated amide-containing CG hydrogels are
biocompatible and show potential as materials for VDD
carriers. The biocompatibility and tolerability of various
components of DD formulations are the main requirements
when VDD formulations are employed for the treatment of
microbial or viral pathologies associated with the mucosal
lesions associated with the damage of the mucosal membrane.

3.2.3.2 Protein adsorption. The protein adsorption tendency
of the hydrogel was investigated using BSA, and the results are
demonstrated by the content of protein adsorbed onto the
polymer surface. The CG-cl-poly(AAm)–PVP hydrogel showed
3.31 ± 0.18% BSA adsorption aer 24 hours of incubation at
37 °C (Table 4). Protein adsorption indicates the compatibility
feature of materials with biological systems when employed in
biomedical uses. In the present case, BSA interactions with the
hydrogel showed a minimal amount of protein adsorption onto
their surface due to the strong hydration ability of the hydrogel
layers. It has been found that during the interaction of material
surfaces with blood, a series of biochemical reactions occur that
lead to the activation of the blood clotting process. The super-
hydrophilic layer formed on a hydrated polymer surface repels
negatively charged plasma proteins and resists platelet adhe-
sion, thereby preventing thrombus formation. This also
demonstrates the biocompatibility properties of hydrogels.
Hence, these hydrogels could be employed for the delivery of
© 2025 The Author(s). Published by the Royal Society of Chemistry
therapeutic agents as efficient VDD carriers. The hydrophilic
nature of materials was owing to CG, PVP and poly(AAm). CG
has been found to reduce protein adsorption in many
reports.37,72 Tavakoli and coworkers83 revealed that the inclusion
of CG in starch increased the hydrophilic character, reduced the
adherence of BSA molecules onto the gel surface and improved
blood compatibility of the hydrogel. The presence of sulfated
galactan created a negative surface that restricts BSA adsorption
on the hydrogel surface via electrostatic repulsions operating
between the hydrogel and the blood surface, which has been
considered as a reason for lower protein adsorption and better
compatibility properties.84,85 The inclusion of PVP chains has
improved the blood compatibility of the polymer matrix. The
improved anti-protein adsorption property was due to the
increase in hydrophilicity and also electrostatic repulsions
operating between the modied polymer surface and proteins,
which decreases the amount of protein adsorption to the poly-
mer surface and improves blood compatibility.86

3.2.4 Antioxidant (AOX) activity. The AOX potential of
hydrogels was analyzed by three different AOX activity assays:
DPPH, FC, and PM reagent assays (Table 4).

3.2.4.1 DPPH reagent assay. The AOX power of the hydrogel
was determined by the DPPH test, wherein the hydrogels
exhibited 52.40 ± 1.14% scavenging ability. The DPPH method
was employed to evaluate the antioxidant activity based on
spectrophotometric determination via the hydrogen atom
transfer mechanism. Hydrogels act as antioxidants, as they can
interact and inhibit the initiation and propagation of oxidizing
chain reactions that are generated by reactive free radicals
before it causes damage to organs. They inhibit free radical
reactivity by the donation of a hydrogen atom from the hydroxyl
groups present in polysaccharide chains. This method is based
on the reduction of violet DPPH radicals by antioxidants via
a hydrogen atom transfer mechanism to cause a change in
colour to a pale yellow DPPH molecule.87 Due to the presence of
a higher number of active hydroxyl groups in the polymer
chains, CG showed high radical scavenging activity by the H-
abstraction reaction with free radicals.88 Madruga and
coworkers89 revealed that various sulfated, acetylated or phos-
phorylated derivatives of CG exhibit antioxidant characteristics
RSC Sustainability, 2025, 3, 4598–4621 | 4609
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Fig. 8 Release profile of metronidazole from drug-loaded CG-cl-poly(AAm)–PVP polymers in different media at 37 °C.
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by scavenging superoxide, hydroxyl and DPPH radicals due to
their strong hydrogen-donating ability.

3.2.4.2 FC reagent assay. The F–C method conrmed the
AOX activity of the hydrogel. The polymer sample revealed an
AOX of 21.52± 0.71 mg equivalent of gallic acid (GAE) in the F–C
reagent assay. The polyphenolic compounds have direct corre-
lation with AOX, wherein polyphenols due to their hydroxyl
groups possess free radical scavenging ability.90 In the F–C
reagent assay, phosphomolybdic acids and phosphotungstic
acids present in the F–C reagent react with various antioxidants
present in polysaccharides to form chromogens.91

3.2.4.3 PM assay. The PM assay is a quantitative method
that gives direct estimation of the reducing ability of hydrogels.
The biomaterial revealed an AOX activity of 447.81 ± 15.08 mg
equivalent of ascorbic acid (AAE) in the PM assay. The total
antioxidant capacity or reducing power of hydrogels is based on
their ability to donate electrons from antioxidants to unstable
Mo(VI) complexes and subsequently form a green-coloured
Mo(V) complex at acidic pH values.92 Ferreira and coworkers93

found that poly(AAm)-derived hydrogels exhibited AOX capacity
illustrated by the PM assay for the treatment of wound lesions.

Overall, these three assays of AOX activity measurement
demonstrated the AOX nature of biomaterials, which could be
benecial in VDD. Various types of vaginal infections lead to
oxidative stress that creates an imbalance between free radicals
and antioxidants. Excessive ROS production causes damage to
healthy tissues and disrupts the cell membranes, which ulti-
mately contributes to tissue inammation.94 Antioxidants
neutralize these free radicals by donating electrons or
hydrogen-free radicals, thereby stabilizing these reactive mole-
cules. This process helps in preventing cellular and tissue
damage and protects against inammatory responses.
4610 | RSC Sustainability, 2025, 3, 4598–4621
The hydrogel reduces oxidative stress that drives the inam-
matory response. Vaginal infections oen disturb the balance of
the vaginal microbiome, leading to the overgrowth of harmful
bacteria or fungi.95 This imbalance triggers inammation as the
body attempts to eliminate excess pathogens. By creating
a healthier, less inamed environment, the hydrogel supports
the growth of benecial lactobacilli, helping to restore the vaginal
microbiome balance.96 A balancedmicrobiome is less susceptible
to recurrent infections and inammation. Hence, the AOX
properties of VDD carriers may also be responsible for the
reduction in inammation occurring in the vaginal mucosa. ROS
scavenging biomaterials alleviate inammation by directly or
indirectly balancing the production and elimination of ROS.97

Some natural polysaccharides can act as ROS scavengers by
protecting against oxidative damage in inammatory diseases. It
is the hydroxyl groups in the polymer matrix, which transfer one
‘H’ atom or a single electron to ROS, stabilizing reactive species,
chelate metal catalysts, activate antioxidant enzymes, and inhibit
oxidases. ROS scavenging by biomaterials also limits inamma-
tion and protects the host from damage.98–100 A pictorial repre-
sentation of hypothetic free radical scavenging of DPPH by
hydrogels is illustrated in Scheme 3.

3.2.5 Mucoadhesion.Mucoadhesive characterization of the
material was assessed by measuring the detachment force and
work of adhesion necessary to detach the hydrogel from a goat's
biological membrane. Mucoadhesion analysis of biomaterials
illustrated that these polymeric VDD formulations required
a force of 93 ± 6.11 mN for separation from the biological
membrane that needed 0.09 ± 0.02 N mm work of adhesion
(Table 4). These results highlight the mucoadhesive feature of
hydrogel, a vital requirement of VDD devices to improve drug
retention and efficacy by prolonging the residence time of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Pictorial representation of mucoadhesive polymer–drug interactions for metronidazole drug delivery.
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delivery vehicles in the vaginal environment. It provides infor-
mation regarding site-specic drug delivery from polymeric
patches containing bioactive therapeutic agents for the treatment
of problems associated with the vaginal region.15 Mucoadhesive
polymers are utilized in the formulation of VDD carriers for drug
release through attachment to vaginal mucosa, where the drug
diffuses from the polymeric gel to the mucosal epithelium.
Vaginal environment including vaginal secretions, along with the
mucoadhesion properties of the DD device, plays an important
role in controlling drug diffusion from DD systems. It prolongs
the drug residence time of medical devices on vaginal mucosa,
which provides the desired concentration needed for the specic
bio-therapeutic response of the active drug for efficient treatment
of the associated problems of the vaginal region.17

Overall, the results indicated that the mucoadhesive hydro-
gel dressing impregnated with the drug could be explored for
site-specic treatment of vaginal infections, inammations,
parturition, etc. It provides adhesion to vaginal mucosa, where
the uid helps in the diffusion of the drug from the VDD carrier
© 2025 The Author(s). Published by the Royal Society of Chemistry
and can maintain the drug concentration at the target site.
Various DD formulations are available for treating vaginal
infections. However, mucoadhesive polymer-derived VDD
carriers are advantageous over conventional formulations in
terms of mucoadhesiveness, drug residence time, etc., which
reduce the drug diffusibility of conventional formulations.

The adhesive properties of hydrogels were due to electro-
static interactions among the functional groups of various
constituents of hydrogels and the functional groups of the
mucosal membrane. Hydrogels are composed of CG, PVP and
poly(AAm), which are hydrophilic in nature and are capable of
providing various covalent and non-covalent interactions with
glycoproteins of mucin of the membrane, and these materials
have been reported to exhibit mucoadhesive property.101 The CG
itself exhibits the bio-adhesive character due to the presence of
abundant H-bond forming groups, which interact with the
mucosal membrane, leading to signicant prolongation of the
drug residence time of VDD carriers and enhanced therapeutic
effectiveness.102
RSC Sustainability, 2025, 3, 4598–4621 | 4611
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Scheme 3 Pictorial representation of hypothetic free radical scavenging of DPPH by the hydrogel matrix.
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Pacheco-Quito and coworkers103 found prolonged drug resi-
dence time and controlled release of acyclovir from CG-based
mucoadhesive vaginal tablets via adhesive mechanisms
4612 | RSC Sustainability, 2025, 3, 4598–4621
mediated by hydrogen bonds and electrostatic interactions with
the mucosal membrane. The hydrophilic nature of poly(AAm)
and PVP also enhances their ability to form strong H-bonds with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the wet surface of the mucosal membrane. The mucosal
membrane comprises mucus that is composed of mucin, which
acts as an anionic polyelectrolyte due to the presence of sulfate
groups and sialic acid.101 When the polymer comes in contact
with the mucosal surface, interpenetration and interlacing of
the mucoadhesive polymer chain with mucosal glycoprotein
occur by forming various covalent and non-covalent bonds.104

Sánchez-Sánchez and coworkers105 have found that the inclu-
sion of CG into the hydrogel increases the adhesive properties
of the CG-based hydrogel. Moreover, the addition of binders
such as PVP into the polymer produces compacted granules that
remain adhered to the vaginal mucosa, regardless of the
formulation composition or the pH of the medium (pH 4.5).
Van der Bijl and coworkers106 revealed that the permeability of
vaginal mucosa is similar to buccal mucosa, but in comparison
to intestinal and colonic mucosa, its permeability was higher.
Tugcu-Demiroz and coworkers107 have prepared metronidazole-
loaded PVP-based formulations for treating bacterial vaginosis.
Scheme 4 Pictorial representation of hydrogel adhesion to the mucosa

© 2025 The Author(s). Published by the Royal Society of Chemistry
The adhesiveness of formulations improved with the increase in
the PVP content due to intermolecular H-bonded interactions
between PVP and mucin, suggesting its prolonged residence in
the vagina. A pictorial representation of hydrogel adhesion to
the mucosal membrane is shown in Scheme 4.

3.2.6 Cell viability assay. The impact of the hydrogel on the
cell viability of transformed RD cells demonstrated 190± 7.07%
cell viability upon exposure to biomaterials (Table 4). The cell
viability assay indicated that CG hydrogels showed excellent
cyto-compatibility and non-cytotoxicity to mammalian cells.
Instead, the samples promote the proliferation of cells and
materials that may help in damaged tissue regeneration and
ensure the proper functioning of the vaginal tissue, especially
when these tissues are compromised by inammation or
infections.28 The results are in accordance with the ISO stan-
dard,108 and these hydrogels are considered non-toxic. There-
fore, it can be assumed that the hydrogel coating does not have
a toxic effect on cells upon contact with materials. Hence,
l membrane.
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Table 4 Results of thrombogenicity, haemolytic potential, mucoadhesion, antioxidant activity, cell viability, anti-inflammatory activity, gel
strength and porosity of CG-cl-poly(AAm)–PVP hydrogels

Properties Thrombogenicity Inference

Thrombogenicity percentage (%) 82.96 � 1.67% Non-thrombogenic nature
Haemolytic index (%) 1.35 � 0.13% Non-haemolytic nature
Protein adsorption (%) 3.31 � 0.18% Biocompatible nature

Mucoadhesion
Peak detachment force (mN) 93 � 6.11 mN Mucoadhesive nature
Work of adhesion (N mm) 0.35 � 0.03 N mm

Antioxidant activity
F–C reagent assay 21.52 � 0.71 mg GAE Antioxidant nature
Phosphomolybdenum assay 447.81 � 15.08 mg AAE
DPPH reagent assay 52.40 � 1.14% inhibition
Cell viability test 190 � 7.07% cell viability Cyto-compatible nature
Anti-inammatory properties 4.49 � 0.08% Anti-inammatory nature
Porosity 47.9 � 1.32% Porous nature

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
sr

pn
a 

20
25

. D
ow

nl
oa

de
d 

on
 1

0.
02

.2
02

6 
19

:3
1:

57
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
polymeric materials did not exert a negative impact on cell
viability and did not pose a substantial cytotoxicity risk to
mammalian cells. Therefore, these hydrogels could be consid-
ered as promising candidates for various biomedical applica-
tions. Overall, the dressing materials exhibited nontoxic and
biocompatible features, which are suitable for biomedical
applications.

The cell viability properties of the materials may be due to
the composition of hybrid materials. CG-derived materials
demonstrated a cyto-compatible nature during the cell prolif-
eration test, and the morphology of cells remains unaffected
and the nuclei of cells retained the round morphology.109 Ashe
and coworkers110 revealed the cell viability of cryo-preserved
cells in porous CG-gelatine hydrogels. Aer the incorporation
of growth factors in the hydrogel, osteogenic cell proliferation
and attachment improved. The chitosan-poly(AAm)-based
hydrogel test sample showed no toxicity towards broblast
cells.72 The carboxymethyl cellulose-poly(AAm)-based hydrogel
in the MTT assay revealed low cytotoxicity toward human skin
broblasts.57 The results of cell viability tests indicated that the
present CG-based material is suitable and safe for VDD
formulations.

3.2.7 Antimicrobial (AMI) activity. The AMI efficacy of
blank andmetronidazole-integrated network gels was evaluated
by exposing the materials to Gram-negative (P. aeruginosa and E.
coli) and Gram-positive (S. aureus) bacterial strains during the
AMI test (Fig. 9). The evaluation involved measuring the diam-
eter of the inhibition zone formed around disc samples, which
indicated their AMI potency. The material exhibited a negligible
zone of inhibition in the blank sample in comparison to the
antibiotic impregnated formulation. This zone of inhibition is
directly linked to the AMI behaviour of the sample analyzed.
The hydrogel matrix revealed a zone of inhibition of 2.02 ±

0.01 mm against S. aureus and did not show any AMI activity
against Gram-negative bacteria (P. aeruginosa and E. coli).
However, drug-incorporated hydrogels displayed a zone of
inhibition of 13 mm, 4 mm and 15 mm against respective
4614 | RSC Sustainability, 2025, 3, 4598–4621
bacterial strains, highlighting their enhanced AMI effect
compared to the hydrogel without any drug. It may be owing to
the antibiotic drug present in the hydrogels.

Khade and coworkers111 have developed metronidazole
integrated formulations (gelatine-PEG) for VDD for the treat-
ment of bacterial vaginosis, and the materials have been found
to exhibit effective AMI activity against E. coli and B. subtilis. The
AMI efficiency of metronidazole-loaded hydrogels was tested
against E. coli, which is predominant in bacterial vaginosis.
Permana and coworkers112 revealed that due to the ability of gel
akes to localize metronidazole in the vaginal tissue, it was
conrmed that this system could show signicantly higher
antibacterial activities in the bacterial vaginosis model. Some
degree of AMI activity was due to sulphated CG polysaccharides
in hydrogel samples, which ght against the bacterial strains by
binding to the glycoprotein receptors present on the bacterial
cell surface. This interaction leads to the disruption of the
bacterial membrane and increases the permeability of the
cytoplasmic membrane, protein leakage, and ultimately death
of the microorganism.113

3.2.8 Anti-inammatory activity. The anti-inammation
activity test of hydrogels revealed that the material did not
exert any anti-inammatory effect. This test is based on the
ability of materials or extracts or chemicals to inhibit protein
denaturation. The results of this test illustrated that the
hydrogels were able to inhibit only 4.49 ± 0.08% of BSA protein
denaturation as compared to a standard, which was an anti-
inammatory drug, sodium diclofenac (75 mg ml−1), that
showed 17.25 ± 0.12% inhibition of BSA protein denaturation.
These results indicated that CG-based hydrogels themselves do
not possess any anti-inammatory characteristics. A small anti-
inammatory action may be due to its ability to exhibit the
antioxidant activity that prevents cells from oxidative stress and
subsequently inhibits inammation of tissues. In the denatur-
ation process, proteins lose their tertiary and secondary struc-
tures due to external stress in the form of heat. This
denaturation of proteins causes inammation.114 The anti-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Antimicrobial activity of (a, c and d) CG-cl-poly(AAm)–PVP and (b, e and f) drug metronidazole-loaded copolymers against P. aeruginosa,
E. coli and S. aureus.
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inammatory activity of CG-based hydrogels was evaluated by
using inhibition of albumin denaturation. Inammation is
a biological response of the body against aggressive agents such
as irritants, pathogens or damaged cells. Generally, various
causing agents bring inammation to the vaginal region,
including vaginal infections (STD and UTI), hormonal changes,
allergic reactions and physical stresses. These factors disrupt
the natural balance of vaginal ora and result in irritation,
dryness and thinning of vaginal tissues, making them prone to
inammation. Hence, the use of anti-inammatory reagents is
essential in managing vaginal inammation to restore the
natural balance in the vaginal environment.115 Overall, it has
been inferred that the present VDD formulations itself cannot
© 2025 The Author(s). Published by the Royal Society of Chemistry
exert any anti-inammatory effect during their application to
the vaginal region.

3.2.9 Porosity. The porosity of the biomaterial was found to
be 47.9 ± 1.32% based on the results of the porosity test con-
ducted on the sample (Table 4). The results indicated the
porous characteristics of polymers, highlighting their ability to
absorb a signicant amount of solvent. This may be due to the
formation of structurally crosslinked hydrophilic polymers
through the crosslinked reaction of poly(AAm)–PVP onto the CG
backbone. These interconnected pores or channels provide
a larger surface area for drug loading and controlled release of
therapeutic agents. The high porosity of hydrogels facilitates
swelling, and exchange of nutrients, oxygen and waste
RSC Sustainability, 2025, 3, 4598–4621 | 4615
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products.116 Porous hydrogels impregnated with drugs ensure
a slow and sustained drug release for the prolonged therapeutic
action at the vaginal site without affecting the vaginal micro-
biome.117 Besides application in VDD, they are extensively used
in wound dressings. These porous hydrogels with high-
interconnected porosity enable cell attachment, migration and
proliferation for the regeneration of the skin. It also prevents
tissue from dehydration and keeps a moist environment at the
wound site, enhancing angiogenesis and collagen synthesis.118

3.2.10 Gel strength. The results of gel strength of hydrogels
were found to be the reverse of swelling trends of hydrogels. The
gel strength of CG-cl-poly(AAm)–PVP hydrogels was evaluated as
a function of change of [AAm] from 4.22× 10−1 mol L−1 to 12.63
× 10−1 mol L−1, [PVP] from 2% w/v to 4% w/v and [NN-MBA]
from 6.40 × 10−3 to 32.43 × 10−3 mol L−1. With the increase
in [AAm] concentration, the gel strength increased due to the
formation of denser polymer networks of hydrogels. With the
increase in PVP concentration, the gel strength rst decreases
due to more swelling and expansion of the hydrogel network
and then decreases due to a decrease in swelling. An increase in
crosslinker content during the formation of hydrogel enhances
the tensile properties of the materials due to the enhancement
in crosslinking density in polymers. An increase in the pH of the
swelling medium inuenced the gel strength of hydrogels.
However, the gel strength reduced with a rise in the pH of
swelling medium due to the increase in the swelling and
expansion of the hydrogel networks.119,120

Overall, CG in the DD systems has induced blood compati-
bility, antioxidant and bioadhesion features to the drug delivery
carrier. The inclusion of drug metronidazole in CG-based VDD
carriers has provided sustained release from hydrogels. Direct
use of metronidazole whether administered orally or topically is
oen associated with several side effects including gastrointes-
tinal disturbances and vaginal irritation. These adverse effects
limit the therapeutic efficacy of the drug. Entrapping metroni-
dazole within the hydrogel matrix offered an advanced
controlled, site-specic, localized drug delivery, reducing the side
effects of market-available metronidazole formulations. Brandt
and coworkers121 further supported this fact and found that the
intravaginally applied metronidazole drug was more effective
relative to the orally applied drug in the treatment of bacterial
vaginosis, and the intravaginally applied drug simultaneously
exhibited signicantly less side effects. Permana and
coworkers122 developed mucoadhesive chitosan–gellan gum-
based hydrogels for treatment of bacterial vaginosis. These
metronidazole-loaded gel akes showed a sustained release
pattern over an extended period. This was attributed to the strong
adhesion of the hydrogel, which allowed it to remain in contact
with the vaginal tissue for over 8 hours, and hence facilitated the
continuous release of metronidazole that effectively reduced the
viability of E. coli and S. aureus bacterial strains, thereby
promoting the faster healing of vaginal tissue. Recently, the CG-
based hydrogel has also been explored by Thakur and Singh123 for
its application in pH-sensing colonic drug delivery for sustain-
able development. However, abiotic synthetic receptors by
imprinting the surface marker have also been designed, which is
a new era of drug design and discovery. The synthetic receptors
4616 | RSC Sustainability, 2025, 3, 4598–4621
have been designed by molecular imprinting for use in the
surface marker of bacterial strain and selective binding of
bioactive oligosaccharides to increase the efficacy of drug mole-
cules.124,125 This approach is a future prospectus in this area of
research, which could be explored for VDD.
4 Conclusions

The physico-chemical parameters in terms of swelling demon-
strated that crosslinking in network hydrogels could be modu-
lated as per requirement of VDD carriers by varying the
monomer and crosslinked content during the synthesis of
hydrogels, which gave the optimized parameters for the
designing of VDD formulations. The FESEM and AFM charac-
terizations of hydrogels revealed their heterogeneous
morphology with roughness in surface, signicant for better
adhesion to the mucosal membrane. FTIR and 13C NMR spec-
troscopic analysis conrmed the successful incorporation of
poly(AAm) and PVP into CG. One gram of hydrogel absorbed
approximately seven grams of simulated vaginal uid. Hydro-
gels expressed 190 ± 7.07% viability for RD cells and promoted
their proliferation, which signied their non-toxic nature to the
mammalian cell. Hydrogel exhibited non-haemolytic features
revealed from 1.35 ± 0.13% haemolytic index value. Hydrogels
depicted 52.40 ± 1.14% scavenging ability against DPPH radi-
cals that outlined their antioxidant characteristic. The
mucoadhesive performance of materials was expressed from
the fact that it required a force of 93 ± 6.11 mN for its separa-
tion from the mucosal surface. Additionally, the diffusion of
antibiotic agents from the drug-infused hydrogel followed
a non-Fickian diffusion mechanism, and the release prole was
best interpreted by the Hixson–Crowell kinetic model. The
sustained release of drug was observed from a hydrogel-based
VDD system, which ensured a steady supply of drug over an
extended period and can improve therapeutic outcomes, which
can reduce the limitations associated with conventional
formulations. Overall, the results of various physico-chemical,
drug delivery and biomedical properties of hydrogels sug-
gested that these hydrogels are appropriate materials for
vaginal drug delivery applications.
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