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This study focuses on the extraction and characterization of a bioactive collagen peptide from waste skin of
a local species of fish, the Channa striatus/snakehead/'shol’ fish. The extracted peptides were characterized
and optimized for the formulation of chitosan/PVA/collagen peptide (CP) hydrogel which has not been
done previously. The facile extraction process involved using alkali, butanol, and protease for non-
collagenous protein and fat removal, and enzymatic hydrolysis respectively. Hydrogels were formulated
using a non-toxic freeze-thaw technique with multiple combinations of chitosan, PVA, and collagen
peptide and characterized with SEM, FTIR, swelling ratio, gel content, porosity, evaporation rate, and
antibacterial and anti-inflammatory activity. The FTIR fingerprint of the collagen peptide confirmed the
presence of characteristic amide bonds. The SEM image of the collagen peptide reveals an open
morphological structure suggesting that enzymatic hydrolysis could produce lower molecular weight
collagen peptide. The collagen peptide retained 53.31% total protein in which essential amino acids —
27.3% glycine, 8.74% arginine, and 14.11% proline — were present. Antioxidant properties — DPPH,
hydroxide, and superoxide radical scavenging activity — demonstrated a linear correlation with collagen
peptide concentration. The swelling ratio, a crucial structural property for a hydrogel, was the highest
(619%) for Ch/PVAs-CP, (Chitosan: PVA: Collagen peptide = 1:5:2). The chitosan and collagen peptide
served as key bioactives to facilitate wound healing, and PVA reinforced the bionanocomposite. The Ch/
PVAs-CP, hydrogel had multiple bioactive properties and antibacterial activity against Gram-positive
bacteria S. aureus and Gram-negative bacteria E. coli, anti-inflammatory activity, antioxidant activity and
well-balanced mechanical stability and elasticity. In a preliminary seven-day trial on mice, this
formulation showed promising results in treating burn wounds compared to commercial burn ointment
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1 Introduction

The socio-economic burden associated with frequently occur-
ring non-healing wounds has been challenging society
throughout the world. The early and late complications related
to wound healing cause damage, morbidity, and mortality.">
Many topical treatments are available worldwide to accelerate
dermal wound healing. But often the problem lies in the mode
of delivery, not the therapeutic element. Applying therapeutic
agents directly to the wound is beneficial because of the direct
benefits while limiting the side effects. Nevertheless, the
proteolytic wound microenvironment and multiple underlying
health conditions decrease the efficacy and bioavailability of the
drug.®* Many active therapies are available for burn wound
treatment. Still, their key drawbacks lie in poor efficacy on deep
wounds, visible scar formation, and high cost when used for
prolonged periods.*® The burn wound closure rate in a moist
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(silver sulfadiazine 1%), and a negative control, warranting further in vivo studies using the hydrogel.

condition theoretically doubles compared to a dry state and the
moist dressing reduces the pain at rest, during movement, and
dressing change® decreasing the tension in the wound. Hence,
scientists are focused on developing alternative modern wound
dressings. Modern dressing like hydrogels, films, and foams,
offers multiple advantages that include creating a moist
breathable environment, absorbing exudates, reducing side
effects, protecting the area, accelerating the dermal restoration,
and overcoming the proteolytic environment.”

Hydrogels are gel-like water-insoluble polymeric scaffolds
that swell in the presence of water due to extensive cross-linking
and the presence of functional groups (i.e., amino, carboxyl,
amide, hydroxyl, and sulphonic).® Tailorable functionality and
release profile make hydrogels more attractive for targeted
wound healing applications.” Collagen, cellulose, chitin,
gelatin, and chitosan are some natural polymers, which when
synthesized into a hydrogel show excellent biocompatibility.
Inherent hemostatic, biodegradability, antibacterial properties,
and broad-spectrum wound healing properties make the
hydrogels an ideal candidate for developing hydrogel wound
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dressings.'® Chitosan can potentially participate in all phases of
the wound healing process, starting from blood clotting, the
aiding of neutrophil and macrophage migration** to cleaning
the wound, and the formation of granulation and fibrous
tissue.”® In the remodeling stage, chitosan can reduce visible
scar formation and allow slow re-epithelialization.” However,
pristine chitosan-based hydrogels have poor mechanical prop-
erties.™ Synthetic, biocompatible, and non-toxic polymers, such
as polyvinyl alcohol (PVA) can provide desired reinforcement to
chitosan-based hydrogels. Furthermore, the ability of PVA to
create a physically crosslinked hydrogel network through
a simple, non-toxic (no chemical cross-linker), and inexpensive
freeze-thawing method enhances its appeal for tissue engi-
neering applications.” Due to their enhanced mechanical
properties, chitosan-PVA hydrogels have thus been used for
biomedical applications including wound healing.*®

With advances in biotechnology, the incorporation of bio-
logically active compounds into wound healing scaffolds or
hydrogels has been studied. Materials such as collagen, hya-
luronic acid, vitamins, peptides, nanoparticles, and even cells
and cytokines can be incorporated into hydrogels to facilitate
wound healing by maintaining moisture, providing structural
support, and promoting tissue regeneration,” protecting
against infection,” reducing oxidative stress and inflamma-
tion," accelerating cellular activity and tissue repair,* stimu-
lating cell proliferation, angiogenesis, and tissue
regeneration.”® Mammalian collagen, specifically porcine, and
bovine, served as an inexpensive source of collagen for a long
time. The recent outbreaks of Foot and Mouth disease, Animal
Prion disease, and religious conflicts associated with the
consumption of such collagen have deterred the use of these
products. Hence, in the search for alternative sources of
collagen, marine collagen has drawn the attention of many
researchers.” There are some commercially available collagen-
based dressings such as Alloderm™ (human dermis),
Amniograph™ (amniotic membrane), Oasis™ (porcine skin),
Biobrane® (porcine collagen). On the other hand, marine
collagen peptides can be sourced from fish byproducts such as
scales and skin, and the most suitable method for peptide
extraction is enzymatic hydrolysis.*® These marine collagen
peptides have superior properties to collagen including low
molecular weight, stronger water affinity, easier absorption,*
and most importantly heat stability at body temperature.*
Moreover, collagen peptides have anti-aging, antioxidant, anti-
hypertensive, anti-microbial, and wound-healing properties
when administered orally, systematically, or topically.>**
Several studies have reported formulations with chitosan/PVA/
nanoparticle,*®?® chitosan/marine peptide,* and chitosan/PVA/
collagen® hydrogels. Recently, scientists have focused on the
wound-healing potential of hydrogels made from gelatin,
collagen, or collagen peptides derived from tilapia skin. These
materials have been formulated into biocomposites either
independently*! or combined with other substances like chito-
san,** hyaluronic acid,*” adipose-derived stromal vascular frac-
tion,* and nano-hydroxyapatite/chitosan® to boost the healing
performance. Sun et al. (2022) prepared a sea bass scale gelatin/
kelp sodium alginate/chitosan-based nanofiber hydrogel
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infused with copper sulfide nanoparticles to explore in vivo
wound healing efficacy.®® Snakehead fish, Channa striatus,
locally known as ‘shol’ and abundantly found in South Asia, is
recognized for its therapeutic and nutritional benefits owing to
its high protein content (17% w/w collagen). This fish enriched
with high amino and fatty acid content, is potent for acceler-
ating post-operative wound healing.®*®* To the best of our
knowledge, no study has yet reported the chemical character-
ization or application of collagen peptides, derived from
snakehead fish waste, nor the synthesis, structural, and bioac-
tive properties of extracted marine collagen peptide-based
chitosan/PVA hydrogel. This study, therefore, aims to investi-
gate the characteristics of collagen peptide derived from locally
sourced fish waste, exploring its potential as an alternative
source of collagen peptide additive for PVA-chitosan hydrogel
for wound healing applications.

2 Methodology
2.1 Materials

Polyvinyl acetate (PVA) [-CH,CHOH-],, (MW: 125 000 g mol )
was purchased from PT. Smart Lab, Indonesia. Chitosan (LMW,
extra pure, 90% deacetylated degree), tris buffer (>99.9%), and
Bradford reagent were obtained from Sisco Research Labora-
tories Pvt Ltd, India. Methanol (>99.5%), pyrogallol, and sali-
cylic acid, albumin bovine fraction V (>98%, MW: 66.5 kDa)
were purchased from Research-lab Fine Chemical Industries,
India. Protamex® (protease from Bacillus sp. and DPPH were
purchased from Sigma-Aldrich. Absolute Ethyl Alcohol (>99.9%)
was purchased from BRG Biomedicals, India. Acetic acid
(glacial, = 99%), sodium chloride, potassium chloride, potas-
sium dihydrogen phosphate, disodium hydrogen phosphate
dihydrate, iron(u) sulfate heptahydrate (=98.5%), sodium
hydroxide (=98%) were all purchased from Merck Life Science
Pvt Ltd, India. Hydrochloric acid was purchased from RCI
Labscan Ltd Mueller-Hinton, and MacConkey agar and broth
were purchased from Himedia, India. n-butanol (>99%) was
procured from Daejung Chemicals. All reagents and chemicals
were of analytical grade and used as is.

2.2 Collagen peptide extraction and characterization

2.2.1 Collagen peptide extraction. The fish skin waste,
collected from Palashi Market (local market), was cleaned to
remove debris. The skin was pretreated first according to Aru-
mugam et al. (2018).*” Non-collagenous proteins were removed
by 0.3 M NaOH at 1/10 (w/v) with continuous stirring for 4 h
while replacing the NaOH solution every hour. The collected
skins were repeatedly washed with distilled water to reach
a neutral pH. Then the skin was defatted with 20% (v/v) butanol
for 30 h for 10 ml butanol/gm skin. The butanol solution was
replaced every 10 h. The skin was neutralized by repeated
washing with distilled water followed by homogenization. After
pretreatment, the homogenized skin was subjected to enzy-
matic hydrolysis for collagen peptide extraction according to
Ennaas et al. (2015).*® The homogenized sample was heated to
50 °C and Protamex® enzyme was added at 0.15% (w/w) of the
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raw material. The pH was maintained at near neutral before the
hydrolysis commenced. No pH regulation was followed during
the hydrolysis time. After 6 hours, the mixture was heated at 90 ©
C for 10 min to stop the hydrolysis and centrifuged at 20000xg
for 30 min at 4 °C. The supernatant was filtered with Whatman
40 filter paper followed by a nylon (PA) 0.45 pum syringe filter.
Finally, the filtrate was freeze-dried and stored at —20 °C.

2.2.2 Protein content. According to Marion M. Bradford,*
a standard curve of bovine serum albumin (BSA) concentrations
was generated in the range of 100-1000 pug ml ™", Initially, 50 pl
solution of the BSA (standard) or collagen peptide (sample) was
mixed with 2500 pl of Bradford reagent and allowed to react for
15 min. The absorbance of the solutions was measured at
595 nm. The protein content of the extracted peptide was
determined from the standard curve of BSA. The reference
contained distilled water instead of the protein.

2.2.3 Amino acid composition. 0.3 g of collagen peptide
was digested overnight at 102 °C with 3 : 1 (water : HCI) acid and
0.1 mg phenol mixture. The mixture pH was adjusted (pH 2)
with NaOH, diluted to 100 mL, and filtered with a 0.22 um
syringe filter. For sample, standard dilution and for the mobile
phase citrate buffers were prepared as provided by the manu-
facturer. The amino acid composition was analyzed by 1 h
runtime with an amino acid analyzer (S 433-D, Sykam GmbH,
Germany). The analyzer specifications were column: LCA K07/Li
(PEEK - column 4.6 x 150 mm), detector: photometer (570 nm,
440 nm), detection principle: ninhydrin reaction.

2.2.4 DPPH free-radical scavenging assay. Briefly, 0.5 mL
collagen peptide solution (1-8 mg mL™ ') was mixed with 2.0
mL, 0.1 mM DPPH in methanol, and left in the dark to react for
30 min at room temperature.*’ The absorbance was measured at
517 nm. The scavenging effect of DPPH radical was evaluated
using the following equation.

. .. Acontrol — A
Scavenging activity(%) = ool Zsmle o 000, (1)

Acomrol
Here, Acontrol and Agample Trepresent the absorbance of the
negative control and sample respectively.

2.2.5 Superoxide anion radical scavenging assay. Briefly,
0.2 mL collagen peptide solution (1-8 mg mL~ ') was mixed with
4 mL distilled water and 4.5 mL 50 mM Tris-HCI buffer (pH 8.2)
and incubated at 25 °C for 10 min. Then 0.3 mL 3 mM pyrogallol
solution (HCI as solvent) was added to the mixture and the
absorbance was immediately measured at 320 nm with 30 s
intervals for 5 min.** Distilled water was used as a negative
control. The superoxide anion radical scavenging activity was
calculated using the following equation.

Scomml - S s

Scavenging activity(%) = ale 2 100%  (2)

Scontrol
where Sconrol and Ssample Fepresent the slopes of absorbances of
the control and sample respectively.

2.2.6 Hydroxyl radical scavenging activity assay. Briefly,
1 mL collagen peptide solution (1-8 mg mL ") was mixed with
8 mM 0.3 mL of FeSO,-7H,0, 3 mM 1 mL of salicylic acid in
ethanol, and 20 mM 0.25 mL of H,O, solutions. The mixture
was incubated at 37 °C for 30 min. Finally, distilled water was

39500 | RSC Adv, 2025, 15, 39498-39513

View Article Online

Paper

added to make a final volume of 3 mL. The mixture was
centrifuged at 3000xg for 10 min and the absorbance of the
supernatant was measured at 510 nm. Distilled water was used
as a negative control.*” The scavenging activity of the hydroxyl
radical was calculated according to eqn (1).

2.3 Hydrogel preparation and characterization

2.3.1 Hydrogel preparation. The physically crosslinked
chitosan/PVA-collagen peptide hydrogels were prepared by the
freeze-thaw technique, modified from Figueroa-Pizano et al.
(2019)** and following the protocol from Islam et al. (2024).*
First, the hydrogel precursor solutions of 2% (w/v) chitosan and
10% (w/v) PVA solutions were prepared. 2% (w/v) chitosan
solution was prepared in 0.1 M acetic acid with overnight stir-
ring at room temperature. 10% (w/v) PVA was prepared in
distilled water at 80 °C with 4 hours of stirring and cooled down
before further use. Then chitosan and PVA were mixed at the
desired ratio with 5 minutes of stirring. Collagen peptide was
added at the proper ratio to chitosan with 2 hours of stirring,
followed by 10 minutes of sonication to remove air bubbles and
get a homogenous solution. A cylindrical plastic container was
used as the hydrogel mold. The freeze-thaw cycle was initiated
by keeping the solution at —20 °C for 12 hours to freeze and at
25 °C for 4 hours to thaw, which completed one cycle and thus
continued for four more cycles. After five complete cycles, all the
hydrogels were soaked in distilled water until neutral pH to
remove the excess acetic acid, the unbonded polymer mole-
cules, and ions from the hydrogel. The hydrogels were freeze-
dried and stored in a desiccator until further analysis. Six
hydrogel combinations were prepared by altering two factors —
the chitosan: PVA weight ratio (at 1:5 and 1:10); and the chi-
tosan to collagen peptide weight ratio (at 1:0,1:1,and 1:2). In
this article, chitosan/PVA-collagen peptide hydrogels are deno-
ted by Ch/PVA,-CP), where x represents the weight ratio of PVA
to chitosan (Ch), and y specifies the weight ratio of collagen
peptide (CP) to chitosan. For instance, a sample identified as
Ch/PVA;5-CP; represents a hydrogel with a chitosan and PVA
weight ratio of 1: 5 and a chitosan and collagen peptide weight
ratio of 1:1. All hydrogels having chitosan: PVA ratio 1:5 are
referred to as Ch/PVAs; hydrogels, and the hydrogels having
chitosan: PVA ratio 1: 10 are referred to as Ch/PVA;, hydrogels.

2.3.2 Porosity. The porosity of the freeze-dried hydrogel
was measured according to Kalantari et al. (2020) using the
following equation.'®
Wy — W,

4 % 100 (3)

POrOSity(%) = ﬁ
w i

Here, W4, W;, and W, represent the weights of dry hydrogel,
hydrogel immersed in ethanol, and hydrogel taken out of
ethanol respectively.

2.3.3 Swelling ratio and gel content. The freeze-dried
hydrogel of thickness 5 mm thickness (diameter 10 mm) was
weighed (Wy) and soaked in 10 mL phosphate-buffered saline
(pH 7.4) at 37 °C. After 24 h, gels were taken out, wiped on the
filter paper, and weighed (W). Then the swollen hydrogels were
dried at 50 °C for 48 hours until constant weight (W.). The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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swelling ratio and gel content were calculated using the
following equations.

(W, — Wy)

d

Swelling ratio(%) = x 100 (4)

Gel content(%) = gc x 100 (5)

d

2.3.4 Water evaporation rate. To measure the water evap-
oration rate, the swollen hydrogels (10 mm diameter and
7.5 mm thickness) were kept at 37 °C, 40% humidity, and
weighed at regular intervals until constant weight.** The water
loss was determined with the following equation.

stu/t

Evaporation rate(%) = AT
s f

x 100 (6)
Here, W, W; and W; represent the initial weight, measured
weight at different times, and final constant weight,
respectively.

2.3.5 FTIR. The freeze-dried samples (collagen peptide,
PVA, chitosan, hydrogel) were scanned between 500 and
4000 cm ' wavenumbers using ATR-FTIR (Nicolet™ iS5 FTIR
Spectrometer, ThermoFisher Scientific, WI, USA) to understand
the interaction of functional groups and polymer bonds in the
scaffold.

2.3.6 Scanning electron microscopy (SEM) imaging. The
morphology of hydrogel and collagen peptide were analyzed
with SEM (EVO 18, Zeiss, Germany). The sample was coated
with gold sputtering using a mini sputter coater/glow discharge
system first and then the structure was imaged with SEM at 15
and 10 kv the accelerating voltage.

2.3.7 Mechanical properties of hydrogel. The compressive
mechanical properties of hydrogels (10 mm diameter, 10 mm
thick) were measured with a universal testing machine
(100P250-12, TestResources, USA). The swollen hydrogel was
subjected to a 10 N load cell at a rate of 10 mm min~".

2.3.8 Anti-inflammatory study. The anti-inflammatory
study of the hydrogel is an indirect measure that tests the
hydrogel's ability to inhibit protein denaturation at body
temperature; bovine serum albumin (BSA) was used as a model
protein for this purpose. According to Ruffo et al. (2022), 0.1 g of
hydrogel was immersed in 2 ml, 1 mM BSA dissolved in
phosphate-buffered saline (pH 7.4). The solution was incubated
for 30 min to initiate BSA denaturation and the absorbance was
noted at 660 nm in UV-vis spectrophotometer.** The inhibition
of BSA denaturation was estimated using eqn (5).

Ay — Ay

Inhibition(%) = =
0

x 100 (7)
Here A, and A, are the absorbance at 660 nm, after 30 minutes
of incubation with the control and sample, respectively.

2.3.9 Antibacterial study. The antibacterial activity of the
hydrogels was tested against S. aureus ATCC653 (Gram-positive)
and wild-type E. coli 0157:H7 (Gram-negative) using a modified
Kirby-Bauer disk diffusion method. Muller-Hinton broth and
agar (Himedia) were used as culture media. Hydrogels were

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

sliced (5 mm thickness, 10 mm diameter) and washed with
distilled water. Then the gels were sterilized in a UV chamber
for 30 min followed by rehydration with sterile distilled water
for the next 30 min. Bacteria from overnight liquid culture were
diluted in the range of McFarland standard OD600 = 0.1 (~10°
CFU mL™"). Afterward, the diluted bacteria were inoculated
uniformly on an agar surface with sterile cotton swabs. The agar
surface was dried before placing rehydrated hydrogels on the
agar surface and leaving them in the incubator overnight at 37 ©
C. The inhibition zone was measured by using a scale.

2.4 Statistical analysis

Tests were performed in triplicate and GraphPad Prism soft-
ware was used for data visualization and statistical analysis.
Error bars were obtained as the mean =+ standard deviation
(SD). A two-way ANOVA test was done to check the significance
between results with significance specified as *p < 0.05, **p <
0.01, and ***p < 0.001, n = 3.

2.5 Preliminary in vivo wound healing evaluation

2.5.1 Animals and experimental method. The animal trial
was performed in compliance with the NIH guidelines (2011)
for the care and use of laboratory animals and has been
approved by the Ethics Committee of Department of Chemical
Engineering, Bangladesh University of Engineering and Tech-
nology.”* The preliminary experiment has been designed to
corroborate with ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines. As a preliminary in vivo healing study,
nine albino mice (female, 6 to 8 weeks old, weight 20-30 g) were
used. Animals were separately kept in clean polyethylene cages
under usual experimental conditions of temperature 25 + 2 °C
and fed ad libitum. Three groups of mice were chosen randomly-
one group received the (Ch/PVA;-CP,) hydrogel, the second
group was the positive control group and received local burn
ointment, silver sulfadiazine 1%, and the final group was the
negative control receiving no treatment. In each group, two
mice were tested for wound healing for 7 days and the third
mouse, for 14 days. All animals were anesthetized with Ket-
amine HCI (100 mg ml '), shaved, and sterilized with 70%
ethanol. The burn wounds were induced by a 10 mm (diameter)
metal rod. The metal rod was heated with a Bunsen burner for
20 seconds and placed on the shaved dorsum for 5s to create the
partial-thickness burn wound. This was followed by applying
either the test hydrogels or the positive control ointment,
according to the treatment scheme. The treatments were reap-
plied every two days, after cleaning with sterile saline. The
wound was photographed with a ruler placed at the bottom for
scale. The animals were sacrificed after the completion of the
experimental period.

2.5.2 Measurement of wound area. The changes in burn
area were measured using Image] software from the photo-
graphs. Burn wound healing was expressed as the decrease in
the original burn area percentage. The detailed results have
been discussed in the Supplementary Information Document

(SD).
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3 Results and discussion

3.1 Protein content, amino acid profile, and antioxidant
activity of collagen peptide

The waste skin of snakehead fish, C. striatus, was locally sourced
from Palashi Market and used as raw material to extract
collagen peptide. The final extract was positively identified as
collagen peptide with a simple water solubility test because,
unlike collagen, collagen peptide is highly soluble in water at
room temperature.*® Moreover, under the experimental condi-
tions of high temperature, basic treatment, and enzymatic
hydrolysis as described in the methods, it is unlikely that the
final extract will retain any collagen or gelatin. The product was
subject to further characterization and used as a component of
hydrogels, as described in the following sections.

3.1.1 Collagen peptide characterization. Extracted collagen
peptide (CP) was slightly yellowish, milky-colored granules
(shown in Fig. 1a) that when viewed under a scanning electron
microscope (SEM) revealed open pores on the surface, as rep-
resented in Fig. 1b. The irregular pores in the collagen peptide
likely resulted from the degradation of the collagen fibrils
assembly due to enzymatic action leading to low molecular
weight collagen peptide.*” Chi et al. (2014) extracted collagen
hydrolysate from Spanish mackerel skin and observed that
lower molecular weight collagen peptides had a more open and
porous structure.*® Bradford assay revealed that the total
amount of protein in the extracted peptide from snakehead fish
was 53.31 + 1.26%. That is consistent with the protein content
in mackerel and its by-product hydrolysates with 69.23% and
52.43% protein respectively with Protamex-driven hydrolysis
under different hydrolysis conditions.*® However, the total
protein content does not account for free arginine or lysine, or
polypeptide chains shorter than 3000 Da in the collagen
peptide, a limitation of Bradford assay dye.**** The extracted
peptide was compared with a sample of commercially produced
marine collagen peptide powder (Type I) extracted from wild-
caught, deep-sea fish (purchased from Correxiko, USA). The
details of the comparison of the extracted and commercially
obtained peptide are provided in SI Section S1. The extracted
peptides showed chemical similarities with the commercial
peptide and thus the extracted peptides are expected to show

Fig. 1
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the physio-chemical properties of peptides that are commer-
cially extracted from marine sources.

3.1.2 Amino acid profile. Amino acid analysis of the
extracted collagen peptide (CP) from C. striatus is presented in
Table 1. The extracted CP contains 27.3% glycine, 8.74% argi-
nine, and 14.11% proline, exceeding the corresponding amino
acid levels of collagen peptide extracted from tilapia - 20.4%
glycine, 7.9% arginine, and 10.8% proline.* Glycine takes part
in many important biochemical reactions, including the
production of DNA, proteins, and heme, lipid metabolism,
immune regulation, and neurotransmission. Good biocompat-
ibility, biodegradability, and excellent mechanical properties
along with the potential to improve immunity and inflamma-
tion, wound healing, and even neurological function make it
suitable for biomedical applications.>” Arginine is a proline
precursor. Proline is essential for the synthesis of collagen and
can promote the production of biologically active molecules in
the body.*> While a particular amino acid can trigger a partic-
ular healing pathway, a blend of amino acids can activate
multiple simultaneous pathways to heal a wound. Liu et al.
(2018) reported that among 20 amino acids, nine showed anti-
oxidant activity, and their mixtures demonstrated synergistic
effects.”® Interestingly, some amino acids, like tyrosine, methi-
onine, histidine, lysine, and tryptophan, are inherently antiox-
idant and exhibit even higher antioxidant activity when
incorporated into peptides.** Hence, delivering an amino acid
blend in the form of a peptide to the wound is more effective

Table 1 Amino acid profile of CP

Amino acid Amount (%) Amino acid Amount (%)
Glycine 27.30 Cystine 0.38
Alanine 14.79 Methionine 1.54
Proline 14.11 Isoleucine 0.50
Glutamic acid 11.51 Leucine 1.49
Arginine 8.74 Tyrosine 0.43
Aspartic acid 5.23 Phenylalanine 1.80
Serine 3.86 Histidine 0.61
Lysine 3.21
Valine 2.04
Threonine 2.46

g\i 604 * Superoxide C

_‘? = Hydroxyl

> 509 1 DPPH

° _

S 40- ’

2]

£

o 30
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S

= 201

8

1c T T T T

Concentration (mg/mL)

(a) Physical image of extracted collagen peptide, (b) SEM of freeze-dried collagen peptide, and (c) antioxidant activity (ordinate) of

collagen peptide against superoxide, hydroxyl, showing DPPH free radical increases with higher collagen peptide concentrations (abscissa).
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than as a protein or individual amino acids because peptides
can easily break down into smaller peptides or amino acid
blends with potentially superior antioxidant properties in the
proteolytic wound environment.

3.1.3 Antioxidant properties of the collagen peptide.
Immune cells can fight against microorganisms by producing
reactive oxygen species (ROS), which is the predominant cause
of the inflammatory phase in chronic wounds. In chronic
wounds, the situation can take a turn for the worse by ROS
overproduction and inflicting damage to cells and extracellular
matrix,” eventually delaying the healing process. Existing
literature suggests that the antioxidant properties of potential
wound-healing compounds are closely related to deactivating
the produced ROS by scavenging free radicals, chelating tran-
sition metals, and donating electrons or hydrogen.*® The esti-
mation of the scavenging activity of free radicals provides an
indirect measure of the antioxidant property of the compound.
DPPH assay is widely used to investigate an antioxidant's stable
radical scavenging activity. Although superoxide anion radical
is not a strong oxidant and is not usually evaluated to investi-
gate the antioxidant properties, it is the potential precursor to
other stronger and more damaging ROS like hydroxyl radical.
Therefore, removal or entrapment of hydroxyl radical or its
potential precursor is very important.*’ In our study, the radical
scavenging activity of collagen peptide was assessed by DPPH,
hydroxyl, and superoxide radical scavenging assays. As illus-
trated in Fig. 1c, DPPH, superoxide, and hydroxyl radical scav-
enging activity increased linearly within CP concentrations
ranging from 1-8 mg mL ™" and the strongest scavenging action
resulted in the highest CP concentration (8 mg mL ™).

The highest scavenging action by collagen peptide against
DPPH, OH, and superoxide radicals were 50%, 57.17%, and
42.3% respectively. Another study of snakehead flesh hydroly-
sate reported DPPH scavenging activity ranging from 13.25%-—
22.47% where hydrolysis conditions and procedure were
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different from this study.*® DPPH scavenging activity of Spanish
mackerel collagen hydrolysate ranged from 35.82-65.72% and
the hydroxyl scavenging activity ranged from 41.27-76.99%."®
Therefore, the antioxidant property of the extracted peptide can
be ascribed to its ability to scavenge the superoxide, hydroxyl,
and DPPH free radicals.

3.2 Hydrogel characterization

The collagen peptide extracted from snakehead fish skin were
incorporated into chitosan/PVA hydrogels and their properties
were evaluated to assess their potential as wound healing
material. Chitosan/PVA-collagen peptide hydrogels are denoted
by Ch/PVA,-CP,, where x represents the weight ratio of PVA to
chitosan (Ch), and y specifies the weight ratio of collagen
peptide (CP) to chitosan.

3.2.1 FTIR spectroscopy of hydrogels. FTIR spectra of the
components and the final hydrogel were observed to confirm
the crosslinking within the chitosan/PVA hydrogels incorpo-
rating extracted collagen peptide. As illustrated in Fig. 2a, the
FTIR spectra of PVA represented the characteristic peaks at
3290 cm ™ for -OH stretching, 2920 cm ™ for -CH,-asymmetric
stretching, 1420 and 1090 cm™" for C-O groups, and 833 cm ™"
for C-C stretching vibrations. For extracted peptide, the peaks
at 3270 cm™ " and 3080 cm ™ " represented amide A and B bands,
and 1630, 1520, and 1240 cm™ ' represented the amide I, II, and
IIT bands of polypeptide chains respectively. The peak at 2930,
1450, and 1390 cm™ " corresponds to the C-H stretching vibra-
tions, and C-H and O-H bending vibrations respectively.”” For
chitosan, the peaks were at 1650 cm ' (C=O stretch),
1590 cm™ ' (-NH bend), 1370 cm ™" (-CH bend), and 1020 cm™*
(C-O stretch) on the spectra.”® The broadband signal between
3200-3450 c¢cm ' in the hydrogel shifted and narrowed
compared to pure PVA, pure collagen peptide, and chitosan
spectra, indicating possible electrostatic interaction between
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Fig. 2 (a) FTIR comparative spectra of PVA, chitosan, (Ch/PVAo-CPs) hydrogel, and collagen peptide (CP). Overlapping peaks from PVA, chi-
tosan, and collagen peptide can be observed in the hydrogel spectrum. (b) FTIR spectra of various combinations of chitosan/PVA/collagen
peptide. The spectra showed almost similar characteristic peaks for all hydrogels except for Ch/PVAs-CPq and Ch/PVA;o-CPg (no amide peaks).
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negatively charged peptide and positively charged chitosan®®
complemented by hydrogen bonds between these three
constituent biomolecules.

As illustrated in Fig. 2b, the characteristic peaks at
3270 ecm ' (-OH stretching), 650 cm ' (C=O stretch),
2910 cm ™' (asymmetric ~CH,-stretching), and 836 cm ™' (C-C
stretching) were still present in the hydrogel. The -OH
stretching peak of PVA and chitosan at 3290 cm ™" overlapped
with the amide A band at 3280 cm ™' of collagen peptide and
increased the peak intensity of hydrogel at 3270 cm™'. C-O
stretching vibration at 1020 cm ™" of chitosan and 1090 cm ™" of
PVA overlapped and shifted to 1080 cm ™' for hydrogel. -NH
~! and 1530 cm™ " for
extracted collagen peptide faced intervention and formed an
intermittent peak at 1560 cm ™" instead. Some additional peaks
in the hydrogel were observed due to possible random over-
lapping and hydrogen bonds in the intermolecular attraction;
non-covalent interactions can account for all slight shifts in the

vibration peak of chitosan at 1590 cm

peaks. All hydrogels had similar characteristic peaks (Fig. 2b).
Amide peaks are absent in the formulations with no collagen
peptide (Ch/PVA5-CP, Ch/PVA,,-CPy).

3.2.2 Hydrogel swelling ratio, gel content, porosity, and
evaporation rate. The chitosan and PVA have hydrophilic
groups with high water affinity, but physical or chemical
crosslinking between the polymers can significantly reduce the
dissolution of these polymers. Hydrogels with physical or
chemically bonded polymeric networks are prepared so that
they can absorb water and swell, which mimics the physical
properties of living tissue.®® The swelling capacity of a hydrogel
is inversely correlated to the degree of crosslinking and on the
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other hand, better crosslinking assists the mechanical property
of hydrogel.®* Hence, it is necessary to strike a balance between
these characteristics for optimal hydrogel formulation. As
shown in Fig. 3a, collagen peptide inclusion and PVA variation
impacted the swelling behavior of hydrogel and results showed
an increase in swelling ratio with an increasing amount of
collagen peptide which we hypothesize is caused by more
hydrogen bonds between collagen peptide and water molecules
owing to the presence of amino acids with large side chains®
(like arginine, glutamic acid), hydroxy groups® (like serine,
threonine), and positively charged residues® (like lysine, argi-
nine). Another possible explanation is that the peptides can
partially interfere with the intermolecular hydrogen bonding
and electrostatic interactions between PVA and chitosan,
thereby reducing effective crosslink density. This leads to
a more loosely arranged polymer matrix, which allows greater
water penetration and retention. The combined influence of
these factors likely accounts for the progressive increase in
swelling ratio observed with higher peptide loading. A higher
swelling was observed in Ch/PVAs; hydrogel formulations, as
compared to Ch/PVA;, hydrogels. This occurs because relatively
higher chitosan ratios in the hydrogels (Ch/PVA; hydrogels) can
improve the swelling across a wide range of pH. The hydrogel
formulations contain chitosan as one major constituent and its
ionizable functional groups like -NH,, and —-CH assist the
swelling in both acidic and basic media.** In addition,
increasing PVA concentration has two possible consequences
on the swelling behavior (comparing Ch/PVA; and Ch/PVA;,
hydrogels). First, with the increase of PVA, the likelihood of

crosslink formation also increases,*® resulting in a reduction of
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the free hydroxyl groups in the polymer chain, slightly raising
the hydrophobic nature of the hydrogel. Consequently, the
number of free hydroxyl groups also decreases, decreasing the
possibility to interact and bind with water molecules. Second,
due to the higher crosslinking degree imparted by PVA, free
space and chain mobility inside the network decrease. This
restricts the water molecules from infiltrating, and binding, and
ultimately causes lower swelling of the hydrogels. Ch/PVA;-CP,
demonstrated the highest swelling capacity, reaching
a maximum of 619%. A maximum of 644.2% swelling was
observed for a PVA/Chitosan hydrogel in a study by Yang et al.
(2018).%

Gel content in the hydrogel is a measure of the degree of
cross-linking that is connected to and governs every other
characteristic of the hydrogel. For wound dressing application
of hydrogel, approximately 80% gel content is considered suit-
able,”” and Ch/PVA;-CP, Ch/PVA;,-CP, and Ch/PVA,,-CP,
approach this value. Within each group of Ch/PVA; or Ch/PVA,,,
gel content decreased with increasing concentration of collagen
peptide that was likely caused by the degradation of collagen
peptide during the network formation at higher ratios of
collagen peptide. Collagen peptide degradation during network
formation can arise from chemical modification, hydrolysis, or
aggregation, and because such changes do not necessarily cause
leaching, retention is difficult to evaluate. While monitoring
peptide leaching may not fully capture degradation, it could
provide an indirect indication of peptide loss; therefore, future
work should focus on assessing peptide stability and retention
more directly. Chemically modified hydrogels containing small
molecules like small proteins can undergo gel degradation.®®
Furthermore, among the two hydrogel groups, Ch/PVA;,
hydrogels had relatively higher gel content than Ch/PVA; (p <
0.05) (Fig. 3b). PVA polymerization is mostly governed by
hydrogen bonds formed by the hydroxyl functional groups.*®®
Higher gel content Ch/PVA,, is influenced by stronger intra-
molecular hydrogen bonds due to additional hydroxyl groups.
Although the gel content of Ch/PVA;-CP, gel content falls below
80%, it is crucial to acknowledge that this drop in gel content is
not directly correlated to properties such as swelling ratio and
bioactive properties, which are crucial to wound healing
potential.

The preferred porosity of the scaffolds is generally in the
range of 60-90% for tissue engineering applications.” The
porous scaffold of hydrogel facilitates wound exudate absorp-
tion, nutrient distribution, and a stimulating environment for
cell proliferation.’® The porosity of the hydrogels in this study
was in the same range of 65-85% which emphasizes its suit-
ability for tissue engineering applications. Interestingly, Ch/
PVA,, hydrogels were less porous than Ch/PVA; hydrogels (p <
0.05) which can be simply explained as the presence of more
PVA in the same volume of hydrogel (Fig. 3c). This result can be
associated with crosslinking density or gel content. With the
increase in cross-linking density, the distance between the PVA
network decreases and forms a more compact structure. In
addition, the hydrogel structure is governed by solution
viscosity, and increasing the crosslinking degree can result in
viscous, dense, and compact hydrogel with smaller pores.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, with the increasing amount of collagen peptide in
each group of Ch/PVA; or Ch/PVA,, hydrogels, porosity is
further decreased. This is attributed to the presence of collagen
peptide, which could be filling up the pores and a similar effect
can be seen in other Ch/PVA-based hydrogels.”

Fig. 3a and c show that for higher collagen peptide and PVA
amounts per unit volume, swelling ratios increased, yet poros-
ities show a decrease. One would anticipate that the swelling
ratio would increase for the hydrogels with higher porosity but
the results are quite the opposite, because swelling is also
a function of how tightly the polymer networks are cross-linked.
This behavior can be further explained by the movement and
realignment of the networks within the hydrogel during
swelling independent of the porosity of the hydrogel.®®

The water evaporation rate is an important assessment to
understand the water retention capacity of the hydrogel.
Hydrogel dressings should exhibit a lower evaporation rate for
faster healing, less pain, and greater cost savings.” According to
Fig. 3d and e, Ch/PVA,, hydrogels could retain water better than
Ch/PVA; hydrogels. It can be observed from Ch/PVA; (Fig. 3d)
and Ch/PVA,, (Fig. 3e) that neat Ch/PVA hydrogels without
collagen peptide (Ch/PVA5-CP,, Ch/PVA,,-CP,) demonstrated
more water evaporation than collagen peptide-loaded hydro-
gels; interestingly, a lower amount of collagen peptide showed
lower evaporation and better water retention capacity. This
corroborates the hypothesis from other characterization
studies, that increasing the collagen peptide content causes
increasingly denser and more compact hydrogels, with
a decrease in water retention. An optimum hydrogel composi-
tion of the Ch/PVA to collagen peptide should be chosen with
a lower evaporation rate (higher retention) and high swelling
ratio and this is shown by Ch/PVA;5-CP,.

3.2.3 Mechanical and morphological properties. Hydrogels
should have good mechanical properties to cope with the
dynamic stretching of skin. Compressive tests were performed
to evaluate the mechanical properties of the hydrogel dressings,
as this method is more relevant to their clinical application.
Hydrogels are soft, non-load-bearing materials that primarily
experience compressive forces when applied to wounds. As
noted by Boateng et al. (2008), compressive testing is commonly
used to characterize foam and hydrogel dressings, while tensile
testing is typically reserved for film-based or structural formu-
lations.”™ Since PVA provides additional reinforcement to the
structure, increasing PVA (Ch/PVA,,) resulted in the expected
improvement of mechanical properties that elevated the frac-
ture stress and compressive modulus of the Ch/PVA,, hydrogels
as compared to Ch/PVA; hydrogels formulations, as evident
from Fig. 4a-c. In the Ch/PVA; hydrogels, increasing the
collagen peptide did not improve the fracture stress (Fig. 4a),
conversely for Ch/PVA;, hydrogels, fracture stress improves
with the increasing amount of collagen peptide (Fig. 4b). This
behavior can be associated with the formation of a greater
number of hydrogen bonds and a subsequent reduction in the
pore size,*® which has already been demonstrated for Ch/PVA,,
hydrogels in Fig. 3c. Peng et al. (2019) also demonstrated that in
hydrogels composed of PVA and chitosan combined with bone
marrow mesenchymal stem cells, the compressive strength
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Fig. 4 Mechanical properties of hydrogel; stress—strain curves for (a) Ch/PVAs hydrogels, and (b) Ch/PVA;o hydrogels — unlike Ch/PVAs
hydrogels, the Ch/PVA;o hydrogels fracture stress improves with an increasing amount of collagen peptide. (c) Compressive modulus of
hydrogels —— with a lower amount of collagen peptide loading, the cross-linked network is more elastic, but increasing the amount of collagen
peptide contributed to the cross-linking and formed comparatively rigid hydrogels. Error bars represent the means standard error for n = 3 and
*p < 0.05, **p < 0.01, and ***p < 0.001 compared with Ch/PVA5-CPy and Ch/PVA5-CPq as controls for corresponding groups.

increased with higher PVA content.®* Nevertheless, it is recom-
mended to choose the best PVA/chitosan ratio based on various
crucial attributes rather than solely focusing on the best
mechanical properties.®” Improved fracture stress of Ch/PVA,,-
CP,;, and Ch/PVA,,-CP, hydrogels compared to no collagen
peptide hydrogel (Ch/PVA,,-CP,) also indicates that collagen
peptide-loaded hydrogels are more flexible than the no collagen
peptide gels (Fig. 4b). This behavior can be explained by the
hydrogen bonding or intermolecular attraction between poly-
mers. During compression, collagen peptide-loaded in the
hydrogel realigns to rearrange the chitosan/PVA backbone.
Although adding peptides does not improve the mechanical
properties as much as polyvinyl alcohol (PVA), as seen in
Fig. 4a-c, the collagen peptides help stabilize the network by the
hydrogen bonds. This interaction offers some improvement in
fracture stress but has little effect on the compressive modulus.

According to Fig. 4c, for an increasing amount of collagen
peptide-loaded in both Ch/PVAs5 and Ch/PVA;, hydrogels,
compressive moduli decreased gradually, hit a trough, and then
increased again. The findings indicate that with lower levels of
collagen peptide loading, the cross-linked network is more
elastic, but increasing the amount of collagen peptide contrib-
uted to the cross-linking and formed comparatively rigid
hydrogels. During compression testing, chitosan polymer
absorbed a large amount of fracture energy, and the PVA poly-
mer contributed to maintaining the structure of the hydrogel,
which contributed to the perfect mechanical properties of
hydrogels.® It is important to note that the strong mechanical
properties of hydrogels may hamper tissue regeneration on the
grafted gel surface due to shearing stress.® Hence, Ch/PVA;-CP,
may be considered an optimal choice as it retains both the
desired mechanical strength and plasticizing effect.

Following lyophilization, SEM analysis revealed highly
interconnected pore networks with robust crosslinking inside
the hydrogel suitable as a nano-scaffold (Fig. 5). Although the
images suggest a substantial degree of crosslinking, no
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regularity in the network can be observed. PVA forms a hexag-
onal network by bonding with water molecules upon freezing.
The freeze-thaw process induces polymer crystallization, partial
alignment of molecular chains, and formation of ordered
regions called lamellae, which then aggregate into larger
structures known as spherulites.** Repeated freeze-thaw cycles
generate a porous network within the hydrogel, with polymer
crystallites serving as junction points that strengthen the
structure.” This technique forms hydrogen bonds among PVA
molecules and yields a porous three-dimensional structure with
better mechanical properties.” When a chitosan/PVA structure
is cross-linked via the freeze-thaw cycle, the introduction of
chitosan possibly leads to a decrease in the degree of crystal-
linity of PVA and disrupts the formation of a uniform PVA
network.” In our scenario, both chitosan and collagen peptide
contribute to disrupting the network structure as can be seen
from gel content studies. Furthermore, Ch/PVA;, hydrogels
appear to be more defined, and highly crosslinked compared to
Ch/PVA; hydrogels suggesting the influence of a higher amount
of PVA. Noticeably, there were no aggregates or visible buildups
inside pores which indicates the homogeneous dispersion and
integration of CP with the structure facilitated by effective
interaction with PVA and chitosan. The open porous structure
of hydrogel is necessary for exudate absorption, nutrient
transport, cell adhesion, growth, and proliferation, and overall,
accelerating wound healing.” Interestingly, when the porosity
of hydrogel was tested using ethanol, Ch/PVA,, hydrogels
exhibited lower porosity than Ch/PVA; hydrogels (Fig. 3c). Since
no regular network is observed in the images, a definitive
correlation between porosity and PVA content in the gel would
be difficult to ascertain from the SEM images only.

3.3 In vitro bioactive properties of hydrogels

The in vitro anti-inflammatory assay indirectly measures
inflammation by considering that tissue protein denaturation,
i.e., losing the secondary, tertiary, and quaternary structure of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ch/PVA,-CPy

Ch/PVA-CP,

Fig. 5 SEM images of hydrogels for Ch/PVAs hydrogels (top row), Ch/PVA;q (bottom row), and Ch: CP of 1:0, 1:1, and 1:2 combinations
(arranged left to right, respectively). The images suggest a substantial degree of irregular crosslinking in the hydrogel. (Ch- Chitosan, CP-

Collagen Peptide).

the protein, can culminate into inflammation.**”® The hydro-
gels were tested using bovine serum albumin (BSA) denatur-
ation assay by inducing BSA denaturation at 37 °C incubation.
Although it is well known that BSA unfolds above 65°C,** at pH
7.0 and temperatures above 30 °C the amount of a-helix
decreases, and B-structure and disordered structure gradually
increases.®® The highest BSA denaturation inhibition was
observed for Ch/PVA;-CP, (44.9 + 2.4%) and Ch/PVA,(-CP, (43.3
=+ 2.83%). BSA denaturation inhibition potential for Ch/PVA;-
CP, (42 £ 2.76%) was close to Ch/PVA;-CP,. Apart from these,
Ch/PVA,,-CP; showed good anti-inflammatory activity (>30%).
In a previous study, carboxymethylcellulose hydrogels contain-
ing silver nanoparticles were found to inhibit BSA denaturation
by 53 £+ 0.6%.** Among the tested hydrogels, Ch/PVA5; showed
overall better performance than Ch/PVA,, (p < 0.05) (Fig. 6b).
For a particular Ch/PVA group, anti-inflammatory activity
showed a positive correlation with the amount of collagen
peptide in the gel.

Bacterial infection can disrupt the healing process and be
life-threatening, if not intervened at early stages. As a wound
dressing, hydrogel should demonstrate antimicrobial proper-
ties to fight against bacterial infection and protect the wound.*
The antibacterial test for formulated hydrogels against E. coli
and S. aureus revealed that the zone of inhibition for Ch/PVA;
formulations was greater than Ch/PVA,, formulations (p < 0.05),
as illustrated in Fig. 6b, owing to the higher concentrations of
chitosan Ch/PVAs; hydrogels than Ch/PVA;, hydrogels. For
Gram negative bacteria, the zones of inhibitions the Ch/PVA;
hydrogels were in the range of 13.17 & 0.33 mm to 14.57 + 0.24
mm, significantly higher than for Ch/PVA,, hydrogels which
showed 11.57 £+ 0.33 mm to 12.93 £ 0.4 mm. For the Gram-
positive bacteria, the zones of inhibitions of the Ch/PVA;

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrogels were in the range of 14.67 = 0.85 mm to 16 + 0.41
mm. Compared to this, the Ch/PVA,, hydrogels showed zone of
inhibition in between 12.73 + 0.21 mm to 13.93 £ 0.33 mm,
which were lower than those for the Ch/PVAs hdyrogels. In
a study with chitosan-gelatin based hydrogels the disk-diffusion
zones of inhibition against E coli and S aureus were approxi-
mately in the range of 10 to 12 mm and 6 to 8 mm, respec-
tively.** These results are quite similar to our findings.

Furthermore, the antibacterial properties of the hydrogels
did not significantly change with the varying amount of
collagen peptide in different formulations. No antibacterial
property of the collagen peptide was found against E. coli and S.
aureus in the broth dilution method (see Fig. S2 in SI). Images of
the disk diffusion test of hydrogels are attached in the Fig. S3.
Therefore, the antibacterial properties of the hydrogels can be
solely attributed to chitosan, a biomolecule with broad-
spectrum antibacterial properties.** While chitosan has excel-
lent antibacterial properties it is also noticeable in Fig. S2 that
the inhibition zone was limited because of poor spreadability of
chitosan® through agar medium. Positively charged chitosan
can react with negatively charged surface components on the
bacterial cell causing membrane disruption, cell permeation,
and eventually, cell death.? It is to be noted that a similar study
done using hydrogels composed of chitosan, PVA and
commercially available peptides showed good cytocompatibility
with mammalian cells. When selecting an ideal candidate for
a wound dressing, the primary focus should be its bioactive
properties. Ch/PVA;-CP, can be a promising choice for wound
dressing considering the exceptional anti-inflammatory, anti-
oxidant (attributed to high collagen peptide content), and
antibacterial (stemming from high chitosan content) activity
and therefore selected as the treatment in animal trials.
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Fig. 6 Bioactive properties of hydrogels. (a) Anti-inflammatory activity to inhibit Bovine Serum Albumin (BSA) denaturation-anti-inflammatory
activity demonstrated a positive correlation with the collagen peptide concentration in the gel (b) antibacterial activity against E. coli, and S.
aureus — better antibacterial activity can be observed for Ch/PVAs hydrogels owing to the higher amount of chitosan per unit mass of hydrogel.
Error bars represent the means standard error for n = 3 and *p < 0.05, **p < 0.01, and ***p < 0.001.

3.4 Invivo wound healing evaluation

Preliminary in vivo studies were carried out using Ch/PVA5-CP,
hydrogel as a burn wound treatment on mice subjects, divided
into three groups (test; positive control, i.e. Silver sulfadiazine
1%; and negative control, i.e. no treatment). Silver sulfadiazine
is a sulfonamide-containing antibacterial agent and is usually
used to prevent, manage, and treat burn wound infections.*® In
this study, we initially tested two mice from each group (deno-
ted in SI figures as mice of Batch 1 and Batch 2) for 7 days, then
investigated one mouse from each group further for 14 days
(denoted in SI figures as Batch 3). For comparison for the first 7
days, the results are shown in Fig. 7. On the second day after the
wounds were made, wounds on all the animals displayed
swelling and an increase in wound area as the natural

inflammatory response of the body increased blood flow to the
area.® The initial average burn wound area for all groups and
batches was approximately 1.5 £ 0.15.%° By the end of 7 days, the
average wound size of the animals treated with the hydrogel
decreased by approximately 20% of its initial size in all batches,
with the lowest wound area measuring about 1.23 cm?, Detailed
photographs and figures and details of results of these
preliminary animal trials can be found in the SI (Fig S4-Fig S7).
In the batch of mice tested for 14 days, the initial swelling for
the hydrogel was higher however, at the end of the trial period,
for the animals treated with Ch/PVA5;-CP,, the wound size
reduced to less than 50% of its initial size for the hydrogel-
treated group. On the other hand, the negative control
animals showed an average final area of around 1.3 cm?, and

Percentage of wound area (n=3)

175

=== Chitosan-PVA-
peptide hydrogel

= & = Positive Control

- Negative Control

Percentage of Wound Area
(%)

1 2 3

4 7

Number of days after wound

Fig.7 Healing rate comparison for random mice from two batches observed for 7 days. For all batches, mice were divided into three groups, the
black profile shows the results for the group receiving chitosan-PVA-peptide hydrogel, red shows the results for the group receiving commercial

ointment, and the blue shows the group receiving no treatment.
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the positive controls showed a final area of 1.1 cm?. Although
the results of this study have not included animal trials with
chitosan-PVA with no peptide hydrogel, similar results have
been shown in studies using chitosan or chitosan/PVA based
hydrogels where the wound area decreases by 20% to 80%
during 7 and 14 days.*”**

A summary of the results show that the hydrogel can offer
enhanced healing compared to untreated healing, and in some
cases, even higher healing rates as compared to a commercial
ointment. However, more rigorous animal trials must be carried
out to determine the healing efficacy and histological studies
must be carried out to prove the superior nature of healing of
the hydrogels.

4 Conclusion

Marine collagen peptide was extracted from locally sourced
Channa striatus skin, which is typically an aquaculture waste
product. The peptides were extracted utilizing enzyme hydro-
lysis, and the product retained 53.31% protein according to
Bradford assay. ATR-FTIR of the extracted peptide confirmed
the existence of characteristic amide bonds, representing
a random coil structure. SEM images revealed the morphology
of the extracted peptide and showed open structure indicating
lower molecular weight of the peptide resulting from enzymatic
hydrolysis. The salient features of the collagen peptide (CP)
includes its enhanced antioxidant activity against DPPH radical,
hydroxide radical, and superoxide free radicals. The amino acid
profile showed 27.3% glycine, 8.74% arginine, and 14.11%
proline, matching the amino acid profile of collagen peptide as
found in the literature. Glycine is critical for lipid metabolism,
immune regulation, and neurotransmission. It offers good
biocompatibility, biodegradability, and strong mechanical
properties and can enhance immunity, reduce inflammation,
promote wound healing, and improve neurological function.
Proline is vital for collagen synthesis and production of bio-
logically active molecules which is also a precursor of arginine.>*
These properties of the collagen peptide indicate that highly
bioactive collagen peptide can be yielded from local marine
sources through a facile extraction process. Incorporating the
collagen peptide into chitosan/PVA hydrogels prepared via
a non-toxic freeze-thaw process further showcased the sustain-
able preparation of hydrogel structures for biological applica-
tions. The various blends of chitosan/PVA-collagen peptide were
investigated to find a structure that showed highly robust
mechanical properties yet showed swelling ratios and water
retention properties conducive to accelerated wound healing.
Two groups of hydrogels with chitosan/PVA ratio of 1: 5 and
1:10 weight ratio with increasing collagen peptide in each
group (chitosan/collagen peptide ratio 1:0, 1:1, and 1:2)
were investigated. Ch/PVA; hydrogels demonstrated better
swelling capacity that increased with increasing amount of
incorporated collagen peptide in each group. SEM images of
the freeze-dried hydrogels verified the highly porous and
irregular network ideal for wound exudate absorption and
nutrient transfer. The incorporation of collagen peptide di-
srupted the network, decreasing the cross-linking (gel content)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as compared to neat chitosan-PVA hydrogels. Incorporation of
collagen peptide caused higher swelling and we hypothesize it
is due to more hydrogen bonds of the collagen peptide with
water molecules owing to the presence of amino acids with
large side chains® (like arginine, glutamic acid), hydroxy
groups® (like serine, threonine), and positively charged resi-
dues® (like lysine, arginine). Regardless of collagen peptide
content, increasing the PVA amount in the hydrogel showed
higher gel content, resulting in compact hydrogel structures
with lower porosity and swelling. FTIR spectra hint at collagen
peptide forming bonds with chitosan and PVA via electrostatic
interaction and hydrogen bond which may have resulted in
reduced porosity by dense packing of materials within the
three-dimensional network. The swelling ratio is the key
structural property of hydrogel for wound healing applica-
tions, and Ch/PVA;-CP, showed a maximum swelling of 619%.
For topical applications, mechanically stable hydrogels
mimicking the elasticity of the skin are desired and Ch/PVA;
hydrogels were more elastic in terms of compressive modulus.
The compressive modulus of the hydrogels revealed that lower
concentrations of collagen peptide had a plasticizing effect on
the gels. The Ch/PVA;-CP, hydrogel is promising for wound
healing for its antibacterial properties against E. coli (13.6 +
0.6 mm inhibition zone) and S. aureus (14.7 £ 0.4 mm inhi-
bition zone), antioxidant (hydroxyl, superoxide, and DPPH
scavenging) effects, anti-inflammatory (44.9 + 2.9%) effects,
and a good balance of strength and elasticity. Based on
preliminary animal trials conducted on mice, Ch/PVA5-CP,
demonstrated superior performance compared to both
commercial burn ointment (silver sulfadiazine 1%, positive
control) and no treatment (negative control), thereby, high-
lighting the potential of chitosan-PVA hydrogels incorporating
locally sourced bioactive collagen peptide as a burn wound
treatment. However, there is scope for further improvement of
collagen peptide extraction yields, exploring additional
combinations of extracted collagen peptide in the hydrogel,
purifying and sequencing the most potent bioactive collagen
peptide from the blend of extracted collagen peptides, and
conducting comprehensive animal trials. Further research is
worthwhile since the hydrogels of the study are formulated
from waste skin of local fish and thus can play a positive role in
circular economy such fishing sector wastes.
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Research: Reporting of In Vivo Experiments) guidelines. The
study was conducted in accordance with the U.K. Animals
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