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Calcium phosphate reinforced chitosan—
carrageenan scaffolds: characterization and
in vitro assessment for wound healingt
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Wound healing is a multifaceted and dynamic biological process, which traditional wound dressings often
fail to adequately support, leading to prolonged healing times. It would be highly beneficial to develop
wound dressings with the ability to support biological processes such as cell proliferation and angiogenesis
and deliver the active agents required to restore intracellular activities to promote wound healing. The
current work aimed at developing a polyelectrolyte complex of chitosan (CH) and an anionic polymer, con-
densed with calcium phosphate (CaP) powder to attain antibacterial and angiogenic potential, cell prolifer-
ation, appropriate swelling index, and enhanced wound healing. Polyelectrolyte complexes (PECs) were for-
mulated using chitosan (CH), as a cationic polymer and pectin (PE), sodium alginate (SA), and carrageenan
(CA), respectively, as an anionic polymer through a lyophilization process. PEC formation was confirmed by
FTIR, XRD, and DSC by observing the changes in their vibrational frequencies, structures, and thermal pro-
perties. SEM revealed the porous structure of the scaffolds. From the prepared PEC scaffolds, chitosan—car-
rageenan (CH-CA) was selected for further studies based on the swelling index, porosity, and degradation
studies. Following the production of CaP powder using a microwave-assisted synthesis method, the powder
was characterized by FTIR, SEM, XRD, and energy dispersive X-ray (EDX) techniques before being loaded
onto CH-CA scaffolds. The results demonstrated approximately 60.75% release of calcium ions (Ca**) from
the CH-CA scaffolds in PBS, pH 5.5, as analysed by atomic absorption spectroscopy (AAS) over 24 h. The
scaffolds demonstrated a higher swelling index and exhibited antimicrobial activity against E. coli and
S. aureus. The scaffolds were found to be hemocompatible and demonstrated angiogenic potential, evi-
denced by stimulating new blood vessel development in a chick yolk sac membrane assay. Cell proliferation
studies demonstrated the cytocompatibility of the scaffolds, and improvement in the cell density of the
1929 mouse fibroblast cell line was observed in a live/dead assay. In conclusion, the calcium-loaded CH-CA
scaffolds demonstrated antimicrobial properties, increased angiogenesis, blood compatibility, and cell pro-
liferation, indicating their potential as an appropriate wound dressing material.
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1. Introduction

A wound is defined as a disruption in the skin’s or mucosa’s
epithelial lining, which may result in temporary or permanent
damage. Wounds often occur because of various reasons such
as physical trauma, cuts, burns, diseases or accidents.’ In
response to such an injury, the tissue regeneration process
facilitates the repair of wounds, involving various types of
cells, cytokines, and a stable supply of ions.” During the tissue
regeneration process, a range of molecular and cellular events
take place along with various physiological changes in the
body.? Upon tissue injury, calcium ions are reported to play a
significant role in regulating various signalling pathways,
which affect the intracellular activities essential for wound
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healing.? Studies have reported that extracellular calcium con-
centration rises post-injury and remains elevated during the
proliferative and inflammatory stages. As both an extracellular
signaling molecule and an intracellular secondary messenger,
the calcium ion facilitates diverse cellular activities such as
activation of immune cells, fibroblasts, and keratinocyte
growth and differentiation, which play a significant role in
wound closure and formation of new tissues.” Moreover,
calcium is often referred to as clotting factor IV, which may
trigger the intrinsic coagulation cascade, which aids in throm-
bin formation, thus assisting in blood clotting during the
hemostatic ~phase through platelet plug formation.®
Furthermore, it is reported to stimulate angiogenesis, a vital
and an essential stage in wound healing.” It aids in the recon-
struction of the extracellular matrix during the remodeling
phase.” Phosphate, in addition to calcium ions, plays a crucial
role in wound healing by supplying the metabolic energy
required for diverse cellular processes.® Therefore, developing
wound dressings that release calcium might be an effective
strategy to promote wound healing.

Various types of natural and synthetic polymeric materials,
as well as their combinations, can be used to develop wound
dressings. Despite significant progress in the field of wound
dressing materials, there is still more to be done to create
dressings that can ensure optimal hydration, guard against
infection, and be simple to apply.® Recently, there has been
great interest in the use of natural polymers for wound dres-
sing due to their biocompatibility and close resemblance to
the extracellular matrix (ECM). Natural polymers can be
readily accepted by the biological system without stimulating
immunological linked with synthetic
polymers.*°

Chitosan (CH) is an excellent cationic biopolymer widely
used for to its wound healing potential, owing to its character-
istics including biocompatibility, antimicrobial, hemostatic,
and anti-inflammatory properties.'™'* Despite all the benefits
that CH offers, its limited mechanical strength, rapid degra-
dation, and poor adhesion limit its use in the development of
wound dressing scaffolds. Hence, developing PECs of CH with
an oppositely charged anionic polymer is a strategy to over-
come the limitations of CH. The electrostatic bonding within
oppositely charged polymers is necessary for PEC formation.
Studies have reported that CH-based PECs exhibited improved
performance in enhancing wound closure. Yasayan G et al.
developed chitosan/pectin-based polyelectrolyte complex films
encapsulating silver sulphadiazine for wound healing by a
casting and solvent evaporation method, and they displayed
improved properties in terms of durability and excellent
wound healing properties.® Similarly, Alven S et al also
described chitosan-based scaffolds incorporated with silver
nanoparticles as a wound dressing material. These scaffolds
demonstrated superior antibacterial properties with good bio-
compatibility and low toxicity which are essential qualities of
an ideal wound dressing material.**

The aim of the current study was to develop a PEC-based
CH film using three anionic polymers: pectin (PE), carragee-
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nan (CA), and sodium alginate (SA), which were selected based
on a literature survey. PE is a heteropolysaccharide mainly
composed of « (1-4) linked p-galacturonic acid residues. It is a
polyanionic polymer extracted from citrus fruits and is known
for its biocompatibility and excellent water absorption pro-
perties. Nordin NN et al. developed drug-free pectin hydrogel
films at two different concentrations: 2.5% and 5%, using a
solvent evaporation method for the treatment of thermal burn
wounds. The 5% concentration film demonstrated superior
antimicrobial activity and facilitated faster wound healing in
streptozotocin-induced diabetic rats.'®

CA is a sulfated polysaccharide reported for use in wound
healing. It is a biocompatible angiogenic and haemostatic
agent, with good water-absorbing ability, making it suitable
for wound closure by absorbing wound exudates.'® Ulagesan
et al. formulated a k-carrageenan-R-phycoerythrin hydrogel for
wound healing application. This hydrogel exhibited excellent
antioxidant and antimicrobial activities along with a microporous
and interconnected structure and good biodegradability."”

SA is an anionic natural polymer obtained from brown
algae. It is reported to be a non-toxic, biocompatible, readily
available, inexpensive, and haemostatic polymer widely
explored as a wound dressing material.'® Ishfaq B et al. devel-
oped a sodium alginate-based hydrogel dressing incorporating
an extract of Betula utilized for wound healing by a solvent
casting method, and it exhibited optimal folding endurance,
an appropriate thickness, and antioxidant and antimicrobial
properties.*®

Considering the benefits offered by CH as a cationic
polymer, and pectin, carrageenan, and sodium alginate as
anionic polymers, PEC-based films were developed by the lyo-
philisation technique. The formulation of PECs was confirmed
by different analytical techniques such as FTIR, DSC, and
XRD. Furthermore, the lyophilized PECs were loaded with syn-
thesized CaP powder. Calcium phosphate powder was syn-
thesized by a microwave-assisted method and characterized by
various in vitro techniques. The calcium-loaded PEC scaffolds
were evaluated in terms of swelling index, in vitro release,
angiogenesis, hemocompatibility, antimicrobial activity, and
in vitro cell proliferation. Thus, this study shows that the devel-
opment of calcium-loaded PEC scaffolds is a promising
approach for wound healing applications.

2. Materials and methods
2.1 Materials

Calcium hydroxide (99.8% purity, extra pure) was purchased
from LOBA Chemie (Mumbai, India). ortho-Phosphoric acid
(85% purity, AR grade) was purchased from LOBA Chemie
(Mumbai, India). Chitosan (98% purity, 93% deacetylation,
MW 190 000-310 000 Da, viscosity 300-1000 cps) was pur-
chased from Research Lab Fine Chem Industries (Mumbali,
India) and sodium alginate (91% purity, MW 12 000-40 000
Da, viscosity 30 cps) was purchased from LOBA Chemie
(Mumbai, India). Pectin (extra pure, MW 30 000-100 000, vis-
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cosity 400-800 cps) was purchased from LOBA Chemie
(Mumbai, India). l-Carrageenan (MW 100,000 Da, viscosity
14 mPa. s) was purchased from HIMEDIA (Mumbai, India). All
of the chemicals used were of analytical quality.

2.2 Preparation of scaffolds by a polyelectrolyte complex
method

The PEC-based scaffolds were prepared by dissolving anionic
polymers CA, SA, and PE separately in distilled water at 2% w/v
by constant stirring. CH was dissolved in acetate buffer (pH 4)
at 2% wi/v. Furthermore, the anionic polymer solutions were
added dropwise to the cationic CH solution separately with
constant stirring at 1000 rpm for 3 h to obtain a weight ratio of
1:1 for each cationic and anionic polymer. These mixtures
were then poured into a silicone mould (1 x 1 cm?) and kept
for deep freezing for 24 h at —80 °C (Remi ULT-185). Following
this, the samples were lyophilized (Martin Christ, Alpha 2-4
LSC, an der Untener Sose, Germany) under freezing conditions
for 30 minutes, warmed up for 20 minutes, and subjected to a
main drying process for 4 h under vacuum (0.0050 m bar) and
a final drying process for 4 h (vacuum, 0.1000 m bar). The
freezing cycles were repeated for 4 days to eliminate the moist-
ure completely.”® The dried scaffolds were carefully removed
from the moulds and characterized using FTIR, XRD, DSC,
and SEM.

2.3 Characterisation of PEC-based scaffolds

2.3.1 FTIR. The FTIR absorption spectra of CH, PE, SA,
CA, and their PEC-based scaffolds CH-CA, CH-PE, and CH-SA
were recorded using a Bruker Alpha-II spectrophotometer
(Germany, Europe) with multiple-reflection ATR (attenuated
total reflectance). Using a resolution of 4 cm™, scanning was
performed across the range of 400-4000 cm™".>" To achieve the
best possible contact between the sample and the ATR crystal,
the sample was placed on the surface of the ATR crystal and
forced down with a swivel press. OPUS software was used for
peak processing.

2.3.2 Surface morphology (SEM). The surface morphologi-
cal studies of the PECs were conducted using field emission
scanning electron microscopy (FESEM, FEI, Apreo LoVac).
Samples weighing about 5 mg were coated with a 20 nm layer
of platinum in order to make them electrically conductive.
Furthermore, the samples were scanned in the FESEM
chamber using an acceleration voltage of 20.00 kV and a
vacuum pressure of 1.30 x 10~* Pa. Photomicrographs were
captured at various magnifications.>’

2.3.3 XRD. The X-ray diffraction spectra of the polymers
CH, PE, and SA, as well as the CH-CA, CH-PE, and CH-SA
scaffolds, were recorded using an X-ray diffractometer (Rigaku
Model ULTIMA 1IV) with Cu K 2a rays with an energy of 40 kv
and a current of 40 mA. The samples were scanned at 20
angles from 10° to 80°.>

2.3.4 Differential scanning calorimetry (DSC). The thermal
analysis of the polymers CH, CA, SA, and PE, as well as their
PECs, was performed using differential scanning calorimetry
(Hitachi DSC7020, Tokyo, Japan). The sample (1 mg) was
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heated under a continuous 20 mL min~" nitrogen flow rate
and a 10 °C min™" heating rate. Using a blank aluminium pan
as a reference, the DSC thermograms were recorded in the
temperature range of 30-300 °C.>*

2.3.5 Swelling index and porosity studies. The swelling
index of the PECs was calculated by immersing pre-weighed
samples of CH-CA, CH-PE, and CH-SA in PBS (pH 7.4) for a
period of 5 h. After 5 h, the samples were reisolated, and, with
the help of fine paper, the extra water on the surface of the
PEC was removed and dried completely.”® The dried scaffolds
were weighed again, and the swelling index was calculated
using the following formula:

Swelling ratio = (W — W;)/Wj x 100 (1)

where W; is the weight after 5 h and W is the initial weight of
scaffolds.

Porosity studies were performed on each PEC scaffold to
assess their effectiveness in wound healing applications.
Initially, the dry weight of each PEC was recorded using an
analytical balance. The PECs were then submerged in 100%
ethanol in a graduated cylinder, ensuring full immersion, and
soaked for 24 h at room temperature to allow thorough pene-
tration of ethanol into the pores of the PECs. After complete
soaking, the PECs were carefully removed and blotted gently to
remove excess ethanol without compressing their structure
and weighed again.*

The %porosity of PECs was determined by using the follow-
ing formula:

%porosity = ((W¢ — Wi)/pethanol/V) X 100 (2)

where Wy and W; are the weights before and after immersion
in alcohol. The volume of alcohol is denoted as V, and the
density of ethanol is denoted as p.

2.3.6 Degradation studies. Degradation studies were
carried out on each PEC-based scaffold using the ninhydrin
reagent method to evaluate their stability and degradation
profile. Each PEC was submerged in a buffer solution (pH
7.4) to simulate physiological conditions. At respective time
intervals, 1 mL sample was withdrawn from the solution.
Fresh buffer was added to the withdrawn volume to main-
tain the sink condition. To 1 mL of this withdrawn
sample, an equivalent volume of 8% ninhydrin reagent was
added. The mixture was then heated at 80 °C for 15 min in
order to facilitate the reaction between ninhydrin and the
degradation products, typically the amino acids released
from the PEC. After heating, the absorbance of the resulting
solution was measured at 570 nm using a UV-visible
spectrophotometer.?®

2.4 Synthesis of CaP powder

The CaP powder was synthesized by a simple co-precipitation
method using microwave-assisted synthesis. Initially, solutions
of 045 M H;PO, and 0.75 M Ca(OH), were prepared.
Subsequently the 0.45 M H3;PO, aqueous solution was added
to the 0.75 M Ca(OH), aqueous suspension under continuous
stirring conditions at room temperature. Then, the resultant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction mixture was subjected to microwave irradiation at 850
W for 11 minutes in a microwave synthesizer (Catalyst, CATA
2R, India). The resulting white paste was dried in an oven to
obtain a dry powder. The CaP powder was formed with a con-
stant Ca/P molar ratio of 1.5.>” The synthesized Ca phosphate
powder was then subjected to different characterization tech-
niques, including FTIR, SEM, DSC, XRD, SEM, and EDX. The
reaction for the synthesis of calcium phosphate is outlined
below:

3H3PO, + an(OH)Z — Caj (PO4)2 + 6H,0. (3)

2.4.1 Characterization of CaP powder. The IR absorption
spectra of the CaP powder were recorded using an FTIR
spectrophotometer (Shimadzu, 8400S, Japan) across the range
of 400-4000 cm™'. Using an X-ray diffractometer (Rigaku
ULTIMA IV) and Cu K 2a rays with an energy of 40 kV and a
current of 40 mA, the X-ray diffraction analysis was performed.
The samples were scanned at 26 angles from 5° to 80°. The
surface morphology was studied using FESEM (FEI, Apreo
LoVac, USA) images. Energy-dispersive X-ray spectroscopy
(EDX) of the synthesized calcium phosphate was carried out to
determine the elemental composition. EDX analysis was per-
formed using an Oxford Instruments X-Max 80 EDX detector
with SEM. Samples were prepared by placing them on carbon-
coated copper grids, and then the system was operated at an
accelerating voltage of 20 kV and a working distance of
10 mm. Then, EDX spectra were taken.>®

2.5 Calcium loading on the scaffolds and their in vitro
characterization

A dispersion of calcium phosphate powder and the surfactant
sodium cholate (0.2 wt%) was initially prepared in distilled
water. After that, CH-CA scaffolds were immersed in the
calcium phosphate dispersion (1 wt%) for 1 h at 10 °C. The
scaffolds were rinsed in 70% ethanol and freeze-dried for
24 h.*® The obtained scaffolds were then characterized using
FTIR, XRD, DSC, and SEM analysis using the same procedures
as described in the preceding section.

2.5.1 In vitro release study of Ca®" ions. In vitro, Ca>" ions
released from the calcium-loaded CA scaffold were studied
using phosphate buffer solution (PBS buffer) (pH 7.4).
Approximately 100 mg of calcium-loaded CH-CA scaffold was
placed in 100 ml buffer solution, followed by shaking continu-
ously at 37 °C for 6 h. 1 mL sample was taken out at specific
time intervals, and sink conditions were maintained. This
1 mL sample was diluted with a mixture of 6 M HNO; and
water to obtain a final volume of 10 mL and the pH was main-
tained below 2. The release of Ca®" ions was detected using an
atomic absorption spectrophotometer (AAS) (PerkinElmer, USA
PinAAcle 500) at wavelengths of 185 to 900 nm.>°

2.5.2 Protein adsorption studies. Protein adsorption
studies are highly significant for wound healing as they deter-
mine the interaction of various proteins with the surface of
scaffolds. In the wound environment, various proteins are
present which facilitate blood clotting and aid in the wound
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healing process. The protein adsorption behaviour of CH-CA
scaffolds and calcium-loaded CH-CA scaffolds was studied
using bovine serum albumin (BSA) as a reference protein by
the batch contact method as described by Golafshan et al
Initially, 0.2 wt% solution of BSA was prepared in PBS (pH
7.4). Consequently, both the scaffolds were immersed in
20 mL of the prepared BSA solution and continuously agitated
for 1 h at 37 °C. The scaffolds were removed and weighed. The
absorbance of the residual BSA solution was recorded using a
UV spectrophotometer at 280 nm.*' The amount of BSA
adsorbed on the surface of both scaffolds was estimated separ-
ately using the following formula:

Amount of BSA adsorbed (mg g7%) = ((Ca — Cp)/W) x V (4)

C, is the initial and Cy, is the final concentration (mg mL™")
before and after adsorption. W is the weight of the scaffolds
after 1 h (g) and V is the volume of the BSA solution (mL).

2.5.3 In vitro hemolysis studies. Hemolysis potency deter-
mines the hematological stability of the scaffolds as they can
directly interact with the blood. In this study, fresh blood
samples were withdrawn from Wistar rats through the retro-
orbital route and collected in a heparinized tube. These blood
samples were centrifuged at 3000 rpm for 15 min for isolation
of the erythrocytes (RBCs). The supernatant was discarded,
and the RBCs were washed three times with PBS (pH 7.4).
Subsequently, the erythrocytes were dispersed in PBS (pH 7.4)
to form an erythrocyte suspension. From the resulting suspen-
sion, 50 pL of suspension was added to various concentrations
(0.08, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mg mL™") of both the
scaffolds, i.e., CH-CA and calcium-loaded CH-CA scaffolds. A
blood sample that was only mixed with distilled water was
used as the negative control. All the samples were incubated
for 1 h in the dark and then centrifuged at 3000 rpm for
20 min. The absorbance of the resulting supernatant was
recorded on a UV-spectrophotometer at 548 nm and %hemoly-
sis was determined using the following formula:

%hemolysis = ((Dy — Dy)/(Dp — Dy)) x 100 (5)

where D, is the absorbance of the sample, D, is the absor-
bance of normal saline, and D,, is the absorbance of the dis-
tilled water, respectively.

2.5.4 In vitro antimicrobial activity. Antibacterial activities
of the formulated CH-CA scaffolds and calcium-loaded CH-CA
scaffolds against E. coli (Gram-negative bacteria) and S. aureus
(Gram-positive) bacteria were evaluated by measuring the zone
of inhibition. Initially, bacterial suspensions of S. aureus and
E. coli were prepared by suspending small colonies of both the
micro-organisms in 10 mL of PBS with the turbidity being
maintained at 0.5 in accordance with the McFarland standard.
Then, 100 pL of each bacterial suspension was spread uni-
formly over sterile agar plates with the help of a sterile glass
spreader.’> Then, CH-CA scaffolds and calcium-loaded CH-CA
scaffolds of the size 1 x 1 cm?® were placed on the prepared
agar plates and kept at 37 °C for 48 h. The resulting zone of
inhibition was measured after 48 h.
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2.5.5 In ovo angiogenesis study by a chick yolk sac mem-
brane (YSM) assay. The YSM model is widely used as an
effective in vivo model for screening the angiogenic potential
of scaffolds.*® The angiogenesis activity was analyzed as per
the method described by Patole et al. Eggs (day 0) were col-
lected from Venkateshwara Hatcheries Pvt. Ltd, Pune (India).
After washing with ethanol, the eggs were incubated in a
humidified incubator and maintained at 37 °C for 48 h for
incubation. Following this, a tiny incision was made at the
narrow end of the egg, and 2-3 mL of albumin was taken out
with a micropipette. This created a free space between the
shell and the embryonic structure. Subsequently, CH-CA
scaffolds and calcium-loaded CH-CA scaffolds were put on the
yolk sac membrane. The eggs were covered with cellophane
tape and reincubated for 48 h. The tape was removed, and
blood vessels were photographed using a digital camera.**?’

2.5.6 MTT assay (cell cytotoxicity assay). An MTT test was
carried out to identify the cytotoxicity of calcium-loaded
CH-CA scaffolds on the cell viability of L929 mouse dermal
fibroblast cells. Briefly, calcium-loaded CH-CA scaffolds (5 x
5 mm?®) were sterilized using 70% ethanol for 15 minutes and
then washed three times with PBS solution (pH 7.4) and sub-
jected to UV sterilization in a laminar flow hood under UV
light. The scaffolds were then submerged in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with
10% fetal bovine serum (FBS) and maintained at 37 °C for
24 hours in a CO, incubator. A 96-well plate containing 5 x 10°
cells (L929 Mouse fibroblast cells) was seeded with 100 pL of
DMEM with 10% FBS and incubated overnight. After a period
of 24 h, 100 pL of the leached medium from the scaffold was
added to every well and incubated for another 24 h. After dis-
carding the medium, the cells were then treated for four hours
with 100 pL of serum-free DMEM containing 10 pL of MTT
(5 mg mL™"). Then, formazan crystals were dissolved in each
well by adding 100 pL of DMSO. The absorbance was recorded
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with a microplate reader at a wavelength of 570 nm, whereas
the non-treated cells were considered 100% viable.>®

2.5.7 Live/dead assay. A live/dead assay was performed
using L929 mouse dermal fibroblast cells grown in DMEM
containing 10% FBS. Initially, the calcium-loaded CH-CA
scaffolds and a marketed sample (Bactigras) were sterilized via
exposure to UV light for 30 minutes. Subsequently, the cells
were seeded at a density of 2 x 10 (cells/cm?) onto the surface
of both the scaffolds and incubated for 48 h at 37 °C with 5%
CO, to enable cell attachment and growth. The viability of the
cells on the surface of calcium-loaded CH-CA scaffolds and the
marketed sample Bactigras was assessed using a LIVE/DEAD™
cell viability/cytotoxicity kit (Invitrogen, USA). Following incu-
bation, both the scaffolds were removed, gently washed with
PBS, and incubated with the live/dead assay solution for
15 minutes at room temperature, away from sunlight. The
scaffolds were gently placed on clean glass slides, and the
stained cells were observed using an immunofluorescence
microscope. The images were captured across multiple fields
of view and analysed using image analysis software to deter-
mine the percentage of living and dead cells.

3. Results and discussion
3.1 FTIR of scaffolds

FTIR analyses allow for identifying specific functional groups
within the complexes and assessing the interaction between
the polymers during the formation of PECs (Fig. 1). The FTIR
spectra of CH displayed symmetrical bending vibration at
3359 ecm™', which may be present due to the overlapping of
OH and NH, groups. The amine group exhibited an absorption
band at 1590 cm™', whereas the carbonyl group displayed a
characteristic band at 1646.97 cm™". The FTIR spectra of CA
displayed an OH group at 3269.24 cm ™", an aliphatic CH group

CH-SA Scaffolds
——— CH-PE Scaffolds|
——— CH-CA Scaffolds

3.0 SA
—cA
2.8 2—rPE
336255 G
261 1!98 b
24 ] 3277.73
= . 1631.21
2 224 C
3 2043.22
= -
g 20 3379.50 1268
E 18 - o o 1542 1%Torz0
S 16- a0 2016 NN d
i 1605 1032
1.4 4 W €
3260.24
1.2 4 1266 917.13 f
23 1735
1.0 4
3350 1 g
0.8 - 1646.97 1500 1023.25
T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™')

Fig. 1 FTIR of (a) CH-SA scaffolds, (b) CH-PE scaffolds, (c) CH-CA scaffolds, (d) SA, (e) CA, (f) PE, and (g) CH.
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shows stretching at 2919.48 cm™", and the broad bands at
1266 cm™" and 1303 cm ™! assigned to S=O may be due to the
presence of the SO® group. The peak at 917.13 cm™' was
assigned to the 3,6-anhydrogalactose unit. In the case of PE,
the OH group is observed at 3323 cm™". The carbonyl group
exhibited a band at 1735 cm™", and the aliphatic CH group dis-
played an absorption band at 2362.80 cm™". The FTIR spectra
of SA displayed O-H stretching at 3380 cm™", aliphatic C-H
stretching at 2916 cm™, a carbonyl group band at 1605 cm™,
and C-O stretching at 1032 cm™".>° The formation of a poly-
electrolyte complex is a result of electrostatic interaction
between the anionic and cationic polymers. During the devel-
opment of PECs, the FTIR spectra show several modifications,
such as the appearance of additional absorption bands, shift-
ing of wave numbers, and band broadening. The OH stretch-
ing band in chitosan shifts from 3359 cm™ to 3379 em™' in
the CH-CA complex, indicating new hydrogen bonding
between chitosan’s hydroxyl groups and carrageenan’s sul-
phate groups. This alteration reflects changing electron
density and bond strength caused by electrostatic and hydro-
gen-bonding interactions that occur during polyelectrolyte
complex (PEC) formation. The disappearance of the amine
band at 1590 cm™ and the carbonyl group band at
1646.97 cm ™' in chitosan (CH) is a crucial observation. The
new band at 1542 cm™" that emerges in the CH-CA complex
can be attributed to the interaction between the amine group
of chitosan and the sulfate group of carrageenan. This inter-
action likely leads to a shift in the vibrational frequency of the
N-H bending and C=0O stretching, indicating the formation of
electrostatic interactions that affect the molecular environment
of the respective groups. This band shift is consistent with pre-
viously reported studies, such as those by Deshkar et al.,>® who
also observed similar changes in PECs, further supporting the
presence of an electrostatic interaction between the amino
group of chitosan and the sulfate group of carrageenan. The
CH-CA complex exhibits a weak absorption band at
1017.3 em™ ", which is due to the anhydrogalactose unit. This
shows that carrageenan’s structural units play a role in the
complexation process, most likely due to the formation of a
network that connects both polymer chains.*” The FTIR
spectra of CH-PE displayed an absorption band for the O-H
group at 3277.73 cm™", and the spectra demonstrated a single
absorption band at 1631.21 cm™', masking the CH amide as
well as the carbonyl group in pectin. The results indicated an
interaction between the amino group of CH and the carbonyl
group of PE.*® In CH-SA spectra, the peak for the O-H group
was observed at 3196 cm™', which in the spectrum of SA was
shifted to 3362 cm™. A single absorption band was observed
at 1598 cm ™" masking the amide bands of CH, which indicates
the formation of amide bonds and relates to the interaction
within the carbonyl group of SA and the amino group of CH.>®
A notable reduction in the intensity of the sulfate group (S=0)
peaks at 1266 cm™" and 1303 cm™' in the CH-CA spectrum
suggests that some of the sulfate groups in carrageenan are
involved in the interaction with the cationic amino groups of
chitosan. This reduction in intensity is indicative of a success-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ful complexation process, where some of the sulfate groups are
neutralized by electrostatic interactions with the positively
charged amine groups of chitosan.

3.2 XRD of scaffolds

An XRD study was carried out to study the solid state of the
polymers as well as their PECs (Fig. 2). XRD studies help to
investigate the effect of interactions between the different poly-
mers on the crystalline structure during the formation of
PECs. The XRD spectrum of SA displayed two broad peaks at
260 = 13.54° and 26 = 21.22° revealing the semi-crystalline
nature of sodium alginate. Similar results were reported by
Hezma et al.*® PE displayed various peaks at 26 = 8.4°, 120,
13°, 18.72°, 19.46°, and 24.52°.*" The XRD spectrum of carra-
geenan displayed peaks at 26 = 12°, 17.70°, and 28.55°.*> In
the case of CH-SA, the XRD spectra displayed notable broad
peaks at 260 = 14.64°, 18.32°, and 22.72°, revealing its amor-
phous nature. Weakening of individual polymer bonds was
observed, indicating an interaction between the polymers to
form PECs.*?

The broad peaks in the XRD patterns of CH-PE (26 = 13.54°
and 20.36°) and CH-CA (26 = 11.83° and 18.48°) scaffolds
result from the disruption of the crystalline structure of the
individual polymers due to strong electrostatic and hydrogen-
bonding interactions during polyelectrolyte complex (PEC) for-
mation. These interactions weaken the individual polymer
bonds, as evidenced by the disappearance of distinct peaks
originally present in PE and CA, and lead to the formation of a
more amorphous structure.

The broad nature of the peaks can be attributed to the
heterogeneous distribution of polymer chains within the
complex matrix, resulting in a reduced long-range order and a
transition from a semi-crystalline or crystalline state to an
amorphous state. This observation aligns with previous
reports, such as those by Hezma et al.*® where similar broad-
ening was observed upon complexation of polymers.

3.3 DSC of scaffolds

A DSC study was performed to investigate the thermal changes
occurring in the polymeric structure during the formation of
PECs (Fig. 3). CH showed a broad endothermic peak at
119.9 °C which may be associated with the evaporation of
bound water. It also exhibited an exothermic peak at 255.9 °C,
associated with the thermal degradation of the polymer, which
may be related to the breakdown of polymeric chains.?***

CA displayed a small endothermic peak at around 80 °C
due to the loss of bound water molecules from the polymer.
The sharp endothermic peak at 167.7 °C indicated the melting
temperature of CA.*> PE displayed one broad peak near 90 °C,
indicating the evaporation of bound water molecules from the
polymer chains. The sharp endothermic peak at 185.2 °C indi-
cated the melting point of pectin, and the peak at 210.9 °C
indicated the degradation of the polymer. SA displayed an
endothermic peak at 97.1 °C, which was attributed to the loss
of bound water molecules due to the presence of hydrophilic
groups, and an exothermic peak around 255.9 °C, which may
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be due to the thermal decomposition of the polymeric
chains.*®

The formation of PECs involves the creation of electro-
static or weak van der Waals interactions between the poly-
mers. When two polymers interact to form a PEC, the result-
ing DSC spectra of the complex often show a shift or dis-
appearance of distinct thermal transitions of the individual
polymer. The reason for this is the change in the mobility
and the arrangement of the polymeric chains which may
result in alteration in the melting endotherm due to the loss
of order within the material. The appearance of new thermal
transitions or the broadening or merging of existing peaks in
the DSC thermogram can be further used to observe this loss
of order and arrangement of polymer chains within the
material.

The DSC thermogram of CH-SA displayed an endothermic
peak at 102 °C which was attributed to the loss of water mole-
cules from the polymer chains. The disappearance of the
exothermic peak of SA indicated the disruption of interpoly-
mer interactions, thereby confirming the involvement of SA
polymer chains in the formation of PECs.””>*” In the case of
the CH-PE PEC, a broad peak at 87 °C was observed, which
was attributed to the evaporation or loss of water. The peak at
185.2 °C, corresponding to the melting of pectin, disappeared,
which indicated the PEC formation.*® The DSC thermogram of
the CH-CA PEC displayed a peak at 98.6 °C, owing to the evap-
oration of water molecules from the polymer chains. A broad
endothermic peak was observed from 260 °C onwards. The
peak at 167.7 °C corresponding to the melting of CA dis-
appeared, which shows the formation of electrostatic bonding
between CA and CH.

3.4 Porous morphology of scaffolds

The porous surface morphology assessments of the lyophilized
PECs were carried out using FESEM analysis (Fig. 4). The
surface morphology can be better correlated with the porosity
and swelling index of the PECs. The porosity and swelling
index play significant roles in wound closure. The images were
captured at low magnification because this level of magnifi-
cation reveals important surface features, such as porosity and
roughness, more clearly. The differences in scaffold porosity
and surface roughness arise from the intrinsic properties of
the individual polymers and their interactions during polyelec-
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trolyte complex (PEC) formation. The compact and dense mor-
phology of the CH-PE PEC, with less porosity, may be attribu-
ted to higher electrostatic interactions between chitosan and
poly(ethylene glycol), resulting in a densely packed structure
with reduced pore formation (Fig. 4A). The uniform and inter-
connected porous structure with larger pores of the CH-SA
PEC scaffold results from weaker interactions and the high
water solubility of sodium alginate, which facilitates greater
phase separation during lyophilization, contributing to higher
porosity and swelling (Fig. 4B). The smaller projections and
small pores observed in the CH-CA PEC scaffold are likely due
to moderate electrostatic interactions between chitosan and
carrageenan, resulting in a semi-crystalline matrix with limited
pore formation (Fig. 4C).*

3.5 Swelling index

The swelling index refers to the extent to which a PEC or
scaffold material can absorb fluid and swell when exposed to
the wound exudate. The swelling index of the scaffolds is
shown in Fig. 5A. It measures the ability of the scaffold to
absorb and retain moisture required for optimal wound
healing. Ideally, the swelling index of the scaffolds used for
wound healing should balance fluid absorption and retention,
while also maintaining structural integrity and a moist
environment conducive to healing.’® The CH-SA PEC exhibited
the highest swelling index, around 398.74 + 2.34, which could
be due to the highly porous structure of the CH-SA PEC,
thereby allowing a larger volume of fluid to accumulate within
its internal structure. Additionally, the pores were uniformly
connected, which further ensures a uniform fluid distribution
within the material. The FESEM images of CH-SA clearly indi-
cated a uniformly interconnected porous structure. The CH-CA
PEC showed a swelling index of 223.28 + 2.92, whereas CH-PE
exhibited a swelling index of 143 + 2.6. The reason for this
could be the presence of abundant carboxyl groups in pectin,
which can readily interact with the amino groups in chitosan
through strong electrostatic interactions, forming dense net-
works that result in a compact and less porous structure,
which is evident from the FESEM images of the CH-PE PEC.
The close packing of the polymers restricted the entry of water
into the polymeric network resulting in a lower swelling index.
A higher swelling index of the PEC may lead to various side
effects such as delayed healing, mechanical instability, or

Fig. 4 Representative SEM micrographs showing the surface morphology of (A) CH-PE, (B) CH-SA, and (C) CH-CA scaffolds.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leakage, leading to the pooling of exudate around the wound
site. On the other hand, a lower swelling index of PECs may
cause discomfort in the wound area. Additionally, an
inadequate level of moisture may potentially hinder the cellu-
lar activities required for tissue regeneration. The results from
the swelling studies indicated that the swelling index of CH-CA
is within the optimal range, ensuring the maintenance of a
moist wound environment without excessive swelling or loss
of mechanical stability.>*

3.6 Percentage and porosity studies

The porosity of a scaffold is crucial in wound healing appli-
cations as it plays a critical role in fluid absorption and tissue
integration. The porosity of the scaffolds determines their
ability to absorb and retain fluids.”* The porosity of the
scaffolds was measured using the liquid displacement
method by soaking the scaffolds in ethanol, and the volume
of ethanol absorbed corresponds to the pore size of the
scaffold. The CH-SA scaffolds demonstrated the highest poro-
sity, approximately 92.7 + 1.30%, while the CH-CA scaffold
showed a porosity of 64.91 + 0.61%. In contrast, the CH-PE
scaffolds exhibited a porosity of 54.93 + 1.91% (Fig. 5B). As
per Nosrati et al., scaffolds with a 60-90% porosity value are
suitable for wound healing as they may provide a sufficient
void space for oxygen nutrient exchange and cellular activity.
On the other hand, excessive porosity may affect mechanical
strength due to higher fluid absorption and excessive swell-
ing, which in turn might affect the degradation rate of the
scaffold.”?
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3.7 Degradation studies

The degradation rate of PECs should be controlled and must
be synchronized with the tissue regeneration process. The
degradation rate of the scaffolds is shown in Fig. 5C. Ideally, a
PEC-based scaffold for wound healing should degrade at a rate
that provides support during the early stages of healing but
gradually break down as new tissue forms and matures.>* A
controlled degradation rate of the scaffold ensures that it does
not interfere with the healing process and delivers the bio-
molecules contained within the scaffold structure at the
wound site. The rate of degradation of the scaffolds was
studied using the method described by Sharma using the nin-
hydrin reagent.”® According to this method, when the scaffold
made of chitosan degrades, free molecules of chitosan are
released. These molecules contain an amine group, which
reacts with the ninhydrin reagent and forms a purple color
complex that can be quantified using a UV spectrophotometer.
The rate of degradation was measured at intervals of 24 and
48 h. In the case of CH SA scaffolds, the rate of degradation
was approximately 38.95 + 0.95% at 24 h and 70.46 + 0.24% at
48 h. This is likely due to the higher porosity, which leads to
faster degradation because of the increased surface area
exposed to the wound fluid and, ultimately, a higher swelling
index of the PEC. The higher porosity and swelling index
might have resulted in lower mechanical strength of the PEC,
thereby increasing the rate of degradation. The CH-PE
scaffolds exhibited a degradation rate of 27.95 + 0.16% at 24 h
and 53.45 + 0.12% at 48 h. In contrast, the degradation rate of
CH-CA scaffolds was approximately 18.31 + 0.32% at 24 h and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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27.27 + 0.18% at 48 h. CA has a higher molecular weight than
pectin and sodium alginate. High molecular weight polymers,
with their long polymeric chains, can provide greater resis-
tance to degradation. Additionally, higher molecular weight
polymers often have strong intermolecular interactions and
tight packing, which might further hinder the degradation of
the polymer chains.”® Studies report that after injury, the
natural tissue regeneration process generally begins within the
first 24 to 48 hours. During this tissue regeneration process,
the scaffold should degrade at a controlled rate, providing
structural support and a conducive environment for cell
growth and tissue formation, and then gradually degrade with
the formation of new tissue. The results of the degradation
studies indicate that the CH-CA scaffold exhibited a controlled
rate of degradation.

Conclusively, the CH-CA PEC-based scaffold demonstrated
an optimal swelling index required to maintain an environ-
ment conducive to wound healing, balanced porosity to enable
adequate fluid absorption and sufficient mechanical strength.
Additionally, it demonstrated a controlled degradation rate
necessary for the scaffold to remain at the wound site for
optimal tissue repair. Hence, the CH-CA PEC was further used
to load Ca phosphate powder and was evaluated using
different in vitro characterization studies to explore its wound
healing potential.

3.8. Characterization of CaP synthesis

CaP powders, available commercially in various grades and
compositions, are prone to absorb moisture during prolonged
storage or when exposed to environmental conditions like
humidity. This moisture uptake can lead to hydrolysis, which
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can further affect the stability of the powders. To alleviate
these effects, synthesizing fresh calcium phosphate could be a
beneficial approach.>® Conventional methods for synthesizing
CaP, such as hydrolysis, wet and dry hydrothermal techniques,
solid-state synthesis, and sol-gel synthesis, come with limit-
ations such as being tedious, time-consuming and having
stability issues.”” To overcome these problems, CaP can be syn-
thesized using the microwave-assisted synthesis method,
which is considered as one of the green synthesis routes. This
method offers various advantages like better yield, high purity,
uniform heating, and shorter reaction times.>*

The FTIR spectrum of the synthesized CaP powder is shown
in Fig. 6A, which reveals the presence of a hydroxyl (OH)
bond stretch around 674 cm™'. The peak at 465 cm™' was
attributed to v, PO,>~ stretching. The sharp peak obtained at
1030 em™" corresponds to v; P-O asymmetric stretching. The
peak at 564 cm™" was assigned to v, PO,*~ bending. The small
peak at 870 cm™" was assigned to the presence of the HPO,>~
band.>® The XRD spectrum of the synthesized calcium phos-
phate powder displayed a broad peak at 26 = 32°, which was
identified as amorphous calcium phosphate. The results
obtained were similar to those of the study conducted by
Indurkar et al.*®®

The FESEM images of the synthesized calcium phosphate
powder exhibited an irregular, uneven, and rough surface in
the form of agglomerates (Fig. 6D).°" In the EDX spectra of the
synthesized CaP, four peaks are clearly visible (Fig. 6C), which
are present between 0.1 keV and 1.50 keV. The synthesized
calcium phosphate contained 73% of O, 13% of P, 13.4% of
Ca, and 0.1% of C. The EDX spectra clearly showed the pres-
ence of calcium, phosphorus, and oxygen, which are the major
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(A) FTIR, (B) XRD, (C) EDX, and (D) SEM images of the synthesized CaP.
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elements present in CaP, indicating the successful synthesis of
Cap.*’

3.9. Characterization of calcium-loaded CH-CA scaffolds

FTIR of CH-CA scaffolds revealed peaks at 3379 cm™,
2943 cm™, 1266 cm ™, and 1026 cm ™" (Fig. 7A), which can be
clearly seen. Calcium-loaded CH-CA scaffolds showed almost
the same peaks as those of the CH-CA scaffolds. Additionally,
a peak at 564 cm™" is present due to the PO,*~ bending of the
calcium phosphate, and a peak at 870 cm™ " is present due to
the HPO,>~ band. These peaks show the successful incorpor-
ation of calcium phosphate in the scaffolds. The DSC thermo-
gram of calcium-loaded CH-CA scaffolds showed one
endothermic peak at 78.9 °C and one broad exothermic peak
near 300 C. The endothermic peak at 78.9 °C may be due to
evaporation of bound water.®”> The exothermic peak beyond
300 °C may be due to polymer degradation of CH.** The XRD
of calcium-loaded CH-CA scaffolds exhibits two broad peaks at
260 = 13.08° and 260 = 20.56° indicating their amorphous
nature.”” The FESEM images of calcium-loaded CH-CA
scaffolds showed the deposition of calcium phosphate par-
ticles all over the surface of the scaffolds (Fig. 7D). In another
image, highly agglomerated particles of calcium phosphate are
present, which may be due to the freeze-drying process.>’

3.10. Invitro Ca>" ion release studies

In vitro calcium ion release studies were performed in PBS (pH
5.5), showing significant and controlled release of calcium
ions from scaffolds over 24 hours. The cumulative percentage
of calcium released, as analyzed by AAS, was 60.75% at the
end of 24 h (Fig. 8). The release of calcium was determined in
PBS (pH 5.5) because the acidic microenvironment in the
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wound area is caused by temporary acidosis due to increased
metabolic oxygen demand and the production of lactic acid
from cellular hypoxia at the injured site during the process of
healing.®* Studies also report that as wound healing begins,
the natural physiological process tends to maintain the dis-
turbed acidic milieu, restoring the pH balance by shifting
from alkaline to acidic conditions. The acidic microenvi-
ronment is essential to maintain the appropriate oxygenation
level required for fibroblast proliferation and collagen syn-
thesis.®® The release of CaP at this acidic wound microenvi-
ronment promotes fibroblast proliferation, induces blood clot-
ting, and exerts a wound contraction effect on the wounds,
thereby accelerating the wound healing process. Additionally,
the release of calcium activates downstream molecules that play
an important role in wound healing. At low concentrations,
Ca™ ions help in keratinocyte proliferation. On the other hand,
at higher concentrations they facilitate keratinocyte differen-
tiation, both of which are crucial for wound closure.®

3.11. Hemolysis assessment

The haemostatic phase is one of the primary and important
stages in wound healing, in which the blood-clotting cascade
gets initiated in order to prevent blood loss from the injured
site, aiding in the wound healing process.®” Scaffolds designed
for wound healing application have direct contact with blood
and blood components; hence, they should be hemocompati-
ble and avoid adverse effects or destruction of the blood com-
ponents.®® According to the ASTM F756-00 protocol, a material
is categorized as non-hemolytic if the hemolysis index of the
material is between 0 and 2%.°° Hemolysis studies were
carried out on both CH-CA scaffolds and calcium-loaded
CH-CA scaffolds at various concentrations (0.08 to 1.2 mg
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(A) FTIR, (B) XRD, (C) DSC, and (D) SEM images of calcium-loaded CH-CA scaffolds.
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Fig. 8 In vitro calcium ion release study from CH-CA scaffolds.

mL™"). Maximum hemolysis was observed at 1.2 mg mL™,
which was 1.97 + 0.11% and 1.11 + 0.04% for CH-CA scaffolds
and calcium-loaded CH-CA scaffolds, respectively (Fig. 9A and
B). CH, being a cationic polymer, is widely used for its wound
repair properties owing to its biocompatibility, biodegradabil-
ity, hemostatic, and antimicrobial properties.”’ However, CA,
an anionic polymer, due to its sulfate content is known to
exert cytoprotective, anticoagulant, and immunomodulatory
properties. Combination of these two polymers through
electrostatic interaction during the formation of a PEC resulted
in the formation of a composite material with enhanced bio-
compatibility and reduced cytotoxicity.'® Additionally, the
interaction resulted in the formation of a mesoporous struc-
ture which displayed higher blood cell attachment and platelet
aggregation without any cytotoxicity. Similar results were
observed in this study where the CH-CA scaffold exhibited
excellent hemostatic activity against traumatic haemorrhage
with enhanced tissue regeneration for wound healing.
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Furthermore, upon loading calcium on the CH-CA scaffolds,
there was a further reduction in %hemolysis, as calcium ions
are known to be involved in various physiological processes
aimed at maintaining the structural integrity of RBCs.”* Finally,
it can be concluded that the prepared scaffolds were hemocom-
patible and suitable for use in wound healing applications.

3.12. Protein adsorption studies

Protein adsorption studies are important in the case of
scaffolds used for wound healing applications as these pro-
teins play a significant role in hemostasis. Adsorbed proteins
can enhance the biocompatibility of scaffolds by providing an
interface between the scaffold and the biological environment;
furthermore, it will promote cell adhesion and proliferation.”
According to Sharma S et al., as the surface hydrophilicity
of the scaffolds increases, an immediate 2-D layer forms
between the scaffold and proteins. Afterward, protein mole-
cules rapidly adsorb on this surface and form a new 3-D layer,
further aiding in thrombosis formation.?® This further plays a
significant role in the wound-healing process.”” The CH-CA
scaffolds showed 5.55 + 0.32 mg g~ ' and calcium-loaded
CH-CA scaffolds showed 15.64 + 0.30 mg g~ protein adsorp-
tion (Fig. 10). Calcium-loaded CH-CA scaffolds showed higher
protein adsorption than CH-CA scaffolds. This protein adsorp-
tion ability can be correlated with the water absorption
capacity and hydration of the scaffolds. The significant
hydration and swelling in aqueous media shown by CH-CA
scaffolds indicate their protein adsorption potential.*® Another
reason contributing to protein adsorption is the charge
present on the polymers. According to Yadav P et al., certain
protonated amino groups present in CH at physiological pH
may interact with the negative charges in proteins like BSA.”®
Calcium-loaded CH-CA scaffolds showed a higher protein
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(A) Pictorial representation of %hemolysis studies of (a) CH-CA scaffolds and (b) calcium loaded CH-CA scaffolds. (B) Graphical representa-

tion of %hemolysis studies of CH-CA scaffolds and calcium loaded CH-CA scaffolds.
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Fig. 10 Protein adsorption studies of CH-CA scaffolds and calcium-
loaded CH-CA scaffolds. Data are shown as mean + SD (****p < 0.0001).

adsorption value than CH-CA scaffolds. As per Nga NK et al.,
various modifications can take place in the surface charges,
surface morphology, chemical composition, and hydrophilicity
after the incorporation of CaP in the scaffolds, leading to an
increase in sites that can react with the proteins.””

3.13. In ovo angiogenesis activity analyzed using a chick yolk
sac (YSM) assay

Angiogenesis is one of the prominent steps in the wound
repair process. Newly formed blood vessels deliver oxygen

View Article Online
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and other essential nutrients, which fulfils the metabolic
demand in various stages of wound healing and removes
metabolic waste. Angiogenesis promotes the migration of
various cells, including leucocytes, fibroblasts, and endo-
thelial cells, which further facilitate the formation of the
ECM, which further aids in the remodelling of the newly
formed tissue.”* The results from the angiogenesis study,
observed after incubating eggs for 48 h with both CH-CA and
calcium-loaded CH-CA scaffolds, showed significant growth
of blood vessels. The formation of the CH-CA PEC created a
synergistic effect in improving the overall performance of the
scaffolds in terms of their biocompatibility. It provided a con-
ducive hydrophilic environment to support cell proliferation
and growth. Additionally, the composite PEC scaffold pro-
vided a porous structure, mimicking the natural ECM,
thereby facilitating the infiltration of endothelial cells
required for blood vessel formation. Furthermore, CH is
known to stimulate the secretion of various growth factors
such as the endothelial growth factor and fibroblast growth
factor, supporting angiogenesis.””

The addition of calcium phosphate further enhanced the
process of angiogenesis, as it promotes the activity of the vas-
cular endothelial growth factor (VEGF), known to drive the
process of angiogenesis. Xiu J et al. reported that combining
fibrin glue with calcium phosphate cement for intramuscular
implantation improved revascularization in rabbits.”® Our
study results concluded that both CH-CA scaffolds and
calcium-loaded CH-CA scaffolds have angiogenic potential,
further promoting the wound healing process. Fig. 11 demon-
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Fig. 11

(A) Assessment of the angiogenic potential of (a) calcium loaded CH-CA scaffolds and (b) CH-CA scaffolds. (B) Original and analyzed

images of the yolk sac membrane assay obtained using the Wim CAM online tool (Wimasis) for quantitative assessment of the angiogenic potential
in terms of vessel density, total branching points, total segments, and total vessel network length. Data are shown as mean + SD (***P < 0.001, ****P

<0.0001, *P < 0.05).
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strates that calcium-loaded CH-CA scaffolds show a significant
increase in total vessel network length, vessel density, total
segments, and total branching points compared to CH-CA
scaffolds, indicating that calcium-loaded CH-CA scaffolds have
angiogenic potential.

3.14. Invitro antimicrobial activity

Antimicrobial studies are crucial for scaffolds designed for
wound healing purposes. Microbial colonization and biofilm
formation may delay and further complicate the wound-
healing process. The fabricated scaffolds should possess anti-
microbial properties to prevent infections associated with
microbial growth.”” The antibacterial properties of CH-CA
scaffolds and calcium-loaded CH-CA scaffolds were studied
against E. coli and S. aureus. Results revealed that CH-CA
scaffolds showed significant antibacterial activity against
E. coli, and calcium-loaded CH-CA scaffolds exhibited
increased antibacterial activity against E. coli and S. aureus
compared to CH-CA scaffolds (Fig. 12A and B).
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Fig. 13 The percentage relative viability of L929 cells seeded on the
calcium-loaded CH-CA scaffolds at 24 h of culture. Data shown are
mean + SD (****p <0.0001, n = 3).
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Several studies have demonstrated that carrageenan shows
limited antibacterial activity. However, when combined with
CH, it exhibited excellent antibacterial activity against E. coli
due to the presence of CH in the scaffolds. Numerous studies
have confirmed that CH exhibits strong activity against E. coli.
This is attributed to the positive charge on CH arising from
the amino groups in its structure, which allows it to interact
with the negatively charged constituents of the bacterial cell
membrane, altering its permeability and causing disruption.
Similar results were observed in the studies by Guarnieri A
et al. and Yan D et al.”®’® When calcium phosphate was incor-
porated into the scaffolds, the antibacterial activity was
enhanced compared to that of CH-CA scaffolds. The reason for
this might be the release of Ca** ions from CaP powder, which
interact with negatively charged constituents of bacterial cell
walls, increasing membrane permeability, creating reactive
oxygen species (ROS), and resulting in microbial cell lysis.®

3.15. MTT/cell proliferation assay

To evaluate the cytotoxicity of the scaffolds (calcium-loaded
CH-CA), an MTT assay was used, which is a standard method
for the early evaluation of biological materials for their thera-
peutic use. The results of the study indicated that the leachate
from the scaffold did not affect cell viability, as shown in
Fig. 13. After 24 hours, the calcium-loaded CH-CA scaffold sig-
nificantly enhanced the percentage of relative cell viability in
L929 cells (41.84%), showing an approximately 4.6-fold
increase compared to both the cell-only control and the
Bactigras-treated group. The study concluded the non-toxic
nature of the scaffolds, proving that CH-CA and calcium phos-
phate powder are safe materials that can be used in combi-
nation to prepare polyelectrolyte complexes of CH and CA,
loaded with calcium phosphate. The MTT assay confirmed
the biocompatibility of the scaffolds through evaluating meta-
bolic activity and cell viability. The assay results confirmed the
ability of scaffolds to promote cell viability and support
normal cellular proliferation and migration without impairing
cellular functions. The cells treated with the scaffolds exhibi-
ted a higher cell proliferation rate without affecting the cellular

Fig. 14 Live/dead images of L929 cells seeded on (A) Bactigras and (B) calcium-loaded CH-CA scaffolds at 48 h of culture.
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morphology. The developed calcium-loaded (CH-CA) scaffolds
demonstrated a favourable impact on the proliferation of
L929 mouse fibroblast cells, thereby providing evidence for the
safety and biocompatibility of the scaffolds for wound healing
applications.

3.16. Live/dead assay

The cell viability was further evaluated by a live/dead assay, as
shown in Fig. 14. This assay provides crucial information on
cellular function and differentiates between live/dead cells
based on their metabolic activity and their membrane integ-
rity.®**> The calcium-loaded CH-CA scaffolds displayed a sig-
nificant rise in cell viability compared to the marketed sample.
CH has adhesive properties that promote attachment, facilitat-
ing cell-substrate contact and proliferation.®* Additionally, it
has bioactive properties that create a favourable environment
for cell proliferation. CA is known to possess excellent water
retention ability, which helps maintain a moist environment
for cell attachment and proliferation."® The SEM studies
revealed the porous structure of the CH-CA scaffolds, which
further assisted in cell attachment and infiltration. The inter-
connected porous structure mimics the ECM, allowing cell-to-
cell communication, providing space for survival and attach-
ment, and facilitating nutrient exchange, which further pro-
motes cell growth or proliferation.®® Calcium ions are impor-
tant secondary messengers in intracellular signalling, activat-
ing various signalling pathways during wound healing, which
promotes cell proliferation and differentiation. Calcium is
known to facilitate fibroblastic differentiation, aiding in the
wound-healing process.” The study concluded that the combi-
nation of CH, CA, and CaP exhibited a synergistic effect, pro-
moting cell proliferation and improving cell viability, as shown
in Fig. 14.

4. Conclusion

In this study, scaffolds were prepared by a polyelectrolyte com-
plexation method using CH as a cationic polymer with anionic
polymers like PE, SA, and CA via the lyophilization process.
The PEC formation was confirmed by FTIR, XRD, and DSC.
CH-CA scaffolds exhibited better swelling, porosity, and degra-
dation; hence, they were used to load calcium phosphate.
Calcium phosphate was synthesized by microwave-assisted syn-
thesis, which is considered a green synthetic route. Calcium-
loaded CH-CA scaffolds released 60.75% Ca' ions from the
scaffolds in the acidic environment of the wound area at a con-
trolled rate for a period of 24 h. The scaffolds exhibited good
antimicrobial activity against both S. aureus and E. coli.
Additionally, the scaffolds displayed angiogenic potential by
promoting the development of new blood vessels and demon-
strated significant hemocompatibility with <2% hemolysis (at
concentrations from 0.08 to 1.2 mg mL™"). The study revealed
a significant protein adsorption capacity of the scaffolds com-
pared to CH-CA scaffolds. The in vitro cytotoxicity study
revealed a significant increase in the cell density of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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L929 mouse fibroblast cell line cultures, indicating their
potential to stimulate cell growth and support tissue regener-
ation for accelerated wound healing. The study provides a
simple yet effective approach for wound management using
calcium phosphate-loaded CH-CA scaffolds and indicates their
potential to be developed as a wound dressing material.
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