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Abstract 

Background Collagen proteins extracted from piscean sources are alternatives to bovine and porcine collagen 
because of their abundance, low price, and skin compatibility and are being explored as suitable wound dressing 
materials. Intracellular calcium ions are crucial for wound healing, and studies have shown that calcium ion supple-
mentation via an external medium is equally beneficial for speedy recovery. This study explores the wound healing 
potential of dressing materials that encompass the benefits of nano-calcium and piscean collagen. Nano-calcium 
sulphate (NCS)-integrated scaffolds were prepared with 100 ppm of NCS and varying concentrations of piscean colla-
gen and HPMC E15 LV. The thickness, tensile strength, folding endurance, pH, expansion profile, and moisture vapour 
transmission properties of the scaffolds were determined. An in vitro scratch assay and an excision rat wound model 
were employed to evaluate the wound healing properties of the scaffolds.

Results The NCS particles had a mean particle size of 220.7 nm. The scaffolds demonstrated an acceptable thick-
ness, mechanical strength, and flexibility. The scratch assay results revealed that at the end of 24 h of the study, there 
was an increased wound closure rate with collagen scaffolds in contrast to the control group. In the vivo wound heal-
ing studies, formulation CS6 showed 100.0% healing on day 12 as compared to other formulations.

Conclusions Wounds treated with scaffolds contracted faster than those treated with a commercial collagen dress-
ing and the control group. The current study thus demonstrates the wound healing ability of nano-calcium sulphate-
incorporated piscean collagen scaffolds.
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Background and introduction
Wound treatment is often considered to be a daunt-
ing task, although there is an assortment of dressings 
with various functionalities. Traditional wound treat-
ment methods mainly attempt to control bleeding and 

infection, whereas wound dressings modify the wound 
environment into a microenvironment that is similar to 
an acute wound, allowing it to heal naturally [1–4]. To 
promote effective healing, a wound dressing material that 
is easy to use and provides a favourable environment with 
properties such as maintaining a balanced moisture level, 
tissue compatibility, and protection from infection and 
contamination is ideal [5]. To promote a healing environ-
ment, collagen biomaterials stimulate angiogenesis and 
fibroblast deposition and enhance the metabolic activity 
of granulation tissue. Collagen scaffolds can be utilized 
for both acute and chronic wounds and provide excellent 
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mechanical support to minimize oedema in the injured 
area [6–9]. Although collagen dressings are ideal for 
wounds and severe burns, the price remains a deterrent. 
Additionally, collagen may provide an excellent milieu for 
bacterial growth, causing exudation and delayed healing 
[10].

Piscean collagen has garnered significant interest due 
to its ample supply, affordable cost, and excellent compat-
ibility with human skin [11]. When compared to bovine 
or porcine collagen, there are no limitations regarding 
the use of piscean collagen for any religion, and there are 
no reported risks of disease transmission [12–15].

Calcium plays a critical role in the sequential stages of 
the wound healing process. Studies performed on vari-
ous model organisms have shown that both intracellular 
and extracellular  Ca2+ are equally important for healing 
[16, 17]. This understanding has paved the way for the 
use of calcium-incorporated wound dressings [18]. The 
hemihydrate form of calcium sulphate is used extensively 
as osteoconductive scaffolds for the regeneration of bone 
tissue and for guided regeneration of periodontal tis-
sue in dentistry [19, 20]. Studies have provided evidence 
that calcium sulphate and extracellular cell matrix mem-
brane in combination produce synergistic effects on bone 
regeneration as a result of angiogenesis being stimulated 
in the preliminary phases of healing [21–23]. Walsh et al. 
[24] investigated the impact of calcium sulphate dissolu-
tion on the pH of the local environment in bone-grafted 
areas and concluded that upon dissociation, the release 
of calcium ions causes a drop in the local pH, resulting 
in antimicrobial action and improved wound healing. 
Nano-calcium sulphate (nano-CaSO4), a form of calcium 
sulphate engineered into nanoparticles, has unique prop-
erties such as a high surface area-to-volume ratio, which 
can potentially enhance their interactions with cells and 
tissues. Park et al. [25] demonstrated that nano-calcium 
sulphate particles (< 100 nm) had a better attachment to 
osteoblastic cells, followed by growth and differentiation. 
Nano-CaSO4 when incorporated into wound dressings 
or gels can help prevent or control bacterial infections, 
which normally impede the healing process. This can be 
attributed to its increased surface area, ability to control 
degradation rate, and drug release. Calcium sulphate, if 
present in nano-form, will therefore have a higher surface 
area, leading to improved bioavailability on application 
[26, 27].

This study aimed to evaluate the wound healing ben-
efits of scaffolds prepared with piscean collagen and 
loaded with nano-calcium sulphate, using in  vitro and 
in  vivo models. The incorporation of calcium sulphate 
into collagen scaffolds has several potential benefits for 
wound healing. These scaffolds provide a framework that 
mimics the extracellular and promotes cell attachment, 

migration, and proliferation. The incorporation of cal-
cium sulphate further enhances the structural integ-
rity of the scaffold, providing mechanical support to 
the wound site. While calcium ions are crucial for cell 
signalling, adhesion, and migration to facilitate tissue 
repair, sulphate ions can trigger the production of gly-
cosaminoglycans and proteoglycans, which are indis-
pensable components of the extracellular matrix [28]. 
Nano-calcium sulphate not only encourages healing but 
also mitigates any associated infections. The combina-
tion of calcium sulphate and piscean collagen results in a 
unique biomaterial that offers several benefits for wound 
healing, including enhanced tissue regeneration, antimi-
crobial properties, and improved mechanical strength. 
The film-forming and shape-retaining properties of the 
scaffold were modified with the incorporation of HPMC 
E15LV [29, 30]. Glycerol was incorporated to enhance the 
mechanical characteristics and flexibility of the scaffold.

Methods
Materials
Piscean collagen was sourced from Himrishi Herbals in 
India. Yarrow Chem Products in India supplied HPMC 
E15LV and calcium sulphate. Calcium carbonate, nitric 
acid, and glycerol were obtained from Rankem, India. 
Culture media for sterility testing was purchased from 
Sigma-Aldrich, India. L929 murine fibroblast cell lines 
were procured from National Centre for Cell Science, 
Pune.

Nano‑calcium sulphate (NCS): preparation 
and characterization
A 7% calcium sulphate solution was sonicated using a 
probe sonicator (QSONICA, CL-334, India) to create 
a uniform dispersion, which was then poured into Petri 
plates and dried in a tray dryer (Ti-130FAC, India). The 
particle size of the NCS was determined and then used in 
the preparation of the scaffold [20].

Size and distribution of NCS particles
The dispersion of NCS in deionized water was charac-
terized for its particle size by dynamic light scattering 
(DLS) using a Zeta Potential & Particle Size Analyser 
(NanoBrook ZetaPALS, USA). The processed data were 
obtained using the ZetaPALS software (version 5.23).

Formulation of collagen scaffolds (CS)
The solvent casting method was employed to prepare the 
scaffolds. An NCS stock solution of 1000 ppm (parts per 
million) strength was prepared, from which a volume 
equivalent to 100 ppm of NCS was withdrawn and used 
in the preparation of scaffolds. Varying concentrations of 
collagen (5–15%) and HPMC E15LV (5–10%) were used 
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to obtain scaffolds with desired characteristics. The con-
centrations were determined based on preliminary tri-
als. Glycerol (1.5%) was used as the plasticizer for all the 
formulations (Table 1). The scaffolds were vacuum-dried 
(Ti-136GW, Tempo, India) and kept in a desiccator for 
evaluation.

Evaluation of collagen scaffolds
Microscopic analysis and elemental composition
SEM–EDX analysis was performed on both NCS and 
NCS-loaded scaffolds using a Zeiss ULTRA 55 micro-
scope (Germany). The samples were prepared by expos-
ing them to gold vapours in an argon atmosphere and 
affixing them to the sample holder. The surface morphol-
ogy and elemental composition were examined at 5 KX 
and 25 KX magnifications.

pH
The surface pH of each scaffold was measured by bring-
ing the probe of a digital pH meter (MK-VI, Systronics, 
India), into close contact with the moistened scaffold. 
Measurements were carried out thrice, and the mean 
value was determined for comparison [31, 32].

Thickness, folding endurance, and mechanical properties
The time required for a scaffold to absorb wound exu-
dates and form a barrier over a wound is influenced by 
its thickness. A screw gauge was used to measure the 
thickness at three different points on the scaffold, and the 
average of the three measurements was considered [31].

The flexibility required for the easy handling and 
application of scaffolds can be measured using a folding 
endurance test. The scaffolds were continually folded at a 
particular location until they were cut. The total number 
of folds that could be made without causing damage was 
considered folding endurance [33].

The mechanical properties of the scaffolds were evalu-
ated utilizing a universal testing machine (MultiTest 10-I, 
UK). As per the ASTM D882-02 standards [34], scaffolds 
with dimensions of 30  mm × 10  mm were positioned 
between the tester grips and stretched. A minimum grip 

separation of 50 mm and cross-head separation speed of 
50  mm/min were maintained uniform for all measure-
ments. The machine was fitted with a load cell that could 
measure the maximum applied force. The tensile strength 
(MPa) and % elongation at break (% E) of the cut scaffolds 
were determined using the following formulae [27, 35]:

Moisture vapour transmission rate (MVTR) studies
The permeation characteristics of the scaffolds were 
measured according to ASTM E96 testing guidelines 
[36]. One gram of anhydrous calcium chloride was placed 
inside dry glass vials and then sealed with a scaffold of 
diameter 1.5  cm. The vials were weighed and placed in 
an environmental chamber under controlled conditions 
of humidity (50 ± 2%) and temperature (32  °C) for 24  h. 
The vials were reweighed, and MVTR was calculated as 
follows:

where W is the increase in the weight of calcium chloride 
at the end of 24 h (g), and S is the exposed surface area of 
the scaffold  (m2).

Expansion studies
Gelatin was used as a medium to simulate the moist 
environmental conditions of exuding wounds. Hot 
gelatin solution (4% w/v) was allowed to be set in Petri 
dishes by cooling (25 °C). A scaffold of diameter 22 mm 
 (D0) was positioned in the middle of the solidified gela-
tin. The increase in the diameter (Dt) of the scaffold on 
the absorption of moisture was measured at fixed time 

Tensile strength(MPa) =
Maximum force(N )

Cross - sectional area mm2

% E =

Length at rupture− Initial length

Initial length
× 100

MVTR
(

g/m2
)

/24h =

W

S

Table 1 Composition of collagen scaffolds

Ingredients Formulations

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

Nano-calcium sulphate (ppm) 100 100 100 100 100 100

Piscean collagen (g) 5 10 15 5 10 15

HPMC E15LV (g) 5 5 5 10 10 10

Glycerol (mL) 1.5 1.5 1.5 1.5 1.5 1.5

Purified water (q.s) 100 mL 100 mL 100 mL 100 mL 100 mL 100 mL
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intervals [27, 33, 37, 38]. The test was repeated thrice to 
generate the average value for the calculation.

Sterilization and sterility testing
The prepared scaffolds were sterilized using ultraviolet 
radiation at 254 nm for 2 h (for each side) and packaged 
in sterilized aluminium packaging [39]. Sterility testing 
was performed to validate the effectiveness of the steri-
lization process. Fluid thioglycollate medium was used 
to identify aerobes, anaerobes, and microaerophiles, 
post-incubation of scaffolds in medium at 30–35  °C for 
14 days, while soyabean casein digest medium was used 
to identify fungi, after incubation at 20–25 °C for 14 days.

Cytocompatibility testing
The influence of collagen scaffolds on the metabolic activ-
ity of L929 murine fibroblast cell lines was assessed using 
an MTT assay [40]. This study involved the measurement 
of the colour intensity of formazan crystals (purple col-
our) formed by the reduction of MTT (yellow colour) 
by metabolically active cells. Fibroblasts were cultured, 
trypsinized, and aspirated into sterile centrifuge tubes. 
The cell density was adjusted using DMEM-HG medium 
and seeded into a 96-well microtiter plate with a cell mass 
of 10,000 cells (200 μL/well). The plate was incubated at 
37 °C in a 5%  CO2 atmosphere for 24 h. Post-incubation, 
the medium was aspirated and replaced with 200  μL of 
sample (2.5% v/v). The plate was then incubated for 48 h 
under the same conditions, followed by media aspiration. 
200 μL of media containing 10% MTT reagent was added 
to each well to create a mixture with a concentration of 
500 μg/mL and incubated for 3 h. The insoluble crystals 
of formazan were solubilized in 100  μL of DMSO, and 
the absorbance was measured at 570  nm and 630  nm. 
The values were used to calculate cell viability:

Acute dermal irritation studies
The potential for scaffolds to cause dermal irritation was 
evaluated in healthy female albino rabbits in compliance 
with OECD 404 guidelines for testing chemicals [41]. 
The Institutional Ethics Committee for animal research 
approved all animal study procedures. The animals were 
individually housed under controlled environmental con-
ditions (20 ± 3  °C/50–60% RH) with 12-h light and 12-h 
dark cycle, maintained on a pellet diet, and unrestricted 
supply of drinking water. The fur on the dorsal area of 

Expansion ratio(E) =
Dt − D0

D0
× 100

% Cell viability =
Absorbance (sample)− Absorbance (blank)

Absorbance (control)− Absorbance (blank)
× 100

the rabbits was carefully epilated 24  h before the test, 
and the rabbits were randomly distributed into groups 
of six, with one group for the control and the other for 
the formulation. Formulation CS 6 containing 15% of pis-
cean collagen and 10% HPMC E15LV was subjected to 
testing. Approximately 6   cm2 of the scaffold was kept in 
contact with the shaved area and secured with gauze. At 
the end of the contact period of 4  h, the scaffolds were 
gently removed, and all animals were examined for signs 
of erythema and oedema. The severity of erythema/
oedema was graded on a scale of 0–4, where 0 indicated 
the absence of any signs of redness/swelling and 4 indi-
cated the presence of severe redness/swelling. Grading 
was performed 60  min after patch removal and 24, 48, 
and 72 h later.

In vitro scratch assay
This study provides a practical and convenient approach 
for analysing cell migration, which is vital for the regen-
eration of injured tissues. A cell-free gap was created by 
scratching a monolayer of cell culture, and the movement 
of cells into the gap to cover the scratch was assessed 
[42].

Formulations CS1-CS6 and a commercial formula-
tion  (CollDrez®) were subjected to a scratch assay. L929 
murine fibroblast cell lines were seeded onto 12-well 
plate to a final cell count of 1.2 × 105 cells/well for the 
scratch assay. Two millilitres of DMEM-HG media 
enriched with 10% foetal bovine serum (FBS) was added, 
and cell cultures were incubated overnight at  370C and 
5%  CO2 to allow cell adhesion. Fifty millilitres of DMEM 
media containing 10% (4.7  mL) of foetal bovine serum 
albumin (FBS) and 0.3  mL of Penicillin–Streptomycin-
Neomycin solution was prepared. The sample prepara-
tion consisted of mixing 1 mg with 1 mL of the prepared 
media. Cell culture monolayers were then scratched 
with a sterile 10 µL tip, after which 2 mL of media was 
removed from each well to remove floating dead cells. 
The sample was added (separate concentrations between 

10 and 50  µL), and the volume was made up to 2  mL 
using freshly prepared media. The control group received 
only fresh medium. Images of the scratched area were 
recorded at 10× magnification using an inverted phase-
contrast microscope (Laben Instruments, BMI-300). 
Measurements were taken at 0  h (just after scratching 
cells), 12 h, and 24 h of incubation in a humidified atmos-
phere (37 ℃, 5%  CO2). By comparing the width of the 
final gap (24 h) to the width of the initial gap (0 h), the 
percentage of cell migration was estimated.
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In vivo wound healing studies
The wound healing capacity of the scaffolds was assessed 
using a full-thickness excision wound model on female 
Wistar rats weighing between 215 and 220  g. All ani-
mals were kept in controlled environments with a 12-h 
light–12-h dark cycle and provided a regular diet of pel-
lets along with unlimited access to water. The dorsal area 
was depilated and disinfected before wounding. Ligno-
caine (60 mg/kg) and ketamine hydrochloride (16.5 mg/
kg) were administered in combination by the i.p. route 
to anesthetize the rats. A full-thickness wound measur-
ing 6 mm in diameter was created using a sterile biopsy 
punch, maintaining uniformity in size and depth. Five 
groups of rats (n = 6 in each group) were treated with 
either a commercial collagen dressing  (CollDrez®) or 
one of three test formulations (CS4, CS5, or CS6) applied 
daily. The control group was left untreated. Before each 
dressing change, the wound bed was cleaned with ster-
ile saline to remove debris, blood, and necrotic tissue. 
The wound area was measured on days 3, 6, 9, 12, and 
15 post-wounding, and the % closure was calculated [37].

where ‘n’ denotes the day of measurement.

Histopathological analysis
On the 15th day of the study, healed skin samples from 
anesthetized animals were obtained and stored in 10% 
formalin. The specimens were then prepared for micro-
scopic evaluation by being fixed in a block of paraffin, 
sectioned into thin sections (4  μm), and stained with 
haematoxylin and eosin (H&E) and Masson’s trichrome 
(MT). The staining revealed information about collagen 
deposition, epithelisation, fibroblast proliferation, and 
keratinization [43].

Statistical analysis
The statistical analysis of wound contraction data was 
performed using one-way ANOVA, followed by compari-
sons with the control group through Dunnett’s test. A 
p-value less than 0.05 was considered statistically signifi-
cant. GraphPad Prism (V9.4) was used for the statistical 
analyses.

Results
In this study, nano-calcium sulphate-piscean collagen 
scaffolds were developed and tested for their ability to 
promote wound healing. Each batch of formulations 
contained different amounts of piscean collagen and 
HPMC E 15 LV, along with 100  ppm NCS. The NCS 

%Wound closure =
Wound area on day 0−Wound area on day ′

n
′

Wound area on day 0
× 100

concentration was fixed on the basis of studies reported 
earlier [26, 27].

Size and distribution of NCS particles
The average diameter of the NCS particles, as measured 
by DLS, was 220.7  nm, with a polydispersity index of 
0.005 (Fig. 1).

Microscopic analysis and elemental composition by SEM–
EDX
SEM–EDX was utilized to analyse the microstructure 
and ascertain the elemental composition of NCS-loaded 
scaffolds. The micrograph of the NCS at 50000× mag-
nification revealed the presence of flat, stick-like crystal 
aggregates (Fig. 2a), and the findings were comparable to 
SEM data reported in previous studies [44]. The exami-
nation of the scaffold at 5000× magnification revealed a 
porous exterior, while the elemental analysis indicated 
the presence of peaks corresponding to oxygen, sulphur, 
and calcium (Fig. 2b, c).

pH
The pH of damaged skin typically changes from basic to 
neutral pH and then to acidic pH as the wound heals, 
with complete epithelialization  [45–47]. Monitoring the 
pH of the wound is crucial for healing and can provide 
insight into the wound’s response to treatment. In this 
study, the pH of the scaffolds was found to be in the range 
of 5.52 ± 0.01 to 5.61 ± 0.008 (Table 2).

Thickness, folding endurance, and mechanical properties
Wound dressings should be flexible and resistant to 
rupture during their application or handling. All the 
formulations exhibited thickness values ranging from 
0.54 ± 0.04 to 0.64 ± 0.04 mm, while the folding endurance 
was between 295 ± 1.20 and 300 ± 0.95. The scaffolds had 
a smooth texture with good flexibility.

The ability of a dressing to resist stress and pressure 
during handling or manufacturing was evaluated based 
on its mechanical characteristics [27, 48]. The tensile 
strength of the scaffolds was between 2.14 ± 0.19 and 
4.59 ± 0.04  N/mm2. Formulation CS 6, containing 15% 
collagen and 10% HPMC, exhibited higher thickness and 
tensile strength when compared to the other formula-
tions (Table  2). Overall, the results indicated that the 
scaffolds had adequate strength to withstand mechanical 
stress during handling or application. This can be attrib-
uted to the use of collagen and HPMC, which provided 
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structural support and improved the integrity of the 
dressing material.

Moisture vapour transmission rate (MVTR) studies
This study helped to determine the moisture permeability 
of the scaffolds. Wound dressings must be able to sustain 
a moist wound milieu. If the MVTR of a dressing is too 
low, healthy tissues surrounding the wound can undergo 
maceration and possible infection due to poor drainage of 
exudates, while a high MVTR can dehydrate the wound 
surface due to excessive loss of fluid. Data were gathered 
throughout a 24-h period on the assumption that scaf-
folds would be applied every day. The MVTR of the scaf-
folds was calculated to be in the range 1755.72 ± 1.33 to 
1925.25 ± 0.81 g/m2/day (Table 2). A significant increase 
in MVTR was observed in scaffolds with higher HPMC 
concentrations.

Expansion profile
When applied to a wound, dressings are expected to 
absorb wound exudates without any modification in their 
structural integrity. The expansion of the scaffold in the 
wound milieu was estimated using solidified gelatin (4% 
w/v). The percentage expansion of the scaffolds at various 

time intervals is shown in Fig.  3. During hydration, the 
scaffolds expanded gradually up to 85–96% of their ini-
tial diameter within 20 min. The increased expansion of 
CS4 (93 ± 2.1), CS5 (94 ± 2.4), and CS6 (96 ± 1.5) could 
be attributed to the higher concentration of HPMC, a 
hydrophilic polymer [49–52].

Sterility testing
A direct inoculation technique was employed to test the 
sterility of the formulations. Following a 14-day post-
incubation period, all formulations were found to be free 
of microbial growth in both culture media (Fluid thiogly-
collate and Soyabean casein digest medium). In contrast, 
the positive controls, which had been seeded with Staph-
ylococcus aureus and Candida albicans, exhibited turbid-
ity (Fig. 4). These results unequivocally demonstrated the 
sterility of the scaffolds.

Cytocompatibility testing
The results of the cytocompatibility test conducted on 
formulations CS1–CS6 after 48 h of exposure are shown 
in Fig. 5. Overall, the % viability of L929 cells in the pres-
ence of scaffold formulations (highest concentration of 

Fig. 1 Size analysis of NCS particles
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2.5% v/v) was found to be in the range 99.89 ± 0.78 of 
99.98 ± 0.89.

Acute dermal irritation studies
The results of the dermal irritation studies conducted on 
rabbits are presented in Fig. 6. The study was conducted 
using formulation CS6, which had the highest concentra-
tion of piscean collagen and HPMC. No adverse dermal 
responses, such as erythema or oedema, were observed 
in the rabbits after exposure to the scaffold for 4  h. 

Additionally, the rabbits did not exhibit any discomfort 
with the formulations.

In vitro wound healing studies by scratch assay
To ascertain its effects on the migratory activities of 
fibroblasts, a scratch assay was performed to evaluate 
the wound healing activity of all formulations. L929 cells 
were treated with the formulations for 24 h. Cell migra-
tion at 0, 12, and 24  h was captured using an inverted 
phase-contrast microscope, and the distance of wound 

a b

Element Weight% Atomic%

O K 53.79 72.47

S K 19.96 13.42

Ca K 26.25 14.2

c

Fig. 2 SEM micrographs of a NCS, b Scaffold, c EDX analysis report of scaffold

Table 2 Evaluation of collagen scaffolds

# The readings are expressed as mean ± SD (n = 3)

Parameters # CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

pH 5.66 ± 0.01 5.59 ± 0.01 5.61 ± 0.008 5.52 ± 0.01 5.53 ± 0.009 5.56 ± 0.004

Thickness(mm) 0.55 ± 0.04 0.54 ± 0.04 0.55 ± 0.04 0.59 ± 0.01 0.63 ± 0.04 0.64 ± 0.04

Folding endurance 295 ± 1.20 296 ± 0.95 299 ± 1.73 299 ± 1.12 300 ± 0.95 300 ± 0.91

Tensile strength (MPa) 2.14 ± 0.19 2.28 ± 0.05 2.33 ± 0.23 2.75 ± 0.05 3.69 ± 0.02 4.59 ± 0.04

Elongation at break (%) 17.96 ± 0.21 19.13 ± 0.21 s 19.54 ± 0.21 23.07 ± 0.21 30.96 ± 0.21 38.51 ± 0.21

MVTR (g/m2/day) 1755.72 ± 1.33 1776.66 ± 1.02 1780.54 ± 0.94 1890.86 ± 1.34 1905.12 ± 0.58 1925.25 ± 0.81

Expansion Profile (%) 85 ± 2.3 86 ± 1.5 90 ± 2.2 93 ± 2.1 94 ± 2.4 96 ± 1.5
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closure was calculated. The findings revealed that at 
the end of 24 h of the study, there was faster migration 
and complete closure of the wound gap in formulation 
administered cells (100%) in contrast to the untreated 
group (50%). The  CollDrez® group showed 91.67% 
wound closure, and thus, it can be concluded that formu-
lation-treated groups had better healing activity than the 
control and commercial formulations (Fig. 7).

In vivo wound healing studies
Based on the results obtained from the scratch assay, for-
mulations CS4, CS5, and CS 6 were considered for in vivo 
studies using an excisional model. Figure  8 depicts the 
healing effects of the nano-calcium sulphate-incorpo-
rated piscean collagen scaffolds at the end of the treat-
ment period. The formulation and  CollDrez®-treated 
wounds underwent contraction and faster re-epitheli-
alization within 12  days post-wounding, while the con-
trol group exhibited delayed healing. All rats endured 

the duration of the study with no evidence of necro-
sis or inflammation. In comparison with commer-
cial  (CollDrez®) and all other formulations, the group 
treated with CS6 showed the best healing activity overall 
(100.0 ± 0.05% per cent on day 12) (Table 3).

Histopathology
Re-epithelialization and collagen formation in full-thick-
ness wounds were evaluated using H&E and MT staining, 
respectively. Microscopic examination of healed skin sec-
tions on day 15 (Fig. 9) revealed successful wound heal-
ing in all formulations and in  CollDrez®-treated animals. 
The control group revealed the presence of irregular 
connective tissue, a thinner epidermal layer, and poorly 
formed collagen fibres (blue arrow) compared to the 
other groups. Inflammation was also observed, indicat-
ing incomplete healing even on day 15. The group treated 
with  CollDrez® dressings revealed a normal epidermal 
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Fig. 5 Viability of L929 cells after 48-h exposure to formulations 
CS1-CS6 (concentration − 2.5% v/v). Untreated cells were taken 
as negative control and the vehicle control was 1% DMSO. The values 
are expressed as mean ± S.D of triplicates
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architecture, collagen fibres, and angiogenesis. The thick-
ness of the epidermis was greater than that of the con-
trol, but thinner than that of the formulation-treated 
groups. Groups CS4, CS5, and CS6 showed well-devel-
oped epidermal layers with abundant collagen fibres and 
an absence of inflammatory cells, indicating improved 
re-epithelialization, fibroblast proliferation, and colla-
gen deposition. The results of the in vivo wound healing 
experiments were reinforced by the findings from the 
histological examination.

Discussion
The four main stages of wound healing are haemostasis, 
inflammatory response, remodelling, and maturation. 
The type of wound affects the choice of the drug used 
for tissue repair and its mode of delivery. The choice 
of dressings is based on factors such as their ability to 
absorb wound exudates, cost considerations, ease of 

application or removal, and their potential to accelerate 
the healing process. In the present study, nano-calcium-
incorporated piscean collagen scaffolds were developed 
and investigated for their potential as a wound dressing 
material [53]. The scaffolds were embedded with nano-
calcium sulphate of average diameter of 220.7  nm. The 
porosity of a scaffold is crucial to provide appropriate 
areas for cell accommodation, proliferation, migration, 
and differentiation. Through the 3D matrix, porous scaf-
folds also aid in the oxygenation and nourishment of the 
injured skin [54, 55]. SEM–EDX examination of the scaf-
fold revealed the presence of a porous exterior, which 
would be beneficial for maintaining an ideal wound 
microenvironment for quicker epithelialization [22]. pH 
is a major factor in determining the prognosis of wound 
healing, and the pH measurements were found to be in 
agreement with other studies that have demonstrated 
that lower pH promotes re-epithelialization and reduces 

Time Control Collagen scaffold

After 60 min

After 24 h

After 48 h

After 72 h

Fig. 6 Photographs of dermal irritation at different time intervals on rabbits
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Fig. 7 Scratch assay using L929 murine fibroblast cell lines
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Fig. 8 Representative images of wound control and wounds treated with  CollDrez® and test formulations for 15 days. The scale bar for all images 
is 5 mm

Table 3 Data for statistical analysis of wound healing activity

The readings are expressed in terms of %, as Mean ± S.D (n = 6); one-way ANOVA and Dunnett test where ns—(non-significant) p > 0.05, *p < 0.05, **p < 0.01, in 
comparison with control

Group Control CollDrez® CS4 CS5 CS6

Day 3 12.00 ± 0.98 13.00 ± 0.82 ns 13.00 ± 0.81 ns 15.00 ± 0.81* 17.00 ± 0.50**

Day 6 19.00 ± 0.81 40.00 ± 0.60** 41.00 ± 0.59** 45.00 ± 0.55** 49.00 ± 0.51**

Day 9 35.00 ± 0.65 64.90 ± 0.35** 76.00 ± 0.24** 79.00 ± 0.21** 85.00 ± 0.15**

Day 12 68.00 ± 0.32 74.00 ± 0.26** 80.00 ± 0.20 ** 88.00 ± 0.15** 100.0 ± 0.05**

Day 15 75.00 ± 0.25 93.00 ± 0.10** 90.00 ± 0.10** 99.50 ± 0.04** –
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microbial load on infected surfaces [56–58]. All wound 
dressings should possess apt mechanical properties to 
accommodate different types of skin wounds. Addition-
ally, they should be flexible and resistant to rupture dur-
ing their application or handling [59]. The scaffolds had 
a smooth texture devoid of irregularities, good flexibility 
and adequate strength to withstand mechanical stress 
during handling and application, according to the evalu-
ation results of their mechanical characteristics [27, 48]. 
The study also concluded that the tensile strength of the 
formulations could be improved by incorporating higher 

concentrations of collagen and HPMC. According to 
previous studies, an MVTR of approximately 2028.3  g/
m2/day is ideal for maintaining moist conditions in the 
wound without increasing the risk of maceration or 
dehydration [60]. The results indicated that all the scaf-
folds were pervious to water vapour and could sustain 
an optimum milieu on the wounded area without lead-
ing to desiccation. Water uptake capacity is considered 
to be a prerequisite for polymers selected in the devel-
opment of wound dressing materials, and dressings with 
good hydration properties are ideal for wounds with low 

Groups Hematoxylin and Eosin stain Masson’s Trichrome stain

Control

CollDrez® 

CS4

CS5

CS6

Fig. 9 Photomicrographs showing stained sections of skin tissues of different groups, at 10x magnification. The scale bar for all images is 100 μm. 
The areas are indicated by coloured arrows—Red: Re-epithelialization; Black: Irregular connective tissues; Yellow: Epidermis; Green: Inflammatory 
cells; Blue: Collagen formation; Orange: blood vessels; and the red bracket representing the thickness of the epithelial layer
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or moderate discharge [61–63]. During hydration, the 
scaffolds expanded gradually up to 85–96% of their ini-
tial diameter while maintaining their shape throughout 
the test. Expansion was pronounced with the increase in 
concentration of HPMC, owing to its hydrophilic nature 
[64].

In accordance with Fouche et  al. [65], a substance is 
deemed non-cytotoxic when the cell viability is 80% or 
higher, weakly cytotoxic when the cell viability is 60–80%, 
moderately cytotoxic when the cell viability is 40–60%, 
and strongly cytotoxic when it is less than 40%. Thus, 
the scaffolds can be considered safe for dermal applica-
tion, as they do not have any cytotoxic effects on mouse 
fibroblasts in vitro. No visible dermal responses, such as 
erythema or oedema, were observed on the rabbits fol-
lowing exposure to the scaffold for 4 h in the acute der-
mal irritation studies, and the rabbits did not show any 
kind of discomfort with the formulations. The findings 
of the scratch assay showed that the formulation-treated 
groups had better healing activity than the control and 
commercial formulations, as there was faster migration 
and complete closure of the wound gap in formulation-
administered cells at the end of 24  h of the study, in 
contrast to the untreated and commercial formulation-
treated groups. The results of the scratch assay were fur-
ther substantiated by in vivo wound-healing experiments 
and histological studies. These outcomes are consistent 
with previous research that showed that formulations 
containing nano-calcium enhanced wound healing and 
epidermal regeneration [27, 43]. Additionally, the pres-
ence of collagen and HPMC’s effective exudate-absorbing 
capabilities of HPMC can be considered as additional 
factors responsible for healing [66].

Conclusion
In the present study, we propose the development of 
nano-calcium-integrated piscean collagen scaffolds as 
a potential material for wound dressings. The scaffolds 
exhibited good mechanical characteristics and were 
compatible with dermatology. Significant cell prolifera-
tion was observed in the scratch assay performed using 
L929 mouse fibroblasts. The dual wound healing benefits 
of both piscean collagen and nano-calcium were evi-
dent for all formulations. The authors concluded that the 
nano-calcium-incorporated piscean collagen scaffold is 
a promising biomaterial that can be further explored in 
wound treatment.

Further investigations can be carried out to optimize 
the concentrations of various polymers and consider fac-
tors such as nutrition and comorbidities in animals to 
create a more comprehensive model for simulating real-
world wound healing conditions.
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