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ABSTRACT: The growing problem of fishery waste poses a significant environmen-
tal concern and represents a valuable untapped source of biomaterials that can be con-
verted into useful resources. This research aims to achieve the sustainable valorization 
of Cynoglossus arel waste. We extracted and characterized gelatin and chondroitin sulfate 
from fish skin and rigorously analyzed them to assess the integrity of their functional 
groups and their colloidal stability. The findings further verify that the gelatin has appro-
priate structure characteristics, as supported by tests for moisture content and gelation. 
Meanwhile, chondroitin sulfate was shown to be sulfated using Toluidine Blue, Safranin 
O, and Methylene Blue precipitation tests. Following their confirmatory tests, the antiox-
idant activities of the biopolymers were examined by the DPPH radical scavenging assay. 
The gelatin and chondroitin sulfate exhibited moderate antioxidant activity, suggesting 
their potential to combat oxidative stress. Their potential for biomedical applications, 
especially in wound healing, was evaluated using cell migration assays with normal human 
dermal fibroblast cells. When applied at specific concentrations, the biopolymer extracts 
significantly improved cell migration and accelerated wound healing compared with the 
control group. These results illuminate the high potential for utilizing Cynoglossus arel fish 
waste to produce bioactive compounds with significant therapeutic uses. The research 
establishes the dual advantage of valorizing marine waste and producing low-cost, natural 
biomaterials for regenerative medicine, especially for dermal repair. 
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1. INTRODUCTION

The fish processing industry can generate significant byprod-
ucts, which include skin, scales, bones, and viscera, which are 
prone to underutilization despite their potential as sources of 
functional biopolymers (Abelti et al., 2022). Cynoglossus arel, 
the largescale tongue-sole, is a benthic flatfish of the family 
Cynoglossidae. The mucus-covered integument supports 
large, coarse ctenoid scales present on the ocular side, whereas 
smooth cycloid scales are present on the blind side, facilitat-
ing sediment attachment and burrowing capacity (Kishipour 
et al., 2023; Minicozzi et al., 2019). This species lacks pec-
toral and pelvic fins, which is a distinctive characteristic of 
Cynoglossus, and has continuous dorsal and anal fins, respec-
tively (Oujifard et al., 2017; Black and Berendzen, 2020).  
The skin of Cynoglossus arel contains a large quantity of col-
lagen and glycosaminoglycans and hence serves as a valuable 
raw material for the recovery of gelatin and chondroitin sul-
fate production (Rajabimashhadi et al., 2023). 

Gelatin is a partially hydrolyzed collagen derived from acid 
or enzymatic hydrolysis of collagen material, like fish skin. It 
is a proteinaceous polymer that can form a gel, is biocompat-
ible, and is film-forming (Das et al., 2017). Chondroitin sul-
fate is a sulfated glycosaminoglycan and is a basic structure of 
cartilage and connective tissue, which is typically derived by 
extracting from fish skin via alkaline or enzymatic digestion 
processes with further precipitation and purification treat-
ments. Chondroitin Sulfate exhibits excellent anti-inflamma-
tory, chondroprotective, and antioxidant activities (Medeiros 
et al., 2021). The simultaneous extraction of chondroitin 
sulfate and gelatin from the skin of C. arel not only imparts 
economic value to fish waste material but also promotes sus-
tainable bioprocessing. 

Despite published work on the extraction of gelatin 
from other fish sources, information on the simultaneous or 
sequential extraction of the two compounds from the same 
biomass, especially from C. arel, is lacking. Moreover, there is 
a lack of knowledge regarding comparative studies of different 
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2.2. Identification of species

Accurate species identification is crucial in this research as it 
ensures that the extracted materials are indeed from Cynoglossus 
arel. This was achieved through DNA barcoding using molec-
ular techniques targeting the barcode gene (Knebelsberger 
and Stöger, 2012). DNA was isolated from the fish sample. 
Its purity was checked using agarose gel electrophoresis. There 
is a distinct band for high-molecular-weight DNA in agarose 
gel electrophoresis. The cytochrome c oxidase subunit I (COI) 
gene fragment was amplified with LCO and R2 primers with 
a single discrete PCR amplicon. A 700 bp band was observed 
upon agarose gel resolution. PCR amplicon’s forward and 
reverse DNA sequencing reaction was conducted using LCO 
and R2 primers with BDT v3.1 cycle sequencing kit on an 
ABI 3730xl Genetic analyzer. COI gene consensus sequence 
derived from forward and reverse sequence data with the 
aligner software. The COI gene sequence was used to con-
duct a BLAST search against the NCBI GenBank database’s 
‘nr’ database. The first 10 sequences were chosen based on the 
highest identity score, followed by alignment with the multiple 
alignment program Clustal W. The RDP program was used to 
compute the distance matrix database. The phylogenetic tree 
was specifically constructed using MEGA 11 (Soman et  al., 
2020). The evolutionary history was inferred by using the 
Maximum Likelihood method and the Tamura-Nei model. 
Initial tree(s) for the heuristic search were obtained automat-
ically by applying Neighbor-Join and BioNJ algorithms to a 
matrix of pairwise distances estimated using the Tamura-Nei 
model and then selecting the topology with the superior log 
likelihood value (Hall, 2013; Tamura et al., 2011). 

2.3. Extraction of gelatin

20 g of the stored fish skin sample was weighed and thor-
oughly rinsed with distilled water. The skin was immersed in 
100 mL of 95% ethanol for 1 hour at room temperature. The 
sample was transferred to a fresh ethanol solution and incu-
bated for another 1 hour. Further, the sample was washed with 
distilled water and blotted dry (Sen et al., 1966). Alkaline pre-
treatment was done to remove the non-collagenous proteins. 
The defatted skin was immersed in 100 mL of 0.1 N NaOH. 
It was incubated at room temperature for 30 minutes with 
constant stirring. The process was repeated and further rinsed 
with distilled water (Arpi et al., 2018). For collagen swelling, 
the alkaline-treated sample was immersed in 0.1 M acetic acid 
and incubated at 4 °C for 4 hours with occasional stirring, 
followed by washing with distilled water (See et al., 2015). 
The pretreated sample was immersed in 100 mL of distilled 
water (1:5 w/v) and incubated in a water bath maintained at 

extraction methods, the optimization of multiple conditions, 
and product quality for pharmaceutical or biomedical appli-
cations. Such a situation presents a significant opportunity for 
improving bioprocess development, waste valorization, and 
the generation of sustainable products (Bellon-Maurel et al., 
2013). The primary objective of this research is to develop 
a productive and sustainable sequential extraction protocol 
for gelatin and chondroitin sulfate from C. arel skin, a widely 
underexploited flatfish species.

Following the extraction, the research anticipates deter-
mining the physicochemical properties of gelatin and 
chondroitin sulfate through analytical techniques such as 
Fourier-transform infrared spectroscopy (FTIR) (Tkachenko 
and Niedzielski, 2022) and zeta potential (Serrano-Lotina 
et al., 2023) to analyze their structural and functional prop-
erties. Finally, the research anticipates demonstrating the 
feasibility of using C. arel skin as a dual-resource material, 
advancing waste valorization, sustainable biomaterial produc-
tion, and circular bioeconomy practice in fisheries (Nzihou, 
2010). In addition to their industrial applications, gelatin and 
chondroitin sulfate have shown strong potential for wound 
healing. Gelatin supports cell adhesion and proliferation, 
whereas chondroitin sulfate promotes fibroblast migration, 
ECM remodeling, and anti-inflammatory activity (Huang 
et al., 2018). Together, they created a bioactive environment 
that can accelerate tissue repair, making them ideal candi-
dates for developing natural wound-healing biomaterials from 
marine waste (Karydis-Messinis et al., 2023).

2. MATERIALS AND METHODS

2.1. Extraction of skin from Cynoglossus arel 

The fresh specimens of Cynoglossus arel (approximately 
1 kg) were collected from a local fishmonger in SG Palya, 
12°55’34.3 “N 77°36’22.2 “E, WJG4+FFF Bengaluru, 
Karnataka. They were appropriately washed with distilled 
water to remove any debris and contaminants. The scales 
were carefully removed from both dorsal and ventral surfaces. 
The outer skin from both surfaces was peeled off carefully 
from the flesh using a knife and forceps. The peeled skin was 
again washed using distilled water to avoid contamination 
during further extraction. The skin was carefully removed 
from the fish and exposed to chemical and enzymatic treat-
ments and tests to extract gelatin and chondroitin sulfate effi-
ciently. These treatments were optimized to ensure maximum 
yield and purity. For further characterization and analysis, 
the skin was stored in an air-tight container at −20 °C to pre-
vent decomposition or degradation (Wang and Regenstein, 
2009).
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60 °C for 5 hour with occasional stirring. The gelatin filtrate 
was filtered through Whatman’s filter paper to remove debris 
or contaminants (Huang et al., 2017). 20 mL of gelatin 
extract was evenly poured onto sterile steel plates and dried in 
a hot-air oven for 48 hours to obtain dried gelatin films. The 
remaining liquid gelatin extract was stored for further analysis 
and characterization (Giménez et al., 2005).

2.4. Extraction of chondroitin sulfate 

20 g of the stored fish skin sample was weighed and thor-
oughly rinsed with distilled water. The skin was defatted by 
immersing it in 100 mL of 95% ethanol for 1 hour at room 
temperature. The sample was transferred to a fresh etha-
nol solution and incubated for another 1 hour. Further, the 
sample was washed with distilled water and blotted dry (Sen 
et al., 1966). The defatted skin sample was enzymatically 
digested by incubating in phosphate buffer (100 mL) con-
taining trypsin (200 mg) for 48 hour (Katakami et al., 1985). 
The digested sample was treated with 5% trichloroacetic acid 
and incubated for 1 hour. The incubated mixture was further 
centrifuged at 8000 rpm for 20 minutes. The resulting super-
natant was collected (Hemker et al., 2020). The accurate vol-
ume of supernatant was measured. To this supernatant, three 
times the volume of ice-cold absolute ethanol was added and 
incubated for 24 hours at 4 °C (Nogueira et al., 2019). The 
incubated solution was taken and centrifuged at 8000 rpm 
for 20 minutes. The supernatant was discarded, and the pel-
let was resuspended in 10 mL of distilled water. The solution 
was then precipitated using double the volume of ice-cold iso-
propanol. This solution was incubated for 24 hour at 4 °C 
(Vázquez et al., 2019). The incubated sample was centrifuged 
at 8000 rpm for 20 minutes. The supernatant was discarded, 
and the pellet was collected. The pellet was resuspended in 
distilled water (depending on the quantity and density of the 
pellet obtained) (Sikder and Das, 1979). The extraction was 
repeated twice to obtain a higher yield of chondroitin sulfate. 
10 mL of the extract was poured onto sterile steel plates and 
heated in a hot-air oven at 60°C for 48 hours to obtain dried 
chondroitin sulfate powder. The extract solution was stored 
for analysis and characterization tests (Hagiwara et al., 2013).

2.5. Qualitative analysis of gelatin

(i)	 Gelation test was performed by dissolving 0.2 g of dried gel-
atin in 10 mL of hot distilled water. It was allowed to refrig-
erate for 3 hour and was checked for the formation of a gel. 

(ii)	 The moisture content of the gelatin was analyzed using a 
moisture analyzer (SHIMADZU). Approximately 0.05 g 

of gelatin was taken and evenly spread on the pan to allow 
even heating. The heating temperature and the moisture 
percentage were analyzed (Avena-Bustillos et al., 2011).

(iii)	The protein content in gelatin was analyzed by Lowry’s 
method. Different volumes of a standard solution of 
bovine serum albumin (1 mg/mL) were pipetted, rang-
ing from 0.04 to 0.2 mL, and diluted to 1 mL with dis-
tilled water (Redmile-Gordon et al., 2013). Similarly, 0.2 
and 0.4 mL of gelatin extract were combined and diluted 
to 1 mL with distilled water. Freshly prepared alkaline 
copper reagent (5 mL) was added to all test tubes. The 
tubes were incubated at room temperature for 10 min-
utes. Soon after incubation, Folin-Ciocalteu reagent was 
added (0.5  mL), mixed uniformly, and incubated for 
30 minutes at room temperature under dark conditions. 
The absorbance of all the test tubes was recorded at 660 
nm (Zhou and Regenstein, 2006). The protein concen-
tration of the test samples was analyzed by comparing 
their values with the standard curve (Campbell, 1983). 

2.6. Qualitative analysis for chondroitin sulfate

(i)	 The Toluidine test was done by adding 1 mL of 0.05% 
toluidine blue solution to 1 mL of chondroitin sulfate 
solution (1 mg/mL) in a test tube. The tube was allowed 
to stand for 10 minutes at room temperature (Volpi 
et al., 2005; Ye et al., 2021). 

(ii)	 Safranin O test: 1 mL of chondroitin sulfate (1 mg/mL) 
was taken in a test tube and mixed with 1 mL of 0.1% 
safranin O reagent. It was appropriately mixed and allowed 
to stand for 10 minutes at room temperature (Mao et al., 
1998). 

(iii)	For the Methylene blue precipitation test, 1 mL of chon-
droitin sulfate (1mg/mL) was taken in a test tube and 
mixed with 1 mL of 0.1% methylene blue dye. Followed 
by the addition of 1 mL of 5% trichloroacetic acid 
(Abdelrahman et al., 2022). 

(iv)	 Moisture content was performed as described earlier for 
gelatin moisture content analysis. 50 mg of chondroitin 
sulfate was taken and evenly spread on the pan to allow 
even heating. The heating temperature and the moisture 
percentage were analyzed (Nithinkumar et al., 2022). 

2.7. Determination of antioxidant activity using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay

From the 1 mg/mL stock solutions of gelatin, chondroitin 
sulfate, and ascorbic acid, different volumes (0.2 – –1 mL) 
were taken, and each was made up to 1 mL with distilled 
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water. Then, 100 μL of each test was transferred to a 96-well 
microplate, followed by 100 μL of freshly prepared DPPH 
solution. A control (100 μL methanol and 100 μL DPPH) 
and a blank (100 μL ascorbic acid and 100 μL methanol) 
were used for the assay. The plate is incubated in the dark for 
30 minutes with gentle shaking. The absorbance was recorded 
at 517 nm using a microplate reader (Krüzselyi et al., 2023). 
The percentage of DPPH Scavenging activity was calculated 
using the formula described by Flieger and Flieger (2020). 

	

(control) (sample)

(control)

A A
% Inhibtion 100

A

−
= ×

where A(control) is the absorbance of DPPH + methanol, 
A(sample) is the absorbance of DPPH + sample (gelatin or chon-
droitin sulfate).

2.8. Characterization of functional groups using FTIR 

Approximately 1–2 mg of the dried sample (gelatin and 
chondroitin sulfate) was kept directly on the ATR crystal 
(Attenuated Total Reflectance). The sample was pressed very 
gently against the crystal using the pressure arm. The back-
ground spectrum was recorded using an empty, clean crys-
tal. The sample spectrum was then recorded with a range of 
4000–400 cm–1, with a resolution of 4 cm–1 and 32 scans. 
The spectrum was saved, and the baseline was normalized and 
corrected. The resulting spectrum was further analyzed for 
the sample›s characteristic peaks (Tkachenko and Niedzielski, 
2022). 

2.9. Zeta potential analysis

Sample solutions (approximately 6 mL) of gelatin and 
chondroitin sulfate were formulated in deionized water at a 
concentration of 0.5 mg/mL. Approximately 700–1000 µL 
of the sample was transferred into a clean zeta potential cell 
without introducing air bubbles. The zeta potential instru-
ment (Malvern) was turned on and allowed to stabilize. The 
sample cell was inserted into the measurement chamber. 
Parameters such as temperature (approximately 25 °C), dielec-
tric constant, viscosity, zeta potential runs, and the dispersant 
measurement position were input. The instrument automati-
cally measured electrophoretic mobility. Measurements were 
conducted in triplicate, and the average ± standard deviation 
was reported. The measured zeta potential (mV) values were 
analyzed for colloidal stability behavior (Serrano-Lotina et al., 
2023).

2.10. Cell migration studies on the normal human dermal 
fibroblast (NHDF) cell line

2.10.1. Cytotoxicity screening using NHDF cells
The cell count was standardized to 1.0 × 10^4 cells/mL 

using the required complete culture media. To each well of 
the prelabelled 96-well microtiter plate, 100 µL of the pre-
pared cell suspension (10,000 cells/well) was added and 
incubated at 37 °C with 5% CO2. After 24 hour of incuba-
tion, the supernatant was removed, and the monolayer was 
rinsed with plain media. To each pre-designated well, 100 
µL of test samples at various concentrations were added, and 
the samples were incubated for 24 hours. After incubation, 
the test solutions in the wells were discarded, and 100 µL of 
MTT reagent (0.5 mg/mL of MTT in PBS) was added to 
each well. The plates were incubated for 4 hour at 37 °C in 
5% CO2. The supernatant was removed, 100 µL of DMSO 
was added, and the plate was gently shaken to solubilize the 
formazan crystals. The absorbance readings were recorded 
at 590 nm using a multimode plate reader, SpectraMax i3X 
(Molecular Devices), according to the manufacturer’s instruc-
tions (Muchová et al., 2021). The percentage growth inhi-
bition was calculated using the given formula, with the test 
drug concentration required to inhibit cell growth by 50%. 
Values are generated from the dose-response curves of cells 
using GraphPad Prism 5.0 software (Malik et al., 2022).

	

−
= ×

OD of  Control OD of  Sample
% Inhibition 100

OD of  Control

2.10.2. Wound healing assay
With the cytotoxicity screening results, 1000 (μg/mL) of 

gelatin solution prepared in plain media and 100 (μg/mL) 
of chondroitin sulfate were mixed. The resulting (10:1) mix-
ture was combined with an equal volume of medium, yield-
ing a final test concentration containing 500 (μg/mL) gelatin 
and 50 (μg/mL) chondroitin sulfate, which was used for the 
migration assay (Karydis-Messinis et al., 2023). Cells were 
carefully detached from the tissue culture plate by 0.25% 
Trypsin-EDTA solution. The cells were pelleted in a 15 mL 
conical tube by centrifugation. The resulting supernatant was 
aspirated, and the cells were resuspended in culture media. 
A required number of cells were plated in a six-well plate to 
achieve 100% confluence within 24 hours. In a sterile envi-
ronment, a 200 µ L pipette tip was firmly pressed against 
the top of the tissue culture plate, and a vertical wound 
was swiftly created through the cell monolayer (the scratch 
created was approximately 2 µ m wide). Excessive force was 
avoided to prevent damage to the tissue culture surface. The 
media and cell debris were carefully aspirated. Fresh culture 
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media containing the desired concentrations of test samples 
was slowly added along the side wall of the well to ensure 
complete coverage of the well bottom and to prevent further 
cell detachment. Following wound creation and inspection, 
an initial image was captured. The plate was then incubated 
at 37 °C with 5% CO2. At several time points (e.g., every 
24  hours), the plate was removed from the incubator and 
placed under an inverted microscope. Images were taken to 
monitor wound closure. The time required for wound closure 
varied depending on the cell type (Pijuan et al., 2019). 

The distance between the wound’s edges was measured 
using a scale bar in ImageJ software for analysis. The progres-
sion of wound closure over time was analyzed and presented 
graphically using bar plots. The wound healing/closure was 
calculated using the given formula (Gould et al., 2022):

=
−

×

Wound closure %
Migration Dist. at 0 hours Migration Dist. at Time t

100
Migration Dist. at 0 hours

3. RESULTS

3.1. Confirmation of Cynoglossus species

A sample, which was labeled as Tongue fish (Figure 1), might be 
Cynoglossus arel, and showed high similarity based on nucleotide 
homology and phylogenetic analysis (Hall, 2013; Tamura et al., 
2011).

Extraction of skin: The skin yield obtained from 1 kg of 
the fish sample was 80.925 g.

Gelatin extraction: From 20 g of fish skin sample, approx-
imately 100 mL of gelatin filtrate was obtained. From this 100 
mL, 20 mL of gelatin filtrate was dried, and the dry weight 
of the gelatin films was obtained as approximately 0.320 g. 

The remaining filtrate is stored at 4 °C for further analysis and 
tests. Gelatin yield was calculated for a 20 g skin sample at 8%.

Chondroitin sulfate extraction: From 20 g of fish skin 
sample, approximately 29 mL of chondroitin sulfate was 
obtained. From this 29 mL, 20 mL of chondroitin sulfate 
solution was dried, and the resulting powder weighed approx-
imately 0.650 g. Another 25 mL of extract solution was 
obtained, as the extraction was repeated twice. The remaining 
extract was stored at 4 °C for further analysis and tests. 

3.2. Qualitative analysis for gelatin

Upon refrigeration at 4 °C for 4 hour, the solution formed 
a firm, transparent gel, indicating intact gel-forming pro-
teins and triple-helix reformation. The gel exhibited typical 
thermoreversible behavior, returning to a liquid state upon 
reheating (Avena-Bustillos et al., 2011; Wu et al., 2023). The 
moisture % for 0.05 g of gelatin was recorded as 15.68 ± 
0.784% as the temperature increased from room temperature 
(25 °C) to 116 °C (Nithinkumar et al., 2022), as shown in 
Figure 3. The protein concentration of the gelatin was deter-
mined by the Lowry method, with BSA as the standard. A 
standard calibration curve was plotted in the 20–200 µg/mL 
concentration range, exhibiting a linear correlation with an 
R² value of 0.9958 (Campbell, 1983). The 0.2 mg/mL gel-
atin solution yielded a protein concentration of 0.116 mg/
mL, while the 0.4  mg/mL solution gave 0.156  mg/mL (as 
shown in Figure 2). These values indicate recovery efficiencies 
of 58% and 39%, respectively, suggesting that the extracted 
gelatin retained a substantial amount of soluble protein, 
although slightly lower than expected based on the nominal 
concentration (Zhou and Regenstein, 2006). 

0.2 mg/mL gelatin → 0.116 mg/mL measured (58% recovery)

0.4 mg/mL gelatin → 0.156 mg/mL measured (39% recovery)

The response ratio should be:
	� Expected: 0.156/0.116 = 1.34 (close to linear would be 
~2.0)

	� This 34% increase for doubling concentration indicates 
significant non-linearity (Peterson, 1979). 
Response Factor Calculation:

	� At 0.2 mg/mL: Response factor = 0.116/0.2 = 0.58
	� At 0.4 mg/mL: Response factor = 0.156/0.4 = 0.39
This indicates a 33% decrease in the response factor with 

concentration doubling.
For nominal gelatin solutions of 0.2 mg/mL and 0.4 

mg/mL, the Lowry protein assay produced concentra-
tions of 0.116 mg/mL and 0.156 mg/mL, respectively. 
The concentration-dependent underestimate feature of 

Figure 1. The phylogenetic tree with the highest log likelihood 
(–1037.88) is shown for Tongue Fish.
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gelatin quantification using BSA standards is indicated by the 
non-proportional rise (1.34-fold vs. predicted 2-fold) (Bera 
et al., 2020; Peterson, 1979). This pattern is characteristic of 
gelatin in the Lowry assay due to limited aromatic amino acid 
content (Ibrahim et al., 2011) and concentration-dependent 
conformational effects (Gornall and Terentjev, 2008).

3.3. Qualitative analysis for Chondroitin Sulfate

The detection of chondroitin sulfate in the extracted sam-
ple was confirmed using the Toluidine Blue metachromatic 
dye-binding assay. Upon addition of 0.05% Toluidine Blue 
solution to the chondroitin sulfate sample, a distinct pur-
ple-to-bluish violet coloration was observed, indicative of 
metachromasia (Volpi et al., 2005). Upon addition of 0.1% 
aqueous Safranin O solution to it, a reddish-orange col-
oration was observed, which revealed the association of the 
cationic dye with the anionic sulfate groups of chondroitin 
sulfate (Mao et al., 1998). The Methylene Blue precipitation 
test was performed to detect the prevalence of sulfated glycos-
aminoglycans. When chondroitin sulfate solution was mixed 
with 0.1% Methylene Blue solution, a distinct blue precip-
itate was formed within a few minutes (Abdelrahman et al., 
2022). The moisture% for 0.05 g of chondroitin sulfate was 
recorded as 37.83 ±1.1349% as the temperature increased 
from room temperature up to 114  °C (Nithinkumar et al., 
2022, as shown in Figure 3).

3.4. DPPH analysis

The antioxidant potential of the extracted gelatin and 
chondroitin sulfate was evaluated using the DPPH radical 
scavenging assay (Saftić Martinović et al., 2023).

All three groups showed a general increase in DPPH inhi-
bition percentage with increasing concentration, demonstrat-
ing dose-dependent antioxidant behavior. The average DPPH 

inhibition percentage for ascorbic acid at 1 mg/mL was 
65.092 ± 0.371%. Ascorbic acid showed the highest scaveng-
ing efficacy at all concentrations. At 1.0 mg/mL, inhibition 
exceeds 60%, with minimal error, indicating strong and con-
sistent antioxidant capacity. The average DPPH inhibition 
percentage at 1 mg/mL for chondroitin sulfate was recorded 
as 15.38 ± 2.59%. Chondroitin sulfate exhibited moder-
ate antioxidant activity, increasing gradually from ~10% at 
0.2 mg/mL to ~22–24% at 1.0 mg/mL. The increase is linear 
and consistent, supporting its functional potential as a mild 
antioxidant. The average DPPH inhibition % at 1 mg/mL 
for gelatin was recorded as 23.89 ± 3.21%. Gelatin showed 
lower inhibition values than chondroitin sulfate at all con-
centrations, except at 0.4  mg/mL, where both were nearly 
equal. The inhibition plateaus around ~20% at 1.0 mg/mL, 
suggesting a weaker antioxidant profile than chondroitin sul-
fate. Chondroitin sulfate and gelatin show larger standard 
deviations at intermediate concentrations (e.g., 0.6 mg/mL), 
which may reflect variability in solubility, reaction kinetics, 
or replicate measurements (Tekle et al., 2022) (as shown in 
Figure 4).

3.5. FTIR analysis

FTIR spectroscopy confirmed the detection of character-
istic functional groups in the extracted gelatin and chondroi-
tin sulfate, giving functional peaks (Nandiyanto et al., 2019; 
Tkachenko and Niedzielski, 2022). The FTIR spectrum of 
gelatin displayed distinct peaks corresponding to protein-
specific vibrational modes (Al-Saidi et al., 2012; Hidayati 
et  al., 2021). The FTIR spectrum of chondroitin sulfate 
showed characteristic peaks indicative of sulfated glycosami-
noglycans (Thomas et al., 2021). The graphs for both groups 
are shown in Figure 5.
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3.6. Zeta potential analysis

Zeta potential was performed to assess the extracted bio-
polymer solutions’ surface charge and colloidal stability 
(Serrano-Lotina et al., 2023). The Zeta potential of gelatin 
was obtained as –6.92 mV with the zeta deviation of 4.67 
mV and conductivity as 0.248 mS/cm (Cheng et al., 2023). 
Meanwhile, the zeta potential of chondroitin sulfate was 
obtained at −6.35 mV, with the zeta deviation at 4.21 mV 
and the conductivity at 0.354 mS/cm (da Silva et al., 2012).

3.7. Cytotoxicity screening using NHDF cells

To determine the vitality of NHDF cells in response to test 
samples, cells were incubated for 24 hours with test samples 
at a wide range of concentrations. Cell viability was stud-
ied using the MTT assay (Muchová et al., 2021; Gonçalves 
et al., 2022). The control group showed 0% mean inhi-
bition, whereas gelatin showed 4.60 ± 0.90% at 1 mg/mL, 
and chondroitin sulfate showed 4.82 ± 1.09% at 0.1 mg/
mL. Cytotoxicity data on the cells are tabulated in Table 3. 
Samples did not show toxicity for the tested concentrations.

3.8. Wound healing assay

Table 4 presents data on the migration distance and 
wound-closure percentage for cells treated with different 
compounds. The control group has a migration distance 
of 1.93 μm at 0 h, which decreases to 0.87 μm at 24 hour 
and 0.66 μm at 48 hour (as observed in Figure 7). The cor-
responding wound closure percentages are 54.92% at 24 
hours and 65.80% at 48 hours. In contrast, the group treated 

with gelatin + chondroitin sulfate (500 μg/mL + 50 μg/mL) 
shows a migration distance of 1.92 μm at 0 hours, decreas-
ing to 0.74 μm at 24 hour and 0.54 μm at 48 hou (Karydis-
Messinis et al., 2023) (as observed in Figure 7). The wound 
closure percentages for this group are 61.46% at 24 hour and 
71.88% at 48 hour (Badawi et al., 2022; Gould et al., 2022).

The migration distance decreases over time for both 
groups. The percentage of wound closure increases over time 
in both groups. The group treated with gelatin + chondroitin 
sulfate shows a higher wound closure percentage than the 
control group at both 24 and 48 hour (Figure 7).

4. DISCUSSION

There was a recovery of 80.93  g of skin per 1  kg of 
Cynoglossus arel, which accounts for a skin yield of 8.09% 
(w/w). Remarkably, the present study demonstrates the effi-
cient coextraction of gelatin and chondroitin sulfate from this 
single skin source, showcasing the high functional potential of 
fish skin as a versatile raw material. From 20 g of Cynoglossus 
arel skin, the extraction process yielded approximately 
100 mL of gelatin filtrate, from which 0.320 g of dry gelatin 
film was recovered by drying 20 mL of the extract. This cor-
responds to an estimated gelatin content of 1.6% (w/v) in the 
filtrate and 0.016 g of gelatin per gram of raw skin, which is 
comparable to values reported for tropical and cold-water fish 
species (Gómez-Guillén et al., n.d.). The relatively modest 
dry weight yield is likely influenced by species-specific colla-
gen content, extraction temperature, and time. The extraction 
of chondroitin sulfate (CS) from 20 g of Cynoglossus arel skin 
resulted in approximately 29  mL of CS-rich solution, from 
which 0.650  g of dry CS powder was obtained upon dry-
ing 20 mL of the extract. This corresponds to a 3.25% (w/v) 
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Figure 5. FTIR Spectrum of (A) gelatin and (B) chondroitin sulfate with functional group peaks.

Table 1
FTIR peaks Interpretation for gelatin and chondroitin sulfate (as shown in Figure 5).

Wavenumber (cm–1) Functional group/vibration mode Interpretation

Gelatin

~3300 N–H stretching (Amide A) H-bonded amine groups; protein backbone

~3080 C–H asymmetric stretching (Amide B) CH₂ groups in peptide structure

1640–1660 C=O stretching (Amide I) Backbone carbonyl groups are sensitive to protein conformation

1540–1555 N–H bending + C–N stretching (Amide II) Secondary amide group; protein integrity

1450–1400 CH₂ bending Indicates the presence of methylene side chains

1300–1230 N–H bending + C–N stretching (Amide III) Complex peptide vibrations

1080–1030 C–O stretching Possible carbohydrate residues or collagen glycosylation

Chondroitin sulphate

~3400 O–H stretching (broad) Hydroxyl groups from polysaccharide chains

~2900 C–H stretching Aliphatic backbone vibrations of sugar residues

1610–1650 C=O stretching Carboxylate groups from glucuronic acid units

1260–1220 S=O asymmetric stretching Sulfate ester groups (–SO₃–), characteristic of CS

1150–1000 C–O–C and C–OH stretching Glycosidic linkage and sugar ring vibrations

~850–880 S–O symmetric stretching Confirms the presence of sulfate in glycosaminoglycan chains
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concentration of chondroitin sulfate in the solution and an 
approximate yield of 0.0325 g Chondroitin Sulfate per gram 
of raw skin. An additional 25  mL of extract was obtained 
through a second extraction cycle, suggesting that repetitive 
extraction enhances overall recovery and minimizes residual 
bioactive loss in discarded residues (Nogueira et al., 2019; 
Seixas et al., 2020). 

The gelatin extracted from Cynoglossus arel skin exhibited 
characteristic gelation behavior, forming a firm and transpar-
ent gel after refrigeration at 4 °C for 4 hour. This indicates the 
presence of intact gel-forming proteins and partial reforma-
tion of the collagen mimetic triple-helical conformation upon 
cooling. The gel also exhibited thermally reversible behavior, 

which liquefied upon reheating, a well-defined feature of gela-
tin. Such properties are crucial for biomedical and food appli-
cations where reversible sol-gel transitions are needed (Boran 
and Regenstein, 2010; Wu et al., 2023). The moisture con-
tent of the dried gelatin was measured at 15.68% for 0.05 g, 
monitored over a temperature increase from 25  °C (room 
temperature) to 116 °C. This value falls within the expected 
range (8–16%) reported for fish-derived gelatins, indicating 
efficient dehydration without thermal degradation. Moisture 
analysis is essential for understanding gelatin shelf life, sta-
bility, and film-forming ability, particularly when intended 
for use in pharmaceutical applications (Nithinkumar et al., 
2022; Wang et al., 2023). Protein quantification, which was 
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Table 3
Cytotoxicity data for gelatin and chondroitin sulfate

NHDF

Test samples Conc. (μg/mL) n = 1 n = 2 Mean % inhibition SD IC50

OD at 590 nm % Inhibition OD at 590nm % Inhibition

Control 0 0.766 0.00 0.752 0.00 0.00 0.00 -
Gelatin 62.5 0.756 1.33 0.746 0.83 1.08 0.36 IC50 not 

calculated 
due to lesser 
inhibition

125 0.745 2.72 0.722 3.96 3.34 0.88

250 0.741 3.24 0.726 3.47 3.35 0.16

500 0.742 3.11 0.716 4.83 3.97 1.21

1000 0.726 5.24 0.722 3.96 4.60 0.90

Chondroitin sulfate 6.25 0.752 1.88 0.746 0.86 1.37 0.72

12.5 0.749 2.22 0.735 2.26 2.24 0.03

25 0.742 3.13 0.728 3.19 3.16 0.04

50 0.739 3.52 0.722 3.99 3.76 0.33

100 0.735 4.05 0.710 5.59 4.82 1.09

Table 4
Wound closure % of control, gelatin, and chondroitin sulfate.

Test compounds Test conc. Migration distance in µm % Wound Closure at

0 h 24 h 48 h 24 h 48 h

Control 0 1.93 0.87 0.66 54.92 65.80

Gelatin + chondroitin sulfate (500 µg/mL + 50 µg/mL) 1.92 0.74 0.54 61.46 71.88

done using the Lowry’s method, showed that the 0.2 mg/mL 
gelatin solution yielded a protein concentration of 0.116 mg/
mL, while the 0.4  mg/mL solution yielded 0.156  mg/mL, 
which corresponded to recovery efficiencies of 58% and 
39%, respectively. This suggested that a substantial portion 
of soluble protein remained detectable after extraction and 
processing. However, the lower protein concentration in the 
more concentrated solution may indicate protein aggregation, 
partial denaturation, or interference due to residual impuri-
ties or non-protein components affecting assay sensitivity 
(Pomory, 2008; Redmile-Gordon et al., 2013; Zhou and 
Regenstein, 2006). T﻿he unusual amino acid composition of 
gelatin, especially its low tryptophan content and low tyro-
sine levels compared to BSA standards (Ibrahim et al., 2011), 
is responsible for the non-linear relationship between actual 
gelatin concentration and the Lowry assay response (Legler 
et  al., 1985). Compared with conventional proteins, the 
Lowry assay’s reliance on aromatic amino acids for colour 
formation in the Folin-Ciocalteu reaction results in notice-
ably lower response factors for gelatin (0.39–0.58) (Bera 
et  al., 2020). The observed nonlinearity may also be caused 

by concentration-dependent conformational changes, such as 
partial triple-helix formation and aggregation at higher con-
centrations (Gornall and Terentjev, 2008), which may reduce 
peptide bond accessibility to copper ions in the biuret reac-
tion.   These findings underscore the need to use gelatin-spe-
cific standard curves or alternative quantitative methods, such 
as the hydroxyproline assay, for accurate gelatin quantification 
(Neuman and Logan, n.d.).

The identity of the extracted biopolymer as chondroi-
tin sulfate (CS) was confirmed  through multiple qualitative 
dye-based assays.  The Toluidine Blue test produced a char-
acteristic purple-to-bluish violet colour  upon interaction 
with the sample, indicating metachromasia—a hallmark 
of sulfated glycosaminoglycans (GAGs).  This dye adheres 
to polyanionic sites present on sulfated polymers, causing 
a spectral shift, and has long been used as a reliable colori-
metric indicator for CS detection (Volpi et al., 2005). The 
Safranin O test resulted in a reddish-orange colour, consis-
tent with the binding of cationic dyes to anionic sulfate and 
carboxyl groups, further confirming the presence of sulfated 
polysaccharide structures (Mao et al., 1998). Additionally, the 

https://doi.org/10.53365/nrfhh/217473


A. Parida et al. View Article online

Na t u r a l  R e s o u r c e s  f o r  Hu m a n  H e a l t h

Control

0 
ho

ur
s

24
 h

ou
rs

48
 h

ou
rs

Test

Figure 7. Wound closure distance at 0, 24, and 48 hour of control and test (gelatin + chondroitin sulfate).

Methylene Blue precipitation assay resulted in a distinct blue 
precipitate within minutes, affirming the presence of sulfated 
GAGs through ionic cross-linking and visible aggregation 
(Abdelrahman et al., 2022). The moisture content of the dry 
chondroitin sulfate powder was determined to be 37.83% for 
0.05 g of sample, measured over a temperature ramp from 
25 °C to 116 °C. The relatively high moisture value is charac-
teristic of hygroscopic marine-derived polysaccharides, which 
readily retain water due to the presence of hydrophilic nature 
and sulfated functional groups (Nithinkumar et al., 2022). 

Gelatin and chondroitin sulfate showed a dose-dependent 
increase in DPPH radical inhibition, confirming concentra-
tion-dependent antioxidant activity. Ascorbic acid displayed 
the peak scavenging performance at varying concentrations, 
exceeding 60% inhibition at 1.0  mg/mL, validating its 
strong antioxidant capacity (Saftić Martinović et al., 2023). 
Chondroitin sulfate exhibits moderate antioxidant activity, 
increasing from ~10% at 0.2 mg/mL to ~24% at 1.0 mg/mL. 
This consistent rise indicates its potential as a mild, functional 
antioxidant. In contrast, gelatin showed lower inhibition, pla-
teauing around 20% at higher concentrations. Though gelatin 

had activity comparable to CS at 0.4  mg/mL, it remained 
generally weaker, reflecting its limited radical-scavenging 
ability. These findings suggest that chondroitin sulfate has a 
stronger antioxidant profile than gelatin and could be helpful 
in mild antioxidant applications (Shiao et al., 2021).

The structural integrity and functional groups of the 
extracted gelatin and chondroitin sulfate (CS) were confirmed 
using Fourier Transform Infrared (FTIR) spectroscopy. In 
the gelatin spectrum, characteristic proteinaceous bands were 
observed: Amide A (~3300  cm–1) due to N–H stretching, 
Amide B (~3080 cm–1) from –CH₂ asymmetric stretching, and 
a prominent Amide I band (1640–1660 cm–1) corresponding 
to C=O stretching of the peptide backbone, indicative of par-
tial triple-helix retention. The Amide II (1540–1555  cm–1) 
and Amide III (1230–1300  cm–1) peaks further confirmed 
the presence of N–H bending and C–N stretching vibra-
tions typical of collagen-derived gelatin. Additional peaks 
near 1450–1400  cm–1 and 1080–1030  cm–1 corresponded 
to CH₂ bending and C–O stretching, respectively, support-
ing the presence of residual glycoproteins or glycosylation 
(Al-Saidi et al., 2012; Hidayati et al., 2021). For chondroitin 
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at relatively low concentrations (10–100 μg/mL). A concen-
tration of 50 μg/mL of chondroitin sulfate was chosen to pro-
vide functional support in wound healing without causing 
osmotic imbalance or altering pH, which can affect cell health 
(Soltani et al., 2023). Moreover, the 10:1 gelatin-to-CS ratio 
also reflects the natural composition and structure of the extra-
cellular matrix, where gelatin provides a structural framework 
and CS regulates signaling and hydration. This concentration 
pair was also validated through pre-assay cytocompatibility 
screening, confirming no cytotoxicity to NHDF cells (Jardim 
et al., 2020). The final blend thus represents a biologically 
relevant and safe dosage suitable for evaluating synergistic 
effects on fibroblast migration and wound closure (Pezeshki-
Modaress et al., 2017).

The wound-healing assay demonstrated that the biopoly-
mer blend of gelatin and chondroitin sulfate, derived from 
Cynoglossus arel skin waste, significantly enhanced fibroblast 
migration and wound closure compared to the untreated con-
trol (Huang et al., 2018). In the given control group, the ini-
tial wound gap of 1.93 μm progressively decreased to 0.87 μm 
at 24 h and 0.66 μm at 48 h, reflecting wound closure per-
centages of 54.92% and 65.80%, respectively (Figure  7). 
These values represent the natural regenerative capability of 
NHDF cells under standard conditions without bioactive 
stimuli. In contrast, cells treated with the gelatin (500  μg/
mL) and chondroitin sulfate (50  μg/mL) mixture displayed 
a faster healing response. The migration distance decreased 
from 1.92 μm at 0 hours to 0.74 μm at 24 hours and 0.54 μm 
at 48 hours, corresponding to 61.46% and 71.88% wound 
closure, respectively (Figure 7). These improvements recom-
mend studies on the fact that the biopolymer combination 
enhances cellular motility, likely through synergistic effects 
of gelatin’s structural support and chondroitin sulfate’s bio 
functional signaling. The extracted gelatin not only targets 
integrin-binding domains but also facilitates fibroblast adhe-
sion and spreading (Huang et al., 2018), whereas chondroi-
tin sulfate enhances cell proliferation, migration, and ECM 
remodeling, which are essential for tissue regeneration. 
Importantly, these results highlight the biomedical potential 
of underutilized marine processing waste materials. The fish 
skin, which is often discarded during filleting operations, was 
efficiently valorized into two functional biopolymers in this 
study. The successful extraction and application of gelatin and 
chondroitin sulfate from a single raw material source reduces 
environmental burden and exemplifies a circular bioecon-
omy approach, transforming waste into value-added bioactive 
ingredients for regenerative medicine (Rocha-Pimienta et al., 
2023). The observed wound healing enhancement reinforces 
the viability of such biopolymer blends as cost-effective, nat-
ural alternatives to synthetic wound care agents. Future work 
may explore their incorporation into hydrogels, dressings, 

sulfate, broad O–H stretching around ~3400 cm–1 and C–H 
stretching near 2900 cm–1 were detected, characteristic of its 
polysaccharide backbone. The C=O stretching band (1610–
1650  cm–1) indicated carboxylate groups from glucuronic 
acid residues. The presence of an intense S=O asymmetric 
stretch (1220–1260 cm–1) confirmed the presence of sulfate 
groups, a key feature distinguishing Chondroitin Sulfate from 
other neutral GAGs. The C–O–C and C–OH vibrations 
(1000–1150 cm–1) represented the polysaccharide fingerprint 
region, and a peak around 850–880 cm–1 that corresponded 
to S–O symmetric stretching, affirming the sulfation pattern 
(Konovalova et al., 2020). Hence, the FTIR profiles were ana-
lyzed based on previous reports, including fish-derived gelatin 
and marine-source chondroitin sulfate, validating the chem-
ical identity, functional group preservation, and extraction 
success from C. arel skin. These results further support the 
biocompatibility and biomedical relevance of the recov-
ered biopolymers (Nandiyanto et al., 2019; Tkachenko and 
Niedzielski, 2022).

The zeta potential of gelatin extracted from C. arel was 
recorded at –6.92 mV, while that of chondroitin sulfate was 
–6.35 mV, with corresponding zeta deviations of 4.67 mV and 
4.21 mV, and conductivities of 0.248 mS/cm and 0.354 mS/
cm, respectively (Oliveira et al., 2019). These negative values 
reflect the anionic nature of both biopolymers in aqueous 
solution, owing to ionizable groups such as carboxyl, amino, 
and sulfate groups in their molecular structures. Zeta poten-
tials in the range of -6 mV suggest moderate colloidal stabil-
ity, where the electrostatic repulsion is sufficient to maintain 
dispersion but may allow for some aggregation under storage 
or processing. The slightly higher conductivity and lower 
magnitude of zeta potential in chondroitin sulfate likely result 
from its higher sulfate group density, which increases ionic 
mobility and interfacial charge interactions (Ribeiro et al., 
2014). These measurements confirm that both extracts retain 
surface-active functional groups capable of interacting with 
charged environments—an essential feature for their use in 
drug administration, tissue regeneration scaffolds, and dermal 
healing materials (Serrano-Lotina et al., 2023). 

The selected concentrations of 1000  μg/mL gelatin and 
100  μg/mL chondroitin sulfate for the scratch assay were 
based on literature-supported ranges that are nontoxic and 
bioactive for dermal fibroblast applications. Gelatin, as a 
denatured collagen derivative, is typically used in concentra-
tions ranging from 100 to 1000 μg/mL to promote cell adhe-
sion, migration, and matrix support in vitro (Gómez-Guillén 
et al., n.d.). A 500 μg/mL mid-range value ensures optimal 
structural and biochemical support without risking gelation 
or medium thickening, which can interfere with microscopy 
and cell mobility (Gómez-Guillén et al., n.d.). On the other 
hand, chondroitin sulfate exhibits anti-inflammatory activity 
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