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ABSTRACT: Chitosan-based scaffolding possesses unique prop-
erties that make it highly suitable for tissue engineering
applications. Chitosan is derived from deacetylating chitin, which
is particularly abundant in the shells of crustaceans. This study
aimed to extract chitosan from shrimp shell waste (Macrobrachium
rosenbergii) and produce biocomposite scaffolds using the extracted
chitosan for cartilage tissue engineering applications. Chitinous
material from shrimp shell waste was deproteinized and
deacetylated. The extracted chitosan was characterized and
compared to commercial chitosan through various physicochem-
ical analyses. The findings revealed that the extracted chitosan
shares similar trends in the Fourier transform infrared spectroscopy
spectrum, energy dispersive X-ray mapping, and X-ray diffraction pattern to commercial chitosan. Despite differences in the degree
of deacetylation, these results underscore its comparable quality. The extracted chitosan was mixed with agarose, collagen, and
gelatin to produce the blending biocomposite AG-CH-COL-GEL scaffold by freeze-drying method. Results showed AG-CH-COL-
GEL scaffolds have a 3D interconnected porous structure with pore size 88−278 μm, high water uptake capacity (>90%), and
degradation percentages in 21 days between 5.08% and 30.29%. Mechanical compression testing revealed that the elastic modulus of
AG-CH-COL-GEL scaffolds ranged from 44.91 to 201.77 KPa. Moreover, AG-CH-COL-GEL scaffolds have shown significant
potential in effectively inducing human chondrocyte proliferation and enhancing aggrecan gene expression. In conclusion, AG-CH-
COL-GEL scaffolds emerge as promising candidates for cartilage tissue engineering with their optimal physical properties and
excellent biocompatibility. This study highlights the potential of using waste-derived chitosan and opens new avenues for sustainable
and effective tissue engineering solutions.

1. INTRODUCTION
Tissue engineering is an interdisciplinary field encompassing
materials science, engineering, and biological sciences.1 Tissue
engineering aims to restore, maintain, or improve defective
tissue functions or losses due to congenital disabilities, trauma,
or surgery.2 Tissue autografting and allografting are common
approaches that have been used for replacing damaged or
diseased tissue. Nevertheless, these approaches have several
limitations, such as donor site morbidity and scarcity.3 To
eliminate the disadvantages of conventional clinical treatments,
synthetic biocompatible scaffolds have been widely used in
bone tissue engineering. The necessary ideal scaffold require-
ments include biocompatible, biodegradable, highly porous
and interconnected, and mechanically reliable.4 Numerous
biomaterials have been already demonstrated to develop
scaffolds for tissue engineering including polymeric biomate-
rials, bioceramics, metals, and carbon-based nanomaterials.5−11

One of the most widely used types of biomaterials in tissue
engineering is natural polymers, which include agarose,12−14

gelatin,15,16 and collagen.17,18 These polymers have been
extensively investigated and proven to be suitable for creating
3D porous structures for in vitro models. They offer a
microenvironment that closely mimics the extracellular matrix
(ECM) found in the human body. Agarose has a good
mechanical strength for the construction of scaffolds. The
polysaccharide consisting of the agarose can form a hydrogel
structure that has good mechanical strength and elasticity,13,19

and it can also be processed using a freeze-drying
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technique.20,21 Moreover, agarose scaffolds did not cause
inflammatory responses.22,23 Collagen consists of three
polypeptide chains: glycine, proline, and hydroxyproline,
arranged in a triple helix. The presence of Arg-Gly-Asp
(RGD) sequences in collagen scaffold enhances cell attach-
ment, increases cell proliferation,17,18,24 and stimulates the
chondrogenic differentiation of human bone marrow-derived
mesenchymal stem cells.18,25,26 Gelatin is often used in tissue
culture for tissue engineering, because its structure is obtained
via hydrolyzed collagen. Thus, gelatin shares structure as well
as function with collagen.27−29 In addition, the RGD sequence
within the molecular structure of gelatin could support cell
adhesion, proliferation, and differentiation.30 These materials
reveal suitable properties for tissue engineering in terms of
biodegradability and biocompatibility. However, they have
some limitations. Pure agarose scaffolds are unsuitable for cell
adhesion due to their inert polymer nature.12 Similarly, gelatin
scaffolds face challenges with limited solubility in aqueous
media and weak mechanical strength.31,32 To address these
limitations, natural polymers such as agarose and gelatin are
often combined in mixtures. These blending materials
improved mechanical properties, biological stability, and
biocompatibility compared with single components.33−36

Chitosan has been extensively studied as a natural polymeric
biomaterial, making it suitable for developing biomimetic
scaffolds for tissue engineering and for the removal of heavy
metals from wastewater.37−40 Chitosan is a natural linear
polysaccharide derived from the deacetylation of chitin that
consists of 2-amino-2-deoxy-D-glycopyranose and 2-acetamide-
2-desoxy-D-glycopyranose units linked together with β (1,4)
glycosidic bonds.41 Chitosan is considered highly biocompat-
ible, biodegradable, bioactive, capable of promoting cell
proliferation, cell adhesion, new bone tissue formation, and
nontoxic in vitro.42−44 Moreover, several studies have reported
that chitosan-based scaffolds demonstrated excellent osteo-
conductivity in vivo in surgically created bone defects.45,46

Significantly, chitosan is a facile material that can be used alone
or combined with bioactive ceramics, synthetic polymers, and
other natural polymers to create composite scaffolds with
enhanced mechanical and biological performance.47−49 Chito-
san does not naturally occur in the environment. It is produced
through the deacetylation of chitin, which is particularly
abundant in crustacean shells, including those of shrimp, crab,
and krill.50 Shrimp shell waste has been reported as the most
remarkable and good source of chitosan.51

The freshwater giant prawn (Macrobrachium rosenbergii De
Man) is recognized as one of the most economically important
indigenous species with high demand in both domestic and
export markets. Shrimps are typically sold headless and often
the outer shell is peeled off, thus the shrimp head, shell, and
tail are generated as waste. This results in the generation of a
large amount of biowaste globally.52 Chitin and chitosan are
versatile, environmentally friendly, and modern materials
isolated from shrimp biowaste. Thus, the extraction and
depolymerization of chitin and chitosan could be a waste
disposal alternative and product recovery method from shrimp
biowaste.53

Therefore, this study aims to extract chitosan from shrimp
(M. rosenbergii) shell waste and demonstrate its application in
cartilage tissue engineering. The extracted chitosan was then
used as a natural material to develop a biocomposite scaffold
(agarose-extracted chitosan-collagen-gelatin, AG-CH-COL-
GEL) by using freeze-drying method. The AG-CH-COL-

GEL scaffolds exhibited a three-dimensional (3D) intercon-
nected porous structure with pore sizes ranging from 88 to 278
μm, which is crucial for nutrient and waste exchange in tissue
engineering. These scaffolds exhibit high water uptake capacity
and excellent mechanical properties. They are also compatible
with chondrocytes and stimulate the expression of the aggrecan
gene.

2. MATERIALS AND METHODS
2.1. Materials. Chitosan, collagen, and gelatin were

purchased from Himedia (Mumbai, India). Agarose was
purchased from Sisco Research Laboratories (Mumbai,
India). NaOH and HCl were purchased from Merck. Human
chondrocyte cell line TC28a2, MTT reagents (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), gluta-
raldehyde solution, acetic acid, and formaldehyde were
purchased from Sigma-Aldrich (St Louis, MO, USA).
Dulbecco’s modified Eagle’s medium with high glucose
(DMEM-HG) and penicillin/streptomycin (P/S) was supplied
from Gibco (Grand Island, NY, United States). Fetal bovine
serum (FBS) was purchased from HyClone (Cramlington,
UK).

2.2. Extraction of Chitosan from Shrimp Shell Waste.
Chitosan extraction in this study was modified by Benjakul S et
al.54 The process of chitosan extraction is divided into three
major steps including the demineralization of shrimp shells,
chitin processing (deproteinization), and chitosan processing
(deacetylation).55 The M. rosenbergii shrimp shell waste was
collected and washed several times with tap water. After
drying, shrimp shells were ground into smaller pieces by using
a grinder. The smaller pieces of shrimp shell are demineralized
with 1.25 N HCl (1:10 w/v) at room temperature for 1 h.
After the incubation period, the shells became quite squashy
and were rinsed with deionized water (DI) to remove the acid
and calcium carbonate. After demineralization, the demineral-
ized shells were deproteinized by treating them with 10%
NaOH (1:10 w/v) at 100 °C for 1 h. After processing, the
residue was washed with DI to remove NaOH. The resulting
product is called chitin. Deacetylation is the process of
converting chitin to chitosan by removing the acetyl group.
The chitin was treated with 50% NaOH (1:10 w/v) at 100 °C
for 30 min, followed by intensive washing with DI to remove
NaOH residues. After the mixture was dried, the final product
recovered was chitosan.

2.3. Degree of Deacetylation (DD) for Chitosan. The
DD values of chitosan were determined using an acid−base
conductometric titration method. Briefly, 0.1 g of chitosan was
dissolved in 30 mL of 0.1 N HCl aqueous solution at room
temperature, and 3 drops of methyl orange were added. The
chitosan solution was then titrated with 0.1 N NaOH until the
red chitosan solution turned orange. The DD value of the
chitosan sample was calculated using the following equation:

= ×
× ×

×
x

DD%
(V V ) 16
V 9.94

1001 2

1

where x represents the weight of dried chitosan; V1 is the
volume of chitosan solution prepared in 0.1 N HCl (in mL);
V2 is the volume of 0.1 N NaOH (in mL); 9.94 is the
theoretical percentage of amino group content in chitosan; and
16 is the gram equivalent weight of the amino group.56

2.4. Physicochemical Characterization of Extracted
Chitosan. Fourier transform infrared spectroscopy (FTIR)
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was employed to identify the functional groups in both
standard chitosan and extracted chitosan. The analysis was
conducted using Nicolet iS50 FTIR spectrometers from
Thermo Fisher Scientific. Each spectrum was recorded as the
average of 64 scans with a resolution of 4 cm−1 over the
wavenumber range of 400−4000 cm−1. An energy dispersive
X-ray spectrometer (EDS) was performed to obtain morpho-
logical information on the membrane surface using the
JSM7800F (JSM7800F; JEOL, Tokyo, Japan). The X-ray
diffraction (XRD) patterns were analyzed by using a D8
ADVANCE Bruker AXS diffractometer (Bruker, Karlsruhe,
Germany). The crystalline structure was examined at a voltage
of 40 kV and a current of 40 mA with Cu radiation (1.5406 Å)
over a 2θ range of 10−90° with a scan speed of 0.02° per step.

2.5. Preparation of Biocomposite Agarose-Extracted
Chitosan-Collagen-Gelatin (AG-CH-COL-GEL) Scaffolds.
The biocomposite scaffolds were produced according to the
instructions reported by Tripathi et al.57 with modifications.
Briefly, agarose (final concentration, 3% w/v) was dissolved in
DI by boiling until a clear, transparent solution was obtained.
The extracted chitosan at concentrations of 1% w/v was
prepared by dissolving in 1% aqueous acetic acid solution.
Collagen (final concentration 0.5%, 1%, and 3% w/v) was
dissolved in DI. Gelatin was dissolved in DI with
concentrations of 0.5% and 1% w/v. To optimize the scaffold
properties, the different ratios of agarose, chitosan, and gelatin
were listed in Table 1. The biocomposite solution containing

agarose, chitosan, and gelatin was cross-linked by using 0.5 mL
of glutaraldehyde solution (0.2% v/v) and incubated at −80
°C for 24 h. Then, the solution mixture was subsequently
freeze-dried under a vacuum at −100 °C for 48 h (Martin
Christ, Germany). The biocomposite AG-CH-COL-GEL
scaffold was dried at room temperature and cut into discs
(thickness: 0.5 cm and diameter: 1.5 cm) for further studies.

2.6. Scanning Electron Microscopy (SEM). The surface
morphology of the freeze-dried scaffolds was examined by
using a Hitachi SU8000 scanning electron microscope (HI-
0210−0005, Hitachi High-technologies; Düsseldorf, Germany)
at an accelerating voltage of 10 kV. A small piece of the scaffold
was fixed onto an aluminum stub using double-sided carbon
tape and then gold-coated before its surface was observed with
SEM imaging. The pore size of the scaffold was determined by
analyzing SEM observation images with ImageJ software.

2.7. Water Uptake Ability. The water uptake measure-
ment was performed by immersing the biocomposite scaffolds
in a phosphate buffered saline (PBS) solution with a pH of 7.4.
Briefly, the scaffold was cut into discs with a thickness of 0.5
cm and a diameter of 1.5 cm. The dry scaffold was weighed
(Wdry) and immersed in 1× PBS for 1 h. After the incubation
period, the weight of the swollen scaffolds (Wwet) was recorded

following the removal of the excess surface PBS with filter
paper. The water uptake percentage of the scaffolds was
calculated using the following formula.41,42 The reported water
uptake was determined by averaging the values obtained from
three samples.

= ×
W W

W
Water uptake ability (%) 100

wet dry

dry

2.8. In Vitro Degradation. The degradation of the AG-
CH-COL-GEL scaffold was calculated by weight loss measure-
ments. The scaffolds were cut into discs with a thickness of 0.5
cm and a diameter of 1.5 cm, weighed (W1), and then
immersed in a sterile 1× PBS solution (pH 7.4) at 37 °C for 3
weeks. At the specified time points, 1 week, 2 weeks, and 3
weeks of incubation, triplicated samples were removed, dried at
80 °C in a hot air oven, and then weighed (W2). The degree of
degradation was determined by the change in dry weight using
the following formula.58

= ×W W
W

Degradation rate (%) 1001 2

1

2.9. Mechanical Analysis. The mechanical properties of
the six scaffolds were assessed using a Materials Testing
Machine (Zwick/Roell, Proline Z010, Germany). Three
samples from each group of the scaffold were tested to
measure the compressive modulus, using a crosshead speed of
0.5 mm/min with a loading weight of 1 kN. The stress−strain
data for all groups were then analyzed, and the compressive
modulus was calculated based on the resulting stress−strain
curves.

2.10. Cell Culture. The normal human chondrocyte cell
line TC28a2, passages 3−4, was used as a model for studying
cartilage tissue engineering. This cell line was obtained from
Sigma-Aldrich. The cells were cultured in DMEM-HG
supplemented with 1% P/S and 10% FBS. The cells were
cultured in a humidified incubator at 37 °C with 5% CO2.

2.11. Cell Culture on AG-CH-COL-GEL Scaffolds. The
scaffold with a thickness of 0.5 cm and a diameter of 1.5 cm
was plated into a cell culture disc and immersed in 2% NaOH
to neutralize the residual acid in the scaffold. The scaffold was
washed five times with DI. Both sides of the scaffold were
sterilized using 70% ethanol followed by exposure under
ultraviolet irradiation in a biological safety cabinet for 30 min
before further study. TC28a2 cells (1 × 106 cells/20 μL) were
dropped slowly onto the top surface of each scaffold. To allow
the cells to adhere to the scaffold, cell seeding on the scaffold
was then cultured in a CO2 incubator for 2 h. Then the cells/
scaffold constructs were submerged with 5 mL of DMEM-HG
supplemented with 1% P/S and 10% FBS and cultured at 37
°C in a humidified atmosphere containing 5% CO2. The
cellular scaffold was harvested at 1, 7, 14, and 21 days for
further study. The cell culture medium was replaced every 3
days.

2.12. Cell Viability Assay. To determine the viability and
proliferation of the normal human chondrocyte cell line
TC28a2 in the AG-CH-COL-GEL scaffold, an MTT assay was
carried out. The cell/scaffold constructs cultured for 1, 7, 14,
and 21 days were harvested. After the end of each time point,
the formazan crystal formed in the cell was solubilized by
isopropanol. The supernatant was transferred to a new 96-well
plate to avoid interference from scaffold absorption, and
cellular absorbance was measured at 570 nm using a plate

Table 1. Formulation of AG-CH-COL-GEL Composite
Scaffolds

Scaffold
Agarose
(AG)

Chitosan
(CH)

Collagen
(COL)

Gelatin
(GEL)

1 3% 1% 0.5% 0.5%
2 3% 1% 0.5% 1%
3 3% 1% 1% 0.5%
4 3% 1% 1% 1%
5 3% 1% 3% 0.5%
6 3% 1% 3% 1%
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reader spectrophotometer (VersaMax). The data were
obtained from three independent experiments. The percentage
of viable cells was calculated by normalizing to the 1-day
control.

2.13. Hematoxylin and Eosin (H&E Stain). The cell/
scaffold constructs cultured for 1, 7, 14, and 21 days were
harvested. At each time point, the constructs were washed
three times with PBS, fixed in 4% phosphate-buffered
paraformaldehyde for 24 h, dehydrated through a graded
series of ethanol, embedded in paraffin wax, and then sectioned
into 10 μm thick slices. The tissue sections for histological
analysis were soaked in xylene for 5 min for removed paraffin,
90%, 80%, and 70% ethanol were used as rehydrated reagents.
After the rehydrated process, the sections were stained with
hematoxylin and eosin. The sample was dehydrated again and
mounted with coverslip slides using permount. All types of
scaffolds also observed the microstructure by H&E staining.

2.14. Reverse Transcription Polymerase Chain Re-
action (RT-PCR). Total RNA was extracted from induced cells
on days 7, 14, and 21 using the RNeasy mini kit (Qiagen,
Germany) according to the manufacturer’s instructions. The
first strand complementary DNA (cDNA) was synthesized by
reverse transcription with oligo d(T) primers by using the
SuperScript III reverse transcriptase kit. RT-PCR was
performed to detect the expression level of chondrocyte
marker genes including SRY-Box Transcription Factor 9
(SOX9), collagen type II (Col II), aggrecan (AGC), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH: reference
gene) using a Toptaq Master Mix Kit (Qiagen, Hilden,
Germany). The PCR reaction of the above genes was
conducted using a Thermal Cycler (Corbett Life Science,
Australia) with the primers from our previous study.59 Triple
reactions were performed for all of the genes. Finally, the
amplified product was separated by 2% agarose gel electro-

phoresis, stained with Cybergold (Sigma-Aldrich), and
visualized by using a UV Tran illuminator.

2.15. Statistical Analysis. All experiments were conducted
in triplicate, and data were represented as means ± standard
deviation (SD). All statistical analyses were performed using
GraphPad Prism (v.8.0.2) by one-way ANOVA with Tukey’s
multiple comparison tests to check the significant difference
among the samples. The p-value of less than 0.05 was
considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Characteristics of Extracted Chitosan. The

characteristics of chitosan extracted from the M. rosenbergii
shell showed a bright off-white color (Figure 1A). This result
was consistent with Tamzi et al.60 The quality and bioactive
properties of chitosan significantly depend on DD, which is
defined as the mole fraction of deacetylated units in the
polymer chain. Therefore, the determination of DD has been
the most important parameter in studying chitosan prepara-
tions.61 The DD obtained from shrimp shell waste in this study
was 79.95 ± 1.36% compared to commercial standard chitosan
90.42 ± 1.42% as in Figure 1B. Our results were consistent
with previous studies that the extracted chitosan usually
obtained a DD in the range of 62−79% and the commercial
chitosan samples had an average DD of 70−90%, therefore the
chitosan produced from shrimp shell waste in this study is of
acceptable quality.62−64 The DD values can be different due to
different raw materials and the method of extraction
processes.65,66 The deacetylation process involves removing
acetyl groups from the chitin molecular chain through
hydrolysis with concentrated NaOH, resulting in the formation
of an amino group (−NH2). The properties of chitosan are
closely related to the high degree of chemically reactive amino

Figure 1. Chitosan was extracted from shrimp shell waste in this study. (A) Image of extracted chitosan. (B) The representative bar graph of DD
values shows the average results from triplicate samples of both commercial chitosan and chitosan extracted from shrimp shell waste. (C) The FTIR
spectra of chitosan from shrimp shell waste were compared to those of commercial chitosan.
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groups present.67 FTIR spectra were used to detect functional
groups and chemical structures of extracted chitosan from
shrimp shell waste, as shown in Figure 1C. A peak at 3362.38
cm−1 corresponds to the −OH stretching vibrations of water
and hydroxyls, as well as the NH2 stretching vibrations of free
amino groups. The peak observed at 2877.91 cm−1

corresponds to an asymmetric stretching of CH2 in chitosan.
The amide frequencies, corresponding to the −C−O bond
stretching of the remaining acetamido groups, are observed at
1647.95 and 1582.33 cm−1. The band at 1582.33 cm−1 has a
greater intensity than the one at 1647.95 cm−1, indicating
effective deacetylation.68 The peak at 1420.60 cm−1 is assigned
to −NH2 deformation, while further bending vibrations are

observed at 1374.60 cm−1 for the C−C−H symmetric bending
vibration in the alcohol. Stretching vibrations are observed at
1148.40 cm−1 for the C−N stretching vibration and 1082.72
and 1029.65 cm−1 for the −CO stretching vibration of the
alcohol groups. The observation in this spectrum analysis is
similar to what was observed by Muñoz et al.69 and Hassan.70

The presence of a band stretching pattern in the extracted
chitosan that corresponds to the band stretching of commercial
standard chitosan indicates that the extracted material is
indeed chitosan.

EDX is an X-ray technique used to identify the elemental
composition of a material. All EDX spectrum analyses for
commercial standard chitosan and extracted chitosan are

Figure 2. Extract chitosan was characterized using (A) SEM/EDX and (B) XRD analysis. The SEM, EDX, and XRD analysis showed that both
commercial and extracted chitosan exhibited similar patterns. This indicates that the chitosan extracted from shrimp shell waste closely resembles
commercial chitosan in terms of composition and structure.

Figure 3. Photographic image of AG-CH-COL-GEL composite scaffolds shows all six types of scaffolds synthesized in 3D porous structures using
the freeze-drying technique, resulting in a sponge-like structure.
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shown in Figure 2A. From the results, it could be observed that
there are peaks for elements like carbon (C) and oxygen (O)
with different intensities. In the extracted chitosan, the weight
of C and O levels was 53.28% and 46.72%, respectively.
Similarly, the percentages of C and O observed for standard
chitosan were 51.71% and 48.29%, respectively. For assessing
the purity of the product, the percentage of nitrogen (N) is
crucial as it serves as a key indicator. Our extracted chitosan
was not observed in the N value, indicating that no protein
remnants in the samples. This result demonstrates the
effectiveness of diluted acid in removing all protein and
minerals from the shrimp shells.71 Therefore, it can be
assumed that the chitosan extracted from shrimp shell waste
in this study is very similar to commercial chitosan.

The crystalline nature and phase formation of the standard
chitosan and extracted chitosan were determined using XRD
analysis. X-ray diffraction studies of standard chitosan exhibit
vast peaks at 2θ = 9.603° and 2θ = 19.716° corresponding to
crystalline reflections of 020 and 110, respectively (Figure 2B).
By contrast, 34 strong peaks were observed in the extracted
chitosan, among which the strongest peak was observed at 2θ =

29.421° (intensity 29161.8). The extracted chitosan still
displayed crystalline reflections of 020 and 110 corresponding
to 2θ of 9.306° and 19.729°, similar to standard chitosan.
These diffraction angles at 2θ of 20° and 30° are the
characteristic regions of chitosan phases and calcite or calcium
phosphate family, respectively.72 This result was consistent
with the α-crystalline structures of chitosan prepared from
swimming crab shells.73 Additionally, the XRD diffraction
patterns of chitosan have been reported to have a peak broader
and less intense compared to those of chitin, which is due to
the structural changes that occur during the deacetylation
process. Our extracted chitosan exhibits several peaks in its
XRD pattern, unlike commercial chitosan, which is likely due
to its lower DD (79.95 ± 1.36). These results are in
accordance with Zhang et al.74

3.2. Characteristics of Synthesized AG-CH-COL-GEL
Scaffolds. The fabricated scaffolds were pale yellow and had a
3D structure like spongy, as shown in Figure 3. SEM was used
to investigate the surface morphology of AG-CH-COL-GEL
scaffolds displayed in Figure 4. All scaffolds displayed
interconnected open pores with irregular and polygonal pore

Figure 4. SEM images of the AG-CH-COL-GEL composite scaffolds in different conditions. (A) Representative SEM image of the scaffolds
showing a 3D geometry with spherical pore units arranged in a honeycomb pattern. (Upper row) The scale bar equals 200 μm. (Middle row) The
scale bar equals 100 μm. (Bottom row) The pore distribution in the scaffolds.

Figure 5. Water absorption capability, degradation rate, and compressive property of the AG-CH-COL-GEL composite scaffolds were assessed as
follows. (A) The water absorption capability of the scaffold composite. (B) The degree of degradation of the scaffolds. (C) The compressive
properties of the AG-CH-COL-GEL composite scaffolds. The data were presented as mean ± SD. Each error bar represents the SD from triplicate
experiments, analyzed using One-Way ANOVA. The *p < 0.05 and **p < 0.01 indicate statistically significant differences when compared to day 0.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02910
ACS Omega 2024, 9, 39419−39429

39424

https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02910?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


structures, with an average pore size of around 88−278 μm.
The average pore size of scaffold 6 is larger than that of the
other scaffold. Our findings are in agreement with previous
studies, which suggest that the average pore size in the scaffold
increased when higher concentrations of gelatin were used.75

An important factor for scaffolds used in tissue engineering
is water uptake.76 This property affects the transport of water
and nutrients into the scaffold, thereby promoting cell
proliferation and differentiation.77 The volume of water that
was absorbed by the scaffold was defined by swelling them in
PBS (pH 7.4) at 37 °C for 1 h. The water uptake capacity is
presented in Figure 5A. According to the results, scaffold 2
showed the maximum water uptake ability, while scaffold 6
showed the lowest water uptake capacity. The water uptake
potential decreases as the hydrophobicity increases because the
number of hydrophilic groups decreases.78 In this study, the
water uptake potential of the composite scaffold decreases after
adding collagen and gelatin, likely due to the interplay of the
hydrophobic and hydrophilic interactions within these
molecules. Collagen and gelatin contain hydrophilic groups,
such as amino and hydroxyl groups, which can interact with
the hydrophilic sites on chitosan. This interaction can
potentially block the hydrophilic sites on chitosan from
bonding with water molecules, thereby decreasing the
scaffold’s overall water uptake potential.79 However, statistical
analysis showed no significant difference among all AG-CH-
COL-GEL scaffolds (p > 0.05). Additionally, all AG-CH-COL-
GEL scaffolds exhibited high water uptake capacity, reaching
up to 90%.

Biodegradability is an essential property for designing
scaffolds in tissue engineering applications. The scaffolds
should ideally degrade through a controlled mechanism and be
absorbed by the surrounding tissues without the need for
surgical removal.80 The biodegradation behavior of the AG-
CH-COL-GEL scaffolds was assessed by incubating them in
PBS at 37 °C for 7, 14, and 21 days, as shown in Figure 5B.
The results showed that the biodegradation rate increased with
a higher concentration of collagen used in scaffold
fabrication.81 Notably, scaffolds 1 and 2 exhibited minimal

mass loss by 21 days (approximately 6% of their weight) due to
the low concentration of collagen incorporated. In contrast, the
weight of scaffold 5 and scaffold 6 had significantly decreased
by 15% after 7 days and further decreased to 30% (p < 0.05)
by 21 days, attributed to the high concentration of collagen
used. In this study, we found the highest degradation rate in
scaffold 6 which consists of higher collagen and gelatin
concentration. The biodegradation rate enhanced in scaffold 6
might be due to the addition of components that are more
readily biodegradable such as collagen and gelatin (denatured
form of collagen), which can enhance the overall biode-
gradation rate of the scaffold. Additionally, it must be
acknowledged that the scaffolds with larger pore sizes degraded
faster than those with smaller pore sizes.82 Thus, scaffold 6 is
more easily broken down by biological processes than the
other scaffold. In addition, the fact that scaffold 6 has the
largest pore size, around 278 μm, results in a greater surface
area exposed to water, which may influence the degradation
rate of the scaffold.

The mechanical properties of the scaffold are important
factors in designing scaffolds that will be used in cartilage tissue
engineering. The compressive properties of AG-CH-COL-GEL
scaffolds are seen in Figure 5C. It was found that the
compressive modulus of scaffolds 1−6 were 119.26 ± 9.94,
199.41 ± 18.29, 99.07 ± 16.02, 201.77 ± 15.26, 83.48 ± 15.52,
and 44.91 ± 10.02 KPa, respectively. Notably, the increase in
mechanical properties of scaffolds 1−5 in comparison with
scaffold 6 could also be attributed to the decrease in the pore
size.83,84

3.3. Biocompatibility of the AG-CH-COL-GEL Scaf-
folds on Human Chondrocyte Cells. An ideal tissue
engineering scaffold should not induce cell cytotoxicity, which
can be evaluated through in vitro MTT cytotoxic tests. Human
chondrocyte cells were cultured on AG-CH-COL-GEL
scaffolds for up to 21 days. The cell viability of each AG-
CH-COL-GEL scaffold in contact with chondrocyte cells at
different time points as quantified by the MTT assay is
presented in Figure 6A. The cell viability continued to increase
during the culture period, indicating that all prepared AG-CH-

Figure 6. Biocompatibility analysis of the AG-CH-COL-GEL composite scaffolds. (A) The cell viability of chondrocytes on scaffolds 1, 7, 14, and
21 days was evaluated by an MTT assay. The data were presented as mean ± SD. Each error bar represents the SD from triplicate experiments,
analyzed using One-Way ANOVA. *p < 0.05 and **p < 0.01 indicate statistically significant differences when compared to day 1. (B)
Representative images from histological sections of the chondrocyte-seeded constructs after 21 days of culture incubation showed the scaffold pore
geometry in all images. The sections were stained with hematoxylin and eosin, with cell nuclei appearing purple and the cell cytoplasm stained pink.
The scale bar equals 20 μm in all images.
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COL-GEL scaffolds have no cytotoxicity and good biocompat-
ibility. The cell viability of AG-CH-COL-GEL scaffold 6 after
21 days was significantly higher compared to other groups,
indicating that the pore size of 278.60 ± 46.75 μm is
appropriate for the chondrocyte proliferation. This result is in
line with a previous study where the chondrocytes exhibited
preferential proliferation and extracellular matrix production
for scaffolds with pore sizes between 250 and 500 μm.27 Pore
size on the porous scaffold also plays an important role in the
proliferation and differentiation of chondrocyte cells.85 Several
studies demonstrate the increasing cell proliferation found in
scaffold constructs, with increasing scaffold pore size.27,86

These results may be attributed to the complexity of factors in
a 3D culture, which can influence cell penetration, distribution,
cell migration, and nutrient flow. However, some studies have
demonstrated that the chondrocyte phenotype improved in
collagen matrices containing smaller pores.87,88

Moreover, the cross-sectional views and H&E staining of the
AG-CH-COL-GEL scaffolds at 21 days of culture were
selected for comparison. Figure 6B shows that cells had
grown in the pores of the AG-CH-COL-GEL scaffold. The
overall purple contrast of scaffold 6 is darker than other
scaffolds, indicating that scaffold 6 is more suitable as a
cartilage scaffold for chondrocytes. In addition, scaffold 6 was
degraded by 30% after 21 days of exposure, which is very
promising since the appropriate degradation rate can be
achieved for the proliferation of chondrocytes in a cartilage
implant.

The study of cartilage gene expression revealed that the
expression levels of Col II and SOX9 were similar across all
scaffolds (Figure 7). However, the expression level of the AGC
gene increased progressively from day 7 to day 21. Specifically,
AGC expression was detected earlier (on day 14) in cells
cultured on scaffolds 2, 3, 5, and 6 compared to scaffolds 1 and
4, where AGC expression was observed on day 21. This
indicates that scaffolds 2, 3, 5, and 6 are more effective at
promoting AGC gene expression. The scaffolds ranging from
152 to 278 μm (scaffolds 2, 5, and 6) likely create an optimal
environment for cell growth, thereby enhancing aggrecan gene
expression. Interestingly, scaffold 3, with a pore size of around
88 μm, also promotes aggrecan gene expression from day 14.
This indicates that multiple factors might influence the
effectiveness of cell cultivation on scaffolds, necessitating
further study.

4. CONCLUSION
In this study, chitosan was extracted from M. rosenbergii shrimp
shell waste and then applied to produce biocomposite scaffolds

in cartilage tissue engineering applications. The extracted
chitosan was characterized in terms of physicochemical
properties. The results showed that the extracted chitosan
had similar trends in the FTIR spectrum, EDX, and XRD
pattern compared to commercial chitosan indicating that
extracted chitosan has comparable properties to commercial
chitosan. The blending biocomposite AG-CH-COL-GEL
scaffold based on extracted chitosan was fabricated by freeze-
drying method. The AG-CH-COL-GEL scaffolds exhibit
suitable porosity and great physicochemical properties for
cartilage tissue engineering applications. The in vitro
cytocompatibility was screened using human chondrocyte
cell line TC28a2 showing that AG-CH-COL-GEL scaffolds
were noncytotoxic and were able to enhance cell proliferation
for the time of culture. Therefore, the AG-CH-COL-GEL
scaffolds, especially scaffold 6 may be promising biocomposite
scaffold structures for cartilage tissue engineering applications.
However, a limitation of this study is that we did not produce
the AG-CH-COL-GEL scaffolds using commercial chitosan or
test different concentrations of extracted chitosan. Further-
more, future studies should include cell migration studies and
animal models to evaluate the long-term biological perform-
ance, stability of the scaffolds, and efficacy outcomes.
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(69) Muñoz, G.; Valencia, C.; Valderruten, N.; Ruiz-Durántez, E.;

Zuluaga, F. Extraction of chitosan from Aspergillus niger mycelium
and synthesis of hydrogels for controlled release of betahistine. React.
Funct. Polym. 2015, 91−92, 1−10.
(70) Hassan, A. I. Utilization of Waste: Extraction and Character-

ization of Chitosan from Shrimp Byproducts. Civil. Environ. Res. 2016,
8, 117−123.
(71) Rahman, M. M.; Maniruzzaman, M. A new route of production

of the meso-porous chitosan with well-organized honeycomb surface
microstructure from shrimp waste without destroying the original
structure of native shells: Extraction, modification and character-
ization study. Results Eng. 2023, 19, 101362.
(72) Eddya, M.; Tbib, B.; El-Hami, K. A comparison of chitosan

properties after extraction from shrimp shells by diluted and
concentrated acids. Heliyon. 2020, 6, No. e03486.
(73) Hao, G.; Hu, Y.; Shi, L.; Chen, J.; Cui, A.; Weng, W.; Osako, K.

Physicochemical characteristics of chitosan from swimming crab
(Portunus trituberculatus) shells prepared by subcritical water
pretreatment. Sci. Rep. 2021, 11, 1646.
(74) Zhang, Y.; Xue, C.; Xue, Y.; Gao, R.; Zhang, X. Determination

of the degree of deacetylation of chitin and chitosan by X-ray powder
diffraction. Carbohydr. Res. 2005, 340, 1914−1917.
(75) Mahboudi, S.; Pezeshki-Modaress, M.; Noghabi, K. A. The

Study of Fibroblast Cell Growth on the Porous Scaffold of Gelatin−
Starch Blend Using the Salt-Leaching and Lyophilization Method. Int.
J. Polym. Mater. Polym. Biomater. 2015, 64, 653−659.
(76) Radhika Rajasree, S. R.; Gobalakrishnan, M.; Aranganathan, L.;

Karthih, M. G. Fabrication and characterization of chitosan based
collagen/ gelatin composite scaffolds from big eye snapper
Priacanthus hamrur skin for antimicrobial and anti oxidant
applications. Mater. Sci. Eng., C 2020, 107, 110270.
(77) Ribas, R. G.; Montanheiro, T. L. A.; Montagna, L. S.; Prado, R.

F.; Lemes, A. P.; Bastos Campos, T. M.; Thim, G. P. Water Uptake in
PHBV/Wollastonite Scaffolds: A Kinetics Study. J. Compos. Sci. 2019,
3, 74.
(78) Rahman, M.; Pervez, S.; Nesa, B.; Khan, M. A. Preparation and

characterization of porous scaffold composite films by blending
chitosan and gelatin solutions for skin tissue engineering. Polym. Int.
2013, 62, 79−86.
(79) Tagrida, M.; Nilsuwan, K.; Gulzar, S.; Prodpran, T.; Benjakul,

S. Fish gelatin/chitosan blend films incorporated with betel (Piper
betle L.) leaf ethanolic extracts: Characteristics, antioxidant and
antimicrobial properties. Food Hydrocolloids. 2023, 137, 108316.
(80) Agarwal, T.; Narayan, R.; Maji, S.; Behera, S.; Kulanthaivel, S.;

Maiti, T.; Banerjee, I.; Pal, K.; Giri, S. Gelatin/Carboxymethyl
chitosan based scaffolds for dermal tissue engineering applications.
Int. J. Biol. Macromol. 2016, 93, 1499−1506.
(81) Mozafari, M.; Kargozar, S.; de Santiago, G. T.; Mohammadi, M.

R.; Milan, P. B.; Foroutan Koudehi, M.; Aghabarari, B.; Nourani, M.
R. Synthesis and characterisation of highly interconnected porous
poly(ε-caprolactone)-collagen scaffolds: a therapeutic design to
facilitate tendon regeneration. Mater. Technol. 2018, 33, 29−37.
(82) Abbasi, N.; Hamlet, S.; Love, R. M.; Nguyen, N. T. Porous

scaffolds for bone regeneration. J. Sci.: Adv. Mater. Devices. 2020, 5,
1−9.
(83) Cordell, J. M.; Vogl, M. L.; Wagoner Johnson, A. J. The

influence of microporesize on the mechanical properties of bulk
hydroxyapatite and hydroxyapatite scaffolds. J. Mech. Behav. Biomed.
Mater. 2009, 2, 560−570.
(84) Felfel, R. M.; Gideon-Adeniyi, M. J.; Zakir Hossain, K. M.;

Roberts, G. A.F.; Grant, D. M. Structural, mechanical and swelling

characteristics of 3D scaffolds fromchitosan-agarose blends. Carbo-
hydr. Polym. 2019, 204, 59−67.
(85) Han, Y.; Lian, M.; Wu, Q.; Qiao, Z.; Sun, B.; Dai, K. Effect of

Pore Size on Cell Behavior Using Melt Electrowritten Scaffolds. Front.
Bioeng. Biotechnol. 2021, 9, 629270.
(86) Nava, M. M.; Draghi, L.; Giordano, C.; Pietrabissa, R. The

Effect of Scaffold Pore Size in Cartilage Tissue Engineering. J. Appl.
Biomater. Funct. Mater. 2016, 14, e223−e229.
(87) Nehrer, S.; Breinan, H. A.; Ramappa, A.; Young, G.; Shortkroff,

S.; Louie, L. K.; Sledge, C. B.; Yannas, I. V.; Spector, M. Matrix
collagen type and pore size influence behaviour of seeded canine
chondrocytes. Biomaterials 1997, 18, 769−776.
(88) Stenhamre, H.; Nannmark, U.; Lindahl, A.; Gatenholm, P.;

Brittberg, M. Influence of pore size on the redifferentiation potential
of human articular chondrocytes in poly(urethane urea) scaffolds. J.
Tissue Eng. Regener. Med. 2011, 5, 578−588.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02910
ACS Omega 2024, 9, 39419−39429

39429

https://doi.org/10.3390/membranes10030052
https://doi.org/10.3390/membranes10030052
https://doi.org/10.3390/membranes10030052
https://doi.org/10.1016/j.eti.2015.01.002
https://doi.org/10.1016/j.eti.2015.01.002
https://doi.org/10.1016/j.reactfunctpolym.2015.03.008
https://doi.org/10.1016/j.reactfunctpolym.2015.03.008
https://doi.org/10.1016/j.rineng.2023.101362
https://doi.org/10.1016/j.rineng.2023.101362
https://doi.org/10.1016/j.rineng.2023.101362
https://doi.org/10.1016/j.rineng.2023.101362
https://doi.org/10.1016/j.rineng.2023.101362
https://doi.org/10.1016/j.heliyon.2020.e03486
https://doi.org/10.1016/j.heliyon.2020.e03486
https://doi.org/10.1016/j.heliyon.2020.e03486
https://doi.org/10.1038/s41598-021-81318-0
https://doi.org/10.1038/s41598-021-81318-0
https://doi.org/10.1038/s41598-021-81318-0
https://doi.org/10.1016/j.carres.2005.05.005
https://doi.org/10.1016/j.carres.2005.05.005
https://doi.org/10.1016/j.carres.2005.05.005
https://doi.org/10.1080/00914037.2014.1002095
https://doi.org/10.1080/00914037.2014.1002095
https://doi.org/10.1080/00914037.2014.1002095
https://doi.org/10.1016/j.msec.2019.110270
https://doi.org/10.1016/j.msec.2019.110270
https://doi.org/10.1016/j.msec.2019.110270
https://doi.org/10.1016/j.msec.2019.110270
https://doi.org/10.3390/jcs3030074
https://doi.org/10.3390/jcs3030074
https://doi.org/10.1002/pi.4299
https://doi.org/10.1002/pi.4299
https://doi.org/10.1002/pi.4299
https://doi.org/10.1016/j.foodhyd.2022.108316
https://doi.org/10.1016/j.foodhyd.2022.108316
https://doi.org/10.1016/j.foodhyd.2022.108316
https://doi.org/10.1016/j.ijbiomac.2016.04.028
https://doi.org/10.1016/j.ijbiomac.2016.04.028
https://doi.org/10.1080/10667857.2017.1379678
https://doi.org/10.1080/10667857.2017.1379678
https://doi.org/10.1080/10667857.2017.1379678
https://doi.org/10.1016/j.jsamd.2020.01.007
https://doi.org/10.1016/j.jsamd.2020.01.007
https://doi.org/10.1016/j.jmbbm.2009.01.009
https://doi.org/10.1016/j.jmbbm.2009.01.009
https://doi.org/10.1016/j.jmbbm.2009.01.009
https://doi.org/10.1016/j.carbpol.2018.10.002
https://doi.org/10.1016/j.carbpol.2018.10.002
https://doi.org/10.3389/fbioe.2021.629270
https://doi.org/10.3389/fbioe.2021.629270
https://doi.org/10.5301/jabfm.5000302
https://doi.org/10.5301/jabfm.5000302
https://doi.org/10.1016/S0142-9612(97)00001-X
https://doi.org/10.1016/S0142-9612(97)00001-X
https://doi.org/10.1016/S0142-9612(97)00001-X
https://doi.org/10.1002/term.350
https://doi.org/10.1002/term.350
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

