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Objective: Chronic wounds are a common clinical problem that necessitate the exploration of novel regenerative therapies. We report 
a method to investigate the in vitro wound healing capacity of an innovative biomaterial, which is based on amniotic membrane- 
derived stem cells (AMSCs) embedded in an alginate hydrogel matrix. The aim of this study was to prepare an sodium alginate-based 
hydrogel, cross-linked calcium chloride (CaCl2) with the active ingredient AMSC (AMSC/Alg-H) and to evaluate its in vitro 
effectiveness for wound closure.
Methods: This hydrogel preparation involved combining sterile solutions of AMSC, sodium alginate, and CaCl2, followed by rinsing 
with serum-free media. The cells were cultured in different 6-well plates, namely sodium alginate, calcium chloride, AMSC, Alg-H, 
and AMSC/Alg-H, in complete medium with 10% FBS. The hydrogel was successfully formulated, as confirmed by characterization 
techniques including Scanning Electron Microscopy (SEM), Fourier Transform Infrared (FTIR) spectroscopy, Differential Scanning 
Calorimetry (DSC), Cytotoxicity Studies, TGF-β1 Level Measurement by ELISA, and Cell Scratch Wound Assay.
Results: Cryo-EM characterization of the Alg-H preparation successfully demonstrated the encapsulation of MSCs. FTIR and DSC 
analyses indicate that crosslinking transpires in Alg-H encapsulating AMSC. The AMSC/Alg-H preparation showed no significant 
difference in toxicity compared to HaCaT cells (p < 0.05), indicating it was not toxic to HaCaT cells. Furthermore, in the scratch 
wound assay test at 24 hours, the AMSC/Alg-H preparation achieved 100% wound closure, outperforming both AMSC and Alg-H 
alone. In vitro assessment revealed that AMSC/Alg-H significantly enhanced key wound healing processes, including cell proliferation 
and migration, compared to Alg-H.
Conclusion: Our study demonstrated the promising potential of AMSC/Alg-H as an enhanced regenerative therapy for in vitro wound 
healing. AMSC/Alg-H was able to maintain the viability of AMSCs and facilitate the formation of tissue-like structures.
Keywords: AMSC, alginate, hydrogel, wound healing

Introduction
Stem cell research holds significant promise for the development of therapies for severe illnesses and traumas. 
Regenerative therapy involves the use of living cells or stem cells to repair, replace, or restore the normal function of 
damaged tissues and organs.1,2

Amniotic membrane stem cells (AMSCs) are a type of Mesenchymal Stem Cell (MSC) that include various growth 
factors, such as epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), keratinocyte growth factor (KGF), 
vascular EGF (VEGF), transforming growth factors (TGFs), and nerve growth factors (NGF), and chemokines. These 
factors are essential in the process of wound healing, regardless of whether the wounds are acute or chronic.3 AMSCs 
promote faster healing and anti-inflammatory effects, making them safe and compatible with human donors. They are 
less likely to provoke an immune response than other types of grafts.4 Additionally, they possess inherent antimicrobial 
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properties that provide protection against common wound infections. They also have antimicrobial properties, protecting 
against infections. The unique biological properties, safety profile, practical advantages, and demonstrated clinical 
efficacy of AMSCs make them a superior choice for wound dressings compared to other stem cell types.5–7

Hydrogels are increasingly preferred because of their biocompatibility, flexible physical properties, structural 
resemblance to native extracellular matrices, and the capacity to promote cellular adhesion and growth. Hydrogels create 
a 3D setting for cell growth, allowing for a cell structure and function that are not achievable in 2D settings. The purpose 
of utilizing a hydrogel-based matrix is to replicate the natural cellular environment in place of an extracellular matrix, 
offering essential sites for cell adhesion, feeding, and exposure to paracrine signals.8,9 Hydrogels are becoming 
increasingly popular because they are compatible with living organisms, have flexible physical characteristics, resemble 
the structure of natural extracellular matrices, and enhance the attachment and proliferation of cells.

Prior research has employed polymers in tissue engineering to enhance wound healing results. Micronized amniotic 
membrane (mAM) is a polymer that improves the survival and proliferation of mesenchymal stem cells (MSCs) in vitro 
and promotes accelerated healing of burn wounds in vivo.10 Furthermore, collagen in conjunction with AMSCs facilitates 
cell adhesion, proliferation, and differentiation, thereby augmenting the regenerative capabilities of AMSCs.11 Chitosan 
exhibits antibacterial and biocompatibility properties, indicating its potential to enhance wound healing by promoting cell 
migration and proliferation.12

Alginate is a natural polymer used to create hydrogels. Alginate is an appealing substance for wound dressings owing 
to its hydrophilicity, excellent biocompatibility, and high fluid absorption capacity. Alginate can trigger macrophages and 
prompt monocytes to generate interleukin-6 (IL-6) and tumor necrosis factor (TNF-α) to accelerate the healing process of 
chronic wounds.13 Studies indicate that alginate-hyaluronic acid hydrogels increase the proliferation and maturation of 
human mesenchymal stem cells (hMSCs) in a three-dimensional culture system, achieving a survival rate of 77.36% over 
14 days.14 Alginate hydrogel capsules demonstrated the ability to maintain cell viability and functionality, making them 
a viable choice for a delivery route for adipose tissue-derived mesenchymal stem cells.15 Alginate-based materials have 
been investigated for their improved wound healing capabilities, with additions like nanoparticles augmenting antibac-
terial characteristics while preserving cell viability.16 Moreover, alginate-based polymers loaded with silver nanoparticles 
(AgNPs) have antimicrobial characteristics and enhance wound closure rates.17 A study demonstrated that alginate 
hydrogel containing hMSC secretome and extracellular matrix components can augment cell migration and proliferation, 
as well as collagen synthesis, both in vitro and in vivo, resulting in enhanced healing, neovascularization, and increased 
epidermal thickness.18 Moreover, the alginate-based hydrogel integrated with carboxymethyl cellulose demonstrated 
a substantial decrease in wound area over time, suggesting its efficacy in skin regeneration.19 Alginate’s mechanical 
strength and biocompatibility render it an optimal selection for regenerative medicine applications employing AMSC 
therapy. Alginate was cross-linked using calcium chloride (CaCl2) to form a hydrogel. When alginate interacts with 
divalent cations such as calcium (Ca2+), it undergoes a chemical reaction and produces a gel structure. When cross-linked 
with CaCl2, it produces a three-dimensional structure that can transport drugs and consistently release them into the 
injured area. Alginate’s biocompatibility, capacity to preserve stem cell viability, and facilitation of improved cellular 
functioning render it an exemplary prospect for regenerative medicine applications utilizing AMSC therapy. These 
findings highlight the necessity of creating efficient biomaterials that can enhance stem cell functionality in wound 
healing scenarios.20

This work proposes the use of an alginate-based hydrogel as a delivery vehicle for Amniotic Membrane Stem Cells 
with the aim of facilitating the wound healing process. This study focuses on the chemical and biological characteristics 
of AMSC/Alg-H. The aim of this study was to create a hydrogel (Alg-H) with the active ingredient AMSC for wound 
healing.

Material and Methods
Materials
Amniotic membrane stem cells from the Stem Cell Research and Development Center (Surabaya, East Java, Indonesia), 
sodium alginate from Himedia (Kennett Square, USA), calcium chloride, fetal bovine serum (FBS), and Elisa Kit from 

https://doi.org/10.2147/SCCAA.S493125                                                                                                                                                                                                                                                                                                                                                                                                                Stem Cells and Cloning: Advances and Applications 2025:18 2

Fitriani et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Sigma-Aldrich (St. Louis, MO, USA), HaCaT Cells from the American Type Culture Collection (Manassas, VA, USA), 
and Dulbecco’s Modified Eagle Medium from Mediatech (Manassas, VA, USA) was used.

Preparation of AMSC/Alg-H
A (1 mL) was thoroughly combined with 2 mL of a sterile sodium alginate (SA) solution at a concentration of 150 mm 
(pH 7.4). The final SA concentration in the mixture was 100 mm. This was performed in six-well plates. A 1 mL solution 
of sterile CaCl2 with a concentration of 150 mm and a pH of 7.4 was used to harden the AMSC-alginate complex 
(Table 1). This process took 2–3 minutes to complete. The resulting gel was washed several times with a serum-free 
medium. The preparation of sterile SA and sterile CaCl2 solution was carried out in LAF. SA and CaCl2 powder was 
dissolved in distilled water and then filtered using a membrane filter with pores of 0.22 µm twice. The control group 
consisted of an equivalent number of cells that were cultivated on a separate 6-well plate, but were not treated with 
alginate. AMSC, Alg-H, and AMSC/Alg-H were grown in 10% FBS-complete medium and incubated at 37 °C in the 
same environment. The medium was replaced every three days, and the supernatant from each well was collected.21

Morphology Studies
To prepare AMSC, Alg-H, and AMSC/Alg-H for analysis, they were frozen in vitreous ice and then placed into the 
cryogenic sample holder of a FTALOS 200C cryo-electron microscope (Hillsboro, Oregon, USA). Subsequently, the 
samples were cooled to the desired temperature. The imaging conditions were optimized to achieve the best contrast and 
resolution. Images or videos of the frozen samples were captured using a microscope imaging detector. Specialized 
software programs were used for the image processing and 3D reconstruction.22–24

Fourier-Transform Infrared Spectroscopy Analysis (FTIR)
The chemical interactions of AMSC, Alg-H, and AMSC/Alg-H were investigated using a Fourier-transform infrared 
spectrophotometer (FTIR) (Thermo Fisher, Waltham, MA, USA) and measured at 4000–400 cm−1. To analyze the 
AMSC, Alg-H, and AMSC/Alg-H samples, the samples were placed between two NaCl plates or within a liquid sample 
cell. The FTIR spectrometer was activated, a background scan was performed to acquire a reference spectrum, and the 
sample was placed in the sample compartment. Execute the necessary number of scans and gather the data to assemble 
the sample spectrum.25–27

Differential Scanning Calorimetry Analysis (DSC)
The thermal properties of the composites prepared with AMSC, Alg-H, and AMSC/Alg-H were evaluated by differential 
scanning calorimetry (DSC) using a Perkin Elmer DSC 6000 instrument (Massachusetts, USA). Sample Preparation the 
AMSC, Alg-H and AMSC/Alg-H were subjected to thermal analysis in the temperature range of 25°C –300°C at 
a heating rate of 10°C/min under continuous flow nitrogen gas at a rate of 50 mL/min.25,28

Preparation of HaCaT Cell
HaCaT cells were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM) augmented with Penicillin-Streptomycin 
antibiotics (10 mg/mL) and fetal bovine serum (FBS). HaCaT cells must be at least 80% confluent for usage. The media 
in the flask is subsequently removed, followed by rinsing the cells twice with 10 mL of PBS. 3 mL of trypsin-EDTA 
solution is administered and thereafter incubated for five minutes to facilitate the dispersion of the cell layer (under an 
inverted microscope, the cells will appear to be suspended). The cells and media are subjected to centrifugation at 
1500 rpm for 5 minutes. The supernatant is removed, and the cell pellet is re-suspended in fresh complete media.

Table 1 AMSC Formulation

Formulation AMSC (mL) Alg (mL) CaCl2 (mL)

AMSC 1 – –

Alg-H – 2 1

AMSC/Alg-H 1 2 1
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Cytotoxicity Studies
HaCaT cells were seeded at a density of 100,000 cells/200 µL per well in 96-well plates and incubated for 48 hours at 
37°C and 5% CO2. After reaching a minimum confluence of 80%, the culture medium was removed from each well. The 
wells were then replenished with 200 µL of test materials in triplicate: Alg-H, AMSC/Alg-H, or AMSC, which had been 
sectioned into minute fragments. The treated cells were incubated for an additional 48 hours under the same conditions. 
Cell viability was assessed using the MTT Assay Kit. A solution containing 9 mL of complete medium and 1 mL of MTT 
reagent was prepared in a 15 mL centrifuge tube and homogenized. 100 µL of this mixture was added to each well, and 
the plates were incubated for 2–4 hours at 37°C and 5% CO2 until formazan crystals developed. Following crystal 
formation, the solution was removed, and DMSO was added to halt the reaction. Absorbance was measured at 570 nm 
using a spectrophotometer. Cells treated only with culture medium served as a control, representing 100% viability. The 
viability of treated cells was calculated as a percentage relative to the control.29,30

Cell Scratch Wound Assay
HaCaT cells were seeded onto 24-well plates at a density of 150,000 cells per well in 1000 µL of culture medium. The 
plates were incubated at 37°C with 5% CO2 for 24 hours or until the cells reached at least 80% confluence. Prior to the 
scratch assay, a horizontal line was drawn on the bottom of each well to serve as a reference point. Once a confluent 
monolayer was formed, a sterile yellow pipette tip was used to create a vertical scratch across the cell monolayer, 
intersecting the reference line. The old medium was carefully aspirated, and each well was gently washed with 1 mL of 
PBS (-) to remove cell debris. Following the scratch, the wells were treated with AMSC, Alg-H, or AMSC/Alg-H. The 
scratch closure was monitored by capturing images of the wounded area using an inverted microscope at 0, 24, and 
48 hours post-scratch.31,32

TGF-β1 Level Measurement by ELISA
The concentration of TGF-β1 in the supernatants of AMSC and AMSC/Alg-H cultures was quantified using 
a commercially available sandwich ELISA kit (product number RAB0460 and lot number 0426I0188). All procedures 
were performed according to the manufacturer’s instructions. Briefly, 100 µL of standards or samples were added to 
designated wells of the pre-coated microplate and incubated for 2.5 hours at room temperature or overnight at 4°C. The 
plate was then washed four times with 300 µL of 1X Wash Solution using an automated plate washer. After the final 
wash, residual buffer was removed by aspiration, and the plate was inverted and blotted on lint-free paper towels. 
Subsequently, 100 µL of biotinylated detection antibody (1x concentration) was added to each well and incubated for 
1 hour at room temperature with gentle orbital shaking (100 rpm). Following another wash cycle, 100 µL of Streptavidin- 
HRP conjugate was dispensed into each well, and the plate was sealed and incubated for 45 minutes at room temperature 
with mild agitation (100 rpm). After washing, 100 µL of TMB Substrate Solution was added to each well and incubated 
for 30 minutes at room temperature in the dark. The enzymatic reaction was terminated by adding 50 µL of Stop Solution 
(2N H2SO4) to each well. The optical density was immediately measured at 450 nm with wavelength correction set to 
570 nm using a microplate spectrophotometer (model and manufacturer). TGF-β1 concentrations were calculated using 
a four-parameter logistic regression curve fit of the standard values. The assay sensitivity and dynamic range should be 
stated, along with any sample dilutions performed.

Statistical Analysis
The data are presented as average values along with the standard deviation. Statistical significance between groups was 
determined using one-way analysis of variance (ANOVA) and unpaired t-test, p-values < 0.05 were considered 
significant using GraphPad Prism 8.4.0.

Results
Morphology Studies
Cryo-electron microscopy (cryo-EM) is an effective method for examining biological samples such as stem cells. Cryo- 
EM has become the latest technological innovation in biological morphological observations, observation of molecules, 
and massive cells at certain atomic resolutions.33

https://doi.org/10.2147/SCCAA.S493125                                                                                                                                                                                                                                                                                                                                                                                                                Stem Cells and Cloning: Advances and Applications 2025:18 4

Fitriani et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



The research findings depicted in the image indicate the following. AMSC can be effectively observed. The Alg-H 
base resembled soft cotton material covering the cryo-EM lesion. The AMSC hydrogel consisted of AMSCs coated with 
a hydrogel substance that adhered to the cryo-EM lesion. Microscopic examination showed that AMSCs could maintain 
their morphology when encapsulated in Alg-H. Alg-H creates a suitable microenvironment for AMSCs, facilitating 
nutrients that are essential for maintaining AMSC viability.34,35 Thus, the results are consistent with the creation of 
AMSC/Alg-H (Figure 1).

Fourier-Transform Infrared Spectroscopy Analysis (FTIR)
The test sample was a combination of alginate, CaCl2, and AMSC; therefore, the FTIR absorption pattern of the test 
sample had all the characteristics of alginate, CaCl2, and AMSC (Table 2 and Figure 2). The modification in the FTIR 
spectrum arises from the interaction among sodium alginate, CaCl2, and AMSC, resulting in the creation of a novel 
cross-linked structure, as evidenced by the alterations in the distinctive peaks of the FTIR spectrum.36,37

Figure 1 Cryo-EM images of AMSC/Alg-H in magnification 45000x.

Table 2 FT-IR Functional Group

Name of Sample Characteristic Functional Group/Assignment Wavenumber (Cm-1)

AMSC N-H stretching of proteins 3280–3300

Amide I band (C=O stretching) 1640–1690

Alg-H Hydroxyl group (-OH) 3200–3550

Carbonyl group (C=O) 1600–1700

C-O bond vibrations in the carboxylate group (–COO⁻) 1410–1450

Vibration of Ca²2+ ion with carboxylate group (–COO⁻) 600–700

AMSC/Alg-H Hydroxyl group (-OH) 3200–3550

Triple bond (alkyne, C≡C) 2100–2260

Carbonyl group (C=O) 1600–1700

C–O–C bond 1000–1150

Vibration of Ca²2+ ion with carboxylate group (–COO⁻) 600–700
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Differential Scanning Calorimetry Analysis (DSC)
The AMSC control shows an endothermic thermogram peak at 127.31°C, the Alg-H base exhibits an endothermic peak at 
130.41 °C, and the AMSC/Alg-H preparation displays an endothermic peak at 128.64 °C. The creation of AMSC/Alg-H 
has a temperature that is 2°C lower, specifically 128.64°C, compared to the Alg-H base (Figure 3). This demonstrates 
a cross-link interaction of Alg-H that encapsulates AMSC. This data is additionally confirmed by FTIR analysis.

Cytotoxicity Studies
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine the viability and 
proliferation of cells, including amniotic membrane stem cells (AMSCs). Based on statistical by one way analysis of 
variance (p < 0.05), AMSC/Alg-H and Alg-H were not significant, indicating that they were not toxic to HaCaT cells. 
HaCaT cells were still able to maintain their viability even after treatment with AMSC/Alg-H and Alg-H (Figure 4).

Cell Scratch Wound Assay
The scratch wound test showed that HaCaT cell cultures treated with AMSC and AMSC/Alg-H showed the statistical by 
one way analysis of variance (p < 0.05) for 0 h, AMSC was significantly with Alg-H and AMSC/Alg-H. After 24 h, 
AMSC was significantly with control and AMSC/ Alg-H, the percentage of wound closure was 100% at AMSC/Alg-H. 
The results demonstrate that wounds treated with AMSC/Alg-H healed more rapidly than other treatments. Microscopic 
observation revealed enhanced cell migration in the AMSC/Alg-H group, leading to complete wound closure within 
24 hours. This finding suggests that AMSC/Alg-H has the potential to accelerate the wound healing process significantly 
(Figures 5 and 6).

Figure 2 Spectroscopy analysis by FTIR of AMSC/Alg-H.
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TGF-β1 Level Measurement Test
Transforming Growth Factor-beta 1 (TGF-β1) is a cytokine that is important in various cellular processes, including cell 
proliferation, differentiation, and tissue repair.38 Its detection and quantification of TGF-β1 levels is essential for 
understanding the function of TGF-β1 in physiological and pathological processes. TGF-β1 levels in biological samples 
can be detected using Enzyme-Linked Immunosorbent Assay.39

Figure 3 Thermal analysis by DSC of AMSC/Alg-H.

Figure 4 HaCaT cell viability percentage of AMSC/Alg-H. Each value represents the mean ± SD of three independent experiments performed in triplicate are presented. 
P values obtained by one way analysis of variance p < 0.05.
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Figure 5 Microscopic follow-up in vitro wound dressing process in presence of wound closure on scratch assay of AMSC/Alg-H.

Figure 6 HaCaT Cell scratch assay AMSC/Alg-H. Each value represents the mean ± SD of three independent experiments performed in triplicate are presented. The data 
showed significant differences between the AMSC group and the Alg-H group as well as the AMSC group and the AMSC/Alg-H group at 0 hour, and between the control 
group and the AMSC group as well as the AMSC group and the AMSC/Alg-H group at 24 hours obtained by one way analysis of variance (*p < 0.05).
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Statistical analysis unpaired t-test (p < 0.05) showed that the levels of TGF-β1 in AMSC and AMSCs/Alg-H were not 
significantly different. Thus, AMSC activity was not reduced when hydrogel preparations were made. Alg-H has 
properties comparable to those of AMSC; therefore, it can be used as a carrier in AMSC delivery (Figure 7).

Discussion
Amniotic membranes have a significant effect on stem cell movement during wound healing. Other studies have shown that 
amniotic membranes can improve cell migration under controlled laboratory settings. AMSCs exhibit anti-inflammatory 
properties, reducing chronic wound inflammation by promoting cell migration and proliferation by enhancing keratinocyte 
activity, which is essential for effective re-epithelialization. The interaction between AMSCs and keratinocytes enhances 
proliferation and migration, thereby facilitating wound closure.40 AMSCs enhance angiogenesis that supplies nutrients and 
oxygen to tissues in the healing process. AMSCs facilitate microvascular development and attract progenitor cells to the 
wound area, thereby accelerating tissue regeneration.10,40 The results of a meta-analysis study showed that AMSC therapy 
significantly improved wound healing rates through mechanisms including increased angiogenesis and reduced 
inflammation.6 The reduced immunogenicity of AMSCs makes them a good choice for allogeneic therapy. AMSCs show 
high proliferation rates and can be expanded in vitro while maintaining their original properties.7

Cryo-electron microscopy (cryo-EM) has been used to study protein structure variations in the heart using the internal 
environment of stem cells, namely, in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs).41 Based on 
the surface morphology results, it can be seen that the AMSC was encapsulated by an Alg/H base. Alg-H not only protects 
AMSCs but also facilitates their use in tissue engineering applications by providing a scaffold that mimics the extracellular 
matrix. This is important for applications in regenerative medicine where maintenance of cell function is critical.35 This result 
is the same as that of previous research, which showed that the secretome was closed by physical interactions or electrostatic 
interactions with the polymer chains that formed the hydrogel system. This indicates that the biological components of the 
secretome cannot form chemical attachments with functional groups present in the matrix.42 A recent study demonstrated that 
neural stem cells (NSCs) and mesenchymal stromal cells (MSCs) encapsulated with modified hyaluronic acid (HA) exhibited 
a loss of spherical morphology and extended processes when cultured on surfaces, indicating successful adherence and 
proliferation following encapsulation.43 Human adipose-derived stem cells (hADSCs) encased in a P-SH-HA hydrogel, 
preserving an optimal milieu for stem cells.44 Alginate hydrogel capsules designed for stem cell distribution exhibited both 

Figure 7 TGF-β1 value (pg/mL) of AMSC/Alg-H. Each value represents the mean ± SD of three independent experiments performed in triplicate are presented. P value 
obtained by unpaired t-test of p < 0.05.
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circular and irregular pores on their surface, facilitating nutrient transport, which enabled the maintenance of viable 
mesenchymal stem cells (MSCs) within the capsules over time.15 In this work, AMSC can be regulated within Alg-H; 
however, the biological components do not chemically interact with Alg-H. The interactions involved are predominantly 
physical or electrostatic, enabling AMSC to be encapsulated in Alg-H without directly altering its chemical composition. 
Consequently, the findings of this study indicate that AMSC encapsulated in Alg-H can grow efficiently throughout time.

The FTIR spectrum of sodium alginate exhibited significant alterations during cross-linking with CaCl2 in contrast to 
the spectrum of sodium alginate without cross-linking. The interaction between sodium alginate and CaCl2 resulted in the 
alteration and displacement of distinctive peaks in the FTIR spectrum. This indicates that there is an interaction between 
alginate and CaCl2, which forms chemical cross-links. The carbonyl group is visible at the peak of the spectrum between 
1600–1700 cm−1. Another spectral peak was detected at 1410–1450 cm-1, indicating the presence C-O bond vibrations in 
the carboxylate group (-COO-). The changes observed in the FTIR spectrum were due to the interaction between sodium 
alginate and CaCl2, which formed a cross-linked structure. This is evident from the observed changes in the characteristic 
peaks of the FTIR spectra.36,37 The FTIR spectrum of AMSC revealed the presence of a hydroxyl group (-OH), which 
was distinguished by a broad absorption peak at 3200–3550 cm−1, whereas the spectrum exhibited a carbonyl group 
(-C=O) with an intensity of 1600–1700 cm−1, in addition to the presence of an alkyne bond.

Differential scanning calorimetry (DSC) is the predominant technique employed in the pharmaceutical industry to identify 
physical and chemical interactions, polymorphisms, solid transformations, and stability. The purpose of the DSC testing was 
to assess the impact of temperature on the formation of AMSC/Alg-H. This research demonstrates that interaction with AMSC 
leads to a reduction in the glass transition temperature. This is similar to the results of this research: the glass transition range in 
SC-PLLA is wider and the magnitude of change reduction from NA-PLLA to SC-PLLA, suggesting a reduction in the amount 
of amorphous phase present.45 The ratio of the increase in heat capacity at the glass transition temperature is 0.17, indicating 
that a considerable portion of the chain segments lack the ability to change their shape, suggesting that the amorphous material 
is distinct from a typical molten polymer. The DSC thermogram of the Alg/H base exhibits an endothermic peak attributed to 
enthalpy changes, specifically the disruption of the carboxylate-calcium complex bonds.46 Another study showed that the Tg 
value exhibited a rapid initial increase within the first 2 h, followed by a subsequent decline. The initial 2-hour period of 
cellulose manufacture showed a significant increase in Tg value due to increased chain proximity and higher glass transition 
temperature. Cross-linking processes increase the loss modulus and tand, with lignin concentration and hydrogen bonding 
enhancing the resolution.47

We carried out the MTT assay to evaluate cytotoxicity by measuring the metabolic activity of living cells, specifically the 
reduction of yellow tetrazolium salt (MTT), which the mitochondrial dehydrogenase enzyme in living cells converts into 
purple formazan crystals. The MTT assay results indicated that HaCaT cells exhibited elevated cell viability following 
treatment with AMSC/Alg-H and Alg-H. This aligns with microscopic studies demonstrating the viability of AMSCs in Alg- 
H, affirming that Alg-H facilitates AMSC proliferation. Research on adipose tissue-derived mesenchymal stem cells (MSCs) 
encased in sodium alginate hydrogel exhibited elevated cell viability for the entire culture duration. The MTT test was 
employed to evaluate metabolic activity at many time intervals. Despite an initial reduction in MTT absorbance post- 
encapsulation, later assessments demonstrated a rebound over time, signifying effective nutrition absorption within the 
capsules.48 A separate study examined the extrusion technique for encapsulating hAdMSCs using alginate-CaCl2. Results 
demonstrated that whereas cultivated hAdMSCs survived for up to 7 days when encased in alginate beads, their viability was 
inferior to that of reference cultures without encapsulation. This indicates diminished metabolic activity resulting from the 
physical limitations imposed by the alginate matrix.15 Another study used the MTT test on hAMS scaffold, and found that the 
hAMSC scaffold from alginate and gelatin is non-toxic, so it is safe to use to carry hAMSC, which supports the attachment, 
proliferation, and differentiation processes of hAMSC.49

Alg-H exhibits significant promise for wound healing owing to its biocompatibility, nontoxicity, and ready availability. It 
possesses the capacity to absorb excess liquid, maintain physical hydration, and reduce the quantity of bacteria.50 Research 
suggests that it efficiently fills gaps in scratch tests and has the potential to be integrated with nanoparticles to enhance the 
healing process.17 Alginate and extracellular matrix hydrogel patches, including mesenchymal stem cell secretomes, exhibit 
expedited skin wound healing.18 In this study, AMSC/Alg-H unexpectedly attained a wound closure rate of 100% in a scratch 
assay conducted on HaCaT cells after 24 hours of exposure. This outcome was also congruent with the production of TGF-β1 
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generated by AMSC before and after formulation. This indicates that AMSC/Alg-H can maintain TGF-β1 levels appropriately 
to facilitate wound healing without inhibiting its physiological function. Maintaining stable levels of TGF-β1 in AMSC/Alg-H 
facilitates the migration of AMSCs within Alg-H to the injured location, promoting expedited and efficient repair. The study 
revealed that TGF-β1 enhanced the proliferation and expression of extracellular matrix genes in hUC-MSC, which are 
mesenchymal stem cells derived from the umbilical cord. TGF-β1 facilitates the healing of wounds by aiding stem cells.51 

Alternative formulations of mesenchymal stem cells did not disrupt the TGF-β1 signaling pathway, suggesting their potential 
to preserve TGF-β1 function and facilitate tissue repair.52 TGF-β1 modulates the characteristics and functions of AMSCs. 
AMSCs release TGF-β1, leading to angiogenesis and tissue repair. TGF-β1 has been demonstrated to accelerate angiogenesis, 
enhance collagen and fibronectin synthesis, and promote the migration and proliferation of endothelial cells.53,54 Another 
study demonstrated that alginate-CaCl2 hydrogels exhibited favorable biocompatibility, low toxicity, and simplicity in gel 
production.55 The observed result is likely attributable to the interconnectedness and permeability of the hydrogel matrix in 
AMSC/Alg-H biomaterials. According to prior research, this structure is thought to enhance the interaction with cells and 
tissues.42 AMSCs secrete a range of growth factors, such as EGF and TGF-β, to enhance the proliferation of keratinocytes, 
hence promoting wound healing and the regeneration of new epithelial tissue.40 The combined effect of AMSC on Alg-H 
promotes cell growth and movement, therefore enhancing the process of wound healing.

Conclusion
This research demonstrates that AMSC/Alg-H possesses significant potential to expedite wound healing. FT-IR, DSC, 
and Cryo-EM analyses of the AMSC/Alg-H demonstrated crosslinking inside the Alg-H hydrogel containing AMSC. 
Moreover, AMSC/Alg-H exhibits non-toxicity towards HaCaT cells and promotes wound closure, as demonstrated by the 
scratch wound assay and TGF-β1 levels, indicating that Alg-H is compatible with AMSC, thereby allowing the 
maintenance of AMSC levels within the Alg-H matrix to facilitate tissue regeneration. Future study on AMSC/Alg-H 
may be broadened to investigate alternative hydrogel materials for stem cell encapsulation and the therapy of degen-
erative illnesses by enhancing studies on the interactions among stem cells, hydrogels, and various growth factors.
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