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Abstract  

Stem cell therapy is a promising strategy for cartilage tissue engineering, and in recent studies, cell 
transplantation through polymeric scaffolds has gained attention. Herein, we encapsulated human 
adipose-derived stem cells (hASCs) within the alginate sulfate hydrogel, and for the betterment of 
mimicking the cartilage structure and characteristic, polycaprolactone/gelatin electrospun 
nanofibers, and extracellular matrix (ECM) powder have been added. The composite hydrogel 
scaffolds were developed to evaluate the relevant factors and conditions in mechanical properties, 
cell proliferation, and differentiation to enhance cartilage regeneration. To this aim, initially, 
different concentrations (1-5% w/v) of ECM powder were loaded within an alginate sulfate 
solution to optimize the best composition for encapsulated hASCs viability. The results revealed 
that ECM addition significantly improved mechanical properties and cell viability, and 4% w/v 
ECM was chosen as the optimum sample. At the next step, electrospun nanofibrous layers were 
added to the alginate sulfate/ECM composite to prepare different layered hydrogel-nanofiber (2, 3 
and 5-layer) structures with the ability to mimic the cartilage structure and function. 3-layer was 
selected as the optimum layered composite scaffold, considering cell viability, mechanical 
properties, swelling and biodegradation behavior; moreover, the chondrogenesis potential was 
assessed and the results showed promising features for cartilage tissue engineering application. 
 

Keywords: Alginate sulfate; Stem cells; Cartilage tissue engineering; Composite scaffolds; 
Hydrogel/nanofiber 
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1. Introduction 

Cartilage is an avascular, aneural, alymphatic, resilient, and smooth elastic connective 

tissue, which is composed of chondrocyte cells, mainly located at the ends of the bones, where 

joints are located. There are three types of cartilage, hyaline (the most abundant type), fibrous, and 

elastic in the human body [1,2]. Cartilage can be damaged by different factors such as 

osteoarthritis, inflammatory arthropathies, cartilaginous tumors, chondrocalcinosis, relapsing 

polychondritis, osteochondritis, dissecan, trauma, spondyloepimetaphyseal dysplasia (SEMD), 

and ageing. Unfortunately, so far, there is no optimal treatment for cartilage damage since the 

cause and pathogenesis of cartilage diseases are not fully understood [2–4]. One of the difficulties 

of this field is that until the degradation of extracellular matrix (ECM) components, no symptoms 

are seen because cartilage has no neurons, making the cartilage treatment so challenging. However, 

there are several methods used to treat cartilage damage, containing microfracture, mosaicplasty, 

autologous chondrocyte implantation (ACI) [5], and novel biomedical techniques (e.g., stem cell 

therapy and tissue engineering). Although these techniques can be used as treatments, still, there 

are some challenges, such as not fully understanding cartilage aetiology and pathogenesis, lags of 

diagnosis due to the aneural nature of the tissue, and difficulties of drug and biomolecule delivery 

because of being avascular [2,6,7]. Tissue engineering (TE) with a combination of cell, scaffold, 

and signaling (mechanical, chemical, and electrical signals) offers a promising approach for the 

regeneration of cartilage that can overcome the present issues [8,9]. 

Lately, using stem cells to treat various diseases and disorders has gained much attention; 

it can be said it is because of the two significant features: being self-renewable and the ability to 

differentiate into a specialized adult cell type. Subcutaneous and omental fat tissues are suitable 

sources of these stem cells because of their abundance and availability. It is possible for the stem 
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cells that originated from fat cells to differentiate into fat tissue, osteogenic, chondrogenic, 

mesenchymal lineages, and other tissues. By supplying the condition for these stem cells to be 

differentiated into chondrocytes, they can be utilized for injured joints, Arthritis, or joint 

recuperation [10–13]. For instance, Tsai et al. evaluated encapsulated human adipose-derived stem 

cells (hASCs) within enzyme-cross-linked gelatin hydrogel for hyaline cartilage regeneration in 

rabbits. In vitro and in vivo studies demonstrated that the encapsulated stem cells had high 

proliferation and chondrogenic differentiation potential in the hydrogel [14]. 

The ECM plays a significant role in cartilage function, and generally, it provides a 

microenvironment network for cells to determine cell fate and maintain the cellular phenotype. In 

each tissue, the topology and composition of ECM are different; therefore, decellularization of 

cartilage tissue and the use of ECM powder can help construct ECM closer to the native one, which 

allows cells to behave similarly to the cells within the native ECM. Decellularized ECM (dECM) 

can be prepared from human and animal sources and with a variety of methods like mechanical, 

chemical, and enzymatic [15]. Rothrauff et al. decellularized cartilage tissue with the chemical 

method and almost no trace of the DNA (99%) in the cartilage [16]. In comparison, Oh et al. 

decellularized porcine cartilage tissue with the mechanical method and removed 98% of the DNA 

in the cartilage [17]. 

Hydrogels are one of the most potential three-dimensional (3D) scaffolds used in TE to 

deliver drugs, growth factors, and cells. The hydrogel structure allows for mimicking the native 

ECM (ref); thus, it is a suitable microenvironment for cell adhesion, proliferation, and 

differentiation. Another type of scaffold that is well-known for providing ECM-like structure is 

electrospun nano or microfibers [18]. The idea of laminated composites, entailing layer-by-layer 

fibers and hydrogels, enables a high percentage of mimicking ECM, improving mechanical 
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strength and controllable degradation time and rate. A wide range of natural and synthetic 

biopolymers in various forms of scaffolds (e.g., hydrogel, sponge, and mesh) are used for cartilage 

regeneration [4]. Natural biopolymers like collagen, gelatin, silk fibroin, chitosan, hyaluronic acid, 

alginate, bacterial cellulose, dextran, and polyhydroxyalkanoate have suitable biological 

properties; on the other hand, still, there are some challenges related to supplying appropriate 

mechanical properties resemble cartilage that limits their effective use. Synthetic biopolymers such 

as poly(ε-caprolactone) (PCL), polyurethane, polypropylene fumarate, polyphosphazene, poly 

(1,4-butylene succinate), poly(lactic-co-glycolic acid) (PLGA), and polylactic acid (PLA) present 

proper mechanical properties, higher than natural polymers; although, they have poor biological 

properties [19,20]. Hybrid scaffolds made of natural and synthetic biomaterials have indicated 

several advantages, which outweigh the limitations of singular usage [21]. 

PCL can be named a representative of synthetic biopolymers, an aliphatic linear polyester 

with a wide molecular weight (from 3000 – 100,000 g.mol-1), with slow degradability (2–4 years), 

high mechanical properties, poor biocompatibility, and FDA approval. Gelatin (GT), a highly 

applicable natural biopolymer obtained from the hydrolysis of collagen, has fine gel strength, high 

biocompatibility, fast biodegradability, and poor mechanical properties [22–24]. PCL/GT 

electrospun has been widely investigated in different fields of TE like skin, nerve, dental, 

cardiovascular, and muscle [25]. For instance, Zheng et al. evaluated various blend ratios of 

PCL/GT to produce electrospun nanofibers for the 3D construct shape of cartilage. Evaluation of 

cell attachment and proliferation of chondrocytes demonstrated that all the scaffolds have proper 

biocompatibility and PCL/GT 30:70 was suitable for fabricating ear-shaped cartilage [25]. 

Alginate is a linear natural biopolymer derived from the cell walls of brown algae. The G-

blocks and M-blocks of the alginate determined physicochemical properties such as viscosity and 
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water uptake ability. Alginate hydrogel can be prepared by combining the solution with ionic 

cross-linking like divalent cations (e.g., Ca2+, calcium chloride is the most common one) [26,27]. 

It has been shown that encapsulated chondrocytes within alginate hydrogels are capable candidates 

for cartilage and bone tissue engineering [20]. Alginate can be converted to alginate sulfate by 

several methods; the sulfate group in alginate sulfate is one of the important components in native 

ECM. Therefore, sulfate alginate creates a suitable environment for the proliferation and migration 

of cells by providing a more ECM-like environment [28]. 

In this study, to better mimic the cartilage, various factors that are effective for cartilage 

regeneration have been gathered together, and composite scaffolds made of hydrogels and 

nanofibers have been developed. The usage of hydrogels and nanofibers helps mimic the cartilage 

structure, while the influence of the number of composite layers (hydrogels and nanofibers) has 

been examined and optimized. The main novelty of the current work is the encapsulation of hASCs 

in the composite hydrogel containing ECM powder, which biologically and mechanically 

resembles the native cartilage. Moreover, to the best of our knowledge, the investigation of the 

effects of the nominal percentage of ECM in hydrogel on stem cell behavior and the number of 

composite layers on stem cell behavior and mechanical properties are investigated for the first 

time. In this regard, hASCs were encapsulated within sodium alginate and alginate sulfate hydrogel 

with different concentrations of ECM powder (0-5% w/v) to determine the optimal concentration 

of ECM based on the cell viability and mechanical behavior. Then, to fabricate the laminated 

composite scaffold, the scaffold was constructed with several different layers of PCL/GT 

nanofibers and hydrogels containing the optimal ECM powder. Finally, the prepared scaffolds 

have been analyzed by conducting multiple assays to examine physicochemical and biological 

characteristics. 



6 

 

2. Materials and methods 

2.1. Materials 

Polycaprolactone (PCL), Gelatin type A (GT), acetic acid (AA, >99.85%), formic acid 

(FA), calcium chloride-dihydrate (CaCl2), alginate sulfate, sodium alginate (200–300 kDa MW), 

phosphate-buffered saline (PBS), collagenase type 1, penicillin, sodium dodecyl sulfate (SDS), 

ethylenediaminetetraacetic acid (EDTA, Merck), deoxyribonuclease (DNase, 500U, Sinaclon, 

Iran), sodium chloride-Tris-EDTA, phenol, chloroform, isoamyl alcohol, formaldehyde, and 

streptomycin were purchased from Sigma Aldrich (St. Louis, MO). Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/ F12) and fetal bovine serum (FBS) were obtained from 

Gibco. 

2.2. Synthesis and characterization of electrospun nanofiber  

For the electrospinning solution, PCL and GT with a concentration of 15% w/v were 

separately dissolved in AA/FA (90:10) at room temperature and then mixed with the blend ratio 

of 70:30 to achieve the total polymer concentration of 15% w/v [29]. After preparing the precursor, 

it was shed in a plastic syringe, and the nanofibers were prepared by electrospinning (voltage 20 

kV, feed rate 1 ml/h, 14 cm distance, and drum speed 50 rpm). The residual solvent of the PCL/GT 

nanofibers was evaporated in a vacuum oven (48 h, 50 ºC). The fiber diameter and morphology of 

electrospun nanofiber were investigated by scanning electron microscopy (Zeiss, Germany). 

Electrospun nanofibers before imaging were coated with gold by using sputtering apparatus. About 

100 nanofibers were randomly analyzed using image analysis software (Image J 1.42q). 

2.3. Decellularization of bovine hyaline cartilage, DNA content, and histological analysis 
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After sacrificing the calf, hyaline cartilage was harvested from femoral condyles and 

freshly cut into smaller pieces with a surgical blade and then washed with PBS [15–17]. Firstly, 

the minced cartilages were placed in SDS (1% w/v) and PBS solution for 72 h with stirring at 300 

rpm at room temperature to denature proteins and cell lysis (every 24 h refreshed the solution). 

Then the tissue was soaked in EDTA (0.01% w/v) and PBS solution, stirring at 300 rpm for 24 h. 

After that, it was treated with deionized water for 24 h to remove all organic solvents (every 8 h 

refreshed the solution). The washed pieces were digested in 10 ml PBS containing 10 µl DNase 

for 2 h and washed with PBS for 24 h. Afterwards, acellular hyaline cartilage was lyophilized and 

made into a fine powder with a mixer mill.  

DNA content was investigated to be sure of the decellularization process; decellularized 

samples (Decell: 0.1366 g) with bovine hyaline cartilage as control (0.1339 g) were placed in a 

digestion buffer containing SDS, STE buffer, and proteinase K enzyme. The separation process 

was performed in two stages with phenol/chloroform/isoamyl alcohol (1/24/25), and DNA 

precipitation was performed with ethanol 100%. Finally, the DNA was dissolved in 50 μl of 

sterilized distilled water. The Decell was centrifuged (10000 G and 10 min) and was measured the 

absorbance of the top layer containing DNA at 260 nm (Thermo Fisher, Spectrophotometers, 

NanoDrop™ 2000/2000c).  

The decellularized tissue and native tissue were fixed in 10% formaldehyde (10% v/v) for 

24 h and then dehydrated, and after that embedded in paraffin wax. The Decell, after cutting by 

microtome and placing onto glass slides, dewaxed and then were stained with hematoxylin-eosin 

(H&E) to determine the decellularization rate. 

2.4. Preparation of hydrogels 
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Hydrogel solutions with the concentration of 2% w/v of alginate and alginate sulfate 

(50:50) and different concentrations of ECM powder (0%, 1%, 2%, 3%, 4 and 5% w/v) in PBS at 

room temperature (Figure 1A) were prepared [30]. 

2.5. Fourier transform infrared spectroscopy (FTIR) 

        The chemical structure of the alginate and alginate sulfate hydrogel with ECM powder (4% 

w/v; optimal sample) was determined by Fourier transform infrared (FTIR) analysis. The hydrogel 

without ECM was also analyzed as the control group. Spectra were collected from 400 to 4000 

cm-1, 4 cm−1 resolution, 16 scans using a spectrometer (PerkinElmer Co. US). 

2.6. hASCs cells culture and encapsulation in hydrogels 

hASCs were isolated from human adipose, as previously explained (Figure 1A). Briefly, 

human adipose biopsies were isolated using collagenase (0.5%), and after that, incubated in 

DMEM/ F12 medium supplemented with penicillin-streptomycin (1%) and FBS (10%) at 37 °C 

and 5% CO2. The culture medium was changed every other day. The third-passage cells were used 

for further assessment. hASCs were evaluated using a BD FACS Calibur instrument (BD 

Biosciences, San Jose, CA, USA) with the Flow Jo software for cell surface markers containing 

CD 29, CD 31, CD 34, CD 90, and CD 105. hASCs were encapsulated in the hydrogel with 

different concentrations of ECM powder [30]. Briefly, firstly, sterilization of alginate and the 

alginate sulfate powder (1 h), the alginate/alginate sulfate solutions with various concentrations of 

ECM are constructed, as explained previously. Secondly, 1 × 104 cells of hASCs (20 μl) were 

combined with 20 μl of hydrogel solutions in a 96-cell culture plate. Then, hydrogel solutions were 

crosslinked with 100 μl of CaCl2 (1% w/v) for 10 min. After that, 150 μl medium (DMEM/F12, 

10% FBS and 1% penicillin-streptomycin) was added to each well, and it was refreshed every day. 
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The hydrogel without ECM powder, the hydrogel with 1, 2, 3, 4 and 5% w/v ECM powder groups 

were investigated. 

2.7. Preparation of laminated composite scaffolds 

To prepare laminated composite scaffolds (Figure 1B): (1) the 2-layer, electrospun fibers 

were punched with 9 mm diameter and put in 48 well plates, and hydrogel solution was poured on 

them [31], (2) the 3-layer scaffold, the punched electrospun fibers put in 48 well cell culture plate, 

and hydrogel solution was poured on them, and then the electrospun fibers were added and (3) the 

5-layer scaffold consists of 2-layer of hydrogels and 3-layer of electrospun fibers, which is stacked 

on top of each other. All the scaffolds were crosslinked with CaCl2 (1% w/v) for 10 min at 37 ºC. 

2.8. Cell encapsulation in laminated composite scaffolds 

Within the hydrogel layer(s) of composite scaffolds, hASCs were encapsulated [32]. 

Briefly, the multi-layer scaffold of hydrogel with ECM powder (4% w/v) and electrospun 

nanofibers was made, as mentioned previously. In this regard, 1 × 104 cells of hASCs (20 μl) were 

combined with 20 μl of hydrogel solutions and then poured on nanofiber in a cell culture plate. 

Then, laminated constructs (2-layer, 3-layer, and 5-layer) were crosslinked with 100 μl of CaCl2 

for 10 min. Finally, 150 μl medium (DMEM/F12, 10% FBS and 1% penicillin-streptomycin) was 

added to each well and it was refreshed every day. 2-layer, 3-layer, and 5-layer groups of laminated 

composite scaffolds were investigated. 
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Figure 1. Schematic of preparing (A) hydrogel containing ECM and cell and (B) laminated 

composite scaffolds: 2-layer, 3-layer scaffold, 5-layer. All the scaffolds were crosslinked with 

CaCl2. 

 

2.9. Water retention ability 

The water retention ability of the composites was investigated by immersing samples in 

PBS with pH 7.4 at 37 °C for 24 h [33,34]. Considering the composite initial and after soaking 

weights to be Wd and Ww, the water uptake capacity was described as the increase of weight ratio 

after soaking (Ww − Wd) to the initial weight (Wd) (Eq. 1). The values are expressed as the mean 

± standard error (n = 3). 

W= [(Ww − Wd) / (Wd)] × 100    (1) 
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2.10. Biodegradation 

The PBS solution with pH 7.4 at 37 °C was used as the simulated degradation environment 

of the human body for the degradation of the laminated composite scaffolds [33,34]. After 

weighing the composites, they were placed into 24-well plate with 1 ml of PBS and incubated at 

37 °C for 1, 3, 7, 14, and 21 days. After the intended period for biodegradation, all the composites 

were soaked in deionized water and then dried and weighed. Degradation rates were calculated 

from the dried weight of the scaffold before (Wd1) and after soaking (Wd2) in PBS .The values are 

expressed as the mean ± standard error (n = 3). 

W= [(Wd1 − Wd2)/ (Wd1)] × 100       (2)  

2.11. Mechanical properties 

The mechanical property of cylindrical samples (8 mm diameter and a height of 10 mm) 

was determined by a mechanical analyzer (SANTAM, STM-20) [35]. For the unconfined 

compressive strength, Young's modulus of specimens was evaluated using a 6N load with a 2.5 

mm/min rate at room temperature. The compressive–strain cycle was performed load 

corresponding to a 60% strain level and in the condition of a 6 N load with a rate of 2.5 mm/min 

at room temperature. The values are expressed as the mean ± standard error (n=3). 

2.12. Rheological properties of the hydrogels 

The rheological properties of the hydrogels were conducted at 37 °C using Anton Paar 

Physica MCR300 rheometer (Graz, Austria) equipped with a cone and plate CP25 geometry 

according to ASTM D4440 under air atmosphere to find out the optimized ECM content. The 

dynamic experiments were measured under oscillatory shear mode with hydrogel sample under 

cone and plates. Frequency sweep experiments were performed over the frequency range of 0.01–

100 Hz, and the elastic modulus (G’), loss modulus (G’’), and complex viscosity were obtained. 
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Prior to the frequency sweep measurement, the strain was optimized using amplitude sweep 

experiments to stay in the linear viscoelastic region. 

2.13. Cell viability (MTT) assay 

Cell viability of hASCs was determined quantitatively by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) (Kiazist, Tehran, Iran) [36]. At the intended time, the 

culture medium was removed with PBS, and then 150 μl of fresh medium (FBS free) with 20 μl 

of the MTT assay reagent was added to each well and incubated (37 °C and 5% CO2) for 4 h. After 

that, the solubilizer (DMSO, 100 μl) was added to the well plate, and the ELISA plate reader at 

570 nm measured the absorption. 

2.14. Chondrogenic differentiation and Alcian Blue stain analysis 

The chondrogenic differentiation of hASCs was analyzed by applying an Alcian Blue stain 

after 21 days [37,38]. 2 × 105 hASCs (fourth passages) were encapsulated in the hydrogel layer of 

prepared composite sandwich constructs. The composite containing hASCs was incubated under 

high humidity for 2 h, and chondrogenesis media (StemPro, Gibco; Invitrogen, Grand Island, NY) 

was added to the 12-well cell culture plate and incubated (37 °C and 5% CO2). Then the composites 

were dehydrated, fixated, embedded in paraffin wax, and sliced into sections with 5 μm thickness 

by microtome. The samples were placed onto glass slides and stained with 1% Alcian Blue. The 

rate of synthesis of proteoglycans was qualitatively investigated by light microscopy. 

2.15. Real-time PCR  

The chondrogenic differentiation of hASCs was analyzed by applying a real-time PCR 

after 21 days. For this purpose, 5 × 105 hASCs (fourth passages) were encapsulated in the hydrogel 

layer of composite sandwich constructs. The composite containing hASCs was incubated under 

high humidity for 2 h, and chondrogenesis media (StemPro, Gibco; Invitrogen, Grand Island, NY) 
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was added to the 12-well cell culture plate and incubated (37 °C and 5% CO2). Following 

manufacturer guidelines, the total RNA was extracted from the hASCs growing inside the hydrogel 

layer and on the TCP group through RNX‐Plus (Sina Clon, Tehran, Iran). After that, total RNA 

was extracted using a cDNA synthesis kit (Takara, Shiga Prefecture, Japan), and oligo primers 

were transformed into cDNA. Then cDNA was stained with Eva Green master mix, and real-time 

PCR analysis was done by the real-time PCR analyzer (Corbett, Mortlake, Australia) for a 45 

cycle. The expression levels of each gene such as collagen II (COL II), SRY-Box Transcription 

Factor 9 (SOX 9), and Aggrecan (ACAN) were calculated by the 2−(ΔΔCT) method (beta Actin (β-

actin) used as a control marker). The gene primer sequences used in the real-time PCR are outlined 

in Table 1. 

Table 1.  primers sequences utilized for real-time PCR 

Target Gene Primer sequence (5′–3′) 

COL II 
GCC  AAG  GGT  CTG  ACT 
CCC  ATC  ACA  CCA  GCC 

SOX9 
GCA GGA GGA GAA GAG AA 
GAG GCG AAT TGG AGA GGA 

ACAN 
TGT CAG ATA CCC CAT CC 

CAT AAA AGA CCT CAC CCT 

β-actin 
CTT CCT TCC TGG GCA T 
GTC TTT GCG GAT GTC C 

 

2.16. Statistical analysis   

Statistical analyses were performed using Origin software (2021). Two-way ANOVA 

statistical tests were used. Results with a p-value of less than 0.05 were considered significant. 
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3. Results and discussion 

3.1. Characterization of electrospun nanofibers 

 Electrospinning was used to create nanofibers, and by SEM, the morphology and 

distribution of electrospun fibers were characterized. The SEM result (Figure 2A) showed that the 

nanofibers have a random orientation and smooth surface without beads with an average diameter 

of 124.7 ± 14 nm. The native ECM contains nano and microfibers; as shown in Figure 2B, the 

fabricated electrospun mat can mimic ECM. The formation of micro and nanofibers is due to the 

phase separation of PCL and GT in the electrospinning solution [39]. 

3.2. Characterization of decellularized cartilage ECM 

The ECM powder provides a tissue-like structure containing growth factors and is one of 

the widely used biomaterials as a scaffold. Mainly, the animal or human ECM is utilized as the 

scaffold, which is suitable for maintaining tissue shape, culture medium, and injectable scaffolds 

[15]; therefore, it has been chosen as one of the components of the designed scaffold. DNA content 

and H&E staining were performed to ensure the effectiveness of the decellularization efficiency 

technique. The results of the DNA content assay (Figure 2C) demonstrated that the amount of 

native tissue DNA was 192.4 ng/µl, which was reduced to 45.2 ng/µl following decellularization. 

Thus, it presents the success of this method which is consistent with other studies. Figure 2D and 

2E illustrate the H&E images, showing a well-preserved architecture of the collagen, and keeping 

the cytoplasmic and ECM components in a homogeneous pattern. Collagen fibers were seen in 

histological staining as pink and had a particular order in this connective tissue. Three zones of 

each group were selected for semi-quantification evaluation of H&E images, and in each zone, the 

cells that remained intact were counted by ImageJ (1.52v).  The assessment of the nuclear count 
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stained with H&E showed that the cell number in the decellularization matrix compared with 

native tissue decreased significantly. Results obtained from H&E of native and decellularization 

matrix depicted similar results as those achieved with DNA content. 
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Figure 2. (A) Structure and morphology of PCL/GT nanofibers, (B) the histogram of fiber 

diameter distribution of nanofibers (mean = 124.7 ± 14 nm), (C) DNA content for native tissue 

and decellularized matrix (n = 3; ***p < 0.0005), H&E staining of (D) decellularized matrix and 

(E) native tissue. 

 

3.3. Fourier transform infrared spectroscopy (FTIR) 

Figure 3 illustrates the FTIR spectrum of the hydrogel with and without ECM. The FTIR spectra 

of sodium alginate showed a large absorption band in the range of 3600 – 3000 cm-1 due to the 

stretching vibration band of the OH group and the -CH vibration bands at 2930 – 2845 cm-1 [40]. 

The peak at nearly 1250 cm-1 is assigned to S=O symmetric stretching indicating sulfation of the 

uronic acids in alginate [41]. FTIR spectra of the cartilage ECM (4% w/v) revealed typical amide 

bands at 1655, 1338, and 1240 cm-1, indicating C=O stretching (Amide I), N-H deformation 

(Amide II), and N- deformation (Amide III), respectively [42]. 
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Figure 3. FTIR spectra of hydrogel and hydrogel with 4% w/v ECM. 

 

3.4. Characterization of isolated hASCs  

One of the appropriate approaches for cartilage regeneration is using hASCs. Because these 

multipotent stem cells enable easy harvesting and have a high proliferation rate; also, hASCs can 

be differentiated into chondrocytes [43]. In this study, to approve the mesenchymal stem cells’ 

quality and assess their potential for differentiation to osteocytes and fat cells, the multi-lined test 

was utilized. The flow cytometric results confirmed that the cells were positive for mesenchymal 

CD markers, including CD29 (88.7%), CD90 (98.4%), and CD105 (90.4%) antigens. Further, the 

cells represented negative for the hematopoietic markers of CD31 (0.219%) and CD34 (0.608%). 



18 

 

3.5. Optimization of ECM concentration 

3.5.1.  Influence of concentration of ECM on cell viability 

Cell viability of encapsulated hASCs within hydrogels containing different concentrations 

of ECM powder (0-5% w/v) was investigated using the MTT assay for 7 days. As shown in Figure 

4A, the results of the MTT assay presented that ECM affects the cell viability of hASCs 

remarkably. On day 7, the metabolic activity of hASCs was increased significantly by enhancing 

the ECM concentration (p < 0.05). Moreover, increasing the ECM concentration from 0% to 5% 

w/v resulted in higher cell viability, although upon the addition of 5% ECM, the increase in cell 

viability compared to 4% ECM hydrogel was insignificant. Our results are consistent with the 

previous study reported by Tsai et al. that confirms cell viability enhanced with increasing ECM 

concentration [14]. 

3.5.2.  Influence of ECM concentration on mechanical properties 

One of the critical features of scaffolds used in cartilage tissue engineering is the resistance 

versus breakdown under compression stress [44]. As is expected, incorporating ECM powder into 

the hydrogel improves the compressive strength because ECM acts as a rigid filler [44,45]. The 

compressive modulus (Figure 4B) of the hydrogel, including different concentrations of ECM, 

demonstrated significant growth by increasing ECM concentrations. In Figure 4B, the 

compressive modulus of the hydrogel at 4% w/v (208 ± 17 kPa) was remarkably higher than those 

of the hydrogels at 0% w/v (66 ± 5 kPa), 1% w/v (86 ± 1 kPa), 2% w/v (91 ± 4 kPa), 3% w/v (115 

± 3 kPa), and 5% w/v (89 ± 5 kPa) (p < 0.05). The compressive modulus of the hydrogel at 2% 

w/v showed no significant difference from those of the hydrogels at 5% w/v, 3 % w/v and 1% w/v, 

while the hydrogel without ECM demonstrated the lowest compressive modulus (p < 0.005). It 
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was expected to see a high compressive modulus for the hydrogel with 5% ECM; however, it 

showed a very low mechanical strength, which can be due to the agglomeration of the ECM 

powders making the structure too crunchy compared to the other hydrogels. Based on similar 

studies, it can be said that increasing ECM concentration can enhance mechanical properties 

[14,44], although using the fillers may result in phase separation and failure of the structures 

[47,48]. Furthermore, alginates have been shown not to provide a good adhesion role due to their 

chemical structure. In contrast, it has been reported that alginate sulfate causes cell spreading due 

to having a strong affinity for growth factors and decreased stiffness of the alginate. Hence, using 

a blend of alginate and sulfate alginate creates a hydrogel with suitable mechanical and biological 

properties. 

Figure 4. The MTT assay for evaluation of hASCs metabolic activity after 1, 3, and 7 days of cell 

encapsulation in various concentrations of ECM (A) and the compressive stress of hydrogel 

containing different concentrations of ECM powder (B) (0%, 1%, 2%, 3%, 4% and 5% w/v) (*p 

< 0.05, **p < 0.005, ***p < 0.0005). 
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3.6. Influence of ECM concentration on rheological properties  

To assess the effect of ECM on the rheological properties of the hydrogels, initially, the 

amplitude (strain) sweep tests at various frequencies were carried out to ensure that the applied 

strain was within the linear viscoelastic region and was fixed at 0.2% for frequency sweep tests. 

This measurement was performed at 37 °C in the strain range of 0.01–100%, as shown in Figure 

5A and Figure 5B. Both elastic modulus (G') and loss modulus (G'') showed increasing trends 

upon the addition of ECM up to 4% compared to the hydrogel without ECM, indicating the ECM 

incorporated in the hydrogel structure. However, the hydrogel with 5% ECM demonstrated a 

sensible decrease in the rheological behavior, which can be due to the agglomeration of ECM and 

its fragile structure. In fact, the addition of ECM caused failure points which can be observed in 

both compression and shear-based modulus. It is worth mentioning that, in all the hydrogels 

regardless of the presence of ECM, G' showed higher values in comparison with G'', indicating 

that the hydrogels have elastic nature, which is desirable as the intention is to be used in cartilage 

tissue with the same behavior. The damping factor, which is the ratio between G'' to G' can also 

be used to show the elastic nature when the values are lower than 1. The concentration of alginate 

and alginate sulfate, their ratio, crosslinking degree, un-crosslinked sections and ECM content can 

be directly related to the G'. In another word, samples with higher G' are able to resist greater 

deformations compared to the samples with lower deformations [46,48]. By adding ECM up to 

4%, samples became more elastic; however, as expected, the 5% ECM sample showed lower 

results due to the agglomeration and fragile structure. Hydrogel with 0%, 1% and 5% ECM 

illustrated lower values for damping up to around 3% strain, and hydrogel with 2% ECM showed 

values near 1 up to ~5%, while hydrogels 3% and 4% depicted damping values lower than 1 up to 

15% strain. 
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 To further assess the effect of ECM on the rheological behavior of the hydrogels dynamic 

frequency sweep measurements (Figure 5C and 5D) were carried out. Similar to strain sweep 

tests, an increasing trend up to 4% ECM was observed in both G’ and G’’ against frequency, 

although by loading ECM, the modulus of the samples showed a drastic increase. The main reason 

for such an increase is that ECM enhances the interaction between alginate and alginate sulfate, 

which restricts polymer chain movements [46,48]. Generally, when polymer chains are 

crosslinked, they become longer compared to less crosslinked networks, leading to longer 

relaxation times [49]. The hydrogel with 0% ECM showed an unstable structure at higher 

frequencies as there was no ECM to increase the interaction of components, and therefore there 

was a lower density of crosslinks in this hydrogel. The elastic properties dominate all the samples 

containing ECM since the rate of increase of G′ (ΔG′/Δt) was higher than G′′. Moreover, frequency 

sweep results illustrated no intersection between the modulus, indicating that the addition of ECM 

and crosslinking, both at the same time, enhanced the molecular weight and polymer chains need 

more time for deformation. In other words, the transition from the mostly viscous regime to the 

mostly elastic regime happens over longer times, lower frequencies, and lower stresses [50]. The 

complex viscosity of the samples (Figure 5F) also increased by adding ECM up to 4% due to a 

better network formation as the ECM caused better interactions between the hydrogel components.  
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Figure 5. Rheological properties of selected hydrogels, including the (a,b) strain sweep (c,d,e) 

frequency sweep (f) Cole-Cole modified curves. 
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In order to further confirm the elastic nature of the hydrogels and their structural diversity 

at 37 °C, modified Cole-Cole curves were used, which are a logarithmic plot of G’’ versus G’ 

(Figure 5E). The equi-modulus G′=G′′ line is also presented in the plot, and crossing this line 

shows a change in the viscoelastic behavior [46,50,51]. According to this curve, none of the 

hydrogels crossed the line, indicating a complete elastic behavior. The addition of ECM shifted 

the modulus to the higher values and imposed a more elastic nature on them; therefore, the 

relaxation time of hydrogels with ECM was longer (τ) in comparison with the hydrogel without 

ECM. 

The cell viability, mechanical and rheological results depicted that the 4% w/v group can 

increase cell survival and support cell growth by providing a suitable and stable substrate; thus, 

4% w/v of ECM powder was selected as the optimum. 

3.7. Optimization of the layered hydrogel-nanofiber composite structure 

3.7.1. Water retention ability 

To evaluate the influence of the number of layers on the water retention ability of prepared 

composites, the swelling ratio of composites with different layers (2-layer, 3-layer, and 5-layer) 

was examined and is shown in Figure 6A. The results demonstrated that the swelling ratio of the 

hydrogel (291 ± 14%) was higher than the 5-layer (212 ± 18%), 2-layer (200.33 ± 8%), and 3-

layer (191 ± 10%). It can be related to the improved interaction between electrospun nanofibers 

and hydrogel networks, which results in higher crosslinking and can decrease the swelling ratio 

[43]. The swelling ratio for the 5-layer had an increase in comparison with 2 and 3-layer because 

of the presence of two layers of hydrogel in the composite. 
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Figure 6.  The swelling ratio of hydrogel (control) and composite with different layers (2-layer, 

3-layer, and 5-layer) (A), the degradation rate of hydrogel and composite with different layers (2-

layer, 3-layer, and 5-layer) within 21 days (B), the MTT assay for evaluation metabolic activity of 
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encapsulated hASCs within the sandwich constructs containing different layers of nanofibers (2-

layer, 3-layer, and 5-layer) after 1, 7, and 14 days (C), the compressive stress of the sandwich 

constructs (2-layer, 3-layer, and 5-layer) (D) and  10 cyclic compressive fatigue tests for the 3-

layer or optimal scaffold (E) (*p < 0.05, **p < 0.005, ***). 

 

3.7.2. Degradation behavior 

The effects of the number of composite layers on biodegradation were assessed by the 

weight loss of the composite with various layers within 21 days, given in Figure 6B. All samples 

were degraded over time with several ratios because of different factors. For example, 

alginate/alginate sulfate has a variety of degradation rates due to the degree of crosslinking and 

molecular weight. Variety rates of degradation are helpful to develop a suitable design for cell 

encapsulation and allow the native ECM of cells to replace hydrogel [53]. By immersing 

alginate/alginate sulfate hydrogel in PBS, ion exchange between hydrogel and PBS buffer causes 

degradation [54]. As shown in Figure 6B, the degradation rate in the early days represented higher 

amounts, although it decreased over time due to the decline of the ion exchange rate. However, 

there was a direct relation between less biodegradation and the number of layers of electrospun 

nanofibers; the degradation rate decreased by increasing the number of layers [43]. In the initial 

days, all the composites due to gelatin release from electrospun nanofibers and high ion exchange 

from hydrogel had greater degradation rates, which within the time faced a noticeable decrement. 

3.7.3. Investigating the cell viability 

The effect of the number of layers of hydrogel-nanofiber constructs on the cell viability of 

encapsulated hASCs within the hydrogel layer of composite was investigated through the MTT 
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assay over 14 days. As shown in Figure 6C, the results of the MTT assay represented that on day 

14, the metabolic activity of hASCs significantly increased by adding layers from 2-layer to 3-

layer and decreased from 3-layer to 5-layer (p < 0.05). Also, the results of day 1 and day 7 

confirmed the obtained trend. This result can be related to improving cell spreading by increasing 

the number of layers from double to 3-layer since mechanical properties enhance. The nanofiber 

layers in the sandwich constructs result in a betterment of mimicking available collagen in the 

ECM structure, which leads to higher mechanical properties that promote cell proliferation and 

differentiation [54,55]. In a similar study, by encapsulating hASCs within sandwich constructs 

(PCL/methacrylated GT), it has been shown that cell metabolism was enhanced; however, it did 

not improve cell proliferation [31]. Cell spreading can be inhibited by increasing the number of 

layers from 3-layer to 5-layer due to the slower cell diffusion. 

3.7.4. Influence of composition on mechanical properties 

Unconfined compressive strength was performed to evaluate how the number of layers 

affects the mechanical properties of the composite. The compressive modulus (Figure 6D) of the 

sandwich constructs demonstrated an upward trend with increasing the number of layers. As can 

be seen in Figure 6D, the compressive modulus of the 5-layer (426 ± 12 kPa) was significantly 

more than those of the 2-layer (200 ± 20 kPa) and 3-layer (258 ± 11 kPa) (p < 0.05). The added 

PCL-GT layer to the structure enhances the compressive modulus due to the compressive stress 

transmitted on the surface of the fibers, hydrogels, and their interface [43]. There are four articular 

cartilage zones with different mechanical properties: superficial zone, middle zone, deep zone, and 

calcified cartilage that have compressive Young’s Modulus between 240–850 kPa [57]; therefore, 

the composite structures containing 3 and 5-layer are suitable for cartilage tissue engineering. 
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According to the MTT assay results, mechanical test, swelling, and biodegradation analysis, the 

3-layer scaffold was selected as the optimum scaffold for further investigations.  

The cyclic compressive experiment was conducted in the compressive fracturing in Figure 

6E. The stress/strain curve shows a classic viscoelastic behavior, identified by the non-linear 

increase of stress with increasing strain. 3-layers composite with a compressive strain of 50% was 

conducted for 5 loading/unloading cycles. The stress–strain curves contained a linear region at 

initial strains of less than 20% and a region with an increasing slope at strains of 25–50%. With 

the increase of cyclic compressive load from one to 5 times, the compression set of the composite 

increased slightly, and the compression was still able to maintain high strength and structural 

integrity. After 5 times compressions, hydrogels could quickly restore the original state and 

maintain 90%  of the original stress at 50% strain. 

3.8. The influence of hydrogel-nanofiber scaffold containing ECM on chondrogenic-like 

differentiation of hASCs 

Chondrogenic-like differentiation of hASCs was investigated using Alcian Blue staining 

after 21 days of culture (Figure 7). The hydrogel with chondrogenesis media was used as the 

negative control. The scaffold is shown in purple in Figure 7 A-C, whereas the region where ECM 

synthesis occurs is shown in blue. The results demonstrated that hASCs within the scaffold 

containing ECM powder synthesized more glycosaminoglycans than encapsulated hASCs in the 

scaffold without ECM. Therefore, it can be concluded that a composite containing ECM powder 

represents an appropriate capability to differentiate. 

3.9. Real-time PCR 

The chondrogenic differentiation and expression of chondrocyte markers (collagen II 

(COL II), SRY-Box Transcription Factor 9 (SOX 9), Aggrecan (ACAN)) of encapsulated hASCs 
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within the hydrogel layer of the composite were investigated through real-time PCR over 14 days. 

As shown in Figure 7 D-F, the results of real-time PCR represented that on day 14, the expression 

level of SOX9, ACAN, and COL II was significantly increased by adding PCL/GT layers and 

ECM powder to the hydrogel. The results of real-time PCR demonstrated that ECM powder and 

PCL/GT layers enhanced mechanical and biological behavior governed by cartilage markers 

expression by hASCs.  

As can be seen in Figure 7 D-F, the expression level of SOX9, ACAN, and COL II of the 

composite with ECM powder was significantly more than those of the composite without ECM 

powder and hydrogel (p < 0.0005). SOX9 is one of the main genes in developing adult cartilage 

and an active gene throughout chondrocyte differentiation. The high-level expression can enhance 

the expression level of cartilage-related genes like collagen type II and aggrecan [57–59]. As 

shown, the target group in this study has the highest expression of SOX9. The main group also has 

the highest expression levels of collagen type II and aggrecan. 
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Figure 7. Hydrogel (Control) (A), the scaffold without ECM powder (Composite) (B), and the 3-

layer sandwich-like scaffold containing ECM powder (Composite + ECM) (C) were stained by 

Alcian Blue after 21 days. Arrows point to the ECM expression. Evaluation of chondrogenic 
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differentiation by real-time PCR for 3-layer composite scaffold with and without ECM. The 

control group (hydrogel) was selected as a reference group, and the mRNA levels were normalized 

to 1, ACAN (D), COL II (E), and SOX9 (F) (*p < 0.05, **p < 0.005, ***p < 0.0005. ****p < 

0.0005). 

 

Conclusion  

This study developed a promising composite scaffold containing ECM powder and several 

layers of hydrogel and nanofibers, which can mimic cartilage structure and characteristics. The 

addition of ECM powder resulted in different properties, such as enhanced mechanical strength 

and cell proliferation and improved chondrogenic differentiation noticeably. Also, the MTT assay 

demonstrated that adding layers of electrospun nanofibers to the hydrogel improves cell spreading 

by increasing the number of layers from 2 to 3-layer since mechanical properties are enhanced. 

Furthermore, enhanced chondrogenic-like differentiation of hASCs in composite compared to the 

control group illustrates their concrete potential for more studies accompanied by the significant 

application of cartilage tissue engineering. 
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