
Evaluation of the effects of cartilage decellularized ECM in optimizing 
PHB-chitosan-HNT/chitosan-ECM core-shell electrospun scaffold: 
Physicochemical and biological properties

Sepideh Ghadirian , Laleh Shariati , Saeed Karbasi *

Department of Biomaterials and Tissue Engineering, School of Advanced Technologies in Medicine, Isfahan University of Medical Sciences, Isfahan, Iran

A R T I C L E  I N F O

Keywords:
Cartilage decellularized ECM
Polyhydroxybutyrate
Chitosan
Halloysite nanotubes
Core-shell
Electrospun scaffold

A B S T R A C T

Cartilage regeneration is still a highly challenging field due to its low self-healing ability. This study used a core- 
shell electrospinning technique to enhance cartilage tissue engineering by incorporating cartilage extracellular 
matrix (ECM). The core of fibers included poly(3-hydroxybutyrate)-Chitosan (PHB-Cs) and Halloysite nanotubes. 
The shell of fibers consisted of Cs and ECM (0, 1, 3, 5 wt%). Subsequently, the scaffolds were named 0E, 1E, 3E, 
and 5E. The study aimed to assess the impact of ECM on cellular behavior and chondrogenesis. Our findings 
indicate that ECM reduced fiber diameter from 775 nm for the 0E scaffold to 454 nm for the 1E scaffold. Water 
contact angle measurements revealed an increasing trend by ECM addition, from 42◦ for 0E to 67◦ for 1E. Ac
cording to mechanical analysis, the 1E scaffold represented the highest strength (5.81 MPa) and strain (3.17%). 
Based on these analyses, the 1E was considered the optimum scaffold. MTT analysis showed cell viability of over 
80% for the 0E and 1E. Also, the gene expression level was assessed for Collagen II, Aggrecan, SOX 9, and Collagen 
X. The results represented that in the 1E scaffold Collagen II, Aggrecan, and SOX 9 were more upregulated at the 
end of the 21st day. However, in the 1E scaffold collagen X, as a hypertrophy marker, was downregulated at the 
end of the experiment. Overall, these results confirmed the potential of the 1E scaffold to be introduced as a 
promising cartilage tissue engineering scaffold for further studies.

1. Introduction

Cartilage tissue has a limited capacity for self-repair which is mainly 
due to its intrinsic avascular nature and low cellularity. Cartilage con
tains few chondrocytes and progenitor cells that help tissue repair and 
regeneration. Additionally, cartilage lacks blood vessels, nerves, and 
lymph channels. The sparse vascular structures limit obtaining circu
lating repair cells and nutrients that are necessary for regeneration. 
Consequently, the combination of these features results in a poor self- 
healing process [1,2]. On the other hand, the growing elderly popula
tion worldwide means that the population of patients with cartilage 
damage is increasing. Conventional treatments like chondroplasty and 
microfractures can treat cartilage defects but cannot completely restore 
full function [3].

Tissue engineering which has emerged since 1977 offers an alter
native technique to overcome the limitations of traditional clinical 
therapies of cartilage defects. In this approach, a combination of porous 
scaffold, living cells, and bioenvironmental factors is used to stimulate 

the formation of new tissue [1]. The ultimate goal is to regenerate 
cartilage at the defect site and restore the structural, and functional 
properties of the native tissue [4].

Scaffolds in tissue engineering, provide porous templates for cell 
attachment and biophysical cues to organize tissue growth. Various 
techniques have been applied to fabricate scaffolds with customized 
architectures and to have the most similarity with the target tissue 
[5,116]. Electrospinning has emerged as one of the most versatile and 
widely used methods to fabricate scaffolds from fibers. In the Electro
spinning technique, polymer fibers are produced in different ranges 
from nano to micro-scale [6–8]. The advantages of electrospinning like 
ease, cost-effectiveness, and versatility have made this technology so 
functional for different tissue regeneration from skin to cartilage and 
blood vessels [6,9–13]. Electrospinning has the potential for fabricating 
fibers in different architectures, such as solid fibers, hollow fibers, core- 
shell fibers, and aligned fibers versus random nonwoven meshes. Among 
these, core-shell fibers fabricated through coaxial electrospinning have 
attracted particular interest [14].
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Core-shell electrospinning is a specialized technique that produces 
fibers from two distinct polymer compositions layered in a core-shell 
fashion. This is achieved through simultaneous electrospinning of two 
different polymer solutions that do not mix because of differences in 
properties like viscosity [15,16]. Core-shell fibers can also be produced 
through phase separation during the electrospinning of immiscible 
polymers [17]. Core-shell electrospun fibers can mimic the fibrous ar
chitecture of native cartilage in different aspects. By selecting biocom
patible polymers and extracellular matrix (ECM)-based materials in the 
shell can provide an environment that simulates the native matrix and 
promotes cell-material interactions. On the other hand, the core can be 
designed to reinforce mechanical strength. This engineered design helps 
to preserve structural integrity under physiological loads. Core and shell 
also have the potential for controlled release of bioactive components 
with distinct release kinetics according to different healing stages 
[18–21]. Similarly, in a study by Baek et al. [21] co-axial electro
spinning was used for meniscus tissue engineering. They generate core- 
shell nanofibers with a core of polylactic acid to mimic mechanical 
strength and a shell of collagen to enhance cell attachment and matrix 
synthesis. According to their results, co-axial electrospun scaffolds had 
greater mechanical properties than collagen scaffolds. Also, SEM and 
confocal images revealed that cells seeded on core-shell scaffolds 
attached to the entire surface of the fibers. These findings confirmed the 
hypothesis that a shell of collagen increases cell attachment. In another 
study by Yin et al. [22] coaxial electrospinning was applied for tracheal 
cartilage tissue engineering. The authors used poly (L-lactic acid-co- 
caprolactone)/collagen combination as the shell and kartogenin solu
tion as the core. This structure allowed for the controlled release of 
kartogenin over an extended period. The scaffold also demonstrates 
good biocompatibility, indicated by the proliferation and morphology of 
mesenchymal stem cells cultured on it. Also, the results of RT-PCR 
evaluation confirmed the effectiveness of this structure in chondro
genic differentiation of bone marrow mesenchymal stem cells cultured 
on the core-shell nanofibrous scaffold.

In particular, a wide range of polymers are spinnable. Synthetic 
polymers like poly (lactic acid) (PLA), poly (glycolic acid) (PGA), pol
ycaprolactone (PCL), poly (lactic-co-glycolic acid) (PLGA), poly (vinyl 
alcohol) (PVA), and poly(3-hydroxybutyrate) (PHB) have been suc
cessfully electrospun. Features like favorable viscosity, charge density, 
molecular weight, and solubility attributes make these polymers 
appropriate options for fabricating smooth fiber [23].

PHB is a synthetic polymer from the polyhydroxyalkanoates (PHA) 
family and is known in tissue engineering applications due to its suitable 
mechanical properties, biocompatibility, non-toxic degradation prod
ucts, piezoelectricity, and excellent spinnability [24]. However, its 
intrinsic brittleness, hydrophobicity, and high crystallinity motivate 
researchers to combine it with natural polymers like Cs [25], keratin 
[26], and starch [27]. This approach helps to compensate for PHB lim
itations and also modifies the degradation profile [25]. Cs is a poly
saccharide originating from chitin that offers hydrophilicity and 
bioactive properties including antibacterial activity, biocompatibility, 
and hemostatic functions [28–30]. Combining these two polymers for 
electrospinning leads to the construction of scaffolds with improved 
hydrophilicity, degradation profile, and cell adhesion properties 
compared to PHB alone [25,31–34]. On the other hand, this approach 
decreases the mechanical properties of the final scaffold required for 
load-bearing tissues like cartilage. In the literature, applying nano
structures is a successful strategy to improve the mechanical properties 
of scaffolds [35]. The nanostructures like alumina nanowires, nano 
clays, carbon nanotubes, bioglass nanoparticles, and cellulose nano
fibers integrate within the polymer matrix, enhancing constructs’ 
overall mechanical properties like tensile strength [25,26,36–39].

Halloysite is an aluminosilicate nanotubular clay, that is recently 
used for reinforcing polymer scaffolds. It has a positively charged inner 
lumen and a negatively charged outer surface [40]. In our previous 
study, HNTs were applied to strengthen electrospun PHB-Cs scaffolds. 

HNTs made interfacial bonding with the polymer matrix and enhanced 
scaffold tensile strength compared to PHB-Cs alone. The study demon
strated that the PHB-Cs composite containing 3 wt% HNTs could serve 
as a promising alternative for tissue engineering scaffolds, offering 
improved structural and functional properties [33]. In the present study, 
to leverage the properties of the PHB- Cs /HNT fibers, this combination 
was selected for the core layer of core-shell fibers. Following that, the 
appropriate selection of materials for the shell layer can result in 
improved cellular behaviors in terms of cellular adhesion, proliferation, 
and even differentiation. The core-shell fiber’s structure allows the 
pairing of this reinforced core with a bioactive shell that mimics the 
cartilage ECM. The shell layer additionally permits the delivery of 
growth factors, drugs, and biological compounds to direct cell differ
entiation and tissue maturation [41].

In this context, decellularized ECM derived from cartilage is 
emerging as a promising biomaterial for cartilage tissue engineering. 
ECM is a complex network of proteins and carbohydrates like collagen, 
fibronectin, elastin, laminin, and glycosaminoglycans (GAG). ECM acts 
as a structural support and regulates cellular behavior within tissues. 
Cartilage ECM also has bioactive molecules that can stimulate cartilage 
regeneration [42–44]. Some studies show the synergy of ECM and Cs in 
improving the cell behavior of chondrocytes and increasing chondro
genesis. Considering these, the combination of Cs and cartilage decel
lular ECM can be an ideal option to be used in the fibers’ shell [43,45]. I- 
Chan Lin et al. [46] conducted a study on a chitosan (Cs)-cartilage ECM 
scaffold to promote chondrogenic differentiation of adipose-derived 
stem cells (ASCs). According to their results mixing cartilage ECM 
with Cs significantly improved ASC proliferation compared to pure Cs 
films. Additionally, they reported ASC spheroid formation within the Cs- 
cartilage ECM scaffold, which was attributed to enhanced chondrogenic 
differentiation of the seeded ASCs. Researchers have also used ECM 
components to improve Cs scaffold characteristics. Choi et al. [47], 
investigated the effect of collagen type II (Col II) and chondroitin sulfate 
addition to an injectable Cs hydrogel scaffold. The results showed that 
the incorporation of Col II and chondroitin sulfate into the Cs hydrogels 
increased chondrogenesis. Also, the presence of Col II significantly 
improved cellular condensation within the hydrogels. These improve
ments were attributed to the integrin α10 binding to Col II, leading to 
increased cell-matrix adhesion.

Furthermore, many studies, have investigated the advantages of 
ECM incorporation on cellular behavior in polymer scaffolds regardless 
of Cs presence. For example, a study conducted by Asghari et al. [48] 
considered the effect of 1, 2, and 3 wt% ECM on PHB electrospun 
scaffolds. According to the findings, the samples containing 3 wt% ECM 
had the highest level of cellular viability. This improvement was 
correlated to increased hydrophilicity and higher amount of ECM pro
tein in the scaffold structure.

The present study is about fabricating a novel tissue engineering 
scaffold by the core-shell electrospinning technique. According to the 
authors’ previous study, the combination of PHB-Cs/HNT was used in 
the core of fibers [33]. For the shell, a combination of Cs and ECM was 
applied. It was hypothesized that the ECM incorporation in the shell can 
improve cellular behavior and chondrogenesis. This investigation aimed 
to evaluate the impact of ECM on the physical, mechanical, and bio
logical properties of the scaffolds.

2. Experimental

2.1. Material

The poly(3-hydroxybutyrate) (PHB), chitosan (Cs), and halloysite 
nanotubes (HNTs) used in this study were purchased from Sigma Aldrich 
(USA). Trifluoroacetic acid (TFA) was obtained from Carlo Erba com
pany (France). Phosphate-buffered saline (PBS) was acquired from 
Ceram Razi Co. (Iran). Cell culture materials including Dulbecco’s 
Modified Eagle Medium-F12 (DMEM-F12), fetal bovine serum (FBS), 
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penicillin/streptomycin, as well as methyl thiazolyldiphenyl- 
tetrazolium bromide (MTT) and trypsin-ethylenediaminetetraacetic 
acid (EDTA) were purchased from Sigma-Aldrich (USA). Fixatives 
glutaraldehyde and dimethyl sulfoxide (DMSO) were obtained from 
Sigma-Aldrich (USA) and Merck (Germany), respectively.

2.2. Decellularization of cartilage ECM

The decellularization process was performed following the protocol 
established in our previous study [48]. Articular cartilage samples were 
harvested from the femur and tibia condyle regions of bovine knee 
joints. The bovine joints were collected from a local abattoir after 
slaughter and brought to the laboratory for cartilage separation. The 
cartilage sections were at first cleaned and parted into smaller pieces. 
Then these pieces were soaked in PBS with 2 % penicillin-streptomycin 
under sterile conditions for 30 min. The rinsed cartilage slices were then 
lyophilized for 48 h at − 50 ◦C. In the next step, the lyophilized tissues 
freeze-milled into a powder. The milled cartilage was agitated in 2 % 
sodium dodecyl sulfate (SDS) solution for 5 h followed by 4 % SDS for 3 
h. The SDS solutions were evacuated and the remaining ECM was rinsed 
with PBS twice for 5–10 min each time. After a third 24 h PBS rinse with 
shaking, the suspension was centrifuged and the sedimented ECM was 
lyophilized for 24 h again to obtain decellularized cartilage ECM powder 
[48–50].

2.3. Enzymatic solubilization of decellularized ECM

Enzymatic cleavage by pepsin is a conventional technique to produce 
solubilized ECM. In this work, the cartilage ECM powder was solubilized 
based on a protocol reported by Freytes et al. [51]. The ECM powder was 
mixed with 0.1 M hydrochloric acid (HCl) at 10 mg/ml and pepsin was 
added to a final concentration of 1 mg/ml. This solution was agitated at 
room temperature for 48 h, during this period pepsin digested and sol
ubilized the ECM. After solubilization, 1 M sodium hydroxide (NaOH) 
was added in order to neutralize the pH to the physiological level. 
Finally, the solubilized ECM was centrifuged at 1800 rpm for 5 min and 
after that lyophilized for 48 h to prepare it for use [48,51]. Throughout 
the article, the solubilized decellularized ECM is abbreviated as ECM.

2.4. ECM biochemical analysis

ECM biochemical analysis, including DNA, GAG, and collagen con
tent measurement is necessary to verify the ECM decellularization pro
cess. For DNA content analysis, it is necessary to digest the samples in 
Tris-EDTA buffer solution containing proteinase K (1 mg/ml), iodoace
tamide (1 μg/ml), and pepstatin A (18.5 μg/ml). The digestion process 
lasted for 24 h at 65 ◦C. Then a DNA assay kit was used to measure the 
DNA content according to the manufacturer’s instructions. The sample 
absorbance was measured using a spectrofluorometer (PerkinElmer 
LS50B) at 480/520 nm which belong to excitation/emission wave
lengths. The DNA concentration was determined by interpolation 
against a standard curve of double-stranded DNA [52].

GAG content is usually quantified by using a dimethyl methylene 
blue (DMMB) dye solution. For this purpose, DMMB dye was prepared at 
a PBE buffer involving Na2EDTA (3.72 g/l) and Na2HPO4 (14.2 g/l) with 
a pH of 6.5. The sample’s absorbance was read at the wavelength of 520 
nm by a multi-well plate reader (BioTek Synergy H1). The GAG con
centration was calculated by comparing absorbance readings against the 
chondroitin sulfate standard curve [52,53].

Hydroxyproline is an abundant amino acid in collagen structure that 
acts as a biomarker for collagen content as well. For evaluating the 
hydroxyproline of the samples, a commercial Hydroxyproline assay kit 
was used. 10 mg of lyophilized sample was digested in 100 μl of hy
drochloric acid (12 mol/l) at a temperature of 120 ◦C for 3 h. After that, 
sodium hydroxide was used to neutralize the solution to pH 6–7. In the 
next step, the samples were centrifuged to remove debris. The 

supernatant was collected in new tubes. In order to initiate oxidation 
reaction Chloramine-T reagent was added to samples and incubated at 
room temperature for 5 mins. The chromophore (color-producing re
action) was developed by adding p-dimethylaminobenzaldehyde 
(DMAB) solution and incubating at 60 ◦C for 90 min. The absorbance of 
the samples was measured by a multi-well plate reader at the wave
length of 520 nm. The hydroxyproline concentration in each sample was 
measured by extrapolating the absorbance values against a hydroxy
proline standard curve [52,53].

2.5. Preparation of core-shell electrospun scaffolds

According to protocols from previous studies [25,33], the fiber core 
solution was prepared as follows. First, 9 wt% of PHB was dissolved in 
TFA solvent at 45 ◦C. Next, 20 wt% Cs was added to the PHB/TFA so
lution. The temperature was increased to 60 ◦C to dissolve the Cs, and 
the mixture was stirred for 1 h. Then, 3 wt% HNT were sonicated in an 
appropriate amount of TFA using a probe sonicator to obtain a uniform 
nanoparticle suspension. This suspension was added to the polymer 
solution. After mixing for 15 min, the core solution was ready for 
electrospinning.

For the shell solution, 4 wt% Cs was dissolved in a 90:10 TFA/acetic 
acid solvent mixture for 1 h at 60 ◦C. The solvent proportions were ac
cording to previous reports [54]. Then 0, 1, 3, and 5 wt% of the prepared 
ECM were added to the Cs cooled solution at room temperature. This 
mixture was stirred for 30 min. Finally, the core and shell solutions were 
drawn up into separate 1 cc syringes. Then the syringes were connected 
to the inlets of a coaxial core-shell electrospinning nozzle. This nozzle 
contains two inlets that allow for the simultaneous spinning of the core 
and shell solution. The assembled core-shell nozzle was then embedded 
in the electrospinning apparatus. The distance between the nozzle tip to 
the constant collector was 15 cm and the applied voltage was 20 Kv. 
Also, the feed rate of the core and shell solution was 0.006 and 0.004 ml/ 
min respectively. These parameters setting led to the formation of one 
straight Taylor cone at the nozzle tip and avoided separate cones for the 
core and shell. The deposited meshes were separated from the collector 
and punched into dimensions appropriate for different analyses ac
cording to the relevant standards. The scaffolds’ thickness remained 
approximately constant at around 0.05 mm.

Table 1 outlines the abbreviations used to name the various scaffold 
groups prepared through the core-shell electrospinning process. As 
shown, the variable component between the scaffolds is the amount of 
ECM in the shell layer.

To characterize the electrospun scaffolds, initial evaluations were 
conducted on all groups, including scanning electron microscopy (SEM), 
hydrophilicity assessments, and mechanical testing. Based on these re
sults, the optimal scaffold was selected for further analysis. Subsequent 
comparisons were made between this ECM-containing scaffold and the 
control group without ECM (0E).

2.6. Evaluation of scaffold’s morphology

2.6.1. SEM imaging
To measure and compare the fiber diameter and porosity of the 

electrospun scaffolds, SEM was conducted on all groups (LEO 1430 VP, 
Germany). Before imaging, the samples were coated with a thin layer of 
gold, and images were captured in two different magnifications (2500×, 

Table 1 
Abbreviations used for core-shell electrospun scaffolds.

Terms Abbreviations

PHB-Cs-HNT/Cs 0E
PHB-Cs-HNT/Cs-ECM (1 wt%) 1E
PHB-Cs-HNT/Cs-ECM (3 wt%) 3E
PHB-Cs-HNT/Cs-ECM (5 wt%) 5E
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and 5000×). The SEM images were further analyzed by ImageJ software 
(NIH, USA) to calculate the average fiber diameters and standard devi
ation. For this purpose, 30 fibers were selected randomly and analyzed 
in each group. The porosity percentage of samples was also determined 
by using MATLAB software (R2016a). This method for evaluating 
porosity has been verified by various studies [55].

2.6.2. Atomic force microscopy (AFM)
To measure the surface roughness of electrospun scaffolds AFM was 

utilized. For imaging, a 15 × 15 μm2 surface area was scanned. 
Roughness analysis was quantified by measuring 3 key parameters 
including Ra, Rq, and Rz values for each scaffold sample. Ra indicates the 
arithmetic mean of the surface profile heights, Rq is the root-mean- 
square average of the profile heights, and Rz is the average height of 
the five tallest peaks and five deepest valleys.

2.6.3. Transmission Electron Microscopy (TEM)
TEM imaging was conducted to verify the formation of the core-shell 

structure. Before spinning, a copper grid was attached to the apparatus 
collector. Subsequently, electrospun fibers were deposited on the grid 
surface. After electrospinning, the grid was detached and coated. The 
grid was then transformed into the TEM microscope to apply imaging 
(Philips EM 208 S TEM /Netherlands).

2.6.4. Energy-dispersive X-ray spectroscopy (EDS) analysis
To verify the HNT loading inside the fiber through elemental anal

ysis, EDS was applied. EDS analysis was conducted using a SEM equip
ped with an EDX detector. For HNT determination, Characteristic peaks 
for aluminum (1.487 keV) and silicon (1.740 keV) were scanned [56].

2.7. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a usual technique for identifying chemical 
compounds and functional groups. Studying and comparing FTIR peaks 
can assess the incorporation of ECM and other components in the scaf
fold. For this, spectroscopy was applied to the ECM and scaffolds over 
the range of 4000 to 400 cm− 1 (Bruker FTIR device /Karlsruhe, 
Germany).

2.8. Raman spectroscopy

Raman spectral patterns can be used to identify chemical bonds and 
molecular structures. In many studies, biological tissues and compounds 
were characterized using Raman spectroscopy. Raman analysis was 
carried out on ECM, 0E, and 1E scaffolds to investigate the ECM effects 
in the scaffold structure and analyze the formed bonds. The tests were 
carried out using a Raman system (Teksan N1541, Iran) equipped with a 
543 nm laser source providing approximately 60 mW power.

2.9. Differential Scanning Calorimetry (DSC)

DSC was conducted to determine changes in thermal characteristics 
and crystallinity of the electrospun scaffolds after ECM incorporation. 
Analysis was performed under a nitrogen environment (DSC131 Evo 
calorimeter/France). Samples were heated from 27 ◦C to 200 ◦C at a 
constant rate of 10 ◦C/min. The primary polymer component (PHB) 
shows a melting endotherm peak that allows for quantification of its 
crystallinity percent before and after ECM integration.

The degree of PHB crystallinity (χc) was calculated using Eq. (1). 
Here the measured melting enthalpy (ΔHm), the enthalpy of fully crys
talline PHB 

(
ΔH◦

m
)
, which is a known value of 146 J/g, and PHB mass 

fraction (ΦPHB) are necessary to calculate χc: 

XC =
ΔHm/фPHB

ΔH◦

m
(1) 

2.10. Analysis of surface hydrophilicity

To assess surface hydrophilicity, water contact angles of the elec
trospun scaffolds were measured (XCA-50, Iran). Scaffolds were 
punched into rectangular pieces (2 × 5 cm2). Drops of purified water (4 
μl) were gently deposited on each scaffold surface at the appropriate 
distances (n = 3). Images were captured at the 10th second after drop 
deposition. Finally, captured images were processed for contact angle 
calculation by Image J software.

2.11. Mechanical characterization

The mechanical properties of the electrospun scaffolds were evalu
ated by tensile testing (Zwick Roell, Germany). This analysis was con
ducted based on ASTM D882 guidelines (n = 3). Accordingly, 
rectangular samples (30 × 10 mm2) were cut, and thickness was pre
cisely measured for each sample via a micrometer. The samples were 
attached to the apparatus grips and underwent uniaxial stretching until 
failure. The load cell and rate of stretching were 20 N and 10 mm/min 
respectively. Stress-strain curves were drawn by plotting the measured 
force against elongation.

2.12. In vitro degradation

The biodegradation profiles of the electrospun scaffolds were eval
uated by recording mass loss over time according to ASTM protocol 
F1635. Scaffolds were punched into 1 × 1 cm2 and the initial dry mass 
(M1) was recorded. Samples were then immersed in 5 ml of PBS (pH =
7.4) at 37 ◦C. At specific time intervals through 100 days, the scaffold 
pieces were extracted from PBS and rinsed in purified water. Then 
scaffolds were dried for 4 h at 37 ◦C before weighing to determine a final 
dry mass (M0). The percent of weight loss was calculated through the Eq. 
(2): 

weight loss% =
m1 − m0

m1
×100 (2) 

Additionally, pH measurements were conducted on the PBS solutions 
throughout scaffold incubation to realize media pH changes. Finally, 
FTIR analysis and SEM imaging were repeated on samples after the 100- 
day interval to confirm chemical and morphological changes induced 
through PBS exposure.

2.13. Cellular behavior assay

2.13.1. Cell culture
For in vitro analysis, human costal chondrocytes (Pasteur Institute of 

Iran/NCBI code: C620, Designation: C28/I2) were used. Cells were 
preserved in DMEM-F12 media containing 10 % fetal bovine serum and 
1 % penicillin/streptomycin (37 ◦C, and 5 % CO2). When cells’ con
fluency reached about 80 %, cell passaging was applied. To separate 
adherent cells, trypsin/EDTA (0.25 %) was used. Before cell seeding, the 
scaffolds were punched into circular forms with 0.7 cm diameter. Then 
scaffolds were sterilized through 3 steps: washing with PBS, immersion 
in ethanol for 30 min, and UV exposure for 30 min.

For cell attachment and MTT analysis, scaffolds were placed in 24- 
well plates and chondrocytes were seeded on the scaffolds at a density 
of 2 × 104 cells per well. Then scaffolds were incubated for 7 days and 
the media was changed every 48 h.

2.13.2. Cell attachment
Cell adhesion and spreading on the scaffolds were evaluated by SEM 

imaging. For this, seeded scaffolds were rinsed by PBS, and then fixed for 
30 min in 4 % glutaraldehyde. After fixation, scaffolds were washed 
again. In the next step, scaffolds were dehydrated through graded 
alcohol solutions from 50 % to 100 % ethanol. Samples were coated 
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before imaging via SEM.

2.13.3. Cell viability
Cellular viability was evaluated by MTT analysis in the 1st, 3rd and 

7th days after cell seeding on scaffolds. For this purpose, at each time 
point, the medium was eliminated and 400 μl of low-glucose DMEM, and 
100 μl of MTT solution were added to the scaffold in 24-well plates. After 
incubation for 4 h at 37 ◦C, the MTT solution was removed and DMSO 
was added to extract formazan crystals. After that, 100 μl from each well 
(dissolved formazan solution) was transferred to a 96-well plate. To 
measure the optical density of each sample an Elisa plate reader (680, 
Bio-Rad, Hercules, CA/ USA) was used at the wavelength of 570 nm.

2.13.4. DAPI staining
DAPI staining helps to visualize the nucleus of cells on the scaffolds. 

For this, the culture medium was removed and the scaffolds were rinsed 
with PBS. After that, the scaffolds were incubated with 4 % para
formaldehyde solution for 30 min. Then scaffolds were stained with 
DAPI solution for 1 min. After washing with PBS, the scaffolds were 
placed under a fluorescent microscope (Olympus BX51) to visualize the 
nuclei of fixed cells [57].

2.13.5. Gene expression analysis
The role of ECM and scaffold structure on the cartilage gene 

expression of chondrocytes was evaluated through real-time reverse 
transcription-quantitative polymerase chain reaction (qRT-PCR). The 
genes of interest were collagen II (COL II), collagen X (COL X), SRY-box 
transcription factor 9 (SOX 9), and aggrecan (AGC). At first, chon
drocytes were cultured on core-shell scaffolds (0E and 1E) at a 5×103 

cells/cm2 concentration. The experiment was applied on 7, 14, and 21 
days. Then, total RNA was isolated from each scaffold using a com
mercial extraction kit (Parstous, Iran). RNA concentration was measured 
with a Nanodrop spectrophotometer. Subsequently, the RNA was 
reverse-transcribed to cDNA by an iScript cDNA Synthesis kit (BioRad, 
US) according to the manufacturer’s protocol. Real-time qRT-PCR was 
performed to quantify RNA using specific primers (Table 2). The thermal 
cycling conditions consisted of an initial denaturation step at 95 ◦C for 
10 min, followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 10 s. 
Relative gene expression was calculated using the 2-ΔΔCt method [24]. 
The β-actin gene served as the housekeeping gene. Gene expression 
levels were measured relative to the Beta-actin. After calculation, final 
values were reported as fold changes.

2.14. Statistical analysis

All experimental analyses were conducted in triplicate to ensure 
statistical robustness, with results expressed as mean values ± standard 
deviation (SD). Statistical analyses were performed using GraphPad 
Prism 9 software (La Jolla, CA, USA). To evaluate the statistical signif
icance of differences between experimental groups, two-way analysis of 
variance (ANOVA) was employed. Statistical significance levels were 
denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001.

3. Results and discussion

3.1. ECM biochemical analysis

During the ECM decellularization process, the cells must be removed 
while ECM proteins and contents like collagen and GAG are preserved. 
DNA, GAG, and collagen contents should be assessed before and after 
decellularization to evaluate decellularization efficacy. DNA content is 
important since indicates cell removal level and ensures low risk of 
immunogenicity. While recent research on porcine ECM-derived bio
materials shows that residual DNA might not significantly affect 
immunological safety, further studies still are needed for bovine and 
human ECM [58]. In the present study, DNA content was measured 
using an assay kit as explained in the methods section. As shown in 
Fig. 1, the decellularization significantly reduced DNA level (p < 0.05). 
Also, the residual DNA concentration was below 50 ng/mg. This level is 
reported as the threshold in the literature to minimize the risk of adverse 
host reactions.

According to Fig. 1, GAG and collagen content were also reduced to 
60 % and 40 % after decellularization (p < 0.0001). While these results 
express all contents have decreased, it is generally presenting successful 
decellularization as it suggests the effective removal of cellular com
ponents (DNA) while the essential ECM components are still preserved. 
The literature suggests that the typically lower retention of GAGs 
compared to collagen is attributed to its higher solubility and smaller 
molecular size [59,60].

3.2. Evaluation of scaffolds morphology

3.2.1. SEM
SEM images were captured from all groups to assess the morphology 

and measure the fiber diameter of electrospun scaffolds (Fig. 2). Fig. 2
also shows the histogram of fiber diameter to represent the diameter 
diversity in each sample. In Fig. 3, the bar charts of mean diameter were 
plotted to compare all groups and determine whether ECM addition 
significantly affects the fiber diameter.

As observed in Fig. 3, the addition of ECM to the shell layer resulted 
in a noticeable reduction in fiber diameter compared to fibers without 
ECM. The average diameter of the 0E group was 775 ± 330 nm. Incor
porating ECM decreased this average down to 454 ± 120 nm, repre
senting a significant difference (p < 0.05). This reduction can be 
attributed to the interactions between ECM components and Cs chains. 
These interactions may disrupt intrinsic Cs hydrogen bonding and 
decrease viscosity which may result in fiber thinning during electro
spinning [54,61,62]. ECM is a complex of proteins and other bio
molecules. Incorporation of ECM into Cs electrospinning solution can 
alter viscosity and spinnability, consequently affecting the diameter of 
the fibers [63,64]. Additionally, interfacial bonding between the two 

Table 2 
The sequence of primers used for qRT-PCR: COL II, COLX, SOX9, and AGC.

Targets genes Primer sequences (F = forward, R = reverse)

Collagen type X alpha 1 chain
F: TCCCAGCACGCAGAATC
R: AACTGTGTCTTGGTGTTGGG

Aggrecan (AGC) F: ACACCCCATGCAATTTGAG
R: GTTTGTAGGTGGTGGCTGTG

Collagen type II (COL2A1)
F: CTGGAAAAGCTGGTGAAAG
R: GGAACCACTCTCACCCTTC

Sox9
F: AGCTCTGGAGACTTCTGAACG
R: CGTTCTTCACCGACTTCCTC

Beta-actin
F: TTCGAGCAAGAGATGGCCA
R: CACAGGACTCCATGCCCAG

Fig. 1. DNA, GAG, and collagen content of native tissue and decellularized 
ECM (****p < 0.0001).
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phases may affect viscosity and surface charge at the electrospinning 
nozzle tip, where the core and shell solutions reach to form the Taylor 
cone. In coaxial electrospinning, the interface between the core and shell 
solutions can exhibit various types of bonding depending on the mate
rials and process conditions: physical bonding occurs when the core and 
shell have similar properties like surface tension or viscosity, that cause 
adhesion. Electrostatic bonding occurs when the core and shell have 
opposite charges. Hydrogen bonding can also form between the core and 
shell polymers, as mentioned in different studies. The interface and 
bonding interactions are affected by ECM incorporation. In fact, ECM 
presence modifies the electrostatic environment at the electrospinning 
nozzle [65–69]. These rheological and electrostatic changes can affect 
the fiber diameter during jet thinning [69,70]. Here, the addition of 
ECM to the scaffolds significantly reduced fiber diameter compared to 
scaffolds without ECM. However, there were no significant differences 

in fiber diameter among the scaffolds containing ECM. Increasing the 
percentage of ECM did not produce any consistent trend in fiber diam
eter for 1E, 3E, and 5E groups. Qualitative analysis of SEM images 
revealed more uniform fiber distribution in 1E scaffolds compared to the 
other groups. The histogram data confirmed this finding, which showed 
the absence of fibers exceeding 700 nm in the 1E group (Fig. 2). On the 
other hand, approximately 50 %, 13 %, and 6.6 % of fibers in the 0E, 3E, 
and 5E groups, were thicker than 700 nm.

The porosity of the scaffolds was calculated using MATLAB software 
and reported in Table 3. The 0E scaffold displayed greater porosity 
which can be attributed to its heterogeneous fiber diameters and larger 
average diameters. Incorporating ECM led to thinner diameters, and 
decreased porosity [71]. However, all core-shell scaffolds still exhibited 
porosity above 80 %, which is in the optimal range [33]. Analysis of 
second and third-layers porosities is important because indicates inter
connectivity. Interconnected pores are essential for nutrient diffusion, 
waste removal, and cell infiltration [72]. Porosities of the 0E, 1E, and 5E 
scaffolds were above 40 % and 20 % for the second and third layers [11].

3.2.2. AFM
AFM was utilized to analyze the surface roughness of the 0E and 1E 

scaffolds. Fig. 4 illustrates the 3D topographical maps that show surface 
texture with peaks and valleys for both scaffolds in a 15 × 15 μm2 area. 
Map related to the 1E scaffold shows a more irregular surface with 

Fig. 2. SEM micrograph and histogram of core-shell electrospun scaffolds (2500×, 5000×).

Fig. 3. The average fiber diameter of the scaffolds (**** p < 0.0001).

Table 3 
Porosity percentage of the scaffolds.

Scaffolds Porosity (%)

First layer Second layer Third layer

0E 88 % 50 % 24 %
1E 82 % 42 % 22 %
3E 84 % 44 % 18 %
5E 81 % 42 % 20 %
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sharper peaks and deeper valleys. Also, the line graph in Fig. 4 is related 
to surface roughness (Ra) over the same area (Rq and Rz line graphs are 
represented in Figs. S1 and S2). For the 0E sample, the Ra value is <0.4 
μm and for the 1E scaffold, Ra reaches approximately 0.5 μm. Quanti
tative measurements of the Ra, Rq, and Rz are presented in Table 4. These 
values indicate that ECM incorporation increased overall surface 
roughness parameters compared to the scaffold without ECM. The 
greater roughness arises from the introduction of ECM, which enhances 
nanoscale topographical features on the fiber surfaces. In fact, the 
addition of ECM altered the core-shell fiber morphology and diameter 
distribution and increased the surface unevenness [73].

In a specific section of a study conducted by Saberi et al. [74], the 
effect of cartilage ECM incorporation on the surface roughness of the CS- 
PEO nanofiber was analyzed. The results revealed that ECM addition 
(1.17 % wt.) increased parameter Ra from 238 μm to 314 μm. This result 
confirms our finding and indicates that ECM introduction to the elec
trospun solution can change the surface roughness.

Surface nanotopography in the form of features like nodes, pits, and 
protrusions can modulate cell behavior and functions without inducing 
directional alignment, unlike designed topographic cues. Instead, 
isotropic and random nanotextures can provide contact guidance 
through mechanisms that are not still clear [75]. Electrospun scaffolds 
with random fiber orientations can mimic native ECM and provide 
nanoscale cues. In the present study, incorporating ECM components 
into the shell layer increased surface roughness and nanoscale texture. 

There is some evidence that nanotextured surface cues can improve cell 
adhesion and functions like proliferation and differentiation compared 
to smooth surfaces [73,75,76]. It is proposed that nanotopography 
changes interfacial forces and subsequently alters focal adhesion for
mation and the cytoskeleton. One theory is that filopodia serve as sen
sory organelles by interacting with nanotextured surfaces and relaying 
signals via dynamic actin assembly. However, the biological mecha
nisms behind nanotopography sensing are unclear. The scale of the 
nanotextured features regulates the specific cell behaviors induced 
through this process. This nano topography increase can enhance cell 
adhesion, likely by increasing surface area and binding sites for focal 
adhesions [75,77,78].

3.2.3. TEM
TEM can visualize the core-shell structure of the fibers. As shown in 

Fig. 5, TEM images of sample 1E confirm the formation of core-shell 
morphology in fibers with varying diameters. Fig. 5(A) presents a 
fiber with a total diameter of 227 nm enclosing a 98.05 nm core. Fig. 5
(B) in addition to the core-shell structure of fibers (highlighted by ar
rows) also depicts HNT nanoparticles embedded within the core-shell 
fibers (marked by circle) and distributed along their length. Several 
studies have shown that the alignment of nanotubes or nanorods like 
HNT, or alumina nanowires along fiber directions can enhance the 
mechanical properties and load-bearing capacity of electrospun fibers 
[32,33].

3.2.4. EDS
EDS is an analytical technique that identifies the elemental compo

sition of materials. To confirm the presence of HNTs in the scaffold 
structures EDS analysis was applied to detect two elements Si and Al as 
they are HNT components. EDS can also help to visually assess the 
uniform distribution of HNTs in the samples. As illustrated in Fig. 6(A), 

Fig. 4. AFM images of 0E and 1E scaffolds.

Table 4 
Quantitative measurements of the Ra, Rq, and Rz from AFM analysis for 0E and 
1E scaffolds.

Sample Ra (nm) Rq (nm) Rz (nm)

0E 256 ± 45 320 ± 52 708 ± 144
1E 319 ± 90 379 ± 112 895 ± 221
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the EDS spectrum shows characteristic peaks for Al at approximately 
1.487 keV (Kα line) and Si at approximately 1.740 keV (Kα line). These 
peaks indicate the presence of halloysite nanotubes which are composed 
of aluminosilicates [56,79].

Fig. 6(B) presents the EDS elemental maps for Al and Si (the weight 
percent and atomic percent of Al and Si of HNTs are represented in 
Table S1). The maps can evident the almost homogenous dispersion of 
HNT within the polymeric matrix. The absence of agglomeration or 
clustering is indicative of uniform distribution [56,57]. It should be 
noted that the concentration of HNT is a key factor in achieving the 
uniform dispersion of nanotubes [80]. However, in the previous study, 
the appropriate amount of HNT (3 wt%) was optimized to avoid 
agglomeration and gain uniform fibers without beads. In higher 
amounts of HNTs viscosity increases and agglomeration occurs [33].

3.3. FTIR

FTIR analysis in Fig. 7(A) shows key functional groups in PHB, Cs, 
and HNT samples. The PHB spectrum displayed characteristic peaks at 
1722 cm− 1 and 1183 cm− 1 related to C––O stretching band, and C-O-C 
stretching vibrations. Other PHB peaks were recorded at 981 cm− 1 for 
C–C symmetric stretching and 2980 cm− 1 for aliphatic C–H stretching 
[57].

For Cs, peaks at 2877 cm− 1 and around 3353 cm− 1 were attributed to 
-CH and -OH stretching vibrations, respectively. Peaks at 1650 cm− 1 and 
1597 cm− 1 belong to amide I and II bands of the Cs structure [81,82].

The HNT spectrum exhibited bands from 3628 to 3696 cm− 1 

assigned to Al2OH stretching vibrations. Peaks at 798 cm− 1 and 749 
cm− 1 were attributed to out-of-plane OH bending and external Si-O-Al 
vibration. Si–O stretching was indicated by bands at 1115 cm− 1 and 
around 1020 cm− 1. Bands at 3490 cm− 1 and 1640 cm− 1 were ascribed to 
water molecules and OH groups of water within the HNT tubes [82].

The effects of incorporating HNTs into PHB-Cs blends (core of fibers) 
were extensively detailed in our previous work [33]. Briefly summari
zing, the addition of HNTs was found to introduce hydrogen bonding 
interactions between the hydroxyl groups on the HNT surface and the 
carbonyl moieties of PHB along with the amide units of Cs. This was 
evidenced by shifts in the C––O stretching vibration of PHB at 1722 
cm− 1 and its interaction with the amide I and II bands of Cs (as a 
shoulder peak) to a broader peak [33,83]. However, here due to the 
relatively low HNT concentration, the characteristic HNT peak at 3691 
cm− 1 corresponding to Al-OH stretching is not clearly observable in the 
final blend spectrum. Our prior analyses comprehensively demonstrate 
that HNTs induce intermolecular hydrogen bonding when incorporated 
into PHB-Cs matrices but without a dominant spectral signature at the 
blending ratios used here [33,57].

In Fig. 7(B), the ECM spectrum exhibited peaks at 1665, 1550, 1246, 
and 3400 cm− 1 corresponding to amide I, II, III, and amide A groups 

Fig. 5. TEM image of two distinct fibers: (A) 1E core-shell scaffold with 227.03 nm diameter, (B) The presence of nanoparticles in the structure of 1E core-shell fiber 
(Arrows show the shell layer and the circle mark shows HNT embedded within the fiber).

Fig. 6. (A) EDS spectrum representative Al and Si peaks of HNTs in 1E scaffold, 
(B) EDS elemental maps for Al and Si in HNT structure presented in 1E scaffold.

S. Ghadirian et al.                                                                                                                                                                                                                              Biomaterials Advances 172 (2025) 214249 

8 



respectively [84–86]. As shown in Fig. 7(A), the Cs and ECM spectra 
overlap significantly due to similar functional group compositions, 
making them very comparable across much of the range [85]. This 
similarity results in only minor differences between the FTIR traces of 0E 
without ECM versus 1E with ECM inclusion. However, a closer image in 
Fig. 7(B) reveals the presence of ECM in scaffold 1E, which enhanced the 
intensities of the amide I and II peaks. Also, the amide A peak appears 
more prominent in 1E compared to 0E. The amide I and II bands present 
in the ECM spectrum originate from its collagen content [85,87]. In 
summary, while the FTIR fingerprints of Cs and ECM are very similar, 
careful analysis verifies successful ECM incorporation into the 1E scaf
folds through changes in Amide peaks arising from the collagen 
component.

3.4. Raman spectroscopy

Fig. 8 illustrates the Raman spectra of ECM, 0E, and 1E scaffolds. The 
ECM spectrum shows peaks in the 800–1800 cm− 1 range. These peaks 
are respectively related to collagen, glycosaminoglycans (GAGs), and 
water content in the native ECM structure [88].

The 0E scaffold spectrum exhibits a peak at 690–700 cm− 1 that be
longs to N–H bending and pyranose ring vibrations of Cs. This peak, 
which is marked with a red arrow, is an indicator of Cs presence in 
scaffolds [89,90]. Similar Cs peaks were observed for the PHB-Cs and 
PHB-Cs/HNT scaffolds in our previous work [33]. Also, the Raman 
spectra of the 0E and 1E scaffolds exhibit a prominent peak at 2938 
cm− 1, which can be assigned to the antisymmetric stretching vibration 
of the CH2 group in PHB [33].

In ECM, the collagen-related peak appears at 879 cm− 1 within the 
800–970 cm− 1 range. For the 1E scaffold, this collagen peak is shifted to 
lower wavenumbers (670–948 cm− 1) with a maximum at 804 cm− 1. The 
collagen peak presence and shift in the optimized 1E scaffold suggests 
hydrogen bonding between collagen amides and Cs. It should be noted 
that the Cs peak stemming from NH2 and pyranoid ring vibrations was 
overwhelmed in the scaffold spectrum by the prominent collagen peak, 
appearing as a shoulder rather than as a distinct band [88].

Overall, the Raman spectra provide evidence of ECM components 
retention (like collagen) in the scaffolds and specific molecular in
teractions between the ECM components and Cs in the shell of fibers.

Fig. 7. (A) FTIR spectra of PHB, Cs, HNT, ECM, 0E, and 1E, (B) FTIR spectra magnification of ECM, 0E, and 1E presenting functional group.

Fig. 8. Raman spectra of ECM, 0E, and 1E scaffolds. Fig. 9. DSC curves of 0E and 1E scaffolds.
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3.5. DSC

The diagrams related to the DSC analysis of scaffolds 1E and 0E are 
shown in Fig. 9. The addition of ECM lowered the melting temperature 
(Tm), degradation temperature (Td), and crystallinity of the scaffold (XC)
as well as the melting enthalpy (ΔHm), as explained in Table 5. Tm for the 
scaffold without ECM was 159 ◦C, which decreased to 156 ◦C after 
adding ECM. Also, the Td dropped from 272 ◦C to 267 ◦C. The lowered 
Tm and Td are likely due to the ECM molecules separating the Cs chains 
slightly, reducing intermolecular interactions. As expected, the presence 
of ECM in the structure reduced the crystallinity from 18 % for the 0E 
scaffold to 11.3 % for the 1E scaffold. The decreased crystallinity is 
likely because the ECM made interactions with Cs and changed the semi- 
crystalline structure of Cs [91]. The added ECM resulted in more 
amorphous regions and fewer crystalline areas in the scaffold.

In a study by Feng et al. [92], adding ECM to PCL, reduced the 
crystallinity of electrospun scaffolds. Authors attributed this reduction 
in crystallinity to the increased mobility of polymer chains after the 
addition of ECM to the structure. In another study, Chen et al. [93] 
investigated the intermolecular interactions in electrospun collagen–Cs 
nanofibers. They reported that the enthalpy for the Cs-collagen blend is 
lower than the enthalpy for each of these single components. The au
thors concluded that hydrogen bonds formed between these two 
different macromolecules compete with the hydrogen bonding between 
molecules of the same polymer, replacing them and affecting enthalpy 
and crystallinity.

3.6. Analysis of surface hydrophilicity

Fig. 10(A) shows the water contact angle of the scaffolds. Adding 
ECM to the scaffold structure increased the contact angle from 42◦ (for 
scaffold 0E) to 85◦ (for scaffold 5E), as depicted in Fig. 10(B). Although 
some studies have mentioned increased hydrophilicity by adding ECM, 
many reports show that ECM addition decreases the hydrophilicity. In a 
study by Xu et al. [94], Cs-gelatin scaffolds were examined with decel
lularized ECM. The results showed ECM significantly increased the 
surface contact angle. In that study, the contact angle was 144.3◦ for 
pure ECM and 84.84◦ for the Cs-gelatin scaffold. Adding 2 wt% ECM to 
the scaffold increased the contact angle from 84.84◦ to 114.25◦. Another 
study by Bual et al. [95] made scaffolds from PCL, gelatin, and ECM. 
Their results showed scaffolds with 10 % gelatin had a 64.8◦ contact 
angle. Adding 5 wt% ECM increased it to 78.8◦. Scaffolds with 5 % PCL 
and 10 % gelatin had a contact angle below 10◦, which increased to 
38.5◦ after adding 5 % ECM.

Indeed, several factors impact contact angle, including hydrogen 
bonds between Cs and ECM, surface roughness, and surface charge 
density [96]. Also, the ECM amphiphilic molecules like proteoglycans 
and glycosaminoglycans (GAGs) have hydrophilic and hydrophobic re
gions. Cs is a natural polysaccharide consisting of positively charged 
amino groups [91]. When ECM is added to the Cs solution, hydrogen 
bonds can form (as supported by FTIR and Raman analysis), involving 
hydrophilic groups. Also, chitosan’s positively charged amines can 
interact electrostatically with the negatively charged sulfate or carboxyl 
groups of GAGs. The binding of the ECM’s hydrophilic parts to Cs means 
the hydrophobic parts are not involved in the interaction, remain free, 
and are exposed to water molecules. This can decrease the Cs-ECM 
complex’s overall hydrophilicity. In other words, ECM’s amphiphilic 
parts interact with Cs and reduce the availability of hydrophilic areas to 

interact with water, and hydrophilicity decreases [97].
In this study, although adding ECM increased the contact angle, the 

scaffolds are still hydrophilic. Many studies note the ideal contact angle 
for cell adhesion is 60–70◦ [98,99]. Thus, the 1E scaffold likely shows a 
higher potential for cell adhesion compared to the 0E scaffold.

3.7. Mechanical characterization

As noted in some literature, articular cartilage is exposed to constant 
static tension due to the presence of negatively charged proteoglycans 
within its ECM. These proteoglycans retain fluid and cause the collagen 
in the cartilage matrix to experience tension. This tension is necessary 
for swelling without rupture. To mimic the tensile properties of articular 
cartilage, the ultimate tensile strength of the scaffold should be between 
2 and 8 MPa [100,101].

Fig. 11 represents scaffolds’ stress-strain curves; in Fig. 12(A), their 
ultimate strength is compared. The results indicate that adding 1 wt% 
ECM significantly improved the scaffold’s mechanical strength (p < 
0.05), whereas 3 wt% and 5 wt% ECM had no significant effect on the 
final strength of the scaffolds. The final strength of 1E scaffold was 5.81 
MPa which meets the desired range of articular cartilage. Adding 3 wt% 
and 5 wt% ECM did not change the final strength of scaffolds signifi
cantly. However, the scaffold’s mechanical properties decreased at 
higher ECM concentrations (3 wt% and 5 wt%). This phenomenon at 
higher amounts of ECM may be due to ECM molecules agglomeration, 
which could interfere with interactions between the scaffold materials 
and ECM. Also, at higher ECM concentrations, crystallinity decreases 
substantially. The combination of these factors can decrease mechanical 
properties [48].The improved mechanical properties of the scaffold with 
1 wt% ECM can be due to hydrogen bond formation between Cs and 
ECM. Both Cs and ECM contain functional groups that can form 
hydrogen bonds, which enhance mechanical properties [102]. Some 
studies express that Cs-collagen can form ionic bonds and polyanionic- 
polycationic complexes as well. This complex forms because of the 
cationic nature of Cs and anionic COOH groups in collagen. These ionic 
interactions can enhance mechanical properties up to certain ECM 
concentrations [93].

On the other hand, as stated in Section 3.2.1, adding 1 wt% ECM 
decreased fiber diameter and made the distribution more uniform. This 
in turn affects the mechanical properties. Thinner, more uniform fibers 
mean more fibers participate in bearing stress, improving mechanical 
properties [33]. In a study by Feng et al. [92], the final properties of PCL- 
ECM electrospun scaffolds were investigated. The results showed scaf
fold strength increased from 2.15 ± 0.16 MPa to 3.38 ± 0.6 MPa with 
ECM incorporation. These specific results were attributed to hydrogen 
bonds between PCL and ECM.

As stated, in articular cartilage, collagen II fibers are stretched to 
counteract repulsive forces that arise from negatively charged pro
teoglycans. Indeed, collagen II fibrils are stretched to prevent tissue 
ultra-expansion. Considering this mechanism, it is necessary to predict 
strain capability for cartilage scaffolds as well [101]. Some studies 
report the strain measured in meniscal cartilage under physiological 
loading varies in the range of 3–8 % [103]. Fig. 12(B) illustrates the 
strain of the scaffolds. The strain in 1E scaffold is 3.17 % and is signif
icantly higher than 0E (p < 0.05). As the ECM content increased, strain 
decreased, which can be related to the 3E and 5E group structure. In 
these groups, the fiber structure becomes so amorphous that prevents 
the polymeric chains from aligning and stretching more under applied 
tension.

According to the results of fiber diameter, hydrophilicity, and me
chanical analyses, the 1E scaffold was selected as optimal. Further an
alyses were performed on the 0E and 1E scaffolds.

Table 5 
Melting temperature (Tm), degradation temperature (Td), crystallinity (XC) and 
melting enthalpy (ΔHm) of 0E and 1E scaffolds obtained from DSC analysis.

Samples Tm (◦C) Td (◦C) ΔHm Xc %

0E 159 272 15.55 18
1E 156 267 9.8 11.3
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3.8. In vitro degradation

3.8.1. Weight loss evaluation
Fig. 13(A) shows the weight changes of samples 0E and 1E during the 

degradation test process. After 100 days, the remaining weight was 59 % 
for 0E and 52 % for 1E. These findings represent that the 1E scaffold 
underwent faster weight loss than the 0E scaffold. The faster degrada
tion process can be attributed to the presence of ECMs. In fact, ECM 

decreases crystallinity, allowing water molecules to penetrate the scaf
fold bulk faster, and subsequently, hydrolysis accelerates. Despite the 
reduced crystallinity, other issues can also affect the degradation profile. 
The weak acid molecules produced during degradation can break more 
ester bonds and cause faster degradation. The smaller fiber diameter and 
interconnected pores also facilitate faster degradation [104].

Previous studies indicated that the formation of cartilage ECM can 
take at least 8 weeks. Despite a weight loss of approximately 40 %, the 
1E scaffold retained 60 % of its initial weight within eight weeks. It 
suggests that its ability to support tissue regeneration is comparable to 
the natural rate of cartilage tissue growth [59,105].

3.8.2. pH changes
Measuring the pH changes during the degradation process is 

important in order to check whether the degradation products cause 
extreme and uncontrolled pH changes in the surrounding microenvi
ronment. Fig. 13(B) shows the pH change trends. Scaffold 1E displayed a 
faster decreasing pH trend. After 100 days, the pH was 6.84 for the 
scaffold without ECM and 6.69 for the scaffold with ECM. The presence 
of ECM in the 1E scaffold structure and the release of its degradation 
products can be considered as a key factor that causes the pH change. It 
should be noted that at any time point, more amount (by weight) of the 
1E scaffold material had degraded compared to the 0E scaffold. It means 
that more degradation products are released into the solution. Regard
less of the ECM presence, this difference alone can cause remarkable pH 
changes in the 1E solution compared to the 0E solution [62].

Interestingly, degradation products of ECM-containing scaffolds in 
vivo can affect cell behavior, and influence chemotaxis and mitogenesis. 
A study by Reing et al. [106] on porcine bladder ECM scaffolds revealed 

Fig. 10. (A) Image of water drops on the surface of scaffolds, (B) Average of water contact angle on the surface of scaffolds (* p < 0.05).

Fig. 11. Stress-strain curves of the scaffolds.

Fig. 12. (A) Tensile strength and (B) elongation at break of scaffolds (*p < 0.05, **p < 0.01, *** p < 0.001).

S. Ghadirian et al.                                                                                                                                                                                                                              Biomaterials Advances 172 (2025) 214249 

11 



that ECM scaffold degradation products attract and stimulate prolifer
ation in progenitor (undifferentiated) cells while inhibiting migration 
and proliferation in mature endothelial cells. This selective influence is 
likely due to growth factors in the ECM. Understanding these in
teractions can help to select specific cell types to improve tissue repair 
and regeneration.

3.8.3. FTIR assessment
Fig. 13(C) shows the FTIR spectrum of scaffold 1E on the final day of 

the degradation test. As seen in the image, the peaks related to amide I, 
amide II, and amide A in the FTIR spectrum are weakened after degra
dation. This phenomenon can be attributed to the destruction of amide 
bonds in the ECM collagen and Cs structure [62].

In a study by Mancipe et al. [62], core-shell scaffolds were produced 
for wound healing with PCL in the core and PVA-collagen shell. Simi
larly, the degradation test showed decreased intensity and area under 
the peaks related to amide I, II, and III after degradation, attributed to 
collagen structure destruction.

3.8.4. Morphology of the fibers
Fig. 13(D) shows the morphology of the 1E fibers after the 100-day 

degradation process. As can be seen in the picture, in the major parts 
of the scaffold, surface melting (marked with circles) and fiber breakage 
(highlighted with arrows) have occurred. The degradation behavior of 
electrospun fibers in PBS is affected by molecular weight reduction and 
the structural characteristics of crystalline and amorphous regions 
during degradation [107]. Hydrolytic degradation at first affects the 

amorphous regions of PHB and Cs, leading to a decrease in molecular 
weight. As the polymer chains shorten, the glass transition temperature 
(Tg) of the amorphous phase decreases. When Tg decreases below 
environmental temperature, chain mobility in these regions increases 
[59]. This phenomenon reduces surface tension and causes fibers to 
adhere and fuse. The subsidence of the scaffold layers and the unifica
tion of fibers (sticking of fibers to each other) also occurred due to the 
presence of a high percentage of Cs in the structure as well as ECM, 
which led to an increase in the amorphous nature of the core-shell 
scaffolds. In contrast, the crystalline domains of PHB remain rigid, as 
hydrolysis progresses in the amorphous phase. Since polymer chains in 
crystalline regions have less mobility, they cannot relax or rearrange, 
leading to brittle fractures in some regions [32].

3.9. Cellular assay

3.9.1. Cell attachment
Fig. 14 visualizes the cellular morphology and distribution on the 

surfaces of 0E and 1E scaffolds at days 1 and 7 after seeding. SEM graphs 
revealed that a greater area of scaffold 1E was covered by chondrocytes 
and secreted more ECM on day 7 than scaffold 0E. This issue is likely 
originated from several factors, including hydrophilicity, fiber diameter, 
surface roughness, and ECM content of 1E scaffold, as explained in 
previous analyses [33,44,57]. The appropriate amphiphilicity of scaf
fold 1E with the incorporation of ECM proteins and macromolecules, can 
mimic the native microenvironment for the cells. This optimized milieu 
offers improved cell adhesion and proliferation on the scaffold surface 

Fig. 13. (A) Weight change, (B) pH change of 0E and 1E scaffolds during 100 days of degradation, (C) FTIR of 1E scaffold before and after 100 days of degradation, 
and (D) SEM image of 1E scaffold after 100 days of degradation (Circles indicate surface melting and arrows represent fiber breakage).
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[59].
Previous studies have verified that chondrocytes can secret more 

ECM on surfaces made of thinner fibers as observed here in the 1E 
scaffold [44,108]. Moreover, according to AFM analysis surface rough
ness of scaffold 1E was more than 0E. This characteristic can also 
enhance cell adhesion and provide more anchorage site [109].

3.9.2. Cell viability
Fig. 15 presents the cell viability of 0E and 1E scaffolds on days 1, 3, 

and 7 as a result of the MTT assay. Cell viability for both scaffolds (0E 
and 1E) exceeded 80 % in all days. Moreover, a significant upward trend 

in cell viability was observed for the 1E scaffold over the seven days (p 
< 0.05). Still, there was no significant difference between the cell 
viability of the 0E scaffold on different days. These findings indicate that 
the incorporation of 1 wt% ECM had no detrimental effects on cell 
viability and proliferation and provided a favorable microenvironment 
for cellular growth and expansion. Furthermore, while there were no 
significant differences in cell viability between the two scaffolds, it is 
hypothesized that the presence of ECM may have influenced gene 
expression and chondrogenic differentiation. This suggests that cells 
cultured on the 1E scaffold might spend some of their energy on these 
processes rather than prioritizing cell proliferation [110].

In a study by T. Xiao et al. [111], the cell viability and chondro
genesis of two scaffolds fabricated from articular cartilage ECM and 
Wharton’s jelly ECM were compared. The authors reported that 
although cell proliferation increased on both ECM scaffolds, there was 
no significant difference between the ECM scaffolds and the control 
group (absence of ECM). This finding indicates scaffolds’ good cell af
finity and ability to mimic the native cartilage ECM microenvironment. 
Meanwhile, the ECM scaffolds upregulated cartilage-specific genes and 
stimulated chondrogenesis. These results can further verify the present 
study findings.

3.9.3. DAPI staining
DAPI is a fluorescent dye commonly employed to visualize cell nuclei 

due to its specific affinity for AT-rich regions of DNA. Upon excitation 
with ultraviolet light, DAPI emits blue fluorescence, enabling the iden
tification of DNA-containing organelles such as nuclei and mitochondria 

Fig. 14. SEM images of 0E and 1E scaffolds after 1 day (2000×) and 7 days (1000×) of chondrocyte culture.

Fig. 15. Cell viability of chondrocyte after 1, 3, and 7 days of culture on 0E and 
1E scaffolds (*p < 0.05 and **p < 0.01).
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[112]. Fig. 16 presents fluorescent images of 0E and 1E scaffolds stained 
with DAPI on the 7th day of cell culture. Remarkably, the 1E scaffold 
demonstrated a higher density of stained cell nuclei and covered a larger 
area of the surface with cells than the 0E scaffold. These findings 
strongly suggest its enhanced ability to promote cell survival and 
growth, likely attributed to the scaffold’s ECM composition. These 
findings align with the results obtained from the MTT and cell attach
ment assay.

3.9.4. Gene expression analysis
To investigate the influence of the ECM on chondrogenesis and 

chondrocyte phenotype, the expression of chondrocyte-specific genes 

was examined using reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) over 21 days. The transcriptional levels of COL 
II, AGC, and SOX 9, key markers of the chondrocyte phenotype, were 
assessed. Also, the expression of COL X, as a marker of chondrocyte 
hypertrophy, was analyzed [60,113].

COL II expression is a feature of mature chondrocytes and indicates 
chondrogenic differentiation [44]. As depicted in Fig. 17(A), COL II 
expression is higher in the 1E scaffold compared to the 0E scaffold across 
all time points (p < 0.05). Comparison of COL II expression between the 
two scaffolds will explain the influence of the ECM on chondrocyte 
differentiation and matrix synthesis. Additionally, AGC expression was 
significantly increased in the 1E scaffold compared to the 0E scaffold at 

Fig. 16. DAPI staining of chondrocyte after 7 days of culture on 0E and 1E scaffolds.

Fig. 17. (A) COL II, (B) AGC, (C) SOX 9, and D) COL X expression of chondrocytes after 7,14, and 21 days of culture on 0E and 1E scaffolds (*p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001).
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days 14 and 21 of culture (p < 0.05), as shown in Fig. 17(B).
SOX 9 is a main regulator of chondrogenesis and orchestrates mul

tiple stages of cartilage development. This transcription factor binds to 
DNA sequences and activates genes essential for cartilage formation, 
including COL II and AGC. Several genetic studies in humans and mice 
confirm its critical role in chondrogenesis [114]. Fig. 17(C) shows SOX 9 
expression is significantly higher in the 1E scaffold group compared to 
the 0E group after 14 and 21 days of cell culture (p < 0.05). It represents 
that ECM content contributes to the upregulation of SOX 9, a key 
regulator of chondrogenesis.

COL X is a specific collagen type that is over-expressed during hy
pertrophic chondrocyte differentiation. Its upregulation indicates 
chondrocyte transition from proliferative to hypertrophic phase. As 
chondrocytes mature and prepare for endochondral ossification, COL X 
expression increases significantly [115]. According to Fig. 17(D), COL X 
expression within the 1E scaffold has increased from day 7 to 14, and 
after that decreased from day 14 to 21. On day 21, the expression of COL 
X in group 1E was lower than in group 0E. Although this difference is not 
significant. Also, there is no significant difference in COL X expression 
between 0E and 1E groups at different time points. These findings 
indicate that ECM incorporation in the 1E scaffold did not stimulate COL 
X expression.

in a study by Lu et al. [60], the effect of cartilage ECM incorporation 
into collagen scaffold on the chondrogenesis of BMSC was investigated. 
The ECM was added to the collagen matrix in the form of particles and 
solubilized. They reported that SOX 9, AGC, and COL II expression were 
upregulated over 21 days. Solubilized ECM even represented better re
sults than particle ECM. Consistent with our findings, the COL X 
expression increased from day 7 to 14 but was suppressed to day 21. 
Similar to the present study, COL X expression was lower in the ECM- 
containing scaffold, however, there was no significant difference in all 
groups. These results again confirm that ECM facilitates chondrogenesis 
while at least not promoting hypertrophy.

In another study by Li et al. [115], the effect of cartilage ECM scaf
folds on chondrocyte hypertrophy was investigated. For this, collagen I 
and ECM scaffolds were fabricated through the freeze-drying method. 
The results of the study showed transcription levels of COL II, AGC, and 
SOX 9 were significantly higher in chondrocytes cultured on ECM 
scaffolds than cells cultured on collagen I scaffold. Furthermore, genes 
related to chondrocyte hypertrophy, including COL X, were significantly 
downregulated in chondrocytes cultured in the ECM scaffold. In 
conclusion, the ECM scaffold supported the phenotype preservation of 
chondrocytes.

4. Conclusion

This study aimed to design and characterize core-shell electrospun 
scaffolds, incorporating cartilage ECM. SEM images showed that the 
incorporation of ECM within the shell decreased fiber diameter and 
increased fiber uniformity. FTIR and Raman analyses revealed in
teractions between Cs and ECM, resulting from hydrogen bond forma
tion. According to DSC analysis crystallinity and melting temperature of 
ECM-incorporated core-shell scaffolds decreased. While ECM presence 
moderated scaffold hydrophilicity, it significantly augmented mechan
ical properties (tensile strength and strain) at the 1 wt% ECM concen
tration. However, scaffold biodegradability was also accelerated due to 
increased amorphicity. The core-shell scaffold containing 1 wt% ECM 
displayed superior cellular viability, proliferation, and chondrogenic 
capacity compared to other groups. This scaffold also showed upregu
lated cartilage-specific gene expressions. These findings suggest that the 
electrospun core-shell scaffold with 1 wt% ECM (1E scaffold) could 
serve as a valuable platform for the next step of investigations, such as in 
vivo studies, advanced cellular analysis, and micro-CT imaging, in the 
context of cartilage tissue engineering.
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