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Abstract
The use of bioactive materials like quince seed mucilage (QSM), as the common curative
practice has a long history in Iranian traditional medicine to cure wounds and burns. However,
this gel cannot be applied on exudative wounds. It also limits cell-to-cell interactions and lead
to the slow wound healing process. The design of bioactive materials-based 3D scaffolds may
be effective in overcoming the mentioned problems and increasing their therapeutic capacities.
To this end, a novel QSM-based hybrid scaffold modified by PCL/PEG copolymer was
designed and characterized using physicochemical and biological experiments (FTIR, tensile,
SEM, swelling, cell adhesion, proliferation, gene expression). The properties of this scaffold
(PCL/QSM/PEG) were also compared with four scaffolds of PCL/PEG, PCL/Chitosan/PEG,
chitosan, and QSM, to assess the role of various materials and the combined effect of polymers
in improving the function of skin tissue-engineered scaffolds. It was found, the
physicochemical properties play a crucial role in regulating cell behaviors (survival, growth,
keratinocytes differentiation of human adipose-derived stem cells (h-ASCs)). Comparison of
results indicated, PCL/QSM/PEG scaffold as a smart/stimuli-responsive biomatrix promotes
not only h-ASCs adhesion but also supports human skin fibroblasts growth, via providing a
porous-network with the appropriate pores size for the growth of skin cells. PCL/QSM/PEG
could also induce epidermal/dermal keratinocytes at a desirable level for wound healing, by
increasing the mechanical signals transduction to the biological signals. Immunocytochemistry
analysis confirmed keratinocytes differentiation pattern (in the early and late phases) and their
normal phenotype (polygonal shape) on PCL/QSM/PEG. Our study demonstrates that
PCL/QSM/PEG scaffold as a differentiation/growth-promoting factor can be a proper
candidate for the design of wound dressings and skin-engineered substrates containing cell.
Keywords: Bioactive materials, Quince seed mucilage, 3D scaffolds, Skin cells differentiation,
Wound dressing.

Introduction
The skin is known as the largest organ in the body which comprises three layers of the
epidermis (consists of complex cell-cell interactions), dermis (consists of follicles, glands,
nerves, and capillary vessels are embedded), and the hypodermis (consists of blood vessels and
adipose tissue) [1–3]. This tissue plays a crucial role in the physical protection of internal
organs and the prevention and control of infectious and bacteria in the body [2,4]. Hence, any
damage (mechanical or chemical) to the skin layers require immediate treatment. In this field,
the xenografts, allografts, and autografts were the main treatment in past decades, but ethical
constraints and lack of donor sites enforced were led to a decrease in the use of these methods
[5–7]. Nowadays, skin tissue-engineered substrates have rapidly developed as an alternative
method for wound healing [6]. The various studies have shown that an ideal skin-engineered
scaffold should promote not only dermal fibroblast cells proliferation, but also should express
dermal and epidermal keratinocytes induced by stem cells differentiation [3,8,9]. Such a
scaffold as a skin substitute can be effective in the treatment of large wounds and stimulation
of skin regeneration [3,9,10]. Although, many attempts have been made in this field, however,
the main challenge in skin tissue engineering is the design of a dermal ECM1-like scaffold that
can mimic the structure and biomechanical and physicochemical functions of the normal skin
to better proliferate and differentiate stem cells into the epidermis or dermis cells.
In this field, hyaluronic acid and chitosan (natural polysaccharides), as well as poly (ɛcaprolactone) (PCL) and polyethylene glycol (PEG) (synthetic polymers) are the most famous
materials that are widely applied in the structure of dermal substitutes [11–15]. These polymers
play a crucial impact on the cell function and mechanical strength of scaffold via the creation
of integrity chemical structure [16–18]. However, there is no material that fully remodels the
ECM network and simulates the biological behavior of the skin. Therefore, the studies have
still continued to achieve ideal skin scaffolds with proper biological approaches.
Although, some of the reports have indicated that bioactive materials/molecules like herbal
extracts or oil/mucilage extracted from fruits seed can regenerate dermal-ECM and accelerate
the wound healing process [19–25]. Common applications of these bioactive materials include
ointments, creams or hydrogel formulations that can be used directly on the surface of the dried
wounds [26–30]. It is notable that, the disadvantages of the use of bioactive materials in the
mentioned forms are their inability to absorb wound exudates and maintain a stable shape on
the wound surface [31]. Additionally, such products should not be applied to open wounds due
to the probability of the spread of infection in the wound area [31].
However, it seems that the bioactive materials due to their multiple-properties such as
antibacterial, cell proliferation, biodegradability, and biocompatibility can be used as a proper
alternative for natural polymers in the structure of skin tissue engineered scaffolds or act as
growth factors for induction of keratinocytes, fibroblasts proliferation and wound healing, in
vitro and in vivo [25,31,32]. Nevertheless, there were few studies that have evaluated the stem
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cells differentiation effects on the bioactive materials-based scaffolds for induction of
particular cells [33].
Given the above cases, polymers blending can be one of the most effective methods for the
design of ideal scaffolds or wound dressings in skin tissue engineering applications to
accelerate wound healing [8,34]. In this field, selection of bioactive material can also play an
important role in cell proliferation/differentiation and skin regeneration.
Quince-seed is one of these therapeutic bioactive-materials that has widely used in Iranian
traditional medicine for the reduction of pain and inflammation, the wound healing and reepithelialization of skin (scar-free) [20,32,35]. Although phytochemical researches confirm
therapeutic and regenerative effects of this bioactive material, however, the physical form of
this gel cannot be applied on exudative wounds and rapidly will dry up in the open-air if it is
not covered, because of the high water content. Furthermore, this gel might limit cell-to-cell
interactions due to limitations in providing sufficient pores within its structures that can lead
to a slow wound healing process.
In order to overcome the mentioned problems and achieve a desirable substrate, a novel quince
seed mucilage-based 3D scaffold modified by PCL/PEG copolymer was here designed that can
remodel not only 3D-network of ECM but also mimic its physicochemical and biological
functions to accelerate wound healing process. The PCL/PEG, PCL/chitosan/PEG, chitosan
and quince seed mucilage (QSM) scaffolds were also fabricated to study the role of QSM and
the combined effect of bioactive materials, natural and synthetic polymers on cellular
functions, swelling index and wound exudates absorption capacity. In followed by, the
physicochemical and mechanical properties of scaffolds were evaluated to understand cells
signaling and how to induce the cells and treat the dermal wounds. Afterward, the efficiency
of the scaffolds in promoting the growth of human dermal fibroblasts, as well as increasing the
cell attachment, proliferation, and differentiation of human adipose stem cells (h-ASCs) into
both keratinocytes of epidermal and dermal was evaluated by scanning electron microscope
imaging, gene expression analysis and immunocytochemistry assay. It is notable that h-ASCs
were selected because of ease of isolation and ethical considerations (lower concerns in
conducting research) [36,37]. Moreover, the freeze-drying technique as an affordable method
utilized for preparing the 3D porous scaffolds.
2. Materials and methods
2.1. Materials
Quince fruits (Cydonia oblonga) were purchased from a garden in the city of Isfahan, Iran
(early fall). Moreover, the medical grade chitosan (95% deacetylation, an average molecular
weight of 234 kDa), poly-ɛ-caprolactone (Mn: 45000), polyethylene glycol (Mn: 6000), Nhydroxysuccinimide (NHS), 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC), glacial acetic acid, tetrazolium salt 3-(4, 5-dimethylthiazol- 2-yl)-2,5diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO), and lysozyme were
purchased from Sigma (USA). Dulbecco’s modified eagle’s medium-low glucose (DMEM-

LG), fetal bovine serum (FBS), bovine serum albumin (BSA), penicillin-streptomycin were
also obtained from Gibco (USA). Human skin fibroblast cells line (HSF, NCBI Code: C192)
were provided by Iranian Pasture Institute cell bank, Tehran, Iran.
2.2. Copolymer solutions preparation
To prepare quince seed mucilage (QSM) with the weight fraction of 5 wt%2 and appearance of
a viscous gel, quince-seeds were separated from the pulp and dried under shade for 2-3 weeks.
Then, 5g of dried seeds were macerated in 10 mL of dH2O3, for 24 h. Furthermore, the poly-ɛcaprolactone (PCL) and polyethylene glycol (PEG) solutions with the weight fractions of 3 and
10 wt% were obtained by dissolving the calculated amount of PCL and PEG powder in 70%
acetic acid (40° C) and dH2O (25° C) respectively, for 24 h. Similarly, the chitosan solution (5
wt%, in 0.05 M4 acetic acid) was prepared at 25° C, for 24 h.
2.3. Fabrication of porous scaffolds
The solutions of PCL/PEG (PCPE), PEG-QSM-PCL (PQP) and PEG-Chitosan-PCL (PCP)
were prepared at a ratio of 1:1.5 and 1.5:2:1 (v/v)5 respectively, and stirred for an additional 24
h. It is notable that the NHS/EDC crosslinking solution in a volume ratio of 1:5 v/v was added
to mixed solutions (10% of total solution volume) to improve interactions between polymer
chains. Afterward, 2 mL of each solution were cast into 24-well plates (Sigma, USA) and
frozen at -20°C and -80°C respectively, for 48 h. In followed by, frozen solutions were dried
by freeze-drying for 72 h to prepare the porous scaffolds.
The QSM and chitosan solutions were also lyophilized in the same manner to evaluate the
chemical structures and interactions between polymer chains. Finally, all the scaffolds were
stored at 4°C.
2.4. Physiochemical characterizations of scaffolds
2.4.1. Surface chemistry study (FTIR6): To characterize the polymers interactions and surfaces
chemistry, the lyophilized scaffolds were evaluated by FTIR-spectrum analysis (ModelALPHA, Bruker, Germany). The spectra of scaffolds were recorded in the range of 400–4000
cm-1 with 4 cm-1 resolution and an average of 16 scans.
2.4.2. Degradation profile and swelling percentage: In vitro degradation rate of scaffolds was
evaluated by monitoring the mass remaining. In brief, the weight of scaffolds were recorded
before putting in culture medium containing 13 mg/L lysozyme, then immersed in medium and
incubated in 37°C for 2, 4, 8, and 14 days. At the end of each period, the scaffolds were taken
out of the medium, washed thoroughly with dH2O, and weighed after dried by freeze-drying (4
h). The degradation percentage and mass remaining of scaffolds were obtained according to
equation (1) [38].
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In followed by, to determine the swelling percentage, scaffolds with a known weight were
soaked into phosphate-buffered saline (PBS, pH= 5.5). After 1 and 24 h, the excess PBS was
removed and the scaffolds were weighted again. Finally, the percentage of scaffolds swelling
was calculated through equation (2) [39]. Three scaffolds for each group were used to measure
the average value of degradation % and swelling % along with their standard deviations (SD).

Wd -Wt
×100
Degradation % =
Wd

Mass remaining % = 100 - Degradation %


Swelling % =

(Eq. 1)

Wt - Wd
×100
Wd

(Eq. 2)

Here, (Wd) and (Wt) are the weight of the scaffolds before and after degradation [at the time
(t)], respectively. Moreover, (W′d) and (W′t) are initial dry weight and weight of the swollen
scaffold at hours 1 and 24.
2.4.3. Mechanical behavior: To determine the mechanical properties of the scaffolds (10×5×2
mm3), a tensile test was carried out using a tensile tester instrument (Zwick/Roell, 1446,
Germany), at a strain rate of 2 mm/min, and the ASTM D3039 standard guide for testing
polymer matrix composite materials [40]. Five samples (n=5) were tested for each scaffold and
values expressed as mean ± SD.
2.4.4. Scaffolds porosity (%): The porosity of the scaffolds was measured by a liquid
displacement method [41]. Briefly, scaffolds with a known weight (Wd) were immersed in
absolute ethanol (25°C, 1 h), then taken out and reweighed (Ww). The porosity was determined
with equation (3). Three scaffolds (n=3) for each group were used to measure the average value
along with SD.

Porosity %=

Ww -Wd

 ×

×100

(Eq. 3)

The ρ and υ are the density of ethanol and the volume of the swollen scaffolds, respectively.
2.4.5. Morphology analysis: The morphology of porous scaffolds were analyzed using a
scanning electron microscope (SEM, XL30 ESEM, Philips, Germany), at an accelerating
voltage of 20 kV. Prior to SEM analysis, the surface of the scaffolds was coated with thin layer
of Au (gold) and their morphology and pores diameter were evaluated by Clemex vision
software 3.5 by choosing 50 locations on the surfaces randomly. The values were expressed as
the mean ± SD, n = 3.
2.5. Biological behavior on the scaffolds
The study of cell behavior (adhesion, viability, and proliferation) was performed to test
scaffolds biocompatibility and biological efficiency. The 3rd passage of human eyelid adiposederived stem cells (h-ASCs) isolated in our previous study was used in this research [42]. Prior

to cell seeding, scaffolds were immersed in 75% alcohol (1 h), washed two times with a solution
of PBS, and sterilized by ultraviolet (UV rays, 254 nm wavelength, 2 h), then placed into 24well plates.
Afterward, the suspended h-ASCs in the culture medium containing DMEM-low glucose,
15% FBS, and penicillin (100 U/mL)/streptomycin (1000 U/mL), at a density of 1×106
cells/well were seeded onto the porous scaffolds.
After 5 h of incubation at 37° C, 5% CO2 and humidified atmosphere, scaffolds
containing cell were observed under SEM to evaluate initial adhesion (cell/scaffold
interactions) and distribution of h-ASCs on the scaffolds. Briefly, the culture medium was
removed and scaffolds were washed with PBS, then cells were fixed with 3% glutaraldehyde
solution. After 30 min, the scaffolds were washed again with PBS and post-fixation was
performed with 1% Osmium tetroxide. Finally, the cell/scaffold constructs were observed
under SEM at an accelerating voltage of 10.0 kV.
An MTT assay was also carried out to assess the h-ASCs viability on the scaffolds. In
brief, after 24, 48 and 72 h of culture, the medium of each well was removed and replaced with
100μl of fresh medium and 20μl of MTT solution. After incubation for 4 h, MTT medium was
removed, and cells were solubilized in 100μl of DMSO. Then, the absorbance of each sample
at a wavelength of 570 nm was determined with an ultraviolet-visible spectrophotometer
(Shimadzu UV-1601, Kyoto, Japan). The culture medium (without scaffolds) was selected as
the control group (100% cell viability). The cell viability (%) was estimated by equation (4)
[43]. It is notable that all values were expressed as mean ± SD, n = 3.

Cell viability (%)=

ODsample

×100

(Eq. 4)

ODcontrol

Furthermore, the proliferation of h-ASCs and human skin fibroblast (HSF) cell line
(1×106 cells/well) on the scaffolds was separately determined by the observation of
cell/scaffold constructs under the inverted microscope (Nikon Corporation, Tokyo, Japan) to
evaluate the biological efficiency of the porous scaffolds in skin tissue engineering applications
as a differentiation substrate or wound dressing. To this end, the cell/scaffold constructs were
collected at day 3 of the cell culture and observed by the inverted microscope with a 20x
magnification.
2.6. Gene expression analysis by Real-Time PCR7
The analysis of RT-PCR was carried out to assess the expression of keratinocyte-specific
genes at days 7 and 14 of the h-ASCs differentiation, according to the standard protocol [44].
RNA extraction kit (Fermentas International, Burlington, Canada) was used for isolation of
total RNA from cells placed on the scaffolds. Followed by, for digestion and removal of
7
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genomic DNA from extracted RNA, a DNase I treatment (Fermentas International, Burlington,
Canada) was performed and the quantity of isolated RNA was evaluated using
spectrophotometry (NanoDrop; Thermo, Wilmington, USA). Moreover, standard reverse
transcription (RT) reactions were performed with 2 µg total RNA using RevertAid First Strand
cDNA Synthesis Kit (Fermentas International, Burlington, Canada). Extracted RNA from the
human normal skin cell line (C192, Iranian Pasture Institute cell bank) was also applied as a
positive control.
The RT-PCR (Rotor-Gene Q Real-Time PCR System, Qiagen, USA) reaction was carried
out with SYBRR Premix Ex Taq™ (Takara BIO, INK, Japan) that uses Taq Fast DNA
Polymerase, SYBR Green I dye to detect double-stranded DNA.
The gene expression levels were obtained using the 2-∆∆Ct method (normalized against human
β-actin (ACTB) as a housekeeping gene) and statistical analysis were performed using
ANOVA (p-value< 0.05). The gene-specific primers were used as below: keratinocyte10
(keratin10 or K10) (NM000421.3), forward: 5′-ACTACTCTTCCTCCCGCAGT and reverse:
5′-CAGAGCTCCCACGGCTAAAA (Tm: 60°C); K14 (NM000526.4), forward: 5′AGACCAAAGGTCGCTACTGC and reverse: 5′-ATCGTGCACATCCATGACCT (Tm:
60°C); K18 (NM_000224.2), forward: 5′-AAGCCTGAGTCCTGTCCTTTCT and reverse: 5′AGGCTTTGCATGGTCTCCTT (Tm: 61°C), as well as β-actin (ACTB) (NM001101.4),
forward:
5′-GGCGCCCTATAAAACCCAGC
and
reverse:
5′GCTCGATGGGGTACTTCAGG (Tm: 60°C).
2.7. Immunocytochemistry (ICC) assay
To direct immunocytochemistry (ICC) assay, at days 7 and 14 of co-culturing process, h-ASCs
cultured on the sterilized scaffolds were washed with PBS (three times). In followed by,
endogenous peroxidase activity was inactivated by 3% hydrogen peroxide (H2O2) solution
according to the standard protocols. Afterward, plates were incubated in a blocking solution
containing 1% BSA at 25 C for 1 h, to block non-specific sites. The scaffolds were then
incubated at 4° C (overnight) with primary antibodies namely Anti-Cytokeratin 10 antibody
[RKSE60] (ab9025), Anti-Cytokeratin 14 antibody [LL002] (ab7800) and Anti-Cytokeratin 18
antibody [C-04] (ab668); Abcam. After being labeled with primary antibody, the h-ASCs on
the scaffolds were incubated with FITC-conjugated anti-rabbit IgG (BD Pharmingen™) as
secondary antibody, for 2 h at room temperature. After rinsing the scaffolds with PBS,
immunoreactive cells were visualized by fluorescent microscopy (LabPro CETI, Oxford).
2.7. Statistical analysis
Statistical analysis was performed by using the one-way analysis of variance (ANOVA) with
Dunnett's (2-sided) and LSD's post hoc test IBM SPSS Statistics 24 and Graph Pad Prism 6
Demo software. P-values of <0.05, <0.01 and < 0.001 were considered as the significance
levels. The results were expressed as mean ± standard deviation, n= 3, 5.

3. Results and discussion
The mucilage or gel extracted from fruits seed as a potential bioactive-material has a long
history of curative properties in burns and wounds healing. In this field, the quince seed
mucilage (QSM) has widely used in Iranian traditional medicine for creating new extra cellular
matrix, wound healing, and skin regeneration [20,32,35]. These properties are related to
biocompatible polysaccharide components of glucuronic acid and xylose (glucuronoxylan)
which is extruded from the quince seeds [45]. Experimental and clinical studies have been
approved benefits of this viscous gel for skin wounds healing [32,35].
The QSM possesses high water absorption capacity and can regulate the moisture level of the
dried wounds for the re-epithelialization. However, this feature can lead to wound dryness if
wound area is not covered. Lack of sufficient pores within the quince-seed gel matrix (due to
saturation of gel by water, which provides an impermeable nature for the matrix) can also lead
to a limitation in cell-cell signaling and consequently slow wound healing process. Further,
extracted mucilage from quince-seed cannot be used on exudative wounds and open wounds
because of its impermeable nature and the probability of growth of bacteria, and the spread of
infection in the wound. It is notable that QSM storage is also difficult for a long time because
of the growth of mold in the gel.
To overcome the mentioned problems, for the first time, we designed a novel hybrid 3D
scaffold of QSM modified by PCL/PEG copolymer. The mentioned 3D scaffold fabricated
using freeze-drying method to increase scaffold porosity and improve cellular function. The
present study also was to assess the role of QSM (as an alternative bioactive material for natural
polymers like chitosan) in the improvement of engineered scaffolds/dressings properties for in
vivo skin tissue regeneration approaches, as well as to investigate the potential of cell adhesion,
fibroblast proliferation and keratinocytes differentiation of h-ASCs on the bioactive materialbased scaffolds and consequently acceleration of wound healing, in absence of growth factors.
For this end, the physicochemical and biological properties of scaffolds were studied and
compared, because these characteristics play an important role in understanding of biological
behavior of scaffold, cell-scaffold interactions (cell responses), and how to mimic the growth
pattern of the cell for supporting and guiding new tissue on the scaffold, in vivo applications
of skin regeneration [46–48].
3.1. Surface chemistry analysis
The surface chemical analysis of the 3D porous scaffolds was carried out using FTIR
spectrometer. Fig. 1A shows the FTIR spectra of the scaffolds. The absorption bands at 30003500 cm-1 are related to N-H stretch of primary amine/amide groups, and terminal -OH
(hydroxyl) groups. In this region, the PQSP scaffold showed a stronger peak compared to other
scaffolds that could be due to the formation of stronger intermolecular forces between QSM
and synthetic polymers, and/or more hydrophilic groups in the PQSP structure.
All the peaks at 2865-2960 cm-1 are attributed to C-H band. Although the mentioned absorption
band for PQSP appeared at a lower intensity relative to other scaffolds that can be explained

by better interactions of polymer chains. Similarly, the intensity of the peak in the region of
1700-1730 cm-1 that assigned to the ester carbonyl (in PCL) and amide I groups (in chitosan
and QSM) was reduced in the PQSP spectrum, due to the interaction between ester carbonyl
and amide groups. Furthermore, the existence of a peak at 1630-1645 cm-1 is related to C-O
stretching and C-H bending bands of amide I and the primary amine, respectively (light green
region) that can improve biological function of scaffold. It is notable that, the range and
intensity changes of the peaks are related to how the functional groups to participate in
chemical reactions and formation of new bonds [49]. Overall, the spectrum of QSM is similar
to chitosan and hence, it can be predicted that both scaffolds will show similar physical,
mechanical and biological properties, in vitro.
However, the comparison of spectra indicated that the QSM significantly changes when
combined with PCPE copolymer, while no major difference in the main peaks of spectra was
observed between chitosan and PCP scaffolds. It can be attributed to functional groups activity
of QSM and the formation of a large number of intermolecular forces in the PQSP structure.
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Fig. 1. FTIR spectra (A), the degradation rate during 14 days (B), and the degradation % at day 14
(C). The results are mean ± SD (n=3), ****: p< 0.001 and ns: non-significant difference.

3.2. Degradation rate
The degradation rate of scaffolds plays an important role in the process of tissue regeneration.
Some of the tissues such as skin require longer periods of time for the re-epithelialization
[1,50]. Thus, the scaffolds that possess more physical stability and strength along with a
degradation rate proportional to cells proliferation and differentiation rate can be effective in
this field.
As illustrated in Fig. 1B, the degradation rate of all scaffolds increased with time. However,
the degradation (%) of the chitosan and QSM scaffolds was much larger relative to other
groups, after 14 days (Fig.1C). It can be due to a large number of amine and amide functional

groups in structure of both scaffold that are susceptible to hydrolysis [51]. Furthermore, simple
hydrolysis of polymer chains in PCPE scaffold that related to formation of weak intermolecular
forces was led to a higher degradation relative to PCP and PQSP hybrid scaffolds (p< 0.001).
Indeed, the combination of PCPE copolymer with chitosan and QSM was led to ~52% and
~62% decrease in degradation (%) for PCP and PQSP scaffolds, respectively (Fig.1C). It could
be due to the more interactions between the polymer chains and formation of stronger chemical
bonds between the functional groups of N-H, -OH and C=O.
Hence, it can be deduced that the composite scaffolds based on natural and synthetic polymers
can control the degradation % of scaffold and the PCL as an ideal polymer helps to maintain
the physical integrity of the scaffold in an aqueous medium due to beter interaction with natural
polymers. It was also found that blending a synthetic copolymer with a bioactive material can
increase mass remaining of the scaffold and consequently the available surface for cells
proliferation and differentiation, composed to natural polymers. Such that, measuring the mass
remaining for PCP scaffold, after 14 days exhibited a decrease of approximately 9% compared
to the PQSP (Table 1).
In followed by, the swelling assay was carried out to evaluate the absorption capacity of
scaffold and to understand how the wound exudates diffuse into the scaffold. Because the
swelling capacity of the scaffold (as a wound dressing) is an important factor in exudating
wounds [52]. For this purpose, the swelling % was measured after 1 and 24 h of incubation in
PBS. The results showed, the swelling % of scaffolds possessed an uptrend during 24 h, except
chitosan and QSM scaffolds that can be due to the higher degradation rate (Table 1). The
highest swelling percentage was also estimated for PQSP scaffold because of better interactions
of QSM hydrophilic groups (amine and hydroxyl) with PCL and PEG, and consequently lower
degradation rate, compared to PCP. Thus, the PQSP porous scaffold can be suggested as a 3D
wound dressing that enjoy a higher potential in wound exudates absorption, as compared to the
chitosan-based scaffold (i.e. PCP).
Table 1. Physicochemical and mechanical parameters of scaffolds
Mass
Scaffold
Swelling
Swelling
Elastic
Tensile
remaining(%)
code
(after 1h)
(after 24h)
modulus
strength
after 14 days
PCPE
47.7 ± 0.23
75.4 ± 0.5
187.2 ±1.2
1.4 ± 0.04
2.7 ± 0.22
c
PCP
68.8 ± 0.34
327.4 ± 3.0 394.3 ± 0.3
5.5 ± 0.14
4.4 ± 0.19
PQSP
75.7 ± 1.29
373.9 ± 1.6b 442.8 ± 1.7 22.8 ± 0.3d 13.8 ± 0.58d
Chitosan
35.1 ± 0.2a
365.6 ± 4.8b 273.1 ± 2.5a 5.1 ± 0.08a
1.34 ± 003a
QSM
36.2 ± 2.43a
368.5 ±1.0b 278.2 ± 1.6a 5.2 ± 0.04a,c 1.37 ± 0.03a
a
. There is no significant difference between scaffolds (p> 0.001).
b
. There is no significant difference between scaffolds (p> 0.05).
c

Elongation
at Break
point
1.1 ± 0.002c
1.2 ± 0.004c
3.07 ± 0.1d
0.060 ± 0.0a
0.063 ± 0.01a

. The mean difference is significant at the 0.05 level
. The mean difference is significant at the 0.001 level

d

3.3. Mechanical behavior analysis
The mechanical characteristics of skin tissue-engineered scaffolds, which are attributed to
polymers of scaffold constructor play a crucial role in the promotion of the cellular responses

and cell-scaffold intractions [53]. In this field, some polymers such as PEG can lead to the
transduction of mechanical forces (between cells and the surrounding scaffold) into biological
signals that results in improvement of cells signaling, prolifferation and differentiation [15,54–
56]. However, the combination of polymers can also affect the cells biological behavior via the
formation of stronger intermolecular forces, increase/decrease in stiffness and improvement of
mechanical resistance of scaffold [17,54]. Therefore, the ideal scaffold should possess suitable
biomechanical properties to improve cells behavior (migration, proliferation and
differentiation) [15,57].
Here, the mechanical properties of designed scaffolds were evaluated to study the role of
polymers in mimicking biomechanical behavior of dermal-ECM. The elastic modulus, tensile
strength, and elongation at break point of scaffolds were listed in Table 1.
The results indicate clearly that the mechanical properties of QSM scaffold similar to chitosan
(p>0.05). This can be explained by the same chemical structures (but different formula). As
shown in Fig. 2A, PEPC scaffold indicates the lower elastic modulus than other scaffolds that
related to hydrophobic groups of PCL and increase in stiffness of the scaffold structure (p<
0.001). The same result was observed in tensile strength and elongation for chitosan and QSM
scaffolds that could be due to more hydrophilic groups and an excessive softness of scaffolds
structure (Fig. 2B and C, p<0.001).
The studies have shown that the balance of stiffness and softness of scaffolds can improve
mechanical propertise and regulate the interaction between cell-scaffold [57]. It seems that the
combination of natural and synthetic polymers can be effective for this purpose. Our results
confirm that adding PCPE copolymer into the chitosan and QSM solutions to make the PCP
and PQSP scaffolds, was led to an increase in the mechanical properties due to the existing of
the stretching vibrations of hydrogen bonds and carboxylic (O=C-O) groups (Fig. 2.A-C).
Although the PQSP scaffold showed better mechanical properties compared to PCP, such that,
the modulus, tensile strength, and elongation of PQSP were respectively ~4-fold, 3-fold and
2.5-fold the greater than PCP (p> 0.001). This can be due to the different formula of chitosan
and QSM that led to the stronger intermolecular forces in the PQSP structure together with the
formation of new mini-bands and consequently a balance of stiffness and softness of scaffold.
As a consequence, mechanical characteristics of scaffolds based on natural polymer or
bioactive material significantly improve, when combined with the synthetic copolymers.
Likewise, the comparison of our results with other studies showed that PQSP scaffold is
similar, in terms of mechanical function to the decellularized dermal matrix (DDM) and fresh
skin [58], although, skin source in the body can affect the modulus [59–61]. However, it is
notable that QSM-based scaffold modified by PCPE composite can play an important role in
the application of skin tissue engineering.
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Fig. 2. Mechanical behavior of scafoolds [Modulus (A), Tensile strength (B), and Elongation (C)]
along with their porosity % (D). Results are mean ± SD (n=5, 3 respectively), ****: p< 0.001, **: p<
0.05, and ns: non-significant difference.

3.4. Porosity of scaffolds
Based on the reports, the rapid attachment of cells onto the outer edge of the scaffold is the
main problem of the using engineered scaffolds in vivo. This process leads to expansion of the
necrotic core and consequently the decrease in cell proliferation/differentiation [57]. Therefore,
the design of scaffolds with the optimized inner structure that can enhance cells, nutrients and
oxygen transfer to the scaffold center will be effective to deal with this issue. The researches
in tissue engineering have shown that various materials and methods of scaffolds preparation
influence the microstructure of surfaces and consequently cell-scaffold interactions [18,62,63].
Additionally, polymers including functional groups of amine, amide, and hydroxyl lead to the
more porosity in scaffold network [57]. Our results confirm the mentioned studies. Table 2 and
Figure 2 (D) show the porosity percentage of designed scaffolds. There was no significant
difference between QSM, chitosan, and PEPC scaffolds (p> 0.001). It can be explained by
weak polymer interactions and/or higher accumulation of functional groups near the wall of
the scaffolds. However, the evaluation of porosity % indicated, the combination of natural and
synthetic polymers was respectively led to 33% and 28% increase in porosity of PQSP and
PCP scaffolds, compared to PCPE (Table 2). The higher porosity was also recorded for PQSP
scaffold. The difference in the porosity percentage in the mentioned scaffolds may be caused
by a large number of N-H and -OH functional groups that led to an increase in polymer-polymer
interactions, mini-bands of inner-network and consequently porosity % of PQSP (p< 0.1).
Table 2. Evaluation and comparison of the physical and structural parameters for all scaffolds

Scaffolds code
Porosity (%)
Mean pore diameters (µm)
PCPE
62.1 ± 4.7 a
142.25 ± 4.75
b
PCP
86.2 ± 2.1
69.67 ± 11.63
PQSP
92.3 ± 0.32 b
29.27 ± 1.16
Chitosan
61.2 ± 1.0 a
89.75 ± 2.03
a
QSM
61.1 ± 0.7
85.3 ± 1.47
a
. There is no significant difference between scaffolds (p> 0.001).
b
. The mean difference is significant at the 0.05 level

Pore diameter range (µm)
~61-300
~18-90
~16-57
~46-158
~40-145

3.5. Morphology
SEM images of all scaffolds analyzed to measure pores size and its effect on the cell adhesion
and spreading on the surface of scaffold. Figure 3 (A-E) shows the surface morphology of 3D
scaffolds.
The results indicated that natural and synthetic polymer-based scaffolds (i.e. QSM, chitosan
and PCPE) provided the larger diameter of pores that could be due to the limited number of
intra- and intermolecular interactions. However, the incorporation of PCPE copolymer with
QSM and chitosan was significantly reduced the mean pores diameter of the PQSP and PCP
hybrid scaffolds. Although, the smaller pores size was recorded for PQPS scaffold due to better
interaction of QSM functional groups with PCPE (Table 2).
The studies have shown that the design of the scaffold with 15-125 µm pores diameter can
provide an ideal substrate for differentiation and proliferation of fibroblasts and keratinocytes
[57,64]. However, the uniform distribution of pores diameter that results in a more homogenous
network can affect initial adhesion and distribution of the cells on the surface of the scaffolds
[57,65]. Table 2 and Figure 3 (i-v) indicate the pores diameter range (µm) and diameter distribution
histograms, respectively. Here, we found that the higher accumulation of hydroxyl groups in
the scaffold network can create the more homogenous 3D-structure along with a large number
of pores (higher porosity). This can be explained by the fast freezing of polymeric solutions
and then removal of hydroxyl groups from the interstitial spaces of 3D-network, during the
freeze-drying process [66]. Thus, PQSP due to presence of the more hydroxyl groups was led
to more homogenous structure and uniform distribution of size composed to PCP, chitosan and
QSM. On the contrary, the PCPE scaffold showed much larger diameter of pores that attributed
to hydrophobic domains in PCL.
As a result, it seems that PQSP scaffold can provide better conditions for enhancing cellular
functions (adhesion, proliferation and keratinocyte differentiation) and consequently
remodeling dermal-ECM.

Fig. 3. SEM images of the designed scaffolds before the seeding h-ASCs (A- E), after the seeding hASCs (F-J), and the pores diameter distribution histograms (i-v). The inverted microscope images of
h-ASCs (K-O) and HSF cells (P-T).

3.6. Cell behavior on the scaffolds
The microstructure of the tissue-engineered scaffolds as 3D-microenvironments provides
boundaries for cell growth and differentiation. Morphologically, the ECM-like substrates
improve the adhesion of cells and create a more uniform distribution of cell on the surface
[18,57,64]. We found that a continuous and interconnected network of scaffold with a porous
structure similar to dermal-ECM was dependent on the incorporation of polymers and their
source. The bioactive material as higher-quality polymers can play a crucial role in this field.
As Figure 3 (F-J) shows, lowest cell adhesion observed on the synthetic polymer-based scaffold
(PCPE) that could be due to the hydrophobic surfaces (chemical properties), formation of
simple polymer chains, and larger pores diameter. Based on SEM images, chitosan and QSM
scaffolds also presented an almost similar effect on cell adhesion that could be because of the
same chemical structures and mechanical properties.
Our results also showed that cells adhesion on the surfaces of chitosan and QSM improved
relative to PCPE scaffold, however the cells were sporadically attached to the surfaces. This
can be explained by the lack of cell adhesion ligands in the mentioned scaffolds structure.
The various reports have shown that using PEG as a hydrophilic spacer molecule in the scaffold
structure can lead to a similar pattern of bioactive compound attachment to the biological
surfaces [67,68]. Our study confirms these results. However, we found that PEG can enhance

cell activity when combined with the amide and amine chains of bioactive materials and natural
polymers, via electrostatic interactions, the formation of the ligands on the surface, and
probably covalent attachment of cell-to-scaffold (Fig. 3F,G and H). Therefore, the presence of
PEG in the PCPE structure did not have major impact on the cell attachment process compared
to PCP and PQSP. The comparison of SEM images between PCP and PQSP also showed that
cellular adhesion and distribution depend on the number and interactions of functional groups.
Furthermore, the cells spreading was significantly related to the elastic modulus, porosity
(more than 90%) and surface chemistry of substrates (Fig. 3G-H). Hence, more cell adhesion
observed for PQSP scaffold.
3.7. cell viability and proliperation
The h-ASCs viability was evaluated by MTT assay (after 24, 48 and 72 h) (Fig. 4). Moreover,
proliferation capacity of h-ASCs and HSF cells on scaffolds was determined by inverted
microscope images analysis (after 3 days) (Fig. 3K-O and P-T).
As shown in Fig. 4, the h-ASCs viability on scaffolds increased during the 3 days of cell culture,
except for chitosan and QSM that can be due to an increase in their degradation rate and lack
of physical integrity of the structure and consequently reduction of the surface area available
for cell growth. There was significant differences between PCPE and hybrid scaffolds of PCP
and PQSP, in terms of cell viability (p< 0.001). This can be because of a smaller number of
hydrophilic groups in the PEPC structure relative to PCP and PQSP. Because the bioactive
compounds such as cells lose their activities, when linked to the scaffolds containing
hydrophobic groups [68]. Although, the balance of hydrophilic and hydrophobic groups in the
scaffold structure can promote cell proliferation however, evaluation of cell viability showed
that there was a significant difference between PCP and PQSP, after 3 days (p< 0.05). While,
no significant difference was observed between the control group and PQSP, after 48 and 72 h
(Fig. 4). This can be due to better physicochemical (porosity, pores size, chemical surface,
surface topography, softness/stiffness) and mechanical (elasticity and strength) properties of
PQSP relative to PCP that influence cells behaviors (adhesion, viability, prolifaration and
differentiation). The inverted microscope images confirmed the data of MTT assay, for all
scaffolds (Fig. 3K-O).
As shown in Fig. 3K-T, the PQSP scaffold led to a significant increase in the proliferation of
both cells types (h-ASC and HSF cell), compared to other scaffolds. It can be explained by the
properties of PQSP scaffold and QSM ability as a bioactive material to stimulate proliferation
of fibroblast and stem cells. Therefore, it seems that QSM-based scaffold may contain growthpromoting factors.
The studies have been exhibited that increasing the number of skin cells (such as fibroblasts)
on the skin-engineered substrates lead to faster wound healing [69–72]. This point suggests
that PQSP can act as a regenerative matrix and potential dressing for the treatment of various
wounds and burns.
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Fig. 4. The h-ASCs viability on scaffolds increased during the 3 days of cell culture. ****: p<
0.001, **: p< 0.05, and ns: non-significant difference.

3.8. Real-Time PCR and immunocytochemistry analysis
The h-ASCs differentiation capacity into epidermal and dermal keratinocytes (with normal
morphology) on scaffolds were assessed by RT-PCR and immunocytochemistry analysis, after
7 and 14 days. As shown in Fig 5A, the K10 and K14 (as early differentiation markers), and
K18 (as a late differentiation marker) which are expressed at 3-7 and 14-21 days, respectively
[73–75], indicated a higher expression level on PQSP relative to other scaffolds. This could be
due to presence of QSM in the mentioned scaffold structure and better interactions of amide
and amine chains of this bioactive material with PEG (as a induction factor of biological
signals). These factors lead to an increase in crosslinking, elastic modulus and hydrophobicity
and consequently can directly affect cellular behavior and growth pattern [8].
Although, the K10 and K14 are known as early markers, the studies of wound healing process
have shown that the expression level of K14 on day 3-7 of the skin regeneration process is
higher than that of K10. After 7 days, the expression level of both keratinocytes decrease,
however K10 indicates a higher expression level compared to K14 [73,76]. This process is
related to the mechanism of wound healing and formation of the basal and suprabasal layers,
respectively that play an important role in skin regeneration [75].
In this study, the comparison of K14 and K10 expression on the scaffolds (at days 7 and 14)
demonstrated that PQSP, QSM, and chitosan scaffolds could imitate such a mechanism.
Although, there are significant differences in expression level between PQSP with each of two
scaffolds of QSM and chitosan (p< 0.001).
According to 2-∆∆Ct method, we did not observe any significant differences in expression levels
for K10 and K14 genes between PQSP and TCP (as the control group in epidermal-induction
medium) at day 7. In contrast, h-ASCs on PQSP exhibited less K18 induction than TCP (less
than 85%), after 14 days. Nonetheless, the gradual induction of this keratinocyte can follow up
to 21 days [75].

Furthermore, it was found that chitosan and QSM scaffolds possessed the same function in the
induction of keratinocytes differentiation because of similar physicochemical properties. The
lower expression level was also observed for these scaffolds (chitosan and QSM) that can be
related to weaker 3D-network, physically and mechanically (p< 0.001).
It is notable that did not observe any K18 expression on the PCPE scaffold. This can be
explained by lack of N-H groups in chemical structure of PCL and PEG. Expression of this
keratin is very crucial in the dermal differentiation and re-epithelialization of skin together with
its derivative (hair follicles, sebaceous/sweat glands) [75]. Our results showed that the QSMbased hybrid scaffold (PQSP) can be more appropriate candidate for skin tissue engineering
applications composed to chitosan-based hybrid scaffolds (PCP) and can function as an
induction substrate or wound dressing.
Based on the results of RT-PCR, the immunocytochemical study was performed for only two
groups of PCP and PQSP due to the better results of keratinocytes differentiation. Three types
of antibodies were used to detect epidermal and dermal markers expressed at two different
differentiation stages: keratins 10 and 14 (early) as epidermal keratinocytes and keratins 18
(late) as dermal keratinocytes. The expression and morphology of K10, K14, and K18 were
observed after 7 and 14 days of cell culture on PCP and PQSP. As illustrated in Fig 5B, the
distinguishable phenotypical feature of epidermal and dermal keratinocytes are observed on
each of the two scaffolds. The h-ASCs which grown on two scaffolds exhibited polygonal and
round morphologies. However, PQSP led to a significant increase in keratinocytes induction
and proliferation, in the absence of growth factor, compared to PCP. Such that, the K10, K14,
and K18 expression on the PQSP were respectively recorded ~1.5, 2 and 1.6-fold the higher
than PCP, after 7 and 14 days (Fig. 5A). This can be due to the existing of various functional
groups in the PQSP structure than PCP. Surface chemitry assay (FTIR) confirms this result.
Overall, the results of RT-PCR and immunocytochemistry analysis indicated that novel 3D
PQSP scaffold can induct both epidermal and dermal keratinocytes by h-ASCs differentiation
(in a desirable level for wound healing), via mimicking the structure and function of dermalECM and increasing the mechanical signals transduction into the biological signals that result
in the imitative of the normal phenotype and differentiation pattern of epidermal and dermal
cells (in the early and late phases). These features are owing to the existence of QSM bioactive
material in the structure of PQSP scaffold.
This preliminary study suggests that QSM can function as an important factor in skin tissue
engineering for induction of keratinocytes, acceleration of cells growth and wound healing.

Fig. 5. Expression of K14, K10, and K18 on all five scaffolds (A) along with immunecytochemical
analysis for the expression of the mentioned keratinocytes on only PQSP and PCP scaffolds (B), at
days 7 and 14. Results are mean ± SD (n=3). ****: p< 0.001, ***: p< 0.01, **: p< 0.05, *: p< 0.1, ns:
non-significant difference, and NC: negative control.

Conclusion
In the present study, a novel hybrid scaffold (PQSP) containing quince seed mucilage and PCLPEG composite was designed to achieve an ideal substrate for skin tissue engineering
applications. Four other scaffolds based on natural and synthetic polymers (PCPE, PCP,
chitosan, and quince-seed mucilage (QSM)) were also fabricated to determine the role of
extracted mucilage (gel) from quince-seeds in improving physicochemical, biomechanical and
structural properties of scaffold, and to understand the cellular behavior on the engineeried
substrates. Our results suggested that PQSP hybrid scaffold can support human dermal
fibroblasts proliferation via providing a porous network with the appropriate pores size for the
growth of skin cells. Moreover, the high water absorption capacity of this scaffold compared
to other scaffolds showed that can act as a suitable dressing for continuous absorption of wound
exudates. We also have demonstrated, for the first time, that the QSM, when were combined
with PEG, can be more effective than that of chitosan, in terms of mechanical force-induced
signals transduction (mechanical force between cell and scaffold) into the biological signals
and induction of h-ASC differentiation into both keratinocytes of dermal and epidermal.
Furthermore, it was found that the presence of QSM in the hybrid scaffold structure can create

not only proper factors to promote cell proliferation and differentiation but also provide a
differentiation pattern similar to epidermis and dermis keratinocytes. Thus, QSM as a
differentiation-promoting factor (smart biomaterial) and inexpensive material can be effective
to integrate into skin tissue-engineered scaffolds and develop smart/stimuli-responsive biomatrix (wound dressings or scaffolds containing cells, growth factor-free). In our opinion, this
study can provide new insight into the design of dermal ECM-like 3D-microenvironment,
based on bioactive materials/molecules, and sheds light on the therapeutic applications of such
scaffolds.
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