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Abstract
Treatments of skin injuries caused by trauma and diseases are among the most consider-
able medical problems. The use of scaffolds that can cover the wound area and support
cellular ingrowth has shown great promise. However, mimicking the physicochemical
properties of the native skin extracellular matrix (ECM) is essential for the successful
integration of these scaffolds. Elastin has been known as the second main protein-based
component of the native skin ECM. In this research, scaffolds containing gelatin, cellulose
acetate, and elastin were fabricated using electrospinning. Subsequently, the effects of
soluble elastin on the physical, mechanical, and biological properties of the prepared
scaffolds were studied. The results confirmed that the presence of elastin in the compo-
sition changed the fiber morphology from straight to ribbon-like structure and decreased
the swelling ratio and degradation rate of the scaffold. In vitro experiments showed that
elastin-containing scaffolds supported the attachment and proliferation of fibroblast cells.
Overall, the obtained results suggest the ternary blend of gelatin, cellulose acetate, and
elastin as a good candidate for skin tissue engineering.
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Introduction

Skin is the largest organ in mammalians with a role of protecting the internal organs from
environmental pathogens and toxins. Skin injuries due to burn, trauma, and large and deep cuts
disturb the skin function and expose the patients to life-threatening conditions. Although skin
possesses excellent regenerative properties, underlying conditions such as diabetes and the notice-
able size of the damage can prevent the timely healing process. To assist the fast healing of such
wounds, dermal scaffolds have been engineered to provide an efficient cover of the wounds and
protect the body temporarily yet supporting cellular ingrowth and tissue regeneration [1, 2]. To
achieve this goal, numerous efforts have been carried out to create dermal and epidermal substitutes
to mimic human skin. Various natural and synthetic materials have been used as substitutes [3, 4].
However, it is known that the composition and architecture of the employed scaffolds affect their
success in inducing tissue regeneration. The native ECM is a three-dimensional (3D) protein-rich
nanofibrous structure such as collagen and elastin as well as polysaccharides [5].

Elastin is one of the main constituents of skin ECM structural proteins which contributes
due to its high elasticity. Elastin, in native tissues, is highly cross-linked and insoluble. In
addition, elastin-based constructs offer elastic mechanical properties and excellent biological
activity that make them suitable for tissue engineering applications [6, 7]. Furthermore, gelatin,
a natural biocompatible protein derived from denaturing of triple helix structure of collagen, is
one of the most widely used proteins in tissue engineering applications. Gelatin is cost-
effective yet offers biological activity comparable to collagen and can be easily employed in
various fabrication processes such as electrospinning [8–12].

Cellulose and its derivatives including cellulose acetate (CA) are the most abundant
renewable polysaccharides which have been utilized for the decades in various applications
especially as wound dressing materials [13, 14]. Blends of proteins such as gelatin and
cellulose acetate have been previously employed for various tissue engineering applications.
Our previous study showed that the gelatin/CA blend containing 30%wt CA suggested a good
candidate for fabrication of nanofibrous scaffolds for skin tissue engineering [5, 15]. The
nanofibrous mats formed by electrospinning process offer architectures similar to native ECM
[16]. We hypothesized that the addition of elastin to the blend of gelatin/CA can further
improve the elasticity and biological behavior of the scaffold.

To evaluate this hypothesis, we fabricated the nanofibrous scaffolds containing gelatin/CA/
elastin using electrospinning. We then studied the effect of elastin incorporation on the
physical and biological properties of the ternary blend scaffold. Morphology, swelling, and
degradation ratio and tensile properties of the scaffolds were also analyzed. After that, cell
viability and growth on the scaffolds were studied using the MTT assay. The attachment and
growth of fibroblast cells on the scaffolds were also assessed using SEM micrographs. The
results confirmed that the developed mats can be used for engineering biological skin and
treatment of skin injuries and disorders.

Experimental Section

Materials

Gelatin typeA fromporcine skin (Fluka), cellulose acetate (Mr = 29,000; acetyl groups of 39.8%),
and soluble α-elastin from bovine neck ligament (Sigma-Aldrich) was used in fabrication of the
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scaffolds. Glacial acetic acid (Merck) and glutaraldehyde (GA, 25% v/v) (Sigma-Aldrich) were
used as solvent and cross-linking agent, respectively, through the fabrication process.

Scaffold Fabrication

CA, gelatin, and elastin were firstly dissolved in 89% (v/v) acetic acid at total concentration of
20% (wt/v). The weight ratio of CA to gelatin was constantly kept at 30%, while the ratio of
elastin to gelatin was changed from 0 to 10% (wt/wt). Formulation of the samples and their
assigned codes are listed in Table 1.

Electrospinning (Fanavaran Nanomeghyas Co., Iran) method was used to fabricate the
nanofibrous scaffolds at the applied high voltage of 19.5 kV and a gap distance of 15.5 cm
according to the optimization which was achieved in our previous study [5]. The polymer
solution was loaded into a 1-mL syringe attached to a 23G blunted stainless steel needle at
a flow rate of 1.0 mL/h. The fibers were collected on an aluminum film. Scaffolds were
exposed to glutaraldehyde (GA) vapor (25% v) at 40 °C for 6 h for cross-linking and then
washed with 0.2 M glycine and phosphate-buffered saline (PBS) to eliminate any
unreacted GA.

Scaffold Characterization

The microstructure of the fabricated scaffolds was evaluated using scanning electron micros-
copy (SEM, Philips XL30) at an accelerating voltage of 20 kV after gold coating (Sputter
Coater, BAL-TEC SCD005). The fiber diameters and the pore size of the scaffolds before and
after cross-linking were determined by the SEM images using image analysis program
(ImageJ, National Institutes of Health, USA) using at least 100 measurements. The pore size
of the scaffolds was determined by measuring the diameter of a virtual sphere between fibers in
the same or the nearby plane. The distributions and the mean values were determined using
IBM SPSS statistics software (version 22).

ATR-Fourier transform infrared spectroscopy tests (ATR-FTIR, Bruker USA) were per-
formed to identify the functional groups of the polymers and prove the cross-linking reaction
in the scaffolds over the range of 4000–600 cm−1.

In vitro swelling and degradation of the cross-linked scaffolds were also evaluated from the
mass change of samples (n = 5) for 21 days according to ASTM F1635. The samples were
immersed in PBS (pH 7.4) at 37 °C in an incubator. The solution was refreshed every 3 days.
After the specified time intervals, the samples were removed and weighted (Ws) and dried in a
vacuum oven and then weighted again (Wd).

The swelling and degradation percents were calculated from Eqs. 1 and 2, respectively:

Swelling ratio %ð Þ ¼ W s−W i½ �=W i � 100 ð1Þ

Degradation ratio %ð Þ ¼ W i−Wd½ �=W i � 100 ð2Þ
where Wi is the initial dry weight of the sample before immersion in PBS.

Table 1 Formulation of the
samples Samples 0% 5% 10%

CA/gelatin (%wt/wt) 30% 30% 30%
Elastin/gelatin (%wt/wt) 0% 5% 10%
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The mechanical properties of the cross-linked scaffolds were characterized using a
tensometer (Zwick 1446-60), with a load cell of 20 N at 10 mm/min strain rate according to
ASTM D638. The scaffolds were cut in rectangular shapes (10 × 50 mm) and their thickness
was measured at three random points of each sample. At least five samples were prepared for
each composition. The tensile properties were measured at wet condition. The samples were
soaked in PBS at 37 °C for 2 days prior to the test. The tensile modulus was calculated from
the slope of the linear section of the stress-strain curves while the ultimate tensile strength and
elongation at break were also measured and reported.

Cell Viability, Attachment, and Proliferation

Scaffolds were cut in a circular shape with a diameter of 15 mm and placed in a 24-well plate
and subsequently sterilized for 2 h in 70% (v/v) ethanol followed by overnight under UV light.
The scaffolds were then immersed in culture medium consisting of RPMI (Gibco) supple-
mented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v) penicillin-streptomycin
(Invitrogen) overnight prior to cell seeding [4].

The human gingival fibroblasts (HGF) were cultured in RPMI culture medium, at 37 °C,
with atmosphere of 5% CO2 and 90% relative humidity. They were then collected from the
flask using Trypsin-EDTA (Sigma), and counted and seeded on the samples (n = 5) with a
density of 1 × 104 cells per well.

Cellular viability and cytocompatibility of scaffolds were evaluated using MTT assay. The
samples were incubated for 1, 3, and 7 days at 37 °C and the atmosphere of 5% CO2. At each
time interval, 40 μL of MTT solution (5 mg/mLit) was added to the samples and incubated for
4 h. After that, 400 mL DMSO was added to dissolve the Formazan product. The absorbance
of the product was measured at 570 nm using a spectrophotometer (Hiperion MPR4). Tissue
culture plate and DMSO were used to determine the background noise.

Cellular adhesion to the scaffolds and their morphology were observed using SEM
micrographs after 1 and 7 days of cell seeding. Samples were fixed with 2.5% (v/v) glutaral-
dehyde for 1 h and then dehydrated with graded ethanol (70, 80, 90, and 99.8% v/v). The
samples were then dried in a vacuum oven and coated with gold sputter before SEM analyses.

Statistical Analysis

All data were reported as mean ± standard deviation. One-way analysis of variance (ANOVA)
was performed to validate the significant differences among the groups. All statistical analyses
were performed using SAS 9.4 (Richmond, USA) and differences were considered significant
in p < 0.05 [4, 17, 18].

Results

Characterization of Nanofibrous Scaffolds

Figure 1a shows SEM images of the samples. The presence of elastin in compositions changed
the morphology of cross-linked fibers from straight in the scaffold without elastin to ribbon-
like for the scaffolds with 5 and 10% elastin, as also reported in the previous researches
[19, 20]. The cross-linking process increased the fiber diameter and pore size of the scaffolds
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in elastin-containing samples. Fusion of fibers together during the cross-linking and ribbon-
like morphology of the elastin-based scaffolds caused these significant changes. Increasing the
elastin content from 0 to 5% of gelatin enlarged the fiber diameter for the cross-linked
scaffolds from 219 ± 80 nm to 505 ± 100 nm (Fig. 1b). Adding 10% elastin did not further
enlarge the fiber diameter. The scaffold pore size was doubled in the scaffold with 5% elastin
compared to gelatin/CA scaffold (Fig. 1c).

Chemical characterization of scaffolds was carried out using FTIR analysis to confirm the
cross-linking of the fabricated nanofibers (Fig. 2a). The specific peaks of cellulose acetate
including C-O-C (1240, 1160, and 1049 cm−1), C=O (1745 cm−1), and OH (broad peak
between 3000 and 3700 cm−1) were observed in all the samples, which confirms the presence
of cellulose acetate in the scaffolds [4, 21]. According to functional group similarity of gelatin
and elastin, it was expected to see some increase in amide I, II, III, and A peaks (1645, 1540,
1240, and 3300 cm−1, respectively) with increasing elastin content in the composition, which is
observable in Fig. 2a. The broad OH peak of all samples reveals the hydrogen bonding and
miscibility of the components. Cross-linking reaction of gelatin and elastin within all the
scaffolds was confirmed by the formation of the new CH=N bond at 1400 cm−1 due to
aldimine absorption as previously reported elsewhere [22].

Swelling ratio of the cross-linked scaffolds was monitored during a period of 21 days in
PBS. As shown in Fig. 2b, the swelling ratio of the scaffolds increased and then reached
equilibrium during this period. This increase might be due to surface hydrogen bonding and
the scaffold degradation. The swelling ratio of gelatin nanofibers was more than that of the

Fig. 1 a SEM micrographs of the gelatin/CA scaffolds with 0%, 5%, and 10% elastin. b Fiber diameter and c
pore size of the scaffolds containing 0 to 10%wt elastin with and without cross-linking
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scaffolds containing elastin. The percentage of swelling decreased from 380% in gelatin/CA
scaffold to 285% in the scaffold containing 10% elastin. Increasing elastin from 5 to 10% had
no significant effect on the swelling ratio. The presence of elastin in composition increased the
fiber diameter. The diffusion of PBS into thicker fibers was slower due to the smaller surface-
area-to-volume ratio. Vatankhah et al. reported the swelling ratio of about 400% for uncross-
linked gelatin/CA scaffold [23]. It was expected to observe lower swelling ratio in cross-linked
samples due to the consumption of hydrophilic amino groups during the cross-linking reaction
as well as the higher stability of the polymeric network. It is worthy to note that the swelling
ratio of a skin substitute is very important in wound exudation absorption [23]. Wang et al.
measured the swelling ratio of four commercial skin substitutes including MEDPOR®, Hydro
Coll®, DuoDERM®, and Tegaderm®. The values were reported in the range of 150 to 400%,
respectively [24]. As shown in Fig. 2b, the swelling ratios of all the scaffolds were high
enough to absorb the wound exudation as a skin substitute, which is possibly related to highly
porous structure and hydrophilic composition of the scaffolds.

Fig. 2 a Chemical characterization
of the scaffolds using FTIR
analysis. b The swelling ratio of
the scaffolds versus soaking time.
c The weight loss of the scaffolds
versus soaking time
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Both physical structure and chemical composition control the scaffold degradation rate. The
elastin-containing scaffolds exhibited lower weight loss compared to elastin-free scaffold. The
scaffold degradation occurred through the hydrolysis of amino acid groups in gelatin and
elastin and the decomposition of the ester bond in cellulose acetate [15]. Figure 2c shows the
weight loss of the cross-linked scaffolds during 21 days soaking in PBS. Increasing the amount
of elastin from 0 to 10% increased the amino acid groups in the composition. Furthermore,
physical structure of the scaffold including fiber diameter and pore size influenced the
degradation rate of the scaffold, as also reported previously [15]. The increase in amino acid
content and fiber diameter due to increasing the amount of elastin reduced the degradation rate.

Evaluation of mechanical properties of the prepared scaffolds at the wet condition better
simulates the body condition. Therefore, the tensile modulus, ultimate tensile strength, and
elongation at break of the samples were tested at the wet condition. Performing the test at wet
condition simulates the body condition better. The tensile test was performed only on cross-linked
samples, because of the high degradation rate of the uncross-linked samples in PBS. All samples
showed a similar behavior; a linear trend followed by nonlinear one without any necking. Figure 3

Fig. 3 a The tensile modulus, b
elongation at break, and c ultimate
tensile strength of the scaffolds in
wet condition
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shows the tensile properties of the scaffolds. Increasing the amount of elastin in composition from
0 to 5% decreased the tensile modulus whereas it increased the elongation at break of the
scaffolds, significantly. But, further increasing from 5 to 10% had no significant effect on these
tensile properties. The highest value of elongation was observed for the scaffold containing 5%
elastin as much as 120%. A similar trend was observed in fiber diameter and scaffold pore size of
the scaffolds. Increasing the elastin content from 0 to 5% of gelatin enlarged the fiber diameter and
pore size of the scaffold, whereas further increasing elastin content to 10% had no significant
effect on these physical properties. It has been reported that the tensile modulus of fibers with
diameter lower than 500 nm decreased with increasing the fiber diameter [19, 25]. The amount of
elastin had no significant effect on ultimate tensile strength (p value 0.58).

Cellular Viability, Attachment, and Proliferation

To assess the biological activity of the engineered scaffolds, dermal fibroblasts were cultured
on the nanofibrous mats at 37 °C and 5% CO2 for 7 days. Cellular metabolic activity was
determined by the MTT assay as an indication of their viability. Live cells reduce the MTT
compound to a colored formazan with absorbance at 570 nm. The absorbance quantity of
formazan product is directly related to the number of viable cells on the sample. Figure 4a
shows the absorbance percentage in the cells cultured on the fabricated scaffolds compared to
the control (tissue culture plate). As shown in this figure, the absorbance percentage is higher
in elastin-containing scaffolds during 7 days post seeding. The presence of elastin in the
scaffolds did not induce toxicity and better supported fibroblast growth. Increasing elastin
content from 5 to 10% had no significant effect on the amount of absorbance.

Cellular attachment and morphology on the scaffolds were also examined by SEM analysis
(Fig. 4b). At day 1 after cell seeding, cells were attached and spread on the surface of scaffolds,
and after 7 days, they proliferated on the surface and migrated through the scaffolds. As shown
in Fig. 4b, fibroblast cells were better attached and grew in the elastin-containing scaffolds.

Discussion

Mimicking the chemical and mechanical properties of native ECM is critical for engineering
scaffolds that support skin regeneration as more similar to native ECM is expected to increase
cellular ingrowth. The skin ECM consists of collagen and elastin nanofibers in a polysaccharide
matrix. Collagen and elastin make up 77% and 4% of the weight of the dried skin, respectively.

0%a b 5% 10%

Fig. 4 a The absorbance percentage at 570 nm in the scaffolds in day 1, 3, and 7 after seeding. b The SEM
micrographs of the scaffolds in days 1 and 7 after seeding fibroblast
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Collagen fibers provide the stiffness of the ECM, and elastin renders it elastic [26]. Gelatin has
been widely used as a substitute for collagen, because of their similarity and its availability
[8–10]. Cellulose acetate is a polysaccharide with a long history in wound dressing applications
[13, 14]. We optimized the composition and processing conditions for electrospinning of
uniform gelatin/CA/elastin nanofibers. The main objective of this study was to study the effect
of adding elastin to the composition on mechanical and biological properties of the fabricated
scaffolds. Therefore, different amounts of elastin (0 to 10%wt) were loaded in gelatin/CA
nanofibers to find the best composition for better ECM simulation. Nanofibrous webs with the
diameter of 190 to 250 nm and pore size in the range of 330 to 500 nm were fabricated and were
chemically cross-linked using glutaraldehyde vapor to increase their strength and degradation
resistance. Glutaraldehyde has shown great success because of its availability and low cost in
addition to its high reactivity with amine groups [27, 28]. The SEM micrographs and FTIR
results confirm the cross-linking progress. The morphology of the scaffolds changed from
separate fibers to the fused web. The fiber diameter and pore size of elastin-containing scaffolds
increased due to cross-linking. Swelling of the fibers with glutaraldehyde vapor and fusion of the
fibers together are the main reasons of the increases in diameter and pore size.

The largest fiber diameter and pore size were observed in the scaffold containing 5% elastin. The
increasing pore size in electrospun scaffolds is an important feature which has gained attention in the
last decade. Larger pores increase the possibility of cell infiltration into the scaffolds [19, 20, 29].

The swelling ratio is an important property in engineered scaffolds, which correlates to the bulk
hydrophilicity of the scaffold. It influences transportation of nutrients and wound exudation. Over
the limit swelling causes undesirable pressure to the near tissues and under the limit swelling ratio
decreases the cell tendency to attach to the scaffold and cell nutrition. The incorporation of elastin
in the composition slightly decreased the swelling ratio of the scaffolds. Overall, the swelling ratio
of all the scaffolds was comparable to some commercial skin substitutes.

Mechanical properties of the engineered scaffolds are very important for better simulation of the
ECM. The similarity of mechanical properties of the engineered scaffolds to the native tissue
facilitates their integration and cellular ingrowth. In the literature, the range of skin Young’s
modulus has been reported to be between 0.2 and 1 MPa and skin can tolerate elongations more
than 100% [26, 30]. Young’s modulus of the scaffold containing 5%wt elastin was 0.43 ± 0.1MPa,
which was within this range. This scaffold also showed the highest value of elongation at break as
much as 120%. Therefore, with adding 5%wt elastin to the blend of gelatin/CA, a ternary blend
with similar composition and physicomechanical property to the native skin was reachable.

The presence of elastin also increased the cell interaction with the scaffolds. Great elasticity
of these scaffolds or signaling events between proteins in scaffold composition and fibroblast
cells increased the cell proliferation on these scaffolds. On the other hand, the larger pores in
these scaffolds supported cellular to penetrate into the 3D structure of the scaffolds. Overall,
results suggested that the gelatin/CA containing 5%wt elastin is a suitable candidate for skin
tissue regeneration. The results should be later verified in animal studies.

Conclusion

The effect of elastin incorporation on physical, mechanical, and biological properties of gelatin/
CA electrospun scaffolds was studied. The presence of elastin in the blend increased the fiber
diameter and pore size of the scaffolds. The swelling ratio and degradation rate were decreased in
elastin-containing scaffolds. The tensile modulus of the scaffolds was in the range of 0.4 to
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0.6 MPa, which is appropriate for the skin regeneration. The highest value of elongation was
observed for the scaffold containing 5% elastin as much as 120% strain. Further increasing elastin
content to 10%wt had no significant effect on these properties. Therefore, the blend of gelatin with
30% CA and 5% elastin which had similar composition to the skin showed the best
physicomechanical properties. MTT assay and SEM analysis also demonstrated the feasibility
of using this composition for skin substitution and regeneration. Fibroblast cells interacted very
well with this scaffold, so this scaffold can serve as a good candidate for skin tissue engineering.
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