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Abstract
Engineering dermal substitutes with electrospun nanofibres have lately been of prime
importance for skin tissue regeneration. Simple electrospinning technology served to produce
nanofibrous scaffolds morphologically and structurally similar to the extracellular matrix of
native tissues. The nanofibrous scaffolds of poly(L-lactic acid)-co-poly(ε-caprolactone)
(PLACL) and PLACL/gelatin complexes were fabricated by the electrospinning process.
These nanofibres were characterized for fibre morphology, membrane porosity, wettability and
chemical properties by FTIR analysis to culture human foreskin fibroblasts for skin tissue
engineering. The nanofibre diameter was obtained between 282 and 761 nm for PLACL and
PLACL/gelatin scaffolds; expressions of amino and carboxyl groups and porosity up to 87%
were obtained for these fibres, while they also exhibited improved hydrophilic properties after
plasma treatment. The results showed that fibroblasts proliferation, morphology, CMFDA dye
expression and secretion of collagen were significantly increased in plasma-treated
PLACL/gelatin scaffolds compared to PLACL nanofibrous scaffolds. The obtained results
prove that the plasma-treated PLACL/gelatin nanofibrous scaffold is a potential biocomposite
material for skin tissue regeneration.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Tissue engineering has striven to recreate natural three-
dimensional environment for better cell and tissue growth
through biomimicry-inspired design of materials [1]. Co-
ordination of cells with their substrate is critical for the
successful regeneration of any tissue construct [2]. Current
tissue engineering research is based on seeding cells onto
porous biodegradable polymer matrices [3] which can serve
as substrates for cell attachment and tissue formation both
in vivo and in vitro. A primary factor is the availability of
good biomaterials to serve as temporary matrices for tissue
engineering. The material selected for this purpose should

3 Author to whom any correspondence should be addressed.

be porous to offer a channel for migration of host cells into
the matrix and also biodegradable into non-toxic products after
serving the function in vivo [3]. The surface texture, along with
the nature of a biomaterial controls cell adhesion, proliferation,
shape and function [4, 5]. As demand increases for more
sophisticated scaffolds, materials are designed in such a way
that they would perform a more active role in guiding tissue
development [6, 7].

Nanofibrous scaffolds, with their high surface area and
porosity, are desirable for high-density cell and tissue cultures.
These scaffolds act as substrates for cells until they regenerate
a new extracellular matrix (ECM) in the region and will also
result in an efficient, compact organ and a rapid recovery
process [8]. An important aspect of these efforts is to mimic
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the fibrillar structure of the ECM, which provides essential
guidance for cell organization, survival and function [9]. The
nonwoven scaffolds of electrospun nanofibres resemble the
collagen structure of the ECM, in which nanoscale multi-fibrils
of collagen are composed into a three-dimensional network
together with proteoglycans [10]. In addition, because of
their large surface area-to-volume ratio and porous structure,
nanofibres also help in cell adhesion, proliferation [11],
migration [12] and differentiation [13].

Nanofibrous scaffolds for wound healing and skin tissue
regeneration have been of concern lately. Tissue-engineered
dermal substitutes act as supplementary dermal templates and
improve wound healing [14]. The primary aim of tissue-
engineered skin is to achieve complete wound closure and
restore normal skin function. Successful skin graft outcomes
require adherence to wounds, histocompatibility, control of
fluid loss and infection, absence of antigenicity and toxicity,
mechanical stability and compliance, cost-effectiveness and
availability [15, 16]. Electrospun nanofibrous membranes
have shown uniform adherence to the wound surface without
any fluid accumulation [17, 18]. Moreover, nanofibrous
scaffolds overlook the restrictions faced by living skin
substitutes such as insufficient skin donor and concerns of
transmittable diseases [19]. In recent times, electrospinning
has been the oft-used method for manufacturing nanofibres of
synthetic [20–23] and natural [24] polymers.

Previous reports of nanofibrous scaffolds for wound
dressing include those of polyurethane [17], amorphous
poly(D,L-lactic acid) (PDLA) and semi-crystalline poly(L-
lactic acid) (PLLA) [21], silk fibroin [25] and polycaprolactone
(PCL) [26]. The nanofibres of PCL/collagen were used for
the preparation of artificial dermis [11, 27]. Researchers have
attributed improved wound healing for seeding fibroblasts into
a dermal substitute [28, 29] as dermal fibroblasts have the best
characteristics in terms of phenotype and cell proliferation
[30].

The current study focuses on the fabrication of nanofibres
using poly(L-lactic acid)-co-poly(ε-caprolactone) (PLACL)
and gelatin and their potential use as substrates for the
culture of human dermal fibroblasts. Previous research on
the culture of smooth muscle cells [31, 32] and endothelial
cells [33, 34] have used PLACL, a synthetic copolymer
of PCL and PLLA [35], because of its beneficial features
like biodegradability and non-toxicity. Gelatin is a protein
produced by the partial hydrolysis of collagen and contains
the Arg-Gly-Asp (RGD)-like sequence which promotes cell
adhesion, migration and forms a polyelectrolyte complex [36].
Previous studies have used collagen as a substrate for cell
culture as it is easily degraded and resorbed by the body.
However, the use of collagen requires a cross-linking agent
and thus could lead to cytotoxicity [37]. Also, collagen has
poor mechanical properties and occurs in composites such as
collagen–glycosaminoglycans which deter skin regeneration
[38]. Use of gelatin overcomes these problems, and in
combination with a synthetic polymer like PLACL, gives
a ‘bioartifical polymer’ with enhanced biocompatibility and
chemical properties. This study involves the characterization
of these nanofibres and analysis of cell growth and proliferation

to determine the efficiency of skin tissue regeneration on these
biocomposite polymer nanofibrous scaffolds.

2. Materials and methods

2.1. Materials

Dulbecco’s Modified Eagle’s Medium, foetal bovine serum
(FBS), antibiotics and trypsin–EDTA were purchased from
GIBCO Invitrogen, USA. Poly(L-lactic acid)-co-poly-(ε-
caprolactone) (70:30, Mw 150 kDa) was obtained from
Boehringer Ingelheim Pharma, GmbH & Co., Ingelheim,
Germany. Porcine gelatin and 1,1,1,3,3,3-hexafluor-
2-propanol (HFP) were purchased from Sigma-Aldrich,
USA. Dichloromethane (DCM) was obtained from Merck
(Germany) and N, N-dimethyl formamide (DMF) was
purchased from Sigma-Aldrich (USA).

2.2. Electrospinning of nanofibrous scaffolds

The nanofibres of PLACL and PLACL–gelatin blend (PLACL-
G) were prepared by the electrospinning process. The
electrospinning solutions of PLACL and PLACL-G were
prepared by dissolving PLACL in DCM/DMF (70:30) and
PLACL–gelatin mixture (3:1) in HFP to form 10% (w/v) and
were stirred overnight at room temperature. Electrospinning
was done using a 3 ml standard syringe with a blunted 22-
gauge needle, and the solution flow rate was controlled by
a syringe pump (KDS 100, KD Scientific, Holliston, MA).
Electrospinning of PLACL and PLACL-G was carried out at a
flow rate of 0.75 ml h−1 and 1 ml h−1 and at an applied voltage
of 19.5 kV and 17.5 kV (Gamma High Voltage Research,
USA), respectively. The solution flowing from the tip of the
needle was splayed as nanofibres as a result of the charge
density and was collected on coverslips placed over a grounded
aluminium collector at a distance of 12–13 cm from the needle
tip. Electrospinning conditions were maintained at 30 ◦C and
30% humidity. The membranes were dried under vacuum at
room temperature overnight.

2.3. Characterization of nanofibrous scaffolds

The electrospun nanofibres were sputter-coated with gold
(JEOL JFC-1200 Fine Coater, Japan) and visualized using a
field emission scanning electron microscope (FESEM) (JEOL
JSM 6700, Japan). The average diameter of the nanofibres
was obtained using image analysis software (Image J, National
Institute of Health, USA). Functional group characterization
of PLACL and PLACL-G nanofibres was done by Fourier
transform infrared (FTIR) spectroscopic analysis on Avatar
380 (Thermo Nicolet, Waltham, MA, USA) over a range
of 500–3800 cm−1 at a resolution of 2 cm−1. The wet-
up/dry-up method of capillary flow porometer (CFP-1200-
A, Ithaca, NY, USA) was used to measure the pore size of the
nanofibrous scaffolds; the automated CFP system software was
used for analysis of the pore size distribution. The thickness of
nanofibrous scaffolds was measured using a micrometer and
their porosity was calculated according to Ma et al [39].
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Sessile drop water contact angle measurement (VCA
Optima Surface Analysis system, AST products, Billerica,
MA) was done to study the hydrophilic nature of the
electrospun nanofibrous scaffolds. Air plasma treatment was
done by an electrodeless radio frequency glow discharge
plasma cleaner (PDC-001, Harrick Scientific Corporation,
USA) for 2 min under vacuum at a radio frequency power of
30 W. The scaffolds were tested for their mechanical strength
using a tabletop tensile tester (Instron 3345, USA) using a
load cell of 10 N capacity. The membranes were cut into
rectangular strips of 10 mm × 20 mm dimensions and mounted
vertically on the gripping unit of the tester. Testing was done
at a crosshead speed of 10 mm min−1 with data being recorded
every 50 ms. The temperature was maintained at 18 ◦C and
the humidity at 50%. Tensile stress, strain and elastic modulus
were calculated based on the obtained tensile stress–strain
curve.

2.4. Fibroblasts culture and proliferation

2.4.1. Fibroblasts culture. Human foreskin fibroblasts were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). The fibroblasts were cultured in DMEM
supplemented with 10% foetal bovine serum (FBS) and 1%
antibiotic and antimycotic solutions (Invitrogen Corp., USA)
in a 75 cm2 tissue culture flask and incubated at 37 ◦C in
a humidified atmosphere with 5% CO2. The populations
of fibroblast passage 5 were used for this experiment.
The electrospun scaffolds on coverslips were UV-sterilized,
rinsed in phosphate-buffered saline (PBS) and soaked in cell
culture medium overnight prior to cell seeding to facilitate
protein adsorption and cell attachment. The fibroblasts were
separated by trypsinization, centrifuged, counted using a
haemocytometer and seeded on the scaffolds at a cell density
of 1 × 104 cells/well and incubated at conditions suitable for
cell growth. Tissue culture polystyrene (TCP) was used as the
control for cell culture studies.

2.4.2. Cell proliferation. The proliferation of cultured
fibroblasts was monitored on the third, sixth and ninth day
of culture using the colorimetric MTS assay (CellTiter 96 R©

AQueous One solution, Promega, Madison, WI, USA). MTS (3-
{4,5-dimethylthiazol-2-yl}-5-{3-carboxymethoxyphenyl}-
2-{4-sulfophenyl}-2H-tetrazolium, inner salt) has a yellow
tetrazolium salt which is reduced by the dehydrogenase
enzymes secreted by metabolically active cells to form purple
formazan crystals. The amount of formazan crystals formed
varies proportionally with the number of cells. The samples
were prepared for the MTS assay by rinsing with PBS to
remove nonadherent cells and then incubated in a serum-free
medium containing 20% MTS reagent for 3 h at 37 ◦C. After
incubation, the samples were transferred to 96-well plate and
their absorbance was read in a spectrophotometric plate reader
(FLUOstar OPTIMA, BMG Lab Technologies, Germany) at
492 nm.

2.4.3. Expression of CMFDA dye. Fluorescent dye
expression was observed in fibroblasts using CMFDA (5-
chloromethylfluorescein diacetate), which on cleavage of its
acetates by cytosolic esterases produces a brightly fluorescent
CMFDA derivative. The cell culture medium was removed,
followed by the addition of 180 μl of DMEM and 20 μl
CMFDA (25 μM) to the cells adhered on the scaffolds and
incubation at 37 ◦C for 2 h. The CMFDA medium was
replaced by adding complete medium and cells were incubated
overnight in the incubator. Then the culture medium was
removed and the cells washed with PBS and, after addition
of serum-free medium, observed under an inverted Leica DM
IRB laser scanning microscope (Leica DC 300F) at 488 nm.

2.4.4. Expression of collagen. Sirius Red staining method
was used for analysing the presence of collagen in the cell
matrix. It is a strong anionic dye whose sulfonic acid groups
interact with the basic groups of collagen staining it red. This
helped us to determine the secretion of the collagen-containing
ECM by fibroblasts in culture. The cells were first fixed
with 10% formaldehyde, stained with Harris haematoxylin to
distinguish the nucleus of the cells and washed three times with
deionized water. This was followed by staining with Sirius red
stain consisting of 0.1% Sirius red F3B in a saturated aqueous
solution of picric acid for 1 h. The cells were washed with
mild acidified water followed by 100% ethanol and viewed
under a Leica BM IRB microscope. Collagen is stained red
on a yellow background in the nanofibrous scaffolds.

2.5. Morphology of fibroblasts on scaffolds

A morphological study of in vitro-cultured fibroblasts was
performed after 9 days of cell culture by processing them
for SEM studies. After removal of non-adherent cells,
the scaffolds with cells were fixed in 3% glutaraldehyde
for 3 h followed by rinsing with deionized water. The
cell–scaffolds samples were dehydrated using increasing
concentrations of ethanol (50%, 70%, 90%, 100%), finally
treated with hexamethyldisilazan and air-dried overnight to
maintain normal cell morphology. Dried cellular constructs
were sputter-coated with gold and observed under an FESEM
at an accelerating voltage of 10 kV.

2.6. Statistical analysis

The data presented are expressed as mean ± standard
deviation. Statistical analysis was done using Student’s t-test
and the significance level of the data was obtained. A P-value
<0.05 was considered to be statistically significant.

3. Results and discussion

3.1. Morphology of nanofibrous scaffolds

The surface morphology of the nanofibre membranes was
analysed by scanning electron microscopy. Images revealed
that the membranes were beadless, porous structures of
randomly aligned fibres (figure 1). The average fibre diameter
of PLACL and PLACL-G nanofibres were in the range of
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(a) (b)

Figure 1. FESEM images of electrospun nanofibres: (a) PLACL, (b) PLACL-G.

Table 1. Characterization of nanofibrous scaffolds.

Contact
angle

Average
fibre
diameter
(nm)

Mean
flow pore
diameter
(μm)

Bubble
point
pore
diameter
(μm)

PLACL 121◦ 282 ± 53 0.457 1.118
PLACL-P 0◦ 273 ± 61 0.688 2.493
PLACL-G 129◦ 761 ± 97 1.376 2.385
PLACL-G-P 0◦ 727 ± 90 1.246 2.177

282 ± 53 nm and 761 ± 97 nm, respectively (table 1). The
fibre diameters of PLACL-G in HFP would be expected to be
low because of high solvent conductivity but the concentration
of gelatin and the solution viscosity resulted in fibres with
diameters in the higher nanometre range [40]. However,
PLACL-G fibres were interspersed with thin fibres, which are
due to the addition of gelatin. The surface roughness of these
nanofibrous scaffolds is desirable for better cell attachment,
growth and proliferation [41, 42] and is enhanced by the
presence of functional groups and surface hydrophilicity [43].
The surface topography of nanofibres can be controlled by
the electrospinning process to increase or decrease the fibre
diameter and by the production of random or aligned fibres.

3.2. Wettability of nanofibres

Blending of synthetic and natural polymers imparts functional
groups such as amine, hydroxyl and carboxyl groups to the
scaffolds thereby improving their hydrophilic properties. This
is important, as scaffolds with hydrophilic surfaces are better
suited for cell adhesion and growth [44]. The contact angles
obtained for PLACL and PLACL-G scaffolds were 121◦

and 129◦, respectively, which imply that these scaffolds are
highly hydrophobic and non-adsorbent to water. An increase
in the concentration of gelatin in the PLACL-G blend has
been reported to result in more hydrophilic characteristics
[40]. Plasma treatment produces polar groups on the surfaces
of the nanofibrous membranes, thus modifying the surface

energy and increasing its reactivity with water [15]. The
process induced complete wettability to both the nanofibrous
membranes (plasma-treated samples: PLACL-P and PLACL-
G-P), as confirmed by a contact angle of 0◦ with water. Kim
et al report that the use of gelatin in electrospun nanofibres
has a water uptake capacity of up to 417% which enhances the
scaffolds ability to support cell growth [45]. A comparison
between the fibre properties of PLACL and PLACL-G is
illustrated in table 1. Gelatin is frequently used in hydrocolloid
wound dressings and it has been shown that despite their high
water retention, these occlusive dressings are less likely to
become infected [46]. The rate of water uptake is directly
related to the hydrophilic property of scaffolds and also helps
to prevent dehydration and exudates build-up on the wounds
[47].

3.3. Pore size distribution

The pore size of the nanofibrous scaffolds ranged from 0.1
to 2.5 μm and 0.4 to 2.4 μm for PLACL and PLACL-G
respectively with an average pore diameter as shown in
table 1. This is a desirable range since larger pore size
enhances the cell supporting capacity of the membrane by
increasing cell migration and nutrient flow [48]. The porosity
of the scaffolds was calculated to be 84% and 87% for PLACL
and PLACL-G respectively showing that the scaffolds were
highly porous with fine fibres imparting a large surface area
to the membranes (figure 2). This characteristic feature of
nanofibrous membranes provides more room for cell adhesion
and also helps in cell migration. Tissue engineering scaffolds
require porosity as high as 90% to facilitate nutrient and
metabolic waste flow and to provide room for new ECM
regeneration. The difference in the pore diameters of PLACL
and PLACL-G may have arisen because of the larger fibre
diameter of PLACL-G which in turn affects the pore size. A
decrease in pore diameter could be the result of a decrease in
the fibre diameter of the nanofibres [49].

3.4. Mechanical properties

PLACL and PLACL-G scaffolds showed a typical nonlinear
stress–strain curve as illustrated in figure 3. The tensile
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(a) (b)

(c) (d )

Figure 2. Pore size distribution curves of nanofibrous scaffolds: (a) PLACL, (b) PLACL-P, (c) PLACL-G, (d) PLACL-G-P.

Figure 3. Tensile stress–strain characteristics of nanofibrous
scaffolds: (a) PLACL, (b) PLACL-P, (c) PLACL-G and (d)
PLACL-G-P nanofibres.

stress obtained for PLACL was 6.50 MPa and 5.11 MPa
for PLACL-P. In the case of PLACL-G blend, the tensile
stress was 2.88 and 3.02 MPa for PLACL-G and PLACL-
G-P, respectively. The tensile properties of PLACL-G
(3:1 wt%)-blended nanofibres were higher than that of PLACL
nanofibres. An as-spun PLACL-G scaffold could bear a
strain of 114.46% and 150.04% after plasma treatment.
The strain endured by as-spun PLACL was 86.29% and by

Table 2. Tensile properties of electrospun nanofibrous membranes.

Tensile stress Tensile Tenacity
(MPa) strain (%) (gf/tex)

PLACL 6.50 86.29 2.85
PLACL-P 5.11 88.08 1.72
PLACL-G 2.88 114.46 1.26
PLACL-G-P 3.02 150.04 2.16

PLACL-P was 88.08%. The results implied that blending
PLACL with gelatin gives favourable mechanical properties
to the nanofibrous scaffolds. The hydrated scaffolds of
blended natural and synthetic polymers have been found
to be more flexible because of the presence of gelatin.
This gives them an advantage of acting as a support for
cell adhesion and proliferation [45]. Addition of 10–
39 wt% of gelatin has previously resulted in enhanced
tensile properties of PLACL-G scaffolds [50]. The
mechanical properties of PLACL and PLACL-G scaffolds
are shown in table 2. The mechanical stability of the substrate
plays an important role as the membrane should facilitate cell
growth and proliferation and degrade by itself as new ECM
starts regenerating. Very high tensile strength may result in the
substrate staying with the wound bed long after regeneration,
thus obstructing new tissue development, while a weaker
membrane may not support cell growth for the required time
period of tissue engineering.
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Figure 4. FTIR spectrum of PLACL and PLACL-G nanofibres.

3.5. FTIR analysis

The chemical characteristics of functional groups on the
nanofibres were studied by FTIR (figure 4). The analysis
showed the bands of N–H and C–H stretch at 3194 cm−1

and 3032 cm−1, respectively. These form the characteristic
peaks for gelatin and suggest the presence of amide groups
on the surface of PLACL-G fibres. The amide I band
of gelatin for the C=O stretch—the measure of secondary
structure of proteins—was prominent at 1720 cm−1 in PLACL-
G. The amide II peak for the N–H bend coupled with the
C–N stretch was obtained at 1527 cm−1 and the amide III
region for the N–H bend was observed between 1200 and
1250 cm−1. The amide III region corresponds to the triple helix
structure of gelatin which is structurally similar to collagen,
the integral part of the ECM, and greatly favours cell adhesion
and proliferation [51].

3.6. Expression of fluorescent dye and collagen

Interaction between cells and the scaffold material depends
on the physical and chemical properties of the material and
particularly on chemical composition, particle size and surface
properties which include topography, roughness, surface
energy and wettability [52]. The compound CMFDA belongs
to a group of chloromethyl derivatives developed for labelling
of living cells in vitro [53, 54]. The CMFDA compound
is metabolized intracellularly in viable cells and converted
to a cell-impermeant and fluorescent state within 1 h. The
addition of CMFDA to the cell culture medium causes the
compound to freely permeate the cell membrane and be acted
upon by cytosolic esterases, producing a CMFDA derivative
that is brightly fluorescent. Further, in a reaction thought to
be mediated by glutathione S-transferase [55], this CMFDA
derivative conjugates to intracellular thiols and becomes cell-
impermeant. CMFDA dye expression was observed on
the sixth and ninth day of fibroblast culture using a Leica
fluorescence microscope. The fibroblast cells’ density and
morphology were observed to be better in PLACL-G plasma-
treated scaffolds compared to other nanofibrous scaffolds
(figure 5).

Collagen staining with Picro-sirius red confirmed the
secretion of the ECM by the cells in culture. Figure 6 shows
the secretion of collagen on fibroblasts grown on PLACL
and PLACL-G nanofibrous scaffolds. The results showed
that the secretion of collagen PLACL-G plasma-treated
nanofibrous scaffolds was better than all other scaffolds. The
secretion of collagen proves that the biocomposite nanofibrous
scaffolds have potential for wound healing through skin tissue
regeneration.

3.7. Cell proliferation and cell–scaffold interaction

PLACL-G plasma-treated nanofibrous scaffolds were more
suitable for growth of fibroblasts as compared to PLACL
scaffolds, attaining a significant level (P < 0.05) of increase
in cell proliferation after day 6 and day 9 of culture and a
percent level of increase up to 40% after day 9 of culture
(figure 7). The percentages of cell proliferation increase
on PLACL-P and PLACL-G were only 10% and 14%,
respectively. Furthermore, a significant level of increase in
proliferation (P < 0.001) was seen in PLACL-G-P showing
that the fibres with gelatin assisted increased proliferation of
the fibroblasts. A large number of interconnected pores and
the rough surface of the nanofibrous membrane support the
proliferation of fibroblasts and quicker regeneration of skin
tissue [56]. In addition to the porous nature and suitable
mechanical properties, molecular signals from the nanofibres
may also guide cells entering the cell substrate by their
amoeboid movement [37]. The hydrophilic nature of the
PLACL-G scaffolds is another reason for better adhesion and
proliferation of fibroblasts.

An increasing demand for organs and tissues has inspired
scientists to dwell in tissue engineering research aiming to
produce biological substitutes that overcome the limitations of
conventional clinical treatments for damaged tissues or organs
[57]. The SEM micrographs of fibroblasts on PLACL and
PLACL-G-P scaffolds obtained on day 9 of culture showed a
normal morphology of cell growth on the nanofibres (figure 8).
Cell growth was higher on PLACL-G-P nanofibrous scaffolds
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(a) (b) (c)

(d ) (e)

Figure 5. The detection of CMFDA-labelled fibroblasts on day 9 of cell culture: (a) PLACL, (b) PLACL-P, (c) PLACL-G, (d) PLACL-G-P
and (e) TCP. Scale bar 100 μm.

(a) (b) (c)

(d ) (e)

Figure 6. Collagen staining on fibroblasts on nanofibrous scaffolds: (a) PLACL, (b) PLACL-P, (c) PLACL-G, (d) PLACL-G-P and (e) TCP.
Scale bar 100 μm.

than on PLACL nanofibres. Gelatin contains many integrin-
binding sites similar to those found on collagen and these
sites facilitate cell adhesion and differentiation. Increased
cell adhesion on the nanofibre matrix is also attributed to
adhesion proteins such as fibronectin and vitronectin present
in the serum used for cell culture [58, 59]. PLACL, being a

biocompatible, nontoxic, synthetic polymer, on blending with
gelatin provides a scaffold with improved bioactivity and cell
affinity for skin tissue regeneration.

Collagen is a natural polymer used for the fabrication of
electrospun nanofibrous scaffolds for tissue engineering. The
scaffolds used in this study provide the same requirements
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Figure 7. MTS assay for proliferation of fibroblasts on nanofibrous
scaffolds and TCP. Bar represents mean standard deviation.
Asterisks indicate the significant level of proliferation obtained by
the t-test. ∗P < 0.05, ∗∗P < 0.001.

similar to collagen by blending gelatin into the electrospinning
polymer solution. The chemical properties of gelatin which
makes it a good cell adhesion substrate have already been
discussed in this study for skin tissue engineering. The
PLACL-G scaffolds in comparison with the previous scaffolds
of PCL–collagen and PLLA will serve as better tissue
engineering scaffolds in the longer run because of the relatively
low cost and biological origin of gelatin in addition to its water

(a) (b) (c)

(d ) (e)

Figure 8. FESEM images of fibroblasts grown on nanofibrous scaffolds: (a) PLACL, (b) PLACL-P, (c) PLACL-G, (d) PLACL-G-P and (e)
TCP.

retention properties which are typically required for light-to-
moderate exudates wounds.

4. Conclusion

Tissue engineering scaffolds for skin tissue regeneration
is an ever expanding area, as the products that meet the
requirement are far and few. In future, better approaches
would be to devise nanofibrous scaffolds which are capable
of supporting the tissues in their natural environment and
possess controlled surface topography as well as structural
morphology. One such approach could be to formulate
nonwoven 3D scaffolds for wound dressing and skin tissue
regeneration. However, it is also essential to know what
external and internal stimuli trigger the production of the ECM
by the cells in vitro. This is important as ECM-like features—
especially the morphological similarity to the ECM protein
fibre network—of the scaffold will enhance cellular response
and biocompatibility of the matrix [60]. In addition, tissue
engineering matrices populated with autologous fibroblasts
improve tissue regeneration and reduce wound contraction
[61–63]. The observed results of PLACL-G-P nanofibrous
scaffolds show sufficient porous structures and mechanical
stability, and loose peripheral regions of the scaffold are
favourable for cell infiltration and provide enough space for
fibroblast ingrowth for the formation of a dermal substitute for
skin tissue regeneration.
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