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Abstract: Nanotechnology and tissue engineering have enabled engineering of nanostructured
strategies to meet the current challenges in skin tissue regeneration. Electrospinning technology creates porous nanofibrous scaffolds to mimic extracellular matrix of the native tissues.
The present study was performed to gain some insights into the applications of poly(l-lactic
acid)-co-poly-(ε-caprolactone) (PLACL)/silk fibroin (SF)/vitamin E (VE)/curcumin (Cur)
nanofibrous scaffolds and to assess their potential for being used as substrates for the culture of
human dermal fibroblasts for skin tissue engineering. PLACL/SF/VE/Cur nanofibrous scaffolds
were fabricated by electrospinning and characterized by fiber morphology, membrane porosity,
wettability, mechanical strength, and chemical properties by Fourier transform infrared (FTIR)
analysis. Human dermal fibroblasts were cultured on these scaffolds, and the cell scaffold interactions were analyzed by cell proliferation, cell morphology, secretion of collagen, expression
of F-actin, and 5-chloromethylfluorescein diacetate (CMFDA) dye. The electrospun nanofiber
diameter was obtained between 198±4 nm and 332±13 nm for PLACL, PLACL/SF, PLACL/
SF/VE, and PLACL/SF/VE/Cur nanofibrous scaffolds. FTIR analysis showed the presence of
the amide groups I, II, and III, and a porosity of up to 92% obtained on these nanofibrous scaffolds. The results showed that the fibroblast proliferation, cell morphology, F-actin, CMFDA
dye expression, and secretion of collagen were significantly increased in PLACL/SF/VE/Cur
when compared to PLACL nanofibrous scaffolds. The accessibility of human dermal fibroblasts
cultured on PLACL/SF/VE/Cur nanofibrous scaffolds proved to be a potential scaffold for skin
tissue regeneration.
Keywords: poly(l-lactic acid)-co-poly-(ε-caprolactone), silk fibroin, fibroblast, Sirius red
staining, curcumin release, skin tissue regeneration

Introduction
Skin is the largest organ, covering the entire exterior of the human body, forming about
8% of the total body mass. Skin is an attractive model organ to test novel concepts of
regenerative medicine, with particular emphasis on skin tissue regeneration for acute
or chronic wounds. Chronic wounds seem to be a growing worldwide health and economic problem, due to the rapid increase in the number of patients with high morbidity
and risk of amputations, unsatisfactory results of existing therapies, and the resulting
heavy socioeconomic burden. In recent years, skin substitutes, such as xenografts,
allografts, and autografts have been used for wound healing of huge dermal defects.1
Tissue engineering is a different scientific approach; the intention is to stimulate
biological substitutes to change or repair the damaged organs, and is created on three
main components: cells, growth factors, and scaffolds.2 Scaffolds are the main elements that interact with cells and growth factors to form neo-tissues. Therefore, several
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studies have turned in the direction of tissue-engineering
techniques to promote tissue regeneration and recapture
organ functions. In recent years, different types of tissueengineered skin substitutes have been developed,1 and these
engineered skin substitutes have played a significant role in
the repair of chronic wounds.2 One of the important factors
in skin tissue engineering is the fabrication of scaffolds; the
three-dimensional scaffolds deliver an extracellular matrix
(ECM) analogue, which plays an essential role in host-cell
penetration and physical care, to lead the proliferation and
differentiation of cells to form new tissues or organs.3 Successful dermal substitutes should give a template with proper
porous structure and mechanical support to grow cells, for
the secretion of ECM, and to encourage angiogenesis during
tissue formation for the treatment of skin deficiencies.4,5 The
porous nanofibrous scaffold possesses more surface-to-volume ratio, which improves cell attachment and cell migration
and helps nutrient transport to the cells more proficiently.6
The excellent mechanical properties and biodegradability of
poly(l-lactic acid)-co-poly-(ε-caprolactone) (PLACL) do not
provide a favorable surface for cell attachment and proliferation owing to insufficient cell-recognition moieties.7,8
Studies showed that the cell adhesion and proliferation
could be enhanced by protein adsorption on the surface
of biomaterial scaffolds. 9,10 Silk fibroin (SF) is a naturally occurring protein biopolymer with several potential
properties, such as biodegradability, biocompatibility,
good oxygen, and water permeability, and capable of keeping aqueous surroundings for the skin, which is essential
for skin tissues, and it is also used as a preservative in
cosmetics.11–14 Studies proved that SF supports cell adhesion, proliferation, and differentiation; enhances collagen
biosynthesis, wound healing, and re-epithelialization; and
supports the improvement of atopic dermatitis and removal
of scars.15–18 The exciting cytocompatibility and malleability
of SF ingredients make silk an excellent biomaterial for
tissue-engineering scaffolds used in the repair of many tissues, as well as skin.19,20 Previous studies showed that the
electrospun vitamin C in combination with SF material is
able to promote skin tissue regeneration.21 Studies proved
that vitamin E (VE) has antioxidant, skin barrier stabilizing
properties, photo-protective and anti-tumorigenic, in skin
care products.22,23 In addition to VE, curcumin (Cur) is a
naturally obtained poly-phenolic compound with excellent
antioxidant, anticancer, antimicrobial, anti-inflammatory
and wound-healing properties.24 Xiaoyue et al reported that
the VE-loaded SF nanofibrous scaffolds enhance cell proliferation in skin fibroblast compared to pure SF scaffolds.25
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In the present study, we analyze the role of SF/VE/Cur to
enhance cell proliferation and the secretion of collagen for
the application of skin tissue engineering.

Materials and methods
Materials
Human dermal fibroblasts were obtained from the American
Type Culture Collection (Manassas, VA, USA). Dulbecco’s
Modified Eagle’s Medium (DMEM), antimycotic antibiotics,
fetal bovine serum (FBS), trypan blue, and trypsin–ethylenediaminetetraacetate (EDTA) were obtained from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA). PLACL
(70:30, Mw 150 kDa) was purchased from Boehringer
Ingelheim Pharma, GmbH & Co., Ingelheim, Germany. SF
was obtained from Zhang Peng International Trading, Singapore. Curcumin, α-tocopherol and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) were obtained from Sigma-Aldrich, (St
Louis, MO, USA).

Electrospinning of nanofibrous scaffolds
PLACL dissolved in HFIP at 10% (w/v); PLACL/SF solution
was prepared 80:20 (w/w) at the concentration of 10% in HFIP
and PLACL/SF/VE solution was prepared 70:20:10 (w/w)
at the concentration of 10% in HFIP. PLACL/SF/VE/Cur
solution was also prepared at the ratio of 65:20:10:5 in HFIP
at the same concentration of 10%. These solutions were
stirred at room temperature overnight for better distribution
and homogenization. The solutions were then loaded into
a 3 mL syringe attached to a 27 G ×1/2 blunt needle with
a syringe pump (KD 100 Scientific Inc., Holliston, MA,
USA) at a constant flow rate of 1.5 mL/h with a high-voltage
electric field of 18 kV (Gamma High Voltage Research, Inc.,
Ormond Beach, FL, USA). The electrospun nanofibers were
collected on aluminum foil wrapped on a flat collector plate
kept at a distance of 12–13 cm from the tip of the spinneret
to the collector plate. The electrospun nanofibers were collected on 15 mm cover slips for cell culture experiments, and
consequently, the nanofibers were vacuum-dried overnight to
eliminate residual solvents and used for further studies.

Characterization of nanofibrous scaffolds
The morphology of the nanofibrous scaffolds was observed
under a scanning electron microscope (SEM; JEOL JSM-5600LV-SEM, JEOL, Tokyo, Japan) at an accelerating voltage of
10 kV, after the samples were coated with gold using a sputter
coater (JEOL JFC-1200 fine coater). To calculate the fiber
diameter of nanofibers from the SEM images, n=8 fibers were
selected at random on all the scaffolds. The fiber diameter was
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calculated by using image analysis software ImageJ (Image
Java, National Institutes of Health, Bethesda, MD, USA). The
mechanical strengths of electrospun nanofibrous scaffolds were
analyzed using a tabletop micro-tester (Instron 3345, Norwood,
MA, USA) using load cell of 10 N capacities. Test samples
of dimension 10 mm ×20 mm were tested at a cross head
speed of 10 mm/min at ambient conditions of 25°C and 75%
humidity; the bubble point pore diameter of the nanofibrous
scaffolds was determined by using a capillary flow porometer
(Porous Materials Inc., Ithaca, NY, USA). The hydrophilic or
hydrophobic nature of the electrospun nanofibrous scaffolds
was investigated by sessile water drop contact angle analysis
using video contact angle optima surface analysis system (AST
products, Billerica, MA, USA). Functional group determination
was carried out by Fourier transform infrared (FTIR) spectro
scopy, Avatar 380 (Thermo Fisher Scientific) above the range
of 400–4,000 cm−1 at a resolution of 8 cm−1.

Scaffolds degradation and curcumin
release
In in vitro degradation studies, the electrospun nanofibrous
scaffolds were cut (50 mm ×50 mm) into small pieces. These
specimens were placed in 15 mL of phosphate-buffered
saline (PBS) solution (pH 7.4) in an incubator at 37°C for
fixed periods of time. Every 3 days, the buffer solution was
replaced from the sample. The degraded specimens were
rinsed carefully with distilled water, air-dried in vacuum,
and finally, the scaffolds were weighed. Percentage weight
loss was calculated from the dried weight before and after
degradation, using the following formula.26
Weight loss% = W0−Wd/W0 ×100(%),

(1)

where W0 is the original weight before degradation and Wd is
the dry weight after degradation. The morphological changes
in the sample before and after degradation were analyzed with
SEM at an accelerated voltage of 10 kV. The Cur release
profile from the Cur-loaded PLACL/SF/VE nanofibrous
scaffold was analyzed in PBS; the composite nanofibrous
scaffold samples (50 mg) were placed in a centrifuge tube,
followed with the addition of 10 mL PBS as the release
medium. Then, the centrifuge tube was kept in an incubator
at 37°C for further study. At particular time intervals, aliquots
of samples (1 mL) were taken from the release medium and
that quantity was substituted with 5 mL PBS solution (37°C,
pH 7.4) for further study. Then, the amount of Cur released
at different time points up to 7 days was analyzed using
UV‑visible spectrophotometer at 420 nm. With the support
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of the calibration curve of Cur measured in the similar condition, Cur release percentage was determined and plotted as
curve versus time according to this equation:
Release (%) = Released Cur/total loaded Cur ×100(%).(2)

Culture of human dermal fibroblast
Human dermal fibroblasts were cultured in DMEM containing 10% FBS with 1% antibiotics in a 75 cm2 cell culture
flask. Cells were incubated in a CO2 incubator at 37°C at 5%
CO2, and the medium was changed twice every week. The
cultured cells (passage 4) were trypsinized by trypsin‑EDTA
and replated after counting with trypan blue using hemocytometer. The electrospun nanofibrous scaffolds were
collected on a coverslip of 15 mm diameter and kept in a
24-well plate with a stainless steel ring to avoid lifting of
nanofibers. The scaffolds were treated under UV light for
3 hours for sterilization and again treated with 70% ethanol
for 30 minutes and rinsed thrice with PBS for 15 minutes each
in order to eliminate any residual solvent and then immersed
in complete medium overnight before cell seeding. The cells
were seeded on the nanofibrous scaffold at a cell density of
6,000 cells/well and tissue culture plate (TCP) was used as
a control for cell culture studies.

Cell proliferation
The cell proliferation was analyzed using the colorimetric
MTS assay (cell titer 96® AQueous one solution; Promega,
Madison, WI, USA). The reduction of yellow tetrazolium salt
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy methoxyphenyl)2-(4-sulfophenyl)-2H tetrazolium] in MTS to produce purple
formazan crystals by dehydrogenase enzymes secreted by
mitochondria of live cells formed the basis of this assay.
The formazan dye shows the absorbance at 490 nm and the
quantity of formazan crystals formed was directly proportional to the number of live cells. After culturing the cells for
a period of 3, 6, and 9 days, the media was discarded from the
plates and the scaffolds were rinsed with PBS to eliminate
dead cells. Then, the scaffolds were incubated in 1:5 ratio
mixture of MTS reagent in serum-free DMEM medium for
3 hours at 37°C in 5% CO2. Finally, the sample solutions were
pipetted into 96-well plates and the absorbance was measured
at 490 nm using a microplate reader (Fluostar optima, BMG
LabTech, Offenburg, Germany).

Cell morphology
The cell morphology was observed using SEM. After the
6th and 9th days of cell seeding on the scaffolds to remove
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the media from 24-well plates, the cell scaffolds were rinsed
twice in PBS for 15 minutes to eliminate dead cells, and then
the scaffold samples were fixed with 3% glutaraldehyde. The
scaffolds were again washed with deionized water and then
dehydrated with increasing concentrations of ethanol (50%,
70%, 90%, and 100% v/v) for 10 minutes. Then, the scaffolds were dried with hexamethyldisilazane (Sigma-Aldrich)
overnight in fume hood. Dried cellular scaffolds coated with
gold in a sputter coater and the cell morphology were detected
under SEM at an accelerating voltage of 10 kV.

Expression of 5-chloromethylfluorescein
diacetate dye
Fluorescent dye expression was analyzed in human dermal fibroblasts using 5-chloromethylfluorescein diacetate
(CMFDA), which on cleavage of its acetates by cytosolic
esterase, forms a bright fluorescent CMFDA derivative. The
medium was removed from the scaffolds, followed by adding 180 µL of DMEM and 20 µL CMFDA (25 µM) to the
cells on the scaffolds and incubated at 37°C for 2 hours. The
CMFDA dye was removed and substituted by adding complete medium to incubate cells at 37°C overnight. Finally,
the medium was removed and the cell scaffolds were rinsed
with PBS, after adding serum-free medium and were viewed
under an inverted Leica DM IRB laser-scanning microscope
(Leica DC 300F) at 488 nm.

Secretion of collagen
Sirius red staining was used for analyzing the secretion of
collagen in the fibroblast cultured on the scaffolds. The stronger anionic dye of sulfonic acid groups reacts with the basic
groups of collagen to form a red staining. This dye is used to
evaluate the secretion of collagen-containing ECM through
fibroblasts in culture. After 9 days of culture, the medium
was removed from the TCP and the samples were fixed with
10% formaldehyde, then stained with Harris hematoxylin to
differentiate the nuclei of the cells, and rinsed three times
with deionized water. After that, the scaffolds were stained
with Sirius red stain containing 0.1% Sirius red F3B in an
aqueous solution of picric acid for 1 hour. Finally, the cells
were rinsed with mild acidified water followed by 100%
ethanol and observed under a Leica BM IRB microscope.
Collagen was stained red color on the yellow background in
the nanofibrous scaffolds.

Immunofluorescence analysis
Human dermal fibroblasts were cultured on PLACL, PLACL/
SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous
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scaffolds and TCP using DMEM for 9 days and were
analyzed for the expression of F-actin protein. The cell
scaffolds were fixed in ice-cold methanol for 15 minutes.
After fixing, the scaffolds were rinsed in PBS for 15 minutes
and incubated for 3 minutes in 0.1% Triton X-100 solution
to permeabilize the cell membrane. Nonspecific binding
was blocked by incubating the cells in 3% bovine serum
albumin for 60 minutes. Rhodamine‑phalloidin was added
in the dilution of 1:100 for 90 minutes at room temperature
to stain F-actin. The scaffolds were washed thrice with PBS
for 15 minutes to eliminate the excess staining. Finally,
the cells were incubated with 4,6,diamino-2-phenylindole
(DAPI; Thermo Fisher Scientific) in the dilution 1:5,000 for
30 minutes. The samples were removed from 24-well plates
and mounted over a glass slide using vectashield mounting
medium and the actin skeleton was examined under a laser
scanning confocal microscopy.

Statistical analysis
Experiments were run in triplicates and the data presented
were expressed as mean ± standard deviation. Statistical
differences were determined using analysis of variance
(ANOVA). Difference was considered statistically significant
at P0.05 and P0.001.

Results and discussion
Characterization of nanofibrous scaffolds
Electrospinning technology has been used to fabricate nonwoven nanofibrous scaffolds from biological and/or synthetic
polymers and has tremendous potential in tissue-engineering
applications owing to its advantage of mimicking ECM
architecture.27,28 Novel cost-effective electrospun nanofibrous
scaffolds are established for wound dressing and allogeneic
cultured dermal substitute through the cultivation of human
dermal fibroblasts for skin defects.29,30 The present study is
to examine the potentials of utilizing PLACL, PLACL/SF,
PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous scaffolds for the culture of fibroblasts for skin tissue regeneration. Figure 1 showed that the scaffolds are uniform beadless
nanofibrous structures and the fiber diameter of nanofibrous
scaffolds obtained around 198±4 to 332±13 nm, respectively
(Table 1). The SF, VE, and Cur in PLACL may increase
the conductivity of polymer solution to reduce the diameter
of the fibers to 198 nm. Synthetic biomaterial properties
have to be improved in the physical change of nanofibrous
scaffolds by including proteins/peptides such as fibronectin
and Arg-Gly-Asp (RGD) series, respectively, to encourage
cell attachment and infiltration.31,32 SF/VE/Cur have been
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Figure 1 Scanning electron microscope images of the electrospun nanofibers.
Notes: (A) PLACL nanofibers, (B) PLACL/SF nanofibers, (C) PLACL/SF/VE nanofibers, and (D) PLACL/SF/VE/Cur nanofibers at 2,500× magnification (scale bar 50 µm).
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin.

commonly used as preservatives in cosmetics.33 The surface
roughness of these nanofibrous scaffolds is required for cell
attachment and proliferation,34,35 and is improved by the presence of functional groups and surface hydrophilicity.36 The
water contact angle measurement of nanofibrous scaffolds
is as shown in Table 1. The PLACL nanofibers are hydrophobic, having a contact angle of 121.2°±2.11°. Addition of
SF improved hydrophilic properties up to 65.6°±2.78°. On
further addition of SF and VE, the scaffold’s contact angle

decreases to 52.4°±1.89°, and with the addition of Cur,
the hydrophilic value of the scaffold slightly increases to
71.3°±3.36° . The rate of water absorbance is directly proportional to the hydrophilic properties of the scaffolds and also
supports the prevention of dehydration and exudates buildup
on the wounds.37 The percentage porosity of the scaffolds
was observed as 94.5±1.92, 93±3.5, 90.3±2.8, and 92.9±3.4
for PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/SF/
VE/Cur, respectively, showing that the scaffolds are highly

Table 1 Characterization of biocomposite nanofibrous scaffolds
Nanofibrous
construct

Fiber
diameter (nm)

Water contact
angle (°)

Porosity
(%)

Bubble point pore
diameter (µm)

Young’s
modulus (MPa)

Tensile
break (%)

PLACL
PLACL/SF
PLACL/SF/VE
PLACL/SF/VE/Cur

332±13
280±34
223±27
198±4

121.2±2.11
65.6±2.78
52.4±1.89
71.3±3.36

94.5±1.4
93.6±2.5
90.3±2.8
92.9±3.4

1.17
1.84
2.35
2.27

1.51
2.86
4.62
5.57

250.21
125.46
74.92
66.83

Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin.

International Journal of Nanomedicine 2014:9

submit your manuscript | www.dovepress.com

Dovepress

4713

Dovepress

Gandhimathi et al

porous with fine fibers indicating a large surface area to the
membranes (Table 1) and the bubble point pore diameter was
obtained around 1.17–2.35 µm. The pore size and porosity
as high as 90% is a desirable range, since large pore sizes
enhance the cell-supporting ability of the scaffolds and
improve cell migration and nutrient flow.38
The mechanical properties of PLACL, PLACL/SF,
PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous
scaffolds are shown in Table 1, and the scaffolds revealed
a characteristic nonlinear stress‑strain curve as shown
in Figure 2. The Young’s modulus obtained for PLACL,
PLACL/SF, PLACL/SF/VE, and PLACL/SF/VE/Cur were
1.51 MPa, 2.86 MPa, 4.62 MPa, and 5.57 MPa, respectively.
The tensile properties of PLACL/SF, PLACL/SF/VE,
and PLACL/SF/VE/Cur were higher than that of PLACL
nanofibers, because the strength-to-density ratio of silk is
up to ten times higher than that of steel.39 The results indicated (Table 1) that blending PLACL with SF gives better
mechanical properties to the nanofibrous scaffolds. Cross
linking of VE and Cur may reduce the tensile break of the
nanofibrous scaffolds. For tissue engineering applications,
generally scaffolds have temporary mechanical support
to withstand the stresses until neo-tissue is formed. The
results of tensile strength studies showed that the composite
nanofibrous scaffold was highly desirable for penetrating
fibroblasts inside the scaffolds for skin tissue regeneration.
Mechanical stability of the scaffold plays a key role as the
membrane should help cell growth and proliferation and
degrade by itself as novel ECM starts regenerating to the

damaged tissues. The functional groups of nanofibrous scaffolds analyzed using FTIR are as shown in Figure 3. The
characteristic peak of PLACL was noticed at 1,450 cm−1,
1,760 cm−1, 2,950 cm−1 on the PLACL nanofibrous scaffold. Similarly the characteristic peaks of amide I, II, and
III were also noticed on the PLACL/SF/VE nanofibrous
scaffold at 1,650 cm−1, 1,540 cm−1, 1,250 cm−1. Asymmetric and symmetric stretching vibration of CH3, methyl
symmetrical bending and phenyl skeletal were visualized
on the PLACL/SF/VE nanofibrous scaffold at 2,865 cm−1,
1,460 cm−1, 1,262 cm−1. The phenolic (OH) group, C=C
stretching of alkene and aromatic ring at 3,590 cm −1,
1,595 cm−1, 1,510 cm−1 was observed in FTIR spectrum of
PLACL/SF/VE/Cur nanofibrous scaffold.

Scaffolds’ degradation and curcumin
release
The degradation study of PLACL, PLACL/SF, PLACL/SF/
VE, and PLACL/SF/VE/Cur nanofibrous scaffolds on day
20 and 40 was analyzed by SEM and the results are shown in
Figure 4. On the 40th day, PLACL/SF, PLACL/SF/VE, and
PLACL/SF/VE/Cur nanofibers having distinct swelling were
observed in Figure 4F–H. The results of the morphological
changes of PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/
SF/VE/Cur nanofibers during fiber swelling after degradation
are shown in Figure 4A–H. The weight loss was caused by
the degradation process, the fact that soluble oligomeric substances could be dissolved in the degradation medium from
the surface of polymer by the hydrolysis of polymer chains.

9
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6
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5
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50
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200

250

300

Tensile strain (%)
Figure 2 Tensile stress–strain curves of PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibers.
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin.
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Figure 3 FTIR spectroscopic analysis of (A) PLACL, (B) PLACL/SF, (C) PLACL/SF/VE, and (D) PLACL/SF/VE/Cur nanofibers.
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; FTIR, Fourier transform infrared.

Figure 5 (n=6) shows the weight variation of PLACL, PLACL/
SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous
scaffolds from 10 to 40 days. The weight loss of PLACL
nanofibrous scaffolds was 20.3% and 27.2% after degradation
for 30–40 days and the degradation rate was much faster than
PLACL

PLACL/SF nanofibrous scaffolds. The presence of block copolymer of poly-l-lactic acid and poly ε-caprolactone, PLACL
composed of dissimilar chain segments, provided faster
degradation level than those of poly-l-lactic acid and poly
ε-caprolactone.40 After day 30 and 40, and with the addition

PLACL/SF

PLACL/SF/VE

PLACL/SF/VE/Cur

B

C

D

E

F

G

H

40th day

20th day

A

Figure 4 Degradation studies shows the SEM images of PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous scaffolds before and after degradation for
different time in PBS.
Notes: (A) PLACL 20 days, (B) PLACL/SF 20 days, (C) PLACL/SF/VE 20 days, (D) PLACL/SF/VE/Cur 20 days, (E) PLACL 40 days, (F) PLACL/SF 40 days, (G) PLACL/SF/
VE 40 days, (H) PLACL/SF/VE/Cur 40 days.
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; PBS, phosphate-buffered saline.
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Figure 5 Changes in the dry weight of PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous scaffolds after degradation for different time in PBS.
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; PBS, phosphate-buffered saline.

of 20% SF in PLACL/SF, PLACL/SF/VE, and PLACL/SF/
VE/Cur, the degradation rate of the nanofibrous scaffolds was
reduced dramatically and the weight loss was 16%, 17.5%, and
20% and 18%, 20.4%, and 23%, respectively. The observed
results indicated that the pure PLACL nanofibrous scaffolds
had the faster degradation rate when compared to PLACL/
SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibrous
scaffolds. This was possibly owing to the intermolecular connections among SF and PLACL, which delayed movement of
the PLACL molecular chains.

The in vitro drug release is an important parameter for
drug delivery, the release characteristics of Cur from the
nanofibrous scaffolds calculated by drug-eluting membranes
of different composition, namely, 1%, 5%, 10%, and 20%.
The release profiles of Cur from the nanofibrous scaffolds are shown in Figure 6. All release profiles revealed
an initial burst release during the first 15 hours, followed
by gradual release and sustained release of drugs. The
maximum released percentage of Cur of 1%, 5%, 10%, and
20% w/w Cur-loaded nanofibrous scaffolds were about 53%,
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Figure 6 Cumulative release profile of curcumin from curcumin-loaded nanofibrous scaffold.
Notes: (A) PLACL/SF/VE/1% Cur, (B) PLACL/SF/VE/5% Cur, (C) PLACL/SF/VE/10% Cur, and (D) PLACL/SF/VE/20% Cur (based on the weight of the scaffolds).
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; PBS, phosphate-buffered saline.
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68%, 76%, and 85%, respectively. The fast release of Cur
at the start time of immersion may result in the presence of
solubilized Cur on the surface of the nanofibrous scaffolds.
The maximum release of Cur (85%) was obtained in 20%
Cur-loaded nanofibrous scaffolds.

Interaction of cells and scaffolds
Early cell adhesion and proliferation are necessary issues
in developing wound healing/dressing of nanofibrous scaffolds for skin tissue regeneration.41 The proliferation rate
of fibroblasts on TCP, PLACL, PLACL/SF, PLACL/SF/
VE, and PLACL/SF/VE/Cur nanofibrous scaffolds on day
3, 6, and 9 was analyzed and is shown in Figure 7. The
results indicated that the proliferation rate was significantly
higher (P0.001) in PLACL/SF and PLACL/SF/VE; and
in PLACL/SF/VE/Cur when compared to TCP and PLACL
nanofibers on day 6 and 9. The combination of SF, VE, and
Cur to PLACL nanofibers showed that the cell proliferation
rate increased significantly compared to PLACL alone on
days 3, 6, and 9, indicating that SF, VE, and Cur are functionally active in stimulating cell attachment and distribution
on the nanofibrous matrices. SF is a natural, biocompatible
fibrous protein and possesses unique mechanical properties,
containing amino acid structures that induce cell adhesion and
VE shown to be mediated through increased production of
interleukin-2, leading to enhanced proliferation of cells. Cur

treatment resulted in an increased formation of granulation
tissue, neovascularization, and enhanced biosynthesis of
ECM proteins such as collagen.24 PLACL/SF/VE/Cur nanofibrous scaffolds have comparatively smaller fiber diameter
of about 198 nm favors enhanced surface area to volume
ratio and also increased oxygen and nutrients transport to the
scaffolds, therefore promoting cell adhesion and proliferation
for wound healing in skin.

Secretion of collagen
The wound-healing effect is determined by ECM synthesis
and remodeling into a highly scheduled architecture.42 PicroSirius red staining proved ECM secretion by the cultured
cells on the nanofibrous scaffolds. Figure 8 shows the collagen secretion on nanofibrous scaffolds after 9 days of cell
culture. The Sirius red staining appears to be reduced in
cells cultured on TCP and PLACL (Figure 8A and B) when
compared to all other nanofibrous scaffolds. Furthermore,
it was observed that the collagen staining was increased in
PLACL/SF and PLACL/SF/VE scaffolds (Figure 8C and
D) when compared to PLACL scaffolds (Figure 8B). The
reason may be the capability of SF to motivate several cell
signaling pathways leading to improved secretion of collagen
matrix compared to PLACL scaffolds.43 Generally, PLACL
biopolymers support the cell growth by adding VE; Cur
induce the secretion of ECM in fibroblast cells. The results
*
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Figure 7 MTS assay for cell proliferation study on TCP, PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/SF/VE/Cur nanofibers using human dermal fibroblast on day 3, 6, and 9.
Notes: *Indicates significant difference of P0.001 (n=8).
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; TCP, tissue culture plate.
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Figure 8 Sirius red staining shows the secretion of collagen by human dermal fibroblast on (A) TCP, (B) PLACL nanofibers, (C) PLACL/SF nanofibers, (D) PLACL/SF/VE
nanofibers, and (E) PLACL/SF/VE/Cur nanofibers at 60× magnification (scale bar 200 µm).
Abbreviations: TCP, tissue culture plate; PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin.

revealed that the collagen secretion was more on PLACL/SF/
VE/Cur (Figure 8E) nanofibrous scaffolds when compared
to all other scaffolds. This abundant secretion of collagen in
cells observed in PLACL/SF/VE/Cur biocomposite nanofibrous scaffolds may prove to have good potential for wound
healing in skin tissue regeneration.

Cell morphology
Interaction between cells and scaffold material depends
on the physical and chemical properties of the biomaterial
and the predominance of chemical composition, particle

B

PLACL

C

PLACL/SF

D

PLACL/SF/VE

PLACL/SF/VE/Cur

E

6th day

A

TCP

size, and surface characters, which contain topography,
roughness, surface energy, and hydrophilicity.44 The SEM
images (Figure 9) showed normal cell morphology on TCP,
PLACL, PLACL/SF, PLACL/SF/VE, and PLACL/SF/VE/
Cur scaffolds on day 6 and 9, respectively. Compared to day 6
nanofibrous scaffolds (Figure 9A–E), on day 9 (Figure 9F–I),
the cells penetrate into the nanofibrous scaffolds with
improved migration and cellular connections to form a dermal substitute. The observed results indicated that the cell
morphology was comparatively similar in TCP and PLACL
nanofibrous scaffolds; cell–cell interaction appears to be

G

H

I

J

9th day

F

Figure 9 Scanning electron microscope (SEM) images show the cell-biomaterial interactions on day 6 (A–E) and day 9 (F–J).
Notes: (A, F) TCP, (B, G) PLACL nanofibers, (C, H) PLACL/SF nanofibers, (D, I) PLACL/SF/VE nanofibers, and (E, J) PLACL/SF/VE/Cur nanofibers at 500×
magnification.
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; TCP, tissue culture plate.
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increased on PLACL/SF/VE/Cur scaffolds (Figure 9E and J)
when compared to all other nanofibrous scaffolds.

Expression of CMFDA dye
The CMFDA compound contains a group of chloromethyl
derivatives established for the classification of active cells in
vitro.45 The CMFDA composite is metabolized intracellularly
in living cells and changed to a cell impermeant and brightly
fluorescent state within 2 hours. In addition, in a reaction
supposed to be facilitated by glutathione S-transferase,46 the
CMFDA compound conjugates to intracellular thiols and
converts to cell impermeant. The presence of the CMFDA
dye was noticed to investigate the cell morphology of the
scaffolds as shown in Figure 10. The cells on nanofibrous
scaffolds (Figure 10B–E) formed more colonies compared
to TCP (Figure 10A). In PLACL nanofibers, the number of
cells was notably reduced (Figure 10B) due to the hydrophobic nature and the absence of cell binding moiety on the
PLACL nanofibrous scaffolds. In PLACL/SF, PLACL/SF/
VE nanofibers (Figure 10C and D), the cell morphology was
elongated, representing a good environment for cell growth
due to the addition of SF and VE. We noted more cell density
and normal morphology on PLACL/SF/VE/Cur nanofibrous
scaffolds (Figure 10E) compared to all other scaffolds.

A

B

TCP

Expression of F-actin
Rhodamine‑phalloidin staining showed the interaction of
fibroblast with nanofibrous scaffolds (Figure 11). Phalloidin
is a seven amino acid peptide toxin from mushroom Amanita
phalloides, which binds particularly to the polymerized form
of actin (F-actin) and stains the actin fibers in the cells.47
Rhodamine‑phalloidin labeled actin filaments recollect
many functional characteristics of unlabeled actin with their
capability to interact with myosin. The cell nucleus is counterstained with DAPI (blue), Rhodamine‑phalloidin staining
was performed after 9 days of cell culture and F-actin stain
indicated a cytoplasmic filamentous spreading under laser
scanning confocal microscopy (Figure 11). It was observed
that the expression of F-actin was increased on PLACL/SF/
VE/Cur (Figure 11J–L) when compared to PLACL, PLACL/
SF, and PLACL/SF/VE (Figure 11D–I). The spindle-shaped
morphology of the fibroblast was observed on PLACL/SF/VE/
Cur similar to its phenotype on PLACL/SF and PLACL/SF/
VE nanofibrous scaffolds. We observed the higher cell density
and better morphology on PLACL/SF/VE/Cur when compared
to PLACL and PLACL/SF/VE nanofibrous scaffolds. DAPI
staining indicated the higher cell density (blue dot) on PLACL/
SF/VE/Cur (Figure 11J) when compared to PLACL, PLACL/
SF, and PLACL/SF/VE nanofibrous scaffolds (Figure 11D,
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Figure 10 CMFDA dye extrusion image to analyze cell morphology on (A) TCP, (B) PLACL nanofibers, (C) PLACL/SF nanofibers, (D) PLACL/SF/VE nanofibers, and
(E) PLACL/SF/VE/Cur nanofibrous scaffolds at 10× magnifications (scale bar 200 µm).
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; CMFDA, 5-chloromethylfluorescein diacetate; TCP, tissue
culture plate.
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Figure 11 Laser scanning confocal microscopy images.
Notes: Immunocytochemical analysis for the expression of F-actin staining with rhodamine‑phalloidin (B, E, H, K, N) and (C, F, I, L, O) overlay images of (B, E, H, K, N)
on TCP (B, C), PLACL (E, F), PLACL/SF (H, I) PLACL/SF/VE (K, L), and PLACL/SF/VE/Cur (N, O) with the nuclear staining by DAPI (blue fluorescence) at 20× magnification.
Nucleus stained with DAPI (A, D, G, J, M).
Abbreviations: PLACL, poly(l-lactic acid)-co-poly-(ε-caprolactone); SF, silk fibroin; VE, Vitamin E; Cur, curcumin; TCP, tissue culture plate; DAPI, 4′,6-Diamidino-2-phenylindole.

G). The obtained results showed that the biocompatibility
of PLACL/SF/VE/Cur nanofibrous scaffold has promising
potentiality for skin tissue regeneration.

Conclusion
Wound healing is a complex phenomenon connecting
interactions between the dermal and epidermal cells with
ECM. Perfect wound dressing applicants have to mimic the
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structure and biological role of native ECM proteins, which
give support and regulate cellular activities. The interconnecting porous nanofibrous scaffold provided more structural
space for the adhesion and proliferation of human dermal
fibroblast and permitted efficient exchange of nutrients and
metabolic wastes. The importance of this study is the application of bioactive macromolecules of SF/VE/Cur introduced
into the polymeric nanofibers to improve specific biological
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functions like adhesion, proliferation, and collagen secretion
for skin tissue regeneration. The incorporation of Cur and
VE significantly strengthen the scaffold properties compared
to PLACL/SF nanofibers. Furthermore, electrospun biocomposite porous PLACL/SF/VE/Cur nanofibrous scaffolds
have good mechanical properties and biocompatibility, and
are nontoxic to the surrounding tissue, and the present drug
release study indicates that the Cur released from PLACL/
SF/VE/Cur nanofibrous mat in a sustained way helps to
stimulate fibroblast proliferation and collagen secretion that
significantly affect the wound healing properties. Human
dermal fibroblasts cultured on PLACL/SF/VE/Cur composite
nanofibrous scaffolds hold great potential for cellular activities ranging from cell adhesion and proliferation to collagen
secretion, and help support the sustained, localized delivery
of biomolecules to the site of interest so as to accelerate
wound healing in skin tissue regeneration.
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