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Abstract: Because single-layer wound dressings cannot meet all clinical needs due to the complexity of the skin, a bilayer
scaffold was synthesized by electrospinning a polyurethane/poly(caprolactone) (PU/PCL) top layer onto a spun PCL/gel-
atin/cellulose fiber (P/g/CF) sublayer using a common solvent to evaluate the feasibility of the scaffolds as a wound dress-
ing. When the PU/PCL top layer was spun onto a P/g/CF sublayer, the tensile strength of the bilayer scaffold increased
from 4.29 MPa to 6.34 MPa by adding a PU/PCL layer. Although the highest moisture vapor transmission rate (MVTR)
and water uptake capacity (WUC) values were observed for PU/PCL and P/g/CF scaffolds, respectively, the appropriate
MVTR and WUC values make all scaffolds applicable for wound dressings. Bilayer scaffold have potential applications
in wound dressings due to their mechanical properties, MVTR, WUC, porosity, cell viability and proliferation.
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Introduction

Wound dressings should protect the skin from external con-
taminants and facilitate the healing process.'® Biopolymer
membranes composed of synthetic and natural polymers play
an important role in wound dressings due to their porosity,
strength, moisture vapor transmission rate (MVTR), water uptake
capacity (WUC), biocompatibility, and adequate biodegrad-
ability, but single-layer wound dressings cannot meet all clinical

needs due to the complexity of the skin.**'® Two-layer double
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membranes with different properties are emerging as the mate-
rial of choice for wound dressings.” A denser upper layer can
protect the wound from infection and mechanical stress. In
addition, this layer prevents dehydration of the wound and pro-
vides a moist environment for the wound site. The extra-
cellular matrix (ECM)-like sublayer makes direct contact with
the wound site to promote cell adhesion and proliferation.
Biocompatible natural polymers like gelatin exhibit rapid
degradation. Poly(e-caprolactone) (PCL) synthetic polymer is
a polyester characterized by non-toxic nature, slow degra-
dation rate and high elasticity. The disadvantages of gelatin,
such as rapid degradation and poor mechanical properties, can
be overcome by proper alloying with synthetic polymer.*®
Nanofibrous PCL/gelatin (P/g) scaffolds with specific pro-
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portions of gelatin and PCL exhibit appropriate mechanical
properties and biological functions similar to natural tissues in
cell attachment and proliferation.*> P/g composite scaffolds
can be prepared using an inexpensive and less toxic acetic acid
and ethyl acetate common solvent system. A 7/3 P/g scaffold
loaded with 2 wt% cellulose fiber (CF) at 18% polymer con-
centration was determined to be an effective blend system for
wound dressing due to its mechanical strength (4.8+0.8 MPa),
MVTR (2450 g/10 cm?-24 h), WUC (716%), cell viability (114%)
and proliferation.® Our previous study revealed that the 10 wt%
polyurethane/PCL (90/10, PU/PCL) scaffold showed a tensile
strength of 12.1+1.4 MPa.""'"? It has excellent mechanical prop-
erties, biocompatibility, and circulation of nourishment and
wastes, so it is likely to be applied as an artificial blood vessel
with a small-diameter and porous structure. In this study, PU/
PCL and P/g/CF layers are used as the top and bottom layers
of wound dressing, respectively. The PU/PCL top layer is a
dense structured membrane to protect the wound from external
infection. The P/g/CF sublayer is a membrane with high ability
to improve cell adhesion and proliferation. Mechanical prop-
erties, MVTR, WUC, porosity, and cytotoxicity of a bilayer
wound dressing consisting of a dense PU/PCL top layer and a
biodegradable P/g/CF sublayer are investigated.

Experimental

Materials. PCL ((C¢H,00,),, M,, 80000), gelatin from por-
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Figure 1. Schematic diagram of electrospinning apparatus.
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cine skin and CF, poly[4,4’-methylenebis(phenyl isocyanate)-
alt-1,4-butanediol/di(propylene glycol)/polycaprolactone] (PU)
were purchased from Sigma-Aldrich. Acetic acid (99.5%), ethyl
acetate (99.5%), N,N dimethylformamide (DMF), tetrahydrofu-
ran (THF), and NaOH (98%) were purchased from Samchun
Pure Chemical Co., Ltd., Korea and used as they were received.
A mixture of acetic acid, ethyl acetate, and distilled (DI) water
was used as a common solvent for P/g/CF throughout the
study.*® CFs immersed in ethanol were stirred for more than 3
h using ultrasound. Then, dried CF (2 wt%) was added to the
7/3 P/g solution and degassed for 10 min to obtain a homo-
geneous P/g/CF precursor solution.® The preparation procedure
for the PU/PCL precursor solution is described elsewhere.'!?

Electrospinning. The electrospinning apparatus consisted
of a syringe pump (KDS-200, Stoelting Co., USA), a BD metal
needle, a grounded collector, and a high-voltage power supply
(ES30P-5W, Gamma High Voltage Research Inc., USA) equipped
with current and voltage digital meters.*®'""> The PU/PCL pre-
cursor solution was placed in a S mL BD luer-lock syringe
attached to a syringe pump and fed to a 22 gauge metal needle
at a flow rate of 1 mL/h. Membranes were collected at a volt-
age of 10 kV and a distance of 10 cm using a rotating metal
drum with a diameter of 9 cm and a length of 20 cm. The rota-
tional speed of the mandrel-type collector and the transverse
speed of the needle were 250 rpm and 60 cm/min, respectively.
The PU/PCL top layer was spun onto the as-spun P/g/CF layer
for 6 h to obtain the 0.1 mm thickness layer, as shown in
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Figure 1. Detailed experimental procedure is described else-
where.*¢!!

Scaffolds with a thickness of 0.2 mm were prepared. The
scaffold was neutralized using 0.1 N NaOH solution and then
washed three times with DI water. The as-prepared scaffolds
were placed in a vacuum oven at 40 C to eliminate remnant
solvents. The scaffolds were then sterilized via exposure to eth-
ylene oxide (EO) gas for 4 h with an EO sterilizer (HS-4313EO,
Hanshin Medical, Korea).*5!3!4

Characterization. Solution viscosity and electrical con-
ductivity were measured at room temperature using a vis-
cometer (DV 1M, Brookfield, USA) with spindle NO. SC4-
31 at 20 rpm. The morphology of the scaffold was examined
using a scanning electron microscope (SEM, S-3000H, Hita-
chi, Japan) and an optical stereomicroscope (SV-55, Som-
etech, Korea). Fiber diameters were then determined by
using an optical microscope equipped with iSolution Lite
image software.**'"'> Fourier transform infrared spectros-
copy (FTIR, Spectrum Two, PerkinElmer, UK) was used to
analyze the chemical structure of the scaffolds.”*'* The
mechanical properties of the scaffolds were investigated at
room temperature using an Instron 5564 with a 1000 N force
cell at a crosshead speed of 10 mm/min. Samples were pre-
pared according to ASTM D-638 (type V) in the shape of a
dumbbell. All experiments were performed in triplicate. The
data were expressed as the mean + standard deviation, and
statistical significance was set at p <0.05.*

MVTR, WUC, and Porosity of Scaffolds. MVTR of the
scaffold is determined according to EN 13726-2:2002-Part 2.>°
After fixing with a flat plate on one flange, 20 mL of distilled
water was filled. A sample with a diameter of 55 mm was
attached to the opposite side of the flange. The sample container
was kept for 24 h at 37 C and 20% humidity in a thermo-
hygrostat. The liquid formed inside the wound layer dressing
turns into a vapor state and is then transported to the atmo-
sphere. The moisture vapor permeation helps wound healing
by preventing wound infection. MVTR is then determined. As
described elsewhere, the WUC and porosity of the scaffolds
are also examined.***

Cytotoxicity and Cell Proliferation. The extract test method
was performed on the scaffolds to evaluate the potential of
cytotoxicity (L-929 mouse fibroblast cell (NCTC Clone 929,
ATCC, USA)) on the base of the International Organization for
Standardization (ISO 10993-5). The detailed experimental pro-

cedure is summarized elsewhere !>

Results and Discussion

SEM images of the surface of the PU/PCL scaffold and the
P/g/CF scaftolds loaded with 2 wt% CF are shown in Figure 2.
Under the optimized conditions, the SEM images of the scaf-
folds exhibits a continuous and homogeneous fibrous mor-
phology without bead formation. Fiber diameter was determined
by measuring between 70 and 100 fibers.*® The average diam-
eters of PU/PCL and P/g/CF scaffolds were 935 nm and 680
nm, respectively, in good agreement with the viscosities (1627
cP and 1025 cP). In our study, the porosity of PU/PCL, P/g/CF,
and bilayer scaffolds was estimated to be 83%, 83%, and 76%,
respectively, which are suitable for skin tissue engineering
applications.*”" It is reported that 60-90% porosity is ideal for
scaffolds to facilitate fibroblast cell penetration and prolifer-
ation in the structure.”*"> The porous structure can also ensure
sufficient gas and nutrient exchange to maintain homeostasis at
the wound site. Tensile strength of PU/PCL, P/g/CF, and bilayer
scaffolds were investigated, as illustrated in Figure 3. The PU/
PCL scaffold exhibited the highest elongation at maximum
load of 616%, and a tensile strength of 9.32 MPa. The point-
bonding structure of the PU/PCL scaffold was suggested to be
responsible for the load-bearing component.'* During defor-
mation, most of the fibers were oriented in the axial direction,
and the degree of point-bonding became more pronounced.

Figure 2. SEM images of (a) PU/PCL; (b) P/g/CF scaffolds. Note
that the scale bar is 5 pm.
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Figure 3. Mechanical properties of various scaffolds.

The point-bonding structure of PU/PCL scaffolds can act as a
load-bearing component under an applied force and as an obsta-
cle to stress concentration." The P/g/CF scaffold showed a
strength of 4.29 MPa at 400% elongation. The strength value
(6.34 MPa at 484% elongation) of the bilayer scaffold was the
median of the two single-layer scaffolds. The ideal tensile
strengths for wound dressings and skin cell cultures range from
0.8 to 18 MPa.'*!” Experimental results show that the PU/PCL
top layer are attributed to the mechanical properties of the bilayer
scaffold, and the P/g/CF sublayer has no significant effect.*!

The FTIR spectra of PU/PCL, cellulose, gelatin, PCL, and P/
g/CF scaffolds are shown in Figure 4. Characteristic -NH
peaks of PU located at 3320, 1703, 1528, and 1220 cm™ were
observed (Figure 4(a)). Distinct peaks of the C-O and C-O-C
bands in ester bond to PCL were observed at 1722 and 1170
cm’, respectively. Asymmetric and symmetric peaks of -CH,
groups were observed in both PCL and PU at 2944 and 2863
cm’, respectively, indicating the presence of a common func-
tional group.'® However, no new bonds were identified in PU/
PCL except for the peaks of PU and PCL, suggesting that there
is no chemical reaction during blending of these polymers.''®
Figure 4(b) shows that the amide (N-H stretching) peak of
about 3300 cm™ gelatin was weakened after loading CF on the
P/g scaffolds.® The PCL peaks present at 2945 cm™ and 2865
cm’, corresponding to the symmetrical and asymmetrical
methylene groups, were slightly shifted to 2944 cm™ and 2863
cm™, respectively. The sharp intensities of amide bands (1645
cm™ and 1538 cm™) of P/g scaffold indicated good miscibility
of the two polymers (PCL (-COO) and gelatin (-NH,)).*® The
peak intensity and shape of gelatin with C=0 stretching (amide
I) at 1645 cm™ and -NH bending (amide II) at 1538 cm™ weak-
ened and broadened after CF addition. The shift and broad-
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Figure 4. FTIR spectra of (a) PU/PCL; (b) P/g/CF scaffolds.

ening of these peaks could be an example of a presence
interaction between the two polymers present in the blend and
between cellulose and gelatin.>® The CF-loaded P/g scaffold
favored hydrogen (H) bonds between cellulose (hydroxyl (-
OH) and methylol (NH,-CH,OH) groups) and gelatin (carboxyl
(-COOH) and amine groups (-NH,)) within the scaffold.>®

MVTR and WUC are important criteria for wound dressings
requiring adequate healing.”'® Low MVTR deposits produce
exudates and delay the wound healing process, making the wound
more susceptible to infection.”'® On the other hand, high
MVTR increases dehydration at the wound site, preventing the
skin from being maintained for a long time in a proper moist
environment, leading to scarring.***!° It is recommended that
the MVTR of wound dressing be in the range of ~500 to
~2000 g/10cm?-24h for suitable skin regeneration.**' MVTR
and WUC values of PU/PCL, P/g/CF, and bilayer scaffolds are
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Figure 5. MVTR and WUC of various scaffolds.

shown in Figure 5. The MVTR values of the PU/PCL, P/g/CF,
and bilayer scaffolds are 1845 g/10 cm*24 h, 1864 g/10 cm®-24 h,
and 1495 g/10 cm*-24 h, respectively. All scaffolds prepared in
this study can be considered as suitable biomaterials for infected
skin, as the MVTR of wound dressing is likely to be in the
range of ~500 to ~2000 g/10 cm*-24 h for proper skin regen-
eration.® The WUC values (scaffold’s capacity to absorb wound
exudate) of the PU/PCL, P/g/CF, and bilayer scaffolds are
285%, 274%, and 203%, respectively, as depicted in Figure 5.
The lowest MVTR and WUC were observed in the bilayer
scaffold. Although the highest MVTR and WUC values are
observed for PU/PCL and P/g/CF scaffolds, respectively, any
scaffold can be applied to wound dressings due to appropriate
MVTR and WUC values.

Cytotoxicity tests of PU/PCL, P/g/CF, and bilayer scaffolds
determine whether the scaffolds have toxic effects on living
cells. The test extracts showed no evidence of causing cell
lysis or toxicity, as displayed in Figure 6. PU/PCL, P/g/CF, and
bilayer scaffolds showed cell viability of 107%, 134%, and
113%, respectively, compared to the negative control, as mea-
sured at a wavelength of 415 nm by using the microplate
absorbance spectrophotometer.**!"'!82! Ag shown in Figure 7,
the results of proliferation of L-929 cells on PU/PCL, P/g/CF,
and bilayer scaffolds suggested that L-929 cells adhered well
to the scaffolds and continued to proliferate over time.”® All
scaffolds can be considered suitable as wound dressings because
they are non-cytotoxic and have excellent cell adhesion and
proliferation under the conditions of this study.® A bilayer scaf-
fold composed of a dense PU/PCL top layer and a biode-
gradable P/g/CF can be considered as the material of choice
for wound dressings due to its tailored mechanical properties,
physical properties, and biocompatibility.

Figure 6. Photographs of cell morphologies: (a) positive control; (b)
negative control; (c) PU/PCL; (d) P/g/CF; (e) bilayer scaffolds.
Scale bar is 100 pum.
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Figure 7. Proliferation of L-929 cells on negative control, PU/PCL,
P/g/CF, and bilayer scaffolds over time.

Conclusions
A 0.2 mm thick bilayer scaffold was synthesized by elec-
trospinning a PU/PCL top layer on the top of the as-spun P/g/

CF sublayer using a common solvent to evaluate the feasibility
of the scaffolds as a wound dressing. When the PU/PCL layer
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was added to the P/g/CF layer, the tensile strength of the
bilayer scaffold increased from 4.29 MPa to 6.34 MPa. The
increase in strength was due to the presence of a PU/PCL layer
with a point-bonding structure. Although the highest MVTR
and WUC values are observed for PU/PCL and P/g/CF scaf-
folds, respectively, any scaffold can be applied to wound dress-
ings due to appropriate MVTR and WUC values. The bilayer
scaffold can be regarded as biomaterials for potential wound
dressings due to its mechanical properties, MVTR, WUC,
porosity, cell viability and proliferation.
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