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This study used nonwoven manufacture and electrospinning to create wound dressings with solid mechanical properties and
hemostasis function. 10% Polyvinyl alcohol (PVA) and 5% Bletilla striata (BS) were blended into the PVA/BS solution, which
can be made into nanomaterial with high specific surface area by electrospinning. The PVA/BS solution was electrospun onto the
dressing matrix made of polyester (PET) and absorbent cotton (AC), forming the PVA/BS composite dressings. According to the
experiment results, when the volume ratio of PVA to BS was 9 : 1, the resulting dressings had optimal fiber formation, the finest
average diameter, and the lowest toxicity.

1. Introduction

Wound dressings are divided into gauze dressing, synthetic
dressing, and biological dressing. Gauze dressings are com-
posed of cellulose fibers or fur, such as gauze, cotton pad, or
wool. This type of dressings is used to cover the wounds for
a temporal protection and needs to be changed periodically.
As various polymer materials have been developed as a result
of chemical industry advances, there are many products for
wounds; however, they are only good for skin-layer wounds,
not for deep and large wounds [1–3].

In addition, sponge-form and spray-form synthetic
dressings are available in the market; the design of syn-
thetic dressings is further improved to be double-layer and
multilayer, the former of which is composed of durable
outer layer and adhesive and resilient inner layer. As all
the aforementioned dressings do not significantly help large

and deep burns, biological dressings with better quality and
functionality are thus developed. An ideal dressing has to be
able to keep wounds moist, to prevent the wounds from the
second injury, to absorb the oozed blood and tissue fluid, to
accelerate wound healing, as well as to have good resilience,
tear strength, abrasion, and biocompatibility [4–8].

Electrospinning was first developed in 1900, when people
placed melted sealing wax in an electric field, and solid
fibers were jetted from the high-voltage end and accumulated
on collector, forming membranes. Zeleny [9] explored the
behavior of fluid droplets from a metal capillary under
static electricity, and Formals (1934) published a complete
electrospinning manufacturing that can successfully produce
polymer filaments and that obtained the patent of electro-
spinning in US [10–12]. Fibers made by electrospinning are
much finer than those by conventional spinning, yielding
a diameter varying from tens to thousands of nanometers.
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The most desired functionality of electrospinning is to
have nano fibers with considerable specific surface area,
which could be largely applied in biomedicine, such as
wound dressing, and tissue engineering scaffolding, tissue
engineering vascular graft [13–16].

Polyvinyl alcohol (PVA), made from the hydrolyzed
polyvinyl acetate, is primarily composed of hydrophobic
acetyl group (–CH3COO) and hydrophilic hydroxyl group
(–OH). The side chain of molecular chain of PVA has
a great amount of hydroxyl groups, imparting PVA great
hydrophile. In addition, PVA also has good biocompatibility,
nontoxicity, formability, and chemical and heat stability
[17, 18]. Bletilla striata (BS), a traditional Chinese medicine,
is good for wound healing, hemostasis, detumescence, and
granulation. It also helps to recover cuts, abrasion, toxin
of wound tumescence, pulmonary hemorrhage, and gastric
ulcer. Current studies have found that BS has glysan, volatile
oil, and starch, which activate platelets, shorten time for
thrombin generation, and suppress activity protease. There-
fore, it shortens thrombin time, restricts fibrinolysis, and
forms artificial thrombus so as to yield hemostasia [19–22].

Wounds, burns, surgical wounds, or acute wounds that
have excessive bleeding demand an efficient wound dressings.
In this study, PVA and BS solutions were first mixed with
various volume ratios and then electrospun onto a PET/AC
matrix, forming a hemostasic composite dressing. As PVA is
able to complement BS for fiber formation, electrospinning
is able to make polymer solution into micrometer fibers,
and even nanometer fibers. The PVA/BS nano fibers differ
from the previous PVA nano fibers in having the addition
of Bletilla striata, which has functions of hemostasis and
detumenscence. When electrospun into nano fibers, Bletilla
striata has a high specific surface area; this increases the
contact area between it and wounds, leading to an efficient
treatment. The PVA/BS composite dressings thus had good
mechanical properties, hemostasia, and biocompatibility. In
addition, high specific surface area of the constituent PVA/BS
nano fibers largely increased the contact area between BS
and the wound, facilitating the hemostasia and healing.
The PVA/BS nano fibers could be used as carrier for drug
delivery, tissue engineering, tissue repair substitutes and
wound dressing material.

2. Experiment

2.1. Material. PVA was purchased from Nihon Shiyaku
Industries, Japan. BS was purchased from Fu Tan Pharma-
ceutical Co., Ltd., Taiwan. Deionized water was offered by
Feng Chia University, Taiwan. L929 fibroblasts were supplied
by Institute of Life Sciences, Taiwan.

2.2. Electrospinning. In the first stage, PVA powder and BS
powder were respectively, dissolved with deionized water,
formulating 10 wt% PVA solution and 5 wt% BS solution.
Two solutions were then mixed with volume ratios of 10 : 0,
9 : 1, 8 : 2, 7 : 3, 6 : 4, 5 : 5, or 0 : 10 and then measured for
viscosity. Afterward, these solutions were made into films
and membrane by heating and electrospinning, respectively.
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Figure 1: Illustration of contact angle.

The electrospinning machine was offered by the Labora-
tory of Fiber Application and Manufacturing, Feng Chia
University, Taiwan. The settings of electrospinning were
as follows: the voltage was 12 kV, the distance between
the collector and needle was 12 cm, the syringe flow was
0.75 mL/h. The films were evaluated in terms of contact angle
while the membranes were observed by a scanning electron
microscopy (SEM), according to which the optimal volume
ratio of PVA to BS was thus determined.

In the second stage, the optimal volume ratio of PVA
to BS was obtained from the first stage, the voltage of
electrospinning was constant (12 kV), the distance between
collector and needle varied from 8, 10, 12, 15 to 20 cm, and
the syringe flow varied from 0.50, 0.75, to 1.00 mL/h. The
resulting PVA/BS membranes were then observed by an SEM
to determine the electrospinning parameters.

2.3. Preparation of Composite Dressings. The optimum para-
meters of fiber formation were used to in electrospinning
process: PVA/BS mixture solution was electrospun on the
optimal dressing matrix from the preliminary study [23],
forming the PVA/BS composite wound dressings. The result-
ing samples were then evaluated in terms of tear strength,
tensile strength, flexibility, and air permeability to determine
the dressings’ mechanical properties and comfort on users’
skin.

2.4. Tests

2.4.1. Contact Angle Evaluation. Contact angle was based on
Young’s formula [24] proposed in 1805 as below:

σlg Cos θ = σsg − σsl, (1)

where σlg was the interfacial tension between liquid and gas,
σsg was the interfacial tension between solid and gas, σsl was
the interfacial tension between solid and liquid, and θ was
the contact angle, all of which were exemplified in Figure 1.
PVA/BS solutions with various volume ratios were made
into films and then evaluated by a contact angle meter
(Kyowa Interface Science Co., Ltd., Japan). The number of
test samples was six.

2.4.2. Observation of Scanning Electron Microscopy. PVA/BS
solutions with various volume ratios were, respectively,
electrospun into membranes, gilt, and then observed by a
scanning electron microscopy (SEM, S3000N, Hitachi Ltd.,
Japan).
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Figure 2: Sample of tear strength test.

2.4.3. Cell Biocompatibility Test. In in vitro test, PVA/BS
membranes were tested for cell biocompatibility, as specified
in ASTM F813-83. The membranes of 1 cm × 1 cm were
placed in a dish, where the L929 fibroblasts and medium were
both infused. After cell culture, samples were observed for
the cell growth.

2.4.4. Tensile Strength Test. This test was conducted accord-
ing to CNS 12915, using a universal strength tester (HT-
9101, Hung Ta Instrument Co., Ltd., Taiwan). Ten composite
dressings of 150 mm × 25.4 mm were each taken along
machine direction (MD) or cross machine direction (CD).
The yields of values were averaged for definitive mean and
standard deviation.

2.4.5. Tear Strength Test. A universal strength tester (HT-
9101, Hung Ta Instrument Co., Ltd., Taiwan, ROC) evaluated
the tear strength of the composite dressings, as specified in
CNS 12915. Figure 2 illustrates the sample size. Ten samples,
each taken along the CD or MD, were evaluated for the
definitive mean and standard deviation.

2.4.6. Air Permeability Test. This test was performed as
specified in ASTM D737, using an air permeability tester
(FX 3300, Textest AG, Switzerland). The composite dressings
were tested thirty times at different locations, and the values
were then averaged for definitive mean.

2.4.7. Flexibility Test. A flexometer (Hung Ta Instrument
Co., Ltd., ROC) was used to test the composite dressings,
according to CNS 12915. Six samples of 150 mm × 25.4 mm,
each taken along the MD and CD, were tested for definitive
mean and standard deviation.

3. Results and Discussion

3.1. Contact Angle of Films Made by PVA/BS Solutions
with Various Volume Ratios by Heating. Figure 3 shows the
contact angles of PVA/BS films made with various volume
ratios. With an increase in BS content, the contact angle of
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Figure 3: Contact angles as related to various PVA/BS volume ratios
of the resulting films.

Table 1: Mean of fiber diameter and viscosity of the PVA/BS
solution as related to various BS contents.

BS content
(%)

Mean of fiber
diameter

(Nm)

Viscosity of
PVA/BS solution

(cp)

0 181 ± 41 450.0

10 179 ± 28 378.0

20 177 ± 35 321.4

30 164 ± 41 230.7

40 212 ± 34 155.2

50 256 ± 38 69.1

100 N/A 41.7

PVA/BS films decreased. This decrease was due to the fact
that the molecular chains of PVA had a greater amount of
chemicals found in the hydrophilic group (–OH) and some
found in the hydrophobic group (–COOCH3); the major
component of BS was carbohydrate, which was composed of
carbon molecules and a great amount of certain hydrophilic
chemicals (–OH and –H). Therefore, an increase in BS
content raised the amounts of hydrophilic groups in PVA/BS
films, resulting in a greater hydrophile. This study shows that
PVA/BS films were hydrophilic as the size of contact angle
between the material and water was small.

3.2. SEM of Nanomembranes Made of PVA/BS Solutions with
Various Volume Ratios by Electrospinning. Figure 4 shows
the nano fibers made of PVA/BS solutions with volume
ratios of 10 : 1 (pure PVA), 9 : 1, 8 : 2, 7 : 3, 6 : 4, and 5 : 5, by
electrospinning. It was observed that when the BS content
was increased, the electrospun fibers of PVA/BS solution
exhibited distinct beads.

Table 1 reports the influence of various BS contents
on the mean of fiber diameter and the viscosity of the
PVA/BS solution. The mean of fiber diameter first decreased
with an increase in the BS content, starting from 0, up
to 10, 20, and 30%; when BS content exceeded 30%, the
mean of fiber diameter then increased and was greater
than that with 0% of BS content. An increase in BS
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Figure 4: SEM images (×5000) of nano fibers made of PVA/BS solution with volume ratios of (a) pure PVA, (b) 9 : 1, (c) 8 : 2, (d) 7 : 3, (e)
6 : 4, and (f) 5 : 5, by electrospinning. Scale bar: 10 μm.

content also decreased the viscosity of PVA/BS solution. Pure
BS solution possessed a low viscosity, the greater the
amount of BS content, the lower the viscosity of PVA/BS
solution. The viscosity of PVA/BS solution was proportional
to the mean of fiber diameter, namely, the mean of fiber
diameter decreased with a decrease in the viscosity of PVA/BS
solution.

According to Figure 4, beads started to occur when BS
content was 20%, indicating that the viscosity of PVA/BS
solution was lower than the critical value of polymer viscosity
required by electrospinning. In this study, the critical value of
desired viscosity fell within 378.2∼321.4 cp. The optimal
volume ratio of PVA/BS solution was 9 : 1, with which the
resulting fibers exhibited no beads, resulting in the optimal
fiber formation.

3.3. SEM of the PVA/BS Nano Fibers Made by Various
Electric Fields and Syringe Flows. Table 2 reports the effect of
various electric fields and syringe flows on the mean of fiber
diameter of the electrospun fibers made of PVA/BS solution
of 9 : 1, which was obtained from Section 3.2. The electric
field varied from 0.6, 0.8, 1.0, 1.2 to 1.4 kV/cm while the
syringe flow varied from 0.50, 0.75 to 1.00 mL/h. According
to Table 2, five combinations of electric fields and syringe
flows, which created a smaller mean of fiber diameter,
were selected. Figure 5 shows the SEM images of the
resulting PVA/BS fibers with the chosen five combinations

Table 2: Mean of fiber diameter as related to various electric fields
and syringe flows.

Electric field
(kV/cm)

Syringe flow
(mL/h)

Mean of fiber diameter
(Nm)

0.6 0.50 206 ± 46

0.8 0.50 170 ± 29

1.0 0.50 222 ± 34

1.2 0.50 247 ± 39

1.4 0.50 186 ± 35

0.6 0.75 195 ± 30

0.8 0.75 249 ± 43

1.0 0.75 179 ± 28

1.2 0.75 239 ± 40

1.4 0.75 220 ± 36

0.6 1.00 193 ± 37

0.8 1.00 192 ± 41

1.0 1.00 227 ± 38

1.2 1.00 243 ± 36

1.4 1.00 199 ± 45

of 0.6 kV/cm-1.0 mL/h, 0.8 kV/cm-0.5 mL/h, 0.8 kV/cm-
1.00 mL/h, 1 kV/cm-0.75 mL/h, and 1.4 kV/cm-0.5 mL/h.
There was variation in the mean of fiber diameter because
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Figure 5: SEM images (×5000) of electrospun fibers made of PVA/BS solution (9 : 1) with various combinations of electric field and syringe
flow of (a) 0.6 kV/cm-1.0 mL/h, (b) 0.8 kV/cm-0.5 mL/h, (c) 0.8 kV/cm-1.00 mL/h, (d) 1 kV/cm-0.75 mL/h, and (e) 1.4 kV/cm-0.5 mL/h.
Scale bar: 10 μm.

(a) (b)

Figure 6: Optical microscope images of cell growth of (a) control group (pure L929 fibroblasts cultured in medium), and (b) L929 fibroblasts
cultured with a PVA/BS nanomembrane in medium.

when the charge was varied, the polymer solution was
turned into different shapes, called Taylor cones, on the tip
of the syringe as a result of an imbalance of surface tension
of polymer solution (repulsion force) and electric field force
(pulling force). This influenced the generated drops, fiber
diameter, fiber morphology, and the strength of currents.

With the five given combinations of electric fields and
syringe flows, the resulting Taylor cones did not create
beads, showing that these Taylors cones, formed during
electrospinning, were all suitable for fiber formation. In
addition, variation in electric fields generated currents with
various strengths during currents’ transmission in polymer

solution, forming PVA/BS nano fibers with various diame-
ters. The optimal combination was thus determined to be
an electric field of 0.8 kV/cm and a syringe flow of 0.5 mL/h,
which produced the smallest mean of fiber diameter
(170± 29 nm); the amount of fibers was also greater than the
other groups.

3.4. Cell Biocompatibility Test. Figure 6 shows the images of
cell growth magnified 40 times: (a) is the control group (pure
L929 fibroblasts cultured in medium), and (b) is L929 fibrob-
lasts cultured with a PVA/BS nanomembrane in medium.
Comparing Figures 6(a) and 6(b), the cell amount did not
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Table 3: Comparison of mechanical properties of PVA/BS compos-
ite dressings and PET/AC matrices.

PVA/BS PET/AC
composite dressings matrices

CD MD CD MD

Maximum tear strength (N) 106.7 79.8 103.6 76

Standard deviation 5.32 2.88 4.4 1.62

Maximum tensile strength (N) 130.7 38.1 123.9 36.8

Standard deviation 6.71 0.49 4.71 2.44

Flexibility (cm) 12.2 10.9 8.5 7.1

Standard deviation 0.65 0.45 0.16 0.33

Table 4: Comparison of air permeability of PVA/BS composite
dressings and PET/AC matrices.

PVA/BS composite
dressings

PET/AC
matrices

Air permeability (cm3/s/cm2) 57.4 106.05

Standard deviation 9.39 4.55

decrease largely when cells were cultured with a PVA/BS
nanomembrane, indicating the resulting nanomembrane did
not negatively interfere with cell growth. In other words,
PVA/BS nanomembranes had a minor toxicity, resulting in
only a minor cell loss after implantation of the nanomem-
branes.

3.5. Mechanical Properties of PVA/BS Composite Dressings and
PET/AC Matrices. Tables 3 and 4 compare the tear strength,
tensile strength, flexibility, and air permeability of PVA/BS
composite dressings and PET/AC matrices. According to
Table 3, after PVA/BS solution was electrospun to PET/AC
matrices, the resulting composite dressings displayed greater
mechanical properties. This was because electrospinning
transformed the solution into a nanofibrous net, the nano
fibers of which had a smaller diameter than that of PET/AC
fibers. The nano fibers fell in and then filled the voids
of PET/AC matrices. In addition, nano fibers also had
a larger specific surface area, enlarging the contact area
between the PVA/BS nano fibers and PET/AC fibers and,
thus, raising the friction between fibers. An increase in
friction contributed to a greater resistance for fibers to move.
Therefore, to electrospin PVA/BS solution onto the PET/AC
matrices indirectly imparted greater mechanical properties
to the resulting PVA/BS composite dressings.

In contrast, the air permeability of the resulting PVA/BS
composite dressings was lower than that of PET/AC matrices.
Due to the aforementioned explanation about the distri-
bution of nano fibers during electrospinning, the voids in
PET/AC matrices were clogged by nano fibers, decreasing the
air volume that passed through the voids per unit time, and
the air permeability. However, the air permeability of PVA/BS
composite dressings was still satisfactory.

4. Conclusion

This study proposed a PVA/BS composite dressing, which
was made by electrospinning the PVA/BS solution onto
the PET/AC matrices. The fiber formation and physical
properties of the resulting materials as related to various
parameters were explored. When PVA/BS solution had a
volume ratio of 9 : 1, the critical value of the solution viscosity
fell between 378.2∼321.4 cp, creating no beads between
the resulting PVA/BS nano fibers and thus providing the
optimal fiber formation. With a constant volume ratio of
9 : 1, PVA/BS solution could be electrospun into nano fibers
with the smallest mean of fiber diameter (170± 29 nm) when
the electric field was 0.8 kV/cm and the syringe flow was
0.5 mL/h. In the cell biocompatibility test, PVA/BS nano-
membranes had minor toxicity, which caused only insignifi-
cant cell loss. In comparison with PET/AC matrices, PVA/BS
composite dressings were composed of nano fibers, which
had a much smaller diameter and high specific surface area,
and thus exhibited greater tensile and tear strength, flexibil-
ity, and a lower air permeability.

Acknowledgment

The authors are thankful to the National Science Council,
Taiwan, ROC, for providing financial assistance to carry out
this research work under NSC-97-2622-E-166-003-CC3.

References

[1] N. S. Levine, R. A. Lindberg, R. E. Salisbury, A. D. Mason Jr.,
and B. A. Pruitt Jr., “Comparison of coarse mesh gauze with
biologic dressings on granulating wounds,” American Journal
of Surgery, vol. 131, no. 6, pp. 727–729, 1976.

[2] G. Linda and M. Phillips, “Wound healing,” in Sabiston
Textbook of Surgery, 16th edition.
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