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ABSTRACT An electrospinning process has been introduced
to fabricate micro/nanofiber membranes having high porosity
and specific surface area. When constantly /uniformly deposit-
ing the micro/nanofiber membrane on a target, the electrospun
fibers require flushing out of the high charge and excessive re-
maining solvent built up, since these factors can interrupt the
constant deposition rate of the electrospun fibers on substrates.
These limitations can be overcome with a direct-electrospinning
process, which can lower the charges of the electrospun fibers
through a window of guiding electrodes and remaining sol-
vent of the electrospun fibers during the spinning process by
an air-blowing system. Because of the reduced charge accu-
mulation of the electrospun fibers, the micro/nanofibers can
be deposited on any kind of target, which may be a conduc-
tive or a non-conductive material. The fabricated membrane had
adramatically reduced charge, remaining solvent concentration,
sufficient tensile modulus, and small pore-size distribution. To
observe the possibility as a biomedical wound-dressing mate-
rial, a bacteria-shielding test of the fabricated membrane was
conducted.

PACS 47.65.-d; 81.16.-c; 81.07.-b; 61.41.+e; 87.85.J-

1 Introduction

A variety of synthetic materials have been used as
wound dressings to deal with the wide variety of wounds and
many stages of healing, including hydrogels, chitosan, algi-
nates, polyurethane or silicone foams, poly(e-caprolactone)
(PCL), and collagen [1-5]. To be effective, all of these
wound-dressing materials must maintain a moist environment
at the wound/dressing interface, provide mechanical protec-
tion, prevent bacterial penetration, allow gas—fluid exchange,
be non-adherent to the wound and easily removed without
trauma, and be non-toxic [6—10]. It was proposed that to
fabricate a wound-covering membrane for use as a wound
dressing, the membrane should have pore sizes ranging over
500-1000 nm to prevent bacterial penetration, and have a high
surface area ranging over 5—100 m? /g to promote proper fluid
management and allow dermal delivery [11].
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Polymer nanofibers have recently been introduced as
a wound-dressing material for treating wounds or burns of
human skin because of their efficient gas—fluid exchange, con-
trolled degraded formation, and reliable protection from bac-
terial penetration [3, 4, 11, 12]. Generally, the nanofibers have
been fabricated using various electrospinning processes, in-
cluding specially designed collectors, a microelectromechan-
ical system (MEMS) nozzle tip, and an auxiliary electrode
stabilizing initial spun jets [11, 13—18]. Fabricated electro-
spun fibers have also been used for a variety of applications,
such as filter media, nano/biosensors, military protective
coatings, three-dimensional scaffolds, composites, and drug
delivery [11, 18-25].

As stated by other researchers, the electrospun mem-
brane kept exudate fluid from the wound area and inhib-
ited the invasion of exogenous micro-organisms because
of the fine pores [3,26]. In addition, electrospun nanofiber
membranes have been used to deliver antibiotics to treat
wounds [4, 19]. There is a particular advantage to this system
because of the possibility of delivering uniform, highly con-
trolled doses of bioactive agents at the wound area by taking
advantage of the high surface-to-volume ratio of the nanofiber
system [4]. However, although electrospun fibers have been
recommended as wound dressings or protective coating ma-
terials, there are still limitations that need addressing. For
example, there is insufficient control of residual charge dens-
ity and remaining solvent within electrospun nanofibers when
depositing the micro/nanofiber membrane. These factors can
interrupt the constant deposition rate of electrospun fibers on
a substrate. Moreover, these can influence the pore-size dis-
tribution and mechanical properties of the membrane, and
eventually affect the wound-healing rate and the efficiency of
the protective filtering system.

In this paper, we describe a directly fabricated mem-
brane deposited on a substrate using a newly designed
direct-electrospinning system (Fig. 1). In this system, the
electrospun micro/nanofibers can be deposited on a substrate
directly through an ac field controllable guiding electrode
used to eliminate static charges in the electrospun fibers
and an air-blowing system which was applied only in the
whipping zone of the electrospun fibers, while standard elec-
trospinning methods have shortcomings when it comes to
obtaining deposition on a substrate because the spun fibers
are highly charged and scattered over too wide an area, due
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FIGURE 1 Schematic of the wound dresser using an electrospinning pro-
cess that includes supporting electrodes (a conical electrode and guiding
electrodes) and an air-streaming system

to the charged fibers and remaining solvent within the fibers.
Using this method, we obtained a tailor-made membrane
of micro/nanofibers with a high charge reduction and dra-
matically reduced remaining solvent compared to a normal
electrospinning process.

2 Experimental

A polymer solution was prepared by dissolving
2.4 g of poly(e-caprolactone) (PCL) in 30 g of a solvent mix-
ture consisting of methylene chloride (MC; Junsei Chem-
ical) and N, N-dimethyl formamide (DMF; Junsei Chem-
ical) in a MC/DMF wt.% concentration. The PCL (M, =
80000; Sigma-Aldrich) was a semi-crystalline polymer used
as a biomaterial because of its favorable mechanical proper-
ties and low melting point (around 55 °C); in addition, PCL
is biodegradable and bioresorbable. The electrical conductiv-
ity, surface tension, and viscosity of the PCL solution used for
the electrospinning process were 1.71 puS/cm, 36 mN/m, and
219 cP, respectively.

The electrospinning setup consisted of a conical electrode
(the inner diameter near the nozzle was 25 mm) to support
stable initial spin jets, guiding electrodes to provide stable
spraying of the electrospun fibers on the substrate, and an air-
blowing system to accelerate evaporation of the solvent. The
applied range of ac electric field of the guiding electrode was
0.3-1kV/cm to make the spun fibers converge between the
electrodes.

The polymer solution was placed in a 20 mL glass syringe
with a 20-gauge needle. The flow rate of the polymer solu-
tion was controlled using a syringe pump system (KDS 230;
NanoNc). A high-voltage dc electric field was generated using
a high-voltage amplifier (SHV300RD-50K; Convertech) at
the nozzle tip and a conical electrode. The guiding elec-
trodes were fabricated from a thin copper film and subjected
to a high-voltage ac electric field that was generated using
a high-voltage amplifier (610E; Trek) and a function genera-
tor (AFG310; Tektronix). Filtered air was controlled with the
air controller using air pressures of 0.02 and 0.04 MPa.

The influence of the auxiliary electrode on this process
is evident in photographs taken with a high-speed camera
(FASTCAM Ultima APX RS; Photron).

The morphology of the electrospun fiber membrane was
observed under an optical microscope (BX FM-32; Olympus)
connected to a digital camera, and under a scanning electron
microscope (SEM; Sirion).

To observe the effect of air blowing on the solvent in
the electrospun membrane, a square (5 x 5 cm?) electrospun
membrane was immediately transferred to a high-precision

balance (BS224S; Sartorius) set in a chamber with constant
humidity and temperature (45% and 26 °C), and the weight
change with time was measured. The pore-diameter distribu-
tion and porosity of a PCL membrane (140 pum in thickness)
fabricated using a guiding electrode and blowing air were
measured using an AutoPore IV mercury porosimeter (Mi-
cromeritics Instruments, Norcross, GA). The reduced charge
on the electrospun fibers was measured using a nanocoulomb
meter (Monroe-284; Monroe) connected to a Faraday cup.
The electrospun fiber membrane (5 x 7cm?), which was
deposited in 3 min on a poly(ethylene terephthalate) film
(100-pm thick and 1 x 10° € surface resistance), was im-
mediately transferred to the Faraday cup. The mechanical
behavior was characterized using a dynamic mechanical an-
alyzer (DMA-Q800; TA Instruments) in tensile mode and
a universal test machine (Nano UTM; MTS). Samples meas-
uring 2 x 12 mm? were prepared, and their thicknesses were
measured at five different points under an optical microscope
and the measured values were averaged. To carry out the pro-
tection test from microorganisms, LB (Luria Bertani) plates
were used. An LB plate is the most commonly used plate to
grow bacteria such as E. coli because the plate is very efficient
at stimulating growth. The electrosprayed nanofibers were de-
posited on an LB plate for the protection test. E. coli (SURE 2)
was spread on a nanofiber membrane of the LB plates and the
LB plates were incubated at 37 °C for 12 h. The bacteria were
observed with the optical microscope.

3 Results and discussion

To attain a stable nanofiber membrane, the initial
stability of the Taylor cone in the electrospinning system is
extremely important. However, in a real system of an electro-
spinning process, the initial spun jet can easily go to an unsta-
ble state due to its processing and environmental conditions,
such as near charged/scattered fibers, Fig. 2. To overcome
these difficulties, an auxiliary conical electrode which was
connected with a spinning nozzle and which can be charged

unstable spun jet

\

stable jet

]

®

aux. electrode

FIGURE 2 High-speed photographic images of initial spun jets showing
the influence of an auxiliary electrode and a normal electrospinning process
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FIGURE 3 Schematic description of a simple mechanism of field-
controllable guiding electrodes to concentrate the spun fibers in the electro-
spinning process

simultaneously as the liquid polymer passed through the spin-
neret was employed. As shown in the inset picture of Fig. 2,
the auxiliary electrode served to reduce the instability of the
initial jet leaving the apex of the Taylor cone and it provided
a constant whipping motion of electrospun fibers. The de-
tailed functions and computer-simulated results are described
in Kim et al. [15].

Figure 3 shows the simple mechanism leading to the
concentration of nano/microfibers between the guiding elec-
trodes. The electrostatic movement of spun fibers in the ac
field of the guiding electrodes may be considered to be sub-
jected to a dielectrophoretic force (Fp) and a columbic at-
traction force (F;). If randomly distributed nano/microfibers
are in the air and under an externally applied electric field of
the guiding electrodes, the fibers may interact electromechan-
ically through the use of their induced dipole moment. The
dielectrophoretic force of nanofibers can describe the physi-
cal phenomena resulting from the interaction between the in-
duced polarization moment (1) and the gradient of the applied
electric field, and the dielectrophoretic force acting on a fiber
in a non-uniform electric field, VE # 0, can be expressed
as Fp = (u-V)E, where u (= goe.frVE) is the dipole mo-
ment and E is the electric field [27]. The dipole moment is
proportional to its volume, V, relative dielectric constant of
the surrounding medium ¢, and permittivity of free space
g0 = 8.8542 x 10~'2F/m. A dimensionless parameter S is
composed with the dielectric constant and the conductivity of
the fiber and it is dependent on given shape, material, and ap-
plied electrical frequency [27,28]. From this mechanism, to
effectively concentrate the spun fibers, we have to maximize

: "fibers

the parameter Bg, and the parameter is critically dependent
on the frequency of the electric field. In the following para-
graphs, we deal with the frequency effect on the electrospin-
ning system.

The electrospinning stability of the electrospun fibers was
highly dependent on the ac electric field placed on the guid-
ing electrode. Figure 4 shows the effect of the applied fre-
quency on the spinability of micro/nanofibers in this system.
In Fig. 4a, the guiding electrode was grounded and a con-
stant airflow of 0.04 MPa was applied to the nozzle tip. As
expected, the electrospun nanofibers did not pass through the
window between the guiding electrodes despite the steady
airflow. In Fig. 4b, the guiding electrode was applied with
the electric field (0.6 kV/cm and 0.1 Hz) and Fig. 4c was ac-
quired under 0.6 kV/cm and 300 Hz. In both cases, the airflow
pressure was 0.4 MPa. From the results, at the low-frequency
range (roughly below 100 Hz) electrospun fibers did not go
through the window of the parallel electrodes and connected
between the parallel electrodes even though there was airflow.
However, at the high-frequency region (over 300 Hz) the elec-
trospun fibers were converged into the middle between the
parallel electrodes and stably sprayed out to the environment.
In addition, as shown in the magnified figure of Fig. 4c, the
initial spun jets were incredibly stable. These results indicate
that controlling the frequency applied to the guiding elec-
trode can stabilize the initial straight jet of the process. The
appropriate frequency range may be dependent on the elec-
trical and rheological properties of the electrospun polymeric
liquid, environmental conditions such as air temperature and
humidity, and processing parameters, such as the flow rate
and nozzle diameter. From these results, we are convinced
that the role of the ac controllable guiding electrode can pro-
vide a path for the charged fibers to the desired substrates.
In addition, using a stable, steady air-blowing system accel-
erated evaporation of the remaining solvent within the spun
fibers and reduced the residual charges in the fiber mat. The
detailed results are discussed in the next results of the charge-
density measurement and remaining solvent within the spun
fibers.

Figure 5a and b compare the dependence of the dc volt-
age applied on a nozzle tip and the distance from the guid-
ing electrode to a substrate, respectively. An ac electric field
(0.6kV/cm and 300 Hz) of the guiding electrode and a con-
stant airflow of 0.4 MPa were applied. As a well-known phe-
nomenon, the applied voltage influenced the size distribution
of the spun fibers. With a low voltage (16 kV), the electrospun
fibers had diameters of 2.20+ 1.1 pm while, with high volt-
age (24 kV), the distribution of the fiber diameters had a broad

FIGURE 4 The photographs show the effect of applied fre-
quency in the electrospraying process with the guiding elec-
trodes and air-blowing system. (a) The electrospun fibers are
shown attached to the guiding electrode. (b) The applied elec-
tric field was 18 kV at the nozzle and conical electrode and
0.6kV/cm and 0.1 Hz at the parallel electrode with airflow
of 0.4 MPa; (¢) 18 kV at the nozzle and conical electrode and
0.6 kV/cm and 300 Hz at the parallel electrode with airflow
of 0.4 MPa. Magnified picture in (¢) shows a stable Taylor
cone spraying from a nozzle
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FIGURE 5 Dependence of the electrospun fiber diameter on (a) applied dc
voltage on a nozzle tip and a conical electrode and (b) distance between the
guiding electrode and the substrate
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FIGURE 6 Dependence of the electrospun fiber diameter on the position
of air-blowing system. The SEM images show micro/nanofibers electrospun
on poly(ethylene terephthalate) film (a) with the air-blowing system set in-
side a conical electrode and (b) outside a conical electrode with a pressure of
0.04 MPa

range from 350 nm to 4.2 wm. On changing the distance from
the edge of the guiding electrode to the target plate, the aver-
age diameter of the spun fibers was not changed, while the
standard deviation of the diameter of the spun fibers was af-
fected since the blown air accelerated the whipping motion of
the spun fibers on increasing the distance between the guiding
electrode and the target (see Fig. 5b).

The airflow system in the electrospinning process was
firstly suggested by Chu and co-workers [29]. According to
their results, a normal electrospinning process combined with
an air-blowing system increased the solvent-evaporation rate
and stabilized the formation of nanofibers, which varied with
air-flow rate and blowing air temperature. In their setup, the
air-blowing system was directly contacted with the nozzle tip
of the Taylor cone. However, in our system, the direct con-
tact with a nozzle tip and an air flow caused high instability of
the Taylor cone and the spinability was poor. Figure 6 shows
the effects of the position of the air-blowing system, inside the
conical electrode (Fig. 6a) and outside the conical electrode
(Fig. 6b), on the spinability of an electrospinning process. The
nozzle and conical electrode were supplied with a dc voltage
of 20 kV and an ac electric field of 0.6 kV /cm and 300 Hz with
a constant airflow of 0.4 MPa. In this system, the direct con-
tact with the nozzle tip of the Taylor cone and the blowing
air caused unstable behavior in the initial spin jets, so that the
diameter of spun fibers had a high value of standard deviation
and a lot of beads were obtained, while stable initial spun jets

With

g

blowing

a g \\

FIGURE7 The SEM images show micro/nanofibers electrospun on

poly(ethylene terephthalate) film without the air-blowing system and using
the air-blowing system with a pressure of 0.04 MPa
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FIGURE 8 Normalized weight change of the solvent in electrospun mem-
branes consisting of micro/nanofibers fabricated using the air-blowing sys-
tem and guiding electrode

and a low value of standard deviation for the case using the air-
blowing system setup outside the conical electrode (Fig. 6b)
were achieved. Therefore, we used the air-blowing system set-
ting outside the conical electrode. We believe that this stable
electrospinability was due to the airflow just applied to the
whipping zone of spun fibers. The surface morphology of the
air-blown fibers also showed a high degree of roughness, as il-
lustrated in Fig. 7. We believe that this phenomenon was due
to the accelerated whipping behavior and fast evaporation of
solvent caused by the air-blowing system.

Figure 8 shows the weight of electrospun membranes
measured using a high-precision balance. PCL solution was
electrospun onto a square (5 x 5 cm?) and transferred to the
high-precision balance immediately. As shown in Fig. 8,
the electrospun fibers still had remaining solvent within the
stacked membrane but, when the air-blowing system was ap-
plied, the evaporation of solvent in the spinning process was
accelerated and the remaining solvent was decreased dra-
matically. Roughly speaking, there was a 70% maximum
reduction in remaining solvent using air blowing with a pres-
sure of 0.04 MPa compared to not using air blowing. The
remaining solvent in the membrane also decreased noticeably
with time.

Figure 9 shows the reduced charges on the electrospun
fibers, measured using a nanocoulomb meter connected to
a Faraday cup. As the figure shows, the membrane’s charges
decreased dramatically with time and the trends of the charges
on the fibers were consistent with each other. The charge re-
duction of the electrospun fibers through the ac field window
was due to neutralization of the charges of the electrospun
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FIGURE 10 The distribution of pore-size diameter of the electrospun mem-
brane

fibers. In addition, the charges of the fibers supplemented
using the air-blowing system were reduced because the evap-
oration of solvent altered the concentration of the solution
during the spinning process, which ultimately influences the
diameter and charge density of the electrospun fibers [30, 31].

Pore size and pore-size distribution of the wound dress-
ing or protective coating membrane are very important factors
for preventing bacteria invasion and allowing gas and fluid ex-
change and dermal delivery. As shown in Fig. 10, there was
a broad range of pore diameters from a few nanometers to
hundreds of micrometers. The porosity of the fiber membrane
was 70.3% and the average pore diameter was 53.4 nm. The
total pore volume was 1.82 mL /g, and the total pore area was
136.5m?/g. We believe that a membrane with this pore-size
distribution can protect a wound from various bacteria, and is
amenable to fluid and dermal exchange.

The results in Fig. 11 were obtained using a dynamic me-
chanical analyzer in tensile mode (strain = 1.5%) at room
temperature. In general, the mechanical properties of elec-
trospun fiber mats depend strongly on the fiber orientation
within the material, bonding between fibers due to the re-
maining solvent, and the slip of one fiber over another [32].
The storage moduli of the PCL membranes are shown in
Fig. 11. For specimens fabricated using the air-blowing sys-
tem, the membrane had an elastic modulus that was about 20 %
lower than membranes fabricated without an air-blowing sys-
tem. This can be explained by the reduction in interconnect-
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FIGURE 11 Storage modulus of the membrane and stress—strain curve
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FIGURE 12 Protection test of nanofiber membrane sprayed on the LB plate
from E. coli (SURE 2)

ing adhesions between individual fibers caused by increasing
the solvent-evaporation rate during the air-blowing process.
According to Hollister, an adequate range of a mechanical
modulus able to support excessive deformation in the scaf-
fold of soft tissue is 0.4—350 MPa; hence, the tensile modulus
(27 MPa) of the electrospun membrane as a wound-healing
material should be sufficient [33]. The stress—strain curve for
the electrospun membrane is seen in the inset in Fig. 11. Ac-
cording to the results, the Young’s modulus of the membrane
fabricated with and without air blowing was 19 and 33 MPa,
respectively. This trend was similar to that obtained using the
dynamic mechanical analyzer. In addition, the strain at the
breaking point of the membrane was 1.41 and 1.09 with and
without the air-blowing system. This implies that although
the use of air blowing in the system may decrease the elas-
tic modulus of the membrane, a membrane with an adequate
modulus and high breaking strain can easily mould to human
skin or any substrate. Previous results showed that use of the
modified electrospinning process allows the electrospinning
of micro/nanosized fibers onto living tissue.

To demonstrate the feasibility of this technique for
a wound dresser, we carried out a protection test from mi-
croorganisms. As Fig. 12 shows, the micro/nanofibers were
electrosprayed on an LB plate for the protection test, and the
microorganism (E. coli) was spread on the electrosprayed
fiber web using an air spray. After incubating on the electro-
spun membrane for 12 h at 37 °C, the membrane was removed
from the LB plate. As shown in Fig. 12, a bacterial colony
was not observed on the LB plate. This result showed a pos-
sibility as a membrane protecting the invasion of bacteria
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and microorganisms. The average pore size and porosity of
the membrane were about 53.4 nm and 70.27%, respectively.
When compared with a bacterial pore size of 0.5-500 pm, the
electrospun fiber membrane provided the protection ability as
a cost-effective shielding material against bacteria.

4 Conclusions

In summary, we introduced a direct-electrospinning
apparatus that uses a guiding electrode and an air-blowing
system to enable the fabrication of wound-dressing mem-
branes consisting of biodegradable PCL micro/nanofibers.
Stable, steady deposition of electrospun fibers on any sub-
strate occurred without interrupting the charges on the sub-
strate. The membrane had a highly reduced charge and suf-
ficient removal of solvent. Moreover, the membrane had
a broad range of small pores, which should prevent bacte-
ria invasion, and sufficient mechanical properties to sustain
internally /externally applied mechanical stress.
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