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This paper describes the application of piezoelectric fibers and films formed using near-field elec-
trospinning (NFES) and electrospray (ESP) technology. Poly(y-methyl L-glutamate) (PMLG), a bio-
compatible material, was mixed with poly(ethylene oxide) (PEO) and surfactant to obtain a solution
of appropriate viscosity and conductance. Because the orientation of the dipoles in PMLG was
enhanced upon applying an electric field, we could use the NFES and ESP processes to align
dipoles and enhance the piezoelectric properties of the resulting fibrous materials. The maximum
peak voltage of a fiber-based harvester prepared using this approach was 0.056 V. Because the
fibers and films were non-toxic biological materials displaying excellent piezoelectric characteristics,
we deposited them on glass substrates coated with indium tin oxide to observe their effects on the
proliferation of cells. The negative charge of PMLG decreased the proliferation of mouse fibroblast
cells (NIH3T3); indeed, decreasing the interspacing between the fibers slightly decreased the prolif-
eration of these cells. Moreover, the migration of the cells was inhibited significantly, or even halted,

when the coverage of the ESP films increased, implying a growth inhibition effect.
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1. INTRODUCTION

Progress in micro electro-mechanical technology has been
growing rapidly with many studies focused on low-energy
devices and biomedical engineering (e.g., biosensors; bio-
logical cultivation). Nevertheless, such applications have
remained rare, in part due to high costs.

Polymer piezoelectric materials are typically inexpen-
sive and readily fabricated. Crystalline piezoelectric mate-
rials can convert mechanical strain into electrical charge.'
Near-field electrospinning (NFES)*? can be used to fab-
ricate controllable fibers with diameters ranging from
micrometers to nanometers.* The NFES process can be
used synthetically to prepare polymer alloys and com-
posites as well as biopolymers.® These electrospun fibers
can display many attractive characteristics, including small

*Author to whom correspondence should be addressed.
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diameters, high porosities, and high surface-to-volume
ratios.’ In this study, NFES and electrospray (ESP) pro-
cesses were used to fabricate fibers and films based on
poly(y-methyl L-glutamate) (PMLG). After electrospin-
ning and spreading under a high electric field, the a-helix
of a polyglutamate can rearrange to enhance its piezoelec-
tric properties.”® The peptide group in this polymer and
the side-chain esters of PMLG can derive the equilibrium
number of hydrogen bonding interactions.” '°

The physicochemical properties of scaffold materi-
als are critically important in tissue engineering for
regulating cell behaviour and the interactions among
cell materials.!'"'® Extracellular matrices having fibrous
nanoscale morphologies and biomimicking characteris-
tics have been used to cause beneficial effect in tissue
regeneration engineering.'* Biodegradability is a par-
ticularly promising scaffolding materials, poly(ethylene
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oxide) (PEO), with its unique material for tissue
engineering. !>’

Electrospinning is the simple but multifunctional
method for manufacturing nanofibers. Fibers from vari-
ous polymer solutions can be electrically spun (via Taylor
cones) onto substrates at nano-scale diameters.'® Tradi-
tional electrospinning can, however, be unstable or chaotic,
leading to disordered or randomly aligned fibers."” Con-
tinuous NFES was established as a superior technique
because its precise positioning control allows the depo-
sition of nanofibers with sophisticated patterns.’ Scaf-
folding systems presenting nanofibers prepared through
electrospinning can be used to achieve excellent cell
alignment.?! The cellular interactions within the pre-
scribed microscale patterns of nanofibers can be charac-
terized in terms of cellular alignment and related tissue
architecture.?? Binary micro- and nanoscale technology has
recently opened up new territories for studying associ-
ated biological effects (e.g., assessing dose effects quan-
titatively; relating the size-dependence responses of new
nanomaterial-based assays).?**

In this present study, we used NFES and ESP processes
to prepare direct-write fibers and spread films, respec-
tively, to observe the cell proliferation. The NFES has been
demonstrated to be able to achieve direct-write and highly-
aligned fibers with prescribed positioning density. After
determining the most suitable recipe for the PMLG solu-
tions blended with PEO and surfactant, we formed fibers
and films from them to characterize their cellular bio-
compatibility and cell proliferation phenomena (i.e., cell
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spreading and extension guided in a preferential direction).
Cell growth in fiber direction could be observed, and the
electrosprayed films were capable of affecting cell exten-
sion. These maskless, and direct-write patterns could be
fast fabricated and be a promising tool to study the cell-
based research.

2. EXPERIMENTAL SECTION

2.1. Materials

PMLG was synthesized with a molecular weight (M,,)
of 11,020;:2° PEO with a value of M, of 10,000 was
purchased from Aldrich (USA), the cell, NIH3T3 (ATCC
CRL-1658™) is purchased from ATCC, and the surfactant
(Zonyl Fluoro-surfactant) is purchased from DuPont Com-
pany. The as-fabricated fibers and films were manipulated
under ambient conditions. During the NFES and ESP pro-
cesses, the electric field was controlled to form the PMLG
droplet, induce the repulsive force, and form the Taylor
cone, thereby fabricating the ordered fibers and films.

2.2. Solution Concentration

PMLG-based solutions for NFES and ESP process were
formulated as follows. PMLG was dispersed in dimethyl-
formamide to obtain a solution having a concentration of
21.05 wt%. This PMLG solution was mixed with PEO
and surfactant to form a ternary PMLG/PEO/surfactant =
1/1/0.05 solution for NFES and 1/1/0.5 for ESP process
having conductivity greater than those of pure PMLG and
binary PMLG/PEO solutions.
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2.3. NFES and ESP Processes

NFES and ESP processes were employed to fabricate the
direct-write fibers and uniformly spread films, respectively.
The experimental setup included a needle clamping appa-
ratus, a high electric field power supply (12 x 10% V/m),
an infusion pump (1 mL/h advancing speed), a collection
plate, an NC controller (60 mm/s moving rate), and gaps
between the needle and collection plate of 0.5 mm for
NFES and 10 mm for ESP.

2.4. Mechanical Strain Rate to Induce
Electric Potential

The PMLG-based harvester was used to transform
mechanical vibration energy into electrical energy. The
PMLG fibers of the harvester existed in an area of 5 mm x
5 mm with a fiber count of approximately 120. The har-
vester was attached atop a flexible film of poly(ethylene
terephthalate) (PET). Both ends of the harvester were
bonded to parallel copper electrodes to examine the volt-
age output of this transducer. A schematic representation
of the vibrational harvester is presented in Scheme 1(a).
Mechanical stress from compressive and tensile stress
can induce charges in the fibers. A schematic represen-
tation of the vibration measurement system is displayed
in Scheme 1(b). The harvester was examined by apply-
ing a DC motor to observe the displacement of the har-
vester under periodic external strain. The bending effect
resulted in mechanical strain that was distributed along the
fibers and then transformed to an alternative voltage via
the piezoelectric {3-3} mode [Scheme 1(c)]. Scheme 1(d)
displays a schematic representation of the measurement
system, where a rod was connected to a rotary motor oper-
ated at low frequency. The rod tapped the harvester at the
free end to induce axial strain and a voltage along the
fibers. With different frequencies of the rod tapping on
the harvester, the voltage and strain could be induced and
analyzed.

2.5. Cell Culture and Applications

Cells were grown in 90% Dulbecco’s modified Eagle’s
medium (DMEM) and 10% Tet system approved fetal
bovine serum (FBS) at 37 °C in a presence of 5% CO,.
The spun fibers and spread films were deposited on a sub-
strate of ITO-coated glass. To observe cell proliferation,
the cell suspension was added to the fibers and films in a
sterile dish and cultured.

3. RESULTS AND DISCUSSION

The PMLG solution for NFES was filled into a syringe
featuring a needle tip of 0.15-mm internal diameter (needle
gauge: 30G). An electric field of 12 x 10° V/m was applied
at the gap between the collector and the syringe tip; the
gaps were set as 0.5 mm for NFES and 10 mm for ESP.
To control the condition of the fibers and films, the sub-
strate was held on an NC controller. When the electrical
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Figure 1. Relationship between shear rate and viscosity.

field overcame the droplet surface tension, fibers could be
spun from the Taylor cone. Using this approach, fibers
with well-aligned piezoelectricity were directly patterned
on the ITO-coated glass. At an appropriate viscosity and
surface tension, the PLMG solution could be used to fab-
ricate controllable fibers and films. If the concentration of
the PMLG solution was too high, its heavy viscous resis-
tance resulted in difficulty spreading.

3.1. Solutions of Viscosity and Conductivity

In Figure 1, the viscosity of the pure PMLG solution
was 1614.0 cP. After adding the high-molecular-weight
PEO homopolymer, the viscosity of the PMLG solution
increased to 2213.0 cP. Because this greater viscosity
might have caused needle blockage, we added a surfactant
to change the surface tension of the solution. When the
PMLG solution was mixed with appropriate proportions of
PEO and surfactant (PMLG/PEO/Surfactant = 1/1/0.05),
the PMLG fibers could be fabricated successfully (solu-
tion viscosity: 1329.1 cP). Notably, adding too much sur-
factant (PMLG/PEO/Surfactant = 1/1/0.5) resulted in the
viscosity being too low (589.9 cP) to fabricate PMLG
fibers. The conductances of the pure PMLG solution, the
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Figure 2. Relationship between frequency with (a) force and (b)
voltage.
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Figure 3. PMLG electrical measurements: (A) positive and (B) reverse connections: (a) voltage, (b) current, and (c) strain.

PMLG/PEO solution, and the PMLG/PEO/surfactant solu-
tion were 30.83, 31.21, and 98.96 uS/cm, respectively.
Thus, adding both PEO and surfactant increased the con-
ductance to three times greater than that of the pure PMLG
solution.

3.2. Harvester Measurement Under

Low-Frequency Vibration
In this study we prepared a harvester that could be oper-
ated at low frequency. We measured the electric current,

voltage, and strain from the harvester at vibrational fre-
quencies of 1-10 Hz. As the frequency increased from 1
to 10 Hz, the force increased from 0.06 to 0.26 N
(Fig. 2(a)), with the output voltage of the harvester within
the range from 0.011 to 0.0415 V (Fig. 2(b)). The volt-
age did not, however, increase without limit with respect
to the frequency because high frequencies made it dif-
ficult for this flexible PET-based harvester to recover
completely, thereby decreasing the output voltage. Con-
sequently, we chose a frequency of 8 Hz for subsequent
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Figure 4. SEM image and electrical measurements of PMLG fibers: (a) the area of 5 mm x 5 mm with a fiber count of approximately 530 SEM

image, (b) voltage, (c) current, and (d) strain.
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Figure 5. PMLG impedance matching test.

electrical measurements. Figure 3 displays the responses
of the induced electric potentials as a periodic force was
applied at 8 Hz to the harvester. The peak electric current
was 1.39 x 1077 A, with a maximum voltage of 0.056 V
at a strain of 0.03. For this result, only few fibers are fab-
ricated on 5 mm x 5 mm in area, it is about 120 counts
of fibers. Though the maximum peak voltage of this har-
vester was 0.056 V, it can be enhanced by adding more
fibers. A higher voltage of 0.17 V can be obtained when
fiber counts were increased, as shown in Figure 4.

3.3. Power Generation of Harvesters
PMLG fibers were deposited on a PET substrate and pack-
aged as a harvester. Both ends were bonded to copper

parallel electrodes. Colloidal silver gels were applied at
both fibers ends to hold the ends together tightly. This
structure allowed the induction of a voltage and electric
current pulse. Furthermore, the harvester was configured
with an impedance matching test with an external load
resistor (RL) of 46 MQ. Upon periodic stretching and
release, this harvester produced a peak voltage and power
of 0.032 V and 168.54 pW, respectively, at a strain of 0.03
and a frequency of 8 Hz, as displayed in Figure 5.

3.4. Optimal Parameters of Fibers and Films
Prepared Using NFES and ESP Processes
Unlike the far-field electrospinning (FFES) process, the
higher electrical fields and the stronger mechanical stretch-
ing conditions of the NFES process can induce alignment
of the dipoles of the fibers. Therefore, the NFES process
allows fibers to be fabricated with relative smaller diame-
ters, smoother surface structures, and excellent piezoelec-
tricity. We fixed the infusion pump rate at 1 mL/h for the
NFES and ESP process. If the speed of the movement of
the NC table was too slow, the fibers might form beads or
possess larger diameter; in contrast, a higher speed might
lead to finer, more uniform fibers. Hence, we set the col-
lection rate at 60 mm/s.

The magnitude of the electric field, the speed of NC
controller, the concentration of the solution, and the diame-
ter of the needle were the parameters that we varied to con-
trol the diameter of the electrospun fibers. We changed one
parameter at a time during the NFES process to determine

18kU X308 " S580Nm

Figure 6. SEM images of (a—c) fibers with spacings of (a) 250, (b) 500, and (c) 750 wm and (d-i) ESP-deposited films (film coverages) of
(d, g) 250 um (89.55%), (e, h) 500 wm (62.13%), and (f, i) 750 wm (41.05%).
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Figure 7. SEM images (cell coverages) of (a) NIH3T3 cells (2.87%) and (b-h) NIH3T3 cells cultured on a blank substrate for (b) 0.5 days (4.62%),
(c) 1 day (7.71%), (d) 2 days (37.11%), (e) 3 days (56.85%), (f) 4 days (91.21%), (g) 5 days (43.36%), and (h) 6 days (16.90%), where the blue color

images in the inset represent the cell coverage.

its effect on the fiber diameter. When we set the gap
between the collector and needle at 0.5 mm and the elec-
tric field at 12 x 10° V/m, we found that the NFES and
ESP processes were affected by the size of the needle.
In these experiments, the optimal needle was one having
an internal diameter of 0.15 mm (needle gauge: 30G) for
the electrospinning process.

When the gap between the needle and collection plate
was less than 0.5 mm, too high an electric field tended
to cause the collection plate to short-circuit. Thus, an

Initial 1 day

2 days

appropriate electric field was necessary to fabricate more
uniform, smaller-diameter fibers when the gap between the
needle and the collection plate was set at 0.5 mm. Too
low an electric field made the films uneven when the gap
between the needle and the collection plate was greater
than 10 mm. An appropriate electric field transformed the
droplets into a Taylor cone and resulted in uniform films.

For the electrospinning process, we obtained more uni-
form and continuous fibers when the electric field was
near 12 x 10° V/m. Figures 6(a)—(c) present SEM images

3 days 4 days

Figure 8. SEM images and cell coverage of NIH3T3 on fibers spacing were 250 um to cell culture in: (a) initial (2.43%), (b) 1 day (4.51%),
(c) 2 days (8.55%), (d) 3 days (21.36%), (e) 4 days (66.42%), 500 wm to cell culture in: (a) initial (2.04%), (b) 1 day (5.13%), (c) 2 days (11.64%),
(d) 3 days (47.86%), (e) 4 days (72.73%), 750 pum to cell culture in: (a) initial (2.59%), (b) 1 day (7.14%), (c) 2 days (36.81%), (d) 3 days (62.06%),
(e) 4 days (88.38%), where the blue color images in the inset represent the cell coverage.
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Figure 9. Cell coverage after 4 days plotted with respect to fiber
spacing.

of as-spun fibers with various interspacings (250, 500,
and 750 pwm). The ITO-coated glass was adopted as a
substrate (area: 40 mm x 40 mm). We used an electric
field of 12 x 10° V/m to fabricate films with various
coverages under conditions providing various interspac-
ings (Figs. 6(d-f)). Figures 6(g)—(i) reveal that the cov-
erages were 41.05-89.55%, as determined using Image J
software.

3.5. Cell Proliferation
For our study of cell proliferation, we used NIH3T3 cells
because they were easy to grow and attach; we used Image

25 50 75 100
Films coverage (%)

Figure 11. Cell coverage after 4 days plotted with respect to the film
coverage.

J (v. 1.38x) for image analysis. In time-cell activity, the
cell activity from initial to late stage increased initially and
then decreased. We cultured the NIH3T3 cells on a blank
substrate for 1-6 days. The initial NIH3T3 coverage was
2.87% (Fig. 7(a)); the cell coverage increased (to 4.62%
then 37.11%) after 1-2 days (Figs. 7(b—d)); it increased
further (42.19%-91.21%) after 3—4 days, reaching satu-
ration (Figs. 7(e and f)). The NIH3T3 cells contracted
and died (cell coverage: from 43.36 to 16.90%) after 5—
6 days (Figs. 7(g and h)). Because the cultured NIH3T3
cells lacked nutrient and died after 5-6 days, we performed
follow-up tests within 1-4 days in subsequent experiments.

4 days

. ©

Figure 10. SEM images and film coverage of NIH3T3 on 41.05% to cell culture in: (a) initial (2.77%), (b) 1 day (5.16%), (c) 2 days (11.16%),
(d) 3 days (27.33%), (e) 4 days (42.03%), 62.13% to cell culture in: (a) initial (2.19%), (b) 1 day (5.58%), (c) 2 days (12.27%), (d) 3 days (18.03%),
(e) 4 days (20.64%), 89.55% to cell culture in: (a) initial (2.27%), (b) 1 day (3.01%), (c) 2 days (2.92%), (d) 3 days (3.21%), (e) 4 days (3.07%),

where the blue color images in the inset represent the cell coverage.
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Figure 12. The evolvement of cells culture near PMLG fibers, (a) the pitch is set as 100 wm, (b) the pitch is set as 1000 pwm.

Figure 8 displays the results of NIH3T3 cell cultures when
using PMLG fibers having various interspacings (250, 500,
and 750 wm). When the interspacing was 250 pm, the ini-
tial coverage of NIH3T3 cells was 2.43% (Fig. 8(a)); the
cell proliferation rate was slow, reaching a cell coverage
of 66.42% after 4 days (Fig. 8(e)). When the interspacing
was increased to 500 wm, the initial coverage of NIH3T3
cells was 2.04% (Fig. 8(f)); it reached 72.73% after 4 days
(Fig. 8(j)). When we increased the interspacing further,
to 750 wm, the initial coverage of NIH3T3 cells (2.59%;
Fig. 8(k)) reached 88.38% after 4 days. Figure 9 plots the
relationship between the fiber interspacing and cell prolif-
eration after 4 days. Decreasing the interspacing between
the as-prepared fibers led to a slight decrease in the pro-
liferation of NIH3T3 cells.

Figure 10 displays the effect of film coverage on
the NIH3T3 cell cultures. When the film coverage was
41.05%, the initial coverage of NIH3T3 cells (2.77%;
Fig. 10(a)) increased to 42.03% after 4 days (Fig. 8(e)).
When the film coverage was 62.13%, the initial cover-
age of NIH3T3 cells was 2.19% (Fig. 8(f)), increasing
to 20.64% after 4 days (Fig. 10(j)). When the film cov-
erage was 89.55%, the initial cell coverage of 2.27%
(Fig. 10(k)) transformed from 1 to 4 days to only 2-3%
(Figs. 10(1~0)). Figure 11 plots the relationship between
the films coverage and cell proliferation after 4 days. The
migration of NIH3T3 cells was inhibited significantly, or
even halted, upon increasing the coverage of the ESP film.

In this study we used NFES and ESP processes to fab-
ricate direct-write fibers and spread films. These fibers
and films greatly influenced cell proliferation. Both the
film coverage and the fiber interspacing were primary
factors affecting cell proliferation. Because PMLG was
possessed hydrogen bonding wherein the hydrogen bond
possessed a strong negative charge, it could affect cell via-
bility and, thus, cell proliferation. From the Kato et al.
study, they reported that amino, alkyl and hydroxyl ter-
minal groups were introduced into PMLG particles to

J. Nanosci. Nanotechnol. 18, 156-164, 2018

obtain aminated PMLG (cationic microcarriers), alkylated
PMLG (neutral-based microcarriers) and hydroxyl termi-
nated PMLG (neutral-based microcarriers), respectively.
Many factors could affect cell growth such as hydropho-
bicity, length of functional groups, and anion exchange
capacity (AEC).?”"2® The PMLG fibers is spun and col-
lected on the collector. After this process, the PMLG fibers
carried negative charges. Then the PMLG fibers are used
to culture and observe the cell growth. The preliminary
results show the cell growth is inhibited by the negative-
charged fibers. But, there are so many important factors
such as surface properties and AEC involved in the cell
growth mechanism. At this stage, they were not charac-
terized in this study yet. But the authors could analyze
some of those effects on cell growth in the near future. The
current result could be helpful in further understanding of
PMLG fibers microcarriers for the culture of cells.

In addition, various PMLG pitches were spun on ITO
substrate, then cells were inoculated and cultured to
observe their development around the fibers. Figure 12(a)
shows when the pitch is set as 100 wm, the cell develop-
ment was inhibited near the fibers clearly where the cell
could not proliferate near the fibers. In addition, another
pitch of 1000 wm was carried out. The same result can be
observed in Figure 12(b). The cells were cultured on ITO
substrate with the PMLG fibers. For a period of hours, the
cells could not proliferate and spread on the fibers.

4. CONCLUSIONS

In this study we filled a PMLG solution for NFES into a
syringe featuring a needle tip having an internal diameter
of 0.15 mm (needle gauge: 30G). We applied an elec-
tric field of 12 x 10° V/m at a gap between the collec-
tor and the syringe tip; the optimal gaps were 0.5 mm
for the NFES process and 10 mm for the ESP process.
Under these conditions, the electrical field overcame the
droplet surface tension, allowing fibers to be spun from the
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Taylor cone. Accordingly, we could directly pattern fibers
with well-aligned dipoles onto ITO-coated glass. When we
applied a tapping force of 8 Hz to the harvester, the peak
electric current was 1.39 x 10~7 A, with a maximum volt-
age of 0.056 V at a strain of 0.03. The harvester was con-
figured with the matching impedance of an external load
resistor of 46 M(); it could produce a power of 168.54 pW.
We used the NFES and ESP processes to fabricate direct-
write fibers and spread films. The as-spun fibers and films
influenced cell proliferation significantly. The film cover-
age and the fiber interspacing on the substrate were two
main factors affecting cell proliferation. Since PMLG was
possessed hydrogen bonding, which possessed a strong
negative charge, it could affect cell viability.
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