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Abstract: Cellulose acetate butyrate nanofibers were pre-

pared separately by two electrospinning techniques; a nee-

dleless electrospinning using a disc as spinneret and a rotary

drum as collector and a conventional needle electrospinning

using a rotary drum as collector. Compared to the needle-

electrospun nanofibers, the disc-electrospun nanofibers were

coarser with a wider diameter distribution. Both fibers had a

similar surface morphology and they showed no difference

in chemical components, but the disc-electrospun nanofibers

were slightly higher in crystallinity. The productivity of disc

electrospinning was 150 times larger than that of needle elec-

trospinning. The disc-electrospun nanofiber mats were found

to have a three dimensional fibrous structure with an average

pore size of 9.1 lm, while the needle-electrospun nanofibers

looked more like a two-dimensional sheet with a much

smaller average pore size (3.2 lm). Fibroblasts and Schwann

cells were cultured on the fibrous matrices to assess the bio-

compatibility. The disc-electrospun nanofiber webs showed

enhanced cellular growth for both fibroblasts and Schwann

cells, especially in a long culture period. VC 2012 Wiley Periodi-

cals, Inc. J Biomed Mater Res Part A: 101A: 115–122, 2013.
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INTRODUCTION

Electrospun nanofibers are typically prepared to have a
nonwoven-like fibrous structure. They are highly porous
with excellent pore interconnectivity and large specific sur-
face area. Electrospun nanofibers are easy to be functional-
ized through adding functional chemicals, polymers or nano-
materials to polymer solution for electrospinning. These
unique properties along with the extra functions brought by
the polymer materials have made electrospun nanofibers
imperative for applications in areas as diverse as tissue
engineering, filtration, energy conversion and storage,
reinforcement, sensor, and many others.1–6

Electrospun nanofibers produced by needle electrospin-
ning technique (i.e., electrospinning using a needle like spin-
neret) have been widely studied as tissue scaffolds for the
repair/regeneration of ligaments, skins, vascular grafts,
nerve guide conduits, and bones.7–12 They show better sup-
port of cell growth than other types of synthetic tissue scaf-
folds including those having a similar fibrous structure but
made of conventional fibers. Structurally, electrospun nano-

fiber mats are comparable to native scaffolds, that is extra-
cellular matrices (ECMs),13 which is the main reason leading
to the excellent scaffolding performance. However, needle-
electrospun nanofiber mats have a tightly packed fibrous
structure with pores typically in the range from tens of
nanometers to several microns. Cells on such a dense
porous structure are much easier to grow along the surface
rather than infiltrate into the fibrous matrix. As a result, the
nanofiber membranes are primarily suitable as a two-
dimensional (2D) tissue scaffold for applications such as in
endothelialization.

For many tissue engineering applications, three-dimen-
sional (3D) tissue scaffolds are essential, especially for
engineering bone, vascular and dermal tissues.14 3D tissue
scaffolds vary from 2D scaffolds in that they function as a
preformed ECM to support cells to migrate and attach
inside the scaffold so that a new 3D tissue can be formed
eventually. The pores in 3D tissue scaffolds play a vital role
in mediating cell infiltration and growth, and facilitating the
exchange of nutrition media and metabolites. The optimal
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pore size for 3D tissue scaffolds varies depending on
the types of cells and tissues. For example, the pores of
300–400 lm in size are most favorable for culturing
bone cells, while the optimal pore range for fibroblasts is 6–
20 lm.15–17

Considerable efforts have been made recently to develop
3D nanofibrous tissue scaffolds, with a preference to intro-
duce large pores directly through an electrospinning pro-
cess. Large pores have been created by the incorporation of
a spacer agent, such as sacrificial nanofibers through a coe-
lectrospinning technique18 or salt particles,19 into nanofiber
mats, and after a postelectrospinning treatment to remove
the spacers, fibrous mats with a 3D tissue scaffold feature
were acquired. Large pores were also formed by introducing
coarse fibers into nanofiber webs.20 A special collector also
has been designed to directly collect fibers into a 3D fibrous
structure.21 However, these fibrous matrices either lack uni-
formity or can only be produced in small quantities due to
the use of needle electrospinning.

Recently, needleless electrospinning has appeared as a
new electrospinning mode to produce nanofibers on large
scales.22–24 Needleless electrospinning is different to needle
electrospinning in that nanofibers are electrospun directly
from an open fluid surface without using a needle-like spin-
neret, and multiple jets are formed from a compacted liquid
surface without the confinement of capillary effect that is
typically associated with needle electrospinning. The pro-
duction rate of needleless electrospinning can be tens or
even hundreds of times that of conventional needle electro-
spinning (0.3 g/h), because each needle nozzle can typically
produce one polymer jet at one time for needle electrospin-
ning.23 However, the systematic study of cell growth on
needleless electrospun nanofibers has less been found in
the research literature.

In the recent study, we found that when a needleless
electrospinning was used to produce cellulose acetate butyr-
ate (CAB) nanofibers, the fibrous matrix obtained showed a
3D tissue scaffold feature with an enhanced cell growth per-
formance. Nanofibers produced also showed a much larger
production rate when compared with needle electrospin-
ning. In this article, we for the first time report on needle-
less electrospinning of 3D fibrous tissue scaffolds and their
cell culture performance. Fibroblasts and Schwann cells
were used for biocompatibility test. For comparison, nano-
fiber webs were also prepared using a needle electrospin-
ning setup.

MATERIALS AND METHODS

Materials
Cellulose acetate butyrate (CAB, viscosity average molecular
weights Mn � 70,000), was obtained from Aldrich. Acetone
(Chem-Supply) and N, N0-dimethylformamide (DMF, Chem-
Supply) are of reagent grade. All chemicals were used as
received. Rat fibroblasts were donated by Barwon Health
Hospital, Australia. Rat Schwann cells (SCs, CRL-2768) and
culture media were obtained from American Type Culture
Collection (ATCC). All other reagents used for cell culture
were purchased from Gibco Life Technologies, USA.

Electrospinning
Disc electrospinning and needle electrospinning were per-
formed using purpose made electrospinning setups.23,25

CAB (12 wt %) in acetone/DMF (2/1, vol/vol) was used.
Figure 1 illustrates the needleless electrospinning setup,
which contains a rotary aluminum disc spinneret, a Teflon
solution vessel, a high voltage direct-current power supply
(ES50P-20W/DAM, Gamma High Voltage Research, USA) and
a grounded drum collector. The disc nozzle was 2 mm in
thickness and 8 cm in diameter with a beveled edge, and
the radius of the beveled curve was about 0.5 mm. During
electrospinning, the vessel was filled with CAB solution so
that nearly half of the spinneret was immersed in the poly-
mer solution, and the unimmersed part of the spinneret
was covered with a thin layer of the CAB solution via rota-
tion. With the rotation of the spinneret, the polymer solu-
tion was loaded onto the spinneret surface constantly, which
led to the continuous generation of polymer jets/filaments.
To facilitate the removal of solvent residues from the freshly
collected nanofibers, two electrical heaters (surface temper-
ature 120�C) were set beside the drum collector with a dis-
tance of 10 cm. During electrospinning, unless specified the
applied voltage, the electrospinning distance and the rotat-
ing speed of the disc nozzle were controlled at 50 kV,
16 cm and 40 rpm, respectively. For the needle electrospin-
ning, the applied voltage, the electrospinning distance and the
flow rate were set at 15 kV, 16 cm, and 1.2 mL/h, respec-
tively. After electrospinning, CAB fibers were kept in vacuum
at 80�C overnight to remove the trace solvent residue.

Characterizations
Fiber and cell morphologies were observed under a field emis-
sion scanning electron microscope (SEM, Zeiss SUPRA 55VP).
The fiber diameter was measured based on the SEM images
using image analysis software ImageJ (National Institutes of
Health, USA). Electrospun nanofiber mats (n ¼ 3) were cut
into 3 � 3 cm2 for measurement of pore size and distribution
using a CFP-1100-AI capillary flow porometer (Porous Materi-
als Int.). Galwick with a surface tension of 20.1 dynes/cm
(PMI) was used as the wetting agent for the measurement.
Fourier transform infrared spectroscopy (FTIR) spectra were
recorded on a VERTEX 70 FTIR spectrometer (Bruker Bio-
sciences Pty) and wide angle X-ray diffraction were obtained
on an X-ray diffractometer (Riga Ku, Japan) using CuKa

FIGURE 1. Apparatus for disc electrospinning and a photo of the elec-

trospinning process. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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radiation (k ¼ 1.5418 Å) at 40 kV and 40 mA. The water con-
tact angle of nanofiber mats were measured using a water
contact angle meter (KSV CAM200 Instruments).

Cell culture, cell viability, and cell morphology
Fibroblasts were cultured in Roswell Park Memorial Insti-
tute-1640 (RPMI-1640) and Schwann cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) under a
standard culture condition (i.e., 37�C, in a humidified atmos-
phere containing 5% CO2 and 95% air). Both media were
supplemented by 10% fetal bovine serum (FBS) and 1%
antibiotic–antimycotic. After sterilization in an autoclave at
121�C for 15 min, the CAB nanofiber samples were washed
with sterilized phosphate buffered saline (PBS, 10 mM, pH
7.4) for three times, and once with culture medium. The
scaffold samples were then punched into a circular shape
(14 mm in diameter) and placed individually into a 24-well
culture plate. A stainless ring was used to secure the scaf-
fold sample in the wells. Cells were then seeded onto the
scaffolds at a density of 2.0 � 104 cells/well and the culture
medium was replenished every 3 days.

Cell attachment and viability were assessed with cell
counting kit-8 (CCK-8, Sigma-Aldrich). Briefly, the scaffolds
were rinsed with PBS. After moving to another 24-well TCP,
the scaffolds were immersed with 400 mL of fresh culture
medium in each well. CCK-8 reagent (40 lL) was added
into each well, and incubation was then performed for 2 h
according to the reagent instruction. This allowed the WST-8
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-

phenyl)-2H-tetrazolium, monosodium salt) in CCK-8 being
reduced by cellular dehydrogenases to form an orange forma-
zan product that is soluble in tissue culture medium. Colora-
tion is thus developed and the absorption value is positively
proportional to the number of living cells. An aliquot
(150 mL) of incubated medium was pipetted into a 96-well
TCP for optical absorption measurement at 450 nm using an
Enzyme-labeled Instrument (MK3, Thermo, USA). The same
volume of culture medium and CCK-8 reagent without cells
was also incubated as the background. The CCK-8 test 4 h
after cell seeding was used to evaluate the cell attachment,
and the tests on days 1, 3, 5, and 7 after incubation were
employed for measuring the cell viability. Tissue culture poly-
styrene (TCP) wells were also used as control and all experi-
ments were performed repeatedly for six times.

To observe cells under SEM, the cultured matrices were
rinsed with sterilized PBS for three times to remove
medium and unviable cells, and then fixed by immersing
the cell carrying matrices in 2.1% (wt/vol) glutaraldehyde/
PBS for 4 h at room temperature. After rinsing with PBS for
three times, the matrices were immersed in a 2% (wt/vol)
aqueous OsO4 solution for 20 min. The matrices were then
immersed in a 1% (wt/vol) aqueous tannic acid solution for
10 min and rinsed with 20% ethanol/water solution. The
matrices were finally freeze-dried (Labconco Freezone 2.0).

Statistical analysis
Statistical analysis was performed using Origin (Origin lab,
USA). Values (n ¼ 6) were averaged and expressed as

FIGURE 2. SEM images and the histogram of fiber diameter distribution for, (A) disc-electrospun nanofibers, (B) needle-electrospun nanofibers.

(Scale bar ¼ 5 lm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ORIGINAL ARTICLE

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2013 VOL 101A, ISSUE 1 117



means 6 standard deviation (SD). Statistical differences
were determined by the analysis of one way ANOVA and dif-
ferences were considered statistically significant at p <

0.05.

RESULTS AND DISCUSSION

Morphology of CAB nanofiber webs
Figure 2 shows the SEM images of CAB fibers electrospun
from disc and needle electrospinning techniques. The disc-
electrospun nanofibers looked uniform in fiber morphology
and contained no beads, which were similar to those elec-
trospun from the needle electrospinning. At the concentra-
tion of 12%, CAB was electrospun into smooth fibers with-
out a parallel-grooved surface feature.26 The needle-
electrospun nanofibers had an average diameter of 367 nm.
Coarser fibers (average diameter 581 nm) with a wider di-
ameter distribution were produced from disc electrospin-

ning. This is in good accordance with the report by Niu
et al.23 who used disc electrospinning to electrospin poly-
vinyl alcohol nanofibers. The coarser nanofibers with wider
diameter distribution compared to needle electrospinning
were attributed to the widely distributed electrical field in-
tensity on the disc edge.

Figure 3 shows the appearance of nanofiber mats elec-
trospun from the two different electrospinning techniques.
The needleless electrospun nanofibers had a loose fibrous
structure on the collector [Fig. 3(A)]. However, fibers pro-
duced by the needle electrospinning adhered firmly on
the drum collector, forming a sheet like fibrous membrane
[Fig. 3(B)], and such a fibrous characteristic was not
changed by adjusting the rotating speed of the drum. Upon
taking the nanofiber webs off the collectors, the original
fibrous characteristics were remained without deformation.
As shown in Figure 3(C), the nanofiber web produced by

FIGURE 3. Photos of CAB nanofibers produced by, (A) disc electrospinning setup (15 min), and (B) needle electrospinning setup (3 h). (C)

Appearance of nanofiber mat produced from the two setups, (D) Proposed formation mechanism of 3D fibrous structure. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. Pore Diameter and Productivity of CAB Nanofiber Mats

CAB
Nanofiber

Mats

Mean Pore
Diameter 6 SD

(lm)

Largest
Pore

Diameter (lm)

Smallest Pore
Diameter

(lm)
Productivity

(g/h)

Disc-spun 9.100 6 4.513 44.248 0.402 22.40
Needle-spun 3.193 6 1.001 6.478 0.434 0.14
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the disc electrospinning has a candy floss-like structure, a
typical characteristic of 3D fibrous scaffolds.21 For the nano-
fiber web prepared from the needle electrospinning, a
highly packed nanofiber sheet was formed.

The pore size of nanofiber mats is listed in Table I. For
the disc-electrospun fiber mats, the average pore diameter
measured was 9.1 lm, which was much larger than that of
the needle-electrospun nanofiber mats (pore diameter 3.2
lm). The SEM images in Figure 2 also reveal that disc-elec-
trospun nanofibers have a much lower fiber density when
compared with the needle-electrospun nanofibers. As
expected, the disc electrospinning had a nanofiber produc-
tion rate of 22.40 g/h, which was much higher than that of
the needle electrospinning (0.14 g/h), although a single disc
was employed for needleless electrospinning.

Cell viability
Two types of cells, fibroblast and Schwann cells, were used
to assess the biocompatibility of the CAB nanofiber mats.
Fibroblasts were selected as they can be easily regulated by
the contact guidance from culture substrates.27 Our previ-
ous study has found that Schwann cells exhibiting prompt
proliferation on electrospun CAB nanofibers and the growth
behavior could be readily regulated though the control of
fiber orientation.26

Figure 4 shows the SEM images of fibroblasts on CAB
nanofiber scaffolds after 7 days of culture. All cells spread
well on the scaffolds, regardless of the pore size and fiber
density. On the needle-electrospun nanofiber mats [Fig.
4(A,B)], cells grew mainly on the scaffold surface and no
cell infiltration was observed into the fiber matrix. However,
fibroblasts on the disc-electrospun scaffolds showed quite
different growth behavior [Fig. 4(C)]. Instead of growing on
the top surface or falling into the bottom of the scaffold,
cells were found to integrate in the fiber matrix. Clear cellu-
lar infiltration can be observed under high magnification in
Figure 4(D). Some of the cells were found to migrate into
the porous matrix, showing a similar structure to cells on
the native ECMs.28

Schwann cells were also found to grow well on the
nanofiber scaffolds. As shown in Figure 5, most of the
Schwann cells have a cell cytoskeleton-elongated bipolar
shape, which is known to be conducive for peripheral nerve
repair. Similar to the fibroblasts, the Schwann cells grew
only on the surface of the needle-electrospun nanofiber
mats [Fig. 5(A,B)], but they migrated into the disc spun
nanofiber matrix [as marked by the arrows in Fig. 5(D)].
Unlike the fibroblasts, which looked to float on the matrix
surface, most Schwann cells penetrated, at least partially
into the fiber matrix. This is probably because Schwann
cells have a narrow bipolar structure, which is easier to

FIGURE 4. SEM images of fibroblasts growing on, (A, B) needle-electrospun nanofiber mats, (C, D) disc-electrospun nanofiber mats. (Scale bar

¼ 10 lm).
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migrate into the pores [Fig. 5(C)]. In comparison, fibroblasts
are flat and they are more sensitive to the ambient environ-
ment. These results also indicate that fibrous structure has
a significant effect on cell growth performance.

Cells on scaffolds are normally expected to experience
three discernible stages: initial adhesion, spreading, and
proliferation. The cell attachment to the electrospun nano-
fiber mats was assessed quantitatively using CCK-8 assay.

The number of attaching cells is proportional to the optical
absorption of the colored enzyme extracted from the sam-
ple. Figure 6 summarizes the initial attachment and viability
of cells in different incubation periods.

Both cells at an early stage (4 h) showed better attach-
ment to the tissue culture polystyrene (TCP), when com-
pared with the nanofiber mats. This was presumably due to
the hydrophobic nature of CAB. The water contact angle of

FIGURE 5. SEM images of Schwann cells growing on, (A, B) needle-electrospun nanofiber mats, and (C, D) disc-electrospun nanofiber mats.

(Cell infiltration was marked by the arrows, scale bar ¼ 10 lm). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 6. Cell attachment and proliferation of (A) fibroblasts and (B) Schwann cells on TCP, needle-electrospun nanofiber mats, and disc-elec-

trospun nanofiber mats. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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electrospun CAB nanofiber mats was 120�. Such hydropho-
bic surfaces have been reported to retard the cell
adhesion.29

Cell number increased with increasing the culture date,
indicating the proliferation of cells on the scaffolds. With 5
days, cell number on the TCP was similar to that on the nano-
fiber mats, and there was no difference between disc- and nee-
dle-electrospun mats regarding the cell growth performance.

The most significant change (p = 0.05) was found on
day 7. For fibroblasts, the cell number on the TCP and the
needle spun nanofiber webs maintained a positive linear
growth throughout 7 days. However, the cell growth on the
disc spun nanofiber mats tended to increase in growth rate,
and this became more apparent on day 7 [Fig. 6(A)]. This
led to much larger number of cells growing on the disc-elec-
trospun nanofiber webs compared with that on needle-spun
nanofibers. At day 7, the CCK-8 absorption values for the
disc- and the needle-electrospun nanofibers were 2.258 and
1.729, respectively, indicating that the former had 30.60%
more fibroblasts than the later.

For Schwann cells, cell growth on the TCP and needle-
spun nanofibers was slowed down considerably from day 5
to day 7. However, on the disc-electrospun nanofiber mats,
cell number still increased, albeit at a slightly lower rate.
From day 5 to 7, cells on the disc-electrospun nanofiber
mats increased by 13.59%, which was much higher than
that on the needle-electrospun nanofiber samples (3.79%).

The overall growth trend for the cells on needle-electro-
spun nanofiber mats was similar to TCP, but the disc-elec-
trospun nanofiber mats were much different, especially on
day 7. The difference in cell growth trend should derive
from different cell-matrix interaction. If cells can only grow
on the surface of a tissue scaffold, which is the case of the
needle-electrospun nanofiber web or TCP, their growth
would enable the cells to cover the entire surface gradually.
When cells can migrate into the matrix, they can grow and
proliferate with larger surface area and pore space. The fact
that fibroblasts growing on the disc-electrospun nanofiber
mat shows larger growth rate suggests that the cell prolifer-
ate at a larger rate when they infiltrate into the nanofibrous
matrix. The disc-electrospun nanofibrous webs offer a 3D
porous environment to support cell infiltration and prolifer-
ation. The slightly reduced growth rate for the Schwann

cells on day 7 suggests that the pores in the disc spun
nanofiber matrix could be still small for Schwann cells.

Formation mechanism of the 3D structure
The mechanism of forming 3D fibrous structure during disc
electrospinning was proposed as illustrated in Figure 3(D).
During electrospinning, numerous charged nanofibers were
deposited on the collector. The rapid deposition of fibers led
to charge accumulation on the collector, forming a loosely
packed fibrous structure. Because the fibers were still wet,
they tended to stick together in the connected sections.
Heated by the two heaters around the fibers collected were
rapidly solidified which resulted in bonded fiber structure.
The bonded fibers can effectively prevents the fibrous struc-
ture from collapsing, leading to a highly loose, but structur-
ally stable 3D fibrous matrix. In contrast, the low fiber pro-
duction rate of needle electrospinning allowed the fibers
electrospun to have sufficient time to dissipate electrical
charges on the collector. This led to a layer-by-layer deposi-
tion of fibers into a dense sheet structure.

FTIR and XRD results
FTIR and XRD were also performed to examine the influ-
ence of electrospinning methods on nanofiber composition
and crystalline structure. Figure 7 shows the FTIR spectra

FIGURE 7. FTIR spectra and characteristic vibrations of CAB nanofibers electrospun from two different methods. The characteristic vibrations

were assigned according to literatures.30–33

FIGURE 8. XRD patterns of CAB nanofibers produced from the two

electrospinning methods.
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of electrospun CAB nanofibers. There was no difference in
FTIR found between the two nanofiber mats. It has been
reported that needle electrospinning has no influence on
the chemical composition of nanofibers electrospun. The
same FTIR feature between the needle- and disc-electrospun
nanofibers indicated that disc electrospinning method
should have no influence on the chemical composition of
polymer.

Figure 8 shows the X-ray diffraction pattern of the CAB
nanofibers. There was no obvious difference in the main dif-
fraction peaks of the nanofibers. The broad diffraction peak
at around 21.2� suggested that CAB nanofibers were largely
in an amorphous state. However, the disc-electrospun nano-
fibers showed a stronger peak at 7.2�. The crystallinity cal-
culated based on the XRD result indicated that the disc-elec-
trospun nanofibers had a slightly higher crystallinity
(41.08%) than the needle-electrospun ones (32.55%).

CONCLUSIONS

A highly porous 3D nanofibrous scaffold has been produced
directly by a needleless electrospinning technique using a
disc as the spinneret and a rotary drum as the collector. In
comparison with conventional needle electrospinning, the
disc electrospinning showed 150 times higher nanofiber pro-
duction rate. The disc-electrospun nanofiber webs showed
enhancement in the cellular growth of both fibroblast and
Schwann cells, especially in a long culture period (7 days).
The disc electrospinning showed no influence on the chemi-
cal composition of polymer electrospun, but slightly
increased the crystallinity. These results suggests that needle-
less electrospinning is advantageous in producing 3D nanofi-
brous tissue engineering scaffolds with large productivity,
which could form a promising technique platform for produc-
tion of 3D tissue scaffolds for engineering various tissues
including bones, cartilages, muscles, and many others.
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