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Abstract

One major limitation of the electrospinning technique for generating polymer fibers is the large average diameter and the broad diameter
variability of electrospun fibers. Improved methods of controlling fiber diameter and variability will have implications for many applications
ranging from filtration to cell and tissue engineering. Here we report an effective method of reducing the diameter and variability of fibers pre-
pared from three different polymers, poly(ethersulfone), poly(caprolactone), and poly(caprolactone-co-ethyl ethylene phosphoester), by doping
polymer solutions with a positively charged amphiphile, octadecyl rhodamine (R18) or octadecyltrimethylammonium bromide (OTAB) at
5000:1 to 20:1 of polymer to amphiphile weight ratio. This is due to the combined effect of field-driven surface partitioning of positively charged
amphiphiles and surface tension reduction. This method of diameter reduction can be applied easily without modifying the electrospinning setup
or changing the polymeresolvent system.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrospinning is garnering renewed interest because of its
ability to create polymer and ceramic fibers with diameters
ranging from tens to hundreds of nanometers [1e3]. The small
diameter and high surface area to volume ratio of electrospun
nanofibers make them an attractive platform for various bio-
medical applications, for example, as filtration devices [1],
wound healing bandages [4], controlled drug release carriers
[5], and cell/tissue engineering scaffolds [6e12].

In a typical setup, non-woven or aligned fibrous matrices of
ultra-fine fibers are spun from a viscous solution of a polymer
or ceramic precursor subjected to an electric potential,
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typically between 6 and 30 kV, under which charge accumu-
lates on the surface and to a lesser extent in the bulk of the
solution [2,3]. When the Coulombic repulsion force from the
accumulated charge on the surface overcomes the surface ten-
sion and the viscoelastic force of the solution, a charged jet
ejects towards a collector plate of opposite polarity. As the
jet travels to the plate, it thins down due to stretching and
bending instabilities and then deposits randomly as a nanofiber
mesh [1e3] or on a rotating wheel as an aligned fiber bundle
[6,13]. Despite numerous studies on electrospinning of various
polymers, control over the characteristics of the fibers (fiber
diameter, morphology, pore size of the fiber mesh, etc.)
remains empirical by adjusting the typical spinning parameters
such as flow rate, applied voltage, collecting distance between
needle and ground electrode, and polymer solution properties
such as solvent, concentration, conductivity, and surface ten-
sion [14e16]. As a result, electrospun polymer fibers usually
exhibit a wide range of fiber diameters in a typical preparation.
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This variability poses a significant problem in applications
where the performance of nanofiber meshes is influenced by
fiber diameter. For instance, a filtration nanofiber membrane
will have better diffusion, interception, and inertial impaction
efficiencies with a more uniform and smaller fiber diameter
[1]. An artificial cornea will require the use of a scaffold trans-
parent to visible light, this requires the fiber diameter to be sig-
nificantly smaller than wavelengths of visible light [17]. When
nanofibers are used as artificial extracellular matrices for cell
and tissue engineering, fiber diameter has been shown to sig-
nificantly influence many cellular processes of osteoprogeni-
tors [18], vascular endothelial cells [19] and fibroblasts [20]
that are cultured on the fiber meshes. It is widely hypothesized
that fibers with diameters approaching that of collagen fibrils
(30e400 nm) in natural extracellular matrix can offer topo-
graphical features favorable to cell response [21]. A methodo-
logy that can easily control fiber diameter and distribution is
urgently needed to define correlations between fiber diameter
and cell adhesion, proliferation and differentiation.

A mathematical model for electrospinning shows fiber
diameter to be a function of surface tension, flow rate, and elec-
tric current [3]. Fiber diameter increases with surface tension
and flow rate, but decreases with electric current. Nanofiber
diameter is commonly changed by adjusting the polymer con-
centration, with lower concentrations resulting in thinner fibers
[14]. However, for any given polymeresolvent combination,
a threshold concentration exists below which fibers cannot
be formed. This threshold hence determines the lower limit
for reducing fiber diameter by adjusting polymer concentra-
tion. Furthermore, the jet unevenly stretches during whipping
as a result of axisymmetric and non-axisymmetric instabilities
due to the perturbations of surface charges [22], generating
fibers with wide fiber distribution. This is particularly the
case for polymer solutions with lower conductivities.

One way to alleviate this problem is to use additives to fur-
ther tailor the properties of the solution. Charged molecules
such as salts can be added to increase the solution conductivity
and net charge density of the electrospun polymer jet [23,24].
It has been shown that the average diameter of electrospun
fibers decreases as solution conductivity increases, due to
the increased stretching force exerted on the charged jet
[16]. Cationic surfactants have also been used to prevent
bead formation in electrospun fibers [22]. We hypothesized
that charged amphiphiles could also be used to reduce fiber
diameter by reducing the surface tension of polymer solution.
Here we report the incorporation of cationic amphiphiles as
a simple method to reduce the diameter and variability of
the polymer nanofibers and demonstrate that this method can
be applied to several polymeresolvent systems.

2. Experimental

2.1. Materials

Poly(ethersulfone) (PES) with Mw of 55,000 was purchased
from Goodfellow Cambridge Limited, UK. Poly(caprolactone)
(PCL) with Mw of 65,000 was purchased from Sigmae
Aldrich. Poly(caprolactone-co-ethyl ethylene phosphoester)
(PCLEEP) with Mw of 70,760 was synthesized as described
by Wen and Leong [25]. Dimethyl sulfoxide (DMSO) was
purchased from J.T. Baker. Octadecyl rhodamine B (R18)
was purchased from Invitrogen. Rhodamine B (RhB) and
octadecyltrimethylammonium bromide (OTAB) were from
SigmaeAldrich.

2.2. Electrospinning

PES was dissolved in DMSO at varying concentrations
ranging from 5 to 25 wt% and loaded in a plastic syringe fitted
with a 27 G needle. A syringe pump (KD Scientific, USA) was
used to feed the polymer solution into the needle tip at a fixed
feed rate of 0.3 mL/h. The PES nanofiber meshes were fabri-
cated by electrospinning at 13e15 kV using a high voltage
power supply (Gamma High Voltage Research, USA). Nano-
fibers were collected onto grounded 15-mm diameter glass
coverslips (Paul Marienfeld, Germany) with a needle tip to
collector distance of 160 mm. The deposited nanofiber sam-
ples were then placed under vacuum to remove residual
DMSO, and subsequently dried and stored in a desiccator.
To investigate the effect of R18 on fiber diameter, R18 was
dissolved in 22 wt% PES solution (with reference to solvent)
at a final concentration of 0.03, 0.1, 0.3 and 0.5 wt% with ref-
erence to polymer mass in the solution. PES fibers doped with
OTAB were electrospun with similar conditions but with
a feed rate of 0.5 mL/h. OTAB was first dissolved in a minimal
amount of methanol before addition to PES solution for final
concentrations of 0.01, 1 and 5 wt% of total PES mass in
solution.

PCLEEP fibers were electrospun from PCLEEP copolymer
solution in acetone (21.5 wt%) using the same electrospinning
apparatus and conditions as described above. For spinning
with R18 doping, R18 was dissolved in PCLEEP solution at
final concentrations of 0.02, 0.1, 0.5, and 1 wt% with reference
to PCLEEP mass in solution.

PCL fibers were electrospun from a 12 wt% PCL solution
in a solvent mixture of dichloromethane and methanol at
a 4:1 weight ratio. Electrospinning occurred at 1.0 mL/h
flow rate and 12 kV. R18 was dissolved in PCL solution at
final concentrations of 0.1 and 1 wt% with reference to PCL
mass in solution. OTAB was dissolved in PCL solution at final
concentrations of 0.1, 1, and 5 wt% with reference to PCL
mass in solution.

In order to investigate the radial distribution of charged
molecules during the spinning process, Rhodamine B and
R18 were incorporated into 12 wt% PCL solution at a concen-
tration of 0.4 wt% with reference to polymer mass in solution.
The solutions were electrospun at 2.0 mL/h and 10 kV. The
distribution of Rhodamine B and R18 was imaged under
a Nikon TE2000 fluorescence microscope (Nikon, USA).

2.3. Characterization of fiber diameters

Electrospun fibers were imaged using a scanning electron
microscope (SEM, JEOL 6700F) after gold-sputter coating
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(w4 to 6 nm thickness). The average diameter of the fibers
was analyzed from the SEM images of the fibers using the
National Institutes of Health ImageJ software [26]. High reso-
lution (1280� 1024 pixels) tif images were used for image
analysis. At least 40 different fibers were analyzed for each
electrospinning condition. For each fiber analyzed, several
diameter measurements were made along the axial length of
the fiber and averaged together to find the diameter of one
fiber. Results were reported as mean� standard deviation (vari-
ability). Variability was quantified as standard deviation/mean
(%). Fiber diameter was plotted with normalized frequency
as a way to visually show the variability. Normalized frequency
is defined as the ratio of fibers found within a small diameter
range (50 nm) to the total number of fibers. Statistical analysis
was performed with two-tailed Student’s t-test. A p value of
less than 0.05 was considered statistically significant. Curve
fitting of fiber diameter variability was performed with Sigma-
Plot (Systat 2001).

2.4. Characterizations of viscosity, conductivity, surface
tension and the release of R18

The viscosities of PES/DMSO solutions at different PES
concentrations were measured at 25 �C using an ARES
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Fig. 1. Scanning electron microscopic images of PES fibers electrospun from PES solutions in dimethyl sulfoxide (DMSO) of different concentrations (flow rate

0.3 mL/h): (a) 5 wt%, (b) 10 wt%, (c) 15 wt%, (d) 20 wt%, (e) 22 wt% and (f) 25 wt%; (g) effect of PES concentration on solution viscosity; (h) diameter

distribution of PES fibers as a function of PES solution concentration.
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rheometer (TA Instruments, USA) in a Couette geometry
with a gap size of 20 mm. Relative conductivity mea-
surements were taken using a Solartron Schlumberger 1255
Frequency Response Analyzer and a 1286 Electrochemical
Interface (Solartron, USA). Surface tension measurements
were taken using the pendant drop method [27] on a Raméhart
Model 200 Goniometer with DROPimage software (Ramé-
hart, USA).
Fluorescence measurements of R18 leached from fibers
were taken with a Gemini XPS spectrofluorometer at
lex¼ 560 nm and lem¼ 585 nm (Molecular Devices, USA).

2.5. Cell culture on R18-loaded fibers

Mouse NIH3T3 fibroblasts were maintained and cultured in
DMEM media supplemented with 10% FBS and placed in
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Fig. 2. Effect of R18 incorporation on PES fiber diameter. Scanning electron microscopic images of PES fibers prepared from 22 wt% of PES solution in DMSO
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a 37 �C and 5% CO2 atmosphere. The cells were seeded at a den-
sity of 50,000 cells/cm2 on PES fiber mesh doped with 0.5 wt%
R18 according to a method we reported previously [10,28].
After 24 h, the cells were removed by incubating with
0.05% trypsin/EDTA solution and gentle pipetting. Cells were
re-seeded on a tissue culture plate for 30 min at 37 �C in culture
medium and imaged under a Nikon fluorescence microscope.
Harvested fibers were also imaged under the same settings.

3. Results and discussion

The goal of this study is to investigate the effect of
positively charged amphiphiles, either octadecyl rhodamine
(R18) or non-fluorescent octadecyltrimethylammonium
bromide (OTAB), in polymer solution on the diameter of
electrospun fibers. We chose these two molecules because of
their good solubility in organic solvent, their surface activity,
and their electrostatic charge. These characteristics modify
surface tension and electroconductivity of the polymer
solution, and therefore modulate the fiber diameter and spinn-
ability of the polymer solution.

In order to test the applicability of such an approach, we
have tested the effect of R18 and OTAB on three different
polymers: polycaprolactone (PCL), poly(caprolactone-co-ethyl
ethylene phosphoester) (PCLEEP), and poly(ethersulfone)
(PES). PCL and PCLEEP are degradable polymers [10,29];
and electrospun PCL and PCLEEP nanofibers have been
used for liver tissue engineering [10] and to promote
peripheral nerve regeneration [30]. PES is a non-degradable
polymer that has been widely used in hemodialysis, biophar-
maceutical and filtration applications because of its good
biocompatibility, chemical resistance, and membrane process-
ability [31e33]. PES nanofibers have recently been used as
a scaffold for expansion of umbilical cord blood-derived
hematopoietic stem cells [10,28].

3.1. PES fibers without R18 supplementation

Solvent choice and polymer concentration are important
parameters that influence the quality of electrospun fibers.
DMSO was chosen over other possible solvents because of
its higher dielectric constant.

The viscosity of PES solution increased exponentially as
the polymer concentration increased (Fig. 1g). The minimum
concentration required to achieve non-beaded fibers was
20 wt%, which corresponded to a minimum viscosity of
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Fig. 3. Effect of R18 incorporation on PCL fibers. Scanning electron microscopic images of PCL fibers prepared from 12 wt% of PCL solution in dichloromethane/
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1155.7 mPa s. PES solutions with lower concentration or
viscosity yielded electrospraying of beads (5e10 wt% with
viscosities of 14.1e86.7 mPa s) or highly beaded fibers (15e
18 wt% with viscosities ranged from 408.1 to 705.0 mPa s)
as seen in Fig. 1aec.

Fig. 1h shows the normalized frequency distribution of the
fiber diameters for different polymer concentrations. The aver-
age fiber diameters for 20, 22, and 25 wt% PES solutions
(Fig. 1def) ranged from 529� 144, 568� 151, and
719� 144 nm, respectively. This observation is consistent
with the literature on the effect of concentration [15]. At
low concentration, incomplete drying of the residual solvent
from the solution jet resulted in bead formation on the wet
fiber due to surface tension. At high concentration, the high
viscosity of PES solution limited the extent of jet stretching
during whipping. At intermediate concentrations, beaded
fibers were obtained due to the charge instability and surface
tension effect. The lowest average fiber diameter was about
530 nm (Fig. 1d). Furthermore, the diameter range of PES
nanofibers collected under these conditions was relatively
wide, typical of E-spun polymer nanofibers.

3.2. Fiber diameter reduction by incorporation of R18 in
polymer solutions

Incorporation of R18 into PES solution significantly
reduced fiber diameter and its size variability with an effective
doping level ranging from 0.01 to 0.5 wt% with reference to
R18/
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polymer mass in solution. Fig. 2 shows that as R18 concentra-
tion increases, PES fiber diameter and variability decrease
significantly ( p< 0.01 for a R18 to PES ratio of higher than
0.1%). With 0.5 wt% R18 doping level (equivalent to 200:1
of PES to R18 weight ratio), PES fiber diameter was reduced
to 274� 43 nm (15.9% variability) from an undoped diameter
of 568� 151 nm (26.4%). With 0.03e0.1 wt% R18 doping
level (3333:1 to 1000:1 of PES to R18 weight ratio), PES
fibers exhibited a minor degree of bead formation. This led
to a bimodal distribution of the resulting fiber diameters.

We anticipated that this method could also be applied to
electrospinning of other polymers. To demonstrate this, R18
was added to PCL and PCLEEP solutions and it showed
similar effect on PCL and PCLEEP fibersddecreased fiber
diameter and variability. PCL fibers decreased in size and
variability as R18 concentration increased from an undoped
fiber diameter of 445� 176 nm (39.7%) to 246� 51 nm
(20.5%) with 1 wt% R18 with reference to polymer mass
(Fig. 3). PCLEEP fibers showed the most dramatic decrease
in diameter with an undoped fiber diameter of 790� 397 nm
(50.3%) to 201� 34 nm (16.7%) with 1 wt% R18 (Fig. 4).
These two polymer solutions exhibited greater sensitivity to
the addition of R18, with substantially reduced fiber diameter
observed at a R18 concentration of just 0.1 wt% of the overall
polymer mass in solution.

3.3. Removal of R18 from the fiber

The presence of R18 in the electrospun fibers may not be
ideal for some applications. For example, in cell biology stud-
ies, R18 fluorescence in the fibers could interfere with cellular
immunofluorescence staining, particularly when R18 doping
level is high. In addition, R18 could leach out of the fibers,
and may transfer to cells that are cultured on the fibers. How-
ever, this release is dependent on the diffusion rate of amphi-
philes in polymer fiber and its solubility in aqueous medium.
R18 in PES fibers was not significantly released (2%) after
soaking in 100% ethanol at room temperature over 6 h with
5 solvent-changes (Fig. 5a). The release in aqueous media
is expected to be less pronounced. To test the potential transfer
of R18 to cells, we cultured NIH3T3 fibroblasts on R18-
loaded PES fibers for 24 h, after which cells were trypsinized
and re-seeded on a tissue culture plate for 30 min in order to
image any transferred amount of R18 to fibroblasts (direct
imaging before separating cells from fibers proved difficult
due to the spreading of cells on fibers). Under the fluorescent
microscope, we did not observe any significant level of fluo-
rescence either in or on the cells (Fig. 5c), in sharp contrast
to the high level of R18 fluorescence in the harvested fibers
under the same settings (Fig. 5b). The release of R18 under-
standably is dependent on the diffusion of the amphiphile in
fiber materials. For example, nearly all R18 (98.3%) in PCL
fibers was leached out with ethanol washes over 6 h
(Fig. 5a). This is likely due to the higher diffusion coefficient
of R18 in PCL matrix [11]. For PCL fibers used in cell culture
studies, we typically remove all R18 through repeated ethanol
washes; and R18 residue in PES fibers did not seem to affect
the culture of adult rat neural stem cells [12].

3.4. Fiber diameter reduction in electrospinning of
OTAB containing polymer solutions

The difficulties posed by the high fluorescence of R18 can
be sidestepped by replacing R18 with OTAB, a non-fluores-
cent and cationic amphiphile. It showed a similar effect to
R18 on nanofiber diameter and variability for both PES
(Fig. 6) and PCL (Fig. 7). Higher OTAB doping reduced the
average diameter and the variability. PES fiber diameters
were reduced to 330� 59 nm (17.9%) with 5 wt% OTAB
from an undoped diameter of 1145� 164 nm (14.3%) when
electrospun with a flow rate of 0.5 mL/h (Fig. 6). The smallest
diameter obtained for PCL fibers was 279� 63 nm (22.4%) at
1 wt% OTAB with a flow rate of 0.5 mL/h (Fig. 7). Interest-
ingly, PCL fibers electrospun with a 5 wt% OTAB loading
level had a slightly larger average diameter and slightly wider
variability than those spun from a solution with 1 wt% OTAB
loading. This increase in diameter may be related to the
appearance of spherical beads along fiber surfaces roughly
100 nm across. These spherical beads were likely formed as
a result of phase separation as OTAB oversaturated the PCL
solution. Further increase of OTAB concentration beyond
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Fig. 6. Effect of OTAB incorporation on PES fiber diameter. Scanning electron microscopic images of PES fibers prepared from 22 wt% of PES solution in DMSO

containing different concentrations of OTAB with reference to PES mass (flow rate: 0.5 mL/h): (a) 0%, (b) 0.1%, (c) 0.5%, (d) 5%; (e) diameter distribution of PES

fibers as a function of OTAB concentration. Differences between means were significant with p< 0.01.
this saturation point had little or no effect on further decreas-
ing of fiber diameter (data not shown). The effect of OTAB on
PCLEEP fibers was not tested although comparable results are
expected. It is worth noting that, despite the general trend of
reducing fiber diameter and variability in the presence of
amphiphiles, the effective doping concentrations of the amphi-
phile should be tested for each polymeresolvent system.

3.5. Mechanism of reduction of diameter and variability
by amphiphile doping

The observed reduction of fiber diameter and variability
resulted from modification of solution properties by the doped
amphiphiles, including solution conductivity, surface tension,
solution viscosity, solvent evaporation rate, etc. From litera-
ture report, we recognize that the effect on solution viscosity
by such a low concentration of amphiphiles (effective concen-
tration was mostly less than 0.22 wt% in the solution) is neg-
ligible [22]. We then focused on testing the effect of
amphiphile doping on solution conductivity and surface
tension, the two major factors affecting electrospinning, by
comparing the properties of 12 wt% PCL doped with R18 or
Rhodamine B (RhB), a non-amphiphilic analog of R18. RhB
and R18 share a similar multi-ring backbone structure and
one positively charged amino group, except that RhB lacks
the long alkyl chain and hence the amphiphilic characteristic.

Inclusion of R18 and RhB both significantly increased the
conductivity of PCL solution, consistent with the literature
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Fig. 7. Effect of OTAB incorporation on PCL fiber diameter. Scanning electron microscopic images of PCL fibers prepared from 12 wt% of PCL solution in

dichloromethane/methanol (4:1, v/v) containing different concentrations of OTAB with reference to PCL mass (flow rate: 1.0 mL/h): (a) 0%, (b) 0.1%, (c) 1%,

(d) 5%; (e) diameter distribution of PCL fibers as a function of OTAB concentration. Differences between means were significant with p< 0.05.
report on effect of charged molecules on solution conductivity
[22]. At a 100:1 of PCL to amphiphile weight ratio (the
amphiphile concentration in solution was 0.12 wt%), RhB
increased conductivity by 4.58� 0.03-fold, compared with
a 1.90� 0.05-fold increase for R18 doping. Based on the the-
oretical analysis [3], the RhB-loaded polymer jet with higher
conductivity, combined with the effect of higher charge repul-
sion on jet surface due to higher concentration of charges,
should enhance jet stretching during whipping more than the
R18-loaded jet, therefore yielding smaller diameter fibers.
However, doping of RhB in PCL solution at 0.1e5 wt%
with reference to PCL mass did not show any noticeable effect
on fiber diameter (data not shown).
Surface tension measurement by the pendant drop method
showed that, at 100 to 1 ratio of PCL to amphiphile (1 wt%
doping concentration with respect to PCL mass), R18 reduced
the solution surface tension by 9.7%. In contrast, no significant
change was observed for RhB-doped solution under the same
condition (Fig. 8a). Lin et al. showed similarly that the surface
tension was reduced by a few percent at 0.3 wt% of dodecyl-
trimethylammonium bromide, a molecule structurally similar
to OTAB [22]. Furthermore, under an applied electric field,
the positively charged molecule (R18 or RhB) can migrate
to the surface of the whipping jet due to the field-driven par-
tition effect, also observed by Sun et al. for charged peptides
added to polymer solution [34]. This results in an anisotropic
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distribution of charged molecules in the spinning jet with
a higher concentration of the cationic amphiphile on the jet
surface. This field-driven partition effect was confirmed by
fluorescence microscopic images of the electrospun fibers pre-
pared from both R18 and RhB-doped PCL solutions (Fig. 8b
and c), showing that both R18 and RhB were located primarily
along the periphery of the doped fibers. These results imply
that the impact of amphiphiles on surface tension reduction
can be more dramatic (direct surface tension measurement
under electrospinning condition was not successful). With
a lower surface tension, the whipping jet is more easily elon-
gated by the electrostatic forces, resulting in smaller fiber
diameters. Additionally, fibers are more regular due to
a more stable jet that encounters fewer perturbations from
the surface tension effect of reducing surface area. These
analyses are consistent with our data.

Taken together, our results showed that positive charge
accumulation on the surface of polymer jet with R18 or
RhB in the concentration range tested here was not sufficient
to lead to further stretching and thinning of the fiber jet. The
surface tension reduction by cationic amphiphiles is likely
the primary factor that contributed to the reduction of fiber
diameter and variability. In addition, other factors might also
play a role in reducing the fiber diameter by amphiphile dop-
ing. For example, surface partition of amphiphile may reduce
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Fig. 8. Mechanism of reduction of diameter and variability by amphiphile dop-

ing. (a) Surface tension measurements of 12 wt% PCL solution in dichlorome-

thane/methanol (4:1, v/v) containing R18 or RhB. (b) and (c) Fluorescence

images of a R18-doped PCL fiber (b) and a Rhodamine B-doped PCL fiber

(c) prepared under same conditions (2 mL/h flow rate, 0.4% doping concentra-

tion of R18 and Rhodamine B), showing that R18 and Rhodamine B are

primarily located at the periphery of PCL fibers.
the solvent evaporation rate, thus extending jet stretching and
reducing the fiber diameter. Further experiments are needed to
reveal a comprehensive mechanism. When extending this con-
clusion to other charged amphiphiles, it is also important to
note that the type of charge on the amphiphile (positive charge
in this case) should match the polarity of the electric field
applied.

In summary, we report here a simple method of reducing
fiber diameter and variability through the addition of posi-
tively charged amphiphiles, R18 or OTAB. This manipulation
appears to be effective in several different polymer fiber sys-
tems. Compared to other methods, this method of diameter
reduction can be applied easily without modification of the
electrospinning setup or changes to the polymeresolvent
system.
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