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Described in this paper is a novel study focused on producing bead-free ultrafine fibers, with narrow
fiber diameter distribution, from Poly(e-caprolactone) (PCL) via electrospinning. High quality product is
achieved with the use of a new solvent system that involves an acid-base reaction to produce weak salt
complexes, which serve to increase the conductivity of the polymer solution. Additionally, the salt
formed dissociates easily and evaporates along with the solvent during the spinning process because its
respective acid-base components are volatile at room temperature. This results into the formation of
pure PCL nanofibers of ultrafine dimensions. Glacial acetic acid was used as the solvent for the polymer
and the organic base pyridine was used to initiate the formation of salt complexes in the solution.
Pyridine was added at six different levels to vary the conductivity and examine the latter’s effect on fiber
morphology. Along with the pyridine content, the polymer concentration was also varied to determine
how the two interacted in influencing the size of the fiber and the quality of the structure obtained. It
was found that bead-free fibers of sizes lying well within the nano range (140-340 nm) could be
produced using the conducting solvent system. Two interesting effects were noted. For a given polymer
concentration, the mean fiber diameter increased with increase in pyridine amount. And, lower the
polymer concentration, higher was the amount of pyridine required to produce bead-free nanofibers. The
combination of these effects along with the fact that the reproducibility of the results was high provided
a means of producing fibers with predictable sizes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The suitability of using electrospun Poly(e-caprolactone) (PCL)
fibers as desirable scaffolds for tissue engineering has been reported
in numerous studies [1-8]. The primary reasons for the wide accep-
tance of PCL in tissue engineering are its biocompatibility, non-
toxicity, good mechanical properties, slow biodegradation rate
conducive to supporting cell growth over longer period, and low cost.

In order to simulate physically, the extra cellular matrix (ECM)
morphology, it is essential that the dimensions of the fibers match
those of the elements of the latter. The diameters of the fibrils
present in the ECM range from 50 to 500 nm [9]. This means that
electrospinning of PCL for tissue engineering should result in fiber
sizes falling in this range. Additionally, it has been shown recently
that the smaller the average fiber diameter the better is the cell
adhesion and proliferation onto the scaffold [10]. This is due to the
increased specific surface area which results into more protein
adsorption and hence more focal adhesion points for the cell
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attachment [10]. Many studies on electrospinning of PCL in the past,
however, have failed to obtain bead-free fibers with diameters lying
in the nano range [1-8,11-15].

In this study, we describe a method to improve the electro-
spinnability of PCL to produce uniform ultra fine nanofibers with
narrow fiber diameter distribution. This is achieved by using a new
solvent system that increases the conductivity of the solution, which
has been shown to greatly affect the fiber morphology in electro-
spinning [16-19].

Literature shows that the conductivity of a polymeric solution can
be enhanced by adding various compounds. These include organic
salts, polyelectrolytes, and surfactants such as triethylbenzyl
ammonium chloride (TEBAC) [20,21], hexamethylimidazolium
chloride (HMIMCI) [20,21] and pyridinium formiate (PF) [22,23],
polyallylamine hydrochloride (PAH) [24], polyacrylic acid sodium
salt (PAA) [24], and inorganic salts such as NaCl [16,25-28], KH;PO4
[18], NaH,PO4 [18], CaCl, [26-28], NaNO3 [27], LiCl [27,28], KCl
[20,28] and MgCl; [28]. Although the use of such compounds result
in smaller diameter fibers in electrospinning, many of these additives
tend to remain in the final fibers, which in general will be undesir-
able for biomedical applications such as tissue engineering and drug
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Fig.1. SEM pictures depicting the effect of the solution concentration on the morphology of fibers electrospun from 15% (A), 17.5% (B), and 20% (C) PCL solutions in glacial acetic acid.

(Magnification bar =25 pm).

delivery. To cope up with this problem, our proposed solution for
increasing the conductivity of a polymer solution is to use a fugitive
salt that evaporates along with the solvent during electrospinning.
Pyridine, an organic base compound, was used as an additive to
accomplish this goal. When added to a PCL solution prepared with
glacial acetic acid, pyridine is protonated and forms pyridinium
acetate that evaporates during the electrospinning process. This
results in pure polymeric nanofibers of smaller dimensions and
superior uniformity than possible otherwise.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) with a weight average molecular weight
of 80,000 was obtained from Sigma-Aldrich, USA. ACS reagent
grade glacial acetic acid (purity >99.7%) from Fisher Scientific, was
used as the solvent for PCL. Pyridine, ACS reagent grade (purity
>99.0%), obtained from Sigma-Aldrich, USA, was added in different
amounts to the solution to increase the conductivity.

2.2. Methods

Solutions of PCL were prepared by dissolving the polymer in
glacial acetic acid in five different concentrations: 10, 12.5, 15, 17.5,
and 20% (wt/vol). The solutions were stirred gently overnight at
35°C. In order to vary solution conductivity over a significantly
wide range, pyridine was added to the solvent at six different
levels: 0.1, 0.2, 0.5, 1, 2 and 5% (vol/vol).

A conventional electrospinning set up was used in the experi-
ments. The solution was kept in a 5 ml plastic syringe (Becton-
Dickinson, Research Triangle Park, NC) with a metal capillary needle
(27 Gauge, 0.2 mm ID, 0.4 mm OD, 50 mm length, McMaster-Carr,
Atlanta, GA). The flow rate of the solution was maintained constant
at 300 pl/h using a syringe pump (NE-500, New Era Pump Systems,
Inc., Farmingdale, NY). An aluminum plate of 15 cm diameter was
used as the collector. A high voltage power supply (ES-30P, Gamma
High Voltage Research, Ormond Beach, FL) was connected between
the metal capillary and the collector plate. The distance between the
end of capillary and the point of collection was kept constant at
15 cm. The electric field strength of 0.33 kV/cm was used in the trials

Table 1
Conductivity (in pS/cm) of acetic acid and PCL solution in acetic acid (12.5% (wt/vol))
with different amounts of pyridine added.

Pyridine concentration (%) (vol/vol) Conductivity (uS/cm)
0 0.1

0.5 18

2 160

5 1368

in which pyridine was not used. This value of field strength was
found adequate in overcoming the surface tension of the solution
and generating a stable Taylor cone. On the other hand, when
pyridine was added, the electric field strength required was higher,
i.e. about 0.67 kV/cm. This value was maintained constant in all
spinning experiments in which pyridine was used.

The conductivity of the solutions was measured using Orion 162
Conductivity Benchtop Meter (Thermo Electron Corporation, Wal-
tham, MA). The values reported are in uS/cm. The StressTech HR
(ATS RheoSystems, Bordentown, NJ), a stress controlled rheometer,
was used to measure the zero-shear rate viscosity (no). A 45 mm
parallel plate and a stress sweep were used to collect the viscosity
data. In the experiments, the gap used was 0.300 mm and the
temperature used was 25°C+0.1°C. Surface Tensiometer 20
(Fisher Scientific, Pittsburgh, PA) was used to perform surface
tension measurements of the solution.

To detect the presence of any residual solvent and pyridine in
the final fibers, Fourier Transform Infrared Spectroscopy (FTIR) tests
were conducted using Nicolet Nexus 470 Spectrophotometer with
AVATAR Omni Sampler for Attenuated Total Reflectance (ATR)
mode. The spectra of the PCL nanofibers, electrospun with and
without pyridine, were compared. As a complimentary technique,
CHN elemental analyzer (Perkin Elmer® 2400) was used to deter-
mine if any pyridinium acetate residue remained in the polymer
after the evaporation of the solvent. This was accomplished by
measuring the amount of nitrogen present in the sample, as that
would confirm the presence of the salt. PCL films cast from 15%
solution and 0, 0.5,1, 2 and 5% pyridine were used for this purpose.
One sample per pyridine concentration was used for this analysis.

For examining the fiber morphology, all samples were sputter
coated with Au-Pd (Anatech Hummer 6.2) and examined under
SEM (JEOL JSM- 5900 LV). Fiber diameter and its distribution were
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Fig. 2. Conductivity of polymer solution containing pyridine (12.5% PCL solution).
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Fig. 3. Viscosity of polymer solution containing pyridine (12.5% PCL solution).

assessed using the image analysis software (Image ]) developed by
NIH. The analysis of variance (ANOVA) was used to identify
significant factors controlling fiber diameter and the regression
analysis was performed to generate predictive models.

3. Results
3.1. Effect of using pure solvent on morphology

In the first set of experiments, the concentration of PCL in pure
glacial acetic acid was varied from 15 to 20%. PCL formed a clear
solution with acetic acid, suggesting that the latter was a good
solvent for the polymer. Electrospinning of these solutions, under
identical conditions, described above, resulted in different fiber web
morphologies (Fig. 1). At 15% concentration, mostly beads were
noted. An increase in concentration to 17.5% gave a decrease in the
number of beads as more and more of these appeared to have been
drawn into fibers. At 20% concentration, a mixture of elongated
beads, microfibers and nanofibers was obtained. If the concentration
was increased beyond 20%, the high viscosity rendered the solution
non-electrospinnable as, frequently, a discontinuous jet formed and
the needle clogged.

3.2. Influence of addition of pyridine on the properties
of polymer solution

Polymer solution containing different amounts of pyridine were
tested for conductivity, viscosity and surface tension, as these solution
properties were known to influence the processability of the solution.

The results given in Table 1 show that the addition of even a small
amount of pyridine greatly increased the conductivity of the
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Fig. 4. Surface tension of polymer solution containing pyridine (12.5% PCL solution).
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Fig. 5. Overlapped FTIR spectra of pure PCL (A) PCL nanofibers prepared using acetic
acid as a solvent with 5% pyridine (B), and pyridinium acetate (C). Two wavenumbers
(1580 and 1437 cm™!) of interest are indicated for comparison purposes.

solution. This increase with pyridine was non-linear as seen in Fig. 2.
The viscosity, on the other hand, after the first jump at 0.5%
concentration, increased linearly with pyridine concentration
(Fig. 3). The initial jump is thought to be due to the formation of
large ionic complexes between the pyridine and acetic acid mole-
cules and the increase thereafter due to the increase in the number
of complexes formed in proportion to the pyridine amount. Addition
of 0.5% pyridine to the solution gave an increase in the surface
tension from 34 dynes/cm to 36 dynes/cm (Fig. 4). However, any
further increase in the pyridine amount (up to even as large as 5%)
did not show any significant effect on the property.

3.3. Fugitive nature of the salt and the solvent

Fig. 5 shows the overlapped FTIR spectra for pure PCL (A), elec-
trospun PCL fibers (B) spun by adding 5% pyridine in acetic acid, and
pyridinium acetate (C). Pyridinium acetate has two characteristic
peaks at 1437 cm~' and 1580 cm™~!' representing, respectively, the
C-N and C-C stretching vibrations in the plane of the pyridine ring
[29]. The spectrum of electrospun PCL does not show any peaks at
these frequencies (see Fig. 5). This suggests that no residual pyr-
idinium salt was present in the fibers.

The amounts of nitrogen present in the PCL films were also
measured using a highly sensitive CHN element analyzer. Since the
only source of nitrogen was from pyridine molecule in the salt
formed, the presence of the element would have shown the pres-
ence of the salt residue in the sample. Table 2 shows that a small
amount of nitrogen was present in all samples, including control.
However, the values did not show any correlation, whatsoever, with
respect to the amount of pyridine added in the solvent, indicating
that perhaps the small amount of nitrogen present was due to
contaminants or from the air. Therefore, within the limits of these
characterization techniques, it can be inferred that there was no
residue of the pyridinium acetate present in the PCL fibers or films.

Table 2
Assessment of amount of nitrogen in PCL films using CHN elemental analyzer (15%
PCL solution).

Sample ID Solvent % Nitrogen
Control Glacial acetic acid (no pyridine) 0.03
PCL-0.5 Glacial acetic acid + 0.5% pyridine 0.08
PCL-1 Glacial acetic acid + 1% pyridine 0.12
PCL-2 Glacial acetic acid + 5% pyridine 0.10
PCL-5 Glacial acetic acid + 2% pyridine 0.08




3314 A.K. Moghe et al. / Polymer 50 (2009) 3311-3318

0.2 % Pyridine

5.0 V00 20 5000)(
1 % Pyridine

T

Fig. 6. Progression from beaded fibers to nanofibers with increasing pyridine concentration-10% PCL concentration (Magnification bar-25 pm for 1000x and 5 pm for 5000x).

Fig. 7. Progression from beaded fibers to nanofibers with increasing pyridine concentration-12.5% PCL concentration. (Magnification bar-25 um for 1000x and 5 pm for 5000x ).
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0.1 % Pyridine

Fig. 8. Progression from beaded fibers to nanofibers with increasing pyridine concentration-15% PCL concentration. (Magnification bar-25 pm for 1000x and 5 um for 5000x ).

3.4. Effect of pyridine on the morphology of electrospun webs

Figs. 6-9 show the effect of adding different amounts of pyridine
on the morphology of fibers electrospun using four different polymer
concentrations. Two observations are made. Firstly, the addition of
pyridine improved the quality of PCL fibers produced in electro-
spinning, by effectively suppressing bead formation to lead to finer
sized uniform fibers. Secondly, and interestingly, for optimum results,
the lower the PCL concentration, the higher the amount of pyridine
needed. For example, to achieve bead-free nanosize fibers, 10% PCL
solution required in excess of 2% pyridine, where as 17.5% PCL solution
required less than 0.2% pyridine.

3.5. Influence of pyridine addition on the fiber diameter

The fiber diameters and the standard deviations obtained with
various polymer and pyridine concentrations are listed in Table 3
and illustrated in Fig. 10. The italicized and bolded region in Table 3
indicates the results for the completely bead-free fibers. The values
in this region show that, except for two cases, the fibers produced
are of nanosize (<500 nm). This is in contrast to the results usually
found in the electrospinning of PCL wherein the fiber diameters
obtained are of sub-micron or micro size (>500 nm) [1-8,11-15]. It
is clear from Fig. 10 that after the suppression of beads, the mean
fiber diameter increased with pyridine amount for all polymer
concentrations. The rate at which the diameter increased also
increased with the polymer concentration. These results suggest
that there exists a strong interaction between the effects of pyridine
amount and the polymer concentration on fiber diameter, the
possible reasons for which are given in Section 4.

0.1 % Pyridine

The diameter values, obtained within the limitations of the
experiments conducted (tests at 3 and 4% concentrations were not
performed), were subjected to statistical analysis of variance
(ANOVA) involved in the linear regression procedure. This was
done to identify significant effects and to generate a predictive
model. In this exercise, the diameter values of only the bead-free
samples were included (values from the italicized and bolded
region in Table 3). Table 4 shows the effects of pyridine amount,
polymer concentration and the interaction between the two on
fiber diameter. In the model, the square term of each of the
parameters was also included in order to account for the presence
of any non-linear effects. For the limited range of polymer
concentrations used, effects of pyridine amount and polymer
concentration on mean fiber diameter are positive at the 95%
confidence level. The only insignificant term noted is the polymer
concentration (C) square term, which was, nevertheless, retained
in the model as its interaction with the square term of pyridine
concentration (Py) was significant. Fig. 11 gives a comparison
between the measured and predicted values of fiber diameters,
which shows an excellent correlation.

The regression model obtained, with an R? value of 0.99, is as
follows:

Fiber diameter(nm) = 10.076 + (177.992*Py) — (23.625*Py?)
+ (5.404%C) + (0.385%C%) — (14.204
*Py*C) + (0.203*Py?*C?)
This analysis, although somewhat limited in terms of the

completeness of the data, mentioned earlier, shows that it should be
possible to select conditions for producing electrospun nanofiber

0.2 % Pyridine
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Fig. 9. Effect of pyridine concentration on the fiber morphology (17.5% PCL conc.) (Magnification bar-25 um for 1000x and 5 um for 5000x ).
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Table 3
Effect of pyridine amount on average fiber diameter and its distribution.

Polymer concentration  Pyridine concentration (vol/vol)

(wt/vol) 01% 0.2% 0.5% 1% 2% 5%
10% Mostly beads Mostly beads 99 + 21 (Few beads) 108 + 17 (Few beads) 141 + 28 220+ 31
12.5% Mostly beads 135 £ 22 (Few beads) 137 + 20 (Few beads) 155 +27 163 +30 338+58
15% 177 £ 32 (Few elongated beads) 179 + 39 (Few elongated beads) 171 +28 186 + 32 213+48 512188
17.5% 215 + 58 (Occasional elongated 188 + 40 205 + 50 186 + 37 228 +57 857+142
beads and thick fibers)
structures from PCL that have the desired fiber size for a given Table 4
application. Factors affecting the mean fiber diameter as obtained with ANOVA.
Factors F value p value
4. Discussion Pyridine amount (Py) 340.39 <0.0001
Polymer concentration (C) 183.65 <0.0001
. s . L Py? 38.47 0.0004
Two instabilities, acting on the polymer solution jet, govern the Cﬁ’ 037 05630
electrospinning process: axisymmetric varicose instability (Ray- Py*C 15511 <0.0001
leigh instability) and non-axisymmetric whipping instability [30- Py C? 7.53 0.0288

33]. The former results from the surface tension of the solution
which tends to minimize the surface area by forming individual
droplets, and the latter is produced by the electrostatic field, which
causes bending and stretching of the jet through a rapidly spiraling
motion. Which of these instabilities dominates depends on the
factors related to solution properties and operating conditions:
solution viscosity, conductivity, surface tension, and the strength of
the applied electrostatic field.

The solution viscosity is controlled by the molecular weight and
the solution concentration or, more fundamentally, by the extent of
polymer chain entanglements [34,35] (see Fig. 12). If the density of
chain entanglements in a given solution is appreciably less than
a critical value, the jet formed breaks up into droplets, due to the set
in off Rayleigh instability, and leads to beaded fibers. As seen in
Fig. 12, after the on-set of chain entanglements, the viscosity curve
takes on an upward turn [35,36]. Beyond this point fiber formation
occurs. Homogenous fibers are, however, only formed after a critical
chain entanglement density is achieved. In this region, the high
resistance offered by the chain overlap to the jet break up suppresses
the Rayleigh instability.

For a given molecular weight, chain entanglements increase with
polymer concentration. With increase in the latter, therefore, the
following progression in morphology can be expected: beads only
(electrospraying), beads with incipient fibers, beaded fibers, nano-
fibers, and globular fibers or macrobeads [18,35,37]. The last result is
due to the entanglements being so high that in some regions chains
are not able to slip adequately apart to form uniform fibers.
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Fig. 10. Effect of the amount of pyridine in the solution on the mean fiber diameter.

The second key parameter that affects the morphology of the
fibers is the solution conductivity [16,19]. Fluids with high conduc-
tivity have high surface charge density. Under a given electric field,
this results in an increase in the elongational force on the jet, which is
caused by the self-repulsion of the excess charges on the surface. This
inhibits the Rayleigh instability, enhances whipping and leads to
finer fibers [33]. It has been shown that, for given material and
processing parameters, the relative dominance of the two instabil-
ities is a function of the surface charge density [33,38] and, therefore,
lack of the latter can result into beaded fiber morphology [16].

In this work, glacial acetic acid was used as a solvent for PCL. In
the initial trials using this solvent a wide range of polymer concen-
trations was used. However, by varying the polymer concentration
alone, uniform fibers could not be obtained (see Fig. 1). Therefore,
this phenomenon was considered to be due to the lack of conduc-
tivity of the solution, as glacial acetic acid (Dielectric constant: 6.2 at
20°C) and PCL are both poorly conductive.

Therefore, in an effort to enhance the conductivity of the PCL-
acetic acid solutions, we used an organic base ‘pyridine’ as an addi-
tive. Pyridine is a clear liquid that is protonated by reaction with
acids. The ring structure of pyridine has nitrogen with a pair of non-
bonding electrons. Therefore pyridine is a Bronsted type base. It
accepts a proton from an acid, thus forming a positively charged
aromatic polyatomic ion called pyridinium cation in a reversible
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0 100 200 300 400 500 600 700 800 900
Measured mean fiber diameter (nin)

Fig. 11. Correlation between the measured and predicted values of the mean fiber
diameter.
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Fig. 13. Chemical structure of pyridine (A), and the pyridinium cation (B) that forms by
reaction with acids.

reaction (Fig. 13). This increases the conductivity of the solution (see
Table 1 and Fig. 2).

Per this mechanism, pyridine forms ‘pyridinium acetate’ by reacting
with acetic acid. The salt pyridinium acetate easily disassociates, as its
respective components are volatile at room temperature. The advan-
tage of using this approach is that the salt vaporizes off together with
the solvent during the electrospinning process [24,39] and offers
a structure composed of pure polymer. The evaporation of the salt
pyridinium acetate was confirmed using the infrared spectroscopy
(FTIR) (see Fig. 5) and the CHN elemental analyzer (see Table 2), as
described in Section 3.3.

It is clear from Figs. 6-9 that the addition of pyridine improved
the quality of the PCL fibers produced in electrospinning; the
tendency of the bead formation was suppressed and the fibers
produced were of nanosize. Additionally, we found that the lower
the PCL concentration in the solution, the higher the amount of
pyridine needed in order to obtain bead-free fine fibers. For
example, 10% PCL solution required in excess of 2% pyridine,
whereas 17.5% PCL solution required less than 0.2% pyridine to lead
to bead-free fibers. This second observation reflects that the
requirement of high charge density decreases with increase in
polymer concentration. It is suggested that this is due to an increase
in viscosity with increase in polymer concentration (higher poly-
mer chain entanglement density). The increased cohesiveness
among the polymer chains further acts against the surface tension
and dampens the Rayleigh instability.

The third important observation made was the effect of pyridine
addition on the solution viscosity. The viscosity of the polymer
solution, for any given PCL concentration, increased linearly with the
increase in pyridine amount (see Fig. 3). This is primarily due to the
presence of more salt complexes between acetic acid and pyridine
molecules that involve ring structures of pyridine. This amplifies the
flow resistance of the solution and hence increases the viscosity.

The continued increase in the conductivity and the viscosity
initially results in an effective suppression of beads. However, after
the formation of homogenous fibers, the increase in the fiber
diameter could only be attributed to the relative dominance of the

effect of viscosity. It has been shown in the literature that higher
solution viscosity leads to higher visco-elastic force acting on the jet.
This counteracts the fiber stretching Coulombic force generated by
the applied electric field and leads to an increase in fiber diameter
[35,40-43] (see Fig. 12). Also, an increase in solution viscosity causes
an increase in the bending rigidity of the jet. This further limits the
extent of the spiraling motion during whipping and reduces the
drawing of the jet causing the diameter to be larger [33,44,45].
Therefore, it is noted that the fiber diameter remained relatively
unaffected with increase in conductivity up to a certain value
(Fig.10); after this, the increase in viscosity produced a predominant
effect and caused the mean fiber diameter to increase. A consistent
increase in the fiber diameter with increase in pyridine concentra-
tion beyond about 1% (especially for 15 and 17.5% PCL concentra-
tions) could be attributed to an increase in visco-elastic force
resulting from an increase in chain entanglements.

5. Summary and conclusions

In this work, a study was conducted to improve the electro-
spinnability of PCL in order to produce bead-free uniform ultrafine
diameter fibers with narrow fiber diameter distribution. This was
achieved by increasing the conductivity of the PCL solution in acetic
acid. Addition of pyridine in the acetic acid produced a volatile salt
in the solvent that increased the ionic concentration of the solution
and, consequently, the surface charge density required for enhanced
whipping action during electrospinning. Additionally, the salt being
volatile ensured that pure polymeric fibers were formed.

This work has served two important purposes. It has demon-
strated that uniform and ultrafine or nano diameter fibers can be
produced from PCL using a new solvent system involving acid-base
reaction. It has also shown reasonably well that, by using various
combinations of polymer concentration and pyridine amount, it
should be possible to engineer structures with desired fiber diame-
ters for different applications.
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