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ABSTRACT. An atmospheric pressure plasma jet (APPJ) specifically designed for liquid
treatment has been used in this work to improve the electrospinnability of a 5 w/v% solution of
poly-g-caprolactone (PCL) in a mixture of chloroform and N,N-dimethylformamide. Untreated

PCL solutions were found to result in non-uniform fibers containing a large number of beads,
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while plasma-treated solutions (exposure time of 2 to 5 minutes) enabled the generation of
beadless, uniform nanofibers with an average diameter of 450 nm. This enhanced
electrospinnability was found to be mainly due to the highly-increased conductivity of the plasma-
modified PCL solutions. Consequently, more stretching of the polymer jet occurred during
electrospinning leading to the generation of bead-free fibers. Plasma treatment also results in an
increased viscosity and decreased pH values. To explain these observed changes, optical emission
spectroscopy (OES) has been used to examine the excited species present in the APPJ in contact
with the PCL solution. This study revealed peaks attributed to H, CH, CH> and C> species which
could be responsible of the degradation of solvent molecules and/or PCL structure during the
plasma treatment. Size exclusion chromatography (SEC) and X-ray photoelectron spectroscopy
(XPS) results showed that the molecular weight and the chemical composition of PCL were not
significantly affected by the APPJ treatment. Plasma exposure mainly results in degradation of the
solvent molecules instead of modifying the PCL macromolecules, preserving as much as possible
the original polymer. A hypothesis for the observed macroscopic changes in viscosity and pH
could be the generation of new chemical species such as for example HCl and/or HNOs3. These
species are characterized by high conductivity, low pH value, strong polarity and could enhance
the solvent quality for PCL leading to expansion of the polymer coil, which could in turn explain

the observed enhanced viscosity after plasma modification.

1. INTRODUCTION

Electrospinning is a unique and efficient fabrication process capable of producing fibrous
polymer mats with fiber diameters ranging from several microns down to values below 100 nm '.

With smaller pores and higher surface area than regular fibers, electrospun fibrous mats have been
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successfully applied in various fields such as catalysis 2, sensors®*, biomedicine °, filtration ¢ and
electronics 78. In a typical electrospinning process, a high voltage is used to create an electrically
charged jet of a polymer solution, which dries on extrusion due to solvent evaporation to leave a
polymer fiber °. Various process and ambient parameters, such as the applied electrical field, tip
to collector distance, solution flow rate, and humidity can be manipulated to obtain the desired
fiber morphology '°. However, one of the greatest challenges in electrospinning is the preparation
of a polymer solution suitable for electrospinning. Indeed, in order to create continuous bead-free
fibers, the polymer solution should fulfill many requirements in terms of rheological behavior,
conductivity and surface tension !!. A commonly used strategy to improve the electrospinnability
of polymer solutions is to increase the solution conductivity by increasing the polarity of the
solvent using solvent mixtures or by the addition of salts !>, However, this approach often
involves additional costs, safety concerns as well as environmental issues. Within this context, it
is thus important to search for effective, environmentally friendly, non-toxic methods to improve
the electrospinnability of polymer solutions '¢. Recently, it has been shown that an atmospheric
pressure plasma can be a viable method to increase the electrospinnability of a polymer solution
17-18 ~ Atmospheric pressure plasmas have been widely used to modify the surface of polymer
materials including electrospun nanofibers because of their numerous advantages over traditional
chemical modification processes '°2°. However, research on the use of atmospheric pressure
plasmas for polymer solution treatment is rarely performed. Until now, only two research papers
dealing with plasma modification of pre-electrospinning polymer solutions have been published.
In 2011, Shi ef al. manipulated the electrospinnability of an aqueous polyethylene oxide (PEO)
solution by exposing it to an atmospheric pressure dielectric barrier discharge (DBD) ', Results

showed that plasma treatment significantly improved fiber morphology resulting in finer, smoother



nanofibers possessing a low amount of beads. Very recently, Colombo et al. investigated the effect
of an atmospheric pressure plasma jet on the electrospinnability of a poly(L-lactic acid) (PLLA)
solution in dichloromethane !”. The applied plasma treatment enabled the production of defect-
free PLLA fibers from a 100% dichloromethane solution. Despite the great potential of
atmospheric pressure plasma treatment of pre-electrospinning polymer solutions, research has
been very limited so far. This article aims to expand research on this topic by investigating the
effects of an atmospheric pressure plasma on the electrospinnability of a poly-e-caprolactone
(PCL) solution in a mixture of chloroform (CHCI3) and N,N-dimethylformamide (DMF). PCL is
used as polymer since it is one of the most commonly researched materials in tissue engineering
21, Electrospinning of PCL has already been successfully performed in several solvents including
acetone, mixtures of acetic acid and formic acid and mixtures of chloroform and DMF with PCL
concentrations varying between 10 to 40 w/v% 2*2*, This work however intends to successfully
electrospin a polymer solution containing a very low PCL concentration (5 w/v%) by making use
of a plasma pre-treatment of the polymer solution.

An argon atmospheric pressure plasma jet will be used as plasma source in this work: the applied
experimental set-up is specifically designed for the treatment of liquid polymer solutions enabling
a close and intense contact between the plasma and the polymer solution, which is expected to
result in a strong improvement of the quality of the resultant nanofibers. In a first part of the article,
the atmospheric pressure plasma jet will be electrically characterized and the excited plasma
species generated in the discharge will be determined. Next, PCL polymer solutions will be treated
with the plasma jet and the plasma-modified solutions will be extensively characterized in terms

of viscosity, conductivity, pH and polymer molecular weight. Finally, the untreated and plasma-



modified PCL polymer solutions will be electrospun to investigate the effect of plasma treatment

on the final morphology and the chemical composition of the generated PCL nanofibers.

2. EXPERIMENTAL METHODS

2.1. Materials

PCL pellets with a number average molecular mass M, = 80 000 g/mol were purchased from
Sigma-Aldrich and used without further purification. CHCl3 and DMF with a purity > 99%, N,N-
dimethylacetamide (DMA) and LiCl were also purchased from Sigma-Aldrich and used as such.

Argon gas (Alphagaz 1) was purchased from Air Liquide.

2.2. Preparation of PCL polymer solutions

PCL pre-electrospinning polymer solutions are prepared by dissolving PCL pellets in a solvent
mixture (9:1 v/v) composed of CHCI3 and DMF at a concentration of 5% w/v. Afterwards, the
polymer solution is mechanically stirred for 3 hours at room temperature. Control samples are
kept at room temperature and are electrospun without any plasma treatment, while other samples

are exposed to a plasma modification step after which samples are electrospun.

2.3.Atmospheric pressure plasma jet treatment

The plasma source used in this work to treat PCL polymer solutions is an atmospheric pressure
plasma jet (APPJ), specifically designed for liquid treatment and schematically represented in
Figure 1 (A). The plasma is generated inside a thin, quartz capillary with an inside and outside

diameter of 1.3 and 3.0 mm respectively. As high-voltage electrode, a tungsten wire with a



diameter of 1 mm and a half-sphere-shaped tip inside the quartz capillary is used. A ring-shaped
electrode with a length of 10 mm placed at a distance of 45 mm from the high-voltage electrode
and 20 mm away from the edge of the capillary acts as grounded electrode. High purity argon is
used to generate the plasma and flows at a rate of 0.90 slm (standard litres per minute) through
the capillary. The discharge itself is generated by applying an AC voltage (fixed frequency of 50
kHz) to the high-voltage electrode with a peak-to-peak value of 7.6 kV. At an applied peak-to-
peak voltage of less than 6 kV, only a weak radiation zone is observed inside the capillary on the
tip of the high-voltage electrode, which is a well-known corona discharge. However, an increase
in applied voltage results in the formation of a bright plasma in the inter-electrode gap with a
long out flowing plasma propagating outside the capillary (so-called plasma afterglow). A small
reactor chamber, which can contain the polymer solution, is made by fixing a quartz tube with an
inside and outside diameter of 13 mm and 20 mm respectively to a stainless-steel flange with a
small opening on the bottom side where the APPJ quartz capillary can be inserted, as shown in
Figure 1. Prior to plasma modification, the argon gas rate is switched on to prevent the polymer
solution flowing inside the plasma capillary and successively the reactor chamber is filled with
10 ml of the polymer solution using a plastic syringe, ensuring a close and intense contact
between the plasma afterglow and the PCL solution. The reactor chamber is covered at the top
with a stainless-steel flange containing a small opening as gas outlet to limit solvent evaporation
during treatment. Plasma treatments in this work are conducted at a fixed discharge power for

different treatment times.

The most common electrical diagnostic of an APPJ consists of the measurement of the voltage
applied to the wire electrode and the resultant charge on the electrodes. The voltage applied to the

wire electrode is measured using a high voltage probe (Tektronix P6015A), whereas the charge on
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the electrodes is obtained by measuring the voltage over a capacitor of 10 nF in series with the
plasma jet. By visualizing the obtained voltage-versus-charge plot using a PC oscilloscope
(Picoscope 3204A), a Lissajous figure can be constructed 2. From this figure, the electrical energy
consumed per voltage cycle E¢ can be estimated since this value is equal to the area enclosed by
the Lissajous figure. The electrical power Pe can be obtained by multiplying the electrical energy
with the frequency of the feeding voltage, which is 50 kHz in this work ?°, and was found to be

equal to 4.8 W.
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Figure 1. (A) Schematic representation of the atmospheric pressure plasma jet used to modify
PCL polymer solutions. The zoomed area represents the cross-section of the flange at the bottom
of the reactor chamber where the APPJ quartz capillary is inserted. The seals which prevent the
liquid leakage are O-ring shaped and represented in black; (B) a photograph of the working plasma
jet in contact with a PCL polymer solution.

To identify the excited plasma species generated in the discharge, optical emission spectra of the
plasma jet are also recorded by means of an Ocean Optic S2000 spectrometer in the range 200 —
900 nm with a low resolution of 0.7 nm. These spectra are obtained 13 mm from the edge of the
capillary: this allows us to determine which plasma species are generated in close contact with

the polymer solution.



2.4. Electrospinning

The bottom-up electrospinning process in this work is conducted using a customized
Nanospinner 24 electrospinning machine (Inovenso) at room temperature, schematically presented
in Figure 2. Untreated and plasma-treated PCL solutions are collected in a 5 ml glass syringe and
for the plasma-treated solutions, collection is performed immediately after plasma treatment. The
syringe is subsequently placed in a syringe pump (NE-300 Just Infusion™ syringe pump) which
controls the flow rate of the polymer solution through a polyethylene tube (inner diameter of 2
mm) ending in an aluminum feeding pipe containing a single brass nozzle with an inner diameter
of 0.8 mm. During the electrospinning process, the polymer flow rate is maintained at 5 ml/h. The
metallic nozzle is vertically placed below a stainless-steel rotating (100 rpm) collector at a distance
0f 20.0 cm. During the electrospinning process, a voltage of 25 kV is supplied to the nozzle, while
the cylinder is grounded. In this work, nanofibers are directly collected on an aluminum foil taped
to the collecting cylinder. This metallic substrate is selected because (1) it can be easily rolled
around the rotating collector and (2) it can be easily removed from the cylinder after conducting
the electrospinning process. Nanofiber characterization is then subsequently performed without
peeling off the nanofibers from the aluminum foil to avoid any damage to the nanofiber

morphology.
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Figure 2. Schematic representation of the electrospinning equipment used to electrospin control
and plasma-modified PCL polymer solutions.

2.5. Chemical and physical characterization of the PCL polymer solutions

To physically characterize the PCL polymer solution, several important solution parameters
which can influence the electrospinning process are measured before and after plasma treatment:
(1) conductivity, (2) viscosity, (3) surface tension, and (4) pH. Solution conductivity is determined
using a FiveEasy™ conductivity meter (Mettler Toledo) equipped with an InLab720 conductivity
probe operating in a conductivity range of 0.1 to 500 uS/cm, while the pH of the solution is
obtained making use of a FiveEasy™ pH meter equipped with an InLab Science Pro-ISM pH
probe specifically designed to relatively estimate pH values in organic solvents. Solution viscosity
is obtained using a DV2T EXTRA viscometer (Brookfield Engineering Laboratories). To
determine the surface tension of the PCL solutions, a K20 EasyDyne Instrument (Kriiss GmbH) is
used based on the Wilhelmy plate method 26. The volume of the polymeric solution before and
after plasma treatment is also measured to evaluate possible changes in polymer concentration in

the solution due to solvent evaporation.



To examine whether the plasma modification is not degrading the PCL polymer chains, size-
exclusion chromatography (SEC) experiments are performed in this work as it is an excellent
chromatographic technique to reveal information on the molecular weight (MW) distribution of a
polymer 7. In this work, SEC measurements are conducted on an Agilent 1260-series system
equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid sampler, a
column compartment at a constant temperature of 50°C equipped with two PLgel 5 um mixed-D
columns and a pre-column in series, a 1260 diode array detector and a 1260 refractive index
detector. DMA containing 50mM of LiCl at a flow rate of 0.500 ml/min is used as eluent. The 50
mM LiCl in DMA solution is filtered before use, making use of a filter with a pore size of 0.2 pm.
The obtained spectra are visualized and analysed using Agilent Chemstation software in
combination with Agilent gel permeation chromatography data analysis software.

2.6. Chemical and physical characterization of PCL nanofibers

The surface morphology of the obtained nanofibers is imaged using a JEOL JSM-6010
PLUS/LV scanning electron microscope (SEM). The SEM images are acquired with an
accelerating voltage of 7 and 14 kV, after coating the samples with a thin layer of gold making use
of a sputter coater (JFC-1300 autofine coater, JEOL). The average diameter of the nanofibers is
determined through the measurement of 40 different fibers making use of ImageJ analysis
software. Visualization of the polymer electrospinning jet during the electrospinning process has
also been performed making use of a Nikon D 3200 camera equipped with a Tamron AF 70-300
mm lens and operated at an exposure time of 0.1 s.

Besides morphology, also the surface chemical composition of the generated nanofibers is
examined to investigate whether the plasma modification step is affecting it or not. For this
purpose, XPS spectra are recorded with a PHI 5000 Versaprobe II spectrometer employing a
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monochromatic Al K, X-ray source (hv = 1486.6 eV) operating at a power of 43.5 W (beam size
of 50 um). In a first step, survey scans, measuring 2 samples with 5 points per sample are recorded
with a pass energy of 187.85 eV at a take-off angle of 45° relative to the sample surface to identify
the elements present on the PCL nanofibers. Element quantification, based on these survey scans,
is subsequently performed using Multipak software (V 9.6) with a Shirley background by applying
the relative sensitivity factors supplied by the manufacturer of the instrument. In a next step, high
resolution Cls and Ols peaks are also recorded with a pass energy of
23.5 eV to gain knowledge on the different chemical groups present on the surface of the
nanofibers. Multipak software is again used to curve fit these peaks after the energy scale is
calibrated with respect to the hydrocarbon component of the C1s spectrum (285.0 eV). Afterwards,
Gaussian-Lorentzian peak shapes are utilized for the deconvolution of the peaks and the full-width

at half maximum (FWHM) of each line shape is restricted below 1.5 eV.

3. Results and discussion
3.1.Characterization of the plasma jet
3.1.1. Optical emission spectroscopy

The chemical species present in the plasma can be identified by optical emission spectroscopy
(OES). The spectra were acquired by setting an exposition time of 5 s to increase the peak
intensities present in the wavelength range between 310 and 660 nm. Figure 3 (A) shows the
emission spectrum of the argon plasma jet generated in the atmosphere, so without any liquid
surrounding the plasma jet afterglow. In this case, very intensive emission lines can be found in
the spectral region between 680 and 900 nm, which can be assigned to different excited states of

Ar 28, The discharge also produces some UVB radiation, which belongs to transitions of the OH
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Intensity (a.u.)

band at 288 and 308 nm. Apart from the previously mentioned species, spectral lines from N> (310-

430 nm), atomic oxygen (297, 777 and 842 nm), NO and NO; species can also be identified (490

and 502 nm respectively) ». The identified OH and O species are the result of dissociation of

oxygen and water in the air surrounding the plasma jet afterglow, while the excited N2, NO and

NO; species are most likely generated from direct excitation of nitrogen molecules present due to

back diffusion of ambient air in the plasma region *.
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Figure 3. OES spectrum of the APPJ generated in the atmosphere without any liquid surrounding
the plasma afterglow (A); OES spectrum of the APPJ during the treatment of only solvents (B)
and OES spectrum of the APPJ during the polymeric solution treatment (C).
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Figure 3 (B) presents the OES spectrum acquired during the plasma treatment of only the solvent
mixture chloroform and DMF. In this spectrum, strong emission lines of Ar are still present similar
to the spectrum of the plasma jet generated in the atmosphere. Emission lines of N are also visible,
but with much lower intensities while NO and NO» emission lines are no longer present in the
spectrum. This is due to the fact that the plasma jet is no longer in direct contact with the
surrounding air. The nitrogen emission lines can therefore only be the result of the degradation of
DMF or from external air which may still be present in the solvents during the treatment process.
In addition, emission lines of atomic oxygen and OH radicals can also be observed in Figure 3 (B)
which can be attributed to the degradation of DMF or to the dissociation of oxygen and water
present in the solvents. It is however also important to mention that absorption of the light will
occur by the solvent mixture in the wavelength region below 300 nm. As a result, it could be
possible that additional OES peaks are present in this wavelength region, but that they cannot be
detected due to absorption by the solvent mixture. The wavelength region between 450 and 700
nm also reveals that strong interactions between the solvent molecules and the plasma afterglow
occur as emissions of CH (431 nm), Cz (450 nm), C> Swan (515 and 563 nm) and hydrogen (Ha:
656 nm and Hp: 486 nm) can be found in the OES spectrum. The presence of these excited species
thus clearly suggests that degradation of the solvent molecules occurs as a result of plasma
exposure. Finally, Figure 3 (C) represents the OES spectrum of the discharge while treating the
examined polymer solution (5% PCL in CHCI; + DMF). This spectrum is almost similar to the
OES spectrum obtained during the treatment of the solvent mixture, except for two important
changes: (1) no emission peaks can be observed below 309 nm, which is probably due to the fact
that light is scattered inside the polymer solution which presents a lower degree of optical

transparency compared to the solvent mixture and/or the fact that PCL besides the used solvents
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also absorbs light below 300 nm. As a result, OES peaks may be present below 300 nm, but may
be undetectable due to a pronounced absorption by the polymer solution; (2) an extra emission
peak attributed to CH» can be observed at 405 nm. As H, CH, and C: lines were already present in
the OES spectrum of the plasma jet surrounded by the solvents alone, it can thus be suggested that
these peaks are most likely the result of degradation of solvent molecules. The presence of excited
CH> in the emission spectrum could be attributed to degradation of the PCL polymer chains,
however, according to the SEC results which will be reported in paragraph 3.2.2, polymer chain
degradation does not occur thereby excluding the possibility that the CH> peaks derive from
polymer backbone degradation. The presence of excited CH; in the OES spectrum of the polymer
solution may be the result of the enhanced viscosity of the polymer solution upon plasma exposure,
an effect which does not occur when only the solvents are exposed to the plasma. As a result of
the enhanced viscosity, solvent molecules are most likely longer exposed to the plasma species
due to their limited diffusion capacity, which can result in more extensive fragmentation of the

solvent molecules and thus the presence of additional excited CH».

3.2. Characterization of the PCL polymer solutions
3.2.1. Physical characterization of the PCL polymer solutions

As the physical properties of the polymer solution, such as conductivity, viscosity and surface
tension play a crucial role in the electrospinning process, they are very important parameters to
analyze. Table 1 summarizes the above mentioned properties for PCL solutions before and after
plasma treatment with different exposure times (Tplasma). In addition, the pH value and the volume
of the plasma-modified PCL solutions before and immediately after plasma modification were also

measured and these results are shown in Table 1. Despite the use of a specific probe for non-
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aqueous solutions, it should also be emphasized that the pH values, reported in Table 1, represent

a relative trend rather than a consistent accurate number 3'.

I::IS:; Conductivity (uS/cm) Vis(cc?as)ity Surff;;;i?)smn (m) (Vn:‘it) pH
0 0.22 £ 0.05 855 29.5+0.5 10 10 4.6
1 1.05+0.05 1793 29.7+0.3 10 9 1.3
2 2.10+0.10 204 £5 30.2+0.5 10 8.5 0.7
3 3.40+£0.10 2865 30.2+0.5 10 7.5 <0.1
4 5.08 £ 0.05 320t 4 33.6+£0.2 10 6 <0.1
5 6.50+0.15 354+4 33.8+0.2 10 5.5 <0.1

Table 1. Physical properties of PCL solutions before and after plasma modification.

Based on Table 1, one might conclude that plasma modification results in a strong increase in
conductivity and viscosity, a minor increase in surface tension and a major decrease in pH of the
PCL polymer solutions.

Nevertheless, before drawing such conclusions, it is very important to take into account the
solvent evaporation during the treatment as this evaporation can also strongly affect the solution
physical parameters. As shown in Table 1, the solution volume strongly decreases with increasing
plasma treatment time. Since the observed solvent evaporation due to plasma modification strongly
influences the polymer concentration in the solution and thus the final solution properties, it is
very important to compare PCL solutions having similar polymer concentrations before and after
plasma treatment. In this way, the effects of only the plasma treatment itself on the PCL solution
properties can be observed. To enable such a comparison, 10 ml of a 5% w/v PCL solution was
only exposed to the flowing argon gas (0.9 slm) for durations varying between 2 and 17 minutes

(see Table 2) until the same volume as after plasma modification was reached. For these argon-
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streamed polymer solutions, the solution properties have also been determined and the results are
shown in Table 2, together with the previously obtained results for the plasma-treated solutions to
enable an easy comparison. Based on the changing solution volumes, the polymer concentration
(Cpolym) for each PCL solution has also been calculated and the results are also presented in Table
2.

These results suggest that the argon gas flow is causing solvent evaporation, but this evaporation
becomes more enhanced when the plasma is also switched on. This enhanced solvent evaporation
during plasma treatment cannot be attributed to heating of the polymer solution by the plasma,
since the plasma treatment decreases the solution temperature with 1°C for all investigated
treatment durations. The enhanced solvent evaporation might however be the result of more
intense bubble formation and nucleation in the solutions due to the plasma exposure leading to

larger liquid-gas interfaces and thus a more pronounced evaporation.

v Cpolym Targon | Tplasma Argon-streamed solutions Plasma-modified solutions
(ml) | (w/v%) | (min) | (min)
Conductivity | Viscosity Surface pH | Conductivity | Viscosity Surface
(1S/cm) (cP) tension (1S/cm) (cP) tension
(mN/m) (mN/m)
10 5.0 0 0 0.22 £ 0.05 85+5 29.5+05 | 4.6 0.22 £ 0.05 85+5 29.5+0.5 4.6
9 5.6 2 1 0.30£0.05 1055 29.6+0.5 | 4.0 1.05+0.05 1793 29.7+0.3 1.3
8.5 5.9 4 2 0.38 £ 0.04 1105 30.0£05 | 44 2.10+£0.10 204 5 30.2+0.5 0.7
7 7.1 8 3 0.78 £0.03 150+ 5 30.3+0.5 | 45 | 3.40+0.10 286+ 5 30.2+0.5 | <0.1
6 8.3 15 4 1.25+0.05 2295 29.8+0.5 | 4.8 | 5.08+0.05 320+4 33.6+0.2 | <0.1
55 9.1 17 5 1.80+0.10 3365 30.0+0.5 | 3.9 | 6.50+0.15 354+4 33.8+0.2 | <0.1

Table 2. Solution physical parameters and polymer concentration for argon-streamed and plasma-
modified polymer solutions.

Table 2 clearly shows that the plasma treatment itself significantly increases the solution
conductivity. At the same time, also solution viscosity is increased while surface tension only
slightly increases at long plasma exposure times. A possible hypothesis for these observed changes

is that plasma modification induces degradation of the solvent molecules leading to the creation of
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chemical species characterized by a high conductivity, such as for example hydrogen chloride
(HCI) and/or nitric acid (HNOs) and/or peroxynitrite (ONOO") *2. Generation of these species
could at the same time also explain the low pH values obtained after plasma modification, as HCI
and HNOs3 are known to be strong acids. In addition, these species are also highly polar which can
result in a higher PCL solubility and thus expansion of the PCL coils, which could in turn explain
the observed enhanced viscosity after plasma modification. This hypothesis is also in agreement
with the previously obtained OES results suggesting that degradation of solvent molecules occurs
during plasma modification. Further chemical experiments need to be carried out to verify these
assumptions.
3.2.2. Determination of the PCL molecular weight distribution by SEC

Based on the above mentioned changes in physical parameters, one can expect that plasma
modification can induce significant chemical and/or physical changes to the PCL polymer chains
as well as to the solvent molecules. However, within this context, it is important to avoid
degradation of the PCL polymer chains by plasma exposure as this can lead to unsatisfactory
mechanical properties of the resulting nanofibers **. Therefore, it is crucial to investigate if the
plasma modification step is not affecting the PCL molecular weight, which is examined in this
work making use of SEC. The chromatograms of an untreated and a plasma-modified PCL solution
(exposure time of 3 minutes) are presented in Figure 4 and show how much polymeric material
exits the column at a given time, with the large, high molecular weight polymer chains eluting
first, followed by successively smaller (and thus lower molecular weight) chains emerging later 3.
Figure 4 clearly shows that the plasma treatment does not significantly change the molecular
weight distribution of the PCL polymer chains as the chromatographs of untreated and plasma-

modified solutions almost completely overlap. In addition, only a very small difference in number
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averaged molecular weight (My) as well as polydispersity (PD), which may be even considered
negligible, can be observed as can be seen in Figure 4. Based on this result, it can be concluded
that the plasma modification is not significantly degrading the PCL polymer chains and will

therefore not affect the mechanical properties of the resultant PCL nanofibers.
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Figure 4. Size exclusion chromatographs of an untreated (no plasma treatment no argon
streaming) and plasma-modified PCL solution (plasma exposure time = 3 minutes) including
number averaged molecular weight (M) and polydispersity (PD).
3.3. Characterization of the electrospun PCL nanofibers
3.3.1. Morphology of the electrospun materials

The plasma treatment effect on the electrospinnability of PCL will be examined in this section
by SEM observation of the generated nanofibers. In particular, the morphology as well as the
average fiber diameter of electrospun mats generated from untreated as well as plasma-modified
solutions will be compared. The left column of Figures 5 and 6 shows the SEM image of the
nanofibers obtained from an untreated PCL solution (no argon streaming) as well as the SEM

images of electrospun mats obtained from untreated solutions which have been exposed to an

argon flow for a well-defined time to obtain untreated PCL solutions having the same polymer
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concentration as after plasma modification which can thus act as control samples. In the right
column of Figures 5 and 6 SEM images of electrospun mats obtained from plasma-treated
solutions with different plasma exposure times can be observed. By doing so, an easy comparison
can be made between PCL solutions with a similar polymer concentration: the control sample on
the left and the plasma-modified sample on the right.

Figures 5 and 6 clearly reveal that electrospinning of the untreated PCL solution (5 w/v%) results
in the generation of non-uniform fibers containing a large number of beads (with an estimation of
2000 beads per mm?). However, as the polymer concentration increases, the fibers tend to become
more and more uniform with less beads. Finally, at the highest polymer concentration (9.1 w/v%),
almost beadless (approximately 300 beads per mm?) electrospun nanofibers can be obtained,
possessing a fiber diameter of 0.494 + 0.243 um (see Table 3). Taking into account the large
standard deviation on this average fiber diameter, one can also conclude that even at the highest
polymer concentration the PCL nanofibers fibers are not uniform in diameter.

This behavior can be explained as follows: if the concentration of the PCL solution is too low,
the applied electric field and surface tension causes the entangled polymer chains to break into
fragments before reaching the collector resulting in the formation of beaded nanofibers. When the
concentration of the PCL solution is increased, an increase in viscosity appears (as shown in Table
2), which leads to an increase in elongation of the jet before it breaks into smaller droplets* thereby
resulting in the generation of almost beadless electrospun nanofibers. Unfortunately, the generated

nanofibers are at the same time not uniform in fiber diameter.
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Figure 5. SEM images of nanofibers obtained from an untreated control solution with a PCL
concentration equal to 5% (A), argon-streamed control solutions (left column) and plasma-
modified solutions (right column) at different PCL polymer concentrations: 5.6 w/v% (B, G), 5.9

w/v% (C, H) and 7.1 w/v% (D, I).
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Figure 6. SEM images of nanofibers obtained from argon-streamed control solutions (left column)
and plasma-modified solutions (right column) at high PCL polymer concentrations of 8.3 w/v%
(E,J) and 9.1 w/v% (F, K).

Figures 5 and 6 also show that plasma treatment causes a significant decrease in bead numbers
combined with a significant improvement in the uniformity of the PCL nanofibers. Although a
plasma treatment time of 1 minute was not yet sufficient to completely prevent the formation of
beads along the fibers, higher plasma exposure times result in the generation of uniform beadless
nanofibers. Increasing the plasma treatment duration from 2 minutes up to 5 minutes does not
result in a further improvement in fiber morphology. Even though the average fiber diameter

remains constant within standard deviation, there seems to be a marginal decrease in fiber diameter

to 450 nm with increasing plasma exposure time and the uniformity of the fibers also improves as

21



can be seen in Table 3 from the decreasing standard deviations on the average fiber diameter with
increasing plasma exposure time.

When comparing the control argon-streamed and plasma-modified samples at the highest
polymer concentration (9.1 w/v%), beadless fibers can be found in both samples, nevertheless, the
fiber diameter in case of the plasma-modified solutions is slightly lower and much more uniform,
as can be observed in Figure 6 (F, K) and Table 3. This observation can only been explained by
the higher solution conductivity after plasma modification, as the plasma-modified samples have
a higher viscosity which is known to result in thicker fibers *. As a result of the higher solution
conductivity, more stretching of the solution jet occurs resulting in the generation of thinner fibers

as was already previously observed by Angamanna et al. ¥’

Cpolym Tplasma Argon-streamed solutions Plasma-modified solutions
(w/v%) | (min)
Average fiber diameter (um) Average fiber diameter (um)

5.0 0 / /

5.6 1 / 0.582 £ 0.269
5.9 2 / 0.488 £ 0.126
7.1 3 / 0.467 £0.122
8.3 4 0.577 £0.376 0.461 £0.123
9.1 5 0.494 £0.243 0.450 £ 0.090

Table 3. Average fiber diameter of electrospun mats generated from argon-streamed and plasma-_
modified PCL solutions (fiber diameter was not determined in case a lot of beads were present in
the electrospun mats).
3.3.2. Imaging of the electrospinning jet path

To further investigate why plasma modification improves the electrospinnability of the PCL
solution, imaging of the electrospinning process has also been carried out to visualize the
electrospinning jet path. Upon initiation of electrospinning, electrospinning jet paths show a

straight segment where the polymer and solvent molecules move along a certain axis followed by

a bending instability region ** where the jet begins to oscillate around this axis creating a three-
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dimensional coil following a whipping and circling path. This typical shape of the electrospinning
jet path can also be observed during the electrospinning process of untreated and plasma-modified
PCL solutions as shown in superimposed images of multiple electrospinning jet paths presented in
Figure 7. These figures reveal that the electrospinning jet path is different for the plasma-modified
solution compared to the untreated one. In particular, in case of the plasma-modified solution, a
reduction in the straight segment occurs from 13.3 mm down to 7.2 mm. In addition, a more
extended bending instability region can also be observed for the plasma-modified solution as
evidenced from the diameter increase of this region from 3.50 mm for the untreated solution to
4.50 mm for the plasma-modified sample. These macroscopic changes in electrospinning paths are
most likely the result of the strongly increased conductivity of the PCL solution after plasma
modification. The higher concentration of ions in the plasma-treated solution increases the surface
charges which reduce the length of the straight segment in favor of the jet spiral path.
Consequently, the plasma-modified solution contributes to larger bending instabilities and as a
result a reduction in stable jet length *°. Because of the greater bending instabilities, more
stretching of the solution jet occurs during electrospinning resulting in the generation of bead-free
fibers, as was observed when examining the morphology of the fibers *’. In addition, when the
solution conductivity is further increased with increasing plasma exposure time, more bending
instabilities also appear resulting in the generation of fibers with smaller fiber diameters as

previously observed in this work.
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Figure 7. Superimposed images of multiple electrospinning jet paths of an untreated (no plasma,
no argon streaming) PCL solution (left) and a plasma-modified PCL solution (right, plasma
exposure time of 3 min).
3.3.3. Chemical characterization of the nanofibers by XPS

To investigate whether the plasma modification of the PCL polymer solutions is not affecting
the chemical surface composition of the nanofibers, XPS analysis is also performed on PCL
nanofibers generated from untreated and plasma-modified solutions (plasma treatment time of 3
minutes). In a first step, XPS survey scans were taken to obtain the elemental composition of the
nanofibers. PCL nanofibers created from unmodified PCL solutions were found to contain 77.0 +
0.5% of carbon and 23.0 + 0.5% of oxygen, which is close to the theoretical values expected for
PCL (75% C, 25% O). A similar elemental composition was also observed for PCL nanofibers
generated from a plasma-modified solution (76.3% 0.3% C and 23.7+0.3% O) suggesting that pre-
electrospinning plasma exposure does not affect the surface chemical composition of the

electrospun PCL nanofibers.
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High resolution peak fitting of the Cls peaks has also been performed in this work to check if
any changes in surface chemical groups occur as a result of the plasma modification step. In Figure
8, these fitted C1s peaks are shown for nanofibers generated from the untreated PCL solution (left)
and from the plasma-modified PCL solution (right). As can be seen, these Cls spectra are fitted
with 3 components for both samples: a peak at 285.0 eV, which can be attributed to C-C/C-H
bonds, a peak at 286.4 eV which can be correlated with C-O bonds and a peak at 289.1 eV which
is the result of ester (O-C=0) bonds. As can be seen in Figure 8, there are no significant changes
detectable between the fitted Cls spectrum of the nanofibers obtained from the untreated solution
and the one generated from the plasma-modified solution. Based on the fitted Cls peaks, the
concentration of the different chemical bonds on the PCL nanofibers can also be determined and
the results are as follows: the pristine nanofibers contain 46.2 + 0.8 % of C-C/C-H bonds, 40.4 +
0.8 % of C-O bonds and 13.5 £ 0.1 % of O-C=0 bonds while the nanofibers from plasma-modified
solutions contain 44.3 £ 1.1 % of C-C/C-H bonds, 42.2 £ 1.3 % of C-O bonds and 13.4 + 0.2 % of
O-C=0 groups. These XPS results thus clearly show that plasma modification of a pre-
electrospinning PCL solution does not induce any surface chemical changes on the PCL polymer
chains and does not change its MW as previously determined by SEC, which is very beneficial as

the preservation of the chemical composition of the original polymer is crucial in most
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applications. As a result, it can be concluded that the APPJ mainly degrades the small solvent

molecules instead of modifying the large PCL macromolecules.
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Figure 8. High resolution Cls spectra of PCL nanofibers generated from an unmodified (no
plasma, no argon streaming) (left) and a 3 min plasma-treated polymer solution (right).

4. Conclusion

In this work, an atmospheric pressure plasma jet has been successfully applied to improve the
electrospinnability of PCL polymer solutions. Plasma treatment exposure times of 2 to 5 minutes
enabled the generation of beadless, uniform PCL nanofibers with an average diameter of
approximately 450 nm. This enhanced electrospinnability was found to be the result of the highly
increased conductivity of the plasma-modified polymer solutions, possibly in combination with
the observed viscosity increase. Imaging of the electrospinning polymer jet clearly revealed that
larger bending instabilities occur for the plasma-modified solutions as a result of their high
conductivity. Consequently, more stretching of the jet occurs during electrospinning leading to the

generation of bead-free fibers.
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Experiments conducted in this work also reveal that plasma treatment not only increases the
solution conductivity, but also results in highly increased viscosities and pH values. A hypothesis
for these observed macroscopic changes is that plasma modification induces chemical changes in
the polymer solutions leading to the creation of new chemical species such as for example HCI
and HNOs. These species are not only characterized by a high conductivity and a low pH value,
but are also highly polar, which could be a reason for the observed enhanced viscosity as polar
solvents are known to positively affect the solubility of PCL polymer chains. Optical emission
spectroscopy results also reveal that degradation of solvent molecules occurs during plasma jet
treatment since peaks attributed to H, CH, CH> and C; lines can be observed in the emission
spectrum. Based on the OES results, it was also found that the plasma-induced degradation of these
solvent molecules is more pronounced when working with polymer solutions instead of solvent
mixtures as a result of the highly increased viscosity of polymer solutions upon plasma exposure.
It was also found in this work that plasma modification of PCL polymer solutions does not affect
the molecular weight and the surface chemical composition of the final PCL nanofibers thereby
suggesting that the generated non-thermal plasma mainly degrades the small solvent molecules
instead of the large PCL macromolecules, which is quite logical taking into account the small size
and the high concentration of the solvent molecules. This conclusion is very beneficial taking into
account the fact that the original polymer should be preserved as much as possible when applying

the nanofibrous mats for biomedical purposes.
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