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Electrospinning is a versatile technique for the fabrication of polymer-based
nano/microfibers. Both physical and chemical characteristics of pre-electrospinning
polymer solutions affect the morphology and chemistry of electrospun nanofibers. An
atmospheric-pressure plasma jet has previously been shown to induce physical
modifications in polylactic acid (PLA) solutions. This work aims at investigating
the plasma-induced chemistry in organic solutions of PLA, and their effects on the
resultant PLA nanofibers. Therefore, very broad range of gas, liquid, and solid
(nanofiber) analyzing techniques has been applied. Plasma
alters the acidity of the solutions. SEM studies illustrated
that complete fiber morphology
enhancement only occurred
when both PLA and solvent
molecules were exposed to preelectrospinning plasma treatment. Additionally, the surface
chemistry of the PLA nanofibers was mostly preserved.
KEYWORDS
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1 | INTRODUCTION
In recent years, the chemical processes induced in liquids by
non-thermal atmospheric pressure plasmas have been
extensively investigated due to the high potential of plasma
in a wide variety of applications including synthetic
chemistry.[1–3] The mechanisms of plasma-liquid interactions
are investigated by many research groups because they
present paramount importance in systems with liquid
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solutions.[1,3,4] A very novel application of this promising
research field is the use of non-thermal plasma technology for
the treatment of pre-electrospinning polymer solutions.[5–9]
Electrospinning is well known as a cost-effective and
versatile technique for the fabrication of polymer-based
nano/micro fibers.[10] Such synthetic and natural polymeric
nanofibrous mats are of great interest for biomedicine,
biotechnology, and industry.[11–15] By varying polymer type
and electrospinning processing conditions, nanofibers can be
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spun with a large surface area for different potential
applications such as membranes for biological and/or
chemical sensors,[16] wound healing,[17] drug delivery,[18]
and tissue engineering.[19] Several processing parameters
determine the morphology of the resultant nanofibers, e.g.,
the electrospinning working parameters, the properties of the
electrospinning polymer solution, and ambient conditions.[8,20] Besides selecting the right working parameters,
preparation of a polymer solution with suitable characteristics
is also very important in the electrospinning process. Several
research groups have described the influence of electrospinning working parameters (e.g., applied voltage, feed rate,
and working distance) and the solution physical properties
(e.g., conductivity, surface tension, and viscosity) on the
morphology of electrospun nanofibers for numerous polymer
solutions.[20–22] However, the effects of physical/chemical
treatments of polymer solutions prior to the electrospinning
process in an effort to improve electrospinnability have not
been widely studied. A few methods including the addition of
different salts to the polymer solutions[23–25] and using
physical cross-linkers[26] have been reported to enhance the
electrospinnability of polymer solutions. However, these
methods often involve additional costs, safety, and environmental concerns.[27] An efficient, environmentally benign,
and non-toxic method to improve the electrospinnability of
polymer solutions is thus required.
Recently, pre-electrospinning plasma treatment (PEPT)
has been shown to improve the electrospinnability of different
polymer solutions.[5–7,9,28] PEPT has been found to enhance
the electrospinnability, and helped obtaining thinner and
bead-free nanofibers at significantly lower polymer concentrations.[5–9,28] However, further research is required as
attention has been mostly paid to examining the nanofibers
without a detailed investigation of the gas phase plasma
and the plasma-induced changes in the liquid solvents. To
elucidate some of the multiple remaining questions on PEPT,
this study examines the resultant electrospun nanofibers, and
aims to unravel the occurring plasma-liquid interactions. As a
target polymer in our work, polylactic acid (PLA) was chosen.
PLA is a biodegradable aliphatic polyester derived from lactic
acid, a naturally occurring organic acid. This biocompatible
and non-toxic polymer has been extensively used in
various biomedical fields such as tissue engineering, wound
healing, and drug delivery systems,[29] i.e., fields where PLA
nanofibers play an important role.
In agreement with the results of other researchers,[6,7] we
previously reported[8] that the viscosity and electrical
conductivity of PLA solutions increased considerably after
PEPT with an argon plasma jet generated directly in the
polymer solution. In addition, the effects of various
operational plasma parameters such as, plasma treatment
time, argon flow rate, applied voltage, and polymer
concentration, on the viscosity, surface tension, and electrical
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conductivity of PLA solutions were studied in detail. We
showed that the increased viscosity and conductivity induced
by PEPT positively affected the electrospinnability of PLA
and the morphology of the resultant PLA nanofibers. The
question that remains up to now is which plasma-induced
chemical species are responsible for the observed increase in
viscosity and conductivity. It is also yet unclear whether the
PLA polymer chains themselves undergo some changes
during PEPT, or the observed results are caused exclusively
by the plasma-induced changes to the solvent molecules.
To gain more knowledge on the effects of PEPT, the
plasma-induced chemical changes to both PLA solutions and
pure organic solvents are investigated in this work. An
atmospheric-pressure plasma jet directly submerged into the
liquid was used. The plasma species generated in the plasma
jet afterglow operating in ambient air and submerged in the
solutions were determined using optical emission spectroscopy (OES) for various plasma operational conditions. pH
measurements were performed before and immediately after
each PEPT to investigate whether the performed plasma
treatments induce some changes to the acidity of the
examined liquids. In addition, the plasma-induced chemical
changes in pure solvents as well as in PLA solutions were
investigated in detail via fluorescence excitation-emission
matrix (EEM) spectroscopy, UV–Vis absorption spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and
electron paramagnetic resonance spectroscopy (EPR). EPR
was used to detect and identify the species generated in the
examined plasma-treated liquids. Besides liquid characterization, a morphological, and chemical evaluation of the
resultant electrospun nanofibers was carried out using
scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS), respectively. This broad set of
characterization techniques enabled obtaining information
about the fundamental processes occurring during PEPT.

2 | MATERIALS AND METHODS
Biodegradable PLA granules (C3H4O2)n with molecular
weight of ≈230.000 g mol−1 were purchased from Goodfellow. Chloroform (CHL [CHCl3]; 99.5%) and N,N-dimethylformamide (DMF [C3H7NO]; 99.8%) were purchased
from Sigma–Aldrich. All chemicals and solvents were used as
received.
To prepare PLA solutions with PLA concentrations of 4,
5, and 6% w/v, 0.4, 0.5, and 0.6 g of PLA was dissolved in
10 mL of a binary solvent mixture of CHL:DMF with a
volume ratio of 8:2. Transparent and homogenous PLA
solutions for plasma modification and/or electrospinning
were obtained after sufficient stirring.
PEPT of the prepared PLA solutions was performed with
an atmospheric-pressure plasma jet, as shown in Figure 1a.
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FIGURE 1
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Schematic representation of (a) the atmospheric-pressure argon plasma jet for PEPT, and (b) the electrospinning device

The argon plasma jet was composed of a cylindrical quartz
tube (inside and outside diameters of 1.5 and 3 mm,
respectively and 130 mm long) and an aluminum rod as
high-voltage electrode, which was embedded inside the
quartz tube. The quartz tube was covered by a Teflon shell
(which was a hollow cylinder with inside and outside
diameters of 13 and 62 mm, respectively) and was aligned
along the central axis of this Teflon cylinder. The highvoltage electrode was connected to a 50 kHz sinusoidal
customer-made power supply with maximum output voltage
and power of 25 kV (peak to peak) and 500 W, respectively.
(Ø = 13 mm, thickness = 10.5 mm) was fixed 18 mm away
from the tip of the high-voltage pin electrode and serves as a
ground electrode. The distance between the bottom of the
copper ring and the end of the capillary is 40 mm. Argon (Air
Liquid, purity >99.999%) was used as carrier gas in this work
and the gas flow rate through the capillary was controlled by a
mass flow controller (Model: F-201CV, Bronkhorst,
Netherlands). The sample holder for polymer solutions was
a quartz tube with an inner and outer diameter of 17.5 and
22.5 mm, respectively which was placed around the high end
of the plasma jet quartz tube. Prior to plasma modification, the
quartz sample holder is filled with 10 ml of the PLA solution
and this volume is kept constant in all experiments. As such,
the liquid height in the quartz sample holder was each time
approximately 40 mm. In this work, PEPTs were carried out
with various plasma exposure times (1–9 mins), various Ar
gas flow rates (0.3–1.1 L min−1), and various applied voltage
amplitudes (1.6–2.1 kV), the latter one resulting in a
discharge power varying from 1.6 to 2.0 W.
Electrospinning of PLA solutions was performed immediately after each PEPT in a bottom-up configuration
(Nanospinner 24, Inovenso, Turkey), as schematically shown
in Figure 1b. Prior to electrospinning, the pristine and plasmatreated PLA solutions were put in a 10 mL plastic syringe,
which was then installed 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 1 mL h−1. The brass nozzle is vertically placed
below a stainless steel drum collector rotating at 100 rpm at a
distance of 17.5 cm. During the electrospinning process, a DC
high voltage of 23 kV is applied to the nozzle, while the
cylindrical collector is grounded. In this work, nanofibers are
directly collected on an aluminum foil covering the rotating
drum and the electrospinning process was carried out at
ambient temperature with a relative humidity varying
between 50% and 60%. To remove traces of residual
chloroform or DMF in the electrospun nanofibers which
can have potential toxic effects in biomedical applications,
the electrospun materials were placed in a vacuum oven
overnight before further processing.

3 | ANALYSES
To gather information on the excited radiative species
generated in the plasma, optical emission of the argon plasma
jet, sustained in ambient air as well as submerged in the PLA
solutions, was monitored perpendicular to the axis of the
plasma jet. This was done using an optical spectrometer
(Ocean Optics, ADC1000-USB) with a low spectral resolution of 0.7 nm in the wavelength range 200–900 nm. To detect
the optical emission spectra of the plasma jet afterglow (i.e.,
the part of the plasma jet that is in direct contact with the
polymer solutions), an optical fiber was placed at 4.5 mm
from the end of the capillary tube, as schematically shown in
Figure 1a.
To investigate the changes in the plasma-treated media
and the plasma-generated organic fragments in the liquid
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phase, the pristine, and plasma-modified PLA solutions were
subjected to EEM fluorescence spectroscopy. EEM fluorescence spectra were recorded using a Shimadzu RF-5301
fluorescence spectrophotometer equipped with a 150 W
Xenon lamp as light source. EEM analysis was conducted
with slit widths set at 5 nm for excitation (Ex) and emission
(Em) modes. The Ex and Em sampling intervals were both set
at 1 nm. In all EEM images shown in this work, the X-axis
represents Em wavelengths ranging from 280 to 600 nm, and
the Y-axis represents Ex wavelengths ranging from 220 to
450 nm. The EEM spectrum of distilled water was first
determined and subtracted from all measured EEM spectra to
remove interfering signals of first- and second-order Raman
scattering using an interpolation technique. In the next step,
the fluorescence intensity was corrected for the inner-filter
effect using UV–Vis absorbance spectra (Shimadzu
UV-1800, Japan) in the wavelength range 200–800 nm.
Finally, the obtained fluorescence intensity was converted
into Raman Units (R.U.) to remove instrument-dependent
factors and the final EEM data were interpreted using the
Parallel Factor (PARAFAC) technique.[30]
Electrical conductivity and pH values of the PLA
solutions were determined using a Mettler Toledo FiveEasy
conductivity meter and a FiveEasy Plus pH meter, respectively. The pH probe used in this work is an InLab Science
Pro-ISM pH probe specifically designed to determine pH
values in organic solvents. Moreover, the solution viscosity
was measured using a Brookfield DV2T EXTRA viscometer
operating at room temperature. All measurements were
repeated at least three times.
UV–Vis spectroscopy was applied to investigate the
optical differences between untreated and plasma-treated
solutions. The measurements were performed in the liquid
samples on a Thermo Fisher Genesys 6 spectrophotometer.
Quartz quvettes (Hellma) were used with a 10 mm path length
and a 2 mm internal width.
The detection of the radical species in the plasma-treated
solutions was done by EPR. EPR spectra were recorded using a
Magnettech MiniScope MS200 spectrometer operating with the
following parameters: frequency 9.4 GHz, modulation amplitude 0.1 mT, power 3.16 mW, modulation frequency 100 kHz,
sweep time 40 s, time constant 0.1, sweep width 10 mT, number
of scans 3. In a typical experiment, a spin trap was added to the
studied solution in a 100 mM concentration. 5-Dimethyl-1pyrroline N-oxide (DMPO; Sigma–Aldrich, ≥97%) and N-tertbutyl-α-phenylnitrone (PBN; Sigma–Aldrich, ≥97%) were
used as spin traps for EPR spectroscopy. After PEPT, 50 µL
samples were immediately contained in glass capillaries
(Hirschmann) and analyzed by EPR. The total time between
plasma exposure and recording of the spectra was 1 min. The
reported concentration values were obtained via double
integration of the respective combined simulated spectra
of the radical adducts. The quantitative calibration of the
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EPR was performed with solutions of a stable nitroxide radical
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-hydroxyTEMPO; Sigma–Aldrich, 98%) in a range of concentrations
1–100 μM. The simulations of the EPR spectra were performed
using a NIEHS P.E.S.T. WINSIM ver. 0.96. The hyperfine
values used in the simulations were obtained from available
literature.[31]
NMR spectroscopy was used to study possible changes in
the chemical composition of plasma-treated PLA solutions.
1
H and 13C NMR spectra of the solutions were recorded in
D2O and/or CDCl3 on a Bruker DRX-400 instrument,
operating at 400 MHz and 100 MHz for 1H and 13C NMR,
respectively.
The generated solid PLA nanofibers obtained after
electrospinning were also characterized. The elemental
surface composition of the PLA nanofibers was evaluated
by XPS on a PHI Versaprobe II spectrometer employing a
monochromatic Al Kα X-ray source (hυ = 1486.6 eV)
operating at 51.3 W. The pressure in the analyzing chamber
was kept below 10−6 Pa during analysis and the photoelectrons were detected with a hemispherical analyzer
positioned at an angle of 45° with respect to the normal of
the sample surface. Survey scans and individual high
resolution spectra (C1s and O1s) were recorded with a pass
energy of 187.85 and 23.5 eV, respectively. Elements present
on the PLA nanofiber surfaces were identified from XPS
survey scans, which were obtained at 5 different locations per
sample and quantified with Multipak 9.3.0 software using a
Shirley background and applying the relative sensitivity
factors supplied by the manufacturer of the instrument.
Multipak was also applied to curve fit the high-resolution C1s
peaks after the hydrocarbon component of the C1s spectrum
(285.0 eV) was used to calibrate the energy scale. The peaks
were further deconvoluted using Gaussian-Lorentzian peak
shapes and the full-width at half maximum (FWHM) of each
line shape was constrained below 1.8 eV.
The morphology of the electrospun PLA nanofibers was
also examined using a JEOL InTouch Scope JSM-6010 SEM
device. SEM images were taken (accelerating voltage of 7 kV
and a working distance of 11 mm) after sputter-coating the
samples with a thin layer of gold with a JEOL JFC-1300 Auto
Fine Coater.

4 | RESULTS AND DISCUSSION
4.1 | Plasma diagnostics
As the first step of this study, the used atmospheric-pressure
argon plasma jet was characterized by OES. Optical emission
spectra were obtained to monitor the excited species present
in the plasma jet afterglow sustained in ambient air and
submerged in PLA solutions or pure solvents. Figures 2a and
2b show the optical emission spectra of the argon plasma jet
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afterglow operating in ambient air and submerged in a 4% w/v
PLA solution, respectively. The spectra are presented at the
same intensity scale (in a.u.) to show the changes in transition
line intensity.
As seen in Figure 2a, multiple transition lines were
observed in the optical emission spectrum of the plasma jet
afterglow operating in ambient air. An intense OH rotational
band (X2∏←A2∑+) at 308.49 nm and strong atomic argon
emission lines (4s←4p) in the range 690–853 nm can be
clearly observed. Some low intensity emission lines are
however also present as can be seen in the inset of Figure 2a:
emission due to the N2
second positive system
(B3∏g←C3∏u) at 330–380 nm, a small emission line due
to the N2+ first negative system (X2∑g+←B2∑u+) centered at
388 nm, emission attributed to atomic oxygen (3s5S←3p5P)
at 777.53 nm, and emission due to the presence of NO radicals
(X2∏←A2∑+) at 282.87 nm.[32–37] The identified nitrogencontaining components were most likely due to diffusion of
ambient air into the plasma jet afterglow. The OH emission
peak is probably caused by fragmentation of H2O molecules
which diffuse from ambient air to the plasma jet afterglow,
while the atomic oxygen emission peak can result from
H2O fragmentation or O2 dissociation.[8,37] When the plasma
jet was operated in a PLA solution (Figure 2b), the normalized
intensity of the argon emission lines increased, while the
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intensity of the OH band considerably decreased. The OH
signal is possibly coming from the H2O impurities in the gas
and/or solvents. The observed intensity changes in the atomic
argon emission lines in the plasma-solution system could
be due to changes in the electron energy distribution.[38]
Additional transition lines from carbon fragments were
present in the optical emission spectrum of the plasmasolution system: a CH band (X2∏←B2∑− and X2∏←A2Δ)
at 386.89 and 431.19 nm, respectively, and the Swan system
of C2 lines (X3∏u←A3∏g) at 473.5, 516.29, 558.11, and
563.26 nm.[37,39–41] In addition, low intensity emission lines
are also present, as can be seen in the inset of Figure 2b:
a CN band (X2∑+←B2∑+) at 416.13 nm, an NH band
(X3∑−←A3∏) at 336.52 nm, and an Ar line (1s4←3p5) at
419.72 nm.[42–44] The presence of these additional transition
lines suggests that PLA solution components (PLA polymer
chains and/or solvent molecules) were possibly partially
fragmented by the argon plasma jet during PEPT.[37,39,40,45]
Since the main differences between the two emission
spectra depicted in Figure 2 are observed in the wavelength
range 250–600 nm, only this wavelength range will be
examined in the rest of this section to elucidate the influence
of various operational conditions on the excited species
present in the plasma jet afterglow sustained in PLA
solutions.

FIGURE 2 OES spectra of the atmospheric-pressure argon plasma jet afterglow (a) in ambient air and (b) submerged in a 4% w/v PLA
solution (PEPT parameters: 5 min, 2 kV, 0.5 L min−1)
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The OES spectra obtained during PEPT of pure CHL,
pure DMF, the binary mixture of CHL:DMF, and PLA
solutions with different polymer concentrations are presented
in Figure 3. It is clearly seen from the data that the plasma jet
afterglow sustained in pure CHL or pure DMF did not exhibit
any significant peak emission in the examined wavelength
range. A noticeable change however occurred when a mixture
of both solvents was used, when transition lines from solution
fragments appear in the spectrum (Figure 3a). This suggests
that both CHL and DMF molecules need to be present in the
solution before plasma-induced modification of solvent
molecules occurs. The OES spectra of solutions with different
PLA concentrations (Figure 3b) show that the same transition
lines as in the binary solvent mixture were still present when
PLA was added. However, the intensities of all transition lines
in the studied wavelength region (250–600 nm) decreased
with increasing PLA concentration. It is well known that
increasing polymer concentration leads to an increase in
solution viscosity.[46–48] As a result of this higher viscosity,
the gas bubbles generated in the solution during PEPT
become smaller and therefore the intensity of the complete
emission spectrum decreases with increasing PLA concentration. Due to this fact, most of the liquid characterization
experiments in this work will be performed with a low PLA
concentration solution (2% w/v) to avoid masking of obtained
signals by PLA molecules. We note that even at this reduced
concentration, the effect of PLA presence in the solutions
could still be seen.
Figure 4 shows the effect of argon flow rate and applied
voltage on the OES spectra of the plasma jet afterglow
operating in ambient air and submerged in a 6% w/v PLA
solution. In the plasma-solution system, unlike ambient air
(Figures 4a and 4c), the increased gas flow rate and applied
voltage caused a reduction in OH intensity.
At the same time, a strong increase in the intensity of
emission lines of organic fragments (Figures 4b and 4d) and
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argon (not shown) was observed with increased gas flow rate
and increased applied voltage. This was as expected: higher
voltage and gas flow rate (i.e., higher energy deposited into
plasma generation) resulted in larger amounts of excited
argon atoms and free electrons in the plasma-solution
environment. Larger number of these species interacting
with the molecules of the solvents result in a higher effective
collision frequency between them, and thus effective
chemical bond cleavage and higher fragmentation.
The effect of plasma treatment time on the optical emission
of the plasma jet afterglow sustained in a 6% w/v PLA solution
is presented in Figure S1 in the Supporting Information.
Increasing plasma treatment time led to a strong reduction in the
emission intensity of OH radicals, and at the same time to a
strong increase in the intensity of emission lines from
the organic fragments in the solutions. As these were the
same trends as for the influence of voltage and gas flow, the
same hypothesis can be used to explain these phenomena.

4.2 | EEM fluorescence and UV–Vis
absorption spectroscopies, and pH
measurements
Standardized EEM spectra of the pristine and plasmamodified liquids were obtained, providing information on
the location and intensity of fluorescence peaks and
distribution of fluorescence over different EEM regions.
Figure 5 shows the EEM spectra of pure CHL, pure DMF, the
binary mixture of CHL:DMF, and PLA solutions with various
PLA concentrations before and after PEPT. The figures
within contour lines in Figure 5 are the distribution of
fluorescence intensity of each Ex-Em wavelength pair. The
figures contained within the inner contour lines are of higher
fluorescence intensity than the outer ones.
As can be seen in Figure 5, considerable plasma-induced
changes in fluorescence were observed for the binary mixture of

FIGURE 3 Optical emission spectra of the plasma jet afterglow sustained in (a) pure solvents and the solvent mixture used in this work and
(b) PLA solutions with various concentrations (PEPT parameters: 5 min, 0.5 L min−1, 2 kV)
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FIGURE 4 Optical emission spectra of the argon plasma jet afterglow as a function of gas flow rate (a) operating in ambient air and (b)
submerged in a 6% w/v PLA solution (PEPT parameters: 5 min, 2 kV) and optical emission spectra of the argon plasma jet afterglow as a
function of applied voltage (c) operating in ambient air and (d) submerged in a 6% w/v PLA solution (PEPT parameters: 5 min, 0.5 L min−1)

CHL:DMF (8:2 v/v) after PEPT, but not in case of the pure CHL
and DMF fluorescence spectra. These observations are in
excellent agreement with the OES results shown in the previous
section where no excited solvent fragments could be observed
for the pure solvents. Untreated CHL shows a small fluorescence
peak at Ex-Em of 250–507 nm, with only a small peak appearing
after PEPT at Ex-Em of 365–412 nm. Both untreated and
plasma-treated DMF show a fluorescence peak at Ex-Em of
290–295 nm. In the binary solvent mixture, the CHL peak does
not shift, while there is a shift in the DMF peak towards higher
Ex-Em values. The shift of the DMF peak towards longer
excitation wavelengths may be attributed to the production of
some oxygen-containing groups in the binary solvent mixture
due to the presence of DMF.[49] Also, the shift of this peak
towards longer emission wavelengths can be related to assembly
of the DMF molecules into larger molecules and consequently
producing new organic compounds in the mixture.[50] Both of
these shifts indicate the intramolecular electron charge-transfer
interactions between the molecules in the binary solvent
mixture.[51] Therefore, this intramolecular structure change
leads to a different photochemical behavior.
After PEPT, the relative intensity of the CHL peak in the
plasma-treated binary solvent mixture increases, while the

relative intensity of the DMF peak slightly decreases. These
observations suggest that in the binary mixture CHL degraded
more than DMF, resulting in larger conformational changes
which expose fluorescent parts of the plasma-treated CHL
molecules and hide them for the plasma-treated DMF
molecules.[49,50] Therefore, it would be expected that in the
plasma-treated binary solvent mixture, the pH changes (will be
shown in the next paragraphs) was mostly due to the plasmatreated CHL molecules, since the fluorescence intensities are
highly sensitive to pH.[49] At the same time, PEPT leads to a
considerable broadening effect on the DMF peak in the binary
solvent mixture. Also the shape of the contour plots of this peak
changed from narrow ellipse to an irregular shape after PEPT.
These observations could be related to the presence of plasmagenerated chemicals in the binary solvent mixture.[52]
The effect of increasing PLA concentration in the
solutions from 4% to 6% w/v is also represented in Figure 5.
The untreated PLA solutions in all cases exhibited a major
peak located at Ex-Em of 275–388 nm (peak I), which can be
attributed to the presence of PLA, as the relative intensity of
this peak increases with increasing polymer concentration in
the solutions. After PEPT, there is no shift in the position
of peak I, but its relative intensity decreased after PEPT
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FIGURE 5 EEM spectra of pure solvents, the solvent mixture used in this work and PLA solutions with different PLA concentrations in the
binary solvent mixture before and after PEPT (PEPT parameters: 2 kV, 0.5 L min−1, 5 min)

for all examined PLA concentrations. Additionally, the EEM
spectra of the plasma-modified solutions show another peak
at Ex-Em of 360–446 nm (peak II). We tentatively attribute
this peak to the formation of additional acid moieties in the
solutions after PEPT.[53]
The observed EEM results are likely directly related to the
acidity of the solutions, because a pH change is known to
affect the fluorescence yield as it can lead to fragmentation of
organic molecules.[54] Hence, pH measurements were also
carried out to study possibly occurring plasma-induced
acidity changes in the PLA solutions under various
operational conditions and the obtained results are presented
in Figure 6. The pH values of CHL could not be detected
before and after PEPT. However, the pH of pure DMF was

found to decrease after plasma treatment (parameters: 5 min,
0.5 L min−1, 2 kV) from 10.95 ± 0.27 for untreated DMF to
9.17 ± 0.63 for plasma-treated DMF. The pH of the binary
solvent mixture of CHL:DMF (8:2 v/v) was also found to
decrease after PEPT from 2.39 ± 0.18 to 1.58 ± 0.3.
PEPT induced a considerable acidity in the plasma-treated
PLA solutions. The acidity level was found to increase with
increasing plasma treatment time, argon flow rate, and
applied voltage (Figure 6a–c). The pH values considerably
decrease (following an exponential trend) with increased
plasma treatment time and argon flow rate, while the pH
plotted against applied voltage follows a more linear trend.
The PLA concentration had no significant effect on pH
(Figure 6d).
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FIGURE 6 Obtained pH values for untreated and plasma-treated PLA solutions as a function of (a) treatment time (PEPT parameters: 2 kV,
0.5 L min−1, 6% w/v), (b) argon flow rate (PEPT parameters: 5 min, 2 kV, 6% w/v), (c) applied voltage (PEPT parameters: 5 min, 0.5 L min−1,
6% w/v), and (d) polymer concentration (PEPT parameters: 5 min, 2 kV, 0.5 L min−1)

Results from EEM spectroscopy for the same operational
conditions as the ones shown in Figure 6 are also presented in
Figure 7. From this figure, it can be clearly seen that with
increasing plasma treatment time, argon gas flow rate, and
applied voltage, the relative intensity of peak I decreases while
the relative intensity of peak II increases. The presence of peak
II in the plasma-treated PLA solutions is in good accordance
with the increased solution acidity (observed with pH
measurements). This peak may be attributed to some
plasma-generated compounds in the solutions, which are
formed through the decay of organic materials.[55] Moreover, it
has also been suggested that a change in fluorescent intensity
with pH could be due to an alteration of the molecular orbital of
the excitable electrons,[56] which may occur as a consequence
of ionization of organic molecules via PEPT.
Thus, we show the increased acidity induced in solutions
after PEPT. However, it is also very important to determine
whether the observed decrease in pH was due to the plasmainduced changes of the solvent molecules or if the PLA
molecules also undergo chemical transformations during
PEPT. For this, different liquid characterization techniques,
such as UV–Vis, EPR, and NMR spectroscopy, were used.

UV–Vis spectroscopy was used to analyze the pure
solvents, the binary solvent mixture and a 2% w/v PLA
solution, before and after PEPT (as shown in Supporting
Information, Figure S2). The absorbance spectra of all
examined liquids showed a change after PEPT in the range
250–500 nm. In this wavelength range, the absorbance of the
CHL:DMF mixture solvent and the PLA solution increased
after PEPT, while also a shift towards higher wavelengths was
observed for these solutions (Figure S2b). These effects can
be attributed to changes occurring in the polarity of the
solutions,[57] in agreement with the induced acidity and
conductivity.

4.3 | EPR analysis of the plasma-induced
radicals
To gather more information on the source of the plasmainduced acidity in the pure organic solvents and also in the
PLA solutions, an EPR study was also performed to
investigate the plasma-generated radicals. Two different
spin traps, DMPO, and PBN, were used to produce more
stable and thus detectable radical adducts via reactions with
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FIGURE 7 EEM spectra of the plasma-treated 6% w/v PLA solutions for various treatment times (top row; PEPT parameters: 2 kV,
0.5 L min−1), argon flow rates (center row; PEPT parameters: 5 min, 2 kV), and applied voltage (bottom row; PEPT parameters: 5 min, 0.5 L min
−1)

the otherwise too short-lived free radical species (see the
Analysis section for details). We note that the same radicals
were detected in the EPR spectra of plasma-treated PLA
solutions with 2, 4, and 6% w/v PLA concentrations, except
that their amount decreased as the concentration of PLA
increased (not shown). The 2% w/v PLA concentration was
therefore chosen for EPR analysis, albeit still resulting in a
relatively weak spectrum. It is noteworthy to mention that the
untreated solutions containing the spin traps only show EPR
peaks with very low intensities which do not exceed the noise
level of the EPR spectrometer. The assignment of the most
prominent radical adducts (both nature and percentage) was
based on the best simulation fitting.
The simulated EPR spectrum of the radical adducts
with DMPO in plasma-treated CHL, DMF, the binary solvent

mixture, are presented in Figure 8a–c, respectively. The
experimental and simulated EPR spectra of 2% w/v PLA
solution is shown in Figure S3. Additionally, the total radical
concentration as well as the relative concentration of the
different DMPO-trapped radical adducts are presented in
Table 1.
The EPR spectrum of plasma-treated CHL with DMPO,
shown in Figure 8a, was composed of four components. These
were the radical adducts DMPO-H, DMPO-CHCl2, and
DMPO-CCl3, which were formed from the solvent itself, and
an additional nitroxide adduct (aN = 1.42 mT), which was
possibly a degradation product of DMPO.[31]
The EPR spectrum of plasma-treated DMF using DMPO as
spin trap reagent is shown in Figure 8b. This spectrum was
composed of DMPO-H, DMPO-CH3, DMPO-CHO/CON(CH3)2,
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FIGURE 8 DMPO adducts in plasma-treated (a) CHL (Adducts:
DMPO-CCl3 [aN = 1.33 mT, aH = 1.57 mT]; DMPO-CHCl2
[aN = 1.40 mT, aH = 1.95 mT]; DMPO-H [aN = 1.63 mT, aH = 1.83 mT
(×2)]; unidentified, possibly a nitroxide degradation product of
DMPO [aN = 1.42 mT]), (b) DMF (Adducts: DMPO-CH2N[CH3]
[CHO] [aN = 1.26 mT, aH = 0.96 mT]; DMPO-CHO/-CON[CH3]2
[aN = 1.43 mT, aH = 1.81 mT]; DMPO-CH3 [aN = 1.43 mT,
aH = 2.14 mT]; DMPO-H [aN = 1.44 mT, aH = 1.90 mT (x2)]), and
(c) CHL:DMF (8:2 v/v) (Adducts: DMPO-CHO/-CON[CH3]2
[aN = 1.41 mT, aH = 1.86 mT]; DMPO-CCl3 [aN = 1.32 mT,
aH = 1.61 mT]; DMPO-CHCl2 [aN = 1.35 mT, aH = 1.97 mT];
DMPO-CH3 [aN = 1.55 mT, aH = 2.07 mT])

and DMPO-CH2N(CH3)(CHO) adducts, which were formed from
pure DMF during PEPT.
The PEPT of the DMPO solution in the binary solvent
mixture (Figure 8c) resulted in the production of CH3, CHCl2,
CCl3, and CHO/CON(CH3)2 radicals. This observation
indicates that in the solvent mixture, both solvents undergo
fragmentation via reactions with the generated plasma species.
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Figure S3 illustrates the DMPO adducts in the plasmatreated 2% w/v PLA solution. This figure reveals that the
presence of PLA in the binary solvent mixture does not
change the nature of the trapped radicals, in agreement with
the previously obtained OES results (see above, Figure 3).
However, the data in Table 1 and Figure S3 clearly show that
the total radical amount strongly decreases with the presence
of PLA in the solution. Two possibilities could be considered
for these observations: (1) the increased viscosity of the
solution with adding PLA, leading to hindered mass transfer
and hence slower spin trapping; (2) possible interactions of
the radicals with the dissolved PLA molecules. Interestingly,
there was a decrease in relative amount of one of the radical
adducts: DMPO-CHO/CON(CH3)2 (Table 1). This may be
due to the fast(er) interaction of these radicals with the
dissolved PLA molecules. The same effect was also observed
when PBN was used as a spin trap (see below).
Similar to DMPO, the formed radical adducts in plasmatreated CHL and DMF with PBN were those formed from the
solvents upon PEPT (Figures 9a and 9b).
Besides these adducts, an additional unidentified PBNadduct was also detected as shown in Figure 9b, which was
possibly PBN-CON(CH3)2 or PBN-N(CH3)2. As previously
mentioned, these radicals were most likely formed from the
DMF molecules upon PEPT.
The simulated EPR spectra of the plasma-generated radicals
in the CHL:DMF (8:2 v/v) mixture and in the 2% w/v PLA
solution are presented in Figure 9c and Figure S4, respectively.
They show the presence of the CHCl2, CH2N(CH3)(CHO),
COH, and CH3 radicals in both liquids, which are with the
exception of CCl3 exactly the same radicals as the ones which
have been detected with DMPO. Similarly, the total amount of
radicals detected with PBN strongly decreased when PLA was
added to the solvent mixture (Table 1). Thus, as seen from the
results of the EPR analysis, the solvent indeed underwent
chemical transformations during PEPT, potentially leading
to formation of new chemical compounds, which can be
responsible for the observed pH changes.

4.4 | Analysis of the aqueous extracts
The EPR data have revealed that the solvents underwent
chemical transformations during PEPT, potentially leading to
formation of new chemical compounds, which can be
responsible for the pH changes. With CHL and DMF present
in the solvent mixture, it can be hypothesized that a possible
PEPT product leading to decreased pH is hydrochloric acid
(HCl). To confirm this hypothesis, we performed qualitative
detection of the chloride anions. Untreated and plasmatreated 2% w/v PLA solutions were mixed with 4 mL H2O.
After 10 min, 0.5 mL of the aqueous phase was separated.
Then, 0.05 mL of a 2M solution of AgNO3 in H2O was added
to the collected aqueous phase. A rapid formation of the white
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TABLE 1 The spin adducts of DMPO and PBN spin traps formed in the plasma-treated CHL, DMF, the CHL:DMF (8:2 v/v) mixture, and the
2% w/v PLA solution in the CHL:DMF mixture
Spin trap reagent

Solvent

Total adducts concentration (µM)

Radical adduct

Relative amount (%)

DMPO

CHL

57

-H

3

DMF

CHL:DMF (8:2 v/v)

2% PLA solution

PBN

48

25

12

CHL

20

DMF

41

CHL:DMF (8:2 v/v)

2% PLA solution

32

11

precipitate (AgCl) was observed for the plasma-treated PLA
solution, while no precipitation was seen for the untreated
PLA solution. The same test was performed for untreated and
plasma-treated pure CHL, DMF, and their binary mixture. In
this case, precipitation only occurred for the plasma-treated
binary mixture and not for the plasma-treated pure solvents.
These observations suggest that an ionic polar compound with
the Cl− anion is produced by PEPT only when CHL and DMF
are both present in the treated liquid. The pH measurements of
the aqueous extracts showed that the pH has decreased from
6.69 and 6.81 for the untreated binary solvent mixture and the
2% w/v PLA solution, respectively, to 2.45 and 2.63 for the
corresponding plasma-treated samples. No change was
observed when the pure solvents were used. This decrease
of pH is consistent with the formation of Cl− under those
conditions. Thus, we conclude that the plasma-induced
species generated in the solvent mixture was HCl. In previous

-CHCl2

6

-CCl3

74

Degradation product

17

-H

15

-CH3

42

-CHO/-CON(CH3)2

33

-CH2N(CH3)(CHO)

10

-CH3

4

-CHCl2

19

-CCl3

29

-CHO/-CON(CH3)2

48

-CH3

16

-CHCl2

32

-CCl3

32

-CHO/-CON(CH3)2

20

-CCl3

48

-CHCl2

52

-H

10

Unidentified

32

-CH3/-CHO/
-CH2N(CH3)(CHO)

58

-CHCl2

57

-CH3/-CHO/-CH2N(CH3)
(CHO)

43

-CHCl2

66

-CH3/-CHO/
-CH2N(CH3)(CHO)

34

work, we also suggested the possible formation of HNO3 via
PEPT as a result of the presence of DMF in the polymer
solutions. Therefore a nitrate/nitrite colorimetric assay was
performed (Assay kit-Cayman Chemical). For this assay,
80 μL of Assay Buffer was added to 80 μL of dilute plasmatreated samples (1:1). Then, 20 μL of Enzyme Cofactor
Mixture and 20 μL of Nitrate Reductase Mixture were added
to each sample. The samples were covered and incubated at
room temperature for 1 hour. Then, 100 μL of Griess Reagent
R1, and immediately after that 100 μL of Griess Reagent R2
were added to each sample. The samples were kept for 10 min
and after that the absorbance at 540 or 550 nm was recorded
using a plate reader. Using the Griess test with reductase, a
negligible peak was observed for the aqueous extract from the
plasma-treated binary solvent mixture, however, neither
HNO3 nor HNO2 were detected in the aqueous extract from
the plasma-exposed PLA solutions.
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aqueous phase extract, indicating the absence of organic
cations. This, together with the result of the Cl− anion
detection, suggested that the acid formed in the solutions
during PEPT was indeed HCl.
Additionally, 1H-NMR analysis of PLA solution and the
solvent mixture was performed. No new NMR peaks could be
observed in the 1H-NMR spectra (Figure S6 in Supporting
Information). It could thus be tentatively concluded that,
although the radicals detected by EPR in the solutions can
interact to form new organic chemical products, these
interactions must be minor due to absence of any significant
amounts of these products.

4.5 | Morphology of the PLA nanofibers

FIGURE 9 PBN adducts in plasma-treated (a) CHL (Adducts:
PBN-CHCl2 [aN = 1.43 mT, aH = 0.22 mT]; PBN-CCl3 [aN = 1.39 mT,
aH = 0.17 mT]), (b) DMF (Adducts: PBN-CH2N[CH3][CHO]/-COH/CH3 [aN = 1.43 mT, aH = 0.3 mT]; PBN-H [aN = 1.48 mT, aH = 0.80
mT (x2)]; unidentified [aN = 1.44 mT, aH = 0.59 mT]), and (c) CHL:
DMF (8:2 v/v) (Adducts: PBN-CHCl2 [aN = 1.43 mT, aH = 0.23 mT];
PBN-CH2N[CH3][CHO]/-COH/-CH3 [aN = 1.45 mT, aH = 0.33 mT])

NMR analysis of the formed polar compounds was also
performed. For this, the aqueous phase consisting of D2O,
similarly to extraction with H2O, was added to the untreated
and plasma-treated 2% w/v PLA solutions. The obtained
D2O extract of the PLA solution was used for 1H and
13
C-NMR analysis (see Figure S5 and the related discussion
in Supporting Information). The obtained aqueous phase
extract thus consisted mostly of D2O and DMF, together with
a polar compound possibly formed during PEPT. The
obtained NMR data showed that no new NMR signals
were detected by either 1H or 13C-NMR analysis in the

The capability of PEPT to enhance the electrospinnability of
various spinning solutions and consequently enhance the
morphology of the resultant nanofibers has been previously
demonstrated.[6–8] In our case, it was concluded that mainly
the large increases in viscosity and conductivity of the
plasma-treated solutions play a role in enhancing the
electrospinnability of PLA solutions. We showed that after
PEPT (parameters: 5 min, 0.5 L min−1, 2 kV) the remaining
volume of a 10 mL 6% w/v PLA solution decreased from 10 to
8.4 mL.[8] This was attributed to the solvent evaporation
(mainly CHL) during PEPT and the plasma treatment itself.
Hence, the final concentration of a starting 6% w/v PLA
solution increased to 7.1% w/v after PEPT. As a result,
plasma-treated PLA solutions were found to exhibit a higher
viscosity than the pristine ones. We showed that the observed
viscosity increase as such is not sufficient to enhance the PLA
electrospinnability and that only the combination of increasing viscosity and conductivity resulted in PLA nanofibers
with better morphology. We hypothesized that the increased
solution conductivity plays a major role in the enhanced
electrospinnability of the PLA solutions.
After conducting the pH measurements in this work, it
was observed that the acidity of the PLA solutions decreased
dramatically, as discussed above. We further conclude that
mainly the plasma-induced formation of HCl is responsible
for this increased acidity. Hence, the increased conductivity
of the solutions after PEPT was likely due to the formed HCl.
In other words, the improved electrospinnability of the PLA
solutions was mainly due to the induction of HCl in the
solutions during PEPT.
To confirm this hypothesis and to elucidate the role of the
increased solution acidity, additional control experiments
have been performed. These experiments were selected in
such a way that they can help to determine whether the
obtained enhancement in PLA nanofiber morphology is
related to plasma-induced changes in the liquid chemistry, or
to plasma-induced changes in the PLA polymer chains (or
both).
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TABLE 2 Performed control experiments in this work
Name

Description

CONTROL
1

PEPT was applied to CHL:DMF (8:2 v/v) mixture (5 min, 0.5 L min−1, 2 kV). Then pristine PLA pellets were dissolved in the
treated mixture to obtain a solution with 7.1% w/v concentration of PLA

CONTROL
2

PEPT was applied to CHL and DMF separately (5 min, 0.5 L min−1, 2 kV). Then, a mixture of these treated CHL and DMF was
prepared (6.4:2 v/v, to correspond to the solvent mixture after PEPT), and the pristine PLA pellets were dissolved in the
treated solvent mixture to get a solution with 7.1% w/v concentration

CONTROL
3

A plasma-treated PLA solution was dried after PEPT at room temperature to obtain a plasma-treated PLA. This PLA was then
dissolved in a pristine CHL:DMF mixture (6.4:2 v/v) to get a 7.1% w/v PLA solution

CONTROL
4

A pristine 7.1% PLA solution in a CHL:DMF mixture (6.4:2 v/v) was prepared. Then HCl was added gradually to the prepared
solution to achieve the same pH as for the plasma-treated 6% PLA solution and then electrospinning was done with the
prepared solution

Four different control PEPT experiments have been
conducted (see description in Table 2). The resultant PLA
solutions were subsequently used for electrospinning. To
maintain the viscosity the same as for the plasma-treated PLA
solution, the plasma-treated control samples were prepared
with a fixed PLA concentration of 7.1% w/v. The SEM
images of PLA nanofibers fabricated from an untreated PLA
solution, a 6% w/v plasma-treated PLA solution (PEPT
parameters: 5 min, 0.5 L min−1, 2 kV) and the different
control PLA solution samples selected in this work are
shown in Figure 10. The results from pH, conductivity, and
viscosity measurements for each investigated PLA solution
are also listed in Table 3.
As seen from Figure 10 and Table 3, PEPT of the PLA
solutions clearly had a positive effect on the electrospinnability of the nanofibers (compare Figures 10a and 10b).
In the first set of control experiments, either a mixture of
solvent (Figure 10c) or individual solvents separately
(Figure 10d) were plasma-treated, followed by dissolution of
pristine PLA (to make 7.1% w/v). In both cases, the pH of the
solution decreased while the conductivity and viscosity
increased (Table 3). The data also show that the plasmainduced changes in physical properties were less pronounced
for the sample CONTROL 2 compared to CONTROL 1
(Table 3). This resulted in the presence of more beads along the
PLA nanofibers. Importantly, although the PLA nanofibers
morphology for the sample CONTROL 1 was much better than
for the pristine PLA, small beads along the nanofibers were still
present. Comparing the nanofibers shown in Figure 10c and
10d, it is clearly seen that a treated binary solvent mixture has a
better effect on PLA electrospinnability than a binary mixture
from separately-treated solvents.
However, the most important discovery is that in both of
these cases the nanofiber morphology was not as good (i.e.,
bead-free) as seen when PLA was plasma-treated together
with the solvents (Figure 10b). This strongly suggests that
presence of PLA molecules in the binary solvent mixture
during PEPT lead to a more enhanced morphology.

Additionally, the plasma-treated PLA was dried from
plasma-treated solvents and re-dissolved in an untreated
solvent mixture. The electrospinning of this solution also
resulted in nanofibers with small beads, as shown in Figure 10e.
According to the obtained results it can be concluded that
the plasma-induced enhanced acidity, and as a result, the
enhanced electrical conductivity (due to the presence of HCl)
play a key role in determining the final electrospinnability of
PLA solutions. Only when the acidity (and conductivity) is
sufficiently enhanced, nicely elongated PLA nanofibers
without the presence of beads can be attained. However, it
may appear that addition of HCl to the untreated PLA solution
will yield similar nanofibers as obtained for the plasmatreated PLA solution. To investigate this, we also added HCl
to an untreated 7.1% w/v PLA solution to increase the acidity
to the values obtained under PEPT conditions. The resulting
nanofibers (Figure 10f) clearly illustrate that, unlike the
uniform and bead-free PLA nanofibers obtained from the
plasma-treated solution, the addition of HCl still leads to
the formation of beads and a certain degree of non-uniformity
along the fibers. In addition, the mean fiber diameter of the
sample with added HCl was smaller (180 ± 83 nm) than that
of the plasma-treated sample (370 ± 48 nm). At the same
time, the physical properties (conductivity, viscosity, pH) of
these two solutions had very similar values (Table 3).
Therefore, it is possible that the plasma also affects the PLA
polymer chains in the solution, which in turn also can affect
the final electrospinnability behavior. Thus, the direct
treatment of a PLA solution results in the lowest pH (and
highest conductivity) and leads to the generation of bead-free,
continuous, uniform, and thin PLA nanofibers.

4.6 | XPS analysis of the PLA nanofibers
To study the effects of PEPT on the surface chemical
composition of the resultant PLA nanofibers, XPS measurements were carried out with untreated, plasma-treated, and
also the control samples. The XPS survey spectra of all
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FIGURE 10

SEM images of electrospun PLA nanofibers fabricated from (a) an untreated PLA solution, (b) a plasma-treated 6% w/v PLA
solution (PEPT parameters: 5 min, 0.5 L min−1, 2 kV), (c) CONTROL 1, (d) CONTROL 2, (e) CONTROL 3, and (f) CONTROL 4

investigated samples show only carbon and oxygen peaks
from which the O/C ratios were determined and listed in
Table 4. The electronic C1s core level was also analyzed
with high resolution and numerically fitted with Gaussian–
Lorentzian functions. The C1s region was found to consist of
three well resolved peaks at the binding energies 284.96,
286.88, and 288.95 eV, which can be assigned to C─C/C─H,
C─O, and O─CO groups, respectively (see Figure S7).

Table 4 demonstrates that after PEPT the surface oxygen
content of the PLA nanofibers slightly increases, except for
the sample CONTROL 4, where a more pronounced increase
is observed. The samples CONTROL 1 and CONTROL 2
had a similar O/C ratio, meaning that treating the binary
solvent mixture, and treating the CHL and DMF separately
with subsequent mixing leads to the same final chemical
composition of the electrospun PLA nanofibers. The

TABLE 3 Conductivity, viscosity, and pH values of an untreated PLA solution, a plasma-treated 6% w/v PLA solution (PEPT parameters: 5 min,
0.5 L min−1, 2 kV), and the control samples
Solution

PLA concentration (% w/v)

pH

Conductivity (µS cm−1)

Viscosity (cP)

Untreated PLA solution

6

5.22 ± 0.20

1.23 ± 1.30

87.72 ± 5.46

Treated PLA solution

7.1

1.52 ± 0.53

29.73 ± 1.70

146.16 ± 7.01

CONTROL 1

7.1

1.52 ± 0.61

32.93 ± 1.20

134.21 ± 5.40

CONTROL 2

7.1

3.12 ± 0.40

10.64 ± 1.45

150.75 ± 6.10

CONTROL 3

7.1

3.52 ± 0.50

7.58 ± 1.40

139.86 ± 7.50

CONTROL 4

7.1

2.64 ± 0.40

21.73 ± 1.50

129.90 ± 6.00
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TABLE 4 XPS results of PLA nanofibers prepared from an untreated PLA solution, a plasma-treated 6% w/v PLA solution (PEPT parameters:
5 min, 0.5 L min−1, 2 kV), and the control samples
Relative area (%)
Precursor

O/C ratio

C─C/C─H 284.96 eV

C─O 286.88 eV

O─CO 288.95 eV

Untreated PLA solution

0.66

36.63

32.18

31.19

Treated PLA solution

0.69

35.68

32.21

32.11

CONTROL 1

0.70

37.51

28.96

33.53

CONTROL 2

0.70

37.23

28.64

34.13

CONTROL 3

0.70

37.88

28.32

33.80

CONTROL 4

0.76

34.54

31.25

34.21

chemical composition of PLA nanofibers electrospun from
the sample CONTROL 3 also illustrated that the presence of
plasma-treated PLA molecules in an untreated binary solvent
mixture leads to a similar chemical composition as for
CONTROL 1 and 2. The slightly higher O/C ratio for the
control samples 1–3 is mainly due to a relative increase in
O─CO bonds combined with a relative decrease in C─O
groups. When examining the surface chemical composition of
the control samples 1–3, one can see that a similar O/C ratio is
obtained. However, some minor changes in the type of
functional groups can be seen. For example for the PLA
nanofibers electrospun from a plasma-treated PLA solution,
only a very small relative increase in O─CO bonds can be
observed with no relative decrease in C─O bonds.
Comparing the plasma-treated sample with the sample
CONTROL 4 shows that the presence of HCl in the
untreated PLA solution has a noticeably higher oxidation/
degradation effect than the plasma-induced HCl in the
treated solution. Most probably, the added HCl in the
untreated PLA solution causes hydrolytic degradation
effects via chain scission of carbonyl ester bond in the
polymer backbone.[58] This can also explain the observed
morphological difference between the plasma-treated
sample and the sample CONTROL 4 (Figures 10b and
10f). Based on XPS analysis, it can be concluded that the
chemical composition of PLA is most preserved when the
plasma-treated PLA solution is electrospun. This makes
the developed PEPT method highly beneficial, as the
preservation of the chemical composition of the original
polymer is crucial in most applications.

5 | CONCLUSION
In this work, we aimed to gain deeper understanding of the
plasma-enhanced electrospinnability of PLA solutions. We
investigated PEPT-induced chemical and physico-chemical
changes in organic solutions of PLA, used for the enhanced
production of electrospun fibers. Pure solvents (CHL, DMF)
and a mixture of CHL and DMF (with and without added
PLA) were studied. The investigation included EEM, EPR,

UV–Vis absorption, and NMR analyses, as well as measurements of viscosity, pH, and conductivity of the plasma-treated
liquids. These techniques were used to determine the
chemical changes to the solvent molecules, and the nature
of species which lead to the enhanced electrospinning. Both
pure solvents (CHL, DMF) and a mixture of CHL and DMF
(with and without added PLA) were studied in this work.
Additionally, the PEPT-induced effects on the morphology
and chemistry of resultant electrospun PLA nanofibers was
also addressed.
OES measurements of the plasma jet afterglow generated
inside the different liquids were used to gain insights into the
plasma-generated species in the PLA solutions as well as in
the solvent mixture. Radical species formed in the pure
solvents, the solvent mixture and the PLA solution upon
PEPT were also detected by EPR. Using EEM spectroscopy,
in conjunction with the aqueous extraction method and 1H and
13
C-NMR, we propose that the main induced species
responsible for the increased conductivity was hydrochloric
acid (HCl). Morphological SEM studies of electrospun PLA
nanofibers illustrated that a complete morphology enhancement only occurs when both PLA and solvent molecules were
exposed to PEPT. No large changes in the surface chemical
composition of the electrospun PLA nanofibers were
observed in this case. Thus, the studied PEPT of polymer
solutions is an indispensible tool in enhancing the electrospinnability of different polymers.
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