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Abstract
The ongoing search for better antibacterial wound care dressings has led to the 
design and fabrication of advanced functional nanomaterials. Taking advantage of 
electrospinning and cold atmospheric plasma (CAP), free-standing nanofibrous scaf-
folds are promising for use in novel biomedical applications. Random and aligned 
polyvinyl alcohol (PVA)/polyacrylic acid (PAA) nanofiber scaffolds are fabricated 
by electrospinning and treated with CAP. In this study, we investigate the effects 
of CAP treatment on alignment, hydrophilicity, antibacterial activity, and biocom-
patibility in determining the surface properties of the nanofibrous scaffolds. The 
results of vibrational polarization spectroscopy analysis indicate that CAP treatment 
changes the degree of alignment of the nanofibers. Furthermore, both random and 
aligned CAP-treated nanofibrous scaffolds show significant antibacterial activity 
against the E. coli strain. The results of an in vitro scratch assay reveal that CAP 
treatment of PVA/PAA nanofibers has no toxic effect.

Keywords  Alignment · Cold atmospheric plasma · Electrospinning · Nanofibrous 
scaffold

Introduction

The design and fabrication of scaffolds have attracted widespread interest in bio-
materials research fields such as tissue engineering and drug delivery. In the selec-
tion of ideal scaffold materials, the chemical (i.e., hydrophilicity, surface charge 
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density, free energy, surface chemical groups), physical (i.e., porosity, permeability, 
surface area, topography, mechanical integrity), and biochemical (i.e., antimicrobial 
property, biodegradability, biocompatibility) aspects must be considered [1]. For 
instance, the antimicrobial property can be confined to the surface of the scaffolds, 
with surface modification achieved via changes in the chemistry, morphology, or 
deposition of specific nanoparticles such as silver or copper. However, introducing 
an antimicrobial agent into a biomaterial may affect its stability or processability [2]. 
To overcome these advantages, researchers have recently given special attention to 
the utilization of cold atmospheric plasma (CAP) for providing materials with anti-
microbial properties.

Plasma, considered to be the fourth state of matter, consists of charged particles, 
electrons, photons, and free radicals that can readily react with microorganisms [3]. 
By virtue of these interactions, microorganisms can be inactivated in a controlled 
area. This cost-effective and environmentally friendly technique also noticeably 
alters surface properties, including the material’s hydrophilicity and biocompatibil-
ity [4, 5]. Numerous synthetic and natural polymers have been used in CAP tech-
nology, including chitosan [6–10], polycaprolactone [11–13], poly(lactic acid) [14], 
poly(lactic acid-co-glycolic acid) [15], poly(vinyl alcohol) [4, 16], and polyurethane 
[17] in the form of gels [18, 19], nanoparticles [11, 20], and electrospun nanofibers 
[21, 22]. Of these, the electrospun fibrous scaffolds can be especially interesting due 
to their flexibility, high surface-to-volume ratio, porosity, and structural characteris-
tics [23, 24].

The contributions of CAP to electrospun fibers include not only enhanced sur-
face hydrophilicity and functionalization, but also incremental improvements in 
mechanical strength and crystallinity [25–27]. In addition, the CAP treatment of 
pre-electrospinning solutions has been reported to be an advantageous strategy for 
obtaining finer and bead-free nanofibers [28]. Shi et al. [5] showed that CAP treat-
ment enhanced the electrospinnability of polyethylene oxide solutions. The authors 
also demonstrated a speculative diagram for the alignment of a CAP-treated polymer 
solution along the direction of the electrical field during the electrospinning pro-
cess. Since the pioneering experiments on the CAP treatment of the properties of 
pre-electrospinning solutions, we have focused on investigating the effects of CAP 
treatment on the alignment, antibacterial activity, and biocompatibility of nanofi-
brous scaffolds. In doing so, a PVA/PAA blend solution was used as a model since 
it is water adsorbable, electrospinnable, and intermolecular thermo-cross-linkable 
via an ester linkage between the hydroxyl group of PVA and the carboxyl group of 
PAA [29]. In addition, we realize an increased alignment of the charged polymer 
chains along the electrical field during electrospinning followed by CAP treatment. 
We propose a green strategy that uses a combination of water-based electrospinning 
(without the use of any toxic cross-linking reagents) and CAP treatment for the fab-
rication of nanofibrous scaffolds for use in wound dressings, tissue engineering, and 
food packaging.
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Experimental

Materials

Polyvinyl alcohol (PVA, Mn ~ 30,000–70,000  g  mol−1, 87–90% hydrolyzed) and 
polyacrylic acid (PAA, Mw ~ 450,000 g mol−1) were received from Sigma-Aldrich 
and used them without further purification. Trypticase soy broth (TSB) and tryp-
ticase soy agar (TSA) used in microbiological tests were purchased from Sigma-
Aldrich, and phosphate-buffered saline (PBS) used in the dilution of organisms was 
purchased from Biowest. We obtained L929 fibroblast cells from the Ege Univer-
sity Research Group of the Animal Cell Culture and Tissue Engineering Labora-
tory. We routinely cultured the cells at 37 °C in a 5% CO2-humidified atmosphere 
in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, St. Louis, Missouri, 
USA), supplemented with 2 mM of l-glutamine, 20 U/mL of penicillin–streptomy-
cin (Genaxxon BioScience, Ulm, Germany), and 10% heat-inactivated fetal bovine 
serum (FBS;  Sigma-Aldrich, Steinheim, Germany). Deionized water treated with 
plasma and ultrapure water used in the experiments as needed was obtained from a 
Merck Millipore Direct-Q® 3 UV Water Purification System.

Preparation of the electrospinning solutions

Figure 1 shows a schematic diagram for the fabrication of the PVA/PAA nanofiber 
scaffolds and CAP setup. Two sets of PVA/PAA electrospinning solutions were pre-
pared by using distilled water (DW) and plasma-treated water (PT–DW). CAP treat-
ment of the water was performed for 3 min, as described in [30]. Briefly, 1 mL of 
deionized water was transferred into a custom-made glass fluid holder and placed 
it under a custom-made dielectric barrier discharge (DBD) plasma electrode while 
maintaining 2  mm of discharge gap. DBD plasma electrode was connected to an 
alternating current (AC)-powered microsecond pulsed power source to generate 
plasma at a voltage of 31 kV, a frequency of 1.5 kHz, and pulse duration of 5 µs to 
yield about 0.28 W/cm2 of power distribution. PVA solution was prepared by dis-
solving PVA (0.696 g) in water for 3 h by magnetic stirring. Then, the PVA solution 
was added to an 8 wt% aqueous solution of PAA (0.260 g), and the mixture was 
stirred for 2 h at room temperature. The total polymer concentration of the mixture 
was 10 wt %.

Fabrication of the PVA/PAA nanofiber scaffolds

The electrospinning experiments were conducted on a commercial platform (Ino-
venso Basic Setup) covered with a plexiglass box to ensure safety and prevent any 
disturbances from air convection. The viscous solutions of PVA/PAA were loaded 
into a 5-mL plastic syringe. The positive electrode was applied to the spinneret 
and an aluminum foil was used as a counter electrode. A potential of 12.5 kV was 
applied at a tip-to-collector distance of 21  cm, and the electrospinning time was 
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fixed to 10  min to ensure equal thickness. The relative humidity and temperature 
were 55% and 26 °C, respectively. Both random and aligned nanofibers were col-
lected using stationary and rotating drum collectors. The resulting PVA/PAA 
nanofibers were cross-linked via heat treatment at 135 °C for 80 min to obtain water-
stable scaffolds. The third set of electrospun PVA/PAA scaffolds was treated with 
CAP (PT-nanofibers) for 1, 3, and 5 min.

Characterization methods

Morphology of the electrospun PVA/PAA nanofibers was observed using a scanning 
electron microscope (SEM) (Carl Zeiss 300VP, Germany). The fiber diameter distri-
butions were estimated statistically based on SEM micrographs using ImageJ soft-
ware (NIH, Bethesda, MD, USA). The static contact angles of the nanofibers were 
measured using the sessile drop method with a KSV Attension Theta Lite Optical 
Tensiometer. For each sample, a 4.5 µL drop of DW was used on the nanofiber sur-
face and then averaged three independent measurements. Fourier-transform infrared 
(FTIR) spectra were registered in a Perkin Elmer Spectrum 100 spectrometer with a 
spectral resolution of 4 cm−1. Polarization of the incident IR radiation was achieved 
with a ZnSe polarizer.

Antimicrobial activity of the CAP-treated electrospun PVA/PAA scaffold was 
tested using the E. coli ATCC 25922 strain. Briefly, 1 mL of frozen stock of E. 
coli ATCC 25922 was transferred into 9 mL of TSB and incubated it overnight in 

Fig. 1   Schematic of the preparation of PVA/PAA scaffolds and CAP modification
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a shaker incubator at 37  °C and 200  rpm. After overnight incubation microbial 
concentration was set to 106 CFU/mL. Hundred microliters of 106 CFU/mL E. 
coli ATCC 25922 was transferred onto 1 cm2 × 1 cm2 plasma-treated electrospun 
PVA scaffolds, where they remained for 30 min. Then, 1 mL of sterile 1X PBS 
was added and scaffolds were gently agitated to homogenize the bacteria, serial 
dilutions were made, and bacteria were plated on TSA plates and incubated for 
24 h at 37 °C. After incubation, surviving colonies were counted and expressed 
as log10 surviving colonies.

For the in vitro wound scratch test assay, the fabricated nanofibers were cov-
ered with fresh sterile medium (at a 4 g/20 mL ratio) and were extracted at 37 °C 
for 24 h. L929 mouse fibroblasts were seeded on 24-well plates at a density of 
5 × 104 cells/cm2 and allowed 24 h to enable cell adhesion and the formation of 
a confluent monolayer at 37 °C and 5% CO2. Confluent monolayers were scored 
with sterile 200-µL pipette tips to leave wounds approximately 0.4–0.5  mm in 
width. Culture medium was then immediately removed and rinsed with PBS to 
clean off any cellular debris. Removed medium was replaced with fresh media 
(for the control group) and extract media for the groups of DW, PT–DW, PT, 
and control groups. Next, the extract was subjected on the cells for 24  h. The 
in vitro wound scratch closure was monitored and images were captured with an 
Olympus CKX41 inverted microscope (Olympus, Tokyo, Japan) at 0, 24, 48, and 
72 h. The percentage of healed wound areas for the DW, PT–DW, PT, and control 
groups at each time point was analyzed by using ImageJ software. All scratch 
assays were performed in triplicate. Significant differences between the groups 
were evaluated using a two-tailed student’s t test. A value of p < 0.05 was consid-
ered statistically significant.

Results and discussion

The uniformity of electrospun nanofibers depends not only on the process param-
eters but also on the properties of the polymer solution. In this work, uniform, bead-
free, and water-stable PVA/PAA nanofibers were successfully fabricated. The water 
stability of the fibrous scaffolds was obtained by thermal treatment at a tempera-
ture of 135 °C for 80 min, during which cross-linking occurs between the hydroxyl 
groups of PVA and the carboxyl groups of PAA [31] (see FTIR analysis in Fig. S1, 
Supporting Information). The thermal cross-linking brought remarkable water resis-
tivity, while maintaining the fibrous structures of the scaffolds even after immer-
sion in water for months (see Fig. S2, Supporting Information). CAP treatment of 
the medium results increased in conductivity, viscosity, and surface tension [5]. To 
investigate the effect of CAP treatment, electrospinning solutions of PVA/PAA were 
prepared by using DW and PT–DW. However, CAP treatment of the polymer solu-
tion could not be achieved for this study because of the surface cross-linking that 
occurred due to the generation of oxygen-containing species during the plasma pro-
cess [32]. Therefore, the electrospun polymer scaffolds obtained from DW were sub-
jected to different plasma exposure times (PT).
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Morphology of electrospun PVA/PAA nanofiber scaffolds

Figure 2 shows SEM micrographs of both untreated and CAP-treated scaffolds, and 
the variation in the fiber diameter with respect to plasma exposure time. A relative 
decrease in the average fiber diameter from 220 ± 20 to 170 ± 20 nm was observed, 
associated with an increase in the treatment time from 0 to 5 min. A possible expla-
nation for the decrease in the fiber diameter is the diffusion of etching species gen-
erated during the CAP treatment, which transfers the energy of the incoming ions 
to the reactive species [33]. Furthermore, CAP treatment resulted in no significant 
alteration in the surface morphology of the nanofibers. Nor did we observe any deg-
radation or agglomeration of/between the nanofibers. Figure 3 shows SEM micro-
graphs of the nanofibers, in which we can see changes in diameter with both the 

Fig. 2   SEM micrographs of random PVA/PAA nanofibers a untreated; CAP-treated for b 1 min, c 3 min, 
and d 5 min; and e variation of average fiber diameter with respect to the treatment time
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alignment of the nanofibers and CAP treatment times. The average fiber diameter 
of the aligned nanofibers was 210 ± 40  nm. After CAP treatment, the size of the 
nanofibers relatively decreased to 180 ± 40  nm. Although we observed a similar 

Fig. 3   SEM micrographs of aligned PVA/PAA nanofibers a untreated, CAP-treated for b 3 min; and c 
variation in the average fiber diameter with respect to treatment time
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trend in the aligned and random fibers, the trend in the aligned fibers was insignifi-
cant compared with that of the random fibers.

Table  1 lists the contact angle values of the random and aligned nanofibrous 
scaffolds, in which we can see that the contact angles obtained for the random and 
aligned PVA/PAA scaffolds were 62 ± 6.0 and 73 ± 8.0, respectively. This indicates 
that fiber alignment has no significant effect on surface hydrophilicity. On the other 
hand, after only 3 min of CAP treatment, the contact angle values of the scaffolds 
decreased (by 40%) regardless of the fiber alignment. The reduction in contact angle 
of the scaffolds indicates higher hydrophilicity on the surface of the scaffolds, which 
can be explained by a flux of reactive oxygen or nitrogen species onto the fiber sur-
faces [30].

The morphology, in terms of molecular orientation, of PVA/PAA under an elec-
trical field and CAP treatment was also investigated by polarized FTIR spectros-
copy. Figure 4 shows the polarized FTIR spectra of untreated and CAP-treated ran-
dom (DW-r, PT-r) and aligned (DW-a, PT-a) PVA/PAA nanofibers. The spectrum of 
PVA/PAA nanofibers is consistent with that reported in the literature [31]. The FTIR 
spectra of all the nanofiber samples showed characteristic peak absorptions: a broad 
band at around 3345  cm−1 (O–H stretching), a band at 2942  cm−1 (C–H stretch-
ing), a sharp band at 1718  cm−1 (C=O stretching), and a double band at around 
1000–1300 cm−1 (C–O stretching). Generally, the increment of IR radiation inten-
sity of the bands was observed with the formation of ionic species upon CAP treat-
ment (see Fig. S3, Supporting Information).

The parallel and perpendicularly polarized spectra of the random fibers (DW-r) 
are almost identical, which indicates that there is no preferential alignment of the 
polymer chains. However, in both the aligned and CAP-treated fibers, the absorb-
ance values of the parallel and perpendicularly polarized FTIR spectra are remark-
ably different. The intensities of the vibrational bands undergo change depending on 
the polarization of the incident IR beam. The difference in the absorbance values of 
the random and uniaxially aligned PVA fibers as evidence of chain alignment within 
the fibers has been reported [34]. Furthermore, the effect of CAP treatment on the 
alignment of the nanofibers was investigated. The degree of alignment of electro-
spun polymer chains can be quantified by their dichroic ratio (R), which is the ratio 
of the absorption intensity of the parallel component with respect to that of the per-
pendicular component (R = A∥/A⊥). We took into consideration the vibrational bands 
at 2942 and 1097 cm−1, which correspond to the stretching of the methylene (–CH2) 
units on the backbone (parallel to the fiber axis) and CO units (perpendicular to the 
fiber axis), respectively. The dichroic ratios for the bands at 2942 and 1097 cm−1 

Table 1   Contact angle 
comparison of the fibers before 
and after CAP treatment for 
3 min

Contact angle (°) for PVA/PAA 
fibers

Random Aligned

DW 62 ± 6.0 73 ± 8.0
PT-nanofibers 37 ± 4.0 44 ± 6.0
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are shown in Fig. 5. The oxygen-linked pendant groups of the PVA (CO) seem to 
be more aligned in the PT-a samples. Not only the high extensional force generated 
by electrospinning but also the formation of reactive species on the fibers during 
plasma treatment alters the chain alignment indicating the changes in surface chem-
istry. On the other hand, the lower dichroic ratio of electrospun PVA/PAA fibers 
compared to other polymeric fibers reported in the literature [35, 36] may be related 

Fig. 4   Polarized FTIR spectra of untreated and CAP-treated random a DW-r, b PT-r, and aligned c 
DW-a, d PT-a PVA/PAA nanofibers

Fig. 5   Dichroic ratios of the 
bands at 2942 and 1096 cm−1 
for the PVA/PAA nanofibers
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to the partial cross-linking of PVA and PAA due to the formation of hydrogen 
bonds. We also considered that the alignment of polymer chains by the manipulation 
of the electrical field using a rotating drum and the elongational force generated by 
electrospinning could perpendicularly orient the functional groups to the fiber sur-
faces, which may contribute to the further alignment during CAP treatment through 
the formation of reactive species on the fibers.

CAP treatment is an emerging application that has drawn much attention for its 
use in biomedical applications due to its ability to develop antibacterial and bio-
compatible scaffolds without changing the physical and mechanical properties 
of electrospun nanofibrous scaffolds [37, 38]. Antimicrobial activity of the DW, 
PT–DW, and PT groups was evaluated in a colony counting assay. As demonstrated 
in Fig. 6, a 5-log bacterial reduction was achieved in the random and aligned scaf-
folds of the PT group, whereas the bacterial reduction was less than 1 log in the 

Fig. 6   Antimicrobial activities of a random and b aligned electrospun scaffolds. CAP-treated random and 
aligned scaffolds demonstrated capability of 5-log inactivation of E. coli 
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random and aligned scaffolds of the PT–DW group. The results indicate that the 
antimicrobial effect is independent of fiber alignment. The antimicrobial effect of 
nonthermal atmospheric plasmas in broad spectrum microorganisms is well docu-
mented [39]. Furthermore, liquids and gels might demonstrate strong antimicro-
bial activity when treated with nonthermal plasma [19, 40]. Reactive oxygen and 
nitrogen species (ROS and RNS), generated during the formation of plasma, and 
their reaction with treated material have been correlated with antimicrobial activity 
[41]. The antimicrobial effect in the PT group could be attributed to the accumu-
lation of plasma-generated species and the chemical modification of the scaffold 
surface. The loss of antimicrobial activity in the PT–DW group was ascribed to 
the quenching of the plasma-generated ROS and RNS upon mixing CAP-treated 
water with PVA powder. Either the surrounding environment and/or the addition 
of untreated substances to a CAP-treated substance could scavenge plasma-gener-
ated chemical species that are responsible for the antimicrobial effect, as previously 
reported elsewhere [42]. Plasma-generated ROS and RNS are highly reactive and 
were possibly consumed in the structural alteration of PVA upon mixing it with 
CAP-treated water; sufficient concentration of those species to achieve antimi-
crobial activity could not be reached. However, the reaction of plasma-generated 
species with PVA/PAA caused a reduction in the contact angle following electro-
spinning in the PT–DW group. Previously, de Avila et al. [43] and İbiş et al. [44] 
reported decreased bacterial adhesion on various surfaces with increased hydro-
philicity after UV photofunctionalization and CAP treatment. Therefore, increased 
hydrophilicity could also have contributed to the antimicrobial activity in the PT 
group. In more detail, the chemical modification of CAP-treated materials mainly 
involves the addition of polar groups such as hydroxyl groups, which subsequently 
leads to increased hydrophilicity, which is consistent with the findings in this study. 
The increased hydrophilicity of CAP-treated materials prevents bacterial adhesion 
and subsequently prevents microbial growth [10, 44, 45]. Furthermore, the CAP-
treatment-dependent accumulation of reactive oxygen and nitrogen species (RONS) 
causes change in the surface charge of treated material, which might induce an 
electrostatic interaction between the material and bacteria, thereby causing permea-
bilization of the cell membrane and eventual bacterial inactivation [46].

The micrographs of in  vitro scratch assays at 0, 24, 48, and 72  h for the DW, 
PT–DW, PT, and control groups are demonstrated in Fig. 7A1–A4, B1–B4, C1–C4, 
and D1–D4, respectively. Figure 7E shows the percentages of the healed wound area 
in the DW, PT–DW, PT, and control groups at each time point. The wound area at 
time 0 on the regular polystyrene culture wells was used as the control, and for each 
time point (24, 48, and 72 h) wound closure was calculated. As shown in the 0-h 
micrographs of the DW, PT–DW, PT, and control groups, the in vitro wounds were 
uniformly formed. We observed that close to 80% of the scratched areas tended to 
heal within 72  h. Moreover, compared to the control group, we found the wound 
repair ability to be significantly higher in the DW (p < 0.05), PT–DW (p < 0.001), 
and PT (p < 0.01) groups at 72  h. For instance, at 72  h, the control group occu-
pied a 69.9 ± 2.4 wound area, whereas the DW, PT–DW, and PT groups occupied 
79.9 ± 1.1, 82.5 ± 1.2, and 76.7 ± 0.8, respectively. Similarly, Dolci et al. [47] dem-
onstrated that CAP treatment on poly(l-lactic acid) (PLLA) electrospun nanofibers 
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significantly enhanced mouse fibroblast viability compared to untreated PLLA 
nanofibers. In another study, Atyabi et  al. [48] reported that CAP treatment pro-
vided a superior surface for L929 mouse fibroblasts on poly(e-caprolactone) (PCL) 
nanofibers. The accumulation and release of CAP-generated RONS, along with the 
chemical modification of the treated material, are thought to be the primary sources 
of enhanced biocompatibility and/or increased cell proliferation [19, 38, 49]. 
Another potential reason for the enhanced biocompatibility is that CAP treatment 
significantly increases the hydrophilicity of electrospun scaffolds, which sharply 
promotes cellular adhesion and proliferation [38]. In addition, oxygen-containing 
charged species that are formed on the surface of the electrospun scaffolds may 
enhance the adsorption of integrin-binding protein and be directly correlated with 
increased cell adhesion and proliferation [50, 51]. In a recent study, Karaman et al. 
[52] demonstrated that CAP treatment on titanium surfaces significantly increased 
the adhesion and proliferation of mesenchymal stem cells.

Conclusions

In this study, we examined the effects of cold atmospheric plasma (CAP) treatment 
on random and aligned electrospun polyvinyl alcohol (PVA)/polyacrylic acid (PAA) 
nanofibers. The surface properties of PVA/PAA nanofibers after CAP treatment 
showed remarkable changes without sustaining any damage to their morphologies. 
Depending on the plasma exposure time, the average diameter of both random and 
aligned fibers relatively decreased. After only 3 min of CAP treatment, the contact 
angle values of the nanofiber scaffolds decreased and showed improvement in sur-
face wettability. Using the vibrational polarization spectroscopy, we observed the 
stretching of charged polymer chains in the electrical field direction during elec-
trospinning and CAP. Both the extensional force caused by the electrostatic field 
during directed electrospinning and the generation of oxygen-rich species by CAP 

Fig. 7   In vitro scratch assays of a DW, b PT–DW, c PT, and d control at 0, 24, 48, and 72 h. The percent-
ages of healed wound areas for DW, PT–DW, PT, and control groups at each time point (e)
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treatment induce chain alignment along the fiber axis. Moreover, antimicrobial tests 
have shown that electrospun PVA/PAA scaffolds can acquire strong antibacterial 
activity when treated with CAP. It was also observed in in vitro scratch assays that 
CAP treatment on PVA/PAA fibers had no toxic effect on the fibers. The proposed 
strategy for the plasma surface modification of electrospun nanofibers may break 
new ground for various biomedical applications.
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