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Abstract: The aim of the study was to investigate the process of electrostatic fabrication of cellulose
acetate (CA) nanofibers containing methylene blue (MB) as a photosensitizer. The electrical, physico-
chemical, and biocidal properties of the prepared material were given. CA nanofibers were prepared
by electrospinning method using a solvent mixture of acetone and distilled water (9:1 vv−1) and
different concentrations of CA (i.e., 10–21%). Additionally, methylene blue was implemented into the
polymer solution with a CA concentration of 17% to obtain fibers with photo-bactericidal proper-
ties. Pure electrospun CA fibers were more uniform than fibers with MB (i.e., ribbon shape). Fiber
diameters did not exceed 900 nm for the tested polymer solutions and flow rate below 1.0 mL h−1.
The polymer properties (i.e., concentration, resistivity) and other parameters of the process (i.e., flow
rate, an applied voltage) strongly influenced the size of the fibers. Plasma treatment of nanofibers
resulted in reduced biofilm formation on their surface. The results of photo-bactericidal activity (i.e.,
up to 180 min) confirmed the high efficiency of inactivation of Staphylococcus aureus cells using fibers
containing methylene blue (i.e., with and without plasma treatment). The most effective reduction in
the number of biofilm cells was equal to 99.99 ± 0.3%.

Keywords: cellulose acetate nanofiber; electrospinning; methylene blue; non-thermal plasma

1. Introduction

In the current situation of a global epidemiological threat, the use of materials with
limited ability to develop surface biofilm, especially in public facilities, is of great impor-
tance. On the other hand, the growing resistance of pathogens to commercially available
biocides necessitates the search for antimicrobial materials that act on many cellular targets
and limit the development of pathogen resistance. Antimicrobial photodynamic therapy
(APDT) seems to be a unique and interesting technique for controlling pathogens. This
process is based on the release of ROS from the non-toxic photosensitizer in the presence
of O2 after irradiation with light of an appropriate length. Cytotoxic ROS, similarly to
hydroxyl radicals and singlet oxygen, are produced in cells and cause harmful biological
effects (i.e., lipid peroxidation, enzymatic inhibition, protein agglutination) [1].

To develop platform technologies for anti-infective materials based upon photodynamic
inactivation, we employed electrospinning to prepare polymeric nanofibers comprised of
cellulose acetate (CA) embedded with methylene blue as a photo-active compound.

The electrospinning process is performed by injecting a liquid polymer solution with
a syringe in the presence of a strong electric field. The liquid polymer is extracted from the
capillary (i.e., usually a small diameter needle) connected to DC high voltage power supply,
and then the nanofibers after evaporation of the solvent (or solvent mixture) are deposited
on the grounded collector. The electrospinning process takes place in the atmospheric air
of fixed relative humidity. Electrospinning is characterized by the possibility of scaling, the
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convenience of use, repeatability, and the ability to control the fiber size. This process is
also is economically efficient, which is crucial for industrial purposes. On the other hand,
in this process, there may be a problem of instability of the jet from which the nanofiber is
obtained. Important factors influencing electrospinning are [2–4]:

• The appropriate dissolution of the polymer;
• The viscosity and surface tension of the solvent;
• Supply voltage (or electric field);
• The distance between the capillary (at high potential) and a grounded surface (collector).

The technology described above is successfully applied to fabricate micro- and nanofibers
from various natural and synthetic polymers [2–4]. The small variety of pores, the large
surface area, and the high porosity of electrospun mats make them ideal materials to
protect against pathogenic microorganisms. An excellent fit of electrospun mats means
that they can provide highly effective delivery platforms for bioactive ingredients such as
antimicrobials, and these chemicals are typically incorporated into electrospun materials
by mixing with an encapsulating polymer solution or by coaxial electrospinning to form a
core-shell structure [5].

Several electrospun materials based on the photodynamic mode of operation have re-
cently been described. For example, de Faria et al. [6] demonstrated antibacterial mats made
of a mixture of poly (lactide-co-glycolide) (PLGA) and chitosan. These PLGA-chitosan
mats have been functionalized with graphene oxide decorated with silver nanoparticles
(GO-Ag) as a result of a chemical reaction between graphene carboxyl groups and primary
amine functional groups on PLGA-chitosan fibers.

Stanley et al. [7] used electrospinning to prepare a non-woven fabric composed of
polyacrylonitrile nanofibers embedded in a cationic photosensitizer based on porphyrin;
referred to as PAN-Por (+). Antimicrobial activity was assessed against bacteria belonging
to the ESKAPE family of pathogens (Staphylococcus aureus, vancomycin-resistant Entero-
coccus faecium, Acinetobacter baumannii, and Klebsiella pneumoniae) as well as Escherichia coli.
It was shown that these nanofibers showed an extensive photodynamic inactivation of
all tested bacterial strains after irradiation (30 min, 65 ± 5 mW cm−2, 400–700 nm) with a
minimum of 99.9996 +% (5.8 log units) regardless of taxonomic classification.

The BODIPY cationic photosensitizer, embedded by electrospinning in nylon and
polyacrylonitrile (PAN) nanofibers, capable of inactivating bacteria and viruses by an-
tibacterial photodynamic inactivation was described by Stoll et al. [8]. The antimicrobial
properties of these materials were studied against bacteria recognized by the World Health
Organization as critical or high priority pathogens: methicillin-resistant S. aureus (MRSA),
vancomycin-resistant E. faecium (VRE), multi-drug resistant A. baumannii (MDRAB), and
K. pneumoniae (KP). The obtained results showed the detection limit (99.9999%) of the
three strains after irradiation (30–60 min, 40–65 ± 5 mW cm−2, 400–700 nm): MRSA, VRE,
and MDRAB.

Due to the ubiquitous nature and long-term contact with humans, cellulose and its
derivatives are generally considered the safest and most acceptable group of polymers for
use in pharmaceutical products, therefore, as mentioned above, cellulose acetate has been
applied in our experiments.

Cellulose acetate (CA) is a polymeric material exhibiting biodegradability, biocom-
patibility, good thermal stability, and chemical resistance. Moreover, other properties of
this polymer are aesthetics, smoothness, a delicacy of the product surface, and the low
price of the polymer. Cellulose acetate is commonly used for the fabrication of fibers,
membranes, or films [9,10]. Many recent studies have been focused on the possibility of
using electrospun cellulose acetate nanofibers as a drug carrier. Some studies relate to
the production of fibrous CA mats used as wound dressing, e.g., electrospun CA/silver-
sulfadiazine nanofibers [11]. These nanofibers exhibited significant antimicrobial activity
against selected bacteria. Furthermore, electrospun CA/gelatin/hydroxyapatite mat acting
as a fibrous dressing was effectively applied in the wound healing process [12].
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Methylene blue (MB) may be used as a photosensitizer because it is a well-known
synthetic non-porphyrin compound compatible with the wavelength of visible light (up to
685 nm) and is characterized by high ROS production efficiency [13]. MB has been used as
an antimicrobial compound and has been used in conventional (non-light) antimicrobial
therapy for over 100 years [14]. Some studies have described its activity in vitro and in
animal models of infection, and MB has obtained regulatory approval for the mediation
of photodynamic therapy (PDT) in infectious dental diseases, such as periodontitis and
caries [13–15]. In recent years, the toxicity of this dye has been shown more often, but these
observations concern internal use. It has been observed that methylene blue caused central
nervous system (CNS) toxicity, variously described as encephalopathy, central nervous
system toxicity, serotonin syndrome (SS), or serotonin toxicity (ST) [16]. Nevertheless,
this dye is on the list of essential medicines of the World Health Organization [17]. In
addition, the wide application possibilities of this compound, its toxicity, safety, and
hazards have been described by the National Institutes of Health (NIH) that is an open
chemistry database [18].

The development of new technologies in polymer materials is closely related to
the progress in fiber surface chemistry and functionalization. Among many methods of
polymer surface modification, non-thermal plasma treatment is a well-known and highly
effective technique that allows achieving the required surface properties. Non-thermal
plasma as an ionized gas (i.e., containing excited particles, high-energy electrons, free
radicals, photons, and neutral atoms) has been successfully used for surface treatment of
polymeric materials, including nanofibers in processes such as cleaning, functionalization,
grafting, and interstitial modification [19–23]. Plasma technologies do not involve the use of
chemical reagents, which are particularly undesirable in the alteration of materials that may
have biomedical applications [24–26]. Plasma treatment of nanofibers can be applied to
improve biocompatibility (e.g., cell-material interaction), regenerate bone or different types
of tissues, immobilize proteins or enzymes onto nanofiber surface, promote bioactivity
and change mechanical parameters of nanofibers [27–31]. Another important advantage
of plasma treatment is the ability to change the surface properties of the polymer, namely
the chemical structure, morphology, hydrophilicity, and surface charge, by changing some
plasma treatment parameters [32].

In this study, for the first time (according to our extensive knowledge), electrospun
nanofibers of cellulose acetate and photoactive methylene blue as photosensitizer were
fabricated and the surface of the prepared material was modified with the non-thermal
atmospheric plasma. The properties of the obtained nanofibers were investigated and the
antibacterial effect against Staphylococcus aureus of this photo-active material in pristine
and plasma-treated samples (i.e., before and after plasma treatment) was examined.

2. Materials and Methods
2.1. Cellulose Acetate (CA) Nanofibers

In our research, two different types of polymeric nanofibers were tested: pure CA
nanofibers and CA nanofibers with the addition of methylene blue (MB). Cellulose acetate
(CA, Mw = 30 kDa) was purchased from Sigma-Aldrich (Poland). Acetone and methylene
blue were purchased from POCH (Poland). All the reagents were used as received without
further purification.

For the electrospinning process, the CA was dissolved in a mixture of acetone and
distilled water (9:1, vv−1) at room temperature and stirred for 12 h to ensure complete
dissolution. The concentration of CA was in the range of 10–21% (wv−1). Methylene
blue solution (MB) was prepared by dissolving the powdered dye in distilled water and
sterilized it by filtration through 0.22-µm pore diameter membranes (Millex®-HP syringe-
driven filter unit, Darmstadt, Germany). After filtration, the photosensitizer solution was
stored in the dark. To prepare the working fluid, 10 mg of MB was placed into a 10 mL
solvent mixture of acetone and distilled water (9:1 vv−1). Then, 1.7 g of cellulose acetate
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powder was added to the dye solution and this mixture was stirred using a magnetic stirrer
for 12 h.

2.2. Fabrication of Nanofibers

The electrospinning process was carried out in the system presented in Figure 1.
A 2 mL syringe with the dissolved CA was placed in an injection pump (NE-300, New
Era Pump Systems Inc., Farmingdale, NY, USA) connected to DC high voltage source
(SP/EW50P12.0Y17, Glassman High Voltage Inc., Califon, NJ, USA). The distance from the
needle tip to the collector was 80 mm and the nanofibers were collected on the metallic
plate covered with aluminum foil (an area equal to 400 cm2) forming a thin film. During
electrospinning, the inner diameter of the needle, electrospinning voltage, injection rate, en-
vironmental temperature, and humidity were 0.5 mm, 10–14 kV, 0.1–2.0 mL h−1, 298 ± 2 K,
and 34 ± 2%, respectively.
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Figure 1. Scheme of the system for the fabrication of electrospun nanofibers.

2.3. Current–Voltage Characteristics of the Process

The current–voltage characteristics of the electrospinning process were measured in the
experimental system presented in Figure 1 with the collector grounded by a current meter
(AP100, WUST, Wroclaw, Poland). In addition, power supply conditions were adjusted to
ensure the stability of the electrospinning process and fibers with the required morphology.

2.4. Plasma Treatment of Nanofibers

Plasma treatment of pure polymer nanofibers and those containing methylene blue
was conducted using a dielectric barrier discharge (DBD) plasma reactor operating in
the air at atmospheric pressure. The plane-parallel plasma reactor was powered by a
high voltage pulse generator with a modulated frequency (Dora PS, Wroclaw, Poland).
The pulses amplitude, frequency, and discharge power were 5.0 kV, 38 kHz, and 2 W,
respectively. Before plasma treatment, the fibers were deposited on a glass substrate (i.e.,
an area of 25 × 25 mm and thickness of 1 mm), and then the samples were placed in the
reactor and exposed to non-thermal plasma for 15 s. The average value of power density,
dissipated on the fiber-mats was 17 mW cm−2.
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2.5. Characterization of Electrospun Nanofibers
2.5.1. Resistance Measurements

The resistivity of polymer solution (i.e., cellulose acetate and solvent), from which
the nanofibers were obtained, as well as the resistivities of pure CA and CA/MB, were
determined. The resistance measurements were carried out using a resistance meter (152-1,
TREK INC., Lockport, NY, USA). The volume resistivity of tested material (after solvent
evaporation was estimated from the resistance measurements:

ρ = R · S
h

, (1)

where: ρ—resistivity, R—resistance of the sample, S—area of the measuring electrode,
h—the distance between electrodes or foil thickness.

In the case of liquids, the sample resistance was measured using a plane-parallel
electrode system containing two electrodes (area S = 1 ± 0.04 cm2) kept at a distance
h = 1.0 ± 0.05 mm and immersed in the investigated liquid. For solid polymers, the sam-
ples in a form of foil were clamped between elastic electrodes (additional equipment of the
resistance meter).

2.5.2. UV-Vis Analysis

The spectroscopic measurements of MB, CA, and CA/MB in the range of 450–800 nm
were carried out using a spectrophotometer (Shimadzu, UV 3600, Tokyo, Japan).

2.5.3. FT-IR Analysis

The chemical structure of the obtained CA and CA/MB nanofibers was assayed
with a Fourier transform infrared (FTIR) spectrometer (VERTEX 80v; Bruker Optics,
Bremen, Germany).

2.5.4. Microscopic Examination of Nanofibers

The morphology and diameter of the fabricated CA and CA/MB nanofibers were
examined on a scanning electron microscope (SEM, JSM-6610LV, JEOL Ltd., Akishima,
Japan). The fiber diameter was measured using ImageJ software. The average diameter of
each sample was calculated from at least 20 measurements.

2.5.5. Contact Angle and Surface Free Energy Measurements

The wettability of the electrospun fibers was determined by contact angle and surface
free energy measurements. The tests were carried out using a portable See System E device
(Advex Instruments, s. r. o., Brno, Czech Republic). Initially, the fibers were deposited
on a glass substrate forming a mat. Next, glycerine drops with a volume of 6 µL were
used for testing. Tests were performed in air at a temperature of 295 ± 2 K, the pressure
of 1000 ± 5 hPa, and relative humidity of 40 ± 3%. The test results were given as the
arithmetic mean of three individual experiments.

2.6. Studies on Formation and Photodynamic Inactivation of Biofilm Formed by
Staphylococcus aureus
2.6.1. Culture Conditions

An amount of 5 mL of an overnight culture of S. aureus ATCC 25923 (grown aerobically
at 310 K, with shaking, in Mueller broth) was centrifuged at 5000 g for 10 min and the
supernatant was discarded. The pellet was resuspended in 5 mL phosphate buffered saline
(PBS) to give an inoculum of approximately 1.2 × 106 colony-forming units (CFU mL−1).

2.6.2. Photodynamic Inactivation of Biofilm Formed by S. aureus

The CA/MB nanofibers obtained by the electrospinning technique (i.e., before and
after treatment with non-thermal plasma for 15 s) were transferred to the wells of a
microtiter plate (F.L. Medical S.r.l., Torreglia, Italy). Each well contained approximately
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3 mg of MB/CA nanofibers. Then, 150 µL of a standardized S. aureus suspension (see
Culture conditions) was added and all samples were incubated for 5 h at 310 K in a shaker
(50 rpm) to ensure adhesion of bacterial cells to the surface of the fibers. Each fiber sample
was then gently washed using 150 µL phosphate buffered saline (PBS) and transferred
to 150 µL of the fresh medium. The plate was further incubated for 24 h (310 K). After
24 h biofilm formation, the CA/MB nanofibers were again washed twice with 150 µL of
PBS and three samples of each fiber type were exposed to the neon tube (GLO Aqua-Glo,
Hagen, Germany) with a wavelength in the range from 400 to 700 nm for 30 min, 90 min,
and 180 min. The employed lamp provided two peak-power wavelengths equal to 430 and
660 nm with an output power of 30 W. Three samples of each type of fiber were stored in the
dark to determine the initial cell concentration in the biofilms (i.e., the efficiency of biofilm
formation was estimated). Then, the fiber samples (control and light irradiated) were
separately transferred to Falcon tubes containing 5 mL of PBS. To disrupt the biofilms, the
contents of the tubes were homogenized for 10, 20, or 30 s using an ultrasonic homogenizer
(VC505, Sonics and Materials Inc., Newtown, CT, USA) with an output power of 50 W.
The effectiveness of disrupting the biofilm after different times of ultrasound treatment
was examined by the serial dilution method. For this, a series of tenfold dilution of PBS
(after the homogenization) were made sequentially and 100 µL aliquots of each dilution
were seeded in duplicate onto Mueller agar (Difco) and incubated for 24–48 h at 310 K.
After incubation, the number of colonies forming units was counted, and the number of
viable cells was given as CFUmg−1 and log10 (N) cells mg−1. The obtained results showed
that the most viable cells were observed in PBS after 10 s of ultrasound treatment. When
the biofilm was sonicated for 20 and 30 s, the number of viable cells in the suspension
was reduced by approximately 20 and 35%, respectively (if compared to 10 s ultrasound
treatment). Ten-second homogenization of the fibers with the biofilm on the surface was
used in all experiments.

To evaluate the bactericidal effect of light irradiation, the percentage reduction (%) of
S. aureus was calculated using the following formula. The reduction in viability is given:

R =
N0 − N

N0
· 100, (2)

where N 0is the number of CFUs at initial (1.585 × 108 and 1.25 × 106 colony-forming units
(CFUmg−1) for the MB/CA fibers untreated and treated with the non-thermal plasma,
respectively; N is the number of CFUs remaining in suspensions after light irradiation.

The effect of non-thermal plasma treatment on the efficiency of biofilm formation on
the surface of CA/MB nanofibers was also studied using the SEM technique (Quanta 250,
FEI, Hillsboro, OR, USA). The samples of the nanofibers were fixed in 2.5% glutaraldehyde
for 24 h at 277 K. Then, the samples were washed three times with 0.1 M sodium phosphate
at pH 7. Next, the material was then dehydrated in graded ethanol series (from 50% to
100%). After dehydratation, the excess liquid was removed, the samples were air-dried
and coated with gold.

2.7. Statistical Analysis

Statistical analyses were carried out using STATISTICA (ver. 10.0) and Excel. The
quantitative data were presented by the arithmetic mean of standard deviation or median
or max/min (range) and 95% confidence interval. Statistical significance of differences
between two samples was determined with the Student’s t test. A p value of 0.05 was
established as the cut-off value in all calculations.

3. Results
3.1. Physical and Electrical Properties of CA and CA/MB Nanofibers

In the first part of the study, the morphology of nanofibers obtained for different input
parameters of the process (e.g., flow rate, applied voltage, and polymer concentration)
was checked. The sample SEM images were shown in Figure 2. It can be seen that the
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CA nanofibers had a regular shape and smooth surface, and no defects (e.g., beads) were
observed. It was noticed that cylindrical fibers were fabricated for all tested polymer
concentrations. On the other hand, CA/MB nanofibers were characterized by greater
differences in the diameter of individual fibers and some of them had a ribbon shape (see
Figure 2b). In addition, no formation of crystals or other aggregates of methylene blue was
noticed on the fiber surface. This outcome indicates that the methylene blue was uniformly
distributed in the polymer solution.
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Figure 2. SEM micrograph (a) of CA nanofibers (b) and CA/MB. Results were obtained for the supply voltage, polymer
concentration, and flow rate equal to 10 kV, 17%, and 1 mL h−1, respectively.

Many researchers report that it is essential to adjust the conditions of the electrospin-
ning process to receive uniform nanofibers in a recurrent form [33–35]. The most common
known faults that occur in the electrospinning process are: (a) beaded, (b) branched, (c)
buckled, and (d) flat nanofibers [36]. In our research, we do not consider the obtained flat
nanofibers containing methylene blue to be defective because they were continuous and
reproducible during their fabrication. In a later part of the work, we checked their utility
for biological purposes which were not affected by their shape.

The results of the calculated resistivity of liquid polymer containing solvent (CA
concentration equal to 17%), pure cellulose acetate, and cellulose acetate with methylene
blue after evaporation of the solvent were shown in Table 1.

Table 1. The resistivity of the polymer solutions, pure cellulose acetate, and cellulose acetate with
methylene blue.

Material Resistivity ρ [Ωm]

Liquid polymer
(CA with solvent) 3.1 × 103

Pure polymer
(CA, and no solvent) 4.0 × 1011

Liquid polymer + methylene blue
(CA/MB with solvent) 2.9 × 103

Polymer + methylene blue
(CA/MB, and no solvent) 8.5 × 1010

Resistivity measurements confirmed that both polymer-solvent mixtures used are
conductive (ρ at the level of 103 Ωm), while the resistivity of solid polymers (i.e., after
solvent evaporation) is 7–8 orders of magnitude higher and corresponds to the resistivity
of dielectrics.

Moreover, it was found that pure cellulose acetate has a higher resistivity compared
to the solution with methylene blue (i.e., the difference of one order of magnitude).
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3.2. Influence of Polymer Concentration and the Process Parameters on the Fiber Diameter

In the next step, the influence of the polymer concentration on CA fiber diameter was
examined and the results of the measurements were presented in Figure 3. For this purpose,
nanofibers were prepared using eight different polymer concentrations (i.e., from 10 to
21% wv−1). Electrospinning was carried out using a flow rate of 0.5 mL h−1 and an applied
voltage of 12 kV. The results confirmed that nanofiber diameters increase as the polymer
concentration increases, i.e., from 490 nm (for cp = 10%) to 690 nm (for cp = 21%). Since
the increase in fiber diameter seems to develop with increasing polymer concentration
(especially in the region above 17%), the middle polymer concentration (i.e., 17%) was
chosen as representative, i.e., MB was added to this solution later in the study.
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Figure 3. The influence of concentration of polymer on CA fiber diameter. Results were obtained for
the supply voltage, and flow rate equal to 12 kV, and 0.5 mL h−1, respectively.

The impact of other process conditions on fiber diameters was checked for CA solution
with a concentration of 17%.

Results of flow rate in the range 0.1–1.5 mL h−1 for a fixed voltage of 12 kV on the
nanofiber diameter were shown in Figure 4.
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As can be seen, the average value of fiber diameter increases as the flow rate of the
polymer solution increases. Our results are consistent with the studies carried out by other
researchers [34,37]. For the highest flow rate equal to 1.5 mL h−1, the fabricated fibers had
diameters above 1000 nm and were 50% larger than those obtained for the flow rate of
0.1 mL h−1. Moreover, the diameters of CA/MB fibers showed less homogeneity and the
calculated standard deviation was greater than that of pure CA fibers. This outcome was
related to the presence of ribbon-shaped nanofibers. It was also found that for the flow
rate lower than 0.5 mL h−1, the electrospinning process for CA/MB fiber production was
disrupted due to the nozzle (needle) sticking.

The influence of supply voltage on fiber diameters for a fixed flow rate is shown in
Figure 5. The obtained results indicate that the diameter of nanofibers decreases with
increasing supply voltage. Fibers of 1000 nm and 500 nm diameter were obtained for 10 kV
and 14 kV, respectively. In the case of CA/MB solution, no fibers were produced for the
voltages higher than 12 kV, i.e., the mixture aerosol was observed instead.
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Figure 5. The influence of voltage applied to the nozzle on CA and CA/MB fiber diameter. Results
were obtained for the polymer concentration, and flow rate equal to 17% and 0.5 mL h−1, respectively.

3.3. Electrical Properties of the Electrospinning Process

Electrical properties of the electrospinning process can be determined by the char-
acteristic voltages Vstart and Vstop, which correspond to the start and stop voltages of the
process, respectively. Vstart refers to the voltage for which the surface tension is overcome
and nanofibers are formed from the Taylor cone. On the contrary, Vstop means the voltage
for which there is no fiber but aerosol particles occur.

The results of Vstart and Vstop measurements obtained for flow rate equal to 0.5 mL h−1

were presented in Figure 6. For CA/MB solution both voltages, Vstart and Vstop, are lower
than for the pure CA solution (i.e., data given for a polymer concentration of 17%). Vstart
dependency determines the minimum nozzle supply voltage for fiber spinning from the
solution with the required polymer concentration.Results shown in Figure 6 confirmed,
that the electrospinning process for solutions with polymer concentration varying in the
range from 10 to 21% wv−1 is continuous and stable for a minimum supply voltage higher
than 8 kV. Finally, using dependencies shown in Figures 5 and 6 the nozzle supply voltage
of 12 ± 0.1 kV was chosen.
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Figure 6. Vstart and Vstop characteristics for CA and CA/MB fibers. Results were obtained for the
flow rate equal to 0.5 mL h−1.

Current–voltage (I–V) characteristics for the electrospinning system (i.e., containing
nozzle, liquid/solid fiber, and collector—see Figure 1) can be useful for the investigation
and characterization of the electrospinning process. Results shown in Figure 7 were
obtained for different polymer solutions (i.e., pure CA and CA-MB doped) and for two
flow rates (i.e., 0.5 mL h−1 and 1 mL h−1).
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Figure 7. Current–voltage characteristics of the electrospinning process for CA and CA/MB fibers.
Results were obtained for the polymer concentration equal to 17%.

It can be noted that for CA/MB solution, higher current values were obtained for the
same power supply conditions. This effect can be directly associated with the different
conductivity of the tested solutions (assuming that the electrospun fiber is not completely
dried when placed between the nozzle and collector). This outcome can be partially
confirmed by nearly linear I–V dependency for voltages V > Vstart observed for both
characteristics. It should be noted that the conduction current calculated for the particular
voltage (and the proper fiber diameter) and resistivity of the solution, is comparable to
the measured current values. Some nonlinearities seen in I–V characteristics may be due
to the corona discharges from the fiber (its conducting part) or the nozzle. The detailed
explanation of the observed I–V characteristics requires additional investigations.
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3.4. The Effect of Plasma Treatment on Fiber Wettability

In the next step of our experiments, the obtained electrospun CA and CA/MB
nanofibers (i.e., untreated and treated with the non-thermal plasma for 15 s) in terms
of their wettability. The results of measurements of contact angle and surface free energy
for the tested fibers were given in Tables 2 and 3. Example images of glycerine drops placed
on a nanofiber layer (i.e., in the form of a mat) are shown in Figure 8.

Table 2. Contact angles for untreated and treated with plasma electrospun nanofibers.

Concentration of MB (mg mL−1)
Contact Angle (◦)

0 s 15 s 30 s 60 s

0 115 115 115 109
2.5 68 21 20 27
5 66 50 26 30
10 52 47 135 132

Table 3. Surface free energies for untreated and treated with plasma electrospun nanofibers.

Concentration of MB (mg mL−1)
SFE (mJ m−2)

0 s 15 s 30 s 60 s

0 5 5 5 7
2.5 30 60 60 57
5 32 43 58 56
10 42 45 1 2
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Figure 8. Images of glycerine drop on pure cellulose acetate nanofibers without plasma treatment
(a) and cellulose acetate + methylene blue (10 mg mL−1) nanofibers after 60-s non-thermal plasma
treatment (b). Results were obtained for the polymer concentration equal to 17%.

The surface of pure CA nanofibers exhibits hydrophobic properties (contact angle of
115◦). The CA/MB nanofibers feature enhanced wettability. From the obtained results, it
can be concluded that an increase in MB concentration in the CA/MB samples causes a
decrease in the contact angle of the tested surfaces, i.e., a reduction from 115 to 52◦. At the
same time, an increase in MB concentration leads to an increase in the measured surface
free energy, i.e., from 5 to 42 mJ m−2.

The effect of plasma modification on the surface wettability was also investigated.
For the control sample (CA nanofibers) no visible changes were observed for processing
times equal to 15 and 30 s. Only the 60-s modification resulted in a decrease in the contact
angle by about 5% (i.e., from 115 to 109◦). For CA/MB nanofibers with MB concentrations
equal to 2.5 and 5 mg mL−1, an improvement in the wettability of the surface was observed
after plasma treatment. A decrease in the contact angle with a simultaneous increase in
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the surface energy compared to the control sample (i.e., not treated with plasma) was seen.
In the case of nanofibers with MB concentration of 10 mg mL−1, the enhanced wettability
was observed only for 15 s treatment time, i.e., from 52 to 47◦. For modification times of 30
and 60 s, recovery of hydrophobic properties was noticed (i.e., contact angles were 135 and
132◦, respectively). The above-described phenomenon requires detailed studies.

3.5. Physicochemical and Biocidal Properties of Electrospun Fibers

The spectroscopic studies on methylene blue water solution and CA/MB nanofibers
were shown in Figure 9. As can be seen in Figure 9a, the electrospun CA/MB nanofibers
showed the absorption spectrum characteristic of MB (see Figure 9b). Two characteristic
peaks at 607–612 and 663–664 nm were observed for CA/MB fibers and they are similar
to those previously reported for aqueous MB solution [38]. The macroscopic image of
the electrospun CA and CA/MB nanofibers was presented in the inset in Figure 9c. The
formation of CA/MB nanofibers was indicated by the blue color of the obtained material.
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Figure 9. Absorbance spectrum of electrospun CA/MB nanofibers (a) and water solution of MB (b). The macroscopic image
(c) of the electrospun CA (left) and CA/MB nanofibers (right). Results were obtained for the polymer concentration equal
to 17%.

The FTIR spectrum of the pure cellulose acetate (blue line) shows the presence of
three important vibrations at 1741 cm−1, 1367 cm−1, 1226 cm−1, and 1039 cm−1 (Figure 10).
These peaks were assigned to C=O stretching of the acetyl groups, (C–H) bending vibration
of CH3 in the acetyl group, (C–O) stretching of the acetyl group, and (C–O–C) of the cellu-
lose backbone, respectively [39]. FT-IR spectrum of the CA/MB fibers (red line) showed
that the intensity of peaks at 1741 cm−1, 1367 cm−1, 1226 cm−1, and 1039 cm−1 increased.
Both spectra show broad intense bands that appear in the range of 2900–2950 cm−1 result
from C–H stretching of CH2 or CH3 [40].

Moreover, a blue shift of 1741 cm−1, 1367 cm−1, 1226 cm−1 peak values were noted,
which indicated the existence of physical interaction between CA and the dyestuff [41].
Significant shifting of the peak at 1039 cm−1 to 1027 cm−1 can be observed in the fibers
containing MB. These shifts may be caused by direct deformation of the molecular backbone
bonds, such as C–O–C, as a consequence of macroscopic deformation of the fibers (i.e.,
increased in the molecular deformation of cellulose chains along the fiber axis) [42].

Then, the obtained CA/MB nanofibers were treated with the non-thermal plasma and
the changes in chemical structure was examined by FT-IR method. FT-IR spectra of the
untreated CA/MB electrospun nanofibers and CA/MB exposed to the non-thermal plasma
(black line) are presented in Figure 10. When comparing pristine CA/MB nanofibers
characteristic signals with CA/MB nanofibers after exposition to the plasma, changes in
their intensities were observed. A decreased signal at 1741 cm−1, 1367 cm−1, 1226 cm−1,
and 1027 cm−1 after plasma treatment was noted.
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Figure 10. FT-IR spectra of pure cellulose acetate (CA) (blue line) and cellulose acetate + methylene
blue; (CA/MB) nanofibers without non-thermal plasma treatment (red line); (CA/MB) nanofibers
after non-thermal plasma treatment (black line). Results were obtained for the polymer concentration
equal to 17%.

In the next step of our experiments, the CA/MB nanofibers without non-thermal
plasma treatment (i.e., pristine) and after exposure to plasma were placed in the suspen-
sions of S. aureus to study the efficiency of biofilm formation on their surface. As can be seen
in Figure 11, bacterial biofilm was formed on the surface of the plasma-treated electrospun
nanofibers as well as on the surface of the fibers without plasma exposure. The biofilm for-
mation efficiency was higher on the surface of the untreated (pristine) CA/MB fibers and it
has been estimated that the biofilm formed on this surface contained 1.585 × 108 cells mg−1

nanofibers. For comparison, on the surface of the electrospun fibers that were treated with
the non-thermal plasma, the formed biofilm consisted of 1.25 × 106 cells mg−1 nanofibers.
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Figure 11. Time-dependent photo-bactericidal effect of electrospun CA/MB fibers on biofilm of S.
aureus. Average ±SD of three independent experiments are shown. The efficiency of this treatment
was considered statistically significant for all groups (p < 0.05).

The efficiencies of biofilm formation on the surface of the untreated (i.e., pristine)
CA/MB nanofibers and the CA/MB fibers after plasma treatment were confirmed using
the SEM technique. As shown in Figure 12 (a–h micrographs), Staphylococcus aureus formed
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a biofilm on the surface of both CA/MB nanofiber samples. This biofilm is characterized by
a large amount of extracellular matrix, which protects the bacteria cells against the harmful
effects of external factors (for example antibiotics). Moreover, it is seen that the biofilm
formed on the surface of the CA/MB nanofibers treated with the plasma is thinner and it
seems that a smaller number of bacteria formed this structure (Figure 12a–d).
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Next, the effect of light dose on the photo-eradication of biofilm cultures of S. aureus
formed on the surface of electrospun CA/MB nanofibers was determined. The obtained



Energies 2021, 14, 2598 15 of 20

results were presented in Figure 11. When untreated CA/MB fibers were irradiated using
a neon tube (see Photodynamic inactivation of biofilm formed by S. aureus) the number
of biofilm S. aureus cells was reduced by 95.58 ± 0.2% (a reduction in CFU of 0.35 log10),
97.81 ± 0.2% (a reduction in CFU of 1.66 log10), and 99.99 ± 0.3% (a reduction in CFU of
4.16 log10) after 30, 90 and 180 min of irradiation, respectively (p < 0.05).

A light dose-dependent reductions of viability in biofilm cells by 74.7 ± 0.2% (a reduc-
tion in CFU of 0.6 log10), 97.47 ± 0.2% (a reduction in CFU of 1.6 log10), and 99.987 ± 0.2%
(a reduction in CFU of 4.9 log10) were observed corresponding to 30, 90 and 180 min of irra-
diation when CA/MB fibers after non-thermal plasma treatment were used in experiments
(Figure 12).

4. Discussion

Bacterial fouling not only transfers infections and diseases from one surface to another
and to humans, but also reduces the functionality, durability, and performance of various
surfaces and devices. For example, nosocomial infections arise or may be caused by cross-
contamination of surgical instruments, medical implants, and surfaces in the healthcare
environment [43]. An ideal coating for several medical devices is a surface that resists bac-
terial adhesion and removes contaminations as they occur. Several antimicrobial materials
containing various chemicals as coatings (e.g., antibiotics, salicylic acid, chlorhexidine, or
quaternary ammonium compounds) have been described in the literature [44]. In the case
of electrospun CA fibers, it was shown that CA/silver-sulfadiazine nanofibers [11] and
CA/gelatin/hydroxyapatite were antimicrobial materials [12].

This paper describes electrospun fibers, which constitute a material that is difficult
to colonize by bacteria (S. aureus) and these fibers produce cytotoxic reactive oxygen
species (ROS) locally upon light irradiation to induce death of this pathogen in a time-
controlled manner.

This antimicrobial surface of CA fibers was obtained by combining two techniques.
First, methylene blue was implemented into the polymer solution with a CA concentration
of 17% to obtain fibers with photo-bactericidal properties. It should be noted that the
obtained CA/MB material was characterized by a decrease in the contact angle of the
surface and an increase in the measured surface free energy compared to CA fibers, which
resulted in less efficient adhesion of bacterial cells (data not shown).

Generally, electrospun fibers have several properties important to the photodynamic
inactivation of microbes, including a large surface area that allows for enhanced photosen-
sitizer/pathogen interaction. The electrospinning also allows the deposition of photosensi-
tizers without the need to functionalize them [45–47]. This action enables the deposition of
various photosensitizers, regardless of their chemical structure (size, functional groups) or
physicochemical properties (charge). In addition, since the polymer and photosensitizer
are combined in solution before electrospinning, there is minimal material homogeneity
change [8].

The idea of the electrospinning process seems to be quite simple. In fact, the process
is very complex due to the simultaneous occurrence of many physical phenomena. Addi-
tionally, the proper adjustment of process parameters provides nanofiber fabrication with
required properties (e.g., electrical, mechanical, and biological). The presented studies
have confirmed that many important factors influence the electrospinning process. It is
essential to choose the right parameters of the process, which will provide its stability and
continuous operation.

The results of the electrical measurement elucidate the nanofiber fabrication and the
effect of process conditions on the physical properties of the fibers, including shape and size
(see physical and electrical properties of CA and CA/MB nanofibers). The electrospinning
process is based on the stretching of a charged jet of polymer solution with specific physical
properties. The concentration of the polymer in the solution affects both the viscosity and
the surface tension of the liquid, which finally determines the quality of the conducted
electrospinning process. At low polymer concentrations, the charged jet breaks up into fine
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droplets before reaching the collector. When the polymer concentration and viscosity are
increased, continuous nanofibers can be formed. It should be noted that at concentrations
exceeding a certain limit, the solution viscosity becomes too high, which disturbs the
polymer solution flow through the capillary and the fibers may have many defects or the
process could stop. It was also found that there was an optimal range of applied voltage for
a specific polymer–solvent system. Moreover, the obtained current–voltage characteristics
of the electrospinning process indicate that the solvent evaporated only partially during
the measurements.

The next step to further improve the antimicrobial properties of CA/MB fibers was
surface modification with the non-thermal plasma. In recent decades, the surface treatment
of polymers with non-thermal plasmas has been extensively studied [48] and it has become
apparent that this approach holds promise for a wide range of different polymers [49,50].
Plasma modification of the surface makes it possible to change the surface properties of
the polymer to obtain the desired properties. We found that 15-s plasma treatment of
CA/MB fibers further reduced the contact angle of the surface, which was important for
biofilm formation.

Our strategy to study the antimicrobial properties of the surfaces was based on the
incubation of the cells (S. aureus) with the electrospun photoactive fibers, formation biofilm
on its surface followed by irradiation of pathogen with light with a wavelength between
400 and 700 nm.

It was established that the formation of S. aureus biofilm is more effective on the surface
of pristine CA/MB nanofibers. These results suggest that there is a direct relationship
between surface hydrophobicity and the formation of staphylococcal biofilm. The more
hydrophobic nanofibers provided better surfaces for biofilm development. Our results on
the efficiency of S. aureus biofilm formation on CA/MB electrospun fibers are consistent
with the results of Xu et al. [51]. The authors reported that the conversion of a hydrophobic
surface (polyurethane) to a more hydrophilic structure resulted in a reduced biofilm
formation efficiency. In contrast, Lee et al. [52] showed that the efficiency of biofilm
formation of S. aureus was higher on hydrophilic surfaces (glass and stainless steel) than
on hydrophobic surfaces (polypropylene and polystyrene). A possible explanation for
this discrepancy in the results may be related to the methodology used to determine
hydrophobicity and quantification of biofilm and to surface roughness as an important
factor in cell adhesion.

It should be noted that Maikranz et al. [53] studied the adhesion of S. aureus cells to
hydrophilic and hydrophobic surfaces. The obtained results show that the adhesion of
bacteria to both types of surfaces is mediated by thermally fluctuating cell wall macro-
molecules, that behave differently on each type of surface. It was demonstrated that many
macromolecules are involved in cell adhesion on hydrophobic surfaces. On the other hand,
on hydrophilic surfaces, only a few macromolecules adhere tightly to the surface.

The efficiency of the killing bacterial cells was very high and dependent on the
duration of exposure to light (i.e., irradiation time). The most effective reduction in the
number of S. aureus biofilm cells formed on the surface of untreated CA/MB nanofibers
was observed (99.99% mortality was found after 180 min of light irradiation. In the case of
nanofibers exposed to the non-thermal plasma, the mortality rate was only slightly lower,
i.e., 99.987%. The American Society of Microbiology has decreed that there is a need to kill
at least 99.9% of the pathogen cells for the technique to be considered as “antimicrobial”.

Our results cannot be compared with other data due to the lack of such data in the
available literature. The previously described methods of obtaining photoactive materials
have shown that they can be obtained by introducing/complexing photosensitizers on or
in fibers [54]. For example, the preparation of photodynamic materials from electrospun
nanofibers of P(MMA-co-MAA) co-polymer that were doped with montmorillonite (MMT),
and further functionalized with methylene blue was described by Wang et al. [55]. The
obtained nanofibers showed 99.997% (4.8 log units) and 97% (1.8 log units) reduction in
CFUmL−1 against Staphylococcus aureus and Escherichia coli, respectively, after visible light
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illumination (LED lamp, 30 min, 35 ± 5 mW cm−2). Methylene blue has also been loaded
onto keratin films to provide a long-term inhibition of Staphylococcus aureus, reaching a
bacterial killing rate of 99.9% after 75-min light activation [56]. It has also been shown
that this dye reduces the viability of microorganisms in biofilms grown on discs of bovine
dentin upon LED light activation [57]. Contreras et al. [58] reported on fibrous scaffolds that
were electrospun polyesters (poly(ε-caprolactone) (PCL) or poly [(rac-lactide)-co-glycolide]
(PLGA)) with encapsulated photosensitizer (methylene blue or erythrosine B). Exposure of
PS-encapsulated PCL fibers to visible light successfully led to at least a 1 log10 reduction in
E. coli viability after 60 min of light exposure.

It must be emphasized that the fabricated very effective photo-bactericidal material is
durable and cheap. Moreover, preliminary studies showed that only a small amount of
methylene blue was released after incubation for hours in PBS at room temperature (see
Supplementary Materials).

When the methylene fiber release experiment was conducted in sunlight (data not
shown), the concentration of the released dye exceeded the limit of quantification. This
phenomenon can be explained by the known photobleaching effect of methylene blue in
the presence of sunlight [59]. These findings prove that the resulting biocidal material can
be recognized as self-sterilizing and environmentally friendly.

5. Conclusions

In this study, the photo-biocidal electrospun nanofibers were discussed. The presented
studies have confirmed that many important variables influence the electrospinning process.
It is essential to find the proper parameters of the process, which will guarantee its stability
and continuous operation.

Another important aspect of research on the electrospinning process is to determine
its electrical properties. Unfortunately, this topic is often neglected but in many cases it can
help understand the fabrication of nanofibers from a liquid polymer solution.

The presented research results show some possibilities for the development of inno-
vative materials with self-sterilizing properties when illuminated with visible light, such
as solar radiation (i.e., from the point of view of microbiological contamination). The
small size of photoactive fibers (i.e., at the level of a few hundred nanometres) additionally
gives new opportunities for their use. Moreover, plasma treatment can be used to develop
materials with a surface covered by a limited (i.e., reduced) layer of bacterial cells, e.g.,
forming a biofilm.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14092598/s1, Table S1: Results of the in vitro release of methylene blue from the pristine
CA/MB nanofibers and CA/MB nanofibers after plasma treatment for 15 s.
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