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Abstract: Background: Preventing infectious diseases has become particularly relevant in the past
few years. Therefore, antiseptics that are harmless and insusceptible to microbial resistance mecha-
nisms are desired in medicine and public health. In our recent work, a poly(ethylene oxide)-based
nanofibrous mat loaded with sodium chlorite was formulated. Methods: We tested the chlorine
dioxide production and bacterial inactivation of the fibers in a medium, modeling the parameters of
human exhaled air (ca. 5% (v/v) CO2, T = 37 ◦C, RH > 95%). The morphology and microstructure of
the fibers were investigated via scanning electron microscopy and infrared spectroscopy. Results:
Smooth-surfaced, nanoscale fibers were produced. The ClO2-producing ability of the fibers decreased
from 65.8 ppm/mg to 4.8 ppm/mg with the increase of the sample weight from 1 to 30 mg. The effect
of CO2 concentration and exposure time was also evaluated. The antibacterial activity of the fibers
was tested in a 24 h experiment. The sodium-chlorite-loaded fibers showed substantial antibacterial
activity. Conclusions: Chlorine dioxide was liberated into the gas phase in the presence of CO2 and
water vapor, eliminating the bacteria. Sodium-chlorite-loaded nanofibers can be sources of prolonged
chlorine dioxide production and subsequent pathogen inactivation in a CO2-rich and humid envi-
ronment. Based on the results, further evaluation of the possible application of the formulation in
face-mask filters as medical devices is encouraged.

Keywords: electrospinning; nanofibers; poly(ethylene oxide); sodium chlorite; chlorine dioxide;
antibacterial; disinfection

1. Introduction

In the age of antimicrobial resistance, eliminating pathogens such as bacteria or viruses
remains a grueling challenge in public and clinical health care. Preventing infections
is a vital aspect of any successful antimicrobial management program. With the help
of broad-spectrum antiseptics and disinfectants, the overuse of antibiotics and antiviral
substances can be reduced [1]. To maintain adequate antibiotic stewardship, the use of
effective, relatively harmless antiseptics and disinfectants that are insusceptible to microbial
resistance mechanisms is desired. However, the rise of antiseptic-resistant pathogens is
also a long-known phenomenon, especially in the hospital environment [2]. In the case of
two common antiseptic agents, chlorhexidine and octenidine, it has been shown that by
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increasing the usage of these substances in practice, a significant reduction in susceptibility
can be observed in isolated Staphylococcus aureus strains [3]. Increased minimum inhibitory
concentrations (MICs) for both antiseptics in Staphylococcus spp. strains have also been
reported [4]. Several reports have also been published regarding the acquired microbial
resistance against disinfectants [5–7]. Therefore, other alternative antimicrobial substances
should be examined to address the emerging issue of the wide spread of antibiotic and
antiseptic-resistant pathogens. Chlorine dioxide (ClO2) is a gaseous oxidizing agent with
good water solubility, used as a disinfectant mostly in water treatment and the food
industry. Due to its unique molecular structure, the reactivity of ClO2 is limited mainly
to thiol-group-containing amino acids. Other organic macromolecules are also potential
substrates of ClO2, but the reaction rate is several magnitudes lower than in the case of
thiol groups. The result of the chemical reaction and the mechanism of action of ClO2 are
the change in protein structure and subsequent loss of function. Several reports claimed
the effectiveness of chlorine dioxide against all kinds of microbes, including bacteria, fungi,
protozoa and viruses. The gaseous substance has a remarkable penetrating ability, enabling
it to decontaminate areas considered impervious, such as biofilms [8–13]. The safety of
ClO2 relies not on the difference in macromolecules or metabolism of pathogens and human
cells but on the difference in their size and the protecting factors existing in human tissue.
Bacteria and viruses can be susceptible to a given concentration of ClO2 that does not
represent any harm to human or animal cells [14]. It has been shown in several animal
studies that a certain level of ClO2 exposure does not do any damage to the examined
animals [15,16]. Although chlorine dioxide convincingly satisfies the requirements of an
ideal biocide, it has not become a widely used compound in everyday practice. Reports
have already been published considering the use of ClO2 in the disinfection of hospital
environments such as water systems, air, rooms and even ambulance vehicles [17–20].
However, in medical practice, the use of ClO2 is mainly limited to dental applications such
as root canal irrigation and mouth rinse [21,22]. The relatively small use of chlorine dioxide
can be due to its cumbersome transportation and storage. The gaseous substance cannot be
transported due to safety issues; therefore, chlorine dioxide is usually generated in aqueous
solution at the site of application. One of the most common methods of chlorine dioxide
production is the decomposition reaction of sodium chlorite (NaClO2) in the presence
of acid, which results in chlorine dioxide and other byproducts. The dissolved gas has
high volatility that causes a rapid decrease in the concentration of the solution limiting its
shelf life.

Polymer-based formulations represent promising solutions to the issues related to
the practical use of ClO2. Using polymer-based viscous solutions, the residence time of
ClO2 can be prolonged [23]. Electrospun nanofibers loaded with sodium chlorite produce
ClO2 under acidic conditions. Due to their high porosity and surface area to volume ratio,
they can serve as efficient production sites for chlorine dioxide. Such nanosystems can
enable ClO2 gas production and liberation at the site of use [24]. Polyethylene oxide is a
water-soluble polymer that is relatively easy to process by electrospinning [25]. Sodium
chlorite is also water-soluble; thus, there is a good chance of producing sodium chlorite
nanofibers based on a common solvent. In our recent work, we present a polymer-based,
nanofiber-based formulation with ClO2-generating ability. The nanofiber-based formula-
tion is subjected to morphological and antibacterial examination. The ClO2-generating
ability and the rate of chlorine dioxide liberation were also evaluated.

2. Materials and Methods

2.1. Materials

Poly(ethylene oxide) (PEO, average Mw = 600,000 g·mol−1) was obtained from
Sigma-Aldrich (Budapest, Hungary). We used analytical-grade sodium chlorite (NaClO2,
Sigma-Aldrich, Budapest, Hungary) as the active ingredient. Distilled water was filtered
on a 0.22 µm PES filter before preparing the precursor polymer solution. The materials did
not undergo any further purification.
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2.2. Precursor Polymer Solutions and Electrospinning

Aqueous polymer solutions were prepared by dissolving 5% (w/w) PEO in boiling
water with continuous stirring. The samples were cooled down to room temperature and
stirred overnight at 23 ◦C by magnetic stirring until homogenous solutions were obtained.
Finally, sodium chlorite 20% (w/w) aqueous solution was added to the PEO solution to
reach a concentration of 0.1% (w/w). Control PEO samples without active ingredients were
prepared accordingly. Nanofiber production was carried out on lab-scale electrospinning
equipment (SpinSplit Ltd., Budapest, Hungary). Precursor solutions were placed into
plastic syringes (Luer lock, Sigma-Aldrich Ltd., Budapest, Hungary) with a volume of 3 mL
and mounted to the pumping system of the instrument. The syringes were connected to
a 22-gauge needle through Teflon tubes. The feeding rate for PEO control samples was
0.08 µL/s, with an applied voltage of 10.5 kV. The NaClO2-loaded PEO samples were
prepared with a 0.07 µL/s feeding rate and 14.8 kV of applied voltage. The samples
were collected on aluminum foil, and the needle-collector distance was set to 21.5 cm.
The experiments were performed in a well-controlled room, the temperature was set to
23 ± 1 ◦C and the relative humidity was 25 ± 5% (Figure 1).

Figure 1. Electrospinning setup and preparation of two samples of different weights for illustration.

2.3. Fourier-Transform Infrared (FTIR) Spectroscopy

Infrared spectra of the components and the fibers were recorded with a Jasco FT/IR-4200
spectrophotometer, equipped with Jasco ATR PRO470-H single reflection accessory. Mea-
surements were performed in absorbance mode, and spectra were collected over a wavenum-
ber range of 4000 and 500 cm−1. For each spectrum, 100 scans were performed at a resolu-
tion of 4 cm−1. Spectra were evaluated with the software Spectra Manager-II (Jasco, Easton,
MD, USA).

2.4. Scanning Electron Microscopy

Samples were fixed on a metal stub by conductive double-sided adhesive carbon
discs and coated with a gold layer using a JEOL JFC-1200 Fine Coater (JEOL Ltd., Tokyo,
Japan). Scanning electron microscopy (SEM) images were taken with a JEOL JSM-6380LA
instrument (JEOL Ltd., Tokyo, Japan). The acceleration voltage and the working distance
were 10 kV and 10 mm, respectively. For fiber diameter evaluation and distribution calcula-
tions, we measured the diameter of 100 random fibers using ImageJ (National Institutes
of Health, Bethesda, MD, USA) software and prepared the histograms via Origin(Pro)
software (Version 2018, OriginLab Corporation, Northampton, MA, USA).
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2.5. Chlorine Dioxide Production of the Fibrous Samples

2.5.1. Experimental Setup

The ClO2 production from NaClO2-loaded PEO fibers was carried out in 60 mL amber
glass bottles. First, a 0.5 mL container was placed into the bottle, and 300 µL of distilled
water was measured into the container to maintain a humid environment of RH > 95%. The
water in the 0.5 mL container also served as a source for ClO2 concentration measurement.
Next, the fibrous sample was stuck onto the inner wall of the bottle using double-sided
adhesive tape, and CO2 was slowly injected into the glass to reach a concentration of 5, 10
or 15% (v/v). Bottles fitted with special caps, impermeable to ClO2, were kindly donated
by Zoltán Noszticzius (Department of Physics, Budapest University of Technology and
Economics, Budapest, Hungary). The suitable amount of CO2 gas was monitored and
determined beforehand using a Ventis Pro5 multi-gas detector. Lastly, bottles were placed
into an incubator and stored at 37 ◦C. To measure the concentration of chlorine dioxide
generated from the fibers, the bottles were opened, and 100 µL was taken instantly from
the distilled water placed in the 0.5 mL container. The 100 µL ClO2 aqueous solution was
injected into a cuvette containing 2.9 mL of distilled water and measured using a Jasco
V-750 UV-Visible spectrophotometer. The absorbance of the chlorine dioxide aqueous
solution was recorded at 360 nm, where ClO2 has its characteristic absorption maximum.
The molar absorptivity of ClO2 at 360 nm is 1250 cm−1 M−1 [26].

2.5.2. Measurements and Data Analysis

To calculate the ClO2 concentration in the gas phase from concentrations measured in
the aqueous solution, the following equation was used:

c(ClO2)g = k·Kθ ·Vm·c(ClO2)aq (1)

where k is a constant, Kθ is the distribution constant of ClO2, Vm is the molar volume of
the gas, c(ClO2)g is the chlorine dioxide concentration in the gas phase in ppm (µL/L)
and c(ClO2)aq is the chlorine dioxide concentration in the aqueous solution in mol/L.
At 37 ◦C, the value of the distribution constant is Kθ = 0.053 and the molar volume is
Vm = 25.45 dm3/mol. The k constant is derived from the conversion of the units and its
value is k = 1 × 106 [27]. To evaluate the chlorine dioxide production of the samples the
following measurements were carried out:

1. To measure the total amount of ClO2 generated in 24 h by fibers of various weights,
we used 1, 5, 10, 15, 20 and 30 mg samples. Using these data, we calculated the
ClO2-generating ability per weight and the ClO2 yield of the samples compared to
the theoretical values. In this experiment, the CO2 concentration was set to 5%.

2. We examined the effect of different CO2 concentrations (5, 10, 15%) on the ClO2
production of 5 mg samples in a 24 h measurement.

3. The effect of residence time of fibers in the medium was evaluated by measuring the
ClO2 production of 5 mg samples after 24, 48 and 72 h.

During all experiments, temperature was set to 37 ◦C, and RH was kept above 95%, as
described above.

2.6. Bacterial Inactivation Study

To evaluate the antibacterial effect of the NaClO2-loaded PEO fiber mats, we used a
nonhazardous bacterium, Enterococcus faecalis, as a model organism. Enterococcus faecalis
was chosen due to its resilience and undemanding nature in terms of growth requirements,
which ensured that bacterial inactivation could be attributed to the effect of the generated
chlorine dioxide [28]. The setup and reaction conditions were analogous to those described
in the ClO2 production study. Bacteria were added to the system via disposable inoculating
loops, which were cut to make ca. 4 cm long pieces with the loop on their end. Each piece
was glued into the inner part of the cap of an amber glass bottle, immersed into a bacterial
suspension containing 2.8 × 109 CFU/mL of E. faecalis, then sealed. Each inoculating loop
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contained approximately 1 µL of bacterial suspension. Sealed bottles were placed into
an incubator and stored at 37 ◦C for 24 h. A medium similar to the composition of the
air was prepared by setting the humidity and CO2 concentration in the glass containers
to >95% and 5%, respectively [29]. After 24 h, we opened the bottles and immersed the
inoculating loops into 100 µL of saline and stirred thoroughly to suspend the remaining
bacteria. Finally, the entire 100 µL of suspension was streaked on a blood agar plate. The
blood agar plates were incubated at 37 ◦C for another 24 h, and the surviving colonies were
counted. Control samples with unloaded PEO fibers were also prepared accordingly.

3. Results

3.1. Morphological Characterization

Scanning electron microscopy images show randomly oriented, smooth-surfaced,
nanoscale polymer fibers (Figure 2). Bead-like structures could not be observed throughout
the samples. The average fiber diameter value for unloaded PEO fibers was 315 ± 27 nm,
and the fiber diameters showed normal distribution (Figure 2a). Adding salt to the polymer
solution and the subsequent changes in spinning parameters altered the average fiber
diameter substantially, as the average fiber diameter value was 193 ± 23 nm in the case of
NaClO2-loaded PEO fibers (Figure 2b). The fiber diameters of the NaClO2-loaded sample
also showed normal distribution.

Figure 2. SEM images and histograms of the fiber diameter distribution of unloaded PEO (a) and
NaClO2-loaded PEO (b) fibers.

3.2. FTIR Analysis

To investigate the potential structural changes of the polymer macromolecules, FTIR
spectra were recorded. Figure 3 shows the FTIR spectra of sodium chlorite, PEO and
NaClO2-loaded PEO fibers. On the spectrum of PEO fibers, the peak at the band observed
at 2890 cm−1 was assigned to the symmetrical C–H stretching (Figure 3b). The peaks at
1467, 1341, 1280 and 842 cm−1 represent the scissoring, wagging, twisting and rocking of
the CH2 group. The sharp and intense band at 1095 cm−1, along with the peaks at 1145 and
1061 cm−1, is assigned to the asymmetric stretching vibration of the C–O–C bonds. The
smaller, sharp peak at 960 cm−1 is due to C–C skeletal stretching vibrations [30]. The FTIR
spectrum of the NaClO2-loaded fibers shows similar bands and intensities to that of the
unloaded PEO sample (Figure 3a). A slight difference between the two spectra can be seen



Nanomaterials 2022, 12, 1481 6 of 12

around the base of the peak at 842 cm−1 on the NaClO2-loaded PEO spectrum. Sodium
chlorite has its sharp and intense peaks at 800 and 823 cm−1 (Figure 3c).

Figure 3. FTIR spectra of NaClO2-loaded PEO fibers (a), unloaded PEO fibers (b) and sodium chlorite (c).

3.3. Chlorine Dioxide Production

The amount of chlorine dioxide generated by samples of different weights, along with
the ClO2-producing ability per weight of these samples, is shown in Figure 4. When placing
1 mg of NaClO2-loaded PEO fiber into the medium, the ClO2 concentration in the gas phase
reached 65.8 ppm (µL/L) after 24 h. Larger weights of samples resulted in higher ClO2
concentrations, but the rate of growth of the generated ClO2 remained substantially lower
than expected. There was no significant difference in the produced sodium chlorite of
samples of higher weights. The ClO2 production per weight data, however, show a gradual
decrease in the ClO2 generation ability with increasing fiber weights, along with the yield
of generated ClO2 compared to the theoretical values calculated from the NaClO2–acid
reaction [31]. During the 24 h experiment, the ClO2 production ability and yield of 1 mg
samples reached 65.8 ppm/mg and 89%, respectively, while the 30 mg samples could
produce only 4.8 ppm/mg and 6.58% of the potential ClO2 yield (Figure 4, Table 1).

Figure 5a shows the effect of carbon dioxide concentration on the ClO2 production
ability of the NaClO2-loaded PEO fibers. We placed 5 mg of NaClO2-loaded PEO samples
into amber glass bottles containing 5, 10 and 15% (v/v) of CO2, while humidity was kept
above 95% and the temperature was set to 37 ◦C. After 24 h, there was no substantial differ-
ence in the produced ClO2. However, the time of exposure to CO2 in a humid environment
resulted in significantly higher CO2 concentrations after 48 and 72 h (Figure 5b).
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Figure 4. Chlorine dioxide production and chlorine dioxide production per weight of 1, 5, 10, 15, 20
and 30 mg samples.

Table 1. Yield of generated ClO2 by samples of different weights calculated from the theoretical ClO2

production of sodium chlorite in acidic environment.

msample (mg) nNaClO2
(mmol) c(ClO2)g (ppm)

c(ClO2)g

Theoretical (ppm) 1 Yield (%)

1 0.217 65.79 73.57 89.43
5 1.084 115.54 367.85 31.41
10 2.168 134.93 735.69 18.34
15 3.252 135.91 1103.54 12.32
20 4.336 141.16 1471.38 9.59
30 6.504 145.23 2207.07 6.58

1 Equations used to calculate the theoretical ClO2 concentration are shown in the Supplementary Materials.

Figure 5. Effect of carbon dioxide concentration (a) and time (b) on ClO2-generating ability of 5 mg
NaClO2-loaded PEO fibers.

3.4. Bacterial Inactivation Study

Figure 6a shows the setup of the bacterial inactivation experiment, while in Figure 6b,
plates are shown after incubation and counting. We investigated the microorganism elimi-
nating capacity of NaClO2-loaded PEO fibers of 1, 5 and 10 mg, along with unloaded PEO
fibers. The average number of surviving colonies per plate is shown in Figure 7. In the case
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of unloaded PEO control samples, the number of colonies was too numerous to be counted
in every parallel experiment, indicating that the reaction medium was optimal for bacterial
growth (Figures 6b and 7). As the weight of NaClO2-loaded PEO samples increased, the
average survival decreased to zero. Only in one of the three parallels could surviving
colonies be counted in the case of 1 and 5 mg NaClO2-loaded PEO samples, indicated by
arrows (Figure 6b). Bacterial growth did not occur with 10 mg of NaClO2-loaded fibers.

Figure 6. Experimental setup for bacterial inactivation study (a) and surviving colonies after incuba-
tion and counting (b) (S0: unloaded PEO fibers—control, S1: 1 mg NaClO2-loaded PEO, S2: 5 mg
NaClO2-loaded PEO, S3: 10 mg NaClO2-loaded PEO fibers).

Figure 7. Average surviving colonies per plate of control (S0) and NaClO2-loaded PEO fibers (S1:
1 mg, S2: 5 mg, S3: 10 mg).

4. Discussion

Scanning electron microscopy was used to evaluate the morphology of neat and
NaClO2-loaded PEO-based samples prepared by electrospinning. The spinning process
resulted in smooth and uniform fibers both in the case of unloaded PEO and NaClO2-loaded
PEO samples; however, there was a substantial difference in the average fiber diameters.
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The applied voltage was 10.5 kV during the spinning of PEO fibers, which appeared to be
insufficient when spinning NaClO2-loaded PEO samples; thus, the electric field needed
to be increased. Generally, higher voltages result in lower fiber diameters, as the force
pulling the fiber jet from the needle tip increases, resulting in the stretching and thinning
of the ejected jet. However, studies have shown that the effect of higher voltages on
fiber diameter may vary and depends on the composition of the precursor solution and
other parameters of the electrospinning process [32,33]. The presence of inorganic salts
increases the surface charge density and conductivity of the precursor polymer solution.
The coulombic and electrostatic forces occurring between surface particles influence the
stretching and thinning of the electrospun jet. Depending on the characteristics of the
polymer macromolecule and the inorganic salt, the overall effect of the increasing salt
concentration can result in either higher or lower average fiber diameter. In the case of
polyvinylpyrrolidone (PVP), LiCl and MgCl2 had an increasing effect on fiber diameter,
while NaCl decreased the average diameter [34]. The average fiber diameter of LiCl-loaded
PEO nanofibers increased with higher salt concentrations [35]. After a slight decrease in
the lower concentration regions, FeCl3 resulted in significantly thicker fibers when added
to polyvinylidene fluoride. Lithium bromide, however, caused substantial thinning of the
fibers when added to a styrene-based polymer system [36]. Figure 2 shows that NaClO2
present in the NaClO2-loaded PEO precursor solution and higher applied voltage together
result in significantly thinner fibers compared to the PEO control sample.

Bands and intensities of the NaClO2-loaded PEO and unloaded PEO spectra are
similar, except for the region around the peak at 842 cm−1, where a slight broadening can
be observed on the NaClO2-loaded PEO spectrum (Figure 3a). Sodium chlorite has its most
intense bands at 800 and 823 cm−1 (Figure 3c). Due to the significant (ca. 50-fold) difference
in the concentrations of PEO and NaClO2, and the presence of the strong band at 842 cm−1

on the PEO spectrum, the intense peaks of NaClO2 are covered on the NaClO2-loaded PEO
spectrum. The presence of NaClO2 in the fibrous sample causes only a minor broadening
at the base of the peak at 842 cm−1 on the NaClO2-loaded PEO spectrum. Figure 3a,b also
suggests that major changes did not occur in the structure and functional groups of PEO
after loading NaClO2.

To evaluate the sodium chlorite generating ability of NaClO2-loaded PEO fibers, we
placed samples into humid medium containing 5% (v/v) of CO2 and incubated them at
37 ◦C for 24 h. One of the common methods of ClO2 production is based on the reaction of
sodium chlorite and acid (see Supplementary Materials). This phenomenon occurred in
the fibrous mesh where carbonic acid, formed by water vapor and CO2 gas in situ, was the
reactant. The high surface-to-volume ratio of nanofibers provides enough reaction sites
for NaClO2 to form chlorine dioxide in the presence of H2CO3. A given portion of the
generated chlorine dioxide dissolves in the excess of water placed in the 0.5 mL container.
The concentration in the gas phase can be calculated from the data measured in the aqueous
solution (see Supplementary Materials). In the case of the 1 mg NaClO2-loaded PEO sample,
the yield was above 89% after 24 h of incubation (Table 1). However, higher amounts of
NaClO2-loaded fibers did not result in proportionally higher ClO2 concentrations in the
same experiment (Figure 4). This phenomenon could be attributed to the chemical reaction
limited by the low concentration of carbon dioxide. Therefore, to test our hypothesis, we
investigated the effect of higher CO2 concentrations on the ClO2-producing ability of the
NaClO2-loaded fibers. The evaluation of the effect of carbon dioxide on ClO2 production
showed that the limiting factor was not the concentration of the acidic reactant, as the
ClO2 production did not change significantly after a two- and a three-fold increase in CO2
concentration (Figure 5a). It has also been shown that the time of exposure has a substantial
impact on ClO2 production. Data suggest that the chlorine dioxide production in fiber
samples is determined not only by the concentration of the reactants. When placing PEO
nanofibers in a humid environment or fibers in contact with water directly, rapid dissolution
and swelling of the mesh occur, resulting in a gel-like structure [37]. In our experiment,
similar sizes were cut from the electrospun sample, but the thickness of the sample varied
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with spinning time (Figure 1). When preparing larger weights, the spinning time extended,
resulting in an increase in the thickness of the fiber mesh. As swelling occurs in the outer
layers of the sample, the fibrous texture disintegrates, the surface-to-volume ratio decreases
and the gel-like layer acts as a barrier for diffusion, resulting in a reduced number of reaction
sites and slower ClO2 production. The bacteria-eliminating ability of NaClO2-loaded PEO
samples was tested in humid medium (RH > 95%) containing 5% CO2, similar to human
breath. The overall ClO2 production in the 24 h experiment led to substantial bacterial
inactivation with only slight deviations occurring in the average CFU/plate values of 1 and
5 mg samples. The inoculating loops placed into the bottles contained ca. 2.8 × 106 CFUs,
as their volume was 1 µL. The number of surviving colonies was too large to be counted
regarding unloaded PEO fibers, while 1 and 5 mg of NaClO2-loaded PEO fibers reduced
the average CFU/plate to 1.67 ± 2.87 and 1.00 ± 1.73 after 24 h, respectively. Chlorine
dioxide emitted into the gas phase from samples weighing 10 mg killed all bacteria placed
on the inoculating loops.

The dissolution and gelation of the nanofibers in humid media can be a source of
prolonged ClO2 production; however, the structural changes may impair the usability
of the fibrous mesh in certain conditions. The possible modifications and tailoring of
the formulation by various polymers and compositions should be a matter of further
investigation. A deeper understanding and investigation of the ClO2 production kinetics is
also desirable.

5. Conclusions

Chlorine-dioxide-emitting, NaClO2-loaded PEO nanofibers were prepared via elec-
trospinning. Chlorine dioxide generated from NaClO2-loaded PEO samples eliminated
bacteria from the gas phase successfully in 5% (v/v) CO2 and RH > 95% in 24 h. The
presence of the active ingredient did not result in major structural changes in the FTIR
spectrum of the polymer. Chlorine dioxide production ability was measured from differ-
ent weights of fibrous samples, and ClO2 yield was calculated. Exposing smaller fibrous
samples to CO2 and humidity resulted in an increased ClO2 production ability and higher
yield, while a higher mass of fibrous layer of nearly equal surface area could not produce
proportionally higher amounts of chlorine dioxide. The concentration of CO2 did not
alter the ClO2 production of the samples, while time of exposure increased the concentra-
tion of the generated chlorine dioxide. Fibrous NaClO2-loaded PEO samples present a
substantial antimicrobial effect in conditions similar to exhaled air, as chlorine dioxide is
formed in situ via the chlorite ion–acid reaction and emitted to the gas phase. One of the
possible applications of the formulation discussed in our work may be the filters used in
face masks, as the exhaled air is disinfected by chlorine dioxide generated from the fibers.
Preventing the possible inhalation of ClO2 and providing one-way flow may be achieved
by using breathing valves; however, toxicological evaluation is required. Electrospinning
represents an effective and continuous method in the preparation of nanofibers. Industrial
implementation and upscaling of the technique are also widely studied [38]. Electrospun,
nanofiber-based formulations equipped with effective antimicrobial agents can serve as
suitable tools in the protection against the wide spread of pathogens.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12091481/s1, Equations (S1)–(S3): Chlorine dioxide production
via the chlorite ion—acid system, Table S1: [ClO2]g (M)/[ClO2]aq (M) distribution constant (Kθ) at
different temperatures, Figure S1: Distribution constant at different temperatures along with the
fitted polynomial equation [27,31].

Author Contributions: Conceptualization, B.P. (Barnabás Palcsó); methodology, B.P. (Barnabás
Palcsó) and A.K.; formal analysis, B.P. (Barnabás Palcsó); investigation, B.P. (Barnabás Palcsó);
resources, B.P. (Barnabás Palcsó), A.H., Á.G., B.P. (Balázs Pinke) and L.M.; data curation, B.P. (Barnabás
Palcsó); writing—original draft preparation, B.P. (Barnabás Palcsó); writing—review and editing,
A.K., A.H., Á.G., B.P. (Balázs Pinke), L.M. and R.Z.; visualization, B.P. (Barnabás Palcsó) and B.P.
(Balázs Pinke); supervision, R.Z.; project administration, B.P. (Barnabás Palcsó); funding acquisition,



Nanomaterials 2022, 12, 1481 11 of 12

B.P. (Barnabás Palcsó), A.K. and R.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by ÚNKP-20-3-II-SE-35 and ÚNKP-20-4-I-SE-27 New National
Excellence Program of the Ministry for Innovation and Technology, Hungary.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the Ministry for Innovation and Technology,
Hungary for the financial support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Messler, S.; Klare, I.; Wappler, F.; Werner, G.; Ligges, U.; Sakka, S.G.; Mattner, F. Reduction of nosocomial bloodstream
infections and nosocomial vancomycin-resistant Enterococcus faecium on an intensive care unit after introduction of antiseptic
octenidine-based bathing. J. Hosp. Infect. 2019, 101, 264–271. [CrossRef] [PubMed]

2. McDonnell, G.; Russell, A.D. Antiseptics and disinfectants: Activity, action, and resistance. Clin. Microbiol. Rev. 1999, 12, 147–179.
[CrossRef] [PubMed]

3. Hardy, K.; Sunnucks, K.; Gil, H.; Shabir, S.; Trampari, E.; Hawkey, P.; Webber, M. Increased Usage of Antiseptics Is Associated
with Reduced Susceptibility in Clinical Isolates of Staphylococcus aureus. mBio 2018, 9, Issue 3. e00894–e00918. [CrossRef]

4. Nicolae Dopcea, G.; Dopcea, I.; Nanu, A.E.; Diguta, C.F.; Matei, F. Resistance and cross-resistance in Staphylococcus spp. strains
following prolonged exposure to different antiseptics. J. Glob. Antimicrob. Resist. 2020, 21, 399–404. [CrossRef] [PubMed]

5. Kampf, G. Antibiotic Resistance Can Be Enhanced in Gram-Positive Species by Some Biocidal Agents Used for Disinfection.
Antibiotics 2019, 8, 15. [CrossRef]

6. Zhang, Y.Z.; Zhao, Y.J.; Xu, C.Q.; Zhang, X.C.; Li, J.H.; Dong, G.F.; Cao, J.M.; Zhou, T.L. Chlorhexidine exposure of clinical
Klebsiella pneumoniae strains leads to acquired resistance to this disinfectant and to colistin. Int. J. Antimicrob. Agents 2019,
53, 864–867. [CrossRef]

7. Liu, W.J.; Fu, L.; Huang, M.; Zhang, J.P.; Wu, Y.; Zhou, Y.S.; Zeng, J.; Wang, G.X. Frequency of antiseptic resistance genes and
reduced susceptibility to biocides in carbapenem-resistant Acinetobacter baumannii. J. Med. Microbiol. 2017, 66, 13–17. [CrossRef]

8. Herczegh, A.; Gyurkovics, M.; Agababyan, H.; Ghidán, Á.; Lohinai, Z. Comparing the efficacy of hyper-pure chlorine-dioxide
with other oral antiseptics on oral pathogen microorganisms and biofilm in vitro. Acta Microbiol. Immunol. Hung. 2013, 60, 359–373.
[CrossRef]

9. Wen, G.; Xu, X.; Huang, T.; Zhu, H.; Ma, J. Inactivation of three genera of dominant fungal spores in groundwater using chlorine
dioxide: Effectiveness, influencing factors, and mechanisms. Water Res. 2017, 125, 132–140. [CrossRef]

10. Venkatnarayanan, S.; Sriyutha Murthy, P.; Kirubagaran, R.; Venugopalan, V.P. Chlorine dioxide as an alternative antifouling
biocide for cooling water systems: Toxicity to larval barnacle Amphibalanus reticulatus (Utinomi). Mar. Pollut. Bull. 2017,
124, 803–810. [CrossRef]

11. Ofori, I.; Maddila, S.; Lin, J.; Jonnalagadda, S.B. Chlorine dioxide inactivation of Pseudomonas aeruginosa and Staphylococcus

aureus in water: The kinetics and mechanism. J. Water Process. Eng. 2018, 26, 46–54. [CrossRef]
12. Stratilo, C.W.; Crichton, M.K.; Sawyer, T.W. Decontamination Efficacy and Skin Toxicity of Two Decontaminants against

Bacillus anthracis. PLoS ONE 2015, 10, e0138491. [CrossRef] [PubMed]
13. Wei, R.; Wang, X.; Cao, Y.; Gong, L.; Liu, X.; Zhang, G.; Guo, C. Chlorine Dioxide Inhibits African Swine Fever Virus by Blocking

Viral Attachment and Destroying Viral Nucleic Acids and Proteins. Front. Vet. Sci. 2022, 9, 844058. [CrossRef] [PubMed]
14. Noszticzius, Z.; Wittmann, M.; Kály-Kullai, K.; Beregvári, Z.; Kiss, I.; Rosivall, L.; Szegedi, J. Chlorine dioxide is a size-selective

antimicrobial agent. PLoS ONE 2013, 8, e79157. [CrossRef] [PubMed]
15. Akamatsu, A.; Lee, C.; Morino, H.; Miura, T.; Ogata, N.; Shibata, T. Six-month low level chlorine dioxide gas inhalation toxicity

study with two-week recovery period in rats. J. Occup. Med. Toxicol. 2012, 7, 8. [CrossRef] [PubMed]
16. Ma, J.W.; Huang, B.S.; Hsu, C.W.; Peng, C.W.; Cheng, M.L.; Kao, J.Y.; Way, T.D.; Yin, H.C.; Wang, S.S. Efficacy and Safety

Evaluation of a Chlorine Dioxide Solution. Int. J. Environ. Res. Public. Health 2017, 14, 329. [CrossRef]
17. Vincenti, S.; de Waure, C.; Raponi, M.; Teleman, A.A.; Boninti, F.; Bruno, S.; Boccia, S.; Damiani, G.; Laurenti, P. Environmental

surveillance of Legionella spp. colonization in the water system of a large academic hospital: Analysis of the four-year results on
the effectiveness of the chlorine dioxide disinfection method. Sci. Total Environ. 2019, 657, 248–253. [CrossRef]

18. Trinh, V.M.; Yuan, M.-H.; Chen, Y.-H.; Wu, C.-Y.; Kang, S.-C.; Chiang, P.-C.; Hsiao, T.-C.; Huang, H.-P.; Zhao, Y.-L.; Lin, J.-F.; et al.
Chlorine dioxide gas generation using rotating packed bed for air disinfection in a hospital. J. Clean. Prod. 2021, 320, 128885.
[CrossRef]



Nanomaterials 2022, 12, 1481 12 of 12

19. Lowe, J.J.; Gibbs, S.G.; Iwen, P.C.; Smith, P.W.; Hewlett, A.L. Impact of Chlorine Dioxide Gas Sterilization on Nosocomial
Organism Viability in a Hospital Room. Int. J. Environ. Res. Public. Health 2013, 10, 2596–2605. [CrossRef]

20. Lowe, J.J.; Hewlett, A.L.; Iwen, P.C.; Smith, P.W.; Gibbs, S.G. Evaluation of ambulance decontamination using gaseous chlo-
rine dioxide. Prehosp. Emerg. Care 2013, 17, 401–408. [CrossRef]

21. Saini, R. Efficacy of preprocedural mouth rinse containing chlorine dioxide in reduction of viable bacterial count in dental aerosols
during ultrasonic scaling: A double-blind, placebo-controlled clinical trial. Dent. Hypotheses 2015, 6, 65–71. [CrossRef]

22. Yeturu, S.K.; Acharya, S.; Urala, A.S.; Pentapati, K.C. Effect of Aloe vera, chlorine dioxide, and chlorhexidine mouth rinses on
plaque and gingivitis: A randomized controlled trial. J. Oral Biol. Craniofac. Res. 2016, 6, 54–58. [CrossRef]

23. Palcso, B.; Moldovan, Z.; Suvegh, K.; Herczegh, A.; Zelko, R. Chlorine dioxide-loaded poly(acrylic acid) gels for prolonged
antimicrobial effect. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 98, 782–788. [CrossRef] [PubMed]

24. Zhou, S.; Hu, C.; Zhao, G.; Jin, T.; Sheen, S.; Han, L.; Liu, L.; Yam, K.L. Novel generation systems of gaseous chlorine dioxide for
Salmonella inactivation on fresh tomato. Food Control 2018, 92, 479–487. [CrossRef]

25. Son, W.K.; Youk, J.H.; Lee, T.S.; Park, W.H. The effects of solution properties and polyelectrolyte on electrospinning of ultrafine
poly(ethylene oxide) fibers. Polymer 2004, 45, 2959–2966. [CrossRef]

26. Chuang, Y.-H.; Wu, K.-L.; Lin, W.-C.; Shi, H.-J. Photolysis of Chlorine Dioxide under UVA Irradiation: Radical Formation,
Application in Treating Micropollutants, Formation of Disinfection Byproducts, and Toxicity under Scenarios Relevant to Potable
Reuse and Drinking Water. Environ. Sci. Technol. 2022, 56, 2593–2604. [CrossRef]

27. Kály-Kullai, K.; Wittmann, M.; Noszticzius, Z.; Rosivall, L. Can chlorine dioxide prevent the spreading of coronavirus or other
viral infections? Medical hypotheses. Physiol. Int. 2020, 107, 1–11. [CrossRef]

28. Fiore, E.; Van Tyne, D.; Gilmore, M.S. Pathogenicity of Enterococci. Microbiol. Spectr. 2019, 7, 189–221. [CrossRef]
29. Shetty, S.S.; Jayarama, A.; Karunasagar, I.; Pinto, R. A review on chemi-resistive human exhaled breath biosensors for early

diagnosis of disease. Mater. Today: Proc. 2022, 55, 122–126. [CrossRef]
30. Saravanan, L.; Subramanian, S. Surface Chemical Studies on Silicon Carbide Suspensions in the Presence of Poly (Ethylene Glycol)

and Chitosan. Colloid Surf. Sci. 2017, 2, 6–20. [CrossRef]
31. Kieffer, R.G.; Gordon, G. Disproportionation of chlorous acid. II. Kinetics. Inorg. Chem. 1968, 7, 239–244. [CrossRef]
32. Cramariuc, B.; Cramariuc, R.; Scarlet, R.; Manea, L.R.; Lupu, I.G.; Cramariuc, O. Fiber diameter in electrospinning process.

J. Electrost. 2013, 71, 189–198. [CrossRef]
33. Edikresnha, D.; Suciati, T.; Khairurrijal, K. Preliminary study of composite fibers polyvinylpyrrolidone/cellulose acetate loaded

by garlic extract by means of electrospinning method. Mater. Today: Proc. 2021, 44, A1–A4. [CrossRef]
34. Nartetamrongsutt, K.; Chase, G.G. The influence of salt and solvent concentrations on electrospun polyvinylpyrrolidone fiber

diameters and bead formation. Polymer 2013, 54, 2166–2173. [CrossRef]
35. Yalcinkaya, F.; Yalcinkaya, B.; Jirsak, O. Influence of Salts on Electrospinning of Aqueous and Nonaqueous Polymer Solutions.

J. Nanomater. 2015, 2015, 134251. [CrossRef]
36. Fan, L.; Xu, Y.; Zhou, X.; Chen, F.; Fu, Q. Effect of salt concentration in spinning solution on fiber diameter and mechanical

property of electrospun styrene-butadiene-styrene tri-block copolymer membrane. Polymer 2018, 153, 61–69. [CrossRef]
37. Chen, C.-K.; Liao, M.-G.; Wu, Y.-L.; Fang, Z.-Y.; Chen, J.-A. Preparation of Highly Swelling/Antibacterial Cross-Linked

N-Maleoyl-Functional Chitosan/Polyethylene Oxide Nanofiber Meshes for Controlled Antibiotic Release. Mol. Pharm. 2020,
17, 3461–3476. [CrossRef]

38. Angel, N.; Li, S.; Yan, F.; Kong, L. Recent advances in electrospinning of nanofibers from bio-based carbohydrate polymers and
their applications. Trends Food Sci. Technol. 2022, 120, 308–324. [CrossRef]


	Introduction 
	Materials and Methods 
	Materials 
	Precursor Polymer Solutions and Electrospinning 
	Fourier-Transform Infrared (FTIR) Spectroscopy 
	Scanning Electron Microscopy 
	Chlorine Dioxide Production of the Fibrous Samples 
	Experimental Setup 
	Measurements and Data Analysis 

	Bacterial Inactivation Study 

	Results 
	Morphological Characterization 
	FTIR Analysis 
	Chlorine Dioxide Production 
	Bacterial Inactivation Study 

	Discussion 
	Conclusions 
	References

