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1. INTRODUCTION

Over the past few decades and especially in the last 2 and a half years a greater
emphasis is put on antiseptic agents in public health. Antiseptics possess general
mechanisms of action by which they are able to eliminate a great variety of pathogens.
Such agents could aid the fight against widespread antimicrobial resistance and slow
down the escalation of an epidemic. Polymer-based formulations are suitable carriers

for such agents as they enable their application under multiple circumstances.

1.1.  The main characteristics of chlorine dioxide
1.1.1. Physical and chemical properties of chlorine dioxide

Chlorine dioxide (CIOy) is a greenish-yellow gas at room temperature with a
boiling point of 11°C and a chlorine-like odor. (1). The oxidation number of the
chlorine atom in the molecule is +4, the 3 atoms share a total number of 19 valence
electrons, thus the ClO2 molecule is neutral and exists as a free radical (2). Figure 1

shows two possible states of electron distribution in the molecule.

Figure 1 Molecular geometry and two of the possible Lewis structures of CIO..

One of the unusual properties of CIO is the stability despite the unpaired
electron present in the molecule. Under normal conditions, no reaction occurs between
ClO2 molecules. However, the storage of the substance still represents a considerable
difficulty. Upon exposure to light, CIO2 undergoes a rapid photodecomposition reaction
(3). If the concentration of the gas is higher than 10% (v/v) in the storage tank, an
explosive decomposition takes place in the presence of air (4). Due to the restrictions
regarding the transportation of gaseous ClO2, the substance is usually generated in situ
at the site of use (5).
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Chlorine dioxide is highly soluble in water and does not react upon dissolution.
Due to its volatility, it liberates rapidly from the aqueous solution (1). When protected
from light, the neutral aqueous solution of CIO- can be stored for long periods of time at
cool temperatures, especially in fully filled amber glass bottles. Some of the
commercially available aqueous CIO; products are fitted with a special two-piece cap
that is impermeable to CIO2. When there is a headspace above the aqueous solution,
ClO: is distributed between the two phases. The concentration of the aqueous and
gaseous form is determined by the temperature and can be calculated with an
equilibrium ratio (6). The concentration of CIO; is usually given in ppm, which stands

for mg/L in aqueous solutions or pL/L in the gas phase.

1.1.2. Methods for CIO2 production

The main source of CIO, generation is usually sodium chlorite (NaClOy).
Chlorite ion has to undergo oxidation to form ClO.. One of the common methods uses
chlorine in the form of an aqueous solution or moist gas. The chlorite ion — chlorine

reaction can be described by Eq. 1 (gaseous) and 2 (aqueous) (7).

2ClO; +Cl, > 2 ClO2+2Cl (Eg. 1)

2 ClO; + HOCI — 2 ClO2 + 2 Cl' + OH (Eq. 2)

Water treatment facilities usually use this method to generate CIO2. Chlorine
water and chlorite solution are introduced simultaneously into the reaction chamber,
while the generated CIO> is discharged into the water system (8).

Chlorite ions can undergo protonation and self-decomposition reaction in the
presence of acid. In this reaction CIO2, chloride and chlorate ions are produced.
Chloride ion functions as a catalyzer, thus CIO> is formed more effectively as the
reaction proceeds. In the beginning, only half of the chlorite ions produce ClO,. As the
concentration of chloride increases, the stoichiometry changes and 80% of the chlorite
ion forms ClO». The actual stoichiometry is a linear combination of the two limiting
cases. Eq. 3 describes the protonation of the chlorite ion, while Eq. 4 and 5 show the

uncatalyzed and catalyzed reactions, respectively (9).
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H™ + CIO; = HCIO; (Eq.3)
4HCIO; —» 2ClOz + ClOs +CI +2 H™ + H,0 (Eq. 4)
5HCIO; — 4 ClO2 + Cl + H' + 2 H,0 (Eq. 5)

The major drawback of this system is that chlorate ion is produced and the yield
of CIOz is lower due to the formation of chlorate and chloride ions. This method is often
used in the paper industry.

An electrochemical method can be also used to oxidize chlorite ions. The

reaction is described by Eq. 6.

2 ClO; + 2H20 — 2 ClO2 + 2 OH + Hy (Eg. 6)

This reaction uses only one starting material and generates no chlorate or
chloride ion, thus the yield is at maximum. The electrochemical generator is suitable for
lab-scale production of ClOa.

It is possible to produce CIO, from chlorate ions and hydrogen peroxide. A
strong acidic media is required for the reduction of chlorate. In the reaction, oxygen is
generated as a by-product. The shortcoming of the system is that chlorate ion and
hydrogen peroxide is generated via electrolysis and the optimum operation conditions of

these methods are not yet established (10).

1.1.3. Reactivity and mechanism of action of CIO>

Chlorine dioxide is regarded as a strong oxidizing agent, transferring one
electron from its reaction partner in most cases. In the first step ClO2 forms chlorite ion
(CIO2), while under suitable conditions, further reduction leads to the formation of
chloride ion. Despite its reactive nature, ClO, is rather a selective oxidant. In its
reactions with organic molecules, ClO2 does not break the carbon-carbon bonds, thus
chlorination does not occur. The reactions of CIO, with carbohydrates, alcohols,
primary and secondary amines and carbonyl groups have been examined several

decades ago (11). These reactions are considered to be slow compared to the oxidation
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of the thiol group, phenolic compounds, and tertiary amines, that react with ClO;
rapidly (12).

Experiments investigating the mechanism of the antimicrobial activity of CIO>
revealed that the inactivation of pathogens by CIO: relies on its reactions with proteins.
An early examination showed that the reaction with the viral capsid proteins leads to the
elimination of the bacterial virus 2, while the viral RNA is mostly unaffected (13).
Since then, a deeper understanding of the ClO, — protein reactions have been acquired.
It has been found that three amino acids, cysteine, containing a thiol group, tyrosine, a
phenolic compound, and tryptophan with an indole side chain are the most reactive
components of the viral peptides (14-18). The rapid oxidative modification of these
amino acids by CIlO leads to the denaturation of the protein and the subsequent
elimination of the pathogen (19). Figure 2 shows the three fast-acting amino acids and
the products formed in the reaction with CIO2. The oxidation leads to the formation of
covalent bonds between thiol groups of cysteine and changes in the capability for
secondary interactions in the case of tyrosine and tryptophan, thus modifications of the

tertiary and quaternary protein structure occur.

ClO,

Figure 2 Oxidation of amino acids in the presence of CIO and illustration of the

subsequent changes in the protein structure.

1.1.4. Antimicrobial spectrum of CIO>

The antimicrobial activity of ClO. relies on the inhibition of proteins which
results in loss of function and inhibition of vital functions of the pathogens. Since
proteins are universal macromolecules across cells and viruses, CIO2 is potentially

effective against all kinds of pathogens, including viruses, bacteria, fungi, and protozoa.
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As mentioned above, the reaction between CIO> and viral peptides has been in the focus
of investigations for a long time. The effectiveness of ClIO; gas against influenza A
virus has been proven in an experiment where ClO. was administered simultaneously
with the aerosol of the virus. A very low concentration of the gas was able to decrease
mortality to zero among mice (20). The strong inactivation of influenza A was due to
the inhibition of the receptor-binding ability of the virus via the oxidation of a
tryptophan in the hemagglutinin spike protein (21). The effectiveness of CIO, against a
great variety of viruses, such as polio, rotavirus, hepatitis A and HIN1 has been
confirmed (22-26). In these experiments, ClO. aqueous solutions of different
concentrations were used. A 4-log removal of viruses was achieved in the 0.2 - 1.0 ppm
concentration range, depending on the species. The contact time during which the given
magnitude of reduction was achieved, varied between 2 and 60 minutes. Influenza A
H1N1, an enveloped virus was among the more species with an above 4.5-log reduction
under 5 minutes in the presence of 0.5 ppm CIO: solution, while 0.4 ppm CIO- reached
a 4-log reduction of the non-enveloped hepatitis A virus under 20 minutes.

The volatility of CIO> plays a significant role in its antimicrobial effectiveness. It
is able to reach and kill pathogens in the gas phase and areas where regular antiseptics
have no access. However, it has been shown that CIO> gas itself has lower effectiveness
against viruses in a ‘dry state’ compared to when moisture is present, thus a certain
level of humidity is desired when gaseous CIO is used (27).

Bacteria are a magnitude larger in size, have more complex cell functions and
contain a higher concentration of substrates for ClO., thus higher concentrations are
required for bacterial inactivation. An aqueous CIO> concentration of 5 ppm was found
to be suitable for the elimination of Pseudomonas aeruginosa and Staphylococcus
aureus. The investigation of bacterial cell morphology revealed that CIO: is likely to
kill the pathogen by diffusing through the cell wall to deactivate its substrates proteins.
An increased cytoplasmic and outer membrane permeability and release of the vital cell
structures lead to the death of bacteria (28). A number of nosocomial pathogens,
including MRSA were isolated from sources such as blood, urine and wound infection
and were exposed to sub-toxic levels of CIO> and chlorine gas. No survival could be
observed in the CIO2 group. However, partial growth was seen with chlorine gas. The

amount of the two oxidizing agents was similar, unfortunately, exact data on the
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concentrations are not available (29). Highly prevalent nosocomial pathogens
(Pseudomonas spp., Stenotrophomonas spp. and non-tuberculotic mycobacteria) were
eliminated from the water of a hospital after the introduction of 0.3-0.5 ppm CIO: into
the system (30). Chlorine dioxide shows strong inactivating effect against high-
resistance bacterial structures, such as Bacillus anthracis spores and biofilms (31-33).
As the main structural elements and macromolecules are the same across organisms,
ClO. is effective against a wide range of species. Inactivation of fungi, algae,

zooplankton, and larvae has been reported (34-37).

1.1.5. Applications of CIO;

After its discovery in 1814, CIO. served mostly as a water purifying agent in
Europe and later in the US (38). It replaced chlorine in water treatment plants due to its
ability to eliminate pathogens effectively and remove phenolic odors and tastes from
water over a wide pH range without forming chlorinated organic compounds (39, 40).
The maximum concentration of the oxidizing agent allowed in municipal water
treatment is 0.8 ppm, while 4 ppm can be used in surface water treatment. Later ClO>
supplanted chlorine also in the paper industry. With the use of CIO. as a bleaching
agent, durable and white fibers can be produced without the unwanted by-products
associated with chlorine. The CIO2 concentration for wood pulp bleaching is usually
above 5000 ppm. Recently, CIO> was approved as a disinfectant and bleaching agent in
the food industry. The maximum CIO> concentration can be 3 ppm when it is used as a
bleaching agent for flour or as an antimicrobial agent in poultry processing (41).

Despite being approved as antiseptic, the use of ClO2 has not been widespread in
the medical field as topical disinfectant. Among the factors restricting its use are the
transportation and storage requirements of CIO>. It should be generated at the site of use
with one of the methods mentioned above. The continuous and large-scale production of
ClO; at the site of application can be efficient and sustainable in water plants or in the
paper industry, however, these methods are hard to implement in a clinical setting. The
presence of impurities and by-products in the produced CIO> solution, such as acid or
chlorate are also matters of concern. However, decontamination of surfaces and air in
medical facilities have been successfully carried out. A number of hospitals uses CIO>

to reduce microbial colonization in their water systems (42-44). In the past few years,



DOI:10.14753/SE.2022.2766

decontamination of ambulance vehicles and hospital rooms with gaseous ClO> has also
been reported (45-48).

So far, the application of CIO2 in human medicine has been mostly on an
experimental level. There are commercially available ClO2-containing products on the
market, such as mouthwashes, however, these are mostly two-part products containing a
NaClO: solutions and an acidic solution separately. The use of CIO. in healthcare is
burdened by pseudoscience, which proposes CIO; as an ultimate solution to serious
illnesses and suggests the oral administration of high-concentration CIO2 solutions. In
these cases, usually an acidic NaClO- solution is used instead of pure ClIO2 aqueous
solution (49). The potential use of CIO> as topical disinfectant is supported by several
studies. When applied on an infected human skin simulant, CIO2 was able to eliminate
Bacillus anthracis spores successfully. In addition, the toxicity of CIO, was
significantly lower than that of NaClO2 (32). In a randomized controlled trial, CIO;
showed substantial antibacterial effect as a wound irrigant and caused no skin-related
adverse effects (50). Chlorine dioxide shows promising results in oral and dental
infections. When used as a mouth rinse in chronic candidiasis of the oral mucosa, it
reduced the total CFU significantly after 10 days of treatment, without any major side
effects (51). Similarly, ClIO2 was able to reduce tongue coat and dental plaque formation
substantially when administered as a mouthwash (35, 52). High purity ClO, aqueous
solution was more effective against intracanal biofilm than other conventional
antiseptics used in dental care (53). In conclusion, data support the topical use of ClO2
in infections, however, caution is required regarding the concentration and purity of the

applied aqueous solution.

1.2.  Toxicological profile and the safety of ClO2

Chlorine dioxide is a strong oxidizing agent that exists in gaseous and agqueous
forms, therefore its potential adverse reactions after inhalation and oral administration
have to be evaluated. Data on its toxicity in humans is derived mainly from reports of
occupational accidents and unintentional self-poisonings with unspecified CIO>
products. Designed studies are available about the effects of acute and chronic CIO>
administration in animals. A hindering factor in the evaluation of the safety of CIO is

that in a number of studies about the effectiveness of ClIO2 and the adverse reactions

10
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related to the treatment, ‘activated’ or ‘stabilized’ CIlO2 is used, indicating that CIO> is
generated via the reaction between NaClO2 and acid. In case reports discussing CIO-
intoxication, such CIO. product is usually mentioned as the source of poisoning. In
these cases, the CIOz solution is prepared by mixing (‘activating’) the aqueous NaClO>
solution (the ‘stabilized CIO.”) upon application with the other component, which is the
aqueous solution of a weak acid, such as lactic or citric acid. As discussed before, such
a mixture contains starting materials and by-products from the chlorite — acid reaction

that can affect the biocompatibility and toxicity of the CIO2 solution.

1.2.1. Inhalation

Gaseous ClO2 and aqueous CIO2 mist act as a respiratory tract irritants. The
main clinical signs of respiratory toxicity include pulmonary oedema, bronchitis and
alveolar lesions. One case report has been published regarding death in humans due to
gaseous ClO». According to the report, a bleach tank worker died after being exposed to
ClO2 vapor for an unspecified amount of time (4). In another case, 13 water purification
plant workers suffered from chronic nasal inflammation after being exposed to CIO> gas
from a leak in the pipe system (54). A woman experienced coughing and pharyngeal
irritation after inhaling the vapor of a ClO2-containing bleaching agent. Tachycardia and
leukocytosis were also diagnosed after hospitalization (55). A great amount of data is
available regarding the respiratory effect of CIO2 on animals. Table 1 is a non-
exhaustive summary of the available reported data. The extent of damage caused by the
inhaled gas is determined by the concentration of CIO2 and the exposure time. To help
the comparison of the administration schedules and the total CIO2 intake, a
concentration — time value was calculated by multiplying the concentrations with the
total number of hours during which the animals were exposed to the gas. If the
exposure time is below 14 days, the treatment is regarded as acute. The exposure time is
intermediate when the duration of administration is between 15 and 364 days (4). The
effect of CIO2 on the respiratory system ranges from slight bronchitis to pulmonary
inflammation, lesions and nasal bleeding, depending on the concentrations and exposure
times. Considering the concentration — time values and outcomes, it is hard to set up a

dose-response correlation for the respiratory effects of ClOa.

11
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1.2.2. Oral administration

The probability of producing systemic toxicity in humans is low due to the
reactive nature of ClO,. After oral intake, ClO2 reacts with its substrates, mostly
proteins present in the digestive system. In these reactions chlorite is formed, thus the
effect of chlorite has to be considered. As mentioned before, the presence of chlorite in
the various CIO; products also hinders the evaluation of adverse reactions associated
with ClO,. To this date, no death associated with the oral intake of CIO2 was reported in
the literature. The evidence on the nature and severity of adverse reactions following the
oral administration of CIO2 is sporadic and small in number. A case study reports the
formation of acute and reversible kidney injury due to acute tubular necrosis after the
oral administration of 250 ml of ‘stable C102’ in a 20-year-old male (56). After drinking
a nonspecified form and amount of ClO- solution, a 55-year-old male was hospitalized
with nausea, vomiting and altered mental state (57). To evaluate the effect of CIO2 on
the development during pregnancy, the data from two groups of women were compared.
The first group lived in an area where tap water was disinfected with CIO2 and chlorite,
the second group got access only to drinking water from wells. Higher risk for neonatal
jaundice, smaller cranial circumference and body length was found in infants from the
first group. However, no other factors, as differences in exposure to chemicals or
nutritional habits were considered (58).

Another study found no congenital malformations, neonatal jaundice or lower
Apgar scores in children how lived in an area where drinking water was treated with
ClO2 (59). No adverse reactions were observed in male volunteers after acute and
intermediate intake of CIO2 solution (60, 61). More data is available on the systemic
effects of CIO> in animals. Table 2 shows the clinical outcomes of the administration of
the given doses. The most common adverse reactions associated with the oral intake of
ClO2 were the damage of the mucosa in digestive system, change in thyroid hormone
levels (T3, T4) and haematological alterations. However, most alterations in serum
levels were temporary and the dose-response correlations were not significant.
Methemoglobinemia, a serious consequence of chlorite intake could not be observed in
the case of ClO..

12
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Table 1 Clinical outcome of acute and intermediate exposure of CIOz inhalation in animals. NAR: no adverse reaction, NR: not reported.

Exposure time/ Concentration

Con?en'ﬁ;;mon frequency/ — time value Species Dea(to% ate Clinical signs of toxicity Ref.
P duration (ppm h)
Acute exposure
4 h/day rhinorrhea, altered respiration,
10 for 9 of 13 days 360 rat 60 secondary liver congestion (62)
20 24 h 480 mouse 0 NAR (63)
150 0.25h 125-375 guinea pig 0 NR (64)
150 0.75h 110 guinea pig 100 NR
260 2 h 590 rat o5 p_ulmopary oedema, nasal (62)
bleeding, circulatory engorgement
Intermediate exposure
0.1 24 h/day for 6 months 432 rat NAR (65)
0.1 5 h/day for 2.5 months 35 rat NAR (62)
5 h/day, 5 days/week vascular congestion,
1 for 2 months 2125 rat 0 peribronchiolar oedema (66)
25 7 hiday for 1 month 595 rat 0 bronchial _mflammatlon, alveolar
congestion and haemorrhage (67)
2.5 4 h/day for 1.5 months 450 rabbit 0 slight pulmonary irritation
15 1 h/day for 1 month 450 rat 2 nasal and ocular inflammation, (68)

bronchitis, alveolar lesions

13
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Dose

(my/kg/day) Exposure time Species Clinical signs of toxicity Ref.
0.04 3 months human NAR (60)
0.0014 -0.34 5in 16 days human NAR (61)
9 2-3 months African green monkey oral erythema, ulceration, reduced serum T4 (69)
52 days (10 days prior . .
13 mating, under gestation rat (female) T3 uptake decreased tempor_ar_lly, _temporarlly (70)
> decreased locomotor activity (in pups)
and lactation)
56 days (14 days prior
13 mating, under gestation rat (female) decreased T4, elevated T3 levels (in pups)
and lactation) (71)
14 16 days postnatal rat (pup) decreased T4, lower bodyweight
14 20 days postnatal rat (pup) lower bodyweight, decreased forebrain weights (72)
40 3 months mouse NAR (63)
80 13 weeks rat ulceration, chro_mc m_flammatlon, oede:\ma, (73)
hyperkeratosis, epithelial hyperplasia
decreased osmotic fragility — at 2 months; decreased
testicular DNA synthesis - at 3 months; increased
0.1-100 12 months rat haematocrit — at 7 months; decreased erythrocyte, (74)

haematocrit, haemoglobin levels - at 9 months;
reduced bodyweight

14
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1.2.3. Protective factors against ClO in organisms

When rats were exposed to various concentrations of ClO, (1-100 ppm) during a
2-month period, changes in the GSH reductase and peroxidase levels could be measured
and blood GSH levels decreased. Glutathione was identified as the main protective
factor in the cells (75). Antioxidants, such as glutathione have an important role in the
protection of cells against oxidizing agents. The rate of the reaction between glutathione
and CIOz is higher than the rate of the cysteine — CIO> reaction, which is known to be
the fastest reacting amino acid (15). On a cellular level, pure CIO2 showed significantly
lower toxicity in periodontal ligament stem cells, compared to chlorhexidine and
hydrogen peroxide (76).

Cells have access to continuous exchange of nutrients and waste through tissue
fluid and blood flow. The oxidized substrates can be transported, and a permanent
supply of protective factors is provided. Besides the GSH content of the cells and the
protective role of blood flow, the relative safety of CIlO> relies also on its size
selectivity. If we assume that ClO2 needs to enter and fill up the cell or pathogen in
order to be able to eliminate it, the size of the target organism is crucial. Animal and
human cells are much larger in size and contain a larger amount of substrate for ClO..
The time required for ClO. to permeate through tissue via diffusion is several
magnitudes larger than the amount of time needed to fill up and kill bacteria. In
addition, the concentrations used in disinfection processes are below the tolerability

levels for humans (12).

1.3.  Polymer-based formulations of antiseptics
1.3.1. Antimicrobial resistance and the need for antiseptics

The widespread of drug-resistant pathogens became one of the most serious
challenges in modern medicine. The combination of several concurrent factors, such as
over-prescription and misuse of antibiotics in public healthcare, their extensive use in
agriculture along with a decrease in the development of new antimicrobials led to a
major socio-economic issue (77, 78). To address these problems, it is crucial to
minimize all kinds of non-adequate antibiotic use but also to find safe and effective
alternatives in the elimination of pathogens. Disinfectants and antiseptics are considered
less susceptible to microbial resistance, as their mechanisms of action are more
‘general’ than in the case of antibiotics. Biocides eliminate pathogens by destroying the

cell wall and/or macromolecules essential for the microorganism. Due to the way of

15
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action, biocides are universal in the sense that they are effective against a broad
spectrum of pathogens, but the susceptibility of microorganisms can vary considerably
(79, 80). Both groups of antimicrobial substances are in the focus of prevention of
nosocomial and community-acquired infections (81-83). Although antiseptic agents are
effective against a wide range of pathogens, they do not cover the whole spectrum.
Relative resistance against widely used biocides has also been reported (84-87).

A great advantage of CIO. is its insusceptibility to microbial resistance
mechanisms as the mutations in the amino acid sequence do not change the general
susceptibility of the proteins to the denaturalizing effect of ClIO,. However, it was found
that different serotypes of the same viral species show different susceptibility to ClO>
depending on the amino acid sequence of the viral protein (26, 88). Considering the
various reaction rates of the oxidation of amino acids, it can be presumed that the actual
inactivation efficiency of a given species depends on the number and position of the
fast-reacting moieties present in the crucial protein regions. By adjusting the

concentration of ClO, effective antimicrobial activity can be achieved (89).

1.3.2. Antiseptic hydrogels and viscous solutions

Polymer-based viscous solutions and hydrogels have an extensive application in
topical antimicrobial therapy and wound management. By selecting the suitable
monomer and the molecular weight of the polymer, the physicochemical properties of
the solution or hydrogel can be easily optimized. Complexes, copolymers and blends
consisting of two or more types of polymers increase the possibilities even further when
choosing a material that meets our needs. Depending on the polymer type, concentration
and cross-linking, polymeric solutions can be used as spreadable gels or coatings with a
stable three-dimensional matrix. The antimicrobial activity of a polymer-based
formulation can be designed via several methods. Hydrogels can be prepared from
polymers with intrinsic antiseptic properties, or an antimicrobial substance can be added
to the formulation (90, 91).

Polymers can possess intrinsic antimicrobial activity by mimicking the structure
of host-defense peptides. Upon contact with the bacterial surface, the macromolecules
form pores in the membrane of the pathogen which leads to disruption and elimination.
The presence of cationic monomers can provide selective interaction with negatively
charged bacterial surfaces. Due to the similar nature of cell membranes across the

organisms, the human blood cells are also subjected to the membrane-damaging effect
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of these polymers. An important aspect of polymer synthesis is to achieve an optimum
between hydrophobic and cationic monomers to minimize hemolytic and increase
antimicrobial effects (92). Fitted with suitable sidechains, polymers such as
polynorbornene, polyoxanorbornene, polymethacrylate, polycarbonate and nylon-based
poly(B-lactam) represent such antimicrobial activity (93-96). Polymaleimide was found
to have a strong biofilm-disrupting property and was able to eliminate Acinetobacter
baumannii biofilms (33).

Hydrogels formed by certain polymers are able to kill pathogens upon contact.
Natural chitosan is a well-known polymer that forms hydrogels with antimicrobial
activity. Synthetic modifications, such as the attachment of cationic groups, can enhance
the biocide character of the formulation (97). Polymers made from cationic amino acids
and polycarbonate-based hydrogels also show a substantial antimicrobial effect (98, 99).

By the incorporation of an antimicrobial agent in the polymer matrix, a great
variety of combinations can be achieved. The polymer hydrogel can be formed from a
number of macromolecules, however, a crucial element of the selection of the
ingredients is the potential incompatibilities occurring between them. In the first part of
my work, polyacrylic acid was selected as a biocompatible polymer that is able to
withstand the oxidizing effect of ClO.. The incorporated antimicrobial agent is usually
an antibiotic or a metal ion, such as silver or gold (100-103). Polymer-based viscous
solutions and hydrogels containing povidone-iodine, chlorhexidine, silver sulfadiazine

and octenidine as antimicrobial agents are available on the market.

1.3.3. Preparation of antimicrobial nanofibers by electrospinning

Electrospinning is a long-known but rapidly developing and versatile method for
nanofiber production. Fibers can be obtained from polymer solutions without major
applying extreme conditions, thus the incorporation of sensitive substances is possible.
Figure 3 shows the basic setup of a laboratory instrument. Electrospinning is carried out
from a polymer viscous solution. The polymer is squeezed out from the tip of a needle
by the syringe pump. High voltage is connected to the needle, while the collector is
grounded. Due to the electric field, charged particles appear on the surface of the
polymer droplet. After surpassing a threshold, the droplet gets elongated and ejected
onto the collector. Between the needle and collector, the solvent evaporates thus solid

polymer fibers are formed.
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Figure 3 Basic electrospinning setup. Polymer solution in syringe (1), metal needle (2),

syringe pump (3), voltage supply (4), collector (5), ejected jet (6), nanofibrous mesh (7).

Due to their unique physicochemical and morphological properties and the great
number of polymers available for electrospinning, nanofibrous polymer scaffolds
became a focus of tissue engineering and drug delivery studies. By selecting a suitable
polymer or incorporating antimicrobial agents into the fibers, various polymer-based
nanofibrous compositions can be attained for the elimination of pathogens (104). The
average fiber diameter is usually between 100 and 1000 nm, which results in high
porosity and surface-to-volume ratio. These characteristics provide improved
attachment and inhibition of pathogens of similar magnitude of size (e.g., bacteria)
(105, 106). On the other hand, the nanofiber matrix is able to change the dissolution
profile and increase the apparent solubility of the antimicrobial drug upon incorporation
(107).

As discussed before, some polymers, such as chitosan, possess inherent
antimicrobial activity. With the help of an auxiliary polymer, an antibacterial
nanofibrous scaffold can be electrospun from chitosan (108). The electrospinning of
polymers derived from cationic amino acids, such as e-poly-lysine, is also feasible, thus
antimicrobial scaffolds can be obtained (98, 109). Encapsulation of antimicrobial
molecules, such as metal particles, antibiotics, graphene oxide and antimicrobial
peptides can be achieved with a great number and combination of polymers (110, 111).

Regarding my work, NaClO> was incorporated into poly(ethylene oxide) (PEO)
nanofibers. Despite NaClO> possessing an antimicrobial effect, the nanofibrous mesh
was not designed for direct contact, rather it was the starting material and a generator
for ClOz.
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2. OBJECTIVES

The purpose of my work was to prepare polymer-based formulations that are capable of

extending the residence time and subsequent antibacterial activity of CIO2. To achieve

this goal, my work consisted of the following elements:

e Formulation and evaluation of ClO2-loaded hydrogels. Poly(acrylic acid) (PAA)

was chosen as the gel-forming polymer of the viscous solutions.

Investigation of the ClO.-loading capacity of the different compositions.
Evaluating the effect of the PAA and CIO> concentrations on the ClO-
loading capacity of the viscous solutions. We applied a two-factor, three-
level face-centered composite design to construct a second-order
polynomial model as a description of the effect of the formulation
factors.

Microstructural characterization of the formulations to examine the
relationship between the supramolecular structure and the ClO2-loading
capacity.

Evaluation of the antibacterial activity of ClO2-loaded viscous solutions.

e Formulation and evaluation of PEO-based, ClO2-generating nanofibrous mesh

via electrospinning. The fibers contained NaClO: as a starting material for CIO>

production.

Solid-state characterization of the starting materials and electrospun
samples.

Morphological characterization of the fibrous mesh.

Evaluation of the ClO,-generating ability of the NaClO»-loaded fibers
with particular regard to the initial weight of the sample. The results
were compared to the theoretical CIO2 production values.

The effect of the environmental parameters in the reaction chamber on
the CIO2 production was also evaluated.

Investigation of the antibacterial activity of the ClO2 generating fibers
under conditions modelling the exhaled human breath in terms of CO>
concentration, temperature, and humidity. The experiments were carried
out in sealed containers, and the antimicrobial activity was evaluated in

the gas phase.
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3. RESULTS

3.1.  ClO2z-loading capacity, microstructure, and antibacterial activity of PAA
based viscous solutions

3.1.1. Analytical measurement of the ClO»-loading capacity of the polymer- and
aqueous control solutions

The PAA-based, ClIO2-loaded viscous solutions along with aqueous CIO> control
solutions were stored in open amber glasses at room temperature for 14 days. Samples
were taken from the gels and aqueous control solutions every second day until the 8th
day, and lastly, on the 14th day. The residual CIO2 concentration was measured by
iodometric titration. The acidic (pH 2) reaction media contained excess potassium
iodide, sulfuric acid, starch indicator and were titrated with sodium thiosulfate.

A rapid decrease in CIO2 concentration can be observed in the case of aqueous
control solutions. Control samples containing 0.05 mg/g and 0.15 mg/g of initial CIO;
lost their ClO. content after 2 days (Figures 4A and B). The control solution with the
highest initial CIO2 concentration (0.25 mg/g) could store CIO; for 4 days (Figure 4C).
PAA-based viscous solutions retained their CIO2 content for 14 days. Samples of 0.05,
0.15, and 0.25 mg/qg initial ClO2 concentrations show similar rate of ClIO, concentration
decrease (Figures 4A-C). The slopes of the CIO2 concentration decrease are also similar
among samples with different PAA concentrations, however, gels containing 0.2%, w/w
PAA result in higher residual CIO2 concentration than 0.1 and 0.3%, w/w PAA samples
(Figure 5). In the case of the samples with initial ClIO2 concentration of 0.15 and 0.25
mg/g, the residual CIO2 concentration of the PAA 0.2%, w/w sample was more than
30% higher than of the PAA 0.1 and 0.3%, w/w samples. Based on the residual ClO:
concentration measurements, the ClO2-loading capacity of the PAA 0.1%, w/w samples
with initial CIO2 concentration of 0.05, 0.15 and 0.25 mg/g was 15, 13.4 and 14.7%,
respectively. Viscous solutions of 0.05, 0.15 and 25 mg/g of initial ClIO. concentration
and PAA 0.2%, w/w stored 23.6, 18.7 and 20.3%, while PAA 0.3%, w/w samples
retained 19.6, 13.9 and 14.7% of their CIO> content, respectively.
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Figure 4 CIO2 concentration decrease in PAA 0.1, 0.2 and 0.3%, w/w hydrogels and

aqueous control solutions of different initial ClO. concentrations: 0.05 mg/g (A),
0.15 mg/g (B), 0.25 mg/g (C) (mean = SD, n = 3).
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Figure 5 Residual ClO2 concentrations of PAA-based viscous solutions

(mean = SD, n = 3).

3.1.2. Statistical experimental design

To evaluate the effect of the formulation parameters on the ClO»-storage
capacity of the viscous solutions, a second-order polynomial model was constructed
using a two-factor, three-level, face-centered central composite design. The two
formulation parameters represented in our model were the polymer concentration (factor
1) and initial CIO. concentration (factor 2). The residual CIO, concentration was

selected as the response parameter. The levels of each parameter are shown in Table 3.

Table 3 Experimental design with formulation parameters and their levels.

Factor 1 (x): PAA concentration  Factor 2 (y): CIO2 concentration

Levels (%, wiw) (ma/g)
Lower (-) 0.1 0.05
Base (0) 0.2 0.15
Higher (+) 0.3 0.25

The second-order polynomial model is described by the following equation:

z=a+bx+cy+dx?+ey? + fxy (Eq. 7)
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where z is the response parameter, x denotes factor 1, y denotes factor 2, a is a constant,
b and ¢ parameters refer to the main, d and e to the quadratic, and f to the interaction
effects. The estimated residual CIO. concentration of the viscous solutions was

calculated. The measured and estimated values are summarized in Table 4.

Table 4 Matrix of the three-level full factorial design (mean + SD, n = 3).

Factor Response parameter
X y z measured (mg/g)  z predicted (mg/g)
0.1 0.05 0.0075 0.0059
0.1 0.15 0.0201 0.0198
0.1 0.25 0.0367 0.0387
0.2 0.05 0.0118 0.0152
0.2 0.15 0.0280 0.0284
0.2 0.25 0.0507 0.0468
0.3 0.05 0.0098 0.0081
0.3 0.15 0.0210 0.0208
0.3 0.25 0.0367 0.0386

After performing a significance test at 95% confidence level, the obtained equation (Eq.
8) represents the effect of the formulation parameters on the CIO, storage capacity of

the viscous solutions:

7 =-0.025 + 0.314x + 0.094y — 0.818x2 + 0.252y2 — 0.058xy  (Eq. 8)

3.1.3. Characterization of the supramolecular structure by o-Ps lifetime measurement
In polymer-based hydrogels, free volume holes are formed by the randomly
oriented macromolecules. The size and distribution of the vacancies can be measured
by positron annihilation lifetime spectroscopy (PALS). Ortho-positronium (0-Ps)
lifetime values ranged between 1.1 and 1.4 ns in the ClO.-loaded, PAA-based viscous
solutions. The addition of CIO; shifted the lifetime distributions in the samples (Figure
6). Compared to the unloaded PAA 0.2%, w/w hydrogel, adding 0.05 mg/g CIO> to the
viscous solution resulted in higher o-Ps lifetime values, shifting from 1.15-1.35 to 1.20-

1.40 ns. The lifetime distribution of the sample containing 0.15 mg/g CIO2 overlapped
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with the unloaded PAA hydrogel. Higher ClIO2 concentration resulted in lower lifetime
values, shifting to 1.10-1.27 ns in the case of samples containing 0.25 mg/g CIO..

BLRl ——Cl0, 0.05 mg/g
—ClO, 0.15 mg/g
—ClO, 0.25 mg/g
0.015 4 ———PAA 0.2%, w/w
5
£
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0.000 . 7 . . ' . \ : . |
1.0 1.1 1.2 1.3 1.4 1.5

0-Ps lifetime (ns)

Figure 6 o-Ps lifetime distributions of PAA 0.2%, w/w viscous solutions containing
0.5, 0.15 and 0.25 mg/g CIO:x.

Examination of the hydrogels containing 0.25 mg/g CIO2 and various PAA
concentrations showed that PAA 0.1 and 0.3%, w/w samples result in overlapping o-Ps
lifetime distribution curves ranging from 1.1 to 1.3 ns with 0.096 and 0.107 of
bandwidth, respectively. The lifetime distribution curve of the sample containing 0.2%,
w/w PAA shifted to lower values, ranging from 1.10 to 1.27 ns and the full width at half
maximum (FWHM) was 0.088 (Figure 7).
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Figure 7 0-Ps lifetime distributions of PAA 0.1, 0.2 and 0.3%, w/w viscous solutions

containing 0.25 mg/g ClOa.

3.1.4. Antimicrobial efficacy of the ClO2-loaded viscous solutions

Figure 8A shows that PAA-based viscous solutions containing 0.05 mg/g of
initial CIO2, showed distinct antibacterial activity depending on the concentration of the
polymer. After 14 days of storage, substantial bacterial growth could be observed when
adding 100 pL of 6.8x108 CFU Enterococcus faecalis suspension to PAA 0.1%, w/w
samples. In the case of PAA 0.1%, w/w, the number of surviving colonies was too
numerous to count in the further cycles. In the first cycle, after contaminating with 100
nL of bacterial suspension, only a few colonies could survive in one of the 3 parallels of
PAA 0.3%, w/w hydrogel, other parallels showed no bacterial growth. The number of
surviving colonies increased after the second and was TNTC after the third cycle in
PAA 0.3%, w/w. The PAA 0.2%, w/w samples eliminated all bacteria in the first cycle.
Only a few surviving colonies could be observed after the second cycle, and the
surviving colonies were TNTC after adding a total amount of 300 puL of E. faecalis
suspension to the PAA 0.2%, w/w samples.

25



DOI:10.14753/SE.2022.2766

Cycle 1 Cycle 2 Cycle 3

A

PAA 0.1%, w/w

PAA 0.2%, wiw

PAA 0.3%, ww

Cl0, 0.05 mg/g |
B |

PAA 0.1%, wiw

—— ot -k - - e - —

PAA 0.2%, wiw

PAA 0.3%, w'w

ClO, 0.15 mg/g |
<]

PAA 0.1%, wiw

PAA 0.2%, w/iw

PAA 0.3%, w/'w

ClO, 0.25 mg/g I
B

ClO, 0.05 mg'g

ClO, 0.15 mg'g

ClO, 0.25mg/g

Control I

Figure 8 Surviving colonies in ClO.-loaded viscous solutions and control solutions
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inoculated with 6.8x108 CFU E. faecalis suspension after 14 days of storage. 0.05 mg/g
initial ClO2 concentration (A), 0.15 mg/g initial CIO2 concentration (B), 0.25 mg/g

initial ClO concentration (C), control solution (D).

Inoculation of samples of 0.15 and 0.25 mg/g initial ClIO2 concentration with E. faecalis
suspension resulted in complete elimination of the bacteria, regardless of the
concentration of PAA. In the case of samples of 0.15 and 0.25 mg/g initial ClO>
concentrations, no bacterial growth could be observed on the blood agar plates after the
third cycle (Figure 8B, 8C). Control samples containing 0.05, 0.15 and 0.25 mg/g initial

ClO2 concentration, could not eliminate bacteria after 14 days of storage (Figure 8D).
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The number of surviving colonies was TNTC after the first cycle and throughout the
experiment, regardless of the initial concentration of the active ingredient.

3.2.  Morphology and microstructural characterization of the fibers
3.2.1. Morphology of the NaClO2-loaded and unloaded electrospun samples

Scanning electron microscopy images of unloaded PEO samples showed
smooth-surfaced, randomly oriented polymer fibers. The average fiber diameter was
315427 nm and showed normal distribution. Bead-like structures and non-fibrous
elements could not be observed (Figure 9A). Due to the addition of NaClO> to the
precursor polymer solution, the process parameters of electrospinning changed
substantially, thus higher voltage and lower flowrate were required. Samples containing
NaClO; resulted in uniform, nanoscale fibers with an average diameter value of 193+23
nm. The fiber diameter values of NaClO»-loaded PEO samples also showed normal
distribution (Figure 9B).
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Figure 9 Morphology by SEM imaging and fiber diameter histograms of the unloaded
PEO (A) and NaClO2-loaded PEO fibers (B) (n = 100).
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3.2.2. FTIR analysis of the fibers

FTIR spectra were recorded and analyzed to investigate the potential changes in
the functional groups and subsequently, the structural alterations of PEO
macromolecules. On the spectrum of unloaded PEO fibers, the wide peak at 2890 cm™
corresponds to the symmetrical stretching of C-H bond (Figure 10B). The bands at
1467, 1341, 1280 and 842 cm™ were assigned to the scissoring, wagging, twisting, and
rocking of the CH. group. The most intense peak on the unloaded PEO spectrum
observed at 1095 cm™ along with the bands at 1145 and 1061 cm™ belong to the
asymmetric stretching vibration of the C-O-C bond. The sharp peak at 960 cm™
corresponds to the C-C skeletal stretching vibrations. The spectrum of NaClO, shows
two smaller peaks at 1438 and 1157 cm™, and two strong peaks merged together at 823
and 800 cm™ (Figure 10C). The peaks and intensities on the spectrum of the NaClO»-
loaded fibers are similar to that of the unloaded PEO fibers (Figure 10A). A slight
broadening can be observed at the base of the peak at 842 cm™ on the spectrum of the
NaClO2-loaded PEO fibers, where NaClO; has its characteristic peaks.
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Figure 10 FTIR spectra of NaClO»-loaded PEO fibers (A), unloaded PEO fibers (B)
and NaClO: (C).

3.3.  CIOz production from NaClO2-loaded PEO fibers
3.3.1. Concentration and yield of the generated CIO gas

To determine the concentration of the generated CIO: in the gas phase, sample
was taken from the small water container placed into the reaction chamber and
measured via UV-VIS spectroscopy. To calculate the concentration of the gaseous CIO>

from the concentration values of the aqueous form, the following equation was used:
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[CIO:]g (UL/L) = k x Ky X Vin % [ClO3]aq (M) (Eq. 9)

where Vi, is the molar volume of the gas, Ky is the distribution constant of ClO., and
k=10° is a constant. The experiment was carried out at 37°C, thus the value of the
distribution constant needed to be determined. To construct an equation for the
calculation of the distribution constant, we used the following data from Ishi’s work
(Table 5) (112):

Table 5 Value of the [CIO2]¢(M)/[CIO2]aq(M) distribution constant at different

temperatures (Kp).

Temperature (°C) Ko distribution constant
0 0.0155
5 0.0189
10 0.0222
15 0.0267
20 0.0316
30 0.0428
40 0.0578

Figure 11 shows the distribution constant values at different temperatures and
Eq. 10 describes the fitted polynomial equation:

y=0.0157 x 5.281x + 1.299x2 (Eq. 10)

The R-squared value (R?) of the linear regression was 0.9997 and the distribution
constant at 37°C was found to be 0.053.
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Figure 11 Distribution constant of [CIO2]¢(M)/[CIO:]aq(M) at different temperatures
and the fitted polynomial equation.

Using the Ky distribution constant value corresponding to the equilibrium of the
gaseous and aqueous form of CIO2 at 37°C, the concentration of the gas produced by
the NaClO.-loaded fibers were calculated. Figure 12 represents the ClIO2 concentration
reached in the reaction chamber after 24 hours along with the produced gas-per-weight
values. Under humid (RH>95%) and COa-rich (cco2=5%, v/v) conditions, the
concentration of CIO2 generated by 1 mg of NaClO2-loaded sample reached 65.8 ppm.
The concentrations of CIO> produced by the 5 and 10 mg sample were 115.5 and 134.9
ppm, respectively. Higher weights of samples did not result in significantly higher
concentrations of ClO2, thus the CIO2 production-per-weight data show gradual
decrease with increasing sample weights. The CIO> generating ability of the 30 mg
sample resulted in 145.2 ppm gas concentration in the reaction chamber, however, the
ClO2 production-per-weight value reached only 4.8 ppm/mg.
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Figure 12 CIO. production ability and production-per-weight values of NaClO»-loaded
PEO fibers of 1, 5, 10, 15, 20 and 30 mg (mean + SD, n = 3).

Using the equations of the chemical transformation of NaClO. under acidic
conditions, a theoretical maximum of CIO. production from the samples of given
weights was calculated. The measured and theoretical concentrations along with the
yield of production are presented in Table 6. The concentration of the generated ClO>
reached by 1 mg of NaClO»-loaded PEO fibers resulted in a yield of 89.4%, compared
to the potential CIO2 production value. As the ClIO2 generating ability-per-weight data
decreased with increasing sample weight, the yield of CIO2 production declined
substantially. In the 24-hour experiment, the 10 mg sample produced 18.4% of the
potential CIO, concentration, while the 30 mg sample reached 6.6% of the maximal
ClO; yield.
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Table 6 Yield of CIO production from NaClO-loaded PEO fibers using the theoretical
maximum of the NaClO — CIO2 transformation under acidic conditions

(mean + SD, n = 3).

Msample (Mg) ~ Nnacioz (Mmol)  [CIO2]q (ppm) (ppm,[ct:rllg)éggtical) Yield (%)
1 0.217 65.79 73.57 89.43
5 1.084 115.54 367.85 3141
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

3.3.2. Effect of environmental parameters on the CIO production ability

The CIO2 production ability of NaClO2-loaded PEO fibers of 5 mg was tested in
humid (RH>95%) environment, while temperature was kept at 37°C. We placed the
samples into the reaction chamber containing 5, 10 and 15% (v/v) carbon dioxide.
Figure 13A shows that the concentration of CO> did not have a significant effect on the
ClO2 production ability of the fibers. To evaluate the effect of time of exposure to the
acidic environment, samples were placed into the reaction chamber for 24, 48 and 72
hours, while cco2. was kept at 5%. The residence time of the fibers had a substantial
impact on the CIO generating ability, resulting in higher concentration values with

increasing exposure times (Figure 13B).
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Figure 13 Effect of environmental parameters of the CIO2 generating ability of 5 mg
NaClO.-loaded PEO fibers: carbon dioxide concentration (A), time of exposure (B)

(mean + SD, n = 3).
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3.4.  Antibacterial effect of the NaClO2-loaded PEO fibers

The setup of the reaction chamber and the environmental parameters are
presented in Figure 14. Carbon dioxide concentration was 5% (v/v), humidity was of
RH>95% and the temperature was set to 37°C. Figure 15 shows the blood agar plates
after incubation and counting along with the average value of surviving colonies-per-
plate. In our experiment, the antibacterial activity of 1, 5, 10 mg fibers and unloaded

PEO fibers was tested using three parallels of each weight.
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Figure 14 Reaction chamber for bacterial inactivation study and CIO> production.

The unloaded PEO control fibers could not eliminate the bacteria, resulting in a
high number of surviving colonies on the blood agar plates (Figure 15A). The
CFU/plate value for unloaded PEO samples was above 250, indicating, that the
environmental conditions were suitable for bacterial growth (Figure 15B). The NaClO-
loaded fibers of different weights decreased the number of surviving colonies
successfully. After 24 hours, only 5 and 3 surviving colonies could be counted on one of
the plates of the 1 and 5 mg samples, resulting in 1.7 and 1.0 CFU/plate values,
respectively. In the case of the 10 mg sample, bacteria were completely eliminated; the

CFU/plate value was zero.
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Figure 15 Surviving colonies on blood agar plates after incubation (A) and the number
of colonies after counting (B): unloaded PEO control fibers (S0), 1 mg NaClO»-loaded
PEO fibers (S1), 5 mg NaClO2-loaded PEO (S2) fibers, 10 mg NaClO»-loaded PEO
(S3) fibers.
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4. DISCUSSION

4.1. ClOgz-storage capacity, microstructure, and antibacterial activity of PAA
based viscous solutions

4.1.1. Analytical measurement of ClO»-loading capacity and the effect of formulation
parameters

Aqueous CIOz control solutions lost their sodium chloride content in 48-96
hours, while PAA-based viscous solutions retained CIO2 up to 14 days. Dissolved CIO;
molecules are removed by diffusion from the solution. The rapid CIO loss from the
control samples is driven by the high volatility of CIO> and the convection of the
solvent. Even under steady-state conditions, there is a slight difference between the
temperature and thus, the density of the upper and lower parts of the aqueous solution
due to the evaporation of the solvent, generating a continuous circulation of the fluid. A
constant flow of water, driven by temperature equalization, facilitates the diffusion and
the liberation of ClO2 from the solution.

In a viscous solution the matrix, formed by polymer macromolecules acts as a
diffusion barrier for the dissolved gas and blocks the convection of water, resulting in a
smaller rate of ClO> loss. Samples of 0.1%, w/w PAA concentration did not form
hydrogels, rather they had an oil-like liquid texture, however, their ClO2-loading
capacity reached 14 days. PAA 0.2%, w/w samples demonstrated a more viscous and
gel-like behavior with the ability to flow under gravity, while PAA 0.3%, w/w
hydrogels had the most rigid texture, withstanding flow under gravity. If the CIO-
loading capacity of the viscous solutions is based on the ability of the polymer matrix to
act as a diffusion barrier, higher PAA concentrations should result in increased residual
CIO2 content, however, analytical measurement of the residual CIO2 concentrations
showed that PAA 0.2%, w/w samples had the highest ClO-loading capacity. The
results suggest that the ClO-loading capacity of the polymer matrix is based not solely
on the diffusion barrier function of the polymer matrix, but additional secondary
interactions should occur between the polymer macromolecules and the aqueous form
of CIO>. Initial CIO2 concentration had no substantial impact on the rate of the CIO;
loss, as the slopes of the concentration decrease are similar among 0.05, 0.15 and 0.25
mg/g samples.

The results of the statistical experimental design give an insight into the effect of

the PAA and the initial CIO2 concertation on the residual CIO> content of the samples.
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The positive sign of the main coefficients of the x and y factors shows that both the
polymer and CIO2 concentration increase the residual ClO2 concentration of the viscous
solutions. The main coefficient of the PAA concentration (b = 0.341) is more than three
times higher than that of the ClO (c = 0.094), indicating that the polymer concentration
has a significant impact on the ClO»-loading capacity of the samples. The results of the
analytical measurement have shown that the PAA concentration is not directly
proportional to the residual ClO. content of the samples, which is confirmed by the
negative coefficient of the quadratic effect of the x parameter (d = -0.818). The negative
coefficient of the interaction effect (f = -0.058) also indicates a reduction in the

corresponding response parameter.

4.1.2. Macrostructural aspects of the ClO2-loading capacity

PALS is a useful tool in the evaluation of the supramolecular structure of
polymer-based nanosystems. The gel matrix, formed by randomly oriented polymer
chains contains vacancies. The size of these holes is determined by the distance and
relative position of the macromolecules. The level of entanglement of the chains is
influenced by the secondary interactions occurring in the matrix. PALS results suggest
that the addition of ClO- alters the supramolecular structure of the viscous solutions.
According to the o-Ps lifetime distribution measurement of the ClO2-loaded PAA 0.2%,
w/w hydrogels, a low concentration of CIO results in larger free volume holes,
indicating that the original arrangement of the PAA macromolecules changes in the
presence of the active ingredient. As the concentration of CIO increases, more
secondary bonds emerge between the hydrated form of CIO, and PAA, thus a more
compact structure is formed, causing the o-Ps distribution to shift to lower values.
However, the differences in the 0-Ps lifetime distribution values of the ClO>-loaded
PAA 0.1, 0.2, and 0.3%, w/w viscous solutions indicate that an optimum PAA
concentration and subsequent ideal supramolecular arrangement exists. Samples
containing 0.25 mg/g of ClO; and 0.2%, w/w of PAA resulted in lower 0-Ps lifetime
and thus smaller free volume holes than in the case of the 0.1 and 0.3%, w/w samples.
The FWHM values of the o-Ps lifetime distribution curves indicate the uniformity of the
free volume hole sizes. There is an 8.6 and 17.8% decrease in the FWHM value of the
PAA 0.2%, w/w sample compared to the bandwidths measured in the curves of the
PAA 0.1 and 0.3%, w/w samples, suggesting that at 0.2%, w/w polymer concentration,

a more arranged supramolecular structure is formed with the hydrated form of ClOg,
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thus more active ingredient is loaded in the matrix. This phenomenon is confirmed by
the results of the analytical measurement of the residual ClIO2 concentration and the

subsequent statistical evaluation.

4.1.3. Antimicrobial efficacy of the ClIO2-loaded viscous solutions

The antimicrobial evaluation of the polymer-based viscous solutions was carried
out after storing the samples for 14 days under conditions similar to the CIO2-loading
capacity experiment. A total volume of 300 uL of bacterial suspension was added to the
polymer solutions in 3 cycles. The sample was taken and plated on blood agar after each
cycle. The residual ClO. concentration of the PAA-based viscous solutions with initial
ClO2 concentrations of 0.15 and 0.25 mg/g in these samples ranged between 0.02-0.028
and 0.037-0.051 mg/g, respectively and was sufficient to eliminate bacteria after 3
cycles of inoculation, regardless of the PAA content of the sample. The antibacterial
activity was distinguishable only among samples with 0.05 mg/g of initial CIO;
concentration. The ability to eliminate the inoculated pathogens in the different cycles
correlated with the residual ClO2 concentration of the viscous solutions. PAA 0.1%,
w/w samples retained 15% of the initial CIO2 and could not prevent bacterial growth
after the first cycle of inoculation. PAA 0.2 and 0.3%, w/w samples with ClO»-loading
capacity of 23.6 and 19.6% showed sufficient antibacterial activity to eliminate E.
faecalis in the first cycle. As their ClIO. content was gradually depleted, bacteria could

grow in the following cycles.

4.2.  Formulation and characterization of NaClO2-loaded PEO nanofibers
4.2.1. Morphology of the electrospun samples

Neat and NaClO2-loaded PEO nanofibers were prepared via electrospinning.
Scanning electron microscopy was used to investigate the morphology and size range of
the fibrous samples. Both the electrospinning of the unloaded and NaClO2-loaded
precursor solutions resulted in smooth, nanoscale fibers. While PEO nanofibers
generally have good spinnability and are relatively easy to formulate, the addition of
NaClO; altered and limited the range of optimal process parameters. Unloaded PEO
precursor solutions were spinned at 10.5 kV, however, the applied voltage had to be
increased to 14.8 kV during the formulation of NaClO»-loaded fibers. The average fiber
diameter of the NaClO-loaded fibers also differed substantially than that of the

unloaded sample. Generally, higher applied voltage decreases the average fiber diameter

38



DOI:10.14753/SE.2022.2766

by increasing the applied force on the precursor solution ejecting from the needle.
Stronger electrical field results in the stretching and thinning of the fiber jet. Inorganic
salt dissolved in the precursor solution also have a significant impact on the fiber
formation by increasing the conductivity and surface density of the polymer solution.
Charged particles increase the coulombic and electrostatic forces acting on the
electrospun jet, usually resulting in stretching and thinning. The overall effect of the
presence of an inorganic salt in the precursor polymer solution depends on the
properties of the macromolecule and the concentration and characteristics of the salt.
Our results showed that NaClO- dissolved in the polymer solution along with the higher
applied voltage decreased the average fiber diameter from 315 to 193 nm. The
concentration of NaClO; in the precursor solution was selected as the maximum salt

concentration where a stable electrospinning process could be sustained.

4.2.2. Microstructural characterization of the NaClO.-loaded PEO fibers

A major concern emerging with the addition of NaClO to the precursor solution
was the stability of the formulation regarding the potential oxidation of PEO by the
active ingredient. FTIR spectra were collected to detect the possible changes in the
functional groups of the polymer macromolecule. Unloaded and NaClO2-loaded
nanofibers show identical peaks and intensities, except in the region between 800 and
850 cm™, where a minor broadening can be observed on the spectrum of the NaClO2-
loaded PEO fibers. The strongest peaks of NaClO; are located at 800 and 823 cm™. Due
to the concentration differences of the components, the characteristic bands of the active
ingredient do not appear on the NaClO»-loaded PEO spectrum, rather they cause a slight
broadening at the base of the peak at 842 cm™. The similarities in the loaded and
unloaded PEO spectra suggest that the functional groups of PEO were unaffected and

unwanted chemical reactions did not occur in the NaClO»-loaded precursor solution.

4.3. CIlOz production and antibacterial activity of the samples
4.3.1. Concentration measurement and yield of the produced CIO>

The CIO2 production of the NaClO-loaded PEO fibers was tested in sealed
reaction chambers. The environmental parameters for ClO> generation were set to
imitate the exhaled human breath, thus humidity was above 95%, CO> was 5% and the
temperature was set to 37°C. In the presence of water vapor, carbonic acid is formed by

carbon dioxide in situ and reacts with NaClO2 to form CIO: in a protonation and self-
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decomposition reaction. In equilibrium, a given portion of CIO; is dissolved in the
water, and placed in the reaction chamber, thus its concentration can be measured. After
24 hours of incubation, the concentration of ClO. produced by the 1 mg sample was
65.8 ppm, which resulted in a yield of 89.4%. The concentration of CIO2 generated by
larger weights of samples was higher, however, the rate of growth of the generated CIO>
remained substantially lower than expected. Samples weighing 20 and 30 mg reached
only 9.6 and 6.6% of the theoretical CIO2 concentration in the same experiment. To
assess the potential limiting factors in the production of ClO2, different reaction
parameters were set.

To evaluate the limiting effect of the low concentration of carbon dioxide in the
reaction chamber, ClIO2 production was tested in the presence of 10 and 15% of CO..
Results showed that a two- and threefold increase in the concentration of the reactant
did not alter the concentration of the generated CIO.. However, when samples were
incubated for 42 and 72 hours, the concentration of ClO; increased, indicating that the
time of exposure has a substantial effect on the CIO2 production. Data suggests that
there are factors outside the concentration of the reactants that determine the rate of
production and the maximal concentration of ClO,. One key element influencing the
rate of ClO> production is the polymer structure and the changes regarding the porosity
of the fibrous mesh during incubation. When samples are put in the reaction chamber,
fibers contact with water molecules rapidly, thus a gradual swelling and disintegration
of the mesh occur in the outer layers of the sample, resulting in a gel-like structure. As
fibers swell and merge in the humid environment, the number of reaction sites available
for ClIO2 generation decreases. The gel-like outer layer acts as a diffusion barrier and the
diffusion of CO2 and CIO- through the layer becomes a determining factor of the rate of
CIO2 generation and liberation. The other essential component influencing the CIO;
producing ability of the samples is the thickness of the electrospun mesh. Larger
weighing samples were prepared under longer spinning time, resulting in thicker fiber
mesh. Throughout the experiments, similar sizes were cut from the samples, thus the
different weights of samples varied particularly in their thickness. The decrease in the
surface-to-volume ratio due to swelling and the formation of a gel-like outer layer had a
more substantial hindering effect on the CIO2 producing ability of larger weighing
samples compared to smaller samples. This phenomenon is due to the greater diffusion
barrier thickness of these samples and the higher ratio of unreacted NaClO; that is

difficult for the reactant to access.
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4.3.2. Antibacterial activity of the NaClO»-loaded fibers

In our experiment evaluating the antibacterial activity of NaClO2-loaded PEO
fibers, samples were tested under conditions similar to the exhaled human breath
(RH>95%, Cco2 = 5%, T = 37°C). Enterococcus faecalis was selected as a model
organism due to its undemanding nature in terms of growth requirements and resilience.
Different weights of samples were placed into the reaction chamber to determine the
sufficient amount of fiber required to eliminate the pathogens. The number of the
surviving bacteria was TNTC in the case of unloaded PEO fibers, and decreased
significantly when 1 mg of NaClO-loaded PEO fiber was placed into the reaction
chamber. The CFU/plate value of the 1 mg sample was 1.7, meaning that only 5
colonies survived from the potential 2.8x10% CFUs in one parallel experiment, and no
bacteria was found on the other parallel plates. When 5 and 10 mg of fiber were placed
into the reaction chamber, the CFU/plate value decreased to 1 and 0, respectively.
Results suggest that small weights of NaClO»-loaded PEO fiber are able to produce and
liberate a sufficient amount of CIO> to eliminate bacteria from the gas phase in the

presence of humidity and carbon dioxide.
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5. CONCLUSIONS

ClO: is an effective and safe gaseous antiseptic, however, its rapid liberation
from aqueous solution and the cumbersome handling of the gas form hinders its
application in the medical field. Solid and liquid polymer-based formulations can form
arranged supramolecular systems with advantageous drug-delivering capabilities and
tunable drug release profiles. With a polymer-based formulation, a number of issues
regarding the applicability of CIO2 can be addressed.

The first approach to achieve prolonged ClO-release was to prepare polymer-
based viscous solutions. PAA was chosen due to its considerable gel-forming ability at
low concentrations and insusceptibility to the oxidizing effect of ClO2. An essential
element of the preparation and a novelty of the work was to use CIO; in the form of a
hyper pure aqueous solution, containing solely water and ClO to avoid impurities being
present in the formulation. Using a two-factor, three-level central composite design, 9
different combinations were formulated by altering the PAA and CIO; concentrations.
The ClO2-loading capacity of the polymer-based viscous solutions was compared with
that of the aqueous ClO2 solution. The CIO2 concentration decrease was significantly
slower in the PAA-based samples compared to the control solutions. The difference in
the ClO2-loading capacity of the aqueous control solutions and the PAA-based solutions
showed that the presence of PAA and the subsequent formation a polymer matrix is the
key factor in the determination of the rate of the ClO: loss.

Besides the aim to formulate an applicable polymer-based ClO> formulation, my
purpose was to investigate the role of the polymer matrix in ClO; retention and to
understand the underlying mechanism of the ClO»-loading capacity of the polymer.
Statistical examination showed that the differences in the ClO2-loading capacity of the
PAA hydrogels of various concentrations were due to the dual role of the polymer in the
mechanism of CIO; retention. On one hand, the polymer matrix acts as a diffusion
barrier and thus inhibits the transport of the hydrated gas in the solution. On the other
hand, a substantial difference could be observed in the residual ClO> concentration of
the polymer solutions depending on the concentration of PAA, however, the CIO»-
loading capacity was not directly proportionate with the PAA concentration of the
samples. PAA 0.2%, w/w samples showed the best ClIO,-loading capacity among the

viscous solutions.
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PALS measurements gave an insight into the macrostructural properties
influencing the CIO> retention. The o-Ps lifetime distribution curves of the samples
showed that the size and distribution of the free-volume holes were minimum in PAA
0.2%, w/w samples. It can be stated that there exists a PAA concentration where the
degree of the secondary interactions between the macromolecule and hydrated form of
ClO2 and the supramolecular arrangement of the ClO-loaded polymer matrix shows
optimum. The results of the microbiological study confirmed the analytical, statistical,
and macrostructural examinations since the ClO2-loading capacity and the antimicrobial
properties of the PAA-based viscous solutions are closely related.

The second approach for CIO> release was based on the self-disproportionation
reaction of NaClO> in an acidic environment. PEO-based nanofibers were chosen for
the formulation of NaClO». The reaction between NaClO> and weak acids, such as citric
or carbonic acid is a widely used method for CIO2 production, however, to the best of
our knowledge, it was the first time when the CIO2 production from nanofibers was
tested under conditions similar to the human exhaled breath. The large surface-to-
volume ratio of the nanofibrous mesh is a key element in the generation of ClO2, as
fibers provide a sufficient reaction site for carbonic acid and chlorite ions to form ClO..
The fibrous structure of the samples was proven via SEM imaging. Due to the oxidizing
effect of NaClO it was important to examine the potential changes in the polymer
microstructure after the loading of the active ingredient. FTIR spectra did not show any
undesirable changes in the functional groups of the macromolecule.

In my work, the primary focus was put on the examination of the parameters
influencing the CIO. production of the NaClO-loaded nanofibrous sheets. Sample
weight had a significant impact on the CIO2 producing ability and yield of the generated
gas. Fibrous sheet with larger weights had lower CIO2 producing ability and resulted in
smaller yield. Environmental parameters, such as CO2 concentration did not alter the
productivity of the samples, however, exposure time increased the final CIO:
concentration significantly. An essential finding of my work was that swelling and
gelation of the outer layers of the fibrous sheets decrease the rate of ClIO2 production,
and the diffusion of reactants through this barrier becomes a rate determining
mechanism. As the surface-to-volume ratio decreased due to swelling in the outer layers
of the samples of higher weights, the surface density of reaction sites for CO2 decreased
and the protonation-disproportionation of the chlorite ions took place in a dissolved

polymer matrix. A necessary condition and also a novelty of our work was to measure
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ClO2 production in a reaction chamber fitted with a sealing that is completely
impermeable for ClO», in order to reduce its loss during the experiment.

My primary assumption is that NaClO2-loaded nanofibers can liberate CIO: in
the gas phase under the given conditions and thus show antibacterial activity, which was
proven by the microbiological experiment. Even 1 mg of the fibrous sample was able to
eliminate the bacteria placed in the upper region of the reaction chamber. Considering
the CIO2-producing ability and yield of the samples of different weights, a fibrous sheet
of lower thickness and higher surface is desirable for antibacterial application, however,
a tunable rate of swelling on the surface of the sample could provide a controlled release
for CIO..

Based on the findings presented in my dissertation, it can be stated that polymer-
based viscous solutions and nanofibrous meshes are promising alternatives in the
formulation of ClO»-releasing systems. My work contributes to a better understanding
of the potential methods by which the limitations of the applicability of ClIO2 can be

addressed.
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6. SUMMARY

ClO,-containing polymer formulations were prepared with the aim of improving
ClO2 loading and residence time in the formulation and thus extending the potential
applications of the antimicrobial agent. Poly(acrylic acid)-based viscous solutions of
different polymer concentrations were formulated and their ClO, loading capacity was
compared with aqueous CIO> control solutions. PAA-based viscous solutions retained
ClO; after 14 days of storage, however, control solutions lost their CIO2 content. In
terms of ClO»-loading capacity, the PAA concentration of the hydrogels showed an
optimum at 0.2%, w/w. The investigation of the supramolecular structure of the
polymer matrix confirmed the relationship between the polymer concentration and the
residual CIO2 concentrations. The size of the free-volume holes was the smallest and the
size distribution was the most homogenous in the case of the samples with medium
PAA content. The statistical examination of the PAA and residual ClO, concentrations
supported the findings of the PALS measurement. ClO2-loaded viscous solutions
showed a substantial antimicrobial effect and the results of the microbiological
experiment supported the findings of the analytical and macrostructural examinations.

NaClO.-containing, CIlO2 emitting PEO nanofibers were prepared via
electrospinning. Due to the addition of NaClO> to the precursor solution, the average
fiber diameter decreased substantially. Major changes in the FTIR spectrum of the
fibers could not be observed after NaClO.-loading. ClO. production of samples of
different weights was tested under conditions similar to the exhaled human breath. The
ClOz2 production along with the yield of ClO> decreased with increasing sample weights.
The 1 mg sample produced 66 ppm of ClO. with 89% of yield. The changes in carbon
dioxide concentration in the reaction chamber did not alter the ClO2 production of the
samples. A longer exposure time, however, increased the final ClO2 concentration. Due
to the humid environment, swelling and disintegration of the fibrous structure was
observed in the PEO-based sheets, thus a gel-like layer was formed in the presence of
moisture. The presence of such layer decreased the surface-to-volume ratio and limited
the diffusion of the reactants in higher weights of fibers. NaClO»-loaded fibers were
able to liberate CIO2 into the gas phase and eliminate bacteria effectively. The
antibacterial efficacy was influenced by the NaClO.-loading of the sample and the

subsequent maximal CIO2 concentration reached.
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ABSTRACT

Chlorine dloxide, the so-called “Ideal blocide®, can be successfully applied as an antiseptic agent based on its
rapid and safe antimicrobial property. One of the significant limitations of its topical or oral use is that the
chlorine dioxide residence time in aqueous solution Is very short due to the volatllity of the gas. Therefore, the
primary purpose of the present study was to Increase the duration of chlorine dioxide effect by creating a system
capable of loading the gas for a prolonged time and graduslly releasing it at the site of action. Poly(acrylic acld)
gels of varlous chlorine dioxide and polymer concentrations were formulated to achleve this goal. A two-factor,
three-level face-centred central composite design was applied for the formulation. The microstructure of the gels
was tracked by positron annihflation lifetime spectroscopy based on the ortho-positronium (o-Ps) lifetime dis-
tributions with the residual chlorine concentrations, determined by iodometric titration and thelr antibacterial
effects. The results indicate that the polymer possesses two functions. On the one hand, as a diffusion barrier
inhibits the fugacity of the gaseous chlorine dloxide but on the other side, the polymer chalns form an arranged
supramolecular structure with the hydrated forms of chlorine dioxide thusresulting in its sustained fugacity. The
latter showed optimum as a function of the polymer concentration in the investigated range (0.1-0.3% w/w).
The o-Ps lifetime distributions confirmed the microstructural changes of the formulations and were In good
agreement with the analytical and microblological evaluation. The application of chlorine dioxideloaded

bicadhesive gels could be a promising alternative for the effective and safe treatment of topical infections.

1. Introduction

Chlarine dioxide is traditionally a water-soluble, gaseous disin-
fectant used in industry, which, through its beneficial properties, also
gains an increasing role in healthcare. They often refer to chlorine di-
oxide as an “ideal” antiseptic, which does not seem to be exaggerated
when examining the antimicrobial properties and relative harmlessness
of the compound [1). Chlorine dioxide is an effective compound cap-
able of destroying bacteria, viruses, fungi and other cellular pathogens
and is therefore widely used as a disinfectant for the purification of
drinking water and the disinfection of fruits in the food industry [2-6].
The broad spectrum of effects is based on the fact that chlarine dioxide
damages the life functions of the microorganism, which can be found in
all living organisms regardless of species. The compound exerts its ef-
fect mainly through the axidation of sulthydryl (SH) groups of proteins
essential to the cell. The individual antimicrobial compounds of the
human body, hypo-halogenic acids, work with a similar mechanism as

* Correspond ing author.
E-mall address: zelkoromana@pharma semmelwels-univhu (R. Zelké)

httpsy/ /dolorg/10.101 6/).msec. 2019.01.043

chlorine dioxide, they inhibit the ATP synthesis of pathogens by oxi-
dation their SH-groups [7). Since chlorine dioxide destroys pathogens
by eliminating vital proteins, the microorganisms cannot resist it by
either of their resistance mechanisms. Its broad spectrum and protec-
tion to resistance made the chlorine dioxide an effective mean for
fighting nosocomial infections. It is known that one of the major health
challenges of today is the spread of resistant bacteria, which is an in-
creasingly urgent problem with the decreasing number of new types of
antibiotics. By the use of surface disinfectants and antiseptics, the for-
mation of nosocomial infections can be prevented, and antibiotic use
can be reduced [8]. Despite their efficacy, the main limit of the cur-
rently applied disinfectants (e.g. czone, hydrogen peroxide, peracetic
acid) is that they are toxic even at low concentrations. The health-da-
maging effect of such compounds was investigated and confirmed on
warkers under hospital drcumstances [9). The other pillar of the ideal
property of chlorine dioxide is its safety. Based on its mechanism of
action, human and animal cells are not free from the cell-killing effect
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of chlorine dioxide, but it can be observed that it is not harmful to the
animal crganism even at adequate antibacterial, antifungal and ant-
viral activity [10]. According to the results of a recent study, the
background of the unexpected selectivity and safety is not in the dif
ferent biochemical processes but the difference in size [11]. While de-
stroying bacteria by the fraction of a second, chlorine dioxide cannot
cauge real damage to the human or animal body. The badiground of the
protection against taxicity is multifactorial. Chlorine diccide selectively
rescts with a few amino acids, while other macromolecules can only be
oxidised in a few orders of magnitude slower resctions. The size of the
mammalian cell exceeds its bacteria by order of magnitude, so higher
exposire is required to damage the cell A part of the protection
function comsists of the mammalian SH-group storage depot (glu-
tathione), which serves as a substrate for chlorine dicxide. The blood
circulation of the mammalian tissue can eliminate a significant amount
of potentially damaging substances from the cells. As a result, the pe-
netration depth of the chlorine dicride in the mammalian organism is
small, and the concentration required for the bactericide effect is well
below the toxic level. Accardingly, it can be advantageously applied
under hospital conditions, as well as in aqueous solution and a gas form
[12,13). The use of chlorine dicxide as an antiseptic agent has so far
been limited by the fact that the most commonly wed manufacturing
methods resulted in contaminants. A method has been developed to
help scientists successfully produce a high purity chlorine dioxide so-
lution to open the way for a wide range of therapeutic applications
[14). Compared with other disinfectants, it can be stated that ant-
microbial activity and biofilm dissclution ability of chlarine dioxide
reach or even exceed those of popular antiseptics such as sodium hy-
pochlorite or chlorhexidine [15]. Considering its safe application, it is
therefore ideal for treating warious infections caused by bacterial,
fungal or other, even resistant pathogens, as well. One of the major
limitations of topical or oral use is that the chlorine dicxide residence
time in aqueous solution is little more than 1min due to the velatility of
the gas, Chlorine dioxide needs only a few milliseconds to the bacter-
iddgufﬁwt.aﬂﬂmﬁmzﬁatﬁdmtﬁ:rdimn.ﬁmﬁm[ll] However, in
the body or other therapeutic the time available for the
effect may be reduced considerably if the aqueous solution flows out or
diffuse from the site of application. Along with the excessive fugacity of
chlorine dicxide, the latter can disadvantagecusly influence its bacter-
icide efficacy. Due to the shert residence time of chlorine dioxide dis-
solved in water, it may be necessary to rinse or wash several times
during the treatment. The safe application of chlorine dioxide is based
on the fact that the penetration depth during little contact is small (a
few tenths of a millimetre), so that the cxddant does not pose a risk toa
larger organism, but it can destroy infectious agents on the surface.
However, there may be a case in which an increase in the residence
time of chlorine dioxide on the body surface or in the body cavity be-
comes necessary. For example, a long lasting (at least a few minutes)
effects may be needed to treat a highly infected, pustulous or deep
wound, and inflamed root canal, which the aqueous solution cannot
provide, The residence time of chlorine dioxide can be increased by
creating a system capable of loading the gas for a prolonged time and
gradually releasing it at the site of action.

The primary purpose of the present study was to formulate a
bicadhesive gel capable of inceasing the effect of chlorine dioxide,
Another aim was to investigate the relationship between the micro-
structure of the gel and the chlorine dioxide loadingability and thus the
following antimicrobial activity of the composition.

2, Materials and methods
2.1. Materials
For the formulation of gels, poly(acrylic acid) with an apparent

viscosity of 47,000 mPas (irade name: ACRYPOL ELT-10), chlorine
dioxide (Cl0,), sodium hydroxide (MaOH) and distilled water were
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used, Poly(acrylic acid) was domated from Corel Pharma Chem
(Gujarat, India). Chlorine diceide was purchased from Zoltdn
Noszticzius (Budapest University of Technology and Economics) in the
form of 1000ppm Solumium and 3000 ppm Solvodd. The 3000 ppm
Solvocid was diluted to 1000ppm with distilled water, and only
1000 ppm of chlarine dicecide was used in the experiments. The NaOH
required for the gelling was of analytical reagent grade.

22, Formulation of gk

Gels containing 0.1, 0.2 and 0.3% w/w of poly(acrylic acid) {PM}
centrations: 0,05, 0.15 and 0.25 mg/g (ar 50, 150 and 250 ppm) TI::
total weight of the chlorine dioxide-containing gel samples was 80 g,
thus 0.1, 0.2 and 0.3% w/w gels contained 0.08 g 0.16 g and 024 g of
PAA powder, respectively. In the preparation of the gels, PAA powder
was measured into a 100ml bwown bottle and a sufficient amount of
distilled water was added. NaOH was added to neutralise the palymer
and the samples were placed on a shaker. Ihcgﬂsmhunugmmad
for 4h and allowed to stand at 6°C overnight. The next day, the
chlarine dicxide solution stored at 6°C was also added, and the glass
was closed with a unique chlorine dioxide-resistant cap. The active
ingredient was added to the samples in 1000 ppm aqueous solution.
When determining the total wolume of water necessary for the pre-
paration of gels, the amounts of water added along with the chlarine
dicide solution and with the dissolved NaOH were also taken to om-
sideration. To minimise the fugadity of chlorine diccide, Solumium was
injected at a slow rate into the gel with a 10 o 20ml syringe of
12 = S0mm (18G, 27) needles depending on the volume of the
chlorine dicxide solution. To test the chlorine dioxide loading ability of
the gels, the samples were stored at room temperature in the same glass
cantainers with open caps. We prepared contral samples according to
the gels. The control samples were aqueous solutions of chlorine di-
axide, and the concentrations were 0.05, 0.15 and 0.25 mg/g, respec-
tively.

2.3. Analytical measurements

The chlorine dioxide content of the gels was determined by iodo-
metric tivation, After preparation, the gels were stored at room tem-
perature without cover for two weeks, and the remaining chlorine di-
axide concentration was measured to determine the ‘ClOy-storing
capacity’ of the gels. The chlorine dicxide concentration was measured
every second day following the meparation until the 8th day, and fi-
nally, the chlorine dioxide residue was determined on day 14. The 4-
tration was based on the messurement of jodine generated in the re-
duction-cxidation reaction between chlorine dioxide and the excess of
potassium iodide, The reaction is carried out in acidic medium (pH 2)
accarding to the following equation:
2C10; 4+ 10 4+ 8H = 55 4+ 2CF 4+ 4 H;0 1)

1g of the gels were taken with a 10ml syringe and placed in the
reaction medium containing 10ml of distilled water, 2ml of 1 M sul-
furic acd and 1ml of 1M potassium iodide solution. The potassium
indide solution was added directly to the medium before addition of the
gels. The sample was then placed in a dark place for 5min, and the
resulting iodine was titrated with a 0.01 N sodium thicsulfate solution
in the presence of a starch indicator. Three parallel measurements were
carried out for each composition. We measired the control samples
similarly.

24, Sratistical experimentol design
A two-factor, three-level face-cenired central composite design was

applied to construct a second-order palynomial model describing the
effect of formulation factors (o polymer concentration, yi chlorine
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Tahle 1
Experimental design with factors and thelr levek.
Levelks = PAA concentrafion (36 wi'w) y: 00y concentration (mg/5)
Lower (=) 01 008
Bamm (0] 02 018
Higher {+) 03 025

dioxide eoncentration) on the residual chlorine dioxide concentration
of the gels (2) [16]. The two factors, as well as their levels, are shown in
Table 1. The levels for each parameter are represented by a (=) sign for
the lower level, a (+) sign far the higher level and by (0) for the base
level,

Table Curve 3D V4.0 software was applied for the multiple regres-
sion analysis, The expected form of the palynomial equation is as fol-
lows in Eq, (2);

z=a+ bx + of + dd + ey’ + By 2)

where z is the response, x and y are the factors, a is a constant, b and ¢
parameters denote the coefficients characterizing the main, d and e the
quadratic, and f the interaction effects.

2.5 Positron annihilation [ifetime spectroscopy (PALS)

The ortho-positronium lifetime (o-Ps) values were determined ac
cording to Szabd et al, [17]. For positron lifetime measurements, a
positron source made of carrier-free 22MaCl was used. Its activity was
around 105 Bq, and the active material was sealed between two very
thin Kapton foils. Lifetime spectra were measured with a fast—fast co-
incidence system based on BaFZ/XP2020Q detectors and Ortec
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elecironies [18]. Every spectrum was recorded in 4096 channels of an
analyser card and each contained 105 coincidence events. Vertical
array detectors were used, and the sample was located on the alumi-
nium plate between the two detectors. ml of the gels were taken with
a syringe and placed in a glass cylinder of which bottom was closed
with Kapton foil. In the sample cylinder, a thickness of Smm was
achieved. The positron source was placed on the aluminium sheet under
the glass cylinder.

The upper detector was located 2mm from the surface of the gel.
Five consecutive specira were taken from each sample, and the first
recorded was wsed to compare the different gels. The remaining four
spectra were used to determine whether any changes occurred during
the measurement of the structure of the samples, All the lifetime specira
were evaluated individually by the RESOLUTION computer code [19].
Lifetime distributions were caleulated with the MELT code according to
Shulda et al. [20].

2,6. Microbiological evaluation

The antibacterial effect of the chlorine dioxide-containing gels was
investigated by infection and quenching with a bacterial suspension.
The study was carried out after the 2-week storage on the 14th day.
1 ml of the samples was measired by a syringe into a 2 ml Eppendorf
tube and 100 pl of 6.8 » 10° CFU Enterococciss foecalis (E. foecalis) strain
was pipetted to the samples and mixed with a syringe, After the tube
was closed, the samples were shaken and were placed in a dark place
for 3min and then cultured on blood agar plates. The infection was
repeated every 10 min for three times. The plates were placed ina 37 °C
incubator for a night, and the cultured colonies were tested on the next
day. During the experiment, three parallels of each of the nine different
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gel and three contral samples were examined.

3. Results and discussion
3.1. Analytical mensurements

Results of the titration of the samples stored for 14 days at room
temperature without covers are showm in Fig. 1. The slopes of the
chlorine dioxide concentration decrease of aquecus solutions of dif
ferent polymer eoncentrations as a function of storage time seem to be
similar. It is apparent from the results that the values differ from ex-
pectations. The dissolved gas molecule is removed by diffusion from the
gel formed by the polymer. If only the diffusion barrier formed by the
polymer mairix is taken into aceount in the characterization of the
chlorine dioxide loading capacity of the gels, there should be a straight
proportionality between the poly(acrylic acid) concentration of the gel
and the amounts of the residual chlorine dioxide. In such a case, the
gels containing 0.3% w/'w poly(acrylic acid) should, of course, hold the
highest amounts of chlorine dicedde.

However, it is apparent from the titration results that the con-
centration data are the highest in PAA 0.2% w/w, and after two weeks
of sterage, these gels contain significantly higher amounts of active
ingredient (Fig. 2). Based on the results it can be stated that the role of
the polymer matrix in the influencing of the chlorine dioxide loading
capacity is double. On the cne hand, it exists as a diffusion barrier by
increasing the diffusion layer, thus inhibiting the fugacity of the gas-
eous chlorine dicide. On the other side, the polymer chains form an
arranged supramolecular matrix that interacts with the hydrated forms
of chlorine dioxide via secondary hydrogen bonds thus resulting in its
sustained fugacity. The latter showed optimum as a function of the
polymer concentration. By examining the titration curves of the control
samples, it can be seen that aqueous solutions have been able to retain
chlorine dioxide for only a few days, due to high volatility and sig-
nificant diffusion of the drug,

3.2 Statistical evaluation

To indicate the influence of farmulation factors on the chlorine
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diceide loading capacity of the polymer gels the residual chlorine di-
cide content was selected as a respomse parameter. Table 2 sum-
marises the measured and the estimated chlorine dioxide contents of
gels, The resultant equation (Eq. (31) obtained after significance test at
95% confidence level represents the effect of farmulation factors (x, ¥)
on the residual chlorine dicride content (z) of the gels.

z = —0025 + 0.341x + 0.0904y — 0818 + 0.252 y® — 0058 xy (3

The positive sign of the coefficients refers to an increasing effect
while the negative sign indicates a decreasing effect on the corre-
sponding response. It was found that both the gel-forming polymer and
chlarine dicxide concentration inerease the residual chlorine dicecide
cancentration of the system. The positive sign of the main coefficients
refers to this tendency.

Although the main coefficient of the polymer concentration is al-
must three times higher than that of the chlorine dioxide, the negative
coefficient of its quadratic effect decreases its chlorine dioxide loading
capacity, The negative coefficient of the interaction effect (f = —0,058)
also reduces the remaining chlorine dioxide content. The dbtained re-
sults are in good agreement with the results of the analytical mea-
surements and the microstrictiral evaluation with PALS study.

0.15 0,25

Initial ClO; coneentration (mg/g)

Fig. 2. Resldual ClO5 concenirations In gels afier two weeks of storage at room temperature In open contalners.
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3.3 0-Ps lifetime in gels

The tacking of the o-Ps lifetime values of polymer gels is an ef
fective method for the supramolecular characterization of a system. The
data of the spectrum enabled the determination of the size distribution
of the free volume holes of the gels, thus characterizing the structural
arrangement of the system. In PAA-based gels, 0-Ps lifetime values ty-
pically ranged between 1 and 1.5 ns. In the samples of various polymer
concentrations, the supramolecular structure of the gel matrix is formed
by the distance and relative position of the polymer chains. Shifting the
lifetime distritution to lower values indicates a smaller hole size and a
mare ordered sructure.

Fig. 3 demonstrates that the presence of chlorine dioxide in the gels
modified the microstructure of the system. The bigger the chlorine di-
oxide concentration of the gel, the smaller the o-Ps lifetime value of the
systern, thus resulting in smaller free volumes, Interestingly at 0.2% w/
w PAA content the polymer unloaded gel and the 0.15mg/g chlorine
dioxide-containing gel show similar distribution, which refers to the
similar molecularly dissolved gas-loaded system, Fig. 4 represents the o
Pg lifetime distribution of 0.25 mg g chlorine dicxide-containing gels of
various PAA concentrations. The o-Ps lifetime distribution curves of 0.1
and 0.3% w/w palymer concentrations almost overlap each other, only
their intensity is different, while the curve belomgs to 0.2% w/w PAA
conceniration was shifted to lower lifetime values. The latter indicates

0,020 -
—— PAA L] wiwt
PAA 0.2 whats
PaA 03 witw'a

0,075 o

0,040

Inensity ( au,

0,005 <

T
1,0 1.1 12 13 14 15
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Fig. 4. 0-Ps lifetime distribution of 0.1, 0.2 and 0.3% w/w PAA gels containing
0.25 mg/g ClOy

DOI:10.14753/SE.2022.2766

Muaterials Soience & Engineeving C 98 (2019) 782748

that there exists a polymer concentration where PAA formsan arranged
supramolecular structure with the hydrated chlorine dicxide thus
loading more active ingredient in its free wolume holes. The decreased
o-Ps lifetime values refer to the loaded free volume holes of the
polymer, This phenomenon i3 in good agreement with the results of the
residual chlerine dioxide concentrations of the samples and the fel-
lowing statistical evaluation,

34. Microbiological evaluation

The antibacterial activities of chlorine dicxide-containing gels of
different compositions were studied using Enterococous foecolis strains,
Fig. 5 shows the results of the experiments. In the case of gels con-
taining 0.15 and 0.25mg/gof chlorine dioxide, there is no development
of a bacterial colony in the eulture medium after two weeks of storage
at room temperature in open containers. Each of the gels containing
0.1, 0.2 and 0.3 w/w PAA was able to maintain their antibacterial
activity until the end of the storage time, and 100l of 6.9 x 10°CFU
were killed after three contaminations, In the control samples it can be
ohserved that as a result of the first infection, a significant bacterial
culture was formed on the media, which is in good agreement with the
results of the analytical messurements,

Control solutions, regardless of the concentration of chlorine di-
cxide, have lost the total amownt of the drug dissolved during the first
few days of the study. In the case of antimi crobial activity, a difference
can only be observed with gels containing chlorine dioxide of 0.05m/g.
¥t can be seen that the addition of the first dose of bacterial
resulted in extensive bacterial colonies from each parallel of the 0.1%
w/w PAA gel, which indicates that the chlarine dioxide of 0.0075 mg/g
concentration determined by the analytical assay was not sufficient
against of such an amount of bacteria. In the case of the most con-
centrated PAA gel, some colonies can be observed, so samples con-
taining 0.3% w/w PAA destroyed most of the bacteria. The additions of
angther dose of bacterial suspension, this composition also lost of its
antibacterial activity thus associated colonies were formed. Gels of
medium PAA concentrations had adequate chlorine dioxide content at
the end of the storage period, as all bacteria were destroyed during the
first infection. The addition of the second dose of bacterial suspension,
the presence of surviving bacteria can already be detected from one of
the parallel ones; thus the antibacterial activity was only partially re-
tained. The results of the microbiological study are in good agreement
with the analytical and statistical examinations since the chlarine di-
aide concentration, and the antibacterial adivity of the samples are
closely related. Among the gels, the composition containing 0.2% w/w
PAA was found to be the most effective, it reserved its chlorine diceide
cantent for a pralanged time and consequently showed the best anti-
microbial activity. The result correlates with the findings of the PALS
study that the most homogeneous chlorine dioxide distribution and
filled free volume holes can be observed in the case of medium PAA
eantent.

4, Conclusion

Paly{acrylic acid)-based gels, containing chlorine dioxide as active
companents, were successfully prepared in 9 different compositions.
During the storage period, the gels containing 0.2% w/w poly(acrylic
acid) had a significantly enhanced chlorine dioxide loading capadity
than the 0.1 and 0.3% w/'w samples, which were also confirmed by
statistical and analytical studies. The samples containing 0.2% w/w
poly(acylic add) indicated a more complex molecular packing due to
the supramolecular ordering of the polymeric chains. To sum up, poly
(acrylic acid}based gels enabled the loading and release of chlorine
dioxide at effective antimicrobial concentrations, so their application
can be therapeutically promising. The applicability and teddty profile
of the gels on human tissues requires further testing.
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100 ul 6.9x10% CFU 200 pul 6.9x10* CFU 300 ul 6.9x10% CFU

ClO, 0.05 mg/g

ClO, 0.15 mg/g

ClO, 0.25 mp/g

1 i 111 1 1 il 1 i m

Fig. 5. Antibacterlal activity of 10z containing PAA gels after Infecting three times with 100 ul 6.9 x 10® CFUE. faecalls suspension. Samples were cultured on blood
agar plates. Three parallels (I, 11, 11i) of each gel and the control sample were examined. Each row represents one concentration of C10, and the control samples, while
columns represent the addition of 100 ul bacterial suspension.
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Abstrack Background: Preventing infectiouis 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 recentwork, a polyiethylene oxidebased
nanofibrous mat loaded with soditum 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 (ea. 5% (@) CO,, T = 37 #*C, KH » 95%). The morphology and microstructure of
the fibers were investigated via scanning electron microscopy and infrared spe ctroscopy. Results:
Smooth-surfaced, nanoscale fibers were produced. The Cl0wprodicing 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 C0h concentration and exposiire Hime was also evaluated. The antibacterial activity of the fibers
was tested in a 24 h experiment. The soditm-chlotite-loaded fibers showed substantial antibacterial
activity. Conclusions: Chlorine dioxide was liberated into the gas phase in the presence of COa and
water vapor, eliminating the bacteria. Sodiume-chlorite-loaded nanofibers can be sources of prolonged
chlorine dicxide production and subsequent pathogen inactivation in a CO%-rich and humid envi
ronment. Based on the results, further evaluation of the possible application of the formuilation in
face-mask filters as medical devices is encouraged.

Keywords: electrospinning; nanofibers; poly{ethylene cxide); sodium chlorite; chlorine dicidide;
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 [2Z]. 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 (ClO,) 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 C10; is limited mainly
to thiol-group-containing amino acids. Other organic macromolecules are also potential
substrates of ClO;, 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 CIO; 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
ClO; 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 ClO, 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 ClO; 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 ClO; 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 ClO; 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 (NaClO;) 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 ClO,. Using polymer-based viscous solutions, the residence time of
ClO; can be prolonged [23]. Electrospun nanofibers loaded with sodium chlorite produce
ClO; 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 ClO; 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 ClOz-generating ability. The nanofiber-based formula-
tion is subjected to morphological and antibacterial examination. The ClO,-generating
ability and the rate of chlorine dioxide liberation were also evaluated.

2. Materials and Methods
2.1. Materials

Poly(ethylene oxide) (PEO, average M,, = 600,000 g-mol‘l) was obtained from
Sigma-Aldrich (Budapest, Hungary). We used analytical-grade sodium chlorite (NaClO,,
Sigma-Aldrich, Budapest, Hungary) as the active ingredient. Distilled water was filtered
on a 0.22 um 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/tr) aqueous solution was added to the PEC solution to
reach a concentration of 0.1% (w/w). Control PEOQ samples without active ingredients were
prepared accordingly. Nanofiber production was carried out on lab-scale electrospinning
equipment (SpinSplit Lid., Budapest, Hungary). Precursor solutions were placed into
plastic syringes (Luer lock, Sigma-Aldrich Litd., 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 uL/s, with an applied voltage of 10.5 kV. The NaClOsx-loaded PEO samples were
prepared with a 0.07 puL/s feeding rate and 14.8 kV of applied voltage. The samples
wene 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),

d=21.5cm Spinning time 4,7 min
Valume of precursor 186 plL
Sample waight 1 mg
Pofymer solulion
) e
| S pusp
Flow raie: 007 plis g i "
! Spinning time 47 min
!_"'"""'m- Vaolume of precursor | 186 plL
Rr=FIEEE Sample waight 10 g

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 FRO470-H single reflection accessory. Mea-
surements were performed in absorbance mode, and spectra were collected over a wavenum-
ber range of 4000 and 500 em~1, For each spectrum, 100 scans were performed at a resolu-
tion of 4 em™1L. Spectra were evaluated with the software Spectra Manager-II (Jasco, Easton,
MD, UsA).

24, 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 JEC-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 Image] {(National Institutes
of Health, Bethesda, MD, USA) software and prepared the histograms via Origin{Pro)
software (Version 2018, OriginLab Corporation, Northampton, MA, USA ).



Nanomaterials 2022,12, 1481

DOI:10.14753/SE.2022.2766

40f12

2.5. Chlorine Dioxide Production of the Fibrous Samples
2.5.1. Experimental Setup

The ClO; production from NaClO;-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 uL 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 ClO; concentration measurement.
Next, the fibrous sample was stuck onto the inner wall of the bottle using double-sided
adhesive tape, and CO; was slowly injected into the glass to reach a concentration of 5, 10
or 15% (v/v). Bottles fitted with special caps, impermeable to ClO,, were kindly donated
by Zoltan Noszticzius (Department of Physics, Budapest University of Technology and
Economics, Budapest, Hungary). The suitable amount of CO; 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 pL was taken instantly from
the distilled water placed in the 0.5 mL container. The 100 uL ClO; 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 ClO; has its characteristic absorption maximum.
The molar absorptivity of ClO; at 360 nm is 1250 em~! M~ [26].

2.5.2. Measurements and Data Analysis

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

¢(ClO2)g = k-Kp-Vin-c(C1O2 ) (1)

where k is a constant, Kp is the distribution constant of ClO;, Vi is the molar volume of
the gas, c(ClO2)g is the chlorine dioxide concentration in the gas phase in ppm (uL/L)
and ¢(ClO;)a is the chlorine dioxide concentration in the aqueous solution in mol/L.
At 37 °C, the value of the distribution constant is Kz = 0.053 and the molar volume is
Vin = 25.45 dm>/mol. The k constant is derived from the conversion of the units and its
value isk =1 x 10° [27]. To evaluate the chlorine dioxide production of the samples the
following measurements were carried out:

1.  To measure the total amount of ClO; 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
ClOz-generating ability per weight and the ClO; yield of the samples compared to
the theoretical values. In this experiment, the CO, concentration was set to 5%.

2. We examined the effect of different CO, concentrations (5, 10, 15%) on the C1O;
production of 5 mg samples in a 24 h measurement.

3. Theeffect of residence time of fibers in the medium was evaluated by measuring the
ClO; 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 Inact fvation Study

To evaluate the antibacterial effect of the NaClOx-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 grow th 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 ClO; 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 x 10° CFU/mL of E. faecalis, then sealed. Each inoculating loop
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contained approximately 1 uL 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 CO; 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 uL of saline and stirred thoroughly to suspend the remaining
bacteria. Finally, the entire 100 uL 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. Morphologiaal 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
NaClO;-loaded PEO fibers (Figure 2b). The fiber diameters of the NaClO,-loaded sample
also showed normal distribution.
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Figure 2. SEM images and histograms of the fiber diameter distribution of unloaded PEO (a) and
NaClO;-lcaded 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
NaClO;-loaded PEO fibers. On the spectrum of PEO fibers, the peak at the band observed
at 2890 cm~! was assigned to the symmetrical C—H stretching (Figure 3b). The peaks at
1467, 1341, 1280 and 842 em™! represent the scissoring, wagging, twisting and rocking of
the CH; group. The sharp and intense band at 1095 cm~}, along with the peaks at 1145 and
1061 cm™}, is assigned to the asymmetric stretching vibration of the C-O-C bonds. The
smaller, sharp peak at 960 em™! is due to C-C skeletal stretching vibrations [30]. The FTIR
spectrum of the NaClOz-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
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around the base of the peak at 842 cm™! on the NaClOs-loaded PEO spectrum. Sodium
chlorite has its sharp and intense peaks at 800 and 823 cm ™! (Figure 3c).

RS

(a)

Intensity (a.u.)

(c)

3

i I‘
i
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Wavenumber (1/cm)

Figure 3. FTIR spectra of NaClO>-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 NaClOz-loaded PEO fiber into the medium, the ClO; concentration in the gas phase
reached 65.8 ppm (uL/L) after 24 h. Larger weights of samples resulted in higher ClO,
concentrations, but the rate of growth of the generated ClO; remained substantially lower
than expected. There was no significant difference in the produced sodium chlorite of
samples of higher weights. The ClO; production per weight data, however, show a gradual
decrease in the ClO, generation ability with increasing fiber weights, along with the yield
of generated ClO; compared to the theoretical values calculated from the NaClO,—acid
reaction [31]. During the 24 h experiment, the ClO; 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 C1O; yield (Figure 4, Table 1).

Figure 5a show's the effect of carbon dioxide concentration on the CIO; production
ability of the NaClO;-loaded PEO fibers. We placed 5 mg of NaClO;-loaded PEO samples
into amber glass bottles containing 5, 10 and 15% (v/v) of CO,, 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 ClO;. However, the time of exposure to CO; in a humid environment
resulted in significantly higher CO; 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 ClO,; by samples of different weights calculated from the theoretical C1O,
production of sodium chlorite in acidicenvironment.

Myumple (M) Nnscio, (mmol)  <(CIO,)g (ppm) mo::t?:’”’gp w1 Yield()
1 0217 6579 73.57 89.43
5 1.084 11554 367.85 31.41
10 2168 13493 735.69 18.34
15 3252 13591 1103.54 1232
20 4336 14116 1471.38 9.59
30 6.504 14523 2207.07 6.58

! Equations used to calculate the theoretical CIO, concentration are shown in the Supplementary Materials.

(@) =, (b) ==
1 .
174 y
- : g 404
LB @ om | B
g | § 0
% 15% 2 4
:S_‘ w: g e
g _| § .
{
Y . H ° Z 2 :
Carbon diusade conceninstion (%) Time ()

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

3.4. Bacterial Inact fvation 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 NaClO,-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 NaClO,-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 NaClOz-loaded PEO samples, indicated by
arrows (Figure 6b). Bacterial growth did not occur with 10 mg of NaClO;-loaded fibers.

(a) (b)

ClIO 4mpermaabdle
cap

Ambar glass
totte

Fiber sample —

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 NaClO;-loaded PEQ, S2: 5 mg
NaClO,-loaded PEO, S3: 10 mg NaClO,-lcaded PEO fibers).

>250

CFUl/plate

187287 4 o0s1.73

S$1 S2 S3
Sample

Figure 7. Average surviving colonies per plate of control (50) and NaClO;-loaded PEO fibers (S1:
1 mg, S2: 5mg, S3: 10 mg).
4. Discussion

Scanning electron microscopy was used to evaluate the morphology of neat and
NaClO;-loaded PEO-based samples prepared by electrospinning. The spinning process
resulted in smooth and uniform fibers both in the case of unloaded PEO and NaClO,-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 NaClO,-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 MgCl; 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, FeCl; 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 NaClO,
present in the NaClO,-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 NaClO,-loaded PEO and unloaded PEO spectra are
similar, except for the region around the peak at 842 cm~!, where a slight broadening can
be observed on the NaClO,-loaded PEO spectrum (Figure 3a). Sodium chlorite has its most
intense bands at 800 and 823 cm ™! (Figure 3c). Due to the significant (ca. 50-fold) difference
in the concentrations of PEO and NaClO,, and the presence of the strong band at 842 cm ™!
on the PEO spectrum, the intense peaks of NaClO; are covered on the NaClOz-loaded PEO
spectrum. The presence of NaClO; in the fibrous sample causes only a minor broadening
at the base of the peak at 842 cm ™! on the NaClO,-loaded PEO spectrum. Figure 3a,b also
suggests that major changes did not occur in the structure and functional groups of PEO
after loading NaClO,.

To evaluate the sodium chlorite generating ability of NaClOz-loaded PEO fibers, we
placed samples into humid medium containing 5% (v/v) of CO; and incubated them at
37 °C for 24 h. One of the common methods of C10; 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 CO; gas in situ, was the
reactant. The high surface-to-volume ratio of nanofibers provides enough reaction sites
for NaClO; to form chlorine dioxide in the presence of H,COj. 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 NaClOz-loaded PEO sample,
the yield was above 89% after 24 h of incubation (Table 1). However, higher amounts of
NaClO;-loaded fibers did not result in proportionally higher ClO; 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 CO, concentrations on the ClO,-producing ability of the
NaClOx-loaded fibers. The evaluation of the effect of carbon dioxide on ClO; production
showed that the limiting factor was not the concentration of the acidic reactant, as the
ClO; production did not change significantly after a two- and a three-fold increase in CO,
concentration (Figure 5a). It has also been shown that the time of exposure has a substantial
impact on ClO; 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 ClO; production. The bacteria-eliminating ability of NaClOz-loaded PEC
samples was tested in humid medium (RH > 95%) containing 5% CO4, similar to human
breath. The overall ClO: 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 x 10° CFUs,
as their volume was 1 ul. The number of surviving colonies was too large to be counted
regarding unloaded PEO fibers, while 1 and 5 mg of NaClOs-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 ClO; 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 C10, production kinetics is
also desirable.

5. Conclusions

Chlorine-dioxide-emitting, NalClO;-loaded PEO nanofibers were prepared via elec-
trospinning. Chlorine dioxide generated from NaClOs-loaded PEOD samples eliminated
bacteria from the gas phase successfully in 5% (v/v) CO,; 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 CIO, yield was calculated. Exposing smaller fibrous
samples to CO; and humidity resulted in an increased ClO); 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 dicxide. The concentration of CO; did not
alter the Cl10; production of the samples, while time of exposure increased the concentra-
tion of the generated chlorine dioxide. Fibrous NaClO,-loaded PEQ 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 Cl0; 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. mdploom/article,/ 10,3390/ nano 12091451 /=1, Equations (S1-{53}: Chlorine dioxide production
via the chlorite ion—acid system, Table 51: [ClO2]g (M), [C10: ]ag (M) distribution constant (Kg) at
different temperatures, Figure 51: Distribution constant at different temperatures along with the
fitted polynomial equation [27,31].
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19
The production of chlorine dioxide from sodium chlorite under acidic conditions can 20
be described with the following equations [1]: 21
22
H- + ClOz = HCIO: (1)
4 HCIO: — 2 CIO:2 + ClIOs + CI- + 2 H + H20 )
5 HCIO2 — 4 CIO2 + CI- + H' + H20 3)
23

The first step is the protonation of chlorous acid with a pKz of 1.72 (Equation 1). Chlorous 24
acid then undergoes a self-decomposition reaction and chlorine dioxide is formed. There 25
are two limiting cases of this process, and the stoichiometry can be calculated from the 26
linear combination of Equation 2 and 3. First, an uncatalyzed reaction occurs, where the 27
generated ClO2HCIO: ratio is 1:2. In this reaction, chloride ion is produced, which actsa 28
catalyzer and alters the process into Equation 3. Under ideal conditions, the CIO2zHCIO: 29
ratio increases to 4:5. In our work we calculated the ClO: yield by Equation 3, assuming 30
the CIO2:HCIO: ratio was 4:5. 31

The concentration of the produced chlorine dioxide in the gas phase was calculated 32
from the absorbance measured in the water container placed into the glass bottles. Chlo- 33
rine dioxide emitted from the fiber samples dissolves in the excess of water and a vapor- 34
liquid equilibrium is reached. The distribution constant of ClO: between the two phases 35
can be calculated from the concentrations measured in the gas and the aqueous phase 36
(determined by Ishi) [2]. Using the data from Ishi’s work we calculated the distribution 37

constant regarding the parameters of our experiment. 38
Table 1. Table S1. [ClOz]s (M)/[ClOz]aq (M) distribution constant (Ks) at different temperatures. 39
Temperature (°C) Distribution constant

0 0.0155

5 0.0189

10 0.0222

15 0.0267

20 0.0316

30 0.0428

40 0.0578

Figure S1 shows the Ke-temperature curve along with the fitted polynomial equation. 41
Using the equation, the distribution constant at 37°C can be calculated. At 37°C the [CIOz]; 42
(M)/[CIOz]aq (M) ratio was 0.053. Further calculation to determine [ClOz]g form [ClOz2]aq 43
values is described in the manuscript. 44
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Figure S1. Distribution constant at different temperatures along with the fitted polynomial equa-
tion.
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