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Abstract
Virucidal properties of N-chlorosulfonamides immobilized on fibrous styrene-divinylbenzene 
copolymers have been studied. Corresponding materials with different functional group structures 
and chlorine content have been synthesized on FIBAN polymer carriers in the form of staple 
fibers and non-woven fabrics. The study has been conducted in general accordance with EN 
14476 standard on poliovirus type-1 and adenovirus type-5. It has been found that all tested 
samples exhibit pronounced virucidal activity: regardless of the carrier polymer form, sodium 
N-chlorosulfonamides inactivated both viruses in less than 30 s, and N,N-dichlorosulfonamides—
in 30–60 s. The main mechanism of action of these materials, obviously, consists in the emission of 
active chlorine from the functional group into the treated medium under the action of the amino 
groups of virus fragments and cell culture. Considering the previously described antimicrobial 
and reparative properties of such materials, as well as their satisfactory physical and mechanical 
properties, the synthesized polymers are promising for the creation of medical devices with 
increased resistance to microbial contamination, such as protective masks, filter elements, long-
acting wound dressings, and others.
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Graphical Abstract 

Introduction

Recent events related to the COVID-19 pan-
demic have once again confirmed the vital need 
for the widespread implementation of measures 
to prevent infectious diseases. Materials and 
technologies that provide protection against 
infections of various etiologies certainly include 
antiseptics and disinfectants of various compo-
sitions,1–3 devices for treating premises with 
proper types of radiation of sufficient power 
(ozone generators, UV-recirculators, etc.),4–7 as 
well as water and air treatment systems.8–11 The 
other extremely important aspect is the use of 
personal protective equipment, primarily pro-
tective masks and respirators, because most 
epidemic diseases spread through an erogenic 
mechanism.12,13 It should be noted that the mas-
sive application of the above procedures, as 
well as the tightening control over hygiene and 
sanitization of premises in accordance with 
quarantine protocols, led to an average 35% 
decrease in the incidence of multi-drug resistant 
hospital infections, which proves the high effi-
ciency of such measures.14 Therefore, the line 

of creating new compounds and materials that 
could be widely used for the prevention (and 
not for the treatment) of infections, must be 
boosted.

In the last decades, the synthesis of anti-
microbial materials for medical applications is 
becoming increasingly important. Many func-
tional polymers with microbiocidal activity 
have been developed, differing in the nature of 
the carrier and antimicrobial agent, manufactur-
ing technology, physical form, etc.15–18 Polymers 
impregnated with disinfectors (alcohols, sur-
factants, chlorhexidine, antibiotics, silver com-
posites, and so on) are easy to manufacture and 
at the same time quite effective.19–22 However, in 
most cases, they are actually disposable because 
of the very limited resource of work, moreover, 
they often require special packaging and storage 
conditions. Therefore, they are mainly used as 
sanitary napkins and less often as containers and 
dressings. Polymers with chemically grafted, or 
immobilized (covalently bonded), functional 
groups (quaternary ammonium, phosphonium 
groups, guanidine fragments, surfactants, 
enzymes, and others) are more technologically 
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complex.23–27 Such materials, through various 
mechanisms, inactivate pathogens upon direct 
contact. In some cases, they are also capable of 
releasing a certain amount of an active micro-
biocidal agent into the environment. Their dis-
tinctive features are prolonged action and high 
stability; therefore, they are actively used to 
create medical goods: catheters, implants, pros-
theses, protective clothing, etc.

Special attention should be paid to poly-
meric materials containing functional groups-
donors of active chlorine, which in most cases 
are N-halamine immobilized.28–31 As carriers 
of active chlorine, polymers of various chemi-
cal structures and origin can be used, depend-
ing on the intended application; the chemical 
nature of chlorine-active groups is also very 
diverse.32–36 Their main advantage is a wide 
range and rapidity of bactericidal and virucidal 
action, as well as the almost complete inability 
of developing resistance of microorganisms to 
them, which is especially important, given the 
rate of spread of antibiotic-resistant superbugs. 
In addition, such polymers can significantly 
increase the stability of active chlorine, the 
lack of which is the main problem of trivial 
chlorine-active drugs (hypochlorous acid, 
sodium hypochlorite, etc.).37,38 Such polymers 
are used in water conditioning systems for  
disinfection and additional oxidation of some 
inorganic compounds, in healthcare equip-
ment, in the textile industry, and even for the 
creation of protective clothing against chemi-
cal warfare agents.39–42 Thus, the creation of 
such materials is extremely promising, espe-
cially in light of the more frequent epidemics 
of infectious diseases.

The synthesis of N-chlorosulfonamides 
immobilized on various forms of styrene-divi-
nylbenzene copolymer carriers was previously 
described by our group.42,43 The kinetics of the 
release of active chlorine from them into differ-
ent media have been studied, and a number of 
studies of their antimicrobial properties in vitro 
and in vivo have been carried out.44–47 This 
paper presents data on the virucidal activity of 
the synthesized materials.

Materials and methods

Synthesis of N-halamine-immobilized 
polymers

For the study, samples of N-chlorosulfonamides 
of various structures were synthesized and 
immobilized on polymer carriers which con-
sists of sulfonated styrene copolymers with 
divinylbenzene on polypropylene filament. 
Such carriers are being industrially manufac-
tured as ion exchangers of the FIBAN K-1 
brand.48,49 Unlike other known styrene-divi-
nylbenzene polymers,49–51 such materials can 
be obtained in the form of fibers insoluble in 
water and other ordinary solvents due to the 
presence of the polypropylene matrix and spe-
cial technology of radiation-induced polymeri-
zation. This made it possible to synthesize 
target modified chlorine-active materials in the 
following forms: staple fiber (“cotton wool”), 
which, due to its developed surface, is promis-
ing for the creation of filter elements, and nee-
dle-punched nonwoven fabric (“cloth”), which 
is easier to standardize and thus is more con-
venient for use as a component of medical pro-
tective masks or antiseptic dressings (Figure 1).

The technique for immobilization of N- 
chlorosulfonamide groups on polymer carriers 
is the same for “cotton wool” and “cloth” and 
has been described in our work.45 It includes 
successive stages of sulfochlorination of the 
corresponding carrier (I) with sulfurochloridic 
acid, amination of the formed sulfochloride  
(II) with ammonia, and chlorination of the 
synthesized amide (III) with sodium hypo-
chlorite with the formation of Na-form of 
N-chlorosulfonamides (IV). To obtain dichloro-
derivatives (V), the amide (III) was chlorinated 
with the sodium hypochlorite acidified with 
acetic acid (Figure 2).

Confirmation of polymer structure

The chemical structure of the synthesized  
polymers was proven by IR spectroscopy, as 
demonstrated previously for granular forms.52 
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The corresponding spectra were recorded on a 
Spectrum BX II FT-IR spectrometer Perkin 
Elmer (USA). Polymer samples were dried in a 
vacuum desiccator, ground in an agate mortar 
with potassium bromide, and then pressed into 
tablets, which were further analyzed.

The content of residual free sulfonamide 
groups in the synthesized materials was deter-
mined similarly to the exchange capacity of 
strongly acidic cation exchangers. For immo-
bilized N, N-dichlorosulfonamides, a weight 
sample of polymer about 1.5 g was added to 
100 ml of 0.1 N calcium chloride solution and 

kept for 24 h with periodic stirring. Part of the 
solution (25 ml) was titrated with 0.1 N sodium 
hydroxide solution in the presence of methyl 
red as indicator. Following, the amount of  
acid formed in solution due to ion exchange 
adsorption of calcium cation was calculated 
using the corresponding formula.53 The acid 
content in the solution is equivalent to the con-
tent of immobilized free -SO3H groups. For 
the immobilized sodium N-chlorosulfonamides, 
the potentiometric method was used,54 in 
which the corresponding polymer was treated 
with 1 N HCI solution for 2 h to convert it to 

Figure 2. Scheme of synthesis of investigated polymers with immobilized N-chlorosulfonamide groups.

Figure 1. The appearance of synthesized materials: (a) “cotton wool” sample and (b) “cloth” sample.
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H-form. The product was washed with water 
until the filtrate was neutral and dried in a 
desiccator over sulfuric acid to constant 
weight. A weight sample of immobilized 
N-chlorosulfonamide in H-form (about 0.3–
0.5 g) was placed into 50 ml of distilled water 
and kept for 24 h, shaking periodically. Then 
it was potentiometrically titrated with 0.1 N 
NaOH solution with a glass electrode to pH 
7.0. The content of free SO3H-groups in mg-
eq/g was determined using the titration curve.

Determination of immobilized 
chlorine concentration

The concentration of immobilized chlorine 
was determined by special iodometric titration 
method according to the procedure described in 
our papers.45,46 About 1.0 g of polymer was 
placed in a 250 ml flask with 100 ml of distilled 
water, then 10 ml of 10% KI solution and 10 ml 
of 10% H2SO4 were added mixing thoroughly 
after each step. The mixture was slowly heated 
in the closed flask on a water bath until the 
release of iodine starts. The released iodine was 
being titrated with 0.1 N sodium thiosulfate 
solution. The heating and titration of the ana-
lyzed sample were periodically repeated until 
the release of iodine into the solution ceases. 
The concentration of released active chlorine 
(Y) in mg-eq/dm3 has been calculated by the 
formula below:

Y
V

V
=

× × ×0 003545 1000 1000

1

.
,

in which V—the volume of the 0.1 N solution of 
sodium thiosulfate, which was used for titration 
of the analyzed sample, cm3;

0.003545—the mass of active chlorine, 
which corresponds to 1 cm3 of 0.1 N solution of 
sodium thiosulfate, g;

1000—conversion factor g/cm3 to g/dm3;
1000—conversion factor g/dm3 to mg/dm3

V1—the volume of the solution taken for 
analysis, cm3.

The determination of chlorine concentration 
in the sample of investigated chlorine-active 
polymers was carried out immediately before 
each virological experiment.

Assessment of virucidal 
activity of synthesized 
polymers

The investigation of virucidal activity of mate-
rials has been performed in general accord-
ance with EN 1447655 on models of the vaccine 
strain of poliovirus type-1 and adenovirus 
type-5, which are highly resistant to physico-
chemical environmental factors.56,57

Cell culture studies

HEp-2 was the transplantable cell culture, 
which has been used for the cultivation of both 
viruses. For cell culture growth, medium 199, 
Eagle’s medium (Sigma Aldrich) with a double 
set of amino acids, and with the addition of 10% 
fetal bovine serum and antibiotics were used. 
For support medium, medium 199 (Sigma 
Aldrich), Eagle’s medium with a double set of 
amino acids and with the addition of 2% fetal 
bovine serum were used.

TCID50/ml determination

The TCID50/ml (tissue culture infectious dose, 
that causes 50% cell death) has been at first 
determined for each of the two tested viruses.58 
The tissue culture was examined on inverted 
microscope “Olympus Tokyo CK.” Table 1 
shows the results of these calculations for 
НEр-2 cells.

Preparation of virus-containing fluid

To prepare the virus-containing fluid, tissue 
culture cells with full cytopathic action caused 
by the studied viruses were transferred with the 
culture fluid into sterile tubes, frozen, then 
thawed, and centrifuged at 3000 rpm for 10 min. 
The supernatant was collected and used in the 
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experiment. Before using the virus in the exper-
iment, the titer of the virus-containing fluid was 
determined by the standard Reed and Muench-
Mench method.59

Determination of virucidal activity

To determine the virucidal activity, the sam-
ples of “cloth” test materials with a size of 
0.5 × 0.5 cm, and the samples of test “cotton 
wool” with the mass about 0.012 ± 0.0004 g 
(corresponds to the medium mass of the “cloth” 
samples of the given square), each in triplicate, 
were placed in sterile Petri dishes and filled with 
a cultural liquid containing viruses (separately) 
at the rate of 0.1 mL per one test object. The 
amount of viruses used was the concentration 
previously established. Test samples were kept 
in virus-containing fluid for a pre-determined 
time—30 s, 1, 5, 10, and 20 min. Then they were 
transferred into 1 mL of support medium and 
actively mixed; fluid was filtered with syringe 
filters to separate polymer fibers that could con-
tinue to emit active chlorine, and then were kept 
for another day for complete destruction of 
active chlorine to avoid its toxic effects on cell 
cultures. After that, the working virus-contain-
ing liquid was transferred to cell cultures. It has 
been found that when transferring fluid without 

filtration and preliminary storage, the carrier 
cells died almost instantly, apparently under the 
influence of residual concentrations of active 
chlorine. In parallel, the same experiment has 
been performed with the initial FIBAN K-1 pol-
ymer carrier, which did not contain N-halamine 
functional groups. Each experiment included 
the following controls: control of infection of 
test objects (the same polymer samples that 
were not treated with virus-containing liquid), 
control of virus viability (the same experiment 
but without using polymer samples), and control 
of tissue culture cells. Each experiment was per-
formed in triplicate. Before the main experi-
ment, three passages on fresh tissue was made to 
increase the titer of the viruses.

Analysis of the viral pathogenic action 
on cell cultures

When HEp-2 tissue cells are infected with the 
vaccine poliovirus type-1, uniform fine-grained 
destruction of the cells occurs, followed by 
their exfoliation. In the absence of specific 
changes in cell culture, the virus is considered 
inactivated.60

When HEp-2 tissue cells are infected with 
adenovirus type-5, a characteristic aggregation 
of cells having the appearance of a “grape” on 

Table 1. Calculation of TCID50/ml of poliovirus type-1and adenovirus type-5.

Virus dilution Virus type Number of virus-treated objects Died Survived % Death

10−3 poliovirus type-1 - - - -
adenovirus type-5 4 4  0 100

10−4 poliovirus type-1 4 4  0 100
adenovirus type-5 4 4  0 100

10−5 poliovirus type-1 4 4  0 100
adenovirus type-5 4 2  2  50

10−6 poliovirus type-1 4 2  2  50
adenovirus type-5 4 0 100  0

10−7 poliovirus type-1 4 0 100  0
adenovirus type-5 - - - -

As can be seen from the Table 1, dilution of poliovirus type-1 10−6 causes 50% HEp-2 cell death, which means that the 
TCID50/ml of this virus is equal to its dilution of 10−6, and, correspondingly, TCID50/ml of adenovirus type-5 is equal to 
its dilution of 10−5. On this basis, for the main experiment the vaccine strain of poliovirus type-1 was used at a working 
concentration of 3lgTCID50/ml (corresponding to a dilution of 10−3), and adenovirus type-5 was used at a working con-
centration of 2.5lgTCID50/ml (corresponding to a dilution of 10−2.5).
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the background of a partially destroyed mon-
olayer of cells occurs. In the absence of specific 
changes in cell culture, the virus is considered 
inactivated.61

Results

To determine the virucidal activity, four samples 
containing immobilized N-chlorosulfonamide 
groups of different structures and 2 samples of 
polymer carrier FIBAN K-4 immobilized with 
free sulfonamide groups (to use as a control in 
virological experiment) were synthesized. Their 
appearance and physicochemical properties 
(density, humidity, fiber thickness, water absorp-
tion capacity, etc.) corresponded to previously 
described.43–45

The main characteristics of the samples are 
shown in Table 2.

The IR spectra of the synthesized polymers 
and the initial polymer carrier (samples 1, 3, 5) 
are shown in Figures 3 to 5 respectively. The 
spectra of the corresponding samples of “cloth” 
are qualitatively similar to those for “cotton 
wool.”

The results of the virological experiments 
are shown in Tables 3 and 4.

Discussion

The data of the IR spectra of the synthesized 
samples are generally similar to those published 
by us earlier for granular chlorine-active poly-
mers and confirm the declared structure of their 
functional groups. It was found that the materi-
als are in hydrated form, because even after dry-
ing in a vacuum desiccator in the spectra there 

are strong signals in the range of 3400 and 
1640 cm−1, which correspond to the valence and 
scissoring vibrations of hydroxyl groups of 
water molecules. It is known62 that sodium 
forms of N-chlorosulfonamides can exist in the 
form of salts of N-chlorosulfoximidic acid. The 
spectrum of sample No. 1 contains the charac-
teristic absorption band of sulfoximidic groups 
of 1220 and 1129 cm−1, and the manifestation  
of the sulfoxide fragment is proved with band 
of 1040 cm−1, thus, the spectrum agrees with  
the previously obtained data. For immobilized 
N,N-dichlorosulfonamide (sample No. 3) vibra-
tions in the -S=O group region of 1340 cm−1 
(antisymmetric stretching vibrations) and of 
1214, 1184, and 1128 cm−1 (symmetric stretch-
ing vibrations) are characteristic. The IR spec-
trum of the unmodified carrier polymer (sample 
No. 5) contains absorption bands of sulfoxide 
groups in the region of 1350 cm−1 (antisym-
metric stretching vibrations), 1220, 1169, and 
1127 cm−1 (symmetric stretching vibrations). 
Unfortunately, determination of the presence of 
chlorine atoms from IR spectra is impossible, 
firstly, because of the weak signal intensity due 
to the relatively low content of N-Cl bonds in 
comparison with other types of bonds in the 
polymer, and secondly, because of the presence 
of many other signals in this region (about 750–
850 cm−1). Therefore, the presence of chlorine 
can be determined only via titration.

The high degree of conversion of sulfo 
groups in the starting polymer into the target 
N-chlorosulfonamide groups, which are not 
capable of proton exchange, is confirmed by 
the low exchange capacity of the synthesized 
polymers. The exchange capacity of the carrier 

Table 2. Polymer test samples synthesized for virucidal activity determination.

Sample № Physical form of the carrier Functional group Immobilized chlorine content, %

1 “cotton wool” -SO2-NClNa 6.0
2 “cloth” -SO2-NClNa 3.7
3 “cotton wool” -SO2-NCl2 12.0
4 “cloth” -SO2-NCl2 6.0
5 “cotton wool” -SO2-NH2 -
6 “cloth” -SO2-NH2 -
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polymer, calculated according to the above 
method, is 2.7–3.5 mg-eq/g, and the content of 
sulfo groups in the modified polymers is only 
0.05–0.08 mg-eq/g.

As seen, all synthesized polymer samples 
contain a fairly high amount of immobilized 
chlorine. The choice of these samples was 
based on the previously described features of 

Figure 3. The IR spectrum of immobilized sodium N-chlorosulfonamide (sample №1).

Figure 4. The IR spectrum of immobilized N,N-dichlorosulfonamide (sample №3).
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Table 3. Virucidal activity (inactivation time) of synthesized polymers against poliovirus type-1(1).

Experiment replicate Test-sample Exposure time

30 s 1 min 5 min 10 min 20 min

1 1 — — — — —
2 — — — — —
3  — — — —
4  — — — —
5     
6     

2 1 — — — — —
2 — — — — —
3  — — — —
4  — — — —
5     
6     

3 1 — — — — —
2 — — — — —
3  — — — —
4  — — — —
5     
6     

CVV     
CCC — — — — —

CVV: control of virus viability; CCC: control of cell culture.
(1)Note: the next symbols are used in Tables:
 presence of cytopathogenic effect of the virus.
— absence of cytopathogenic effect of the virus.

Figure 5. The IR spectrum of polymer carrier FIBAN-K1 (control sample №5).
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the technology of obtaining such materials and 
the kinetics of active chlorine emission from 
them into aqueous solutions under the action of 
various activators.46,63 We have shown that 
practically any compound with the amino func-
tion of chemical (ammonia, ammonium chlo-
ride, glycine, taurine, aminocaproic acid, etc.) 
or biological (bread mold, blood, etc.) origin in 
solutions lead to the transfer of active chlorine 
from the polymer to this solution, while the 
immersion of the same polymers into a medium 
that does not contain such impurities practi-
cally does not cause the release of chlorine. 
The release of chlorine mainly determines the 
antimicrobial properties of our materials. It 
was assumed that the presence of viral poly-
aminoacids and host cell proteins in the solu-
tion will activate this process, too.

The noticeably lower concentration of chlorine 
in “cloth” samples 2 is due to the peculiarities of 
the technology of their synthesis, specially the 
slower diffusion of reagents into the initial, much 
denser nonwoven fabric compared to staple fiber, 
as well as milder conditions (lower temperature 
and concentration of the sulfochlorinating agent) 
to avoid the destruction of the polymer carrier.64 
Our attempts to obtain “cloth” samples by press-
ing the already modified chlorine-active “cotton 
wool” showed that in this way it is possible to 
achieve a higher (up to 8%) content of active chlo-
rine in them, but at the same time the yield of such 
a fabric is much less than when modifying the 
pressed fabric due to a decrease in physical-
mechanical qualities of the fiber during its chemi-
cal functionalization. Dichlorosulfonamide fibers 
and fabrics obviously have a higher concentration 

Table 4. Virucidal activity (inactivation time) of synthesized polymers against adenovirus type-5 (1).

Experiment replicate Test-sample Exposure time

30 s 1 min 5 min 10 min 20 min

1 1 — — — — —
2 — — — — —
3  — — — —
4  — — — —
5     
6     

2 1 — — — — —
2 — — — — —
3  — — — —
4  — — — —
5     
6     

3 1 — — — — —
2 — — — — —
3  — — — —
4  — — — —
5     
6     

CVV     
CCC — — — — —

CVV: control of virus viability; CCC: control of cell culture.
(1)Note: the next symbols are used in Tables:
 presence of cytopathogenic effect of the virus.
— absence of cytopathogenic effect of the virus.
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of immobilized chlorine, but the aspects described 
above also apply to them, and its value for “cotton 
wool” is about two times higher than that for 
“cloth” with the full chemical equivalence of 
functional groups. In addition, when previously 
studying the kinetics of active chlorine release 
into various solutions, we found that its maximum 
concentration in the case of dichloroderivatives is 
reached more slowly than for the sodium forms of 
monochlorosulfonamides.63 This is probably 
caused by the dissociation of N-Na bonds in the 
case of monochloramides, which leads to the for-
mation of an electric double layer around the 
functional group, and the resulting stabilized 
anion facilitates the detachment of the chlorine 
atom. For dichloramides, this process is impossi-
ble. Such kinetics also affects the antimicrobial 
properties of polymers: when testing bactericidal 
activity by the method of agar plates, after a 1 day 
of treating Petri dishes with a contaminated nutri-
ent medium, the zones of suppression of the 
growth of microorganisms around the samples of 
monochloramides in Na-form are wider than 
those for dichloroderivatives. However, on the 
second day there were practically no changes in 
zones of inhibition around polymeric mono-
chloramides, whereas a significant increase was 
observed around dichloramides.65,66 Thus, NClNa-
polymers provide a faster effect, while NCl2-
forms have a prolonged action, which may be true 
for virucidal properties as well.

Comparison with FIBAN K-4 polymers with 
immobilized sulfonamide groups -SO2NH2 has 
been carried out to determine the possible viru-
cidal activity of the free sulfo-groups -SO3H, 
which are present in small amounts (up to 
0.3 mg/g) in the studied polymers, and of the 
sulfonamide group itself, which is a product of 
hydrolysis of N-chlorosulfonamides.

As can be seen from Tables 3 and 4, all the 
studied chlorine-active polymers, as expected, 
have pronounced virucidal activity, while the 
FIBAN K-4 carrier polymers with a free sul-
fonamide group used as a control do not possess 
such properties. Polymers with immobilized 
N-chlorosulfonamide groups in Na-form kill 
both viruses in less than 30 s, and polymeric 
dichlorosulfonamides—in 30–60 s. This once 

again confirms our above theory about different 
kinetics of active chlorine emission from these 
materials. The rate of suppression of viruses for 
polymers with the same functional group does 
not depend on the concentration of immobilized 
chlorine and, apparently, is determined only by 
the rate of diffusion of the solvent containing 
protein amino compounds into the fiber, and by 
the diffusion of active chlorine in the opposite 
direction. However, the absence of a difference 
in the neutralization of pathogens between “cot-
ton wool” and “cloth” samples indicates that, 
despite the higher density and less developed 
surface of the latter, the diffusion of active chlo-
rine from it at the used concentrations of the 
virus-containing liquid is sufficient for effec-
tive virucidal effect.

The mechanism of the virucidal action of the 
investigated chlorine-active polymers is most 
likely complex. The main contribution, appar-
ently, is made by the emission of active chlorine 
into the virus-containing fluid, namely chlorina-
tion of the amino groups of carrier cells frag-
ments and components of the nutrition medium 
(since the concentration of these compounds in 
the fluid is the highest), with the formation of 
corresponding N-chloroamines and subsequent 
destruction of the virus due to oxidation,  
chlorination, and transchlorination.67–69 This is 
proved by the fact that when the fluid was trans-
ferred to the cell culture immediately after treat-
ment with the polymer, the death of the carrier 
cells was observed, which was caused not by the 
pathogenic action of the virus, but by the pres-
ence of excessive amounts of active chlorine in 
it. In addition, most likely, there is also a direct 
transfer of active chlorine to the viral particle 
upon contact with the fiber, as a result of which 
the virus is inactivated due to oxidation and 
chlorination directly on the polymer; however, 
such transfer is statistically less likely due to the 
low concentration of the viral particle in the 
fluid compared to other amine-containing com-
pounds. These mechanisms are indirectly con-
firmed by the longer inactivation time in the 
case of dichloroderivatives compared to mono-
chloro-ones: the more hydrophilic -N(Na)-Cl 
bond ensures more efficient interaction of the 
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corresponding fiber with the virus or other pro-
tein structure than the less hydrophilic -N(Cl)-Cl. 
Unfortunately, under the conditions of a viro-
logical experiment, it was not possible to meas-
ure the concentration of active chlorine in 
biological fluids due to the small amounts and 
rapid decay of active chlorine in such systems. 
The iodometric determination of the concentra-
tion of active chlorine in the samples after the 
experiment showed some decrease, on average 
by 4%–5%, in comparison with the initial one. 
In addition to the emission of chlorine, a change 
in the pH of the medium during the decomposi-
tion of active chlorine can also make a certain 
contribution to the virucidal activity, as well 
as the adsorptive properties of the polymer 
carrier itself.

Our research has once again confirmed the 
high efficiency of active chlorine against 
highly resistant viruses. Numerous literature 
data indicate that hypochlorous acid, its salts, 
as well as solutions of organic N-halamines are 
powerful virucidal agents, regardless of the 
type of virus.70–72 The COVID-19 pandemic 
has vastly stimulated the development of this 
area of chemistry. It has been shown that chlo-
rine-active drugs, in particular hypochlorites, 
are effective against the SARS-Cov-2 virus, 
and their cheapness, availability and relative 
safety are significant advantages over other 
types of disinfectants (alcohols, guanidines, 
quaternary ammonium compounds, etc.).73–75 A 
very important aspect is their high efficiency 
against bacteria, fungi and prions, as well as 
the nonspecific nature of their action and, as a 
consequence, the impossibility of developing 
resistance to them. Accordingly, chlorine-
active polymers are becoming more and more 
promising and popular.76–78 The advantages of 
our polymers over analogs are the absence of 
complex organic chlorine carrier groups in 
them, which can cause allergies upon contact 
with the skin, the comparative simplicity of the 
technology for their production, the absence of 
transfer of any compounds into the treated 
environment, except for sodium and chlorine 
ions, as well as the possibility of regeneration. 

But the disadvantages that narrow the scope of 
their application are the impossibility of obtain-
ing threads from them and poor soldering 
ability. The next stage of our research will be 
the study of microbial and viral permeability of 
synthesized polymers to liquid and gaseous 
media, and their antimicrobial activity against 
multi-resistant microorganisms and biofilms.

Conclusion

All the studied samples of polymers with immo-
bilized N-chlorosulfonamide groups exhibit 
pronounced virucidal activity against the vac-
cine strain of the poliomyelitis virus type-1 and 
adenovirus type-5. Therefore, it can be assumed 
that such materials will exhibit antiviral activity 
against enveloped and less resistant viruses. 
Considering the previously described powerful 
antimicrobial properties and the ability to emit 
active chlorine into the environment contami-
nated with amino compounds, these materials 
are promising for the manufacture of a wide 
range of medical products, primarily personal 
protective equipment, protective clothes, wound 
dressings, as well as active filters for water and 
air treatment, which could be beneficial spe-
cially for the combat of epidemics of infectious 
diseases.

Declaration of conflicting interests

The author(s) declared no potential conflicts of inter-
est with respect to the research, authorship, and/or 
publication of this article.

Funding

The author(s) disclosed receipt of the following 
financial support for the research, authorship, and/or 
publication of this article: This work was supported 
by the Ministry of Health of Ukraine as part of the 
research project “Multifunctional polymer materials 
with powerful antimicrobial properties for antiseptic 
treatment of wound surfaces and disinfection of air 
and water” [state registration number 0120U101548]; 
and by the Francophone University Agency [grant 
№DRECO-5512 “Active protection with Active 
Chlorine (APACh 51.5)”] under the program AUF 
COVID-19 Special Plan.



Murashevych et al. 465

ORCID iDs

Bohdan Murashevych  https://orcid.org/0000 
-0001-8517-2810
Dmytro Stepanskyi  https://orcid.org/0000-0001 
-6350-8176
Alla Mironenko  https://orcid.org/0000-0002-2630 
-1827

Data availability statement

Additional data regarding this research can be pro-
vided by authors upon request.

References

 1. Dorgham NA and Dorgham DA. Disinfectants 
and skin antiseptics for safe prophylaxis against 
COVID-19, review of literature. Open Dermatol 
J 2021; 15: 16–22.

 2. McDonnell G and Russell AD. Antiseptics and 
disinfectants: activity, action, and resistance. 
Clin Microbiol Rev 1999; 12: 147–179.

 3. Dewey HM, Jones JM, Keating MR, et al. 
Increased use of disinfectants during the 
COVID-19 pandemic and its potential impacts 
on health and safety. ACS Chem Health Saf 
2022; 29: 27–38.

 4. Dubuis M-E, Dumont-Leblond N, Laliberté C, 
et al. Ozone efficacy for the control of airborne 
viruses: bacteriophage and norovirus models. 
PLoS One 2020; 15: e0231164.

 5. Predmore A, Sanglay G, Li J, et al. Control of 
human norovirus surrogates in fresh foods by 
gaseous ozone and a proposed mechanism of 
inactivation. Food Microbiol 2015; 50: 118–125.

 6. Raeiszadeh M and Adeli B. A critical review 
on ultraviolet disinfection systems against 
COVID-19 outbreak: applicability, validation, 
and safety considerations. ACS Photonics 2020; 
7: 2941–2951.

 7. Schnell E, Karamooz E, Harriff MJ, et al. 
Construction and validation of an ultraviolet ger-
micidal irradiation system using locally available 
components. PLoS One 2021; 16: e0255123.

 8. Ji B, Zhao Y, Wei T, et al. Water science under 
the global epidemic of COVID-19: bibliomet-
ric tracking on covid-19 publication and further 
research needs. J Environ Chem Eng 2021; 9: 
105357.

 9. Moreira NA and Bondelind M. Safe drinking 
water and waterborne outbreaks. J Water Health 
2017; 15: 83–96.

 10. Elsaid AM and Ahmed MS. indoor air quality 
strategies for air-conditioning and ventilation 
systems with the spread of the global coronavirus 
(COVID-19) epidemic: improvements and rec-
ommendations. Environ Res 2021; 199: 111314.

 11. Lipinski T, Ahmad D, Serey N, et al. Review 
of ventilation strategies to reduce the risk of 
disease transmission in high occupancy build-
ings. Int J Thermofluid Sci Technol 2020; 7-8: 
100045.

 12. Li T, Liu Y, Li M, et al. Mask or no mask for 
COVID-19: A public health and market study. 
PLoS One 2020; 15: e0237691.

 13. Martinelli L, Kopilaš V, Vidmar M, et al. Face 
masks during the COVID-19 pandemic: a sim-
ple protection tool with many meanings. Front 
Public Health 2021; 8: 606635.

 14. Cole J and Barnard E. The impact of the 
COVID-19 pandemic on healthcare acquired 
infections with multidrug resistant organisms. 
Am J Infect Control 2021; 49: 653–654. b.

 15. Rakowska PD, Tiddia M, Faruqui N, et al. 
Antiviral surfaces and coatings and their mech-
anisms of action. Commun Mater 2021; 2: 53.

 16. Bianculli RH, Mase JD and Schulz MD. 
Antiviral polymers: Past approaches and 
future possibilities. Macromolecules 2020; 
53: 9158–9186.

 17. Kamaruzzaman NF, Tan LP, Hamdan RH, et al. 
Antimicrobial polymers: the potential replacement  
of existing antibiotics? Int J Mol Sci 2019; 20: 
2747.

 18. Kenawy E-R, Worley SD and Broughton R. 
The chemistry and applications of antimicrobial 
polymers: a state-of-the-art review. Biomacro-
molecules 2007; 8: 1359–1384.

 19. Song X, Vossebein L and Zille A. Efficacy of 
disinfectant-impregnated wipes used for surface 
disinfection in hospitals: a review. Antimicrob 
Resist Infect Control 2019; 8: 139.

 20. Song X, Cvelbar U, Strazar P, et al. Chemical, 
thermo-mechanical and antimicrobial properties 
of DBD plasma treated disinfectant-impregnated 
wipes during storage. Polymers 2019; 11: 1769.

 21. Alven S, Nqoro X and Aderibigbe BA. 
Polymer-based materials loaded with curcumin 
for wound healing applications. Polymers 2020; 
12: 2286.

 22. Maaz Arif M, Khan SM, Gull N, et al. Polymer-
based biomaterials for chronic wound manage-
ment: promises and challenges. Int J Pharm 
2021; 598: 120270.

https://orcid.org/0000
https://orcid.org/0000-0001
https://orcid.org/0000-0002-2630


466 Journal of Bioactive and Compatible Polymers 37(6)

 23. Ye Y, Song Q and Mao Y. Solventless hybrid 
grafting of antimicrobial polymers for self-
sterilizing surfaces. J Mater Chem 2011; 21: 
13188–13194.

 24. Carmona-Ribeiro AM and Araújo PM. 
Antimicrobial polymer-based assemblies: a 
review.. Int J Mol Sci 2021; 22: 5424.

 25. Gao J, Huddleston NE, White EM, et al. Surface 
grafted antimicrobial polymer networks with 
high abrasion resistance. ACS Biomater Sci Eng 
2016; 2: 1169–1179.

 26. Kougia E, Tselepi M, Vasilopoulos G, et al. 
Evaluation of antimicrobial efficiency of new 
polymers comprised by covalently attached 
and/or electrostatically bound bacteriostatic 
species, based on quaternary ammonium com-
pounds. Molecules 2015; 20: 21313–21327.

 27. Alamri A, El-Newehy MH and Al-Deyab SS. 
Biocidal polymers: synthesis and antimicrobial 
properties of benzaldehyde derivatives immobi-
lized onto amine-terminated polyacrylonitrile. 
Chem Cent J 2012; 6: 111.

 28. Luo J, Porteous N, Lin J, et al. Acyclic 
N-halamine-immobilized polyurethane: prepa-
ration and antimicrobial and biofilm-controlling 
functions. J Bioact Compat Polym 2015; 30: 
157–166.

 29. Denis-Rohr A, Bastarrachea LJ and Goddard 
JM. Antimicrobial efficacy of N -halamine coat-
ings prepared via dip and spray layer-by-layer 
deposition. Food Bioprod Process 2015; 96: 
12–19.

 30. Hui F and Debiemme-Chouvy C. Antimicrobial 
N-halamine polymers and coatings: a review of 
their synthesis, characterization, and applica-
tions. Biomacromolecules 2013; 14: 585–601.

 31. Dong Q, Dong A and Morigen MORIGEN. 
Evaluation of novel antibacterial N-halamine 
nanoparticles prodrugs towards susceptibility 
of Escherichia coli induced by DKSA protein. 
Molecules 2015; 20: 7292–7308.

 32. Jie Z, Yan X, Zhao L, et al. A high-efficacy 
and regenerable antimicrobial resin containing 
quaternarized N-halamine groups. React Funct 
Polym 2013; 73: 1580–1587.

 33. Cerkez I, Kocer HB, Worley SD, et al. 
N-halamine copolymers for biocidal coatings. 
React Funct Polym 2012; 72: 673–679.

 34. Xuehong REN, Changyun ZHU, Lei KOU, et al. 
Acyclic N-halamine polymeric biocidal films.  
J Bioact Compat Polym 2010; 25: 392–405.

 35. Barnes K, Liang J, Worley SD, et al. 
Modification of silica gel, cellulose, and polyu-
rethane with a sterically hinderednn-halamine 
moiety to produce antimicrobial activity. J Appl 
Polym Sci 2007; 105: 2306–2313.

 36. Lee J, Broughton RM, Liang J, et al. 
Antimicrobial acrylic fiber. Res J Text Apparel 
2006; 10: 61–66.

 37. Ishihara M, Murakami K, Fukuda K, et al. 
Stability of weakly acidic hypochlorous acid 
solution with microbicidal activity. Biocontrol 
Sci 2017; 22: 223–227.

 38. Pişkin B and Türkün M. Stability of various 
sodium hypochlorite solutions. J Endod 1995; 
21: 253–255.

 39. Ociński D, Stanisławska E and Kociołek-
Balawejder E. Redox polymer with N,N-
dichlorosulfonamide functional groups as 
arsenite oxidant in aqueous solutions. J Appl 
Polym Sci 2015; 132: 41552–41559.

 40. Choi J, Moon DS, Ryu SG, et al. N-chloro 
hydantoin functionalized polyurethane fibers 
toward protective cloth against chemical war-
fare agents. Polymer 2018; 138: 146–155.

 41. Maddah B. Anti-bacterial activity of N-halamin 
in hospital fabrics: new synthesis approach and 
examination of anti-bacterial characteristics. J 
Life Sci Biomed 2014; 4: 575–578.

 42. Торопин ВН, Бурмистров КС, Мурашевич  
БВ, et al. Synthesis and emission of active 
chlorine from immobilized N-chloro-N-
alkylsulfonamides. ScienceRise 2016; 4: 22.

 43. Toropin V, Murashevych B, Kremenchutskyi 
G, et al. Антимікробні полімери з 
іммобілізованими активними групами для 
використання в медицині. Bull Vinnytsia Natl 
Med Univ 2019; 4: 659–666.

 44. Dronov S, Mamchur V, Koshevaya I, et al. Новые 
перевязочные материалы пролонгированного 
действия. Zaporozhye Med J 2019; 21: 365–372.

 45. Toropin V, Murashevych B, Stepanskyi D, et al. 
New forms of immobilized active chlorine and 
its potential applications in medicine. J Natl 
Acad Med Sci Ukr 2019; 3: 340–352.

 46. Murashevych B, Toropin V, Stepanskyi D, 
et al. Synthesis of new immobilized n-chloro-
sulfonamides and release of active chlorine from 
them. EUREKA Phys Eng 2021; 4: 3–13. DOI: 
10.21303/2461-4262.2021.001929

 47. Murashevych B, Stepanskyi D, Toropin V, et al. 
Synthesis and antimicrobial properties of new 



Murashevych et al. 467

polymeric materials with immobilized peroxy-
acid groups. ARPN J Eng Appl Sci 2020; 15: 
3090–3099.

 48. Soldatov V, Pawlowski L, Shunkevich A, et al. 
New materials and technologies for environmen-
tal engineering: synthesis and structure of ion 
exchange fibers. Lublin: Liber Duo Color, 2004.

 49. Soldatov VS. Syntheses and the main proper-
ties of fiban fibrous ion exchangers. Solvent 
Extraction Ion Exch 2008; 26: 457–513.

 50. Emerson DW, Shea DT and Sorensen EM. 
Functionally modified poly(styrene-divinyl-
benzene). Preparation, characterization, and 
bactericidal action. Ind Eng Chem Prod Res 
Dev 1978; 17: 269–274.

 51. Ociński D, Stanisławska E and Kociołek-
Balawejder E. Redox polymer with N,N-
dichlorosulfonamide functional groups as 
arsenite oxidant in aqueous solutions. Appl 
Polym Sci 2014; 132: 41552.

 52. Bogoczek R, Kociołek-Balawejder E, 
Stanisławska E, et al. Using macroporous 
N-chlorosulfonamide S/DVB copolymer as 
an aid to iron removal from water. Pure Appl 
Chem 2007; 79: 1491–1503.

 53. Olshanova K, Potapova M, Kopylova V, et al. Руко
водство по ионообменной, распределительной 
и осадочной хроматографии. Moscow: Химия, 
1965.

 54. Bogoczek R and Kociołek-Balawejder E. 
Катиониты с хлорирующими, окислительными 
и бактерицидными свойствами. High-mol compd 
1987; XXIXА(11): 2346–2352.

 55. EN 14476-2019. Quantitative suspension test 
for the evaluation of virucidal activity in the 
medical area - Test method and requirements 
(Phase 2/Step 1).

 56. Bofill-Mas S, Calgua B, Clemente-Casares P, 
et al. Quantification of human adenoviruses in 
European recreational waters. Food Environ 
Virol 2010; 2: 101–109.

 57. Aw TG, Howe A and Rose JB. Metagenomic 
approaches for direct and cell culture evaluation 
of the virological quality of wastewater. J Virol 
Methods 2014; 210: 15–21.

 58. Lei C, Yang J, Hu J, et al. On the calculation 
of TCID50 for quantitation of virus infectivity. 
Virol Sin 2021; 36: 141–144.

 59. Reed LJ and Muench HA. A simple method of 
estimating 50% endpoints. Am J Hyd 1938; 27: 
493–497.

 60. World Health Organization. Polio labora-
tory manual WHO/IVB/04.10, 4th ed. Geneva: 
WHO Department of Immunization, Vaccines 
and Biologicals, 2004.

 61. Xie L, Yu XF, Sun Z, et al. Two adenovirus 
serotype 3 outbreaks associated with febrile res-
piratory disease and pharyngoconjunctival fever 
in children under 15 years of age in Hangzhou, 
China, during 2011. J Clin Microbiol 2012; 50: 
1879–1888.

 62. Bogoczek R and Kociołek-Balawejder E. 
Infrared spectra of uniformly chlorosulfonyl-
substituted styrene-divinylbenzene resins. React 
Polym Ion Exchangers Sorbents 1987; 7(1): 
57–62.

 63. Burmistrov К, Toropin V, Kremenchutskiy 
G, et al. Новый хлорвыделяющий материал 
широкого назначения: строение и свойства. 
Probl Biol Med Pharm Chem 2016; 12: 10–14.

 64. Burmistrov К, Murashevych B and Toropin 
V. Полімерний матеріал з іммобілізованим 
активним хлором, що проявляє антимікробні 
властивості. Patent of Ukraine 112187/23, 
Ukrainian, 12 December 2016.

 65. Toropin V, Surmasheva E and Romanenko L.  
Изучение антимикробных свойств иммоби 
лизованных волокнистых N-хлорсульфон 
амидов. Curr Issues Pharm Med Sci Pract 
2016; 3: 54–58.

 66. Toropin V, Burmistrov К, Surmasheva E, 
et al. Изучение антимикробных свойств 
иммобилизованных волокнистых N,N-
дихлорсульфонамидов. ScienceRise: Pharma-
ceutical Science 2016; 4: 48–52.

 67. Lothrop TL and Sproul OJ. High-level inac-
tivation of viruses in wastewater by chlorina-
tion. J Water Pollut Control Fed 1969; 41: 
567–575.

 68. Li JW, Xin ZT, Wang XW, et al. Mechanisms 
of inactivation of hepatitis A virus by chlorine. 
Appl Environ Microbiol 2002; 68: 4951–4955.

 69. Lackner M, Rössler A, Volland A, et al. 
N-chlorotaurine, a novel inhaled virucidal 
antiseptic is highly active against respiratory 
viruses including SARS-COV-2 (COVID-19). 
Emerg Microbes Infect 2022; 11: 1293–1307.

 70. Miyaoka Y, Kabir MH, Hasan MA, et al. 
Virucidal activity of slightly acidic hypochlor-
ous acid water toward influenza virus and coro-
navirus with tests simulating practical usage. 
Virus Res 2021; 297: 198383.



468 Journal of Bioactive and Compatible Polymers 37(6)

 71. Cavalli A, Marinaro M, Desario C, et al. In 
vitro virucidal activity of sodium hypochlorite 
against canine parvovirus type 2. Epidemiol 
Infect 2018; 146: 2010–2013.

 72. Ferreira AJ, Astolfi Ferreira CS, Chacón JL, 
et al. In vitro virucidal and bactericidal activi-
ties of aviclor (a formulation of sodium dichlo-
roisocyanurate) against pathogens of poultry 
origin. J Appl Poult Res 2010; 19: 93–100.

 73. Xiling G, Yin C, Ling W, et al. In vitro inactivation 
of SARS-COV-2 by commonly used disinfection 
products and methods. Sci Rep 2021; 11: 2418.

 74. Takeda Y, Matsuda S, Jamsransuren D, et al. 
Comparison of the SARS-COV-2-inactivating 
activities of the differently manufactured 
hypochlorous acid water products with various 
ph. J Water Health 2021; 19: 448–456.

 75. Kampf G, Todt D, Pfaender S, et al. Persistence 
of coronaviruses on inanimate surfaces and 
their inactivation with biocidal agents. J Hosp 
Infect 2020; 104: 246–251.

 76. Ghanbar S, Kazemian MR and Liu S. New 
generation of N-chloramine/QAC composite 
biocides: efficient antimicrobial agents to target 
antibiotic-resistant bacteria in the presence of 
organic load. ACS Omega 2018; 3: 9699–9709.

 77. Huang C, Chen Y, Sun G, et al. Disinfectant 
performance of a chlorine regenerable anti-
bacterial microfiber fabric as a reusable wiper. 
Materials 2019; 12: 127.

 78. Qiao M, Ren T, Huang T-S, et al. N-halamine 
modified thermoplastic polyurethane with 
rechargeable antimicrobial function for food 
contact surface. RSC Adv 2017; 7: 1233–1240.


