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Abstract—Using key publications, the review analyzes fundamental methods for synthesizing polymer bio-
cides of varying chemical structure and discusses the mechanism behind the effect of the described formula-
tions and their areas of application. High molecular weight compounds with inherent biocidal activity and
opportunities for modification of polymers through chemical transformations or introduction of organic or
inorganic additives are considered. The key focus of this review is on the analysis of approaches to the pro-
duction of antibacterial coatings. Particular attention is given to the prospects of using cationic polyelectro-
lytes and metallopolymer compounds to which the resistance of pathogenic bacteria is not developed.
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INTRODUCTION
Despite a large amount of known drastic antibiotics

and other antibacterial and fungicidal agents, bacterial
and fungal infections remain a serious problem for
medicine, the food industry, agriculture, maritime
transport, and other fields. At present, high priority is
given to combating microbiological surface contami-
nation. Antimicrobial (biocidal) properties are
imparted to the surface using methods differing in the
technology of coating deposition and the efficacy of its
biocidal effect.

As evidenced by many studies, treatment of the
surface with low molecular weight biocides is ineffec-
tive: these coatings are brittle films having a weak
adhesion to the surface under treatment and/or easily
washed with water; therefore, the technology of multi-
ple biocide deposition is required. The use of polymer
materials [1–5] opens wide opportunities for obtain-
ing strong and durable coatings. According to [6], bio-
cidal polymers may be classified as follows:

(1) polymers including bound biocidal organic
compounds;

(2) polymers acquiring biocidal activity during
their chemical modification;

(3) polymers with inherent biocidal activity;
(4) polymers containing biocidal inorganic addi-

tives;
(5) polymer nanocomposites.

This classification is not strict; there are examples
of biocidal polymer formulations that can be assigned
to several sections of the above classification.

This work will analyze the published data covering
biocidal polymers (polymer formulations) mostly in
terms of criteria proposed by the authors of [6].

BIOCIDAL MATERIALS BASED
ON POLYMER COMPOSITES

This section addresses the characteristic examples
of polymer structures obtained by modification of the
polymer matrix with biocidal compounds of different
chemical nature. The modifying compounds strongly
bind to the polymer matrix and exhibit their biological
properties being included in the composition of the
multicomponent material (composite).

The authors of [7] described formation of a syn-
thetic polymer fiber from waste and secondary raw
material of plastics (polypropylene and polystyrene);
copper sulfide or silver chloride was simultaneously
fed to nozzles. The powders of inorganic salts were
introduced into a polymer fiber at the stage of liquid
melt solidification. A similar process may also be
implemented in the production of film materials or
finished injection molded products.

A coating based on the copolymers of styrene and
acrylates containing additives of triclosan, an antibac-
terial and antifungal agent, inhibited the growth of
Enterococcus faecalis; as a result, the obtained formu-
lation was recommended for formation of an antimi-
crobial layer on packaging materials [8].

1 This paper was prepared for publication in the thematic issue
Polymers and the Environment (Series C).
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Aluminosilicate particles were immobilized in the
hydroxyethyl cellulose matrix, and the resultant com-
posite was used for the manufacture of polymer film
materials [9]; the latter exhibited a fungistatic effect
with respect to the Candida fungi.

Nanoparticles based on quaternized polyethyleni-
mine [10] incorporated into medical materials showed
antibacterial activity against streptococcus mutants.
The highest activity was exhibited by octyl-alkylated
polyethylenimine, which fully inhibited the growth of
S. mutans in samples three months old.

In the above coatings, the biocidal component can-
not migrate along the polymer matrix. In polymer com-
posites with the “immobile” biocide, only biologically
active additives distributed on the external surface of the
deposited material are active. An increase in the frac-
tion of the incorporated biocide is frequently accompa-
nied by worsening of the physicomechanical properties
of the composite polymer coating. This forces us to
search for other methods for immobilizing biocidal
additives in the polymer matrix which are not so sensi-
tive to the amount of the immobilized material.

POLYMER DONORS OF BIOCIDES
Polymer composites with the “mobile” biocide can

gradually evolve biologically active compounds into
the environment. These may be composites in which a
biocidal substance is randomly distributed in a chem-
ically inert polymer matrix or initially chemically
bonded to a polymer but in the course of time is
released (split off) under the impact of chemical or
physical stimuli.

These polymer biocide donors are described in
many reviews and papers, for example, review [11]
and original works [12–16]. The role of antimicrobial
additives is played by various biocidal agents, such as
antibiotics, benzalkonium chlorides, cetylpyridin-
ium chloride, aldehydes, anilides, diamidines, chlor-
hexidine, triclosan, and N-galamines, as well as sil-
ver and copper ions and nanoparticles (metallopoly-
mer compounds are discussed in detail in section
Cationic Polymer Biocides). Polymer materials
described in these studies were used to form coatings
capable of gradually release of biocidal agents into
the environment.

The results of impregnation of urinary catheters
with several antimicrobial activity agents, such as
rifampicin, sparfloxacin, and triclosan, were
described in [17]. Antimicrobial catheters prevented
the colonization by common uropathogens Proteus
mirabilis, Staphylococcus aureus, and Escherichia coli
for 7–12 weeks in vitro compared with 1–3 days for
commercially available antimicrobial catheters.

For combating Pseudomonas biofilms, the authors
of [18] proposed to use the combination of a synthetic
polymer containing primary amines, oligo(ethylene
glycol) moieties, and hydrophobic groups and an
PO
essential oil (carvacrol or evgenol). The latter played
the role of an antimicrobial agent that ensured the
death of more than 99% of bacteria.

It was reported [19, 20] that N-bromo-hydantoin
and N-bromo-5,5'-dimethylhydantoin chemically
bonded to polystyrene granules are promising disinfec-
tants with a broad-spectrum antimicrobial activity
owing to a gradual release of a strong oxidizer halogen in
the surrounding aqueous solution. All the tested mate-
rials demonstrated well-defined antimicrobial activity
against Escherichia coli and bacteriophages MS2. These
results indicate the antimicrobial potential of haloge-
nated cyclic molecules as water disinfectants.

The hydrolytic release of 5-chloro-8-hydroxyquin-
oline from polymers containing 5-chloro-8-quino-
linyl acrylate provides a noticeable antimicrobial
activity of the samples [21].

The authors of [22] investigated the activity of a
mixture of low molecular weight biocide, benzalko-
nium chloride, and acrylic (or methacrylic) acid
against gram-positive bacteria E. coli, gram-negative
bacteria S. aureus, and fungi C. albicans. The polym-
erization of the mixture was accompanied by a
decrease in its antimicrobial activity, which was
explained by a reduction in the rate of migration of the
active component during solidification of the system
(formation of the polymer film)].

Antibacterial films based on copolymers contain-
ing a modified antibiotic, ampicillin [23], showed a
strong adhesion to stainless steel. Such films may be
used for the treatment of medical instruments and
devices; the antimicrobial effect of films is related to
the occurrence of hydrolytic reactions in the polymer
which lead to the controlled release of the antimicro-
bial agent. It was shown that polymer biocides demon-
strate a high activity against gram-positive bacteria
Staphylococcus aureus.

Sometimes the antibacterial effect is also exhibited
by polymers (films) in the absence of special biologi-
cally active additives. For example, this property is
typical of films/products produced using melamine-
formaldehyde resin [24]; the latter, among other
applications, is used as a binder in the manufacture of
wood chipboards. The biocidal effect of wood chip-
boards is associated with the degradation of the resin
and the emission of the formaldehyde being formed.
However, a high toxicity (carcinogenicity) of formal-
dehyde makes the melamine-formaldehyde resin
inapplicable for use as a polymer biocide donor.

FUNCTIONALIZED POLYMER BIOCIDES
Biocidal properties are also manifested by some

polymers whose macromolecules contain active func-
tional groups, for example, hydroxyl, phenyl, and
phosphonium.

As a biocidal component, the authors of [25] used
ortho-, meta-, and para-nitro-substituted phenylami-
LYMER SCIENCE, SERIES B  Vol. 63  No. 5  2021



BIOCIDAL POLYMER FORMULATIONS 461
nomaleimides synthesized from maleic anhydride and
nitro-substituted phenyl hydrazine [25]. The antifun-
gal activity of homopolymers and copolymers with
methyl methacrylate was higher compared with tradi-
tional antifungal agents.

The biocidal behavior was exhibited by the polymer
material synthesized from para-hydroxyphenyl acry-
late [26]. Biocidal polymers were synthesized by the
copolymerization of N-isopropylacrylamide and
methacryloyloxyethyltrialkylphosphonium chlorides
with different length of the alkyl substituent of alkyl
[27]; the antibacterial activity was enhanced with
lengthening of the alkyl substituent and an increase in
the fraction of phosphonium groups in the copolymer.

An interesting example of synthesizing biocidal
polymer directly in the bulk of the modified sample
wаs described in [28, 29]. The authors synthesized six
types of acrylate monomers with covalently bonded
biologically active moieties (pentachlorophenolyl
acrylate, 8-hydroxyquinolyl acrylate). Wood samples
(outer young layers of southern pine trunks) were
treated with solutions of monomers and а crosslinking
agent and polymerized in situ. The polymer-modified
samples were resistant against brown rot fungus Gloeo-
phyllum trabeum.

Since the end of the 1980s, preparations based on
cationic poly(hexamethylene guanidine) have been
used as detergents and anticorrosive disinfectants [30].
These preparations combine the properties of biocides
and flocculants and are often used for the treatment of
wood and modification of composite materials [31].
The antimicrobial activity and selectivity of function-
alized polyguanidine with respect to multidrug resis-
tant Klebsiella pneumoniae was reported in [32]. Slight
changes in the hydrophobicity of the polymer
decreased its toxicity in vivo owing to self-assembly at
high concentrations and at the same time increased
the antimicrobial activity. The authors believe that the
functionalized polyguanidine shows promise for the in
vivo treatment of lung infection caused by Klebsiella
pneumoniae.

CATIONIC LOW MOLECULAR WEIGHT 
BIOCIDES

The disinfecting properties of low molecular
weight quaternary ammonium bases, for example,
alkylbenzyldimethylammonium chloride (better
known as benzalkonium chloride) and cetyltrimeth-
ylammonium chloride (centrimonium chloride), are
well known. Their antimicrobial activity is a function
of N-alkyl chain length and, hence, lipophilicity.
Compounds with a chain length of 12–14 methylene
groups (n = 12–14) provide the optimum antibacterial
activity against gram-positive bacteria, while com-
pounds with n = 14–16 ensure the optimum antibac-
terial activity against gram-negative bacteria.
POLYMER SCIENCE, SERIES B  Vol. 63  No. 5  2021
Quaternary ammonium compounds compare
favorably with traditional disinfectants (sodium hypo-
chlorite, 3-aminopropyl, chlorhexidine) by good solu-
bility in water and high stability and have no damaging
effect on the surfaces under treatment. They contain
no components aggressive to medical materials and no
toxic compounds (e.g., aldehydes and phenols) and
have no pungent orders [33].

The development of this direction made it possible
to markedly expand the spectrum of antimicrobial
compounds; several examples are presented below.

Three commercially available disinfectants based
on low molecular weight quaternary ammonium com-
pounds were tested on various hospital bacterium
strains (Escherichia coli, Klebsiella pneumoniae,
Enterobacter cloacae) [34]. Tests showed a higher
activity of quaternary ammonium compounds against
gram-positive bacteria compared with gram-negative
ones.

A series of 24 new quaternary ammonium com-
pounds containing oxadiazole and thiazole heterocy-
cles and hydroxyalkyl substituents was described in
[35]. Six compounds demonstrated a well-defined
antimicrobial activity against common pathogens,
including S. aureus, E. coli, P. aeruginosa, and Canidia
albicans, combined with a low cytotoxicity against
human cells. The antibacterial mechanism behind the
effect of quaternary ammonium compounds consists
in their binding to the cellular wall of bacteria followed
by wall “piercing” and bacterial cytoplasm leakage.

The authors of [36] synthesized 43 quaternary
ammonium compounds with different length of alkyl
chains and estimated their antimicrobial activity. The
crucial factor for high activity is the lipophilicity of
quaternary ammonium compounds: their antimicro-
bial activity increases with an increase in the length of
the alkyl chain and a decrease in the content of oxygen
atoms in their molecules.

The synthesis of 36 quaternary ammonium com-
pounds, each of which contained two cationic groups,
was reported in [37]. These compounds demonstrated
high activity against gram-positive and gram-negative
bacteria, including Staphylococcus aureus resistant to
antibiotic methicillin. At the same time, no clear cor-
relation was found between the geometry of a linker
between cationic groups and the antimicrobial activity
of compounds.

The mechanism behind the effect of quaternary
ammonium compounds was discussed in the review
[38]. The main pathway for the emergence of antimi-
crobial activity by quaternary ammonium compounds
is their incorporation into a cellular membrane which
initiates the lysis of cells (see also [35]). However,
recent studies revealed that, among bacterial genes,
there are genes (usually called “quc” genes) which
code the displacement of low molecular weight qua-
ternary ammonium compounds from bacterial cells.
“Quc” genes can be transferred horizontally through
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plasmids to other bacteria and are frequently trans-
ferred together with other antibiotic-resistant genes.
These processes promote, firstly, a decrease in the
concentration of quaternary ammonium compounds
within cells and, secondly, the survival of bacteria
resistant to quaternary ammonium compounds. Even-
tually, this leads to a noticeable weakening of the anti-
microbial effect of quaternary ammonium com-
pounds. These results force us to take a fresh look at
possible strategies for enhancing the antimicrobial
effect of quaternary ammonium compounds.

CATIONIC POLYMER BIOCIDES

One of the most promising approaches to the man-
ufacture of biocidal films/coatings involves the syn-
thesis of polymers with cationic groups. Cationic
polymers when dissolved in water bind to the nega-
tively charged surface and initiate a number of pro-
cesses [39] which eventually cause a serious impair-
ment of cell function or its death. Upon application of
the aqueous solution of a polymer on the surface and
subsequent drying, a film with well-defined bacteri-
cidal properties is formed [40]. Polymers containing
quaternary ammonium groups successfully combine
the biological activity of low molecular weight quater-
nary ammonium compounds and the physicome-
chanical properties of high molecular weight com-
pounds.

In [41], a cationic polymer was synthesized using
spherical microballs with a narrow particle size distri-
bution which were composed of a mixture of two poly-
mers, poly(4-vinylpyridine) and poly(vinylidene f luo-
ride). The quaternization of pyridinium groups by
alkyl bromides containing 4–10 carbon atoms in the
alkyl radical resulted in the production of cationic
microspheres with antibacterial and antifungal prop-
erties, as evidenced by experiments with E. coli and
A. niger.

The functionalization of polymer materials with
bactericidal cationic groups was described in [42]. The
procedure included the grafting of 4-vinylpyridine
onto a polymer film followed by the quaternization of
pyridine groups with hexyl bromide. Pyridinium
groups formed on the surface of the film showed the
antibacterial activity against E. coli. The maximum
activity was achieved at a surface concentration of pyr-
idinium groups of 15 nmol/cm2.

The antimicrobial activity of silicone rubber coated
with covalently bonded 3-(trimethoxysilyl)propyldi-
methyloctadecylammonium chloride was studied in
vitro and in vivo in [43]. The as-formed coating
decreased the viability of adhesive gram-positive bac-
teria S. aureus and S. epidermidis to 0% and gram-neg-
ative bacteria E. coli and P. aeruginosa to 25%. Here,
the presence of plasma proteins insignificantly influ-
enced the activity of the coating.
PO
The authors of [44] synthesized copolymers [3-
(methacryloylamino)propyl]-trimethylammonium
chloride) and 3-trimethylsilylpropyl methacrylate
with cationic groups which were used to obtain anti-
microbial coatings, as shown by experiments with bac-
teria S. aureus and E. coli and fungi C. albicans. The
tested copolymers were less toxic to human cells than
the commercial low molecular weight antimicrobial
agent dimethyloctadecyl[3-(trimethoxysilyl)pro-
pyl]аmmonium chloride.

Antimicrobial properties can be imparted to the
existing polymer. In [45], gelatin was modified with
epoxy organosilicon salt containing quaternary
ammonium so that the gelatin skeleton was bonded to
two types of groups, silyl and quaternary ammonium.
The resulting copolymer demonstrated bactericidal
behavior with respect to gram-positive and gram-neg-
ative bacteria but had no fungicidal effect on mold.

One of the most common cationic polymers is
poly(N,N-diallyl-N,N-dimethylammonium chlo-
ride) (PDADMAC) containing quaternary groups.
Using this polymer, disinfectant Septol, effective
against gram-positive and gram-negative bacteria and
fungi, was developed and registered [46]. The disin-
fectant Septol is noncarcinogenic, does not cause
allergy, and possesses no chronic toxicity.

The introduction of other comonomers into a
polymer chain makes it possible to tune the properties
of the final copolymer, specifically, its adhesive
behavior. Simultaneously, the price of the copolymer
changes, since the monomer (DADMAC) is the most
expensive component of the system. The list of the
used comonomers includes acrylamide [47–50], vinyl
acetate [51], acrylonitrile [47, 52], (meth)acryloyleth-
yltrimethylammonium chloride [53], dimethylamino-
ethyl methacrylate [54], N,N-dimethylacrylamide
[55], maleic acid [56], and carboxybetaine diallylme-
thylammonium acetate [57]. For a number of copoly-
mers, the biological (biocidal) activity was tested.

A copolymer consisting of two types of monomers
(DADMAC + monoethanolamine vinyl ester) inhib-
ited the growth of both gram-positive (S. aureus) and
gram-negative (E. coli) bacteria [58] and demon-
strated bactericidal properties against sulfate-reducing
bacteria [58].

The antimicrobial activity of free PDADMAC and
PDADMAC immobilized in poly(methyl methacry-
late) nanoparticles was investigated in [59]. The activ-
ity of the free polymer was higher compared with the
immobilized one, which was apparently associated
with the limited mobility of the polymer upon its bind-
ing to nanoparticles.

Since the 2000s, approaches have been under
development for the modification of surfaces of vari-
ous types (plastics, glass, textile) with quaternized
polyethylenimine to impart constant microbiocidicity
and virucidicity to them [60–62]. These studies were
motivated by the need to design active antibacterial
LYMER SCIENCE, SERIES B  Vol. 63  No. 5  2021
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food packaging. This direction included studying the
possibility of grafting polycations to surfaces and the
addition of quaternized PEI in water-insoluble dyes.
The resulting materials were effective against various
pathogenic bacteria and fungi. The data on the micro-
biological properties of quaternized PEI are summa-
rized in the review [63]. This polymer is distingusihed
by a high level of the antimicrobial activity and the
absence of toxicity for mammalian cells and, at the
same time, has no negative effect on the structure and
mechanical properties of the materials under treat-
ment. These indicators make quaternized PEI an
attractive additive for the modification of surfaces of
various nature.

Antimicrobial monomers based on quaternized
pyridine, phosphocholine, and methacrylic acid qua-
ternary derivatives and the corresponding polymers
are reviewed in [64]. A high antimicrobial activity of
monomer/polymers is observed, and many examples
of their use for obtaining biocidal polymer composites
are presented.

The authors of [65] synthesized ionenes, polymers
carrying a quaternized nitrogen atom in the main
chain, and estimated their biocidal properties.
According to [65], ionenes are active against patho-
gens (E. coli, S. aureus, and C. albicans). Here, the
decisive contribution to antimicrobial activity is made
by the topology (para/meta isomerism) and flexibility
of polymers which determine the possibility to
“adjust” macromolecules for the attacked bacterium.

Dendrimers, symmetric treelike macromolecules
with regular branches, were used as antimicrobial
polymers. Polypropylenimine dendrimers functional-
ized by quaternary ammonium were described in [66].
The antimicrobial properties of dendrimers were
improved with an increase in the molecular weight of
the polymer. Dendrimers with bromide anions pos-
sessed a higher activity compared with dendrimers in
which a chloride anion was used as a counterion. Cat-
ionic hyperbranched polymers with an uncontrolled
number and length of branches demonstrated a lower
antimicrobial activity than dendrimers of the same
chemical composition.

The authors of [67] proposed a nontraditional
approach to the synthesis of biocidal structures
through modification of the surface of lipid bilayer
vesicles (liposomes) with quaternized ammonium
derivative (quaternary ammonium compound). The
modified liposomes suppressed the adhesion of bacte-
ria E. coli and the formation of biofilms and simulta-
neously decreased the toxicity of the used quaternary
ammonium compounds.

The properties of films obtained from homopoly-
mer poly(diethylaminoethyl methacrylate) and copo-
lymer poly(diethylaminoethyl methacrylate-vinylben-
zyl chloride) were compared in [68]. The quaterniza-
tion of the homopolymer and copolymer gave
antimicrobial properties against gram-negative and
POLYMER SCIENCE, SERIES B  Vol. 63  No. 5  2021
gram-positive bacteria to films. The adhesion and
durability of the copolymer films were higher.

The surface of polyurethane modified with the
copolymer containing units of N-vinylpyrrolidone and
quaternary ammonium salt [69] acquired antimicro-
bial properties which made it possible to reduce the
fraction of surviving bacteria to 40%. The antimicro-
bial activity was enhanced with an increase in the
length of the alkyl chain in the ammonium unit.

When operating under certain special conditions
(work in hospitals and rehabilitation centers), it is rec-
ommended to treat the wood surface with antimicro-
bial preparations. In [70], the antimicrobial properties
of wood were improved by grafting 2-(dimethyl-
amino)ethyl methacrylate, its polymerization, and
quaternization by alkyl halide. E. coli tests showed that
the bactericidal effect of the modified wood is higher
compared with the wood treated with monomer
2-(dimethylamino)ethyl methacrylate.

The biocidal effect of cationic polymers is com-
monly associated with their ability to destroy the cel-
lular wall of bacteria. This mechanism is typical of
polymers bearing quaternary ammonium groups [71].
Polymers with guanidine groups can penetrate micro-
bial cells and interact with cytosolic components [72].

A pronounced biocidal effect is observed for by
polymers containing phosphonium quaternary salts
(e.g., review [73]). The mechanism behind the bio-
cidal effect of these polymers is close to that of the
polymers with quaternary ammonium salts. It consists
in the binding of a positively charged polymer to a neg-
atively charged cell membrane followed by destruction
of the cellular membrane and leakage of cytosol (cell
f luid).

In conclusion, let us mention the modification of
cationic polymers by their binding to anionic poly-
mers; the final products were called polycomplexes
[74]. In [75], a low molecular weight polyguanidine
was used as a cationic polymer and carboxymethyl cel-
lulose functioned as an anionic polymer. The antimi-
crobial activity of guanidine was preserved upon its
binding to the polyanion. The antimicrobial activity of
chitosan and water-soluble interpolyelectrolyte com-
plexes poly(acrylic acid)–chitosan [76] against
P. aeruginosa and P. oleovorans was studied. Interpoly-
electrolyte complexes Spec-2 were more effective than
chitosans. This can be explained by the activity of
amino groups of chitosan and carboxylic acid groups
of poly(acrylic acid).

BIOCIDAL MATERIALS BASED ON 
METALLOPOLYMER COMPOUNDS

Silver, copper, and their compounds are the most
important components of biocidal materials; since the
beginning of time, they have been used to treat bacte-
ricidal infections [77]. Silver compounds are toxins for
germs, because metal ions interact with phosphorus-
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containing and sulfur-containing compounds of vital
enzymes and inactivate them [78–82]. Another
important damaging factor is the generation of active
forms of oxygen under the effect of silver ions [78, 81,
83, 84]. Copper compounds also demonstrate well-
defined fungicidal and antibacterial effects [85–88].
With the advent of antibiotics, the use of compounds
of these metals decreased; however, many pathogenic
bacteria can develop resistance to various antibiotics.
Owing to the development of methods for the synthe-
sis of metal nanoparticles, the return of silver com-
pounds as antibacterial agents became urgent, since in
the case of metallopolymer nanocomposites the effect
of bacteria adaptation was absent [14, 85, 89–91]. In
recent years, studies on the possibility of using nano-
technologies to fight biofilms of bacteria resistant to
antibiotics have been developed extensively [92].

Despite a pronounced biocidal effect, silver ions
have a limited application as antimicrobial agents
owing to their rapid binding or inactivation by various
compounds present in a medium. This limitation can
be overcome by using silver nanoparticles as an anti-
microbial agent owing to the continuous release of sil-
ver ions provided by nanoparticles [93, 94]. The bind-
ing of metal ions to functional groups of metallopoly-
mer complexes also ensures their controlled sorption
and prolonged release [95, 96]. Interpolyelectrolyte
complexes (IPECs) may contain a relatively large
amount of metal ions (up to 50 wt %) which deter-
mines broad possibilities offered by their use for the
synthesis of metallopolymer complexes [95–97].

The design of antibacterial coatings is a modern
strategy for preventing bacterial colonization and for-
mation of biofilms. Polymer composite coatings were
obtained by the aerosol-assisted plasma deposition
from hexamethyldisiloxane solution containing silver
nitrate under atmospheric pressure on the surface of
PET films [98]. Nanocapsules containing silver in the
core and a polymer in the shell were produced. Testing
of capsule-containing coatings with the controlled
release of Ag+ ions revealed their high antibacterial
activity (E. coli and S. aureus). Attempts were also
made to introduce metal ions into water-soluble dyes
to impart biocidal properties to surfaces to be painted
[91]. Examples illustrating the development of anti-
bacterial agents containing copper and silver com-
pounds are also discussed in the section Biocidal
Materials Based on Polymer Composites.

Silver nanoparticles are generally more effective
that silver ions [82–84, 90, 91] owing to the combina-
tion of effects related to the release of Ag+ ions from
nanoparticles and the direct interaction of nanoparti-
cles with cellular membranes [81, 83, 89, 94, 99–102].
Nanoparticles not only interact with the membrane
surface but also can penetrate inside bacteria [82, 83,
90, 101], because compared with metal ions nanopar-
ticles they more easily pass through biological barriers
and cellular membranes. From the point of view of
PO
designing biocidal materials, it is important to take
into account that the structure of the polymer matrix,
which serves as a coating of nanoparticles, strongly
influences the absorption of silver nanoparticles by
cells [103–105]. The shape and sizes of nanoparticles
largely determine the efficiency of their absorption by
cells [83, 89, 103, 106, 107]. The assembly of nanopar-
ticles by the reduction of metal ions is used most fre-
quently for the synthesis of metal nanostructures in
polymer systems, because this method makes it possi-
ble to finely tune their sizes under varied synthetic
conditions [108–111]. The synthesis of nanoparticles
under conditions of different interaction of functional
groups of macromolecules is an alternative way to con-
trol the sizes of nanoparticles [110–114]. Publications
of the past two decades show that soluble metallopoly-
mer nanocomposites can be synthesized and subse-
quently deposited on the surface [89, 91, 115–119].
However, there are also illustrative examples which
indicate that approaches to the synthesis of biocide
nanoparticles immediately in polymer films and coat-
ings are developed [86, 87, 97, 120–125].

Considerable attention is given to the opportunity
of using natural polymers (such as glucose, starch, and
chitosan) for the synthesis of nanocomposites [89,
115–118], since natural polysaccharides can act as a
“green” stabilizing agent for ultradisperse particles. In
AgNO3 aqueous solutions containing glucose and
starch, hybrid materials with silver nanoparticles were
obtained which could be integrated in medical appli-
cations [89]. In this case, glucose functioned as a
reducer and starch played the role of the stabilizing
matrix.

In past decades, polymer systems based on chi-
tosan were widely applied for the synthesis of metallo-
polymer nanocomposites because the use of matrices
based on this polymer with the inherent antibacterial
activity leads to a synergistic biocidal effect for nano-
composites [118]. Moreover, silver nanoparticles
coated with this polysaccharide provide more effective
damage of DNA and cause the apoptosis of cells [104].
It was found that polymer silver nanoparticles coated
with quaternized chitosan and tested as biocides
against Bacillus subtilis manifest a higher antimicrobial
activity against Bacillus subtilis compared with silver
nanoparticles coated with the reference antimicrobial
polyvinylpyrrolidone [105]. It was shown that the
samples break the respiratory chain of bacterial cells
and the cellular wall and disrupt the function of cellu-
lar membranes.

Nanocomposites silver–chitosan can be synthe-
sized according to ecological approaches using a chi-
tosan suspension as a stabilizer and reducer in the
absence of other chemical compounds [115]. To pre-
pare pure nanocomposites, silver nanoparticles with
sizes of 7–30 nm were obtained under exposure to γ
radiation under conditions available for production (in
the presence of air oxygen) using chitosan as a stabi-
LYMER SCIENCE, SERIES B  Vol. 63  No. 5  2021



BIOCIDAL POLYMER FORMULATIONS 465
lizer [117]. The resulting silver nanoparticles were sta-
ble for more than 3 months and exhibited antimicro-
bial activity against colibacillus and Staphylococcus
aureus. Nanocomposites can be used in antimicrobial
materials, including antimicrobial food packaging. It
was also shown that stable copper nanoparticles with
antibacterial activity against gram-negative and gram-
positive bacteria can be synthesized in chitosan solu-
tions [126].

In addition, great opportunities are used for the
development of biocidal formulations from synthetic
polymers [91, 119–121, 125, 127, 128].

Considerable attention is paid to biocidal and fun-
gicidal materials manufactured by introducing silver
nanoparticles into polymer-based water-soluble dyes
which can be applied on various surfaces. Wall paint
based on nanosilver prevented the formation of mold
inside buildings and the growth of algae on outer walls
[129]. Minimum inhibitory concentration tests quan-
titatively showed that Ag nanoparticles are more effec-
tive than Ag+ ions against representatives of gram-
positive/gram-negative bacteria and saprotrophic
fungi [91]. Antifungal/antibacterial effects against
Aspergillus niger, Penicillium phoeniceum, and Staphy-
lococcus aureus on the surface of cotton fabric in a
water-soluble dye were confirmed; the growth of
Bacillus subtilis and Escherichia coli was also sup-
pressed.

Polyvinyltriazole is a nontoxic polymer matrix.
Using polyvinyltriazole and its macromolecular com-
plexes, materials containing silver and copper
nanoparticles were obtained by chemical or radiation-
chemical reduction [119, 121]. It was shown that com-
posites with silver nanoparticles exhibit biocidal activ-
ity against S. aureus and E. сoli strains.

To fight biofilm infections, micellar particles of
Soluplus® (copolymer polyvinylcaprolactam–
poly(vinyl acetate)–poly(ethylene glycol)) containing
silver nanoparticles were synthesized and showed high
efficiency against Staphylococcus epidermidis strains
[130].

There are many studies addressing the synthesis of
antibacterial materials in matrices of polymer fibers,
tissues, coatings, and films. Silver nanoparticles were
synthesized in autoclaves by reducing ions under hot
steaming conditions in polyacrylonitrile fibers [131].
Antibacterial materials showed a high efficiency (99%)
against Escherichia coli and Staphylococcus aureus bac-
teria after 20-fold wash tests. Silver nanoparticles were
synthesized in propylamine-substituted poly(vinyl
alcohol) films using chemical and green methods
(through the reduction of ions by starch). The com-
posite material synthesized in [132] demonstrated a
high antibacterial activity and excellent mechanical
characteristics. According to [132], this material is
promising for use as coatings and medical plasters.

IPECs and interpolymer complexes are commonly
used for the manufacture of films and coatings from
POLYMER SCIENCE, SERIES B  Vol. 63  No. 5  2021
composites with copper and silver nanoparticles since
they provide a good opportunity to control the inter-
action of functional groups of polyanions and polyca-
tions with the surfaces of metal nanoparticles and the
ability to efficiently stabilize nanoparticles [97, 108,
122, 133, 134].

Composites with silver nanoparticles were pre-
pared in the films of IPECs based on synthetic poly-
mers (PAA-PEI) [108, 120, 124, 135] using radia-
tion-induced reduction of silver ions. In complexes
of natural polymers with different combinations of
polycations (chitosan, cationic starch, cationic beta-
cyclodextrin) and polyanions (pectin, carboxymethyl
cellulose, anionic starch), metallopolymer nanocom-
posites were obtained by the thermochemical reduc-
tion of silver ions or reduction by ascorbic acid [122].
For nanoparticles in pectin–polyethylenimine films,
silver ions were reduced using ascorbic acid, hydra-
zine, or sodium borohydride [123]. Nanocomposites
with a smaller average size of nanoparticles possessed
a higher antimicrobial activity against S. aureus and
E. coli strains. Testing of the materials based on inter-
polyelectrolyte complexes of pectin and polyethyleni-
mine and copper nanoparticles revealed their high
antimicrobial activity against S. aureus and E. coli
strains [86, 87].

The localization of nanoparticles on the surface of
the matrix ensures the accessibility of metal nano-
structures for reagents or detectable compounds. This
result shows promise for the creation of antibacterial
water purification systems and biocidal materials.
From this point of view, the development of
approaches to the synthesis of structures in which
metal nanoparticles are localized near the surface of
polymer films is of fundamental interest. The use of
sodium borohydride as a reducing agent, which can-
not penetrate deep into a matrix owing to electrostatic
repulsion, provided conditions for the predominant
formation of silver nanoparticles near the surface of an
ion-exchange polymer gel containing sulfo groups
(ion-exchange resin Purolite C100E [136]). Compos-
ites with the localization of copper nanoparticles on
the surface of interpolymer films were obtained by
exposure of interpolyelectrolyte complexes PAA–
PEI–Cu2+ and interpolymer complexes poly(1-vinyl-
1,2,4-triazole)-PAA–Cu2+ to X-ray radiation [120,
121]. A contrast between absorption of X-ray radiation
by a water-alcohol medium and interpolymer com-
plexes with copper ions ensures favorable conditions
for the formation of metal nanostructures in the near-
surface layer of films.

The alternate adsorption of polycations and
polyanions is a commonly used method for obtaining
IPEC ultrathin coatings. Various combinations of syn-
thetic and natural macromolecules of polyanions
(poly(acrylic acid), pectin, poly(styrenesulfonic acid),
hyaluronic acid, humic acid) and polycations (poly-
ethylenimine, poly(allylamine hydrochloride), poly-
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diallyldimethylammonium chloride, chitosan) were
used for the synthesis of metallopolymer complexes
and nanocomposites in IPEC matrices [86, 97, 122,
124, 125, 134, 137–141]. However, the properties of
the interpolymer complex PAA–PEI that can form
tertiary metallopolymer complexes with a high con-
tent of metal ions were studied in the most detail. The
reduction of metal ions by chemical and radiation-
chemical methods made it possible to obtain inter-
polyelectrolyte coatings containing copper and silver
nanoparticles [120, 124, 125]. The testing of coatings
containing silver nanoparticles demonstrated their
antibacterial properties against E. coli and S. Auerus.
These properties were preserved [124] after a fivefold
wash cycle.

CONCLUSIONS
The analysis of the published data showed that

polymer systems offer great potential for the manufac-
ture of biocidal materials of various types. Using high
molecular weight compounds, not only soluble anti-
bacterial agents but also biocidal films and coatings
can be synthesized. Formulations based on nontoxic
synthetic or natural polymers remove many con-
straints on the development of materials for food pro-
duction, transport, and storage. In recent years,
increasing attention has been focused on the manufac-
ture of biocidal coatings to combat bacterial films,
because most microorganisms occur in the form of
organized communities.

Approaches directed at both the synthesis of struc-
tures with inherent biocidal activity and the possibility
of incorporating organic or inorganic antibacterial
additives are progressing intensely. Of particular atten-
tion are biocidal polymer compounds to which, as
opposed to antibiotics, the resistance of pathogenic
bacteria is not developed. From this point of view,
commercially available PDADMAC and other cat-
ionic polymers can serve as a basis for the creation of a
family of biocidal polymer formulations. Metallopoly-
mer compounds and nanocomposites are capable of
controlled and gradual release of biologically active
compounds into the environment and are used for the
manufacture of various types of biocidal materials.

At present, most studies are focused on the devel-
opment of medical preparations. At the same time,
much less attention is given to the manufacture of bio-
dical materials for the food industry. For the protec-
tion of industrial premises and storage facilities, dyes
based on polymers including organic and inorganic
biocidal compounds with metal ions and nanoparti-
cles are generally used. Meanwhile, coatings based on
polyelectrolytes are a promising basis for the manufac-
ture of biocidal materials, since in many cases they
possess inherent bactericidal activity. The functional
groups of polyelectrolytes and IPECs effectively bind
and controllably release metal ions and low molecular
weight biocides and stabilaze inorganic nanoparticles.
PO
Thus, polymer materials with ionogenic groups show
promise as a basis for the design of long-acting anti-
bacterial systems. In contrast to low molecular weight
compounds, the use of polymer matrices opens wide
opportunities for tuning adhesion interactions with
surfaces of different types in order to produce strong
and durable coatings.
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