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ABSTRACT
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FadeevaT.V. or antiseptic properties, the spread of multidrug-resistant strains of microorganisms

remains a serious problem in the treatment and prevention of infectious diseases
(wound, postoperative and burn infections, preoperative preparation of the surgical
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by their diversity and their specific application. Antimicrobial iodine-containing
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PE3IOME

Hecmomps Ha nouck u paspabomky Ho8bIX GHMUMUKPOOHbIX Npenapamos c aHmu-
buomuyYeckuMU uJu aHmucenmu4eckumMu cgolicmeamu, pachpocmpaHeHue
nosiupe3ucmeHMHbIX WMAMMO8 MUKPOOP2AaHU3MO8 No-npexHeMy ocmaémcs
cepb@3HoU Npobiemoli 8 IedeHUU U NpoguIaKkmuke UHGeKYUOHHbIX 3a601e8aHuli
(paHesvble, NoC/1Ie0NEPAUUOHHbIEe U 0XK0208ble UH(eKyuU, npedonepayuoHHas obpa-
60mMKa onepayuoOHHO20 U UHBEKYUOHHO20 NOJIA NAyueHmad, 2u2ueHudeckas obpa-
60MKa pyk xupyp208, MEOUYUHCKO20 nepcoHana u m.d.). Hacmosuwjuti o63op cospe-
MeHHbIX OMeyYecmBeHHbIX U 3apy6exHbIX JUmepamypHbiX UCMOYHUKO8 NOCBAWEH
aHanu3sy OaHHLIX 0 Nepcnekmueax NpuMeHeHUs 8elecmas U Mamepuasos ¢ iooom
u tlodudamu 8 Ka4ecmae aHMUMUKPOOHbIX d2eHMo8. B cospeMeHHbIX yC108UsX 803-
pacmaroujee KoaIU4eCMa0 Hay4HblX pabom nocesAweHbl U3yHeHuro U pa3pabomke
pasu4yHbIX Npenapamos, 061a0aruux Xapakmepucmukamu, cneyuuyHbiMu
071 UX NpUMeHeHUs. AHMUMUKPOOBHble coeduHeHus ¢ Uo0oM mo2ym 6bimb npu-
MeHeHbl K WUPOKOMY Cnekmpy Mamepuasnos, makux Kak mekcmuJsie, NJIACMUK,
Memarisiel, KepaMuKa, 4mo N038oJisem Smum Mamepuanam 6bime ycmoUl4ugsbimu
K MUKpOGHOMY pocmy u pocmy 6uonsiéHok. 0606ueHsl 1umepamypHslie 0aHHble
no 8bICOKOU AHMUMUKPOBHOU akmugHOCMU Lio0d KaK 8 HelimpasibHbIX HOCUMESTSX,
Mak u 8 cuHepauu ¢ yxe 061a0arouuMu NOO0OHbIMU c8olicmeamu seujecmaamul.
Takue KomnJiekCHble Npenapamsi 8 3Ha4umesibHoU Mepe mepsam MOKCUYHOCMb,
Oelicmays NPOTOH2UPOBAHO C COXpAaHeHUeM c8oux caolicma. OCHOBHbIe MeXaHU3Mbl
npomusomMuKpobHo20 8030elicmaus Lioda u coeduHeHul ¢ io0om npedonpedess-
em UX CU/IbHAs OKUC/IUMesibHas cnocobHocmeo. O6pawjeHo BHUMAaHuUe Ha cnekmp
akmugHocmu npenapamos tood. Hapsady ¢ aHmumuKkpobHbiM 3¢h¢hekmom, oHU
Mo2ym cnocobcmeosams npoyeccam pezeHepayuu. B yesom uHHOBAYUOHHbIe
npenapamel ¢ (ilo00M ¢ aHMubakmepuaabHbIMU U yH2UYUOHbIMU c8olicmeamu
nepcnekmueHbl 0718 MEOUYUHCKUX U Opyaux yesned.

Kmioueesle cnoea: (iod, npenapamei ioda, npakmuyeckoe Ucnosib308aHue, aHmu-
MUKPOBHAS aKMUBHOCMb, YCII08HO-NAMO2EHHbIE MUKPOOP2AHU3MbI

Ona yntupoBaHusa: HeeexuHa A.B., ®apeea T.B. AHTUMMKPOOHbIV NoTeHUMan noga-
copeprKalmx BelwecTB U maTepuanoB. Acta biomedica scientifica. 2023; 8(5): 36-49.
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INTRODUCTION

The treatment of diseases caused by infections is cur-
rently complicated by the diversity of strains and the emer-
gence of microbial resistance to preparations such as anti-
septics and antibiotics [1]. For instance, some microorgan-
isms showed decreased sensitivity to chlorhexidine, tri-
closan, peracetic acid, benzalkonium chloride, mupirocin,
tetracycline and others. [2-4]. The increase in antimicro-
bial resistance has currently led to fewer treatment op-
tions for patients and an associated increase in morbidity
and mortality. According to the World Health Organization
(WHO), antimicrobial resistance is a global threat to human
health and development, and the overuse of these prep-
arations is a major factor in the growth of drug-resistant
strains [5].

Susceptibility and resistance to antiseptics and antibi-
otics are caused by natural adaptive mechanisms regulat-
ed by chromosomal DNA as well as by extra-chromosom-
al elements (plasmids, transposons, etc.) that can move
within the genome throughout a single cell or be trans-
mitted to other members of the community through hor-
izontal gene transfer. Phenotypic and genetic mecha-
nisms of antimicrobial resistance have been identified,
with the main ones being restriction of drug transport
through the cell wall, modification of the drug target, drug
deactivation and active drug excretion by outflow systems,
as well as the biofilm formation [6].

In about 80 % of chronic and recurrent bacterial infec-
tions in the human body are considered to be associated
with the biofilm structures formed by infectious agents [7].
Biofilms represent microbial cells in an extracellular matrix
produced by them, consisting of polysaccharides, extracel-
lular DNA and other components. As compared to plankton-
ic cells, cells in biofilm are much less sensitive to antimicro-
bials and this becomes a major cause of ineffective treat-
ment. New technologies development in medicine leads
to the expansion of the range of creation and application
of various materials, including those with antimicrobial
properties, antimicrobial agents of bactericidal and bacte-
riostatic action of local and systemic application. An impor-
tant place among modern antiseptic agents, which areanin-
tegral part of medicine, is currently being occupied by io-
dine preparations.

lodine is known to have antimicrobial activity against
a wide range of microbial strains. Being widespread in na-
ture, performing a variety of functions within the majority
of living organisms, relatively low cost and environmental
safety, iodine has a high potential for use as an antimicrobi-
al agent. Microbial resistance to iodine has not been iden-
tified to date. It has recently been shown by the exam-
ple of Staphylococcus aureus that even subinhibitory con-
centrations of povidone iodine do not lead to the emer-
gence of iodine-resistant bacterial strains [8]. It is caused
by the wide variety of microbial cell targets damaged by io-
dine. The effective disinfection time of bacterial cell popu-
lations has been revealed to be between 3 and 15 s at con-
centrations ranging from 6 to 13 ppm of available iodine,
although spores were found to be more resistant to iodine
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compared to vegetative cells [9]. The elemental iodine,
however, is toxic and volatile and can be destroyed by ul-
traviolet rays, making it difficult to use. Additionally, since
iodine is an active oxidant, its partial inactivation by pro-
teins is possible during in vivo contact with internal tissues.
Consequently, safe materials and preparations contain-
ing iodine compounds with certain characteristics that fa-
vour the use of iodine regardless of environmental factors
are still being developed. An opportunity to obtain stable
forms with iodine expands its application as an antiseptic
in various spheres, including medicine, veterinary medi-
cine, food industry.

With reference to the above, the aim of the current re-
view is to substantiate the efficacy of iodine, iodine com-
pounds and iodine-containing complexes against infec-
tious agents and to characterize their antimicrobial activity.

CHARACTERISTICS OF IODINE

lodine, along with chlorine, is a halogen often used
to kill microorganisms. The name had come from the Greek
"iodes", which means "purple". lodine is widely, albeitin very
diverse concentrations, distributed in nature. It is main-
ly found in the marine environment. In nature, iodine
is known to be involved in the metabolism of some micro-
organisms. Bacteria can both oxidize and methylate iodide
and can also accumulate iodide [10]. lodine in human biol-
ogy regulates metabolism, affects the immune and antiox-
idant systems [11].

Halogens appear to be strong oxidizing agents since
they have seven electrons on their outer shell; as oxidiz-
ing agents, halogens accept an electron, becoming a hal-
ide ion. The antimicrobial efficacy of halogens is a result
of both their oxidative capacity and substitution reactions.
Halenes, however, differ in their oxidizing potential and dis-
infecting ability. In particular, the halogen with the strong-
est oxidizing capacity is fluorine, followed by chlorine, bro-
mine and iodine [12]. However, among these halogens, io-
dine is the more stable element in the environment.

lodine is poorly soluble in water; it has been report-
ed that the biological effects of this halogen are associ-
ated with its relative hydrophobicity [13]. lodine has also
been reported to be lipophilic and this favours its diffu-
sion through the cell membrane of microorganisms [14].
The water solubility of iodine can be increased in the pres-
ence of iodide ions, where polyiodide formation occurs;
in order to do this, potassium iodide is most often added
to the solution [15]. Although iodine is much better soluble
in alcohols, these solvents penetrate the tissues too quick-
ly, causing an excess of iodine, which in turn leads to irri-
tation and other undesirable side effects [16]. A number
of studies are available examining the cytotoxicity of iodine
and its complexes on fibroblasts, keratinocytes and other
cell lines [17].

Some evidence exists demonstrating that compounds
containing chlorine and iodine are equally effective in kill-
ing vegetative cells, but chlorine compounds are more ef-
fective in inactivating spores [9].



Many studies have repeatedly confirmed that ele-
mental iodine |, is the most powerful antimicrobial agent
compared to other forms of iodine. It is followed by hy-
poiodous acid (HIO) [18] and the iodine cation H,OI*; oth-
er forms of iodine dissolved in water have no bactericid-
al activity [19].

MECHANISMS OF IODINE ANTIMICROBIAL
ACTIVITY

Being a small molecule, iodine is able to penetrate
the cell wall of microorganisms and react with various cel-
lular components such as proteins, nucleic acids and lipids.
As a result, proteins are denatured, nucleic acids are oxi-
dized and cell membranes are destroyed, ultimately lead-
ing to cell death. Aromatic hydrocarbons, sulfur-containing
amino acids (cysteine, methionine) and unsaturated fatty ac-
ids appear to be the main targets [20]. Protein denaturation
is achieved by oxidation of SH-groups in cysteine and me-
thionine, and the formation of hydrogen bonds between
the amino groups of arginine and histidine and the phe-
nolic groups of tyrosine is also prevented. lodine is ca-
pable of binding to fatty acids via carbon-carbon bonds
and to some nucleotides (adenine, cytosine and guanine),
thereby changing the structure of nucleic acids, causing
DNA strand breaks and mutations in genetic material [21].
lodine is also effective in inhibiting the activity of enzymes
involved in the metabolic pathways of microbes. Eukary-
otes are using the reactivity of some iodine species to coun-
teract infections. In mammals, antimicrobial forms of io-
dine can be secreted as by-products of peroxidases [11].
It induces oxidative stress and eventually leads to micro-
bial cell death. In summary, the antimicrobial mechanism
of iodine involves several nonspecific pathways targeting
different components of microbial cells, making it an effec-
tive and versatile antimicrobial agent.

IODINE PREPARATIONS ACTIVITY SPECTRUM

Itis one of the few antimicrobial agents that had been
found to be effective against bacteria, viruses, fungi
and protozoa as a consequence of its oxidizing properties.
Candida species are resistant to many antifungal agents.
They are capable of producing biofilm, which is an im-
portant factor in the pathogenesis of candida infections
[22].1t has been also demonstrated that iodine has strong
antifungal activity against Candida species, including
Candida albicans, and inhibits the growth and forma-
tion of their biofilms. lodine preparations are known
to induce oxidative stress in Candida cells. However,
there are strains that are less susceptible to oxidative
stress. Thus, a study by S. Cuellar-Rufino et al. have re-
vealed mutant strains producing catalase and superox-
ide dismutases 1 and 2 among Candida glabrata strains,
which appeared to be more resistant to iodine [23]. lo-
dine preparations also have fungicidal activity against
other genera, including Aspergillus [24].
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It is considered that the thicker the peptidoglycan lay-
er, the more resistant bacteria are to surfactant antimi-
crobial preparations [25]. Obviously, iodine preparations
have a different effect on the cell membrane of gram-pos-
itive and gram-negative bacteria as a result of their struc-
ture peculiarities. Gram-positive bacteria have no outer
membrane, however, this is compensated for by the con-
struction of a thicker cell wall with peptidoglycan [25]. Pep-
tidoglycan consists of polymerized glycans that form line-
ar chains cross-linked by short peptides. These glycan fil-
aments consist of 3-1,4-bound N-acetylglucosamine resi-
dues alternating with N-acetylmuramic acid residues [26].
Since iodine is a highly reactive oxidant, there is proba-
bly an ability to break chemical bonds in the peptidogly-
can layer. Gram-negative bacteria are generally being
more protected since their outer membrane, which acts
as a permeability barrier for various substances, can prob-
ably make iodine penetration less efficient as well [27]. lo-
dine inactivation of outflow pumps is an important issue,
since many multiple drug resistance strains have pumps
to remove toxic compounds from the periplasm and cyto-
plasm [28]. lodine has the potential to induce the produc-
tion of reactive oxygen species [29], and in a study of the ef-
fects of singlet oxygen on gram-positive and gram-nega-
tive bacterial strains, it was revealed that the gram-nega-
tive Escherichia coli strain was less sensitive to oxidative
stress due to the outer membrane compared to the gram-
positive Enterococcus faecium strain [30].

ANTISEPTIC PREPARATIONS AND MATERIALS
WITH IODINE

Since the anti-septic properties of iodine have been dis-
covered, many different preparations with iodine as an ac-
tiveingredient have been developed. l.V. Popov et al. differ-
entiate the history of creation of these antiseptics into two
stages: before the middle of the 20th century - simple; af-
ter the middle of the 20th century - complex iodine-con-
taining antiseptics [31]. The authors emphasize in their re-
view that both iodophores and iodine-containing antisep-
tics derived from enzyme systems and their modifications
are currently available for use in practice.

Existing iodine preparations and remedies are diverse
in form, including alcoholic 5 % iodine solution, iodized so-
lutions, iodized films and dressings, ointments and creams
containing iodine, as well as in properties and areas of ap-
plication (medicine, veterinary medicine, ecology, food
industry). Common combinations with iodine that may
be contained in antiseptics include iodine and alcohol,
aqueous iodine solution, iodine and polyvinylpyrrolidone,
iodine and polyvinyl alcohol, iodine and formaldehyde,
and others. Each of the iodine-based antiseptics available
on the market today has its own features and recommen-
dations for use.

Antiseptic preparations based on molecular iodine
are called iodophores. They are applied in the prevention
and in the treatment of infectious complications in medicine
and veterinary medicine. The most widely used of the lat-



ter has been povidone iodine available for more than six-
ty years. This iodophor remains a highly effective agent
for the treatment of acute and chronic wounds as a re-
sult of its rapid, potent antimicrobial action on both plank-
tonic cells and biofilms [32]. Free iodine is slowly being re-
leased from the complex, thereby allowing the gradual re-
lease of small amounts of iodine that are not toxic to tissue
cells. Forms of povidone iodine preparations are diverse,
in various concentrations - from 9 to 12 % - it is availa-
ble in the form of solution, spray, ointment, etc. [19]. Com-
parison of 5 % povidone iodine solution with 1 % in vitro
revealed greater efficacy at lower concentration [33]. Na-
tive povidone iodine is hydrophilic, has a pH of about 4.0
and may have an irritant effect [33, 34]. Its antibacterial ac-
tivity is observed in the pH range of 2.5-7.0 [21]. It has low
cytotoxicity compared to many other antiseptics [35]. How-
ever, there is evidence that povidone iodine may have cy-
totoxic effects on human and animal tissue cells, negative-
ly affecting wound healing in preclinical trials, especially
in early stages [17]; an increased risk of sensitization has also
been reported [36]. Therefore, the search for new iodo-
phores is relevant, as evidenced by the analysis of the liter-
ature in recent years.

In addition to povidone iodine, there are many com-
pounds with iodine. Complexation can contribute to con-
trolled release (polymers can be designed for slow and sta-
ble release of iodine, which provides a stable antimicrobial
effect without cytotoxic effect), increased stability (since io-
dine can be unstable and easily decompose, but when en-
capsulated in a matrix it can be protected from decomposi-
tion and maintain its antimicrobial activity for long periods
time), improved adhesion (the ability to adhere to surfaces
such as skin or a water purification filter), reduced toxici-
ty (by minimizing contact of high concentrations with hu-
man cells and tissues). These complexes contain molecular
iodine, iodide ions, and polymeric substances. lodine com-
plexes are usually produced hydrophobic as they interact
more easily with the bacterial membrane, which consists
of a double lipid layer. The hydrophobic material is also
better at adsorbing proteins than the hydrophilic materi-
al [37]. A significant parameter for a drug has been its sur-
face potential (zeta potential) as it affects its ability to at-
tach to other surfaces as well as to cells.

lodine carrier polymers may be both of natural (chi-
tosan, chitin, albumin, starch, glycogen, silk, etc.) and syn-
thetic origin (polyvinyl alcohol, polyvinylpyrrolidone, pol-
yamides, etc.) [15]. Apart from that, there are binary com-
pounds of iodine with metals that mutually enhance bacte-
ricidal properties of each other. The antibacterial and fungi-
cidal activities of some substances and materials with iodine
are summarized in Table 1.

Recently, cationic acrylate copolyvidone-iodine nano-
particles (CACPVI) have been obtained [38]. Being positive-
ly charged on its surface, CACPVI demonstrated excellent
antibacterial effects on E. coli, since the phospholipid mo-
lecular layer on the cell membrane of gram-negative bacte-
ria is negatively charged, and inhibited S. aureus at a slight-
ly higher concentration. This antibacterial polymer materi-
al has a long-lasting effect and is capable of finding appli-
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cations in the creation of coatings, dyes and inks to mini-
mize bacterial infection.

lodophor based on antimicrobial rubber nanocapsules
of trans-polyisoprene (TPI) has been not only proven to have
antimicrobial effects but also promotes wound healing
[17]. It was found that this iodophore had the properties
of amphiphilicity and biocompatibility, as well as the abil-
ity to stimulate cell proliferation. In the study, iodophor
was compared with the clinical drug povidone-iodine
and demonstrated better antibacterial activity on E. coli.

Z. Edis et al. obtained the triiodide complex [Na(12-
crown-4),11, [14]. Triiodide complex proved to be a broad-
spectrum bactericidal agent against reference and clinical
isolates of gram-positive (Streptococcus pneumoniae, S. au-
reus, Enterococcus faecalis, Streptococcus pyogenes, Bacillus
subtilis), gram-negative bacteria (Proteus mirabilis, Klebsiella
pneumoniae, E. coli, Pseudomonas aeruginosa) and C. albicans.
Although the size and molecular weight prevent the pas-
sage of this compound through the membrane of a bacteri-
al cell, [Na(1 2-crown-4).]l, is attracted to it through electro-
static interactions. This compound is hydrophobic and lipo-
philic, which presumably enhanced the antimicrobial activity.
The strong halogen bond between the triiodide ions, howev-
er, prevented the release of free molecular iodine. As a re-
sult of this phenomenon, on the other hand, the compound
[Na(12-crown-4),]1, remains stable for a long time.

L. Tonoyan et al. have announced the synthesis
of a biocidal complex, which is formed following the re-
action between ion-oxidisable salts iodide and thiocy-
anate in the presence of hydrogen peroxide as an ox-
idation source [39]. lodine-thiocyanate complex (ITC)
is able to incorporate more molecular iodine than povi-
done iodine. The sensitivity of E. coli ATCC 25922, P. aer-
uginosa NCIMB 10421, S. aureus DSM 15676 and S. au-
reus MRSA BH1CC strains, their single-species biofilms,
as well as two-species biofilms of S. aureus DSM 15676
and Streptococcus uberis strains were tested to ITC. ITC
demonstrated antimicrobial activity against all strains
and biofilms tested. The minimum bactericidal concen-
trations and the minimum concentrations for the destruc-
tion of biofilm were in the range of 7.8-31.3 and 31.3-
250 ug x mL™, respectively. Against P. aeruginosa bio-
film, ITC was considered by the authors as the least effec-
tive, as a concentration of 125 ug x mL™" was not sufficient
for complete killing, but a significant reduction in cell num-
ber was observed. The minimum eradication concentra-
tion of the mixed biofilm was 250 ug x mL™". This complex
can be applied as an antimicrobial agent and for surface
disinfection. Further biocompatibility studies are needed.

The hemostatic macroporous polymer foams de-
veloped by J.G. Lundin et al. were found to be capable
of smooth sustained iodine release as a result of high io-
dine loading, whereas low loading resulted in its abrupt
release [40]. The kaolin contained in the complex served
as a haemostatic agent and influenced iodine content
and its release rate. In combination with iodine, these pol-
ymers are active against E. coli, K. pneumoniae, P. aerugino-
sa and S. aureus. This development can be used as a dress-
ing material for wounds.



TABLE 1

IODINE-CONTAINING SUBSTANCES AND MATERIALS AND THEIR ANTIBACTERIAL AND FUNGICIDAL EFFECTS

Names of substances
and materials with iodine/
iodides

CACPVI

Trans-polyisoprene rubber
nanocapsules doped

with iodine for 9h

(TPI NPS—I2—9h)

and 24h (TPI NPs-I 2—9h)

Triiodide complex
[Na (12-crown-4),]I,

lodine-thiocyanate complex
(ITC) (H,0,/KI/KSCN)

Hemostatic macroporous
polymeric polyethylene glycol
polymer foams enriched

with iodine in the form

of triiodides

The substance
under study

Nanoparticles
of about 200 nm
in size

Spherical rubber
nanoparticles
with an average
diameter

of =120 nm

Lipophilic
complex

in the form

of triclinic crystals

A solution of H,0,/
KI/KSCN in a ratio
of 1:1:1 witha 1%
final concentration
of the components

Polymer foam
with macroporous
structure

Strains

E. coli,
S. aureus

E. coli

Reference

and clinical strains
of S. pneumoniae,

S. aureus,

S. pyogenes,

E. faecalis, B. subtilis,
P. aeruginosa, E. coli,
K. pneumoniae,

C. albicans species

E. coli ATCC 25922,
P.aeruginosa
NCIMB 10421,

S. aureus

DSM 15676,

S. aureus BH1CC

E. coli ATCC 35695,
S. aureus

ATCC 11987,

K. pneumoniae
ATCC 13883,

P. aeruginosa
ATCC 27853

Antibacterial
and fungicidal effects

Completely inhibited the growth of E. coli
at a concentration of 20.00 ug x mL™.
Inhibited the growth of S. aureus

at a concentration of 40.00 ug x mL™".

lodide concentration:
TPINPs-1,-9h, 1.5 wt%;
TPINPs-1,-24h, 2.5 wt%.
MIC:

TPINPs-1,-9h - 2.5 ug/mL;
TPINPs-1,-24h - 1.25 ug/mlL;

The complex at a concentration

of 13.3 mg/mL showed ZOl:

S. aureus — 43 mm,

S. pyogenes — 34 mm,

E. faecalis — 39 mm,

S. pneumoniae — 28 mm.

ZOl for B. subtilis is 15 mm.

At a concentration of 10 mg/mL,

the ZOl was: E. coli — 23 mm,

P. aeruginosa — 20 mm,

K. pneumoniae — 15 mm.

ZOlI of a clinical sample of C. albicans
was 50 mm at a concentration

of 13.3 mg/mL. ZOl for C. albicans
WDCM 00054 - 40 mm at a concentration
of 10 mg/mL.

MIC/MBC (ug x mL™"):
E. coli- 15.6/15.6; P. aeruginosa — 31.3/31.3;
S.aureus - 7.8/7.8; S. aureus — 15.6/15.6

The ZOl for E. coliwas 14 + 1

and 22 + 2.7 mm; for K. pneumoniae -
9.2+0.3and 19.33+3.2 mm;

for S. aureus - 12.8 £ 0.3 and 27.8 = 2.5 mm
with KFoam-0.1 and KFoam-1.0
respectively; for P. aeruginosa - 14.7 + 2.1
with KFoam-1.0.

Reference

[38]

(171

[14]

[39]

[40]

Note. CACPVI - cationic acrylate copolyvidone-iodine nanoparticles; TPI — trans-polyisoprene; MIC — minimum inhibitory concentration; [Na(12-crown-4),]I, — sandwich complex of two 12-crown-4 molecules sur-
rounding one sodium ion; ZOI - inhibition zone; ITC — iodine-thiocyanate complex; H,0,/KSCN — hydrogen peroxide in combination with potassium thiocyanate; MBC —minimum bactericidal concentration; KFoam-0.1,
KFoam-1.0 — samples of polymer foam with kaolin impregnated with iodine solutions in ethanol in 0.1 % and 1.0 % mass ratios, respectively.

An assessment of the antimicrobial activity of polyazo-
lidinediammonium modified iodine hydrate ions (PAAG-M)
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has demonstrated antibiofilm activity against the type strain
of E. coli ATCC 25922 and clinical E. coli FimH [41]. High-



er sensitivity was observed in E. coli carrying the virulence
gene FimH. The complex was previously evaluated against
reference strains and clinical isolates of bacteria, microscop-
ic fungi, and RNA-containing viruses [42]. The preparation
was found to have an efficient bactericidal effect against
strains of gram-positive (S. aureus 209P, Bacillus cereus 8035)
and gram-negative bacteria (E. coli 113 - 13, P. aeruginosa
ATCC 27853), with gram-positive bacteria being more sen-
sitive to this complex [43]. With these findings, PAAG-M
should be recommended for use in the treatment of medi-
cal devices to prevent infections, including those associat-
ed with the presence of microbial biofilms.

TABLE 2

As far back as in the last century, K.G. Kristinsson et al.
assumed that iodine complex with biologically active poly-
mer matrix, for example, with chitosan, has better biocom-
patibility with human skin tissues in comparison with io-
dine adducts with synthetic polymers [44]. Some iodine-
containing substances and materials based on organic pol-
ymers are presented in Table 2. However, native chitosan
membrane has revealed several problems such as low po-
rosity, poor mechanical strength and instability over long
time, and low hydrophilicity [45].

Y.Tang et al. successfully obtained a stable iodide com-
plex with chitosan (CTS) [46]. lodization results revealed

IODINE-CONTAINING SUBSTANCES AND MATERIALS BASED ON ORGANIC POLYMERS AND THEIR ANTIBACTERIAL

AND FUNGICIDAL EFFECT

Names of substances
and materials with
iodine/iodides

The substance
under study

Gellan nanocomposite
film with polysilicic acid
enriched with iodine

Film thickness
0.75+0.02 mm

Nanocomposite based
on starch-reduced gra-
phene oxide

and polyiodide (SRGO-PI)

Thin SRGO-PI sheets
in several layers
with slight creasing

Porous polymers

Porous polymers based NRPOP-1 and NRPOP-2

on triazine with iodine
(L@NRPOP-1 and L,@
NRPOP-2)

lodine-containing
arabinogalactan
composite

Note. ZO0I-inhibition zone; SRGO-PI — a nanocomposite based on starch-reduced graphene oxide with polyiodide; IC50 — semi-maximal inhibitory concentration; MIC— minimum inhibitory concentration; MBC — min-

consist of agglomerated
spheres having different
sizes and different pore
densities

Nanoparticles
ranging in size
from 26 to 200 nm

Strains Antibacterial and fungicidal effects Reference
E. coli MTCC 1652, fo?IEI Sc1c3iiz;n1da.;l i:::éisis:r;? :; [48]
S. aureus MTCC 7443 T ’ !
respectively.
The values of half-maximal
inhibitory concentration (IC50)
E. coli KCTC 2571, were 0.45 and 0.41 mg/mL for E. coli
S aureus KCTC 3881 and S. aureus, respectively. MIC [51]
’ and MBC were 2.5 and 5 mg/mL,
respectively, for both E. coli
and S. aureus.
ZOl values: in contact
with NRPOP-1:
for E. coli— 0.9 + 0.1 mm;
E. coli (155065A), for P. aeruginosa — 1.8 + 0.1 mm;
P. aeruginosa (155250A), for M. luteus — 2.7 £ 0.2 mm. [54]
M. luteus (155155A) In contact with NRPOP-2:
for E. coli-0.9 £ 0.1 mm;
for P. aeruginosa— 1.8 + 0.1 mm;
for M. luteus — 2.0 £ 0.1 mm.
Z‘ c<:7l/ei-l\'lr'nCoCm?aSe922, MIC/MBC and MFC values:
P for E. coli- 0.62/1.25 mg/mL;
ATCC 700603, ]
P aeruginosa for P. aeruginosa - 5/5 mg/mL;
ATCC 27853, for K. pneumoniae - 5/5 mg/mL; [55]

S. aureus ATCC 25923,
E. faecalis ATCC 29212,
C. albicans ATCC

imum bactericidal concentration; NRPOP — porous organic polymer based on triazine; MFC — minimum fungicidal concentration.
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for S. aureus - 1.25/5 mg/mL;
for E. faecalis - 2.5/5 mg/mL;
for C. albicans - 1.25/1.25 mg/mL.



that the CTS - CTS - I, complex exhibited strong antibac-
terial activity against two bacteria, E. coli and S. aureus.
The results revealed that the complex could have poten-
tial applications in biomedical fields such as drug delivery
and wound dressing.

Chitosan treatment of polyacrylonitrile fibre material
modified with hydroxylamine and iodine (PAN-GA-l,) was re-
cently undertaken to improve the physical and mechanical
properties and water absorption capacity of these materi-
als. It has consequently led to an increase in the strength
and hydrophilicity of the material [47].

A nanocomposite film consisting of polysilicic acid,
gellan and iodine was prepared and assessed in terms
of antibacterial properties by R. Sharma et al. [48]. Gellan
gum is an extracellular linear anionic heteropolysaccha-
ride which is obtained via fermentation by the Sphingo-
monas paucimobilis microorganism. Such a carrier is of in-
terest asitis biocompatible, biodegradable and mucoad-
hesive in nature. This complex showed antibacterial ac-
tivity to a greater extent for S. aureus than for E. coli.
It is expected to have future applications in pharma-
ceuticals. In vivo model studies are expected to further
studies concerning their transformation into a suitable
dosage form.

S.G. Sharipova et al. have studied the possibility of sta-
bilization of iodine complex with chitosan by adding gel-
lan gum to it. Since the stability constant increased by an or-
der of magnitude, the authors considered that the presence
of gellan gum in the system contributes to the stabilization
of the complex [49].

Graphene oxide has long been proven as a carrier for an-
tibacterial agents. It represents an extra-large organic mole-
cule containing a two-dimensional carbon mesh. Graphene
oxide particles are highly hydrophilic. They form stable
aqueous dispersions over a wide range of concentrations,
as well as stable dispersions in a number of organic solvents.
Graphene oxide thin films have high optical transparency
[50]. A new nanocomposite based on starch reduced gra-
phene oxide with polyiodide showed equally good bac-
tericidal effect against pathogenic gram-negative E. coli
and gram-positive S. aureus bacteria [51]. Such nanomate-
rial can be used for food packaging.

The effect of multi-walled carbon nanotubes (MWCNTS5s)
functionalized with iodine (15, 10 and 5 wt%) on E. coli spe-
cies and MCF-7 breast adenocarcinoma tumor cells was also
studied. By modifying with 15 and 10 wt% iodine, the MWC-
NTs became significantly antimicrobial active and the sur-
vival rate of E. coli at concentrations of 0.1 and 0.01 g/L
was less than 2 %, while the rate for MWCNTs without io-
dine was 7 and 30 %, respectively. Reducing the amount
ofiodine to 5 % slightly reduced the biocidal effect. By com-
paring the effects of iodine within MWCNTs and pure io-
dine, the cytotoxic effect of pure iodine was much higher
than that of MWCNTSs containing iodine in the same con-
centrations [52].

A.A. Zubenko et al. proposed activated carbon
as an iodine carrier eliminating its toxic effect and stud-
ied the effect of this complex against E. coli and S. au-
reus species. The results revealed that this preparation
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with 14.5 % iodine content had bacteriostatic activity com-
parable to that of other preparations (lodinol and potas-
sium iodide) [53].

The development of porous materials that adsorb io-
dine has recently become a popular trend as they can pro-
vide both its storage and subsequent release. Triazines
comprise a class of heterocyclic compounds. Triazine-
based porous organic polymers (I,@NRPOP) with iodine
may be promising as antibacterial agents for environmen-
tal remediation and drug delivery system [54]. These poly-
mers have the ability to trap iodine vapour back and adsorb
it. lodine loaded polymers demonstrated good antibacte-
rial activity against Micrococcus luteus, E. coli and P. aerugi-
nosa to the same extent.

A method for the preparation of a nanocomposite
containing iodine in a natural polymer, arabinogalactan,
at a concentration of 13.97 % was recently described [55].
The nanocomposite was most effective against E. coli
strain ATCC 25922, and least effective against P. aerugino-
sa ATCC 27853 and the ESBL-producing test microorgan-
ism K. pneumoniae ATCC 700603. Assessment of the in-
hibitory and fungicidal effects of the nanocomposite re-
vealed its antifungal activity against C. albicans. Along
with known halogen-containing compounds traditional-
ly used in medicine, this water-soluble composite materi-
al of increased stability also has a prospect of use in medi-
cal practice and in the development of innovative domes-
tic antimicrobial drugs.

Another study used aqueous dispersions of io-
dine (18 %) included in a matrix of arabinogalactan
at six concentrations (0.1, 0.01, 0.001, 0.0001, 0.00001
and 0.000001 g of starting substance in T mL of sus-
pension) [56]. The antimicrobial effect of nanoparticles
was studied using five E. coli cultures with different bi-
ochemical properties (E. coli with normal enzymatic ac-
tivity (NFA) - 3 autostrains; E. coli with weak enzymat-
ic activity (WFA) — 1 strain; E. coli with hemolytic activ-
ity — 1 strain). In a sensitivity assay to iodo-arabinoga-
lactan nanoparticles, E. coli showed antibacterial ac-
tivity against all strains tested only at a concentration
of 0.1 g of starting substance in 1 mL of suspension
and against two E. coli strains NFA and WFA at a concen-
tration of 0.01 g/mL. The authors suggest that the size
of the nanoparticles, incompatibility of the arabinoga-
lactan matrix with iodine, or resistance of the strains test-
ed may have contributed to the low efficacy of the com-
plex in this study.

Pectin has the ability to act as a polymeric carrier
as a result of its bioactivity and safety. Intermolecular in-
teractions of iodine with low-methoxylated apple pectin
modified with pharmacophores were studied. Stable io-
dine-containing complexes have been obtained on the ba-
sis of pharmacophore-containing low-methoxylated pec-
tins with antibacterial activity and prolonged iodine re-
lease [57].

V.l.Kostin et al. reduced iodine toxicity via complexation
with amaranth pectins. As a result, complexes of iodine, po-
tassium iodide-iodide with amaranth pectin were obtained
in a 1:6 ratio (one iodine molecule per six monosaccharide



moieties). In the course of this study, iodine was found
to form several types of stable complexes with amaranth
pectins. It was found that the obtained complexes of pectin
with iodine are superior to iodinol and other iodine prep-
arations in their effectiveness in terms of bacteriostatic ac-
tion [58].

A.N.Sabitov et al. synthesized a new antimicrobial com-
pound in the system tryptophan - iodine — sodium iodide -
water. Cytotoxicity test on MDCK cell culture and deter-
mination of mutagenic activity of the complex on L5178Y
cell line confirmed the safety of this compound. The com-
plex demonstrated bactericidal activity against both sensi-
tive and multi-drug resistant bacterial strains in the range
of 125-250 pug/mL. The test was performed on S. aureus
ATCC 6538-P; S. aureus ATCC BAA-39; E. coli ATCC 8739;
E. coli ATCCBAA-196; P. aeruginosa ATCC 9027; P. aerugino-

TABLE 3

sa TA2.This complex has the potential to be used as an an-
timicrobial agent since its low cytotoxicity and antimicro-
bial activity [59].

Studies in the area of antimicrobial activity of organo-
metallic compounds have expanded in recent years. Some
iodine-containing substances and metal-based materials
and their antibacterial effects are summarized in Table 3.
A.N. Au-Duong et al. developed iodine-enriched zeolite im-
idazolate framework-8 (ZIF-8), which proved to be an effec-
tive bactericide [60]. The result was observed at pH = 6.0
for 3 min, however no appreciable antimicrobial activity
could be revealed at pH > 7.0. Gram-negative E. coli strain,
gram-positive Staphylococcus epidermidis and S. aureus
were killed at a concentration of 0.2 g/L. This is assumed
to be a promising protective compound for coating surfac-
es to prevent bacterial biofilm formation.

IODINE-CONTAINING SUBSTANCES AND MATERIALS BASED ON METALS AND THEIR ANTIBACTERIAL EFFECT

Names of substances

and materials TE:;:?::SSC‘E Strains Antibacterial effect Reference
with iodine/iodides Y
.. MIC/MBC values:
B. subtilis ATCC 6633, for E. coli DH5a - 0.066/0.083 mg/mL;
S. aureus ATCC 29737, .
. . for E. coli—0.1/0.11 mg/mL;
. Nanoparticles E. coli ATCC 10536,
Copper iodide . . . . for S. aureus — 0.1/0.15 mg/mL;
e with an average size Shigella dysenteriae for E. coli, (EC 505970) - [64]
of 8nm ATCC 12039, o

E. coli DH5a (K12),
E. coli (EC 505970)

ZIF-8@l nanoparticles

4
Zeolite imidazolate are about 530 £ 105 nm

framework-8, enriched in size. K. pneumoniae
with iodine (’ZIF-8@I) ZIF-8 has the shape and P. aeruginosa
of a rhombic
dodecahedron

Composite MOF UiO-66
microgranules
containing
encapsulated gold
nanorods coated

with silica shells doped
with iodine

Microgranules of MOF
composites passively
releasing iodine

Nanolayer consisting
of calcium titanate
and rutile, about 1 um
thick with 0.7-10.5 %
iodine on the surface

Calcium titanate
and alloys of calcium
titanate with iodine

E. coli, S. aureus,

E. coli, S. aureus

S. aureus MRSA,

S. aureus ATCC 6538P,

S. epidermidis ATCC 49134,
E. coliIFO 3972

0.1/0.11 mg/mL;
for S. dysenteriae — 0.1/0.11 mg/mL;
for B. subtilis — 0.15/0.18 mg/mL.

The tested strains were killed
at a concentration of 0.2 g/L [60]
and pH = 6 for 3 min.

The concentration of iodine in AuNR@
Si0,@Ui0-66 was 0.9 mg(l,) x mg™".
ZOl for S. aureus growth is 31-33 mm;
for E. coli growth — 24-26 mm.

(16l

Complexes that had been enriched
with 8.6 % iodine showed
antibacterial activity (reduction rate
> 99 %) against all strains; a 97.3 %
reduction in MRSA was observed
after soaking in PBS for 6 months.

[61]

Note. MIC/MBC—minimum inhibitory concentration/minimum bactericidal concentration; ZIF-8@| — iodine-enriched zeolite imidazolate framework-8; MOFUi0-66 — zirconium-based organometallic framework (Ui0 —
Universitetet of Oslo); ZOI — zone of inhibition; MRSA — methicillin-resistant Staphylococcus aureus; PBS — phosphate-buffered saline solution.



MOF UiO-66 microgranules containing encapsulated
gold nanorods coated with a silica shell (AuNR@SiO,@UiO-
66) developed by X. Han et al., adsorb and accumulate io-
dine in very high concentrations and can release it in two
ways: slowly and passively in low concentrations or - when
exposed to near-infrared light — quickly and actively in high
concentrations [16]. The iodine concentration in the micro-
granules was 0.9 mg(l,) x mg™". The diameters of the growth
inhibition zones were larger against S. aureus than against
E. coli. The inhibition areas under irradiation had a larger di-
ameter than in the absence of irradiation. Compared to pov-
idone iodine, the inhibition of bacterial growth by this com-
posite film was higher at similar iodine concentrations.
The results reveal the promising potential of this compos-
ite material for preventing nosocomial and other microbi-
al infections, including coatings for medical instruments
or hospital surfaces.

lodine has the potential to be used as an antimicrobi-
al component in prosthetic materials. It has been recently
outlined that calcium titanate and calcium titanate alloys
were successfully loaded with iodine and slowly released io-
dine over a period of 90 days [61]. The sample with an 8.6 %
iodine content was tested according to I1SO 22196 and re-
vealed high antibacterial activity against S. aureus (MRSA),
S. aureus, E. coli and S. epidermidis, which persisted for sev-
eral months. lodine-containing Ti and its alloys are both ex-
pected to be particularly useful for orthopaedic and dental
implants, however, in vivo studies are still required.

lodine-supported implants are proving to be very
promising in the prevention and treatment of infections,
even in the presence of large bone defects. These findings
have been disclosed in a review article by K. Ong et al. [62].
It provides some examples about successful demonstration
of the antibacterial action of iodine-supported Ti implants
in a rabbit femur study. Fewer signs of S. aureus and E. coli
infection and signs of inflammation were observed with io-
dine-supported Tiimplants. The efficacy of iodine-support-
ed Ti implants in the treatment of patients with spinal os-
teomyelitis, malignant bone tumour or pyrogenic arthri-
tis is also being outlined in this study. No signs of infec-
tion were observed in all cases at the time of their most re-
cent follow-up.

lodine is also capable at forming antimicrobial com-
pounds with metals such as silver, copper and zinc along
with polymers [63-65]. These compounds have enhanced
antimicrobial activity compared to iodine or metal alone.
A complex compound based on silver and iodine, for ex-
ample, has been developed. Test cultures of the follow-
ing microorganisms were used in the experiment: E. coli
ATCC 25922, Salmonella enterica subsp. enterica ATCC BAA-
2162, S. pneumoniae ATCC 49619, S. aureus ATCC 6538.
As a result, the antibacterial activity of the complex com-
pound at 50% concentration against all test bacterial cul-
tures was revealed [66].

A particular feature of copper iodide nanoparticles de-
veloped by A. Pramanik et al. comprises their ability to pro-
duce reactive oxygen intermediates [64]. Among the test-
ed bacteria, E. coli DH5a was more sensitive and B. subtilis
was more resistant to Cul nanoparticles. Membrane dam-
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age is the main mechanism for the bactericidal activity
of these nanoparticles. They could potentially be applied
in antibiotic therapy.

The complex of zinc iodide with Schiff bases synthe-
sized by M. Montazerozohori et al. has antimicrobial activity
against E. coli ATCC 25922, P. aeruginosa ATCC 9027, S. au-
reus ATCC 6538, B. subtilis ATCC 6633, C. albicans and As-
pergillus niger [65].

The "green" synthesis has been recently increasing
in popularity, with the key factor being the reduction of tox-
ic impact on the environment. "Green" synthesis involves
the use of bacteria, fungi, yeasts, algae or plants that are able
to modify the properties of nanoparticles as a result of their
metabolic processes. Biosynthesized silver iodide nanopar-
ticles by M. Kannan et al. revealed complete biofilm deac-
tivation at a concentration of 50 mg/mL [63]. Nanoparti-
cles with a mean diameter of 21 nm inhibited the growth
of gram-negative bacteria such as E. coli, Vibrio cholerae, Sal-
monella typhi,and P. aeruginosa at nanoparticle concentra-
tions of 75 mg/mL or higher. Study of the mechanisms re-
vealed that free radicals and oxidative stress were respon-
sible for the antibacterial activity.

Silicone is actively used for medical purposes. To the ex-
tent that microbial cells adhere to the surface of silicone
materials and form biofilms, methods for imparting anti-
microbial activity to silicone materials have become in high
demand. A method for antibacterial treatment of silicone
membranes by a two-step process of immersion in iodine
and silver nitrate solutions has recently been developed [67].
Silver iodide particles ranging in size from a few nanome-
tres to a few tens of nanometres were present on the sur-
face of the silicone membrane. Antibacterial activity against
E. coliNBRC 3301, S. aureus NBRC 13276 remained high even
after 10-fold acid treatment (pH = 2).

CONCLUSION

Since the heyday of antibiotic therapy with modern
antimicrobials, iodine-containing antiseptics have become
less popular in light of their increased toxicity. In response
to the problem of high antibiotic resistance that has devel-
oped over time, however, the approach to the use of prep-
arations in which iodine and iodides are the active ingre-
dients has been reconsidered. Numerous data indicate
that many diverse compounds of safe iodide preparations
with no pre-existing deficiencies have been developed
and have the potential to be used as highly active antimi-
crobial agents.

Being efficient and non-resistant, iodine is ideal for treat-
ing many infectious agents, including those that form bi-
ofilms. lodine-containing compounds are of great inter-
est because of possessing specific parameters, antibacte-
rial and antifungal activity, and low cytotoxicity in various
applications.

The literature data studied in this review represent
the prospects of using iodine complexes that contribute
to the prevention and treatment of infectious complica-
tions and diseases in a wide range of medical specialties,



reduce the risk of infection transmission, and prevent mi-
crobial growth (treatment and prevention of wound in-
fections and postoperative complications in surgery, trau-
matology, dentistry, dermatology, burns in combustiolo-
gy; prevention of superinfection in nosocomial infections,
disinfection of operating rooms and injection fields of pa-
tients in preparation for surgical interventions and inva-
sive examinations (biopsies, punctures, injections); hy-
gienic treatment of the hands of surgeons and medical
personnel, etc.), increasing the strength and durability
of materials.

Also promising potential is the use of iodine com-
plexes in the development of new antimicrobial drugs
and materials, which in the future may be applied to con-
trol microbial activity and prevent the development of in-
fections.
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