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ABSTRACT

Background. Antigen-presenting cells (APCs), especially macrophages, play an important role in the body
defense against various pathogens. Their dysfunction and polarization are associated with most inflammatory and
autoimmune diseases. The inflammatory process is regulated by activation and / or inhibition of genes differentially
expressed by macrophages. Successful correction of inflammation leads firstly to elimination of inflammatory
stimuli and then to remodeling and restoration of tissues and organs. It was experimentally confirmed that silver-
containing bionanocomposites based on natural humic substances (HS) obtained from coal of different origin, as
well as initial matrices of these HS, are capable of activating pro- and anti-inflammatory properties of macrophages.

Aim. To study cytotoxic, pyrogenic, and immunomodulatory properties (arginine balance) of initial HS samples
and samples of silver nanoparticles ultradispersed in these HS matrices (HS-AgNPs) in the cell culture of peritoneal
macrophages, as well as their effect on pro- and anti-inflammatory properties of APCs.

Materials and methods. Cultural and biochemical methods were used in the study.

Results. The study showed that the samples CHE-K, CHE-AgNPs, CHS-K, and CHP-K increased M1 macrophage
polarization due to stimulation of the NO-synthase activity and inhibition of arginase. The samples CHI-K, CHI-
AgNPs, CHP-AgNPs, and CHS-AgNPs modulated an alternative M2 or M2-like state of macrophage activation.
At the same time, HS are not cytotoxic at effective concentrations, and three out of four studied samples did not
contain pyrogenic impurities.

Conclusion. The use of HS and their silver-containing bionanocomposites, which have the ability to greatly affect
the polarization of antigen-presenting cells, is a promising research area in correction of the inflammatory response
for solving an important social and medical problem of treating chronic wounds.
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PE3IOME

BBenenne. AHTUIEHNPE3CHTHPYIOLIME KIETKH, OCOOCHHO Makpogard, WrpaioT BaXHYIO pOIb B 3alluTe
OpraHm3Ma oOT pa3lIM4HBIX IaTOreHOB, WX JUCOYHKIUHM, W TOJSpU3alUs CBs3aHa C OOJIBIIMHCTBOM
BOCHAJIMTEIBHBIX ¥ AyTOMMMYHHBIX 3a00J1€BaHMil. BocmanuTenpHbli mpoliecc eCcTKO peryaupyercst akTHBane
u (unm) uHrHOupoBaHueM MM GEPeHINATBHO KCIPECCUPYEMBIX MakpodaraMu T'eHOB. YCIEIIHas KOPPEKIHs
BOCHIAJIUTENILHOTO IIpoliecca MPUBOAUT K YCTPAHEHUIO BOCHAJIMTENBHBIX CTUMYJIOB U Jajiee PEMOJICIUPOBAHUIO
U BOCCTaHOBJICHHMIO TKaHEH M OpraHoB. DKCIEPHUMEHTAJIBHO J0Ka3aHO, YTO OMOKOMIIO3MLUH C HaHOYACTHUIIAMH
cepebpa Ha OCHOBE NMPHUPOIHBIX T'YMHUHOBBIX BetecTB (I'B) yrist paznndHoro reHesa, a Takke UCXOIHBIC MATPHIIBI
naHHbIX ['B crlocoOHBI akTHBUPOBATH MPO- ¥ IPOTHBOBOCHAIHUTEIBHBIE CBOHCTBA MaKpo(haros.

Heasn. VccnemoBanue B KyJbType KIETOK HNEPHUTOHEATFHBIX MaKpo(aroB MUTOTOKCHYSCKHX, MHPOTCHHBIX H
AMMYHOMOJIYJIUPYIOIIUX CBOUCTB (0araHC apruHUHA) UCXOIHBIX 00pasnoB ['B u 06pasnoB HaHOYACTHIT cepebpa,
YIBTPaJAUCIICPTUPOBAHHBIX B JAHHBIX MaTpUIax T'yMHHOBEIX BerecTB (I'B-AgNPs),a Takke X BIUSHUS Ha IPO- U
MIPOTHBOBOCIIAJMTEIILHBIC CBOWCTBA aHTHT'CHIIPE3CHTUPYIOIINX KIETOK.

MarepuaJjibl # MeToAbl. VICTIONB30BaMNCh KyIbTypaTbHbIE U OMOXHMMHUYECKUE METOMBIL.

PesyabraThl. [Toka3ano, uro obpasisr CHE-K, CHE-AgNPs, CHS-K, CHP-K 3a cuet ycunenus aktuBHoctr NO-
CHHTa3bl ¥ MHT'UOMIIMK apTHHA3bI CIOCOOCTBYIOT MOJIAPH3ALNH IEPHUTOHEATbHBIX MAKpO(daroB Mo KIaCCHYECKOMY
tuny (M1). O6pasusl CHI-K, CHI-AgNPs, CHP-AgNPs u CHS-AgNPs MogynupytoT anbTepHaTHUBHBIH M2 nimn
M2-nono6ueiii Tun (M2-like state) akrusanun makpodaros. IIpu stom I'B He nutoToKcHuHBI B 3 HEKTHBHBIX
KOHLICHTPAIMSAX, a TAKXKE TPH U3 YETBIPEX UCCIIETYEMbIX 00pa3LOB HE COJEPKAT MUPOTeHHBIX TPUMECEH.

3axmouenne. [Ipumenenne ['B u cepebpocopepxkammx OHOHAHOKOMITO3UIIMKA Ha OocHoBe ['B, oOmamarormx
CHOCOOHOCTBIO IMUPOKO BIMSTH HA MOJISIPU3AIMI0 AHTUTCHIIPE3CHTUPYIONINX KIETOK, SBJISETCS MEPCIIEKTUBHBIM
HalpaBJIieHUEM HCCIIEOBAaHUI KOPPEKLUMU BOCHAIMTENILHOW pEeaKkUWW M, B YACTHOCTH, JJISi PEIICHUS OCTPOH
COLMAITBHON U METUIIMHCKOM MPOOIEMbI — JICYCHUS] XPOHUYECKUX PaH.

KiioueBble c/I0Ba: IyMHUHOBBIC BEIIECTBA YIJIs, HAHOYACTHIBI cepebpa, mosspusainus Makpogaros, OanaHc
apruHuHA.
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INTRODUCTION

It is known that antigen-presenting cells (APCs), es-
pecially macrophages (MPs), play an important role in
the initiation of inflammation and pathogenesis of chro-
nic (Crohn’s disease, ulcerative colitis, asthma, allergies,
atopic dermatitis, periodontosis) and autoimmune (rheu-
matoid arthritis, multiple sclerosis, diabetes mellitus,
cardiovascular diseases, neurodegenerative disorders)
diseases and cancer [1]. Macrophages are the first line
of defense and, depending on the nature of the antigen
(bacteria, viruses) or changes in the microenvironment
(ischemia, necrosis, and apoptosis of cells), they are
activated and take on various types of phenotypic and
functional polarization [2].

The type of MP polarization determines the develop-
ment of a specific immune response and activation of Th1,
Th2, Th17, and Treg cells, which are further responsible
for the pathological process and inflammatory response,
systemic metabolism, hematopoiesis, vasculogenesis,
and tissue homeostasis [3, 4]. Macrophages mainly exist
in two different phenotypes: 1) M1 macrophages (classi-
cally activated or proinflammatory) through the expres-
sion of transcription factors, mainly nuclear factor-xB
(NF-xB), produce proinflammatory cytokines, such as
tumor necrosis factor-o (TNF-a), interleukin-1p (IL-1p),
IL-6, 1L-12, and IL-23; and 2) M2 (alternatively activa-
ted, anti-inflammatory) which are immunoregulatory
cells producing anti-inflammatory cytokines IL-10 and
transforming growth factor-p (TGF-p) [1, 5-8].

The functions of M1 macrophages are traditionally
associated with microorganism phagocytosis, microbi-
cidal activity, induction of inflammation, and antitumor
activity. M2 marcophages suppress inflammation and
promote tissue repair and remodeling, homeostasis, and
vasculogenesis. The M1/M2 balance determines the fate
of the organ in conditions of inflammation or injury. In
this case, MPs are very plastic, and one phenotype can

repolarize into another [3]. During infection (inflamma-
tion), tissue-resident MPs initially exhibit the M1 phe-
notype; however, long-term development of this phase
causes chronic inflammation, tissue damage, and loss
of organ function. Under these conditions, suppression
of inflammation and activation of M2 macrophages are
extremely necessary [6, 9]. Thus, control and modula-
tion of macrophage functions, their polarization, and
a relationship between pro- and anti-inflammatory re-
sponses determine the outcome of inflammation and are
necessary for managing inflammation and restoring or-
gan functions [10].

Effective anti-inflammatory drugs are already avai-
lable and a number of drugs of various origins are under
development. The study of biocomposites based on hu-
mic substances (HS) and their silver-containing bionano-
composites possessing antimicrobial, anti-inflammatory,
and wound healing properties for treatment of purulent,
chronic non-healing wounds is innovative and has not
been described in the world literature. First of all, the
effect of these substances on the mechanisms of the an-
ti-inflammatory response and formation of the immune
response is unknown. The relevance of this kind of re-
search is beyond doubt, since a lack of effective methods
for treating chronic non-healing wounds leads to infec-
tion, and against the background of the existing problem
of antibiotic resistance — to sepsis and death. Therefore,
potentially effective and safe substances with antimicro-
bial and wound-healing properties should be carefully
studied and introduced into clinical practice following
confirmation of the therapeutic efficacy.

The aim of this study was to investigate the cyto-
toxic, pyrogenic, and immunomodulatory properties
(arginine balance) of initial HS samples and samples of
silver nanoparticles ultradispersed in these HS matrices
(HS-AgNPs) in the cell culture of peritoneal macro-
phages, as well as their effect on pro- and anti-inflamma-
tory properties of APCs.
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MATERIALS AND METHODS

Test systems. In the experiments, we used conven-
tional C57BL/6 mice (total of 80 heads) of both sexes at
the age of 8—10 weeks, obtained from the Department of
Experimental Biomodels at the Goldberg Research In-
stitute of Pharmacology and Regenerative Medicine, the
structural unit of Tomsk NRMC.

The substances under study were humic substances
and silver-containing bionanocomposites based on them
(HS-AgNPs), synthesized at the Laboratory of Natural
Humic Systems of the Lomonosov Moscow State Uni-
versity, Chemistry Department. They were dissolved
immediately before use in the culture medium. The
synthesis of HS-AgNPs biomaterials was carried out by
reducing silver ions in HS solutions (at a concentration
of 15 g/l) using an AgNO, solution until the final con-
centration of silver nanoparticles was 20 mmol/l. The
characteristics of the research objects are presented in
Table 1.

Table 1

Experimental samples of coal-derived humic substances
and silver-containing bionanocomposites based on them

Names of ercial sam Sample code
s of commercial sam-
ples of coal-derived HS HS (basic | HS with Ag nanoparti-
matrix) cles (HS-AgNPs)
Powhumus” (Humintech, CHP-K CHP-AgNPs
Germany)
Sakhal.m humates”, Russian CHS-K CHS-AgNPs
Federation
Irkutsk humates”, Russian CHI-K CHI-AgNPs
Federation
Hum.lc substanges, Genesis, CHE-K CHE-AgNPs
Russian Federation

Cell preparation. From the cell suspension ob-
tained by washing the abdominal cavity of mice with
ice-cold sodium chloride solution, mature peritoneal
MPs were isolated using the EasySep™Biotin Positive
Selection Kit and antibodies specific to macrophage
receptors, Anti-Mouse F4/80 Antibody (both Stem
Cell, USA).

Cultivation conditions. MPs (2.5-3 x 10°) were cul-
tured for 48 hours (37°C, 5% CO,, 100% humidity) in
a complete culture medium (RPMI 1640 (Sigma, USA)
with the addition of 10% fetal bovine serum (FBS) (Hy-
clone, UK), 20 mM of HEPES (Sigma, USA), 0.05 mM
of 2-mercaptoethanol (Sigma, USA), 50 pg/ml of genta-
micin (Sigma, USA), and 2 mM of L-glutamine (Sigma,
USA) in 96-well plates in the presence of various con-
centrations of the studied samples or 0.1 pg/ml lipopoly-
saccharide (LPS) (Sigma, USA).

Study of the arginine balance and cytotoxici-
ty. According to the attached protocols, the content

of nitrites in the production of nitric oxide (NO) was
determined in the supernatant by mixing the superna-
tant with the Griess reagent (Sigma-Aldrich, USA) in
equivalent volumes, and the activity of arginase was
measured in the cell lysate by the concentration of urea
using a test system Urea-450 (Erba Lachema, Czech
Republic). Cell proliferation was also assessed in the
MP lysate, for which, 4 h before the end of cultivation,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium-
bromide (MTT, Sigma, USA) was added to the wells
at the final concentration of 200 pg/ml. The precipitate
was dissolved with dimethyl sulfoxide (Sigma, USA).
The absorption of solutions (units of optical density)
was measured on a UNIPLAN PIKON enzyme im-
munoassay analyzer (AIFR-01, Pikon LLC, Russian
Federation) at a wavelength of 540 nm. The nitrite con-
centration (WM) was calculated with a calibration curve
constructed using standard sodium nitrite solutions.
The amount of the enzyme catalyzing the formation of
1 uM urea per minute was taken as 1 unit of activity
(U.A)) of arginase.

Determination of pyrogenicity. To determine the im-
purity of LPS — endotoxin — HS were treated for 1 h with
the antibiotic polymyxin B (50 pg/ml), then the cells
were added and incubated as described above.

Statistical processing was performed using Statistica
13.3 software, using one-way ANOVA, Dunnett’s test,
and Student’s #-test, after checking for normality of dis-
tribution using the Shapiro — Wilk test (data distribution
corresponds to normal), where M is the sample mean; m
is the error of the mean; level of statistical significance
of differences p < 0.05, and sample size n > 5 depending
on the research method.

RESULTS AND DISCUSSION

It is known that humic substances are dark-colored
nitrogen-containing organic compounds, the color inten-
sity of which is directly proportional to the concentration
of the sample [11]. Based on this, the effect of a native
dark color of the HS samples on the spectrophotometric
parameters of aqueous solutions was preliminary evalu-
ated. It was shown that all HS samples at a concentration
of 1 ug/ml did not affect the spectrophotometric parame-
ters of MP supernatants even without the addition of the
Griess reagent (Table 2). With an increase in the concen-
tration to 10 pg/ml, only the CHS sample had an optical
density 2.6 times higher than the control values, but at
the concentration of 100 pg/ml, all samples were 2—15
times darker than the control.

It was found that at the same concentration of the
studied substances, the optical density of the CHS-Ag-
NPs sample was lower than the initial matrix of HS,
while that of the samples CHP-AgNPs and CHI-AgNPs,
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on the contrary, was higher. Further, in the study of cell
proliferation, it was shown that all the studied basic HS
samples did not exhibit toxic effects in any of the concen-
trations used (Table 3). MP cultivation with the samples
CHP-AgNPs, CHS-AgNPs, CHE-AgNPs, and CHP-Ag-
NPs, starting from a concentration of 10 pg/ml, led to

inhibition of cell proliferation by 2-3 times. Therefore,
in the further work, in order to avoid false-positive re-
sults and pronounced toxic effects, when assessing the
activating properties of the studied substances, concen-
trations of 1 and 10 pg/ml were used, and for the CHS
sample —only 1 pg/ml.

Table 2

Effect of coal-derived humic substances and silver-containing bionanocomposites based on them on the optical density of macrophage
supernatants (without Griess reagent), units of optical density, M + m

) ) MP + HS, pg/ml
Studied substance Control (MP + medium)
1 10 100
CHP-K 130+ 4 135+3 260 + 8*¢
CHP-AgNPs 1943 1213 128+3 372+ 3*em
+
CHS-K 132+1 307 £ 6*e 1,777 £ 9*¢
CHS-AgNPs 130+3 132+ 4m 336+ 3*em
CHI-K 127+£2 135+£2 222 £ 2%
CHI-AgNPs 1251 133£3 321 £ 5%em
127+4
CHE-K 1395 137 = 1* 266 = 4*¢
CHE-AgNPs 134+2 1372 251 £ 2*e

* differences compared with the control.

Note: o — differences between concentrations of 1 and 10 pg/ml, ¢ — differences between concentrations of 10 and 100 pg/ml, m — differences
between HS-AgNPs samples and basic HS matrices at the same concentration; level of statistical significance of differences p < 0.05, n = 6.

Table 3

Effect of various concentrations of coal-derived humic substances and silver-containing bionanocomposites based on them on the
peritoneal macrophage proliferation of intact CS7BL/6 mice, M £+ m

MP + HS
Studied substance Control .1 (MP + Control 2 (MP +
medium) LPS) 1 10 100
CHP-K 500 + 8e 467+ 8 512+ 10e
460+9 425+3
CHP-AgNPs 494 £ 11 154 £ 6*om 169 £ 6*em
CHS-K 541 £ 11e 594 +9e 536+ 8e
510+4 451+3
CHS-AgNPs 496 £ 9 169 + 7*om 164 + 7*em
CHI-K 291 £ 9e 308 + 6e 340 £ 17%e
CHI-AgNPs 298 +£ 13 197 £ 2*om 208+ 11*em
282+ 12 279+ 7
CHE-K 264 + 8o 260+ 5 556+ 10*e
CHE-AgNPs 294+9 255+2 273 £10m

* — differences compared with Control 1.

Note: o — differences between the parameter and Control 2, m — differences between HS-AgNPs samples and basic HS matrices at the same
concentration; level of statistical significance of differences p < 0.05. The LPS concentration — 0.1 pg/ml, n = 6.

The study of the NO-activating properties of the ini-
tial HS matrices showed that the cultivation of MPs with
the CHP-K and CHE-K samples led to an increase in the
concentration of nitrites in comparison with the intact
control by 1.2 (CHP-K) and 17 (CHE-K) times at the
concentration of 1 pg/ml, and by 13 times — at the con-
centration of 10 pg/ml (Table 4). The basic matrices of
the CHS-K and CHI-K samples, as well as none of the

AgNPs samples, did not affect the secretory properties
of MPs. The NO-activating effect of all substances was
significantly lower than that of the mitogen-stimulated
control.

It is known that consumption of L-arginine increases
drastically in activated MPs. Molecular markers of M1
are NO synthase (iNOS), CD16, CD32, CD40, CD80,
and CD86, while M2 macrophages are characterized by
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the activation of arginase-1 (Arg-1) and transglutami-
nase 2, macrophage surface marker CD36, receptor of
transferrin CD71, CD163, mannose (MMR or CD206),
CCL-22, and E-cadherin [1, 3, 7]. Classically activated
MPs convert arginine into nitric oxide and citrulline with
iNOS; alternatively activated MPs convert arginine into
urea and ornithine by means of arginase. The study of

the effect of the analyzed substances on the arginine ba-
lance in peritoneal MPs showed that an increase in the
production of nitrites during the MP cultivation with the
CHE-K (by 29 times) and CHE-AgNPs (by 1.5 times)
samples was accompanied by a decrease in the arginase
activity in cell lysates by 1.2 and 4 times, respectively,
compared with the intact control (Table 5).

Table 4

Effect of different concentrations of coal-derived humic substances and silver-containing bionanocomposites based on them on the

nitric oxide production by peritoneal macrophages of intact C57BL/6 mice, M = m
. . Control 1 Control 2
Studied substance Concentration HS (MP + medium) (MP + LPS)
30+£0.13*
CHP-K 1 3.30+0.13%e
10 34.63£043%e
2.66+0.14 69.70 £ 0.18*
CHP-AgNP 1 2.77+0.11em
e 10 2.59%0.07em
CHS-K 1 2.93+£0.060
CHS-AgNPs 1 2.77+0.11e
1 2.41 +£0.06e
- S51+0. 93 +£0.37*
CHI-K 10 25320 138 2.51+0.15 65.93 +£0.37
1 2.81+0.16e
HI-AgNP
CHI-AgNPs 10 2.87+0.10e
.61 £0.28*
CHE-K 1 41.61 £0.28
10 3391 +0.71*
N 2532007e 244 £0.17 37.89+0.71*
. .07em
CHE-AgNPs 10 241£0.07em

* differences compared with Control 1.
Note: o — differences between the parameter and Control 2, m — differences between HS-AgNPs samples and basic HS matrices at the same

concentration; level of statistical significance of differences p < 0.05. The LPS concentration — 0.1 pg/ml, n = 6.

Table 5

Effect of various concentrations of coal-derived humic substances and silver-containing bionanocomposites based on them
on the activity of NO-synthase (nitrite production) and arginase (urea fermentation) in peritoneal macrophages of intact C57BL/6

mice, M £ m
Studied substance Concentration, pg/ml Nitrite concentration, uM Urea fermentation, U.A.

Control 1 (MP + medium) — 2.20+0.22 53.64 +0.40
Control 2 (MP + LPS) 0.1 64.56 + 0.67* 42.47 + 0.46*
CHP-K 10 28.74 £ 0.72*e 52.85+0.35e
CHP-AgNPs 10 249+0.03em 529+0.82%em
CHS-K 1 2.88+£0.19*e 33.81 £ 0.46*e
CHS-AgNPs 1 2.52+0.05e 20.71 £0.56*om
CHI-K 10 2.51+0.07e 60.16 £ 0.45e
CHI-AgNPs 10 2.42+0.040 56.81 £ 0.74e
CHE-K 10 63.48 £ 0.30* 43.13 +£0.35*
CHE-AgNPs 10 326£0.11%em 1291 £0.51*%em

* — differences compared with Control 1.
Note: o — differences between the parameter and Control 2, m — differences between HS-AgNPs samples and basic HS matrices at the same
concentration; level of statistical significance of differences p < 0.05; n = 5 (nitrites) and n = 10 (arginase).

The CHP-K sample, against the background of a 13-
fold increase in the nitrite concentration, did not affect
the arginase activity, and the CHS-K, CHS-AgNPs, and
CHP-AgNPs samples, not showing NO-activating prop-
erties, significantly increased urea fermentation relative

to Control 1. The CHI-K and CHI-AgNPs samples did
not affect the studied parameters.

The literature shows that extracts of plant origin may
contain an admixture of endotoxin (LPS), which also
causes an increase in the production of nitric oxide [12].
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In order to assess the degree of purification of the stud-
ied substances from LPS, experiments were carried out
using polymyxin B, which binds directly to endotoxin
and, thus, blocks its stimulating effect. Table 6 shows
that the antibiotic did not affect the NO-stimulating
properties of the CHS-K and CHS-AgNPs, CHI-K and
CHI-AgNPs, and CHE-K and CHE-AgNPs samples.

During cultivation of the CHP-K and CHP-AgNPs sam-
ples with the antibiotic, the concentration of nitrites
decreased by 1.3—1.7 times. The results obtained indi-
cate the absence of endotoxin impurity and pyrogenic
properties in the CHS-K and CHS-AgNPs, CHI-K and
CHI-AgNPs, and CHE-K and CHE-AgNPs samples, and
their presence in the CHP-K and CHP-AgNPs samples.

Table 6

The effect of polymyxin B on the NO-producing properties of coal-derived humic substances and silver-containing bionanocomposites
based on them in peritoneal macrophages of intact C57BL/6 mice, M + m

Control 1 (MP + medium) Control 2 (MP + LPS) MP + HS
Studied substance, pg/ml polymyxin B polymyxin B polymyxin B
- + + — +
CHP-K 10 2543 +0.02%e 1493+ 0.16Ame
CHP-AgNPs 10 3231 + 3.56 + 2.64 +0.08e 1.91+0.05Ame
CHS-K 1 2.34+£0.03 | 2.36+0.11 0.41% 0llAm 3.63+0.15%e 4.08 = 0.09m
CHS-AgNPs 1 2.34+0.08e 2.71 £0.06¢
CHI-K 10 2.78+0.15e 2.53+£0.10
CHI-AgNPs 10 36.63 = 272+ 2.76 £0.07e 2.40 +0.08
2.48+0.07 | 2.16+0.13
CHE-K 10 0.62* 0.l1Am 4530+ 0.51*e 41.02 + 0.54me
CHE-AgNPs 10 2.66 = 0.06e 2.29 £0.06

* — differences compared with Control 1 without polymyxin.

Note: A — differences between the parameter and incubation of each substance without polymyxin; e — differences
between the parameter and Control 2 without polymyxin; m — differences between the parameter and Control 1 with
polymyxin; ¢ — differences between the parameter and Control 2 with polymyxin; level of statistical significance of
differences p < 0.05. The polymyxin B concentration — 50 uM, LPS — 0.1 pg/ml, n=>5.

CONCLUSION

The studies have shown that the CHE-K, CHE-AgNPs,
and CHS-K samples contribute to the polarization of anti-
gen-presenting cells according to the classical type (M1)
by increasing the activity of NO synthase and inhibition
of arginase. The basic CHP-K matrix, which significantly
enhances the NO-stimulating properties of cells against
the background of stable arginase, can also be attributed
to this type of substance. The functions of proinflamma-
tory macrophages M1 are associated with phagocytosis,
microbicidal activity, induction of inflammation and
adaptive immune response, and antitumor activity and are
accompanied by the secretion of Thl cytokines.

On the contrary, the CHI-K and CHI-AgNPs samples
did not affect the activity of NO-synthase and arginase of
peritoneal MPs, which allows to consider these substan-
ces as activators of alternative, anti-inflammatory prop-
erties of M2 macrophages. The latter are aimed at forma-
tion of the extracellular matrix, repair and remodeling of
tissues, suppression of inflammation, stimulation of vas-
cular formation, apoptotic cell phagocytosis, and synthe-
sis of anti-inflammatory cytokines (IL-10, TGF-f, 1L-4,
IL-1ra). The CHP-AgNPs and CHS-AgNPs samples that

inhibit arginase activity but do not affect nitrite produc-
tion can be attributed to the M2-like state polarization
which has some, but not all, characteristics of M2 cells
[3]. At the same time, HS are not cytotoxic at effective
concentrations, and three out of four studied samples do
not contain pyrogenic impurities.

Therefore, macrophages undergo various dynamic
changes at each stage of wound healing. Firstly, M1 mac-
rophages mediate tissue damage and initiate inflammato-
ry reactions. Secondly, at the early stages of repair, infil-
trating MPs exhibit the M2 phenotype to suppress acute
inflammation, and then their depletion inhibits the for-
mation of excessively vascularized and scar tissue. The
use of silver-containing bionanocomposites based on HS,
which have the ability to greatly affect the polarization of
APCs, is a promising research area for solving an acute
social and medical problem of treating chronic wounds.
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