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The efficiency assessment of nanosized zinc oxide (ZnO) as a component of a high-potency wound-healing ointment
composition was performed. The ointment consisted of a hydrophilic methylcellulose base and 5 wt. % ZnO nanoparticles as
an active substance. Nanosized ZnO was obtained by the sol-gel method. Commercial zinc ointment was used as a comparison
sample. Planimetric studies were conducted on the effectiveness of burn-wound healing in white Wistar rats. Three cases
were considered: wounds were treated using a pharmaceutical zinc ointment or the ointment with ZnO nanoparticles, or
received no treatment. Histological studies of the effectiveness of wound healing on treatment with the ointment containing
ZnO nanoparticles were also performed. The ointment with the nanosized ZnO-based composition based had a pronounced
regenerative effect on burn wounds. Its effect was greater than that of the existing analog — pharmaceutical zinc ointment.
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MpoBeaeHa oueHka addPEKTUBHOCTM HaHOPA3MEepPHOro okcuaa UMHKa B Ka4yecTBe KOMMOHEHTa BblCOKOIMdEKTUBHOWN
paHo3axuBsoLWen Masn. Masb coctosna U3 rmapodusibHON METUALEIION03HOM OCHOBLI U HaHo4acTuy, ZnO B KavyecTBe
aKTMBHOrO BelecTBa. HaHopasmepHbln ZnO Obi NONyYeH 30Mb-refib MeToAoM. B kavecTBe obpasua cpaBHeHuUs 6blna nc-
nonb3oBaHa dapmaueBTMieckas LUMHKoBas mMasb. [poBeaeHbl niaHMMeTpuieckme uccnenoBaHnsa apeekTMBHOCTU 3aXnB-
JIEHNSI OXOrOBbIX PaH y NlabopaTopHbIX 6enbix KpbiC. PaccMoTpeHbl Tpy Buaa 06paboTkun paH: 06paboTka dapmMaLeBTUYeCcKon
LIMHKOBOW Ma3blo, pa3paboTaHHO Ma3bto ¢ HaHo4YacTMuammn ZnO 1 6e3 kakon-nmbo o6paboTkn. Kpome Toro, 661510 NpoBeae-
HO FMCTONOMMYECKOe UccnenoBaHne, nokasasllee 3GPeKTUBHOCTb 3aXMBIEHUS PaH MNPU eYeHnr Masbtlo C HaHOoYacTULAMMN
okcuaa unHka. Ha ocHoBaHUM NpoBEAEHHOr0 NccnenoBaHns ObIsl0 YyCTaHOBMIEHO, YTO Ma3eBasi KOMMO3ULMS Ha OCHOBE HaHO-
pa3MepHOro oKcuaa LMHKa OKa3blBAeT BbIPaXXEHHOE PEreHEPUPYIOLLLEE AENCTBME HA 0XOrOBYIO PaHy, BKIoYasi CpaBHEHNE C
CYLLECTBYIOLMMN Ma3eBbIMU aHaioramu okcmaa LmHKa.
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MMPs - matrix metalloproteinases
NaCl - sodium chloride
S - wound area

SEM - scanning electron microscopy
ZnO - zinc oxide

are finding new applications and use in medicine
because of their unique physicochemical pro-
perties and biofunctionality [1-4]. An example is na-
noscale zinc oxide, which is an active component of

CUrrentIy, biologically active nanosized materials
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many external-use treatment agents applied in both
monotherapy and in combination with antibiotics in
the treatment of dermatoses [5-8]. In addition to
the fact that zinc is an essential trace element, and
plays an extremely important role in the functioning
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of the skin, zinc oxide meets several of the prereq-
uisites for the treatment of burn wounds: zinc has
anti-inflammatory properties [9—-12]; zinc has a prov-
en epithelizing ability and plays an important role in
the healing process of wounds [13, 14]. This effect
is mediated by several mechanisms. First, zinc-con-
taining enzymes, matrix metalloproteinases (MMPs)
and alkaline phosphatase, are required for the nor-
mal healing process. The activity of MMPs is signifi-
cantly increased in the wound-healing process [15,
16], and these enzymes clean the wound of tissue
detritus and modulate cell migration and extracellu-
lar matrix reconstitution [17]. Alkaline phosphatase
is a marker of early-stage angiogenesis and is intrin-
sic to post-traumatic inflammation and connective
tissue proliferation [18]; zinc also exhibits moderate
antibacterial properties [19]. Although this element
is a necessary micronutrient for prokaryote growth,
at higher concentrations, it inhibits the growth of a
number of bacteria; Gram-positive microorganisms
are more sensitive to the inhibitory effect of zinc than
Gram-negative [20].

With respect to the above, the purpose of this study is
to investigate the biological activity of nanoscale zinc oxide
(Zn0O) and the possibilities of its practical application in the
composition of wound healing ointment for burn wound
therapy.

Material and Methods. Preparation of nanosized
ZnO. Reagent grade chemicals, grade A glassware and
distilled water with 1.5-5 uS/cm conductivity were used.
Nanosized ZnO was obtained by the sol-gel method.
Zinc acetate was used as a precursor because smaller
ZnO particles are obtained using this compound [21],
and because the acetic acid residue completely
evaporates at lower gel drying temperatures (125-225 °C)
[21] in comparison with sulfate and nitrate anions, which
decompose at significantly higher temperatures (700-
900 °C).

The process of nanosized ZnO synthesis included
the following series of successive stages: 1) Preparation
of 0.2 mol/l zinc acetate solution in distilled water;
2) Dropwise addition of 25% ammonia solution to the zinc
acetate solution under vigorous stirring with a constant
pH. The process was performed at approximately
pH 8, because the formation of zinc oxide gel from its
hydroxide was observed at this pH value (Zn(OH), —
ZnO +H»0); 3) Aging of the gelfor 1 hour; 4) Centrifugation
of the gel and washing with distilled water to eliminate
ionic impurities; 5) Drying of the gel at 100 °C for 24 h;
6) Calcination of zinc oxide powder at 175 °C for 12 h.

Preparation of nano-ZnO-based ointment. The oint-
ment composition included hydrophilic methylcellulose
(MC-100) base and ZnO nanoparticles as an active sub-
stance. A hydrophilic ointment composition for the treat-
ment of burns was prepared as follows: 1) The methylcel-
lulose powder of 0.03 wt. % was mixed with distilled water
and left to swell for 30—60 min; 2) The nanosized ZnO pow-
der and glycerol were added to the formed methylcellu-
lose gel under constant stirring; 3) The resulting mixture
was homogenized for 2 h.

The mixture’s quantitative composition was as
follows: Nanosized ZnO - 5 wt. %; Glycerol — 5 wt. %;
Methylcellulose — 0.03 wt. %; Distilled water — 89.97 wt. %.

The developed composition was a homogeneous white
odorless ointment with a pH of approximately 7.

Zn0O nano-powder morphology and phase composition.
X-ray powder diffraction analysis was conducted using an
X-ray Diffractometer Empyrean (PANalytical, Almeo, the
Netherlands) to determine the phase composition of the
nanoparticles. The parameters of the measurement were

as follows: 1) Copper cathode (emission wavelength 1.54
A); 2) Current 35 mA; 3) Voltage 40 kV; 4) 26 measurement
range 30-85°; 5) 20 sampling rate: 0.01°.

Morphology of the ZnO nanoparticles was examined
by scanning electron microscopy (SEM) using an MIRA3-
LMH microscope with the element determination system
AZtecEnergy Standart/X-max 20 (standard) (Tescan,
Brno, Czech Republic).

Efficiency of burn wound healing. The experiments on
the regenerative activity of the obtained ointment were
performed on 60 white Wistar male rats weighing 170+20 g,
obtained from the «Pushchino» laboratory animal nursery
(Pushchino, Russian Federation). The animal studies
were performed in compliance with the bioethical rules in
accordance with Order No. 742 of the Ministry of Higher
and Secondary Specialized Education of the USSR dated
November 13, 1984 «On the approval of the Rules for
conducting work with the use of experimental animals».
The rats were housed individually and the feeding regime
was identical for each group of the experiment. The studies
were performed at the vivarium and approved by the local
ethics committee of Stavropol State Agrarian University.
The burn wound model was generated as described below.
Following preliminary skin treatment, in aseptic conditions
under short-term narcosis, the skin was cauterized on
a shaven square interscapular site of skin with an area of
2.5 cm2. Therefore, the shape, area and location of the
wounds were the same for each tested animal, so that
the dynamics of regeneration and wound healing could
be directly compared. Three groups of animals were
designated, each group containing 20 animals. In group
1, the surface of the burn wound was treated daily with
the ointment containing nanosized ZnO, starting from the
first day of wound modeling up to day 14. The rats in group
2 were treated analogically with a commercial zinc ointment
(Rosvetfarm, Russian Federation, TU 9318-009-16923913-
01). The burn wounds of the animals of group 3 were treated
with an isotonic saline solution (0.9 % NaCl) as controls.

The planimetric method proposed by Popova et al. [22]
was used to obtain the objective indices of wound healing.
The method is based on the determination of wound area
reduction over time. Measurements of the burn wound
model were performed on days 1, 3, 5, 10 and 14.

To analyze the dynamics of burn wound regeneration
in detail, the following parameters were calculated for the
animals in each group:

The daily percentage reduction of the wound area was
calculated as follows:

(S-Sn)
0= St
whgre S is the wound area at the previous measurement,
cms;
S, is the wound area at the current measurement, cm?;
tis the number of days between the previous and current
measurements.
The healing rate was calculated using the formula:
(S-Sn)
n
whgre S is the wound area at the previous measurement,
cms;
S, is the wound area at the current measurement, cm?;
n is the number of days.

The mean healing rate of burn wounds was calculated

as follows:

U=

S,- S
Ucp=( nn K

where S, is the wound area at the current measurement,
2.
cm?;
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Sk is the wound area at the end of the experiment;
n is the duration of the experiment, days.

At the end of the experiment, rats were euthanized via
inhalation of 96% diethyl ether so that the structure of the
brain and visceral system organs could be studied.

Histological material was taken on days 1, 5 and 7 af-
ter the simulation of burn wounds. For histological studies,
tissue sections of 1.0x0.3 cm were made, which were then
placed in 10% formalin solution for 2 h [23, 24]. The ma-
terial was consequentially kept in six solutions of isopro-
pyl alcohol with increasing concentrations for one hour in
each and then placed in homogenized histological paraffin
«Histomix» for 4 h at 62 °C, regulated by thermostat. The
material prepared in this way was inserted into histologi-
cal cassettes. Paraffin sections with a thickness of 0.5 mm
were made using a microtome and pasted on histological
glasses. Histological sections were stained with hematoxy-
lin and eosin [25]. Digital images of each preparation were
taken using an Axio Lab.A1 microscope (Carl Zeiss, Jena,
Germany). For statistical processing the Statistica 10.0
program (StatSoft, USA) was used with parametric (Stu-
dent’s t-test) and nonparametric (Wilcoxon’s W test) tests.

Results and Discussion. The structure and phase
composition of the obtained nanosized ZnO was
investigated by X-ray diffraction. The diffractogram is
presented in Figure 1.

Zn0_101

Zn0_002

Zn0O_100

, a.u.

Zn0_201

30 40 50 60 70 CUP

Fig. 1. Diffractogram of nanosized ZnO, calcined at 175 °C

As shown in Figure 1, the diffractogram of nanosized ZnO
include all the characteristic peaks of wurtzite. The peaks
are broad and have a low intensity. These data confirm the
fact that the synthesized ZnO nanoparticles were finely dis-
persed. Additionally, SEM of the synthesized zinc oxide was
performed. The SEM microphotographs are presented in
Figure 2. The synthesized ZnO nanoparticles were quasi-
spherical and had a mean size of approximately 30 nm.

SEM HV: 20.0 kV
View field: 1.81 ym
SEM MAG: 105 kx |Date(midly): 04/04/16

SEM HV: 20.0 KV 2
View field: 0.535 pm
SEM MAG: 356 kx | Date(m/dly): 04/04/16

Det: InBeam
Performance in nanospace

Fig. 2. SEM images of synthesized zinc oxide nanoparticles
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The kinetic curves of model wound area reduction for
each group of rats were plotted (Fig. 3). Data analysis
showed that the mean wound area decreased in all
groups after the first day of wound modeling. Moreover,
the area of burn wounds displayed a decrease during the
entire experiment for each test group. Analysis of wound
area kinetic curves revealed that the rate of wound area
reduction was greatest in the first group of rats, which
were treated with the designed ointment based on ZnO
nanoparticles.
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Fig. 3. The kinetic curves of model wound area reduction
for test groups 1 and 2 and control group 3

The degree of burn wound healing of the animals in the
first group was 27.48% and 32.08% greater in comparison
with the second and control groups, respectively.

The results of the calculation of daily wound area
reduction are presented in Figure 4.
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Fig. 4. Daily reduction of the burn wound area for animals
in group 1, group 2 and control group 3

The data demonstrated that the
developed nanoparticle ZnO ointment
composition promotes reduction of
the wound area after the first day after
application.

Images illustrating the healing
wounds under the different treatment
conditions are presented in Figure 5.

From day 3 to day 5 of treatment,
the animals of group 1 demonstrated
a 17.9 % decrease in the wound area
(22 and 6 times more compared with
groups 2 and 3, respectively). From
day 5 to day 10 of treatment, the
wound area in group 1 decreased by
15 %, which was five and three times
more compared with groups 1 and 2,
respectively. Finally, from day 10 to
day 14 of treatment, the wound area

MIRA3 TESCAN

Performance in nanospace
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reduction was approximate-
ly equal for each group. The
wounds in group 1 were al-
most completely healed by the
end of the experiment.

The data obtained show
that the rate of wound healing
in group 1 was the highest for
each stage of the experiment.
From day 1 to day 3 of treat-
ment, the healing rate was
0.34 cm? per day in group 1,
which was 1.36 and 3.78 times
higher than in groups 2 and 3,
respectively. From day 3 to day
5 of treatment, the healing rate
in group 1 was 0.28 cm? per
day, which was 28 and 4 times
greater than that in groups 2
and 3, respectively. During this
stage of treatment, the healing
rate in group 2 was approxi-
mately zero. From day 5 to day
10 of treatment, the healing
rate of burn wounds in group
1 was 0.15 cm? per day, which
was 3.75 and 1.36 times great-
er than that in groups 2 and 3,
respectively.

The rate of burn wound healing calculated for the en-
tire experiment in group 1 was 1.78 and 1.33 times higher
than in the groups 2 and 3, respectively.

For an objective assessment of the developed oint-
ment composition effectiveness in the burn wound treat-
ment, in addition to the results of a planimetric study, it is
necessary to conduct morphological studies. In this re-
gard, as part of the present study, a histological analysis
of damaged tissue fragments in the area of thermal burn
was performed.

In animals of group 3, a large, fragmented scab par-
tially covered the wound, and in some cases it was sep-
arated from the underlying tissues of the wound. In the
center of the wound, mature granulation tissue was pres-
ent containing various hematogenous and tissue cellular
elements; isolated macrophages, fibroblasts and colla-
gen fibers were observed on the wound edges. Addition-
ally, growth of the newly formed epithelium was observed,
with the length of the regenerated tissue 0f 574.51+12.46
versus 589.01£14.58 um in group 1; on the border with
intact epidermis, hypertrophy was detected.

Fragments of the scab remained in the center of
wound in group 3 after 5 days from the start of the
treatment. A small area of granulation tissue contain-
ing round-cell elements was localized under the scab.
The epithelium was sharply hypertrophied at the bor-
der with intact skin; the regenerated tissue was dis-
tinguished by the formation of small outgrowths of the
basal membrane into the underlying tissue. Where
wounds were treated with isotonic solution, partial or
complete epithelization of the damaged areas occurred
simultaneously in the animals of the control group. In
individual rats, a flat epithelial layer, consisting of 8-
10 rows of cells with a flat basal membrane, which did
not form outgrowths in the thickness of the dermis,
was formed on the surface of the wound. Its length was
164.4+8.01 versus 226.13+6.95 um in group 1 (p<0.05).
Under the epithelium, the wound defect was filled with
mature granulation tissue with pronounced vasculariza-
tion and a characteristic horizontal arrangement of fibro-
blasts around the vessels.

f

Fig. 5. Images of burn wounds on day 5 of treatment: a) group 1, b) group 2, ¢) group 3,
and on day 10 of treatment: d) group 1, e) group 2, f) group 3

After 7 days, the differences we noted earlier ap-
peared most clearly. In animals of groups 1 and 2,
complete epithelialization of the damaged areas was
observed. The newly formed epithelial layer, consist-
ing of several rows of cells, covered the entire area of
the defect. Although the basal membrane had an une-
ven configuration, no outgrowths into the underlying
tissue were observed and the formation of hair follicles
and sebaceous glands did not occur. Connective tissue
with typical cellular structures was located under the
epithelium. In group 3, the wound process was com-
pleted with the formation of organ-specific regene-
rated tissue. This was shown by complete wound ep-
ithelization and significant contraction of the dam-
aged area, which was demonstrated by a shorter re-
generation duration (609.22+15.01 in group 1 versus
634.72+18.01 um in group 3), hair follicles and seba-
ceous gland growth.

Conclusions. The analysis of wound area reduction
over time showed that the ointment composition contai-
ning nanosized ZnO displayed high regenerative effi-
ciency; this effect was significantly greater than that of
the pharmaceutical zinc ointment. On treatment with the
designed ointment with ZnO nanoparticles, the reduction
rate of the burn wound area during the first 3 days was
almost five times greater in comparison with the control
group and almost 1.5 times greater compared with the
group treated with pharmaceutical zinc ointment. These
results confirm the effective action of ZnO nanoparticles
during the inflammatory stage, comprising wound clea-
ning, macrophage migration to the wound site and activa-
tion of collagen synthesis by fibroblasts. Additionally, the
antibacterial properties of the ZnO nanoparticles reduced
the secondary infection of wounds, supporting efficient
and functional wound healing [26-29].

The application of nanosized ZnO with a high surface
area as a component of a developed ointment compo-
sition allows the enrichment of the wound cells with zinc
ions. Because of normalization of the zinc inflow to the
wound cells, the rate of DNA replication, limited by thymi-
dine kinase, is maintained.
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Histological studies demonstrated the effectiveness
of the ointment with nanosized ZnO in the treatment of
skin wounds by improved healing (per primam intentio-
nem). The inclusion of ZnO nanoparticles in the ointment
led to a reduced level of inflammation, which is a mor-
phological indicator for granulation tissue formation in
the damaged area. Active angiogenesis and fibroblast
proliferation accompanying granulation tissue formation
and its subsequent transformation into connective tis-
sue, and an increase in the rate of epithelialization of the
damaged area are essentially a reflection of the transition
of wound healing from the inflammatory phase to the pro-
liferative phase.

Experimental animal procedures. The maintenance
and care of experimental animals corresponded to the

standards given in the Order of the Ministry of Health
of the Russian Federation No. 708n of 23.08.2010 «On
Approval of the Rules of Laboratory Practice in the Russian
Federation» and the ethical principles established by the
European Convention for the Protection of Vertebrates
Used for Experimental and Other Scientific Purposes
(adopted in Strasbourg on March 18, 1986 and confirmed
in Strasbourg on June 15, 2006) and the positive
conclusion of the local ethics committee. The study was
approved by the local ethics committee.
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FEATURES OF HIGHLY SPECIFIC FACTORS OF ENDOTHELIAL DYSFUNCTION
AND INDICATORS OF THE HEMOSTATIC SYSTEM AND LIPID METABOLISM
IN RATS UNDER VARIOUS EXPERIMENTAL CONDITIONS

Tsaturian L. D., Melikbekyan E. O., Dzhandarova T. I,
Knyazhetskaya L. O., Baturin V. A., Shchetinin E. V.

Stavropol State Medical University, Russian Federation

OCOBEHHOCTHU BICOKOCNEUNPUHECKUX PAKTOPOB
SHAOTEAUAALHON AUCPYHKLLUN, MOKA3ATEAEA CUCTEMbI
FTEMOCTA3A U AUTMAHOTO OBMEHA ¥ KPbIC B PA3AUYHDIX
OKCNEPUMEHTAAbHBLIX YCAOBUAX

A. A. UaTypsH, E. O. MeAauk6eksH, T. U. AXxaHAapoBa,
A. O. Kusaxeukas, B. A. batypuH, E. B. LLLeTUHUH

CTaBPONOALCKHUI FOCYACQPCTBEHHbIN MEAULIMHCKUIA YHUBEpPCUTET, Poccuitckas Peaepaums

This study involved an investigation of lipidogram and coagulogram parameters with assessment of highly specific markers
of endothelial dysfunction in 44 Wistar rats under various experimental conditions. Significant intersystem relationships were
revealed between the content of circulating endothelial cells and the activated partial thromboplastin time, prothrombin
time, platelet count, fractions of atherogenic lipoproteins, and atherogenic coefficient in animal models of hypercoagulation,
dyslipidemia, and mild stress.

Keywords: endothelial dysfunction, lipid profile, coagulogram parameters, mild stress, experimental animals

lMpoBeneHo nccnegoBaHne nokasatenen nMnuaorpamMmbl, KoarynorpaMmmbl C OLEHKOW BbICOKOCMELMMUYECKNX MapKEPOB
3HOO0TENMANIBHON ANCOYHKLMN Y KPbIC TMHUM BrUcTap, HaxoasLwmxcs B padinyHblX 9KCNepuUMeHTasIbHbIX COCTOSIHUSIX. BbisiBne-
Hbl 3HAYNMbIE MEXCUCTEMHbIE B3aUMOCBSA3UN MEXY COAEPXKAHVEM LIMPKYVNPYIOLLNX SHA0TENMANBbHbBIX KNETOK C noka3aTtensmu
AYTB, NpoTPOMOBUHOBOr 0 BpEMEHU, KOJIMYECTBOM TPOMOOLIMTOB, DPaKLMAMU aTEPOrEeHHbIX IMMONMPOTENHOB U KOIDDULUNEHTOM
aTEepPOreHHOCTU NPY MOAENNPOBAHNN Y XXMBOTHbIX MTMAepKoarynsaumm, ANCAMNnMaeMnm, a Takke COCTOSHMS MArkoro cTpecca.

KnroyeBsie croBa: aHaoTeanarbHas1 ﬂMC¢yHKuMﬂ, unugorpamMma, rnokasartesin KkoarysiorpamMmmel, MSITKUIA CTPECC, 3KC-
rnepurMmeHTalslbHble XNBOTHbIE
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