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ABSTRACT

The objective of this study was to develop a method for forming an antimicrobial wound coating based on chitosan and polyvi-
nylpyrrolidone using 3D printing technology.

The properties of the coating were then studied in vitro and in vivo to improve the treatment outcomes of deep burns. The re-
sulting coating was a 4% hydrogel of medium molecular weight chitosan with the addition of 1% povidone iodine and dermal
fibroblasts. After transplantation, the coating was covered with “Foliderm” film. The coating was formed using an extrusion
3D bioprinter, with printing parameters determined experimentally. The samples were first studied in vitro. Scanning electron
microscopy was used to evaluate the coating’s microarchitecture and its interaction with dermal fibroblasts. A colorimetric test
was conducted to assess cell metabolic activity and cytotoxicity, and antimicrobial activity against reference strains of Staphy-
lococcus aureus was analyzed. An experiment was conducted to evaluate the in vivo properties of the coating. Nineteen male
Wistar rats were used in the study. An injury was inflicted that resulted in a deep thermal contact burn, affecting all layers of
skin and subcutaneous fatty tissue, with an area of approximately 20 cm?. The animals were divided into three groups: experi-
mental (with the application of the developed coating), comparative (using the traditional and widespread method of treatment
with Levomekol ointment) and control (without treatment).

The study lasted for 38 days and found that the developed coating is highly biocompatible, atraumatic, elastic, and adheres
well to wounds. Chitosan was used to create a porous structure with channels running parallel to each other. The coating cells
are evenly distributed on the surface of the matrix, specifically on the walls of the pores. The inclusion of 1% povidone iodine
in the polymer resulted in high antimicrobial activity without significantly affecting the activity of the cells in the composition.
The experiment on applying a coating for treating deep thermal burns demonstrated that the developed coating had a positive
effect on the wound healing process. This effect was characterized by a higher rate of epithelization and a significantly lower
incidence of infectious complications compared to other experimental groups. In the histological study, the experimental group
outperformed the control and comparison groups in the quality of the formed granulation tissue, the number of newly formed
capillaries, and the severity of the local inflammatory process.
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AHHOTALMA

Lienbto HacTosLLero uccnefoBaHus ABAA/NCL pa3paboTka aHTUMUKPOOHOro paHeBOro MOKPBITUS, U3rOTOBAEHHOTO METOAOM
3D-neyatu, Ha OCHOBE XMTO3aHa M MONMBUHWANMPPONMAOHA U NOCNeAyloLLee UCCNef0BaHNe ero CBOWCTB in vitro v in vivo
C LieMbH YNYYLLIEHUS UCXOA0B NeYeHMs FyBOKNUX 0XKOroB.

Matepuanbl u MeTofbl. MonyyeHHOe NOKpbITUE cocTosN0 U3 4 % ruaporens cpefHEMONEKYNAPHOrO XUTo3aHa ¢ fobaene-
Huem 1 % noBupoH-Mofa M AepManbHbIx $hubpobnactos. Mocne TpaHcnnaHTaumu 0bnacTb paHbl C MOKPBLITUEM 3alUMLLanach
HanoxeHveM nneHkn «Qonuaepm». [0ns hopMUpOBaHUS NOKPLITUS UCMOb30BANICA IKCTPY3UOHHLIA 3D-BuonpuHTep, napa-
MeTPbl MeyaT KoToporo Bbiin onpegeneHbl SKcnepuMeHTanbHo. MonydeHHble 0bpasibl NepBoHaYanbHO AeTanbHO U3YYeHbl
in vitro. BbINK BbINONHEHbI CKAHWPYIOLLLAs 3IEKTPOHHAA MUKPOCKOMWSA NS OLEHKW MUKPOApXUTEKTYPbl NMOKPLITUA U ee B3au-
MOJeNcTBuS C AepManbHbiMi Gubpobnactamu, KONOPUMETPUYECKMIA TECT NS OLEHKU MeTabonMYecKoi aKTUBHOCTU KIETOK
M aHanu3a LUMTOTOKCMYHOCTM, aHalu3 aHTMMWUKPOOHOM aKTMBHOCTM MO OTHOLLEHWMKO K 3TaNOHHbIM WTamaM Staphylococcus
aureus. [lanee BbINOSHEH 3KCMEPUMEHT MO OLIEHKE CBOMCTB NOKPbITUA in vivo. ViccnepoBanne npoBefeHo Ha 19 camuax Kpbic
nuHum Wistar. B kauecTBe HaHOCHMoIA TpaBMbI Bbl6paH rNyboKMiA TEPMUYECKUI KOHTAKTHBIA 0XKOr (OMepTB/IEHWe BCEX CI0eB
KOXM W MOAKOXKHO-MUPOBON TKaHM) nnowazbio okono 20 cM” XMBOTHBIX pasfenvnu Ha Tpu rpynmibl: OMbITHYO (C Mpu-
MeHeHMeM pa3paboTaHHOro MOKPbITUSA), CPaBHUTENBHYHO (C MCMOMb30BaHUEM TPAAULIMOHHOMO M LIMPOKO PacnpoCTpaHeHHOro
MeTo[ia NleYeHmns Masblo «J/leBOMeKO0Mb») U KOHTPOIbHYt0 (6e3 neuenns). Nepuop Habntopenns coctasun 38 cyT.
Pe3ynbTathl uUccnefoBaHUs MoKasanu, YTo pa3paboTaHHOE MOKPLITUE MMEET BLICOKYH OMOCOBMECTMMOCTb, aTpaBMaTuy-
HOCTb, 3M1aCTUYHOCTb M aAre3nto K paHe. Mcnonb3oBaHKWe XMTO3aHa NO3BOIUA0 NOYYUTL NMOPUCTYIO CTPYKTYPY, MPUYEM MOpbI
0bpa3yloT KaHanbl, pacrosoXeHHble napaniensHo Apyr Apyry. KneTkv B cocTaBe MOKPbITUS pacnaacTaHbl U XOPOLLO pac-
npeneneHsl No NOBEPXHOCTM MaTpuubl (Mo cTeHKkam nop). [lobaBneHne B cocTaB nonvMepa NoBUAOH-H0AA B KOHLEHTpaLMK
1 % nosBonmno [obUThCA BbICOKOW NPOTMBOMMKPOBHOW aKTMBHOCTM 6€3 3HAaYMMOro BAIMSIHUA HAa aKTUBHOCTb BKITIOYEHHbIX
B COCTaB KJIETOK. JKCMEPUMEHT C NPUMEHEHWEM MOKPLITUS A4S NeyeHns rnyboKoro TEpMUYECKOr0 0XO0ra MoKasal, YTo pas-
paboTaHHOe MOKPbITUE OKa3bIBaNO NOMOXUTENBHOE BAMSHUE Ha XOf PaHEBOro NpoLecca, 3aKkJllyatoLLeecs B bosee BbICOKOM
CKOPOCTW 3MUTENIU3ALMU U 3HAUYUTENBHO MEHBLUEN YacTOTE BO3HWUKHOBEHUS MHDEKLMOHHBIX OCNOXHEHMIA Ha doHe Apyrux
3KCMepUMEHTaMbHbIX rpynn. py rUCTONOMMYECKOM WUCCefoBaHMM OMbITHAs FPynna TakKe MPeBOCXOAMNA KOHTPOSbHYIO
W rpynny cpaBHeHWs MO KayecTBy GOpPMMPYeEMOii rpaHYNALMOHHON TKaHW, YnCy HOBOODPA30BaHHbIX KanwispoB U Bbipa-
JKEHHOCTW MEeCTHOr0 BOCMANMTENBHOrO MpoLiecca.

KnioueBble cnoBa: noBMAOH-10/; paHeBOE MOKPLITUE; TEPMUYECKUIA 0XKOT; TpexMepHas b1oneyatb; GrubpobnacTbl; XMTo3aH.
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BACKGROUND

The skin is a vital organ that shields all internal or-
gans from external factors [1] that can damage the skin
and impair its protective and barrier functions. Wound
coverings are used to restore damaged skin areas and
promote rapid skin regeneration. An ideal wound dress-
ing possesses mechanical strength for easy application
by surgeons to the injury site, flexibility, elasticity, good
adhesion to the wound surface, and antibacterial and
regenerative properties to prevent infection and pro-
mote rapid epithelialization [2]. Currently, several wound
dressings in the form of films, fibers, hydrogels, and
sponges are available in clinical practice [3]. Hydro-
gels have been used effectively in numerous biomedical
applications as a substitute for extracellular matrix to
promote wound healing [4, 5]. When used as a wound
coating, hydrogels should be nonallergenic and nontoxic,
maintain a moist environment, promote efficient oxygen
exchange, protect the wound from microbial organisms,
and absorb wound exudate. Chitosan is a semicrystalline
polysaccharide obtained by alkaline chitin deacetylation.
It is widely used as a biomedical material because of
its biocompatibility, biodegradability, nontoxicity, and
antimicrobial and antifungal effects [6]. Additionally,
chitosan promotes wound healing by mimicking he-
mostasis and intensifying the formation of new tissues
[7, 8.

Povidone, which contains iodine as its main active
component, is used to treat wounds of various origins in
medical practice. Povidone iodine is an antiseptic solution
that consists of a complex of povidone (polyvinylpyrrol-
idone, PVP), hydrogen iodide, and elemental iodine and in-
hibits the growth and reproduction of microorganisms [9].
The PVP iodine complex releases free iodine in solution,
which reacts with amino acids’ -SH and -OH groups to
eliminate viruses, fungi, and bacteria by iodizing lipids
and oxidizing cytoplasmic and membrane compounds [10].
PVP, a hydrophilic polymer, is used as a carrier in the
pharmaceutical and biomedical fields. Numerous PVP-
based systems for delivering various active components
of natural and synthetic origin have been developed
[11-13].

Wound coatings are formed using classical and mo-
dern methods, including solution irrigation, leaching,
freeze-drying, electrospinning, and 3D printing [14, 15].
Classical methods are simpler and more accessible than
electrospinning and 3D printing. However, controlling
the size and distribution of pores and overall architec-
ture of the wound coating is challenging using classi-
cal matrix formation methods. In recent years, 3D prin-
ting wound coatings with antibacterial properties using
chitosan has gained popularity among researchers. For
example, researchers have demonstrated that by add-
ing pectin and lidocaine to chitosan, it is possible to 3D
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print biodegradable heat-sensitive wound coatings that
have good elasticity and the ability to swell and absorb
exudate [16]. A wound coating has been produced using
3D printing with chitosan and alginate [17]. Morphological
studies have demonstrated the suitability and accuracy of
3D printing for creating well-controlled hydrogel struc-
tures with mechanical stability, making it easy to handle
such matrices.

Several studies have reported PVP use in 3D printing.
Collamaran et al. combined PVP with ramipril to create
matrices with prolonged drug release [18]. Okwuoasa
et al. developed tablets based on PVP that released the
drugs dipyramidol and theophylline simultaneously [19].
Furthermore, Dores et al. used PVP to print tablets con-
taining thiophylline [20]. Literature review showed the
potential use of chitosan and PVP for a wound coating
with versatile properties. These polymers are already
used in medical practice. Combining them to form a com-
plex wound coating could result in a product with the
combined properties of each component.

This study aimed to develop a method for forming
an antimicrobial wound coating with chitosan and PVP
using 3D printing. The properties of the coating were then
studied in vitro and in vivo.

MATERIALS AND METHODS

Chitosan solution preparation with povidone iodine

First, to prepare a 4% solution, chitosan (Heppe, Ger-
many) is dispersed in water. The mixture is stirred on
a laboratory top drive stirrer at a 1000 rpm speed for
30 minutes at room temperature. Povidone iodine solu-
tion up to 1% is then added and stirred for 5 minutes.
Then, acetic acid (Reachim, Russia) up to 2% is added and
stirred under the same conditions for another 10 minutes.

Printing

The 3D bioprinter Dr. Invivo 4D (ROKIT, South Korea)
was used to create volumetric matrices through the ex-
trusion method. Ink was supplied to the movable printing
table with glass through a pneumatic dispenser attached
to a syringe nozzle. The printer was controlled using the
preinstalled software, Android 0S, and a touch screen on
the outer side of the device. The application used was
SREATORK version 1.68. The initial 3D modeling was
performed using Autodesk Fusion 360 software version
2.0.1772 and model slicing using NewCreatorK software
version 1.57.80.

During printing, ink was dispensed from a 10 mL sy-
ringe onto a movable printing stage with a glass sur-
face, resulting in the creation of 3D matrices, which
were converted into an insoluble form by treating them
with a 10% sodium bicarbonate solution for 10 minutes,
followed by washing with distilled water. The samples
were then placed in a lyophilizer chamber (Labconco Free
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Zone Triad 2.5L, USA) and frozen for 4 hours at —30°C.
The solvent was removed under reduced pressure and at
a temperature of +5°C for 24 hours.

Cytotoxicity test

The DF1 human skin fibroblast cell line (Institute of
Cytology, St. Petersburg, Russia) was used for the cyto-
toxicity study (MTT test). The cells were cultured in a CO,
incubator at 37°C in a humidified atmosphere containing
air and 5% CO, in DMEM/F12 nutrient medium (Dulbec-
co’s Modified Eagle Medium; Gibco) containing 1% es-
sential amino acids, 10% (vol/vol) thermally inactivated
fetal bovine serum (FBS; HyClone, USA), 1% L-glutamine,
50 U/mL penicillin, and 50 pg/mL streptomycin.

For the experiment, 5 x 103 cells/100 pl/well were
seeded in 96-well plates and cultured for 24 hours to
allow attachment. Finally, the plates were incubated for
an additional 4 hours to allow MTT conversion. After
24 hours, the medium was replaced with complete nutri-
ent medium, and the wells were incubated with printed
samples for 3 days. At the end of the incubation peri-
od, the medium was removed, and 50 ul/well of DMEM/
F12 medium with tetrazolium dye (MTT) (0.1 mg/mL) was
added. The cells were incubated in a CO, incubator at
37°C for 2 hours. Following supernatant removal, the
formazan crystals formed by metabolically viable cells
were dissolved in 50 pl/well of dimethyl sulfoxide and
transferred to clean wells. The optical density at 570 nm
was measured on a flatbed spectrophotometer using
polynomial regression analysis in Microsoft Excel.

Scanning electron microscopy

The ultrastructure of the samples was studied using
a Carl Zeiss Supra 55VP scanning electron microscope
(Carl Zeiss, Germany). Images were obtained with the
Microcapture 2.2 hardware and software system.

Antimicrobial activity test

The preliminary determination of the minimum inhibitory
concentrations of povidone iodine against the tested Staphy-
lococcus aureus strains, including MSSA (ATCC292123)
and MRSA (ATCC43300), revealed its antimicrobial activ-
ity. The MIC was <1% for both cultures. Each sample was
placed in a separate sterile tube containing 3 ml of Muel-
ler—Hinton broth (MHB) and was repeated three times. Each
sample was immersed in MHB. Furthermore, 50 pl of the
bacterial suspension was immersed in MHB as a positive
control. The negative control consisted of sterile MHB.
The tubes were incubated for 24 hours at 37°C. After a day of
incubation in the presence of samples, the optical density of
MHB with bacteria was measured to obtain the antibacterial
activity of the samples. Additionally, 200 pl from each tube
was added to a 96-well flat-bottom plate, in four repeats.
The optical density was measured at 600 nm using a Spec-
trostar Nano spectrophotometer.
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The antibacterial activity of the samples was deter-
mined using the cup method. A bacterial suspension with
an optical density of 0.5 McF (1 x 10 x 8 CFU/mL) was
spread on the surface of Mueller—Hinton agar (MHA) in
petri dishes using a cotton swab. Each test sample mea-
suring 1.5 x 1.5 cm was introduced with sterile forceps
onto the prepared bacterial lawn. The dishes were incu-
bated at 37°C, and the antimicrobial effect of the samples
was evaluated after 18 h. A positive result was indicated
by a zone of growth retardation around the sample.

In vivo evaluation of coating properties

The experimental stage of the study was conducted
at St. Petershurg State Pediatric Medical University with
the participation of staff from the Department of Medical
and Biological Research of the Research Center and De-
partment of Thermal Injuries of the Kirov Military Medi-
cal Academy. Bioengineered structures in the form of a
rounded mesh with a diameter of 50 mm, thickness of 3,
and mesh size of 1 mm were used for the samples. The
construct was 3D bioprinted using extrusion technology
with biocornyls consisting of 4% chitosan hydrogel and
1% povidone iodine, along with 1 x 106 rat dermal fi-
broblasts per 1 mL. Following transplantation onto the
wound, the construct was covered with Folliderm film,
a 12-um-thick lavsan tracking membrane with high-
density, submicron-sized (=0.4 pm) through-pores. This
membrane facilitates water and gas exchange while pro-
tecting the wound surface from external infections.

A thermal contact burn of IlIB severity with an area
of approximately 20 cm? was chosen as the inflicted in-
jury. The severity of this injury, with the marked area
and depth of the lesion, indicates the difference between
the effects of different types of treatment on the wound
process.

The study involved 19 male Wistar rats weighing
250 + 8 g. The animals were randomly divided into three
groups (Table 1).

Group 1 (experimental group) received treatment with
the developed coating for the injury. Group 2 (compara-
tive group) was treated with the traditional method for
such injuries, which involves dressings with Levomekol
ointment. Group 3 (control group) received no treatment
after the burn injury.

Manipulations were performed on rats under injec-
tion anesthesia (intraperitoneal injection) using a mixture
of Zoletil®100 (25 mg/kg) and Rometar (10 mg/kg) [21].
After anesthesia induction, the rats were fixed on the
operating table. The site for application of the burn was
previously dislodged and depilated. All biobjects were
given a contact burn of I1IB degree with an area of 20 cm?
using the equipment and model of burn injury described
in the corresponding patent [22].

The burn application parameters were consistent
across all groups. Group 3 rats served as the control
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Table 1. Experimental animal groups
Ta6nuua 1. IKcnepuMeHTanbHbIE FPYMMbl KUBOTHBIX
Group No. Group name Number of rats
1 Necrectomy, fibroblast construct, Folliderm film b
2 Necrectomy, treatment with bandages and Levomekol ointment b
3 Control group without treatment 7

group and received no treatment. In groups 1 and 2,
necrectomy was performed on the injured tissues up
to the fascia, and the wound edges were sutured to
the underlying muscle tissue 2 days after the injury.
In group 1, a bioengineered construct was transplant-
ed and subsequently treated with a Folliderm film af-
ter necrectomy. In group 2, an aseptic dressing was
applied using Levosin ointment. In group 3, no ne-
crectomy was performed. Dressings in the first two
groups were performed every other day, with assess-
ment of the wound area and weight of the animals [23].
The experiment lasted for 38 days, during which a
punch biopsy (8 mm in diameter) was taken from the
wound area for histomorphologic study every 7 days.
The sample was taken to the entire depth of the skin up
to the muscle layer.

Histomorphologic study

The histological sections, 5 pm in thickness, were
evaluated using an automatic rotary microtome with the
STS HM 355S slice transfer system (Thermo Fisher Sci-
entific, USA). The sections were stained with hematoxylin
and eosin using the standard technique. The evaluation
focused on the number of newly formed capillaries and
signs of inflammation.

Statistical analysis

The data were analyzed using GraphPad Prism 9.0
software (USA), and the results were evaluated through
one-way ANOVA analysis of variance. P < 0.05 was con-
sidered statistically significant.

RESULTS
Wound coating structure

During the development of wound coatings, it was
discovered that the optimal solution for our tasks is the
use of bioengineered mesh structures that are 3 mm
thick and have a mesh size of 2-3 mm. The structure
was printed using the extrusion 3D bioprinting method
from biocornyls, which consist of 4% chitosan hydrogel
with the addition of 1% povidone iodine and 1 x 106 rat
dermal fibroblasts per 1 ml. Moreover, samples without
the addition of povidone iodine were prepared for com-
parison of antibacterial properties. Figure 1 presents the
samples obtained.
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In vitro research

Figure 2 displays the appearance of human skin fi-
broblasts cultured in the presence of nutrient medium
after incubation with chitosan and chitosan with povidone
iodine matrices.

The morphology of cells in control and experimental
samples was similar. They had a characteristic elongated
spindle shape, indicating no cytotoxic effect of the sam-
ples on the cells. However, a smaller number of cells
was determined in the samples with medium after in-
cubation with chitosan and povidone iodine compared to
the control sample.

Cell viability was assessed using the MTT method, and
the results are presented in Figure 3.

Data reveals that the addition of povidone to the coat-
ing composition has a minor effect on cell viability.

The fibroblast-matrix interaction was evaluated by
fixing cells cultured on lyophilized matrix for 2 days with
glutaric aldehyde and analyzing them using scanning
electron microscopy. Figure 4 shows the ultrastructural
picture of the investigated construct.

The lyophilized material composed of chitosan and
povidone exhibits a porous structure with channels run-
ning parallel to each other. The pore diameter ranges
from 20 to 90 microns. This ordered pore structure is a
result of the self-organization of the chitosan solution
during the freezing stage, followed by phase separation
of the homogeneous polymer solution [24, 25]. Addition-
ally, the cells are evenly distributed on the matrix sur-
face, specifically on the pore walls. The ultrastructural
analysis results suggest that there is good cell adhesion
on the pore surface of chitosan-based matrices.

When evaluating antibacterial activity, the optical
density values of incubation solutions with samples were
significantly lower than the positive control without sam-
ple introduction (Fig. 5). The antibacterial properties were
visible to the naked eye (Fig. 6).

Furthermore, samples with povidone iodine added
were found to be statistically significantly more active
than samples with chitosan alone (Fig. 7).

In a further comparison of antibacterial activity using
the cup method, it was observed that samples impreg-
nated with povidone iodine exhibited antibacterial prop-
erties, whereas samples consisting of chitosan alone did
not show sufficient activity to inhibit the growth of Staph-
ylococcus aureus on nutrient dense medium (Fig. 8).
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Fig. 1. Appearance of matrices based on chitosan (left) and chito-
san with povidone-iodine (right)

Puc. 1. BHelwHWit BULL MaTpuL, Ha OCHOBE XMTO3aHa (crieBa) U Xu-
TO3aHa C NoBULOH-NOAOM (cnpaBa)

0.4
0.35
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w

0.25

0.15

Optical density

o
—

0.05

Chitosan

Fig. 3. MTT assay was performed on human skin fibroblasts
Puc. 3. MTT TecT ¢pubpobnacToB Koxu YenoBeka

I Chitosan/povidone

Seicins

Chitosan/pbvidone iodine
Fig. 2. Optical microscopy of human skin fibroblasts
Puc. 2. Ontnyeckas MUKpockonus GpubpobnacToB Koxu YenoBeka

Control

Fig. 4. Scanning electron microscopy of human skin fibroblasts after 2 days of cultivation on a matrix of chitosan with povidone.
Increased x5000 (a); x500 (6)
Puc. 4. CKaHupytoLLas 3neKTpoHHas MUKpocKonusa ¢hrbpobnacTos KOXK YenoBeKa nocne 2 cyT KyNbTUBMPOBaHUS Ha MaTpuLie U3 XUT03aHa
¢ nosupoHoM. ¥YB. x5000 (a); x500 (6)

The results indicate that chitosan-based samples
impregnated with povidone iodine exhibit antibacterial
action against reference strains of Staphylococcus au-
reus. Significant differences in antibacterial action were
observed between chitosan-based and povidone-iodine-
impregnated samples. The introduction of povidone iodine
as an additional component enhanced the antibacterial
effect of chitosan-based samples. Methicillin-resistant
strain susceptibility to the samples was a crucial finding.
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It appears that susceptibility to the tested samples is not
dependent on the antibiotic profile of S. aureus. However,
further studies are required on clinical isolates of this
species and representatives of other taxonomic groups,
including gram-negative pathogens.

In vivo research
In vivo tests of the bioengineered construct dem-
onstrated a positive effect on the wound healing
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Fig. 5. Comparison of the antibacterial activity of samples in relation
to control reference strains of S. aureus. Measurement at wave-
length 600 nm. * — p < 0.05

Puc. 5. CpaBHeHue aHTWOaKTepuanbHOW aKTMBHOCTWU 06pasLioB
B OTHOLLIEHWUM KOHTPOJIA 3TaNIOHHbIX LUTAMMOB S. aureus. V13MepeHue
npu oyivHe BoaHbl 600 HM. * — p < 0,05
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Fig. 6. Test tubes after 24 hours of incubation of MRSA in a nutri-
ent medium. QC—bacterial culture control (left); 8 — nutrient me-
dium with MRSA and a sample of chitosan with vidon-iodine (right)
Puc. 6. pobupku yepes cyTku MHKybaum MRSA B nuTatenbHom
cpene. KK — KoHTponb KynbTypbl 6akTepuit (cnesa); 8 — nu-
TatenbHas cpepa ¢ MRSA n 0bpasuoM 13 xuTo3aHa ¢ NOBULOH-
iogoM (crpaBa)

0.6
T
G 04
= T
5 02
) MMSA ATCC 29213 MRSA ATCC 43000
I Chitosan/povidone iodine Chitosan

Fig. 7. Comparison of the antibacterial activity of samples from chitosan and with the addition of povidone-iodine against reference strains

of S. aureus. Measurement at a wavelength of 600 nm. * — p < 0.05

Puc. 7. CpaBHeHue aHTMbBaKTepuanbHOW aKTUBHOCTM 06pa3L0B U3 XUTO3aHa U C [0baBneHneM NOBUAOH-M0a B OTHOLLEHUW 3TaIOHHBIX
wramMmoB S. aureus./3Mepenune npu pnvHe BoaHbl 600 HM. * — p < 0,05

process (Fig. 9). This effect was characterized by a higher
rate of epithelization and a significantly lower incidence
of infectious complications compared to other experi-
mental groups.

In the histologic examination, the experimental group
showed superior results compared to the control and
comparison groups regarding the quality of granulation
tissue formed, number of newly formed capillaries, and
severity of local inflammation (Fig. 10).

Detailed characteristics of each group

In Group 1, a thin elastic scab was formed 3 days
after necrectomy and transplantation of the bioengi-
neered construct with Folliderm film. The scab was re-
moved 17 days after the injury, and no suppuration was
observed in this group of animals. After the scab was
rejected, it was found that it did not impede epitheliza-
tion, and the cleared wound reduced in size at an average
rate of 2.7% + 0.2% per day. The wound bed consisted
of fresh granulation tissue, with the edges fully closed
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by experiment day 38, resulting in a thin, normotrophic
scar formation. The biopsy of granulation tissue from the
wound bed on experiment day 21 showed an average of
29 + 4 capillaries per visual field.

In group 2, a scab formed 3 days after necrectomy.
However, it was rougher than the scab formed in group 1.
Scab rejection occurred on day 24 from the moment of
injury, and suppuration of the scab was observed in 80%
of cases. The wound bed was covered with granulation
tissue with fibrin plague. The latter was much coarser
and thicker in comparison with the granulation tissue in
animals in group 1. The wound contracted at an average
rate of 1.8% + 0.3% per day. On day 38, the wound area
was 3.6 + 0.8 cm?. The biopsy of granulation tissue from
the wound bed on experiment day 21 showed an average
of 16 + 2 capillaries per visual field.

In group 3, scab rejection occurred 33 days after
the injury. The scab was rough, and suppuration was
observed in 100% of cases. After scab detachment, the
wound was represented by granulation tissue with signs

29
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Fig. 8. Zone of MRSA growth inhibition around povidone-iodine specimens
Puc. 8. 3oHa nopasnenus pocta MRSA Bokpyr 06pasLioB ¢ NOBULOH-HOAOM

Chitosan/povidone
(Group 1)

Day 5
£
>
<
(<3}
(3]

> Day 14
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Day 28

Fig. 9. Dynamics of the wound process in the study groups
Puc. 9. [InHamMuka paHeBoro npoLecca B UcCieayeMbiX rpynnax

of fibrosis up to 3 mm thick. The average rate of wound
contraction was 0.3% + 0.04%/day. The biopsy of gran-
ulation tissue from the wound bed on experiment day
21 revealed an average of 11 + 2 capillaries per visual
field.

CONCLUSIONS

The use of chitosan in the form of a 4% hydrogel to
create a mesh structure resulted in a final product with
high biocompatibility, atraumaticity, elasticity, and adhe-
sion to the wound.

Adding povidone iodine to the polymer composition
at a concentration of 1% enabled the bioengineered con-
struct to exhibit high antimicrobial activity while minimally

DOL: https://doi.org/ 10.17816/rmmar626501

Control
(Group 3)

Levomekol
(Group 2)

impacting the viability of the included cells. Moreover, the
inclusion of povidone iodine in the composition resulted
in a reduction of the neutrophil-macrophage cellular re-
sponse in the wound area. This was evidenced by a less
severe inflammatory reaction during scab rejection and
granulation tissue maturation.

The use of 3D printing technology in the manufactur-
ing of bioengineered constructs ensures the maintenance
of aseptic conditions and required humidity, pH, and tem-
perature. This technology guarantees the maintenance of
aseptic conditions during the creation of the construct
and of the required humidity, pH, and temperature.

The approach used to print the bioengineered con-
struct ensured the preservation of the included cells and
their continued high viability.
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Fig. 10. Morphological preparations from the wound area, taken on the 21 day of the experiment (hematoxylin-eosin staining,

%100 magnification)

Puc. 10. Mopdonoruyeckue npenapatbl M3 0611acTi paH, 0TobpaHHble Ha 21-e cyT 3KcnepuMeHTa (OKpacKa reMaToKCUNMH-3031H, yB. x100)
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