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Background. Protection against microbial colonization of surface fixators for metal osteosynthesis can reduce 
the number of infectious complications.
The aim of the study was to experimentally assess early perifocal tissue reactions to metal implants with  
a composite antibacterial coating under microbial load.
Methods. Fragments of steel pins for osteosynthesis (diameter 1 mm) with a four-component antibacterial 
coating based on polylactide, polyurethane, ciprofloxacin and silver nanoparticles were contaminated by 
methicillin-resistant S. aureus (MRSA) 43431. They were implanted in rats within the quadriceps femoris. 
Contaminated uncoated pins were used as a control. The animals were withdrawn from the experiment 
on the 2nd, 4th, 7th day after implantation. Histopathological specimens from tissue around implants were 
prepared. A semiquantitative assessment of reactions was performed. 
Results. The microbial load before implantation was (1.12±0.26)×106 S. aureus cells for the control implants 
and (0.86±0.31)×106 cells for implants with antibacterial coating. Tissue inflammatory reactions on the second 
day of implantation were equally evident in the control and investigated groups. There was a significant 
reduction in the number of immune cells and necrotic detritus, as well as increased growth of connective 
tissue and neoangiogenesis in the experimental group by the 4th day. The appearance of a less pronounced 
well-vascularized fibrous capsule around the experimental implants was noted by the 7th day. It indicates  
a more favorable healing of soft tissues in comparison with the control.
Conclusion. Weak morphological manifestations of tissue reactions in response to the fitting of contaminated 
implants with an antibacterial coating can be associated with both the direct antimicrobial effect of the coating 
components and the anti-inflammatory activity of silver nanoparticles and ciprofloxacin included in its 
composition.
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Перифокальные реакции мягких тканей  
на введение контаминированных имплантатов  
с композиционным антибактериальным покрытием:  
экспериментальное исследование
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Актуальность. Защита от микробной колонизации поверхности фиксаторов для металлоостеосинтеза 
способна сократить количество инфекционных осложнений.
Цель исследования — экспериментально оценить ранние перифокальные тканевые реакции на метал-
лические имплантаты с композиционным антибактериальным покрытием в условиях микробной на-
грузки.
Материал и методы. Фрагменты стальных спиц для остеосинтеза диаметром 1 мм с нанесенным че-
тырехкомпонентным антибактериальным покрытием на основе полилактида, полиуретана, ципроф-
локсацина и наночастиц серебра контаминировали культурой метициллинорезистентного S. aureus 
(MRSA) 43431 и имплантировали крысам в толщу четырехглавой мышцы бедра. В качестве контроль-
ных имплантировали контаминированные спицы без покрытия. На 2-е, 4-е и 7-е сут. после имплан-
тации животных выводили из эксперимента. Готовили патогистологические препараты тканей вокруг 
имплантатов. Выполняли полуколичественную оценку тканевых реакций.
Результаты. Микробная нагрузка перед имплантацией составляла (1,12±0,26)×106 клеток S. aureus для 
контрольных имплантатов и (0,86±0,31)×106 клеток для имплантатов с антибактериальным покрыти-
ем. Тканевые реакции воспалительного характера на 2-е сут. имплантации были одинаково выраже-
ны в контрольной и экспериментальной группах. К 4-м сут. отмечено значимое снижение количества 
иммунных клеток и некротического детрита, а также усиление разрастания соединительной ткани и 
неоангиогенеза в экспериментальной группе. К 7-м сут. отмечено появление менее выраженной, хо-
рошо васкуляризованной фиброзной капсулы вокруг экспериментальных имплантатов, что указывает 
на более благоприятное заживление мягких тканей в сравнении с контролем.
Заключение. Слабовыраженные морфологические проявления тканевых реакций в ответ на внедрение 
контаминированных имплантатов с антибактериальным покрытием могут быть связаны как с прямым 
противомик робным действием компонентов покрытия, так и с противовоспалительной активностью 
входящих в его состав наночастиц серебра и ципрофлоксацина.

Ключевые слова: имплантаты, антибактериальное покрытие, ципрофлоксацин, наночастицы серебра, 
Staphylococcus aureus, контаминация, тканевые реакции.
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BaCKground

The incidence of early wound infection of the sur-
gical site after internal osteosynthesis of closed 
fractures ranges from 0.5% to 10.0% and is up to 
50% in case of open fractures [1]. Staphylococcus 
aureus and coagulase-negative staphylococci 
prevail in the etiological structure of implant-
associated infections [2, 3].

Active protection against microbial coloniza-
tion of the surfaces of implanted hardware for 
osteosynthesis represent rather promising strat-
egy that will significantly reduce postoperative 
wound infection complications [4, 5]. Numerous 
types of coatings have been developed to provide 
local antimicrobial activity or to deliver antimi-
crobial agents to the surgical site. The main dis-
advantages of the majority of them are the non-
optimal kinetics of antibacterial release, which 
is often too rapid and does not provide surface 
protection throughout the implantation period, 
the possibility of induction of microbial resist-
ance to antibiotics, as well as high susceptibility 
to mechanical impact [6, 7].

Implant surfaces can be chemically modified 
or physically coated with various antibacterial 
substances, such as metal nanoparticles, poly-
mers, hydrogels and antibiotics [8, 9].

Basing on the results of physical-chemical 
and medical-biological studies, we developed 
and optimized the compositions of multicompo-
nent coatings with polymer matrixes consisting 
of polyurethane and biocompatible and biode-
gradable polylactide, and biocidal components 
including ciprofloxacin and silver nanoparticles. 
The coatings are applied to metal base (titani-
um, stainless steel) by electron-beam deposition 
from the active gas phase [10, 11].

Pronounced bactericidal effect of the synthe-
sized coatings was established and its universal 
character against the microorganisms of differ-
ent taxonomic groups, regardless of the concomi-
tant resistance to antibacterial drugs, was shown. 
The ability of complete prevention of microbial 
biofilm formation was revealed. Using HEp-2, 
HaCaT cell cultures and primary fibroblast cul-
ture, we concluded that the four-component 
polyurethane-polylactide-ciprofloxacin-silver 
chloride antibacterial coating was biocompatible 
and had no cytotoxicity. The study of local effect 
after implantation to nonlinear rats showed that 
titanium implants with composite antibacterial 
coating had better biocompatibility and better 

bio-integration into the surrounding connective 
tissue comparing to uncoated implants [12, 13].

The study of antibacterial activity and bio-
compatibility of implants with a four-component 
composite coating in case of contamination with 
clinically significant antibiotic-resistant micro-
organisms appears to be relevant nowadays.

Aim of the study is to experimentally evaluate 
early perifocal tissue reactions to metal implants 
with composite antibacterial coating under con-
ditions of microbial load.

Methods

Implants

We used fragments of wires for osteosynthesis 
of 1 mm in diameter and 20 mm in length made 
of corrosion-resistant austenitic steel (Scientific 
and Technological Park BNTU Polytechnik, 
Belarus, TU RB 14576608.002-2000). Four-
component composite antibacterial coating 
based on polyurethane, polylactide, ciprofoxacin 
and silver nanoparticles was applied using vac-
uum-plasma method from the active gas phase 
[10, 12]. Control implants had no coating on their 
surface.

Sterilization of the implants was performed us-
ing steam method at steam pressure of 0.11±0.02 
MPa at 121°C, exposure time was 45 min.

Microbial culture

A strain of methicillin-resistant S. aureus (MRSA) 
43431 from the collection of the Research 
Institute of Antimicrobial Chemotherapy of 
Smolensk State Medical University was used as a 
test culture. The strain was isolated from a pa-
tient with posttraumatic osteomyelitis and was 
characterized by a pronounced ability to form 
a microbial biofilm. It was resistant to oxacillin 
(minimum suppressive concentration 256 mg/L), 
gentamicin (64 mg/L), tetracycline (32 mg/L),  
rifampicin (256 mg/L), ciprofloxacin (256 mg/L), 
levofloxacin (32 mg/L).

Implant contamination

A suspension with an optical density of  
1 McFarland (2×108 cells/ml) was prepared from 
a daily culture of S. aureus 43431 in sterile iso-
tonic sodium chloride solution. The implants 
were dipped into the bacterial suspension using 
sterile forceps and then transferred into sterile 
1.5 ml Eppendorf tubes (a separate tube for each 
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implant). The tubes were kept open in a laminar 
flow box for 2 hours. The implants having been 
dried, the tubes were closed and stored at +8°C 
for no more than one day before implantation. 
Some samples from the experimental and con-
trol groups were inoculated on the surface of 
blood agar using D. Maki et al. semi-quantitative 
method to confirm the presence of viable micro-
bial cells on the implant surface and to determine 
their number [14]. We also resuspended microbial 
cells in 1 ml of sterile isotonic solution with sub-
sequent quantitative analysis. The experiment 
was performed in six repetitions.

general characteristics of animals

Thirty Wistar rats of both sexes aged 9-10 weeks 
and weighing 272.0±16.6 g were included in the 
experimental study. The animals were rand-
omized into groups using a random number gen-
erator. Surgery, subsequent implantation of the 
hardware, nursing and housing of the animals, 
withdrawing them from the experiment and sam-
pling the material were performed in a separate 
box, which met all the standards and regulations 
for working with pathogenic microorganisms.

Implantation

General inhalation anesthesia was performed with 
Sevoflurane (Farmland, Belarus). Animal was po-
sitioned on its back. Hind limbs were fixed in the 
abduction position. The skin of the femorogluteal 
area was cleaned twice with antiseptic Septocid 
R (BelAseptika, Belarus). The longitudinal 2 cm 
incision was made with a scalpel along the ante-
rior surface of the thigh. The skin, subcutaneous 
fat, fascia and muscles up to the thigh bone were 
dissected layer-by-layer. The edges of the wound 
were spread with retractors. One wire fragment 
was implanted longitudinally into the quadriceps 
muscle. After that the operative wound was su-
tured layer-by-layer with interrupted capron su-
tures without drainage. Henceforth, the rats were 
kept in individual cages to prevent them from 
gnawing through the ligatures and causing addi-
tional trauma to each other. The weight bearing 
on the limb was not artificially restricted after the 
implantation of the wires. There were no animal 
deaths during the whole observation period up to 
the withdrawal from the experiment.

Preparation of pathohistological samples

On the 2nd, 4th and 7th days each, 10 animals were 
withdrawn from the experiment in both control 
and study groups by decapitation under inhala-
tion anesthesia. The implants were removed, and 
the tissue fragments adjacent to the implantation 
site were fixed in a 10% solution of neutral buff-
ered formalin for 48 hours. Fixed muscles were cut 
transverse to the course of the wound canal into 
slices no more than 3 mm thick and placed in his-
tology cassettes. Biopsy samples were placed in a 
Thermo Microm STP-120 histological processor 
(Thermo Scientific, USA). Histological processing 
in increasing concentrations of isopropyl alcohol, 
isopropyl alcohol and vaseline oil, as well as tis-
sue infiltration with paraffin in vaseline oil and 
paraffin and in paraffin were performed. Tissue 
fragments were embedded in paraffin blocks, 
which were used to prepare 5-7 μm thick histo-
logical sections using a Thermo Fisher Scientific 
HM 450 sliding microtome (Thermo Scientific, 
USA). The obtained sections were transferred to 
glass slides, stained with hematoxylin and eosin 
according to the standard technique, and placed 
under coverslips.

Morphometric assessment

Evaluation of periimplant tissue reactions was 
performed using a semi-quantitative scale 
based on GOST R ISO 10993-6-2009 "Medical 
Devices. Biological evaluation of medical de-
vices". Part  6 "Tests for local effects after im-
plantation". Microscopy was performed using 
Nikon Eclipse 50i microscope (Nikon, Japan) at 
×400 magnification power in 10 non-overlap-
ping fields of vision.

statistical analysis

The Shapiro-Wilk test revealed that the distribu-
tion of variables differed from normal (p<0.05); 
therefore, the results were presented as median 
(25- and 75-percentiles). Group comparisons were 
performed using the Mann-Whitney test. Scores 
were compared using the Kruskal-Wallis test 
with the Dunn criterion. Differences were consid-
ered statistically significant at p<0.05. Statistical 
analysis was performed using GraphPad Prism  
v 9.01 software package (GraphPad Software, USA).
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results

Preliminary microbiological study confirmed the 
presence of viable bacterial cells on the surface of 
the contaminated control and experimental sam-
ples. The calculated microbial load was 106 mic-
robial cells of S. aureus 43431 per sample. When 
inoculating the contaminated control and ex-
perimental implants on blood agar using D. Maki 
semi-quantitative method, abundant microbial 
growth was observed. The actual microbial load 
determined by resuspending the microbial cells 
from the surface of the contaminated implants 
followed by the quantitative inoculation was 
(1.12±0.26)×106 cells for the control implants and 
(0.86±0.31)×106 cells for the experimental im-
plants with antibacterial coating.

Histological examination on the 2nd day re-
vealed vast areas of necrosis with dense neutro-
philic infiltrates in the places of direct contact 
with the implant surface at the site of implan-
tation of both control and experimental wires  
(Fig. 1).

Small groups of lymphocytes, plasmacytes and 
macrophages were located around the necrotic 
tissues. Single proliferating fibroblasts were ob-
served only in the group of animals with the con-
taminated implant. Comparison of the tissue re-
action parameters is presented in Table 1.

No statistically significant differences were 
observed when comparing the total scores  
(р = 0.786) (Fig. 2). The final value of the differ-
ence in total scores (mean value) of the samples 
on the 2nd day was 0.2. 

Table 1
tissue reaction parameters in response on contaminated implants wit and without 

antibacterial coating, scores

Parameter
2nd day 4nd day 7nd day

experiment control experiment control experiment control

Polymorphonuclear 
leukocytes

4.0(4.0;4.0) 4.0(4.0;4.0) 2.2(2.0;2.5) 2.7 (2.2;3.1) 0.1(0.0;0.5) 0,4 (0,3;0.5) 

p = 1.00 p = 0.106 р = 0.008

Lymphocytes 3.4 (3.2;3.6) 3.4 (3.2;3.6) 3.2(3.0;3.3) 3.6(3.6;3.9) 1.3(1.0;1.4) 1.0(1.0;1.3) 

p = 1.00 р = 0.0022 p = 0.372

Plasmacytes 2.0(2.0;2.0) 2.0(2.0;2.0) 1.0(0.8;1.3) 1.6(1.5;1.9) 0.8(0.8;0.8) 1.4(1.2;1.4) 

p = 1.00 р = 0.0043 р = 0.0022

Macrophages 1.8 (1.6;2.8) 1.9 (1.6;2.8) 1.3(1.0;1.8) 2.5(2.1;3.0) 0.5(0.4;0.7) 0.8(0.6;1.1) 

p = 1.00 р = 0.0022 p = 0.132

Giant cells - - 2.0(2.0;2.3) 2.7(2.2;2.8) 0.2(0.1;0.4) 1.0(1.0;1.0) 

- р = 0.047 р = 0.0022

Necrosis 4 (3.8;4.0) 3.9 (3.8;4.0) 0.4(0.4;0.9) 1.2(1.2;1.4) 0.0(0.0;0.2) 0.0(0.0;0.0) 

p = 1.00 р = 0.0022 p = 0.45

Neovascularization - - 0.4(0.4;0.5) 1.5(1.4;1.7) 1.4(1.2;1.7) 0.3(0.4;0.5) 

- р = 0.0020 р = 0.0020

Fibrosis 0.2 (0.0;0.4) 0.0 (0.0;0.0) 2.1(1.7;2.3) 2.8 (2.6;2.8) 1.0(1.1;1.3) 2.8 (2.8;3.0) 

p = 1.00 р = 0.0022 р = 0.0022

Bold type indicates statistically significant differences
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On the 4th day, the control group showed a thick 
line of immature connective tissue with sepa-
rate groups of proliferating newly-formed ves-
sels and mild necrotic changes in the areas of di-
rect contact with the implanted wire (Fig. 3 a). 
Polymorphocellular leukocytes were presented as 
small dense infiltrates. Lymphocytes infiltrated  
immature connective tissue forming diffuse abun-
dant clusters. Plasma cells, macrophages and 
multinucleated giant cells formed single marked 
infiltrates of newly-formed stroma, predominantly 
locating along the newly-formed connective tissue.

There was a moderately pronounced line of 
immature connective tissue in the experimen-
tal group with small (4 to 7 in the field of vision) 
groups of proliferating newly-formed capillaries 
and areas of minimal necrosis in the place of con-
tact with the implant. Polymorphocellular lym-
phocytes infiltrated the newly-formed stroma in 
small groups of cells from 5 to 12 in the field of 
vision. Lymphocytes were presented as a diffuse 
abundant infiltrate. Plasma cells, macrophages 

and multinucleated giant cells were represented 
by weakly pronounced focal infiltrates similar to 
those in the control group, predominantly lo-
cated along the newly-formed connective tissue 
(Fig. 3 b). The comparison of total scores revealed 
statistically significant differences (р = 0.0022) 
(Fig. 4). 

On the 7th day, the control group revealed an 
extensive weakly vascularized connective tis-
sue capsule around the implant with single ne-
crotized cells (Fig. 5 a). Single polymorphocel-
lular leukocytes and multinucleated giant cells, 
weakly expressed lymphoid, macrophage and 
plasmacyte infiltration were detected. 

On the 7th day, moderately pronounced well 
vascularized connective tissue capsule infil-
trated by single polymorphocellular leukocytes, 
lymphocytes, macrophages, plasmacytes and 
multinucleated giant cells was detected in the 
experimental group (Fig. 5 b). 

The comparison of total scores showed statis-
tically significant differences (p = 0.0022) (Fig. 6).

Fig. 2. Statistical characteristics of the scores  
in the groups on the 2nd day 
Note: The vertical bold dotted line the median line 
on the graph, the normal dotted line indicates the 
25th and 75th percentiles. The curves of the outer lines 
which form shapes at the graph, show the distribution 
of cases in the group

Fig. 1. Pathohistological picture at the site of implantation on the 2nd day:  
a — in the control group; b — in the experimental group. Stained with hematoxylin and eosin. Mag. ×200

а b

Сontrol group

Exp. group

Score
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Fig. 3. Pathohistological picture at the site  
of implantation on the 4th day:  
a — in the control group; b — in the experimental 
group. Stained with hematoxylin and eosin.  
Mag. ×200

а

b

Fig. 4. Statistical characteristics of the scores  
in the groups at the day 4 Note: See Figure 2

Fig. 5. Pathohistological picture at the site  
of implantation on the 7th day:  
a — in the control group; b — in the experimental 
group. Stained with hematoxylin and eosin.  
Mag. ×200

а

b

Fig. 6. Statistical characteristics of the scores  
in the groups at the day 7 Note: See Figure 2

Сontrol group

Exp. group

Score

Сontrol group

Exp. group

Score
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dIsCussIon

Postoperative wound healing is a dynamic pro-
cess affected by both exogenous and endogenous 
factors [15, 16]. Bacterial infections are a signifi-
cant cause of implant failure. The growth of mi-
crobial biofilms on the surface of steel or titanium 
implants can lead to the development of periim-
plantitis. Microbial contamination of the implant 
and the associated inflammatory response inter-
fere with the adhesion of osteoblasts. Bacterial 
infections of the periimplant area can cause os-
teomyelitis [17].

Perifocal reactions of soft tissues were studied 
under conditions as close to real ones as possi-
ble, when contamination with microorganisms 
occurs right at the moment of open fracture. The 
microbial load is usually low, but the presence of 
an implant in the wound contributes to the de-
velopment of infectious complications. Early in-
fection is most often localized in the soft tissues, 
and with its extended duration the bone is also 
involved.

Marked infiltration with polymorphocellular 
leukocytes, the presence of necrosis and a weak 
lymphomacrophagal reaction in both groups on 
the 2nd day were related to the activation of dam-
age-associated molecular patterns (DAMP) and 
pathogen-associated molecular patterns (PAMP) 
signaling pathways involved in nonspecific pat-
terns of innate immune response [18].

By the 4th day the statistically significant de-
crease of the number of immune cells and ne-
crotic detritus in the experimental group, as well 
as increased connective tissue overgrowth and 
neoangiogenesis could be related both to the 
direct antibacterial effect of ciprofloxacin and 
silver nanoparticles and to the anti-inflamma-
tory effect of ciprofloxacin revealed by F. Sasche  
et al. [19]. These effects of antibacterial coatings 
by the 7th day of implantation led to the devel-
opment of less pronounced, well vascularized fi-
brous capsule around the experimental implants 
with less noticeable infiltration by immune cells. 
The above-mentioned morphological changes 
around the experimental implant indicate more 
favorable soft tissue healing [20].

The antibacterial effect of silver-containing 
coatings against MRSA strains has already been 
demonstrated many times in vitro [21, 22]. It is 
known that, in addition to direct antimicrobial ef-
fect, silver nanoparticles can control the release of 

anti-inflammatory cytokines, thereby contribut-
ing to faster wound healing without scar forma-
tion [23]. By stimulating the differentiation of my-
ofibroblasts from normal fibroblasts, they allow to 
control the infection process and accelerate the 
healing process. Silver nanoparticles also enhance 
reepithelization of the epidermis by stimulating 
the proliferation and migration of keratinocytes, 
and in combination with tetracycline signifi-
cantly reduce the bacterial load in the superficial 
and deep tissue layers in the mouse model, which 
leads to accelerated wound healing [24, 25].

ConClusIon
The obtained results allowed us to establish 
subtle pathological morphological manifesta-
tions of tissue reactions in response to the use 
of experimental implants with a four-component 
composite antibacterial coating in case of bacte-
rial contamination of the surgical wound. On the 
7th day, the morphological signs of inflammation 
at the implantation sites of MRSA-contaminated 
experimental wires into the soft tissues of the 
laboratory animals were minimal, which can be 
attributed both to the direct antimicrobial effect 
of the coating components on the microorgan-
isms and to the anti-inflammatory activity of sil-
ver nanoparticles and ciprofloxacin in the early 
postoperative period.
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