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Abstract

Background. The problem of improving the functional characteristics of implanted devices and materials used
in traumatology and orthopedics is a topical issue.

Aim of the study — to study biocompatibility of bovine bone matrix xenomaterials modified by zoledronic acid
and strontium ranelate when implanted into the bone defect cavity.

Methods. The study was performed on 24 male rabbits of the Soviet Chinchilla breed. Test blocks of bone
matrix were implanted into the cavity of bone defects of the femur. Group 1 animals (n = 8, control group) were
implanted with bone xenogenic material (Bio-Ost osteoplastic matrix). Group 2 animals (n = 8) were implanted
with bone xenogenic material impregnated with zoledronic acid. Group 3 animals (n = 8) were implanted with
bone xenogeneic material impregnated with strontium ranelate. Supercritical fluid extraction technology
was used to purify the material and impregnate it with zoledronic acid and strontium ranelate. Radiological,
pathomorphological, histological and laboratory (hematology and blood biochemistry) diagnostic methods
were used to assess biocompatibility. Follow-up period was 182 days after implantation.

Results. 1t was found out that on the 182" day after implantation the median area of the newly-formed bone
tissue in the defect modeling area in Group 1 was 79%, in Group 2 — 0%, in Group 3 — 67%. In Group 2 the
maximum area by this period was filled with connective tissue — 77%. Median relative area of implanted
material fragments in Group 1 was 4%, in Group 2 — 23%, in Group 3 — 15%. No infection or material rejection
was observed in animals of all groups. There were no signs of intoxication or prolonged systemic inflammatory
reaction. Laboratory parameters did not change significantly over time. One animal in each group experienced
one-time increase in C-reactive protein level against the background of leukocytosis. Two animals in Group 1
had a slight migration of implanted material under the skin, one animal developed arthritis of the knee joint.
Conclusion. Osteoplastic materials based on bovine bone xenomatrix and filled with zoledronic acid and
strontium ranelate have acceptable values of biocompatibility including their safety profile.
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OueHka 6M0COBMECTMMOCTU HOBbIX KOCTHOMIACTUYECKUX
KCeHoOMaTepuanos, coaepXxalux 301eA4pOHOBYIO KUCNIOTY
U paHenat CrpoHuuA

M.B. Ctoros, O.B. liopsiruHa, T.A. CunantbeBa, 1.B. lllunuisina, E.A. Kupeena,
M.A. CTenaHOB

OI'BY «HayuoHanvbHblii MeQuyuHCKUli ucciedosamensCckuli yeHmp mpasmamonozuu u opmoneouu
um. axkad. I A. Mnuzaposa» Mun3adpasa Poccuu, 2. KypeaH, Poccus

Pedepar

AxkmyansHocme. YinydiieHne GyHKIMOHAIbHBIX XapaKTePUCTUK MMIUIAHTUPYEMBIX U3LENNI M MaTepuaioB,
MCIIO/Ib3YEeMBIX B TPABMATOJIOTUM U OPTOTIEANH, SIBJISIETCSI aKTyaJIbHOM ITPO6IeMOA.

Ilens uccnedosanuss — U3y4YUTh 6MMOCOBMECTUMOCTh MOAUMUIIMPOBAHHBIX 30JIEIPOHOBOI KMUCIOTOM U paHe-
JIaATOM CTPOHIIMSI KCEHOMAaTepuaaoB 13 KOCTHOT'O MaTpPMKCa KPYITHOTO POraToOro CKOTa IMpy UX MMIUIAHTALMM B
TTOJIOCTb KOCTHOTO AedeKTa.

Mamepuan u memoosl. VicciiemoBaHye BbITIOJHEHO Ha 24 KPOIMKax-caMIlaxX MOPOAbI COBETCKasI IMHIIMIIIA. B
TTOJIOCTD AedeKTOB 6eIpeHHOI KOCTY UMILIAHTMPOBAIN TECTUPYEMbIe GIOKM KOCTHOTO MaTpuKca. JKMBOTHBIM
rpymmnsl 1 (n = §, rpyma KOHTPOJIS) UMIIIaHTUPOBAJIM KOCTHBINM KCEHOTeHHbI MaTepuan «MaTpukce ocreoruia-
ctudeckuii “Bio-Ost”». JKMBOTHBIM TpyIIIibl 2 (1 = 8) UMILIAHTMPOBAIM KOCTHbI KCEHOT€HHbI MaTepual, MM-
IIPEerHUPOBAHHBIN 30/1€IPOHOBONM KUCIOTON. JKUBOTHBIM T'PYIIIbI 3 (1 = §) UMIJIAHTUPOBAJIN KOCTHBIN KCe-
HOT'eHHbIN MaTepuas, MMHpeFHI/IpOBaHHbI]Z paHe/saToOM CTPOHIIMA. I[IIH OUMCTKM MaTepuaia M MMIIperHauumn
B ero 06beM 30J1e;POHOBOM KMUCJIOTHI M CTPOHIMS paHeaTa MUCIIO0NIb30BaIM TEXHOIOTUIO CBEPXKPUTUIECKO
dmromaHON sKCTpakimn. s olleHKY 6MOCOBMECTMMOCTY MCIIO/b30BaIM PEHTTEHOJIOTUYECKIIA, TTaTOMOD-
(onormyeckuit, rTUCTOIOTUUECKMI 1 JIaBOPATOPHBIN (reMaToMOTUsSI U GMOXMMUS KPOBM) METOIbI MCCIen0Ba-
Hust. CpoK HabmomeHus cocTaBwt 182 mHS mocie MMITIaHTall UM,

Pesynvmamui. Ha 182-e cyT. mocjie MMINIAHTALMY IIJIOIIAb HOBOOOPAa30BaHHOM KOCTHOV TKAaHM B 061acTu
MomenupoBaHus gedeKTa Y JKMBOTHBIX TPYMITBI 1 IT0 MeauaHe coctaBuia 79%, B rpyrme 2 — 0%, B rpyIie 3
— 67%. B rpyr1ire 2 K JaHHOMY CPOKY MaKCMMaJIbHYIO IJIOLaAb 3aHMMaJa COeAMHUTEeNbHAsI TKaHb — 77%. OT-
HOCHUTEIbHAS TIoIAaab GparMeHTOB MMILIAaHTMPOBAHHOTO MaTepuasa y sKMBOTHBIX TPyMIIbl 1 cocTaBmia 4%
1o MefuaHe, B rpyrrne 2 — 23%, B rpymie 3 — 15%. Y 5KMBOTHBIX BCEX I'PYII MHGUIIMPOBAHUS U OTTOPKEHUS
MaTepuasia He oTMevanu. [Ipr3HaKOB MHTOKCUKALIUY, IJIUTEIbHOV CUCTEMHOM BOCIIAJIUTE/IbHOM peakuy He
Habmonanu. JlabopaTopHbie ITOKa3aTeIM B IMHAMUKE CYIIeCTBEHHO He M3MeHsUIUCh. Bo Bcex rpymmax y of-
HOTO 13 KMBOTHBIX OTMEYaIM Pa3oBblit PocT ypoBHS C-peakTUBHOTO 6eyika Ha (OoHe JieiiKouTo3a. B rpymie
1 y IBYX KMBOTHBIX HAO/I0a/Iach He3SHAUUTEIbHAS MUTPaIMsl UMIUIAHTUMPYEMOIO MaTepuaia Iom, KOXY, Y
OHOTO pa3BMJICS apTPUT KOJIEHHOTO CyCTaBa.

3axnatouenue. KocTHOIIaCTUYECKME MaTepuaibl HA OCHOBE KCEHOMAaTPUKCa U3 KOCTei KPYITHOT'O POraToro CKo-
Ta, HaChbIIleHHbIE 30/IeIpPOHOBO KUCIOTO 1 CTPOHIIMS paHeIaTOM, UMEIOT ITpreMJieMble 3HaUeHMs 6110COBMe-
CTMMOCTH, BKJIIOYAs TTOKa3aTeau 6e301acHOCTH.

KitoueBble c/I0Ba: KOCTHOIIIACTMYECKUI KCeHOMaTepyasl, 30/1epOHOBAsT KUCIO0Ta, paHenaT CTPOHLIMS, KOCT-
HBI1 AedeKT, 6M0COBMECTUMOCTb.
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BACKGROUND

Nowadays, the problem of improving biologi-
cal and functional characteristics of implanted
devices and materials used in traumatology and
orthopedics is rather relevant [1, 2, 3, 4]. The
main direction of studies on this topic is the use
of material/device not only as a matrix for bone
tissue formation, but also as a system of deliv-
ery of additional biologically active substances
to implantation area [5, 6, 7]. It is demonstrated
that the most acceptable carrier is the bone tis-
sue itself, both of allogenic and xenogenic nature
[8, 9, 10]. In this context, the main directions of
bone material modification are focused on en-
hancing osteoinductive and osteogenic effects.
Thus, the bone matrix is impregnated with: cells
[11, 12], including platelet-rich plasma [13];
growth factors and cytokines [14, 15, 16]; non-
collagen proteins [17]; messenger RNA (mRNA)
[18, 19]; drug substances, including antibacterial
drugs [20, 21, 22, 23]. To improve the biological
features of bone material, technologies of its
physical treatment are modified [24]. Recently, it
has become obligatory to preserve the mechani-
cal features of bioresorbable implants to provide
structural support to the bone until a complete
regenerate is formed. This can be achieved by im-
pregnating implants with substances that modu-
late resorptive effect, including zoledronates and
strontium ranelate [25, 26, 27]. In our opinion,
impregnation of these substances into xenogenic
bone has certain prospects as it is the most acces-
sible in terms of raw material and possibilities of
its modification [28, 29, 30].

Aim of the study — to study biocompatibility
of bovine bone matrix xenomaterials modified by
zoledronic acid and strontium ranelate when im-
planted into the bone defect cavity.

METHODS

Study design

The study was performed on 24 male rabbits of
the Soviet Chinchilla breed (PAO Sintez farm),
aged from 8 to 16 months with body weight from
3.0 to 4.5 kg. Bone tissue defects of 4x4x6 mm
were simulated in the animals. Xenomaterial
(XM) test blocks of the same size were implanted
into the cavities of the defects.

Group 1 animals (n = 8, control group)
were implanted with bone (unmodified) xeno-

genic material ("Bio-Ost" Osteoplastic Matrix,
(Roszdravnadzor 2015/3086) (raw material — bo-
vine cancellous bone). Group 2 animals (n = 8)
were implanted with bone xenogenic material
impregnated with zoledronic acid. Group 3 ani-
mals (n = 8) were implanted with bone xenogenic
material impregnated with strontium ranelate.
Bone blocks of 20x15x5 mm (Bio-Ost), polylactide
(Poly[D,L-lactide] IV dl/g, acid-terminated, molec-
ular mass 30 kDa), zoledronic acid monohydrate
(Sigma-Aldrich, USA) and strontium ranelate
(Sigma-Aldrich, USA) were used to obtain the
modified bone marrow (BM).

Impregnation procedure

Crushed polylactide weighing 1 g (for zoledro-
nate) and 0.5 g (for ranelate) were dissolved in
20 ml of ethyl alcohol and incubated for 3 hours
at 60°C. Next, 50 mg of zoledronic acid were
dissolved in 10 ml of 0.IN NaOH solution.
Strontium ranelate was dissolved in 10 ml
of distilled water. These solutions (zoledronic
acid and strontium ranelate) were mixed with
the polylactide solution. Then, the blocks
(10 pieces) were immersed in the obtained so-
lution. Next, the solution with immersed blocks
was placed in Waters supercritical fluid extrac-
tion reactor, carbon dioxide was injected and me-
dium parameters were adjusted to P = 250 atm,
T = 32°C [31]. After setting up the static mode
in the reactor, the blocks were incubated for
30 min, then the carbon dioxide supply was
turned off and the pressure was being reduced
during 30 min. Extracted blocks were lyophilized
and subjected to gas sterilization in ethanol ox-
ide medium, followed by vacuuming and aeration
for 2 days. Materials were obtained at the prem-
ises of 000 MedInzhBio (Penza, Russia).

Simulation of bone tissue defects of the
distal femoral metaphysis and proximal
tibial metaphysis

The surgery was performed under general an-
esthesia (premedication: dimedrol 1% solution
(0.02 mg/kg), atropine sulfate 0.1% solution
(0.02 mg/kg), meditin 1% (0.35 mg/kg); for an-
esthesia: sodium thiopental 5% (10 mg/kg).
Initially, surgical approach to the lateral surface
of the distal femoral metaphysis was carried out.
Then, the metaphyseal bone tissue was sampled
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with a dental bur, forming a part-through defect
4 mm wide, 4 mm long and 6 mm deep. After that
an implant was inserted into the defect cavity by
light hammering. Next the surgical wound was
sutured layer-by-layer with Vicril 4/0 suture ma-
terial (Ethicon, USA). Surgical approach to the
proximal metaphysis of the tibia was performed
on the medial surface of the lower leg. Defect for-
mation, implant installation and surgical wound
suturing were performed as described above.
To prevent septic postoperative complications,
a single injection of cephalosporin antibacte-
rial drugs (cefazolin 200 mg) and nonsteroidal
anti-inflammatory drugs (ketoprofen 0.05%
0.5 ml) was administered on the day of the sur-
gery. Surgical suture dressing was not performed.

Four implantations were performed in each
animal: distal femoral metaphysis and proximal
tibial metaphysis on both limbs.

To prevent complications of postoperative hy-
pothermia of anaesthetic sleep, after the surgery
the rabbits were heated under an infrared lamp
for 1-3 hours at 25-28°C on the body surface until
the they were completely awakened. The period
of planned euthanasia was day 84 and day 182
after implantation (when choosing the period
of observation of animals after implantation, we
were guided by GOST ISO 10993-6-2011. Medical
devices. Biological evaluation of medical devices.
Part 6. Tests for local effects after implantation).

Animal management

Animals were kept in individual 0.5 m? cages, one-
by-one with permanent access to food and water,
in the vivarium of the research center. Hay was
used as bedding. Feeding was carried out accord-
ing to standard nutrient-balanced diet including
mixed rabbit feed (PZK 90, Bogdanovichskii Feed
Mill), oat grain, fresh carrot and hay. Clean drink-
ing water was provided without restrictions.

Before enrolling in the experiment, the ani-
mals were quarantined for 15 days. While they
were in the quarantine unit, their general con-
dition was monitored daily by examining in the
cage. Animals with unsatisfactory general condi-
tion were excluded from the process of group for-
mation. Animals were randomized into groups.

Each animal in the group was identified by an
individual three-digit number. Marking method
was tattooing the individual three-digit number
on the inner surface of the auricle and putting a
tag with the same number on the cage.

In order to assess biocompatibility, including
the safety of the tested materials, methods of in-
travital observation, radiological, pathological,
histological and laboratory methods of examina-
tion were used.

Intravital observations

Deviations in the general condition of rabbits,
their behavior in the cage, and the presence of
lameness were monitored every day. Food and
water intake, coat color, and visible mucous
membranes were evaluated. When examining the
implantation area, attention was paid to the sur-
gical wound condition, appearance of oedema,
exudate effusion, painfulness.

X-ray examinations

X-ray examination was performed on the day of
the surgery, on the 14" 28™ 56t 84t 112t 140,
and 182" days of observation. X-rays of implanta-
tion zones were taken in the AP, axial and latero-
medial projections on TOSHIBA (Rotanode) Model
E7239. N: 10G749 X-ray machine (Japan). Current
strength — 2.5-3.2 mA, voltage — 43-44 kV, focal
distance 90 cm, automatic exposure.

Post-mortem studies

Planned euthanasia of animals was performed
under premedication (dimedrol 1% (0.02 mg/kg),
rometar 2% (5 mg/kg) by barbiturate overdos-
ing. At autopsy, examination of internal organs
and implantation sites was performed. Relative
weight of parenchymatous organs was deter-
mined. Macroscopic examination of implanta-
tion areas was carried out.

Histological studies

Tubular bone metaepiphyses, including the sur-
gical site, were fixed for 3 days in 10% forma-
lin for histology (Labiko, Russia) at pH 6.8-7.4.
After acid decalcification in solution contain-
ing 10% concentrated hydrochloric acid and 8%
concentrated formic acid, the bone blocks were
degreased in acetone and dehydrated in ethanol
with ascending concentration of 70% to 100%.
Decalcified samples were embedded in celloidin-
paraffin and sectioned on the HM-450 sledge
microtome (Thermo Fisher, United Kingdom).
Obtained sections up to 7 um thick were stained
with hematoxylin and eosin and Masson's tri-
chrome. Histological samples were scanned in
the Pannoramic Midi II microscope (3DHISTECH
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Ltd., Hungary) with 40x Corr/NA 0.95 plan-apo-
chromat objective. Morphological examination of
digital histological samples, histomorphometry
of cellular and tissue components was performed
using Pannoramic Viewer software (3DHISTECH
Ltd., Hungary).

Histomorphometric study was performed on
digital samples obtained using the hardware and
software complex for digital technologies men-
tioned above. Cellular composition and vascu-
larization of the bone organ in the implantation
area were evaluated on digital images of histo-
logical sections stained with hematoxylin and
eosin. The number of cells and vessels was count-
ed in the field of vision of 0.01 mm? with 100x
digital objective. Percentage of areas of newly-
formed cancellous bone substance, connective
tissue and osteoplastic material were determined
on digital images of Masson's trichrome stained
histological specimens using 20x digital objec-
tive. Lamellar and woven bone tissue as well as
xenogeneic bone matrix were identified on the
basis of fibroarchitectonic features, morphology
of bone cells (osteoblasts and osteocytes) and
signs of osteonecrosis. Percentage of trabecular
bone area was determined in the cancellous bone
substance of the implant bed. At least 30 fields
of vision were analyzed for each material at each
stage of experiment. Basing on obtained quanti-
tative data, the degree of irritating effect of bio-
degradable materials was determined according
to GOST ISO 10993-6-2011.

According to a four-point scale, the absence of
any type of cells in the field of vision was scored
as 0 points, the presence of 1-5 cells (1-2 for mul-
tinucleated phagocytes) as 1 point, 5-10 (3-5 for
multinucleated phagocytes) as 2 points, abun-
dant infiltrate as 3 points, dense arrangement
as 4 points. The sample was considered: non-
irritant (<0.0 to 2.9 points), mild irritant (3.0 to
8.9 points), moderate irritant (9.0 to 15.0 points),
severe irritant (>15).

Tissue reaction to implanted materials
was also assessed using a four-point scale.
Neovascularization degree was determined by
the number of capillaries in the field of vision:
1-3,4-7, wide and abundant band with fibroblast
structures. Intensity of fibrosis was assessed by
the width of connective tissue layer. Intensity
of fatty infiltration was determined in a similar
way, differentiating fat interlayers in connec-
tive tissue with red and yellow bone marrow.

Sum of all parameters in points was also used
to calculate the irritating effect of implantation
materials.

The final value was the total score of interim
assessment of cellular and tissue reactions to
intraosseous implantation of samples. Degree
of irritation was determined according to the
total score (irritating effect (IR) = cellular reac-
tion (CR) + tissue reaction (TR)) and the differ-
ence between the values of the control and ex-
perimental groups for the corresponding term of
experiment (RD Grl - RD GrN1,2,3). The negative
value corresponded to zero points. The sample
was considered: non-irritant (<0.0 to 2.9 points);
mild irritant (3.0 to 8.9 points); moderate irritant
(9.0 to 15.0 points); severe irritant (>15).

Laboratory tests

Laboratory tests (hematology and blood bio-
chemistry) were performed before the surgery,
on the 14%, 30™ 84" and 182" days after implan-
tation. Hematological blood test included deter-
mination of white blood cell count on ProCyte
Dx automated blood cell counter (IDEXX Lab,
USA). Biochemical blood test showed the con-
centrations of total protein, urea, C-reactive
protein (CRP), creatinine, glucose, total cal-
cium, and inorganic phosphate. Activity of al-
kaline (ALP) and tartrate-resistant (bone) acid
phosphatase (TRACP), aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT)
was determined. Enzyme activity and substrate
concentration in blood serum were determined
on Hitachi/BM 902 automated biochemical
analyzer (Japan) using reagent kits from Vital
Diagnostic (St. Petersburg, Russia) and Vector-
Best (Novosibirsk, Russia).

Statistical analysis

Results of quantitative signs are presented in
tables as median, 1-3 quartiles (Me; Q1-Q3).
Normality of samples was determined using
Shapiro-Wilk test. Statistical evaluation of sig-
nificance of differences between parameters
within the studied groups (before/after implanta-
tion) was performed using Wilcoxon W-criterion.
Mann-Whitney T-test was used to assess statis-
tical significance (of differences?) of values be-
tween the groups. The minimum level of signifi-
cance (p) was taken as 0.05. AtteStat 12.0.5 data
analysis program was used for calculations.
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RESULTS
Intravital observation

Postoperative period in animals of all experi-
mental groups was similar. General condition
of the animals after the surgery was satisfac-
tory. Animals had subfebrile body temperature
between 39.5-39.7°C from day 1 to day 3, ap-
petite was slightly reduced, water was accepted.
The mucous membranes of the conjunctivae and
oral cavity were pink. In the following days, body
temperature returned to mean values, appetite
restored. During the first 5-7 days, hyperemia
of the skin and slight swelling of subcutaneous
fatty tissue were noted in the area of implanta-
tion, pain on palpation was moderate. There were
no signs of soft tissue inflammation later on.
Surgical incisions healed by primary intention.
The animals used their limbs during the whole
experiment, motor and support functions were
fully preserved.

X-ray examinations

The implantation zones in animals of all groups
were well visualized on X-rays on the day of the
surgery (Fig. 1).

On day 84 of the experiment in Group 1,
the interface between the implanted material
and the host bone was diffuse in 50% of cases.
Xenomaterial was only visible in the proximal
metaphysis of the tibia. In Group 2, the implant

%

Fig. 1. X-rays of the implantation area on the day

of the surgery:

a — Group 1 (arrows indicate the implantation area);
b — Group 2; ¢ — Group 3

was well visualized in 90% of cases and the con-
tour of the host bone defect was well defined by
that date. In Group 3, the material was complete-
ly resorbed in 33% of cases and the borderline of
the host bone defect was not visible by that date.

At day 182 of the experiment, traces of im-
planted material were visible in Group 1. In
Group 2, the first X-ray signs of BM remodeling
appeared only by that time. We noted the reduc-
tion of implanted material volume, blurring of
the borderline of the bone defect. However, high
density of the implant was preserved. In Group 3,
the borderlines of the bone defect were not vis-
ible by that time (Fig. 2).

Thus, it can be noted that X-ray signs of mate-
rial replacement in Groups 1 and 3 were compa-
rable and appeared by day 182 after implantation.
There was no complete material replacement by
the last day of the follow-up in Group 2.

Results of post-mortem studies

All animals were subjected to elective euthanasia
(on the 84" and 182™ days after implantation).
There were no unplanned animal deaths. At the
time of euthanasia, no injuries of the skin and
internal organs were noted in the animals of all
groups during external examination. The relative
weight of the organs in the animals of Groups
2 and 3 did not differ statistically significantly
from the animals of Group 1.

Fig. 2. X-rays of the implantation area on the 182
day after implantation:
a — Group 1; b — Group 2; ¢ — Group 3
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In Group 1, the implantation site was poorly
visible at day 182 of the experiment. The border
with the host bone was smoothed. Implant sur-
face was covered with transparent, shining thick
tissue, through which an irregular (cancellous)
implant structure was visible. There were no fis-
tulas in the implant-bone contact zone.

In Group 2 at day 182, the border with the host
bone was clearly visible in the majority of animals
(80%), the implant surface was slightly tuberous.
The implant was tightly bound to the host bone
along the entire perimeter. Focal space-occupy-
ing chondral beddings were observed on the lat-
eral surface of the femoral metaphysis.

In Group 3 at day 182, all animals had a tight
junction of the host bone and the implant, its bor-
der was defined, the implant surface was rough,
partially covered by cartilage tissue. The lateral
surface of the femoral metaphysis was covered
with diffused thin chondral beddings.

In all groups of animals, the implantation site
in the tibial metaphysis was covered by a thick
white layer of superficial fascia. There were no
fistulas or instability in the area of contact with
the host bone.

Histological studies

Eighty-four days after implantation in animals of
Group 1, active osteogenesis in the area of defect
simulation was observed both in the spaces be-
tween the BM trabeculae and on the border with
the cancellous bone substance of maternal bed
(Fig. 3).

Xenogenic implantation material showed os-
teoconductive properties, being a basis for os-
teogenic cells adhesion and formation of bone
matrix. In some fields of vision 1-2 attached or
detached osteoclasts were detected on the sur-
face of bone structures. Both newly-formed
bone matrix and BM trabeculae were resorbed.
The areas between xenomatrix fragments and
bone trabeculae were filled with well vascular-
ized loose areolar connective tissue. Its cellu-
lar composition included fibroblast-like cells,
monocytes, macrophages. Elements of cellular
inflammation were represented by eosinophilic
granulocytes. Lymphocytes were found in single
fields of vision. Plasma cells, neutrophil granu-
locytes, and necrotized cells were almost absent.
Cancellous bone substance of the implant bed
was represented by a sparse net of lamellar bone
trabeculae with fatty bone marrow in the inter-

trabecular spaces. The surface of trabeculae was
covered by resting cells; there was no resorption
by osteoclasts.

In Group 2, the fibrous layer separated the
implant from the border of the bone defect.
Trabeculae of the BM were found surrounded
by vast areas of poorly vascularized loose are-
olar connective tissue. Its cellular composi-
tion included fibroblast-like cells, monocytes,
a large number of eosinophilic granulocytes.
Lymphocytes, plasma cells, neutrophil granu-
locytes, and necrotized cellular elements were
singular. Osteogenesis was observed only ap-
positively on the surface of the host bone bed
trabeculae. Resorption of osteoplastic material,
as well as cancellous bone substance trabeculae,
was not registered.

In Group 3, active osteogenesis was noted
along the periphery of the bone defect and in the
cancellous bone substance of the graft bed. Red
bone marrow with inclusion of adipocytes was
found in the intertrabecular spaces of the new-
ly-formed bone substance. BM trabeculae were
surrounded by interlayers of vascularized loose
areolar connective tissue with high cell density.
Fibroblast-like cells and elements of monocyte-
macrophage lineage prevailed in connective tis-
sue composition. Lymphocytes, plasma cells,
polymorphonuclear leukocytes including eosino-
phils, necrotized cellular elements were present
in insignificant amount. In the central part of
the implant separate newly-formed woven bone
trabeculae, partially contacting with the implant
trabecular net were found. Implant material was
resorbed by osteoclasts. Up to 3-5 attached, but
more often detached multinucleated phagocytes
were observed in some fields of vision.

One hundred eighty-two days after implan-
tation, Group 1 showed organotypic restora-
tion of cancellous bone substance in the defect
simulation area with preservation of microfoci
of fibrosis and neoosteogenesis. Increased con-
centration of eosinophils was noted in the foci of
fibrosis. Implantation material biodegraded, be-
ing replaced by cancellous bone substance with
a sparse net of lamellar bone trabeculae and red
or yellow bone marrow in the intertrabecular
spaces. The newly-formed bone trabeculae in-
cluded BM microfragments. Implantation area
was surrounded by yellow bone marrow with rare
hypoplastic bone trabeculae without signs of
remodeling.
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Fig. 3. Histostructure of the xenomaterial implantation area on the border with the bone bed.

Day 84 (left column) and day 182 (right column) after implantation. Group 1 — xenomaterial is partially
resorbed and surrounded by a narrow band of fibrous tissue (a) and cancellous bone substance (b).
Group 2 — xenomaterial is encapsulated by fibrous tissue, signs of bone formation and resorption are not
pronounced (c, d). Group 3 — xenomaterial trabeculae are surrounded by wide fibrous tissue bands, weak
resorptive activity prevails on the 84" day (e), osteoconduction, neoosteogenesis — on the 182" day (f).
Paraffin sections. Masson’s trichrome stain. Mag. x20. Scale bar = 50 ym

In Group 2, the implantation area was filled
with poorly vascularized fibrous tissue, com-
pletely surrounding the BM structural elements,
with no signs of osteogenic activity. There was no
resorption of BM by multinucleated phagocytes.
Intensive eosinophilic infiltration of the defect
area was still present. Trabecular net of the bone
bed was compacted on the border with the im-
plantation site. There was yellow bone marrow
with numerous foci of hematopoiesis in the in-
tertrabecular spaces. No osteoclast-osteoblas-
tic remodeling of lamellar bone trabeculae was
noted.

In Group 3, the area of bone defect simula-
tion was filled with cancellous bone substance
and tracts of well vascularized connective tis-
sue encapsulating BM fragments. Fibroblast-like
cells, monocytes, macrophages dominated in the

cellular composition of connective tissue. Cells
of leukocytic and lymphoid lineage, necrotized
cells were almost absent. Tight junctions of BM
fragments and individual bone trabeculae were
observed without integration of implantation
material into the bone matrix. Numerous resorp-
tion lacunae were preserved on the surface of BM
fragments, but attached osteoclasts were rare.
Massive newly-formed bone trabeculae at the
border with the cancellous substance of the bone
bed were lined by active osteoblasts. Few resorp-
tion lacunae and attached osteoclasts were found
on their surface.

The described phenomena were statistically
confirmed by the results of the histomorphomet-
ric study (Table 1). There was a significant pre-
dominance of osteoblasts/osteocytes and capil-
laries in the implantation area in the animals of
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Group 1 on day 84 and Group 3 on day 182 of the
experiment. Osteoclasts prevailed in Group 3 on
day 84 of the experiment. Fibroblasts/fibrocytes
and monocytes/macrophages were present in a
significant amount in the implantation area in
Group 3 animals. Elements of cellular inflam-
mation were represented exclusively by eosino-
philic granulocytes and were consistently pre-
sent in the tissues of the implantation area of
Group 2 animals. In Group 3, tissue eosinophilia
was completely suppressed.

Analysis of the quantitative ratio of the area of
tissue components and BM structural elements
in the implantation area also revealed statisti-
cally significant differences between the groups
(Table 2). The area of newly-formed bone tissue
in the defect simulation area in the animals of
Group 1 and Group 3 significantly increased by
day 182 after implantation (up to 70%), whereas
in Group 2 the maximum area by this time was
occupied by connective tissue (significantly ex-
ceeding that of Groups 1 and 3). Relative area of
BM fragments on histological samples at day 182
after implantation was maximal in the animals of
Group 2 and minimal in the animals of Group 1.

Density assessment of the cancellous bone
substance of the implant bed by calculating the
total share of trabecular bone tissue showed that
the impregnation of both zoledronic acid and
strontium ranelate increased the value of this
parameter many times. Appearance of this effect
was statistically significant both on day 84 and
day 182 of the experiment and more pronounced
in the group where zoledronic acid was used
(Table 3).

Cell reaction index in Group 2 on day 182 af-
ter implantation was significantly higher than in
Groups 1 and 3 (Table 4). Tissue reaction index was
the highest in Group 2 throughout the experiment.
Analysis of the total score of irritant effect of stud-
ied materials showed that on the 84" day after im-
plantation BM exhibited the properties of a mod-
erate irritant, but its effect weakened by the 182
day of the experiment for all groups. At the same
time, impregnation with zoledronic acid signifi-
cantly increased the irritant effect of BM through-
out the experiment. In contrast, the combination
with strontium ranelate significantly reduced the
irritant effect of BM, putting it in the category of
light irritants by day 182 of the experiment.

Table 1

Number of cells and vessels in the implantation area (field of vision area 0.01 mm?),
Me (Q1-Q3)

84t day after implantation 182" day after implantation
Assessment parameter

Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
Osteoblasts/osteocytes 6 (4-8) 0 (0-0) 0 (0-1) 1(0-1)* 0 (0-0) 2 (1-3)*
Fibroblasts/fibrocytes 23 (19-31) 23 (19-26) 41 (34-52) | 15(14-16)* | 20 (18-22)* | 29 (27-31)*
Osteoclasts 0(0-1) 0 (0-0) 1(0-1) 0 (0-0)* 0 (0-0) 0 (0-0)*
Monocytes/macrophages 12 (9-14) 8 (7-9) 21 (17-24) 5(4-6)* 5(#4-6)* 13 (12-14)*
Eosinophils 7 (6-10) 11 (9-12) 0 (0-0) 7(5-9) 11 (9-13) 0 (0-0)
Capillaries 2 (2,0-2,5) 1(0-1) 1(1-2) 2 (1-2)* 2 (1-2) 5 (4-6)*

* — statistically significant differences in comparison with the day 84 at p<0.05.
Statistically significant differences in comparison with Group 1 are shown in bold at p<0.05.
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Laboratory tests

Statistically significant increase of leukocyte
counts relative to preoperative values was ob-
served on the 14" day of the experiment in the
animals of Group 3 (Table 5).

Decrease of erythrocyte counts relative to pre-
operative values on day 14 of the experiment was
observed in animals of all groups. Group 2 animals
showed a significant increase in CRP level by day
30 of the experiment. There was a significant de-
crease in the activity of ALP at certain periods of
experiment in the animals of Group 2 relative to
preoperative values and values of Group 1. Activity
of TRACP at certain times of experiment was low-
er than in the control group of rabbits of Group 2.
Statistically significant changes in concentrations
of total calcium, inorganic phosphate, total pro-
tein, creatinine and urea, as well as transaminase
activity in blood serum of animals of all groups
were not observed during the experiment.

Thus, there were no significant shifts in the
laboratory blood tests values of rabbits during
the study, the nature of which would indicate a
long-term adverse effect of the drugs used to sat-
urate the bone blocks.

Summary data on adverse events ob-
served during the experiment are presented in
Table 6. There was a minor migration of one
sample of implanted material under the skin in
the area of implantation in the femoral meta-
physis in two animals of Group 1. Migration oc-
curred because prepared implant was smaller
than the formed defect, which did not allow
the implant to be firmly fixed in the bone. One
rabbit developed knee arthritis. One animal in
each group showed an increase in CRP levels
accompanied by leukocytosis on the 14%"-30t%
days after implantation.

Table 2

Percentage of area of tissue components and xenomaterial in the defect simulation area,
Me (Q1-Q3), %

84" day after implantation 182 day after implantation
Component
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3

Cancellous bone tissue 14 (14-14) 0 (0-0) 27 (25-31) | 79 (56-73)* 0 (0-0) 67 (57-65)*
Connective tissue 73(72-74) | 73(71-75) | 53 (48-63) | 17 (15-19)* | 77 (75-78)* | 23 (19-28)*
BM 13 (12-14) | 27 (24-29) 15 (12-20) 4 (2-5)* 23 (22-25)* | 15 (12-17)

* — statistically significant differences in comparison with the day 84 at p<0.05.

Statistically significant differences in comparison with Group 1 are shown in bold at p<0.05..

Table 3

Percentage of trabecular bone area in the cancellous bone tissue of the implant bed,
Me (Q1-Q3), %

84" day after implantation

182 day after implantation

Group 1

Group 2

Group 3

Group 1

Group 2

Group 3

5(3-14)

36 (38-44)

17 (8-25)

3 (0-14)

26 (14-33)*

15 (7-28)

* — statistically significant differences in comparison with the day 84 at p<0.05.
Statistically significant differences in comparison with Group 1 are shown in bold at p<0.05.
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Table 4

Assessment of irritating effect of implant material, Me (Q1-Q3),
points according to GOST ISO 10993-6-2011

Parameter 84t day after implantation 84t day after implantation
Group 1 Group 2 Group 3 | Group 1 ‘ Group 2 ‘ Group 3
Cellular response

Eosinophils 2(2-2) 3 (2-3) 0(0-0) | 2(2-2) 3(2-3) 0 (0-0)

Lymphocytes 1(0-1) 1(0-1) 1(0-1) | 1(0-1) 1(0-1) 1(0-1)

Other leukocytes (polymorphonuclear

granulocytes, plasma cells) 0(0-1) 0(0-1) 0(0-1) 0(0-1) 0(0-1) 0(0-1)

Monocytes/macrophages 3(2-3) 2 (2-2) 3(2-3) 1(1-2) 2(2-2) 3(2-3)

Multinucleated phagocytes 0(0-1) 0(0-0) 0(0-1) 0 (0-0) 0 (0-0) 0(1-0)

Necrosis 0(0-0) 0 (0-0) 0(0-0) 0 (0-0) 0 (0-0) 0 (0-0)

Tissue response

Neovascularization 1(1-1) 1(0-1) 1(1-1) 1(1-1) 1(1-1) 1(1-1)

Fibrosis 2 (2-2) 4 (4-4) 1(1-1) | 1(0-1) 3 (3-3) 0(1-0)

Fatty infiltrate 0(1-0) 0 (0-0) 0 (1-0) 0(1-0) 0 (0-0) 0 (1-0)

Indicators of irritant action (IA)

Cell reaction (x2) 12 (12-14) | 12(10-12) | 8(6-8) | 8(8-8)* |12 (10-12) | 8 (6-8)*

Tissue reaction 3(2-3) 5(5-5) 2(2-3) | 2(1-2)* 4 (4-4) 1(1-1)*

Irritant action (cell reaction + tissue

reaction) 15 (15-17) | 17 (15-17) |10 (9-10) | 10 (9-10)*| 16 (14-16) | 9 (7-9)*

1A Gr1-IA Gr1,2,3 0 2 -5 0 6 -1

* — statistically significant differences in comparison with the day 84 at p<0.05.
Statistically significant differences in comparison with Group 1 are shown in bold at p<0.05.

DISCUSSION

During our studies on assessment of biocompat-
ibility of osteoplastic BMs containing pharmaco-
logical substances in their composition, includ-
ing radiological, pathological, histological, and
laboratory studies it was found that the biocom-
patibility of all tested materials can be evalu-
ated as acceptable: no immunological rejection
of xenogenic material involving lymphocytes as
well as cytotoxic effects were observed. At the
same time, materials containing zoledronic acid
and strontium ranelate showed better fixation
in the defect, and no implant migration was re-
corded, in contrast to the control group. Similar
peculiarity was noted earlier for allomaterials
containing zoledronic acid [32].

Tissue and cellular composition of the area of
implantation of xenogeneic bone matrix impreg-
nated with antiresorptive agents was different
and differed significantly from the control group.
Bone tissue implant was not completely immu-
nologically neutral, producing local moderately
irritating effect expressed by weak eosinophilia
and monocytic-macrophage infiltration of con-
nective tissue in intertrabecular spaces of osteo-
plastic material. This reaction is due to the typical
immunological response to xenotransplantation
and is the key to both the development of non-
responsiveness and successful survival of foreign
material [33].
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Table 5
Post-implantation laboratory parameters of rabbits.
Me (Q1-Q3)
Parameter Group Before surgery 14t day 30" day 84 day 182" day
1 7.7 (7.1-8.0) 7.8 (7.4-1.9) 7.4 (6.8-17.8) 7.6 (6.9-9.3) 7.1 (6.6-7.4)
%ﬁgﬁoqﬂe& 2 7.6 (7.2-9.3) 8.2 (7.9-8.3) 7.0 (6.6-7.4) | 8.2(8.1-9.5) 7.0 (5.8-8.1)
3 7.6 (6.6-8.4) 10.6%(9.9-12.9) | 8.9 (8.2-11.6) | 8.8(8.0-10.4) 7.0 (6.9-8.0)
1 6.4 (6.1-6.9) 5.7% (5.3-6.0) 6.6 (6.1-6.7) | 6.6 (6.3-7.0) 6.8 (6.4-6.9)
fg@?“mwf& 2 6.4 (5.6-6.8) 5.65(4.7-6.0) | 6.0(5.9-63) | 6.5(5.4-6.9) | 6.4(6.1-T.1)
3 6.1 (4.8-6.9) 5.4* (5.9-6.3) 6.9 (6.1-7.0) 6.3 (6.0-6.9) 6.7 (6.3-7.0)
1 379 (303-465) 509 (476-542) | 446 (425-497) | 438 (392-461) | 387(370-448)
}Eﬁ;ﬁnboeytes' 2 397 (326-466) | 464 (388-490) | 464 (388-490) | 308 (290-410) | 369 (346-471)
3 343 (330-393) | 410(389-435) | 464 (408-490) | 390 (360-470) | 359 (316-400)
1 0.0 (0.0-0.9) 0.0 (0.0-2.4) 0.4 (0.0-2.5) | 0.0(0.0-1.9) 0.0 (0.0-1.0)
CRP. mg/l 2 0.0 (0.0-0.2) 0.9 (0.0-5.8) 3.6 (2.1-4.6)* | 0.0 (0.0-0.2) 0.0 (0.0-0.0)
3 0.0 (0.0-0.8) 0.0 (0.0-0.3) 0.0 (0.0-0.8) | 0.0(0.0-1.0) 0.0 (0.0-0.0)
1 55 (43-67) 55 (50-57) 40 (37-49) 41 (33-48) 53 (50-57)
ALP. u/l 2 57 (49-68) 36 (22-48)* 24 (20-34)* 31 (23-39)* 65 (55-71)
3 62 (50-68) 67 (55-75) 57 (41-68) 50 (39-58) 59 (53-62)
1 26 (23-27) 23 (22-25) 23 (21-25) 20 (17-25) 18 (16-19)*
TRACP. u/l 2 26 (22-28) 14 (11-18)* 12 (9-14)* 13 (11-19)* 14 (11-17)*
3 27 (24-30) 27 (24-29) 27 (22-29) 25.8%3.6 21 (20-21)*
* — statistically significant differences in comparison with the day 84 at p<0.05.
Statistically significant differences in comparison with Group 1 are shown in bold at p<0.05.
Table 6

Adverse events observed in experimental groups, number of observations

Adverse event

Group 1 (n=38)

Group 2 (n=38)

Group 3 (n=38)

Implant migration under the skin

Knee arthritis

Increased CRP and leukocytosis

Total

2/32*

4 (50%)

1 (13%)

0
0
1

0
0
1

1 (13%)

* — calculated relative to the number of implantations.
In parentheses is the percentage of total number of animals or of number of implantations.

Impregnation with zoledronic acid had a pro-
longed antiresorptive effect both on the xeno-
geneic bone matrix itself and on the cancellous
bone tissue of the graft bed, which resulted in an
increase in their trabecular density comparing
to the control group. The same effect was found

earlier when impregnating bone allografts and
titanium implants with zoledronic acid. At the
same time, ability of zoledronic acid to affect the
osteogenic potential in the implant area appears
to be dose-dependent and is currently up for dis-
cussion [34, 35].

68 2023;29(2)

TRAUMATOLOGY AND ORTHOPEDICS OF RUSSIA



THEORETICAL AND EXPERIMENTAL STUDIES

Zoledronic acid also increased local irritant ef-
fect of xenogenic matrix, expressed in increased
eosinophilia and fibrosis of transplantation area.
According to the data obtained earlier, this effect
could be due to the M1 phenotype acquired by
macrophages under the influence of zoledronic
acid [36], which led to imbalance of macrophage
polarization between proinflammatory (M1) and
anti-inflammatory (M2) phenotypes, and as a
result — to activation of eosinophil regulatory
function and local fibrosis.

It is known that the distinctive feature of
strontium ranelate in case of systemic and local
application is not only inhibition of bone resorp-
tion but also stimulation of osteogenesis [37].
Therefore, impregnation of xenogenic bone ma-
trix with strontium ranelate expectedly increased
the share of newly-formed bone tissue in the area
of transplantation and the density of trabecular
net of the bone bed. Decrease in values of irritant
effect index of implanted material in this group of
experiments can be related to previously studied
influence of strontium ranelate on macrophages’
polarization in the direction of anti-inflamma-
tory M2 phenotype. However, presence of stron-
tium ranelate in the area of transplantation also
led to imbalance of M1 and M2 macrophage phe-
notypes, which could induce moderate fibrosis in
the area of implantation [38].

Due to the reasons mentioned above, the re-
covery of organotypic structure of the bone de-
fect with degradation and remodeling of the
implanted material with complete defect re-
placement occurred in different groups with dif-
ferent rate. Both zoledronic acid and strontium
ranelate showed the ability to increase the den-
sity of the cancellous bone substance of maternal
graft bed, more pronounced when using zole-
dronic acid. However, bone matrix impregnated
with strontium ranelate at the end of experiment
showed no statistically significant change in re-
sorption rate in relation to the control material
(pure matrix), and the material with zoledronic
acid demonstrated delayed graft resorption and
its replacement with bone tissue.

The latter observation should be evaluated in
the context of described experience in the clini-
cal application of osteoplastic materials. Thus,
in the publication of Y. Fillingham, J. Jacobs it is
pointed out that the direct contact of the graft

with the host bone as well as the presence of me-
chanical load on it are necessary conditions for
successful bone graft functioning [39]. Therefore,
the requirement for the bone implant to preserve
the biomechanical properties in order to support
the bone structure is an important feature, but is
the opposite of the requirement for its bioresorb-
ability rate. In this regard, some studies show, for
example, that failures in clinical practice when
using allomaterials are caused by rapid and com-
plete material degradation [40]. In this regard,
there is a whole range of studies in which zole-
dronates are used as modifiers preventing exces-
sive resorption of osteoplastic material contain-
ing promoters of osteogenesis (growth factors, as
arule) [41, 42].

In general, experimental studies show that the
anti-osteoresorptive features of zoledronates can
be used to improve the osseointegration of implant-
ed devices and materials (both metal and natural)
[43,44]. Areas of clinical application of osteoplastic
materials containing zoledronate are indicated in
the early study of M. Sgrensen et al. who noted that
such material could be useful in providing early sta-
bility of prostheses in case of revision arthroplasty
without any adverse effect on bone formation [34].
Moreover, increased resistance of osteoplastic ma-
terials to resorption can be applied to replace large
defects when preservation of biomechanical char-
acteristics of implanted graft matrix is required for
a longer period of time [45].

Additional point when analyzing the resorp-
tion time of materials can be the fact that, as
the experience of clinical use of allomaterials
shows, the allografts can persist and not be
completely resorbed many years after implan-
tation [46].

According to our data, safety and acceptability
of studied materials can also be assessed as ac-
ceptable. In particular, it was observed that im-
plantation of all the materials did not cause any
signs of rejection, intoxication (both local and
systemic), or long-term systemic inflammatory
reactions in the animals during the entire follow-
up period, although single irritating local effect
was observed up to 182 days after implantation
of material impregnated with zoledronic acid.
There were also no material infections or other
serious adverse reactions to the tested materials.
This observation is a positive point, because in
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other studies the applicability of BM is limited by
the increased immune response to its implanta-
tion [47].

All in all, our study and available literature
show that there are prospects for the use of
zoledronate-modified xenogenic osteoplastic
material. Such enhancement of properties of os-
teoplastic materials can be quite legitimate, as
it increases the opportunities for a surgeon to
choose the material [48].

Impregnation of strontium ranelate into the
material did not cause significant differences
comparing to the control group, that can be at-
tributed to its low bioavailability from xeno-
matrix. In this regard, we might have found the
effects of using strontium ranelate in case of
a longer follow-up period after implantation.
However, available literature data demonstrate
that acceptable bioavailability of strontium rane-
late is achieved when it is implanted into the ma-
trix of artificial materials [25, 49].

In general, strontium ranelate- and zoledronic
acid-impregnated BM can be recommended for
restoration of bone defects located outside the
joint cavity. Due to their longer period of remod-
eling, they can also be used to restore bone de-
fects in segments with high bearing load.

Limitations

The limitation of this study is the sample size of
experimental animals, but obtained results can
be used to develop indications for the use of os-
teoplastic materials impregnated with studied
substances.

CONCLUSION

Osteoplastic materials based on xenomatrix from
bovine bones saturated with zoledronic acid and
strontium ranelate have acceptable biocompat-
ibility values, including safety profile. Taking
into account the discovered biological properties
of developed materials, their further application
in cases of restoration of large bone defects and
revision arthroplasty seems possible.
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