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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
and 1.5 spacing between the lines, typeface - Times New Roman (Cyrillic), print size - 12 (referring to
Georgian and Russian materials). With computer-printed texts please enclose a CD carrying the same file titled
with Latin symbols.

2. Size of the article, including index and resume in English, Russian and Georgian languages must
be at least 10 pages and not exceed the limit of 20 pages of typed or computer-printed text.

3. Submitted material must include a coverage of a topical subject, research methods, results,
and review.

Authors of the scientific-research works must indicate the number of experimental biological spe-
cies drawn in, list the employed methods of anesthetization and soporific means used during acute tests.

4. Articles must have a short (half page) abstract in English, Russian and Georgian (including the
following sections: aim of study, material and methods, results and conclusions) and a list of key words.

5. Tables must be presented in an original typed or computer-printed form, instead of a photocopied
version. Numbers, totals, percentile data on the tables must coincide with those in the texts of the
articles. Tables and graphs must be headed.

6. Photographs are required to be contrasted and must be submitted with doubles. Please number
each photograph with a pencil on its back, indicate author’s name, title of the article (short version), and
mark out its top and bottom parts. Drawings must be accurate, drafts and diagrams drawn in Indian ink
(or black ink). Photocopies of the X-ray photographs must be presented in a positive image in tiff format.

Accurately numbered subtitles for each illustration must be listed on a separate sheet of paper. In
the subtitles for the microphotographs please indicate the ocular and objective lens magnification power,
method of coloring or impregnation of the microscopic sections (preparations).

7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Introduction: The present study aimed to conduct a
comparative histomorphological evaluation of bone regeneration
after implanting a biocomposite with nanofibrillated cellulose,
xenograft, and butvar-phenolic glue into a rat femoral bone
defect. The analysis focused on the influence of the packing
method (mixed or multilayer) on bone tissue formation,
remodeling, biodegradation, and graft migration.

Study Design: The experiment included 99 rats with a
standardized femoral bone defect. The animals were divided
into three groups: (1) negative control (defect without filling);
(2) multilayer composite (layered packing of composite
components); (3) mixed composite (implantation of a pre-mixed
mass). Histological and histomorphometric evaluations were
performed on days 30, 60, and 90 post-surgery. Additionally,
an infected bone tissue wound was modeled; analogous groups,
comprising 11 rats each, underwent histological evaluation on
day 30.

Results: Both composite packing methods (multilayer and
mixed composite) facilitated accelerated cortical plate defect
closure compared to the negative control on days 30 and 60
(p<0.01). In the mixed composite group, composite remodeling
was more uniform and involved both peripheral and central
zones of the composite. Material migration in this group was
significantly less frequent than in the multilayer composite
group (p<0.05). However, the mixed composite group more
frequently exhibited fibroblastic barrier formation in the defect
zone than the multilayer composite group (p<0.05). Layered
packing was associated with greater composite biodegradation
and reduced composite positional stability (including intra-
and extraosseous migration). Under conditions of bacterial
contamination, composite implantation was accompanied by a
reduction in inflammatory response intensity and a decrease in
necrosis area compared to the infected control group without
filling.

Conclusion:

This study demonstrated that mixed composites, including
synthetic and Dbiological components (nanofibrillated
cellulose, xenograft, and butvar-phenolic adhesive), possess

high osteoconductive and osteoinductive potential for bone
tissue defect restoration. The obtained results indicate the
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material's biocompatibility and a low incidence of both
early and late complications, including graft migration and
degradation. Furthermore, under conditions of bacterial wound
contamination, the composites exhibited pronounced barrier
and antimicrobial properties, preventing bacterial colonization
and the development of purulent-necrotic inflammation.

Key words. Bone defect, bone regeneration, composite,
xenograft, butvar-phenolic adhesive, nanocellulose.

Introduction.

The restoration of anatomically normal bone tissue, while
preserving its static strength and dynamic adaptability, remains
a pressing task in modern orthopedics and traumatology.
Regeneration of long bones is particularly challenging due to
their pronounced anatomical heterogeneity, which includes
dense compact and spongy bone, as well as the bone marrow
containing hematopoietic and adipose tissue [1-3]. Successful
osteoregeneration requires not only filling the bone defect but
also restoring the bone's histotexture, ensuring the preservation
of its mechanical properties, biological function, and ability to
remodel, thereby reducing the risk of late complications.

Despite the inherent self-regenerative capacity of bone tissue,
extensive injuries often necessitate the use of bone grafts or
artificial substitutes [4,5]. In clinical practice, the autograft
remains the "gold standard," possessing osteoconductive and
osteoinductive properties and not eliciting a rejection reaction.
However, its application is limited by a deficit of donor
material, the need for additional surgical trauma, and the risk
of complications at the donor site [6]. Therefore, there is a
growing interest in the development of composite materials that
combine organic matrices and inorganic components to achieve
a synergistic effect from the combination of their biological and
mechanical properties [7-9].

A fundamental challenge remains in finding the appropriate
balance between the requirements for mechanical strength
and tissue regeneration. Most synthetic biomaterial scaffolds
currently cannot provide sufficient mechanical strength for
use in load-bearing areas. This creates a sort of "strength-
regeneration paradox": materials strong enough for load-bearing
often hinder biological integration or degradation, while highly
regenerative materials often lack sufficient mechanical integrity.
This suggests that the future development of biocomposites lies
not only in improving individual properties but also in complex
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engineering that allows for achieving dynamic mechanical
properties (e.g., degradation at a rate commensurate with new
bone formation) or creating materials adapted for a specific
patient.

Among promising materials, particular attention is given
to nanofibrillated cellulose (NFC) [10]. This biocompatible
polymer possesses high strength and stability, is capable of
forming structured matrices that support cellular migration and
angiogenesis, and demonstrates the potential for prolonged
osteoinduction due to gradual biodegradation [11]. Another
important component of composites is bone allograft—an
accessible osteoconductive material widely used in clinical
practice due to its relatively low cost and the absence of the need
for additional surgery to harvest an autograft. However, it has
several drawbacks: insufficient mechanical strength, the risk of
bacterial adhesion, weak osteoinductivity, and slow resorption,
which limits its application as a standalone graft [12].

Modern approaches aim to create multi-component
composites that combine the osteoconductive properties of
allograft, the structural and mechanical advantages of NFC,
and additional components that enhance composite stability.
One such component is a medical adhesive based on a butvar-
phenolic adhesive (BF-adhesive), which possesses high
adhesive capacity, can rapidly polymerize upon contact with
biological tissues, creating a temporary barrier against particle
displacement and fixing the composite in a desired configuration
[13]. This finding is particularly relevant when using fragmented
composites prone to migration beyond the defect boundary.

Polyvinyl butyral (PVB) is a well-characterized polymer with
established in vitro biocompatibility and minimal cytotoxicity.
However, the application of phenol-formaldehyde resins in
orthopedic practice remains constrained by the risk of localized
histotoxicity resulting from the potential release of residual
formaldehyde. Consequently, composites incorporating
phenolic components necessitate rigorous assessment of their
concentration levels, degree of polymerization, and exposure
conditions.

It should be considered that the use of both combined and
single-component composites is associated with a number of
risks, including early complications such as material migration
[14], ischemic-necrotic and degenerative changes, and low
resistance to infectious-inflammatory complications [15].
In the long term, there is a possibility of deterioration in the
mechanical properties of regenerated bone tissue and the
need for repeated surgical interventions. These limitations
underscore the relevance of searching for new multi-component
composites with high biological activity and stability in bone
defect conditions.

Despite significant advances in the development of combined
composites, the question of how the spatial organization of
composite components influences the regenerative potential
of the material remains underexplored. In particular, there is
insufficient data on how the method of component placement
(as a mixed mass or a structured layered placement) affects
osteoregeneration, vascularization, and material remodeling, as
well as composite migration and its integration with bone.

The purpose of the present study is a comparative histological
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and histomorphometric evaluation of osteoregeneration upon
implantation of a multi-component composite based on NFC,
bone xenograft, and BF-adhesive into a rat femoral defect using
two methods: as a mixed mass (mixed composite) and as a
structured layered placement (multilayer composite), compared
to a group without filling (negative control).

Materials and Methods.

Preparation of the Composite based on Nanofibrillated
Cellulose, Bone Xenograft, and Butvar-phenolic adhesive
(BPA).

Nanofibrillated cellulose (NFC) is produced through a multi-
stage chemical and mechanical process applied to nanocellulose.
This results in the formation of nanofibers with diameters
ranging from 5 to 100 nm and lengths from 200 nm to several
tens of microns. These nanofibers exhibit a significant specific
surface area of 100-200 m?/g. NFC is essentially a nanoscale
cellulose fiber, characterized by both amorphous and crystalline
regions and a high length-to-diameter ratio [1].

For this study, a nanocellulose-based biocomposite was
utilized. It was synthesized from nanocellulose and dicalcium
phosphate dihydrate (CaHPO4-2H20) through the following
steps: initially, bleached cellulose, in the form of white fibers,
underwent mechanical disintegration using a Masuko MKCA
supermass 6-5 collider for eight cycles. The resulting NFC
possessed an average fiber (fibril) diameter of 12 nm and an
average length of 1.5 um. Subsequently, the synthesis of the
composite, comprising NFC and dicalcium phosphate dihydrate,
commenced.

To achieve this, two distinct solutions were prepared. The
first solution was formulated by dissolving 0.05 mol of
Na2HPO4:2H20 in 300 mL of an aqueous NFC suspension.
The second solution involved dissolving 0.05 mol of
Ca(NO3)2-4H20 in 100 mL of distilled water. The second
solution was then carefully added dropwise to the sodium
phosphate solution containing the NFC suspension, while
maintaining a pH between 6 and 6.5 using a 25% ammonia
solution. Following the addition, the combined solutions were
stirred at 400 rpm at room temperature for 1 hour. The resulting
precipitate was isolated by vacuum filtration through a Buchner
funnel on filter paper, washed three times with deionized water,
and dried overnight at 40°C in a drying oven.

The butvar-phenolic adhesive was provided as a viscous
solution, containing 1.65 g of butvar-phenolic adhesive per
100 g of adhesive. This type of medical adhesive previously
underwent preclinical and clinical trials in accordance with the
Canadian Environmental Protection Act, 1999 (CEPA 1999).
The results concluded that the substances within the adhesive
were not harmful to human health and were not released into
the environment at levels detrimental to the ecosystem. We are
unable to disclose the commercial name of the final product to
avoid potential conflicts of interest with the manufacturer.

The bone xenograft was procured from the bone tissue bank
at Professor H.Z. Makazhanov Multidisciplinary Hospital in
Karaganda, utilizing the certified technology of the Marburg
Bone Bank System, sourced from human femoral heads.

Our research team has previously presented the comparative



characteristics of the individual components of this biocomposite
in several publications, where the efficacy of nanofibrillated
cellulose and bone xenograft was demonstrated independently
[11]. The results of these prior studies allowed us to shift our
focus away from the performance of individual components
and toward identifying the advantages and disadvantages
of two distinct implantation techniques for multicomponent
composites.

The combined biocomposite was prepared under absolute
sterile conditions in the vivarium's operating room immediately
before implantation.

For the infected bone wound group, Staphylococcus aureus
(ATCC 43300) was used as the infectious agent, as it is the
most frequently identified wound flora in patients with chronic
osteomyelitis. The inoculum was prepared from the third
passage of a Staphylococcus aureus test culture on soy broth
(trypticase soy broth) and casein digest soy agar (trypticase soy
agar). The suspension density was adjusted to 5 x 109 CFU/mL.
A buffered saline solution with 15% gelatin added to increase
viscosity was used as the diluent. This form of inoculum ensured
the stability of bacterial content in the experimental focus for a
sufficiently long period. The medium was stored at 25°C in a
sterile, airtight container.

Animals and Surgical Procedures.

The animals were randomly divided into three equal groups of
33 rats each. In Group 1, the surgical procedure was performed
without filling the defect. In Group 2, the defect was filled with
the multicomponent biocomposite using the mixing technique,
and in Group 3, the same composite was implanted using the
layered placement method.

This grouping was established to comparatively characterize
the advantages and disadvantages of the multicomponent
biocomposite under different implantation techniques. The
inclusion of the first group (empty defect) served to demonstrate
that the surgically created bone defect was of critical size,
meaning it was incapable of rapid spontaneous healing.

Furthermore, it is important to emphasize that the study design
was specifically aimed at minimizing the number of animals
used, in accordance with the 3Rs principle (Replacement,
Reduction, and Refinement). This was achieved by excluding
experimental groups that were deemed redundant based on our
comprehensive preliminary data.

The surgical technique followed a previously developed
method successfully applied in earlier research [11]. Under
Zoletil anesthesia at a dose of 0.1 mg/kg (Virbac), after hair
removal and three applications of antiseptic solutions to the
thigh, a surgical incision approximately 20 mm long was made
on the outer surface of the thigh, exposing the femoral bone. A
round bone defect 2 mm in diameter and 1 mm deep was created
in the mid-diaphysis of the femur using a PIT PMG150-C
engraver with a 2 mm drill bit [16,17].

In the first group, the defect was not filled.

In the multilayer composite group, components were applied
in layers, with nanofibrillated cellulose (NFC), xenograft,
and butvar-phenolic adhesive applied sequentially to form an
ordered structure. Immediately before component implantation,
the xenograft was comminuted into bone chips of variable sizes,
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not exceeding the size of the bone defect, using Lisson bone
rongeurs and a surgical chisel. The bone defect was initially
filled with nanocellulose up to contact with the intramedullary
space, but without filling the latter. Then, bone chips were
placed into the defect. Butvar-phenolic glue (0.02 mL) was
then applied over the bone defect area to completely cover the
perforated opening. Layered suturing of the soft tissues and skin
followed.

In the mixed composite group, a homogeneous mixture was
prepared by pre-mixing the components into a uniform mass in
a sterile beaker. This homogeneous, paste-like material was then
implanted into the defect cavity, filling the perforated opening
to the level of the periosteum.

After surgery, wounds were closed with Vieryl 5.0. Post-
surgery, each animal received intramuscular Ketonal at 0.04
mL/kg (Sandoz) for 3 days. The clinical condition of the rats
was assessed by measuring temperature, weight, general motor
activity, and the degree of wound healing. Wound healing was
considered satisfactory if there were no signs of inflammation,
marginal necrosis, and the sutures remained intact.

Animals were euthanized by anesthetic overdose on days 30,
60, and 90 after surgery. The 30-day time point was chosen as
optimal for evaluating primary osseointegration. By day 30,
a significant amount of newly formed bone develops on the
implant surface, allowing for a reliable assessment of the bone-
implant contact (BIC) quality.

The 60-day time point was established because significant
bone tissue remodeling occurs around the implant by this time.
It allows for the evaluation of functional integration and the
mechanical properties of the bone-implant connection.

The 90-day time point was selected as the final period for
histomorphological assessment because it allows for the
evaluation of the completion of the osseointegration process
and the formation of mature bone tissue around the implant. It
is considered the "gold standard" for assessing the long-term
biocompatibility of materials. After euthanasia, the operated
limb was dissected, and the femoral bone block containing
the defect area and surrounding soft tissues was removed. The
excised material was fixed in a 10% neutral formalin solution
for histological analysis.

For the bacterial contamination groups, animals were randomly
divided into three equal groups of 11 rats each. In the first
group, the defect was infected with a microbiological culture of
Staphylococcus aureus without composite filling. In the second
and third groups, the cavity was inoculated and subsequently
filled with multilayer composite and mixed composite,
respectively, using the previously described technique.

After defect formation, the surgical field was bacterially
inoculated with a suspension of bacterial cells. A laboratory
culture of Staphylococcus aureus, provided by the Department
of Microbiology of NPJSC "Karaganda Medical University,"
was used as the infectious agent. The bacterial suspension, with
a concentration of 5x10° CFU/mL, was applied in a volume of 2
mL directly into the defect cavity using a microbiological loop.

On day 30, animals were euthanized similarly to those
described above.

The study design is presented in Figure 1.
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Figure 1. Design of study.

Histopathological Examination.

Prior to histological analysis, samples were fixed in 10% neutral
buffered formalin for 24 hours, followed by decalcification in a
Biodec R solution (Bio-Optica Milano SPA) for an additional
24 hours. Samples were then washed in phosphate buffer (pH
7.4). After achieving optimal softening of the bone tissue
(decalcification), a bone section was taken and oriented in a
histological block.

For further processing, the tissue was fixed in 10% formalin at
4°C for 24 hours, washed with tap water, and dehydrated using
a series of alcohols of increasing concentration (70%, 90%,
95%, and 100%). Subsequently, the samples were immersed in
xylene and embedded in paraffin blocks.

Five-micrometer-thick sections were cut using a Leica SM
2000R sliding microtome. Following preparation, tissue
sections were stained with hematoxylin and eosin (H&E) for
general morphological analysis, detection of inflammatory
infiltration and necrosis, and Masson's trichrome for assessment
of bone graft remodeling and new bone formation [18].

Hematoxylin and Eosin (H&E) Staining Procedure.

Tissue sections were immersed in hematoxylin-Eosin Mayer's
reagent for 15 minutes, followed by washing with tap water for
5 minutes. Subsequently, the sections were stained with eosin
for one minute.

Masson's Trichrome Staining Procedure.

For Masson's trichrome staining, a commercial kit (Masson's
Trichrome BioVitrum TU 9398-001-89079081-2012) was used.
After deparaffinization and rehydration, slides were placed in
Bouin's solution at 56°C for 15 minutes. They were then washed
in tap water for 5 minutes. Weigert's hematoxylin was applied
for 5 minutes, followed by another 5 minutes of washing in tap
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water and a rapid wash in distilled water. The slides were then
stained with Bibrich's crimson fuchsin for 5 minutes, washed
in distilled water, and immersed in phosphotungstic acid-
phosphomolybdic acid for an additional 5 minutes. Following
this, aniline blue was applied for 5 minutes, and finally, the
slides were fixed in 1% acetic acid for 2 minutes. Microscopic
examination of the slides was performed on a Zeiss AxioLab
4.0 microscope at 400x magnification. Axiovision 7.2 for
Windows software was used for the acquisition and analysis of
micrographs of the sections.

Morphometric Examination.

H&E staining was used for visualization of overall cell
morphology and tissue structure. Masson's trichrome staining
was used for identification of newly formed bone tissue at
different stages of bone defect repair and for assessment of bone
remodeling.

Two independent observers, experienced in working with
animal models, performed the morphometric examination,
blinded to the group assignment of each animal. The
terminology used in the histomorphometric analysis conformed
to the recommendations of the Nomenclature Committee on
Histomorphometry of the American Association of Mineral and
Bone Scientists [19].

The following parameters were defined:

- Closure of the defect by newly formed bone tissue, expressed
as a percentage;

- Composite migration;

- Composite repair;

- Graft degradation.

Histomorphometric Evaluation of Cortical Plate Tissue.

Histomorphometric evaluation of the cortical plate tissue



was performed as previously described [11]. The evaluation
was conducted within an area radially bounded by the defect
margins and laterally by the native femoral bone, as well as the
outer boundary of the bone graft and/or newly formed bone
tissue. This evaluation was presented as a percentage of the total
defect area. For each bone defect, three histological sections
were analyzed, and their mean value was calculated. Tissues
indicating a nonspecific reparative process, such as vessels or
Haversian canals, were not included in the quantification and
constituted the smallest percentage in the callus area [20,21].

Composite migration was defined as the displacement of the
composite beyond the cortical plate defect margins into the
intramedullary space (intramedullary migration) or beyond
the bone tissue into the surrounding soft tissues (external/
extraosseous migration).

Intramedullary composite migration was assessed according
to the following scale:

. "0 points" - the composite is completely localized
within the bone defect: no signs of displacement or scattering of
the material.

. "1 point" - local displacement: <25% of the material
volume extends beyond the defect zone.

. "2 points" - moderate migration: 25-50% of the
composite is found outside the defect zone.

. "3 points" - pronounced migration: >50% of the
material is detected outside the defect.

Extraosseous migration was defined as the presence of the
composite outside the bone tissue in the surrounding soft tissues
and was assessed on a binary scale: presence/absence.

Composite reparation referred to remineralization and
remodeling with replacement of the composite by newly formed
bone tissue. Composite reparation was qualitatively assessed
(presence/absence) in the central and peripheral parts of the
composite, as well as as a percentage of the composite area in
the histological section.

Composite degradation referred to pathological changes in
synthetic nanocellulose with myxoid-like biodegradation of
nanofibrillated cellulose. the presence of morphological signs
of necrosis, ischemic damage, and destruction of the material's
structure with the formation of an amorphous mass. Composite
degradation was assessed as a percentage of the composite area.

Semiquantitative Evaluation of Inflammatory Infiltrate. A
semiquantitative histological analysis was performed on each
histological section, from which 10 fields of interest were
scanned without any overlap and captured using high-resolution
software with a 400x objective.

Hematoxylin and eosin staining was used to assess
the inflammatory infiltrate. Parameters of the biological
response were evaluated according to the presence or
absence of histological signs of osteomyelitis in the form of
polymorphonuclear leukocyte infiltration and bone necrosis
[22,23] and were assessed as follows:

Presence of necrosis was evaluated on a scoring scale:

. "0 points" - absent
. "1 point" - minimal (focal necrosis less than 10%)
. "2 points" - focal (focal necrotic fields occupying 11-

30% of the defect area)
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. "3 points" - diffuse (extensive fields of necrosis
occupying more than 30% of the defect area).

Quantity and distribution of inflammatory cells present at the
tissue-material interface. Polymorphonuclear leukocytes were
classified as:

. Absent (0 points)

. Rare or 1-5 per high-power field (400x) (1 point)
. Moderate infiltration (2 points)

. Diffuse infiltration (3 points).

Reparative reactive lympho-macrophage environment in the
defect zone was assessed as:

. "0 points" - absent

. "l point" - lymphocytes and macrophages surround
less than 10% of graft fragments

. "2 points" - 10-30%

. "3 points" - more than 30% of graft fragments.
Statistical Analysis.

Statistical analysis was performed using Statistica 10.0 and
IBM SPSS Statistics 27.0 (IBM Corp., Armonk, NY, USA)
software.

Quantitative data are presented as means and standard
deviations (M + SD). Categorical data are presented as absolute
values and percentages of the total group size, n(%).

The y2 statistical test with Yates' continuity correction was
applied to analyze differences between groups for qualitative
characteristics. The normality of the distribution of quantitative
data was assessed using the Shapiro-Wilk test.

For normally distributed data, Student’s t-test for independent
samples was used. For non-normally distributed data, group
comparisons at each experimental time point were performed
using the Mann—Whitney U test (for two groups) or the
Kruskal-Wallis test (for $> 2$ groups). Where applicable, these
were followed by the Bonferroni correction for multiple testing
in pairwise comparisons.

Differences were considered statistically significant at p<0.05.

Results.

Histological and Morphometric Analysis of Cortical Plate
Defect Closure by Bone Tissue.

30 Days. At 30 days (Table 1, Figure 1), the control group
(without filling) showed uneven formation of scattered bundles
of heterogeneous bone tissue, predominantly thin bone
trabeculae, localized at the edges of the defect. The central part
of the defect remained unfilled in all cases and was represented
by loose vascularized connective tissue. The average area of
newly formed bone tissue was 50.8%. In 5 (45.5%) animals, the
defect filling area with bone tissue was less than 50%, while in
6 (54.5%) animals, it ranged from 51% to 80%.

In the multilayer composite group, newly formed bone
tissue occupied an average of 66.4% of the cortical plate
defect. Histologically, bone trabeculaec formed an uneven but
interconnected network, partially bridging the defect. The
bone tract was characterized by pronounced mineralization and
active longitudinal growth in both directions from the defect
edges, with signs of early remodeling leading to the formation
of mature bone tissue. In 1 (9.1%) animal, defect filling was less
than 50%, while in 10 (90.9%) animals, it ranged from 51% to



Table 1. Histopathological Evaluation of Bone Defect Healing and Composite/Xenograft Resorption and Remodeling at 30 Days.

Group
Control
(without healing)
n=11
Closure of Cortical Plate Defect by Bone
Tissue, %
<30 0 (0)
30-50 5(45.5)
51-80 6(54.5)
>80 0 (0)
Fibroplastic barier
No 11 (100)
Yes 0(0)

Migration of composite

Intramedullary -
No displacement -
Local displacement -
Moderate migration -
Pronounced migration -
Extraosseous migration -
absence -
presence -

Composite reparation

central -
peripheral parts -
Total %

Composite degradation
Total %
Note: p is the significance level:

Multilayer composite Mixed . p-value
composite

n=11 n=11

0 (0) 0(0) p,=0.0001

19.1) 19.1) p,=0.001

10 (90.1) 9(81.8) p,=0.365

0(0) 1(9.1)

10 (90.9) 5(45.5) p,=0.307
p,=0.005

19.1) 6 (54.5) p.=0.023

1.0+£0.8 04+0.5

3(27.3) 8(72.7) B

5 (45.5) 3(27.3) p,=0.034

3(27.3) 0(0)

0 (0) 0(0)

04+0.5 03+0.5

7 (63.6) 8(72.7) p,=0.648

4 (36.4) 3(27.3)

- 11 (100) p,= 0.001

11 (100) 11 (100) p,=1.00

84+45 17.9+7.8 p,= 0.002

60.5+£5.3 52.3£8.3 p,=0.013

p, <0.05 - statistically significant difference between Control and Multilayer composite;
p, <0.05 - statistically significant difference between Control and Mixed composite,
p, < 0.05 - statistically significant difference between Multilayer composite and Mixed composite

80% of the cortical plate defect area.

In the mixed composite group, defect closure reached 69.2% of
the cortical plate. In some areas of the defect, bone bridges were
observed, completely spanning the defect lumen, accompanied
by active osteoblastic activity at the periphery of the trabeculae
and a pronounced osteoid matrix. In 1 (9.1%) animal, defect
closure did not exceed 50%, while in 9 (81.8%) animals, it
ranged from 51-80%, and in 1 (9.1%) animal, it was more than
80% of the cortical plate defect area.

60 Days. At 60 days (Table 2, Figure 2), in the control
group (without filling), the newly formed bone tissue was
characterized by predominantly thin, unevenly distributed bone
beams forming focal bridge-like structures with contact zones
mainly located at the poles of the beams and areas of dense
mineralized bone tissue containing Haversian canals of various
sizes. Cortical plate defect closure averaged 63.8%. In 1 (9.1%)
animal, the defect filling area was less than 50%, while in 10
(90.9%) animals, it ranged from 51% to 80%.

In the multilayer composite group, newly formed bone tissue
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occupied 79.7% of the defect and was represented by chaotically
arranged bone trabeculae merging into lamellar structures in
the cortical plate defect area. In most cases, 6 (54.5%) animals
showed defect filling of 51-80%, and in 5 (45.5%) animals, it
was more than 80% (Figure 3, a).

In the mixed composite group, the formation of mature
trabecular bone tissue was observed, with properly organized,
well-mineralized bone beams having normal thickness and
spatial organization. Defect closure by newly formed bone
tissue reached 82% of the cortical plate defect: in 5 (45.5%)
animals, defect filling was 51-80%, and in 6 (45.5%) animals, it
was more than 80%.

90 Days. At 90 days (Table 3, Figure 2), in the control
group (without filling), the cortical plate defect was closed
by 90.4% with bone tissue. Histologically, in 1 (9.1%) case,
areas of incomplete remodeling persisted, but in most samples,
10 (90.1%), mature, uniformly mineralized bone tissue was
identified, completely closing the defect area.

In the multilayer composite group, newly formed bone tissue



Table 2. Histopathological Evaluation of Bone Defect Healing and Composite/Xenograft Resorption and Remodeling at 60 Days.

Group
Control (without healing)  Multilayer composite Mixed composite p-value
n=11 n=11 n=11
Closure of Cortical Plate Defect by Bone
Tissue, %
<30 0(0) 0(0) 0(0) p,=0.0001
30-50 109.1) 0(0) 0 (0) p,=0.0001
51-80 10 (90.9) 6 (54.5) 5(45.5) p,=0.270
>80 0(0) 5(45.5) 6 (54.5)
Fibroplastic barier
No 11 (100) 11 (100) 5(45.5) p,=1.000
Yes 0 (0) 0 (0) 6 (54.5) gz;?fg(l)(l)
Migration of composite
Intramedullary - 12+£1.0 04+0.5
No displacement - 3(27.3) 7 (63.6)
Local displacement - 4(36.4) 4(36.4) p,=0.047
Moderate migration - 3(27.3) 0(0)
Pronounced migration - 1(9.1) 0(0)
Extraosseous migration - 02+04 0.1+0.3
absence - 9 (81.8) 10 (90.9) p,=0.535
presence - 2(18.2) 1(9.1)
Composite reparation
central - 1(9.1) 11 (100) p,= 0.001
peripheral parts - 11 (100) 11 (100) p,=1.00
Total % 11.1+£5.5 21.3+6.7 p,= 0.001
Composite degradation
Total % - 61.2+8.1 48.6 £ 8.8 p,=0.599

Note: p is the significance level:

p, <0.05 - statistically significant difference between Control and Multilayer composite;
p, <0.05 - statistically significant difference between Control and Mixed composite,

p, <0.05 - statistically significant difference between Multilayer composite and Mixed composite

Table 3. Histopathological Evaluation of Bone Defect Healing and Composite/Xenograft Resorption and Remodeling at 90 Days.

Group p-value
Control (without healing) Multilayer composite Mixed composite
n=11 n=11 n=11
Closure of Cortical Plate Defect by Bone Tissue, %
<30 0 (0) 0(0) 0(0)
30-50 0(0) 0(0) 0(0) p‘ig'gig
51-80 1(9.1) 0(0) 2(18.2) gio' 599
>80 10 (90.9) 11 (100) 9 (81.8) 2
Fibroplastic barier
No 11 (100) 11 (100) 11 (100)
Yes 0(0) 0 (0) 0(0) i
Migration of composite
Intramedullary - 1.0£0.9 03+0.5
No displacement - 4 (36.4) 8 (72.7)
Local displacement - 3(27.3) 3(27.3) p,=0.065
Moderate migration - 4 (36.4) 0(0)
Pronounced migration - 0(0) 0(0)
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Extraosseous migration - 0.1£0.3 0
absence - 10 (90.9) 11 (100) p,=0.307
presence - 1(9.1) 0(0)
Composite reparation
central - - 11 (100) p,= 0.001
peripheral parts - 11 (100) 11 (100) p,=1.00
Total % - 21.7+7.7 447+ 154 p,= 0.001
Composite degradation
Total % - 484 +17.5 23.7+13.0 p,= 0.001
Note: p is the significance level:
p, <0.05 - statistically significant difference between Control and Multilayer composite;
p, < 0.05 - statistically significant difference between Control and Mixed composite,
p, < 0.05 - statistically significant difference between Multilayer composite and Mixed composite
Table 4. Histological Evaluation of Resistance to Bacterial Inflammatory Damage.
Group
. . . . . . p-value
Control (without healing) Multilayer composite | Mixed composite
n=11 n=11 n=11
p,=0.002
Ostonecrosis 14+0.8 0.3+0.5 04+0.5 p,=0.005
p,=0.748
p,=0.001
Polymorphonuclear leukocyte infiltration 2.0 + 0.6 0.7+0.6 09+0.8 p,=0.007
p,=0.652
Eosinophils 0 0 0 -
p,=0.013
Lymphocyte and macrophage infiltration 1.5+ 0.9 0.5+£0.7 1.0£0.6 p,=0.133
p,=0.076
Bacterial contamination 0.1+0.3 0 0 -
Note: p is the significance level:
p, <0.05 - statistically significant difference between Control and Multilayer composite;
p, <0.05 - statistically significant difference between Control and Mixed composite,
p, <0.05 - statistically significant difference between Multilayer composite and Mixed composite
30 days 60 days 50 days
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Figure 2. Comparative histopathological assessment of the % of bone tissue in the cortical plate and intramedullary space on days 30, 60 and 90
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in the study groups p < 0.05 - statistically significant difference between Control, Multilayer and Mixed composite.
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Figure 3. Representative Microphotographs of the Cortical Plate Defect Area and Intramedullary Space Following Various Composite Filling
Methods.

a. Multilayer Composite, Day 60. The defect zone exhibits active remineralizing remodeling: both the xenograft and synthetic matrix () are being

actively replaced by newly formed bone tissue. The cortical plate is fully restored (arrow). The composite () is partially resorbed and replaced by
bone regions with the formation of mature trabecular structures.

b. Mixed Composite, Day 30. Signs of myxoid degeneration of nanocellulose (*) are observed in the central part of the defect, resulting in the
Jformation of an amorphous, glassy, gel-like mass.

¢. Multilayer Composite, Day 30. Partial extraosseous migration of the bone component of the composite (arrow) is noted beyond the defect into
the surrounding soft tissues. The synthetic portion of the composite remains within the bone window, completely covering the defect.

d. Multilayer Composite (Bacterial Contamination), Day 30. Focal inflammatory infiltration ( A) is detected in the implantation zone, predominantly
composed of polymorphonuclear leukocytes, with areas of perivascular lympho-macrophage reaction. The inflammatory response is limited in

scope and is accompanied by moderately expressed fibrosis and vascularization.

(a-b) Histochemical staining of collagen proteins with Masson's trichrome, 100x magnification, scale bar 500 um.

(c-d) Hematoxylin and eosin staining, 100> magnification, scale bar 500 um.

in the cortical plate defect area occupied 93.3%. Histologically,
mature trabecular bone tissue with normal histoarchitectonics
and uniform mineralization was identified.

In the mixed composite group, complete bone tissue restoration
was observed, with an average defect closure area of 91.9%.

Histological Evaluation of Composite Migration.

At 30 days (Table 1), in the multilayer composite group,
intramedullary composite migration was observed in 8 (72.7%)
cases: among these, local migration ($<$25%) was seen in 5
(62.5%) cases, and moderate migration (25-50%) in 3 (37.5%)
cases; no pronounced migration was detected. Extraosseous
composite migration was observed in 4 (36.4%) cases (Figure
3c).

In the mixed composite group, intramedullary local migration
was observed in 3 (27.3%) cases; no moderate or pronounced
migration was detected. Extraosseous composite migration was
observed in 3 (27.3%) cases.

At 60 days (Table 2), in the multilayer composite group,
intramedullary composite migration was observed in 8 (72.7%)
cases: among these, local migration was recorded in 4 (50%)
cases, moderate in 3 (37.5%) cases, and pronounced in 1
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(12.5%) case. Extraosseous composite migration was detected
in 2 (18.2%) cases.

In the mixed composite group, intramedullary local migration
was observed in 4 (36.4%) cases; no moderate or pronounced
migration was detected. Extraosseous composite migration was
observed in 1 (9.1%) case.

At 90 days (Table 3), in the multilayer composite group,
intramedullary composite migration was observed in 7 (63.6%)
cases: among these, local migration was seen in 3 (42.9%)
cases, and moderate in 4 (57.1%) cases. Extraosseous composite
migration was detected in 1 (9.1%) case.

In the mixed composite group, intramedullary local composite
migration was observed in 3 (27.3%) cases; no extraosseous
migration was detected.

Histological Evaluation of Composite Remodeling and
Degradation.

At 30 days (Table 1), in the multilayer composite group, no
signs of composite remodeling were observed in the central part
of the graft, but signs of remodeling were noted in the peripheral
parts of the graft in all 11 (100%) cases. The average percentage
of remodeled composite was 8.4%. The average percentage of



composite biodegradation with the formation of an amorphous
vitreous gel-like mass, was 60.5% (Figure 3b).

In the mixed composite group, signs of remodeling were
observed in both central and peripheral parts of the graft in all
11 (100%) cases. The average percentage of remodeled tissue
was 17.9%. Composite biodegradation was 52.3%.

At 60 days (Table 2), in the multilayer composite group, signs
of graft remodeling were observed in the central part in 1 (9.1%)
case, and in the peripheral parts of the graft in all 11 (100%)
cases. The average percentage of remodeled graft was 11.1%.
Composite biodegradation was 61.2%.

In the mixed composite group, signs of remodeling were
observed in both central and peripheral parts of the graft in all
11 (100%) cases. The average percentage of remodeled tissue
was 21.3%. Composite biodegradation was 48.6%.

At 90 days (Table 3), in the multilayer composite group, no
signs of graft remodeling were observed in the central part,
but signs of remodeling were noted in the peripheral parts of
the graft in all 11 (100%) cases. The average percentage of
remodeled graft was 21.7%. Composite biodegradation was
48.4%.

In the mixed composite group, signs of remodeling were
observed in both central and peripheral parts of the graft in all
11 (100%) cases. The average percentage of remodeled tissue
was 44.7%. Composite biodegradation was 23.7%.

Histological Evaluation of Resistance to Bacterial

Inflammatory Damage.

At 30 days (Table 4), in the negative control group, signs of
inflammatory damage with foci of necrosis were observed in 10
(90.9%) animals: among these, 1 (10%) showed diffuse damage
with extensive necrotic areas occupying more than 30% of the
defect area, while 3 (30%) and 6 (60%) showed moderate and
minimal changes, respectively. Polymorphonuclear leukocyte
infiltration was found in all 11 (100%) cases: among these,
2 (18.2%) had diffuse, 7 (63.6%) moderate, and 2 (18.2%)
focal infiltration. Moderate persistence of lymphocytes and
macrophages was noted, localized predominantly perivascularly
and in the transition zone from granulation tissue to mature
connective tissue. In one case (9.1%), clusters of bacterial
colonies were found.

In the multilayer composite group, signs of inflammation
with necrosis were detected in only 3 (27.3%) cases; all
damage was focal, occupying less than 10% of the graft area.
Polymorphonuclear leukocyte infiltration was observed in 7
(63.6%) cases: among these, 1 (14.3%) had moderate (Figure
3, d), and 6 (85.7%) had focal infiltration. Lymphocyte and
macrophage infiltration was focal and minimal in severity. No
signs of bacterial contamination were found.

In the mixed composite group, necrotic changes were observed
in 4 (36.4%) cases, involving less than 10% of the defect area.
Polymorphonuclear leukocyte infiltration was found in 7 (63.6%)
cases: among these, 3 (42.9%) had moderate, and 4 (57.1%) had
focal infiltration. Lymphocyte and macrophage infiltration was
focal and moderate in severity. Bacterial colonies were absent.

Discussion.
This study evaluated the healing of a rat femoral diaphyseal
defect using a composite based on nanofibrillated cellulose
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with xenograft and butvar-phenolic glue, implanted in two
ways: as a mixed mass (mixed composite) and as a layered
packing (multilayer composite). In the control group, the defect
remained unfilled. The effectiveness of osteoregeneration was
assessed based on histological and histomorphometric criteria,
including the amount of newly formed bone tissue, the extent
of composite remodeling and degradation processes, and the
presence of signs of its component migration.

The objective of this study was to conduct a comparative
assessment of how the spatial organization of a multicomponent
composite (mixed versus layered placement) influences
osteoregeneration, remodeling, material migration, and
resistance to infectious damage, while maintaining a consistent
base composition. A negative control was utilized to verify
the overall biological activity of the composite, whereas the
comparison between the two implantation methods allowed
for an evaluation of the material's spatial organization on the
regenerative process. Consequently, verifying the inherent
quality of the material itself was not the primary objective of
this study.

The results of the present study showed that the use of a
combined multicomponent composite based on nanofibrillated
cellulose, bone xenograft, and butvar-phenolic glue, both with
layered packing (multilayer composite) and as a mixed mass
(mixed composite), contributed to accelerated bone tissue
formation in the cortical plate area compared to the unfilled
control group. At 30 and 60 days, both experimental groups
(multilayer and mixed composite) showed a statistically
significant increase in the area of newly formed bone tissue
within the cortical plate compared to the unfilled control group
(p < 0.01). In the control group, the defect was predominantly
filled with connective tissue with a moderate number of bone
beams located at the defect edges, while in the groups with
composite implantation, active bone formation occurred, with the
formation of organized trabeculae, remineralization, and signs
of remodeling characteristic of normal reparative osteogenesis.
These findings are consistent with previous studies where the
addition of nanofibrillated cellulose to composites facilitated
earlier cortical plate restoration [11].

A comparative analysis of the two composite application
methods (layered and mixed) revealed several interesting
differences. While both groups demonstrated similar
osteoinductive potential, the mixed composite showed more
active composite remodeling with its replacement by bone
tissue in both peripheral and central areas. In contrast, with
layered packing, bone formation was observed predominantly
at the periphery, while the central composite areas underwent
biodegradation without complete replacement by bone tissue
(p<0.05).

The more pronounced remodeling in the mixed composite
group is also supported by a higher degree of graft resorption
and degradation: the more homogeneous composite, mixed
with finer bone particles, was replaced by newly formed
bone tissue more quickly. With layered composite packing, a
significant portion of the xenomaterial in the center underwent
biodegradation without bone tissue replacement. We believe
one reason for this difference could be the more uniform
distribution of the xenograft within the cellulose matrix, which



provided better vascularization, access for microenvironment
cells, and nutrients, promoting synchronous bone trabeculae
formation throughout the entire composite thickness, including
central deep areas.

Notably, the observed biodegradation of nanofibrillated
cellulose (NFC) exerted no adverse effect on the healing
process. Histological and histomorphometric analyses revealed
sustained active osteogenesis and the progressive replacement
of the composite with newly formed bone tissue, characterized
by the absence of an intensified inflammatory response or tissue
Necrosis.

The analysis of composite migration deserves special
attention. According to the data, with layered implantation
(multilayer composite), the frequency of material migration
into the intramedullary and extraosseous space and the degree
of displacement were more pronounced at all observation
periods compared to the mixed composite group (p<0.05). One
possible explanation for this difference could be the structural
heterogeneity of the multilayer composite, where alternating
layers with different physicochemical properties (NNC,
xenograft, BF-glue) create zones with varying adhesion and
density. This, in turn, can lead to localized delamination and
destabilization of the implant in the defect area. Conversely, the
homogeneously mixed composite has a more uniform internal
texture and, possibly, better adhesion between components,
which contributes to its stable retention within the defect,
minimizing both intra- and extraosseous migration.

When interpreting the increased migration observed in the
multilayer composite group, it is essential to consider not only
the biological remodeling processes but also the differences in
the material’s handling properties and the surgical implantation
technique. Layered placement requires the sequential application
of components with distinct mechanical characteristics, which
impacts intraoperative handling and stabilization, thereby
increasing the risk of material displacement during the early
postoperative period. Conversely, the pre-mixed composite
behaves as a more cohesive, homogeneous, and easily moldable
mass, ensuring more reliable primary fixation.

Also, in the layered composite group, dense central zones
rich in xenomaterial may hinder uniform vascular ingrowth,
reducing biological integration and promoting delamination
and displacement of fragments. These results emphasize the
importance of not only the composition but also the spatial
organization and implantation method of the composite,
especially in clinical settings where material stability within
the defect cavity is crucial for preventing complications and
successful osseointegration.

Furthermore, in the mixed composite group, the formation of
a migrationblastic barrier in the cortical plate defect area was
observed in a significant proportion of animals (over 50%) at
30 and 60 days, while in the multilayer composite group, the
frequency of this phenomenon was statistically significantly
lower (p<0.05). The more frequent formation of a fibrous
barrier in the mixed composite group may be related to possible
micromigration of nanocellulose fragments and their direct
interaction with surrounding soft tissues and the periosteum.
Such interaction can initiate a local fibroblastic response with
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the activation of collagen synthesis, leading to the formation
of a connective tissue barrier that limits the penetration of
osteogenic cells into the regeneration zone, as previously
shown [11]. In the multilayer composite group, conversely, the
layered organization of the material, including the presence of
a continuous bone xenograft and an adhesive layer between
the nanocellulose and the periosteum, could create a physical
barrier preventing the development of a fibroblastic barrier.

Interestingly, under conditions of bacterial contamination
of the defect, the composite also demonstrated advantages
over the control. Specifically, in the infected wound model
in rats without defect filling, pronounced purulent-necrotic
inflammation was observed: necrosis occupied more than 30%
of the defect area, and in some cases, bacterial colonies were
identified. In contrast, in the composite groups, no pathological
bacterial accumulations were found, and inflammatory changes
were focal, of moderate to minimal severity. Such an effect
may be associated with several factors: first, filling the defect
creates a mechanical barrier, preventing bacterial colonization
[24,25], while simultaneously accelerating its vascularization,
closure with granulation tissue and bone tissue, and promoting
the restoration of the structural barrier. Moreover, nanocellulose
itself possesses high hydrophilicity and can sorb exudate, which
may facilitate wound drainage and reduce the local microbial
load. These observations confirm the potential effectiveness of
the biomaterial not only as an osteoconductive scaffold but also
as a component with barrier and possibly antiseptic functions.

Notably, the reduction in the severity of the inflammatory
response in the infected model was not accompanied by signs
of tissue damage or necrosis. This suggests that the observed
effect is a consequence of the composite's barrier and stabilizing
properties, rather than a manifestation of cytotoxic suppression
of inflammation.

A key advantage of this study is the comparative evaluation of
a composite based on nanofibrillated cellulose, xenograft, and
butvar-phenolic glue implanted into a bone defect, compared
to a negative control, at both late (60 days) and remote stages
(90 days) of bone defect repair. This allowed for the assessment
of not only early regenerative processes but also the long-term
stability of the results. The use of a standardized rat femoral
bone defect model, along with histological and morphometric
analysis, improves the reproducibility and reliability of the
study.

At the same time, it should be noted that the evaluation of
bone regeneration was based solely on histological methods.
While informative, these methods do not comprehensively
characterize the biomechanical, molecular, and functional
aspects of bone restoration. Furthermore, the safety assessment
of the phenol-formaldehyde glue used in this study is limited by
the observation periods and histological criteria, necessitating
further research to evaluate potential long-term toxic effects.
These limitations should be considered when interpreting the
results and designing future studies aimed at filling potential
knowledge gaps.

This study showed that a combined composite based on
nanofibrillated cellulose, xenograft, and butvar-phenolic
glue possesses osteoinductive and osteoconductive potential



when implanted into rat femoral bone defects. The bone
xenograft performed an osteoconductive function, ensuring
remineralization, angiogenesis, and directed bone tissue growth,
which contributed to the remodeling of the synthetic matrix from
both the periphery and the depth of the defect. Nanofibrillated
cellulose performed an osteoinductive function, providing a
favorable microenvironment for osteogenesis during its gradual
biodegradation. Butvar-phenolic glue exhibited both adhesive
properties (when pre-mixed), contributing to the stabilization
and homogeneity of the mass, and limiting properties (when
used in layers), preventing the formation of a fibroblastic barrier
upon contact with periosteal tissues [26-30].

However, despite its adhesive properties, which ensure the
stabilization of multicomponent systems in bone defects, the use
of butvar-phenolic glue is associated with several limitations that
require consideration in the development and clinical application
of osteoregenerative composites. Its rapid polymerization
and high mechanical strength make butvar-phenolic glue an
effective fixing agent; however, it is a chemically inert polymer
that persists in tissues for a long time. This dual property leads
to both advantages (fixation, migration prevention, barrier
protection against infection) and potential risks, especially
when the glue is used in excess or as continuous, poorly
perforated layers. The formation of such dense zones within the
composite can hinder vascularization, infiltration of osteogenic
and immune cells, thereby slowing down osseointegration
and complete remodeling. Given this, a promising direction
could be the creation of bioactive or biodegradable forms
of glue that combine fixation with a beneficial effect on the
microenvironment. Further comprehensive studies on bone
regeneration models are required to evaluate such approaches.

A limitation of the present study is that a direct comparison
between single-component and multicomponent composites
was not conducted. While a head-to-head comparison between
the standalone xenograft and the multicomponent composite
would be ideal, the current comparison of different implantation
techniques alongside a negative control nonetheless provides
substantial novel data regarding the handling and biological
interaction of the composite material [31-41].

Conclusion.

Mixed composites, containing synthetic and biological
components (nanofibrillated cellulose, xenograft, and butvar-
phenolic glue), demonstrate high osteoconductive and
osteoinductive potential for restoring bone tissue defects.
Our findings indicate the material's biocompatibility and a
low incidence of both early and late complications, including
graft migration and degradation. Furthermore, in the presence
of bacterial wound contamination, these composites exhibited
pronounced barrier and antimicrobial properties, effectively
preventing bacterial colonization and the development of
purulent-necrotic inflammation.
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A0cTpakT

Heapio: HacTosmero HccienoBaHHs ObUla CpaBHHUTENbHAsS
ructoMopdosornyeckas  OIeHKa KOCTHOH  pereHepainyn
npu HMILIaHTalUH KOMITO3HTa, BKITIOYAIOIIETO

HaHO(QHUOPWIUTMPOBAHHYIO LIEJUII0NIO3Y, KceHorpadT 1 n-butyl-
2-cyanoacrylate B nedekt 6eJpeHHON KOCTH Y KPBIC C aHAIN30M
BIUSIHUS METOJa YKIAAKH (CMEIIAHHOTO WK ITOCIIOMHOTO)
Ha (OpPMHpOBaHHE KOCTHOM TKaHW, pEMOJEINPOBAHUE,
OMoIerpaIalluio M MUTPAIIHIO TpadTa.

Ju3aiin uccaenoBanusi: B sxcriepuMeHT BKIIOUEHO 99 KpbIc
¢ GopmupoBaHHEM cTaHIapTHOTO AedeKTa OEAPEHHON KOCTH.



JKuBoTHBIE OBUTM pazfeneHsl Ha Tpu rpynnsl: (1) HeraTHBHBINA
KOHTpOJb (Hedekt Oe3 3anmonHeHus); (2) multilayer composite
(mocnoiiHas ykianka KOMIIOHEHTOB Kommosurta); (3) mixed
composite  (MMIUIAHTanusl TPEIBAPUTENBHO  CMENIaHHOH
Maccel). I'mcromormyeckyro W THCTOMOP(OMETPUYECKYIO
oneHky nposoaunu Ha 30, 60 u 90 cyTku mocne omepanuu.
JlononHuTeNnsHO OblIa CMOIENNpPOBaHa HHPHUIMPOBAaHHAS paHa
KOCTHOM TKaHHW; B aHAJIOTHMYHBIX Tpynnax, BKimodaommx 11
KPBIC, C THCTOJIOTHUECKOH oLeHKoH Ha 30 CyTKu.
PesyabraTsr: O0a Merosa ykiaaku komnosuta (multilayer n
mixed composite) cocoOCTBOBaIH YCKOPEHHOMY 3aKPBITHIO
nedexkrta KOPTHKAJIbHOW TUIACTUHKM — TI0 CPaBHEHHUIO C
HeraTUBHBIM KoHTpojem Ha 30-¢ u 60-¢ cytku (p<0.01). B
rpymme mixed composite peMoieTMpoBaHe KOMIO3UTa OBLIO
Ooyiee paBHOMEPHBIM W BOBJIEKAIO Kak Hepudeprudeckue,
TaK W LEHTpaJbHBbIE 30HBI KOMNO3uTa. Murpamus martepuaia
B JIaHHOM TpyMIle perucTpupoBajach JJOCTOBEPHO pEXe,
yem B rpynne multilayer composite (p <0.05). Ongnako B
rpymme mixed composite yamie HadI0gaT0CH POPMUPOBAHHE
¢ubporactuueckoro Oappepa B 30He jedekra, dYeMm B
rpymme multilayer composite (p < 0.05). ITocnoiinas yxiaaka
CONPOBOXKAANACh Oonblleld OHoperpajganmeil  KOMITO3HMTA
U CHIDKCHHEM CTa0MJIBHOCTH  TOJIOKEHHS  KOMIIO3UTa
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(BkiIOYasi MHTpa- M OKCTPAOCCAIBbHYI0O MUTpanuio). B
YCIOBUSIX OakTepHajJbHOW KOHTAaMHUHAIMM  HMMIUIAHTAIMS
KOMIIO3UTa COMpPOBOXAAJNach CHU)KEHHUEM WHTEHCHBHOCTU
BOCIAJHUTENBHOTO OTBETa M YMEHBIICHUEM IUIOIAAN HEKpo3a
10 CPaBHEHUIO ¢ HHOUIIMPOBAHHON KOHTPOJILHOH rpymiioi 0e3
3aIMOJIHEHMUS.

3akarouenue: JlaHHOe UCCleAOBaHME IOKa3zano, dYTO
CMEIIaHHblE KOMIIO3UTHI, BKIIIOYAIOIIHE CHHTETHUUYECKHE U
Ononornyeckue  KOMIIOHEHTH  (HaHO(GUOPHIUTMPOBAHHYIO

LeJUTI0103Y, KceHorpadT 1 n-butyl-2-cyanoacrylate), o6nanaror
BBICOKMM  OCTCOKOHIAYKTHBHBIM W  OCTEOMHIYKTHBHBIM
MOTEHIIMAJIOM TIPH BOCCTAHOBJIEHHHM JAE(EKTOB KOCTHOU
TKaHW. [loslydeHHBIE pe3yNbTaThl — CBHJETENBCTBYIOT O
O61OCOBMECTHMOCTH MaTepualia i HU3KOH 4acTOTe Pa3BUTHS KaK
PaHHUX, TaK ¥ OTHAIEHHBIX OCIIOKHEHHH, BKIIIOYas MUTPALHIO
W Jerpajalyio TpaHCIUaHTara. Kpome TOro, B YCIOBHSX
0aKTepuaJbHOTO 3arps3HEHHs paHbl KOMITO3UTHI TOKA3aJlld
BEIp@KEHHBIE OapbepHble ¥ aHTHUMHUKPOOHBIE CBOWCTBA,
MIPEISITCTBYST  OaKTepHalbHOW KOJOHHM3ALMM W Pa3BUTHIO
THOMHO-HEKPOTHYECKOT'0 BOCHIAJICHUSI.

KaioueBble ciioBa: KOCTHBHINA JedekT, pereHepanusi KOCTH,
KOMITO3HT, KCceHOTpadT, HaHOLIEIJIIOI03a.
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