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Abstract

Introduction. The healing of bone tissue, whether a fracture or fusion, is influenced by
a number of biochemical, biomechanical, cellular, hormonal and other pathogenetic
mechanisms associated with the regulation of phosphorus-calcium metabolism.
[-Tricalcium phosphate (B-TCP) is a bioceramic material that represents a good balance
among absorption, degradation and new bone formation and can preserve structural
stability by releasing a large quantity of calcium (Ca®*) and sulfate (5042‘) ions, which
are indispensable inorganic salts for new bone formation. Collagen (COL) is the major
component in numerous tissues and can be extracted as a natural biomaterial for various
medical and biological purposes.

Purpose. To evaluate the individual and combined effects of f-TCP and COL sponges on
bone healing.

Materials and methods. A total of 20 adult male albino rats with average weights of 250-
350 g (3—-4 months) were used in this study. Four intrabony holes were induced in both
femurs of each rat and filled with B-TCP, COL, and their combination in the experimental
groups. The fourth group of holes, which were left to heal spontaneously, was used as the
control. Sacrification of animals was performed after 2- and 4-week healing periods to
prepare specimens for histological and histomorphometric analyses.

Results. Histological findings showed that the combined application of 3-TCP and COL
resulted in more bone formation and mineralization compared with the other groups.
Highly significant differences regarding bone cells and bone marrow area were recorded
among all groups for during both healing periods.

Conclusion. The combined application of 3-TCP and COL was more effective in enhancing
bone formation and maturation compared with the controls.

Keywords: beta-tricalcium phosphate, collagen, bone healing, mineralization, osteogenic
cells, intrabony holes
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Pesiome

BBepeHme. Ha 3a>kmBnaeMocTb KOCTHOW TKaHK, Byib TO Nepeniom unu cpalleHue, BAMsaeT
Lenblii pag 6UoXNMMMYecKnx, BomexaHNYeCKmX, KNETOUHbIX, FOPMOHasIbHbIX 1 ApYruX na-
TOreHEeTUYECKUX MEXaHU3MOB, CBA3aHHbIX C perynauunei ¢ochopHo-KanbLmeBoro oobme-
Ha. B-Tpukanbuundocoat (B-TCP) — 3To Guokepammnyecknii matepuas, obecrneyrBaioLmi
OoNTUManbHbIA 6anaHc mexay abcopbuunen, paspylieHrem n 06pa3oBaHNeM HOBOW KOCT-
HOW TKaHW, KOTOPbIN CNOCOBGEH COXPaHATb CTPYKTYPHYIO CTabWIbHOCTb 3a CYET BbICBO-
60X aeHNA 60NbLIOro KoNMyecTsa MOHOB Kanbuwa (Ca**) n cynbdarta (SO,>), npeacTasns-
IOLLMX COOON HeopraHMyeckre conun, Heobxognmble ana GOPMMPOBaAHUA HOBOW KOCTHOW
TKaHW. KonnareH (COL) ABnAeTcA OCHOBHbIM KOMMOHEHTOM MHOTMX TKaHel 1 MOXeT ObiTb
MCMNONb30BaH B KauyecTBe NPMPOAHOro brioMatepurana ana pasfimyHbiX MeaULNHCKUX Y
61onornYecKux Luenem.

Llenb. OueHka BnvsaHua B-TCP 1 konnareHoBbIX ry6OK Ha 3a)KrBReHe KOCTV NPU OTAENb-
HOM 1 KOMOVIHMPOBaHHOM MPUMEHEH NN,

Matepuanbl n meTogbl. B nccnegosaHumn ncnonbsoanu 20 B3POC/bIX KPblC-CAMLIOB —
anbbmHOCOB €O cpefHMM Becom 250-350 r (3-4 mecaua). B obeunx 6eppeHHbIX KOCTAX
KaX[ oM KpbICbl 6b110 NpofenaHo no YeTbipe BHYTPUKOCTHbIX OTBEPCTUA, KOTOPbIe 3amnon-
Hunm B-TCP, COL 1 nx kombuHaLmen (3KcneprMmeHTanbHble rpynmbl). B uetseptol rpynne
OTBEPCTUA ObIAN OCTaBEHbI AS1A CMOHTAHHOIO 3a)KMBNEHNA (KOHTpObHaA rpynna). Mo
ncrteyeHUn 2- n 4-HefenbHbiX NEPUOLOB BOCCTAHOBNEHUA XXUBOTHbIX YMEPLLBAAIN U OT-
6upanu 0bpasLbl 4NA TMCTONOMMYECKOTO U FTMCTOMOPPOMETPUYECKOTO aHanm3a.
PesynbraTbl. BbinonHeHHOE rmMcToNorMyeckoe UccnefoBaHne no3BoUAO YCTaHOBUTD,
YTO KOMOUHVPOBaHHOE NpumeHeHune B-TCP n KonnareHa cnocobCTByeT 6onee akTVBHOMY
bopMMPOBaHNIO N MUHEPan3aLUn KOCTHOW TKaHW MO CPaBHEHWIO C pe3ynbTaTamMu, Nosy-
YeHHbIMKW B ApPYrux rpynnax. BolpaXeHHble JOCTOBEPHO 3HAUMMble Pa3numA B Konuye-
CTBE KOCTHbIX KNeTOK M NNIOLaAn KOCTHOro Mo3ra Obinn 3adrKCcMpoBaHbl BO BCEX rpynnax
B TeYeHVe 060UX NEPNOLOB BOCCTAHOBIIEHMA.
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3aknioueHue. KombrHnpoBaHHoe nprmMeHeHue 3-TCP 1 konnareHa cnocobcTByeT 605ee
3bdekTBHOMY GOPMMPOBAHMIO U PA3BUTUIO KOCTHOM TKaHU MO CPaBHEHWIO C KOHTPOIb-
HOW rpynmnomn.

KnioueBble cnoBa: GeTa-TpuKkanbuniidocdat, KonnareH, 3a>kUBJeHNE KOCTHOW TKaHW,
MUWHepanu3aLms, OCTeOreHHble KNeTKU, BHYTPUKOCTHble OTBEPCTUA

B INTRODUCTION

Bone is a dynamic biological tissue mainly composed of three components: cells,
fibers, and matrix. Collagen (COL), which provides tensile strength, is the main component
of the bone matrix. Calcium phosphate, which provides compressive strength, is the
main mineral component of bone [1]. In the treatment of bone defects, scaffolds play an
important role and can provide a bridge for new bone tissue growth into the gap and a
platform for cells and growth factors to exert their physiological roles [2].

B-Tricalcium phosphate (B-TCP) is a calcium salt of phosphoric acid with the chemical
formula Ca,(PO,),. This compound is also known as tribasic calcium phosphate; calcium
phosphate is one of the main combustion products of bones. Calcium phosphate is also
commonly derived from inorganic sources such as mineral rock [3]. B-TCP is a promising
biomaterial for bone repair due to its osteoconductivity, osteoinductivity, biodegradation,
and delivery of large amounts of calcium and phosphate ions into the defect environment.
[B-TCP is favored by maxillofacial and orthopedic surgeons in the restoration of bone tissue
loss [4].

B-TCP is reabsorbed in a progressive manner, which leaves an area for bone
neoformation. Multiple studies have been conducted on B-TCP and bone interaction,
and histological examination showed initial bone neoformation in intergranular areas
and porous surfaces, which guided new bone formation. Unlike hydroxyapatite, B-TCP
is continuously and totally reabsorbed, which results in the discharge of calcium and
phosphate ions that actively participate in new osseous tissue formation [5].

The critical geometry of 3-TCP, in addition to its macro- and microporous structures, can
result in the successful trapping of ions, osteogenic cells, and osteogenic proteins, which
provides a suitable microenvironment for osteoinduction. In particular, the provision
of calcium and phosphate ions by the dissolution of soluble B-TCP can contribute to a
favorable environment for bone formation [6].

[B-TCP is employed in the medical and dental fields and numerous dental operations,
including pulp capping, apexificationin endodontics, restoration of cleft palates and orbital
rim deformities in maxillofacial surgery, and repair of osseous lesions in periodontics [7].

COL is a biological macromolecule and a key structural protein, the principal
component of connective tissues in animals, and the most widely distributed functional
extracellular matrix protein [8]. COL has been used for decades as scaffolding material
in bone tissue engineering approaches where autografts are not feasible. Polymeric COL
can be easily processed in a number of ways to manufacture biomaterials in the form of
sponges, particles, or hydrogels for different applications [9]. When used as a scaffolding
material, COL not only acts as a physical support for cells to attach to and grow on but also
influences cell behavior; type | COL-based biomaterials are suitable and biocompatible in
promoting successful bone healing when implanted into bone defects [10].
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COL-based biomaterials (i) are biocompatible, (ii) have a tunable degradation rate,
(iii) elicit a mild inflammatory response, (iv) are invaded by the host cells, and (v) can
become vascularized. These features have made COL progressively popular for the
enhanced healing processes [11]. In addition, COL stimulates angiogenesis in vitro and
in vivo. Different strategies have been tested to increase the vascularization of COL-based
biomaterials and cell proliferation and enhance osteogenic differentiation [12].

COL has been widely used in clinical settings for a number of years and exhibits
good biodegradability, biocompatibility, and absorbability [13]; it is close to the natural
organic structure of bone and exerts positive effects on cell fate. COL can also facilitate
cell attachment and can be easily absorbed by organisms. Moreover, COL can inhibit the
growth of bacterial pathogens [14].

A COL sponge is a biocompatible material that fills the extraction socket and acts as a
scaffold to prevent the collapse of soft tissue after extraction. In conclusion, it can reduce
the patient’s postoperative complications at an early stage, enhance the initial healing of
soft tissue, and minimize periodontal defects [15].

B PURPOSE OF THE STUDY
To evaluate the individual and combined effects of B-TCP and COL sponges on bone
healing.

B MATERIALS AND METHODS

Study design and setting

Twenty adult male albino rats weighing approximately 250-350 g and aged
3-4 months were used in this study. The rats received intramuscular injection of 50 mg
ketamine hydrochloride (1 mL/kg body weight) plus 2% xylazin (0.2 ml/kg body weight).
Surgery was performed under sterile conditions by making an incision on the skin and
underlying fascia. Then, reflection was performed to expose the rat femurs. Induction of
four intrabony holes approximately 3 mm in depth and 2 mm in width was conducted
with intermittent drilling and continuous cooling with normal saline using a micro engine
that was set at a rotary speed of 2500 rpm. The operation sites were washed with normal
saline to remove debris. Group A (20 holes), as the control group, was left untreated for
spontaneous healing. The intrabony holes in Groups B (20 holes), C (20 holes), and D
(20 holes) were filled with COL, B-TCP material, and combined COL and B-TCP materials,
respectively.

Animals

All animals were scarified after 2 and 4 weeks of healing, and bone specimens were
immediately fixed in 10% freshly prepared formalin and left for 2 days for fixation.
Bone decalcification was performed using a formic acid sodium citrate solution, which
was freshly prepared from two solutions (125 cc formic acid (90%) and 125 cc distilled
water; 50 mg sodium citrate and 250 cc distilled water) [16] and the specimens were
processed into paraffin blocks. Tissue sections of 5 um thickness were prepared followed
by hematoxylin and eosin staining and histological examination using a light microscope
(OpticaB-350, Italy).
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Histomorphometric analysis of the following bone microarchitectures was performed.
Bone cell counting involved the following:
1. Osteoblast (OB) cell number (OB/mm?).
2. Osteocyte cell number (OC/mm?).
3. Osteoclast cell number (OCL/mm?).
Trabecular and bone marrow areas were also measured:
1. Trabecular area (mm?).
2. Bone marrow area (mm?).
3. Trabecular number (mm?).

Statistics

Measurement of trabecular and bone marrow area was performed using a program
software (Imagel.exe). The recorded data were analyzed statistically by analysis of variance
and least significant difference test.

B RESULTS

Histological findings

After 2 weeks of healing, the microphotography of bone sections from Group A (control
group) showed new trabeculae rimmed by OBs, osteocytes embedded in bone, and
osteoclasts (Figure 1). Group B (COL group) exhibited deposition of new bone trabeculae
enclosing the marrow tissue rimmed by OBs (Figure 2). Group C (B-TCP group) revealed
osteocytes embedded in newly formed bone and osteoclasts (Figure 3). Group D (COL +
B-TCP group) presented new bone trabeculae rimmed by OBs and osteocytes embedded
in the bone (Figure 4).

Four-week duration of bone healing

Histological examination of bone sections from Group A (control group) showed dense
bone and Haversian canals surrounded by osteocytes (Figure 5). Group B (COL group)
exhibited newly formed bone that was more densely rimmed by OBs and osteocytes in
(Figure 6). The microphotograph view of Group C (B-TCP group) after 4 weeks of healing

Fig. 1. After 2 weeks of healing, the control Fig. 2. After 2 weeks of healing the collagen
group showed new bone trabeculae (BT), group showed thin bone trabeculae (BT),
osteocytes (OCs) osteoblasts (OB), marrow tissue (MT), and osteocytes (OC).
and osteoclasts (OCL). H&EX 40 H&EX40
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Fig. 3. After 2 weeks of healing, the -TCP
group showed bone trabeculae (BT),
osteocytes (OC), and osteoclasts (OCL). x40

Fig. 5. The control group showed new bone
(NB) and Haversian canal (HC) after 4 weeks
of healing. H&E x20

Fig. 4. After 2 weeks of healing, the -TCP +
collagen group showed new bone
trabeculae (BT), osteoblasts (OB),

and osteocytes (OC). x40

Fig. 6. After 4 weeks of healing, the collagen
group revealed dense bone trabeculae (BT),
osteoblast (OB), osteocytes (OC),

and reversal line (RL). H&E x20

Fig. 7. After 4 weeks of healing, the TCP
group exhibited thick bone trabeculae (BT)
with regularly arranged osteocytes (OC)
and osteoblasts (OB). H&E x20

280

Fig. 8. After 4 weeks of healing,

the combined treatment group showed
Haversian canal (HC), osteocytes (OC),
and osteoblast (OB) cells. H&E x40
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Fig. 9. Bar chart representation of the mean and standard deviation of bone cells after 2- and 4-week
healing intervals for OBs in the control, COL, B-TCP, and COL + B-TCP groups
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Fig. 10. Bar chart representation of the mean and standard deviation of bone cells after 2- and 4-week
healing intervals for osteocytes in the control, COL, B-TCP, and COL + 3-TCP groups
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Fig. 11. Bar chart representation of the mean and standard deviation of bone cells after 2- and 4-week
healing intervals for osteoclasts in the control, COL, B-TCP, and COL + B-TCP groups
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revealed dense bone trabeculae with Haversian canals and osteocytes (Figure 7). After
4 weeks of healing, bone sections in Group D (COL + B-TCP group) presented dense bones
with Haversian canals lined by OBs and surrounded by osteocytes (Figure 8).

Table 1
Comparison of bone cells in different healing durations in all studied groups

Control coL B-TCP COL + B-TCP

Variable Duration
Ttest Pvalue Ttest Pvalue Ttest Pvalue Ttest @ Pvalue

Between 2 and

OB 1734 |0.110 4987 0010% 5855 |0.000%* 5414 | 0.000%*
4 weeks

Osteocyte | Between 2and -3.129 | 0.042* | -6.326 | 0.000** | -7.897 | 0.000**  -15.788 | 0.000**
4 weeks

Osteoclast | Between 2and 35477 | 0.000% | 30.911 |0.000** |25.023 0.000** |-19.383  0.000%*

4 weeks

Notes: * significant result; ** highly significant result.
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Fig. 12. Barchart representation of the mean and standard deviation of TN in bone cells after
2- and 4-week healing intervals
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Fig. 13. Bar chart representation of the mean and standard deviation of bone cells in the T area after
2- and 4-week healing intervals
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Fig. 14. Bar chart representation of the mean and standard deviation of BMA in bone cells after
2- and 4-week healing intervals

Table 2
Healing duration comparison for TN, TA, and BMA in all studied groups

Control B-TCP coL COL + B-TCP

Variable Duration
T test Pvalue | T test P value | T test Pvalue | T test P value

™ Between 2 4112 0019* |6275 |0.000** |5798 | 0.000% 7.109 | 0.000**
and 4 weeks

TA Between 2 -18.363 | 0.000** | -31.119 | 0.000** | -38.313 | 0.000%* | —27.707  0.000**
and 4 weeks

BMA Between 2 30.118 |0.000% | 28.997 | 0.000%* | 40.947 |0.000% |33.309 | 0.000%
and 4 weeks

Notes: * significant result; ** highly significant result.

Histomorphometric analysis of bone architecture parameters

Comparison of bone cells in all studied groups using paired T test showed a highly
significant difference (P<0.01) between 2 and 4 weeks of healing periods (Figures 9, 10,
and 11 and Table 1).

With the use of paired T test, comparison of TN, TA, and BMA in all studied groups
showed highly significant results (P<0.01) between 2 and 4 weeks of healing, except for
TN in the control group (Figures 12, 13, and 14 and Table 2).

B DISCUSSION

The bone healing process is indicated by the deposition of bone matrix and the
creation of trabecular bone, which decreases in number but grows in thicknessthroughout
the healing process. The amount of newly formed bone in osseous defects is one of the
most critical elements in determining the degree of bone regeneratio [17]. These reported
findings are in line with the results of this study, as illustrated by histological examination
of bone sections, which showed newly formed trabeculae rimmed by OBs that decreased
in number as they thickened over time. This finding was more evident in the experimental
groups, specifically the combined treatment group.
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Rico et al. (2021) [18] used COL powder in a rabbit alveolar cleft model and observed
considerably improved bone repair. COL acted as a scaffold on which cells were retained
and induced to differentiate, which increased osteogenesis. In line with this study, the
COL group mostly showed increased OB differentiation and reduced osteoclastogenesis
through the inhibition of osteoclast activity from 2 weeks to 4 weeks. This finding is
supported by that of Dawood and AL-Ghaban (2021) [19], who demonstrated that bone
defects treated with marina COL exhibited new bone formation in the form of numerous
bone trabeculae, which suggests the role of COL in providing an osteoconductive
environment for the migration, proliferation, and differentiation of bone-forming cells.
The effect of B-TCP application on bone healing revealed an increased number of OBs,
which agrees with the finding of Gilev et al. (2020) [20], who augmented the tibia of New
Zealand rabbits with B-TCP alone and revealed 3-TCP as an optimal material for inducing
OB differentiation, mineralization of the extracellular matrix, and subsequent bone
formation.

Moreover, the recorded mean values of TN and TA were higher in the B-TCP groups
than in the control group, which is in agreement with the result of Lu et al. (2021) [21],
who implanted B-TCP in femur defects in rabbits and observed that 3-TCP affected bone
repair by interacting with the surrounding tissues through the regulation of growth
factors, cytokines, and ions. A possible mechanism of B-TCP-regulated osteogenesis is
that B-TCP can directly or indirectly (via the release of ionic components, such as Ca* and
PO43‘) facilitate OB differentiation, promote vascularization, regulate the release of growth
factors, and alter blood clot formation, which promote bone healing at defect sites.

The combination group showed a high count of OB cells after 2 weeks of healing
compared with the control group and more bone trabecular areas than in any of the
other groups. This result agrees with that of Tebyanian et al. (2019) [22], who showed that
the introduction of B-TCP powder into the COL matrix improved vascularization and the
biological and mechanical properties of the COL scaffold and evaluated the effects of a
complex COL/B-TCP scaffold on bone formation in rabbit calvarial bone defects to assess
the potential use of COL/B-TCP as a bone substitute to repair bone defects.

In this study, the trabecular area thicknesses increased compared with that of the
control group after 4 weeks, which is in agreement with the finding of Kim et al. (2017)
[23], who concluded that the combined use of COL and B-TCP in the long bone fracture
led to improved bone regeneration. Xiao (2015) [24] stated that the composition of
the bone scaffold must be kept similar to that of natural bone to provide a desirable
environment for cell attachment and proliferation. COL and B-TCP can mimic the basic
composition of bone and have been used as bone graft substitutes. The results of this
study are also consistent with those of Mohseni et al. (2018) [25], who showed the positive
effect of nanocomposite 3-TCP/COL scaffold in comparison with hydroxyapatite scaffold
in the healing of femoral defects in rabbits; they also observed the improved quantity and
velocity of bone formation and quantity of newly formed lamellae in the healing site of
the nanocomposite TCP/COL group.

The results of the current study are also supported by those of Ho et al. (2016) [26],
who combined B-TCP-COL into the tooth socket of beagle dogs and observed that the
horizontal dimensions of alveolar bone were more evident in the B-TCP COL groups and
accompanied by new bone formation at 4 weeks compared with those in the COL and
control groups. This finding was obtained possibly because COL/B-TCP simultaneously
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acted as osteoinductive carrier and osteoconductive bone grafting material to accelerate
bone regeneration.

CONCLUSION

Bone defects treated with COL/B-TCP as a combination scaffold increased the rate of

bone regeneration by enhancing OB proliferation and decreasing osteoclast activity and
mineralization of the bone matrix was superior to that of the control group.
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