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RESUMO

As tentativas de reparar grandes lesdes Osseas sdo desafiadoras, para facilitar esse
processo ¢ possivel utilizar biomateriais que estimulem a regeneragao deste tecido, para
isto ¢ possivel utilizar materiais isolados ou associados. O presente trabalho se propde a
realizar um apanhado do que se vem trabalhando atualmente com a aplicacdo do
dimetacrilato de polietilenoglicol (PEGDMA) sobre o reparo do tecido 6sseo, bem como
apresentar um compdsito desenvolvido com a associagdo do PEGDMA com as ceramicas
de beta trisfofato de célcio (B-TCP) e Wollastonita para regenerar defeitos segmentares
6sseos em coelhos. Nesse processo levou-se em consideragdo principalmente ensaios in
vivo. Diversas avaliagdes podem ser realizadas para acompanhar a interacdo dos
compdsitos no organismo, incluindo exames de imagem e histopatologicos. Os resultados
positivos relatados com a utilizagdo de compdsitos a base de polimeros como o
PEGDMA, também puderam ser observados no presente estudo, sendo uma excelente
opgdo para associagdo, seja com medicagdes, cerdmicas ou outros polimeros.

Palavras-chave: Biomateriais; Ceramicas; /n vivo; Polimero; Regeneragao;



ABSTRACT

Attempts to repair large bone lesions are challenging, to facilitate this process it is
possible to use biomaterials that stimulate the regeneration of this tissue, for this it is
possible to use isolated or associated materials. The present work proposes to carry out
an overview of what is currently being worked on with the application of ethylene glycol
dimethacrylate (PEGDMA) on the repair of bone tissue, as well as to present a composite
developed with the association of PEGDMA with the beta trisphosphate ceramics of
calcium (B-TCP) and Wollastonite to regenerate bone segmental defects in rabbits. In this
process, mainly in vivo assays were taken into account. Several evaluations can be
performed to monitor the interaction of composites in the body, including imaging and
histopathological exams. The positive results reported with the use of composites based
on polymers such as polyethylene glycol, could also be observed in the present study,
being an excellent option for association, whether with medications, ceramics or other
polymers.

Keywords: Biomaterials; Ceramics; /n vivo; Polymer; Regeneration;



LISTA DE FIGURAS

Figure 1 — Flowchart of the records found, selected and
INCIUAEA. ..o

Figure 2 — Lateral radiographic images of the middle third of the radius and
ulna of rabbits in the implant (IG) and control (CG) groups at different times
after the  surgical procedure. @ Bone  defect region  (red
AITOW ).+ +eeeeteeeeetteeeiteeeeutee et ee sttt e sabeeesaateesabeeesbeeenteeensaeesnsaeeensteesasaeennseeenaseesnnes

Figura 3 — Figure 3 — Radio and ulna tomographic images of rabbits in the
implant (IG) and control (CG) groups at different times after the surgical
PLOCRAULE. ...ttt ettt ettt ettt et e et e et eeteesateenbeessaeenbeesnaesnseeens
Figure 4 — Longitudinal histopathological section of the osteotomy site
without implants at 60 days postoperatively. A defect (A) is observed between
cortices (B), filled with little newly formed bone tissue (C). 40x
MAZNITICATION. . ..eiuiiiiietiiieie ettt st

Figure 5 — Longitudinal histopathological section of the bone/implant
interface at 60 days postoperatively. A large amount of newly formed bone
tissue (A) in the process of maturation is observed, with some blood vessels
(arrows) connecting the cortices. 40x magnification............ccceeveeeveeriienieennnen.

Figure 6 — Longitudinal histopathological section of the osteotomy site
without implants at 120 days postoperatively. The presence of a defect (A)
between cortices is observed, filled by moderate neoformed bone tissue (B).
40X MANIfICAtION. ...\ ettt
Figure 7 — Longitudinal histopathological section of the bone/implant
interface at 120 days postoperatively. The presence of a remnant of
biomaterial is observed (A), surrounded by little connective tissue (B). Above
the biomaterial, an osteotomy region in an advanced stage of healing is
observed, with the formation of more compact bone (C) and several blood
vessels (arrows). 40x magnification............o.oovviiiiiiiiiiiiiiii i,

Pégina

34

36

40

40

41



LISTA DE TABELAS

Table 1 — Description of authors, study model, composite composition, main
application of PEGDMA polymer, animal species studied, number of animals,
whether there was a control group and study

Table 2 — Description of authors, bone studied, defect size used, evaluations
performed and summary of reSults............ccccoiiiiiiiiiiiiiiee e
Table 3 — Mean values and standard deviation of radiographic evaluation
scores of the implant groups (IG) and control group (CG) in relation to
alignment, apparatus and biological activity at different times after the
SUIEICAl PIOCEAUIE. .. .. eeiiieiiieiiieie ettt ettt et e e ens
Table 4 — Mean values and standard deviation of tomographic evaluation
scores of the implant groups (IG) and control group (CG) in relation to tissue
neoformation and neotissue mineralization at different times after the surgical
PLOCRAULE. ..ottt ettt ettt et ittt ettt et e et e e st e et eesaaeenbeessaeeseessaeenseeees
Table 5 — Mean values and standard deviation in pm of the histomorphometric
evaluation of the implant groups (IG) and control group (CG) in relation to
tissue  quantification at  different times after the surgical
PLOCRAULE. ...ttt ettt ettt ettt e et et eeteesate e b e e s aaeenseessteenbeessaeenseensseenseenns

Pégina

20

35

37



PEGDMA
SLC
Esp

N

G

GC
Micro
MOD
HA
PC
PLLA
siRNA
PCL
APG
APL

AMD
FCP
B-TCP
TGI
uTC

Radio
Histo
Imuno

Uuv
GI
mg

mm

LISTA DE SIMBOLOS, SIGLAS E ABREVIATURAS

Polietilieno glicol dimetacrilato
Sistema de liberagdo controlada
Espécie

Amostra experimental

Grupos experimentais

Grupo controle

Microscopia otica de luz
Matriz 6ssea desmineralizada
Hidroxiapatita
Policaprolactona

Poliacido lactico

Pequenas moléculas de RNA
Policaprolactona

Acido poliglicélico

Poliacido lactico

Quitosana

Acido metacrilico

Fator de crescimento plaquetario
Beta-trifosfatato de calcio
Trato gastrointestinal

Micro Tomografia Computadorizada
Fluorescéncia

Radiografia

Histopatologia
Imunohistoquimico
Wallostonita

Ultravioleta

Grupo implante

Miligrama

Kilograma

Milimetro



SUMARIO

RESUMO ...ttt ettt sttt ettt st 7
ABSTRACT ...ttt sttt sttt ettt naeens 8
LISTA DE FIGURAS . ...ttt 9
LISTA DE TABELAS. ..ottt 10
LISTA DE ABREVIACOES. ... 11
INTRODUGCAQ GERAL.....cccoooiviiiiriiiiienieeieeieeeesesee e 12
REFERENCIAS.........ooooviriiiieneies it sseesesses et ssssseees 13
CAPITULO I: Ethylene glycol dimethacrylate (PEGDMA) as a repairer of
bone defects: SyStemMatiC TEVIEW.......ccuiiuiiriieeiieiie ettt ettt eae e e 14
ABSTRACT .ttt sttt et sttt et ae et naeens 15
INTRODUCTION......cttiiiiiieiteeettete ettt sttt st sttt 15
DATA SELECTION......oottiitiiiitieieeesitee ettt sttt st sieens 16
RESULTS. ..ottt sttt sttt et sbe et st eaees 17
DISCUSSION. ...t e e et e e e e ta e e e e saaeeeeenraeeeeennnes 21
CONCLUSIONS . ...ttt sttt sttt sttt et st e bt st e et enae s 22
REFERENCES ...ttt sttt 23
CAPITULO II: Development and application of an association of wollastonite,
B-TCP and PEGDMA based implant for the treatment of segmental bone defect

TN TADDILS ..ottt 26
ABSTRACT ...ttt sttt sttt et stenaeens 27
INTRODUCTION......cutiiiiiieiteteeitee ettt sttt st 28
MATERIALS AND METHODS. ..ot 29
Obtaining bioMAtErIials.........cceiiiiiiieiiieiieeie ettt e 29
I7 VIVO SEUAY ...ttt ettt et e e e et st enaeaens 29
EXPerimental SrOUPS........ceoieiiieiieeieecie ettt ettt e ae bt eseaeesaesnaeens 30
Pre-surgical preparation..............ecveeeiieeieerie ettt 30
OPETatiVe PrOCEAUIE. ......eeiuiietieeiieeiieeieetee et eteeeteebeesereeteesaaeebeessbeenseessseenseennns 30
Clinical-orthopedic evaluation............ccoeeuieriieriieiiieieeie e 31
Radiographic evaluation..............cceeriiiiiiiiiiiiieeie e 31
Tomographic eValtuation...........ccccvierieiiieiieeie ettt es 31
Histopathological and morphometric evaluation.............coceeveviirienenieneeniennene 32
Statistical ANALYSIS.....cceeriieiiieiieieeie ettt 32
RESULTS AND DISCUSSION ..ottt 32
Clinical-orthopedic evaluation............ccoeeuieriieriieiiieieeie e 32
Radiographic evaluation..............ccceeviieiiiiiieiiiecie e 33
Tomographic evValtuation............cccuierieiiieiieeie et 35
Histopathological and morphometric evaluation.............cccceecuevieneniienienenienenn. 38
CONCLUSIONS. ...ttt ettt sttt et st sb et st saeenbeeanens 42
REFERENCES ...ttt ettt 43

CONCLUSOES . ..ot e et e e e e e s e s e e e s e e s e e s e e e es e, 47



12

INTRODUCAO GERAL

As fraturas de ossos longos sdo os problemas mais comum na rotina cirirgica-
ortopédica, podendo representar um sério problema para a satide de pacientes acometidos,
principalmente devido ao tempo de repouso forgado, incapacidade de exercer fungdes
produtivas e em casos de complicagdes, a cicatrizacdo do tecido dsseo pode ser um
verdadeiro desafio para o cirurgido (BONAFEDE et al., 2013).

O tratamento comumente utilizado no reparo de fraturas ¢ a estabilizagdo com
implantes, os quais proporcionam o compartilhamento e distribuicao de forcas aplicadas
sobre 0 0sso enquanto a atividade de células como osteoblastos ¢ aumentada no foco da
fratura proporcionando neoformagao do tecido 6sseo (EINHORN & GERSTENFELD,
2015).

Os diferentes implantes podem proporcionar diferentes estabilidades, as quais
influenciam diretamente o tipo de cicatrizagdo 0ssea, estabilidade rigida, com auséncia
de movimentacdo no foco da fratura, promove uma cicatrizacdo dssea primaria,
estabilidades flexiveis, as quais promovem movimentacdo no foco da fratura, levam a
formagao de calo 0sseo e cicatrizagdo secundaria (BOTTLANG et al., 2010)

Apesar da variedade de abordagens existentes para o tratamento de defeitos
0sseos, a cicatrizacao desse tecido ¢ limitada, fazendo com que alguns em alguns casos
seja necessaria a utilizagcdo de biomateriais para estimular a regeneracao tecidual (CLAES
et al., 2012).

Os biomateriais sdo produtos como polimeros e cerdmicas que possuem
propriedades desejaveis para implantacdo no organismo como biocompatibilidade,
nenhuma citotoxicidade e bioatividade (AZEVEDO et al., 2014).

Entre os biomateriais utilizados para reparo 6sseo se destacam polimeros como o
PEGDMA e as ceramicas como o B-TCP e a Wallostonita, os quais possuem potencial
como compdsitos ou isolados, apresentando todas as propriedades desejaveis como
biomateriais (TAVASSOLI et al., 2018).

Apesar dos relatos positivos com a aplicagdo desses materiais, ainda existe muitas
melhorias possiveis tanto no desenvolvimento e fabricagdo dos compositos como em sua

propria aplicacdao (LIMA et al., 2019).
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ABSTRACT

The use of polymers such as PEGDMA in the health area has been highlighted due to its
excellent biocompatibility properties and production versatility. The present review aims
to gather studies on the use of polymers in their different applications. The survey of
articles was carried out with the aid of electronic databases. Articles published between
2012-2022 in English and Portuguese were included. Results data from selected articles
were collected, including authors, year of publication, materials used, experimental
design, study duration, evaluations performed, and results. Although 100% of the articles
included in this review reported positive results with the use of PEG-based composites, it
is also reported that adjustments, better understanding and more evaluations are needed

to complement the results presented.

KEYWORDS: Biomaterials; Drugs; Polymer; Tissue repair; Controlled release system;

1. Introduction
Bone segmental defects are defined as the loss of a significant fragment of bone,
mainly affecting the long bones, this pathology can lead to a decrease in cortical and
spongy bone stock and impairment of bone mechanical strength [1].
These defects represent a real challenge for the veterinary and human medical
routine, this is mainly due to the limited ability of bone tissue to regenerate, making more

invasive measures often necessary as treatment [2].
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The multidisciplinary therapeutic approach makes it possible to expand the range
of options in the treatment of defects that are so complex to treat, the association of areas
such as materials engineering and medicine, allows the development of materials capable
of stimulating the repair of various tissues or even serving as a mechanical framework for
filling defects [3].

Biocompatibility, mechanical strength and bioactivity are desirable characteristics
of materials used in tissue repair, polymers are materials that can present these
characteristics, which facilitates their association with other materials and products with
different purposes [4].

Several functions can be applied to polymers, the manufacture of composites that
allow controlling the release of substances as well as improving the biocompatibility of
other materials is an example of the most common use of polymers such as PEGDMA
being a very versatile material [5].

PEGDMA has been extensively researched as a stimulant for bone tissue repair
and positive results are reported, these results are associated with excellent
biocompatibility and cellular stimulation caused by this polymer [6]. In addition,
PEGDMA is quite versatile in its production, allowing several applications in the medical
field [7].

In view of the above, the present review aims to gather studies and report the

behavior of the use of polymers based mainly on PEGDMA.

2. Data selection

The survey of articles was carried out with the aid of electronic databases such as
PubMed, BVS Salud and SCIELO, considering the period of publication between 2012-
2022. Articles published in English and Portuguese were included, which evaluated the
use of PEGDMA polymer applied in the repair of bone tissue and, finally, in vivo
evaluations were performed. The index terms used in the search were: "PEGDMA",
"dimethacrylate", "polyethylene", "glycol", "polymer", "material", "biopolymer",
"biomaterial", "composite", "in vivo".

After the initial survey of articles, randomized clinical trials comparing treatment

groups with the polymer versus control groups without materials were included.

Literature reviews, meta-analyses and abstracts were discarded.
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Results data from selected articles were collected, including authors, year of
publication, materials used, experimental model, study duration, evaluations performed
and results.

The qualitative results of the studies were compiled and presented in tables.

3. Results

A total of 1058 articles were found in the databases with the first keyword:
PEGDMA, after the application of the second keyword: BONE, the number of articles
was reduced to 155, finally, with the insertion of the third keyword: IN VIVO, a total of
four articles were found, which were included in the present study (Fig. 1).

The use of the polymer as a controlled release system of substances represented
40% of the studies found, the other 60% represent an application as a porous structural
support associated with other biomaterials such as biopolymers, ceramics and pluripotent
cells (Table 1).

Several bones served as models of experimental fractures of different sizes,
ranging from 0.5 to 5 mm. The evaluations most used in the follow-up of bone repair
were histopathology and microtomography, participating in 100 and 80%, respectively
(Table 2).
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Figure 1 — Flowchart of the records found, selected and included.
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Author Study desing Scaffold composition Application Species N Control  Trial period
studied Group
ASENSIO et al., Bone defect PEGDMA + PLGA + B- Structural porous support Rabbits 16  Yes 90 days
(2022) repair TCP + Hialuronic acid +
Strontium folate
RIVERA et al, Bone defect PEGDMA + B-NGF Controlled release system Rats n/i  Yes 21 days
(2021) repair
GHIMIRE et al., Bone infection PEGDMA + Vancomycin Controlled release system Rats 6 Yes 21 days
(2019) treatment
MA etal.,, (2017) Bone  defect PEGDMA + Methacrylate Structural porous support Rats 33 Yes 45 days
repair gel + Pluripotent cells
MARTIN-DEL-  Bone defect PEGDMA + Chitosan + - Structural porous support Rats 18  Yes 150 days
CAMPO et al., repair TCP + Pluripotent cells +

(2016)

Strontium folate

Table 1 — Description of authors, study model, composite composition, main application of PEGDMA polymer, animal species studied, number of

animals, whether there was a control group and study period.
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Author Bone studied ~ Defect size Evaluations Results
ASENSIO et al., (2022) Femoral 4 mm Histopathology Evident neoformation of cartilage-
trochlea like tissue
RIVERA et al., (2021) Tibia I mm Microtomography + Histopathology Improving in bone fracture repair
+ Histomorphometry
GHIMIRE et al., (2019) Femoral 0,5 mm Microtomography + Effective prophylactic treatment
trochlea Bioluminescence + Culture + against bone infection caused by
Histopathology Staphylococcus aureus.
MA etal., (2017) Jaw 3 mm Microtomography + Histopathology Bone neoformation in greater
quantity and more robust tissue
MARTIN-DEL-CAMPO  Skull 5 mm Microtomography + Histopathology Stimulation of bone neoformation

et al., (2016)

Table 2 — Description of authors, bone studied, defect size used, evaluations performed and summary of results.
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4. Discussion

A significant amount of work with PEGDMA was found in the evaluated period,
showing a great interest in the subject, which is explained by the versatility of application,
excellent characteristics presented for use in engineering and medicine, and the apparent ability
to control the release of substances and /or compounds [8], despite this, few studies with in vivo
evaluations in bone tissue were found.

The ease of associating PEGDMA with other products demonstrates the excellent
biocompatibility with the organism, little or no cytotoxicity, ability to control the rate of
degradation of polymers and excellent interaction between polymers and other products such
as drugs, ceramics or other polymers [9].

With this biocompatibility, there is a decrease in the stimulus of foreign body in the
body, decreasing the formation of fibrous tissue around the composites and causing a decrease
in osmotic pressure and consequent decrease in water loss, which causes the release of some
substances take longer [10].

In addition, the low cytotoxicity allows the adhesion and maintenance of
undifferentiated cells and blood vessels at the implanted site, when implanted in bone tissue,
this causes the association with ceramics to allow greater activity of cells such as osteoblasts
and chondrocytes, thus accelerating the repair of this tissue [11].

Among the materials associated with PEGDMA we observed ceramics such as 3-TCP,
polymers such as Chitosan and Methacrylate, substances such as hyaluronic acid, strontium
folate, vancomycin and B-NGF, in addition we also observed the association with pluripotent
cells. The repair of bone tissue represented the objective of 80% of the works, evidencing the
difficulty and importance of accelerating its regeneration [12], while the remaining 20% aimed
at treating bone infection, which may be directly related to bone tissue repair. to repair this
tissue.

Rats were the most used animals in in vivo evaluations, followed by rabbits, mainly due
to the ease of handling, being the most used in several studies in the most varied areas of biology
[13].

The experimental period ranged from 21 to 150 days in the different applications, all
this variation shows a versatility in the degradation of the polymer that can be controlled in its
production in addition to other aspects, according to some authors [14] a composite produced
with a high particle ratio form, such as microrods, allows for a porous surface that enhances

cell adhesion and the organism's interaction with the products or cells in the composite.
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The relationship between degradation and release of substances by the composite and
the possibility of controlling this makes it possible to maintain a constant serum concentration
of the product in the tissue, as is also shown by [14], when they compared the release of
Intravenous B-NGF or through microrods based on PEGDMA and B-NGF applied by injection
in fractures produced in rat tibias.

The same constancy is observed with other products such as antibiotics, according to
[15], a composite based on PEGDMA with vancomycin implanted in the femur of rats with
osteomyelitis, were able to fully control bacterial proliferation and eliminate the infection,
maintaining a constant local level of the antibiotic.

Different bone application sites were used in the studies, including skull, mandible,
femur and tibia, with defect sizes ranging from 0.5 to 5 mm. This size variation shows the
benefit of being able to produce a composite that can completely fill the defect, which is often
limited in situations of autologous grafts that are the most routinely used [16].

Although 100% of the articles included in this review reported positive results with the
use of PEGDMA-based composites, it is also reported that adjustments, better understanding
and more evaluations are needed to complement the results presented, this is mainly due to the
variation in the rate of polymer degradation, which can be manipulated according to the way
the composite is produced [17].

A better understanding of the relationship between manufacturing and the interaction
between the composite itself and the environment where it will be deployed is fundamental to

guide the production process and in vivo application of the composite [18].

S. Conclusions
In view of what was found in the various articles presented in this review, the potential
of polymers such as PEG in the formation of composites for tissue regeneration or controlled
release of substances is evident.
The continuous development of studies is fundamental for the feasibility and

approximation of the experimental to the practical routine.
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ABSTRACT

Attempts to repair large bone lesions are challenging, to facilitate this process it is possible to
use biomaterials that stimulate tissue regeneration, with this objective to evaluate the potential
of a composite based on B-TCP, Wallostonite and PEGDMA in the regeneration of bone defect.
segmentation in rabbit radius, subjecting the composite to a stable environment of bone fracture.
After obtaining the composites, in vivo evaluations were performed. Clinical, radiographic,
tomographic and histopathological tests showed excellent biocompatibility, absence of
cytotoxicity and evident stimulus to bone healing, such results are favorable to the use of the

composite in the repair of bone segmental defects in environments with controlled stability.

KEYWORDS: Biomaterials; ceramics; Defect; Bone; polymers; Repair;
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Introduction

The main causes of segmental bone defects in the medical routine are trauma,
inflammation and neoplasms, such situations can lead to the loss of a large part of the bone
stock, significantly complicating the treatment and worsening the prognosis of the lesion (Zhou
et al., 2010).

The treatment objective is to reconstruct the bone column, causing the bone tissue to
proliferate and fill the defect, in addition to providing mechanical resistance as early as possible,
among the main complications found, there is non-union, delayed union, implant failure and
osteomyelitis (Mabrouk et al., 2020).

Attempts to repair large bone lesions made several areas of knowledge join efforts to
produce biomaterials capable of stimulating tissue regeneration in addition to promoting
mechanical stability for the affected bone (Lin et al., 2010).

In vivo evaluations are fundamental to assess the properties and behavior of these
biomaterials, some desirable properties of biomaterials include biocompatibility, bioactivity
and absence of cytotoxicity (Barbosa et al., 2019).

Among the groups of biomaterials, ceramics such as Wallostonite and B-TCP are widely
studied in the repair of bone tissue, this is due to the fact that the components of bioceramics
are similar to the structure of the bone matrix, which favors the absorption of these materials
(Rui Ge et al., 2019).

Polyethylene glycol dimethacrylate (PEGDMA) is a polymer widely used in the medical
field with excellent biocompatibility and cell interaction properties, in addition, it has versatility
in its manufacture, expanding the potential for application as a biomaterial (Lima et al., 2019).

The bone defects studied in rabbits and rats are the most reported in the literature, with
several bones used, such as the femur, skull and radius, the latter presents itself as a great
alternative for study, since the anatomical association of the radius with the ulna, allows greater
stability to the limb when the fractures affect the radius or ulna alone (Lin et al., 2010).

In view of the above, the objective was to evaluate the potential of a composite based
on bioceramics such as Wallostonite, B-TCP and PEGDMA in the regeneration of segmental

bone defect in rabbit radius, subjecting the composite to a stable environment of bone fracture.



29

Materials and Methods

Obtaining biomaterials

The ceramics were prepared from a mixture of 80% Wollastonite (W), M400 NYAD®
and 20% pB-Tricalcium (B-TCP). B-TCP was obtained via precipitation by performing the
neutralization reaction of Hydroxyapatite (analytical grade, LabSynth) with the required
amount of Orthophosphoric Acid (analytical grade 85%, Panreac) to obtain a Ca/P ratio of 1.50.
The resultant was then treated at 1000°C for 15 hours. Both the W (CaSiO3) and B-TCP
(Ca3PO4) ceramics were individually attrition milled.

The composites were prepared by the foam replication method (Teixeira et al., 2009).
An aqueous suspension of 56% (wt) W-B-TCP powder in distilled water was prepared for foam
impregnation. 0.3% by weight of dispersant (Dolapix PCN, Zschimmer-Schwarz) and 1% by
weight of PVA binder (Optapix PAF 35, Zschimmer-Schwarz) were used to obtain a suitable
suspension.

The 60 pore per inch (ppi) polyurethane foams were soaked with the suspension. The
pieces were dried at 60 °C for 30 min and then sintered. The sintering schedule started with a
slow heating rate, 2 °C/min up to 600 °C to avoid the explosive output of CO2 resulting from
the thermal decomposition of the polyurethane. Subsequently, the heating rate was increased to
5°C/min until the second stay at 1350°C for 2 hours. Then, the sintering and transformation of
W into pseudo (ps)-W takes place (De Aza et al., 2006). However, at this temperature a-TCP
is the stable phase, therefore, the transformation to f-TCP was promoted by cooling the ceramic
composition to 1000 °C at a rate of 2 °C/min. The cooling rate must be slow to promote the
phase transformation. On the contrary, o remains stable (De Aza et al., 2004).

PEGDMA and primer were weighed. PEGDMA was stirred in the magnetic stirring
apparatus. Acrylic acid, distilled water and initiator were added to the beaker respectively and
thoroughly mixed. After that, the mixture was placed in silicone molds and UV cured 18 hours
by UV chamber (Dr. Grobel UV-Electronik GmbH). The UV chamber has a controlled
radiation source that contains 20 UV tubes and the spectral range is 315 - 400 nm with an

average intensity of 10—-13.5 mW/cm2.

In vivo study

The study was submitted to the Research Ethics Committee (CEP) of the Center for
Rural Health and Technology of the Federal University of Campina Grande, Campus de Patos
- PB (CSTR/UFCQG) and approved under number 06/2021.
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Twelve healthy New Zealand rabbits were studied, the animals were kept in an
environment with temperature monitoring, housed in individual cages, receiving water and
specific feed for the species ad libitum. During this period, they received a dewormer based on
1% ivermectin at a dose of 0.2 mg/kg, subcutaneously, and the administration was repeated

after 7 days.

Experimental groups

Animals of similar age and weight were randomly divided into two experimental groups,
the implant group (IG) received biomaterial implant and the control group (CG) did not receive
any biomaterial. The experimental period was 120 days in total. After dividing the groups, the
animals underwent a surgical procedure to create a fracture and apply biomaterials. Evaluations
after surgical procedures were performed by evaluators who were unaware of the experimental

groups.

Pre-surgical preparation

The animals had the forelimbs shaved broadly. They were submitted to a pre-anesthetic
protocol consisting of 5% tramadol at a dose of 4 mg/kg, both intramuscularly, anesthesia was
induced and maintained with the association of 10% ketamine at a dose of 40 mg/kg and
xylazine at 2% at a dose of 4 mg/kg, both intramuscularly. Brachial plexus block was performed
with 2% lidocaine at a dose of 9 mg/kg. The animals also received 20% ceftriaxone sodium at
a dose of 30 mg/kg, administered intravenously 30 minutes before the surgical procedure, and
0.2% meloxicam at a dose of 0.1 mg/kg, subcutaneously. The administration of meloxicam at
a dose of 0.1 mg/kg, subcutaneously, once a day, for 3 days, and tramadol at a dose of 4 mg/kg,

intramuscularly, twice a day, were continued after the surgeries for 5 days.

Operative procedure

The right forelimbs were aseptically prepared, then the middle third of the radius and
ulna was approached through a craniomedial skin incision, blunt subcutaneous divulsion and
exposure of the radial periosteum. Ostectomy of a 5 mm radius segment was performed with
the aid of a transverse oscillatory saw, and the defect was measured with a caliper. Then, a
locked plate with 1.5 mm matched holes with 10 holes was applied, using two locked screws
1.5 mm in diameter and 10 mm in length. In the fracture focus of the right limbs, a biomaterial
implant based on ceramics and PEGDMA (IG) was inserted, the implant was adjusted to occupy
the 5 mm space left by the ostectomy. In the CG, the fractures of the left limbs were stabilized
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with a similar plate and screws, but no biomaterial was implanted. Synthesis was performed
with intradermal standard 3-0 polyglycolic acid thread and separate single standard 3-0 nylon
thread. All surgical and anesthetic procedures were performed by the same team, in order to
maintain the standard.

At the end of the procedure, a dressing was performed by cleaning with a 0.9% sodium
chloride solution, gauze and tape, which was continued once a day for 10 days until the stitches

were removed.

Clinical-orthopedic evaluation

Before the surgical procedures, data were obtained from the animals' normal
ambulation, in order to establish a reference parameter. The animals were evaluated daily
during the first 10 days after the procedure, then they were evaluated twice a week throughout
the experimental period. The clinical-orthopedic evaluation took into account the ambulatory
process of the animals (presence of lameness), painful sensitivity in the limb through palpation,

muscle atrophy, presence of edema and adequate healing of the surgical wound.

Radiographic evaluation

Radiographs of the operated limbs were taken at four moments, immediately after the
procedure, 30 days, 60 days and 120 days after the procedure. Radiographs were analyzed for
bone axial axis alignment, apparatus integrity, biological activity of bone healing. For each
variable observed in the radiographic examination, an observational scale was created with 1 —

poor, 2 — partial and 3 — good.

Tomographic evaluation

After 60 and 120 days of the procedures, the animals were sacrificed using the anesthetic
protocol described above and subsequent administration of potassium chloride intravenously.
The forelimbs were collected and dissected, then the implants were removed to facilitate
visualization of the fracture focus macroscopically and during the examination. Continuing, the
samples were submitted to tomographic evaluation with a multi-slice helical series. The
tomographic sections were evaluated for the presence of tissue neoformation and mineralization
of the neoformed tissue. For each variable observed in the CT scan, an observational scale was

created with 1 — mild, 2 — partial and 3 — intense.
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Histopathological and morphometric evaluation

After the tomographic evaluations, macroscopic evaluations were carried out, aiming to
visualize the continuity of the bone column and the absence of a fracture line. After the
macroscopic evaluation, a sample of material was collected 1 cm above and 1 cm below the
fracture site, the samples were fixed in 10% buffered formalin for 10 days. The segments, after
fixation, were decalcified with a 6% hydrochloric acid solution for a period of 5 days. Then the
fragments were dehydrated by passages in alcohol solutions in increasing concentrations (70%,
80%, 90% and absolute alcohol). Soon after, the materials were washed in running water and
embedded in liquid paraffin and, later, cut into Sum-thick transverse slices, then glass slides
were mounted. From each block, four slides were obtained, which were submitted to
hematoxylin-eosin techniques. For the histopathological evaluation, repair findings were
relevant, observing the type of existing tissue (fibrous and/or bone), regularity of cortical bone
and existing cellularity. For each observed variable, an observational scale was created with 0
— absent, 1 — decreased, 2 — intermediate and 3 — increased. For morphometric evaluation,

imagel] software was used.

Statistical analysis

The data obtained were analyzed using the Bioestat 5.3 program, at a significance level
of 5% and 1% (p<0.05 and p<0.01). Kruskal-Wallis test was used to compare non-parametric
variables, while analysis of variance (ANOVA) followed by Tukey test was used for parametric

variables. Data were presented as mean+standard deviation.

Results and Discussion

Clinical-orthopedic evaluation

After the operative procedures, all animals showed support of both limbs when standing
and while walking on the first postoperative day. The animals allowed manipulation of the

limbs, which were stable throughout the experimental period.

All animals showed edema until the second postoperative day, which regressed

significantly after that. Muscle atrophy was not observed in any limb.

The surgical wounds healed after ten days, and stitches were removed from the limbs

during this period. No signs of wound infection were observed during the experiment.
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Most studies with segmental defects in the radius of rabbits used defects up to 1.5 cm in
length, not reporting the need for stabilization of bone segments with implants, since the ulnar
cortices were intact (CAPORALI et al., 2006). In the present study, stabilization with plates
and screws was chosen due to the fact that both limbs were operated on and their use during
ambulation could generate complications such as fracture of the ulna or severe misalignment

of the bone segments.

Stabilization of radiuses with segmental defects using 5 mm plates and screws showed
clinical results similar to those reported in studies without stabilization (MINTO et al., 2020).
The preference for bones such as the radius for studies on segmental defects may be associated
with greater stability of these bones when compared to other long bones, mainly due to the

presence of the ulna.

Greater stability is essential to reduce complications and facilitate support after the
procedure, bone tissue has piezoelectric properties that can respond to a mechanical stimulus,
this makes the use of the limb after fracture stabilization procedures, favoring the healing
process. healing of the bone (CARTER et al., 2021), for this reason it is important that patients
who are in the process of bone healing are able to receive mechanical stimulation on the

recovering bone.

Radiographic evaluation

The radiographs obtained during the experimental period showed the integrity of the
apparatus used, plates and screws blocked, consequently maintaining bone alignment and

stability (FIGURE 2).

On the other hand, the healing process differed between the groups, with progressive
bone neoformation and decreased fracture focus at 60 days with total consolidation at 120 days
postoperatively in the implanted group. In the control group, at 60 days postoperatively,
resorption of the ends of the fracture focus was observed, promoting an increase in the fracture
focus with subsequent proliferation of bone tissue, but with a significant defect on the

radiograph even at 120 days (TABLE 3).
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Figure 2 — Lateral radiographic images of the middle third of the radius and ulna of rabbits in
the implant (IG) and control (CG) groups at different times after the surgical procedure. Bone

defect region (red arrow).

60 days

O days 120 days

G

CG

The evaluated scores of the variables in both groups remained at 3 (good), with the
exception of biological activity, which had mean scores of 2.5+0.54 and 3+0 for the implant
group and mean values of 0.83+0 .75 and 1.6+0.51 for the control group at 60 and 120 days
(<0.05), respectively.

The maintenance of the environment at the focus of the defect or fracture can directly
influence the bone healing process, maintaining the alignment of the fractured segments favors

the direction of the repair and improves the result after healing (EGGER et al., 2014).
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Table 3 — Mean values and standard deviation of radiographic evaluation scores of the implant
groups (IG) and control group (CQG) in relation to alignment, apparatus and biological activity

at different times after the surgical procedure.

Alignment Apparatus Biological activity

IG 0days 3+0 3+0 0+0
60 days  3+0 3+0 2,5a+0,54
120 days 3+0 3+0 3a+0

CG 0 days 3+0 3+0 0+0
60 days  3+0 3+0 0,83b+0,75
120 days 3+0 3+0 1,6b+0,51

Means followed by letters differ statistically according to the Kruskal — Wallis test (<0.05)

between the groups.

Although the defects studied in rabbit radius do not require additional stabilization,
some alignment deviations can be observed during the bone repair process (JARDIM, 2018).
In the present study, the use of plates and screws provided the standardization of movement at
the fracture focus, in addition to providing adequate bone alignment throughout the
experimental period observed by radiographs.

The progressive decrease in fracture focus observed in the implanted group on
radiographs suggests excellent osteoinductive and osteoconductive properties of the materials,
similar results are reported when using materials such as PEGDMA, wallostonite and B-TCP

(YAN et al., 2015; SHI, et al., 2018; GE et al., 2019).

Tomographic evaluation
The tomographic evaluation at 60 days showed the presence of a fracture focus in both
groups, however, in the implant group, a greater amount of newly formed bone tissue was

observed in the fracture focus (FIGURE 3).
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Figure 3 — Radio and ulna tomographic images of rabbits in the implant (IG) and control (CG)

groups at different times after the surgical procedure.
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At 120 days, the tomographic images showed no fracture focus in the implant group,
the opposite was seen in the control group, with an evident fracture focus, still being observed
resorption of the fracture focus extremities.

The evaluation of the tissue neoformation score obtained mean values of 2.33+0.51 and
2.8+0.4 for the implant group, while for the control group there were 1.3340.51 and 2+0 .63 at
60 and 120 days (<0.05), respectively (TABLE 4).

Table 4 — Mean values and standard deviation of tomographic evaluation scores of the implant
groups (IG) and control group (CG) in relation to tissue neoformation and neotissue

mineralization at different times after the surgical procedure.

Tissue Neotissue

neoformation mineralization

IG 60days  2,33a+0,51 2,16a+0,4

120 days  2,8a+0,4 2,6a+0,51
GC 60days  1,33b+0,51 1,1b+0,40
120 days  2b+0,63 1,5b+0,54

Means followed by letters differ statistically according to the Kruskal — Wallis test (<0.05)

between the groups.

Regarding the mineralization score of the neoformed tissue, mean values of 2.16+0.4
and 2.6+0.5 were obtained for the implant group and mean values of 1.1+0.4 and 1.5+ 0.54 for
the control group at 60 and 120 days, respectively.

The tomographic evaluation is still little reported in this type of study, however, it can
provide important information as it allows a more detailed assessment of the area studied (IRIE
et al.,, 2018), the tomographic findings corroborate what was found in the radiographic
evaluations and reveal that the implants favored, in addition to bone proliferation, the formation
of a denser and more mineralized tissue during the studied period.

The stimulus to the neoformation of a denser bone tissue can be associated with the

characteristics of the PEGDMA polymer, which has porosity that can facilitate the adhesion of
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osteoblasts and osteoclasts, which use the ceramic matrix, favoring cell differentiation and the
formation of mineralized regions. (PENG et al., 2017).

With cell adhesion in the PEGDMA-based composite, wollastonite and B-TCP ceramics
stimulate the osteogenesis process due to the behavior of osteoblastic cells in increasing their
activity on calcium phosphate surfaces, in addition, B-TCP has a specific property that promotes
an adhesion of extracellular proteins that stimulate the proliferation and activity of osteoblasts
(ASENSIO et al., 2022).

The period reported for complete healing of segmental defects in rabbits in several
studies is between 60 and 120 days (CAPORALI et al., 2006). Although we observed bone
proliferation in both groups throughout the experimental period, only the implanted group
showed complete healing at 120 days, it is possible to observe that tissue neoformation
progressed from the ulnar surface region and progressing through the radius surface.

The direction of bone healing observed in the present study is also reported in several
studies (CIANI et al., 2006), this behavior may be related to the presence of periosteum over
the ulnar cortex, which is not injured during the radial ostectomy procedure and is responsible
for much of the bone vascularization.

In the control group, even at 120 days, complete healing of the fracture focus was not
observed even during the tomographic evaluation, which differs from what has been reported

in most studies (MOREIRA et al., 2014).

Histopathological and histomorphometric evaluation

The histopathological evaluation showed intense tissue proliferation both at 60 and 120
days in the implant group, a smaller amount was observed in the control group at both times.
At 120 days, bone tissue neoformation was much more evident in the implant group (FIGURES
5 and 7) when compared to the control group (FIGURES 4 and 6). These findings are
corroborated by the histomorphometric evaluation, revealing significantly higher values in the
implant group at both times (TABLE 5).

At 60 days, it was still possible to observe the defects between the cortical bones,
however, a decrease in size was visible in the implant group during this period. At 120 days,
the defects in the implant group were practically closed, with the continuity of the cortical bones
being observed, whereas in the control group, it was still possible to observe the presence of
bone defect at 120 days. Intense neovascularization was also observed in the implant group,

especially at 120 days when compared to the control group.
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After the histomorphometric study, tissue proliferation could be quantified, with a
statistical difference being observed between the experimental groups in both studied moments,
with the implant group showing significantly greater tissue proliferation.

The evident stimulus to bone healing caused by implants can be justified by the
composition of the materials, ceramics such as wallostonite and B-TCP have a composition
similar to bone matrix, which allows them to be degraded and eventually incorporated into
tissue neoformation (CIANI et al., 2006), which can serve as a basis for the repair of segmental
bone defects.

The findings in the present study corroborate the reports of excellent biocompatibility
and biodegradability properties of ceramics (RIVERA et al., 2021), these characteristics favor
the application of these materials as direct stimulants for bone tissue repair as well as the

application of composites of gradual release of substances and/or materials.

Table 5 — Mean values and standard deviation in um of the histomorphometric evaluation of
the implant groups (IG) and control group (CG) in relation to tissue quantification at different

times after the surgical procedure.

60 days 120 days

IG CG IG CG
Mean 2031,67aB  1263,33bB 4798,33Aa 2408,33bA
Standard deviation 124,32 73,67 151,32 148,51

Means followed by lowercase letters (uppercase letters) differ statistically according to Tukey's

test (<0.01) between groups (moments).

The absorption of the implants during the experimental period occurred gradually, no
displacement or isolation of the implants was observed while the bone tissue was neoformed
incorporating the implants, evidencing a direct stimulus to osteoinduction and osteoconduction,
as reported by Deng et al., 2017 and Saadaldin et al., 2014.

Stimulating cell differentiation in osteoblasts and maintaining a framework for blood
vessel neoformation is associated with both ceramics (KE et al., 2017), as well as polymers

such as PEGMA, according to Frassica et al., (2019), polymers such as PEGMA can stimulate
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increased levels of type 2 bone morphogenic protein and growth factors responsible for bone

tissue neoformation.

100 pm

Figure 4 — Longitudinal histopathological section of the osteotomy site without implants at 60
days postoperatively. A defect (A) is observed between cortices (B), filled with little newly

formed bone tissue (C). 40x magnification.

100 km

Figure 5 — Longitudinal histopathological section of the bone/implant interface at 60 days
postoperatively. A large amount of newly formed bone tissue (A) in the process of maturation

is observed, with some blood vessels (arrows) connecting the cortices. 40x magnification.
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100 pm

Figure 6 — Longitudinal histopathological section of the osteotomy site without implants at 120
days postoperatively. The presence of a defect (A) between cortices is observed, filled by

moderate neoformed bone tissue (B). 40x magnification.

Figure 7 — Longitudinal histopathological section of the bone/implant interface at 120 days
postoperatively. The presence of a remnant of biomaterial is observed (A), surrounded by little
connective tissue (B). Above the biomaterial, an osteotomy region in an advanced stage of
healing is observed, with the formation of more compact bone (C) and several blood vessels

(arrows). 40x magnification.
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The structural properties of polymers allow new blood vessels to reach the implants
through their pores, along with angiogenesis comes the increase of undifferentiated cells which
are stimulated to differentiate into osteoblasts and incorporate the mineral matrix of ceramics,
similar results are reported by (ASENSIO et al., 2022).

The incorporation of bone matrix derived from bioceramics promotes an acceleration in
tissue neoformation, allowing the filling of difficult-to-repair defects. MARTIN-DEL-CAMPO
et al., 2016). This maturation makes the bone tissue denser and more load bearing, allowing for

faster functional return to the limb.

Conclusions

In view of the findings of the present study, it is concluded that the study model of
segmental defects in the radius of rabbits and stabilized with plate and screws is viable and can
mimic routine clinical situations.

The use of a composite based on Wallostonite, B-TCP and PEGDMA clearly stimulated

bone regeneration in segmental defects produced in the radius diaphysis of rabbits.
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CONCLUSOES

Os compdsitos a base de Wollastonita, B-TCP e PEGDMA se mostraram eficientes para
estimular o reparo de defeitos dsseos segmentares em radios de coelhos.

A utilizagdo de ensaio utilizando defeito segmentar em radio de coelhos estabilizado
com placas e parafusos se mostrou satisfatorio para avaliar a regenera¢do de defeito Osseo

segmentar.



