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Resumo

A sintese de monetita dopada com cobalto (CoCaP) foi realizada pelo método de co-precipitacéo,
com um teor nominal de cobalto entre 2 a 20%. As amostras foram submetidas a uma
caracterizacdo estrutural por meio de difracdo de raios-X (DRX), espectroscopia de infravermelho
por transformada de Fourier (FTIR), microscopia eletrénica de varredura (MEV) e espectroscopia
de raios-X por dispersao de energia (EDS). Andlises estruturais detalhadas confirmaram o sucesso
da sintese e revelaram alterag6es estruturais distintas devido a dopagem com cobalto. Os resultados
de DRX mostraram que as amostras dopadas com Co exibiam uma fase Unica de monetita, com
parametros de célula e tamanho de cristalito dependentes da quantidade de cobalto incorporada.
Ensaios de viabilidade e adesdo celular ndo mostraram toxicidade, enquanto a analise de expressao
génica por RTQPCR indicou diferencas significativas nos genes associados ao fendtipo
osteoblastico, sugerindo um potencial para regeneracdo 0ssea. Posteriormente, avangamos na
resposta bioldgica da CoCaP e mostramos seu desempenho na migracdo de osteoblastos, indicando
um potencial para acelerar a cicatrizacdo dssea, enquanto uma regulacdo positiva de genes
relacionados a quinases dependentes de ciclinas (CDKs) foi observada. Por fim, para seu uso como
recobrimento de titanio, investigamos o0s revestimentos de monetita e CoCaP em titanio
comercialmente puro (Ti-c.p.). Os revestimentos apresentaram rugosidade superficial pronunciada
e hidrofilia inerente a biocompatibilidade, influenciando positivamente a morfologia celular e a
qualidade desta interacdo célula-material, o que pode ser confirmado através de analises de
expressdo génica requerendo genes distinguidos a osteogénese e remodelacdo da matriz
extracelular. Em suma, esta tese demonstra o potencial da monetita dopada com cobalto como um
material biomimético para regeneracao ¢ssea, destacando sua capacidade de imitar o ambiente de
cicatrizacdo do o0sso, promover a diferenciacdo e atividade osteoblastica, e melhorar a
osseointegracdo de dispositivos médicos. Esses resultados oferecem perspectivas promissoras para

futuras aplicacdes clinicas e avancos na engenharia de biomateriais para medicina regenerativa.

Palavras-chave: Monetita Dopada com Cobalto; Biomimético; Regeneragio Ossea.

Vi



Abstract

The synthesis of cobalt-doped monetite (CoCaP) was performed by the co-precipitation method,
with a nominal cobalt content ranging from 2 to 20%. The samples underwent structural
characterization through X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS).
Detailed structural analyses confirmed the success of the synthesis and revealed distinct structural
alterations due to cobalt doping. XRD results showed that Co-doped samples exhibited a single
phase of monetite, with cell parameters and crystallite size dependent on the amount of
incorporated cobalt. Viability and cell adhesion assays showed no toxicity, while RT-gPCR
analysis indicated significant differences in genes associated with the osteoblastic phenotype,
suggesting potential for bone regeneration. Subsequently, we further explored the biological
response of CoCaP, demonstrating its performance in osteoblast migration, indicating potential for
accelerating bone healing, while a positive regulation of cyclin-dependent kinase (CDK)-related
genes was observed. Finally, for its use as a coating on titanium, we investigated the coatings of
monetite and CoCaP on commercially pure titanium (Ti-c.p.). The coatings exhibited pronounced
surface roughness and inherent hydrophilicity conducive to biocompatibility, positively
influencing cellular morphology and the quality of this cell-material interaction, as confirmed
through gene expression analyses requiring genes distinguished in osteogenesis and extracellular
matrix remodeling. In summary, this thesis demonstrates the potential of cobalt-doped monetite as
a biomimetic material for bone regeneration, highlighting its ability to mimic the bone healing
environment, promote osteoblastic differentiation and activity, and improve the osseointegration
of medical devices. These results offer promising prospects for future clinical applications and

advancements in biomaterial engineering for regenerative medicine.

Keywords: Cobalt Doped Monetite; Biomimetic; Bone Regeneration.
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foram preenchidos com granulos de monetita e particulas de autoenxerto
separadamente; (d) micrografia dptica de secdo coronal de defeitos tratados com monetita e
tratados com 0sso autélogo, nos quais os granulos de monetita nao reabsorvidos restantes pareciam
de cor escura e foram encapsulados por 0sso novo em todo o defeito; (e) a quantidade de tecido
mineralizado aumentado nos defeitos dsseos obtidos com granulos de monetita foi comparavel ao
0ss0 autélogo. Figura obtida em Torres et al (TORRES et al., 20153).........ccccceveveveiniennannnnns 36

Figura 5: Cortes histologicos (coloragdo H&E) de brushita (a & b), brushita autoclavado (¢ & d)
e brushita seco aquecido (e & f) ap6s 4 e 12 semanas de implantacdo (as areas pontilhadas
representam o diametro original do enxerto de 3 mm, escala barra representa 1 mm). Figura obtida

emM (SHEIKH €t al., 2015a). ....ccoiiiiiiiiieieieie ettt bbb eneas 37
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Figure 1. FT-IR spectra of cobalt-doped apatite, obtained by coprecipitation method................ 50
Figure 2. XRD patterns of cobalt-doped monetite, obtained by coprecipitation method. ........... 51

Figure 3. Cell parameters and crystallite size (D) of cobalt-doped apatite, determined by Rietveld
FETINEIMIENT. ...t e bbb e bR e bt e s e e st et e b nbeabesbeabeene e 52

Figure 4. SEM images of cobalt-doped apatite, obtained by coprecipitation method. ................ 52

Figure 5. Semiquantitative analysis and elemental distribution of cobalt-doped apatite by EDS.
(A). CaP; (B). CoCaP 2; (C). CoCaP 5; (D). CoCaP 10; (E). CoCaP 20........cccoevererienirierieenen 53

Figure 6. Cytotoxicity Assays. a. The cells showed there is no reduction in viability when
compared to the control group. The CaP group showed a statistically significant increase when
compared with the control group and the other treatments; b. All groups showed there is no
reduction in staining by Crystal Violet. CoCaP10 and CoCaP20 showed a statistically significant
increase when compared with the control group and the other treatments, but no differences when
compared among themselves. All groups of SAMPIES N=6. .......ccoveiiiiiiiiii s 54

Figure 7. Osteogenic gene markers were modulated in response to Co-doped monetite. (a)
Higher expression of RUNX2 gene: Ctrl ("p = 0.0001 and ““p = 0.0001), CoCaP5 (****p =
0.0001, ****p = 0.0001) CoCaP10 (****p = 0.0001, ****p = 0.0001) and CoCaP20(****p = 0.0001,
¢%%¢n = 0.0001); Lower expression: CoCaP5 (*p = 0.0292), CoCaP10 (**p = 0.0082) and CoCaP20
(*p = 0.0105). There were also significant differences in expression between the CaP and CoCaP
groups, with CoCaP showing a higher expression than CaP (***"p =0.0001). (b) Higher expression
of Osterix gene: CaP and CoCaP2 groups, when compared with the groups: Ctrl (""p = 0.0001
and “p = 0.0001), CoCaP5 (****p = 0.0001, ****p = 0.0001) CoCaP10 (****p = 0.0001, ****p =
0.0001) and CoCaP20(****p = 0.0001, ****p = 0.0001); Lower expression: CoCaP5 ("p = 0.0062),
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CoCaP10 ("p = 0.0137) and CoCaP20 (“p = 0.0024). There were also significant differences in
expression between the CaP and CoCaP1 groups, with CoCaP showing an increase compared to
CaP (****p =0.0001). (c) The BSP gene expression was increased in the groups CaP ("p = 0.0147)
and CoCaP2 ("™"p = 0.0001), and decreased in CoCaP20 (‘p = 0.0499) when compared to the
control group. Higher expression: the expression was higher in the CaP and CoCaP groups
compared to the other treatments, CoCaP5 (***p =0.0002, ****p = 0.0001) CoCaP10 (***p = 0.0001,
¢ = 0.0001) and CoCaP20(****p = 0.0001, ****p = 0.0001). Between the CaP and CoCaP groups,
in the CoCaP2 (****p = 0.0001) group there is an increase in expression when compared to CaP.
(d) Higher expression of Osteocalcin: CoCaP2 (“p = 0.0013); Lower expression: CoCaP5 ("p =
0.0029), CoCaP10 ("p = 0.0043) and CoCaP20 ("p = 0.0012). When comparing the treated groups,
each other, the expression was higher in the CaP and CoCaP groups compared to the other
treatments, CoCaP5 (***p = 0.0007, ****p = 0.0001) CoCaP10 (***p = 0.0010, ****p = 0.0001) and
CoCaP20(***p = 0.0004, ****p = 0.0001). Between the CaP and CoCaP group, in the CoCaP2 group
(*p = 0.0228) there is an increase in expression when compared to CaP. All groups of samples

Figure 8. Osteoclastoegenesis-related gene (RANKL) and hypoxia biomarker were
investigated in this study. (a) Higher expression of RANKL: CaP ("p = 0.0125) and CoCaP2
(""p =0.0001) treatments there was an increase in its expression when compared with the control.
When comparing the treated groups, the expression was higher in the CoCaP2 groups compared
to the other treatments, CaP (**p = 0.0022), CoCaP5 (***p = 0.0003) CoCaP10 (****p = 0.0001) and
CoCaP20 (****p = 0.0001); (b) In order to analysis the effect of hypoxia in response to the
treatments, the Hifla gene was evaluated. The gene expression also revealed significant
modulation in response to treatment in CaP (" p = 0.0005) and CoCaP2 ("'p = 0.0001) when
compared with the control and in the other treatments it was not statistically significant. When
comparing the treated groups, the expression was higher in the CaP and CoCaP2 groups compared
to the other treatments, CoCaP5 (****p = 0.0001, ****p = 0.0001) CoCaP10 (****p = 0.0001, ****p =
0.0001) and CoCaP20 (****p = 0.0001, ****p = 0.0001). Between the CaP and CoCaP2 groups, in
the CoCaP2 group (*"""p = 0.0001) there is an increase in expression when compared to CaP. All
GroUPS OF SAMPIES NT3.... it bbbttt e sb bbb eneas 56

Figure 9. Molecular machinery related with cell adhesion and cytoskeleton rearrangement.
(a) al-integrin gene was higher in the groups: CaP ("p = 0.0009), CoCaP2 (""p = 0.0001), and
CoCaP20 (p = 0.0347) when compared with control. Among the treatments, there were
statistically significant differences, with a lower expression in the CoCaP2.5 group when
compared with CaP (****p = 0.0001), CoCaP2 (****p = 0.0001), and CoCaP20 (4%%p = 0,0091).
Among the groups, the expression was higher in the CaP and CoCaP2 groups compared to the
other treatments, CoCaP5 (***p = 0.0003, ****p = 0.0001) CoCaP10 (*p = 0.00326, ****p = 0.0001)
and CoCaP20 (****p = 0.0001). Between the CaP and CoCaP2 groups, in the CoCaP2 group (****p
= 0.0001) was higher in expression when compared to CaP; (b) B1-integrin expression was lower
in response to CoCaP5 ("p = 0.0008), CoCaP10 ("p = 0.0007) and CoCaP20 ("p = 0.0007).
When comparing the treated groups, the expression was higher in the CaP and CoCaP2 groups
compared to the other treatments, CoCaP5 (***p = 0.0003, ****p = 0.0001) CoCaP10 (***p = 0.0002,
%% = 0.0001) and CoCaP20(***p = 0.0003, ****p = 0.0001). Between the CaP and CoCaP2 genes,
in the CoCaP2 group ("p = 0.0479) there is an increase on expression when compared to CaP; (c)
FAK gene expression was considered and it was higher in response to CoCaP2 (“™p = 0.0069),
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CoCaP10 ("p = 0.0154) and CoCaP20 ("“p = 0.0001) when compared with the control, while CaP
and CoCaP5 treatments it was not statistically significant. The other groups had statistically
significant differences when compared among themselves, with increased expression in CoCaP2
and CoCaP20, the statistical differences were: CoCaP5 (*p = 0.0210, ***p = 0.0001), CoCaP10
(***p = 0.0010) and CoCaP20 (****p = 0.0001, ****p = 0.0001, 44&p = 0.0002, ££££p = 0.0010); (d)
Src gene expression was higher in the groups: CaP (""p = 0.0001), CoCaP10 (""p = 0.0007) and
CoCaP20 ("p = 0.0001) when compared with control, between CoCaP2 and CoCaP5 treatments
was not statistically significant. The other groups showed statistically significant differences when
compared among themselves, with higher expression in response to CaP, CoCaP10 and CoCaP20.
The statistical differences were: CoCaP2 (***p = 0.0001), CoCaP5 (***p = 0.0001), CoCaP10 (***°p
=0.0010, #4&p =0.0010) and CoCaP20 (***p = 0.0002, 4&&p = 0.0002); () Cofilin gene expression
was higher in the groups as follows: CaP (“p = 0.0034), CoCaP2 ("“p = 0.0001), CoCaP10 ("p
= 0.0024) and CoCaP20 (“p = 0.0037) when compared with control, in the CoCaP5 it was not
statistically significant. The other groups had statistically significant differences when compared
among themselves, with higher expression in CaP, CoCaP2, CoCaP10 and CoCaP20, the statistical
differences were: CoCaP2 (***p = 0.0001), CoCaP5 (*p = 0.0207, ****p = 0.0001), CoCaP10 (**°p
=0.0002, p = 0.0134) and CoCaP20 (***p = 0.0001, %p = 0.0229. All groups of samples n=3. 57

Complementary assays
Figure 1. Raman spectra of monetite and cobalt-doped monetite, obtained by coprecipitation
=11 T o USSR 66

Figure 2. a. The cell regeneration effect of treatments with Ctrl (conventional medium), CaP,
CoCaP2, CoCaP5, CoCaP10, and CoCaP20 was measured by a wound-healing assay. b.
Quantification Wounding area. b. The wound area was estimated by calculating the cell-free area
in captured images using the ImageJ software (NIH, Bethesda, MD). The migration rate is
expressed in percentage as the change in the wound area over time, the scratch area at time point
0 hours was set to 100%, and the other ones are represented as wound closure expressed as the
remaining area uncovered by the cells in percentage. In the 12-hour treatment, only CaP showed
comparable regeneration to Ctrl. At 24 hours’ treatment, CaP and CoCaP were equivalent in
regeneration when compared to Ctrl. The other groups showed regeneration, but lower than

Figure 3. Discs of the materials in contact with the bacteria, inhibition halos are visible as the
CObalt CONCENIIAtION INCTCASES. .. ...\ttt ittt ettt ettt ettt et e ettt e et e e 67

Capitulo 5

Fig.1. a. FTIR spectra and b. Raman spectra of monetite and cobalt-doped monetite, obtained by
coprecipitation method. c. XPS survey spectra of the samples; A. Monetite; B. Co-doped Monetite.
d. XRD patterns of cobalt-doped monetite, obtained by coprecipitation method. e. Cell parameters
and crystallite size (D) of cobalt-doped monetite, determined by Rietveld refinement................ 81

Fig.2. a. N2 adsorption isotherms at 77K on Monetite and Co-doped Monetite (filled markers:
adsorption branch and open markers: desorption branch). b. Pore distribution in the Monetite and
C0o-doped MONELITE SAMPIES.......iiiii ettt e e e e be e sre e be e s raeeree s 82



Fig.3. SEM micrographs of cobalt-doped monetite, obtained by coprecipitation method and
semiquantitative analysis and elemental distribution of cobalt-doped apatite by EDS. a. Monetite;
b. Co-doped Monetite. Cytotoxicity Assays. c. The cells showed no reduction in viability when
compared to Ctrl. The CaP and CoCaP groups showed a statistically significant increase when
compared to (****p = <0.000land ****p = < 0.0001) and O.M (****p = <0.0001and (***%p =
<0.0001) in both treatment times and the CoCaP (¢p = 0.0001) group showed a difference when
compared to CaP. CaP (““p = <0.0001) and CoCaP (*°p = 0.0042) also showed differences when
compared to their respective treatments with time. d. All groups showed no reduction in Crystal
Violet staining. CaP-3 days showed a statistically significant increase when compared to Ctrl
(***p = 0.0001), O.M (****p = <0.0001, and CoCaP (%%%p = 0.0003). When compared to the 7-
day treatment, a significant difference was also found in CaP (* = 0.0003). All sample groups n =

Fig.4. a. The cell regeneration effect of treatments with Ctrl (conventional medium), O.M
(osteogenic-inducing medium), CaP (Monetite), and CoCaP (Co-doped Monetite) was measured
by a wound-healing assay. b. Quantification Wounding area. The wound area was estimated by
calculating the cell-free area in captured images using the ImageJ software (NIH, Bethesda, MD).
The migration rate is expressed in percentage as the change in the wound area over time, the
scratch area at time point 0 hours was set to 100%, and the other ones are represented as wound
closure expressed as the remaining area uncovered by the cells in percentage. At 12 hours’
treatment: The CaP (***p = 0.0001) and CoCaP (**p = 0.0017) groups showed a reduction when
compared to Ctrl, O.M. did not show the same profile. At 16 hours’ treatment: Only CoCaP (***p
=<0.0001) showed a statistically significant reduction when compared to Ctrl. c. Cdk2 there were
no statistically significant differences in the 3-day treatment. In the 7-day treatment, the CoCaP
group showed an increase in expression compared to Ctrl (****p = <0.0001), 0.M (¥*%%p = <0.0001)
and CaP (E£££p = <0.0001). d. Cdk4, in the 3-day treatment there were differences in the expression
in CaP (*p =0.0115) and CoCaP (*p = 0.0326) groups when compared to the Ctrl group. In the 7-
day treatment, no group showed statistically significant differences. e. Cdk®6, 3-day treatment, only
CaP (****p = <0.0001) showed statistically significant differences when compared to Ctrl. At 7-
day treatment, CoCaP showed increased expression when compared to Ctrl (****p = <0.0001),
0.M (*¥%%p = <0.0001) and CaP (¥8%%p = <0.0001. All sample groups N =3........ccccecvvererreerrenne. 86

Fig.5. Cytokines were changes by CoCaP: a. RANKL, in the 3-day treatment showed an increase
in its expression in the CaP (****p <0.0001 and ***p = 0.0007) and CoCaP (****p <0.0001 and
(****p <0.0001) groups when compared to Ctrl and O.M, respectively. The CoCaP group (4¢&p =
0.0001) showed an increase when compared to the CaP group. In the treatment for 7 days, the O.M
(*"""p <0.0001) and CoCaP (*"*p <0.0001) show increases when compared to the Ctrl group. The
0.M and CoCaP (¢%£p <0.0001) also show increases in expression when compared to the CaP
(*%%%p <0.0001). b. OPG, in the 3-day treatment, only the CaP (*p = 0.0419 and **p = 0.0048)
showed an increase when compared to the Ctrl and O.M. groups. In the 7-day treatment, the CoCaP
group showed an increase in its expression when compared to the Ctrl (****p <0.0001), O.M (*%%p
<0.0001), and CaP (¢£££p <0.0001). c. RANKL/OPG, in the 3-day treatment the CaP (*p = 0.0351)
and CoCaP (****p <0.0001) was higher than the Ctrl. The CoCaP group also showed differences
concerning the O.M (****p <0.0001) and CaP (****p <0.0001). In the 7-day treatment, only the O.M
group (***p = 0.0001) showed an increase compared to Ctrl, CaP (****p <0.0001), and CoCaP (***%p
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<0.0001). All sample groups n = 3. The Gapdh, B-actin, and 18S genes were used as housekeeping

Fig.6. Osteoblast adhesion-related machinery is required by osteoblasts responding to
monetite. a. alIntegrin - In the 3-day treatment, the O.M. showed a reduction in expression when
compared to the Ctrl (*p = 0.0464). The CaP and CoCaP did not show statistically significant
differences. In the 7-day treatment, only the CoCaP group showed differences when compared to
the Ctrl (*p = 0.0242) and CaP (¢p = 0.0242). b. B1Integrin, at 3 days, the O.M. showed an increase
in its expression when compared to the Ctrl (**p = 0.0019), while the CaP and CoCaP groups
showed no significances. In the 7-day treatment, the O.M (*"p = 0.0065), CaP (***"p <0.0001), and
CoCaP (*"*"p <0.0001) groups showed an increase in expression when compared to the Ctrl. c.
Src, at the 3-day time, showed there were no statistically significant differences between the groups
when compared to Ctrl. At 7 days, the O.M. group showed an increase when compared to the Ctrl
(**""p <0.0001). The CoCaP group showed a significant increase when compared to the Ctrl (""**p
<0.0001), O.M (¥*%%p <0.0001), and CaP (t%££p <0.0001. d. FAK, at the 3-day treatment, the CaP
group showed an increase when compared to the Ctrl (**p = 0.0032). The CoCaP group showed
an increase when compared to the Ctrl (***p = 0.0002) and O.M (**p = 0,0088). In the 7-day
treatment, the O.M and group showed an increase when compared to the Ctrl (***p = 0.0001) and
CaP (**%%p <0.0001). The CoCaP group showed an increase in expression when compared to the
Ctrl (****p <0.0001) and CaP (t£p <0.0001). e. Cofilin, at the 3-day treatment the O.M (****p
<0.0001) and CaP (**p <0.0027) groups showed a significant increase in its expression when
compared to the Ctrl and CoCaP (****p <0.0001 and 4%p = 0.0046). In the 7-day treatment, only
the O.M group showed an increase in its expression when compared to the Ctrl group (****p
<0.0001). Replicates: n = 3. The Gapdh, B-actin, and 18S genes were used as housekeeping genes.

Fig.7. ECM remodeling by osteoblasts responding to monetites. a. MMP9, in the 3-day
treatment, there were no differences between the groups when compared to Ctrl. In the 7-day
treatment the O.M (****p<0.0001) and CoCaP (****p<0.0001; ££££p<0.0001) showed increased
expression when compared to Ctrl and CaP (****p<0.0001). b. MMP9 activity was evaluated by
zymography and bands were quantified. In the 3 days’ treatment, there was an increase in activity
in CaP (****p<0.0001; ****p<0.0001) and CoCaP (****p<0.0001; ****p<0.0001) groups when
compared to Ctrl and O.M, respectively. Between the monetites, the expression was increased in
CaP compared to CoCaP (4%%4p<0.0001). In the 7-day treatment, all groups showed an increase
in their activity compared to Ctrl [O.M (*"p<0.0001), CaP ('p<0.0213), and CoCaP
(****p<0.0001)]. The activity was increased in O.M relative to CaP (****p<0.0001). The CoCaP
group showed an increase in its activity relative to O.M (¥%¥p<0.0001) and CaP (¢:£p<0.0001). c.
MMP2 expression, in the 3-day treatment, there was an increase in the activity of the O.M group
(***p = 0.0001) compared to the Ctrl, CaP (****p<0.0001), and CoCaP (**p = 0.0015). The CoCaP
group showed an increase in relation to the CaP group (4%p = 0.0092). Considering 7-day
treatment, none of the treatments showed statistically significant differences with Ctrl. d. MMP2
activity was also evaluated by zymography and the bands were quantified, highlighting that, at 3
days of treatment, there was an increase in activity in the O.M. (****p<0.0001) and CaP
(****p<0.0001) groups when compared to the Ctrl. The CaP group showed an increase when
compared to the O.M (****p<0.0001). The CoCaP group showed a decrease when compared to the
Ctrl (****p<0.0001), O.M (****p<0.0001), and CaP (%%%¢p<0.0001) groups. In the 7-day
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treatment, the CaP (****p<0.0001 and ****p<0.0001) and CoCaP (****p<0.0001 and ¥**p = 0.0004)
showed increases in relation to Ctrl and O.M. Between CaP and CoCaP (£6:£p<0.0001), it was
showed an increase in the MMP-2 activity. e. Zymogram obtained by resolving the proteins
content from the conditioned medium obtained by the osteoblasts responding to different cell
culture conditions. The Gapdh, B-actin, and 18S genes were used as housekeeping genes. ........ 91

Fig.8. Osteogenic gene markers are reprogrammed in response to CoCaP. a. Runx2, at the 3-
day treatment, the O.M (***p = 0.0002) and CoCaP (****p<0.0001) groups showed differences
when compared to Ctrl. The O.M and CoCaP groups showed an increase when compared to the
CaP group (***p = 0.0006; 4&&p = 0.0003); At 7 days, only the CoCaP group showed an increase
in expression when compared to the Ctrl (****p<0.0001), O.M (***¥p<0.0001) and CaP
(t£££p<0.0001). b. Osterix, at the 3 days, only the CoCaP group showed differences in its
expression when compared to Ctrl (****p<0.0001), O.M (****p<0.0001), and CaP
(4&8&3<0,0001). At 7 days, the CoCaP showed an increase in its expression when compared to
the Ctrl (****p<0.0001), O.M (***%p<0.0001), and CaP (¢£¥£p<0.0001). c. BSP, at the 3 days, there
was an increase in expression in the O.M (****p<0.0001) and CoCaP (**p = 0.0099) groups when
compared to Ctrl. The O.M group also showed an increase when compared to the CaP
(****p<0.0001) and CoCaP (***p = 0.0008). At 7 days, only the O.M group showed statistically
significant differences when compared to the Ctrl (*p = 0.0383). d. ALP, at 3 days, the ALP
expression was increased in the CaP group (4%p = 0.0055) when compared to Ctrl, and at 7 days,
O.M (""*p<0.0001) and CoCaP (""*p<0.0001) showed an increase when compared to Ctrl. The
expression of O.M. was increased when compared to the CaP (***¥p<0.0001). The CoCaP group
showed an increase in its expression when compared to the O.M. (**¥%p<0.0001) and CaP
(*£££p<0.0001). e. Bmp2 gene, at 3 days, only the CoCaP group showed an increase in its
expression when compared to Ctrl (**p = 0.0060), while at 7 days, the O.M. group showed an
increase in its expression when compared to Ctrl (*p = 0.0283) and CaP (*p = 0.0402). The CoCaP
group showed an increase when compared to the Ctrl (****p<0.0001), O.M. (¥*p = 0.0033), and
CaP ((£££p<0.0001). f. Osteocalcin gene, at 3 days, the CaP (*p = 0.0413; *p = 0.0387) and CoCaP
(****p<0.0001; ****p = <0.0001) showed increased expression when compared to the Ctrl and
O.M. groups, respectively. At 7 days, there were no significances among the groups. Replicates:
n=3. The Gapdh, B-actin, and 18S genes were used as housekeeping genes.. .......ccccvcvrvrereennnn. 93

Fig.9. ALP activity and morphological distribution along the osteoblast cultures. a.
Osteoblasts after treatment at their respective time-point on ALP staining (magnification 10x). b.
At 3 days, the CaP group (**p = 0.0074) showed higher concentration when compared to the Ctrl
group. The CoCaP group showed higher concentration when compared to the Ctrl (****p<0.0001)
and O.M. (***p = 0.0005) groups. At the 7-day treatment, the O.M. group (****p<0.0001) showed
higher concentration when compared to the Ctrl group. The CaP (*"*p<0.0001) showed an
increased concentration compared to the Ctrl group, and a lower concentration compared to the
O.M (®p = 0.0170). The CoCaP group showed the highest concentration compared to the Ctrl
(****p<0.0001), and CaP (£8p = 0.0052). RePlCAtES: N = 3. ..viveveiieeceeeeeee e 94

Fig.10. CoCaP promotes hypoxia and requires VEGF and eNOS. a. Hifla, at 3 days, was
higher only in osteoblasts responding to CoCaP group when compared to the Ctrl (****p<0.0001),
0.M (****p<0.0001), and CaP (44%&p<0.0001). The same profile was observed in the 7 days’
treatment, with a significant increase when compared to the Crtl (*"*p<0.0001), O.M
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(3%%¥p<0.0001), and CaP (£#8£p<0.0001). b. VEGF, at 3 days, was higher only in osteoblast
responding to CaP group when it was compared to the Ctrl (***p = 0.0010) and CoCaP group (44p
= 0.0041). Considering the 7 day, only the O.M. group showed an increase in its expression in
relation to Ctrl (***p = 0.0002), CaP (¥***p<0.0001), and CoCaP (**p = 0.0050). c. eNOS, at 3 days,
was higher expressed in osteoblasts responding to O.M. (***p = 0.0002; **p =0.0074) and CoCaP
(****p = <0.0001; 4&&p = 0.0002) when compared to Ctrl and CaP, respectively. At 7 days, both
CaP (****p<0.0001; **%p = 0.0003) and CoCaP (****p<0.0001; ¥***p<0.0001) showed an increase
in its expression when compared to Ctrl and O.M., respectively. Replicates: n = 3 and the Gapdh,
B-actin, and 18S genes were used as hOUSEKEEPING FENES. ......cvvveieeieiieriesiee s e 95

Fig.11. Protein Carbonylation was changed by monetites. At 3 days, osteoblast responding to
O.M. group showed an increase compared to the Ctrl (***p = 0.0003). CaP showed a decrease
when compared to Ctrl (****p<0.0001), 0.M (****p<0.0001), and CoCaP (4444p<0.0001). In turn,
CoCaP showed a decrease when compared to O.M (*p = 0.0104). At 7 days, the both O.M (***p
=0.0002) and CoCaP (****p<0.0001) groups showed a decrease compared to Ctrl. The CaP group
showed an increase compared to the both O.M (¥**p = 0.0005) and CoCaP (¢£:£p = <0.0001) groups.
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Capitulo 6

Fig. 1: Thermogravimetric analysis of (a) CaP and (b) CoCaP, illustrating one endothermic event
linked to dehydration and two events associated with thermal decomposition ...............c.......... 114

Fig. 2 - Visual plot of Rietveld refinements. a. Monetite. Wo_HT, b. Monetite_700, c.
Monetite_900, d. Monetite_1050, e. Co-doped Monetite._ Wo_HT, f. Co-doped Monetite 700, g.
Co-doped Monetite_900, and h. Co-doped Monetite_1050. ........cccccvererierverenieneee e 115

Fig. 3 - Visual plot of Williamson — Hall equation. a. Monetite. Wo_HT, b. Monetite_700, c.
Monetite_900, d. Monetite_1050, e. Co-doped Monetite. Wo_HT, f. Co-doped Monetite 700, g.
Co-doped Monetite 900, and h. Co-doped Monetite_1050 The results obtained by the refinement
are SUPPIEMENTAIY GALA. ........ccceeivieieiiece et e e e et e e e reere s s e sreeeeas 115

Fig. 4 - N2 adsorption isotherms at 77K on Monetite and Co-doped Monetites treated at different
temperatures (filled markers: adsorption branch and open markers: desorption branch). .......... 116

Fig. 5 - a. Monetite FTIR spectra, and b. Co-doped Monetite FTIR spectra. .........cccccoveviveennnnns 118

Fig. 6 - Raman Spectroscopy: a. CaP's, b. CoCaP's, and c. CaP and CoCaP without heat
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1. Introducéo — Revisao de Literatura

1.1 O tecido 6sseo

Os 0ssos constituem a base mecanica e de sustentacdo para os vertebrados e possuem a
maior proporcdo da massa tecidual conectiva do corpo. Entre os tecidos vitais, 0 0sso é um tecido
distinto que tem caracteristicas de renovagdo e auto reparo. O processo de remodelagdo Gssea é
baseado na cooperacgdo continua entre dois tipos de células, osteoclastos e osteoblastos, que por
meio de uma eficiente homeostase, mantém o tamanho, forma e funcdo 6ssea (GAO et al., 2017).
Na estrutura complexa e hierarquica dos 0ssos, junta-se a por¢do mineralizada, componentes de
uma matriz organica (ostedide), majoritariamente formada por colédgeno, além de outras proteinas
ndo colagénicas, como é o caso de vimentina e fibronectina. Sabe-se também que proteoglicanos
sdo decisivos para manutencdo da hidratacdo do tecido, conferindo-lhe propriedades fisico-
quimicas distintas (FLORENCIO-SILVA et al., 2015; PREETHI SOUNDARYA et al., 2018).

Além de seus componentes minerais e proteicos, 0 0sso também é histologicamente
composto por células, macromoléculas e vasos sanguineos, dos quais angiogénese e osteogénese
estdo acoplados (KARSENTY; FERRON, 2012). O tecido 6sseo é um sistema altamente
vascularizado e complexo que fornece uma estrutura externa, bem como uma estrutura de suporte
e protecdo para os tecidos e 6rgdos internos, como o cérebro, o coracdo e os pulmdes. Este tecido
tem uma capacidade de carga e, em colaboracdo com o sistema muscular, é o principal responsavel
pela acdo do movimento e, naturalmente, é classificado como uma composicdo vital, encontrada
apenas em vertebrados (KARSENTY, 2000a; VAN DER EERDEN; TETI; ZAMBUZZI, 2014).
Além disso, 0 0sso € caracterizado por suas propriedades mecanicas Unicas, que Ihe permitem
absorver a forca externa e depois distribui-lo igualmente sobre o tecido, evitando danos e
permitindo a execucdo de diferentes atividades (VAN DER EERDEN; TETI; ZAMBUZZI, 2014).

O tecido 6sseo também atua como reservatério de varios minerais, principalmente calcio e
fosfato, e também armazena fatores de crescimento, acidos graxos, além de possuir a capacidade
de absorver toxinas e metais pesados para minimizar os efeitos em outros 6rgaos. Além da funcéo
de absorcéo e liberacéo de sais, responsaveis por eventos de tamponamento do sangue e prevencao
de grandes variagdes de pH (HAIDER et al., 2017; SADOWSKA et al., 2019; SUNTERS et al.,
2010).

Devido a seu microambiente intrinseco, 0 0sso saudavel € capaz de adaptar sua massa e se
reparar continuamente durante toda a vida. Outra caracteristica distinta, o estroma da medula 6ssea
contém células-tronco mesenquimais, que podem se diferenciar em uma variedade de tipos de

células, incluindo glébulos vermelhos e globulos brancos.



Células 0Osseas: Trés tipos de células representam a construcao principal do 0sso, e cada uma esta
igualmente envolvida no processo de desenvolvimento e remodelacéo, a Figura 1 ilustra essas
células. Os osteoblastos, sdo células mononucleares de origem mesenquimal, que sdo estimuladas
por uma variedade de fatores de crescimento para se diferenciarem em células osteoprogenitoras
e ocupam cerca de 4-6% do total de células no osso. Os osteoblastos ficam na superficie 6ssea e
produzem estrutura ndo-mineralizada durante o processo de formacdo e mineralizando-0s em
seguida (HARADA; RODAN, 2003). Os ostedcitos, células de origem mesenquimal, embebidas
na matriz 6ssea mineralizada, constituem o maior volume de células 6sseas em um esqueleto
maduro, e também possuem a capacidade de se comunicar com outras células através da jungéo
de fendas. As funcBes dos ostedcitos sdao manter a matriz celular, regular as concentracdes de
calcio/fosforo no osso e desempenhar um papel na mecano-sensibilidade do 0sso por orquestrarem
a remodelacdo, sendo reservas importantes de RANKL (BOSKEY; ROBEY, 2018). Os
osteoclastos, células multinucleadas encontradas na superficie 6ssea e sdo as unicas células 6sseas
capazes de se dividir. Eles sdo derivados de células-tronco hematopoiéticas, e realizam funcéao
inversa aquelas exercida pelos osteoblastos, visto que degradam a matriz 6ssea favorecendo
reabsorcdo de minerais e proteinas (MANOLAGAS, 2000; XIONG et al., 2011). Os trés tipos
celulares se comunicam através de moléculas de sinalizacdo, cujas vias de participacdo sao
complexas (ZAMBUZZI; MILANI; TETI, 2010) e tem papel fundamental para a eficiéncia do
mecanismo de regeneracao e vascularizacdo 6ssea (SARAN; GEMINI PIPERNI; CHATTERJEE,
2014).

Monécitos

e ~
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A |
Pré-osteoclastos (Qz \9»1
Q F )
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Pré-osteoblastos

Ostedides

0Osso Novo

Osso antigo

Figura 1: Esquema ilustrado dos diferentes tipos de células do 0sso. Elementos gréficos foram obtidos em
https://smart.servier.com/.

Composicgéo 0ssea: O 0sso é um tecido conjuntivo distinto com sua estrutura arquitetonica unica,
visto que Ihe proporciona rigidez e flexibilidade ao mesmo tempo, proporcionado a capacidade de

absorver e suportar e distribuir o estresse recebido, evitando danos a sua estrutura. A composi¢ao
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do osso € basicamente agua (10%), hidroxiapatita mineral inorganica (60-70%), e o restante
apresenta-se como coladgeno de fase organica (CARREIRA et al., 2014). A combinacdo de
colageno e cristais minerais forma a matriz celular, que proporciona suas propriedades ser regido
e flexivel (WARDEN et al., 2005).

Estrutura d6ssea: Unidos por tecido conjuntivo, o sistema esqueleto dos adultos possui mais de
200 ossos. Apesar de compartilharem uma composicdo sélida, os ossos diferem em termos de
funcdo e estrutura. No nivel macroscépico, o tecido 6sseo pode ser dividido em dois tipos: 0sso
cortical (compacto) e osso trabecular ( WARDEN et al., 2005).

O osso cortical € uma camada externa solida que ocupa aproximadamente 80% do volume
total do esqueleto. O osso cortical é uma estrutura densa que se forma na superficie e tem uma
baixa porosidade (5-10%), o que reflete sua resisténcia a compressao (COWIN, 1999). O o0sso
poroso esté localizado principalmente na &rea interna das regides epifisarias e metafisérias. O 0sso
poroso é de natureza esponjosa, que ocupa apenas 20% da massa 6ssea total, mas 75% da area
total da superficie 6ssea (COWIN, 1999).

O osso trabecular proporciona uma capacidade de suporte indireta absorvendo energia e
distribuindo a carga para manter o 0sso cortical (AERSSENS et al., 1997). No nivel microscopico,
0S 0SS0S corticais e trabeculares contém o 0sso lamelar. O 0sso primario € um 0sso primitivo ou
imaturo encontrado principalmente durante a ontogénese rapida do esqueleto, crescimento
longitudinal do osso, fraturas do estagio inicial e remodelacdo 6ssea ou formacao de células dsseas
insalubres (AERSSENS et al., 1998). O osso lamelar € um 0sso maduro que precisa de mais tempo
para ser formado, em comparagdo com o 0sso primario. As fibras de colageno seguem um padréo
arranjado no osso lamelar durante a formacdo com deposicao aleatéria de fibras, e isto leva a um
aumento da resisténcia mecéanica em comparagdo com 0 0sso trabecular (BECK et al., 2001;
SPANGENBERG et al., 2016).

Formacao e desenvolvimento 6sseo: O mecanismo osteogenético segue dois processos essenciais
de desenvolvimento, que séo diretos (intramembranosos) ou indiretos (endocondral). O sucesso
da elaboragdo da matriz extracelular (MEC) e sua mineralizagdo depende também de um
suprimento vascular adequado. Qualquer deficiéncia resultard em uma imperfei¢do durante a fase
de diferenciacdo (RUNYAN; GABRICK, 2017).

Ossificagdo intramembranosa: O principal diferencial desse processo de formacdo é a nédo
dependéncia de um precursor cartilaginoso e esta relacionado com a diferenciacdo de células
mesenquimais em osteoblastos (PALUMBO; FERRETTI; DE POL, 2003; PERCIVAL;
RICHTSMEIER, 2013; YANG et al., 2012). Este processo pode ser resumido na diferenciacéo de



células mesenquimais em osteoblastos e esta ilustrado na Figura 2, esses que por sua vez iniciam
a sintese de matriz do ostedide, essa matriz recém sintetizada e rica em proteinas, para sua
mineralizagdo, mecanismos endocrinos hormoénios e vitaminas necessitam estar em equilibrio
(PALUMBO; FERRETTI; DE POL, 2003). Conforme os osteoblatos produzem e depositam essa
matriz 6ssea de forma ndo ordenada, estes acabando aprisionados dentro da matriz por ele
secretados. Este aprisionamento dos osteoblastos a MEC, fator que influencia para mudanca
fenotipica dessas células, se diferenciando em ostedcitos (ZAMBUZZI, 2008). Estes ostedcitos
envoltos na matriz extracelular iniciam uma comunicacdo com células adjacentes via dendritos
formando uma forte rede através das lacunas oOsseas (RUTKOVSKIY; STENSLZKKEN;
VAAGE, 2016; YANG et al., 2012). Essa comunicacdo ocorre inclusive com tecido endotelial
promovendo a nutri¢do do tecido gerado e podendo carregar fatores produzidos por ostedcitos. A
combinacdo das lacunas dsseas, vasos sanguineos, células osteoprogenitoras e mesenquimais
formam uma estrutura esponjosa no 0sso e a formacdo por células mesenguimais e vasos
sanguineos de medula 6ssea (CHOI et al., 2002). Diferentes centros de ossificagdo com seu

crescimento radial, acabam se fundindo e substituindo a membrana conjuntiva preexistente.
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Figura 2: Processo de ossificacdo intramembranosa. A ossificagdo intramembranosa segue quatro
etapas. (a). As células mesengquimais se agrupam em grupos, e se formam centros de ossificagdo. (b).
Osteoblastos ficam aprisionados na matriz e se transformam em ostedcitos. (c). Mesequima forma o
periosteo, a matriz trabecular é formada e vasos a invadem. (d). Osso compacto se desenvolve superficial
ao 0sso trabecular, e vasos sanguineos apinhados se condensam em medula déssea. Figura adaptada de
OpenStax College, Anatomy and Physiology. OpenStax CNX. http://cnx.org/contents/14fb4ad7-39al-
deee-abbe-3ef2482e3e22@11.1. (SCHATZ, 2016).

Ossificacdo endocondral: A ossificacdo endocondral diferente do processo intramembranoso, é

um processo pelo qual os ossos da cartilagem, associados as articulagdes e ossos longos, se
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formam. Em eventos de cicatrizacdo do tecido 0sseo, é possivel que os 2 eventos acontecam,
participando de modo combinado na regeneracdo do tecido. As células mesenquimais sob
condensacdo se diferenciam em condrdcitos para formar um modelo hialino com ossificacdo
priméria ocorrendo na zona média (MAES et al., 2010). A atividade dos osteoblastos e a formacéo
vascular ocorrem durante a ossificacdo primaria, enquanto que uma ossifica¢do secundaria ocorre
mais tarde no centro das regides epifisarias. Ao longo da haste do 0sso, a area de cartilagem
desenvolvida se estende através da regido de crescimento entre (diafise) e ambas as extremidades
(epifise) (RUNYAN; GABRICK, 2017). A ossificagdo endocondral promove o crescimento
longitudinal dos o0ssos que no final do desenvolvimento requer a substituicdo do tecido jovem por
tecido dsseo lamelar duro (DIRCKX; VAN HUL; MAES, 2013). A Figura 3 ilustra todo o
processo e este geralmente ocorre até a o inicio da idade adulta (18-25 anos) e conforme o
crescimento do individuo esse processo acaba sendo comprometido (JACOBSEN et al., 2008;
MAIA et al., 2022).
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Figura 3: Esquema de ossificacdo endocondral com crescimento longitudinal do tecido 6sseo a partir
de um molde cartilaginoso. A partir de um molde de cartilagem forma-se o centro primario de ossificagdo
com invasao de vasos na porcao central do 0sso. Nas extremidades formam-se os centros secundarios de
ossificacdo que depois de vascularizado, ira promover a substituicdo completa de cartilagem por 0sso com
auxilio de condroclastos trazidos pela corrente sanguinea. Fonte. Adaptado de Histologia Bésica, L.C.
Junqueira e José Carneiro. - [122 Edicao] - Rio de Janeiro: Guanabara Koogan, 2013.

Fratura e reparo 6sseo: O sistema de reparo de um o0sso lesionado inicia imediatamente o
recrutamento de células dsseas para reparar qualquer dano. Este processo passa por uma complexa
e coordenada cascata de a¢des. Muitos componentes estdo envolvidos no processo de restauracao,
incluindo citocinas e seus receptores. Com base na natureza da fratura, o processo de cicatrizacéo
pode ser dividido em cicatrizagdo 0ssea primaria e cicatrizacdo 0ssea secundaria (CARREIRA et
al., 2014).



Cura 6ssea primaria: No caso de lesdes superficiais, pode ocorrer uma formacgéo 0ssea primaria.
A érea entre as bordas da fratura é preenchida diretamente com osso recém-formado e a formacéo
do calo é reprimida. Nem o tecido conjuntivo nem o tecido fibrocartilaginoso estdo envolvidos
neste processo de cicatrizacdo (LIEBERMAN; FRIEDLAENDER, 2005). A cicatrizacdo 0ssea
primaria pode ser ainda subdividida em cicatrizacdo de fendas e cicatrizacdo de contato. Na
cicatrizagdo de fendas, a cavidade é preenchida diretamente com o0sso produzido pelos
osteoblastos, onde um andaime de tecido ésseo é criado e apoiado pela estrutura 6ssea lamelar
(LAD; MCGRAW:; DAEGLING, 2019). Apos varias semanas, a extremidade necrotica é
reconstruida pela remodelacdo Haversian e substituida por camadas ndo mineralizadas de 0sso
(osteons) (CHANG; LIU, 2022; LAD; MCGRAW,; DAEGLING, 2019). Na cicatrizagdo por
contato, ao contrério, 0s osteons sao capazes de crescer em todo o local da fratura devido a auséncia
de um espaco (SHEEN; GARLA, 2019). O tunel é feito por osteoclastos cortando cones através
da linha de fratura. Um lago capilar de parede fina segue os osteoclastos suportados por células
mesenquimais e células osteoprogenitoras para estabelecer camadas ndo mineralizadas de 0sso
(osteons) (BIGHAM-SADEGH; ORYAN, 2015).

Cura 6ssea secundaria: Uma fratura com um padrdo complexo e uma falta de estabilidade
biomecanica € classificada como uma formacdo Ossea secundaria. Tanto a ossificacdo
intramembranosa quanto a endocondral estdo envolvidas no processo, e a formacgdo de um calo
também ocorrerd. Normalmente, o termo esta associado a um tratamento conservador que inclui
possivel micromocdo dentro da fratura. Trés fases sobrepostas ocorrem no processo secundario de

cura 6ssea: inflamacéo, reparacdo e remodelacdo e sdo ilustradas na Figura 4:

de osso
esponjoso
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Fratura
cicatrizada

Calos internos
(tecido fibroso
e cartilagem)

| Trabécula
Ossea
esponjosa

Formagio de Hematoma Formagio de calo de Formacio de calo ésseo Remodelamento §sseo
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Figura 4: O esquema de formacao 6ssea secundaria ilustra os processos de cura, em ordem: Formacédo
de hematoma, Fase de inflamacéo, Fase de reparo, Fase de remodelacéo. Elementos gréaficos foram obtidos
em https://smart.servier.com/.

Fase de inflamacéo: Uma fratura dssea leva a uma menor tensdo de oxigénio no local da leséo
devido a interrupcdo do fluxo vascular e da arquitetura da medula 6ssea. Uma resposta inflamatéria
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atinge seu pico apds 48 horas e se estende por até 1 semana, e esta resposta é iniciada pela formacéo
de um codgulo sanguineo para recrutar moléculas bioativas, bem como precursores de osteoblastos
e condroblastos. Uma cascata regulada de fatores de crescimento (fator de crescimento do
fibroblasto [FGF], fator de necrose tumoral-a [TNF-a], PDGF e TGF-b) e uma variedade de
citocinas sdo secretadas para encorajar as celulas mesenquimais a proliferar e diferenciar-se nas
linhagens condrogénicas e osteogénicas (KOMORI, 2019; SHEEN; GARLA, 2019).

Fase reparadora: Tanto ossificacfes intramembranosas quanto endocondral estdo envolvidas
nesta fase, e ela comeca dentro de poucos dias ap0s a lesdo, até que a fase inflamatoria desapareca.
O periodo endocondral pode durar até 28 dias. O objetivo desta fase é desenvolver um calo duro
ao redor da area lesada para proporcionar suporte e estabilidade, e este sera posteriormente
substituido pelo osso. Fibroblastos, condroblastos e osteoblastos sdo formados por células
mesenquimais no local da fratura. A migracdo de outras células com vasos sanguineos também
ocorre para produzir tanto 0sso compacto quanto trabecular. A mineralizacdo do calo
provavelmente ocorre com a mudanga do pH, e a formagdo do 0sso ocorre como resultado da
diferenciacdo dos osteoblastos. O calo mole é um resultado de células indiferenciadas. Trata-se de
uma cartilagem desenvolvida que estd associada a formacdo do osso endocondral, e
eventualmente, apds 4-5 semanas, a cartilagem calcificada sera substituida por tecido fibroso
(BAHNEY et al., 2019; KOSTENUIK; MIRZA, 2017; SCOTLANDI et al., 2000).

Fase de remodelacdo: A remodelagdo € a etapa final do processo de cura. Esta fase envolve a
colaboracdo entre osteoblastos e osteoclastos para converter tecido mole em uma estrutura 6ssea
capaz de suporte mecanico. Sob tensdes fisioldgicas, o tecido 6sseo € substituido pelo o0sso
lamelar, e 0 osso trabecular é reabsorvido pelos osteoclastos, o que cria pequenas cavidades
conhecidas como lacunas da Howship. As células osteoblastos entram nestas cavidades e
produzem novas matrizes, que prendem as células que depois se desenvolvem em ostedcitos (ARO
etal., 1990; SHEEN; GARLA, 2019).

Considerando esse repertorio de informacbes, o 0sso demonstra ter capacidade de
regenerar-se, resultando em tecido de reparacdo com propriedades anatdmico-funcionais
semelhantes aos originais. Outrossim, ha ocasifes em que o tecido 6sseo sofre lesdes de tamanho
critico, nas quais seu processo cicatricial exige processos clinicos intervencionistas. Em auxilio ao
procedimento de regeneracdo deste tipo de injdria, a aplicacdo de biomateriais no campo da
engenharia de tecidos permite uma recuperacdo mais eficiente da lesdo, trazendo o
restabelecimento ao individuo. Diante deste fato, o desenvolvimento de novas estratégias com
capacidade osteointegrativa aptos a prover um microambiente adequado a adesdo, proliferacéo e

diferenciacéo celulares com o intuito de ofertar as condi¢Oes necessarias para a regeneracao 0ssea
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1.2 Circulacéo sanguinea, angiogénese e osteogénese: um acoplamento necessario

Vascularizagdo € essencial para o desenvolvimento do esqueleto, sobretudo em eventos
biologicos referente ao crescimento e remodelagdo do osso (BRANDI; COLLIN-OSDOBY, 2006;
CHIM et al., 2013; DIRCKX; VAN HUL; MAES, 2013; HE et al., 2013), abastecendo o tecido
com nutrientes, fatores de crescimento, hormonios, citocinas e quimiocinas, de acordo com as
necessidades; além da importante funcdo de remoc¢do de metabdlitos residuais (BRANDI;
COLLIN-OSDOBY, 2006; KANCZLER; OREFFO, 2008). Dependendo de sua origem, o
desenvolvimento 0sseo ocorre por meio de dois modos distintos de ossificacdo: 1-
intramembranosa: (0ssos chatos, como cranio e clavicula) e 2 - Endocondral (como o fémur).
Apesar de suas diferencas, no entanto, vascularizacdo é um pré-requisito para os dois tipos de
ossificagdo (DIRCKX; VAN HUL; MAES, 2013; GERBER; FERRARA, 2000; YE et al., 2012),
destacando-se como ponto comum aos eventos diferenciais de ossificacdo. Na verdade, o
desenvolvimento da rede vascular desempenha um papel essencial na orientacdo e morfogénese
de membros, durante a organogénese (BRANDI; COLLIN-OSDOBY, 2006). A vascularizagao é
necessaria para que ocorra a osteogénese: exercendo papel vital durante o processo de ossificagdo
e remodelacdo 6ssea (CHIM et al., 2013; DIRCKX; VAN HUL; MAES, 2013; MAES, 2013),
como também componentes-chave durante sua reparacéo do tecido lesado. Angiogénese no calo
6sseo garante o fornecimento necessario de moléculas vitais como nutrientes, oxigénio, fatores de
crescimento, citocinas, além de células osteo-precursoras (BORD et al., 1996). Assim, a
associacdo espacial e temporal da formacdo 6ssea com vascularizacdo ja tem sido denominado
como "acoplamento angio-osteogénico” (DIRCKX; VAN HUL; MAES, 2013; MAES, 2013;
SCHIPANI et al., 2009).

Anatomicamente, a vasculatura dos 0ssos longos €é constituida por 4 artérias, destacando
as metafisarias, epifisarias e artérias do periosteo (ITKIN et al., 2016). Estas artérias adentram 0s
0ss0s e atingem a cavidade medular, onde se dividem formando as corticais e microcirculagdes da
medula (SANTOS; REIS, 2010). No osso cortical, os vasos alimentam os capilares Haversianos e
canais de Volkmann (LAROCHE, 2002), enquanto que na medula, os capilares drenam para
sinusdides (WILSON; TRUMPP, 2006). Estes capilares, unem-se para formar uma Unica vénula
que segue o percurso da arteriola e volta para o plexo pericondral (HAYASHI, 1992). Somando-
se, um dos componentes histologicos mais importantes dos vasos sanguineos é o endotélio, o que
desempenha um papel fundamental na manutencdo da homeostase dssea, ndo s6 ao funcionar como
uma barreira, mas também altamente permedvel, segregando fatores capazes de recrutar células
especiais ao 0sso (BRANDI; COLLIN-OSDOBY, 2006; IMAI et al., 1999).



Em ossos adultos, sabemos que sdo submetidos continuamente a remodelacéo, a fim de
manter a sua integridade e estabilidade biomecanica (CHIM et al., 2013; DIRCKX; VAN HUL;
MAES, 2013). A remodelacdo Gssea ocorre em duas fases importantes: a reabsorgdo 0ssea
mediada pelos osteoclastos e a formacdo do 0sso novo, mediada pelos osteoblastos (BAROU et
al., 2002; KARSENTY, 2000b; SANTOS; REIS, 2010). Este processo ocorre em estruturas
especiais chamadas de unidades remodelacdo 6ssea (BRUs) (DIRCKX; VAN HUL; MAES, 2013;
HAUGE et al., 2001). A BRU facilita a interacdo celular entre osteoblastos e precursores de
osteoclastos: onde ocorre a secre¢do do Ligante ativador de receptor de NF-kB (RANKL),
modulando a ativacdo de células mononucleares a se diferenciarem em osteoclastos
(HENRIKSEN et al., 2009; MARTIN; SEEMAN, 2008; SIMS; GOOI, 2008; YASUDA et al.,
1998), onde ostedcitos desempenham papel crucial, ja que representam a maior fonte de RANKL

no organismo.

Estudos sugerem que o desenvolvimento de vasos sanguineos nos 0ssos e osteogénese
sejam eventos acoplados, o que é indicativo da presenca de um crosstalk molecular entre as células
endoteliais e osteoblasticas (ESHKAR-OREN et al., 2009; MAES et al., 2010). Kusumbe et al.
(2014) (KUSUMBE; ADAMS, 2014) identificaram um novo subtipo de capilar presente na
biologia do sistema esquelético, com propriedades morfoldgicas, moleculares e funcionais
distintas. Eles demonstraram que estes vasos sanguineos, foram capazes de gerar um metabolismo
distinto capaz de mediar o crescimento vascular do 0sso, mantendo osteoprogenitores
perivasculares, acoplando angiogénese e a osteogénese. Estes autores também demonstraram que
a este acoplamento estava reduzido com a idade (KUSUMBE; ADAMS, 2014; KUSUMBE;
RAMASAMY; ADAMS, 2014). Além disso, um segundo estudo realizado pelo mesmo grupo de
pesquisa foi capaz de estabelecer uma ligagdo molecular entre angiogénese, sinais angiocrinos e
osteogénese (KUSUMBE; RAMASAMY; ADAMS, 2014): eles demonstraram que a atividade de
Notch endotelial desempenha um papel crucial na promogéo do acoplamento entre angiogénese e
osteogénese. A ruptura de sinalizacdo Notch ndo s6 prejudica morfologia e crescimento dos vasos
nos 0sseos, mas também leva a uma diminui¢cdo da osteogénese (RAMASAMY et al., 2016b).
Diante desta literatura atual, temos a clareza de que angiogénese e osteogénese sdo eventos
fisioldgicos acoplados, como ilustrado na Figura 5, onde a hipoxia parece exercer papel

importante.
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Figura 5: Kusumbe et al. e Ramasamy et al. definiram o tipo H de células endoteliais como uma populacéo
vascular no tecido 6sseo, satisfazendo angiogénese em condicOes fisiologicamente normais. Nestes
trabalhos, os autores mostraram que células endoteliais do tipo H sdo capazes de secretarem a proteina
Noggin, a qual conhecidamente regula o metabolismo de osteoblastos e condrdcitos. Além da Noggin,
mostraram o envolvimento de VEGF, Hif-1a e da sinalizacdo DII4—Notch neste cendrio. Porém, trata-se de
uma sinalizacdo paracrina complexa, onde os envolvimentos de moléculas efetoras ainda necessitam de
maiores esclarecimentos. Fonte: Adaptado de Noble e colaboradores (LE NOBLE; LE NOBLE, 2014).

Somado ao recente progresso, acreditamos que este acoplamento entre as duas linhagens
celulares é regido por um repertério de moléculas e vesiculas, as quais, ainda, ndo tem sido
documentado e que poderia ser regulado pela difusdo de oxigénio molecular no tecido. Portanto,
explorar o efeito cruzado dos mecanismos paracrinos envolvidos entre células 6sseas e endoteliais
e validar seus efeitos em modelos funcionais de hipdxia trardo informacdes valiosas na busca por

novas terapias, uma necessidade emergente no campo da medicina regenerativa.

1.3 Mecanismos bioldgicos envolvidos com a hipdxia

Em contextos patoldgicos, como cancer e isquemia, bem como durante o
desenvolvimento através da diferenciacdo celular, a capacidade de uma célula se adaptar a
condigdes de hipdxia é critica e sempre despertou interesse na area académica. Como sabemos, o
oxigénio pode ser considerado um substrato metabdlico importante e indispensavel em vérias
reacOes enzimaticas, incluindo a respiracdo mitocondrial, servindo como aceptor final de elétrons
no final da cadeia respiratoria - durante o desenvolvimento embrionario, por exemplo, acredita-se
que a diferenciacdo celular, e consequente morfogénese dos tecidos, sejam modulados por
gradientes de oxigénio que, pelo menos em parte, dependem da via de sinalizacdo do fator
induzivel por hipdxia (HIF) para mediar seus efeitos (DUNWOODIE, 2009). Os fatores de
transcricdo HIF-1 e HIF-2 sdo mediadores centrais das respostas fisiologicas que permitem que as
células hipoxicas sobrevivam e se diferenciem (GIACCIA; SIMON; JOHNSON, 2004). Essas
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proteinas desencadeiam uma série de efeitos autbnomos, autocrinos, paracrinos e endocrinos com
0 objetivo central de aumentar a entrega de oxigénio aos tecidos enquanto diminui seu consumo
de oxigénio (SEMENZA, 2012).

Neste cenario, HIF-1a ¢ ativado quando os niveis de oxigénio caem, o que ¢ detectado
por uma classe de prolil hidroxilases dependentes de 2-oxoglutarato (PHDs) e dependentes de Fe?*
(Figura 6) (IVAN et al., 2001; JAAKKOLA et al., 2001; POUYSSEGUR; DAYAN; MAZURE,
2006; WANG; SEMENZA, 1993). Por outro lado, O HIF-1p ¢é expresso constitutivamente de
maneira independente de oxigénio. A atividade de HIF-1a ¢ determinada pela tensdo do oxigénio,
sendo que em condigdes acima de 5%, sua meia-vida é muito curta, sendo entdo degradado pela
via protessémica (Figura 6). Por outro lado, em condi¢des hipdxicas, a proteina HIF-1a se
acumula, transloca-se para o nucleo, dimeriza com HIF-1B e, mediante o recrutamento de varios
outros co-ativadores transcricionais, liga-se a elementos de resposta a hipoxia nos promotores de
genes especificos (KEITH; JOHNSON; SIMON, 2011). Sabe-se que esta via de sinalizacdo de
HIF esta envolvida com feedback tecidual direto, necessitando o aumento de nimero de vasos
sanguineos, destacando-se assim como fator importante no estimula da angiogénese, como
ilustrado na Figura 6. Como angiogénese € necessaria a eventos teciduais requeridos na
regeneracdo funcional de tecidos, destaca-se a importancia desta via como ferramenta a ser

explorada em bioengenharia de tecidos, como o tecido dsseo.
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Figura 6: Sinalizacdo de HIF-1a. Na normoxia, os sensores celulares de oxigénio (PHDs) hidroxilam
residuos prolina especificos (Pro402 e Pro564) do HIF-1a, levando a sua degradag¢do proteossomica
mediada por pVHL, uma ubiquitina ligase E3. Durante a hipdxia, 0 HIF-1a ndo ¢ ubiquitinilado,
consequentemente ndo é degradado, atuando como um fator de transcrigdo de genes, incluindo o VEGF,
gue promove a angiogénese e genes envolvidos no metabolismo anaerébico. Fonte: Adaptado de MAES
(MAES; CARMELIET; SCHIPANI, 2012).
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1.4 Hipdxia e homeostase 0ssea

O o0sso adulto é submetido continuamente ao remodelamento, o que possibilita a
manutencdo da homeostase esquelética e mineral (TAKUBO et al., 2010). O equilibrio entre a
formacgdo Ossea pelos osteoblastos (de origem mesenquimal) e a reabsorcdo Ossea pelos
osteoclastos (de origem hematopoiética) é fundamental na remodelacdo Ossea e, quando em
desequilibrio desta coordenacéo, resulta em um o0sso poroso (KARSENTY; KRONENBERG;
SETTEMBRE, 2009). Ao contrario da cartilagem, a medula dssea é altamente vascularizada e,
embora o papel desse abundante suprimento sanguineo na remodelacdo 6ssea seja mal definido, é
provavel que va além de ser uma mera fonte de nutrientes (SCHIPANI et al., 2009). De fato, ja se
discutia que esses vasos sanguineos entregam precursores de osteoblastos e osteoclastos ao 0sso
(MAES et al., 2010).

A modulagéo da via HIF em osteoblastos revelou que essa via exerce papel importante
na formacdo Ossea (WANG et al., 2007b). A perda de HIFla ou HIF20 em osteoblastos de
camundongos causa uma diminuicéo consideravel no volume 6sseo (SHOMENTO et al., 2010),
enquanto niveis aumentados destes genes levam ao seu aumento (WANG et al., 2007b).
Notavelmente, as alteracdes no volume 6sseo correlacionam-se positivamente com alteracGes na
vascularizagdo dssea e na expressao de VEGF, refor¢cando uma possivel ligacéo entre angiogénese
e osteoblastogénese (SCHIPANI et al., 2009). Apesar da crescente evidéncia de um papel
importante da angiogénese na aumentando o volume ésseo via regulacdo positiva da via do HIF,
mecanismos celulares autbnomos a via de HIF, como a regulacdo do metabolismo anaerdbico,

também podem ser importantes, pois 0 metabolismo anaerébico € um dos principais alvos do HIF.

A regulacdo da angiogénese por VEGF, um importante alvo da via de HIF’s, também ja
foi criticamente avaliada e uma associacdo com o remodelamento do 0sso é proposta, como
sugerido na Figura 7. Assim, a identificagdo dos mecanismos moleculares que governam a
complexa rede de sinalizacdo celular decorrente aos efeitos biol6gicos dos HIF’s precisa ser
aprofundada e melhor compreendida. Em particular, mecanismos farmacol6gicos capazes de
promover a hipdxia e concomitante aumento da diferenciacdo de osteoblastos sdo extremamente
necessarios para proposicdo de novas ferramentas clinicas e produtos tecnoldgicos a serem

explorados na pratica de reconstrucéo do 0sso.
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Figura 7: Acoplamento entre as vias de HIF e VEGF no 0sso. Os osteoblastos expressam ambos HIF-
la e HIF-20, que modulam o desenvolvimento 6sseo, sua homeostase e a angiogénese. Alguns dos efeitos
dos HIF’s no osso ¢ na angiogénese sdo mediados pelo VEGF. Fonte: Prdprio autor e imagem ilustrada
por Paula Bertin.
1.5 VEGF na reparacéo de fraturas

O reparo bem-sucedido da fratura recapitula amplamente os varios estagios do
desenvolvimento dsseo; o desenvolvimento adequado dos vasos sanguineos €, portanto, essencial.
Varios fatores angiogénicos, incluindo o VEGF, estdo aumentados durante a cicatrizagdo e reparo
funcional da fratura (GERSTENFELD et al., 2003). Em camundongos, o tratamento com um
receptor solivel de VEGF (VEGFR) ou antagonista de VEGF resulta em comprometimento da
formacdo dssea, enquanto a administracdo local de VEGF aumenta com sucesso seu processo de
reparo (STREET et al.,, 2002). VEGFR-1 e VEGFR-2 estdo criticamente envolvidos na
angiogénese e na formacdo 6ssea durante o reparo da fratura (JACOBSEN et al., 2008). Varios
tipos de células no microambiente 06sseo, incluindo células osteogénicas, macréfagos e
osteoclastos, podem secretar moléculas ativas neste contexto e, portanto, participam de

mecanismos importantes e integrados no desenvolvimento do osso (FISCHER et al., 2008).
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1.6 Principios Gerais da Regeneracdo Ossea

Quando lesado o tecido Gsseo inicia 0 processo de cicatrizagdo, uma resposta comum a
varios tipos de lesBes, com o objetivo de restabelecer sua estrutura e fungdo. A partir de uma
cascata de eventos bioldgicos altamente organizada e modulada por varios mediadores quimicos,
citocinas e fatores de crescimento, além de fatores ambientais e locais (BLUMENTHAL et al.,
2003; WANG et al., 2017), tornando-o um evento multifatorial. A cicatrizacdo 6ssea pode ocorrer
por dois processos: regeneracdo e reparacdo. O processo de regeneragdo ocorre quando o tecido
lesado € povoado com base na proliferacdo e completa diferenciacdo dos elementos teciduais
originais. Assim, a cicatriz do tecido possui caracteristicas morfoldgicas e propriedades funcionais
semelhantes a do tecido original. O processo de reparacdo consiste na substituicao do tecido lesado
pela formacdo de um tecido conjuntivo fibroso, resultando num tecido que difere das propriedades
originais do tecido lesionado. Considera-se hoje prioritario regenerar e nao reparar, reconstruindo
a forma e restaurando sua funcdo. Para isso é necessario uma sequéncia de eventos hierarquicos
onde as células progenitoras mesenquimais da medula 6ssea ddo origem a osteoblastos sob a
influéncia de vérios sinais osteogénicos especificos para a sua proliferacdo e
diferenciacdo(MATTA et al., 2019; MOEINZADEH; JABBARI, 2015). A diferenciacdo de
osteoblastos tem seu inicio pela sinalizacdo de Proteinas Morfogenéticas Ossea (BMP) junto aos
seus receptores responsaveis pela ativacdo de fatores de transcricdo (Runx2 e Osterix), e
subsequente expressao de genes especificos de osteoblastos tais como: fosfatase alcalina, o
colageno tipo 1, Osteonectina, Osteocalcina e Sialoproteina dssea (BALOUL, 2015;
MOEINZADEH; JABBARI, 2015).

O desenvolvimento de estratégias terapéuticas para aplicacdo em engenharia de tecidos
assenta tradicionalmente numa triade regenerativa constituida por trés elementos basicos que se
interagem entre si: 1) células competentes capazes de uma resposta eficaz (MINE et al., 2014;
PASCHOS et al., 2015), 2) moléculas de sinalizagdo com capacidade de estimular as células no
sentido pretendido (CAO et al., 2014) e 3) matrizes de suporte (Biomateriais) capazes de guiar e
apoiar a formacdo do tecido a se regenerar (MOUNTZIARIS; MIKQOS, 2008; SALGADO;
COUTINHO; REIS, 2004; SHIH et al., 2014). Com os avancgos atuais, tem-se enfatizado a inclusao
de um quarto elemento de reconhecida relevancia a triade: a estabilidade mecanica. A estabilidade
do microambiente onde se localiza o defeito 0sseo a ser regenerado parece ser determinante para
a resposta bioldgica dos outros trés elementos (células, fatores de crescimento e matrizes) ja
discutidos anteriormente. Neste contexto, uma boa vascularizacdo local, consequéncia ainda de
uma boa estabilidade, faz toda a diferenca sendo também um pré-requisito essencial. Este conceito
de quatro faces tera muito mais faces se considerarmos a evolucao da nanotecnologia, da genébmica
e da protedbmica, conduzindo ao desenvolvimento, num futuro préximo, de um biorreator capaz
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de, a partir de aspirados medulares, regenerar nosso proprio tecido 6sseo quando necessario, o que
funcionaria posteriormente como um auto-enxerto. Este progresso so se justifica através de uma
acdo coordenada e multidisciplinar, envolvendo expertises dentro da Biologia, Fisica, Quimica,

Engenharia e Medicina, criando uma nova area: a Medicina Regenerativa.

Atualmente, a Medicina Regenerativa tem obtido destaque por disponibilizar novas
metodologias terapéuticas sofisticadas e multifatoriais, com o objetivo de regenerar o tecido lesado
ou totalmente perdido (RAVINDRAN; GEORGE, 2014; REZZA; SENNETT; RENDL, 2014,
ROBINTON; DALEY, 2012). Atualmente dependendo do tamanho e tipo de lesdo, é requerida a
utilizacdo de enxertos 6sseos (SANTOS et al., 2013). O enxerto utilizado como padréo ainda é o
0sso autdlogo, porém a utilizacdo deste significa muitas vezes submeter o paciente a outro
procedimento cirurgico, gerando uma significativa morbidade e custos tanto para o paciente, como
para o sistema publico de salde. Por estas e outras razdes, estudar e desenvolver novas alternativas

torna-se imprescindivel.

O desenvolvimento e avaliacdo de protocolos clinicos inteligentes capazes de estimular as
células osteoprogenitoras que permitam mimetizar aquelas caracteristicas osteogénicas do enxerto
autogeno, assim criando alternativas como os biomateriais. Por fim, certas caracteristicas da
superficie do biomaterial influenciam enormemente a atividade celular (DA COSTA
FERNANDES et al., 2018a, 2018b; ZAMBUZZI et al., 2014) e a integracdo célula-material (p.
ex, formacdo de componentes de adesdo focal e organizagdo do citoesqueleto com efeitos na
maturacdo dos osteoblastos e subsequente mineralizacdo). Desta forma, conhecer 0s mecanismos
moleculares envolvidos neste processo faz-se necessario, visto que parametros adicionais agregam
novas caracteristicas durante o desenvolvimento de novos materiais ou superficies, aumentando o
desempenho do material, diminuicdo do tempo de reabilitacdo do paciente, etc (GEMINI-
PIPERNI et al., 2014a; SARAN; GEMINI PIPERNI; CHATTERJEE, 2014). Este tema tem sido
explorado pelo nosso grupo nos ultimos anos, buscando conhecer a identidade molecular dos
Biomateriais (BEZERRA et al., 2017; KANG et al., 2018; NASCIMENTO et al., 2017).

1.7 Biomateriais
A partir de 2018, a definicdo de biomaterial pode ser descrita como: “ um material
projetado para assumir uma forma que pode direcionar, por meio de interagdes com sistemas vivos,

o0 curso de qualquer procedimento terapéutico ou de diagnostico™ (ZHANG; WILLIAMS, 2019).

Biomateriais sdo materiais projetados com a funcao de substituir partes do corpo e, assim,
permitindo a recuperacdo tecidual e funcional do tecido, por vezes afetados por doencas ou

acidentes. Principais diferenciais dos aspectos funcionais dos materiais biomédicos tratam
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aspectos de biocompatibilidade e biofuncionalidade, caracteristicas necessarias para que esses
exercam essas funcdes diversas. Por definicdo, biocompatibilidade refere-se a capacidade de um
material de funcionar com uma resposta apropriada do hospedeiro em uma aplicacao especifica, e
a biofuncionalidade representa a habilidade do material desempenhar a funcdo desejada,
restabelecendo o tecido com suas caracteristicas anatdmico-funcionais (HAIDER et al., 2017,
SHIN et al., 2016; WILLIAMS, 2019; ZHANG; WILLIAMS, 2019).

1.7.1 Historia dos biomateriais

A fabricacdo de implantes e proteses datam de mais de 7000 anos e € tdo antiga quanto o
inicio da invencdo de instrumentos e ferramentas, tdo antigos quanto o inicio da ciéncia dos
materiais em ceramica e metalurgia (RATNER; ZHANG, 2013).

As primeiras evidéncias do reconhecimento da deformidade e da necessidade de
reabilitacdo pelo homem séo dificeis de estabelecer, pois muitas civiliza¢bes antigas ndo tinham
registros escritos ou estes se perderam com o tempo. Porém com informac6es de antropdlogos e
arqueologos para interpretar os mitos, obras de arte e restos humanos, informagdes importantes
sobre o desenvolvimento e utilizacdo de proteses e outros dispositivos para auxiliar a vida humana,
comecaram a ser compreendidas (HILDEBRAND, 2013).

Por conta de acidentes, guerras, batalhas, ataques de outros povos ou mesmo de animais,
muitos seres humanos perderam membros como bracos, maos, pernas, pés ou outras partes do
corpo, que foram substituidas por "implantes™ ou "proteses”. Evoluindo juntamente com a pratica
médica, os primeiros dispositivos protéticos que foram desenvolvidos e que foram encontrados,
apresentavam funcdes eficientes, considerando o acesso a diferentes materiais e tecnologias dos
seus respectivos periodos (HILDEBRAND, 2013; RATNER; BRYANT, 2004).

Dos tipos de materiais que foram encontrados, uma variedade tem relagdo com 0 0sso,
utilizando para reparacdo 6ssea, substituicdo de dentes e trepanacdo da cabeca (craniotomia).
Diferentes materiais foram utilizados desde o inicio: os materiais de primeira apari¢do de origem
natural eram madeira, nacar e marfim, mas também 0sso alogénico ou mesmo xenogénico para
construgdes ortopédicas. Quanto aos substitutos de dentes, na antiguidade os “profissionais da
odontologia” aplicaram diferentes dentes de animais, em particular de caes, bezerros, focas e

outros animais (HILDEBRAND, 2013).

Com o progresso da tecnologia, os cirurgides e estudiosos dos periodos, iniciaram a
introducdo de metal como protese e material de implante, em particular ouro, prata, cobre e
chumbo com mais ou menos alto grau de pureza. Apesar da falta de conhecimento sobre

toxicidades, eles obtiveram sucesso de tais dispositivos médicos, pois mdltiplos achados
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arqueoldgicos mostram que os pacientes operados sobreviveram a operacdo cirurgica e
apresentaram osseointegracdo (HILDEBRAND, 2013; RATNER; BRYANT, 2004; RATNER,;
ZHANG, 2013).

1.7.2 Tipos de prdteses encontradas
Proteses de membros e pés: No Egito, foram encontradas substituicfes de dedos dos pés. O dedo

do pé do Cairo (

O dedo do Cairo (Figura 8) que foi encontrado originalmente em 2000 pelo patologista
alem&o Andreas Nerlich da Ludwig Maximilian University of Munich, ligado a uma antiga mamia
egipcia. Este artefato é datado entre 1550 e 700 AC, foi construido em madeira e couro, permitindo
que a utilizacdio com alguma elasticidade oferecendo maior conforto para o amputado
(THURSTON, 2007). Artefatos como este, apresentam sinais de desgaste, relatando que ocorreu
0 contato da pele com o material, assim indicando que foram usados em vida e ndo podem ser

considerados como membros completos para a vida ap6s a morte.

Figura 8: O dedo do Cairo - “The Cairo Toe”, pertenceu a uma miimia egipcia (entre 1550 e 700 AC).

Entre os séculos XVIII e XIX, portadores famosos de proteses de perna como o antigo
governador holandés de Nova Amsterdam (mais tarde Nova York), Pieter Stuyvesant (1592-672)
(Figure 9a), e Jozef Sowinski (1777-1831), general da artilharia polonesa, sua perna de madeira
(Figure 9b é encontrada no Museu do Exército Polonés em Varsédvia (HILDEBRAND, 2013). O
século XIX trouxe inovagdo aos dispositivos protéticos. A Anglesey Leg foi inventada em 1800
por James Potts de Londres e patenteada em 1805 (Figura9c). Ela pode ser encontrada no Museu
de Ciéncias em Londres (GUTFLEISCH, 2003).
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Figura 9: a. Pieter Stuyvesant (1592-1672) estatua mostrando sua perna de madeira (City of Kinston, New
York), b. Perna de madeira pertencente ao General Jozef Sowinski (1777-1831) preservada no Polish
Army Museum em Varsévia. ¢. A Anglesey Leg inventada em Londres por James Potts em 1800 e
patenteada em 1805. Imagens obtidas e adaptadas de Hildebrand (HILDEBRAND, 2013).

Implantes cranianos: Técnicas de fechamento do cranio por meio de implantes, conhecidas por
cranioplastia. Nos achados, em mdaltiplos casos, foram inseridas placas de cobre, prata ou ouro
para proteger o cérebro contra agressdes externas. Além disso, o cobre e a prata tém um efeito
antisséptico conhecido e certamente desempenharam um papel importante na prevencao de
infecgdes (HAN; CHEN, 2007; HILDEBRAND, 2013; RATNER; ZHANG, 2013). A FiguralOa

demonstra uma placa metalica implantada com indicios de osseointegrag&o.

RestauracOes dentérias: Os implantes e proteses mais frequentemente fabricados e usados em
todas as culturas e em todos os tempos foram os dentes. Os egipcios e os fenicios, comecaram a
fabricar préteses dentérias, ancorando dentes instaveis com fios de ouro e substituindo os dentes
eventualmente perdidos por dentes de cdes (FiguralOb) (CRUBEZY et al., 1998; HUEBSCH,;
MOONEY, 2009; MINOZZI et al., 2007). Entre os achados arqueol6gicos e considerado um
exemplar de destaque, esta no crénio peruano Mochica (FiguralOc), uma substituicdo completa
de todos os dentes por esculpidos quartzo rosa (HILDEBRAND, 2013; HUEBSCH; MOONEY,
2009).

Figura 10: a. Cranio trepanado pertencente a cultura Inca, fechado por ouro e exibindo uma reconstrucao
0ssea, ao artefato esta no Museu del Oro em Lima, Peru. b. Restauracdo tipica realizada pelos fenicios. c.
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Cranio Peruano, com substitui¢do de todos os dentes por quartzo rosa, em exposi¢do no Museu del Oro, em
Lima. Figuras obtidas e adaptadas de Hildebrand (HILDEBRAND, 2013).
1.8 Biomateriais e a Engenharia de tecidos 6sseos

A engenharia de tecidos € um campo interdisciplinar que combina conceitos essenciais da
engenharia e das ciéncias da vida para criar bio-substitutos que possam restaurar, manter ou
aprimorar a funcéo de tecidos lesionados ou comprometidos por doencas (RATNER; BRYANT,
2004). Ela se baseia na compreensao da configuragéo de novos tecidos em termos de regeneracao.
Diferentes &reas da ciéncia estdo envolvidas e sdo combinadas para o desenvolvimento da

engenharia de tecidos, como fisica, quimica, engenharia, biologia e medicina.

O processo de remodelacdo é uma resposta comum baseada em uma harmonia continua
entre as celulas 6sseas para manter o tamanho, forma e fungdo 6ssea (CARREIRA et al., 2015).
Como citado anteriormente 0 mecanismo de cura éssea envolve uma complexa cascata de aces,
que sdo expressas principalmente por trés fases (inflamacéo, reparacao e remodelacdo) (BAHNEY
et al., 2019). A integracdo das fases de cicatrizacdo leva a restauracdo dos vasos sanguineos,
estruturas porosas e compactas, e seu correto funcionamento (CARREIRA et al., 2014).
Entretanto, defeitos dsseos que causados por trauma, cancer, infeccdo, resseccdo, degeneracédo
patoldgica e malformacdo congénita, necessitam de intervencéo cirargica (ZHANG et al., 2019).
Algumas vezes a lesdo é classificada como um defeito ndo cicatrizante (defeito de tamanho critico)
onde 0s 0ss0s sdo incapazes de formar um calo e preencher a lacuna da fratura (CAO et al., 2014).
Nesses casos, a engenharia de tecidos 6sseos desempenha um papel importante para impulsionar

a osteogénese 6ssea e restaurar o tecido lesionado.

Os substitutos 6sseos podem ser formados usando materiais tradicionais e sintéticos. A
técnica tradicional utiliza osso natural para compensar a area em falta. Uma revolugcdo na
engenharia de tecidos @sseos, entretanto, introduziu materiais sintéticos com 0s quais 0S
tratamentos podem ser aperfeicoados para superar as complicacdes associadas aos enxertos
naturais. Diferentes tipos de substitutos sao utilizados em regeneracdo 6ssea, COmo auto-enxertos,
aloenxertos, xenoenxertos, cerdmicas e polimeros, informagfes basicas sobre as diferencas,

vantagens e desvantagens serdo abordadas.

1.8.1 Requisitos de substitutos de engenharia de tecidos 0sseos:

Biocompatibilidade pode ser definida como a capacidade de um material de funcionar com uma
resposta apropriada do hospedeiro em uma aplicacéo especifica (ZHANG; WILLIAMS, 2019).
Esta é uma das exigéncias mais importantes associadas aos materiais implantados (CAPLAN;

SHAH, 2009). O substituto 6sseo ndo € um objeto inerte; ele interage com 0 ambiente circundante
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apos a implantacdo. Estas interacdes devem causar efeitos minimos ou nenhum efeito toxico ao

tecido adjacente ao implante ou outros 6rgéos e tecidos do hospedeiro (GOMES et al., 2020).

Biodegradabilidade refere-se a degradacdo macromolecular por um produto quimico passivo ou
uma atividade celular para evitar qualquer outra operacao cirurgica (ASLANKOOHI et al., 2019).
Os elementos degradados devem ser eliminados do corpo sem nenhum efeito colateral residual.
Como um biomaterial scaffold ou andaime, o objetivo desejado é fornecer um suporte mecéanico
de forma coordenada até que o novo tecido seja formado e recupere sua funcdo (GINEBRA et al.,
2010). Entretanto, a taxa de degradacao é dificil de controlar e pode alterar a abordagem. Portanto,
o melhor cenério de degradacdo é aquele que ocorre simultaneamente com a nova formagéo do
0sso (LIU et al., 2017).

Osteocondutividade, na regeneracdo 0ssea é a caracteristica de fornecer um suporte (andaime)
tridimensional que pode suportar capilares e crescimento celular, bem como isolar o tecido mole
circundante de interromper o novo crescimento 6sseo (LEI et al., 2019) [39]. Os substitutos 6sseos
ideais devem permitir que a adeséo das células, que elas sobrevivam e proliferem, e devem permitir

que as células fabriquem a matriz extracelular na superficie (LE GUEHENNEC et al., 2007).

Osteoindutividade, refere-se ao recrutamento de células osteoprogenitoras para o local da lesdo,
estimulando as células pluripotentes a se diferenciarem em células osteogénicas (BOSE; ROY;
BANDYOPADHYAY, 2012). Uma cascata regulada de fatores de crescimento, proteinas e
receptores sdo secretados e ativados respectivamente, para encorajar as células mesenquimais a

proliferar e se diferenciar em linhagens osteogénicas (GROEN et al., 2015).

A porosidade e a interconectividade tém um efeito a nivel celular, induzindo os processos
de migracédo e mineralizacdo. A porosidade também funciona para intertravar o implante no tecido
circundante para estabilidade mecanica (TUYEN; LEE, 2011). O osso varia em sua quantidade de
porosidade, com aproximadamente de seu volume total em 10% em osso cortical e 50-90% do
esponjoso (GALEA et al., 2008). Da mesma forma, os enxertos 6sseos devem conter uma taxa
consistente de poros entre micro e macro-escalas, e estes devem ser distribuidos de forma
homogénea (SIONKOWSKA; KACZMAREK, 2017). A porosidade e a interconectividade
também estdo associadas & melhoria da osteocondutividade, melhorando a fixagdo celular,
migrac&o, proliferacdo e diferenciagdo (KIM et al., 2010). Além disso, os poros interligados podem
afetar a osteoindutividade, onde poros abertos totalmente conectados aumentam a taxa de difuséo,
penetracdo e migracdo celular, invasdo de vasos sanguineos, fornecimento de oxigénio e

nutrientes, bem como remocao de residuos metabdlicos (GBURECK et al., 2007).

21



O osso natural combina propriedades que Ihe fornecem rigidez e flexibilidade na presenca
de materiais organicos (coldgeno) e ndo organicos (hidroxiapatita) (HABIBOVIC; DE GROQOT,
2007). Portanto, os substitutos dos enxertos 6sseos devem ter a capacidade de imitar a resisténcia
mecanica dos 0ssos naturais, especialmente no caso de 0ssos que suportam cargas (HABIBOVIC,;
DE GROOT, 2007).

1.8.2 Enxertos 6sseos-substitutos:

Um enxerto dsseo-substituto € um material biocompativel utilizado para promover a cura
0ssea, fornecendo uma resposta bioldgica no local (MOIRANGTHEM et al., 2015). Em cirurgia
ortopédica, a exposicdo a uma lesdo grave geralmente requer intervencao cirurgica para compensar
e reparar o defeito. Os enxertos 6sseos sdo frequentemente necessarios para substituir a peca
perdida, principalmente em defeitos criticos de tamanho dsseo, onde o processo reconstrutivo sera
aprimorado ao apoiar o crescimento do tecido (SALGADO; COUTINHO; REIS, 2004; ZHANG
et al., 2019). As técnicas de substituicdo variam dependendo se um enxerto convencional é usado

ou materiais sintéticos avangados, ou uma combinacdo de ambos.

Autoenxertos: O autoenxerto € o processo de transplante de medula 6ssea, 0SS0 esponjoso ou
cortical, ou enxertos vascularizados, de uma parte do corpo para outra dentro do mesmo individuo
(LIEBERMAN; FRIEDLAENDER, 2005). Um autoenxerto utiliza material que é conhecido como
material osteogénico. Um enxerto Gsseo trabecular é uma escolha superior na restauracdo 6ssea
devido a alta quantidade de células precursoras (GIORI; BEAUPRE, 2011). O enxerto pode ser
retirado de um ponto ndo afetado no corpo, como a crista iliaca, radio distal, metafise femoral,
tibia proximal, fibula ou costelas (CAMPANA et al., 2014). O autoenxerto é o "padrdo ouro" em
engenharia de tecidos e regeneracao 6ssea devido a sua osteocondutividade, osteoindutividade e
tendéncia osteogénica (BALDWIN et al., 2019). Entretanto, o processo tem desvantagens
associadas, tais como a quantidade limitada de volume dsseo (BALDWIN et al., 2019) . Além
disso, a coleta do 0sso requer uma operacdo adicional, podendo resultar em dores ao paciente e
possiveis e complicacbes (CAMPANA et al., 2014). Embora a natureza aut6loga a torne uma
opcdo favoravel, tem sido relatado que entre 8,5-20% das fatalidades associadas a coleta de
autoenxerto sdo formacdo de hematoma, lesdo nervosa, perda de sangue, formacdo de hérnia,
infeccdo, lesdo arterial, lesdo ureteral, fratura, instabilidade pélvica, defeitos cosméticos,
transplante de tumor e, as vezes, dor cronica no local doador (GARCIA-GARETA; COATHUP;
BLUNN, 2015; GOLDBERG; STEVENSON, 1987).

Aloenxertos: O aloenxerto é a segunda op¢do. Neste processo, 0 0sso é obtido de um doador e
transplantado para outro individuo para restaurar um defeito 6ésseo macigo (VINING; WARME;
MOSCA, 2012). O aloenxerto vem em muitas formas, incluindo matrizes dsseas desmineralizadas,
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tecidos 0sseos esponjosos e corticais, dependendo da necessidade do hospedeiro (BALDWIN et
al., 2019). A atribuicdo osteogénica € reservada para o aloenxerto, enquanto a resposta
osteocondutora é mais provavel de ser encontrada em autoenxertos. Além disso, na auséncia de
fatores de crescimento, a osteoindutividade pode parar, devido a um processo de desvitalizacao
via irradiacdo, congelamento ou liofilizacdo (ALI et al., 2022; CZITROM et al., 1986; ZUNINO
et al., 2004). Embora os aloenxertos estejam disponiveis em grandes quantidades, sejam capazes
de suportar defeitos significativos e evitar a necessidade de uma segunda operagao para o paciente,
ainda ha preocupaces sobre 0s custos e riscos associados a transmissdo de doencas ou rejeicao
imunologica (APONTE-TINAO et al., 2015; ZUNINO et al., 2004).

Xenoenxertos: O xenoenxerto é outro processo semelhante, embora neste caso 0s 0ssos sejam
transplantados de animais para humanos a fim de restaurar o funcionamento e acelerar o
crescimento dos tecidos (HAUGEN et al., 2019). Clinicamente, o xenoenxerto tem sido utilizado
por mais de 100 anos (CUPERSCHMID; CAMPOS, 2007; GOLDBERG, 2003; SANDERS,
2007; YILDIRIM et al., 2000); e recentemente tem sido explorado e estabelecido utilizando 0sso
bovino tratado inorganicamente como um substituto (KAO; SCOTT, 2007; LEDFORD et al.,
2013). Independentemente da osteoindutividade e osteogenicidade, a composi¢éo do xenoenxerto
tem uma estrutura hidroxiapatita semelhante ao 0sso humano, e pode fornecer uma estrutura de
andaime tridimensional para suportar a formacgéo de novos o0ssos (SHIBUYA,; JUPITER, 2015;
VALENCIA-LLANO et al., 2022). Os xenoenxertos sao diferentes dos autoenxertos e aloenxertos
na medida em que tendem a ser materiais frageis e quebradicos, o que pode retardar o processo de
cura (LEE et al., 2019; SHIBUYA,; JUPITER, 2015). Apesar do fato de que 0s xenoenxertos tém
uma capacidade de osteocondutividade, existem riscos de doenca de zoonose ap6s a transmissao
e a possibilidade de rejeicdo imunolodgica. Por fim, a matriz bovina demonstrou que pode ser
integrada ao 0sso humano. No entanto, o processo de substituicdo € muito lento, o que pode
impactar a qualidade do osso recém-formado (BOHNER, 2019; ZUNINO et al., 2004).

1.9 Substitutos de Ossos Sintéticos

As limitacOes e desafios associados ao enxerto convencional levaram ao desenvolvimento
da engenharia de tecidos 0sseos. Esta abordagem procura superar as limitacbes do uso de
autoenxertos, aloenxertos e xenoenxertos, fabricando substitutos 0sseos sintéticos. Os materiais
sintéticos geralmente atendem aos requisitos biologicos basicos de biocompatibilidade,
biodegradabilidade, osseointegracdo e osteocondutividade (ASLANKOOHI et al., 2019; CHAI et
al., 2011). Entretanto, a osteoindutividade pode ser fornecida indiretamente, encapsulando agentes

bioativos com diferentes sistemas de administracdo de drogas para estimular células
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osteoprogenitoras. Além disso, as propriedades mecanicas podem ser modificadas de acordo com

a finalidade e o local desejado.

1.9.1 Bioceramica: A base de fosfato de célcio (Ca/P)

O primeiro uso clinico de Ca/P como enchimento de defeitos 6sseos data dos anos 1920, e
seu primeiro uso em odontologia e ortopedia foi em 1980 (ASLANKOOHI et al., 2019;
HABRAKEN et al., 2016). Devido a uma estrutura quimica semelhante ao 0sso natural, bem como
sua compatibilidade bioldgica e osteocondutividade, materiais a base de Ca/P tém sido usados por
décadas e se tornaram uma das opcGes mais atraentes para a reparagdo e regeneracdo 0ssea
(ASLANKOOHI et al., 2019; CHAI et al., 2011). Os ortofosfatos/fosfatos de célcio (CaPs) séo
minerais encontrados em calcificagdes normais (0ssos, dentes, tenddes) e também em formacdes
de calcificacGes patoldgicas. Os CaPs estdo presentes em diferentes tipos de aplicacdes, incluindo
medicina, tratamento de agua, catalise e agricultura (BROWN et al., 2010; HABRAKEN et al.,
2016). Diferentes formas de CaPs ocorrem em varios compostos com diferentes solubilidades,
formas e aplicacbes. A Tabela 1, apresenta alguns exemplos de fosfatos de calcio
(CARRODEGUAS; DE AZA, 2011; DOROZHKIN, 2014; GHINA IMANIYYAH; SUNARSO;
HERDA, 2022; HABRAKEN et al., 2016).

Tabela 1: Exemplos de fosfatos de célcio e sua formula quimica.

Composto Formula Relacéo Ca/P
Brushita (DCPD) CaHPO4.2H20 1.0
Monetita (DCPA) CaHPO4 1.0
Fosfato octacalcico (OCP) CagH2 (POa4)s.5H2.0 1.33
a-Fosfato tricalcico (a-TCP) a-Caz(POs):2 15
B-Fosfato tricalcico (B-TCP) B-Caz(POa4)2 1.5
Pirofosfato de célcio CazP207 1.0
Pirofosfato de célcio di-hidratado | Ca2P207.2H20 1.0
Fosfato de calcio amorfo (ACP) | CaxHy(POa4),*nH20 0.67-15
Hidroxiapatita (HA) Ca10(OH)2(PO4)s 1.67
Fosfato tetracalcico (TTCP) Cas(PO4)20 2.0

As ceramicas bioativas sdo conhecidas por ter uma alta resisténcia a compressao.
Entretanto, em termos de fratura e fadiga, sua natureza fragil significa que podem falhar
facilmente, e por isso seu uso deve ser limitado em areas de tor¢do e grandes defeitos. Para isso,
uma combinacdo de diferentes materiais poderia aliviar a tensdo e reduzir a fragilidade
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(BHATTACHARIEE et al., 2020; HENCH, 1991). Além disso, a bioceramica funciona como
cimentos bioativos, e estes podem ser divididos em tipos ndo reabsorviveis ou reabsorviveis
(ASLANKOOHI et al., 2019). Estes podem ser usados em muitas formas, incluindo particulas,
camadas de revestimento, pastas injetaveis e andaimes.

Entre os CaP’s, a hidroxiapatita (HAp, Caio(OH)2(PO4)s) € 0 fosfato tricalcico (TCP,
Cas(PO4)2) tém sido as fases mais pesquisadas em ortopedia e odontologia (EBRAHIMI,
BOTELHO, 2017; HABRAKEN et al., 2016), principalmente com sua semelhanca com a fase
mineral dssea. A principal diferenca entre os dois € a capacidade de reabsorcdo; enquanto o
primeiro permanece sem ser absorvido durante anos, o segundo ganhou destaque devido a sua
melhor reabsorvibilidade (CARRODEGUAS; DE AZA, 2011; HABRAKEN et al., 2016;
HENCH, 1991). Além dessas duas fases do CaP’s, pesquisadores vem buscando explorar as
aplicacdes dos outras fases, principalmente devido a capacidade de reabsor¢do e outras
propriedades tao interessantes quanto o TCP, visando aplicacdes ortopédicas e odontoldgicas e
outras aplicacbes de biomateriais (ASLANKOOHI et al., 2019; DOROZHKIN, 2007,
EBRAHIMI; BOTELHO, 2017). Por exemplo, fosfato de célcio dibasico anidro (DCPA, monetita,
CaHPOg), juntamente com sua contraparte hidratada fosfato de célcio dibasico di-hidratado
(DCPD, brushita, CaHPO4. 2H>0) tem sido alvos de pesquisadores (BOANINI et al., 2022;
SHEIKH et al., 2015c; TORRES et al., 2015). Com destaque para a monetita, seu comportamento
de reabsorc¢éo in vivo tem sido superior quando comparado com a brushita (TAMIMI; SHEIKH,;
BARRALET, 2012), Tamimi et al destacou sua capacidade de fornecer de reabsorcéo do implante
de monetita para a formacédo de 0sso novo sem comprometer a estabilidade mecéanica do material
(TAMIMI et al., 2010). Outros estudos sustentam o uso da monetita como um biomaterial para
aplicacdes Osseas e em muitos casos, € preferivel a brushita, HAp e TCP (GBURECK et al., 2007;
TORRES et al., 2015).

1.10 Dopagem de materiais

A dopagem de fosfatos de célcio e outros biomateriais com elementos quimicos adicionais
€ uma pratica comum e significativa na engenharia de biomateriais, principalmente devido a sua
influéncia nas propriedades fisico-quimicas e bioldgicas dos materiais resultantes. Este
procedimento é realizado visando otimizar as caracteristicas do material para aplicacbes
especificas em medicina regenerativa, odontologia, ortopedia, entre outras areas biomedicas
(CARREIRA etal., 2015; GRIFFONI et al., 2022; RAU et al., 2019; XUE et al., 2008; YOSHIDA
et al., 2005).

As razdes para a dopagem séo diversas e abrangentes. Em primeiro lugar, a adi¢do de outros

elementos pode modular as propriedades mecanicas do material, como a resisténcia & compressao
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e a tracdo, bem como a sua tenacidade (RAHMAN, 2023; TARASOVA; BEDARKOVA, 2022;
ZDOROVETS; PRMANTAYEVA; KOZLOVSKIY, 2021). Além disso, a dopagem pode
influenciar a biocompatibilidade do biomaterial, tornando-o mais aceitavel para o ambiente
biolégico circundante. Elementos como ions de prata podem ser incorporados para conferir
propriedades antibacterianas, enquanto elementos como ions de zinco podem promover a atividade
osteogénica (ADAWY; DIAZ, 2022; XUE et al., 2008). A dopagem também pode afetar a
degradacdo do material, controlando sua taxa de absor¢cdo no corpo humano (BANTAWAL,
SHENOY; BHAT, 2020; KRAMER; ITZKOWITZ; WEI, 2014).

As vantagens da dopagem incluem a capacidade de personalizar as propriedades dos
biomateriais de acordo com requisitos especificos de uma aplicagdo clinica. Isso possibilita o
desenvolvimento de implantes mais eficazes, durdveis e seguros, reduzindo assim a probabilidade
de rejeicdo ou complicacbes poés-implantacdo. Além disso, a dopagem pode permitir a
incorporacdo de funcionalidades adicionais, como a liberacdo controlada de farmacos ou a
promogéo direcionada da regeneracéo tecidual (GRIFFONI et al., 2022; RYU et al., 2002; ZHOU
etal., 2021c).

Entretanto, é crucial considerar os limites de dopagem para garantir a integridade estrutural
e funcional do material. O limite de adicdo de outros elementos depende de varios fatores,
incluindo a natureza do biomaterial de base, 0 método de dopagem empregado e as propriedades
desejadas do material final. Um excesso de dopagem pode levar a instabilidade estrutural,
comprometendo a integridade do biomaterial e potencialmente resultando em falha do implante
ou respostas adversas no hospedeiro (BANTAWAL; SHENOY; BHAT, 2020; KULANTHAIVEL
et al., 2015). Portanto, € essencial realizar estudos abrangentes para determinar os limites ideais
de dopagem, levando em consideracdo aspectos como a toxicidade dos elementos adicionais, a

cinética de liberacdo e a resposta bioldgica associada.
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Capitulo 2

Monetita
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2 Monetita

A ocorréncia natural de monetita pura na natureza é rara, pois € encontrada principalmente
como componente acompanhante de outros materiais (ZHOU et al., 2020). Para aplicag0es
biomédicas, a Monetita pode ser aplicada como componente principal ou pode ser acompanhada
por outras fases de fosfatos de calcio. Nos ultimos anos diferentes pesquisadores vem contribuindo
com as promissoras aplicacbes biomédicas da Monetita, como revestimentos em proteses
metélicas, cimento 6sseo injetavel autofixante e andaimes biodegradaveis. Em 2012 Tamimi et
al. e em 2020 Zhou et al. publicaram importantes artigos de revisdo sobre o tema, com énfase
em cimentos de fosfato bicalcicos, as rotas de sintese, aplicacdes e perspectivas foram abordadas,
mostrando as diferentes propriedades dos materiais e 0s principais estudos publicados (TAMIMI;
SHEIKH; BARRALET, 2012; ZHOU et al., 2020).

2.1 Sinteses de Monetita

A obtencdo de Monetita ocorre por diferentes métodos, com a utilizagdo de diferentes
reagentes e configuragdes experimentais. Diferentes estudos relatam as diferentes rotas de sintese
de monetita e também o efeito dessas rotas na morfologia do material. Adaptando de Zhou e

colaboradores, a Tabela 1, resume os reagentes usados e 0 método de sintese (ZHOU et al., 2020).
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Tabela 1: Resumo de sinteses de monetita: seus reagentes e método de obtencéo, adaptado de Zhou 2020.

Reagentes Método de Sintese

CaHP0O4.2H.0 Desidratacdo a 220°C

CaHPO4.2H,0 Desidratacdo por aguecimento a seco a 250°C ou
autoclavagem a 121°C

CaHPO4.2H,0 + H3PO4 + H.O Desidratacéo por fervura

CaHPO4.H:0 Desidratacdo na presenca de uma mistura de
metanol e agua, ou em ar Umido

Ca(H2P04),.H,0 + H,0 Autoclavagem a 200°C

Ca(H2P0O4)2.H20 + H,0 + Ca(OH). Autoclavagem a 160°C

Ca(OH); + H3PO4 + H,0 Aguecimento a 85°C

Ca(OH), + H3PO4 +NaHCO; + H,0O Mistura de reagentes

CaCl; + Na;HPO, + H,0 Aguecimento a 95°C

Ca(NOs3)2 .4H,0 + (NH4),HPO4 + ureia + H,O Refluxo da solucéo a 90°C

Ca(NOs3)2 + (NH4)2 HPO, + EDTA/MEA Tratamento hidrotérmico a 200°C

CaCl; + KH,PO4 + CTAB + H,0 Refluxo da solucéo a 120°C + Autoclavagem a 90—
150°C

CaCl; 6H20 + cloreto de colina + (NH4):HPO4 + | Aquecimento a 120°C

H.0

CaHPO, + &cido acético Secagem por pulverizagao

CaCO; + H3PO,4 + H20 + etanol Agitacdo a temperatura ambiente

Ca(NOs); + H3PO4 + H,0 + acetona Troca de solvente

CaCl,*2H20 + H3PO, + 6xido de propileno + H,O | Reagéo sol-gel

+ metanol

Ca(H2P04)2.H20 + Cag(PO4)2.1/6H20 Moagem

Ca(H2P04)2.H20 + Caio(PO4)s(OH), + acetona Moagem

CaCl, + NaH:PO4 + Na;H2 EDTA<2H>0 + H,0 Eletroquimica

Ca(NOs)2 + NH4H2PO,4 + H0 Aquecimento por inducédo eletromagnética

CaCl; + NaH,PO4 + H,0 + DMF+ EG Ultrasonicagdo

CaCl2.5H.0 + NaH2:PO4+ SDS + H.0 + EG Microondas

2.2 Caracteristicas Estruturais

2.2.1 Difragéo por raios-X

O primeiro trabalho que relatou a estrutura cristalina da Monetita foi publicado em 1955, por
MacLennan & Beevers (MACLENNAN; BEEVERS, 1955). A Figura 1, ilustra um padréo de
difracdo de raios-X (DRX) tipico de monetita, com picos de difragdo vistos em valores 26, 26.42°,
26.58° e 30.18° com indices de Miller correspondentes (hkl) como (0 2 0), (22 0) e (-1 1 2)
respectivamente. Refinamentos estruturais de monetita foram realizados e relatados por varios
grupos (CATTI; FERRARIS; FILHOL, 1977; CATTI; FERRARIS; MASON, 1980; DENNE;
JONES, 1971; HLEL; KAMOUN; GUIDARA, 2006; JONES; CRUICKSHANK, 1961;
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YASHIMA et al., 2003). Os artigos concordam-se que a monetita pertence a um sistema cristalino
triclinico com grupo espacial P1, com os seguintes pardmetros de célula unitaria a = 6.910, b =
6.627,c=6.998 A, a.=96.34°, B = 103.82°, y = 88.33° a 25°C (DICKENS; BOWEN; BROWN,
1972). QOutras caracteristicas sdo distintivas da estrutura monetitica. Primeiro, consiste em uma
rede tridimensional de tetraedros de jons de fosfato (POs3") com ions de célcio (Ca?*) em
intersticios, mantendo os anions juntos por ligacdes altamente idnicas com oxigénio (O2)
(MACLENNAN; BEEVERS, 1955). A segunda caracteristica importante é a presenca de trés tipos
de ligacdes de hidrogénio , com comprimentos de 2.565A, 2.458A e 2.669A (HLEL; KAMOUN;
GUIDARA, 2006). Devido a esta estrutura, a monetita exibe um efeito piezoelétrico fraco
(DENNE; JONES, 1971).

Intensity (a.u.)

i
ceeatbih i i

10 20 30 40 50 60
2Theta (Deg)
Figura 1: Pico de difracdo DRX de monetita. A amostra de monetita foi preparada por meio da reacéo de
Ca(OH), e H3 PO4 na razdo molar Ca/P de 1. Todos os picos correspondem a fase monetita e o padréo tipico
é derivado do PDF# 09-0080 conforme obtido do Centro Internacional de Dados de Difracéo, Figura obtida
em Zhou e colaboradores e referenciada de Desai 2008 (DESAI; BHADURI; TAS, 2008).

2.2.2 Espectros Vibracionais

A tabela foi adaptada de Zhou e colaboradores, onde é possivel observar as localizacBes de
bandas caracteristicas de picos observados para os modos de alongamento e flexdo PO da monetita,
conforme relatado na literatura (ZHOU et al., 2021a). A estrutura da monetita depende de dois
conjuntos de unidades de PO4 na célula primitiva. Como consequéncia de sua existéncia, ocorre a
divisdo do grupo de fatores. Isso resulta na observacdo de dois conjuntos de modos de
alongamento simétrico v; e trés conjuntos de vibragdes de alongamento antissimétrico vs. Os dois
conjuntos de tetraedros POs também sdo refletidos no POs modos de dobra, exibindo dois
conjuntos de modos de dobra vz e trés conjuntos de modos de dobra vs. Além disso, devido a
presenca de um centro de simetria, ndo sdo esperadas coincidéncias entre as bandas observadas

nos espectros Raman e infravermelho, conforme mostrado na Tabela 2.
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Tabela 2: Frequéncias caracteristicas (cm™) e atribuicdes de bandas para monetita relatadas no espectro
Raman e infravermelho.

Banda Raman (cm ) Banda infravermelho (cm ) Atribuicdo
1140 1129 | 1133 1170 1132 1176 Alongamento PO (v3)
1126 1130 1132
1086 | 1089 | 1095 | 1070 1070 1070 Alongamento PO (vg'
1060
983 980 988v 1000 - 996 Alongamento PO (v,)
946
895 898 901 900 898 893 PO(H) Alongamento (v5”
583 585 591 581 583 584 Flexao PO (vy)
569 566 - 566 566 - Flexéo PO (vy")
553 529 562 530 529 531 Flexdo PO (v,")
539
423 411 420 428 406 430 Flexdo PO (v3)
413
390 389 395 405 - 405 Flexédo PO (vy'

398

Além disso, a monetita pode ser facilmente distinguida de outras fases de CaP como HA, TCP,
y-pirofosfato de calcio (y-CPP, y-Ca2P207), brushita, whitlockita (CaisMg2(HPO4)2(PO4)12, a fase
inorganica secundaria no 0sso) por picos detectados pela espectroscopia Raman , devido a sua
estrutura cristalina Gnica (WOPENKA; PASTERIS, 2005). A Figura 2a-b ilustra as diferencas
dos espectros Raman de monetita e outras fases de CaP's. Diferentemente da HA, a monetita ndo
possui ion hidroxila, e como observado na brushita, a monetita também ndo apresenta H.O em sua
estrutura cristalina, nenhum pico em aproximadamente 3500Acm ™' causado por vibracdes de O-H
é observado. Além disso, os espectros Raman também mostram uma distin¢do clara de monetita e
outras fases CaP que contém o grupo HPO4? (hidrogenofosfato) (Figura 2b). Um forte pico em
966Acm ! de ligacdo tetraédrica P-O e um pico em 900 Acm™! devido a ligacdes P-O que estdo na
configuracdo P-O-H* e sé podem ser vistos em monetita.
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Figura 2: (a) Espectros Raman de alguns CaPs como HA, TCP, y-pirofosfato de calcio (y-CPP, y-
Ca 2 P20y), brushita, whitlockite (CaisMg2(HPOs)2 (PO4)12), € monetita, na qual a monetita tem picos
causados pelos modos de alongamento e flexdo do P-O abaixo de 1400 Acm™!, mas ndo apresenta pico
acima de 3000 Acm ™! causado por vibragdes do O-H. (b) Ampliacéo da regido espectral Raman de 800 para
1200 Acm! das fases acima mencionadas mostrando P —O vibrag@es de estiramento em todas as fases,
dentre as quais a monetita apresenta fortes picos em 966 ¢ 900 Acm . Figura obtida em Zhou e
colaboradores e referenciada de Desai 2008 (DESAI; BHADURI; TAS, 2008).

2.2.3 Decomposicao termal

Por ser utilizada na composicdo de outros CaPs, entender a decomposi¢cdo térmica da
monetita é importante. A conversdo térmica de monetita em pirofosfato de célcio foi documentada
em varios estudos. Por exemplo, Hlel e colaboradores em um estudo com espectroscopia >:PMAS-
NMR de monetita, observou que os anions HPO4? que sdo abundantes na estrutura da monetita
foram progressivamente transformados em P»O;* quando a temperatura de recozimento
aumentou de 100°C para 450°C (HLEL; KAMOUN; GUIDARA, 2006). Um outro estudo
calorimétrico da monetita realizado entre 27°C e 477°C revelou uma regido endotérmica. Este
resultado pode ser explicado pela ocorréncia de transformacao de estado sélido da amostra recém-
preparada em cerca de 369°C e 405°C (LOUATI et al., 2005). Com o0 aumento da temperatura, a
reagdo de desidratagdo produz y-CPP, com posterior conversao de y-CPP em B-CPP (WIKHOLM;
BEEBE; KITTELBERGER, 1975).

2.3 Propriedades biologicas da monetita

A monetita pode ser utilizada em aplicacGes ortopédicas e odontolégicas como uma fase
Unica ou pode ser acompanhada por outras fases de CaPs. Ela pode ser aplicada como revestimento
de préteses metélicas, cimento dsseo injetavel autofixante e enxertos 6sseos (IDOWU et al., 2014;
KO et al.,, 2015). Estudos in vitro usando células osteoblasticas e células da medula éssea

revelaram que a monetita pode promover a proliferacdo celular e aumentar os niveis de genes
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osteogénicos, como fator de transcricdo relacionado a Runt 2 (Runx2), osteopontina (OPN)
e fosfatase alcalina (ALP) (DE ALMEIDA et al., 2023; TAMIMI et al., 2012; TORRES et al.,
2015). Além disso, Torres 2015 avaliou o potencial in vitro da monetita para induzir a
diferenciacdo osteogénica em células-tronco mesenquimais humanas usando HA como
comparacdo. No dia 14, foi observado um aumento acentuado das expressées de marcadores
especificos de osso ALP, osteocalcina (OCN) e osteonectina (ON) em células-tronco (TORRES
et al., 2015). Esses modelos in vitro fornecem evidéncias de que a monetita € um promissor
material regenerativo 0sseo. Além disso, Fine e colaboradores, revelou que os neutréfilos
polimorfonucleares (PMNs) e mondcitos derivados do sangue humano sdo altamente ativados
apos a exposicdo a monetita, indicando a capacidade da monetita de desencadear uma resposta
inflamatoria aguda inicial apos a implantagdo (FINE et al., 2020).

Em estudos com modelos animais e alguns estudos com humanos, a monetita foi
implantada visando observar a sua capacidade de regeneracao 0ssea, os estudos foram observados
na calvaria (TAMIMI et al., 2008), area craniofacial (TAMIMI et al., 2009), osso alveolar
(TAMIMI et al., 2010), condilo do fémur (SHEIKH et al., 2017) e platd tibial proximal (TAMIMI
et al., 2012). Os resultados destes estudos in vivo confirmaram o potencial do material para ser
osteocondutor, induzindo a formacdo 6ssea no implante) (BABILOTTE et al., 2021; GUO et al.,
2020; KLAMMERT et al., 2009) e efeito osteoindutor, induzindo a formacéo 6ssea através do
implante (HABIBOVIC et al., 2008).

A reabsorcdo da monetita apds a implantacdo pode ocorrer por dois processos diferentes:
dissolucdo passiva e reabsorcao celular ativa. Enquanto o primeiro depende de sua solubilidade,
porosidade, area de superficie e da taxa de troca de &gua no local do implante (TAMIMI et al.,
2010), o ultimo esta associado a atividade dos osteoclastos (MONTAZEROLGHAEM et al.,
2015). No caso de produtos densos de monetita, 0s mecanismos de reabsorcdo geralmente
envolvem dois componentes — degradacdo ativa e passiva. Enquanto a degradacdo ativa foi
predominante com uma liberagdo cumulativa de Ca?* de 1.20 umol durante os primeiros 13 dias,
a degradacdo passiva liberou apenas 0,04 pmol de ions Ca?* no meio de cultura (GROSSARDT et
al., 2010). Para uma avaliacdo completa dos efeitos da reabsorcéo passiva e ativa, Sheikh e
colaboradores realizaram um estudo para investigar os efeitos da porosidade, area de superficie e
fase do material no comportamento de degradacéo in vitro e na extenséo da reabsorcéo. Duas fases
materiais foram escolhidas para o estudo - brushita e monetita (SHEIKH et al., 2015a). Alguns dos
resultados do estudo sdo mostrados na Figura 3, a monetita exibiu reabsor¢do mais rapida do que
a brushita in vivo. Em uma comparacéo entre blocos de monetita e enxertos autdlogos com base
na eficiéncia da cicatrizacdo dssea, 0s resultados da histomorfometria revelaram que 42% da

monetita foi reabsorvida e que o novo osso formado dentro do implante ocupou 43% do seu
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volume (SHEIKH et al., 2015a). Isso indicou que a reabsorcdo de monetita pode potencialmente
fornecer um equilibrio bem adaptado entre a reabsor¢do do implante e a formagdo de 0sso novo
sem comprometer a estabilidade mecénica, uma vantagem que diferencia a monetita de HA e

brushita.

Monetite Monetite
-Dry Heated -Autoclaved

Brushite

uvoneyuepdu 3y

4 weeks

SHIIM

12 weeks

SHIIM 7]

Figura 3: Imagens dos enxertos de brushita, monetita (formado através de brushita de aquecimento a seco,
referido como monetite-dry heated) e monetita (formado por meio de brushita autoclavado, referido como
monetite-autoclaved) apds 4 semanas (a-c) e ap6s 12 semanas (d —f) de implantagdo subcutanea em ratos
(as linhas pontilhadas amarelas indicam as dimensdes iniciais dos enxertos de 6x12 mm). Radiografias de
brushita implantado (esquerda) e enxertos autoclavados com monetita (direita), (g) apos a implantagdo, (h)
apos 4 semanas e (i) apds 12 semanas in vivo, 0s enxertos autoclavados com monetita eram de cor mais
escura em comparacdo com brushita enxertos indicando maior quantidade de adsor¢do de proteinas.
Imagem obtida de Sheikh e colaboradores (SHEIKH et al., 2015a).

2.4 Aplicacbes ortopédicas

Os fosfatos de calcio tém uma longa histéria como materiais regenerativos 6sseos na forma
de granulos, andaimes, cimento e revestimentos. A maioria dessas aplicacfes esta relacionada a
HA e TCP com ainda pouco destaque para a monetita. Um dos principais motivos € o processo de
obtencdo que geralmente se utiliza alta temperatura para produzir monolitos ceramicos, o que nao
se a monetita devido a formacdo de pirofosfato de célcioa temperaturas relativamente
baixas. Portanto, € necessario aplicar regimes de processamento de baixa temperatura para a
fabricacdo de cerdmica de monetita, enquanto a fase de monetita ¢ frequentemente formada

diretamente dentro da estrutura ceramica por uma reagao cimenticia em condi¢des acidas.

2.4.1 Cimentos 0sse0s

Os cimentos d6sseos sdo um material autoendurecivel moldavel que pode ser aplicado
manualmente ou injetado com uma seringa para reparo de tecidos duros. Eles geralmente passam
por uma transicdo de um estado viscoso que pode ser prontamente implantado para o estado
solidificado que possui uma geometria fixa com maior resisténcia mecéanica e estabilidade. O

principal mecanismo de obtengdo dos cimentos de Ca/P (CPC) é uma reacdo de dissolugéo-
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precipitacdo de precursores em po em meio aquoso e o entrelagamento do cristal precipitado para
formar uma matriz rigida no espaco limitado da pasta de cimento (APELT et al., 2004; BOHNER
etal., 2003; CONSTANTZ et al., 1998; KO et al., 2015; MIRTCHI; LEMAITRE; TERAO, 1989;
TAMIMI et al., 2008; THEISS et al., 2005; TORRES et al., 2015).

2.4.2 Revestimentos

Os revestimentos bioativos desempenham um papel importante na melhoria
da osseointegragdo do implante com o osso (KOJU et al., 2017; KURODA et al., 2002). Devido a
sua degradabilidade em pH fisiologico, a monetita e a brushita podem fornecer supersaturacao de
Ca?* e PO4* na interface do implante, resultando em melhor osseointegracdo (DIVYA RANI et
al., 2012; HAMADA et al., 2002). Dos dois fosfatos dicélcicos, a monetita ganhou maior atencéo
do que a brushita. Varios relatérios abordam o sucesso de revestimentos de monetita em diferentes
tipos de substratos de implantes, como titanio (Ti), compositos de carbono/carbono e magnésio
biodegradavel (Mg) e suas ligas (AZ31), estdo disponiveis na literatura as tecnologias de
revestimento, e estas incluem as técnicas de secagem por pulverizacdo (SHI et al., 2017),
deposicdo por aquecimento por inducdo (XIONG et al., 2013), deposi¢do por aquecimento por
induc&o ultrassonica (XIONG et al., 2014), deposicio eletroforética (DJOSIC et al., 2009; LIN et
al., 2018), hidrotérmica (ALI et al., 2019) e outros métodos quimicos (ZAVGORODNIY et al.,
2012).

2.4.3 Granulos

Em comparacdo com outras formas de aplicaces de monetita, 0s granulos de monetita ndo
foram explorados extensivamente. A literatura possui alguns casos que indicam aplicacbes de
gréanulos. Tamimi e colaboradores em um trabalho com gréanulos de monetita em defeitos de
tamanho critico na calvaria de ratos para induzir a regeneracdo 6ssea (TAMIMI et al., 2008). Os
granulos foram fabricados por autoclavagem de granulos de cimento brushita pré-preparados. As
observacdes histoldgicas mostraram sinais de reabsorcao do enxerto e, mais importante, descobriu-
se que tecido 6sseo recém-formado circundava e penetrava através dos granulos implantados. Em
outro estudo do mesmo grupo, granulos de monetita foram inseridos em defeitos 6sseos alveolares
de pacientes humanos. A hidroxiapatita bovina (HB), um granulo de apatita porosa amplamente
utilizado, foi usada para comparacdo (TAMIMI et al., 2010). Apds seis meses, a analise
histomorfométrica das bidpsias revelou que a quantidade de osso regenerado com monetita foi
significativamente maior do que a obtida com HB. Além disso, a quantidade de enxerto néo
reabsorvido foi maior nos alvéolos tratados com HB do que naqueles implantados com monetita. A
maior quantidade de osso neoformado foi atribuida ao fato de que a monetita é mais reabsorvivel

que a HB. Portanto, ao ser reabsorvido ao longo do tempo, forneceu espaco e ions (Ca®* e PO4*")
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para a formacao de 0sso novo. Em um estudo subsequente, uma comparacao entre granulos de
monetita e 0sso autélogo particulado foi realizada usando defeitos cranianos bicorticais em
coelhos, conforme mostrado na Figura 4. O exame histolégico das amostras retiradas dos locais
experimentais revelou que o 0sso havia crescido das bordas dos defeitos e para dentro, formando
uma ponte 6ssea completa do defeito. Defeitos tratados com monetita exibiram alta infiltracdo de
Novo 0sso e apenas 13.4 + 8.4% do total de granulos permaneceram apos 8 semanas da intervengédo
cirtrgica. A quantidade de tecido mineralizado aumentado nos defeitos 6sseos obtidos com
granulos de monetita ndo foi significativamente diferente da obtida com o0sso aut6logo,
confirmando o potencial dos biomateriais a base de monetita como alternativa ao enxerto 0sseo
autologo (TORRES et al., 2015).

Monetite Autologous Bone N

tzaente Autogencs

Figura 4: Granulos de monetita e particulas 6sseas autdlogas foram implantados em defeitos cranianos
bicorticais de coelhos para comparar a capacidade de regeneracao 0ssea: (a) defeitos cranianos bicorticais
circulares (10.0 mm de didmetro) foram feitos com trefina; (b) dois tampdes 6sseos foram removidos e
usados para criar particulas de autoenxerto por moagem; (c) os defeitos foram preenchidos com granulos
de monetita e particulas de autoenxerto separadamente; (d) micrografia Optica de secdo coronal de defeitos
tratados com monetita e tratados com 0sso aut6logo, nos quais 0s granulos de monetita ndo reabsorvidos
restantes pareciam de cor escura e foram encapsulados por 0sso novo em todo o defeito; (e) a quantidade
de tecido mineralizado aumentado nos defeitos 6sseos obtidos com granulos de monetita foi comparavel ao
0ss0 autologo. Figura obtida em Torres et al (TORRES et al., 2015).
2.4.4 Scaffolds

A fabricacdo de andaimes de monetita envolveu principalmente a conversdo hidrotérmica de
precursores de CaP. Sheikh et al produziu enxertos de discos de monetita preparados via autoclave
ou enxertos de discos de brushita com aquecimento a seco (SHEIKH et al., 2015a). Para a
conversdo de calor seco, os discos brushita foram aquecidos a 250°C por 30 min sob vacuo. A
densidade do suporte foi semelhante para os enxertos de disco de brushita aquecidos e
autoclavados. A area de superficie especifica (SSA) foi aproximadamente 12 vezes maior € a
porosidade total foi aproximadamente 10% menor nos enxertos aquecidos a seco quando
comparados aos autoclavados. Observou-se que a maior porosidade dos enxertos autoclavados

aumentou a capacidade de reabsorcdo e aumentou a porcentagem de volume dsseo da area do
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implante, sendo possivel observar na Figura 3. Ja os enxertos aquecidos a seco que apresentaram
menor porosidade, porém maior SSA apresentaram maior resisténcia mecanica. A parte in vivo
deste trabalho comparou o desempenho dos dois tipos de monetita mencionados acima (aquecido
a seco e autoclavado) e brushita, a Figura 5 ilustra esses resultados (SHEIKH et al., 2015a,
2015b). Os resultados do modelo animal revelaram que ambos os materiais de enxerto de monetita
foram reabsorvidos mais rapidamente do que brushita e mais formacdo dssea foi alcancada. No
entanto, ndo houve diferenga significativa na quantidade de osso formado entre os dois tipos de
enxertos de monetita.

Uma possivel explicacdo afirmava que os enxertos de brushita sofreram transformacéo de fase
para formar HA, o que acabou limitando a reabsorg¢éo. Pelo contrario, HA néo foi formado no caso
de monetita. Tais estudos confirmam as propriedades Unicas da monetita que devem destacar as
aplicacdes do material na regeneracdo dssea. Os resultados também devem indicar a superioridade

da monetita no campo da medicina regenerativa sobre suas contrapartes bem conhecidas - brushita

e HA, proporcionando assim um equilibrio muito melhor entre a reabsorgao substituta e a formagéo

de osso novo (SHEIKH et al., 2015c, 2016; TAMIMI et al., 2012).
Brushite Autoclaved Brushite Dry Heated Brushite

4 weeks

12 weeks

Figura 5: Cortes histologicos (coloracdo H&E) de brushita (a & b), brushita autoclavado (¢ & d) e brushita
seco aquecido (e & f) apds 4 e 12 semanas de implantacdo (as areas pontilhadas representam o didmetro
original do enxerto de 3 mm, escala barra representa 1 mm). Figura obtida em (SHEIKH et al., 2015a).
2.5 Um olhar translacional e direc¢Ges futuras da monetita

A pesquisa sobre aplicagdes biomédicas de monetita aumentou durante os ultimos 20 anos,
resultando em dezenas de estudos e produtos. A monetita ainda esta em estagio inicial para a
aplicacdo clinica, embora animadores resultados in vivo indiquem os beneficios do uso de monetita

em vez de HAp, brushita e autoenxertos. Os testes em animais ainda sdo escassos gquando
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comparados a estudos com outros CaP’s como B-TCP ou BCP (fosfato de calcio bifésico,
HApP+BTCP).

Os estudos sobre monetita tém sido associados principalmente ao fornecimento de uma
matriz regenerativa para defeitos 6sseos. O crescente conhecimento e tecnologia em ciéncias
biomédicas e de materiais trazem oportunidades interessantes para o desenvolvimento de
monetita. Utilizando combinac@es seletivas de ions efetivos e/ou moléculas terapéuticas com
matrizes de CaP tém sido relatadas como uma forma eficiente de estimular atividades celulares e
aumentar a regeneracio 6ssea (NAVARRO DA ROCHA et al., 2019; ZHOU et al., 2019). ion
como Mg, Si, Zn, Sr, Se, Mn, Cu e Co, podem desempenhar papéis essenciais na regulacéo da
migracdo, proliferacdo e diferenciacdo das células dsseas, bem como na angiogénese (GHINA
IMANIYYAH; SUNARSO; HERDA, 2022; HURLE et al., 2021; SHADANBAZ et al., 2014). No
entanto, uma vez que uma mudanca na composicao da monetita geralmente leva a uma mudanca
de solubilidade e estrutura, as composicdes finais devem ser verificadas quanto aos atributos de
reabsorcdo e liberagdo de ions. Outras moléculas vém sendo incorporados, como proteinas
morfogenéticas 6sseas (BMPs), fator de crescimento endotelial vascular (VEGFs), fatores de
crescimento transformadores (TGFs), fatores de crescimento de fibroblastos (FGFs), fatores de
crescimento derivados de plaquetas (PDGFS) e varios peptideos e drogas, como gentamicina e
bisfosfonatos, sdo potenciais moléculas terapéuticas que podem ser introduzidas para melhor
desempenho bioldgico da monetita (GHINA IMANIYYAH; SUNARSO; HERDA, 2022; ZHOU
et al., 2020) . A atividade e o destino dos agentes apds a exposi¢cdo ao complicado ambiente
corporal devem ser um importante campo de pesquisa.

Alguns estudos tém abordado os efeitos e propriedades da monetita quando dopada com
outros elementos, Chen e colaboradores utilizaram a dopagem com prata buscando a atividade
antimicrobiana em cimentos para aplicacdes dentarias. A monetita dopada com prata foi
comparada com a hidroxiapatita também dopada, eles concluiram que a dopagem melhora o
potencial antibacteriano, porém ndo altera a resisténcia a compressdo dos materiais testados
(CHEN et al., 2016). Outro interessante estudo foi desenvolvido por Adawy & Diaz, a dopagem
de monetita foi realizada com os elementos prata, estroncio e zinco, eles identificaram que cada
elemento modificou a morfologia dos cristais de monetita, zinco foi o elemento mais incorporado
na fase de monetita e o estroncio foi o elemento menos incorporado. Os estudos microbioldgicos
revelaram que a prata € um agente antimicrobiano muito eficaz em baixas concentragdes, mas
inadequado em altas concentracdes, pois apresentou citotoxicidade em células Saos2. A dopagem
com zinco levou a uma atividade antimicrobiana sem comprometer a viabilidade celular. O estudo
também destaca que o estroncio, amplamente conhecido por sua osteoindutividade, tem um efeito
antimicrobiano em altas concentragdes (ADAWY; DIAZ, 2022).
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Kaygili e colaboradores realizaram a dopagem com niquel/aluminio, niquel/manganés, o
estudo demonstrou que a sintese foi efetiva, os elementos foram incorporados nos cristais de
monetita, parametros observados na técnica de DRX apresentam diferencas, a morfologia dos
cristais ndo aparentou mudancgas com os dopantes, porém no estudo ndo foram abordados ensaios
in vitro ou microbiolégicos, ndo sendo possivel avaliar seus efeitos ainda (KAYGILI etal., 2017).

Hurle e colaboradores realizaram a dopagem de brushita com litio, o estudo demonstrou
que a presenca do dopante favorece a formagdo de monetita. O litio € um elemento promissor para
estimular a migracdo e a proliferacdo de células-tronco derivadas do tecido adiposo (hASCs) e a
expressao de genes relacionados a diferenciacdo osteogénica e a expressao de genes relacionados
a diferenciacdo osteogénica, essenciais para a osteogénese. O DRX mostrou a precipitacdo de
brushita, como fase principal, e monetita. Os cimentos apresentaram resisténcia mecéanica a
compressdo dentro das faixas relatadas para 0sso esponjoso. Os ensaios in vitro usando hASCs
mostraram niveis proliferativos normais. O perfil de expressdo genica dos marcadores
relacionados a osteogénese destacam um potencial osteogénico dos cimentos de brushita dopados
com Li para futuras aplicacdes em defeitos 6sseos (HURLE et al., 2021).

Este capitulo apresenta uma base de conhecimento sobre a monetita. Fornecendo
informacBes sobre técnicas de preparacdo, propriedades fisico-quimicas e das aplicacdes
biomédicas da monetita. Os estudos in vitro e in vivo comprovaram que a monetita apresenta
interessantes propriedades osteocondutoras e biodegradaveis do que suas conhecidas contrapartes
de fosfatos de calcio, como hidroxiapatita e brushita. Tais resultados destacam o potencial da

monetita para ser um material ortopédico sintético.
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Capitulo 3: Justificativa e Objetivos
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3. Justificativa e Objetivos

3.1. Justificativa

Compreender a importancia dos fosfatos de calcio na integracdo do tecido 6sseo e a
necessidade de otimizar essa interacdo, esta tese buscou explorar em profundidade os aspectos
bioldgicos envolvidos nas respostas a monetita, por vezes dopada com cobalto. Sabemos que o
esqueleto dos mamiferos, uma estrutura complexa e dindmica, abriga uma série de células que
mantém a formacdo 6ssea durante toda a vida de maneira hierarquizada. A osteogénese, processo
vital para a renovacao e reparacdo 0ssea, € particularmente critica na consolidacéo de fraturas e
regeneracdo adequada do novo 0sso.

No entanto, com o0 avanco da idade, a capacidade regenerativa do 0sso tende a diminuir,
resultando na perda de massa Ossea e no aumento de incidéncia de fraturas. Esta realidade
apresenta um desafio substancial na medicina regenerativa, ortopédica e odontologia, exigindo
avancos significativos no desenvolvimento de biomateriais que possam efetivamente atender as
demandas de um organismo em envelhecimento, ou mesmo tecidos lesados em extensdes criticas.
Assim, esta tese justifica-se pela urgente necessidade de compreender e aprimorar 0S mecanismos
pelos quais os biomateriais podem melhorar a regeneracdo tecidual, visando oferecer solucdes
inovadoras e eficazes para a restauracdo da integridade estrutural déssea, principalmente em
populacbes mais velhas, onde tal necessidade é mais premente.

Cumpre destacar que nosso grupo vem contribuindo com resultados importantes acerca
dos mecanismos bioldgicos acerca das interac6es de células 6sseas e endoteliais durante interacdes
com biomateriais e biomarcadores destes eventos foram revelados (DA COSTA FERNANDES et
al., 2021a; DE ALMEIDA et al., 2023; FERNANDES et al., 2023; PINTO et al., 2022; WOOD et
al., 2023).

Com base no conhecimento avancado adquirido nos Gltimos anos, esta tese desenvolve a
sintese de um novo material biomimético, inspirado na hipoxia como um mecanismo essencial
para a integracdo tecidual. Utilizando o cobalto, um agente hipoxiante conhecido, propomos
aplicacdes deste material em casos que demandem enxertos 6sseos. Este avango abre caminho para
o0 preenchimento de lesdes dsseas, revestimento de estruturas metélicas e na formulagéo de géis ou

pastas otimizados para a impressdo 3D, potencializando a regeneracao 0ssea e a osteointegracéo.
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3.2. Objetivos

O objetivo geral dessa tese foi desenvolver e caracterizar um biomaterial inovador capaz de
mimetizar um ambiente hipdxico a fim de aprimorar a regeneracdo 0ssea e a osteointegracao,
utilizando o cobalto como agente hipoxiante. Os objetivos especificos estdo agrupados nas Etapas

I-1V, abaixo:
Etapa I: Sintese e Caracterizacdo de Monetita dopada com Cobalto

I.  Revisdo de literatura e planejamento das sinteses e sua padronizacdo; Realizacdo das
sinteses em diferentes concentragdes de cobalto;
Il.  Ensaios de caracterizacdo fisico-quimicas;
I1l.  Estabelecer aspectos de citotoxicidade, bem como marcadores do remodelamento da
matriz extracelular (Integrina-al, Integrina-f1, SRC, FAK e Cofilina), especificos
osteogénicos (Runx2, Osterix, BSP e Osteocalcina) e do gene HIF 1a;

IV. Definicdo da concentracdo ideal para seguimentos das proximas etapas.

Etapa Il: Avaliar os efeitos da Monetita e Monetita dopada com Cobalto (2% mmol) em pre-

osteoblastos

I.  Ensaios complementares de caracterizacao fisico quimicas;
Il.  Ensaios de citotoxicidade e regeneragdo celular (Wounding Healing);
I1l.  Avaliacdo dos marcadores de remodelamento da MEC, fenétipo osteogénico,
angiogénicos (VEGF e eNOS), HIF1a e metaloproteinases;
IV. Avaliacdo da atividade de MMP9 e MMP2 por Zimografia;
V.  Avaliacdo das espécies reativas de oxigénio por meio do ensaio de carbonilacéo de

proteinas.
Etapa I11: Tratamentos térmicos nos biomateriais

I.  Realizacdo de tratamentos térmicos nas temperaturas 700, 900 e 1050°C;

Il.  Ensaios de caracterizacao;

I1l.  Ensaios de citotoxicidade, regeneracdo celular, expressao génica e carbonilacdo de
proteinas.

Etapa IV: Revestimentos de titanio

I.  Reviséo de literatura e planejamento das sinteses;
Il.  Realizacdo do método hidrotérmico para revestimentos de ligas de titanio;
I1l.  Ensaios de caracterizacdo fisico-quimicas;

IV.  Avalia¢do da citotoxicidade em células pre-osteoblastos;
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Artigo 1: Development of cobalt (Co)-doped monetites for bone

regeneration

de Almeida GS, Ferreira MR, da Costa Fernandes CJ, Suter LC, Carra MGJ, Correa DRN, Rangel
EC, Saeki MJ, Zambuzzi WF. Development of cobalt (Co)-doped monetites for bone

regeneration. Journal of Biomedical Materials Research Part B: Applied Biomaterials, 112, 1, 1
2024. doi: 10.1002/jbm.b.35319.
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ABSTRACT

Cobalt-doped monetite powders were synthesized by coprecipitation method under a cobalt
nominal content between 2 to 20 mol% of total cation. Structural characterization of samples was
performed by using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). XRD
results indicated that the Co-doped samples exhibited a monetite single-phase with the cell
parameters and crystallite size dependent on the amount of substitutional element incorporated
into the triclinic crystalline structure. Cell viability and adhesion assays using pre-osteoblastic cells
showed there is no toxicity and the RTgPCR analysis showed significant differences in the
expression for osteoblastic phenotype genes, showing a potential material for the bone

regeneration.

Keywords: biomaterial; bioceramics; bioengineering; tissue regeneration; bioactive.
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INTRODUCTION

Calcium phosphates are considered promising materials for the regenerative medicine, especially
in bone replacement or regeneration because of their bone-like composition [1-6]. Among the
calcium phosphates, the gold-standard are hydroxyapatite (Cai0(PO4)s(OH)2) and tricalcium
phosphate (Cas(POa)2), due to their biocompatibility, biological activity and osteoinduction
properties [7—9]. Nevertheless, monetite or calcium biphosphate (CaHPO.) has attracted
significant interest in recent years. It is a ceramic amongst calcium phosphate family, possessing
calcium ions (Ca®") and phosphate anions under the same molar amount [10], and as it is more
rapidly resorbed in vivo than other types of calcium phosphates [10,11] it can also be used in bone
regeneration.

Tamimi and collaborators focused their studies on the monetite, performing in vitro and in vivo
assays [12-14]. They observed different effects of this material compared to those of
hydroxyapatite in vivo assay. The patient presented bone formation as well as the material was
absorbed, while hydroxyapatite did not perform similar results [12] reinforcing potential for the
regenerative application.

In turn, cobalt (Co) presents important physicochemical characteristics that confer mechanical
strength and greater biocompatibility to implants [15-17]. In the human body, cobalt performs
important functions as the micronutrient in the form of cobalamin (CesHssCoN14O14P), also known
as vitamin B12 [18]. Among its several activities in the human metabolism, vitamin B12 has two
crucial functions: acting in DNA synthesis and in the conversion of L-methylmalonyl Coenzyme
A to succinyl coenzyme A, which is essential for energy generation in the Krebs Cycle [18].

Co has been used since the 1930s, being initially applied in a dental implant and later in orthopedic
and cardiology areas. Currently it has been associated with other materials to compose specific
alloys presenting interesting results [19-21]. In addition, we have shown that Cobalt affects the
metabolism of cells when available in the cell medium. We attributed this effect to the hypoxia
induced in the cells which, by increasing the activity of HIF 10, it stimulates the angiogenesis. This
process may contribute to the bone regeneration, since these two processes are correlated
[17,22,23] as showed by Wang and co-workers. They observed that higher levels of HIF-1a or
HIF-2a in osteoblasts lead to increase the bone volume [23].

In this work, we considered the combination of the hypoxia effect, induced by cobalt, with
osteogenesis properties promoted by monetite, proposing a new material that indeed might be used

in regenerative medicine and dentistry.
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METHODS

Synthesis of materials

The coprecipitation method was used for the syntheses starting from the following reagents:
Dibasic Sodium Phosphate (NazHPO4, Sigma-Aldrich, 99%), Calcium Chloride (CaCl;, Sigma-
Aldrich, 97%) and Cobalt Chloride (CoCl, Sigma-Aldrich, 99%). Firstly, the Calcium Chloride
and Cobalt Chloride were dissolved at 50 mmol/L under Co?*/(Co?*+Ca?") nominal ratio of 2, 5,
10 and 20 mol% in the water (18.2 mQ cm) and added at a rate of 1 drop per second into the
Dibasic Sodium Phosphate aqueous solution. The pH at the end of precipitation was 5.8<pH< 6.5.
After dripping, the suspension was homogenized for 30 minutes in a magnetic stirrer and
centrifuged for 15 minutes at 4000 rpm. The solid was suspended in water, then stirred on an
orbital tube shaker for one hour, centrifuged again and finally dried in an oven at 80°C, and
monetite powders are obtained.

The samples will be named CaP, CoCaP 2, CoCaP 5, CoCaP 10 and CoCaP 20 here in after.
Fourier transform infrared spectroscopy (FTIR)

The infrared spectroscopy technique was employed to identify the functional groups of the
material using a Nicolet Nexus 670 (Thermo, USA) spectrometer. The samples were prepared as
200 mg KBr pellets containing 2% sample. The analysis was carried out in the transmittance mode
with 4 cm of resolutions and the spectra are averages of 200 scans.

X-ray diffraction (XRD)

XRD patterns were collected using a Rigaku diffractometer (DMax 2100PC), employing Ni-
filtered CuK, radiation (A = 1.5406 A; 40 kV; 15 mA), in Bragg-Brentano configuration,
continuous scan mode, at 4° for min and a step size of 0.04°. The peaks were indexed using
Search-Match software (Malvern Panalytical) and PDF-2 database (ICSD, 2003) [24-27].
Rietveld method (GSAS software) with the EXPGUI interface was used for the structural
refinement to obtain cell parameters and crystalline information’s. The refinements were carried
out with a standard Y03 sample for instrumental contribution, using the Pseudo-Voigt,
Chebyshev, and March-Dollase functions for profile, background, and preferred orientation
adjustments, respectively. The crystallite size was calculated using Scherrer and Williamson-Hall
equations from the FHWM (Full Width at Half Maximum) of the diffracted peaks, as detailed by
Kaygili et al. (2017) [11]. The details of crystallographic datasheets of monetite and B-tricalcium
phosphate used in the refinements as well as the refinement data can be find in the supplementary
material.

Scanning electron microscope (SEM)

SEM analyses were performed using a JEOL model JSM-6010 Scanning electron microscope,

operating with an acceleration voltage of 10 kV and secondary electron detector. The semi-
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quantitative EDS analysis was performed in the same equipment (JEOL, JSM-6010) detector for
Ca, P, O, Co chemical elements using the same acceleration voltage (10 kV).

Biological analysis

Cell culture

MC3T3-E1 cell line (pre-osteoblast) cultures were maintained using Alpha-MEM containing
antibiotics (100U/mL penicillin, 100 mg/mL streptomycin) and supplemented with 10% fetal
bovine serum (FBS). The cultures were maintained in an incubator at 37°C, with 95% humidity
and 5% CO.. To test the materials, subconfluent cultures were challenged with a cell culture
medium enriched with biomaterial (0.2g/mL), according to 1SO 10993-12. Previously, the FBS-
free medium was enriched for up to 24 hours with each CaP to prepare the conditioned medium.
After that, FBS 10% was added and further used to challenge pre-osteoblasts.

Cytotoxicity evaluated by MTT assay

Pre-osteoblasts were seeded into 96-wells plates, and next, they were subjected to the CaP-
enriched media for up to 24 hours. Therefore, the cell culture medium was removed, and MTT
solution (1 mg mL™1) was added in the cultures up to 3 hours when the MTT-containing medium
was removed, and 1 mL of absolute ethanol was added to solubilize the blue dye formed by viable
cells. The absorbance was then measured at 570 nm using a microplate reader (SYNERGY-HTX
multi-mode reader, Biotek, USA).

Cell adhesion assay

Cell adhesion was evaluated by crystal violet method. The cells were conventionally maintained,
trypsinized and seeded in 96-wells microplates at 100 x 103 cells/mL (100 pL/well) to evaluate the
influence of CaP-enriched media on cell adhesion. For each group of materials, a control group
was used, which was cultured with the conventional medium. After 24 h of challenge, cells were
stained, and cell adhesion was estimated by incorporating the crystal violet, as detailed earlier
elsewhere. Absorbance was measured at 540 nm using a microplate reader (SYNERGY-HTX
multimode reader, Biotek, USA) to estimate the adherent cells.

RTgPCR

To evaluate the molecular mechanism related with the adaptation to each CaP’s, the pre-
osteoblasts were newly subjected to each CaP-conditioned medium up to 24h, when the cells were
harvested and total RNA extracted using Ambion TriZOL Reagent (Life Sciences - Fisher
Scientific Inc., Waltham, MA, USA) and treated with DNAse | (Invitrogen, Carls, CA, USA), as
used and described earlier. According to the manufacturer's instructions, cONA synthesis was
performed with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Real-time PCR was performed on 10 pL containing PowerUpTM SYBR™ Green
Master Mix 2x (5 pL) (Applied Biosystems, Foster City, CA, USA), 0.4 umolL* of each primer,
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50 ng of cDNA and nuclease-free H2O. Results were expressed as relative amounts of transcripts
using GAPDH and 18S as reference genes (housekeeping gene) using the cycle threshold (ct)
method. Primers and race details are described in Table 1.

TABLE 1. Primers sequences and details of the cycle conditions.

Gene (ID) Primer 5'-3' Sequence Reaction condition
Runx2 Forward GGACGAGGCAAGAGTTTCA 95°C - 15s; 60°C -
(12393) Reverse TGGTGCAGAGTTCAGGGAG 30s; 72°C - 60s
Osterix Forward CCCTTCCCTCACTCATTTCC 95°C - 15s; 60°C -
(170574) Reverse CAACCGCCTTGGGCTTAT 30s; 72°C - 60s
Osteocalcin | Forward AGACTCCGGCGCTACCTT 95°C - 15s; 60°C -
(12096) Reverse CTCGTCACAAGCAGGGTTAAG 30s; 72°C - 60s
BSP (15891) Forward GTACCGGCCACGCTACTTTCT 95°C - 15s; 60°C -
Reverse GTTGACCGCCAGCTCGTTTT 30s; 72°C - 60s
Integrin al Forward TATCCTCCTGAGCGCCTTT 95°C - 15s; 60°C -
(109700) Reverse TGGCCTTTTGAAGAATCCAA 30s; 72°C - 60s
Integrin B1 Forward CTGATTGGCTGGAGGAATGT 95°C - 15s; 60°C -
(16412) Reverse TGAGCAATTGAAGGATAATCATAG 30s; 72°C - 60s
Fak (14083) Forward TCCACCAAAGAAACCACCTC 95°C - 15s; 60°C -
Reverse ACGGCTTGACACCCTCATT 30s; 72°C - 60s
Src Forward TCGTGAGGGAGAGTGAGAC 95°C - 15s; 60°C -
(20779) Reverse GCGGGAGGTGATGTAGAAAC 30s; 72°C - 60s
Cofilin Forward CAGACAAGGACTGCCGCTAT 95°C - 15s; 60°C -
(12631) Reverse TTGCTCTTGAGGGGTGCATT 30s; 72°C - 60s
Rank-L Forward CGCTCTGTTCCTGTACTTTCGAGC 95°C - 15s; 60°C -
(21943) Reverse TCGTGCTCCCTCCTTTCATCAGGTT 30s; 72°C - 60s
HIFla Forward CATAAAGTCTGCAACATGGAAGGT 95°C - 15s; 60°C -
(15251) Reverse ATTTGATGGGTGAGGAATGGGTT 30s; 72°C - 60s
Gapdh Forward AGGCCGGTGCTGAGTATGTC 95°C - 15s; 60°C -
(14433) Reverse TGCCTGCTTC ACCACCTTCT 30s; 72°C - 60s

Statistical analysis
Statistical analyzes were performed using GraphPad Prism 7 software (GraphPad Software, USA),
by variance analysis (one-way ANOVA) and with Turkey’s correction posttest or non-parametric

analysis. The p value <0.05 was considered statistically significant.
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RESULTS

Synthesis and characterization of Co-doped monetite

During the syntheses of cobalt doped apatite powders the pHs of solutions and suspensions
fluctuated as shown in the Table 2.

Table 2. Variations of pH during the synthesis

pH
Material Na;HPO; | CaCl; | CaCl; + CoCl; CaP
CaP 8.86 5.80 5.80 6.00
CoCaP 2 8.86 - 7.18 6.46
CoCaP 5 8.9 - 7.67 6.46
CoCaP 10 8.89 - 7.47 6.26
CoCaP 20 8.87 - 7.57 5.80

The final pH is around 6, which explains why the stoichiometric precipitation did not occur. The
results of the EDS semi-quantitative analysis corroborate this fact, as shown later.

The FTIR analysis depicts characteristic bands of apatite as it was described in previous study
[11,28,29]. The spectra shown in Figure 1, exhibit characteristic P-O stretching peaks at 1125,
1048, and 998 cm™ and the band observed at 559 cm™ can be associated with the O-P-O(H)
bending mode.

—CaP
CoCaP 2
—— CoCaP 5
i CoCaP 10
10 4 CoCaP 20

.. 1125cm’!
1048 cm”!
-1

--- 559¢cm

Absorbance (a.u.)

" I . 1 R I ) | ' I —= I ! : |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 1:. FTIR spectra of cobalt-doped monetite, obtained by coprecipitation method.
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The Figure 2 exhibits the diffraction pattern of cobalt-doped apatite. Note that they are all
predominantly single-phase consisting of monetite with unit formula of CaxCo1xHPO4 with
triclinic structure (space group P1), indexed as ICSD 10-503. The amount of substitutional element
did not induce phase transformation after the synthesis by this route. This finding was confirmed
by the Rietveld refinement, which indicated the presence of monetite (99.99%) compared to B-
TCP (0.01). The structural parameters showed in Figure 3 indicate that the cell parameters and
crystallite size were directly affected by the amount of Co. The a and y angles increased gradually
with the amount of Co, while the  angle presented a step decay. The cell parameters (a, b, and ¢)
reduced almost linearly with the Co doping, producing a shortening of the triclinic cell volume.
The reduction in lattice parameters is expected since the ionic radius of Co?* (0.65A) is smaller
than that of Ca?* (1.00A). In other words, if changes in the lattice parameter were observed this
indicates that cobalt was incorporated to some extent, even though it may not be proportional to
the amount of cobalt added. The incorporated amount cannot be estimated using Vegard's Law, as
the variation of the lattice parameters may not be linear with the incorporated amount because the
crystalline structure of monetite is complex (triclinic) and can affect parameters and angles in a
non-linear way. However, it is possible to say that cobalt was incorporated to some extent by each
addition. Lastly, the Co incorporation promoted an increasing of the crystallite size from around
30 nm to more than 70 nm in both curves (Scherrer and Williamson-Hall), and it corroborates with
others [30,31]. Additional information about the XRD parameters can be found in the

supplementary material.
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Figure 2. XRD patterns of cobalt-doped monetite, obtained by coprecipitation method.
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Figure 3 Cell
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The SEM micrographs in Figure 4 clearly illustrate the leaf-like morphology of the Monetite,

being it already described by other authors [10-12,14]. The micrographs show that the morphology

of the materials changes with cobalt addition, as the apparent size of the particles increases slightly.

The mapping analysis showed that all the elements was found in a uniform distribution, not being

concentrated at a specific region of the material. The quantification was performed by EDS and

showed in the Figure 5 and Table 3. The (Ca+Co)/P ratio of 1 was found, which characterizes the

monetite. Note that the amount of cobalt incorporated was not proportional to the nominal

substitutive amount of cobalt. The amount of cobalt incorporated when 20 mol% was added was

greater than in the other increments.

CoCaP 10

CoCaP 20

Figure 4. SEM micrographs of cobalt-doped apatite, obtained by coprecipitation method.
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Element (at.%)

Ca

CaP 1943 2063 59.94
CoCaP2 19.16 2039 60.39 0.06
CoCaP5 1992 20.76 59.31 0.05
CoCaP10 | 1823 1923 6232 022
CoCaP20 17.81 1936 6038 245
30um

- 30|m|
- 30|Im -t

T/ 30um I/ 30pm

Figure 5. Semiquantitative analysis and elemental distribution of cobalt-doped apatite by EDS. a. CaP; b.
CoCaP 2; c. CoCaP 5; d. CoCaP 10; e. CoCaP 20.
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Table 3. EDS semiquantitative analysis of cobalt-doped monetite, obtained by coprecipitation method.

Material Ca/(Ca+Co) (Cat+Co)/P (Ca)/P
CaP 1.00 1.062 1.062
CoCaP 2 0.0029 1.067 (1,064) 1.064
CoCaP 5 0.0024 1.045 (1,042) 1.042
CoCaP 10 0.0113 1.067 (1,055) 1.055
CoCaP 20 0.1123 1.225 (1,087) 1.087

Viability assays on pre-osteoblast cells suggest that the material is not cytotoxic

Using the medium conditioned by the materials according to the earlier described methodology,
the cell viability assays (MTT and Cristal Violet) show there is no cytotoxicity effect in those cells.
In the MTT assay (Figure 6a), the treatments do not show any reduction in cell viability when
compared with the Ctrl group. The monetite group shows an increase in the concentration of the
MTT dye when compared with the control group and also compared to the treated groups, with
p =0.0002, CoCaP2
“p =0.0044, CoCaP5 “p = 0.0002, CoCaP10 “*p = 0.0001 and CoCaP20 “*“p=0.0001).

The Crystal Violet assay depicted in the Figure 6b shows there is no significant changes when it

*kk

statistically significant differences (when compared with the groups: Ctrl

was compared with the control group, in turn CoCaP10 and CoCaP20 groups show statistically
significant increases when compared with the Ctrl “p = 0.0042 and Ctrl “p = 0.0028, when
compared with CaP *p = 0.0218 and *p = 0.0131, when compared with CoCaP2 **p = 0.0065 and
®p = 0.0043, and when compared with CoCaP5 p = 0.0166 and ¥p = 0.0101.
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Figure 6. Cytotoxicity Assays. a. The cells showed there is no reduction in viability when compared to
the control group. The CaP group showed a statistically significant increase when compared with the control
group and the other treatments; b. All groups showed there is no reduction in staining by Crystal Violet.
CoCaP10 and CoCaP20 showed a statistically significant increase when compared with the control group
and the other treatments, but no differences when compared among themselves. All groups of samples n=6.

Evaluation of osteogenic differentiation gene markers in pre-osteoblast responding to
synthesized monetites

RTgPCR technology was performed to assess whether treatments modulate pre-osteoblast
phenotype in response to the materials evaluated in this study. In turn, the cultures were considered
as follows: Control (Ctrl) — when the cells were subjected to the conventional cell culture medium
and conditions, and separately the pre-osteoblasts were maintained in monetite-enriched medium
distinguished by the concentration of doped cobalt, as follows: CaP, CoCaP2, CoCaP5, CoCaP10
and CoCaP20.

Firstly, we have evaluated the activity of genes related with osteoblastic phenotype such as Runx2,
Osterix, Bsp and Osteocalcin (Figure 7), which presented differential profile of expression
considering the response to the materials. Runx2 gene expression was higher in response to CaP
and CoCaP2 groups when compared to the control cultures and among other treatments, while it
was reduced in response to CoCaP5, CoCaP10, and CoCaP20, suggesting an effective
concentration of cobalt to trigger osteogenic stimulus in pre-osteoblasts (Figure 7a). Additionally,
Osterix gene was also investigated and it presents a very similar profile of Runx2 (Figure 7b).
BSP gene activity was higher in response to CaP and CoCaP2 groups, while this gene activity was
lower responding to CoCaP20 group. Additionally, no statistical significances were observed in
response to CoCaP5 and CoCaP10 groups (Figure 7c). Moreover, Osteocalcin gene was also
investigated and our data shows this gene significantly higher in response to CoCaP2 group when
compared among other groups. In response to CaP group any significance was shown, while other

changes of cobalt-doped monetite seems reduce is expression (Figure 7d).
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Figure 7. Osteogenic gene markers were modulated in response to Co-doped monetite. (a) Higher
expression of RUNX2 gene: Ctrl ("p = 0.0001 and ™p = 0.0001), CoCaP5 (****p = 0.0001, ****p =
0.0001) CoCaP10 (****p = 0.0001, ****p = 0.0001) and CoCaP20(****p = 0.0001, ****p = 0.0001); Lower
expression: CoCaP5 (*p =0.0292), CoCaP10 (**p = 0.0082) and CoCaP20 (*p = 0.0105). There were also
significant differences in expression between the CaP and CoCaP groups, with CoCaP showing a higher
expression than CaP (****p = 0.0001). (b) Higher expression of Osterix gene: CaP and CoCaP2 groups,
when compared with the groups: Ctrl ("p = 0.0001 and “**p = 0.0001), CoCaP5 (****p = 0.0001, ****p =
0.0001) CoCaP10 (****p = 0.0001, ****p = 0.0001) and CoCaP20(****p = 0.0001, ****p = 0.0001); Lower
expression: CoCaP5 (™p = 0.0062), CoCaP10 ("p = 0.0137) and CoCaP20 (™p = 0.0024). There were also
significant differences in expression between the CaP and CoCaP1 groups, with CoCaP showing an
increase compared to CaP (****p = 0.0001). (c) The BSP gene expression was increased in the groups CaP
("p=10.0147) and CoCaP2 (""p = 0.0001), and decreased in CoCaP20 (“p = 0.0499) when compared to the
control group. Higher expression: the expression was higher in the CaP and CoCaP groups compared to the
other treatments, CoCaP5 (***p = 0.0002, ****p = 0.0001) CoCaP10 (***p = 0.0001, ****p = 0.0001) and
CoCaP20(****p = 0.0001, ****p = 0.0001). Between the CaP and CoCaP groups, in the CoCaP2 (****p =
0.0001) group there is an increase in expression when compared to CaP. (d) Higher expression of
Osteocalcin: CoCaP2 ("p = 0.0013); Lower expression: CoCaP5 (“p = 0.0029), CoCaP10 ("p = 0.0043)
and CoCaP20 (™p = 0.0012). When comparing the treated groups, each other, the expression was higher in
the CaP and CoCaP groups compared to the other treatments, CoCaP5 (***p = 0.0007, ****p = 0.0001)
CoCaP10 (***p =0.0010, ****p = 0.0001) and CoCaP20(***p = 0.0004, ****p = 0.0001). Between the CaP and
CoCaP group, in the CoCaP2 group (*p = 0.0228) there is an increase in expression when compared to CaP.
All groups of samples n = 3.

Bone remodeling is governed by osteoblasts, osteoclasts and osteocytes. Besides investigating the
activity of osteoblast-related genes, we have also studied the expression of RANKL gene, a marker
related osteoclastogenesis (Figure 8a). Our data shows there is a higher expression in response to
both CaP and CoCaP groups when compared to the control group, as well as considering CoCaP2,
while the other materials showed no statistically significant differences when compared to the
control. Lastly, as cobalt is related with experimental condition of hypoxia, we have also evaluated
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the expression of HIFla gene. HIFla is an important and well-accepted biomarker of hypoxic
condition. Our data shows an increase in HIF1a expression in response to CaP and CoCaP2 groups

when compared to control and among other groups (Figure 8b).
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Figure 8. Osteoclastoegenesis-related gene (RANKL) and hypoxia biomarker were investigated in
this study. (a) Higher expression of RANKL: CaP ("p = 0.0125) and CoCaP2 ("“p = 0.0001) treatments
there was an increase in its expression when compared with the control. When comparing the treated
groups, the expression was higher in the CoCaP2 groups compared to the other treatments, CaP (**p =
0.0022), CoCaP5 (***p = 0.0003) CoCaP10 (****p = 0.0001) and CoCaP20 (****p = 0.0001); (b) In order to
analysis the effect of hypoxia in response to the treatments, the Hifla gene was evaluated. The gene
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expression also revealed significant modulation in response to treatment in CaP (" p = 0.0005) and CoCaP2
("p=0.0001) when compared with the control and in the other treatments it was not statistically significant.
When comparing the treated groups, the expression was higher in the CaP and CoCaP2 groups compared
to the other treatments, CoCaP5 (****p = 0.0001, ****p = 0.0001) CoCaP10 (****p = 0.0001, ****p = 0.0001)
and CoCaP20 (****p = 0.0001, ****p = 0.0001). Between the CaP and CoCaP2 groups, in the CoCaP2 group
(****p = 0.0001) there is an increase in expression when compared to CaP. All groups of samples n = 3.

Evaluation of genes involved with adhesion and cytoskeleton rearrangement

Cell adhesion is an important issue to be investigated in response to biomaterials, mainly during
the development of novel biomimetic materials for bone regeneration. During the cell adhesion
responding to biomaterials, we have shown there is a biological significance to integrin genes, as
well as the cytoskeleton-related genes such as FAK, Src and Cofilin (Figure 9). Here, we have
shown that integrin genes showed different responding to the proposed Co-doped monetites: a-
integrin showed higher gene expression in response to CaP, CoCaP2, CoCaP10 and CoCaP20
groups than the control cultures (Figure 9a). In turn, B-integrin gene expression was higher in
response to CoCaP2 group when compared to the CaP group, but there was no significant
difference when compared to the control, while CoCaP5, CoCaP10 and CoCaP20 groups showed
a lower expression when compared to the control, CaP and CoCaP1 (Figure 9b).

Thereafter, we have also investigated FAK gene expression and its expression shows an increase
in response to CoCaP2, CoCaP10 and CoCaP20 groups when compared to the control, while
CoCaP20 group showed a higher expression among other groups. Upon integrin activation, FAK
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and Src are activated downstream (Figure 9c). Thus, Src gene expression was also investigated.
SRC gene was higher in response to CaP, CoCaP10 and CoCaP20 groups when compared to
control, while both CoCaP2 and CoCaP5 seems requires Src without significance (Figure 9d).
Lastly, cytoskeleton rearrangement is required when Cofilin modulated the polarization of actin
fibers. We have also investigated Cofilin gene expression and our data shows significant
expression in response to all groups, expect to CoCaP5 material, with more significance
considering the response to CoCaP2 group (Figure 9e).
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Figure 9. Molecular machinery related with cell adhesion and cytoskeleton rearrangement. (a) al-
integrin gene was higher in the groups: CaP (*p = 0.0009), CoCaP2 ("*p = 0.0001), and CoCaP20 (p =
0.0347) when compared with control. Among the treatments, there were statistically significant differences,
with a lower expression in the CoCaP2.5 group when compared with CaP (****p = 0.0001), CoCaP2 (****p
= 0.0001), and CoCaP20 (4%p = 0,0091). Among the groups, the expression was higher in the CaP and
CoCaP2 groups compared to the other treatments, CoCaP5 (***p = 0.0003, ****p = 0.0001) CoCaP10 (*p =
0.00326, ****p = 0.0001) and CoCaP20 (****p = 0.0001). Between the CaP and CoCaP2 groups, in the
CoCaP2 group (****p =0.0001) was higher in expression when compared to CaP; (b) B1-integrin expression
was lower in response to CoCaP5 (™p = 0.0008), CoCaP10 ("p = 0.0007) and CoCaP20 (*“p = 0.0007).
When comparing the treated groups, the expression was higher in the CaP and CoCaP2 groups compared
to the other treatments, CoCaP5 (***p = 0.0003, ****p = 0.0001) CoCaP10 (***p = 0.0002, ****p = 0.0001)
and CoCaP20(***p = 0.0003, ****p = 0.0001). Between the CaP and CoCaP2 genes, in the CoCaP2 group
(*p = 0.0479) there is an increase on expression when compared to CaP; (¢) FAK gene expression was
considered and it was higher in response to CoCaP2 (“p = 0.0069), CoCaP10 ("p = 0.0154) and CoCaP20
(""p = 0.0001) when compared with the control, while CaP and CoCaP5 treatments it was not statistically
significant. The other groups had statistically significant differences when compared among themselves,
with increased expression in CoCaP2 and CoCaP20, the statistical differences were: CoCaP5 (*p = 0.0210,
**+*p =0.0001), CoCaP10 (***p = 0.0010) and CoCaP20 (****p = 0.0001, ****p = 0.0001, 444p = 0.0002, £££p
=0.0010); (d) Src gene expression was higher in the groups: CaP ("p = 0.0001), CoCaP10 ("“p = 0.0007)
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and CoCaP20 (" "p = 0.0001) when compared with control, between CoCaP2 and CoCaP5 treatments was
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not statistically significant. The other groups showed statistically significant differences when compared
among themselves, with higher expression in response to CaP, CoCaP10 and CoCaP20. The statistical
differences were: CoCaP2 (***p = 0.0001), CoCaP5 (***p = 0.0001), CoCaP10 (***p = 0.0010, &&&p =
0.0010) and CoCaP20 (***p = 0.0002, #¢%p = 0.0002); (¢) Cofilin gene expression was higher in the groups
as follows: CaP ("p = 0.0034), CoCaP2 (™p = 0.0001), CoCaP10 ("p = 0.0024) and CoCaP20 ("p =
0.0037) when compared with control, in the CoCaP5 it was not statistically significant. The other groups
had statistically significant differences when compared among themselves, with higher expression in CaP,
CoCaP2, CoCaP10 and CoCaP20, the statistical differences were: CoCaP2 (***p = 0.0001), CoCaP5 (*p =
0.0207, ****p = 0.0001), CoCaP10 (***p = 0.0002, ¥p = 0.0134) and CoCaP20 (***p = 0.0001, ép = 0.0229).
All groups of samples n = 3.

DISCUSSION

Classical techniques to characterize the material were used in this study, such as XRD, FTIR,
SEM, EDS. The combination of these techniques allowed us to confirm the effectiveness of the
synthesis, as well as considering the modifications that the cobalt perform on the synthesis of the
monetite. The FTIR technique showed the “fingerprint” bands of Monetite when compared to the
literature [11,28,32]. It shows the phosphate bonds and the absence of the water band that would
be characteristic of Brushite, which is also a member of the calcium phosphate family and also has
its own characteristics [33,34]. Considering the XRD analysis, our data attests to the presence of
a single monetite phase in the samples. As the EDS shows, the Co content remained below 2.5%,
which was insufficient to produce phase decomposition to Ca-based compounds, such as other
apatite, TCP, or CaCOs. The great affinity of metallic ions to H and O atoms can deplete the
monetite chemical composition and play a role in phase decomposition [35]. The cell parameters
(a, B, v, a, b, and c) changes can be related to the Co2+ ionic radius (0.79 A), which is lower than
the Ca2+ (0.99 A).

Thus, the Co doping monetite crystal structure might produce significant modifications in the cell
parameters. In addition, the distinct chemical characteristics of Co compared to Ca (e.g.,
electronegativity) might modify the surface chemistry of the particles, affecting the crystallite size,
as observed. These aspects have also been found for metallic substitutional elements, such as Ag,
Sr, Zn, Al, Ni, and Mn [11,36]. On the other hand, SEM imaging of the monetite did not exhibit
apparent differences in size and morphology at the microscale range. Thereafter, to investigate
whether the Co-doped monetites have some degree of cytotoxicity, the MTT and Crystal Violet
assays were performed. Finally, the molecular mechanism was also investigated by evaluating
specific genes related with osteoblast performance and activity. Important, cell viability was not
affected considering the variation of Co-doped monetite. Specifically, MTT assay shows that CaP
material was higher than other groups suggesting an increase in the number of viable cells when

compared to the control and the other treatments. Important to mention that MTT is not appropriate
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methodology to confirm number of cells and to confirm new experiments using novel
methodologies are called for.

To evaluate the molecular involvement of genes in modulating the phenotype of osteoblasts,
RTgPCR technology was performed as proposed earlier considering the analysis of other
biomateriais [37—39]. Firstly, we have an important modulation of genes related with cell adhesion
it being companied by cytoskeleton rearrangement (evaluated by the expression of Cofilin).
Cofilin is related with cytoskeleton rearrangement by driving the (de)polymerization of actin fibers
and also has been associated with cell morphological changes. Among genes involved in cell
adhesion, integrin’s are the largest family of receptors that mediate interactions between cells and
extracellular matrix (ECM). The integrin family is composed of 22 heterodimers of two types of
a- and B-subunits, which are correlated with signal transduction from extracellular to intracellular
compartment, connecting the cells to the extracellular matrix. The adequate interaction of the cell
to the ECM will drive biological processes including cell proliferation, migration, and later
differentiation [40—42]. In general, integrin’s are related to mediate the adhesion of various cell
types to collagen and other extracellular matrix proteins [40,43].

With the differential expression of Integrin’s, other genes such as Fak, Src and Cofilin were
evaluated, since upon integrin’s activation there is a multitude of downstream proteins related with
this signaling cascade [43-45]. Fak receives the signal upon integrin activation and delivers to Src
and LIM-kinase thereafter modulating the Cofilin activation in order to drive cytoskeleton
rearrangement, which is related with cellular adaptation to different surface of biomaterials
[37,43,46]. Thus, the activity of Cofilin was evaluated to better understand whether the
involvement of cytoskeleton rearrangement during the adhesion of pre-osteoblasts was required.
Our data supports this hypothesis once Cofilin was differentially modulated responding to Co-
doped monetite and it might suggest a pre-requisite to osteoblast differentiation as it has been
shown earlier that osteoblast differentiation requires significant cellular morphological changes.
In order to test this hypothesis, osteoblastic gene markers were investigated and we have shown
there is a significant higher expression of all genes in response to Co-doped monetite (2%),
suggesting this concentration of cobalt doping monetite displaying better performance in
osteoblasts. This molecular analysis brings a range of genes involved with osteoblast
differentiation, ranging from earlier involved genes, such as Runx2 and Osterix, to later involved
genes, such as BSP and Osteocalcin [47-50]. Important to correlate this molecular machinery with
the hypoxic microenvironment generated by Co-doped monetite, mainly found in response to
CoCaP2 — as it was confirmed by osteoblasts expressing Hifla — once cobalt is a known hypoxia-
inducing agent, since it replaces the Fe2+ in this process by stimulating HIF 1a expression [51,52].

Recent studies have shown that modulation of the HIF pathway in osteoblasts has revealed that
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this pathway plays an important role in bone formation. Loss of HIFla or HIF2a in mouse
osteoblasts causes a considerable decrease in bone volume, while increased levels of these genes
lead to their better performance [53,54]

Altogether, the combination of gene expressions may indicate an induction by cobalt doped
monetite in stimulating osteoblastic phenotype and thus indicating be a biomimetic new material
for bone regeneration application. Although they have similarities when comparing the
characterization techniques, the amount of Cobalt was decisive in defining the ideal concentration
for future applications. Thus, our data supports with decisive of cellular and molecular evidences
on Co-doped monetite as potential new material for biomedical applications, opening new

horizons in regenerative medicine.
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Complementary assays
After the submission of the paper, other tests were performed to complement the results.
Raman spectroscopy, Wound Healing assay, and bacteriological assay.

Methodology
Raman spectroscopy

Powdered samples were analyzed with Raman microscope (Renishaw Inc., Hoffman
Estates, IL) equipped with a 514.5 nm laser line, 1800 lines/mm diffraction grating, 10 s
acquisition time, laser power attenuated to 10%, and a 50x (NA = 0.75) dry objective (Leica
Microsystems). This technique provides the Raman bands, which also allows to detect the
molecular vibrations of the samples. Therefore, FTIR and Raman spectroscopy might be
considered complementary techniques to evaluate the molecular structure of the compounds of the

samples.

Bacteriological Assay

The disk-diffusion susceptibility test was performed according to Bauer et al. (1966)
(BAUER et al., 1966). A suspension of Staphylococcus aureus, grown in BHI broth 35°C/6h with
approximately 1.5x108 CFU/mI (McFarland scale 0.5) was sown with a swab on the surface of the
Moteller-Hinton Agar plate. After absorption of the inoculum by the culture medium, the disks of

the materials were arranged on the surface of the plate, and incubated at 35°C/24h.

Wound healing assay

The cell migration and regeneration were estimated by using a scratch assay, as performed
earlier (PINTO et al., 2022). The scratch assay estimates the cell migration and regeneration.
Briefly, the cells were cultured in 12-well plates at 4x10* cells/cm?, and after 100% confluence,
an introduced area was cleared using a pipet tip and then a monitoring of the healing and the
migration of the cells up to 12 h and 16 h (PINTO et al., 2022). Thereafter, the cultures were
subjected to fixation with 4% PFA and stained with Alizarin Red S. In the analysis of the healing
in vitro, the wound healing area was measured in an inverted microscope with a coupled digital

camera (Zeiss) and the acquired images analyzed using the ImageJ software (NIH, Bethesda, MD).

Results

In Figure 1, monetite can be easily distinguished from other CaP phases such as
hydroxyapatite, TCP, and brushite by peaks detected by Raman spectroscopy due to its unique
crystal structure (DESAI; BHADURI; TAS, 2008; WOPENKA,; PASTERIS, 2005). Different
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from HA, monetite has no hydroxyl ion, and as observed in brushite, monetite also has no HO in
its crystal structure, i.e. no peak at about 3500 cm originated by O-H vibrations are observed. A
strong peak in the 988 cm™ region of tetrahedral P-O bond vibration and a peak in the 900 cm™
region due to P-O bonds that are in the P-O-H* configuration and can only be seen in monetite
(DESAI; BHADURI; TAS, 2008; GHINA IMANIYYAH; SUNARSO; HERDA, 2022; ZHOU et
al., 2020) can be observed.
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Figure 1. Raman spectra of monetite and cobalt-doped monetite, obtained by coprecipitation method.

The Wounding area assay in Figure 2 cell proliferation after the cell was cut. In the
treatment for 12 hours, the CaP group did not present statistically significant differences with the
Ctrl group, since the regenerated area was equivalent, different from the other groups that
regeneration was lower (CoCaP2, CoCaP5, CoCaP10, and CoCaP20 - = p = <0.0001). When
compared between treatment times 0 and 12 hours, the Ctrl ("p = <0.0001), CaP (***'p =
<0.0001), CoCaP2 (****p = <0.0001), CoCaP5 (4%&&p = <0.0001) and CoCaP20 (****p = <0.0001)

*kkk

groups showed statistically significant regeneration.

After 24-hours of treatment, the CaP and CoCaP2 groups showed no differences when
compared to Ctrl, these groups had equivalent regenerated area. The CoCaP5, CoCaP10 and
CoCaP20 groups (7
compared to the Control. When compared to their respective treatments at the other times, they
showed an increase in the regenerated area CoCaP5 (4%%%%p = <0.0001), CoCaP10 (¢:(£p =
<0.0001), and CoCaP20 (*%%p = <0.0001).

p = <0.0001) showed regeneration of the injured area but less when
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Figure 2. a. The cell regeneration effect of treatments with Ctrl (conventional medium), CaP, CoCaP2,
CoCaP5, CoCaP10, and CoCaP20 was measured by a wound-healing assay. b. Quantification Wounding
area. b. The wound area was estimated by calculating the cell-free area in captured images using the ImageJ
software (NIH, Bethesda, MD). The migration rate is expressed in percentage as the change in the wound
area over time, the scratch area at time point 0 hours was set to 100%, and the other ones are represented
as wound closure expressed as the remaining area uncovered by the cells in percentage. In the 12-hour
treatment, only CaP showed comparable regeneration to Ctrl. At 24 hours’ treatment, CaP and CoCaP were
equivalent in regeneration when compared to Ctrl. The other groups showed regeneration, but lower than
Ctrl.

The bacteriological test reports the inhibition effect of the materials in contact with the
bacteria (Figure 3), it is possible to obtain the inhibition halo in the CoCaP20 material, a
relationship can be made, that as the concentration of cobalt increases, there is an increase in the

inhibition effect of bacteriological proliferation.

Figure 3. Discs of the materials in contact with the bacteria, inhibition halos are visible as the cobalt
concentration increases.
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Artigo 2: Cobalt-doped monetite induces biomimetic hypoxia and
rapidly camouflages bone healing environment

Artigo submetido e em revisao
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Abstract

To address the need for a novel biomimetic material able to camouflage bone healing
microenvironment, our proposed solution involves the synthesis of cobalt-doped monetite
(CoCaP). The samples underwent a thorough structural analysis using various techniques,
including X-ray diffraction, Fourier transform infrared spectroscopy, Raman spectroscopy,
scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray photoelectron
spectroscopy, and porosity and surface area analysis via BET. The outcome of these analyses
effectively validated the synthesis's success and revealed distinct structural alterations resulting
from cobalt doping. Crucially, our newly introduced material exhibited no cytotoxic effects on
osteoblasts up to 7 days. Furthermore, our investigations demonstrated that CoCaP facilitates the
expedited migration of osteoblasts, as observed in wound healing assays. This phenomenon may
be linked to an upregulation of cyclin-dependent kinases (CDKS) in response to the material,
suggesting a potential association with the dynamic involvement of adhesion-related machinery,
including integrin’s, focal adhesion kinase (FAK), and Src. Regarding osteoblast differentiation
mechanisms, our data unequivocally indicates a robust stimulus triggering intracellular signaling
pathways, resulting in the overexpression of classical transcription factors Runx2 and Osterix in
response to CoCaP. Concurrently, we observed extracellular matrix remodeling involving the
activity of matrix metalloproteinase 9 (MMP9). In summary, our findings disclose, for the first
time, the biological impact of Co-doped monetite on osteoblasts. Notably, cobalt-doped monetite
induces biomimetic hypoxia, faithfully mimicking the bone healing environment and significantly
enhancing the osteogenic performance of osteoblasts. Co-doped monetite emerges as a biomimetic
and "smart" material, showcasing promising applications in the domain of bone development and

positioning itself as a viable candidate for exploration in preclinical protocols.
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Introduction

Bone loss or damage can arise from various factors, including degenerative diseases,
surgical procedures, and trauma, leading to a substantial impact on patients' quality of life
(MARSELL; EINHORN, 2011; MARTINO et al., 2015). While bones possess intrinsic self-repair
capabilities in non-critical defects, there are instances where complete regeneration is unattainable
and requires external stimulation (VO; KASPER; MIKOS, 2012). Millions of individuals with
bone defects necessitate bone grafts or substitutes, with the market estimated at over 2.3 billion
US dollars in 2015, projected to exceed 3.6 billion US dollars between 2016 and 2024 (WANG,;
YEUNG, 2017). Autologous bone grafting is considered the gold standard and involves
transferring host bone from one site to fill an injured site, but it has limitations such as the need
for multiple surgeries, potential morbidity, and limited donor tissue availability (KIM et al., 2009;
PAPE; EVANS; KOBBE, 2010; SEN; MICLAU, 2007). More importantly, autografts and
allografts demonstrate no therapeutic efficacy in simulating a bone regenerative
microenvironment. Innovative technologies in chemistry and biology have been suggested to
achieve biomimetic scaffolding capable of mimicking the native site of regenerative
microenvironment on various levels (HOLZWARTH; MA, 2011; MA, 2008; SHIN; JO; MIKOS,
2003) . To address these challenges, bone tissue engineering has emerged as a promising therapy,
utilizing biomaterials to recreate the microenvironment and stimulate bone regeneration (DANG
etal., 2018).

Among the biomaterials calcium phosphates are bioceramics applied in different areas of
regenerative medicine (BOULER et al., 2017; CONSTANTZ et al., 1998; SHAH et al., 2023;
WOPENKA,; PASTERIS, 2005). They can fill bone lesions, coat metallic structures, and compose
hydrogels and other scaffolds for bioprinting manufacturers. The most used calcium phosphates
are hydroxyapatite and tricalcium phosphate, but these have some disadvantages, such as
hydroxyapatite, which is not bioabsorbed by the body, and B-TCP which has poor mechanical
properties. In addition, both of them require the use of sintering heat treatments to the structure
under these phases (RH. OWEN; DARD; LARJAVA, 2018; SHEIKH et al., 2015c; WOPENKA,;
PASTERIS, 2005). The monetite or dibasic calcium phosphate anhydrate (DCPA) gained
prominence in the last 20 years, which the main characteristics are the property of being
bioabsorbed and its easy production by different synthesis routes such as coprecipitation,
dehydration, heating, autoclaving, hydrothermal treatment, electrochemical electromagnetic,
ultrasonication and others (DE ALMEIDA et al., 2023; TAMIMI; SHEIKH; BARRALET, 2012;
ZHOU et al., 2020).

Different studies have been seeking to understand the properties of monetite for bone
regeneration, among them, Tamimi et al (2010) have explored different experimental models (e.g.
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cells, animals, and human) (SHEIKH et al., 2015c; TAMIMI et al., 2008, 2009, 2010; TAMIMI,
SHEIKH; BARRALET, 2012) and they results are very promising once it is shown that monetite
IS bioabsorbed while inducing the formation of new bone in human patients and also in animal
tests (TAMIMI et al., 2008, 2010, 2014; TORRES et al., 2015). Moreover, by comparing monetite
to hydroxyapatite (gold standard), they showed that the new bone is formed by using monetite as
primary materials for cells, and the formed bone is resistant enough to support the application of
titanium implants, well supporting this, showing that it is an excellent material for future clinical
practices (TAMIMI et al., 2010).

Although biomimetic bone scaffolds have been developed, their ability to robustly
regenerate high-quality bone remains a challenge. In this way, we have over the last years been
seeking to optimize the properties of the monetite looking for generating more biomimetic
materials and its combination with cobalt during the syntheses seems optimize the capacity of
monetite to camouflage the natural bone healing regeneration microenvironment. Bone defect
healing is a complex process involving numerous cellular signaling pathways mediated by multiple
factors, including hypoxia (HUNG et al., 2012; LI; WANG, 2014; YU et al., 2019). In this study,
cobalt was chosen for its ability to induce hypoxia in cells and we have shown previously its
capacity in stimulating bone cells (DE ALMEIDA et al., 2023). Therefore, based on these
statements, we propose a route of synthesis of cobalt-doped monetite, which was extensively
characterized and fully explored biological aspects by evaluating cell viability, adhesion,
proliferation, and on the expression of osteogenic gene markers. Taken the data into account, the
cobalt-doped monetite is a novel material able to improve the delivery of soluble signals to the
bone defect sites and further camouflaging an active bone healing microenvironment with potential
to facilitate bone regeneration.

METHODS

Route of monetite synthesis

The coprecipitation method followed that described by Almeida 2023 (DE ALMEIDA et al.,
2023): Dibasic Sodium Phosphate (Na2HPOs, Sigma-Aldrich, 99%), Calcium Chloride (CaCls.,
Sigma-Aldrich, 97%) and Cobalt Chloride (CoCl,, Sigma-Aldrich, 99%). Firstly, the Calcium
Chloride and Cobalt Chloride were dissolved at 50 mmol/L under Co?*/(Co?*+Ca?") nominal ratio
of 2 mol% in the water (18.2 mQ cm) and added at a rate of 1 drop per second into the Dibasic
Sodium Phosphate aqueous solution. The pH in the end of precipitation was 5.8<pH< 6.5. After
dripping, the suspension was homogenized for 30 minutes in a magnetic stirrer and centrifuged for

15 minutes at 4000 rpm. The solid was suspended in water, then stirred on an orbital tube shaker
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for one hour, centrifuged again and finally dried in an oven at 80°C, obtaining the final product as

powder. The samples were named CaP: Monetite and CoCaP: Co-doped Monetite.

Fourier transform infrared spectroscopy (FTIR)

The infrared spectroscopy technique was employed to identify the functional groups of the
material using a Nicolet Nexus 670 (Thermo, USA) spectrometer. The samples were prepared as
200 mg KBr pellets containing 2% of the samples. The analysis was carried out in the transmittance

mode with 4 cm™ of resolutions and the spectra are averages of 200 scans.

Raman spectroscopy

Powdered samples were analyzed with Raman microscope (Renishaw Inc., Hoffman Estates, IL)
equipped with a 514.5 nm laser line, 1800 lines/mm diffraction grating, 10 s acquisition time, laser
power attenuated to 10%, and a 50x (NA = 0.75) dry objective (Leica Microsystems). This
technique provides the Raman bands, which also allows to detect the molecular vibrations of the
samples. Therefore, FTIR and Raman spectroscopy might be considered complementary

techniques to evaluate the molecular structure of the compounds of the samples.

X-ray photoelectron spectroscopy (XPS)

The surface elemental composition of the materials was determined by XPS. The data were
collected on a Thermo Fisher Scientific K-Alpha X-ray excited photoelectron spectrometer using
AlKa radiation (1486.6 eV). With a beam of 300 um diameter, three distinct regions were analyzed
in each sample. In each region, Survey spectra were acquired - for semi-quantitative determination
of the elements present in the sample, and high-resolution ones for the elements Calcium,
Phosphorus, Cobalt, and Oxygen. The data were analyzed with Thermo Advantage V5.9925

software.

X-ray diffraction (XRD)

XRD patterns were collected using a Rigaku diffractometer (DMax 2100PC), employing Ni-
filtered CuK, radiation (A = 1.5406 A; 40 kV; 15 mA), in Bragg-Brentano configuration, under
continuous scan mode, at 4°min* and a step size of 0.04°. The peaks were indexed using Search-
Match software (Malvern Panalytical) and PDF-2 database (ICSD, 2003) (ALLMANN; HINEK,
2007; BELKLY etal., 2002; HELLENBRANDT, 2004; ZAGORAC et al., 2019). Rietveld method
(GSAS software) with the EXPGUI interface was used for the structural refinement to obtain cell
parameters and crystalline information. The refinements were carried out with a standard Y203

sample for instrumental contribution, using the Pseudo-Voigt, Chebyshev, and March-Dollase
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functions for profile, background, and preferred orientation adjustments, respectively. The
crystallite size was calculated using Scherrer and Williamson-Hall equations from the FHWM
(Full Width at Half Maximum) of the diffracted peaks, as detailed by Kaygili et al. (2017)
(KAYGILI et al., 2017). The details of crystallographic datasheets of monetite and hydroxyapatite

used in the refinements as well as the refinement data can be found in the supplementary material.

Porosity and surface area evaluation

The measurements for surface area and porosity of the powder samples were carried out by N>
adsorption at 77 K (B.E.T Method) in Micromeritics equipment, model ASAP 2000. Before
analysis, the materials were heat treated at 80°C under vacuum until reaching a pressure <10mmHg
and a change rate of less than 5umHg/min over the material when the sample holder is isolated
from the vacuum system. The isotherm was evaluated by measuring the volume of N> adsorbed at
77K on the solid under increasing relative pressures (P/Po) until saturation (Pox1). Once this
condition is reached, the reverse process began in which the pressure gradually decreased. The
adsorption isotherm profile registered at each increment of pressure until saturation and the
hysteresis between that of the reverse path provide information about the texture of the solid. The
data of the adsorbed N volume in the relative pressure (P/P0O) range between 0.03 and 0.20
(registered under increasing P/Po) was used to calculate the surface area (Sget) and the BJH method

was used for the analysis of the pore size distribution (with data under decreasing P/Po).

Scanning electron microscope (SEM)

SEM analyses were performed using a JEOL model JSM-6010 Scanning electron microscope,
operating with an acceleration voltage of 10 kV and a secondary electron detector. The semi-
quantitative EDS analysis was performed in the same equipment for Ca, P, O, and Co chemical
elements using the same acceleration voltage (10 kV).

Osteoblast cultures

MC3T3-E1 cell line (pre-osteoblast, subclone 4) cultures were maintained using Alpha-MEM
containing antibiotics (100U/mL penicillin, 100 mg/mL streptomycin) and supplemented with
10% fetal bovine serum (FBS). The cultures were maintained in an incubator at 37°C, with 95%
humidity and 5% CO». To test the materials, sub confluent cultures were challenged with a cell
culture medium enriched with biomaterial (0.2g/mL), according to ISO 10993-12:2016.
Previously, the FBS-free medium was enriched for up to 24 hours with CaP and CoCaP to prepare
the conditioned medium. After that, FBS 10% was added and further used to challenge pre-
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osteoblasts. Osteoblasts were cultivated in different conditions: Control (Ctrl, Alpha-MEM
medium); O.M. (Osteogenic Medium); CaP and CoCaP conditioned medium.

Osteogenic phenotype acquisition

To induce osteoblast differentiation, osteoblasts were cultured (50x10* cells/mL) up to 48 hours
and in semiconfluence they were treated with R-Glycerophosphate (10 mM) + Dexamethasone
(0.03 g/mL) + Ascorbic Acid (50 pg/mL) (Sigma-Aldrich) culture with 10% FBS along the

experimentation. This is important to mention that this treatment was used as a positive control.

Osteoblast toxicity was evaluated by MTT assay

Pre-osteoblasts were seeded into 96-well plates, and next, they were subjected to the CaP-enriched
media for up to 24 and 72 hours. Therefore, the cell culture medium was removed, and MTT
solution (1 mg mL™) was added to the cultures up to 3 hours when the MTT-containing medium
was removed, and 1 mL of DMSO was added to solubilize the blue dye formed by viable cells.
The absorbance was then measured at 570 nm using a microplate reader (SYNERGY-HTX multi-
mode reader, Biotek, USA).

Osteoblast adhesion assay

Osteoblast adhesion was evaluated by the crystal violet assay. The cells were conventionally
maintained in culture, trypsinized and seeded in 96-wells microplates at 100 x 10° cells/mL (100
uL/well) to evaluate the influence of CaP-enriched media on cell adhesion. For each group of
materials, a control group was used, which was cultured with the conventional medium without
any other treatment. After 24 and 72h of challenge with the materials, cells were properly stained,
and the number of adherent cells was estimated by incorporating the crystal violet dye, as detailed
earlier elsewhere (BEZERRA et al., 2017; DA COSTA FERNANDES et al., 2018a). Absorbance
was measured at 540 nm using a microplate reader (SYNERGY-HTX multimode reader, Biotek,
USA).

Wound healing assay

The cell migration was estimated by using a scratch assay, as performed earlier (PINTO et al.,
2022). The scratch assay minimally estimates the cell migration and further tissue regeneration.
Briefly, the cells were cultured in 12-well plates at 5x10* cells/cm?, and after fully confluent
cultures, an introduced area was cleared using a pipet tip and then a monitoring of the healing and
the migration of the cells up to both 12 h and 16 h (PINTO et al., 2022). Thereafter, the cultures
were subjected to fixation with 4% PFA and stained with hematoxylin-eosin. In the analysis of the

wound healing in vitro, the healing area was measured in an inverted microscope with a coupled
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digital camera (Zeiss) and the acquired images analyzed using the ImageJ software (NIH,
Bethesda, MD).

RTgPCR

To evaluate the molecular mechanism related with the adaptation to each CaP’s, the pre-
osteoblasts were newly subjected to each CaP-conditioned medium up to 3 and 7 days, when the
cells were harvested and total RNA extracted using Ambion TriZOL Reagent (Life Sciences -
Fisher Scientific Inc., Waltham, MA, USA) and treated with DNAse | (Invitrogen, Carls, CA,
USA), as used and described earlier. According to the manufacturer's instructions, cDNA
synthesis was performed with the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Real-time PCR was performed on 10 uL containing
PowerUpTM SYBRTM Green Master Mix 2x (5 pL) (Applied Biosystems, Foster City, CA,
USA), 0.4 umolL-1 of each primer, 50 ng of cDNA and nuclease-free H,O. Results were expressed
as relative amounts of transcripts using GAPDH and 18S as reference genes (housekeeping gene)
using the cycle threshold (ct) method. Primers and race details are described in Table 1.

Table 1. Primers sequences and details of the cycle conditions.

Gene (ID) Primer 5'-3' Sequence Reaction condition
Forward | GGACGAGGCAAGAGTTTCA 95°C - 15s; 60°C -
Runx2 (12393)
Reverse TGGTGCAGAGTTCAGGGAG 30s; 72°C - 60s
. Forward | CCCTTCCCTCACTCATTTCC 95°C - 15s; 60°C -
Osterix (170574) Reverse | CAACCGCCTTGGGCTTAT 30s; 72°C - 60s
Osteocalcin (12096) Forward | AGACTCCGGCGCTACCTT 95°C - 15s; 60°C -
Reverse CTCGTCACAAGCAGGGTTAAG 30s; 72°C - 60s
BSP (15891) Forward | GTACCGGCCACGCTACTTTCT 95°C - 15s; 60°C -
Reverse GTTGACCGCCAGCTCGTTTT 30s; 72°C - 60s
Integrin a1 (109700) Forward | TATCCTCCTGAGCGCCTTT 95°C - 15s; 60°C -
Reverse TGGCCTTTTGAAGAATCCAA 30s; 72°C - 60s
Integrin p1 (16412) Forward | CTGATTGGCTGGAGGAATGT 95°C - 15s; 60°C -
Reverse TGAGCAATTGAAGGATAATCATAG 30s; 72°C - 60s
Fak (14083) Forward | TCCACCAAAGAAACCACCTC 95°C - 15s; 60°C -
Reverse ACGGCTTGACACCCTCATT 30s; 72°C - 60s
Src (20779) Forward TCGTGAGGGAGAGTGAGAC 95°C - 15s; 60°C -
Reverse GCGGGAGGTGATGTAGAAAC 30s; 72°C - 60s
Cofilin (12631) Forward | CAGACAAGGACTGCCGCTAT 95°C - 15s; 60°C -
Reverse TTGCTCTTGAGGGGTGCATT 30s; 72°C - 60s
Rank-L (21943) Forward CGCTCTGTTCCTGTACTTTCGAGC 95°C - 15s; 60°C -
Reverse TCGTGCTCCCTCCTTTCATCAGGTT 30s; 72°C - 60s
HIF 1o (15251) Forward | CATAAAGTCTGCAACATGGAAGGT 95°C - 15s; 60°C -
Reverse ATTTGATGGGTGAGGAATGGGTT 30s; 72°C - 60s
VEGF (22339) Forward | TGCAGATTATGCGGATCAAACC
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95°C - 15s; 60°C -
Reverse TGCATTCACATTTGTTGTGCTGTAG 30s: 72°C - 605

Gapdh (14433) Forward | AGGCCGGTGCTGAGTATGTC 95°C - 15s; 60°C -
Reverse TGCCTGCTTC ACCACCTTCT 30s; 72°C - 60s

ALP (11647) Forward | GAA GTC CGT GGG CAT CGT 95°C - 15s; 60°C -
Reverse CAG TGC GGT TCC AGA CAT AG 30s; 72°C - 60s

Bmp2 (12156) Forward | GGT CAC AGC TAA GGC CAT TGC 95°C - 15s; 60°C -
Reverse GCTTCCGCTGTTTGTGTT TG 30s; 72°C - 60s

OPG (21943) Forward | CAG AGA CTA ATA GAT CAA AGG CAG 95°C - 15s; 60°C -
Reverse ATG AAG TCT CAC CTG AGA AGA ACC 30s; 72°C - 60s

eNOS (18127) Forward | AAG CCG CAT ACG CAC CCA GAG 95°C - 15s; 60°C -
Reverse TGG GGT ACC GCT GCT GGG AGG 30s; 72°C - 60s

MMP2 (17390) Forward | AAC TTT GAG AAG GAT GGC AAG T 95°C - 15s; 60°C -
Reverse TGC CACCCATGGTAAACAA 30s; 72°C - 60s

MMP9 (17395) Forward | TGT GCC CTG GAACTCACACGAC 95°C - 15s; 60°C -
Reverse ACGTCGTCCACCTGGTTCACCT 30s; 72°C - 60s

B-Actin (11461) Forward | TCT TGG GTA TGG AAT CCT GTG 95°C - 15s; 60°C -
Reverse AGG TCT TTA CGG ATG TCA ACG 30s; 72°C - 60s

185 (19791) Forward | TAG TTG GAT CTT GGG AGC GG 95°C - 15s; 60°C -
Reverse TAG AAC CGC GGT CCT ATTCC 30s; 72°C - 60s

CDK2 (12566) Forward | TACCCA GTACTG CCATCCGA 95°F: - }53; 60°C -
Reverse CGG GTC ACCATTTCAGCA AA 30s; 72°C - 60s

CDK4 (12567) Forward | TCG ATATGA ACCCGT GGC TG 95°_C - 353; 60°C -
Reverse TTCTCACTCTGCGTCGCTTT 30s; 72°C - 60s

CDKG6 (12571) Forward | CGC CGA TCAGCAGTATGAGT 95°F: - 353; 60°C -
Reverse GCCGGGCTCTGG AACTTT AT 30s; 72°C - 60s

Zymography

During the experimental model applied in this study, aliquots of the medium conditioned by CaP’s
or osteoblasts were harvested to further estimate the activity of matrix metalloproteinases (MMP)
using a widely explored gelatin proteolysis-based zymography. Briefly, the samples were
centrifuged at 14,000 rpm for 15 min to avoid cell debris, when the protein concentration was
determined by the Lowry method (HARTREE, 1972). The same amount of protein was resolved
into a 12% polyacrylamide gel containing 4% gelatin. The gelatinolytic activity was evaluated in
the bands, thereafter their renaturation using Triton X-100 aqueous solution (2% w/v), incubated
for 18 hours in proteolysis buffer (Tris — CaCl>) at 37°C and then stained with Coomassie Blue R-
250 dye solution 0.05% for 3 h, when the gels were washed in solution containing 30% methanol
(v/v) and 10% glacial acetic acid solution (v/v). The opposite staining was obtained in the gels
exactly where it was considered gelatinolytic activity (bands) of metalloproteinases 2 (MMP2, ~62
kDa) and 9 (MMP9, ~84 kDa), and then they were subjected to the densitometry analysis using
software ImageJ (Bethesda, MD, USA), following a previous study (LEFEBVRE; PEETERS-
JORIS; VAES, 1991).

78



Protein Carbonylation

Osteoblasts were grown in such as the other’s biological tests and properly harvested for evaluating
the protein’s carbonylation as an indicator of oxidative stress using the alkaline method as
described by Mesquita et al. (2014)(DA COSTA FERNANDES et al., 2021a; MESQUITA et al.,
2014). The protein carbonyl concentrations were based on the average absorbance’s and the
micromolar extinction coefficient of 2,4-Dinitrophenylhydrazine (DNPH) reagent under alkaline
conditions (0.022308 umol cm™* at 450 nm). Carbonylated proteins levels are expressed in nmol
of DNPH/mg of protein.

Staining with Alkaline Phosphatase

The pre-osteoblasts were plated (5x10* cells/ml) in 24-well plates and were treated in semi-
confluence with the medium’s conditioned by CaP’s for up to 3 and 7 days. The medium was
changed every 3 days. Coloration with ALP was performed as recommended by the manufacturer
(SIGMAFAST BCIP/NBT tablet). The wells were washed with PBS and the plate was

photographed using an inverted microscope (Zeiss, Germany).

Statistical analysis
Statistical analyzes were performed using GraphPad Prism 7 software (GraphPad Software, USA),
by variance analysis (two-way ANOVA) and with Turkey’s correction posttest or non-parametric

analysis. The p value <0.05 was considered statistically significant.

RESULTS
Synthesis and characterization of Co-doped monetite

During the synthesis of monetite and cobalt-doped monetite, the pHs of solutions and
suspensions were modified as shown in Table 2. The final pH is around 6, which explains why
the stoichiometric precipitation does not occur. The results of the XPS and EDS semi-quantitative

analysis corroborate this fact, as shown later.
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Table 2. Variations of pH during the synthesis

pH
Material Na;HPO, | CaCl. | CaCl; + CoCl; CaP
Monetite 8.86 5.80 5.80 6.00
Co-doped Monetite 8.86 - 7.18 6.46

The FTIR analysis depicts characteristic bands of apatite as it was described in previous
study (KAYGILI et al., 2017; SALIMI; JAVADPOUR, 2012; ZHOU et al., 2021a). The spectra
shown in Fig.11a exhibits P-O stretching peaks at 1125, 1048, and 998 cm™, and the band observed
at 559 cmt can be associated with the O-P-O(H) bending mode. In Fig.1b, monetite can be easily
distinguished from other CaP phases such as hydroxyapatite, TCP, and Brushite by peaks detected
by Raman spectroscopy due to its unique crystal structure (DESAI; BHADURI; TAS, 2008;
WOPENKA,; PASTERIS, 2005). Different from HA, monetite has no hydroxyl ion, and as
observed in Brushite, monetite also has no H-O in its crystal structure, i.e. no peak at about 3,500
cm?t originated by O-H vibrations are observed. A strong peak in the 988 cm region of tetrahedral
P-O bond vibration and a peak in the 900 cm™ region due to P-O bonds that are in the P-O-H*
configuration and can only be seen in monetite (DESAI; BHADURI; TAS, 2008; GHINA
IMANIYYAH; SUNARSO; HERDA, 2022; ZHOU et al., 2020) can be observed.

The XPS survey was used to verify the surface's chemical composition through atomic
content percentage. The XPS spectrum of the samples is shown in Fig.1c. The results demonstrated
that the photoelectron peaks of calcium, phosphorus, and oxygen are evident in Fi.1c (A), due to
the monetite presence (LEBUGLE; SALLEK; TAI TAI, 1999). Fig.1c. (B) shows us, in addition
to the presence of monetite, the cobalt in approximately 798 eV (SEMAN; AZAM; MOHAMED,
2016), which was added to the material. According to the XPS survey, the percentage of Co is
around 0.65.

Figure 1d exhibits the diffraction pattern of cobalt-doped monetite. Note that they are all
predominantly single-phase consisting of monetite with the unit formula of CaxCo1-xHPO4 with
triclinic structure (space group P1), indexed as ICSD 10-503. The amount of substitutional element
does not induce phase transformation after the synthesis by this route. This finding was confirmed
by the Rietveld refinement, which indicated the presence of monetite (100%) in CaP, and the
presence of monetite (~ 95%) and hydroxyapatite (~ 5%) in the CoCaP. The structural parameters
shown in Figure 1,e indicate that the structural parameters are crystallite sized and it affects the
amount of Co. The a and y angles increased with the amount of Co, while the 3 angle presented a
step decay. The cell parameters (a, b, and c¢) reduced almost linearly with the Co doping, producing
a shortening of the triclinic cell volume. The reduction in lattice parameters is expected since the
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ionic radius of Co?* (0.65 A) is smaller than that of Ca®* (1.00 A). In other words, if changes in
the lattice parameter were observed this indicates that cobalt was incorporated to some extent,
even though it may not be proportional to the amount of cobalt added. The incorporated amount
cannot be estimated using Vegard's law, as the variation of the lattice parameters may not be linear
with the incorporated amount because the crystalline structure of monetite is complex (triclinic)
and can affect parameters and angles in a non-linear way. However, it is possible to say that cobalt
was incorporated to some extent by each addition.

Lastly, the Co incorporation promoted an increase of the crystallite size from around 30
nm to more than 70 nm in both curves (Scherrer and Williamson-Hall), and it corroborates with
others (CHERIF et al., 2022; RABIEI et al., 2020). Additional information about the XRD
parameters can be found in the supplementary material.
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Fig.11. a. FTIR spectra and b. Raman spectra of monetite and cobalt-doped monetite, obtained by
coprecipitation method. ¢. XPS survey spectra of the samples; A. Monetite; B. Co-doped Monetite. d. XRD
patterns of cobalt-doped monetite, obtained by coprecipitation method. e. Cell parameters and crystallite
size (D) of co-doped monetite, determined by Rietveld refinement.

Porosity (Pore Type and Distribution)

Fig.2a shows the N2 adsorption isotherms at 77 K on Monetite and Co-doped Monetite
samples. Braunauer, Deming, and Teller (1982) proposed the classification of isotherm types,
which associates the isotherm profile with the shape and pore sizes distribution in the solid
(BARDESTANI; PATIENCE; KALIAGUINE, 2019; HAUL, 1982; WEBB; ORR, 2000). The
obtained isotherms indicate that the samples can be classified like Type I, it being non-porous
solids or solids with pores in the range of 2.5 to 100 nm (mesopores) or diameter greater than 50
nm (macro-pores).

The hysteresis observed in the samples Type H3, observed in materials with pores in

wedge, cone, and/or parallel plate formats, which can be corroborated with the results obtained by
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SEM, in which it was possible to visualize the plate format of the monetite. The analysis of the
isotherm data by the BJH method allows one to obtain the average pore size distribution in the
samples which can be appreciated in the plot of dV/dD values as a function of pore diameter

(Fig.2b).
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Fig.2 —a. N2 adsorption isotherms at 77K on Monetite and Co-doped Monetite (filled markers: adsorption
branch and open markers: desorption branch). b. Pore distribution in the Monetite and Co-doped Monetite
samples

Non-porous materials with a fairly wide distribution for monetite and Co-doped Monetite
samples were produced. Despite the few pores they have, it can be noticed the presence of
mesopores (2.5 to 100 nm) and macro-pores (diameter greater than 50 nm) and that Co seems to
decrease porosity. Also, there is evidence of the presence of micropores (<50 A) in the samples
analyzed. Important, the surfaces area was analyzed and the results are summarized in Table 3.

The addition of Co does not affect the surface area.

Table 3 - SBET specific area (m?/g) of Monetite and Co-doped Monetite.

Sample mi (g) mg (g) SeeT V'otal pore (CPPT) V'otal micropore Average Pore
(before treatment at | (after treatment at (m2/g) (cm3/g) (d<683,9A) | (CPPT) Diameter (A)
80°C) 80°C) (cm?/g)

Monetite 0.6913 0.6498 4.8+1.0 18.54 0.000020 125

Co doped 0.6877 0.6854 5.0£1.0 15.01 0.000021 112

Monetite

The SEM micrographs and the quantification performed by EDS in Fig. clearly illustrate
the leaf-like morphology of the Monetite, being it already described by other authors (KAYGILI
et al., 2017; MOTAMENI; ALSHEMARY ; EVIS, 2021; TAMIMI et al., 2010; TORRES et al.,
2015). The micrographs show that the morphology of the material change with cobalt addition, as
the apparent size of the particles increases slightly. The mapping analysis showed that all the

elements were found in a uniform distribution, not concentrated at a specific region of the material.
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The (Ca+Co)/P ratio of 1 was found (Table 4), which characterizes the monetite. Note that the
amount of cobalt incorporated was not proportional to the nominal substitutive amount of cobalt.
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Fig.3. SEM micrographs of cobalt-doped monetite, obtained by coprecipitation method and
semiquantitative analysis and elemental distribution of cobalt-doped apatite by EDS. a. Monetite; b.
Co-doped Monetite. c. The cells showed no reduction in viability when compared to Ctrl. The CaP and
CoCaP groups showed a statistically significant increase when compared to (****p <0.000land ***p <
0.0001) and O.M (****p <0.0001and (**%p <0.0001) in both treatment times and the CoCaP (:p 0.0001)
group showed a difference when compared to CaP. CaP (®“p <0.0001) and CoCaP (*°p = 0.0042) also
showed differences when compared to their respective treatments with time. d. All groups showed no
reduction in Crystal Violet staining. CaP-3 days showed a statistically significant increase when compared
to Ctrl (***p = 0.0001), O.M (****p <0.0001, and CoCaP (4%%p = 0.0003). When compared to the 7-day
treatment, a significant difference was also found in CaP (°° = 0.0003). Replicates: n = 6
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Table 4. EDS semiquantitative analysis of cobalt-doped monetite, obtained by coprecipitation method.

Material Ca/(Ca+Co) (Cat+Co)/P (Ca)/P
Monetite 1.00 1.062 1.062
Co-doped Monetite 0.0029 1.067 (1.064) 1.064

Biological characterization

Using the conditioned medium by the obtained materials, the cells showed no cytotoxicity
(MTT assay — Fig.3c) when compared to the control group in both treatment times (24 or 72 hours).
The OM group does not show significant differences when compared to the control. In the groups
conditioned by the materials, CaP in the 24-hour treatment shows increased cell viability when
compared to the Ctrl (****p <0.0001) and O.M (¢¢¢¢p <0.0001) groups, there was no significant
difference with the CoCaP group. CoCaP shows a similar response profile in the 24-hour
treatment, with increased viability when compared to Ctrl (****p <0.0001) and O.M (****p
<0.0001). Considering a long-term treatment (72-hours) a similar response profile was followed:
The CaP group showed an increase in viability when compared to the Ctrl (****p < 0.0001), O.M
(*3%%p <0.0001, and CoCaP (%£2p 0.0001) groups. CoCaP also showed an increase compared to Ctrl
(****p <0.0001) and O.M (*¥%p <0.0001). Considering the comparison among groups, there was
no difference in the control and O.M. groups, but the CaP group shows differences (“““°p<0.0001),
increasing viability in 72 hours when compared to 24 hours. The CoCaP group also showed
differences in viability (°®p = 0.0042) when compared 72 hours with 24 hours treatments.

The crystal violet assay, here used to know about the cell adhesion, shows there is no
changes (Fig.3d) in dye concentration when compared to the Ctrl group. The CaP group showed
significant differences compared to the Ctrl (***p = 0.0001), O.M (****p <0.0001, and CoCaP
(4&&p = 0.0003) groups in the 24 hours’ treatment, and also shows differences when compared to
the CaP treated for 72 hours (““p = 0.0003).

Thereafter, considering the experiment to mimic the wound healing, the Fig.4 brings
evidences of cell proliferation and migration. The O.M group shows significant differences when
compared to the control group, not decreasing the injured area when compared to the Ctrl (****p
<0.0001) and other groups (CaP ****p <0.0001, CoCaP ****p <0.0001), and also when compared to
the O.M group treated for 16 hours (°p = 0.0182). The CaP group showed increased cell
regeneration/proliferation when compared to the Ctrl (***p = 0.0001), O.M (****p <0.0001, and
CoCaP (%%%&p <0.0001) groups. The CoCaP group showed an increase in cell
regeneration/proliferation when compared to the Ctrl (**p = 0.0017).

At 16 hours, the Ctrl group shows an increase in cell proliferation when compared to the
Ctrl 12 hours group (**p <0.0001), showing that regeneration increases with time. The O.M.
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group showed the same profile as the 12-hour treatment, showing a decrease in regeneration when

++++

compared to the Ctrl (""""p <0.0001), maybe because the cells are under differentiation process.
The CaP group does not present statistically significant differences when compared to the Ctrl
group but presented a difference when compared to the O.M group (****p <0.0001) and the CaP 12
hours’ group (“““°p <0.0001), showing that regeneration continued. The CoCaP group presented
differences when compared with all the Ctrl (****p <0.0001), 0.M (***¥p <0.0001), and CaP (*£p

<0.0001) groups, and also with the 12-hour CoCaP group (“Ip <0.0001).

CoCaP promotes osteoblast proliferation

The Cdk2, Cdk4, and Cdk6 genes were evaluated (Fig.4). Firstly, the Cdk2 expression in
the 3-day treatment there were no differences in expression between the groups and when
compared to Ctrl and the others groups (Fig.4c). At 7 days, Cdk2 expression was modulated only
in the CoCaP group, being significantly increased when compared to the Ctrl (****p <0.0001), O.M
(*%%%p <0.0001) and CaP (8£5p <0.0001) groups, and when compared to the 3-day CoCaP (%44p =
<0.0001). Considering Cdk4 expression (Fig.4d), in the 3 days’ treatment there were differences
in the expression in CaP (*p = 0.0115) and CoCaP (*p = 0.0326) groups when compared to the
Ctrl group. In the 7-day treatment, there were no differences between the groups when compared
to Ctrl, only a significant reduction in CaP (*p = 0.0121) expression when compared to CoCaP.
Comparing the groups in the two treatment times, the CaP group (°““p <0.0001) showed a
reduction in its expression with time. Cdk6 CaP shows differences when compared to Ctrl (****p
<0.0001) and O.M (****p <0.0001), and the CoCaP group showed differences when compared to
O.M (°p = 0.0282) and CaP (4%%p = 0.0002) (Fig.4e).

In the 7-day treatment, only the CoCaP group showed an increase in expression when
compared to the Ctrl (****p <0.0001), O.M (*%*%p <0.0001) and CaP (*:**p <0.0001) groups.
Comparing the groups in both experimental times, the CaP group (““°p <0.0001) showed a
reduction of its expression with time, and the CoCaP group (““p <0.0001) showed an increase

with time.
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Fig.4. a. The wound healing is affected by the proliferative phenotype of osteoblasts responding to
CoCaP. The cell regeneration effect of treatments with Ctrl (conventional medium), O.M (osteogenic-
inducing medium), CaP (Monetite), and CoCaP (Co-doped Monetite) was measured by a wound-healing
assay. b. Quantification of the wound healing area. The wound healing area was estimated by calculating
the cell-free area in captured images using the ImageJ software (NIH, Bethesda, MD). The migration rate
is expressed in percentage as the change in the wound area over time, the scratch area at time point 0 hours
was set to 100%, and the other ones are represented as wound closure expressed as the remaining area
uncovered by the cells in percentage. At 12 hours’ treatment: The CaP (***p = 0.0001) and CoCaP (**p =
0.0017) groups showed a reduction when compared to Ctrl, O.M. did not show the same profile. At 16
hours treatment: Only CoCaP (****p <0.0001) showed a statistically significant reduction when compared
to Ctrl. c. there were no statistically significant differences in the 3-day treatment. In the 7-day treatment,
the CoCaP group showed an increase in expression compared to Ctrl (****p <0.0001), O.M (¥**p <0.0001)
and CaP ((££p <0.0001). d. Cdk4, in the 3-day treatment there were differences in the expression in CaP
(*p = 0.0115) and CoCaP (*p = 0.0326) groups when compared to the Ctrl group. In the 7-day treatment,
no group showed statistically significant differences. e. Cdk6, 3-day treatment, only CaP (****p <0.0001)
showed statistically significant differences when compared to Ctrl. At 7-day treatment, CoCaP showed
increased expression when compared to Ctrl (****p <0.0001), O.M (***%p <0.0001) and CaP (%446p <0.0001.
Replicates: n = 3. The Gapdh, B-actin, and 18S genes were used as housekeeping genes

Genes involved with osteoblast-mediated osteoclastogenesis.

The absorption of materials by osteoclast is expected for calcium phosphate as monetite.
In this way, it was important to measure the capacity of osteoblast in governing osteoclastogenesis
when challenged by CoCaP. Firstly, RANKL gene (Fig.5a) in the 3-day treatment showed an
increase in its expression in the CaP (****p = <0.0001 and ***p = 0.0007) and CoCaP (****p =
<0.0001 and (****p = <0.0001) groups when compared to Ctrl and O.M, respectively. The CoCaP
group (4%%p = 0.0001) showed an increase when compared to the CaP group. In the treatment for
7 days, the O.M (*""*p = <0.0001) and CoCaP (*"""p = <0.0001) show increases when compared

to the Ctrl group. The O.M and CoCaP (£6£2p = <0.0001) also show increases in expression when
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compared to the CaP (***¥p = <0.0001). Comparing the influence of time on RANKL expression,
it was shown that the O.M group (°**°p = <0.0001) presented an increase in its expression with
time, and the CaP group (““°p = 0.0002) decrease.

Secondly, considering the activity of OPG gene (Fig.5b), in the 3-day treatment, only the
CaP (*p = 0.0419 and **p = 0.0048) showed an increase when compared to the Ctrl and O.M.
groups, respectively. In the 7-day treatment, the CoCaP group showed an increase in its expression
when compared to the Ctrl (****p = <0.0001), O.M (¥**%p = <0.0001), and CaP (¥¢¥¥p = <0.0001).
Considering the influence of time, the CaP group (*"p =<0.0029) showed a decrease with time,
and the CoCaP group (%p = <0.0001) a significant increase.

Thereafter, in order to effectively know about the capacity of osteoblast in influence on
osteoclastogenesis, a ratio between RANKL and OPG was considered. RANKL/OPG ratio the
following profiles were obtained: in the 3-day treatment the CaP (*p = 0.0351) and CoCaP (****p
= <0.0001) showed higher than the Ctrl (Fig.5c). The CoCaP group also showed differences
concerning the O.M (****p = <0.0001) and CaP (****p = <0.0001). In the 7-day treatment, only the
O.M group showed an increase when compared to Ctrl (***p = 0.0001), CaP (****p = <0.0001) and
CoCaP (**¥p = <0.0001). Between the treatment times, it was possible to observe an increase in
the expression of RANKL in the O.M group (°®*°p = <0.0001) and a decrease in the CoCaP group
(49ddp = <0.0001).
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Fig.5. Cytokines were changes by CoCaP: a. RANKL, in the 3-day treatment showed an increase in its
expression in the CaP (****p <0.0001 and ***p = 0.0007) and CoCaP (****p <0.0001 and (****p <0.0001)
groups when compared to Ctrl and O.M, respectively. The CoCaP group (44¢p = 0.0001) showed an
increase when compared to the CaP group. In the treatment for 7 days, the O.M (****p <0.0001) and CoCaP
(****p <0.0001) show increases when compared to the Ctrl group. The O.M and CoCaP (£6p <0.0001) also
show increases in expression when compared to the CaP (¥%%p <0.0001). b. OPG, in the 3-day treatment,
only the CaP (*p = 0.0419 and **p = 0.0048) showed an increase when compared to the Ctrl and O.M.
groups. In the 7-day treatment, the CoCaP group showed an increase in its expression when compared to
the Ctrl (****p <0.0001), O.M (**¥p <0.0001), and CaP (*:p <0.0001). c. RANKL/OPG, in the 3-day
treatment the CaP (*p = 0.0351) and CoCaP (****p <0.0001) was higher than the Ctrl. The CoCaP group
also showed differences concerning the O.M (****p <0.0001) and CaP (****p <0.0001). In the 7-day
treatment, only the O.M group (***p = 0.0001) showed an increase compared to Ctrl, CaP (¥%%p <0.0001),
and CoCaP (*%p <0.0001). All sample groups n = 3. The Gapdh, B-actin, and 18S genes were used as
housekeeping genes.
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Genes related with osteoblast adhesion were changed by CoCaP

The expression of Integrin's subunits (o and ) were evaluated in this study. In the 3-day
treatment, the O.M. group showed a reduction in the expression of alintegrin (Fig.6a) when
compared to the Ctrl (*p = 0.0464). The CaP and CoCaP groups did not show statistically
significant differences when compared with Ctrl and each other. The CoCaP group showed
increased expression when compared to the O.M (*p = 0.0339). In the 7-day treatment, only the
CoCaP group showed differences when compared to the Ctrl (*p =0.0242) and CaP (¢6p = 0.0242).
Blintegrin evaluation, at 3 days, the O.M. group showed an increase in its expression when
compared to the Ctrl (**p = 0.0019), while the CaP and CoCaP groups showed there are no
differences (Fig.6b). Among the groups, the CaP group showed a reduction in its expression when
compared to the O.M (****p = <0.0001), while CoCaP group does not show significant differences
when compared to the O.M. group, but showed a significant increase when compared to CaP (&p
= 0.0348). In the 7-day treatment, the O.M (**p = 0.0065), CaP (*"**p = <0.0001) and CoCaP
("""p = <0.0001) groups showed an increase in expression when compared to the Ctrl group.
Among the groups, CaP shows an increase in expression when compared to the O.M (®p = 0.0185).
The CoCaP group shows an increase when compared to the O.M (¥**¥p = <0.0001) and CaP (¢£p
= <0.0001) groups. Among the treatment times, differences in expression were observed, being
increased at 7 days in the CaP (““°p = <0.0001) and CoCaP (%“¥p = <0.0001) groups.

Upon integrin activation both Src and FAK are required and therefore were evaluated
here (ZAMBUZZI; MILANI; TETI, 2010). Src expression showed there were no statistically
significant differences between the groups when compared to Ctrl and to each other at 3 days
(Fig.6c¢). At 7 days, the O.M. group showed an increase when compared to the Ctrl (*"p <0.0001).
The CaP group showed there is no difference when compared to the Ctrl group, but differences
when compared to the O.M (****p = <0.0001) were found. The CoCaP group showed a significant
increase when compared to the Ctrl (****p <0.0001), O.M (**%%p <0.0001), and CaP (¢:£p <0.0001)
groups. Comparing the influence of the time on its expression, the O.M ("®®p <0.0001) and CoCaP
(9%4dp <0.0001) groups showed an increase in its expression. Regarding the behavior of FAK
expression, at the 3-day treatment, the O.M group showed there are no differences when compared
to Ctrl. The CaP group showed an increase when compared to the Ctrl (**p = 0.0032). The CoCaP
group showed an increase when compared to the Ctrl (***p = 0.0002) and O.M (**p = 0,0088)
groups respectively. In the 7-day treatment, the O.M group showed an increase when compared to
the Ctrl (***p = 0.0001) and CaP (¥***p <0.0001) (Fig.6d). The CoCaP group showed an increase
in expression when compared to the Ctrl (****p <0.0001) and CaP (¥4£%p <0.0001). Considering the
relevance of time on FAK expression, both O.M (*®p = 0.0027) and CaP (“p = 0.0037) groups
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Src/Gapdh

showed differences, with the increase in the O.M group with time and the decrease in expression
in CaP.

Finally, Cofilin is required during osteoblast adhesion (ZAMBUZZI et al., 2009b),
mainly coordinating the cytoskeleton rearrangement necessary for morphological cell adaptation
(ROSSI et al., 2017). Considering Cofilin expression, at the 3 days treatment, both O.M (****p
<0.0001) and CaP (**p <0.0027) groups showed a significant increase in its expression when
compared to the Ctrl and CoCaP (****p <0.0001 and %%p = 0.0046, respectively). In the 7 day, only
the O.M group showed an increase in its expression when compared to the Ctrl group (*"**p
<0.0001), the CaP group (*p =0.0465) showed a statistically significant decrease when compared

to the O.M group (Fig.6e). About the Cofilin behavior, it seems there is no significant changes up
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Fig.6. Osteoblast adhesion-related machinery is required by osteoblasts responding to monetite. a.
allntegrin - In the 3-day treatment, the O.M. showed a reduction in expression when compared to the Ctrl
(*p =0.0464). The CaP and CoCaP did not show statistically significant differences. In the 7-day treatment,
only the CoCaP group showed differences when compared to the Ctrl (*p = 0.0242) and CaP (t¢p = 0.0242).
b. BlIntegrin, at 3 days, the O.M. showed an increase in its expression when compared to the Ctrl (**p =
0.0019), while the CaP and CoCaP groups showed no significances. In the 7-day treatment, the O.M (**p =
0.0065), CaP (***p <0.0001), and CoCaP (****p <0.0001) groups showed an increase in expression when
compared to the Ctrl. c. Src, at the 3-day time, showed there were no statistically significant differences
between the groups when compared to Ctrl. At 7 days, the O.M. group showed an increase when compared
to the Ctrl (****p <0.0001). The CoCaP group showed a significant increase when compared to the Ctrl
(*"*p <0.0001), O.M (***%p <0.0001), and CaP (*#2p <0.0001. d. FAK, at the 3-day treatment, the CaP
group showed an increase when compared to the Ctrl (**p = 0.0032). The CoCaP group showed an increase
when compared to the Ctrl (***p = 0.0002) and O.M (**p = 0,0088). In the 7-day treatment, the O.M and
group showed an increase when compared to the Ctrl (***p = 0.0001) and CaP (***%p <0.0001). The CoCaP
group showed an increase in expression when compared to the Ctrl (****p <0.0001) and CaP (*£p <0.0001).
e. Cofilin, at the 3-day treatment the O.M (****p <0.0001) and CaP (**p <0.0027) groups showed a
significant increase in its expression when compared to the Ctrl and CoCaP (****p <0.0001 and 4&p =
0.0046). In the 7-day treatment, only the O.M group showed an increase in its expression when compared
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to the Ctrl group (****p <0.0001). Replicates: n = 3. The Gapdh, B-actin, and 18S genes were used as
housekeeping genes.

Extracellular matrix remodeling

Over the last years, we have noticed that osteoblast maturation and matrix mineralization
requires extracellular matrix remodeling as pre-requisite, mainly considering the response of
osteoblasts to biomaterials. ECM remodeling is driven by matrix metalloproteinases (MMPs), and
MMP-2 and MMP3 seems develop an important role in breaking down the extracellular matrix
components (DA COSTA FERNANDES et al., 2018a, 2018b; FERNANDES et al., 2018). Here,
we have better analyzed the involvement of both MMP-2 and MMP-9 in osteoblasts responding

to monetite and its derivation by doping cobalt (CoCaP). Our data shows that, as follows:

1.Regarding MMP9, within 3 days of treatment, there were no differences between the investigated
groups when compared to Ctrl and among themselves. However, up to 7 days, the O.M (*""p
<0.0001) and CoCaP (****p <0.0001 and £££p <0.0001) showed significant increase when
compared to Ctrl and CaP (***®*p <0.0001). Considering the difference between 3 and 7 days, the
expression was increased with time in the O.M (°**®p = <0.0001) and CoCaP (“%p = <0.0001)
groups (Fig.7a). Considering the activity of MMP9, it was assessed by zymography. Our data
shows that MMP9 activity was evaluated in the 3 days’ treatment, there was an increase in activity
in response to CaP (****p <0.0001 and ****p <0.0001) and CoCaP (****p <0.0001 and ***p
<0.0001) groups when compared to Ctrl and O.M, respectively. Considering the comparison
between groups the activity was increased in CaP compared to CoCaP (44%&p = <0.0001) (Fig.7e).
Up to 7 days, all groups showed an increase in their activity compared to Ctrl [O.M (*""*p
<0.0001), CaP (*p <0.0213), and CoCaP (**""p <0.0001)]. Among the treatments, the activity was
increased in O.M relative to CaP (¥***p <0.0001). The CoCaP group showed an increase in its
activity relative to 0.M (¥***p <0.0001) and CaP (¢%*£p <0.0001). Considering the data evaluation
along the time, important to report that Ctrl (3*3p = 0.0002), O.M (°***p <0.0001), and CoCaP (4%4p
<0.0001) groups were significantly increased, and in the CaP group (““’p = <0.0001) it was
significantly decreased.

2. Regarding the MMP-2 behavior, within 3 days of treatment, there was an increase in the activity

of the O.M group (***p = 0.0001) when compared to the Ctrl, CaP (****p = <0.0001), and CoCaP

(**p = 0.0015) (Fig.7c). The CoCaP group showed a significant increase in relation to the CaP

group (44p =0.0092). At 7 days, none of the treatments showed statistically significant differences

with Ctrl or others among themselves. Between the treatment times, the expression was decreased

in the O.M group (°®p = 0.0007); in the other groups, there was no statistically significant
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difference. Considering the activity of MMP-2 (Fig.7d) and it was shown that at 3 days there was
an increase in activity in the O.M (****p <0.0001) and CaP (****p <0.0001) groups when
compared to the Ctrl. The CaP group showed an increase when compared to the O.M (***%p
<0.0001). Importantly, the CoCaP group showed a decrease when compared to the Ctrl (****p
<0.0001), O.M (****p <0.0001), and CaP (4%%%p <0.0001) groups. Considering the response of
osteoblast responding to monetites up to 7 days, the CaP (****p <0.0001 and ***%p <0.0001) and
CoCaP (*™***p <0.0001 and **¥%p = 0.0004) showed increases in relation to Ctrl and O.M,
respectively. Considering the analysis between CaP and CoCaP (¥£:£p <0.0001), the statistics
reported an increase in its activity in comparison. Considering the both tomes up to 7 days, the
activity of MMP2 was decreased in Ctrl (3%¥3p<0.0001) and O.M (°***p<0.0001), and in the CoCaP
group (%49p<0.0001) the activity was increased considering the time.
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Fig.7. ECM remodeling by osteoblasts responding to monetites. a. MMP9, in the 3-day treatment, there
were no differences between the groups when compared to Ctrl. In the 7-day treatment the O.M
(****p<0.0001) and CoCaP (****p<0.0001; ££££p<0.0001) showed increased expression when compared to
Ctrl and CaP (¥%%p<0.0001). b. MMP9 activity was evaluated by zymography and bands were quantified.
In the 3 days’ treatment, there was an increase in activity in CaP (****p<0.0001; ****p<0.0001) and CoCaP
(****p<0.0001; °***p<0.0001) groups when compared to Ctrl and O.M, respectively. Between the
monetites, the expression was increased in CaP compared to CoCaP (%4%%p<0.0001). In the 7-day
treatment, all groups showed an increase in their activity compared to Ctrl [O.M (****p<0.0001), CaP
(*p<0.0213), and CoCaP (****p<0.0001)]. The activity was increased in O.M relative to CaP (¥***p<0.0001).
The CoCaP group showed an increase in its activity relative to O.M (***¥p<0.0001) and CaP (£44£p<0.0001).
¢. MMP2 expression, in the 3-day treatment, there was an increase in the activity of the O.M group (***p
=0.0001) compared to the Ctrl, CaP (****p<0.0001), and CoCaP (**p = 0.0015). The CoCaP group showed
an increase in relation to the CaP group (4%p = 0.0092). Considering 7-day treatment, none of the treatments
showed statistically significant differences with Ctrl. d. MMP2 activity was also evaluated by zymography
and the bands were quantified, highlighting that, at 3 days of treatment, there was an increase in activity in
the O.M. (****p<0.0001) and CaP (****p<0.0001) groups when compared to the Ctrl. The CaP group
showed an increase when compared to the O.M (****p<0.0001). The CoCaP group showed a decrease when
compared to the Ctrl (****p<0.0001), O.M (****p<0.0001), and CaP (4%4&%p<0.0001) groups. In the 7-day
treatment, the CaP (****p<0.0001 and ****p<0.0001) and CoCaP (****p<0.0001 and **p = 0.0004) showed
increases in relation to Ctrl and O.M. Between CaP and CoCaP (£££p<0.0001), it was showed an increase
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in the MMP-2 activity. e. Zymogram obtained by resolving the proteins content from the conditioned
medium obtained by the osteoblasts responding to different cell culture conditions. The Gapdh, B-actin, and
18S genes were used as housekeeping genes.

Osteoblast differentiation was assessed by osteogenic gene markers

Osteoblast differentiation is a very complex event, where a myriad of genes guarantees
the osteogenic phenotype. Among them, we have evaluated in this study the activities of Runx2,
Osterix, Bsp, ALP, Bmp2, and Osteocalcin genes. Considering Runx2 gene, at the 3 days, the O.M
(***p = 0.0002) and CoCaP (****p<0.0001) groups showed differences when compared to Ctrl.
The O.M and CoCaP groups showed an increase when compared to the CaP group (***p = 0.0006
and &&&p = 0.0003); between them, no difference was presented (Fig.8a). At 7 days, only the
CoCaP group showed an increase in expression when compared to the Ctrl (*"""p<0.0001), O.M
(**%%p<0.0001) and CaP (¢¥:£p<0.0001) groups. Considering the evaluation of the time line up to 7
days, O.M (°°p = 0.0035) and CoCaP (“““dp = <0.0001) groups showed differences between their
expressions, it being decreased in the O.M group and increased in the CoCaP group along the time
(Fig.8a).

For the Osterix gene, at 3-days, only the CoCaP group showed differences in its
expression when compared to Ctrl (****p<0.0001), O.M (****p<0.0001) and CaP (4%%&p<0.0001)
(Fig.8b). At 7 days, the CaP group showed a reduction when compared to the O.M (¥p<0.0408).
The CoCaP group showed an increase in its expression when compared to the Ctrl (**""p<0.0001),
0.M (*¥%¥p<0.0001), and CaP (*££p<0.0001). Considering the evaluation of the time line up to 7
days, only the O.M group (°p<0.0408) showed a statistically significant increase in its expression
(Fig.8b).

The analysis of BSP gene, at 3 days, there was an increase in expression in the O.M
(****p<0.0001) and CoCaP (**p = 0.0099) groups when compared to Ctrl (Fig.8c). The O.M
group also showed an increase when compared to the CaP (****p<0.0001) and CoCaP (***p =
0.0008) (Fig.8c). At 7 days, only the O.M group showed statistically significant differences when
compared to the Ctrl (*p = 0.0383). Considering the evaluation of the time line up to 7 days, the
0.M group (*°p = 0.0016) showed a decrease in expression with time (Fig.8c).

Another important gene evaluated here was alkaline phosphatase (ALP). At 3 days
responding to different conditions, the osteoblasts show an increased in response to the CaP group
(44p = 0.0055) when compared to Ctrl (Fig.8d). Among the treatments, only the CaP group
showed an increase when compared to the CoCaP group (4p = 0.0189) (Fig.8d). Considering the
7 days, O.M (*"""p<0.0001) and CoCaP (***"p<0.0001) showed an increase when compared to
Ctrl (Fig.8d). The expression of O.M was increased when compared to the CaP (*%%p<0.0001).
The CoCaP group showed an increase in its expression when compared to the O.M (¥***¥p<0.0001)
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and CaP (¢2%£p = <0.0001) treatments. Considering the evaluation of the time line up to 7 days, the
0.M ("***p<0.0001) and CoCaP (“49p<0.0001) groups showed an increase in expression up to 7
days (Fig.8d). The behavior of ALP gene corroborates with its distribution along the osteoblast
cultures (Fig.9).

For BMP2 gene, within 3 day of treatments, only the CoCaP group showed an increase
in its expression when compared to Ctrl (**p = 0.0060); there are no differences between
treatments (Fig.8e). In the 7-day treatment, the O.M group showed an increase in its expression
when compared to Ctrl (*p = 0.0283) and CaP (*p = 0.0402). The CoCaP group showed an increase
when compared to the Ctrl (****p<0.0001), O.M (**p = 0.0033), and CaP (¢£p<0.0001) groups.
Considering the evaluation of the time line up to 7 days, only the CoCaP group (““p = 0.0002)
showed an increase in its expression (Fig.8e).

For the osteocalcin gene, at 3 days, the CaP (*p = 0.0413; *p = 0.0387) and CoCaP
(****p<0.0001; ****p<0.0001) showed increased expression when compared to the Ctrl and O.M,
respectively (Fig.8f). At 7 days, no group showed differences when compared to Ctrl or other
treatments. Considering the evaluation of the time line up to 7 days, CaP (“°p = 0.0019) and CoCaP

(9999p<0.0001) groups showed reductions in expression along the time (Fig.8f).
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Fig.8. Osteogenic gene markers are reprogrammed in response to CoCaP. a. Runx2, at the 3-day
treatment, the O.M (***p = 0.0002) and CoCaP (****p<0.0001) groups showed differences when
compared to Ctrl. The O.M and CoCaP groups showed an increase when compared to the CaP group (***p
= 0.0006; £¢¢p = 0.0003); At 7 days, only the CoCaP group showed an increase in expression when
compared to the Ctrl (****p<0.0001), O.M (¥*%%p<0.0001) and CaP (£44£p<0.0001). b. Osterix, at the 3 days,
only the CoCaP group showed differences in its expression when compared to Ctrl (****p<0.0001), O.M
(****p<0.0001), and CaP (4%%%p<0.0001). At 7 days, the CoCaP showed an increase in its expression when
compared to the Ctrl (****p<0.0001), O.M (¥%p<0.0001), and CaP ((:£p<0.0001). c. BSP, at the 3 days,
there was an increase in expression in the O.M (****p<0.0001) and CoCaP (**p = 0.0099) groups when
compared to Ctrl. The O.M group also showed an increase when compared to the CaP (****p<0.0001) and
CoCaP (***p = 0.0008). At 7 days, only the O.M group showed statistically significant differences when
compared to the Ctrl (*p = 0.0383). d. ALP, at 3 days, the ALP expression was increased in the CaP group

93



(%%p = 0.0055) when compared to Ctrl, and at 7 days, O.M (****p<0.0001) and CoCaP (****p<0.0001)
showed an increase when compared to Ctrl. The expression of O.M. was increased when compared to the
CaP (***p<0.0001). The CoCaP group showed an increase in its expression when compared to the O.M.
(%*%¥p<0.0001) and CaP (*££p<0.0001). e. Bmp2 gene, at 3 days, only the CoCaP group showed an increase
in its expression when compared to Ctrl (**p = 0.0060), while at 7 days, the O.M. group showed an increase
in its expression when compared to Ctrl (*p = 0.0283) and CaP (*p = 0.0402). The CoCaP group showed an
increase when compared to the Ctrl (****p<0.0001), O.M. (¥p = 0.0033), and CaP (¥¥:p<0.0001). f.
Osteocalcin gene, at 3 days, the CaP (*p = 0.0413; ®p = 0.0387) and CoCaP (****p<0.0001; ****p = <0.0001)
showed increased expression when compared to the Ctrl and O.M. groups, respectively. At 7 days, there
were no significances among the groups. Replicates: n=3. The Gapdh, B-actin, and 18S genes were used as
housekeeping genes.
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Fig.9. ALP activity and morphological distribution along the osteoblast cultures. a. Osteoblasts after
treatment at their respective time-point on ALP staining (magnification 10x). b. At 3 days, the CaP group
(**p = 0.0074) showed higher concentration when compared to the Ctrl group. The CoCaP group showed
higher concentration when compared to the Ctrl (****p<0.0001) and O.M. (***p = 0.0005) groups. At the
7-day treatment, the O.M. group (****p<0.0001) showed higher concentration when compared to the Ctrl
group. The CaP (***p<0.0001) showed an increased concentration compared to the Ctrl group, and a lower
concentration compared to the O.M (®p = 0.0170). The CoCaP group showed the highest concentration
compared to the Ctrl (****p<0.0001), and CaP (%p = 0.0052). Replicates: n = 3.

Cobalt-doped monetite camuflages the necessary hypoxia required to mimic the bone
regenerative microenvironment.

This is very accepted that the hypoxia is crucial for osteogenic differentiation of precursor
cells (WANG et al., 2007a). On this hand, we have firstly investigated whether CoCaP was able
to stimulate induced hypoxia and so stimulate osteoblast differentiation. In fact, our data brings

that Hifla gene was dynamically modulated by CoCaP; its expression, at 3 days, show that only
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CoCaP group triggers an intracellular signaling able to increase in its expression compared to the
Ctrl (****p<0.0001), O.M (****p<0.0001), and CaP (4%%%p<0.0001) (Fig.10a), which also was
replicated up to 7 days, where it was higher compared to the Crtl (*"""p<0.0001), O.M
(3%%¥p<0.0001), and CaP (E¥£p<0.0001) groups. Considering the time (up to 7 days), both O.M (*°p
= 0.0054) and CaP (“p = 0.0054) groups showed a statistically significant decrease.

For VEGF gene expression (Fig.10b), at 3 days, only the CaP group showed an increase
in its expression compared to the Ctrl (***p = 0.0010) and also to the CoCaP group (4%p =0.0041).
At 7 days, only the O.M. group showed an increase in its expression when it was compared to Ctrl
(***p = 0.0002), CaP (*%%p<0.0001), and CoCaP (¥*p = 0.0050). Considering the relevance of time
on its expression, it was shown that O.M, group showed an increase in its expression (°°p =
0.0029), and the CaP group (*°°®p<0.0001) promoted a significant decrease.

Finally, considering eNOS as an important angiogenic stimulus factor responding to
hypoxia, our data shows that eNOS gene expression, at 3-day treatment, was higher in osteoblasts
responding to both O.M. (***p = 0.0002; **p =0.0074) and CoCaP (****p<0.0001 and &&&p =
0.0002) when compared to Ctrl and CaP, respectively (Fig.10c). Considering its expression at 7
days, both CaP (****p<0.0001; %**p = 0.0003) and CoCaP (****p<0.0001; **%p<0.0001) groups

showed an increase in their expression when compared to Ctrl and O.M, respectively (Fig.10c).
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Fig.10. CoCaP promotes hypoxia and requires VEGF and eNOS. a. Hifla, at 3 days, was higher only
in osteoblasts responding to CoCaP group when compared to the Ctrl (****p<0.0001), O.M (****p<0.0001),
and CaP (4%%£p<0.0001). The same profile was observed in the 7 days’ treatment, with a significant
increase when compared to the Crtl (****p<0.0001), O.M (¥**%p<0.0001), and CaP (¥¥¥£p<0.0001). b. VEGF,
at 3 days, was higher only in osteoblast responding to CaP group when it was compared to the Ctrl (***p
=0.0010) and CoCaP group (44p = 0.0041). Considering the 7 day, only the O.M. group showed an increase
in its expression in relation to Ctrl (***p = 0.0002), CaP (¥***p<0.0001), and CoCaP (**p = 0.0050). c. eNOS,
at 3 days, was higher expressed in osteoblasts responding to O.M. (***p = 0.0002; **p =0.0074) and CoCaP
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(****p = <0.0001; 4&&p = 0.0002) when compared to Ctrl and CaP, respectively. At 7 days, both CaP
(**"*p<0.0001; **%p = 0.0003) and CoCaP (****p<0.0001; ***¥p<0.0001) showed an increase in its expression
when compared to Ctrl and O.M., respectively. Replicates: n = 3 and the Gapdh, B-actin, and 18S genes
were used as housekeeping genes.

Oxidative stress was measured by protein carbonyl formation

All of mechanisms involved with cell growth requires a very balanced participation of
protein phosphorylation, and most of them are regulated by phosphorylation at Y-residue
(ZAMBUZZI; MILANI; TETI, 2010). As it is vastly discussed within literature, phosphatases
modulate phosphorylation level of cells and they are regulated by reactive oxidative stress, which
can be evaluated by protein carbonylation that was explored in this study (DE SOUZA
MALASPINA et al., 2009; FERNANDES et al., 2014; ROSSI et al., 2017). Our data show that,
at 3 days, the protein carbonylation was increased in osteoblasts responding to O.M group (***p
= 0.0003) when it was compared to Ctrl (Fig.11), while CaP showed a decrease when compared
to Ctrl (****p<0.0001), O.M (****p<0.0001), and CoCaP (%%%%p<0.0001). CoCaP showed a
significant decrease when compared to O.M (*p = 0.0104) (Fig.11). Considering 7 day, both O.M.
(***p=0.0002) and CoCaP (****p<0.0001) groups showed a decrease when it was compared to
Ctrl. The CaP group showed an increase compared to the both O.M (**¥p = 0.0005) and CoCaP
(t£££p<0.0001) groups (Fig.11). Considering the evaluation of the time line up to 7 days, both Ctrl
(®p = 0.0104) and CaP (*“p<0.0001) groups showed an increase in carbonylation, while O.M.
(PP°p<0.0001) and CoCaP (“9p<0.0011) groups showed a decrease.
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Fig.11. Protein Carbonylation was changed by monetites. At 3 days, osteoblast responding to O.M.
group showed an increase compared to the Ctrl (***p = 0.0003). CaP showed a decrease when compared
to Ctrl (****p<0.0001), O.M (****p<0.0001), and CoCaP (4%44p<0.0001). In turn, CoCaP showed a
decrease when compared to O.M (*p = 0.0104). At 7 days, the both O.M (***p = 0.0002) and CoCaP
(****p<0.0001) groups showed a decrease compared to Ctrl. The CaP group showed an increase compared
to the both O.M (**%p = 0.0005) and CoCaP (*¢%£p = <0.0001) groups. Replicates: n = 3.
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DISCUSSION

In order to attend the necessity to propose a novel material preserving biomimetic
characteristics to bone healing microenvironment, we proposed a calcium phosphate doped with
cobalt. Firstly, calcium phosphate mimics the mineral phase of bone, as well as calcium favors the
blood coagulation and arresting of platelets which contribute to bone growth, and cobalt promotes
a chemically-induced hypoxia (BOYER; SHAINOFF; RATNOFF, 1972; MUNOZ-SANCHEZ;
CHANEZ-CARDENAS, 2019). Hypoxia brings at least 2 important outcomes to camouflages
bone healing microenvironment, as follows: 1. It is commonly recognized that hypoxia plays a
pivotal role in initiating the early stages of bone defect healing, therefore studies indicate that
prolonged exposure to hypoxia can impede the osteogenic differentiation of precursor cells with
association to activation of Notchl signaling and the suppression of Runx2 although Notchl
signaling has been associated with osteogenesis responding to signals from endothelial cells
(OSATHANON et al., 2014; RAMASAMY et al., 2014; XU et al., 2013; YANG et al., 2011); 2.
In the initial phases of bone defect healing, hypoxia facilitates the migration of osteogenic and
angiogenic precursor cells, promoting osteogenesis and angiogenesis (YU et al., 2019).

The induced formation of new vessels around the bone defect alleviates the hypoxic
condition, allowing the healing process to progress. Hypoxia is essential for vascularization during
embryo development and plays a vital role in endochondral ossification in fetal bone development.
This hypoxia-mediated endochondral ossification is also implicated in the healing of large-sized
bone defects, maybe recreating a biomimetic bone healing microenvironment where the crosstalk
between osteoblasts and endothelial cells are required to promote osteogenesis and bone growth
(ARALDI; SCHIPANI, 2010; DA COSTA FERNANDES et al., 2021a; RAMASAMY et al.,
2016a, 2016b; RAMASAMY; KUSUMBE; ADAMS, 2015). Said that, important to report that
the high level of HIF1a gene expression in response to CoCaP validates the capacity of this novel
biomaterial in inducing biomimetic hypoxia and rapidly camouflages bone healing environment.
By itself, hypoxia leads to the stimulation of osteoblast differentiation and consequently promotes
release of signals to enhance angiogenesis, and osteoblast here seems develop an important role as
source of angiogenic signals such as VEGF and eNOS. In turn, eNOS is known to activate
signaling upstream to activate BMP2 gene as well as stimulate osteoblast differentiation.(AFZAL,;
POLAK; BUTTERY, 2004; YAN et al., 2021).

From the point of view of physicochemical characterization, important to mention that
monetite and Co-doped monetite were synthesized and fully characterized by FTIR, Raman, XDR,
XPS, SEM/EDS, and BET techniques, with attention on the modifications on Cobalt inducing in
the monetite. The FTIR technique showed the characteristic bands of monetite, and that the
addition of cobalt does not change them (CAMA et al., 2013; KAYGILI et al., 2017; SALIMI,
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JAVADPOUR, 2012). Nonetheless, the FTIR does not show the bands referring to water bonds in
the spectrum that is the main characteristic to differentiate the monetite from its hydrated brushite
phase, being the first confirmation of the effectiveness of the synthesis (PRADO DA SILVA et
al., 2001; SHAH et al., 2023). In turn, XRD data show the formation of a single monetite phase in
the samples and, together with the XPS and EDS techniques, it is relevant to say that the cobalt
concentration remained below 1% relative to the calcium concentration. However, this low
concentration of cobalt is sufficient to produce a small phase decomposition of Ca-based
compounds such as hydroxyapatite (5.4%), as obtained in the Rietveld refinement analysis and it
seems presenting a biological advantage once the chemically-induced hypoxia is required only in
the early stages of osteoblast differentiation, as discussed better upon earlier. Important, the
affinity of metal ions for H and O atoms can induce a phase decomposition and change the monetite
chemical composition (DUNCAN et al., 2014). The cell parameter changes (a, B, v, a, b, and ¢)
can be related to the substitution of Ca®* (0.99 A) by Co?* with a smaller ionic radius (0.79 A).

Thus, Co-doping can produce significant modifications in the monetite crystal structure
in the form of changing in cell parameters. In addition, the distinct chemical characteristics of Co
compared to Ca (e.g. electronegativity) can modify the surface chemistry of the particles, affecting
the crystallite size, as observed. These effects were also found for metal replacement elements,
such as Ag, Sr, Zn, Al, Ni, and Mn (ADAWY:; DIAZ, 2022; KAYGILI et al., 2017). The SEM
micrographs do not illustrate differences in the morphology of the monetites, but illustrate their
sheet or plate shape, as described in the literature (MOTAMENI; ALSHEMARY; EVIS, 2021,
TAMIMI; SHEIKH; BARRALET, 2012; ZHOU et al., 2021a). XPS analysis together with SEM,
EDS, and XRD data confirm the effective synthesis and formation of monetite (GHINA
IMANIYYAH; SUNARSO; HERDA, 2022; MOTAMENI; ALSHEMARY; EVIS, 2021,
TAMIMI; SHEIKH; BARRALET, 2012; ZHOU et al., 2021a). The analyses of porosity, pore size,
and surface area by BET, show the small influences of cobalt in the final monetites generated
(BARDESTANI; PATIENCE; KALIAGUINE, 2019; WEBB; ORR, 2000).

From a biological perspective, soluble or insoluble cues have attracted significant
attention due to their prospect of improving bone tissue formation by impacting on cellular
responsiveness such as morphology, activity, and gene expression through the ECM-cell
interactions and ultimately regulating cell migration, proliferation, and differentiation (GEMINI-
PIPERNI et al., 2014b). All of these cellular aspects were better investigated here. Firstly, the
proposed novel material is not cytotoxic in osteoblasts. Additionally, CoCaP accelerates osteoblast
migration is suggested in wound healing assay and maybe this condition can be associated with
the higher expression of CDKs responding to material and this phenotype seems being in
association with the adhesion-related machinery once integrins, FAK and Src were also required.
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In this regard, important to associate this molecular aspect to the expertise of osteoblast in
balancing phospho-Y residue by modulating the activity of PTK and PTP, which are finely
modulated by ROS content such as FAK and Src (ZAMBUZZI; MILANI; TETI, 2010). Src plays
a pivotal role in osteoblasts participating in both adhesion by interacting with FAK and triggering
survival signaling as well as contributing with osteoblast differentiation when its phosphorylation
is modulated by protein tyrosine phosphatase (ZAMBUZZI et al., 2008, 2011). Importantly, ROS
seems being modulated in osteoblasts responding to CoCaP once the carbonylation of proteins was
decreased up to 7 days and it be very similar to osteoblasts responding to osteogenic medium.

Regarding the osteoblast differentiation mechanism, our data clearly shows there is an
enough stimulus to activate intracellular signaling pathways able to require the over expression of
both classical transcription factor Runx2 and Osterix in response to CoCaP. Important to report
that both genes activities were more than 2-fold changes higher in osteoblasts under osteogenic
conditions (osteogenic medium). The higher expression of these genes reflected on alkaline
phosphatase (ALP) involvement, as well as bone sialoprotein (BSP) and osteocalcin (CASTRO-
SILVA et al., 2012). Surprisingly, BMP2 was also up-expressed in response to CoCaP and it
means the activation of an autocrine loop to maintain the osteogenic stimulus which can modulate
late responses (or its maintenance) during bone healing. We have shown previously elsewhere that
osteoblast differentiation and mineralization require extracellular matrix remodeling as
prerequisite (ZAMBUZZI et al., 2009a). In fact, our data shows that the process of osteoblast
differentiation is associated to ECM remodeling dependent to MMP9 involvement and it can being
responsible for the regularity of angiogenesis stimulus delivering angiogenic signals such as
vascular endothelial growth factor (VEGF) and eNOS (PRIDEAUX et al.,, 2012; SARAN;
GEMINI PIPERNI; CHATTERJEE, 2014). During this mechanism, the resorption of CoCaP
needs to be driven also by osteoblasts, although the inflammatory cells deserve attention on this
matter. Our data show that osteoblast responding to CoCaP modulates the expression of RANKL
and OPG and these findings suggest this event being finely regulated, once the balance of RANKL
and OPG drives the osteoclastogenesis (TAKAYANAGI, 2021a).

In conclusion, considering our findings, this study unveils, for the first time, the biological
impact of a novel Co-doped monetite on osteoblasts. It highlights that cobalt-doped monetite
induces biomimetic hypoxia and swiftly mimics the bone healing environment, enhancing the
osteogenic performance of osteoblasts. Co-doped monetite emerges as a biomimetic and “smart”
material with promising applications in the field of bone development making it an eligible

candidate for exploration in preclinical protocols.
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Abstract

In the realm of biomaterials for bone applications, calcium phosphates, exemplified by monetite,
have gained considerable attention due to their unique ability to be readily absorbed by bone cells,
inducing osteogenesis. To enhance these properties, various studies have explored the strategy of
doping with additional elements, with cobalt being particularly noteworthy for its ability to induce
hypoxia in cells, thereby promoting bone cell differentiation. Heat treatments are crucial in
synthesizing certain calcium phosphates, resulting in purer and more crystalline phases, varied
particle sizes, and optimized cellular responses. This study subjected both monetite and cobalt-
doped monetite to heat treatments at temperatures of 700, 900, and 1050°C. Comprehensive
physicochemical characterization using XRD, FTIR, Raman, SEM/EDS, and ASAP revealed
notable modifications in the phases of both materials, leading to the formation of pyrophosphate
phases. When these materials were employed to condition a culture medium challenging MC3T3-
E1 cells, they exhibited non-cytotoxic behavior and elicited distinct responses in genes related to
the osteoblastic phenotype, angiogenesis, adhesion, and extracellular matrix remodeling. This
research contributes valuable insights into the fabrication of calcium phosphates, specifically
monetite and its cobalt-doped variant, showcasing their potential for future advancements in tissue

regeneration and biomaterial design within the field of regenerative medicine.
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Introduction

The integrity and functionality of bones, mainly serving as the mechanical and support
for vertebrates, have garnered increased attention in the context of rising life expectancy and
urbanization. Actually, diverse factors have contributed to an escalating demand for bone
regeneration strategies such as traumas and tumor resection (BIGHAM-SADEGH; ORYAN,
2015; MACEDO et al., 2017; VAN DER EERDEN; TETI; ZAMBUZZI, 2014). Important to be
coherent with the regeneration concept where it is expected to build up a new tissue preserving the
original morpho-functional properties (VAN DER EERDEN; TETI; ZAMBUZZI, 2014), and
bones exhibit intrinsic regenerative capabilities owing to a repertoire of bioactive molecules and
cells to regenerate itself (IAQUINTA et al., 2019; RUNYAN; GABRICK, 2017). However,
critical-sized injuries may surpass its inherent healing capacity, requiring clinical interventions,
often involving the use of biomaterials as scaffold (DUKLE et al., 2022; HOU et al., 2022;
ZAMBUZZI et al., 2011); once there is a limited therapeutic efficacy observed in autografts and
allografts underscores the pressing need for alternative approaches in simulating a conducive bone
regenerative microenvironment. Recognizing this lack, innovative technologies at the intersection
of chemistry and biology have been proposed to develop biomimetic scaffolding capable of
faithfully replicating the native regenerative microenvironment on multiple levels (BABIKER,
2013; HOU et al., 2022; LING et al., 2015; TODROS; TODESCO; BAGNO, 2021). In response
to these challenges, bone tissue engineering has surfaced as a promising therapeutic avenue,
leveraging the strategic use of biomaterials to recreate the intricate microenvironment and facilitate
the stimulation of bone regeneration (BABIKER, 2013). This paradigm shift holds significant
promise in addressing the shortcomings of traditional grafting techniques, offering a novel and
potentially transformative solution for advancing bone regenerative therapies. Thus, tissue
engineering, specifically the application of biomaterials, emerges as a pivotal strategy to enhance
the efficiency of bone injury recovery, expediting the return of individuals to society quickly
(BABIKER, 2013; CARDOSO et al., 2022; DA S. FELTRAN et al., 2019; HOU et al., 2022;
LING et al., 2015; TODROS; TODESCO; BAGNO, 2021; TORRENTO et al., 2022).

Addressing the need for biomaterials that seamlessly integrate with bone tissue, our
research aims to develop a biomaterial preserving bone mimetic characteristics, exemplified by
Monetite (CaP). Additionally, we incorporate the functional predictability of hypoxia in tissue
regeneration mechanisms (DA COSTA FERNANDES et al., 2021a; DE ALMEIDA et al., 2023).
Hypoxia, known to stimulate angiogenesis, is intricately linked to osteogenesis mechanisms (DE
ALMEIDA et al., 2023; STEGEN; VAN GASTEL; CARMELIET, 2015; ZELZER et al., 2001).
To predict and harness this function, our proposed biomaterial introduces cobalt doping to
Monetite (CoCaP), leveraging cobalt's role in inducing hypoxia. Cobalt, a transition metal essential
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as a trace element in plants and animals, is capable of influencing cells by releasing metal ions into
the extracellular environment (JANG et al., 2018; TAKAICHI et al., 2020). Previous applications
of cobalt in metal alloys, such as Cobalt-Chromium (CoCr), in bone implants, prostheses, and
stents underscore its familiarity, although limited attention has been directed towards its
integration into ceramic biomaterials like calcium phosphates (DA COSTA FERNANDES et al.,
2021a; DE ALMEIDA et al., 2023; JONITZ-HEINCKE et al., 2019; MADL et al., 2015).

Calcium phosphates, widely chosen as biomaterials due to their mineral similarity to bone
and teeth, offer versatility in designing implantable biomaterials over time (STEVENS et al., 2005;
WANG et al., 2009). Heat treatments, a common practice for obtaining crystalline phases, crystal
sizes, and altering properties, are applied to calcium phosphates like Hydroxyapatite (HAp) and
tricalcium phosphate (TCP) (BOHNER et al., 2008; RABIEI et al., 2020; SHEIKH et al., 2017
SINUSAITE et al., 2019). Monetite (CaP), a potential material for orthopedic and dental
applications, is utilized in various forms, including coatings for metal prostheses, self-fixing
injectable bone cement, and bone grafts (IDOWU et al., 2014; KO et al., 2015). In vitro studies
demonstrate Monetite's ability to promote cell proliferation and elevate osteogenic gene expression
(TAMIMI et al., 2012; TORRES et al., 2015), positioning it as a promising material for bone
regeneration.

However, the structural changes observed in Monetite upon heating, influencing phases
and cellular responses, prompt a need for a comprehensive understanding of its behavior under
different temperature conditions (GALEA et al., 2008; SHEIKH et al., 2017). In this study, we
subjected Monetite and Co-doped Monetite to heat treatments at 700, 900, and 1050°C, examining
phase changes, crystallite size, porosity, and the subsequent biological effects. Characterization
involved XRD, FTIR, Raman, and SEM/EDS assays, followed by the utilization of the materials
in conditioning culture medium and challenging MC3T3-E1 cells. Assessment methods included
MTT, CV, RTgPCR, and wound healing assays, providing insights into the impact of temperature

variations on the material’'s properties and biological responses.

Methods

Synthesis of materials

The coprecipitation method was used for the syntheses starting from the following Almeida 2023
(DE ALMEIDA et al., 2023):Dibasic Sodium Phosphate (Na2HPO., Sigma-Aldrich, 99%),
Calcium Chloride (CaCl,, Sigma-Aldrich, 97%), and Cobalt Chloride (CoCl., Sigma-Aldrich,
99%) were used in this study. Initially, Calcium Chloride and Cobalt Chloride were dissolved at a
concentration of 50 mmol/L, maintaining a Co?*/(Co?*+Ca?") nominal ratio of 2 mol%, in water

(18.2 mQ cm). The solution was then added drop by drop into the Dibasic Sodium Phosphate
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aqueous solution at a rate of 1 drop per second. The pH at the end of the precipitation process
ranged between 5.8 and 6.5. After the dripping stage, the suspension was homogenized for 30
minutes using a magnetic stirrer and subsequently centrifuged for 15 minutes at 4000 rpm. The
resulting solid was suspended in water, stirred on an orbital tube shaker for one hour, centrifuged
once again, and finally dried in an oven at 80°C. The end product was obtained in the form of
powders. Following drying, the CaP’s and CoCaPs were subjected to calcination at temperatures
of 700, 900, and 1050°C in a Muffle brand EDG oven (model F3000) for 2 hours with a ramp of
15°C per minute. The resulting samples were named CaP, CoCaP, CaP700, CoCaP700, CaP900,
CoCaP900, CaP1050, and CoCaP1050.

Thermogravimetry analyses (TGA)

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were conducted
employing a simultaneous thermal analyzer (STA 449 F3 Jupiter, Netzsch). Each sample,
approximately 9.69 mg, was carefully placed in a 50 ml alumina crucible. TGA-DTA curves were
generated with the following parameters: a temperature range of 30 to 1100°C, a heating rate of

10°C min™', and a flow rate of 50 mL min~' under a dry air atmosphere.

Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy was utilized to identify the functional groups of the material, employing a
Nicolet Nexus 670 spectrometer (Thermo, USA). Sample preparation involved 200 mg KBr
pellets, each containing 2% of the material. The analysis was conducted in transmittance mode

with a resolution of 4 cm™, and the spectra represent averages of 200 scans.

Raman spectroscopy

The analysis of powdered samples was conducted using a Raman microscope (Renishaw Inc.,
Hoffman Estates, IL) equipped with a 514.5 nm laser line, 1800 lines/mm diffraction grating, 10 s
acquisition time, laser power attenuated to 10%, and a 50x (NA = 0.75) dry objective (Leica
Microsystems). This technique provides Raman bands, facilitating the detection of molecular
vibrations in the samples. Consequently, FTIR and Raman spectroscopy may be considered
complementary techniques for evaluating the molecular structure of the compounds within the

samples.

X-ray diffraction (XRD)
XRD patterns were collected using a Rigaku diffractometer (DMax 2100PC), employing Ni-
filtered CuK, radiation (A = 1.5406 A; 40 kV; 15 mA), in Bragg-Brentano configuration,
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continuous scan mode, at 4° for min™ and a step size of 0.04°. The peaks were indexed using
Search-Match software (Malvern Panalytical) and PDF-2 database (ICSD, 2003) (ALLMANN;
HINEK, 2007; BELKLY et al., 2002; HELLENBRANDT, 2004; ZAGORAC et al., 2019).
Rietveld method (GSAS software) with the EXPGUI interface was used for the structural
refinement to obtain cell parameters and crystalline information. The refinements were carried out
with a standard Y203 sample for instrumental contribution, using the Pseudo-Voigt, Chebyshev,
and March-Dollase functions for profile, background, and preferred orientation adjustments,
respectively. The crystallite size was calculated using Scherrer and Williamson-Hall equations
from the FHWM (Full Width at Half Maximum) of the diffracted peaks, as detailed by Kaygili et
al. (2017) (KAYGILI et al., 2017). The details of crystallographic datasheets of monetite and
hydroxyapatite used in the refinements as well as the refinement data can be found in the

supplementary material.

Scanning electron microscope (SEM)

SEM analyses were conducted using a JEOL model JSM-6010 Scanning Electron Microscope,
operating with an acceleration voltage of 10 kV and a secondary electron detector. The semi-
quantitative Energy-Dispersive X-ray Spectroscopy (EDS) analysis for Ca, P, O, and Co chemical
elements was also performed using the same equipment detector and acceleration voltage (10 kV).

Porosity and surface area

Prior to analysis, the materials underwent heat treatment at 80°C under vacuum conditions for a
sufficient duration to achieve a pressure of <10 mmHg and a change rate of less than 5 umHg/min.
The sample carrier, containing the material, was isolated from the vacuum system during this time
interval. Following mass determination, the isotherm assessment involved measuring the volume
of N2 adsorbed at 77K on the solid (corrected to standard pressure-temperature conditions -
CPTP). This was carried out under increasing relative pressures (adsorption isotherm, adsorption
branch) until reaching saturation pressure, PO = 1. The reverse path, starting from PO = 1, was then
performed to obtain the desorption branch of the adsorption isotherm. The profile of the adsorption
isotherm and hysteresis offer insights into the texture of the solid. The measurement of the volume
of N2 adsorbed in the relative pressure (P/P0) range between 0.03 and 0.20 (from the adsorption
isotherm, adsorption branch) was employed to calculate the surface area (SBET). Additionally,
the Barrett-Joyner-Halenda (BJH) method was utilized for the analysis of the pore size distribution,

incorporating data from the isotherm's desorption branch.
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Cell culture

The MC3T3-EL1 cell line (pre-osteoblast) cultures were maintained in Alpha-MEM supplemented
with antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin) and 10% fetal bovine serum
(FBS). Cultures were incubated at 37°C with 95% humidity and 5% CO2. For material testing,
subconfluent cultures were exposed to a cell culture medium enriched with biomaterial (0.2g/mL),
following ISO 10993-12 guidelines. To prepare the conditioned medium, the FBS-free medium
was enriched for up to 24 hours with CaPs and CoCaPs. Subsequently, 10% FBS was added, and
the resulting conditioned medium was used to challenge pre-osteoblasts. MC3T3 cells were
cultivated under different conditions: Control (Ctrl, Alpha-MEM medium), Osteogenic Medium
(0.M.), and conditioned medium derived from CaPs and CoCaPs, including CaP, CoCaP, CaP700,
CoCaP700, CaP900, CoCaP900, CaP1050, and CoCaP1050.

Osteoblast differentiation

To induce differentiation, we treated pre-osteoblasts (MC3T3-E1, subclone 4) with -
Glycerophosphate (10 mM), Dexamethasone (0.03 g/mL), and Ascorbic Acid (50 pg/mL) obtained
from Sigma-Aldrich. The culture medium contained 10% FBS.

Cytotoxicity evaluated by MTT assay

Pre-osteoblasts were seeded into 96-well plates, and next, they were subjected to the CaP’s and
CoCaP ’s-enriched media for up to 24 and 72 hours. Therefore, the cell culture medium was
removed, and MTT solution (1 mg/mL?) was added to the cultures for up to 3 hours when the
MTT-containing medium was removed, and 1 mL of absolute ethanol was added to solubilize the
blue dye formed by viable cells. The absorbance was then measured at 570 nm using a microplate
reader (SYNERGY-HTX multi-mode reader, Biotek, USA).

Cell adhesion assay

Cell adhesion was assessed using the crystal violet method. Cells were cultured conventionally,
trypsinized, and seeded in 96-well microplates at a density of 100 x 10° cells/mL (100 uL/well) to
investigate the impact of CaPs and CoCaPs-enriched media on cell adhesion. A control group,
cultured with conventional medium, was included for each material group. Following 24 and 72
hours of exposure, cells were stained, and cell adhesion was evaluated by incorporating crystal
violet, following previously described procedures. The absorbance was measured at 540 nm using
a microplate reader (SYNERGY-HTX multimode reader, Biotek, USA) to estimate the number of

adherent cells.
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Wound healing assay

The cell migration and regeneration were estimated by using a scratch assay, as performed earlier
(PINTO et al., 2022). The scratch assay estimates cell migration and regeneration. Briefly, the
cells were cultured in 12-well plates at 4x10* cells/cm?, and after 100% confluence, an introduced
area was cleared using a pipet tip, and then monitoring of the healing and the migration of the cells
up to 12h and 16h (PINTO et al., 2022). Thereafter, the cultures were subjected to fixation with
4% PFA and stained with Alizarin Red S. In the healing in vitro analysis, the wound healing area
was measured in an inverted microscope with a coupled digital camera (Zeiss), and the acquired

images were analyzed using the ImageJ software (NIH, Bethesda, MD).

RTqPCR

To investigate the molecular mechanisms associated with adaptation to each CaP, pre-osteoblasts
were exposed to conditioned medium from each CaP and CoCaP for 3 and 7 days. Subsequently,
cells were harvested, and total RNA was extracted using Ambion TriZOL Reagent (Life Sciences
- Fisher Scientific Inc., Waltham, MA, USA). The RNA samples were treated with DNAse |
(Invitrogen, Carls, CA, USA), following established protocols. Following the manufacturer's
instructions, cDNA synthesis was carried out using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA). Real-time PCR was performed in
10 pL reactions containing PowerUpTM SYBRTM Green Master Mix 2x (5 pL) (Applied
Biosystems, Foster City, CA, USA), 0.4 pumol/L of each primer, 50 ng of cDNA, and nuclease-
free H20. The results were expressed as relative amounts of transcripts using GAPDH and 18S as
reference genes (housekeeping genes) employing the cycle threshold (ct) method. Primers and
reaction details are provided in Table 1.

Table 1. Primer sequences and details of the cycle conditions.

Gene (ID) Primer 5'-3' Sequence Reaction condition
Runx2 Forward GGACGAGGCAAGAGTTTCA 95°C - 15s; 60°C - 30s;
(12393) Reverse TGGTGCAGAGTTCAGGGAG 72°C - 60s

Osterix Forward CCCTTCCCTCACTCATTTCC 95°C - 15s; 60°C - 30s;
(170574) Reverse CAACCGCCTTGGGCTTAT 72°C - 60s

Osteocalcin Forward AGACTCCGGCGCTACCTT 95°C - 15s; 60°C - 30s;
(12096) Reverse CTCGTCACAAGCAGGGTTAAG 72°C - 60s

BSP Forward GTACCGGCCACGCTACTTTCT 95°C - 15s; 60°C - 30s;
(15891) Reverse GTTGACCGCCAGCTCGTTTT 72°C - 60s

Integrin  al | Forward TATCCTCCTGAGCGCCTTT 95°C - 15s; 60°C - 30s;
(109700) Reverse TGGCCTTTTGAAGAATCCAA 72°C - 60s

Integrin  p1 | Forward CTGATTGGCTGGAGGAATGT 95°C - 15s; 60°C - 30s;
(16412) Reverse TGAGCAATTGAAGGATAATCATAG 72°C - 60s

113



Fak Forward TCCACCAAAGAAACCACCTC 95°C - 15s; 60°C - 30s;

(14083) Reverse ACGGCTTGACACCCTCATT 72°C - 60s

Src Forward TCGTGAGGGAGAGTGAGAC 95°C - 15s; 60°C - 30s;

(20779) Reverse GCGGGAGGTGATGTAGAAAC 72°C - 60s

Cofilin Forward CAGACAAGGACTGCCGCTAT 95°C - 15s; 60°C - 30s;

(12631) Reverse TTGCTCTTGAGGGGTGCATT 72°C - 60s

Rank-L Forward CGCTCTGTTCCTGTACTTTCGAGC 95°C - 15s; 60°C - 30s;

(21943) Reverse TCGTGCTCCCTCCTTTCATCAGGTT 72°C - 60s

HIFla Forward CATAAAGTCTGCAACATGGAAGGT 95°C - 15s; 60°C - 30s;

(15251) Reverse ATTTGATGGGTGAGGAATGGGTT 72°C - 60s

VEGF Forward TGCAGATTATGCGGATCAAACC 95°C - 15s; 60°C - 30s;

(22339) Reverse TGCATTCACATTTGTTGTGCTGTAG 72°C - 60s

Gapdh Forward AGGCCGGTGCTGAGTATGTC 95°C - 15s; 60°C - 30s;

(14433) Reverse TGCCTGCTTC ACCACCTTCT 72°C - 60s

11p Forward GAC CTT CCAGGATGA GGA CA 95°C - 15s; 60°C - 30s;

(16176) Reverse AGC TCA TAT GGG TCC GAC AG 72°C - 60s

1110 Forward CCA AGC CTT ATC GGA AAT GA 95°C - 15s; 60°C - 30s;

(16153) Reverse TTT TCA CAG GGG AGA AAT CG 72°C - 60s

1118 Forward ACTTTG GCCGACTTC ACT GT 95°C - 15s; 60°C - 30s;

(16173) Reverse GGG TTC ACTGGCACTTTGAT 72°C - 60s

ALP Forward GAA GTC CGT GGG CAT CGT 95°C - 15s; 60°C - 30s;

(11647) Reverse CAG TGC GGT TCC AGA CAT AG 72°C - 60s

Bmp2 Forward GGT CAC AGC TAAGGC CATTGC 95°C - 15s; 60°C - 30s;

(12156) Reverse GCTTCCGCTGTTTGTGTIT TG 72°C - 60s

OPG (21943) Forward CAG AGA CTA ATA GAT CAA AGG CAG 95°C - 15s; 60°C - 30s;
Reverse ATG AAG TCT CAC CTG AGA AGA ACC 72°C - 60s

eNOS Forward AAG CCG CAT ACG CAC CCA GAG 95°C - 15s; 60°C - 30s;

(18127) Reverse TGG GGT ACC GCT GCT GGG AGG 72°C - 60s

MMP2 Forward AAC TTT GAG AAG GAT GGC AAG T 95°C - 15s; 60°C - 30s;

(17390) Reverse TGC CACCCATGGTAAACAA 72°C - 60s

MMP9 Forward TGT GCCCTGGAACTCACACGAC 95°C - 15s; 60°C - 30s;

(17395) Reverse ACGTCGTCCACCTGGTTCACCT 72°C - 60s

B-Actin Forward TCT TGG GTATGG AAT CCT GTG 95°C - 15s; 60°C - 30s;

(11461) Reverse AGG TCT TTA CGG ATG TCA ACG 72°C - 60s

18S Forward TAG TTG GAT CTT GGG AGC GG 95°C - 15s; 60°C - 30s;

(19791) Reverse TAG AAC CGC GGT CCT ATT CC 72°C - 60s

Protein Carbonylation

MC3T3-E1 was grown in such as the other’s biological testes and properly harvested for

evaluating the protein’s carbonylation as an indicator of oxidative stress using the alkaline method
as described by Mesquita et al. (2014)(DA COSTA FERNANDES et al., 2021a; MESQUITA et
al., 2014). The protein carbonyl concentrations were based on the average absorbance and the

micromolar extinction coefficient of 2,4-Dinitrophenylhydrazine (DNPH) reagent under alkaline

conditions (0.022308 pmol cm * at 450 nm). Carbonylated protein levels are expressed in nmol of
DNPH/mg of protein.
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Staining with Alkaline Phosphatase

Pre-osteoblasts were seeded at a concentration of 5 x 10* cells/mL in 24-well plates and treated
when reaching semi-confluence with the medium conditioned by CaPs and CoCaPs for 3 and 7
days. The medium was refreshed every 2 days. Alkaline phosphatase (ALP) staining was
conducted following the manufacturer's instructions using the SIGMAFAST BCIP/NBT tablet.
Subsequently, the wells were washed with PBS, and the plate was photographed using an inverted
microscope (Zeiss, Germany)

Statistical analysis

Statistical analyses were conducted using GraphPad Prism 7 software (GraphPad Software, USA).
Variance analysis was performed through a two-way ANOVA, and post hoc analysis was carried
out using Tukey’s correction or non-parametric analysis. A p-value < 0.05 was considered

statistically significant.

Results

After synthesis and thermal treatments, characterization tests revealed details about the
phase and structural changes in Monetite and Co-doped Monetite. The thermogravimetric analysis
depicted in Fig. 1 reveals a similar event in both materials. The initial event, occurring around
190°C, is possibly associated with the dehydration of water molecules bound within the structure
or adsorbed from the environment. The second event, with mass losses of 5.69% and 7.43%
between 400 and 480°C, is attributed to the transformation of monetite into calcium pyrophosphate
through the condensation of the HPOs?2 group, according to the equation: 2CaHPO, —
yCa,P,0, + H,0, comparative studies is related to thermal conversion to calcium pyrophosphate

by solid-state reaction..

T T T
400 500 600 700 800
Temperature °C

T T T T T T
200 300 400 500 600 700
Temperature °C

Fig. 1: Thermogravimetric analysis of (a) CaP and (b) CoCaP, illustrating one endothermic event linked to
dehydration and two events associated with thermal decomposition.
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The XRD tests and using ICSD showed in Fig.2 and Fig.3 the diffraction patterns of the materials
when subjected to the thermal treatments, showing the differences in the peaks, and through
refinement it was possible to understand the phase changes and crystal size.
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Fig. 2 - Visual plot of Rietveld refinements. a. Monetite. Wo_HT, b. Monetite_700, c. Monetite_ 900, d.
Monetite_1050, e. Co-doped Monetite_ Wo_HT, f. Co-doped Monetite_700, g. Co-doped Monetite_900,
and h. Co-doped Monetite_1050.
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Fig. 3 - Visual plot of Williamson — Hall equation. a. Monetite._ Wo_HT, b. Monetite_700, c. Monetite_900,
d. Monetite_1050, e. Co-doped Monetite. Wo_HT, f. Co-doped Monetite 700, g. Co-doped Monetite_900,
and h. Co-doped Monetite_1050. The results obtained by the refinement are Supplementary data.

The ASAP assay, as shown in Table 2, illustrates the impact of temperature on the pores
and surface area of the materials, revealing a reduction in both area and the quantity and size of

pores
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Table 2 - SBET-specific area (m?/g) of Monetite and Co-doped Monetite.

Samples m (9) Seet (M?/g) Viotal pore (CPPT) V'otal micropore Average Pore

(cm3/g) (d<683,9A) (CPPT) (cm?3/g) Diameter (A)
Monetite 0,6498 |4,8+1,0 18,54 0,000020 125
CoMonetite 0,6854 | 5,0£1,0 15,01 0,000021 112
CoMonetite 700 1,2035 | 2,5%£1,0 5,74 0,000071 69
CoMonetite 900 2,2423 | <1,0 1,65 0,000001 78
CoMonetite 1050 2,1532 <1,0 0,85 0,000004 -

The Fig. 4 depicts the N2 adsorption isotherms at 77K for the Monetite, CoMonetite, CoMonetite
700, CoMonetite 900, and CoMonetite 1050 samples.
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Fig. 4: N2 adsorption isotherms at 77K on Monetite and Co-doped Monetites treated at different
temperatures (filled markers: adsorption branch and open markers: desorption branch).

Braunauer, Deming, Deming, and Teller proposed a classification associating the shape
of isotherms with the characteristics and pore dimensions of the solid. The obtained isotherms for
the samples indicate Type Il behavior, suggesting non-porous solids or solids with pores in the
range of mesopores (2.5 to 100 nm) or macropores (diameter greater than 50 nm). The distribution
is broad for both CoMonetite and Monetite samples, with the presence of mesopores and
macropores. There is also evidence of the presence of micropores (<50 A) in most of the samples
analyzed.

FTIR (Fig. 5) combined with Raman Spectroscopy (Fig. 6) highlights differences in the
spectra of the materials, enabling the visualization of the formation of different phosphate phases.
Monetite bands include a broad band (3600-3200 cm™) corresponding to hydroxyl vibrations, a
peak around 1640 cm™! indicative of water vibrations, a range between 1100-1000 cm™! related to
phosphate group vibrations, and a band around 600-500 cm ™! attributed to the stretching vibrations
of the P-O-P group. Transformations into calcium pyrophosphates show changes, such as the

disappearance or reduction of the hydroxyl band and shifts in peaks related to phosphate groups.
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In Raman spectroscopy, characteristic peaks of monetite and pyrophosphates are identified.
Monetite exhibits phosphate (PO.) peaks in the 900 to 1100 cm™ range, while pyrophosphates
display P-O-P peaks in the 600 to 800 cm™ range. Peaks related to P-OH bonds in some
pyrophosphates are also observed. These peaks provide essential information for identifying and
analyzing the molecular structures of monetite and pyrophosphates using Raman spectroscopy.
The exact peak positions may vary based on sample purity and other experimental factors.
Braunauer et al. proposed the classification, which associates the shape of the isotherm with the
characteristics and pore dimensions of the solid. The isotherms obtained for the samples indicated
that they are Type 1, i.e. non-porous solids or with pores in the range of mesopores (2.5 to 100nm)
or macropores (diameter greater than 50nm). The distribution is quite wide for CoMonetite and
Monetite samples, with the presence of mesopores (2.5 to 100nm) and macropores (diameter
greater than 50nm). There is evidence of the presence of micropores (<50 A) for most of the
samples analyzed.

The FTIR (Fig. 5) combined with Raman Spectroscopy (Fig. 6), showed the differences
in the spectra of the materials, making it possible to visualize the formation of different phases of
the phosphate bands. The bands found in monetite can be summarized as follows: a broad band
between 3600-3200 cm-1, corresponding to the vibrations of the hydroxyls (OH) present in the
structure, a peak around 1640 cm™, indicative of the vibrations of the adsorbed water, a peak
between 1100-1000 cm™, related to the vibrations of the phosphate groups (PO4*), and a band
around 600-500 cm?, this band is attributed to the stretching vibrations of the P-O-P group, which
is also related to the presence of the phosphate group in the structure.

The peaks in the materials transformed into calcium pyrophosphates, showed the
following changes: The disappearance or reduction of the broad hydroxyl band around 3500-3200
cm?, since pyrophosphates do not contain hydroxyls, 1128 cm™: V6 POs. stretch in HPO4%, 1100,
1093, 1047: Y3 asymmetric stretching of POs> or Y6 POs stretching in HPOs* , 965: V1
symmetrical stretch of PO+, 918: Y3 P-OH stretch in HPO4*, 650: OH vibrations of hydroxyl
616, 581: Y4 O-P-O strain in POs* or Y4 OP-O strain in HPO4%, and 535: Y7 P-OH stretch in
HPO4?.

118



1400 1200 1000 800 600 400 1400 1200 1000 800 600 400
T T T T T T ™

- T T

a v N
. R ViR e 1000

v \ P

vl 4

0975 |

0,950 |-

CaP1050 ! | 1 CoCaP1050 | !

| CaP900 oss - CoCaP900

Transmitance (a.u)
Transmitance (a.u)

‘[caPro0 | ! R [ cocaP700 ! !

0,9068 |-

09912 |-

0,0856 |-

caP ! iy CoCaP

0,9800

L s - L Lt L s LN s PR
1400 1200 1000 800 600 400 1400 1200 1000 800 600 400

Wavenumber (cm™) Wavenumber (cm™)

Fig. 5 - a. Monetite FTIR spectra, and b. Co-doped Monetite FTIR spectra.

In Raman spectroscopy, the characteristic peaks of monetite and pyrophosphates can be
identified in different regions of the spectrum, and they provide valuable information about the
molecular structure of these compounds. In monetite, it was possible to visualize the phosphate
(POa) peak, in the region of approximately 900 to 1100 cm™, referring to angular deformation
peaks and stretching vibration of the phosphate group (POas) present in the monetite structure.
Phosphate (PO4) and calcium (Ca) peaks: Around 500 cm™, it was possible to find two peaks
related to the vibration modes of the phosphate group and calcium. In pyrophosphates, P-O-P
peaks were identified: In the 600 to 800 cm™ range, pyrophosphates exhibit characteristic peaks
related to the vibrations of the P-O-P group, which are typical of this class of compounds. P-OH
peaks: In some pyrophosphates, deformation and vibration peaks of the P-OH bonds can be found
if there are hydroxyls attached to the phosphate group. These characteristic peaks are essential for
identifying and analyzing the molecular structures of monetite and pyrophosphates samples and

other experimental factors.
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Fig. 6. Raman Spectroscopy: a. CaP's, b. CoCaP's, and c. CaP and CoCaP without heat treatment.
Characteristic peaks of monetite are symbolized in the dashed lines and peaks of calcium pyrophosphates
and other phases in the solid lines.

The SEM analysis in Fig. 7 reveals variations in powder morphology. In the untreated
materials, a sheet/plate-like profile is observed. At 700°C, the sheets/plates exhibit a reduced size,
and at 900 and 1050°C, the material takes on a granular profile with particle aggregation, consistent
with ASAP test results.
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Fig. 7 - a. SEM micrographs. b. Semiquantitative analysis by EDS

The Wound Healing assay (Fig. 8a) demonstrated cell regeneration after cutting the cell
mat. After 12 hours, cell regeneration was visible, with the CaP900 group showing regeneration
similar to the Control group, and other treatments exhibiting superior regeneration compared to
the Control. Among groups treated under the same thermal conditions, cobalt-doped groups
showed greater regeneration than non-doped groups (Fig. 8b) (CaP vs CoCaP #*%p < 0.0001,
CaP700 vs CoCaP700 "p < 0.0001, CaP900 vs CoCaP900 **p < 0.0001, and CaP1050 vs
CoCaP1050 %%y < 0.0001). In the 16-hour treatment (Fig. 8c), the CaP, CoCaP, CoCaP700,
CoCaP900, and CoCaP1050 groups showed superior or similar regeneration compared to the
Control group. The O.M., CaP700, CaP900, and CaP1050 groups exhibited inferior regeneration
compared to the Control and their respective heat treatments with added cobalt. Among groups
treated under the same thermal conditions, the CaP and CoCaP groups did not show statistically
significant differences in regeneration. However, among thermally treated groups, differences
were observed (CaP700 vs CoCaP700 ®p < 0.0001, CaP900 vs CoCaP900 **p < 0.0001, and
CaP1050 vs CoCaP1050 %9%p < 0.0001).
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The MTT and Crystal Violet assays indicated that the materials exhibit no cytotoxicity
and appear to induce increased cell proliferation. In the 24-hour MTT assay (Fig. 8d), only the
O.M and CaP1050 groups did not show statistically significant differences compared to the control
group, and neither exhibited cytotoxicity. In the 72-hour assay (Fig. 8f), only the CaP900 and
CaP1050 groups did not show statistically significant differences from the control group, while
the other groups showed an increase in dye concentration, potentially related to increased cell
proliferation.

In the 24-hour Crystal Violet assay (Fig. 8e), only the CaP and CoCaP700 groups
exhibited statistically significant differences; none of the other groups showed cytotoxicity. In the

72-hour assay (Fig. 8g), all groups showed no differences from the control group.
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Fig. 8: a. Regeneration of cells after 12 and 16 hours. b. Quantification of the regenerated area in 12 hours,
¢. Quantification of the regenerated area in 16 hours, d. MTT 24 hours; e. CV 72 hours, f. MTT 72 hours,
and g. CV 72 hours.

Gene expressions were evaluated at two treatment times, 3 and 7 days. For comparison,
all groups were compared to the Control group and their respective heat treatments. The
inflammatory phenotype was assessed by the expression of IL1f, IL10, and IL18 genes (Fig. 9).
At the 3-day treatment time, in the IL1p gene (Fig. 9a), the CaP (****p < 0.0001), CoCaP (**p =
0.0049), CoCaP700 (***p =0.0001), and CoCaP900 (****p < 0.0001) groups showed statistically
significant differences compared to the Control group. CaP expression was increased compared to
CoCaP (°p = 0.0424), CoCaP700 had increased expression compared to CaP700 (°°°p = 0.0002),
and CoCaP900 showed increased expression compared to CaP900 (““°p < 0.0001). At the 7-day
treatment time (Fig. 9d), the CoCaP (****p <0.0001), CoCaP700 (**p = 0.0050), CoCaP900 (**p
=0.019), and CoCaP1050 (****p < 0.0001) groups showed increased expression compared to the
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Control. Significant differences in expressions were observed among groups in the same
conditions (CaP vs CoCaP %2 < 0.0001, CaP700 vs CoCaP700 °p = 0.0015, CaP900 vs
CoCaP900 °p = 0.0187, and CaP1050 vs CoCaP1050 p = 0.0114).

In the IL10 gene, at the 3-day treatment (Fig. 9b), the O.M. (**p = 0.0012), CaP700 (*p
= 0.0185), CoCaP900 (****p < 0.0001), and CoCaP1050 (***p = 0.0004) groups showed a
statistically significant increase compared to the Control group. Differences between treatments
were found, with CoCaP 900 showing increased expression compared to CaP900 (*“““°p < 0.0001),
and CoCaP1050 exhibiting an increase compared to CaP1050 (“““dp < 0.0001). In the 7-day
treatment (Fig. 9e), significant increases were found in the CaP (*p = 0.0488), CoCaP (**p =
0.0011), CaP700 (**p = 0.0023), CoCaP900 (****p < 0.0001), CaP1050 (****p < 0.0001), and
CoCaP1050 (****p < 0.0001) groups compared to the Control. Between treatments, differences
were found in the groups treated at 700 and 900°C, with an increase in expression in the CaP700
group (°°p = 0.0012) compared to CoCaP700, and increased expression in CoCaP900 (*“p <
0.0001) compared to CaP900.

IL18 expression (Fig. 9c) increased in the O.M. (***p = 0.0001), CaP (****p < 0.0001),
CaP700 (**p = 0.0092), and CaP900 (****p < 0.0001) groups and decreased in CoCaP700 (*p =
0.0290) and CoCaP900 (**p = 0.0067) compared to Control. Statistically significant differences
were found between the groups, with non-doped groups showing increased expressions compared
to cobalt-doped ones (CaP vs CoCaP #%p < 0.0001, CaP700 vs CoCaP700 P***p < 0.0001, and
CaP900 vs CoCaP900 ®““p < 0.0001). In the 7-day treatment (Fig. 9f), expression increased in the
CaP900 (**p = 0.0042) and CaP1050 (****p < 0.0001) groups compared to the Control. Among
the treatments, the CaP700, CaP900, and CaP1050 groups (CaP700 vs CoCaP700 "°p = 0.0019,
CaP900 vs CoCaP900 ®*p < 0.0001, and CaP1050 vs CoCaP1050 9y < 0.0001) showed

increases compared to their respective cobalt groups.
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Fig. 9. The inflammatory phenotype: 3-day treatments. a. IL1pB, b. 1L10, c. 1L18, 7-days treatments. d.
IL1B, e. IL10, and f. 1L18.

Genes involved in adhesion and ECM remodeling processes were assessed (Fig. 10),
including Integrin-al, Integrin-pf1, Fak, Src, and Cofilin. In the 3-day treatment, Integrin-al
expression (Fig. 10a) significantly increased in Control in the CoCaP700 (****p < 0.0001) and
CoCaP900 (****p < 0.0001) groups. Differences in expression were found between the cobalt-
doped and non-doped groups (CaP700 vs CoCaP700 **®p < 0.0001, and CaP900 vs CoCaP900
®p < 0.0001). In the 7-day treatment (Fig. 10f), the CoCaP900 (****p < 0.0001) and CoCaP1050
(****p < 0.0001) groups showed statistically significant increases. Differences in expression were
found between groups treated under the same conditions, with materials containing cobalt showing
increased expression compared to those without (CaP vs CoCaP % = 0.0211, CaP900 vs
CoCaP900 ®*°p < 0.0001, and CaP1050 vs CoCaP1050 %p < 0.0001).

In the analysis of the Integrin-B1 gene (Fig. 10b), in the 3-day treatment, statistically
significant differences were found in the O.M. (****p < 0.0001) and CaP1050 (****p < 0.0001)
groups. Differences in expression were observed in groups treated at 1050°C, with CaP1050
showing increased expression compared to CoCaP1050 (“4p < 0.0001). In the 7-day treatment
(Fig. 10g), the O.M. (*p = 0.0010), CaP (**p = 0.0018), CoCaP (**p = 0.0010), CaP900 (*p =
0.0102), CoCaP900 (****p < 0.0001), and CaP1050 (****p < 0.0001) groups showed a
statistically significant increase. Differences were found between treatments under the same
thermal conditions, with the CaP700 and CoCaP700 groups showing increased expression (°p =
0.0138), and CaP1050 vs. CoCaP1050 (“Wdp < 0.0001), with increases in non-cobalt groups
compared to cobalt groups.

In Src expression, in the 3-day treatment (Fig. 10c), statistically significant increases were
found in the O.M (*p = 0.0344), CoCaP700 (****p < 0.0001), and CoCaP1050 (*p = 0.0399)
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groups compared to Control. The CoCaP700 group showed an increase in expression compared to
CaP 700 (*®*p < 0.0001). In the 7-day treatment (Fig. 10h), expression increased in the O.M. (**p
=0.0097), CoCaP (****p < 0.0001), CoCaP700 (****p < 0.0001), CoCaP900 (****p < 0.0001),
and CoCaP1050 (****p < 0.0001) groups. Differences in expression were observed between CaP
and CoCaP groups (CaP vs CoCaP #* < 0.0001, CaP700 vs CoCaP700 P°**p < 0.0001, CaP900
vs CoCaP900 ¢““p < 0.0001, and CaP1050 vs CoCaP1050 %49y < 0.0001).

In the expression of Fak, in the 3-day treatment (Fig. 10d), increases were found in
expressions compared to Control in the CaP (****p < 0.0001), CoCaP (****p < 0.0001), CaP700
(****p < 0.0001), CoCaP900 (****p < 0.0001), and CaP1050 (****p < 0.0001) groups.
Differences in expression were observed between the cobalt and non-cobalt groups (CaP vs CoCaP
a3y < (0.0001, and CaP900 vs CoCaP900 “““p < 0.0001), with increased expression in cobalt
groups compared to those without. At 7-day treatment (Fig. 10i), expression increased in the O.M.
(***p =0.0004), CaP1050 (****p < 0.0001), and CoCaP1050 (****p < 0.0001) groups compared
to Control. Between treatments, CaP and CoCaP groups showed a small increase in expression in
CoCaP (%% = 0.0029), and the CaP1050 group showed an increase compared to CoCaP1050 (“p
= 0.0030).

In Cofilin expression (Fig. 10e), the O.M. (****p < 0.0001), CaP (****p < 0.0001), and
CoCaP900 (**p = 0.0015) groups showed an increase in expression compared to Control. The
CoCaP900 (**p = 0.0015) and CoCaP1050 (*p = 0.0185) groups showed a decrease. Between
treatments under the same thermal conditions, expression increased in the CaP group compared to
CoCaP (**p < 0.0001) and increased in CoCaP900 compared to CaP900 (““°p = 0.0008). In the
7-day treatment (Fig. 10j), expressions increased in O.M. (***p = 0.0009), and CoCaP1050
(****p < 0.0001) compared to Control. Among the treatments, only the CoCaP1050 group (“Ip

< 0.0001) showed an increase in expression compared to CaP1050.
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Fig. 10. Genes involved in adhesion and ECM remodeling: 3-day treatment: a. Integrin-al, b. Integrin-f1
c. Src d. Fak e. Cofilin, 7-day treatment: f. Integrin-al, g. Integrin-p1, h. Src, i. Fak, and j. Cofilin.

Genes involved in osteogenesis processes, such as Runx2, Bsp, Osterix, Osteocalcin, Alp,
and Bmp2, were evaluated and illustrated in Fig. 11. In the 3-day treatment (Fig. 11a), the Runx2
gene showed a statistically significant increase in expression in the CoCaP (**p = <0.0024) and
CaP1050 (****p = <0.0001) groups compared to Control. Among treatments under the same
thermal conditions, the CoCaP (% = 0.0026) and CoCaP700 (°p = 0.0101) groups exhibited
increased expression compared to CaP and CaP700, respectively. The CaP1050 group showed an
increase compared to CoCaP1050 (%ddp = <0.0001). In the 7-day treatment (Fig. 11g), the O.M.
(****p = <0.0001), CoCaP (****p = <0.0001), CaP700 (***p = 0.0002), CoCaP900 (****p =
<0.0001), CaP1050 (****p = <0.0001), and CoCaP1050 (****p = <0.0001) groups showed an
increase in expression compared to Control. Among the treated groups, CaP700 and CaP1050
(PbPPp = <0.0001 and %44Ip = <0.0001) showed a significant increase compared to CoCaP700 and
CoCaP1050, respectively. CoCaP and CoCaP900 showed an increase compared to CaP and
CoCaP900 (***@p = <0.0001 and °*“p = <0.0001).

In the Osterix gene, in the 3-day treatment (Fig. 11b), the CoCaP (*p = 0.0153), CaP700
(****p = <0.0001), and CoCaP1050 (*p = 0.0187) groups showed a statistically significant
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increase compared to Ctrl. Between-group differences were observed, with the CoCaP1050 group
showing an increase compared to CaP1050 (““p = 0.0014), and an increase in the CaP700 group
compared to CoCaP700 (®°p = 0.0010). In the 7-day treatment (Fig. 11h), the CoCaP (****p =
<0.0001), CaP700 (***p = 0.0003), and CoCaP900 (****p = <0.0001) groups showed an increase
in expression compared to Control. Among the treated groups, the CoCaP (***p = <0.0001) and
CoCaP900 (**“°p = <0.0001) showed an increase compared to CaP and CaP900, respectively. The
CaP700 group ("°p = 0.0003) showed an increase compared to CoCaP700.

Bsp expression at 3 days of treatment (Fig. 11c) was increased in the O.M. (****p =
<0.0001), CaP (*p =0.0109), CoCaP (****p =<0.0001), and CaP1050 (****p = <0.0001) groups.
Among the treatments, the CaP900 (°p = 0.0193) and CaP1050 groups (%“p = <0.0001) showed
an increase compared to their respective cobalt groups. In the 7-day treatment (Fig. 11i), BSP
expression was increased in the O.M. (****p = <0.0001) and CaP900 (****p = <0.0001) groups,
when compared to Control. Among the groups, CaP900 showed a significant increase compared
to CoCaP900 (““p = 0.0008).

The expression of Alp, upon treatment for 3 days (Fig. 11d), was increased in the CoCaP
(****p = <0.0001) and CaP900 (**p = 0.0088) groups compared to Control. Among the groups,
the CoCaP group showed a significant increase compared to CaP (***p = <0.0001), and the CaP900
group (“°p = 0.0063) showed an increase compared to CoCaP900. In the 7-day treatment (Fig. 11j),
the CoCaP (****p = <0.0001), CoCaP700 (**p = 0.0014), CoCaP900 (****p = <0.0001),
CaP1050 (***p = 0.0003), and CoCaP1050 (****p = <0.0001) groups showed a significant
increase compared to the Control. Among the groups, those doped with cobalt showed an increase
compared to the non-doped groups (CaP vs CoCaP *%p = <0.0001, CaP700 vs CoCaP700 °*°p =
0.0010, CaP900 vs CoCaP900 **°p = <0.0001, and CaP1050 vs CoCaP1050 %Ip = 0.0009).

In Bmp2, in the 3-day treatment (Fig. 11e), the O.M. (***p = 0.0008) and CoCaP (****p
= <0.0001) groups showed a statistically significant increase, and the CaP700 (*p = 0.0108),
CaP900 (*p = 0.0156), and CaP1050 (**p = 0.0073) groups showed a reduction compared to
Control. Among the groups, CoCaP showed an increase compared to CaP (***p = <0.0001), and
the CaP700 (°p = 0.0214) and CaP900 (°p = 0.0401) groups showed a reduction in expression
compared to CoCaP700 and CoCaP900, respectively. In the 7-day treatment (Fig. 11k), CoCaP
(****p = <0.0001) and CaP1050 (****p = <0.0001) groups showed a significant increase
compared to Control. Between treatments, the CoCaP group showed an increase compared to CaP
(3%2p = <0.0001), the CaP700 group showed a reduction in expression compared to CoCaP700 (°°p
=0.0061), and the CaP1050 group showed an increase compared to CoCaP1050 (%“p = <0.0001).

Osteocalcin expression, in the treatment for 3 days (Fig. 11f), the CaP (****p = <0.0001),
CaP700 (****p = <0.0001), and CaP1050 (****p = <0.0001) groups showed an increase in its
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expression compared to Control. Among the treatments, the groups without Cobalt showed an
increase compared to those doped with cobalt (CaP vs CoCaP #?p = 0.0027, CaP700 vs CoCaP700
bbby = 0.0007, and CaP1050 vs CoCaP1050 %4dp = <0.0001). At 7-day treatment (Fig. 111), the
O.M. (****p = <0.0001), CaP (****p = <0.0001), CoCaP (****p = <0.0001), CaP700 (****p =
<0.0001), CoCaP700 (****p = <0. 0001), CaP900 (****p = <0.0001), and CoCaP900 (****p =
<0.0001) showed a reduction compared to Control, and the CaP1050 group (****p = <0.0001)
showed an increase. Among the groups, CaP1050 showed an increase compared to CoCaP1050
(4eddp = <0.0001).
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Fig. 11. Genes involved in osteogenesis processes: 3-day treatment: a. Runx2, b. Osterix, ¢. Bsp, d. Alp, e.
Bmp2, and f. Osteocalcin. 7-days treatment: g. Runx2, h. Osterix, i. Bsp, j. Alp, k. Bmp2, and I. Osteocalcin

The OPG and RANKL genes, involved in bone resorption activity, were evaluated. In the
3-day treatment (Fig. 12a), Opg showed increased expression in the CaP (**p = 0.0049) and
CoCaP (****p =<0.0001) groups compared to the Control; in the others, no statistically significant
differences were found. Among the groups, CoCaP had its expression increased compared to CaP
(***¥p = <0.0001). In the 7-day treatment (Fig. 12f), expression was increased in CoCaP (****p =
<0.0001), CoCaP700 (****p = <0.0001), CoCaP900 (****p = <0.0001), CaP1050 (****p =
<0.0001), and CoCaP1050 (**p = 0.0050) compared to the Control. Among the groups, those with
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Cobalt had their expressions increased compared to those without doping (CaP vs CoCaP #%p =
<0.0001, CaP700 vs CoCaP700 P**’p = <0.0001, and CaP900 vs CoCaP900 **°p = <0.0001).

The expression of Rank-L in the treatment for 3 days (Fig. 12b) showed an increase when
compared to the Control in the CaP (****p = <0.0001), CoCaP (****p = <0.0001), CaP900 (***p
= 0.0001), CoCaP900 (**p = 0.0075), and CoCaP1050 (****p = <0.0001) groups. Among the
groups, CoCaP and CoCaP1050 showed increases in their expression relative to their respective
groups without cobalt (CaP vs CoCaP (¥*p = <0.0001), and CaP1050 vs CoCaP1050 (%dp =
<0.0001)). In the 7-day treatment (Fig. 12g), the expression of CoCaP (****p = <0.0001),
CoCaP700 (****p = <0.0001), CaP900(**p = 0.0033), CoCaP900 (****p = <0.0001), CaP1050
(***p = 0.0005), and CoCaP1050 (**p = 0.0033) showed a statistically significant increase
compared to the Control. Among the groups, significant increases were found in the CoCaP (***p
= <0.0001) and CoCaP700 (*°p = 0.0020) when compared with CaP and CaP700, respectively.

To evaluate the effects of Cobalt and heat treatment on angiogenesis and hypoxia, the
expressions of VEGF, Hifla, and eNOS were assessed. In the 3-day treatment (Fig. 12c), VEGF
expression was statistically increased in CaP (****p = <0.0001), CaP1050 (****p = <0.0001), and
CoCaP1050 (****p = <0.0001) groups and decreased in CaP700 (**p = 0.0096), CaP900 (**p =
0.0027), and CoCaP900 (**p = 0.0016) when compared to the Control. Among the groups, CaP
and CaP 1050 showed an increase in their expression compared to CoCaP (***p = <0.0001) and
CoCaP1050 (“%9p = <0.0001), respectively, and between CaP700 and CoCaP700 (*°p = 0.0100),
the group without cobalt showed a reduction in its expression when compared to the one with
cobalt. In the treatment for 7 days (Fig. 12h), the expression in the O.M. (****p = <0.0001),
CoCaP900 (****p = <0.0001), and CoCaP1050 (****p = <0.0001) groups showed an increase,
and the CaP (****p = <0.0001), CaP700 (****p = <0.0001), CoCaP700 (****p = <0.0001),
CaP900 (****p = <0.0001) groups showed a reduction in their expressions compared to the
Control. Among the groups, CoCaP, CoCaP900, and CoCaP1050 showed an increase compared
to their respective groups without cobalt doping (CaP vs CoCaP #*%p = <0.0001, CaP900 vs
CoCaP900 **°p = <0.0001, and CaP1050 vs CoCaP1050 %“%p = <0.0001).

In the expression of Hifla, in the treatment for 3 days (Fig. 12d), the CaP (***p =
0.0010), CoCaP (****p = <0.0001), and CaP1050 (****p = <0.0001) groups showed an increase
in its expression when compared to the Control. Among the groups, CaP1050 (“p = <0.0001)
showed a significant increase in its expression compared to CoCaP1050. In the treatment for 7
days (Fig. 12i), the expression was increased in CoCaP (****p = <0.0001), CoCaP700 (**p =
0.0010), and CoCaP900 (****p = <0.0001), in the other groups, there were no statistically
significant differences. Among the groups, CoCaP, CoCaP700, and CoCaP900 showed an increase
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in their expression compared to their respective groups without cobalt (CaP vs CoCaP p =
<0.0001, CaP700 vs CoCaP700 "®p = 0.0004, and CaP900 vs CoCaP900 ®*°p = <0.0001).

In the expression of eNOS, in the treatment for 3 days (Fig. 12e), the O.M. (****p =
<0.0001), CaP (**p = 0.0015), CoCaP (****p = <0.0001), CaP700 (***p = 0.0008), CoCaP900
(****p = <0.0001), and CaP1050 (****p = <0.0001) groups showed an increase compared to the
Control. Among the groups, CoCaP (****p = <0.0001) and CoCaP900 (“**’p = <0.0001) showed
increases relative to CaP and CaP900, and CaP 700 (°p = 0.0447) and CaP1050 (“®p = 0.0010)
showed increases relative to CoCaP700 and CoCaP1050. In the 7-day treatment (Fig. 12j), O.M.
(**p = 0.0011), CoCaP (****p = <0.0001), CaP700 (****p = <0.0001), CaP900 (**p = 0.0025),
and CaP1050 (**p = 0.0048) showed statistically significant increases compared to the Control.
Among the groups, CoCaP showed an increase in its expression relative to CaP (***p = <0.0001),
and CaP700 (*°p = 0.0043) and CaP900 (““p = 0.0007) showed significant increases relative to
CoCaP700 and CoCaP900.
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Fig. 12. Genes involved in Reabsorption and Angiogenesis processes: 3-day treatment: a. OPG, b. RANKL,
c. VEGF, d. Hifla, and e. eNOS. 7-days treatment: f. OPG, g. RANK-L, h. VEGF, i. Hifla, and j. eNOS.

The expression of the metalloproteinases MMP2 and MMP9 was assessed. MMP2
expression (Fig. 13a) was increased in the O.M. (****p = <0.0001) and CaP1050 (****p =
<0.0001) groups; in the other groups, no significant differences were observed. Among the groups,
the expression of CoCaP (***p = 0.0002) and CoCaP900 (*p = 0.0028) was increased compared to
CaP and CaP900, and the expression in CaP1050 was increased compared to CoCaP1050 (%%p =
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<0.0001). At 7-day treatment (Fig. 13d), expression was increased in O.M. (****p = <0.0001),
and statistically reduced in CaP (****p = <0.0001), CoCaP (***p = 0.0002), CoCaP700 (****p =
<0.0001), CaP900 (****p = <0.0001), CoCaP900 (***p = 0.0001), and CaP1050 (***p = 0.0002)
compared to Control. Between groups, there were no statistically significant differences.

MMP9 expression, at 3 days of treatment (Fig. 13b), was increased in CaP (****p =
<0.0001), CoCaP (****p = <0.0001), CoCaP900 (****p = <0.0001), and CoCaP1050 (****p =
<0.0001), and reduced in the O.M. (***p = 0.0005), CaP700 (**p = 0.0042), CoCaP700 (*p =
0.0193), CaP900 (**p =0.0011), and CoCaP1050 (****p = <0.0001) groups compared to Control.
Among the groups, CoCaP, CoCaP900, and CoCaP1050 showed increases in their expression
when compared to their respective groups without Cobalt (CaP vs CoCaP %% = <0.0001, CaP900
vs CoCaP900 **°p = <0.0001, and CaP1050 vs CoCaP1050 %%y = <0.0001). At 7-day treatment
(Fig.13e), expression was increased relative to Control in the CoCaP (****p = <0.0001),
CoCaP700 (****p = <0.0001), CoCaP900 (****p = <0.0001), CaP1050 (**p = 0.0034), and
CoCaP1050 (****p = <0.0001) groups. Among the groups, those doped with cobalt showed an
increase in their expression compared to their respective groups without cobalt (CaP vs CoCaP
a3y = <0,0001, CaP700 vs CoCaP700 PP**p = <0.0001, CaP900 vs CoCaP900 **°p = <0.0001,
and CaP1050 vs CoCaP1050 %y = <0.0001), and increased in CaP900 when compared to
CoCaP900 (°p = 0.0291).

Using the indirect protein carbonylation method to assess ROS activity, at the 3-day
treatment (Fig. 13c), activity was higher in the O.M. (****p = <0.0001) and CoCaP (**p =
0.0062), and reduced in CaP (****p = <0.0001), CaP700 (****p = <0.0001), CoCaP700 (****p
= <0.0001), CaP900 (****p = <0.0001), CoCaP900 (****p = <0.0001), and CaP1050 (****p =
<0.0001) compared to Control. Among groups, activity was increased in CoCaP, CoCaP700, and
CoCaP1050 compared to their respective groups (CaP vs CoCaP #*p = <0.0001, CaP700 vs
CoCaP700 ®™p = <0.0001, and CaP1050 vs CoCaP1050 %“%p = <0.0001), and increased in
CaP900 when compared to CoCaP900 (°p = 0.0291). At 7-day treatment (Fig. 13f), the O.M.
(****p = <0.0001), CoCaP (****p = <0.0001), CaP700 (****p = <0.0001), CoCaP700 (****p =
<0.0001), CaP900 (****p = <0.0001), CoCaP900 (****p = <0.0001), CaP1050 (****p =
<0.0001), and CoCaP1050 (****p = <0.0001) showed a reduction in their activity when compared
to Control. Among the groups, CoCaP had its activity reduced when compared to CaP (***#p =
<0.0001), and CaP900 had its activity reduced when compared to CoCaP900 (“*“°p = <0.0001).
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Fig. 13. Genes involved in MMP’s expression and Carbonyl Protein analyses: 3-day treatment: a. MMP2,
b. MMP9, and c. Protein Carbonyl Formation, 7-day treatment: d. MMP2, e. MMP9, and f. Protein
Carbonyl Formation.

The Alkaline Phosphatase staining technique was employed to assess the mineralization
of the cells (Fig. 14). The technique is based on the principle that a higher uptake of the dye
indicates increased mineralization. Following the previously described methodology, cells were
stained and analyzed. The images demonstrate a progressive increase in dye uptake over time,
illustrating that the mineralization process is influenced by cell treatment. Greater dye uptake is
evident in the treated groups compared to the Ctrl group, confirming the effects of conditioned
media and O.M. in inducing cell mineralization. Notably, white dots, indicative of mineralization,
are visible in the images, particularly in the CoCaP and CoCaP1050 groups. This observation

further supports the notion that these treatments have a pronounced impact on cell mineralization.
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Fig. 14: ALP analyses
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Discussion

The thermal decomposition of monetite and its subsequent transformation into calcium
pyrophosphate have garnered significant attention for applications in the dental and biomedical
materials industry. Specifically, the material is utilized in cement formulations and bone implants
due to its bioactive properties, controlled release of calcium and phosphate ions, and potential for
influencing cellular responses (GROSSARDT et al., 2010; HLEL; KAMOUN; GUIDARA, 2006;
SHEIKH et al., 2017).

Our study, building on previous findings, provides valuable insights into the heat-induced
transformations of monetite, particularly when doped with cobalt. The addition of cobalt enhances
the material's mechanical strength, chemical stability, and its ability to release ions in a controlled
manner (DA COSTA FERNANDES et al., 2021a; DE ALMEIDA et al., 2023). This is evidenced
by the observed optimization of gene expressions related to the osteoblastic phenotype (DA
COSTA FERNANDES et al., 2021a; DE ALMEIDA et al., 2023).

A pivotal aspect of our investigation involves the transformation of monetite into
pyrophosphates, a phenomenon with profound implications for material characterization. X-ray
diffraction analysis revealed distinct patterns before and after the transformation, illustrating the
evolution from an amorphous structure to an ordered crystalline arrangement. The presence of
cobalt subtly influenced these transformations at different temperatures (GUO et al., 2020;
LOUATI et al., 2005; WIKHOLM; BEEBE; KITTELBERGER, 1975).

Complementary tests such as FTIR and Raman spectroscopy provided additional
perspectives on phase changes. FTIR analysis highlighted significant alterations in chemical bonds
and atomic arrangements during the transformation, enhancing our understanding of the material's
structural modifications.

Morphological changes in monetite under heat, as elucidated by SEM combined with
ASAP, showcased alterations in plate/leaf shape, porosity, and particle size. These changes further
contribute to the comprehensive characterization of the material.

Moving beyond material characterization, our study delved into the biological responses
to cobalt-doped monetite. Viability tests demonstrated the absence of cytotoxicity and an increase
in cell proliferation compared to control groups. Wound healing assays indicated variations in the
regeneration of injured areas, with cobalt-containing groups showing enhanced regeneration.

Investigating the conditioned media's effects on genes involved in inflammatory
responses, ECM remodeling, and cell differentiation unveiled intriguing findings (GARLANDA;
DINARELLO; MANTOVANI, 2013; HAMLET et al., 2012; KIM et al., 2019; LIANG et al.,
2007). The expressions of IL-1p, IL-10, and I1L-18 indicated the material's potential influence on
inflammation, osteoblastic differentiation, and bone metabolism. The evaluation of genes related
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to ECM adhesion and remodeling, as well as those fundamental to bone regeneration processes,
further underscored the complex cellular responses to the material (BERTAZZO et al., 2010; DA
COSTA FERNANDES et al., 2018b; FERNANDES et al., 2018; GARCIA; KESELOWSKY,
2002; ZAMBUZZI et al., 2008).

The genes involved in angiogenesis and hypoxia, including VEGF, eNOS, and Hifla,
exhibited increased expressions, suggesting potential effects on osteogenesis (DA COSTA
FERNANDES et al., 2021b; DE ALMEIDA et al., 2023; HANKENSON et al., 2011; JONITZ-
HEINCKE et al., 2019; MACHADO et al., 2019). The eNOS gene, with its role in nitric oxide
production, emerged as a regulator influencing bone formation and the cellular response to
oxidative stress and inflammation (KANAZAWA et al., 2008; PINTO et al., 2022; VAN’T HOF,
RALSTON, 2001; ZAMAN et al., 1999; ZHONG et al., 2011).

Crucial genes related to bone homeostasis, such as RANKL and OPG, displayed balanced
expressions, indicating the material's activation of their expression and potential effects on
osteoclast differentiation and bone resorption (KOBAYASHI; UDAGAWA; TAKAHASHI,
2009; TAKAYANAGI, 2021b).

In conclusion, our study highlights the multifaceted nature of cobalt-doped monetite as a
biomaterial. The material's heat-induced transformations, coupled with its influence on cellular
responses and gene expressions, offer a nuanced understanding of its potential applications in
bone-related fields. Further research is warranted to comprehensively assess its performance and
safety in clinical contexts, with a focus on translating these findings into practical applications

such as bone lesions, implants, prosthesis coatings, and tissue engineering.
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SUPPLEMENTARY DATA:

Table 1 — Structural details of the crystallographic datasheets.

. dicalcium tricalcium | Co-based calcium .
Phase Monetite g hosphate g hosphate phosphate Hydroxyapatite
Nomenclature M D T Co HA
Chemical CaHPO, CasP,0; Cas(POs): | CaosCo(POs)7 | Caw(POs)s(OH):
composition :
CIF number | 50 ICSD #14313 | ICSD #6191 | ICSD #86808 | ICSD #26204
Crystal Triclinic Tetragonal Hexagonal Hexagonal Hexagonal
structure
Spatial group P1 P41 R3cH R3cH P63/m
o=296.18° a=90° a=90° o =90° o =90°
B=103.82° | B=90° B =90° B =90° B =90°
= 88.34° =90° =120° =120° =120°
Cell parameters |} _gG16 A | a=6684A | 2=10439A |a=103501A | a=9424 A
b=6.919A |b=6.684 A b=10.439 A | b=10.3501 A b=9.424 A
C=6.946 A |c=24.144 A c=37.375A | c=37.1790 A c=6.879 A
Table 2 - Merit parameters.
Sample Go RF? (%) Rwp (%) Rp (%)
Monetite 1.723 12.46 22.11 17.39
Monetite 700 1.653 10.97 20.43 15.77
Monetite 900 1.682 13.93 21.26 16.09
Monetite 1050 1.553 12.78 20.88 15.48
CoMonetite 1.686 11.79 19.50 15.26
CoMonetite 700 1.359 10.14 19.28 14.84
CoMonetite 900 1.263 10.21 18.72 14.18
CoMonetite 1050 | 1.368 10.50 18.15 13.81

Table 3 - Cell parameters. XRD crystallography data of monetite and B-CazP.Oy lattice parameters.

Sample Phase* (%) | a (°) B (°) Y (°) a(A) b (A) c (A V (A?)
Monetite M=92(2) | 96.23 (1) | 103.94 (1) | 88.41 (1) | 6.9147 (4) | 6.6369 (6) | 6.9971 (6) | 309.83 (3)
HA=8(2) |90 90 120 9.64(1) |964(1) |690(1) |556(2)
Monetite_700 D=100% | 90 90 90 6.6895 (4) | 6.6895 (4) | 24.159 (2) | 1081.1 (2)
Monetite_900 D=100% | 90 90 90 6.6899 (2) | 6.6899 (2) | 24.161 (1) | 1081.3 (1)
Monetite 1050 | D=100% | 90 90 90 6.6903 (3) | 6.6903 (3) | 24.162 (1) | 10815 (1)
CoMonetite M=100% | 96.24 (1) | 103.96 (1) | 88.42 (1) | 6.9089 (5) | 6.6349 (5) | 6.9942 (6) | 309.30 (5)
CoMonetite 700 | D = 100% | 90 90 90 6.6897 (3) | 6.6897 (3) | 24.160 (1) | 10812 (1)
CoMonetite 900 | D = 100% | 90 90 90 6.6906 (2) | 6.6906 (2) | 24.162 (1) | 10816 (1)
CoMonetite_1050 | D = 100% | 90 90 90 6.6000 (2) | 6.6900 (2) | 24.157 (1) | 1081.1 (1)
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Table 4 - Crystallite and microstrain of Monetite phase.

Sample Phase Ds (nm) Dwh (nm) € (%)
Monetite M 78.0 48.9 -0.6
HA 69.0 35.4 -0.3
Monetite_700 D 100.0 57.4 -0.7
Monetite_900 D 133.0 81.2 -04
Monetite 1050 D 127.0 73.8 -0.5
CoMonetite M 89.0 54.4 -05
CoMonetite_700 D 130.0 64.9 -05
CoMonetite_900 D 128.0 76.9 -0.4
CoMonetite_ 1050 | D 126.0 74.0 -0.5
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ABSTRACT

This study advances the application of monetite and cobalt-doped monetite coatings on
commercially pure titanium (c.p.-Ti), demonstrating their potential to significantly improve the
osseointegration of dental implants and bone fixators. Employing hydrothermal methods, we
achieved coatings with pronounced surface roughness and inherent hydrophilicity, as evidenced
by SEM imaging and dynamic contact angle analysis. Notably, peaks and valleys of up to 35 um
and 37 pm, respectively, were identified on the coatings, which directly influenced cell
morphology. Our cytotoxicity evaluations, following ISO 10993 standards, revealed no adverse
effects on pre-osteoblast cells, with MTT and Crystal Violet assays confirming the coatings'
biocompatibility. SEM observations further substantiated positive cell-material interactions,
indicating that the coated surfaces facilitate cellular processes essential for bone regeneration.
These results highlight the coatings' capacity to modulate surface properties conducive to cell

function, marking a significant stride towards their application in biomedical devices.
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INTRODUCTION

Titanium's illustrious history in regenerative medicine commenced with Branemark's
pioneering work in the 1960s, establishing it as a quintessential biomaterial for bone implants due
to its commendable biocompatibility, mechanical strength, and resistance to corrosion
(ALBREKTSSON et al., 1981). Its status as the 'gold standard’' has been reaffirmed through
extensive clinical usage and academic endorsements (BAUER et al., 2013; THARANI KUMAR
et al., 2020). Despite the advancements and the evolutionary trajectory of titanium implants over
the decades, challenges such as postoperative inflammation and implant rejection persist,
underscoring an imperative need for surface optimization (ALBREKTSSON; WENNERBERG,
2019; DOHAN EHRENFEST et al., 2010; PINTO et al., 2022).

Surface modification strategies, particularly the application of bioactive coatings, have
emerged as a formidable approach to mitigate these issues (BEZERRA et al., 2017; DA SILVA et
al., 2020; FERNANDES et al., 2018; FERREIRA et al., 2020; GOMES et al., 2023). In this realm,
calcium phosphates stand out due to their osteoconductive properties and compositional similarity
to bone mineral, making them an attractive choice for enhancing implant integration (JEONG et
al., 2019; PRADO DA SILVA et al., 2001; SIKDER et al., 2018a, 2018b). Monetite, a calcium
phosphate compound, has garnered research interest owing to its bioactivity and inherent
capability to be bioabsorbed, thus supporting the natural remodeling process of bone (AATI, 2017
ALl et al., 2019).

Building upon this background, the current study introduces an innovative application of
monetite and cobalt-doped monetite (Co-monetite) coatings on titanium substrates. The choice of
cobalt as a dopant is informed by its known angiogenic properties and its role in stimulating bone
growth by mimicking a hypoxia microenvironment (DE ALMEIDA et al., 2023; MACHADO;
GOMES; ZAMBUZZI, 2024). Here, the coatings are synthesized using a hydrothermal method,
selected for its efficacy in producing high-purity, crystalline coatings at relatively low
temperatures, which is advantageous for preserving the structural integrity of both the coating and
the underlying titanium.

Thus, this study aims to elucidate the impact of these novel coatings on the biological
performance of titanium implants. By integrating the osteoinductive potential of monetite with the
enhanced bioactivity afforded by cobalt doping, we hypothesize that Co-monetite coatings could
significantly augment the osseointegration of titanium. The overarching goal is to optimize implant
surfaces to such an extent that they not only prevent adverse reactions but actively facilitate the
regenerative process, paving the way for a new generation of bone implants with superior clinical

outcomes.
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EXPERIMENTAL

The methodology employed was adapted from the protocol proposed by Zhou et al. (ZHOU et al.,
2021b), utilizing hydrothermal treatment for the coatings. To coat with monetite, reagents were
used at the following concentrations: 0.2M CacClz, 0.12M NaH2PO4, and 0.1M Na:EDTA-2H:0,
dissolved in deionized water. The solution was adjusted to a final pH of 3.4-3.6 by carefully adding
HCI or NH4OH. For the Co-monetite coating, the concentrations of all reagents remained the same,
except for calcium and cobalt, which were present at 0.18M and 0.02M, respectively.
Commercially pure titanium (cp-Ti, ASTM F67 GR2) served as the substrate; it was abraded and
then treated with a 10% hydrochloric acid solution. Subsequently, it was placed into a PTFE
reactor containing the aforementioned solutions and subjected to hydrothermal conditions at
190°C for 8 hours. After the hydrothermal treatment concluded, the reactor was allowed to cool to
room temperature. The titanium plates with the applied coating were then extracted, washed with
deionized water, and subsequently subjected to a thermal treatment at 200°C for 2 hours to enhance
the crystallinity of the monetite coating. After coating, the samples were characterized by XRD,
SEM/EDX, profilometry, contact angle, and cytotoxicity tests (MTT and CV), and the morphology
of the MC3T3-EL1 cells was evaluated by SEM.

X-Ray Diffraction Analysis:

The applied coatings underwent crystalline structure analysis utilizing a RIGAKU X-ray
diffractometer (DMAX-2100), employing Cu-Ka radiation at a wavelength of 1.5418A. This was
performed under a potential of 40 kV and a current of 20 mA, utilizing a grazing incidence angle
of 2°. The diffractograms were recorded over a 20 range from 10° to 80°, with a step size of 0.020°
and a dwell time of 1 second per step. Phase identification was conducted through comparison
with standard references from the Powder Diffraction File (PDF-2003) and the Inorganic Crystal
Structures Database (ICSD, Version 2.2), using Crystallographica Search Match software for
assistance. Structural parameters and the degree of crystallinity were refined using the Rietveld
method through GSAS software and the EXPGUI graphical user interface. Instrumental
broadening corrections were applied using a standard Y203 sample, and the profiles were adjusted
using functions such as Pseudo-Voigt for peak shapes, Chebyshev for background subtraction, and
March-Dollase for preferred orientation correction. Calculations of the crystallite size were based
on the full-width at half-maximum (FWHM) of the peaks, applying both Scherrer and Williamson-
Hall equations (CHERIF et al., 2022; KAYGILI et al., 2017; NATH; SINGH; DAS, 2020; RABIEI
et al., 2020).
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Scanning Electron Microscopy Evaluation:

Observations of the surface morphology and cellular interactions on the titanium coatings were
conducted with a FEI Quanta 200 scanning electron microscope. For the coatings, a magnification
of 2000x was used with an accelerating voltage of 12.5 kV. When examining cellular morphology,
the magnification was increased to 5000x, under the same voltage, to capture finer details. The
semi-quantitative EDS analysis was performed in the same equipment for Ca, P, O, and Co
chemical elements using the same acceleration voltage (10 kV).

Contact Angle Determination:

Wettability assessments were performed using the VCA 2500 XE system to measure the static
contact angle at ambient conditions. Droplets of 1 pL of ultrapure water were delicately placed on
three separate areas of each specimen, with this process repeated across three individual samples

to ensure reliability of the data.

Profilometry Measurements:

The topographical attributes, specifically the roughness of both uncoated and coated titanium
samples, were quantified through profilometry. Employing a Bruker Dektak XT Profilometer, we
scanned a surface area of 1 mm by 1 mm, utilizing a stylus with a tip radius of 12.5 pm and
applying a force of 3 mg to trace the surface contours.

Osteoblasts cultures:

Pre-osteoblast MC3T3-E1 cells were propagated in MEMa enriched with a blend of antibiotics
(penicillin at 100 units/mL and streptomycin at 100 mg/mL) and fortified with 10% fetal bovine
serum (FBS). Incubation was carried out at 37°C, ensuring a humidified atmosphere with 95%
relative humidity and a 5% CO> environment. The evaluation of the biomaterials’ effects was
initiated by introducing the cells to a medium that contained biomaterials at a concentration of
0.2g/mL, in alignment with ISO 10993-12 standards. This process began with the enrichment of
an FBS-deprived medium with the alloys (Ticp, CaPTicp, and CoCaPTicp) for a full day to create
a conditioned medium, which was then supplemented with 10% FBS before introducing it to the
pre-osteoblasts. The MC3T3 cells were then cultivated under various conditions including a
control setting (utilizing Alpha-MEM), and environments conditioned with Ticp, CaP, and CoCaP.

Assessment of Cytotoxicity by MTT Assay:
For cytotoxicity testing, pre-osteoblasts were plated in 96-well plates and incubated with

biomaterial-enriched media for 24 hours at a standard cell culture temperature of 37°C, as specified
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by 1SO 10993, as we have widely explored earlier (BERTAZZO et al., 2010; DA COSTA
FERNANDES et al., 2019). This biomaterial concentration was set at 0.2 g/mL. Post incubation,
the medium was replaced with an MTT solution (concentration: 1 mg/mL), and cells were further
incubated for three hours. Following this, the MTT solution was discarded and replaced with
DMSO to solubilize the resultant formazan crystals. The optical density of the solution, indicative

of cell viability, was quantified at 570 nm using a SYNERGY -HTX multi-mode microplate reader.

Cell Adhesion Evaluation:

The cell adhesion assay was conducted using the crystal violet staining technique (DA COSTA
FERNANDES et al., 2018a). Cells, after routine cultivation and trypsinization, were dispensed
into 96-well plates at a density of 1 x 10° cells/mL This assessment was performed to gauge the
impact of biomaterial-conditioned media on cell adhesion properties. The cell groups included a
control set maintained in standard culture medium and sets exposed to various biomaterials. After
a 24-hour incubation period, the cells were stained using crystal violet. The degree of cell adhesion
was quantitatively estimated by measuring the absorbance of the stained cells at 540 nm, utilizing
the SYNERGY-HTX multimode microplate reader.

RESULTS

The sample denominations were as follows: c.p.-Ti + CaP for the titanium samples coated
with monetite and c.p.-Ti + CoCaP for the titanium samples where monetite was augmented with
cobalt. When examined structurally, both the coated and the original titanium materials displayed
XRD spectra consistent with reference patterns from the standard database: entry 71-1760 for
Monetite (CaHPO4) associated with the coated samples, and entry 44-1294 corresponding to the

unaltered titanium. These findings are depicted in Fig.1.
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Fig.1. Depicts the X-ray diffraction patterns of the various samples, where (a) represents c.p.-Ti heated
to 200°C, (b) illustrates c.p.-Ti with a CaP coating, and (c) showcases c.p.-Ti with a CoCaP coating.
Detailed crystallographic information, including lattice and unit cell parameters, as well as data pertaining
to the crystallite size and microstrain within the Monetite phase, are collated in Tables 1-3.

Table 1. Structural details of the crystallographic datasheets.

Phase Monetite a-Ti
Nomenclature M o
Chemical composition CaHPO, Ti
CIF number ICSD #10503 ICSD #43416
Crystal structure Triclinic Hexagonal
Spatial group P1 P63/mmc
a=96.18° a=90°
B =103.82° B =90°
vy =88.34° vy =120°
Cell parameters a=6.916 A a=2951A
b=6.919 A b=2951A
c=6.946 A c=4.684 A
Table 2. Cell parameters.
Sample Phase* (%) | a(°) B (°) v (°) a(A) b (A) c(A) V (A3
cp-Ti o - 100 90 90 120 2.953 (1) | 2.953 (1) | 4.687 (1) | 35.39 (1)
Monetite '(:"_‘199 96.2 (1) | 104.0 (1) | 88.4 (1) | 6.906 (1) | 6.626 (1) | 6.999 (1) | 308.5 (1)
Co doped M -99
Monegte -1 96.2 (1) | 104.0 (1) | 88.4 (1) | 6.868 (1) | 6.599 (4) | 6.959 (4) | 304.2 (5)
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Table 3. Crystallite and microstrain of Monetite phase.

Sample Phase Ds (nm) Dwh (nm) € (%)
cp-Ti a 12.8 (2) 27.7 (2) -0.04 (4)
Monetite M 41.1(9) 58.3 (4) -0.01 (1)
Co doped M

Monetite 41.4 (6) 54.2 (4) -0.75(2)

Morphological characterization of the surfaces was performed through Scanning Electron
Microscopy (SEM) and surface profilometry, as illustrated in Fig.2. Concurrently, Fig.3 depicts
the interaction between the cells and the surfaces through SEM micrographs, highlighting the
details of cellular morphology. The morphological analyses of the surfaces were carried out using
SEM and profilometry (Fig.2) and Fig.3 brings micrographs of the cells interacting with the
surfaces, highlighting the cell morphology changes.

CoMonetite

Fig.2. Surface characterization of titanium samples. Top row - Scanning Electron Microscopy (SEM)
images showing the texture and morphology of (a) uncoated commercially pure titanium (cp-Ti), (b) cp-Ti
with a Monetite coating, and (c) cp-Ti with a Cobalt-doped Monetite (Co-Monetite) coating. Bottom row -
Profilometry scans depicting the surface topography of (d) uncoated cp-Ti, (€) Monetite-coated cp-Ti, and
(f) Co-Monetite-coated cp-Ti, illustrating the variations in surface roughness and structure post-coating
application.

Thereafter, the Fig.3 presents the SEM micrographs depicting the cellular architecture as
the cells proliferate in direct adherence with the various material surfaces. Notably, changes in cell
morphology were observed, which can be correlated to the varying degrees of surface roughness

provided by each type of evaluated coating.
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Ti.cp Monetite CoMonetite

3 days
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Fig.3. Osteoblast morphology on different titanium surfaces over time. This series of SEM micrographs
captures the growth pattern of cells after 3 and 7 days of direct contact with (a) untreated commercially
pure titanium (cp-Ti), (b) cp-Ti coated with Monetite, and (c) cp-Ti coated with Cobalt-doped Monetite
(Co-Monetite). The images illustrate the influence of surface microtopography on cell morphology, with
differences becoming more pronounced over the course of the observation period.

The EDS analyses showed the homogeneous distribution of cobalt in the sample (Fig 4.)

Electron Image 1

b

Electron Image 1

Fig.4. Semiquantitative analysis and elemental distribution of cobalt-doped by EDS. a. Monetite; b.
Co-doped Monetite

The contact angle analysis revealed an enhancement in hydrophilicity across the various
coatings, as delineated in Fig.5. The recorded contact angles of water droplets on the surfaces

exhibit discernible differences, reflecting the impact of the coatings. Dynamic mode measurement
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was employed to capture the interaction between the droplet and the surface in real-time, enabling

the determination of the initial contact angle precisely upon droplet placement.

Ti.cp Monetite CoMonetite
10,107 es T

Fig.5. Evaluation of surface hydrophilicity through contact angle measurements. Panel (a) illustrates
the contact angle on uncoated commercially pure titanium (cp-Ti), while panels (b) and (c) depict the
contact angles on Monetite-coated cp-Ti and Cobalt-doped Monetite (Co-Monetite)-coated cp-Ti,
respectively. The snapshots in panels (b) and (c) were captured approximately 0.099 seconds after the water
droplet made contact with the coatings, highlighting the immediate wetting response due to the surface
modifications.

DISCUSSION

This study delineates the physicochemical attributes of monetite and cobalt-doped
monetite coatings on titanium surfaces and their subsequent impact on osteoblast activity. Our
XRD analysis reveals distinct phase formations in consonance with established literature,
demonstrating that the incorporation of cobalt does not disrupt the structural integrity of monetite,
a factor crucial for biological efficacy. The formation of these phases is pivotal as previous studies
have shown that the crystalline structure of surface coatings can modulate cellular responses.

The SEM observations illustrate a topography that not only emulates natural bone but
also promotes osteoconductivity, affirming the findings of Zhou et. al (ZHOU et al., 2021b) and
Alexander et al. (ZAVGORODNIY et al., 2012) who reported similar morphological influences
on cell function. Regarding the plate-like and flower-like structures we observe parallel natural
osseous formations, which have been shown to enhance osteoblast adhesion and proliferation
(JINAWATH et al., 2001; ZHU et al., 2017).

EDS data add to the growing body of evidence that the homogeneity of elemental
distribution is critical in biomedical coatings, with cobalt's role in angiogenesis and bone growth
being particularly emphasized (DA COSTA FERNANDES et al., 2021a). Additionally, SEM
analyses of cellular interactions align with recent investigations (ALl et al., 2019; KLAMMERT
et al., 2010; NAVARRO DA ROCHA et al., 2019; ZAVGORODNIY et al., 2012; ZHOU et al.,
2021b), who highlighted the role of the microenvironment in directing cell fate. The thriving

osteoblasts on our coatings are not only evidence of viability but also functional activity,
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suggesting that the Monetite and Co-doped Monetite surfaces act as more than passive substrates;
they serve as active participants in the bone regeneration process.

Profilometry results further elaborate on the surface characteristics, suggesting an optimal
roughness that aligns with the study of Zavgorodniy et al. (ZAVGORODNIY et al., 2011), who
found that specific topographical scales could upregulate osteogenic differentiation markers. Our
findings contribute to this discourse by demonstrating that such microscale roughness can be
achieved with Monetite coatings, enhancing the material's bioactivity.

The increase in hydrophilicity observed in our coatings correlates with a growing
consensus in the literature regarding the importance of surface wettability in osseointegration
(HAMLET et al., 2019; MENZIES; JONES, 2010). Hydrophilic surfaces have been consistently
linked with improved protein adsorption and initial cell interaction, a key for the successful
integration of implants (BRODBECK et al., 2001; PARISI et al., 2020; WILSON et al., 2005).
Our study's compliance with 1SO10993 standards for biological assays reaffirms the coatings'
biocompatibility and supports their potential for clinical application.

In conclusion, the physicochemical properties of Monetite and Co-Monetite coatings
demonstrate relevance on osteoblast performance, with clear implications for the enhancement of
orthopedic and dental implant integration. Our study not only aligns with but also builds upon
existing previous studies, offering new insights into the design of implant coatings that can
effectively mediate between the material and biological outcomes to better drive regenerative

processes.
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Supplementary material

Figure 1: Coating titanium with monetite by hydrothermal technique: a. Solutions used for monetite (right)
and co-monetite (left) coating; b. Ti.cp plates; c. hydrothermal reactor; d. titanium plates inside the reactor
and adding the solution; e. closing the reactor; f. placing the reactor in the autoclave; g. closing the
autoclave; h. samples after coating, with the monetite.
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Capitulo 8

Constatacdes, Conclusdo e Perspectivas
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Constatag0des

e O processo de sintese de monetita dopada com cobalto mostrou-se efetivo e reprodutivel;

e Os ensaios de caracterizacdo realizados nos proporcionaram informacfes sobre os
materiais, como a morfologia, porosidade, estrutura, parametros de rede e mudancas de
fase;

e A proporcdo de cobalto adicionado na monetita ndo apresentou citotoxicidade, induziu
diferentes expressdes de genes envolvidos com a diferenciagéo de osteoblastos, processo
de adesdo e remodelamento da matriz, também foi constatado que com o aumento da
concentracdo de cobalto o efeito antibacteriano é apresentado e a regeneracdo pelo ensaio
de Wound Healing ndo € comprometida;

e Quando comparado o material sem dopagem com o de menor dopagem (2%), 0s ensaios
de caracterizacdo ndo apresentacdo mudancas significativas na maioria dos ensaios, porém
com o refinamento Rietveld dos dados de difracdo de raios X, observou-se uma
padronizacdo do tamanho de cristais;

e Os ensaios moleculares mostraram que genes envolvidos com a diferenciagdo de
osteoblastos, atividade de Hifla e eNOS foram diferencialmente expressos pelo grupo
dopado com cobalto, e a atividade das metalloproteinases também apresentou diferencas;

e Quando submetido a tratamentos térmicos, 0s materiais mostraram mudancas de fases,
apresentado a fase de pirofosfatos de beta célcio e formacgdo de fosfato tricalcico. Os
ensaios de caracterizacdo fisico-quimicos nos trouxeram informacfes sobre essas
mudancas, mostrando um comportamento similar do material sem dopagem com o dopado
(2%);

e O material dopado apresentou melhor regeneracéo pelo ensaio de Wound Healing quando
submetido aos tratamentos térmicos superior a sua contraparte ndo dopada, os materiais
ndo apresentaram citotoxicidade e diferentes expressdes de genes envolvidos com 0s
processos de inflamacéo, adesdo, remodelamento da MEC, diferenciacdo de osteoblastos,
atividade de Hifla e eNOS foram observados;

e Comaaplicacdo da monetita e monetita dopada com cobalto em revestimento de estruturas
metalicas pela técnica hidrotermal, os ensaios de caracterizagdo mostraram a efetividade
da técnica, uma padronizacdo do tamanho de cristais, morfologia similar e formacéo de
whiskers/flores, a presenca de cobalto demonstrou padronizar os picos/vales observados
no ensaio de perfildbmetria. Os materiais ndo apresentaram citotoxicidade pelos ensaios de

MTT e Cristal Violeta e a morfologia das células foi visualidade pelo ensaio de MEV.
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Concluséao

Em conclusdo, considerando nossos achados, este estudo revela pela primeira vez o
impacto biolégico de uma nova monetita dopado com cobalto em osteoblastos. Destaca-se que a
monetita dopada com cobalto induz uma hipoxia biomimética e imita rapidamente o ambiente de
regeneracdo 0ssea, aprimorando o desempenho osteogénico das células. A monetita dopada com
cobalto surge como um material biomimético e ‘inteligente’, com aplicagdes promissoras no campo

do desenvolvimento 4sseo.

Perspectivas Futuras

Nossos resultados abrem caminho promissor para o aprofundamento da sinergia entre
biomimética e regeneracdo do tecido 6sseo. Espera-se que 0s avangos futuros se orientem para a
elaboracdo e refinamento de unidades biomiméticas que ndo apenas simulem, mas também
potencializam os processos bioldgicos essenciais para a osteogénese e recuperacdo 0ssea. Essa
abordagem inovadora tem o potencial de revolucionar as terapias para lesdes 0sseas, com a
incorporacdo de técnicas de ponta como a bioimpressdo 3D e a engenharia de tecidos. A
expectativa € desenvolver scaffolds avancados que ndo s6 apoiem, mas também acelerem a
regeneracdo 6ssea de maneira eficiente, dindmica e alinhada com as exigéncias fisiologicas do
esqueleto.

Além disso, prevé-se a exploracdo de novos biomateriais e aprimoramento dos ja
existentes, com o intuito de otimizar a osteointegracdo e funcionalidade em uma miriade de
aplicacdes clinicas, tanto no campo humano como veterinario. Isso inclui a investigacdo de
implantes e proteses que se integram de forma mais natural e eficaz ao tecido hospedeiro,
minimizando o risco de rejeicdo e maximizando a eficacia terapéutica. A longo prazo, o objetivo
é que tais avancos conduzam a uma melhora significativa na qualidade de vida dos pacientes,
reduzindo os tempos de recuperacdo e aumentando a durabilidade e funcionalidade dos implantes.
No futuro, ainda, a pesquisa podera se expandir para a modulacdo controlada de ambientes
hipdxicos para otimizar o acoplamento angiogénese-osteogénese, explorando as propriedades do

cobalto e outros agentes para criar um ambiente propicio a regeneracéo 0ssea.
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Anexo |: Atividades Desenvolvidas no Periodo

Disciplinas Cursadas no Doutorado
Din&dmica Molecular de Tecidos Mineralizados
DOHaD: Do conceito a pratica clinica
Fundamentos sobre Etica e Pratica na Experimentagio Animal
Isétopos Estaveis Ambientais — Aplicacdo Biotecnoldgica
Metodologias avancadas e aplicadas em tecidos mineralizados
O cientista e o professor universitario
Tdpicos Especiais em Biologia Geral e Aplicada
Tépicos Especiais em Biologia Geral e Aplicada: "Seminarios de Pesquisa — Avaliacédo de

projetos de pesquisa”

Disciplinas Aproveitadas do Mestrado
Prética Pedagogica no Ensino Superior (I1): Recursos de Ensino-Aprendizagem;
Quimica Metabolica da Célula: Carboidratos;
Sinalizacdo Celular;
Tdépicos em Biosseguranca e Organismos Geneticamente Modificados (OGMs e AnGMs);

Topicos Especiais em Biologia Geral e Aplicada: 3D-printing: medical applications.

Atividades de Docéncia
1. Aprimoramento Didatico nos Cursos de Graduacdo da Unesp — Estagio na disciplina
Fisica Radioldgica do Departamento de Biofisica e Farmacologia, sob supervisao do Prof.
Assoc. Vladimir Eliodoro Costa — 2020
2. Programa institucional de Aperfeicoamento e Apoio a Docéncia no Ensino Superior-
PAADES - Realizado na disciplina Fisica Radiol6gica do Departamento de Biofisica e
Farmacologia, sob supervisdo do Prof. Assoc. Vladimir Eliodoro Costa — 2021
Cursos
1. 1V Escola de Inverno em Fisica Aplicada a Medicina e Biologia - Departamento de Fisica
da Faculdade de Filosofia, Ciéncias e Letras de Ribeirdo Preto da Universidade de Sao
Paulo — 2020;
2. Citometria de fluxo, principios e aplica¢des — 2020;
3. Toxicologia aplicada na area da saude - realizado pelo Ceatox - Centro de Assisténcia
Toxicologica do Instituto de Biociéncias — UNESP — 2020;
4. Introduction to the Biology of Cancer - Johns Hopkins University — 2020;
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9.

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Treinamento Preparo de Solucdes Quimicas, realizado pelo Ceatox - Centro de Assisténcia
Toxicoldgica do Instituto de Biociéncias — UNESP — 2020;

Comunicacéo e escrita cientifica — 2020;

Biologia Estrutural Aplicada a Biotecnologia — 2020;

Docéncia no ensino superior: fundamentos e praticas pedagogicas - Instituto de Educacéo
e Pesquisa em Praticas Pedagogicas - IEP3; — 2021;

Implant Dentistry - The University of Hong Kong, — 2021,

Anatomy: Musculoskeletal and Integumentary Systems — University of Michigan — 2021,
Técnicas Aplicadas al Estudio de Materiales Porosos — Micrometics — 2021;

Andlise de Dados em Linguagem R — Enap — 2021,

Advanced Functional Ceramics — Yonsei University — 2021;

VIII Curso de Oncologia Integrada — Hospital Sirio Libanés — 2021,

Plagio e Turnitin - Divisdo Técnica de Biblioteca e Documentacdo-Unesp-Campus de
Botucatu-Rubiéo Jr — 2021;

Boas Préticas de Laboratério e Biosseguranca — Instituto de Biociéncias de Botucatu —
UNESP - 2021;

Vigésimo Curso de Radioterapia de Ultima Geracdo e Controle de Qualidade — Hospital
Sirio-Libanés — 2021;

Teranostico em Medicina Nuclear — Faculdade de Medicina de Botucatu — UNESP — 2021,
Workshop: PCR em Tempo Real Sem Segredos — Universo da Biologia Molecular —2022;
Gestdo de Projetos e Aplicativos de Impacto — Recode — 2022;

Technical Support Fundamentals — Coursera — Google — 2022;

Toxinologia béasica & Aplicada: Biotecnologias de Toxinas Uteis a Satde — 2022 —
FIOCRUZ;

XXI Curso de Radioterapia de Ultima Geracéo e Controle da Qualidade — Hospital Sirio
Libanés — 2022;

Radiacédo na saude: aplicacdes em medicina nuclear — Faculdade de Medicina de Botucatu
— UNESP - 2023;

Mini-Curso de Braquiterapia - Braquiterapia de baixa taxa de dose de prostata - Hospital
Sirio Libanés — 2023;

Comunicagdo e Escrita Cientifica” — American Chemical Society — 2023,

Eventos

1.

Unesp Conecta 2020 - "Reflexdes sobre Inovagao, Empoderamento ¢ Empreendedorismo”
—2020
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16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

I Férum On-line de Tecnologias da Luz na Saude — 2020

XI Congresso Internacional de Uro-Oncologia — 2020

IV Simposio de Fotobiofisica: UV e Virus — 2020

I1 Congresso Brasil-Germanico de Oncologia — 2020

Congresso de Biociéncias — 2020

VI simposio internacional de cancer de mama oncologia D'OR — 2020
V simpdsio internacional de cancer de pulmao oncologia D'OR — 2020
XIX Semana da Fisica Médica — 2020

. I Simposio Digital de Genética e Biotecnologia da UFJF — 2020

. Il Semana de Biotecnologia USP — 2020

. 1° Encontro Internacional de Metrologia e Examinologia em Quimica — 2020
.V Congresso de Urologia da USP — 2020

. IV Simposio Internacional GU-REVIEW 2020

. VIII Simpédsio Internacional de Melanoma e VI Simpdsio Internacional de Imuno-

oncologia — 2020

Global Férum — Fronteiras da Saude — 2020

XXI1 Congresso da Sociedade Brasileira de Radioterapia — 2020

IX Simposio Internacional Multidisciplinar de Cancer de Mama — 2020

Il Simposio "Bases da Carcinogénese: da célula as repercussdes clinicas" — 2020
IV Simpdsio Cancer de Pulméo — 2020

I Congresso {Virtual} Brasileiro de Engenharia de Tecidos — 2020

XX Congress of the Brazilian Society for Cell Biology (SBBC) — 2021

IV Simposio Internacional de Onco-Hematologia — 2021

9° Simpdsio Internacional do Céancer de Pulmao — 2021

Conferéncia Brasileira de Cancer de Mama - LACOG-GBECAM - 2021

5° Congresso Brasileiro de Qualidade em Laboratdrios — 2021

Il Simposio de Atualizagdo no Tratamento dos Tumores Ginecoldgicos — 2021
VI Simpésio de Biotecnologia do IFRJ — 2021

Il Congresso Digital de Nanobiotecnologia e Bioengenharia (Il CDNB) — 2021
SNMMI 2021 Virtual Annual Meeting — 2021

3rd Industrial Biotechnology and Synthetic Biology Workshop (IBSB) — 2021
Virtual Educational Symposium — Oncoclinicas e Dana-Farber Cancer Institute — 2021
XII Congresso Internacional de Uro Oncologia — 2021

Il ASCO em contexto — 2021

I11 Workshop de Fisica da Unesp Bauru — 2021
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36.
37.
38.
39.
40.
41.

42.
43.

44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

62.

63.

64.

65.

XI1 Board Review in Medical Oncology: Atualizacdo, Discusséo e Inovagéo — 2021

6° Simpdsio Internacional de Tumores Gastrointestinais — 2021

V Workshop de Biotecnologia — 2021

XIX Brazilian MRS Meeting — 2021

Genomic Summit — 2021

IX Simposio Internacional de Melanoma e VII Simposio Internacional de Imuno-oncologia
—-2021

| Simpdsio Internacional de Oncologia de Precisdo — 2021

XAYNAN Workshop - International Sirius Workshop on X-ray Nanospectroscopy,
Nanodiffraction and Nanoimaging — 2021,

X Proteomics Workshop — 2021,

31st LNLS Annual Users” Meeting (RAU) — 2021;

IV Semana de Biotecnologia da USP — 2021;

Planetary Health Annual Meeting and Festival — 2021,

X Simposio Internacional Multidisciplinar de Cancer de Mama — 2021;

| Simpdsio de Fisica Aplicada a Medicina — UFU — 2021;

| Encontro de Extensdo Universitaria do IBB — UNESP — 2022;

I Simposio de Radioprotecdo e Qualidade de Imagem do HCFMB — 2022;

X111 Congresso Internacional de Uro-oncologia / VIII Simpdsio Multiprofissional — 2022
Best Practices in Breast Oncology BPBO — 2022;

V Simposio Internacional de Onco-Hematologia — SINTOMA — 2022;

V Simpdsio Nacional EVA de Oncologia Ginecoldgica — 2022;

Algoritmos Globais em Oncologia e Hematologia — 2022;

7° Simpdsio Internacional de Tumores Gastrointestinais — 2022;

10° Simpésio Internacional Oncoclinicas e Dana-Farber Cancer Institute — 2022;
Simpdsio Anual do Programa de P6s-Graduacao em Biologia Geral e Aplicada — 2022;
7° Workshop de Biotecnologia — 2022;

International Sirius Workshop on Heterogeneous and Hierarchical Materials (H2Mat) —
2022;

Congresso Internacional de Ciéncia, Tecnologia e Desenvolvimento — 2022;

XI Proteomics Workshop — 2022;

VI Simpésio Internacional GU - Review e IV Simpdsio Multiprofissional — LACOG —
2022;

Congresso de Ciéncia e Tecnologia dos Biomateriais — BIOMAT22 — 2022;
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66.

67.
68.
69.

70.
71.
72.
73.

1st International Symposium in Bioscience and Biotechnology: Innovations and Trends —
2022;

Il Simpdsio de Fisica Aplicada a Medicina — SIFAM — 2022;

I Congresso Brasileiro em Biociéncias Aplicadas a Saude — 2023;

Journées de la recheche de la Faculté de médecine et de ses centres de recherche affiliés —
2023;

V111 Workshop de Biotecnologia — 2023;

Algoritmos Globais e Controvérsias 2% edicdo — 2023;

XI1 Congresso de Biociéncias — 2023;

XXXV Congresso de Inicia¢do Cientifica da Unesp — 2023;

Palestra Ministrada

Palestra “O Papel do Fisico Médico na Medicina Nuclear e na Pesquisa: da clinica para a

academia”, organizada pela Liga Académica de Fisica Médica - LiFiM do Instituto de Biociéncias
de Botucatu — 2022.

Resumos em eventos

1.

Efeitos metabolicos do meio enriquecido com Co-Cr no acoplamento de células endoteliais
submetidas a shear-stress e osteoblastos, de autoria de Almeida, G.S.; Fernandes, C.J.C.;

Pinto, T.S.; Bezerra, F.J.; Zambuzzi, W.F., no | Simpoésio Digital de Genética e
Biotecnologia da UFJF (1 SDGB) - 2020

Coupling of shear-stressed endothelial cell and osteoblasts in responding to Co-Cr-
enriched medium. Gerson Santos de Almeida, Célio Junior da Costa Fernandes, Thais

Silva Pinto, Fabio José Bezerra, Willian Fernando Zambuzzi, no XX Congress of the
Brazilian Society for Cell Biology - 2021.

Meio enriquecido com hidroxiapatita altera a expressao de genes relacionados ao fenétipo
osteoblastico de células MG63. Gerson Santos de Almeida, Marcel Rodrigues Ferreira,
Célio Junior da Costa Fernandes, Willian Fernando Zambuzzi — |1 CDNB — 2021

Hipdxia induzida por hidroxiapatita dopada com cobalto modula a expressdo de genes de

diferenciagédo osteoblastica, Almeida. G.S.; Moraes. J.F.; Ferreira, M.R.; Fernandes, C.J.C;
Feltran, G.S.; Pinto, T.S; Morais, P.B; Zambuzzi. W.F. — VI Workbiotec - 2021
Avaliacdo da resposta de osteoblastos ao meio enriquecido com titanio, Morais, P. B.;
Fernandes, C. J.C.; Almeida, G. S.; Zambuzzi, W. F. — V Workbiotec - 2021

Cellular response of MG-63 cells in Hydroxyapatite/TCP enriched medium with different

thermal treatments, Gerson Santos de Almeida, Marcel Rodrigues Ferreira, Celio Junior
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10.

11.

12.

13.

14.

15.

da Costa Fernandes, Carlos Alberto Oliveira de Biagi Junior, Willian Fernando Zambuzzi
- XIX SBPMat - 2021

Effect of the Niobium Substitutional Element on the Mechanical Properties and
Biocompatibility of Ti-25Ta-Nb Alloys, Fernanda de Freitas Quadros, Célio Junior da
Costa Fernandes, Gerson Santos de Almeida, Willian Fernando Zambuzzi, Carlos Roberto
Grandini — X1X SBPMat - 2021

Cytotoxicity of new Ti-based alloys aiming at biomedical applications, Dante Oliver Guim

Corréa, Fernanda de Freitas Quadros, Giovana Collombaro Cardoso, Gerson Santos de
Almeida, Willian Fernando Zambuzzi, Carlos Roberto Grandini - XIX SBPMat — 2021

Sintese e caracterizagdo do filme de Hidroxiapatita, depositado sobre titanio recoberto com

titanato de calcio, Maria Gabriela Jacheto Carra, Jodo icaro Miranda Morais Garcia,
Gerson_Santos de Almeida, Margarida Juri Saeki - XXXIII Congresso de Iniciacao
Cientifica da Unesp — 2021

Efeito do meio condicionado por células endoteliais HUVEC e cloreto de cobalto na

diferenciacdo de células mesenquimais: Um olhar aos INcRNAs HOTAIR e HOTTIP, Aron

Roger de Oliveira, Gerson Santos de Almeida, Marcel Rodrigues Ferreira, Georgia da

Silva Feltran, Willian Fernando Zambuzzi - XXXIII Congresso de Iniciacdo Cientifica da
Unesp — 2021
Avaliacdo da citotoxicidade de novas ligas de titanio para uso biomédico, Dante Oliver

Guim Corréa, Gerson Santos de Almeida, Carlos Roberto Grandini - XXXIII Congresso

de Iniciacdo Cientifica da Unesp — 2021
Efeito do meio enriquecido com hidroxiapatita dopada com cobalto em células
osteoblasticas, Luisa Camilo Suter, Gerson Santos de Almeida, Marcel Rodrigues

Ferreira, Julia Ferreira de Morais, Willian Fernando Zambuzzi, Congrebio — 2021;
Effect of heat treatments on some properties of Ti-10Mo-Mn for biomedical applications,

Mariana Luna Lourenco, Dante Oliver, Gerson Santos de Almeida, Carlos Roberto

Grandini, XI Latin American Congress of Artificial Organs and Biomaterials — 2021;
Chemical, biological and mechanical characterization of Zr-25Ta-5Ti Alloy, Edriely

Saraiva, Dante Oliver, Pedro Akira Bazaglia Kuroda, Gerson Santos de Almeida, Carlos

Roberto Grandini, X1 Latin American Congress of Artificial Organs and Biomaterials —
2021;
New alloys of the Ti-5Mo-Nb system, with low elastic modulus, for biomedical

applications, Giovana Collombaro Cardoso, Dante Oliver, Gerson Santos de Almeida,

Carlos Roberto Grandini, XI Latin American Congress of Artificial Organs and
Biomaterials — 2021;
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Study of new titanium-based alloys as biomaterials and their cytotoxic potentials, Dante

Oliver, Gerson Santos De Almeida, Carlos Roberto Grandini, XI Latin American Congress

of Artificial Organs and Biomaterials — 2021;

Deposicéo de hidroxiapatita sobre titanio recoberto com titanato de célcio: caracterizacéo
e ensaio bioldgico, Carra, M.G.J.; Garcia, J.I.M.M.; Almeida, G.S.; Zambuzzi, W.F.;
Saeki, M.J. Congresso Brasileiro de Ceramica (65-66 CBC) — 2022;

Design and characterization of TiZrNbTaMo/Mn HEAs for potential use as orthopedical

implants, Jhuliene Elen Torrento, Tiago Santos Pereira de Sousa, Conrado Ramos Moreira
Afonso, Carlos Roberto Grandini, Gerson Santos de Almeida, Willian Fernando Zambuzzi
and Diego Rafael Nespeque Correa. XX B-MRS Meeting — 2022;

Sintese e caracterizacdo de fosfatos de célcio bifasico (BCP) composto por monetita (CaP)

e fosfato tricalcico (B-TCP), Luisa Camilo Suter, Gerson Santos de Almeida, Marcel

Rodrigues Ferreira, Gedrgia da Silva Feltran, Maria Gabriela Jacheto Carra e Willian
Fernando Zambuzzi. 7° Workshop de Biotecnologia — 2022;
Desenvolvimento de um modelo de scaffolds dsseo a base de hidrogéis poliméricos

naturais, Julia F. Moraes, Marcel R. Ferreira, Gedrgia S. Feltran, Gerson S. Almeida e Willian F.

Zambuzzi, 7° Workshop de Biotecnologia — 2022;
Construcéo e caracterizacdo de um modelo de scaffolds dsseos a base de hidrogéis, Julia
F. Moraes, Marcel R. Ferreira, Guilherme S. Sousa, Gedrgia S. Feltran, Gerson S. Almeida

e Willian F. Zambuzzi, 11° Congresso de Biociéncias — 2022;

Construcdo e caracterizacdo de um modelo de esferoide dsseo a base de hidrogéis, Jalia
F.Moraes. Marcel R. Ferreira, Gerson S. Almeida, Geo6rgia S. Feltran, Willian F.
Zambuzzi, XXXIV Congresso de Iniciacdo Cientifica da UNESP — 2022;

Sintese e caracterizacdo fisico-quimica de Fosfato de Calcio Bifasico (BCP) dopado com

cobalto (Co), Luisa Camilo Suter, Gerson Santos de Almeida, Marcel Rodrigues Ferreira,

Georgia da Silva Feltran, Maria Gabriela Jacheto Carra e Willian Fernando Zambuzzi
XXXIV Congresso de Iniciacdo Cientifica da UNESP — 12 e 22 fase — 2022;
Desenvolvimento e caracterizagdo de novas ligas de Ti-Mo-Nb para aplicagdes

biomédicas, Giovana Collombaro Cardoso, Gerson Santos de Almeida, Dante Oliver

Guim Corréa, Willian Fernando Zambuzzi e Carlos Roberto Grandini, Congresso de
Biomateriais — 2022;
Sintese e caracterizagdo de fosfato de célcio bifésico (BCP) dopado com cobalto para

aplicacdo biotecnoldgica, Luisa Camilo Suter, Gerson Santos de Almeida, Marcel

Rodrigues Ferreira, Margarida Juri Saeki, Willian Fernando Zambuzzi, XXXV Congresso
de Iniciacdo Cientifica da Unesp — 2023;
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26. Constituicdo de Unidades Biomimeticas com Perspectiva de Regeneracdo do Tecido

Osseo, Julia Ferreira de Moraes, Marcel Rodrigues Ferreira, Gerson Santos de Almeida,

Georgia da Silva Feltran, Anderson Moreira Gomes, Willian Fernando Zambuzzi, XXXV
Congresso de Iniciacdo Cientifica da Unesp — 2023;

27. Titanium surface modified by oxide films containing calcium and apatite to improve bone
integration, Jodo icaro Miranda Morais Garcia, Maria Gabriela Jacheto Carra, Diego
Rafael Nespeque Correa, Nilson C. Cruz, Gerson Santos de Almeida, Vicente Amigd
Borras e Margarida Juri Saeki - XXI B-MRS Meeting — 2023;

28. Effects of CoCr-enriched medium on shear-stressed endothelial cell and osteoblasts,

Gerson Santos de Almeida, Maria Gabriela Jacheto Carra, Célio Junior da Costa
Fernandes, Thais Silva Pinto e Willian Fernando Zambuzzi, XXI B-MRS Meeting — 2023;

Artigos Submetidos e em Reviséo
1. Influence of Nb and Zr additions on microstructure, elastic modulus, and cytotoxicity of 3-
Ti-25Ta alloys for biomedical applications. Pedro Akira Bazaglia Kuroda, Rafael

Formenton Macedo dos Santos, Gerson Santos de Almeida, Willian Fernando Zambuzzi,

Carlos Roberto Grandini and Conrado Ramos Moreira Afonso;
2. Influence of Zr addition in BTi-25Ta-xZr alloys on oxide formation by MAO-treatment.
Pedro Akira Bazaglia Kuroda?®, Rafael Formenton Macedo dos Santos®, Mariana Rossi

Correa?, Gerson Santos de Almeida®, Willian Fernando Zambuzzi®, Diego Rafael Nespeque

Corread, Carlos Roberto Grandini¢ and Conrado Ramos Moreira Afonso?;
3. Gamma-oryzanol (yOz) rich rice bran promotes osteogenic phenotype of bone marrow-
obtained stromal cells. Thais Silva Pinto, Jéssica Leite Garcia, Anderson Moreira Gomes,

Amanda Fantini de Camargo Andrade, Gerson Santos de Almeida, Camila Renata Correa,

Willian Fernando Zambuzzi;
4. Preparation and characterization of TI-10Mo-5Mm-Ag alloys for biomedical applications,
Melissa Daniela de Almeida Nespeque!, Mariana Rocha Correal, Dante Oliver Guim

Corréal, Mariana Luna Lourenco®, Gerson Santos de Almeida?, Willian Fernando

Zambuzzi?, Marilia Afonso Rabelo Buzalaf®, James Venturini*, Diego Rafael Nespeque
Correal, Carlos Roberto Grandini!;
5. Development of Novel B-type Zr-25Ta-5Ti Alloy for Biomedical Applications. Edriely de

Oliveira Saraival, Gerson Santos de Almeida?, Willian Fernando Zambuzzi?, Pedro Akira

Bazaglia Kuroda®, Carlos Roberto Grandini.
6. Modulation of HIF-1a and TNF-a in pre-osteoblasts treated with alcohol extract of propolis:
implications for cellular response and signaling pathways. Paula Bertin de Morais, Gerson
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Santos de Almeida, Amanda Fantini de Camargo Andrade, Ricardo de Oliveira Orsi,

Willian Fernando Zambuzzi, Célio Jr. Da Costa Fernandes.

7. Synthesis of apatite-CaTiOs bilayer films on cp-Ti by sol-gel/dip-coating and plasma
electrolytic oxidation and its effects on mechanical, electrochemical, and biological
properties - Jodo Miranda Morais Garcia, Maria Jacheto Carra, Diego N Correa, Gerson
Almeida, Georgia Feltran, Paula Chiachia Pasta, Gustavo Rocha de Castro, Elidiane
Cipriano Rangel, Nilson Cristiano Cruz, Willian Fernando Zambuzzi, Vicente Amigo
Boras, Margarida Juri Saeki.

8. Cobalt-doped monetite induces biomimetic hypoxia and rapidly camouflages bone healing

environment - Gerson Santos de Almeidal, Thais Silva Pinto!, Luisa Camilo Suter?,

Georgia da Silva Feltrant, Maria Gabriela Jacheto Carrat, Paula Bertin de Moraist, Diego
Rafael Nespeque Corréa2?, Margarida Juri Saeki?, Paulo Noronha Lisboa Filho3, Willian
Fernando Zambuzzit.

9. The biological properties of Co-doped monetite are influenced by thermal treatment -
Gerson Santos de Almeida?, Luisa Camilo Suter?, Thais Silva Pinto!, Géorgia da Silva

Feltrant, Maria Gabriela Jacheto Carra2, Diego Rafael Nespeque Corréa®, Margarida Juri
Saeki2, Paulo Noronha Lishoa-Filho*, Willian Fernando Zambuzzit

10. Optimizing titanium osseointegration using thermally modified Co-doped monetite
coatings - Gerson Santos de Almeidal*, Maria Gabriela Jacheto Carra®*, Luisa Camilo

Suter?, Julia Bucci?, Diego Rafael Nespeque Corréa?, Margarida Juri Saeki?, Willian

Fernando Zambuzzit.

Artigos publicados

1. 2020 - GSVA score reveals molecular signatures from transcriptome for biomaterials
comparison. Ferreira MR'; Almeida GS!; Biagi CA?; Silva WA jr?; Zambuzzi WF? -
DOI:10.1002/jbm.a.37090

2. 2021 - Metabolic effects of CoCr-enriched medium on shear-stressed endothelial cell and
osteoblasts: a possible mechanism involving a hypoxic condition on bone healing. Célio
Junior da Costa Fernandes, Gerson Santos de Almeida, Thais Silva Pinto, Fabio J Bezerra,
Willian Zambuzzi - DOI: 10.1016/j.msec.2021.112353

3. 2022 - Preparation and characterization of novel as-cast Ti-Mo-Nb alloys for biomedical

applications. Giovana Collombaro Cardoso, Gerson Santos de Almeida, Dante Oliver
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