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Abstract

Effective bone substitute biomaterials remain an important challenge in patients with

large bone defects. Glass ceramics produced by different synthesis routes may result

in changes in the material physicochemical properties and consequently affect the

success or failure of the bone healing response. To investigate the differences in the

orchestration of the inflammatory and healing process in bone grafting and repair

using different glass–ceramic routes production. Thirty male Wistar rats underwent

surgical unilateral parietal defects filled with silicate glass–ceramic produced by dis-

tinct routes: BS – particulate glass–ceramic produced via the fusion/solidification

route, and BG – particulate glass–ceramic produced via the sol–gel route. After 7, 14,

and 21 days from biomaterial grafting, parietal bones were removed to be analyzed

under H&E and Massons' Trichome staining, and immunohistochemistry for CD206,

iNOS, and TGF-β. Our findings demonstrated that the density of lymphocytes and

plasma cells was significantly higher in the BS group at 45, and 7 days compared to

the BG group, respectively. Furthermore, a significant increase of foreign body giant

cells (FBGCs) in the BG group at day 7, compared to BS was found, demonstrating

early efficient recruitment of FBGCs against sol–gel-derived glass–ceramic particu-

late (BS group). According to macrophage profiles, CD206+ macrophages enhanced

at the final periods of both groups, being significantly higher at 45 days of BS

compared to the BG group. On the other hand, the density of transformation growth

factor beta (TGF-β) positive cells on 21 days were the highest in BG, and the lowest

in the BS group, demonstrating a differential synergy among groups. Noteworthy,

TGF-β+ cells were significantly higher at 21 days of BG compared to the BS group.

Glass–ceramic biomaterials can act differently in the biological process of bone

remodeling due to their route production, being the sol–gel route more efficient to

activate M2 macrophages and specific FBGCs compared to the traditional route.

Altogether, these features lead to a better understanding of the effectiveness of
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inflammatory response for biomaterial degradation and provide new insights for

further preclinical and clinical studies involved in bone healing.
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1 | INTRODUCTION

Bone defects resulting from malformation, infection, trauma, or tumor

resection remain a significant challenge in dental, orthopedic, and

craniofacial surgery. This challenge primarily arises from the size of

these defects, which often surpass the natural regenerative capacity of

bone.1,2 The field has seen a growing utilization of various bone substi-

tute biomaterials and autogenous bone grafts as effective strategies for

craniofacial reconstruction.3,4 Biomaterials are favored over autogenous

bone due to their potential to obviate the need for additional surgical

procedures and the associated morbidities.5,6 Among the potent autog-

enous bone substitutes, bioactive biomaterials, particularly those based

on hydroxyapatite (HA), alpha or beta-tricalcium phosphate, biphasic

calcium phosphate, bioactive glasses, and glass–ceramics, have demon-

strated robust bone bioactivity.7,8

A myriad of processing techniques has been applied to the devel-

opment of bioactive glasses and related glass-ceramics. These tech-

niques aim to enhance biocompatibility and bioactivity for effective

bone healing while minimizing the risk of biomaterial implantation

failure.9–17 Glass biomaterials are predominantly fabricated using

either traditional solidification (BS) or sol–gel processes (BS), involving

heating the bioactive glass beyond its crystallization temperature, typ-

ically ranging from 610 to 630�C.18 Crystallization in melt-derived

glasses results in a reduction of the parent glass's microstructure and

porosity, leading to solidification and subsequent physical stress.19

Sol–gel methods exhibit a distinct behavior upon liquid contact, with

the biomaterial's porous structure absorbing a certain amount of

liquid.20 A recent study by Fiume et al. introduces a novel sol–gel

methodology for developing bioactive silicate scaffolds that exhibit

enhanced bioactivity in simulated body fluid. Interestingly, this

research highlights variations in bioactivity even within similar glass–

ceramic compositions, emphasizing the need for an accessible and

reproducible manufacturing strategy to enhance bone healing using

glass–ceramic-derived biomaterials.21

At the cellular level, biomaterials based on the sol–gel method

can achieve a greater surface area, promoting enhanced bioactivity of

glass materials, likely due to the formation of small pores on their sur-

face and the high concentration of silanol groups.22 Specifically, Biosi-

licate® particles synthesized via the sol–gel route (BG) exhibit an

increase in specific surface area from 0.51 to 3.01 m2/g, pore volume

from 0.0005 to 0.0025 cm3/g, and average pore diameter from 4.31

to 6.16 nm. This leads to greater availability of the hydroxycarbonate

surface.23 Interactions between distinct routes produced by particulate

glass–ceramic biomaterials with cells in the injury microenvironment

are crucial to evoke a specific and regulated immune-inflammatory

response.24 Therefore, rapid biomaterial recognition is expected, fol-

lowed by spontaneous protein adsorption on its surface, minimizing

excessive inflammation.25

During fracture healing, recruitment of monocyte/macrophage

lineage is crucial for effective functional orchestration of tissue

repair.26 These cells play a pivotal role in recognizing biomaterials

from the protein layer, ultimately leading to cell activation27 and regu-

lation of inflammatory response.28 Furthermore, macrophages possess

significant polarization capacity, adopting pro- and anti-inflammatory

phenotypes (M1 and M2, respectively), and secreting diverse cyto-

kines and chemokines guiding the healing process at the implanted

site.29 The balance between M1/M2 phenotypes has been linked to

the success or failure of biomaterial integration, influencing bone heal-

ing or persistent inflammation and fibrosis, primarily depending on

biomaterial characteristics.29

Classic macrophage polarization toward the M1 profile is triggered

by interaction with local pro-inflammatory signals like microbial products

(LPS) and interferon-gamma (IFN-γ).30,31 Conversely, M2 macrophages

are activated by anti-inflammatory molecules secreted by platelets, blood

clot products, and leukocytes, such as interleukins (IL) IL-4, IL-10, and

IL-13, as well as transforming growth factor beta (TGF-β).32,33 However,

to date, there have been no investigations in vivo models of biomaterial

grafting to evaluate the efficiency of the sol–gel method compared to

particulate glass–ceramic produced via solidification concerning the bio-

logical behavior of local inflammatory cells. Throughout the bone healing

process, resident and inflammatory cells also induce the formation of for-

eign body giant cells (FBGCs) through monocyte fusion, contributing to

biomaterial degradation.34–36 Despite FBGCs often being associated

with fibrosis and encapsulation of biomaterials, Trindade et al. demon-

strated an important role of FBGCs in bone formation, releasing anti-

inflammatory factors like TGF-β.36

Expanding upon our prior research, the current study aimed to

explore disparities between granulated glass–ceramic materials gener-

ated via the sol–gel route and the conventional solidification route,

focusing on their capacity to modulate pro-osteogenic cellular responses

in an in vivo setting. Initially, we assessed the impact of BS and BG on

general inflammatory cells, bone tissue, and biomaterials through histo-

logical sections. Subsequently, we compared the duration of bone heal-

ing following BS or BG grafting, considering the prevalence of M1 and

M2 macrophage phenotypes, along with their associated osteoconduc-

tive capabilities. Coupled with our earlier findings, these novel insights

into the therapeutic implications of BS and BG glass-ceramics in facilitat-

ing pro-osteogenic processes via activation/recruitment of macrophage

phenotypes will offer significant perspectives for refining biomaterial

design in the field of bone tissue engineering.
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2 | MATERIALS AND METHODS

2.1 | Animal and experimental design

All experimental protocols followed the National Institutes of Health

(NIH) guidelines for animal care and were approved by the Institu-

tional Animal Care And Use Committee at the Sagrado Coração

University (protocol 2664030417). Thirty male Wistar rats (Rattus

norvegicus) aged 90 days, and mean weight of 3500 grams were pro-

vided by the Central Animal House of Unisagrado (Centro Universi-

tário Sagrado Coração, Bauru, SP, Brazil). The rats were kept in

groups of three in polypropylene cages (1394 cm2) in a room under

controlled temperature (22 ± 2�C) with 12 h dark/light cycle, humid-

ity of 40% to 70%, and received water and pelleted diet (Nuvilab

CR-1, Nuvital Nutrientes S/A, Colombo, PR, Brazil) ad libitum.

2.2 | Surgical procedures

Animals were randomly divided into two groups that underwent surgi-

cal procedures for the calvaria implantation of BS (Biosilicate®, #WO

2004/074199, 180–212 μm, Vitrovita, São Carlos, Brazil), and BG

(Biosilicate Sol–Gel, #WO 2004/074199, 180–212 μm, Vitrovita, São

Carlos, Brazil) glass–ceramics.23,37 Surgical protocol and post-surgical

animal care were performed as previously described.38 Briefly, animals

were anesthetized by intramuscular injection of 1% ketamine

(Dopalen®, Agribands Ltda, São Paulo, Brazil) with 2% chlorite of

xylazine (Anasedan®, Agribands Ltda, São Paulo, Brazil). Then, a front-

parietal trichotomy and disinfection with 1% polyvinylpyrrolidone

were performed, followed by a 5 mm thickness defect in the parietal

bones using a trephine bur (Neodent®, Curitiba, Brazil) under constant

saline solution irrigation.

Following biomaterial grafting, equivalent amount of the bio-

materials was used, 0.02 g, agglutinated with 0.9% saline solution

to fill in the bone defects. Periosteum was repositioned and the

skin was sutured with 6–0 nylon. The animals received two doses

of 40.000UI benzathine penicillin IM every 48 h. At the post-

surgical time points of 7, 21, and 45 days, animals were sacrificed

with an overdose of a ketamine/xylazine mixture and, the cranial

structures were collected, and fixed in 4% formalin for 48 h.

Next, specimens were washed in tap water for 12 h to be pro-

cessed for microscopic analysis (H&E, Masson Trichrome, and

immunohistochemistry).

2.3 | Histopathological and histomorphometry
analysis

Cranium samples were demineralized in EDTA solution containing

4.13% tritriplex III (Merck KGaA, Darmstadt, Germany), and 0.44%

sodium hydroxide, for approximately 40 days and embedded in

Histosec® (paraffin enriched with polymers of the EMD Millipore-

division of Merck KGaA, Darmstadt, Germany). Coronal semi-serial

5-μm thickness sections (intervals of 200 μm) were made for histo-

logic (H&E and Masson Trichrome) and immunostaining analysis, as

previously described.39 Each histopathological qualitative assess-

ment was separately evaluated by a pathologist (MAM) blinded to

the groups. Quantitative assessments were made in terms of local

biomaterial, resident, and inflammatory cells, which include residual

blood clots, neutrophils (polymorphonuclear leukocytes, PMN), lym-

phocytes and plasma cells (mononuclear leukocytes, MN), foreign

body giant cells (FBGC), fibers, fibroblasts, and blood vessels. Addi-

tionally, bone cells and matrix were also analyzed at sites of biomate-

rial implantation.

For this purpose, three histological fields at �40 magnification

were captured, comprising two peripherical and two center areas

of bone defect, and submitted to a 398 points grid in a quadrangu-

lar area, by using ImageJ software (Version 1.51, National Institutes

of Health). Results were normalized by the area density (%) of each

parameter, considering 398 points as 100% of the area.

2.4 | Immunostaining analysis

Immunohistochemistry was performed based on previous studies

for the detection of M1 and M2 macrophages during bone healing

with distinct glass-ceramic (BS and BG).40 Slides were deparaffi-

nized by xylol and rehydrated by different concentrations of

alcohol, followed by endogenous peroxidase and serum proteins

blockade. Then, polyclonal primary antibodies incubation was made

overnight for F4/80 (sc-26643-R), iNOS2 (sc-649), CD206

(sc-34577), and TGF-β (sc-7892) (Santa Cruz Biotechnology, Dallas,

TX, USA). All primary antibodies were conjugated for 25 min

with HRP-polymer (Easy Link One, EasyPath, Immunobioscience

Corp., Mukilteo, USA), except by CD206 which was conjugated

with Immpress/HRP (Vector Labs, Southfield, USA). Visualization

was performed using 3,30-diaminobenzidine tetra hydrochloride

(SigmaAldrich, St Louis, USA) and counter-stained with Mayers'

hematoxylin. For negative controls, primary antibodies were

substituted by Tris-buffered saline (TBS). For quantification, five

fields under 40� magnification were captured by a light microscopy

(Nikon, Tokyo, Japan), and a 391-point grid was used at ImageJ

software. The results were normalized by the area density (%) of

each parameter, considering 391 points as 100% of the area.

2.5 | Statistical assessment

Statistical tests were performed with GraphPad Prism 6.0 software

(GraphPad Software Inc.). Comparisons between two groups were

performed using Student's t-test for data normal distribution and

using Mann-Whitney (Wilcoxon rank-sum test) for data with non-

normal distribution. Multiples comparisons with normal distribution

were analyzed by One-way analysis of variance (ANOVA), followed by

Tukey's post hoc test. Values of p < .05 were considered statistically

significant.
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3 | RESULTS

3.1 | Histopathological analysis

Morphological analysis of H&E and Masson Trichrome revealed that

in BS group, sparsely large irregular granules particles were identified

among newly formed capillaries, and the granulation tissue, followed

by focal osteogenic activity at the periphery of the defect (Figure 1A).

Besides that, focal and scarce PMN, and MN could be seen into colla-

gen fibers and surrounding BS, which exhibited close contact with thin

and long-shaped FBGCs at 7 days (Figure 1C,D). For BG group,

morphological analysis demonstrated that in initial period of 7 days,

calvaria's defect was composed by small homogenous rounded BG

granules compared to BS granules (Figure 1B). This area exhibited

several MN and small rounded FBGCs were found among BG granules

(Figure 1E). Furthermore, a full composition of the BG with low cellular-

ity, and slight collagen fibers, which can also be observed in Masson's

Trichome (Figure 1F).

At day 21, osteogenic activity increased peripherally while BS'

granules presented focal degradation, characterized by the loss of their

original shape and accumulation of FBGCs involvement (Figure 1G).

Additionally, extracellular matrix presents maturation, characterized by

more defined vascularization and collagen fibers maturation compared

to initial period (Figure 1I,J). A decrease of BG granules promoted

by resorption at period of 21 days was accomplished by the increase

of FBGCs associated to the biomaterial was noted (Figure 1H).

F IGURE 1 Morphological analysis of H&E and Masson Trichrome on healing defects reconstructed with BS and BG groups. Bone
defect reconstructed with BS biomaterial (#) at (A) 7, (G) 21, and (M) 45 days demonstrating focal and scarce PMN, and MN (C) into

collagen fibers (D) surrounded by BS, and (I, F) closely in contact with FBGCs (black arrow) at 21 days. (O, P) Extracellular matrix presents
maturation, exhibiting a higher concentration of MN in close contact with scarce reminiscent biomaterial. Bone defect reconstructed with
BG biomaterial (#) at (B) 7, (H) 21, and (N) 45 days demonstrating (E, F) MN and small rounded FBGCs among BG granules. Decreased of
BG granules at 21 days, followed by (K, L) changes in the FBGCs' morphology, similar to Langhan's giant cells. (Q, R) An increasing in
collagen maturation, and numerous FBGCs and MNs surrounding focal biomaterial granules at 45 days was observed in BG group.
Gt indicates granulation tissue and Ct means connective tissue. Original magnification 4� (A-B, G-H, and M-N) and 40� (C-D, E-F, I-J, K-L,
O-P, and Q-R).
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MNwas also present at this period, however a presence of chronic

inflammation, and increasing in collagen maturation were identi-

fied (Figure 1K,L).

Finally, a higher concentration of MN in close contact with

scarce reminiscent biomaterial was observed at day 45 in BS group

(Figure 1M,O,P). At day 45 for BG group, discrete increased in

osteogenic activity was observed in peripherical areas of biomate-

rial implantation, as well as a high density of collagen fibers

(Figure 1N). Among these structures, numerous FBGCs and MNs

were observed surrounding focal biomaterial granules of the biomate-

rial. It was possible to note in BG group, especially after the period of

21 days, changes in the FBGCs' morphology, similar to Langhan's giant

cells, characterized by the nuclei lined up along one edge of the cell,

and mostly surrounded by macrophages are elongated with long, pale

nuclei and pink cytoplasm macrophages (Figure 1O,R).

3.2 | Quantitative assessment of histological
parameters

To identify potential factors and cells that induce pro- or anti-

inflammatory activation in response to BS and BG groups culminating

to success or failure in bone repair, we evaluated the presence of

PMN, MN, FBGCs, bone area and, extracellular matrix components

(fibroblasts and collagen fibers) at 7, 21, and 45 days after implanta-

tion. No statistically significant differences were detected considering

PMN between BS and BG groups in all experimental periods

(Figure 2A). However, the percentage of MN was high in 45 days

compared to 7, and 21 days, respectively. Following experimental

period, MN was high in 7 days compared to 21 days. Also, the area

density of MN was significant higher in BS group at 45 (3.82 ± 1.16

vs. 2.74 ± 0.96; p < .05), and 7 (1.61 ± 0.76 vs. 0.56 ± 0.46; p < .05)

F IGURE 2 Histomorphometry
analysis of inflammatory cells, bone and
other parameters during bone healing
defects filled with BS and BG materials.

(A) No statistically significant differences
were detected considering PMN between
BS and BG groups in all experimental
periods. (B) The area density of MN
was significant higher in BS group at
45 (3.82 ± 1.16 vs. 2.74 ± 0.96; p < .05),
and 7 (1.61 ± 0.76 vs. 0.56 ± 0.46;
p < .05) days compared to BG group,
respectively. (C) FBGCs were significant
higher at 7 days in BG group (0.25 ± 0.36)
compared to BS group (0.25 ± 0.36)
(p < .05). No significant differences were
found considering (D) bone density, as well
as the (E) other parameters including empty
spaces, and collagen fibers. Different lower-
case letters indicate statistically significant
differences among the periods of the same
group (p ≤ .05). Symbols (*) indicate
statistically significant differences between
the groups in the same experimental period.
Results represent mean and SD values of
each analyzed period (A – PMN, B –MN,
C – FBGC, D – Biomaterial, E – Bone tissue,
F –Others).
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days compared to BG group, respectively (Figure 2B). On the other hand,

FBGCs were significant higher at 7 days in BG group (0.99 ± 0.86)

compared to BS group (0.25 ± 0.36) (p < .05; Figure 2C). No significant

differences were found considering bone density (Figure 2D), as well as

the other parameters including empty spaces, and collagen fibers

(Figure 2E).

3.3 | Quantitative assessment of immunolabeled
positive cells for CD206, TGF-β, and iNOS

We next investigated whether M1 and M2 related-markers regulate

activities in response to glass–ceramic and bone repair. Immunostaining

of CD206+ cells were characterized by strong and homogenous cytoplas-

matic positivity in both BS and BG groups. CD206+ cells distribution was

similar among groups and period, although significant differences were

observed in BS at day 45 (56.4 ± 5.02), compared to 7 (28.8 ± 3.49), and

21 (28 ± 7.25) days (p < .05), respectively. Also, when we compared its

positivity, CD206+ cells were higher at 45 days of BS (56.4 ± 5.02) com-

pared to BG (56.4 ± 5.02) group (p < .05; Figure 3A).

Regarding TGF-β immunostaining, it was mostly found in cyto-

plasm of macrophages, and FBGCs, as well as secreted among colla-

gen fibers of BS and BG groups. However, exhibiting strong positivity

in BG (20 ± 7.55) compared to BS (6.25 ± 3.30) group, being statisti-

cally significant only at period of 21 days (p < .05; Figure 3B). It is

important to note that, BS and BG demonstrated distinct patterns at

21 days, exhibiting the lowest and the highest number of TGF-β+

cells, respectively. The iNOS immunostaining was composed by mod-

erated cytoplasmatic positivity, especially around granules at period

of 7 days cells, followed by decreasing at 21, and 45 days, although

no significant differences were detected in the comparison of iNOS+

cells (p > .05; Figure 3C).

4 | DISCUSSION

Invasive procedures involving biomaterials often trigger a bone

inflammatory response that typically promotes foreign body reactions

through a dynamic process regulated by the balance between pro and

anti-inflammatory molecules. Various types of resident and inflamma-

tory cells can modulate these mechanisms to either adapt or activate

the body's rejection response to the implanted biomaterial.41

Synthetic bone substitutes with the capacity to influence attachment,

proliferation, differentiation, and mineralization of bone cells, while

minimizing a robust pro-inflammatory reaction, hold promise for

enhancing the success of procedures involving biomaterial implanta-

tion.40 In this context, our previously published study demonstrated

that BG biomaterials possess the independent capability to generate

bone matrix similar to autogenous bone. Furthermore, they regulate

bone remodeling by influencing the production of metalloproteinases

�2 and �9 during the later stages of bone healing.42 Despite the suc-

cessful descriptions of various glass–ceramic biomaterial compositions

aimed at improving osteogenesis in numerous published studies,43–47

the precise roles of inflammatory cells and their direct involvement

mechanisms in bone healing remain elusive.

Given the multifunctional effects of biomaterials to stimulate the

osteogenic and osteoclastogenic healing processes through activation or

depletion of innate (neutrophils), and adaptive (lymphocytes and plasma

cells) immune inflammatory cells,48,49 we further investigated their pres-

ence during an experimental period of 7, 21, and 45 days after BS and

BG implantation. Our findings demonstrated that the percentage of MN

was higher at final periods of bone healing, followed by 7, and 21 days in

BS, and BG groups implantation, suggesting a potential late involvement

of adaptive immune response, especially in the BS group. More

importantly, the MN area density was significantly higher in the BS

group at 45, and 7 days compared to the BG group, respectively. It is

known that adaptive immune response begins after innate immune

response or large injuries in bone repair, compromising by a substan-

tial number of T-helper cells, follicular T cells, B cells, and plasma

cells.50 In bone injury, T-helper cells display important functions,

mainly related to promoting macrophage adhesion to the foreign

body and/or supporting an anti-inflammatory environment through

IL-10 and TGF-β secretion. Additionally, B lymphocytes also contrib-

ute to IL-10 production, and T cell co-stimulation.51 Despite their

relevant role in bone repair, it was reported that the maintenance of

lymphocytes in late periods of biomaterial implantation could induce

a locally chronic inflammatory mainly related to the non-degrading

biomaterial, leading to fibrotic tissue, and failure in effectiveness

bone repair.52 Although we did not evaluate MN cells according to

their subtypes or found a significant difference in collagen fibers, it

was possible to note a thickening in collagen fibers of the BS group.

These results suggested that BS biomaterial promoted a late hyper-

regulation of MN cells, compared to the BG group, demonstrating a

less effective adaptive cells recruitment regulation among periods.

Other immune cells can also display important roles in bone repair

after biomaterials' implantations. The macrophages are the earliest cells

that arrive to injury; these cells are derived from the bone marrow

precursors, and act as regulators for the differentiation and function of

osteoblasts and osteoclasts, being crucial to the healing process.53

Macrophages are widely plastic in the microenvironment according to

their activation and functions, being divided based on the surface

markers into unpolarized (M0), pro-inflammatory phenotypes (M1), and

anti-inflammatory phenotypes (M2).54 Besides that, macrophage precur-

sors, the monocytes, can promote membrane fusion to form FBGCs on

biomaterial surfaces, being able to degrade certain types of materials.55,56

In this sense, we compared the differences concerning the area density

of FBGCs in our groups at 7, 21, and 45 days after biomaterials implanta-

tion. Regardless of statistical significance, it is possible to observe that in

the BG group FBGCs regularly decrease from 7 to 45 days, whilst in the

BS group the highest density was in 21 days, being 7 and 45 days similar

in FBGCs area density, suggesting different mechanisms in FBGCs acti-

vation according to biomaterial properties.

Furthermore, a significant increase of FBGCs in the BG group at

day 7, compared to BS was found, demonstrating early efficient

recruitment of FBGCs against sol–gel-derived glass–ceramic particu-

late (BG group). Despite foreign body reaction in bone sites
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reconstructed with biomaterials being already considered as a failure,

being related to rejection,51 in dental implants osseointegration,

FBGCs have been considered as a necessary and favorable event in

regulated inflammation.57 Consistently, the architecture of biomaterial

usually requires a functional surface topography that allows macro-

phages to adhesion and activation, absolve proteins, deliver mole-

cules, and facilitate their fusion into FBGCs.58 Noteworthy, the sol–

gel processing routes require additional reagents for biomaterial

F IGURE 3 Histomorphometry characterization CD206, TGF-β, and iNOS-positive cells during bone healing defects reconstructed with
BS and BG materials. (A) Immunostaining of CD206+ cells were characterized by strong and homogenous cytoplasmatic positivity in both BS and
BG groups. CD206+ cells distribution was high BS at day 45 (56.4 ± 5.02), compared to 7 (28.8 ± 3.49), and 21 (28 ± 7.25) days
(p < .05), respectively. CD206+ cells were also higher at 45 days of BS (56.4 ± 5.02) compared to BG (56.4 ± 5.02) group (p < .05). (B) TGF-β
immunostaining was mostly found in cytoplasm of macrophages, and FBGCs, as well as secreted among collagen fibers of BS and BG groups,
exhibiting strong positivity in BG (20 ± 7.55) compared to BS (6.25 ± 3.30) group, being statistically significant only at period of 21 days (p < .05).
(C) The iNOS immunostaining was composed by moderated cytoplasmatic positivity, especially around granules at period of 7 days cells, followed
by decreasing at 21, and 45 days, although no significant differences were detected in the comparison of iNOS+ cells. Different lower-case letters
indicate statistically significant differences among the periods of the same group (p ≤ .05). Symbols (*) indicate statistically significant differences
between the groups in the same experimental period. Results represent mean and SD values of each analyzed period.
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production, and it can significantly change its chemical behavior

resulting in a more soluble biomaterial.49 Altogether, our findings

demonstrated that glass–ceramics produced through different routes

can modulate FBGCs, being the sol–gel route more efficient in pro-

moting their early activation in bone repair. Although imaging

methods were not the focus of this investigation, it is worthy to

inform that microtomographic (microCT) analysis was carried out in

order to verify the presence and amount of mineralized bone matrix

inside the defects, and it was observed that both biomaterials were

found to facilitate bone regeneration during the final 45-day period

(Figure S1), despite no significant differences were detected between

the groups.

Different glass–ceramic biomaterials have been developed due

to its ability to regulate pro-osteogenic and anti-osteoclastogenic

cellular responses trough macrophages regulation in vitro, and

in vivo models. However, the exact macrophage profile recruitment

during all phases of bone repair remains unclear. To answer this

question, the effects of glass–ceramic biomaterials on M1 (iNOS+),

and M2 (CD206+/TGF-β+) macrophages recruitment were further

explored.59 When the effects of the BS- and BG-biomaterials on M2

macrophage recruitment were explored, CD206 and TGF-β were dis-

tinctly observed. First, CD206+ macrophages enhanced at the final

periods of both groups, being significantly higher in 45 days of BS

compared to the BG group. Nonetheless, CD206 homogenously

increased in the BG group and was downregulated at 21 days com-

pared to 7 days of the BS group, demonstrating different roles among

groups, and periods despite statistical significance. In accordance with

our findings, Li et al. demonstrated that Alpha-ketoglutarate (αKG)

metabolites could continuously aggrandize CD206+ cells at the later

healing stage, and also could transform from M1 pro-inflammatory

phenotype (iNOS+) toward M2 anti-inflammatory phenotype during

alveolar bone healing.60

On the other hand, the density of TGF-β+ cells on 21 days were

the highest in BG, and the lowest in the BS group, demonstrating a

differential synergy among groups. Noteworthy, TGF-β+ cells were

significantly higher at 21 days of BG compared to the BS group. These

findings were consistent with our previous finding that the TGF-β+

cells were predominant at day 21 during the bone healing process of

rat's calvaria critical defects using bioactive vitroceramic (VC), and

particulate deproteinized bovine bone (DBB).38 TGF-β signaling has

been associated with bone formation through Runx2 induction and

promoting osteogenic matrix proteins.61 More importantly, recent

studies demonstrated that macrophages were induced to an M2

rather than M1 phenotype through different molecules. CD206+ M2

macrophages were associated with an increase in angiogenesis of

bone repair,62 while TGF-β release act as a guide for M2 polarization,

enhancing osteogenesis and angiogenesis via the TGF-β/Snail

pathway.63 The other interesting result was that these FBGCs were

CD206+, especially in the BG group, attesting to their M2 profile,

which was reinforced by the significant increase of TGF-ß+ cells at

day 21 in the same group. Although this study did not separate

FBGCs, and macrophages according to markers labeling, and consider-

ing that release of osteogenic matrix proteins is an important step of

bone healing, and at day 21 a fracture can be healed in rat models64

we believe that the maintenance of M2 TGF-β+ macrophages can

induce pro-osteogenic cellular responses in BG biomaterials.

5 | CONCLUSION

Taken together, these results indicated that glass–ceramic biomate-

rials can act differently in the biological process of bone remodeling,

demonstrating that glass–ceramic produced by the sol–gel route led

to distinct inflammatory profiling in bone healing, promoting a better

biomaterial degradation in comparison to the traditional route produc-

tion. In addition to biomaterial properties analysis, our study reveals

for the first time the glass–ceramic produced by the sol–gel route can

efficiently recruit M2 macrophages and promote a specific response

of bone healing.
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