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Abstract

Introduction: under physiological conditions, bone tissue undergoes constant remodelling and regeneration. In situations that lead
to a breakdown in homeostasis and extensive tissue damage, the regenerative capacity of this tissue is limited, and, as a result, much
of the bone lesion is filled with fibrous connective tissue, which characterises a critical bone lesion. In these cases, it is essential to use
bone grafts, biomaterials, or technologies that can aid bone regeneration. Among the materials available for this purpose, collagen has
been widely used in bone tissue bioengineering because of its properties, mainly biocompatibility, osteoconduction, and biointegration.
Objective: to investigate, through an initial phase study, the regenerative potential of collagen scaffolds in repairing critical bone
defects in rat calvaria. Methodology: six adult male albino Wistar rats were used to create an 8.0 mm critical bone defect for the
implantation of a porcine collagen scaffold. Histomorphological analysis was performed using a standard light microscope at the
biological point 15 days postoperatively. Results: it was possible to observe the formation of mineralisation nuclei, the presence of
osteoblasts, and neoformation of bone tissue from the edges of the defect. Osteocytes were identified trapped in bone lacunae with
their extensions, indicating bone matrix vitality. Furthermore, integration of the collagen scaffold with the neoformed bone matrix
was noted. Mild chronic inflammation was identified, observed by the presence of giant cells in small quantities, with no indication
of oedema. In addition, neoangiogenesis was observed through the formation of new blood vessels. Conclusion: the collagen scaffold
has been shown to be biocompatible, osteoconductive, and to have regenerative potential and biomimicry with bone tissue.

Keywords: Bone Regeneration; biocompatible materials; collagen; osteogenesis; Tissue Scaffold.

Resumo

Introdugdo: em condigdes fisioldgicas, o tecido dsseo apresenta constante remodelagéo e regeneragdo. Em situagbes que levem a
quebra de sua homeostase, com vasto comprometimento tecidual, a capacidade regenerativa deste tecido torna-se limitada e, assim,
grande parte da lesdo dssea é preenchida por tecido conjuntivo fibroso, o que caracteriza uma lesdo dssea critica. Nestes casos,
torna-se imprescindivel a utilizagdo de enxertos 6sseos, biomateriais ou tecnologias que possam auxiliar a regeneragdo éssea. Dentre
os materiais disponiveis para este fim, o coldgeno tem sido amplamente empregado na bioengenharia tecidual éssea por apresentar
propriedades, principalmente de biocompatibilidade, osteocondugdo e biointegragdo. Objetivo: investigar, por meio de estudo de
fase inicial, o potencial regenerativo do scaffold de coldgeno no reparo de defeito dsseo critico em calvdria de rato. Metodologia:
seis Rattus norvegicus da linhagem wistar, albinos, machos e adultos foram utilizados para a confecg¢do de defeito dsseo critico de
8,0 mm para implantagdo de scaffold colagénico de origem porcina. A andlise histomorfoldgica realizada por microscopia de luz
comum, procedeu-se no ponto bioldgico de 15 dias de pds-operatdrio. Resultados: foi possivel observar formagdo de ntcleos de
mineralizagdo, a presenga de osteoblastos e neoformagdo de tecido dsseo a partir das bordas do defeito. Identificou-se ostedcitos
aprisionados em lacunas ésseas com seus prolongamentos, o que indica vitalidade matriz éssea. Ainda, notou-se a integragdo do
scaffold colagénico com a matriz 6ssea neoformada. Foi identificada inflamagdo crénica discreta, observada pela presenga de células
gigantes em pequenas quantidades, ndo houve indicagdo de edema. Além disso, observou-se a presenga de neoangiogénese pela
formagdo de novos vasos sanguineos. Conclusao: o scaffold de coldgeno demonstrou ser biocompativel, osteocondutor, apresentou
potencial regenerativo e biomimetismo com o tecido dsseo.

Palavras-chave: Coldgeno; osteogénese; material biocompativel; regeneragdo dssea.

INTRODUCTION
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tracellular matrix of this tissue is composed of both an
organic fraction, consisting mainly of type | collagen
protein, as well as non-collagenous proteins, peptides,
lipids, glycoproteins, polysaccharides, and citrates; and
by the inorganic fraction, whose components are calci-
um phosphates, carbonates, sodium salts, magnesium,
and fluoride. This tissue comprises the musculoskeletal
system, provides structural support and protection to
vital organs, and is also involved in mineral storage and
hematopoietic tissue housing®*.

The spontaneous regenerative capacity of bone
tissue has long been recognised in the literature, pro-
vided that the bone injury does not involve extensive
loss®>. When this is observed, due to trauma, fractures,
congenital diseases, or tumors that can cause bone
injuries that are difficult to treat®’, spontaneous regen-
eration of bone tissue is not expected to occur, making it
necessary to stimulate its formation in order to restore
the form and function of the injured tissue?, considering
that inadequate repair can cause deformity or more
serious consequences, such as loss of function®. Given
this situation, it is essential to develop new biomateri-
als and technologies that can accelerate and optimise
regeneration in order to promote more efficient and
complete recovery*?.

In this regard, in recent decades, biomaterials have
represented a significant fraction of the products used
in healthcare, due to the various types of biomedical
devices and materials used. Defined as any substance
or combination of substances, of synthetic or natural
origin, that can be used, for a period of time, totally or
partially, to treat, augment, or replace any tissue, organ,
or function of the body, these materials can have diag-
nostic or therapeutic applications®. The development of
biomaterials involves several stages, from identifying
the need for clinical application to their development,
manufacture, and sterilisation, preclinical and clini-
cal evaluation, and decellularisation, when cells are
present. The evaluation of the biological properties of
biomaterials, such as hemocompatibility, cytotoxicity,
biofunctionality, and biocompatibility, is fundamental
to their clinical efficacy®?°.

Among the many types of raw materials available
for the synthesis of biomaterials, collagen is a protein
easily found in natural tissues, compatible with the hu-
man body, widely used as a haemostatic agent and as a
dressing®.The widespread use of this material in the field
of tissue bioengineering is associated with its natural
properties, which include low immune response; low
toxicity; ability to promote cell growth, adhesion, pro-
liferation, migration, and differentiation; homeostasis;
and, as a biomaterial, it aids in bone regeneration'*3,

Collagen also has excellent biocompatibility and is
absorbed by the body over time*. Due to its interaction
with cells, molecules, and the extracellular matrix, this
raw material enables cell adhesion, insertion, migra-
tion, and proliferation, thanks to its physicochemical

properties, which include haemostatic capabilities, low
antigenicity, interconnected pore architecture, easy
processing, and hydrophilicity*®*>, Furthermore, it is
non-toxic and aids in the deposition of hydroxyapatite
crystals within its structure, which contributes to the
mineralisation of the bone matrix. In addition to its low
preparation cost, it is commercially available, which
facilitates its acquisition*®é,

Type | collagen is formed by triple helices of polypep-
tides that bind together to form collagen fibrils, which
are important for providing mechanical strength to bone
tissue, as they guide the deposition of hydroxyapatite
crystals and contribute to the organisation of bone
mineralisation. In addition, its three-dimensional archi-
tecture acts as a structural support for the migration and
adhesion of osteoprogenitor cells and, thus, promotes
the initial events in bone tissue formation®%1,

The Hemospon® collagen scaffold is commercially
available and is indicated during or after surgical pro-
cedures, mainly dental, as it promotes local hemostasis
and tissue repair. In addition, it also acts to stabilise
clots and fill spaces resulting from tooth extractions, cyst
removal, tumours, biopsies, among other procedures®.

Although there are several studies in the literature
on resorbable and non-crosslinked collagen scaffolds for
bone regeneration, the material evaluated in this study is
widely used in different biomedical applications. Howev-
er, as it has no primary clinical indication for bone tissue
regeneration purposes, studies validating its application
in bone regeneration deserve further investigation,
which reinforces the need for experimental studies to
validate its clinical application in different contexts'*®,
Thus, through an initial phase study, the regenerative
potential of the collagen scaffold, Hemospon®, was anal-
ysed in the repair of critical bone defects in rat calvaria.

METHODOLOGY

Ethical considerations

This study was approved by the Animal Use Ethics
Committee (CEUA) of the Institute of Health Sciences of
the Federal University of Bahia (ICS-UFBA), under proto-
col CEUA No. 8036250325. After approval, the study was
conducted in accordance with the Brazilian Guide for the
Production, Maintenance, or Use of Animals in Teaching
or Scientific Research Activities, Resolution 55 — Brazilian
Guideline for the Care and Use of Animals in Teaching
or Scientific Research Activities of CONCEA (National
Council for the Control of Animal Experimentation), and
Normative Resolution No. 371, to ensure compliance with
all relevant ethical and regulatory standards.

Biomaterials

The biomaterial used in this study was the collagen
scaffold Hemospon®, a freeze-dried hydrolysed collagen
sponge of porcine origin. To adapt the collagen matrix

Rev. Ciénc. Méd. Biol., Salvador, v. 24, n. 4, p. 1173-1180, edigdo especial 2025



Morphological analysis of the initial regenerative potential of collagen
scaffold in critical bone defects

to the dimensions of the bone defect, this material was
initially cut into 3.0 mm thick blocks using a sterile mil-
limetre ruler and a 15C scalpel blade, and then cut with

an 8.0 mm sterile surgical punch (Figures 1a, 1b, and Ic).
Before insertion into the bone defect, the biomaterial
was soaked in sterile saline solution.

Figure 1 — Collagen scaffold cutout for insertion into a critical bone defect.

Caption: Collagen scaffold block to be cut to a thickness of 3.0 mm (Figure 1a); 8.0 mm surgical punch positioned to cut the scaffold (Figure 1b);

scaffold ready to be implanted in the bone defect (Figure 1c).

Source: own authorship (2025)

Sample and experimental procedures

Six adult male albino Rattus norvegicus Wistar
rats weighing approximately 350 to 400 g were used,
supplied, bred, and maintained by the ICS-UFBA animal
facility. During the experiment, the animals were kept
in an air-conditioned environment, received water and
feed ad libitum, and had a 12-hour light:12-hour dark
photoperiod. The animals were included in a single ex-
perimental group and evaluated at the 15-day biological
point, the GMC — collagen scaffold group, creation of a
critical bone defect with subsequent implantation of the
collagen matrix.

In consideration of the 3Rs principles (reduction,
refinement, replacement),*®?° his study did not include
a control group with critical bone defects without bio-
material implantation, since this result has already been
reported in publications by our research group®*”21-2°,

For the surgical procedure, the animals were anaes-
thetised with 10% ketamine hydrochloride (100 mg/kg)
and analgesia and sedation with xylazine hydrochloride
(10 mg/kg) administered intraperitoneally. After trichot-
omy and asepsis with 2% chlorhexidine of the region to
be operated, a bicoronal skin flap incision was made
with a number 15C scalpel blade (Bencton Dickinson®,
approximately 3.0 cm in length, to expose the calvarium.
Next, the periosteum of this region was removed with a
Molt periotome (SS White® to expose the cortical bone
and create the critical defect, posterior portion of the
calvarium, with an 8.0 mm diameter bone trephine drill
(Dentoflex” — Brazil) coupled to a contra-angle (Dabi At-
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lante® — Brazil) with a 16:1 reduction and a surgical motor
(Driller® BLM 600 Plus — Brazil) at 1500 revolutions per
minute (rpm), under abundant and constant irrigation
with saline solution. Subsequently, a circular transfixed
bone defect approximately 8.5 mm in diameter was
created in the middle portion of the calvarium, between
the vertices of the anterior and posterior sutures, with
removal of the portion of the calvarium?®. Next, the col-
lagen scaffold was implanted in the defect under irriga-
tion with saline solution, and subsequently, the flap was
repositioned and sutured with simple stitches using 4—0
silk thread (Ethicon —Johnson & Johnson® — United States)
(Figures 2a-d). For postoperative analgesia, ketoprofen
was administered subcutaneously at a dose of 5.0 mg/
kg once daily for three days. Fifteen days after surgery,
the animals were euthanised with a lethal injection of
ketamine hydrochloride, 300 mg/kg, and 30 mg/kg of
xylazine via the peritoneal route.

The sample processing stage was carried out at
the Tissue Bioengineering and Biomaterials Laboratory
(LBTB) of the (ICS — UFBA). The upper portion of the cal-
varium was removed, fixed in 4% formalin for 72 hours,
and decalcified in 7% nitric acid for approximately 2
hours. The specimens underwent histological processing
in an automatic tissue processor (LEICA® — Germany). The
slides were stained with hematoxylin and eosin (HE), a
routine stain, and Picrosirius Red (PIFG), a technique used
to highlight collagen. The sections were examined by
light microscopy (DM6B Microscope, Leica®— Germany)
for histomorphological evaluation.
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Figure 2 — Stages of the surgical procedure and collagen scaffold implantation.

Caption: The bicoronal skin incision (Figure 2a); observe the bone defect (Figure 2b); collagen scaffold implantation (Figure 2c), and suture (Figure 2d).

Source: own authorship (2025)

RESULTS

At 15 days, bone neoformation was evident in conti-
nuity with the margins of the defect, indicating progress
in bone regeneration toward the centre of the lesion
and nuclei of bone neoformation in the central region of
the defect (Figures 3a, 3b, 3c, 3h). The bone matrix was
present in a disorganised manner, pointing to recent bone
tissue formation (Figures 3d, 3g). In addition, osteoblasts
were noted surrounding the mineralisation nuclei (Figures
3a, 3b), and osteocytes were also observed in lacunae
with their extensions.

The implanted collagen scaffold showed signs of
biodegradation and integration with the newly formed
bone tissue. The biomaterial is very similar to the host’s

Figure 3 — Photomicrographs of GMC.

connective tissue, suggesting that the scaffold integrated
with the mineralisation nuclei, which formed along the
bone defect (Figures 3a, 3c).

Connective tissue was observed in the non-miner-
alised regions (Figures 3a, 3c, 3e, 3g), with an abundance
of fibroblasts in the extracellular matrix (Figures 3a, 3b,
3c). In the analysis of the inflammatory profile, repair
was noted after 15 days, with the onset of mild chronic
inflammation and no indication of oedema, and the iden-
tification of small numbers of multinucleated giant cells,
indicating degradation of the collagen scaffold (Figure
3h). In addition, a few thin blood vessels were observed
(Figures 3b, 3c, 3d, 3h, 3g).
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Caption: Figure 3a: Mineralisation nuclei (MN) in the centre of the defect, connective tissue (CT) along the bone defect and around the MN,
presence of fibroblasts (FB), osteoblasts (OB), biomaterial (BIO) integrated into the MN. Figure 3b: MIN in the centre of the defect, OB sur-
rounding the MN, presence of FB, blood vessels (BV) inside the defect. Figure 3c: MN in the centre of the defect, CT along the bone defect,
presence of FB, VS in the centre, and BIO. Figure 3d: Osteocyte lacunae (OL) with osteocyte and osteocyte processes (OP), osteocyte extensions
(OE), presence of BV and newly formed bone matrix (NBM). Figure 3e: Presence of osteocyte (OC), CT, and NBM. Figure 3f: OL with osteocyte
and NBM. Figure 3g: Presence of OP, OL, and BV in the centre of NBM, presence of CT. Figure 3h: BV inside the defect, MN, giant cells (GC) in

contact with BIO, OC along the defect.

Source: own authorship (2025)

DISCUSSION

Several factors are essential for effective bone re-
generation. Among these is angiogenesis, an essential
mechanism that enables the supply of oxygen, nutrients,
growth factors, minerals, and osteoprogenitor cells
through the formation of new blood vessels'*138, An-
giogenesis is dependent on the activity of macrophages,
which act as key cells in modulating the regenerative
microenvironment, as these phagocytes not only partici-
pate in the degradation of the scaffold, but also stimulate
the formation of new blood vessels through the release of
proangiogenic mediators, such as VEGF*>38, although
this molecule was not evaluated in the present study.
Thus, the formation of new blood vessels begins with
the inflammatory response caused by surgical trauma
and the implantation of the biomaterial, which causes
additional inflammation and may affect the dynamics of
repair®®. In this study, small blood vessels were observed
in proximity to the biomaterial. The presence of giant
cells, also close to blood vessels, may be related to the
onset of mild and controlled chronic inflammation, which
justifies initial angiogenesis.
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Another essential factor in bone regeneration is the
biomaterial’s biocompatibilit**3, The collagen scaffold
showed biocompatibility, evidenced by the integration
of the biomaterial into the bone tissue and the slight
presence of foreign body reactions®., as it did not induce
side effects or adverse effects®**3, nor did it stimulate
an exaggerated inflammatory response'?*®, thus also
favouring bone regeneration.

Similarly, the structure of the biomaterial is also
important for regenerative success, since some collagen
scaffolds may have ideal porosity for the onset of bone
regeneration, as the pores allow the diffusion of fluids,
oxygen, nutrients, and bioactive substances, which are
important for cell growth and proliferation®#3>. In this
study, in areas adjacent to the biomaterial, the presence
of immature connective tissue, associated with cellular
and vascular components, indicated the establishment of
an environment favourable to bone tissue regeneration.

One of the main challenges associated with the use
of collagen scaffolds is matching the rate of collagen
matrix resorption to the time required for bone regen-
eration, so that collagen is gradually degraded and
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biointegrated as new bone tissue forms#334 Although
non-crosslinked collagen scaffolds of porcine origin have
lower mechanical strength®, they have a greater capac-
ity to stimulate the formation of new blood vessels due
to the triple helix organisation of their collagen fibres,
which can consequently promote bone regeneration®?.
This study demonstrated that the collagen scaffold acted
as an effective temporary framework, with biomimicry by
integrating with bone tissue throughout bone regener-
ation'?3% Thus, it was possible to observe the formation
of mineralisation nuclei, possibly due to the proliferation
of blood vessels and the permeation of cells in the in-
terconnected pores of the biomaterial, independent of
bone regeneration from the edges of the defect®%3¢,

The inflammatory response is also crucial for effec-
tive bone regeneration. Macrophages and neutrophils
interact with proteins present on the surface of the
biomaterial and direct an inflammatory response pat-
tern through the release of cytokines. Macrophages are
cells that play an important regulatory role and deserve
special mention, as they can present as the pro-inflam-
matory M1 phenotype and the anti-inflammatory M2
phenotype®>3.,

Giant cells (GC) are formed by the fusion of several
macrophages and participate in the degradation of im-
planted biomaterials that are more resistant or larger.
In this study, they demonstrated a foreign body cell
pattern and observed it adjacent to the biomaterial,
but in small quantities'®*3!. After implantation of the
collagen-based biomaterial, M1 cells change to M2 cells
within 7 to 14 days*3. Like macrophages, these cells also
have pro-inflammatory and anti-inflammatory pheno-
types, respectively, and thus influence the regenerative
response of bone tissue>*.,

The degradation period of collagen scaffolds can
vary from 1 to 4 weeks*. This mechanism occurs due to
the action of several factors, among which the action of
macrophages and multinucleated giant cells stands out,
which are responsible for completely degrading the colla-
gen scaffold within a period of 30 to 60 days*°. However,
another study identifies the presence of collagen scaffold
structures in the defect region where the biomaterial was
implanted over a period of 120 days™. Such differences,
and therefore the behaviour of collagen scaffolds, such
as degradation time, may be related to the origin of the
collagen and its degree of cross-linking, since the use
of a membrane derived from bovine cortical bone was
observed in the first study, and fresh bovine pericardium
subjected to selective hydrolysis, cross-linked and non-
cross-linked, in the second study.

The results observed in the present study reinforce
the role of collagen scaffolds as versatile matrices for
bone regeneration. Their ability to integrate with bone
tissue, as well as the controlled inflammatory response
after implantation'*3%31, the presence of bone tissue
with osteoblasts in proximity to the biomaterial, the

arrangement of osteocytes in the newly formed bone
matrix, vascular neoformation, and the findings of min-
eralization nuclei along the defect, as reported by other
authors?®12173036 yqlidate that this biomaterial has the
potential to aid in the regeneration of this tissue.

This research is an early-stage study, but promising
results have been observed. However, the study must be
continued to further highlight the potential of this work
and yield even more favourable results when observed
at later biological stages.

CONCLUSION

The collagen scaffold used in this study proved to be
biocompatible and osteoconductive, and demonstrated
osteogenic potential through the formation of mineral-
isation nuclei and biomimicry of bone tissue. However,
further investigations, with analyses of later biological
stages, are necessary to confirm the role of the collagen
scaffold as a strategy for bone regeneration. Based on
the results presented, the use of the collagen scaffold
and its relevance for future clinical applications for
regenerative purposes and treatment of critical-sized
bone defects was demonstrated.

REFERENCES

1. Hing KA. Bone repair in the twenty—first century: biology,
chemistry or engineering? Philos Trans A Math Phys Eng Sci. 2004
Sep;362(1825):2821-50. doi: 10.1098/rsta.2004.1466

2. Roseti L, Parisi V, Petretta M, Cavallo C, Desando G, Bartolotti |,
et al. Scaffolds for Bone Tissue Engineering: State of the art and new
perspectives. Mater Sci Eng C Mater Biol Appl. 2017 Sep 1,78:1246-62.
doi: 10.1016/j.msec.2017.05.017

3. Todd EA, Mirsky NA, Silva BLG, Shinde AR, Arakelians ARL, Na-
yak VV, et al. Functional Scaffolds for Bone Tissue Regeneration: A
Comprehensive Review of Materials, Methods, and Future Directions.
J Funct Biomater. 2024 Sep;15(10):280. doi: 10.3390/jfb15100280

4. Lopes D, Cruz-Martins C, Oliveira MB, Mano JF. Bone physiology
as inspiration for tissue regenerative therapies. Biomaterials. 2018
Dec;185:240-75. doi: 10.1016/j.biomaterials.2018.09.028

5. Geiger M, Li RH, Friess W. Collagen sponges for bone regeneration
with rhBMP 2. Adv Drug Deliv Rev. 2003 Nov;55(12):1531-46. doi:
10.1016/j.addr.2003.08.01

6. Lin X, Patil S, Gao Y-G, Qian A. The bone extracellular matrix in
bone formation and regeneration. Front Pharmacol. 2020 May;11:757.
doi: 10.3389/fphar.2020.00757

7. Aykora D, Uzun M. Bone tissue engineering for osteointegration:
Where are we now? Polymer Bulletin. 2024 Feb;81:8595-605. doi:
10.1007/500289-024-05153-9

8. Donaruma LG. Definitions in biomaterials, D. F. Williams, Ed.,
Elsevier, Amsterdam, 1987, 72 pp. Polym Sci Polym Lett. 1988 Aug
20;26(9):414—4. doi: https://doi.org/10.1002/pol.1988.140260910

9. Pires ALR, Bierhalz ACK, Moraes AM. Biomateriais: Tipos, apli-
cagdes e mercado. Quim Nova. 2015 Aug;38(7). doi: https://doi.
0rg/10.5935/0100-4042.20150094

Rev. Ciénc. Méd. Biol., Salvador, v. 24, n. 4, p. 1173-1180, edigdo especial 2025



Morphological analysis of the initial regenerative potential of collagen
scaffold in critical bone defects

10. Miguel FB, Barbosalunior A de A, Paula FL, Barreto IC, Goissis G,
Rosa FP. Regeneration of critical bone defects with anionic collagen
matrix as scaffolds. ] Mater Sci Mater Med. 2013 Nov;24(11):2567-75.
doi: 10.1007/s10856-013-4980-8

11. Rosa FP, Lia RCCL, Souza KOF, Goissis G, Marcantonio Junior E.
Tissue response to polyanionic collagen: elastin matrices implanted
in rat calvaria. Biomaterials. 2003 Jan;24(2):207-12. doi: 10.1016/
50142-9612(02)00292-2

12. Bizelli VF, Ramos EU, Veras ASC, Teixeira GR, Faverani LP, Bassi
APF. Calvaria Critical Size Defects Regeneration Using Collagen
Membranes to Assess the Osteopromotive Principle: An Animal Study.
Membranes. 2022 Apr; 12(5):461. doi: 10.3390/membranes12050461

13. Chu C, Deng J, Sun X, Qu Y, Man Y. Collagen Membrane and
Immune Response in Guided Bone Regeneration: Recent Progress
and Perspectives. Tissue Eng. Part B Rev. 2017 Oct; 23(5):421-35. doi:
10.1089/ten.TEB.2016.0463

14. Ramire GAD, Helena JT, Oliveira JCS, Faverani LP, Bassi APF.
Evaluation of Guided Bone Regeneration in Critical Defects Using
Bovine and Porcine Collagen Membranes: Histomorphometric and
Immunohistochemical Analyses. 2021 Mar; 2021(1):8828194. doi:
10.1155/2021/8828194

15. Akiyama Y, Ito M, Toriumi T, Hiratsuka T, Arai Y, Tanaka S, et al.
Bone formation potential of collagen type I-based recombinant pep-
tide particles in rat calvaria defects. Regen Ther. 2020 Dec;16:12-22.
doi: 10.1016/j.reth.2020.12.001

16. Liu W, Kang N, Dong Y, Guo Y, Zhao D, Zhang S, et al. Effect of
resorbable collagen plug on bone regeneration in a rat critical-size
defect model. Implant Dent. 2016 Apr;25(2):163-70. doi: 10.1097/
/D.0000000000000396

17. Miguel FB, Cardoso AKMV, Barbosa AA, Marcantonio E, Goissis
G, Rosa FP. Morphological assessment of the behavior of three-di-
mensional anionic collagen matrices in bone regeneration in rats.
J Biomed Mater Res B Appl Biomater. 2006 Aug; 78(2):334-9. doi:
10.1002/jbm.b.30492

18. AlkildaniS, RenY, Liu L, Rimashevskiy D, Schnettler R, Radenkovic
M, et al. Analyses of the Cellular Interactions between the Ossification
of Collagen-Based Barrier Membranes and the Underlying Bone De-
fects. IntJ Mol Sci. 2023 Apr 6,24(7):6833. doi: 10.3390/ijms24076833

19. Liguori GR, Jeronimus BF, de Aquinas Liguori TT, Moreira LFP,
Harmsen MC. Ethical Issues in the Use of Animal Models for Tissue
Engineering: Reflections on Legal Aspects, Moral Theory, Three Rs
Strategies, and Harm—Benefit Analysis. Tissue Eng Part C Methods.
2017 Dec;23(12):850-62. doi: 10.1089/ten.TEC.2017.0189

20. Naik N, Bharadwaja V, Suresh P, Srivastava P, Coecke S, Smith
AlJ, et al. Advances in Animal Models and Cutting-Edge Research in
Alternatives: Proceedings of the Third International Conference on
3Rs Research and Progress, Vishakhapatnam, 2022. Altern Lab Anim.
2023 July;51(4):263-88. doi: 10.1177/02611929231180428

21. RibeirollA, Almeida RS, Silva AMGB, Barbosa Junior A de A, Rossi
AM, Miguel FB, et al. Biological evaluation of critical bone defect re-
generation using hydroxyapatite/ alginate composite granules. Acta
Cir Bras. 2024 July;1:39. doi.org/10.1590/acb392824

22. Santos GG, Vasconcelos LQ, Poy SCS, Almeida RS, Barbosa Junior
A de A, Santos SRA, et al. Influence of the geometry of nanostruc-
tured hydroxyapatite and alginate composites in the initial phase
of bone repair. Acta Cir Bras. 2019 Feb;34:(02).doi.org/10.1590/
50102-8650201900203

Rev. Ciénc. Méd. Biol., Salvador, v. 24, n. 4, p. 1173-1180, edigdo especial 2025

23. Dos Santos AC, Aroni MAT, Pigossi SC, Lopes MES, Cerri PS, Miguel
FB, et al. A new hydroxyapatite-alginate-gelatin biocomposite favor
bone regeneration in a critical-sized calvarial defect model. Braz Dent
J. 2024 May;35:e245461. doi.org/10.1590/0103-6440202405461

24. Ribeiro I/A, Barbosa Junior Ade A, Rossi AM, Almeida RS,
Miguel FB, Rosa FP. Strontium-containing nanostructured hydro-
xyapatite microspheres for bone regeneration. Res Soc Dev. 2023
Apr;12(4):e22112441222. doi: 10.33448/rsd-v12i4.41222

25. Vasconcelos LQ, Mongdo MM, Barbosa Junior A de A, Carrode-
guas RG, Barreto IC, Araujo RPC. View of Histomorphological and
histomorphometric analysis of wollastonite and tricalcium phosphate
composite at different concentrations after in vivo implantation. Braz
J Dev. 2023 Jan;9(1):5324-38. doi: 10.34117/bjdv9n1-363

26. Mongdo MM, Dourado RC, Vaconcelos LQ, Barreto IC, Araujo
RPC. Analysis of the behavior of a biomaterial based on wollastonite/
TCP in the implant process of an experimental model of critical bone
defects. Res Soc Dev. 2021 Feb;10(7):e55110716800. doi: 10.33448/
rsd-v10i7.16800

27. Mong¢do MM, Barreto IC, Miguel FB, Oliveira LFC, Carrodeguas
RG, Araujo RPC. Raman Spectroscopy Analysis of Wollastonite/Tri-
calcium Phosphate Glass-Ceramics after Implantation in Critical Bone
Defect in Rats. Mater Sci Appl. 2022 Jan;13(05):317-33. doi: 10.4236/
msa.2022.135017

28. Almeida RS, Ribeiro IiA, Silva MHP, Rocha DN, Miguel FB, Rosa
FP. Avaliagdo da fase inicial do reparo dsseo apds implantagdo de
biomateriais. Rev Ciénc Méd Biol. 2014 Dec;13(3):331-6. doi: 10.9771/
cmbio.v13i3.12940

29. Ribeiro IfA, Almeida RS, Rocha DN, Silva MHP, Miguel FB, Rosa
FP. Biocerdmicas e polimero para a regenera¢do de defeitos 6sseos
criticos. Rev Ciénc Méd Biol. 2014 Dec;13(3):298-302. doi:10.9771/
cmbio.v13i3.12934

30. Bizelli VF, Viotto AHA, Delamura IF, Baggio AMP, Ramos EU,
Faverani LP, et al. Inflammatory Profile of Different Absorbable Mem-
branes Used for Bone Regeneration: An In Vivo Study Biomimetics.
2024 July;16;9(7):431. doi: 10.3390/biomimetics9070431

31. Ren Y, Fan L, Alkildani S, Liu L, Emmert S, Najman S, et al.
Barrier Membranes for Guided Bone Regeneration (GBR): A Focus
on Recent Advances in Collagen Membranes. Int J Mol Sci. 2022
Nov;23(23):14987. doi: 10.3390/ijms232314987

32. Takayama T, Imamura K, Yamano S. Growth factor delivery using
a collagen membrane for bone tissue regeneration. Biomolecules.
2023 May;13(5):809. doi: 10.3390/biom13050809

33. Yu L, Wei M. Biomineralization of Collagen-Based Materials for
Hard Tissue Repair. Int J Mol Sci. 2021 Jan;22(2):944. doi: 10.3390/
ijms22020944

34. Di Pillo MK, Montagner PG, Teixeira LN, Martinez EF. In vivo
evaluation of a collagen membrane in bone neoformation: A mor-
phological and histomorphometric study. J Stomatol Oral Maxillofac
Surg. 2023 Feb;124(1S):101372. doi: 10.1016/j.jormas.2022.101372

35. Ramos ED, Leandro MINC, Criales JOC, Buitron MRO, Verdstegui
ES, Carbajal WM, et al. Evaluation of Porcine Collagen Membranes
Used with Guided Bone Regeneration for Critical Defects: A Histolo-
gical, Histomorphometric, Immunohistochemical, and Inflammatory
Profile Analysis. Eur J Dent. 2024 Jan; 18(3):898-906. doi: 10.1055/s-
0043-1777045

36. Kuchler U, Rybaczek T, Dobask T, Heimel P, Tangel S, Klehm J,
et al. Bone-conditioned medium modulates the osteoconductive
properties of collagen membranes in a rat calvaria defect model.




Lidiane Pereira Cunha et al.

Clin Oral Implants Res. 2018 Apr;29(4):381-8. doi: 10.1111/clr.13133

37. Ueda H, Hong L, Yamamoto M, Shigeno K, Inoue M, Toba T, et al.
Use of collagen sponge incorporating transforming growth factor-be-
tal to promote bone repair in skull defects in rabbits. Biomaterials.
2002 Feb;23(4):1003-10. doi: 10.1016/50142-9612(01)00211-3

ACKNOWLEDGMENTS

The authors would like to thank the Maquira® group
for providing the Hemospon® material and Elisdngela
Santos for preparing the slides.

1180 Rev. Ciénc. Méd. Biol., Salvador, v. 24, n. 4, p. 1173-1180, edigdo especial 2025



