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Abstract

Regeneration of maxillofacial bone structures is challenging. One strategy for bone
damage repair involves using bone filler particles. This study analyzed the regenera-
tive potential of deproteinized bone particles (DP) and collagen-based bone particles
(CP) to determine the effectiveness of each biomaterial in bone repair. Structural
analysis using scanning electron microscopy and 3D scanning showed that DP and
CP were structurally similar, comprising a heterogeneous mixture of bone particles of
varying sizes and shapes. Ex vivo analyses, including morphological evaluation, LIVE
& DEAD assays, and DNA quantification, demonstrated high biocompatibility of CP
and DP with human cells in both direct and indirect contact at 24, 48, and 72 hours.
Both particles were grafted onto Wistar rats with a critical mandibular defect for two
months. Computed tomography revealed significant defect reduction in the CP group,
but not in the DP group, compared to negative controls without any bone particles.
Histological analysis showed biocompatibility of both particles in vivo and identified
regenerative tissue with collagen fibers and mineralized spots in CP and DP, with
more mineralized spots in DP. Histochemistry and immunohistochemistry confirmed
collagen, proteoglycans, and osteocalcin presence in the regeneration area of CP
and DP. These results confirm the biocompatibility and potential of both particle types
for maxillofacial bone regeneration, particularly CP. Future studies should assess
their clinical usefulness for patients with cleft palate, mandibular damage, and other
maxillofacial applications involving tissue engineering techniques.
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Introduction

Bone regeneration therapies applied to palate and mandible bone defects is one of
the research areas in need of novel therapies able to improve current results [1—4].
In this regard, the recent development of tissue engineering allows the development
of novel therapies based on three fundamental components: cells, biomaterials, and
growth and inductive factors [5,6]. Application of tissue engineering allowed the gen-
eration of several tissue substitutes with potential clinical usefulness, including some
models of the human bone [7]. In addition, guided bone regeneration (GBR) is a
surgical technique that relies on grafts and barrier membranes for bone regeneration
[8,9]. Typically, bone grafts are used as osteoconductive or osteoinductive biomate-
rials, whereas barrier membranes play a role as osteopromotive biomaterials able to
improve the regenerative results of this technique to re-establish bone function and
aesthetic [10,11].

One of the most common osteoconductive biomaterials used in guided bone
regeneration are the bone filler particles. Bone filler particles are commonly obtained
from different origins, such as the own patient (autologous particles), human donors
(allogeneic), other animal species (xenogeneic) and several synthetic sources
(alloplastic) [12,13]. The choice of a specific biomaterial depends on various factors,
and there is no universally applicable biomaterial for all clinical scenarios. Further-
more, it is essential to recognize that all available bone filler particles have their draw-
backs. For instance, autologous bone particles, derived from the patient’'s own bone,
offer the advantage of being both osteoinductive and osteoconductive. However, their
main disadvantage lies in the need for a donor site, which results in postoperative
morbidity. Additionally, there is a limitation in the quantity of available filler material,
and its biodegradability lacks predictability.

To overcome these disadvantages, xenogeneic particles are now available as
a valid alternative [12—14] that can be combined with exosomes [15] or hydrogels
[16]. The xenogeneic particles currently employed are mostly obtained from porcine
and bovine sources. These materials are chosen due to their chemical composition
and histological structure, which closely resemble those of human bone [12]. Differ-
ent studies have shown that these particles have good osteoconductive properties,
since they behave like good matrices or scaffolds where cells can settle, proliferate,
differentiate and synthesize key products for the formation of bone tissue [13,17].

In most cases, bone particles can be manufactured using different biofabrication
methods, which results in the generation of particles with different compositions [18].
In general, most xenogeneic bone particles consist of a decellularized hydroxyapatite
matrix that can contain collagen (collagen-based particles or CP) or a deproteinized
hydroxyapatite matrix from which collagen has been removed (deproteinized particles
or DP) [13]. These variations in bone particle composition and structure can lead to
variable in vivo behavior, different biodegradability and different amount of
newly-formed bone at the regenerating area [17].

Although new types of CP and DP have been recently described and are currently
used in patients [18], the definite indications of each type of particle have not been
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established, and determining the functional and structural properties of each type of particle applied to bone regeneration
is in need. In fact, a proper histological analysis able to elucidate the behavior of these biomaterials concerning biocom-
patibility, biodegradability, and their role in the bone regeneration process is essential for selecting an appropiate bioma-
terial for clinical use based on the specific therapeutic context to be addressed. In this work, we carried out a comparative
ex vivo and in vivo analysis of two xenogeneic bone filler particles (CP and DP), obtained by using different processsing
treatments, to shed light into their biocompatibility, biodegradability and functional properties in the process of bone
regeneration.

Materials and methods

Fig 1 summarizes the methods used in this study which are detailed below.

Bone particles and in vitro morphological characterization

In this study, we compared two types of xenogeneic bone particle fillers commercialized for clinical use. First, we used
deproteinized particles (DP) consisting of a mineral matrix of hydroxyapatite of bovine origin that was subjected to depro-
teinization (BOS-HA EVOLUTION, TISSUM® Biomateriales, Cordoba, Argentina). Then, we used collagen-based particles
(CP) composed of a bone matrix of collagen and hydroxyapatite of porcine origin (SUS-OSS, TISSUM’ Biomaterials, Cor-
doba, Argentina). In both cases, the bone particles were obtained from the cortico-cancellous bone of the femoral heads
and condyles of animal bones and had a granular appearance with a particle size ranging from 200 to 1000 micrometers.

To perform a morphological characterization of each type of bone particles, CP and DP were first observed using a
magnifying stereomicroscope Nikon SMZ 745T (Nikon Instruments Inc., Tokyo, Japan). Then, samples were dissecated,
covered with gold-paladium atoms, and analyzed using a microscope FEI Quanta 200 scanning electron microscope
(FEMINI, Carl Zeiss SMT, Germany) using the high vacuum mode. In addition, both types of particles were analyzed using
a high-resolution Xradia 510 VERSA X-ray micro-CT scanner (ZEISS, Oberkochen, Germany). For this, particles were
inserted in an analysis tube transparent to the X rays, and scanned at high resolution with a voxel size of 70nm. Expo-
sition parameters were 80kV and 7W, with a pixel size of 0.63 per image. Tomographic sections were obtained, and 3D
reconstructions were generated from each type of particle.

In vitro and ex vivo lysi: _ In vivo ly
| Xenogeneic bone particles: | (2 months)
’ | -Deproteinized particles | /
|_ -Collagen-based particles | '
———————————— Animal models
Morphological |
characterization . B 32090909000 et b e e e
Biocompatibility | Bone defect in mandible bone (5 mm) of |

Computed Tomography analysis of bone
| -Magnifying stereomicroscope | — — ¥ __ __

regeneration
| -Scanning electron microscope | -Cell morphology — -
| -X-tay micro-CT scanner | | -Live & Dead | -Qualitative analysis of parasagittal and axial section I
| -Free DNA released |/Quantitative analysis (bone defect area) 1

| -H&E (general structure regenerative and number particles) |

| -Picrosirius red (Fibrillar collagen)

| -Alcian blue (Proteoglycans) Semiquantitatively assessed [
-Osteocalcininmunohistochemistry 1

Fig 1. Methods used to evaluate the two types of xenogenic bone particles compared in the present work. The different methods and procedures
performed in this work are summarized in a flow chart.

https://doi.org/10.1371/journal.pone.0323754.9001
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To determine the porosity grade of each type of particle, sections were analyzed using Imaged (National Institutes of
Health, USA) automatic quantification, as previously reported [19]. In brief, images were converted to binary, and 15 ran-
dom areas of 200um x 200um were selected and automatically analyzed to determine the area fraction corresponding to
empty spaces (osteocytes lacunae) in each type of particle, corresponding to the percenteage of porosity.

Analysis of ex vivo biocompatibility of CP and DP bone particles

Human gingival fibroblasts were obtained from oral mucosa biopsies and cultured for 24 hours in 24-well plates (2% 10*
cells/well) using Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% Fetal Bovine Serum (FBS) and a commercial
antibiotics/antimycotics cocktail solution (all cell culture reagents from Merck, Burlington, MA, USA) at 37°C with 5% of
CO,. These human oral mucosa biopsies were recruited from March 1%, 2023 to June 30", 2023, and all participants
provided written informed consent for their participation in the study. Two experimental methods were used to evaluate the
effect of both types of bone particles on the human cells, as previously reported [20]. In the first method (direct contact or
DC), 10mg of hydrated bone particles were added per well containing the cultured cells, to allow the particles to directly
contact the cells. In the second method (indirect contact or IC), the same concentration of bone particles was added on
the membrane of a Transwell’ culture insert (Costar-Corning, Corning, NY, USA) used to separate the culture cells and the
particles, allowing the culture medium to contact both things through the pores of the polyester membrane of the inserts.
Previous studies demonstrated that any biologically active factors released from biomaterial could freely flow through the
membrane and make contact with the cells [21]. Subsequently, 1,500 pl of culture medium were added in both cases (DC
and IC) to completely cover the human cells and the particles. As positive controls of live cells (CTR+), cells were cultured
in their regular culture medium, without any added particles. As negative controls (CTR-), cells were incubated with 1%
triton X-100 (PanReac AppliChem, Barcelona, Spain), able to induce cell death of all cultured cells.

Biocompatibility was determined in the DC and IC groups and controls after 24, 48 and 72 hours using a combination of
cell viability and function tests, as previously described [22,23]:

1) Cell morphology of cells cultured with CP and DP bone particles was analyzed using phase contrast microscopy.

2) Live & Dead (LD) dual fluorescence assays (Invitrogen, Eugene, Oregon, USA) were used to distinguish between living
and dead cells. As a dual functional and structural method, LD contains calcein-AM, which is metabolically modified
by functional cells to produce a green pigment, and ethidium homodimer-1, which stains the nuclei of dead cells with
membrane structural damage, in red. Images were taken from each experimental condition using a Nikon Eclipse 90i
fluorescence microscope (Nikon), and the percentage of green (live) and red (dead) cells was calculated. Results were
normalized to the CTR+ (considered as 100% cel viability), and CTR- (considered as 0% cell viability).

3) Free DNA released to the medium as a consequence of irreversible cell damage was quantified from the culture
medium using a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Results
were normalized to the CTR+ (considered as 100% cel viability), and CTR- (considered as 0% cell viability).

In vivo analyses

Animal models. To evaluate the effects of CP and DP particles on bone regeneration, both types of particles were
implanted in laboratory animals in which a bone defect had been generated at the mandible bone. Male Wistar rats
weighing 250-300g maintained in the Experimental Unit of the University Hospital Virgen de las Nieves in Granada
(Spain) were used. Animals were housed in a controlled temperature room (21+1°C) using a 12h light/dark cycle with ad
libitum access to tap water and rat chow. These studies were performed according to the European Union and Spanish
Government guidelines for the ethical care of animals (EU Directive No. 63/2010, RD 53/2013). Animals were deeply
anesthetized by intraperitoneal injection of acepromazine (Calmo-Neosan’, 0.001 mg/g, Boehringer Ingelheim, Ingelheim
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am Rhein, Germany) and ketamine (Imalgene 1000°, 0.15mg/g, Boehringer Ingelheim). Then, the left side of the mandible
of each animal was surgically exposed by separating the muscles at the angle of the mandible to expose the mandibular
bone. After that, a bone defect of 5mm in diameter was generated at the mandibular angle using a trephine, based on
previous works demonstrating that this defect corresponds to a critical-size defect in this experimental model [24,25]. The
following experimental groups were established (n=5 per each group):

1. Native: Animals that had not been subjected to any surgical procedure used as positive controls.

2. Negative control (NEG): In this group, the critical bone defect was not filled with any material. This group was consid-
ered as a negative control of bone regeneration.

3. CP: In this group, the bone defect was filled with CP particles.
4. DP: In this group, the bone defect was filled with DP particles.

In the NEG, CP, and DP groups, the muscles were reintegrated to their original site, and the skin and soft tissues surgi-
cal defect was repaired using absorbable suture material. In all animals, analgesia was provided with metamizole (Boeh-
ringer Ingelheim) diluted in drinking water for 5 days after the surgical procedure.

Animals were euthanized after 2 months of follow-up using a euthanasia solution (Eutanax, Fatro Ibérica S.L., Barce-
lona, Spain) under general anesthesia. In order to alleviate animal suffering, humane endpoints were established for all
animals involved in the study. In case any of the animals displayed any early marker of suffering, poor quality of life or dis-
tress, such as abnormal behavior, body temperature or weight changes, tumor size or appearance, pathological changes,
ruffled fur, reduced mobility or abnormal body postures, the animals would be immediately euthanized under general
anesthesia. These signs were monitored by expert personnel with experience in animal care and welfare every day during
the 2 months in which the experiment was carried out. At the end of the follow-up period, none of the animals fulfilled
these humane endpoint criteria, and none of the animals died before this follow-up time. This project was approved by the
CEEA ethical committee for animal experimentation (approval number: 03-7-15-311).

Computed Tomography analysis (CT). Immediately following euthanasia, animals were analyzed using a PointNix
Point 3D Combi 500C Dental Imaging System” (Abex Medical System, Selangor Darul Ehsan, Malaysia). The heads
of the animals were placed and secured on the analysis surface of the analysis device, and high-resolution images
were scanned from each animal. 3D reconstruction images were then generated, and the defect site at the left side of
the mandible was analyzed. Samples were scanned using 266 mAs, at 14 mA and 70kV. Bone regeneration in each
experimental group was evaluated through qualitative analysis of parasagittal and axial radiographical sections.

Additionally, a quantitative bone regeneration analysis was performed by determining the area of the bone defect
in each experimental group, after the established 2-months follow-up time, using parasagittal plane sections. Results
obtained in the CP and DP groups were normalized to the NEG group, whose bone defect area was considered as
100%.

Histological analysis of bone regeneration. To perform a structural and histological analysis of bone regeneration,
the mandibular region of the specimens was fixed in 4% formalin, decalcified in formic acid-sodium citrate (Ana Morse)
reagent for 14 days, embedded in paraffin and cut into 5 ym sections in a frontal plane through the middle zone of the
critical bone defect. To determine the histological structure and analyze morphology of the defect site, tissue sections
were deparaffinized, rehydrated and stained with hematoxylin and eosin (H&E) following routine histological methods.

In each animal, the general structure of the bone and the presence of any regenerative tissue were analyzed, and the
number of particles present at the bone defect was quantified using areas of 160 mm?2. The presence of fibrillar collagen
was assessed using picrosirius red (PSR) histochemical staining [4,26], while proteoglycans were detected using alcian
blue (AB) histochemistry [4]. Then, expression of the bone extracellular matrix protein osteocalcin (OCC) was revealed
by immunohistochemistry following routine protocols [4]. For the histochemical and immunohistochemical analyses, the
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signal intensity was semiquantitatively assessed as strongly positive (+++), mildly positive (++), slightly positive (+) or
negative (), as previously described [19].

Statistical analysis

First, each variable was analyzed using the Shapiro-Wilk test of normality. As most variables turned out to be non-
normally distributed, non-parametric statistic tests were then used. Results of the analysis of porosity of CP and DP

bone particles, and the number of mineralized particles found in the in vivo experiments were compared between both
groups using the test of Mann-Whitney. For the ex vivo analysis of cell viability (LD assay and DNA quantification), differ-
ences with the positive control group (CTR+) were evaluated using the Exact Test of Fisher, as results were expressed

in percentages. To compare the area of the defect found in the in vivo experiments determined by CT scanning, we first
calculated the average size of the bone defect in each study group, normalized to the NEG animals (considered as 100%
of defect size). Then, percentages in each group were compared to the NEG group using the Exact Test of Fisher. All
tests were carried out two-tailed. To prevent errors associated with multiple testing, statistical p values below 0.001 were
considered statistically significant. Statistical comparisons were carried out by using the Real Statistics Resource Pack
software (Release 7.2) (Dr. Charles Zaiontz, Purdue University, West Lafayette, IN, USA), available at www.real-statistics.
com.

Ethics statement

This study was approved by the regional ethics committee CCEIBA (Comité Coordinador de Etica de la Investigacion
Biomédica de Andalucia), ref. 2044-N-22 (date of approval 13", February 2023) and ref. 1961-N-19 (date of approval 28",
November 2019). All tissue donors provided written informed consent to participate in the study. Animal experimentation
was approved by the Ethics Committee for Animal Experimentation in Andalusia (CEEA), protocol code 08/07/2019/123
(date of approval 10", September 2019) and 08/07/2019/122 (date of approval 26", July 2019).

Results
Bone particles characterization

Morphological evaluation of CP and DP bone particles (Fig 2 and S1 and S2 Files) using a stereomicroscope showed
that both types of materials consisted of a heterogeneous mixture of bone particles of different sizes and shapes. When
the particles were analyzed with scanning electron microscopy, we found that both types of particles were irregular and
showed holes and depressions of different depths and sizes. Analysis of CP and DP using micro-CT scanning revealed
the presence of small cavities inside both materials, corresponding to lacunae of osteocytes. Analysis of porosity showed
that 3.76 £ 3.18% of CP particles and 4.83+2.67% of DP corresponded to porous areas, with non-significant differences
between both types of particles (p>0.05).

Ex vivo analysis of biocompatibility

On the one hand, the morphological analysis of cells cultured in the presence of CP and DP bone particles showed that
cells retained the typical elongated, spindle-like shape of viable human fibroblasts in both the DC and IC groups, similar
to CTR+ cells cultured in the absence of bone particles (Fig 3). No morphological differences were observed among the
different culture times, although the number of cells tended to increase with time.

On the other hand, cells were evaluated using the LD assay (Fig 4 and S1 Table), which assesses metabolic function
and membrane integrity. For both the DC and IC assays, our results showed high cell viability in cells cultured with CP
and DP, with non-significant differences with CTR +, except for the CP group at 24h with DC. In this case, a significant
decrease in viability was observed, although the viability remained above 88%, and normalized after 48 and 72h. Viability
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Fig 2. Morphological characterization of both types of bone particles. CP (collagen-based particles) and DP (deproteinized particles) were ana-
lyzed using a stereomicroscope (A, B, F, G), a scanning electron microscope (E, J), and a micro-CT scanner (C, D, H, I). Video images corresponding to
panels D and | are available as S1 and S2 Files, respectively. Scale bar: 200pm.

https://doi.org/10.1371/journal.pone.0323754.9002

was also analyzed at the structural level by measuring the amount of DNA released from cells cultured with CP and
DP. Results showed that cell viability remained above 97% at all times in the CP and DP groups (DC and IC), with non-
significant differences compared to the CTR+ group. In contrast, the CTR- group showed a significant decrease in cell
viability compared to all the other groups, at the three follow-up times (Fig 4 and S1 Table).

In vivo functional analysis of mandibular bone regeneration

When CP and DP particles were evaluated in a rat model of mandibular bone defect, we found some differences among
groups. As shown in Fig 5, we first found that the CT image of the mandible of animals corresponding to the Native group
was compatible with a normal bone, and no defect was found. In contrast, NEG animals showed a large mandibular defect
after 2 months of follow-up. Regarding the experimental group in which CP bone particles were implanted, we found a
significant reduction of the bone defect area as compared with NEG (p<0.0001), with a defect area in CP correspond-

ing to 60.92+28.19% of the NEG defect. Finally, analysis of the bone defect in the DP group revealed a slight reduction

in the area of the bone defect, which corresponded to 92.10+36.13% of the NEG group, with differences between DP

and NEG being non-significant (p=0.0067). Differences between the CP and the DP groups were statistically significant
(p<0.0001). In addition, the qualitative analysis of the CT scan results revealed that the defect site in the DP group was
occupied by radiopaque structures consistent with bone particles, as seen in the axial and parasagittal planes. However,
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CTR+ CP-IC CP-DC DP-IC DP-DC

24h
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Fig 3. Morphological analysis of human cells cultured with CP and DP using phase-contrast microscopy. lllustrative images are shown of human
cells cultured for 24, 48 and 72h in direct contact (DC) or indirect contact (IC) with collagen-based particles (CP) or deproteinized particles (DP). Scale
bars: 100 ym.

https://doi.org/10.1371/journal.pone.0323754.9003

these structures were not found at the defect site in the CP group. Interestingly, the antero-posterior edges of the bone
defect were found to be closer in the CP group as compared to the NEG and DP groups. Furthermore, the referred bone
defect edges were denser in the CP and DP groups than in the NEG group.

Histological analysis of bone regeneration

The histological analysis of the mandibular region corresponding to the different experimental groups allowed us to evaluate
mandible bone regeneration after 2 months of follow-up. As shown in Fig 6, our analysis using H&E staining showed that the
mandible bone of Native non-operated animals consisted of a compact lamellar tissue containing abundant osteocytes, com-
patible with a normal bone. In contrast, the NEG group revealed the presence of a bone defect devoid of bone tissue that was
filled with a soft, connective tissue containing fibrous bundles and few cells. When the bone defect was filled with biomaterials
in the CP and DP groups, we evidenced that the defect area contained a denser connective tissue whose volume was higher
than that found in the NEG group. This tissue consisted of abundant fibers and cells, along with dense, mineralized structures
that could correspond to the grafted particles. When the number of mineralized structures was quantified, we found that the
DP group contained higher number of these structures than the CP group (3.5+1.3 vs. 1.5+ 1.0), with differences being statis-
tically significant (p<0.001), and these structures were more heterogeneous and more basophilic in the DP group. In addition,
we found that the edges of the bone defect were dilated, forming a widened structure, in both the CP and DP group, especially
in CP. In both cases, abundant multinucleated giant cells were observed surrounding the mineralized structures. No signs of
complications or side effects, such as tumorigenesis, rejection or necrosis were observed in any of the animals.

When the different samples grafted in vivo were analyzed using histochemistry and immunohistochemistry (Fig 7), we
found some differences among groups. On the one hand, results of the PSR analysis showed that the normal bone tissue
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dead cells are stained in red. DC: direct contact; IC: indirect contact; CP: collagen-based particles; DP: deproteinized particles; CTR +: positive control
of cells cultured without bone particles (live cells); CTR-: negative control of cells treated with 1% triton X-100 (dead cells). Statistical differences with the
CTR+ group are labeled with asterisks in the histograms (*). Scale bars: 100 pm.

https://doi.org/10.1371/journal.pone.0323754.9004

found in the Native group showed slightly positive PSR staining signal (+), suggesting the presence of a limited amount of
collagen fibers within the bone extracellular matrix. In turn, the defect area found in NEG animals was strongly positive (+++),
as it was also the case of the defect area corresponding to the CP group (+++). However, the DP group of animals showed

a mild PSR staining signal (++) at the defect area. Interestingly, the mineralized particles found at the defect area in the CP
group of animals were strongly positive (+++) for PSR, suggesting the presence of collagen in these particles. In contrast,
mineralized particles found in the DP group were PSR negative (-). For AB histochemistry, our results revealed that both the
Native and the NEG groups were slightly positive (+), whereas CP and DP showed a strong AB staining signal at the defect
area (+++). On the other hand, immunohistochemical detection of OCC showed that this marker was present in the extra-
cellular matrix of the Native bone, with a slightly positive signal (+), whilst this marker was negative in the NEG group (-) and
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Fig 5. CT scanning analysis of the craniofacial bones of animals included in the in vivo study. A: CT images obtained in different planes (front
view, left side, axial plane, and parasagittal plane). B: Size of the mandibular bone defect normalized to the negative control group (NEG), considered as
100% of the defect size. Results are shown as means and standard deviations, and significant differences with the negative control group are highlighted
with asterisks (*). Native: positive control of non-operated animals; NEG: negative control group of animals subjected to bone defect devoid of any bone
particles; CP: animals subjected to bone defect filled with collagen-based particles; DP: animals subjected to bone defect filled with deproteinized parti-
cles. The bone defect is labeled with white arrows in panel A.

https://doi.org/10.1371/journal.pone.0323754.9005

could be detected on the surface of the mineralized particles found in the CP and DP groups with a mild staining signal (++).
Analysis of the regeneration site in CP and DP groups demonstrated the presence of limited areas of bone that are appar-
ently associated to the grafted CP and DP particles, without any detectable differences between both study groups (Fig 8). In
addition, cells showing positive osteocalcin staining signal were found at these areas.

Discussion

Several types of bone particles are widely used clinically to promote bone regeneration. In general, these particles are
generated by decellularizing human or animal bones [27,28], and it has been demonstrated that the specific processing
conditions used to fabricate these particles can significantly affect the structure and composition of the resulting product
[29]. On the one hand, bone particles can be generated at low termperatures, which enables the bone matrix to preserve
its collagen structure [12,13]. On the other hand, other types of bone particles can be generated using calcination or other
biofabrication methods resulting in a hydroxyapatite-based bone matrix devoid of collagen [30]. As it has been reported
that thermal treatment may significantly influence the biological, structural and chemical properties of biomaterials used in
bone regeneration [31,32], determining which type of particles shows higher regenerative potential is in need. In general,
preparation of particles at high temperatures (calcination) is associated with a complete removal of the organic compo-
nents of the bone extracellular matrix, and a modification of the hydroxyapatite crystallin structure [33]. In this regard, the
ex vivo and in vivo characterization analysis conducted in this study enabled us to contribute to a better characterization
of the DP and CP bone particles, revealing differences between them that could be related to the distinct treatments they
underwent during preparation.

When the morphology of CP and DP bone particles was analyzed, we found that both types of particles shared several
similarities and were formed by a mixture of particles of different sizes. Although previous reports suggest that particles
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Fig 6. Histological analysis of animals grafted with the different types of bone particles and controls using hematoxylin and eosin staining
(H&E). Images obtained from each study group are shown at different magnifications, with images at higher magnifications corresponding to the square
inserts in the images above. Native: positive control of non-operated animals; NEG: negative control group of animals subjected to bone defect devoid of
any bone particles; CP: animals subjected to bone defect filled with collagen-based particles; DP: animals subjected to bone defect filled with deprotein-
ized particles. White arrows point to illustrative areas of native mandibular bone; Yellow arrows label the dilated area of bone at the edges of the defect;
Black arrows point to the critical bone defect; Giant cells are labeled with white arrowheads; M: mineralized structures. Scale bar: 200 um for the top
panel and 50 ym for the medium and lower panels.

https://doi.org/10.137 1/journal.pone.0323754.9006

prepared at high temperatures could show higher compactation [34], we found that the porosity degree was similar for
both types of materials, and the two types of particles consisted of a dense extracellular matrix with few empty spaces and
cavities corresponding to the lacunae previously occupied by bone cells. The use of dense materials is very common in
bone regeneration, although certain degree of porosity is always required [35].

One of the main requirements of biomaterials used clinically is biocompatibility, and analysis of this parameter is crucial
to ensure the safe use of these products [36]. On this matter, when the biocompatibility of CP and DP particles was ana-
lyzed ex vivo using several complementary cell viability analysis methods, we observed that these particles were highly
biocompatible to human gingival fibroblasts, although a transitory adaptation phase in which viability decreased tempo-
rarily was detected in the CP-DC group after 24h of follow-up. In general, cell viability remained over the 70% threshold
established by ISO standards for assessing cell viability with biomaterials [37] at all times and in all conditions, which
supports the high biocompatibility of both types of particles and predicts clinical biosafety, as previously demonstrated for
other types of xenogeneic particles [38]. The fact that biocompatibility was assessed using an array of methods, including
morphological analyses, metabolic tests, and structural damage detection, could contribute to increase the accuracy of
the results obtained in the present work [39]. However, the fact that these analyses were carried out using gingival fibro-
blasts, and not osteoblast cells, requires the results to be viewed with care, and makes necessary the development of
future studies using other types of cells.

To assess the impact of CP and DP particles on the bone regeneration process, we evaluated these biomaterials in an
in vivo experimental model of mandibular bone damage previously described by other researchers [24]. This model allowed
us to evaluate the effect of CP and DP particles on the regeneration process of a critical bone defect in the rat mandible
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Fig 7. Histological analysis of animals grafted with different types of bone particles and controls using picrosirius red (PSR) and alcian blue

(AB) histochemistry and osteocalcin (OCC) immunohistochemistry. Native: positive control of non-operated animals; NEG: negative control group

of animals subjected to bone defect devoid of any bone particles; CP: animals subjected to bone defect filled with collagen-based particles; DP: animals
subjected to bone defect filled with deproteinized particles. M: Mineralized structures. Scale bar: 200 ym.

https://doi.org/10.137 1/journal.pone.0323754.9007

[24]. It is important to note that this experimental model generated a bone lesion in an area predominantly consisting of
compact bone tissue. Consequently, the results described in our work should be interpreted within this specific context.
When the functional effects of CP and DP particles were evaluated in this model of bone defect, we found that none of
these particles was able to achieve complete regeneration of the critical bone defect after the established follow-up period
of 2 months. However, both particles were able to partially reduce the size of the defect as compared to control animals
devoid of any particles, and animals treated with CP particles showed a significant reduction of the mandibular defect and
an increase in bone volume at the edges of the defect. These results are in agreement with other reports demonstrating

Fig 8. Histological analysis of bone regeneration associated to the grafted particles in the CP and DP groups of animals. Images correspond to
osteocalcin immunohistochemistry analysis of defect areas close to the limits of the critical bone defect, after 2 months of follow-up. Grafted particles are
highlighted with “M”, and asterisks (*) correspond to areas of native or regenerated bone tissue. Some cells showing positive osteocalcin staining signal
that could correspond to differentiating osteoblasts are highlighted with blue arrows.

https://doi.org/10.1371/journal.pone.0323754.9008
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that the use of bone filler particles could play an important role in bone tissue conduction [12,40,41], and with studies
showing that the use of bone fillers containing collagen played an important role in increasing the amount of regenerative
bone [41]. However, the critical size of the defect created in the animals included in our study was not completely regener-
ated, as reported for works in which a critical defect of similar size was generated in laboratory animals [24]. In this regard,
it is important to note that the size of the defect plays an important role in bone regeneration, and previous studies using
smaller defect size achieved positive bone regeneration [42]. Future studies should determine the regenerative poten-

tial of CP and DP particles applied to mandibular defects of smaller size, and if the regeneration of the large critical-size
defect generated in the present work can be improved after longer follow-up periods.

Interestingly, the CT evaluation of animals grafted with the different particles showed the presence of radiopaque partic-
ulate structures at the defect site in DP animals. As the size of the defect was not significantly different to negative control
animals, and in agreement with the results of the histological analyses carried out on DP animals, it is highly likely that
these radiopaque structures correspond to the grafted bone filler particles, and not to greater bone neoformation at the
recipient bed.

In line with the ex vivo results described above, our histological study of particles grafted in vivo contributed to confirm-
ing the high biocompatibility of the two types of particles analyzed here. The fact that our histological analyses revealed
high biocompatibility of CP and DP, and tissues grafted with these particles were devoid from any detectable alterations,
is in agreement with previously described results obtained in other animal models [43] and in human patients treated with
these types of particles [30]. Despite the different composition of CP and DP, our study revealed that both types of bioma-
terials were highly biocompatible in vivo.

When the regenerative tissue was analyzed at the defect area, we found some differences among the study groups.

In general, the use of both types of particles resulted in an increment of the connective tissue found at the defect area,

as compared to the NEG group. This increment of connective tissue was associated with an increase in proteoglycans,
confirmed by the AB staining analysis. Proteoglycans are essential components able of promoting cellular chemotaxis and
differentiation during tissue regeneration, which can ultimately contribute to the mineralization process of bone regen-
eration by facilitating signaling transduction and maintaining stem cell homeostasis [44,45]. In fact, proteoglycans and
glycosaminoglycans demonstrated to have capability to enhance osteoblast differentiation of undifferentiated human cells
[46]. The increment of these molecules at the defect area confirms the regenerative potential of the CP and DP materials
evaluated in the present work.

In addition, our histochemical analyses using PSR techniques showed that the regenerative tissue found in the CP
group contained significant amounts of collagen, whereas DP animals had lower quantities of this type of fibers, suggest-
ing that the mineralized structures found at the defect site of DP animals could correspond to the grafted deproteinized
bone particles, and not to regenerated bone. As it was the case of proteoglycans, collagen fibers are essencial elements
guiding the process of bone regeneration [47], and their presence are one of the main stimuli for bone mineralization
during human development [48]. In fact, alterations in this fibrillar protein are typically associated with diverse bone dis-
eases, such as osteogenesis imperfecta [49]. The fact that the composition of CP included native collagen fibers, could
explain the higher synthesis of these fibrillar components of the extracellular matrix and might be associated with the more
efficient effect of CP as compared to DP, devoid of these fibers. Related to this issue, we might hypothesize that CP could
be able to attract extracellular matrix proteins with high affinity to bind to collagen, such as versican and other proteogly-
cans [50], which could provide CP particles with a basophilic pattern. However, our alcian blue histochemical analyses
were not able to detect any differences between CP and DP particles grafted in vivo, which warrants the need for further
studies. Most probably, matrix modulation could contribute to explain the results found in the present study and the differ-
ent behaviour fo CP and DP grafted in laboratory animals.

Along with proteoglycans and collagen fibers, we determined the presence of osteocalcin, as an essential protein in the
mineralization process [45,51]. In this regard, our findings align with those reported by Tapety et al. [52]. They observed
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an enhanced expression of osteocalcin when bone particles were utilized as filler materials, and concluded that these par-
ticles are able to contribute to the differentiation and function of local osteoblasts, thereby enhancing the bone regenera-
tion process [52]. In our case, we found an increased expression of osteocalcin at the surface of the grafted filler particles,
suggesting that these particles could induce local undifferentiated cells found at the defect site (probably, adipose-derived
stem cells) [53] to synthesize this crucial bone protein, which is related to the process of bone regeneration and its expres-
sion is related to the mineralization process [54].

An interesting observation was the fact that most DP grafted at the defect site tended to remain in situ, at the grafted
area, after the follow-up period. Most likely, this phenomenom could be related to the chemical composition of DP, which
mostly consist of mineral inorganic material, which has been demonstrated to have lower remodelation rates by the recipi-
ent tissue and may require longer periods of time for a complete biointegration [55,56]. However, we may hypothesize that
these particles could have important clinical applications in cases where augmentation of the volume of bone is required,
such as ridge augmentation or sinus elevation, cases in which inorganic bovine bone has been used with good results
[55,57]. In contrast, CP particles are likely more rapidly biodegraded and biointegrated, due to their organic and inorganic
composition able to more efficiently mimic the native bone composition, as previously demonstrated [40,41]. The presence
of multinucleated giant cells, indicative of bone particle remodeling, was observed in both cases, confirming that both
types of particles are highly biomimetic.

In general, our results do not allow us to confirm if the grafted CP and DP particles have osteoconductive potential, as
previously reported for other types of bone fillers [58]. However, we found limited areas of bone, probably corresponding
to neoformed regenerative bone, associated with some of the grafted particles, that could indicate osteoconduction. The
fact that these areas were not abundant could be related to the animal model used in the present work, as the rat angle of
the mandible is mostly composed by a thin cortical bone [59], and it is well-known that cortical bone has lower regenera-
tion potential than cancellous bone [60]. Although our results point out the possibility that CP and DP particles may have
certain osteoconductive potential, future studies should be carried out to confirm or not this hypothesis. An interesting
finding of our work is the presence of cells showing positive osteocalcin expression associated with the grafted particles
and to the bone regeneration area at the limits of the defect. Although we cannot exclude other possibilities, it is likely that
these cells correspond to differentiating osteoblasts that could be related to bone neoformation, as previously reported
[61]. In this regard, previous studies using other types of biomaterials, such as biphasic calcium phosphate, were able to
identify osteoblastogenesis associated to the grafted particles [62].

One unanswered question is the influence of the origin of the bone particles on the in vivo performance of CP and DP
particles, as CP has porcine origin and DP are obtained from bovine sources. In this milieu, it is well known that bone struc-
ture and composition may differ among mammalian species [63]. In general, it has been demonstrated that the diameter
of the Haversian canals is very similar in bovine and porcine bones, and this diameter is within the normal range of human
bones [63]. Regarding the chemical composition, there is no consensus among researchers, and previous studies found
that the Ca/P ratio of the bovine bone may range between 1.58 [64] and 1.98 [65], whereas the Ca/P ratio of the porcine
bone ranges between 1.49 [66] and 1.71 [67], although these variations depend on the treatment applied to processing
these particles [63]. In turn, the Ca/P ratio of the normal native human bone has been established between 1.78 and 2.55
[68]. The different composition of each type of particle and, especially, the methods applied to generate the bone filler
particles, could play a significant role in determining the therapeutical properties of each type of particles, as the processing
method could significantly modify the composition, thermostability, bone porosity and swelling degree of the particles [69].
According to our results, the use of collagen-based particles from porcine origin generated at low temperatures (CP) may
offer the most adequate results in the animal model used in the present work, whereas particles subjected to calcination
(DP), might have lower clinical usefulness in this animal model, at least, at the follow-up time analized here.

In summary, the comprehensive biocompatibility and functional analyses conducted in this study allowed us to shed
light on the role of CP and DP in maxillofacial bone regeneration. In general, our results demonstrated that the particles
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employed were able to promote bone tissue regeneration, especially in the case of CP, although the critical size of the
defect created in these animals could not be completely regenerated in any of the study groups during the established
follow-up period. Future studies should determine the role of these particles in bone defects of smaller size. Although
future studies should determine the clinical usefulness of these particles for the clinical treatment of patients with cleft
palate, mandibular defects and other maxillofacial bone defects, involucring therapies with tissue engineered, our results
could contribute to decision-making regarding the type of particles to be used in specific clinical situations.
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