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ABSTRACT

BACKGROUND: Bone grafting is a surgical procedure that involves the use of bone tissue or bone substitutes to repair
damaged bone. In dentistry and maxillofacial surgery, bone graft substitutes from various sources are commonly used.
Given their critical role in clinical outcomes, it is essential to thoroughly investigate the biological and mechanical prop-
erties of these materials.

METHODS: In this in vitro study, we evaluated the biological properties of two equine-derived bone graft substitutes in
comparison to f-tricalcium phosphate. The materials included one equine-derived graft containing hydrolyzed type I col-
lagen and another containing preserved type I collagen. To assess their biological performance, we analyzed cell viability,
adhesion, osteogenic differentiation, and the expression of genes involved in bone remodeling.

RESULTS: All graft substitutes demonstrated similarly good biocompatibility. However, in the B-tricalcium phosphate
group, intergranular tissue fibers or extracellular matrix were absent both before and after osteogenic differentiation. In
contrast, cells cultured on the equine-derived graft containing hydrolyzed type I collagen exhibited intergranular tis-
sue fibers and matrix, while those on the graft containing preserved type I collagen showed intergranular tissue fibers,
individual cells, and matrix. Gene expression analysis suggested that -tricalcium phosphate may undergo faster resorp-
tion kinetics compared to the equine-derived grafts, which were associated with gene expression patterns indicative of
enhanced bone formation.

CONCLUSIONS: Our results suggest that both hydrolyzed and preserved type I collagen support bone matrix deposi-
tion more effectively than B-tricalcium phosphate, with preserved collagen demonstrating superior performance. From
a clinical perspective, preserved collagen appears to be the optimal choice for larger or less contained bone defects, as it
promotes faster cell repopulation and may lead to more rapid remodeling with the patient’s own vital bone. In contrast,
hydrolyzed collagen seems to elicit a slower cellular response and may be better suited for smaller, localized defects
where immediate biological activity is less critical. Further research is essential to guide clinicians in selecting the most
appropriate bone graft substitute based on the specific clinical context.

(Cite this article as: Di Stefano DA, Coccoluto L, Panina-Bordignon P, Brambilla E, Ruffini F, Murtaj V, et al. Cellular in-
teractions and gene expression analysis of two equine-derived bone graft materials: an in vitro study. Minerva Dent Oral Sci
2025;74:355-71. DOI: 10.23736/S2724-6329.25.05209-X)
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Signiﬁcant bone loss can affect multiple bone
segments as a result of tumors, traumatic
injury, surgical procedures, disease, tooth loss,
congenital anomalies, or other causes.! Although
bone possesses remarkable regenerative capabili-
ties, successful bone homeostasis depends on the
presence of viable cells, adequate vasculariza-
tion, growth factors, and a suitable extracellular
matrix. When one or more of these elements are
compromised, the natural process of bone repair
may become insufficient. In such cases, bone
grafting procedures are often employed to en-
hance bone regeneration and promote healing.2

Bone grafting is a surgical technique widely
used in orthopedics, neurosurgery, and dental
surgery, in which either autologous bone tissue
or bone substitute materials are used to repair
and reconstruct diseased or damaged bone. The
primary goals of bone grafts are to provide me-
chanical support and to stimulate bone regenera-
tion, ultimately leading to the replacement of the
graft with new, functional bone.3 Over the past
decade, the use of bone grafts has become in-
creasingly important in dentistry — not only to
correct functional deficits but also to meet aes-
thetic demands that significantly impact patients’
quality of life.

Therefore, there is a growing need for graft
materials with specific biological and mechani-
cal characteristics tailored to various dental ap-
plications. Bone healing at the graft site occurs
via one or more biological mechanisms: osteo-
conduction, osteoinduction, and osteogenesis.4
Osteoconduction refers to the ability of a graft to
provide a bioactive scaffold that supports the at-
tachment and growth of host cells, allowing new
bone to form along its surface.5 Osteoinduction
involves the recruitment of host stem cells to the
graft site, where local signaling proteins induce
their differentiation into osteoblasts that synthe-
size new bone.¢ Osteogenesis, on the other hand,
describes the direct formation of bone by viable
osteoblasts or progenitor cells contained within
the graft material itself.>.7

Bone grafts can be classified into several
categories: autografts, allografts, xenografts,
synthetic materials, and various combinations
thereof. Autografts, which are harvested from the
patient’s own body, are considered the gold stan-
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dard among grafting materials due to their intrin-
sic osteogenic properties. Because they originate
from the same individual, autografts carry the
lowest risk of immunogenicity and histocompat-
ibility issues. However, they are associated with
several drawbacks, including donor site morbid-
ity and increased surgical risk due to the addi-
tional procedure required for bone harvesting —
complications may include bleeding, infection,
inflammation, and postoperative pain.¢ 8
Allogeneic grafts (or allografts) are derived
from a donor of the same species, either from a
living individual or processed cadaveric bone.
Processing is necessary to minimize immune re-
actions and prevent the transmission of infectious
diseases.? Allografts are osteoconductive and os-
teoinductive, but lack osteogenic potential, and
their biological and mechanical integrity can be
diminished during processing. Nonetheless, they
are frequently preferred over autografts due to
the elimination of donor site morbidity and the
reduced need for an additional surgical proce-
dure. Despite these advantages, allografts are
associated with high processing costs, batch-to-
batch variability, limited availability, risk of dis-
ease transmission, immune rejection, and poten-
tial cultural or religious concerns.10-12
Xenografts originate from species genetically
unrelated to the host. Their osteoconductive prop-
erties are primarily due to their inorganic struc-
ture, which consists mainly of hydroxyapatite.
Xenografts can be derived from various sources,
including cattle, pigs, horses, coral exoskeletons,
and eggshells.13-15 One of the main advantages
of xenografts is the similarity of their inorganic
chemical composition and morphological struc-
ture to that of human bone.!3 However, their pri-
mary disadvantages include the loss of osteoin-
ductive potential and possible physico-chemical
alterations to the inorganic component during pro-
cessing, which is necessary to eliminate antigenic-
ity.16 Additional concerns involve the theoretical
residual risk of disease transmission, necessitating
rigorous validation of processing methods to en-
sure inactivation and removal of viruses and pri-
ons (especially for bovine-derived materials), as
well as potential religious objections.!!: 17 Despite
these challenges, various xenografts have been
developed and are currently in clinical use.!8-2!
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To address the potential immunogenicity and
donor site morbidity associated with autografts,
artificial synthetic bone substitutes have been
developed to closely mimic the biological prop-
erties of natural bone. Synthetic materials offer
several advantages over autogenous, allogeneic,
or xenogeneic grafts: they are widely available
due to ease of manufacturing and carry no risk of
disease transmission.22 However, currently avail-
able synthetic substitutes generally possess only
osteoconductive properties, and their morpho-
logical structure often differs significantly from
that of human trabecular bone. Examples of syn-
thetic materials include calcium phosphate com-
pounds such as hydroxyapatite and B-tricalcium
phosphate (B-TCP), ceramics, bioglasses, metals
like nickel-titanium, and various polymers.

Among these options, xenografts containing
type I collagen — produced by enzymatically pro-
cessing horse bone to remove antigenicity — rep-
resent a valuable compromise with demonstrated
efficacy in diverse clinical settings.23-28 The pres-
ervation of native collagen structure provides
sufficient mechanical strength to support fixa-
tion using osteosynthesis devices, which is es-
sential in major dental surgical procedures such
as large bone augmentations using bone blocks,
as well as in orthopedic and neurosurgical appli-
cations.!!, 29,30 Furthermore, these collagen-con-
taining xenografts have been associated with a
greater amount of newly formed bone compared
to collagen-free substitutes, as demonstrated in
both preclinical3!. 32 and clinical studies, with
favorable outcomes reported in oral surgery33-35
and other fields.23-26

Despite these promising findings, to the best of
the authors’ knowledge, a comprehensive in vi-
tro evaluation comparing the properties of bone
graft substitutes containing either denatured (hy-
drolyzed) or native type I collagen is still lacking.
Therefore, investigating the molecular-level dif-
ferences is crucial — particularly when contrasting
preserved collagen in its native, large, and complex
molecular form with hydrolyzed collagen, which
consists of smaller peptide fragments. Each frag-
ment may have a distinct chain structure, and some
peptides could be lost during manufacturing. Un-
derstanding these differences is essential to assess
their behavior and potential clinical applications.
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Moreover, to optimize patient outcomes, the
in vitro characterization of bone graft materials
plays a crucial role in guiding clinical decision-
making and facilitating the selection of biomate-
rials tailored to the specific requirements of the
surgical site, bone condition, and type of proce-
dure (e.g., bone repair, reconstruction, or aug-
mentation).

To address this need, the aim of the present
study was to evaluate the in vitro properties of
two equine-derived bone grafts — one containing
hydrolyzed type I collagen (EBHC) and the other
containing preserved type I collagen (EBPC) —
using a collagen-free synthetic bone substitute,
B-tricalcium phosphate (B-TCP), as the control
material.

Materials and methods

The researchers’ expertise in biology, regenera-
tive medicine, and molecular biology, combined
with their previous work in stem cell research
and gene expression analysis, is highly rel-
evant to this study. Collaboration with special-
ists and industry professionals facilitated access
to essential materials, further strengthening the
research foundation. Additionally, the team’s
comprehensive understanding of cell biology
positively influenced the experimental design
and data interpretation, ensuring methodologi-
cal rigor and scientific relevance. Conducted in a
regulated laboratory setting, the study employed
RT-gPCR and immunohistochemistry to evaluate
gene expression and cellular interactions, adher-
ing to ethical and technical scientific standards.
However, further analyses should be conducted
to expand the scope of the research and validate
the findings under different experimental condi-
tions. The multidisciplinary approach ensured
rigorous, clinically relevant results that support
the use of equine-derived materials in regenera-
tive medicine.

Biomaterials

EBHC (BIO-GEN®, Bioteck S.p.A., Arcugnano,
Italy) and EBPC (OSTEOPLANT®, Bioteck
S.p.A., Arcugnano, Italy) are produced using the
patented Zymo-Teck® process, which starts from
equine bone. This process employs a specific set
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of enzymes that operate in an aqueous environ-
ment at low temperature. Under these conditions,
the original equine tissue is effectively deanti-
genated, resulting in a biocompatible material.

The use of low temperatures preserves the
mineral component of the bone entirely. Further-
more, by adjusting the enzymatic activity within
the Zymo-Teck® process, it is possible to either
preserve the native bone collagen (EBPC) or par-
tially degrade the collagen (EBHC). In this study,
cancellous granules of EBHC (BGS-20, 0.25-1
mm) and EBPC (OSP-OX38, 0.25-1 mm) were
utilized. B-TCP (TCP Dental, porous granules
0.5-1 mm, Kasios, L’Union, France), a widely
used synthetic bone substitute,3¢ was included in
all experiments as the control material.

To standardize and quantify the amount of
biomaterial used in the experiments, the gran-
ules were weighed, and the average weight cor-
responding to the amount uniformly covering
the bottom of a well in a 96-well plate was cal-
culated. Five measurements were taken for each
biomaterial, resulting in average weights of 4.5
mg/well for EBHC, 9.5 mg/well for B-TCP, and
6.5 mg/well for EBPC.

Cell line

All experiments were conducted using the 143B
cell line (ATCC-CRL-8303). The 143B osteosar-
coma cell line was chosen as a model due to its
high osteoblastic activity and relevance in study-
ing bone metabolism and regeneration, despite
its tumor origin, which may not fully replicate
the physiology of normal osteoblasts.

Cells were cultured adherently in complete
Eagle’s Minimum Essential Medium (EMEM)
supplemented with 0.015 mg/mL 5-bromo-2’-
deoxyuridine (B5002, 90%) and 10% fetal bo-
vine serum (FBS). Upon reaching confluency,
the culture medium was removed, and cells were
rinsed with a solution containing 0.25% trypsin
and 0.02% EDTA, then incubated at room tem-
perature for approximately 10 minutes to facili-
tate detachment. Fresh medium was added to
stop the enzymatic reaction, and cells were trans-
ferred to new flasks. The medium was refreshed
two to three times per week.

For each experiment, wells were pre-filled
with minimal medium 24 hours before seeding
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and incubated for 1 hour to stabilize temperature
and CO, levels. Biomaterials were then added
to each well. The cell density was optimized at
3000 cells per mg of biomaterial, with cells sus-
pended in 200 pl of culture medium for seeding.

Histological staining

The following reagents were used to evaluate
cell adhesion and differentiation on the scaffolds:
Crystal Violet (CV, Sigma-Aldrich V5265) for
protein staining, Von Kossa (VK, Sigma-Aldrich
100362), a calcium stain, and Nuclear Fast Red
(NFR, Sigma-Aldrich N8002) for DNA staining.
For CV staining, biomaterials were incubated
with 0.4% and 0.04% CV in distilled water for
5 minutes at RT. After removal of CV, the bio-
materials were washed five times with distilled
water for 5 minutes each time. For VK stain-
ing, biomaterials were incubated with 1% silver
nitrate, previously filtered with a 0.8 pm filter,
incubated under a UV lamp for 30 minutes and
then washed three times at RT. For NFR stain-
ing, biomaterials were incubated with NFR 0.1%
and 0.02% in distilled water for 5 minutes at RT,
and after removing NFR, the biomaterials were
washed five times with distilled water for 5 min-
utes each. Finally, as regards VK+NFR staining
(VK 1% + NFR 0.02%), VK staining was per-
formed as described above, NFR 0.02% was
added for 5 minutes at RT and then washed five
times quickly with distilled water.

After staining, all samples were air-dried for
at least 18 hours and then analyzed using the Ax-
iozoom V16 microscope (Zeiss) in the Applied
Microscopy Laboratory at Tecnopolo Mario Ve-
ronesi (TPM, Mirandola, MO) with a 1.5x objec-
tive and 50x digital magnification. Images were
acquired with Zen Pro software (Zeiss) using
the Z-stack plugin. Samples with low dye absor-
bance were re-analyzed at 100x digital magnifi-
cation. All images were acquired and analyzed in
a blinded manner.

Cell viability

To assess cell viability on the scaffolds, the Live
and Dead assay for mammalian cells (Thermo-
scientific, L3224) was used. On the 10th day af-
ter seeding the cells onto the scaffolds, the super-
natant was discarded, the cells were rinsed with
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100 pl PBS 1X and incubated with a solution of
0.05% calcein and 0.2% di-ethidium bromide in
PBS 1X at 37 °C and 5% carbon dioxide for 45
minutes. The solution was then removed and the
cultures were washed in PBS 1X for 5 minutes at
RT and analyzed histologically with AxioZoom
V16 (Zeiss) as described above.

Osteogenic differentiation

Cells were plated together with biomaterials
in MW96 round-bottom or flat-bottom plates
with low adhesion, using both complete Eagle’s
Minimum Essential Medium in Earle’s BSS
and differentiation medium. The differentiation
medium consisted of complete medium sup-
plemented with 50 uM ascorbic acid (Sigma-
Aldrich A4403), 10 mM p-glycerophosphate
(CABRU 14405), and 10 nM dexamethasone
(Sigma-Aldrich D1756). The medium was
changed every other day. FBS and phenol red
were removed in the last medium change be-
fore colorimetric assays. Cells were maintained
in medium for 3 weeks and analyzed by imag-
ing on day 17.

Quantitative gene expression analysis

PCR analysis was performed on day 17 on RNA
extracted from cells grown in the differentia-
tion medium assay. Total RNA was isolated us-
ing the RNeasy Mini Kit (Qiagen #74104) ac-
cording to the manufacturer’s instructions. RNA
samples were eluted from the columns with 30
ul of RNase-free water, and concentrations were
determined spectrophotometrically using the
A260 (Nanodrop—ND1000). Semi-quantitative
RT-PCR was conducted using pre-developed
TagMan™ assay reagents on a QuantStudio 3
Real-Time PCR System (Thermo Fisher) follow-
ing the manufacturer’s protocol. cDNA was syn-
thesized from 500 ng total RNA using the Ther-
moScript IV RT-PCR system (Thermo Fisher).
Two hundred ng of cDNA was used for RT-PCR
with the following ready-made TagMan® Gene
Expression Assays (Thermo Fisher): RUNX2
(HS01047973 ml), TNFRSFIIA (RANK)
(HS00921372_ml), ALPL (HS01029144 ml),
SPP1 (OSTEOPONTIN) (HS00959010 ml),
COL1A1 (HS00164004 m1), BGLAP (OS-
TEOCALCIN) (HS01587813 gl), and GAPDH
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(HS99999905 m1). Data were acquired using
Thermo Fisher Connect™ software with spectral
compensation and analyzed using the thresh-
old cycle (CT) relative quantification method.
GAPDH was used as the housekeeping gene.
Three samples per experimental group were ana-
lyzed: differentiated + B-TCP, differentiated +
EBHC, and differentiated + EBPC. A one-way
ANOVA followed by Dunnett’s post-hoc test
was performed to compare EBHC with B-TCP
and EBPC with B-TCP. All data are expressed as
mean+SEM.

Due to the complexity of the differentiation
protocol and the limited yield of cells, perform-
ing additional replicates was not feasible, espe-
cially given the multiple analyses conducted on
the same cell cultures. Nonetheless, three biolog-
ical replicates were included, which is generally
considered sufficient for statistical analysis and
interpretation.

Results
Cell viability

To evaluate cell viability on the scaffolds un-
der investigation (EBHC, EBPC, and B-TCP),
a live/dead cell assay was performed on day
10 after seeding (Figure 1, 2, 3). Six replicates
were analyzed for each cell-scaffold combi-
nation, with two empty scaffold replicates in-
cluded as negative controls. Confirming the bio-
compatibility of all tested materials, a marked
prevalence of viable cells was observed on all
colonized scaffolds (green cells in Figure 1, 2,
3). Moreover, very few dead cells were detect-
ed in all samples (red cells in Figure 1, 2, 3),
and no signal was observed on empty scaffolds
(data not shown).

Cell adhesion

To evaluate cell adhesion on the three scaffolds,
1500, 3000, or 6000 cells/mg scaffold were seed-
ed and analyzed at 3 and 10 days after seeding by
staining with 0.04% Crystal Violet (CV) (Figure
4,5, 6). Six replicates were tested for each condi-
tion, and the following elements were considered
in the analysis: 1) single cells to evaluate scaf-
fold biocompatibility based on cell morphology;
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EBHC 50x

ROI

Figure 1.—EBHC demonstrated biocompatibility on 143B cells. Live and Dead assay was performed on fresh 3D cultures
on day 10 after seeding. Viable cells are marked in green, while dead cells are marked in red. Images were acquired using the
AxioZoom V16 microscope with a 15x objective and 50x magnification. Scale bar ROI=100 um.

2) tissue areas covering the scaffold, indicating
scaffold colonization; 3) presence of tissue fibers
between the scaffold granules, indicating coloni-
zation through compaction of the granule struc-

ture. The experiment showed that cells adhered
to all scaffolds, although some differences were
observed. At both time points, cells on EBHC
formed tissue fibers spreading between the gran-
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EBPC

Figure 2.—EBPC demonstrated biocompatibility on 143B cells. Live and Dead assay was performed on fresh 3D cultures
on day 10 after seeding. Viable cells are marked in green, while dead cells are marked in red. Images were acquired with the
AxioZoom V16 microscope, using a 15x objective and 50x magnification. Scale bar ROI=100 pm.

ules. On EBPC, single cells were seen on day 3, EBPC. On B-TCP, only single cells were ob-
which developed into a compact layer covering  served at both time points, indicating very lim-
the scaffold by day 10. A dose-dependent colo- ited colonization even when seeding higher cell
nization was observed with EBHC, but not with  concentrations.
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B-TCP 50x ROI

Figure 3.—B-TCP demonstrated biocompatibility on 143B cells. Live and Dead assay was performed on fresh 3D cultures on
day 10 after seeding. Viable cells are marked in green, while dead cells in red. Images were acquired with AxioZoom V16,
objective 15x, magnification 50X. Scale bar ROI=100 um.

Osteogenic differentiation staining with 0.1% VK/0.02% NFR (Figure 7, 8,

9). Scaffolds seeded with both induced and non-
Osteogenic cell differentiation on the three scaf-  induced cells were analyzed. ROIs obtained by
folds was assessed 17 days after incubation by  digital magnification allowed visualization of
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Figure 4—Adhesion of 143B cells on EBHC resulted in dose-dependent colonization. Cells were seeded at concentrations of
1500, 3000, and 6000 cells/mg of scaffold. 3D cultures were fixed on days 3 and 10 after seeding and stained with 0.04% CV. Im-
ages were acquired using the AxioZoom V16 microscope with a 15x objective and 50x magnification. Scale bar ROI=100 pm.

day 3
scale bar

500pm

day 10

scale bar

500pm

day 10

scale bar

100pm

Figure 5.—Adhesion of 143B cells on EBPC generated a compact layer. Cells were seeded at concentrations of 1500, 3000,
and 6000 cells/mg of scaffold. Three-dimensional (3D) cultures were fixed on days 3 and 10 after seeding and stained with
0.04% CV. Images were acquired using the AxioZoom V16 microscope with a 15x objective and 50x magnification. Scale
bar ROI=100 pm.
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Figure 6.—Adhesion of 143B cells on B-TCP generated very limited colonization. Cells were seeded at concentrations of
1500, 3000, and 6000 cells/mg scaffolds. 3D cultures were fixed on day 3 and day 10 after seeding and stained with 0.04%
CV. The images were acquired with AxioZoom V16, objective 15x, magnification 50X. Scale bar ROI=100 um.

intergranular tissue structures (green arrows in
Figure 7, 8, 9) and/or VK-positive deposits (red
arrows in Figure 7, 8, 9). NFR-positive tissue fi-
bers were observed in EBHC samples under both

Figure 7.—A predominance
of tissue fibers was observed
on EBHC. Osteogenic dif-
ferentiation of 143B cells on
EBHC assessed at 17 days
after the induction of differ-
entiation. 3D cultures were
stained with VK 0.1%/NFR
0.02%. Tissue fibers are in-
dicated with green arrows,
while matrix deposition areas
are not detected. The images
were acquired with Axio-
Zoom V16, objective 15x,
magnification 50X. Scale bar
ROI=100 pm (colors in the
online version).

364

induced and non-induced conditions, while no
VK-positive deposits were detected (Figure 7).
NFR-positive tissue fibers, as well as VK-pos-
itive deposits, were observed in EBPC samples

EBHC
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EBPC

Figure 8.—Tissue fibers and
matrix deposition were de-
tected on EBPC. Osteogenic
differentiation of 143B cells
on EBPC was assessed at 17
days after the induction of
differentiation. 3D cultures
were stained with VK 0.1%/
NFR 0.02%. Tissue fibers are
indicated with green arrows,
while matrix deposition ar-
eas are indicated with red
arrows. The images were ac-
quired with AxioZoom V16,
objective 15x, magnification
50X. Scale bar ROI=100 um
(colors in the online version).

Figure 9.—A minimal pres-
ence of matrix deposition
was observed on B-TCP.
Osteogenic  differentiation
of 143B cells on B-TCP was
assessed 17 days after the
induction of differentiation.
3D cultures were stained
with VK 0.1%/NFR 0.02%.
Matrix deposition areas are
indicated with red arrows; no
tissue fibers were detected.
Images were acquired with
AxioZoom V16, objective
15x, magnification 50X.
Scale bar ROI=100 pm (col-
ors in the online version).

under both conditions, with stronger NFR and
VK positivity in the induced sample (Figure 8).
B-TCP samples showed absence of tissue fibers
and weak VK positivity, with similar signals in
induced and non-induced samples (Figure 9).
Empty scaffolds showed no signal. The differ-
ent elements — single cells, intergranular tissue
fibers, and tissue covering the scaffold surface —
observed on the three scaffolds are summarized
in Table I.

Vol. 74 - No. 6

Quantitative gene expression analysis with RT-
PCR

To further evaluate the osteogenic potential of
the biomaterials under investigation, gene ex-
pression of the following markers was analyzed
after 17 days of incubation in differentiating
medium (Figure 10): 1) RUNX2, encoding a nu-
clear protein with a Runt DNA-binding domain
involved in the expression of skeletal genes es-
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TABLE L.—Predominant cellular elements observed on the scaffolds during adhesion and osteogenic differentiation

experiments.
. . Osteogenic differentiation (day 17)
Cell adhesion (day 3) Cell adhesion (day 10) -
Non-induced Induced
EBHC Inter-granule tissue fibers  Inter-granule tissue fibers ~ NFR-positive tissue fibers ~ NFR-positive tissue fibers

EBPC  Single cells
surface

B-TCP Single cells Single cells

Tissue covering the scaffold NFR-positive tissue fibers

NFR-positive tissue fibers
VK-positive deposits
VK-positive deposits

VK-positive deposits
VK-positive deposits

RUNX2

TNFRSF11A (rank)

1

y e

Fold change
(normalized on B-TCP)

0.0

Figure 10.—Different gene
expression  profiles were
observed across the three
biomaterials tested. Gene
expression analysis of 143B
cells on B-TCP, EBHC, and
EBPC (N.=3 per group),
performed 17 days after in-
duction of differentiation.
All data were normalized
to the respective GAPDH
expression and expressed
as fold change relative to
B-TCP results (mean+SEM).
Statistical analysis was per-
formed using one-way ANO-
VA followed by Dunnett’s
multiple comparison  test
(ALPL—EBPC OSP-0X38
vs. B-TCP P=0.0001; SPP1—
EBHC BSG-20 vs. B-TCP
P=0.0051, EBPC OSP-OX38
vs. B-TCP P=0.037). (B)
Graphical scheme illustrat-
ing the expression of osteo-
genic differentiation mark-
ers. ***pP<0.001, **P<0.01,
*P<0.05.

1.0

5

Fold change
(normalized on B-TCP)
Fold change
(normalized on B-TCP)

0.
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osteoprogenitor
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sential for osteoblastic differentiation and skel-
etal morphogenesis; 2) ALPL, encoding alkaline
phosphatase, an enzyme involved in bone miner-
alization; 3) SPP1, encoding osteopontin, which
is involved in the attachment of osteoclasts to
the mineralized bone matrix; 4) TNFRSF11A
(RANK), a member of the TNF receptor super-
family that interacts with various TRAF family
proteins and triggers activation of NF-kB and
MAPKS/INK, critical for osteoclast develop-
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ment; 5) COL1A1, encoding type I fibril-form-
ing collagen found in most connective tissues
and abundant in bone; 6) BGLAP, encoding os-
teocalcin, a highly abundant bone protein secret-
ed by osteoblasts that regulates bone remodel-
ing. RT-PCR analysis showed a statistically sig-
nificant higher level of ALPL and a lower level
of SPP1 in the presence of EBPC compared to
B-TCP. A significantly lower level of SPP1 was
also observed with EBHC compared to B-TCP.
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No significant differences were found in the ex-
pression of the other examined genes (RUNX2,
TNFRSF11A, COL1A1, and BGLAP).

Discussion

In dental surgery, as well as in orthopedics and
neurosurgery, bone defects represent a signifi-
cant clinical challenge in daily practice. Advanc-
es in bone grafting materials have demonstrated
their ability to control bone regeneration, reduce
the risk of disease transmission, and accelerate
healing.2 3. 5. 36. 37 Due to the morphological and
compositional similarities between human bone
minerals and those of other mammals, xenografts
produced by processing heterologous bones to
make them non-antigenic appear very promis-
ing. Among xenografts, recent studies have sug-
gested the use of enzyme-deantigenized equine
bone containing type I bone collagen in various
clinical contexts as an alternative to other mate-
rials.23-27, 3335, 38 Notably, the efficacy of EBPC
has been histomorphometrically evaluated in
bone samples following sinus augmentation
procedures. Results indicate a higher amount of
newly formed bone in the EBPC-treated group,
alongside a smaller quantity of residual biomate-
rial compared to groups treated with anorganic
bovine bone.34 These findings align with other
histological studies on maxillary sinus augmen-
tation, demonstrating new bone formation as
early as three months post-surgery.33 Similarly,
in post-extraction socket procedures, restoring
alveolar bone at the tooth extraction site is essen-
tial to prevent alveolar bone resorption, as shown
by Di Stefano et al.35 Their study compared col-
lagen-free materials to EBPC and highlighted
how EBPC, which preserves collagen in its na-
tive state, facilitates faster and greater new bone
formation. EBHC has also been histologically
evaluated in various studies.3%-4! In bone defects
of the alveolar processes of the maxilla and man-
dible, EBHC showed a slight but statistically
significant increase in optical density compared
to other collagen-free xenografts.4! Moreover,
in sinus augmentation, the high percentage of
regenerated bone suggests that EBHC can be re-
sorbed within six months and likely replaced by
newly formed vital bone.4° Building on this evi-
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dence, further investigation at the cellular level
was needed to better understand these processes.

Here, we evaluated the in vitro properties of
two bone substitutes: EBHC, containing hydro-
lyzed type I collagen, and EBPC, containing
preserved type I collagen, comparing both to
B-TCP, one of the most commonly used synthetic
bone substitutes.*2 Our study demonstrates that
all three bone graft substitutes exhibit good and
comparable biocompatibility. However, they dif-
fer in their ability to support matrix deposition, a
critical process for new bone formation.43 Cells
grown with B-TCP showed a complete absence
of intergranular tissue fibers or matrix, both
before and after osteogenic differentiation. In
contrast, cells seeded on EBHC developed inter-
granular tissue fibers. EBPC performed even bet-
ter, with the presence of single cells and matrix
observed not only after differentiation but also in
non-differentiated cultures, suggesting that cells
on this substitute may have an inherent ability to
differentiate (Figure 2, 3).

These observations are further supported by
our gene expression analysis of markers involved
in bone remodeling (Figure 10). Bone homeo-
stasis is maintained by the balanced activity of
osteoblasts and osteoclasts, through the interplay
of osteoclast-mediated bone resorption and os-
teoblast-mediated bone formation.#4 The ALPL
gene encodes alkaline phosphatase, an enzyme
highly expressed in osteoblasts that hydrolyzes
inorganic pyrophosphate, a calcification inhibi-
tor, thus lowering its concentration and promot-
ing calcification and bone formation.4> The SPP1
gene encodes osteopontin, a protein involved
in osteoclastogenesis and osteoclast-mediated
bone resorption.#¢ The finding that cells grown
on EBPC express high levels of ALPL but low
levels of SPP1 suggests that this biomaterial’s
superior performance may be due to its ability to
facilitate faster bone mineralization. Conversely,
B-TCP’s poor performance could be related to
enhanced bone resorption, as indicated by the
highest SPP1 and lowest ALPL levels. Cells
cultured with EBHC showed the lowest SPP1
levels but also low ALPL levels, suggesting an
intermediate performance, with bone mineraliza-
tion kinetics faster than B-TCP but slower than
EBPC. It is important to note, however, that dif-
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ferent dynamics might occur beyond the 17-day
differentiation period analyzed here. Previous
studies*” have shown that longer culture times
may be needed to detect increases in ALPL and
other genes. A detailed analysis of the secretome
from cells grown on the three scaffolds, measur-
ing proteins involved in matrix mineralization
over time, would help clarify these differences.

Ideally, a scaffold should mimic natural bone
properties, providing both the biochemical envi-
ronment and biomechanical support necessary
for bone formation. The bone matrix, composed
of organic and inorganic components, is crucial
in bone tissue engineering.4® Another in vitro
study# examined how thermal processing of bo-
vine-derived hydroxyapatite scaffolds at temper-
atures from 100-220 °C up to 300-500 °C affects
their interactions with osteoclasts and osteoblasts.
Results showed that increasing temperature pro-
gressively reduced the scaffolds’ ability to sup-
port effective cell-material interactions. Nota-
bly, most commercial heterologous biomaterials
undergo much higher temperature processing
(600-1400 °C) 49. In that study, scaffolds treat-
ed at 130 °C and 160 °C demonstrated the best
biological responses, including enhanced osteo-
blast proliferation, higher alkaline phosphatase
activity, and increased expression of osteogenic
genes. Preservation of the bone’s natural surface
morphology was also emphasized as a key factor
for cell attachment in vitro.#® Given the close link
between material properties and microstructure,
EBHC and EBPC appear advantageous because
they maintain their native structure and surface,
essential for predictable biological outcomes
and complete integration through physiologi-
cal resorption.0. 51 EBPC, in particular, retains
its native collagen structure, fully expressing
its biological potential. This structural integrity
supports rapid remodeling, promoting new bone
formation alongside gradual biomaterial degra-
dation.34.35 At the cellular level, EBPC maintains
a physiological balance between osteoclast and
osteoblast activity, enabling natural resorption
aligned with the body’s remodeling process.

In contrast, EBHC shows a different biologi-
cal response. It stimulates osteoblast activity
more than B-TCP, but less than EBPC, leading to
slower remodeling and persistence of biomate-
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rial residues. EBHC also shows predominant os-
teoclast activity compared to B-TCP and EBPC.

Moreover, unlike thermally treated xenografts
and synthetic substitutes like B-TCP, EBPC and
EBHC are derived from equine bone processed
enzymatically to eliminate immunogenicity
while preserving the extracellular matrix and
bone collagen without accumulating harmful
chemical residues. Extending previous observa-
tions,31-35 our results indicate that the enzyme-
based production and presence of type I collagen
are key factors enhancing bone matrix deposi-
tion. The extent of this improvement depends
on whether the collagen is native or hydrolyzed.
Clinically, these findings suggest that, compared
to B-TCP, EBHC may be better suited for small,
contained defects where slower resorption is
acceptable, while EBPC may be preferable for
larger or less contained defects where favorable
biological conditions for bone deposition are
needed.

Nevertheless, clinicians should base their de-
cisions on a comprehensive assessment of each
patient’s specific needs and medical conditions.
The evaluation of a single timepoint after cell
differentiation induction (i.e., 17 days) repre-
sents a main limitation of this study, as it pre-
vents investigation of both early and late gene
expression dynamics. Similarly, cell adhesion
and viability on scaffolds — assessed here at days
3 and 10 after seeding — should also be evaluated
at additional timepoints. Although the granule
size used (0.25-1 mm) falls within the commonly
used range for bone graft substitutes, its poten-
tial influence on cell attachment, proliferation,
and differentiation should be considered, since
microstructural features can significantly affect
cellular behavior.

In addition, the use of a single cell line (143B)
limits the generalizability of the findings, as it
may not fully reflect the responses of primary hu-
man osteoblasts or other relevant cell types — an
important factor for clinical translation. There-
fore, conducting further experiments using ad-
ditional cell lines, ideally closely resembling hu-
man cells of interest, would be valuable. Future
studies will aim to evaluate the osteogenic poten-
tial of the biomaterials, as well as cell adhesion
and viability on scaffolds, at multiple timepoints.
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Finally, since the presence of BMPs in these bio-
materials remains unknown, a promising direc-
tion for future research would be to investigate
whether such proteins are present and evaluate
their possible biological impact.52

Conclusions

Despite its relatively simple structure — compris-
ing three types of cell subpopulations, an organic
phase mainly composed of collagen, and an in-
organic phase primarily made of hydroxyapatite
— the complex regulation of bone metabolism
poses a significant challenge in developing an
“ideal” substitute material. Understanding the
intricate interactions between biomaterials and
bone components is essential for creating new
substitutes that support this synergy and promote
healing and repair.

Both collagen-containing bone xenografts
evaluated in this study demonstrated high bio-
compatibility and the ability to support osteo-
genic differentiation, with EBPC showing great-
er effectiveness in matrix deposition compared
to EBHC. While the notion of a universally ideal
bone substitute is appealing, it is more realistic to
assume that the choice of biomaterial should be
dictated by the specific clinical application.

This study offers important insights to help
oral surgeons make informed decisions, particu-
larly by emphasizing the role of natural remod-
eling kinetics in bone regeneration procedures
for implant placement. A biomaterial containing
preserved collagen and exhibiting physiologi-
cal remodeling kinetics offers a dual benefit: it
promotes early-stage new bone deposition — sup-
porting successful osseointegration and volume
preservation — and it allows for complete re-
placement by the patient’s own vital bone within
a physiological timeframe. This makes it particu-
larly suitable for cases requiring full remodeling,
rapid integration, and the eventual absence of re-
sidual biomaterial. In turn, this may help reduce
the risk of peri-implantitis progression, as inert
residues can serve as a substrate for bacterial col-
onization in rare cases where infection develops.

In contrast, in cases of small or localized de-
fects, a biomaterial containing hydrolyzed colla-
gen may offer an effective solution, with slower
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remodeling that may be clinically acceptable or
even preferable.

While these findings provide valuable guid-
ance for surgeons, further research is essential to
refine biomaterial selection and ensure optimal
outcomes tailored to each patient’s specific clini-
cal scenario.
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