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Bovine or porcine xenografts, which are readily available and possess osteoconductivity, are widely 
used for bone augmentation in clinical practice. The addition of collagen to particulated bone graft 
material improves handling characteristics and helps maintain graft integrity. These collagenated 
bone, when collagen is appropriately cross-linked, provide enhanced osteogenic potential and 
structural stability. However, studies on the histological changes due to the use of collagenated 
bovine bone for vertical bone augmentation are lacking. Therefore, this study aimed to compare 
the osteoconductivity and volume stability of two collagenated xenografts—deproteinized bovine 
bone mineral (DBBM) with crosslinked bovine collagen (DBBM-Cb; A-Oss Collagen) and non-
crosslinked porcine collagen (DBBM-NCp; Bio-Oss Collagen)—using rabbit calvarial models of vertical 
augmentation and critical-sized defects. Surface morphology of the grafts was analyzed using 
field emission scanning electron microscopy. In vivo bone regeneration was assessed using micro-
computed tomography and histological analyses at 3, 5, 6, and 12 weeks following bone grafting in 
calvarial vertical-augmentation and defect models. Both grafts showed porous and interconnected 
microarchitecture favorable for osteoconduction. In the augmentation model, DBBM-Cb demonstrated 
significantly higher bone volume fraction (bone volume/total volume of bone tissue) at 3 weeks 
and vertical height retention at both 3 and 5 weeks (P < 0.05). In the defect model, DBBM-Cb led to 
significantly greater defect closure at 12 weeks (P < 0.05). Histological analyses confirmed improved 
graft integration and bone maturation with DBBM-Cb. DBBM-Cb exhibited superior osteoconductivity, 
structural stability, and graft volume maintenance compared to DBBM-NCp. These properties support 
its potential as a more effective biomaterial for vertical bone augmentation.
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Extensive bone augmentation is required when the vertical bone height is insufficient for implant placement. 
Although autogenous bone graft is recommended because of its high osteoinductive capacity, its clinical 
application is often limited by donor site morbidity, restricted availability, and significant graft resorption1,2. 
Therefore, bovine or porcine xenografts, which are readily available and possess osteoconductivity, are widely 
used in clinical practice3–5. However, to achieve successful vertical bone augmentation, stabilization devices, 
such as titanium meshes, membranes, and tacks, are required to maintain the integrity of these particulate bone-
graft materials6–8.

To enhance the stability of the graft after bone augmentation, collagen can be incorporated into the 
particulated bone graft material, which facilitates easier handling during surgery while preserving structural 
integrity9. These collagenated bone grafts contain type I collagen, the main extracellular matrix component 
in bone, which serves as a scaffold to promote osteoblast migration, angiogenesis, and new bone formation10. 
Owing to its fibrillar structure, collagen incorporated into bovine or porcine bone-graft materials enhances clot 
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preservation, provides a scaffold for cellular infiltration, and improves the adaptability of the graft to the defect 
site, thereby optimizing bone-regeneration outcomes11.

However, collagenase rapidly degrades the organic component of collagenated bone applied in vivo. For 
optimal bone regeneration, maintaining the collagen-matrix volume for a sufficient duration is imperative to 
support the adhesion and formation of new bone on the graft material12, and chemical crosslinking techniques 
are frequently used to control the degradation rate13. Appropriately crosslinked collagen scaffolds can achieve 
high osteogenic potential and structural stability14, as the crosslinked matrix resists degradation by collagenase 
and prevents fibroblast infiltration through the structure15,16. However, the degree of endogenous crosslinking 
in collagen varies according to the source animal, and concealed collagenase cleavage sites potentially affect the 
degradation rate17.

However, studies on the histological changes due to the use of collagenated bovine bone for vertical bone 
augmentation, particularly when the origin and properties of collagen are altered, are lacking. Therefore, this in 
vivo study aimed to compare the new bone regeneration rate of xenografts with crosslinked and non-crosslinked 
collagen matrices. Two commercially available xenogeneic bone graft materials were evaluated: (1) deproteinized 
bovine bone mineral with 10% crosslinked bovine collagen (DBBM-Cb; A-Oss Collagen, Osstem, Seoul, Republic 
of Korea) and (2) deproteinized bovine bone mineral with 10% non-crosslinked porcine collagen (DBBM-NCp; 
Bio-Oss Collagen, Geistlich Pharma, Wolhusen, Switzerland). These materials were selected because both are 
widely used in clinical practice, yet their collagen components differ in crosslinking and origin, which may 
influence graft stability and biological performance. To compare their osteoconductive potential, two distinct 
rabbit calvarial models were employed: vertical bone augmentation and defect model, followed by micro-CT 
and histological evaluation at multiple time points. The null hypothesis was that there would be no significant 
difference in volume stability or new bone formation between DBBM-Cb and DBBM-NCp. Rejection of null 
hypothesis would indicate that there was a significant difference in volume stability or new bone formation 
between DBBM-Cb and DBBM-NCp.

Results
Twenty-four male New Zealand White rabbits were used in this study and all survived to the designated 
endpoints with no surgical complications. Animals typically recovered from anesthesia within ~ 1 h, and all 
wounds healed uneventfully. All 24 animals were included in the analysis, yielding n = 6 per group/time point 
(defect model: 6 and 12 weeks; augmentation model: 3 and 5 weeks). No animals were excluded due to outlier 
observations, complications, or premature death.

Characteristics of collagenated bone graft materials
Figure 1 presents the FE-SEM images of DBBM-Cb and DBBM-NCp at different magnifications, highlighting 
their surface morphology and microstructural characteristics. Both DBBM-Cb and DBBM-NCp exhibited a 
highly porous structure, which is essential for cell infiltration and osteoconduction. DBBM-Cb had a defined and 
interconnected porous network, suggesting enhanced permeability for biological fluids and cellular migration. 
Both materials exhibited a well-organized collagen-fiber structure with distinctive alignments, potentially 
contributing to better mechanical stability and cell attachment.

Bone formation and residual graft maintenance in the calvarial augmentation model
Figure 2A shows the areas grafted with DBBM-Cb and DBBM-NCp at postoperative 3 and 5 weeks (Supplementary 
Videos S1–S4). Compared to DBBM-NCp, DBBM-Cb demonstrated a more stable and structured augmentation 
over time, with lesser volume reduction. The bone volume fraction (bone volume [BV]/total volume of bone 
tissue [TV]) at 3 weeks was significantly higher in the DBBM-Cb group than in the DBBM-NCp group (P < 0.05; 
Fig.  2B), indicating substantially greater early bone formation. At 5  weeks, BV/TV remained higher in the 
DBBM-Cb group; however, the difference was less pronounced. At both 3 and 5 weeks, the reduction in vertical 
graft height in the 3 M DBBM-NCp group was significantly greater than that in the DBBM-Cb group (P < 0.05; 
Fig. 2C). This suggests that DBBM-Cb maintains its structure more effectively over time.

Bone formation in the calvarial defect model
Figure 3A presents representative micro-CT images of bone defects treated with DBBM-Cb and DBBM-NCp 
at 6 and 12 weeks post-surgery (Supplementary Videos S5–S8). Over time, both materials induced progressive 
defect closure. Figure 3B presents the percentage of defect closure at postoperative 6 and 12 weeks. At 6 weeks, 
the mean defect closure percentage was higher in the DBBM-Cb group than in the DBBM-NCp group; however, 
the difference was not statistically significant. By 12 weeks, the DBBM-Cb group exhibited significantly greater 
defect closure compared to the DBBM-NCp group (P < 0.05), indicating enhanced bone regeneration and 
healing over time.

Histological analysis of augmented bone tissues
Figure 4 presents histological sections of vertically augmented bone tissues at 3 and 5 weeks post-surgery. At 
3 weeks, distinct differences were observed between the DBBM-Cb and DBBM-NCp groups in terms of collagen 
scaffold persistence and new bone formation. In the DBBM-Cb group, substantial amounts of residual collagen 
(Fig. 4, asterisks) were consistently noted across all regions.

In the DBBM-Cb group, the upper regions demonstrated a more consolidated bone matrix with maintained 
DBBM at 5  weeks. In the lower regions, both groups exhibited greater osteoid deposition and connectivity 
between new and host bone.
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Fig. 2.  Evaluation of bone formation and residual graft maintenance in calvarial augmentation model. (A) 
Representative microcomputed tomography images of calvarial bone-graft sites at 3 and 5 weeks after surgery 
in the DBBM-Cb and DBBM-NCp groups. Yellow dotted lines indicate the boundaries of the guide tube, and 
red dotted lines represent the boundary between newly formed bone and residual graft material. (B) Bone 
volume fraction (BV/TV, %) of the augmented regions at 3 and 5 weeks. The DBBM-Cb group demonstrates 
significantly higher BV/TV than DBBM-NCp at 3 weeks (P < 0.05). (C) Vertical change in residual graft (RG) 
height (%) at 3 and 5 weeks. The DBBM-Cb group shows significantly less vertical reduction compared to 
DBBM-NCp at both time points (P < 0.05). BV bone volume, TV total volume of bone tissue, DBBM-NCp 
deproteinized bovine bone mineral with non-crosslinked porcine collagen (Bio-Oss Collagen, Geistlich 
Pharma, Switzerland), DBBM-Cb deproteinized bovine bone mineral with crosslinked bovine collagen (A-Oss 
Collagen, Osstem, Republic of Korea).

 

Fig. 1.  Comparison of characteristics of two collagenated bone grafts. Representative field emission scanning 
electron microscopy images at magnifications of 50×, and 30,000× showing the microstructural characteristics 
of the two materials.      DBBM-NCp deproteinized bovine bone mineral with non-crosslinked porcine collagen 
(Bio-Oss Collagen, Geistlich Pharma, Switzerland), DBBM-Cb deproteinized bovine bone mineral with 
crosslinked bovine collagen (A-Oss Collagen, Osstem, Republic of Korea).
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Histological analysis of the defect site
At 6 weeks, both DBBM-Cb and DBBM-NCp groups demonstrated bone regeneration along the periphery of 
the grafted region. In the DBBM-Cb group, newly formed bone tissue was observed interspersed between the 
graft particles, with evidence of vascular infiltration and residual collagen (Fig. 5A).

At 12 weeks, the DBBM-Cb group exhibited more advanced bone maturation with trabecular bone structures 
evident throughout the grafted region. New bone was in close contact with the residual graft particles, indicating 
active bone remodeling (Fig. 5B).

Discussion
This study provides compelling evidence that compared with DBBM-NCp, DBBM-Cb provides better outcomes 
regarding several key aspects of bone regeneration. A comprehensive analysis of the physicochemical properties 
and in vivo performance revealed that DBBM-Cb combines favorable structural, mechanical, and biological 
characteristics that contribute to enhanced osteoconduction and long-term graft stability.

Vertical ridge augmentation is often limited by the lack of surrounding bone walls, and the graft is prone to 
resorption. Conventional guided bone regeneration techniques using titanium meshes or block autografts can 
address this but are associated with increased surgical complexity and risks18,19. As an alternative, collagen-
xenograft composites, such as DBBM-Cb, help maintain structural integrity while promoting angiogenesis and 
cell migration and minimizing the need for additional grafting12.

These findings align with previous reports suggesting that improved graft integration and remodeling are 
critical for successful bone regeneration and long-term clinical success20,21. Collagenated xenogeneic bone 
grafts enhance new bone formation, enhance integration between graft particles, and achieve successful 
implant stability22,23. Additionally, compared to particulate bone grafts, the maximum resorption measures for 
collagenated xenografts are lower by > 50% than those for particulate bone grafts, indicating considerably better 
vertical ridge preservation24.

DBBM-NCp, widely used in clinical practice for its biocompatibility and angiogenic potential, has shown 
reliable outcomes in augmentation procedures25,26. However, its degradation characteristics raises concerns 
about long-term volume stability, and evidence on volumetric persistence remains limited. Collagenation 
improves handling, hemostasis27, and space maintenance28 but may add cost and introduce collagen-dependent 
resorption kinetics29. In the present study, the superior bone regeneration observed in the DBBM-Cb group 
may be attributed to prolonged collagen stability (Figs. 4 and 5). Enzymatic degradation assays showed that 
DBBM-Cb retained 42% of its collagen after 72 h, whereas DBBM-NCp underwent complete degradation within 
24 h30. The prolonged presence of residual collagen may help preserve the structural integrity of the defect site 
and provide a long-lasting osteoconductive scaffold. Although the degree of bone maturation observed at the 
early stage was relatively low, the persistent matrix could facilitate sustained bone regeneration over time by 
providing a stable environment conducive to cellular infiltration and extracellular matrix deposition. Moreover, 
the slow degradation rate helps preserve graft volume and provides mechanical stability during critical phases of 
bone healing. Such structural persistence is particularly advantageous in clinical contexts where long-term space 
maintenance is essential, such as vertical or large-volume bone augmentation procedures.

The enhanced performance of DBBM-Cb may be related to its material origin14 and degree of collagen 
crosslinking. Although porcine collagen typically degrades faster than bovine collagen31,32, crosslinking—either 
natural or chemically induced—can extend scaffold longevity33,34, aiding bone regeneration. Considering the 
prolonged stability and resistance to enzymatic degradation observed in DBBM-Cb, its potential as a scaffold for 

Fig. 3.  Evaluation of bone formation in calvarial defect model. (A) Representative microcomputed 
tomography images of calvarial critical-sized defects treated with DBBM-Cb and DBBM-NCp at 6 and 
12 weeks after surgery. The region of interest (yellow dotted lines) was defined as the area surrounding the 
guide tube in the defect area in the calvarial defect model. Red dotted lines represent the boundary between 
newly formed bone and residual graft material. (B) Quantitative analysis of defect closure (%) at 6 and 
12 weeks. DBBM-Cb demonstrates significantly greater defect closure than DBBM-NCp at 12 weeks (P < 0.05). 
DBBM-NCp deproteinized bovine bone mineral with non-crosslinked porcine collagen (Bio-Oss Collagen, 
Geistlich Pharma, Switzerland); DBBM-Cb, deproteinized bovine bone mineral with crosslinked bovine 
collagen (A-Oss Collagen, Osstem, Republic of Korea).
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advanced tissue engineering strategies—including the incorporation of growth factors or stem cells—warrants 
further investigation. Such applications could expand its utility beyond conventional bone grafting, enabling 
personalized regenerative approaches in complex clinical scenarios. Despite these advantages, chemically cross-
linked collagen carries recognized limitations, including the risk of cytotoxicity and inflammatory responses 
in surrounding tissues35. Nevertheless, in the present study we observed no adverse responses, and histology 
revealed no abnormal inflammatory reactions.

The experimental design (Fig. 6) employed two validated rabbit calvarial models, which minimize confounding 
factors such as masticatory loading and provide a flat bone surface for standardized preparation. As in previous 
studies, these vertical augmentation and critical-sized defect models were used to facilitate reproducibility and 
comparability across experimental sites36,37. Early histologic and micro-CT analyses revealed distinct bone 
formation patterns between the two materials37–39, supporting the usefulness of early-phase assessment for 
evaluating graft performance.

Micro-CT provided high-resolution, three-dimensional volumetric data23, whereas histologic analysis 
revealed cellular-level details, enabling comprehensive evaluation of bone regeneration40. Findings from both 
methods were consistent, reinforcing the reliability of the observed outcomes.

Despite promising results, this study had some limitations. The use of an animal model may limit the direct 
translatability to human clinical settings, given the various defect conditions, and the relatively small sample size 
weakens the statistical strength of the findings. Additionally, the 12-week follow-up period may not fully reflect 
long-term remodeling and resorption. The follow-up periods were set differently for each model due to their 
distinct biological characteristics: short intervals (3 and 5 weeks) in the vertical augmentation model to capture 
early dimensional changes without supporting walls, and longer intervals (6 and 12 weeks) in the calvarial defect 

Fig. 4.  Representative histological images of the vertically augmented area. Specimens have been stained 
using hematoxylin and eosin. The rectangular boxes labeled (a), (b), and (c) in the upper panels correspond 
to the respective high-magnification views shown below. (A) Histological sections of vertically augmented 
tissues at 3 weeks after surgery. In the DBBM-Cb group, residual collagen is observed. In contrast, minimal 
residual collagen was detected in the DBBM-NCp group, indicating more rapid scaffold degradation and 
active remodeling. (B) Histological sections of vertically augmented tissues at 5 weeks after surgery. The upper 
region reveals maintained DBBM deposition in the DBBM-Cb group. DBBM-NCp deproteinized bovine bone 
mineral with non-crosslinked porcine collagen (Bio-Oss Collagen, Geistlich Pharma, Switzerland), DBBM-Cb 
deproteinized bovine bone mineral with crosslinked bovine collagen (A-Oss Collagen, Osstem, Republic of 
Korea).
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Fig. 6.  Experimental animal models and procedure. (A) Calvarial augmentation model. (B) Calvarial defect 
model.

 

Fig. 5.  Representative histological images of the defect areas. Specimens have been stained using hematoxylin 
and eosin. The rectangular boxes labeled a and b in the upper panels correspond to the respective high-
magnification views shown below. (A) Histological sections of defect tissues at 6 weeks after surgery. Newly 
formed bone, residual graft material, and connective tissue are observed. (B) Histological sections of defect 
tissues at 12 weeks after surgery. DBBM-Cb and DBBM-NCp groups show continuous new bone formation 
and integration throughout the defect area. DBBM-NCp deproteinized bovine bone mineral with non-
crosslinked porcine collagen (Bio-Oss Collagen, Geistlich Pharma, Switzerland), DBBM-Cb deproteinized 
bovine bone mineral with crosslinked bovine collagen (A-Oss Collagen, Osstem, Republic of Korea).
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model with circumferential bony walls and greater stability, which limited direct comparison between the two 
models. Further studies, including clinical trials, with larger cohorts and extended timeframes are needed to 
validate these findings.

Within the limitations of the study, DBBM-Cb demonstrated superior osteoconductive properties, prolonged 
structural integrity, and greater bone regeneration compared to DBBM-NCp, suggesting its potential as a more 
effective material for bone augmentation procedures.

Materials and methods
Animals
Twenty-four male New Zealand White rabbits (weight, 2.5–3.0 kg; age, 15 weeks) were used in this study. Animals 
were purchased from DooYeol Biotech (Seoul, Republic of Korea) and allowed a 2-week acclimation period 
prior to experimentation. They were housed individually under standardized environmental conditions with ad 
libitum access to food and water. All animal procedures, including selection, housing, and surgical interventions, 
were reviewed and approved by the Osstem Implant Institutional Animal Care and Use Committee (Approval No. 
OST-IACUC2310). All procedures were performed in accordance with the relevant guidelines and regulations, a 
modified version of the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

Field emission scanning electron microscopy
To assess the surface morphology of the bone-graft materials, field emission scanning electron microscopy (FE-
SEM; JSM-7610FPlus; JEOL Ltd., Akishima, Tokyo, Japan) was performed at an acceleration voltage of 15 kV. 
Imaging was conducted at magnifications of 50×, and 30,000× (Fig. 1). For improved image clarity and electrical 
conductivity, the samples were sputter-coated twice with platinum at 30 mA for 150 s each.

Study design
In this study, two distinct in vivo models—a calvarial augmentation model and a calvarial defect model—were 
used to evaluate the osteoconductive properties of the graft materials (Fig. 6).

In the calvarial augmentation model, four circular recesses (6 mm in diameter) were created on the parietal 
bone of each rabbit (N = 12 sites, respectively). Guide tubes (diameter, 6 mm; height, 3 mm) were fixed over the 
recesses using bone adhesive (GluStitch®; Glustitch Inc., Vancouver, Canada), and subsequently filled with either 
DBBM-Cb or DBBM-NCp. Rabbits were euthanized at 3 and 5 weeks after surgery using CO2 inhalation, and 
microcomputed tomography (micro-CT) and histological analyses were performed.

In the calvarial defect model, four standardized defects (diameter, 6  mm) were created on the parietal 
bone. Each defect was filled with one of the two bone graft materials (N = 12 sites, respectively). Rabbits were 
euthanized at 6 and 12 weeks postoperatively using CO2 inhalation, and micro-CT and histological evaluations 
were performed.

Surgical protocol
Prior to surgery, rabbits were anesthetized with an intramuscular injection of a mixture containing tiletamine 
and zolazepam (10 mg/kg) and xylazine (5 mg/kg). Next, the surgical site was shaved and disinfected using 
povidone-iodine solution and 70% ethanol. A 2-cm midline incision was made in the calvarial skin along the 
sagittal suture, and the underlying periosteum was incised along the same line to expose the parietal bone. 
Surgical procedures were performed according to the protocols for either the calvarial defect or vertical 
augmentation models. Two graft materials were bilaterally implanted in the calvarial bones of each rabbit. The 
side receiving each material was randomly determined to eliminate site-specific bias. After bone grafting, the 
periosteum was closed using absorbable sutures (Maxon®; Covidien, Dublin, Ireland), and the skin was closed 
using non-absorbable sutures (Blue Nylon; AILEE Co., Busan, Republic of Korea). Postoperatively, the surgical 
site was disinfected again using povidone-iodine solution. Postoperative analgesia and antibiotic prophylaxis 
were provided via intramuscular injection of meloxicam (0.2  mg/kg) and enrofloxacin (Baytril®, 0.1  ml/kg; 
Bayer Vital, Germany), respectively. Animals were closely monitored for signs of distress or abnormal behavior, 
including feeding patterns and activity levels, until the time of euthanasia. Harvested tissue specimens were fixed 
in 4% paraformaldehyde solution for subsequent micro-CT and histological analyses.

Micro-CT image analysis
New bone volume and the amount of residual graft material were quantified using micro-CT (SMX-225CT, 
Shimadzu Co., Kyoto, Japan). Scanning was performed at 110 kV and 50 μA using a metal filter, with a pixel 
size of 8 μm. Image reconstruction was performed using InspeXio software (Ver. 5.0.0.0; Shimadzu Co., Kyoto, 
Japan) in accordance with the manufacturer’s instructions.

The region of interest was defined as the space in which the bone graft material was placed and where new 
bone formation and residual graft volume were evaluated. In the calvarial defect model, the region of interest was 
defined as the area surrounding the guide tube in the defect area (Fig. 3A).

Histological analysis
Fixed tissue samples were decalcified in 4% ethylenediaminetetraacetic acid solution for 30  days. Following 
decalcification, the specimens were dehydrated using a graded series of ethanol and cleared using xylene. The 
samples were then embedded in paraffin, and 4-μm thick sections were obtained. Histological evaluation was 
performed after hematoxylin and eosin (H&E) staining (Figs. 4 and 5).
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Statistical analysis
All data are presented as mean ± standard deviation. Statistical analyses were performed using Microsoft Excel 
(Microsoft Corp., Redmond, WA, USA). Statistical comparisons between two groups were performed using an 
unpaired Student’s t-test. Statistical significance was set at P < 0.05.

Data availability
All data generated or analyzed during this study are included in this published article.
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