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ABSTRACT

Background: Bone allograft preservation may influence graft biology and incorporation. Importantly, preservation strategy
also determines tissue-bank workflow, particularly manufacturing lead time, quarantine duration, and release-to-use
logistics. However, comparative in vivo evidence remains inconsistent across models and endpoints.

Objective: To compare early bone-healing profiles of cryopreserved versus fresh-frozen cortical allografts in a rabbit
femoral defect model using radiographic, histological, and immunohistochemical outcomes at 4 and 8 weeks.

Methods: A controlled in vivo study was performed in New Zealand white rabbits with a standardized femoral cortical
defect. Fresh-frozen grafts underwent a minimum 30-day storage manufacturing period at —80°C prior to implantation.
This predefined >30-day period was chosen to operationally represent tissue-bank quarantine and release workflows, in
which grafts remain in frozen storage until donor eligibility documentation and release criteria are completed. Radiographic
union was assessed using mRUST at weeks 4 and 8 by two blinded assessors. Histology quantified osteoblasts and
microvascular profiles at the graft—host interface. Immunohistochemistry evaluated VEGF and TGF-f (and additionally
BMP and TNF-a) using a predefined semi-quantitative scoring system by two blinded observers, with discrepancies
resolved by consensus. Non-parametric tests were used (0=0.05).

Results: Both groups showed increasing mRUST from week 4 to week 8 with no between-group differences at week 4
(median 4.5 vs 4.0; p=0.495) or week 8 (median 7.5 vs 6.5; p=0.343).

Osteoblast counts were numerically higher in the CRYO group at week 4 (median 85.5 vs 75.5; p=0.070) but not
significantly different at week 8 (median 34.0 vs 14.0; p=0.250).

Microvascular counts and VEGF/TGF-f scores did not differ significantly at either time point (all p>0.05).

BMP and TNF-a showed no apparent between-group differences on semi-quantitative assessment.

Conclusion: In this rabbit femoral defect model, cryopreserved and fresh-frozen cortical allografts demonstrated
comparable radiographic and tissue-level healing profiles through 8 weeks.

Cryopreservation may therefore be considered a feasible alternative preservation option in centers with liquid nitrogen
infrastructure, while longer follow-up and functional endpoints are needed to detect potential preservation-related
differences in remodeling and mechanical performance..

Graphical abstract

A schematic showing (1) graft preparation (fresh-frozen vs cryopreserved), (2) femoral defect creation and graft
implantation, and (3) outcomes assessed (mRUST, histology, VEGF/TGF-/BMP/TNF-a).
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INTRODUCTION

Bone defects from trauma, tumor resection, infection, or
revision surgery remain a major challenge in orthopaedic
practice because successful reconstruction requires both
mechanical stability and biological competence for
regeneration (Dimitriou et al., 2011; Roberts & Rosenbaum,
2012).

Autograft is traditionally considered the reference standard
due to osteogenic cells, osteoinductive signals, and
osteoconductive scaffold properties, but is limited by
donor-site morbidity and constrained graft volume
(Myeroff & Archdeacon, 2011; Migliorini et al., 2021).
Allografts provide larger volumes and avoid donor-site
complications, making them attractive for sizeable defects
(Brydone et al.,, 2010; Lomas et al., 2013). However,
allograft processing and preservation may alter graft
biology and immunogenicity, affecting incorporation and
remodeling (Brydone et al., 2010; Lomas et al., 2013).
Among preservation approaches, fresh-frozen storage
(commonly —80°C) is widely used and relatively simple,
while cryopreservation (rapid cooling using liquid
nitrogen—based protocols) may better preserve certain
microstructural or molecular features, but may also
introduce thermal stress and handling-related variability
(Campana et al., 2014; Jang et al., 2017). Bone healing is a
staged process involving inflammation, angiogenesis,
osteogenesis, and remodeling, coordinated by local cellular
responses and signaling factors such as VEGF, TGF-B,
BMPs, and inflammatory cytokines including TNF-a (Hu
& Olsen, 2016; Maruyama et al., 2020). Evaluating
radiographic union together with histology and
immunohistochemical markers may therefore provide a
more complete picture of graft incorporation biology than
radiographs alone.

In addition to biological considerations, preservation
strategy has important tissue-bank workflow implications,
particularly manufacturing lead time and release-to-use
logistics. Fresh-frozen allografts commonly require a
defined pre-implant interval because grafts are held in deep-
freeze storage ~ while  donor  screening/testing
documentation, packaging, temperature monitoring, and
quarantine-to-release procedures are completed prior to
clinical use. In the present study, we therefore applied a
predefined minimum >30-day storage period at —80°C for
the fresh-frozen group to operationally reflect this
quarantine and release timeline. In contrast, liquid
nitrogen—based cryopreservation represents an alternative
preservation pathway in facilities with validated cryogenic
infrastructure and handling/monitoring systems, andgiven
the comparable early healing signals observed heremay be
considered a feasible option to expand preservation choices
when operational flexibility is needed (American

Association Of Tissue Banks Standards For Tissue Banking
et al., 2014; Lisan et al., 2024).

Despite widespread use of both fresh-frozen and
cryopreserved allografts, direct comparisons that integrate
radiographic union with tissue-level cellular activity and
signaling markers within a single controlled in vivo model
remain limited. Moreover, many studies emphasize either
structural outcomes or molecular markers alone, making it
difficult to interpret whether preservation-related
differences translate into meaningful early incorporation
responses.

Therefore, this pilot controlled study compared
cryopreserved versus fresh-frozen cortical allografts in a
rabbit femoral defect model using a combined assessment
of radiographic union (mRUST), histology (osteoblast and
microvascular quantification), and immunohistochemistry
(VEGF, TGF-B, BMP, and TNF-a) at 4 and 8 weeks.

This pilot study was designed as an exploratory comparison
of early healing signals rather than a formal
equivalence/non-inferiority trial.

MATERIALS AND METHODS

Study design

This was an in vivo controlled experimental study using
New Zealand white rabbits with standardized femoral
diaphysis defects.

Ethical approval and animal care

The study protocol was approved by the Animal Care and
Use Committee (ACUC), Komisi Etik Hewan Fakultas
Kedokteran Hewan Universitas Airlangga, Surabaya,
Indonesia (ethical clearance No.: 2.KEH.156.10.2024;
approved on 29 October 2024). All procedures complied
with institutional guidelines for animal research and
welfare. Postoperative analgesia and daily welfare
monitoring were provided according to the ACUC facility
protocol. Animals were monitored for wound condition,
mobility, feeding behavior, and signs of pain or distress.
Humane endpoints were applied when predefined distress
criteria were met. Animals were acclimatized for one week
and housed in the accredited animal facility under standard
controlled conditions according to institutional husbandry
protocols (controlled environment and routine light—dark
cycle), with free access to food and water.

Animals

New Zealand white rabbits were used with inclusion
criteria: male, healthy, active, age approximately 6-9
months, body weight 2.5-3.0 kg. Exclusion criteria
included illness during the experiment or death (drop-out).
Rabbits were allocated to the fresh-frozen (FF) or
cryopreserved (CRYO) group using a simple randomization
procedure (computer-generated random numbers). Group
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assignment was prepared by a team member not involved
in surgery or outcome assessment, and allocation codes
were kept concealed until completion of data collection.
Rabbits were euthanized at week 4 (CRYO n=4, FF n=4)
and week 8 (CRYO n=4, FF n=4) for histological and
immunohistochemical analyses.

Surgical procedure (femoral defect model)

Animals were anesthetized using intramuscular ketamine
(40 mg/kg) and xylazine (13 mg/kg). The distal femur
region was shaved and prepared with povidone-iodine.
Through an anterior approach approximately 1 cm proximal
to the lateral femoral epicondyle, the periosteum was
incised and a cylindrical cortical defect was created using a
drill (diameter 2.5 mm; depth 2 mm, reaching the medullary
cavity). The defect was filled with either fresh-frozen or
cryopreserved cortical allograft material, sized to fit the
defect. The periosteum and soft tissues were closed using
absorbable sutures, and the skin was closed and covered
with a waterproof dressing. Cefazolin prophylaxis was
administered perioperatively and continued for 3 days
postoperatively.

Allograft preparation

Fresh-frozen (FF): Cortical allografts were harvested from
donor New Zealand white rabbits and packaged using a
triple-wrap technique (inner polyethylene layer, linen layer,
and outer polyethylene layer). Samples were transported in
a cooled container (~4°C) to the tissue bank facility and
stored at —80°C for at least 30 days prior to implantation.
This predefined minimum storage duration was selected to
reflect tissue-bank quarantine and release workflows, in
which musculoskeletal allografts are typically maintained
in frozen storage until donor eligibility documentation and
release criteria are completed (American Association Of
Tissue Banks Standards For Tissue Banking et al., 2014;
Lisan et al., 2024)..
Cryopreserved (CRYO): Cortical allografts were
harvested from donor New Zealand white rabbits and
packaged using a triple-wrap technique (inner polyethylene
layer, linen layer, and outer polyethylene layer).
Cryopreservation was performed using a liquid nitrogen
protocol: the graft was immersed in liquid nitrogen for 20
minutes, allowed to equilibrate at room temperature for 20
minutes, and then immersed in 0.9% NaCl at 25°C for 20
minutes prior to implantation.

Outcome assessments and time points

Assessments were performed at postoperative weeks 4 and
8.

Radiology (mRUST):
Standard anteroposterior (AP) and lateral radiographs were
obtained at postoperative weeks 4 and 8. Radiographic
union was assessed using the modified Radiographic Union
Scale (mRUST). Two independent assessors evaluated all
images. Images were anonymized and coded so that
assessors were blinded to group allocation and time point
during scoring. Discrepancies were resolved by consensus.

Histology (H&E):

Osteoblasts and microvascular profiles were quantified in
non-overlapping high-power fields (HPFs) at a fixed
magnification (400x) using light microscopy. For each
specimen, measurements were taken from representative
areas at the graft-host interface and adjacent newly formed
bone; the same anatomical region was used consistently
across animals to reduce sampling variability. Osteoblasts
were defined as cuboidal, basophilic cells lining the surface
of newly formed woven bone or osteoid, excluding
flattened bone-lining cells. Microvascular profiles were
defined as distinct luminal structures containing
erythrocytes or an identifiable lumen lined by endothelial
cells within the reparative tissue/callus region. Counts were
performed in multiple HPFs per section and averaged to
obtain a single value per specimen for statistical analysis.
All sections were coded with anonymized identifiers, and
quantification was performed by two independent observers
blinded to group allocation and time point.

Immunohistochemistry (IHO):
IHC slides were coded using anonymized identifiers. Semi-
quantitative scoring was performed by two independent
observers who were blinded to group allocation and time
point. Antibody source, catalog number, dilution, antigen
retrieval, detection system, and scoring thresholds are
described in detail in the Immunohistochemistry protocol
subsection.

Immunohistochemistry protocol

Primary antibodies against VEGF, TGF-, BMP, and TNF-
o were obtained commercially and used according to the
manufacturers’ instructions (1:200; overnight at 4°C).
Positive and negative controls were included in each
staining batch. Positive controls used tissue sections known
to express each target antigen (or vendor-provided control
slides when available). Negative controls were performed
by omitting the primary antibody and replacing it with
antibody diluent/PBS; an isotype-matched control was used
where applicable to assess non-specific staining. Semi-
quantitative scoring was performed using a predefined
scoring system based on staining intensity (0-3) and
percentage of positive cells (0—4). Intensity was graded as
0 (none), 1 (weak), 2 (moderate), and 3 (strong). The
proportion score was graded as 0 (<5%), 1 (5-25%), 2 (26—
50%), 3 (51-75%), and 4 (>75%). The Final IHC score was
calculated as intensity (0-3) X proportion (0—4), yielding a
total score ranging from 0 to 12. Two blinded observers
scored all slides independently; discrepancies were
resolved by consensus.

Statistical analysis

Given the small sample size, data are presented as median
(min—max). Between-group comparisons at each time point
were performed using the Mann—Whitney U test. A two-
sided p-value <0.05 was considered statistically significant.

RESULTS

IJDDT, Volume 16 Issue 1s, 2026

Page: 957



Bone Graft Preservation Methods: Insights from a Rabbit Model Study comparing Fresh-Frozen and Cryopreservation

Radiological outcomes (mRUST) differences at week 4 (median 4.5 [4-5] vs 4.0 [4-5];
mRUST increased from week 4 to week 8 in both groups, p=0.495) or week 8 (median 7.5 [5-8] vs 6.5 [5-7];
and between-group comparisons showed no significant p=0.343) (Table 1, Figure 1).

Figure 1: Representative radiographs of femoral defects treated with cortical allograft at week 4 and week 8. (a)
CRYO at week 4; (b) FF at week 4; (c¢) CRYO at week 8; (d) FF at week 8. Anteroposterior and lateral views are
shown for each time point.

Table 1: mRUST scores at weeks 4 and 8

Time Group mRUST score (Median [Min— | p-
point Max]) value*
Week 4 CRYO 4.5 [4-5] 0.495
(n=4)
FF (n=4) 4.0 [4-5]
Week 8 CRYO 7.5 [5-8] 0.343
(n=4)
FF (n=4) 6.5 [5-7]

* Mann—Whitney U test

Histological outcomes

Osteoblast counts:

Osteoblast counts were numerically higher in the CRYO group at week 4, but the between-group difference was not
statistically significant (median 85.5 [24—112] vs 75.5 [20-94]; p=0.070).

At week 8, osteoblast counts remained higher numerically in CRYO, with no significant difference compared with FF
(median 34.0 [11-105] vs 14.0 [7-52]; p=0.250) (Table 2).
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Figure 2. Histological assessment at the graft-host interface at weeks 4 and 8 in cryopreserved (CRYO) and fresh-
frozen (FF) allografts. Representative hematoxylin—eosin (H&E) sections illustrate cellularity at the reparative
region. Quantitative osteoblast and microvascular profile counts are summarized in Tables 2 and 3.

Table 2. Osteoblast counts at weeks 4 and 8

Time point | Group Osteoblast count (Median [Min—-Max]) | p-value*

Week 4 CRYO (n=4) | 85.5[24-112] 0.070
FF (n=4) 75.5[20-94]

Week 8 CRYO (n=4) | 34.0[11-105] 0.250
FF (n=4) 14.0 [7-52]

* Mann—Whitney U test

Microvascular counts:

Microvascular profile counts did not differ significantly between CRYO and FF at week 4 (median 54.5 [27-119] vs 68.0
[32-96]; p=0.076) or week 8 (median 41.5 [26-91] vs 42.0 [26-77]; p=0.992) (Table 3).

Table 3. Microvascular counts at weeks 4 and 8

Time point | Group Microvascular count (Median [Min—Max]) | p-value*
Week 4 CRYO (n=4) | 54.5[27-119] 0.076
FF (n=4) 68.0 [32-96]
Week 8 CRYO (n=4) | 41.5[26-91] 0.992
FF (n=4) 42.0 [26-77]
* Mann—Whitney U test
Week 4: CRYO median 54.5 (27—-119) vs FF median 68.0 (32-96); p=0.076
Week 8: CRYO median 41.5 (26-91) vs FF median 42.0 (26-77); p=0.992
Immunohistochemistry outcomes
TGF-p expression:
TGF-p scores were not significantly different between groups at week 4 or week 8 (Table 4).
Table 4: TGF-p scores at weeks 4 and 8
Time point | Group TGF-§ score (Median [Min—-Max]) | p-value*
Week 4 CRYO (n=4) | 4 [2-8] 0.100
FF (n=4) 6 [2-12]
Week 8 CRYO (n=4) | 4 [2-8] 0.332
FF (n=4) 4 [1-6]

* Mann—Whitney U test
VEGF expression:
VEGEF scores did not differ significantly between groups at week 4 (median 4 [2-8] vs 6 [2—-12]; p=0.110) or week 8
(median 4 [2—-6] vs 3.5 [2-6]; p=0.922) (Table 5, Figure 3).
Table 5: VEGF scores at weeks 4 and 8

Time point | Group VEGEF score (Median [Min-Max]) | p-value*
Week 4 CRYO (n=4) | 4 [2-8] 0.110
FF (n=4) 6 [2-12]
Week 8 CRYO (n=4) | 4 [2-6] 0.922
FF (n=4) 3.5 [2-6]

* Mann—Whitney U test
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4 WEEKS

8 WEEKS

Figure 3. Immunohistochemical (IHC) expression of TGF-p and VEGF in cryopreserved (CRYO) and fresh-frozen
(FF) allografts at weeks 4 and 8. Representative staining images are shown. Semi-quantitative IHC scores are
presented in Tables 4 and 5.

4 WEEKS

8 WEEKS

BMP and TNF-a:

BMP and TNF-qa semi-quantitative scores did not show clear between-group differences at either time point (Figure 4).
Figure 4. Immunohistochemical (IHC) evaluation of BMP and TNF-a in cryopreserved (CRYO) and fresh-frozen
(FF) allografts at weeks 4 and 8. Representative staining images are shown. No clear between-group differences

were observed.
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DISCUSSION

This pilot rabbit femoral defect study did not detect
meaningful differences between cryopreserved and fresh-
frozen cortical allografts in radiographic union trajectories
or tissue-level healing markers through 8 weeks.

Both preservation methods supported progressive
radiographic improvement over time, and the absence of a
between-group difference in mRUST at weeks 4 and 8
suggests that, within this model and observation window,
either approach provides an osteoconductive scaffold
sufficient for early graft incorporation and union
progression (Roberts & Rosenbaum, 2012; Dimitriou et al.,
2011).

Histologically, osteoblast counts were numerically higher in
the CRYO group at week 4; however, this difference did not
reach statistical significance and should be interpreted as a
directional trend rather than evidence of superiority.
Osteoblast counts decreased by week 8 in both groups,
which is consistent with expected healing biology in which
early osteoid deposition transitions toward maturation and
remodeling as osteoblasts differentiate into osteocytes or
undergo apoptosis (Bellido, 2014; Qin et al., 2020).

Taken together, these findings suggest broadly similar early
osteogenic activity between preservation methods in this
setting.

Microvascular counts and VEGF immunoexpression were
not significantly different between groups at either time
point.

Because angiogenesis is tightly coupled with osteogenesis
during bone repair and VEGF is a key mediator of vascular
ingrowth, the lack of a detectable difference implies that the
angiogenic component of early healing was not materially
altered by preservation method in this model (Hu & Olsen,
2016).

Similarly, TGF-f expression did not differ significantly,
consistent with comparable matrix-related signaling and
remodeling cues during early incorporation (Hu & Olsen,
2016).

Inflammatory signaling (TNF-a) and osteoinductive
signaling (BMP) also showed no significant between-group
differences, supporting the interpretation that the host
healing response and the local biological milieu may have
a larger influence on early incorporation outcomes than
preservation method under these experimental conditions
(Maruyama et al., 2020).

However, the absence of detectable differences should be
considered in light of model sensitivity.

The defect size was small and follow-up was limited to 8
weeks, which primarily captures early reparative responses
rather than later remodeling, graft resorption, structural
integration, or mechanical competence.

Without  micro-CT-based  structural — metrics  or
biomechanical testing, subtle early differencesif present

cannot be linked to functional graft performance or long-
term incorporation.

From a practical perspective, comparable early healing
profiles suggest that method selection may reasonably be
guided by tissue-bank resources, logistics, and institutional
infrastructure. In addition to biological considerations,
preservation choice has important workflow implications
related to manufacturing and release time. Fresh-frozen
allografts typically require a defined lead time because they
are held in frozen storage while tissue-bank processes
(including  donor  screening/testing  documentation,
packaging, storage monitoring, and quarantine/release
procedures) are completed prior to clinical use. Consistent
with this operational concept, our protocol incorporated a
minimum >30-day pre-implant storage period at —80°C,
aligning with reports that fresh-frozen bone allografts are
commonly maintained at deep-freeze temperatures (e.g.,
—80°C) for a defined period prior to use. By contrast, liquid
nitrogen—based cryopreservation can be implemented as an
alternative preservation pathway in facilities with cryogenic
infrastructure and validated handling/monitoring systems,
potentially expanding tissue-bank options when operational
flexibility or cryogenic capability is available (American
Association Of Tissue Banks Standards For Tissue Banking
et al., 2014; Lisan et al., 2024). Within the constraints of
this pilot model, the comparable radiographic, histological,
and IHC profiles support cryopreservation as a feasible
alternative to conventional fresh-frozen storage when
institutions have access to liquid nitrogen infrastructure.
Cryopreservation may be particularly attractive for centers
seeking flexibility in tissue handling workflows or aiming
to preserve graft microstructure and biomolecular cues
during storage, although the present study did not
demonstrate a measurable biological advantage within 8
weeks. Therefore, CRYO can be considered an option for
tissue banks with appropriate equipment and quality
assurance capacity, while recognizing that its added
logistical complexity should be justified by broader
operational needs or by future evidence demonstrating
superior long-term remodeling or mechanical outcomes.
Fresh-frozen storage at —80°C is operationally simpler and
potentially more scalable, whereas liquid nitrogen—based
cryopreservation requires specialized handling and
equipment.

Accordingly, within resource-limited settings, fresh-frozen
protocols may remain a pragmatic option for early
incorporation goals, while definitive recommendations for
load-bearing applications should rely on studies
incorporating longer observation and functional endpoints.
From a practical perspective, comparable early healing
profiles suggest that method selection may reasonably be
guided by tissue-bank resources, logistics, and institutional
infrastructure (American Association Of Tissue Banks
Standards For Tissue Banking et al., 2014; Lisan et al.,
2024).
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LIMITATIONS

The study was limited by small group sizes (risk of type II
error), a small defect model and short follow-up (8 weeks),
and the absence of micro-CT and biomechanical testing,
which restricts conclusions about late remodeling and
functional graft performance. IHC outcomes were semi-
quantitative and require complete reporting of antibody
details, controls, scoring definitions, and inter-observer
reliability to maximize reproducibility. In addition, detailed
primary antibody information (vendor and catalog number)
was not recorded in the original laboratory log and therefore
cannot be fully reported, which may limit reproducibility of
the THC protocol.

Future directions

Future studies should incorporate longer follow-up,
standardized mechanical testing, and more detailed
molecular profiling to determine whether preservation
methods differentially influence long-term remodeling,
resorption, and mechanical performance.

CONCLUSION

In this New Zealand white rabbit femoral defect model,
cryopreservation and fresh-frozen preservation of cortical
bone allografts produced comparable bone healing
outcomes by radiological, histological, and
immunohistochemical assessments at weeks 4 and 8.
Accordingly, cryopreservation can be considered a practical
preservation option alongside fresh-frozen storage,
particularly in facilities equipped for liquid nitrogen—based
processing.

Both methods appear similarly effective for supporting
graft incorporation within the evaluated time frame.
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