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Abstract
Background  Musculoskeletal injuries resulting from high-impact trauma often lead to extensive bone defects 
that require effective reconstruction to prevent limb amputation. However, contamination of large autologous 
bone grafts in open fractures remains a major clinical challenge. This study aimed to establish a reliable protocol 
for decontamination of massive autologous bone graft and to assess the viability and regenerative potential of 
osteoblasts from frozen bone, including the effects of deep freezing and the cryoprotectant dimethyl sulfoxide 
(DMSO).

Methods  A 28 cm femoral segment, extruded during a high-energy road traffic accident, was stored at − 80 °C 
for 15 days before microbiological analysis revealed contamination. The bone was thawed, decontaminated, and 
successfully reimplanted. To validate this protocol, femoral head fragments were experimentally contaminated with 
various microbial strains and treated using the same procedure. To evaluate how low-temperature storage (15 and 30 
days, with or without DMSO) impacts osteoblasts, cells were isolated from both fresh and frozen bone and analyzed 
using a panel of cellular and molecular biology techniques, including histology, flow cytometry, immunofluorescence, 
gene expression analysis, and real-time imaging.

Results  The decontamination protocol effectively eliminated microbial contamination from both the clinical 
autograft and experimentally treated femoral head fragments, with minimal antibiotic residues. Histological analysis 
confirmed preservation of osteoblasts, osteocytes, and chondrocytes in frozen bone. Osteoblasts from frozen bone 
retained proliferative and differentiation capacities comparable to those from fresh bone, with no evidence of mitotic 
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Background
Musculoskeletal injuries, particularly those caused by 
road traffic accidents and other high-impact events, are 
among the most common types of trauma and are rec-
ognized as a major global health concern [1]. After blood 
transfusion, human bones, along with other tissues such 
as tendons, ligaments, skin, heart valves, blood vessels, 
and corneas, are among the most frequently transplanted 
tissues [2]. Despite substantial advancements in tissue 
banking and the increased use of allogeneic bone and 
synthetic substitutes, autologous bone remains the gold 
standard in reconstructive bone surgery due to its osteo-
genic, osteoinductive, osteoconductive, and non-immu-
nogenic properties [3, 4].

In severe trauma cases—such as high-impact traf-
fic accidents involving critical bone loss (e.g., extrusion 

of a femoral segment)—a key clinical question arises: 
how can a large, contaminated bone graft be preserved 
and reused? In life-threatening injuries involving exten-
sive soft tissue and neurovascular damage, amputation 
is often considered [5]. The decision to amputate or 
attempt limb salvage is complex, and typically involves a 
multidisciplinary team including surgeons, cell biologists, 
and other regenerative medicine experts [6, 7]. Bone loss 
following transplantation is reported in 11.4% of all open 
fractures, with the tibia most frequently affected (68%), 
followed by the femur (22%), primarily in Gustilo type 
IIIB and IIIC injuries [8, 9, 10], . As such, improving the 
outcomes of autologous bone transplantation remains a 
critical objective.

Conventional bone grafting techniques are generally 
effective for reconstructing defects up to 25 cm in length 

chromosomal instability. Cryopreservation with DMSO-containing media slightly increased population doubling time. 
Expression of RUNX2 was highest in fresh and 15-day frozen bone, while reduced in 30-day samples. No significant 
differences were observed between DMSO and non-DMSO groups regarding osteogenic potential. ALPL and COL1A1 
expression significantly increased after 14 days of osteogenic induction. Time-lapse imaging demonstrated active 
osteoblast migration and division, and the presence of extracellular vesicles and nanotubes indicated functional 
cellular communication.

Conclusions  This proof-of-concept study demonstrates that large autologous bone grafts can be frozen and 
subsequently decontaminated while retaining viable osteoblasts with high proliferative and regenerative potential. By 
combining a unique and successful clinical case with controlled experimental analyses, the study offers translational 
relevance, and the findings on osteoblast viability after freezing are promising.
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in adults, provided a sufficient vascular bed is available 
[11]. These techniques are commonly applied in lower 
extremity reconstruction following open fractures, tumor 
resection, or in osteomyelitis and non-union cases [12]. 
While allografts from bone banks are an alternative, they 
are associated with immune responses [11], and unpre-
dictable revision outcomes [13]. The subchondral bone 
contains bone marrow, blood cells, lipids, and immuno-
genic proteins [14] which can complicate transplanta-
tion. Although fresh frozen allografts, particularly in the 
proximal femur, have yielded positive results [15], stud-
ies show that complete graft osteointegration is rarely 
achieved [16, 17, 18], . Compared to autologous grafts, 
allograft integration is slower and less complete [19] 
making the healing of large defects—especially those 
caused by trauma or cancer—an ongoing challenge.

The regeneration of large, irregularly shaped autolo-
gous osteochondral grafts remains one of the most dif-
ficult tasks in orthopedic surgery [20, 21, 22, 23], . When 
reimplantation of a large autologous femoral segment 
(including cartilage and ligaments) is considered after 
high-impact trauma, proper decontamination, rins-
ing, and storage are essential. This process relies heavily 
on the expertise of tissue bank specialists. Open frac-
tures are frequently complicated by skeletal infections. 
Gram-positive bacteria are present in 75% of cases, and 
Gram-negative bacteria in 25%, posing a serious risk to 
the patient [24]. Identifying risk factors and implement-
ing effective preventive measures is crucial [25, 26]. A 
retrospective analysis of 10 035 musculoskeletal tissues 
found a contamination rate of 52%, with coagulase-nega-
tive staphylococci, Streptococcus spp., Bacillus spp., Clos-
tridium spp., and Staphylococcus aureus being the most 
common pathogens [27]. Reported contamination rates 
for allogenic bone grafts vary widely from 2.5% to 92% 
[28, 29]. Despite many proposed treatment approaches, 
no standardized guidelines exist for decontamination or 
infection prevention during autologous transplantation 
[5,27].

A further challenge arises when osteochondral grafts 
require deep freezing. Due to bone’s low water con-
tent—comprising roughly 10% in young individuals and 
decreasing to ~ 5% with age [30] the risk of ice crystal for-
mation during freezing is significant. Bone tissue consists 
of 60% mineral (hydroxyapatite), 30% organic matrix, and 
only a small proportion of water, which together contrib-
ute to its strength and flexibility [31]. While fresh frozen 
allografts are generally considered non-viable in terms of 
osteogenic cells [32, 33] some studies report viable cells 
persisting for months post-freezing [34, 35]. In allogeneic 
settings, viable cells may trigger immune responses, but 
in autologous transplantation, they may enhance graft 
integration and healing.

Bone regeneration depends on four main cell types: 
osteogenic progenitors, osteoblasts, osteocytes, and 
osteoclasts. Osteoprogenitor cells, derived from mesen-
chymal stem cells (MSCs) in the bone marrow, give rise 
to osteoblasts and osteocytes [36, 37]. Osteoblasts secrete 
bone matrix and mineralize it via alkaline phosphatase–
rich vesicles, while osteoclasts perform bone resorption. 
Over time, osteoblasts mature into osteocytes, which 
account for more than 90% of all bone cells [13]. How-
ever, it remains unclear whether osteoprogenitor and 
osteoblast cells retain their functionality after long-term 
freezing of large bone grafts. Understanding the osteo-
genic capacity and safety of these cells post-freezing is 
essential for improving transplantation outcomes.

In this proof-of-concept study, we present, to our 
knowledge, the first successful decontamination and 
reimplantation of a large autologous femoral bone seg-
ment (28 cm in length) that had been extruded from the 
body during a high-impact traffic accident. The patient’s 
complete recovery following reimplantation inspired 
clinicians, molecular biologists and biotechnologists 
to further explore the viability, potency, and osteogenic 
potential of cells isolated from deep-frozen bone frag-
ments - challenging the long-standing assumption that 
cryopreserved bone is biologically inert due to cellular 
degradation. We therefore hypothesize that, despite cryo-
preservation, deep-frozen bone may retain osteogenic 
properties capable of supporting bone regeneration.

Materials and methods
Study design
This proof-of-concept study was designed to evaluate the 
safety and regenerative potential of massive osteochon-
dral grafts (distal part of femur with ligaments) subjected 
to contamination, decontamination, freezing, and stor-
age prior to clinical application (illustrated in graphic 
abstract). The workflow consisted of three main compo-
nents: Decontamination of massive bone autograft: An 
extruded osteochondral graft (28  cm), obtained from a 
patient after a severe traffic accident, was transferred to 
the Tissue and Cell Bank. The graft was stored at − 80 °C 
for up to 15 days, followed by debridement, decontami-
nation (37 °C, 6 h), and rinsing (4–8 °C, 12 h) before being 
released for clinical use. Validation: Experimental valida-
tion was conducted under controlled conditions to accu-
rately reproduce and confirm the decontamination and 
rinsing protocol. Femoral heads were sectioned into seg-
ments and experimentally contaminated (10⁶ CFU/mL). 
Samples were subjected to the same decontamination 
and rinsing protocol, with positive and negative controls 
included. Sterility, antibiotic residues, and histological 
analyses were performed on bone fragments and rins-
ing media to ensure microbiological safety and absence 
of cytotoxic residues. Cytogenesis: To demonstrate 
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osteoblast viability after deep-freezing, cells were iso-
lated from bone fragments and characterized using mul-
tiple assays. Histology and Ki67 staining were performed 
to assess proliferation. Additional analyses included 2D 
and 3D live imaging in division, as well as in single-cell 
tracking and proliferation dynamics of osteoblasts, cellu-
lar cross-talk, immunophenotyping, osteogenic differen-
tiation assays, and evaluation of mitotic spindle fidelity. 
These analyses provided comprehensive insights into the 
viability, motility, phenotype and differentiation potential 
of osteoblasts derived from both fresh and frozen bone.

Decontamination of massive bone autograft (femur)
On August 30, 2019, at approximately 9:00 AM, the 
patient, M.D. (24 years old), was involved in a road traf-
fic accident. She sustained severe injuries to her right 
leg, including the following diagnoses: Severe segmental 
fracture of the right femur (Gustilo IIIB), open dislocation 
of the right knee, complex fracture of the right lower leg 
(Gustilo IIB), lacerated-contused wound of the left thigh, 
hemorrhagic shock, and traumatic brain concussion. 
Initial treatment was provided at the General Hospital 
Zadar, Croatia. During preliminary examination para-
medics brought on emergency department an extruded 
distal femur wrapped in the plastic bag. After preliminary 
resuscitation and debridement, bridging with external 
fixation was done and patient along with extruded femur 
was transported by helicopter to the Department of 
Traumatology at Sestre milosrdnice University Hospital 
Center in Zagreb, Croatia, where she arrived at approxi-
mately 4:00 PM. The femur bone, measuring in length, 
was placed in a separate plastic container partially sub-
merged in a physiological solution used as a transport 
medium. Upon receipt of the femur bone in the operating 
room of the Department of Traumatology, a bone swab 
and a 10 mL sample of the transport medium were col-
lected, and the femur bone was then packaged in a triple 
sterile plastic bag. Biological samples were sent to the 
Department of Microbiology at the Croatian Institute for 
Transfusion Medicine for microbiological analysis, with 
the aim of detecting the presence of aerobic and anaero-
bic bacteria, as well as yeast and molds. To obtain more 
reliable microbiological results, both swabbing and anal-
ysis of the transport medium (physiological saline solu-
tion) were combined, followed by a 14-day incubation 
period. The femur bone was subsequently transported to 
the Tissue and Cell Bank, where it was labeled with the 
patient’s name, date and time of receipt, as well as the 
bone size, before being stored at -80 °C.

The day before the scheduled surgical procedure for 
the clinical application of the graft, a process of cleaning, 
decontamination, and rinsing was carried out at the Tis-
sue Engineering Laboratory of the Tissue and Cell Bank 
in a microbiological safety cabinet class II (Klimaoprema, 

Croatia), following a detailed activity plan. First, the graft 
was cleaned of impurities (glass, plastic, and asphalt) and 
excess connective tissue, with an initial rinse in physio-
logical solution (Fig. 1). Next, decontamination was per-
formed using 4 L of BASE 128 medium, during which the 
graft was stored in an incubator at 37  °C for 6  h. After 
decontamination, the graft was rinsed with 4 L of BASE 
medium and subsequently stored in a refrigerator at 
4–8 °C overnight.

Operation procedure during clinical application of 
decontaminated femoral graft
A free vascularized fibular graft was used to revascular-
ize the extruded femur. The decontaminated femoral seg-
ment measured 28  cm, and the fibular graft measured 
21 cm (Fig. 2A). The distal femur was packed with autolo-
gous cancellous bone to ensure direct contact between 
the fibular graft and the femoral condyles. The graft was 
impacted into the medullary canal and fixed proximally 
with a single unicortical screw (Fig.  2B). An anterolat-
eral approach was used, respecting the pre-existing stel-
late scar around the knee. The sciatic nerve and popliteal 
vessels were identified and protected. The femur–fibular 
graft composite was inserted and temporarily stabilized 
with Kirschner wires. Rotational alignment was verified 
by patellofemoral congruency and the cable technique. 
Microvascular anastomoses were performed between 
the fibular graft and the popliteal vessels. Definitive fixa-
tion was achieved using a periprosthetic plate (NCB 
Periprosthetic Plate System, Zimmer–Biomet), allowing 
stable fixation while preserving the graft’s vascular supply 
(Fig.  2C). The patella was stabilized with a basket plate, 
and the tibial shaft was bridged using a minimally inva-
sive 3.5 LCP plate. As the femoral condyles were devas-
cularized, ligament healing within the bone tunnels was 
not expected. The posterior cruciate ligament stump was 
sutured, and the medial collateral ligament was repaired 
with anchors at its preserved tibial insertion. The pos-
terolateral corner was partially reconstructed and aug-
mented with an iliotibial band flap anchored near the 
anterolateral ligament attachment. Postoperatively, the 
knee was protected in a brace for six weeks, and progres-
sive partial weight bearing was initiated on the first post-
operative day.

Validation
Donor assessment
The study was conducted at the Tissue and Cell Bank 
of the Sestre milosrdnice University Hospital Centre 
(Zagreb, Croatia), which is authorized by the Ministry of 
Health of the Republic of Croatia for the collection, pro-
cessing, and storage of allogeneic (femoral heads) and 
autologous/cancellous bone in accordance with national 
legislation. The protocol entitled “Harvesting, Processing, 
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Fig. 1  Processing of a massive bone autograft. A Detailed graft debridement protocol: Bone graft (femur) before the cleaning, decontamination, and 
rinsing processes; B Cleaning of the bone and removal of excess connective tissue; C Removal of foreign debris, including glass, plastic, and asphalt resi-
dues, present on the bone due to trauma exposure; D Display of the condyle and the articular cartilage damage of the knee, along with a portion of the 
cruciate ligament; E After the cleaning process and the removal of excess connective tissue from the femur, the following procedures were carried out: 
measuring, pre-rinsing, decontamination and rinsing

 



Page 6 of 34Zekušić et al. Stem Cell Research & Therapy           (2026) 17:13 

Fig. 2  Reconstruction and implantation of the femur–fibular graft. A The decontaminated femoral segment with the fibular graft before reconstruction; 
B The fibular graft was inserted into the medullary canal of the femoral segment, creating a femur–fibular composite graft; C Implantation was performed 
using a periprosthetic plate, ensuring stable fixation and preservation of the graft’s vascular integrity
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Testing, Storage, and Clinical Application of Musculo-
skeletal Tissue” was approved by the Ethics Commit-
tee of the Sestre milosrdnice University Hospital Centre 
(Approval No. 251-29-11/3-25-17). All procedures were 
conducted in compliance with the principles of the Dec-
laration of Helsinki and the Guidelines for Good Clinical 
Practice. Written informed consent was obtained from all 
femoral head donors and from the patient prior to autol-
ogous clinical application.

The average age of the patients included in this study 
was 69 years (range: 55–81 years; three men and three 
women). Based on donor examination and evaluation, 
the tissues used in this research were deemed unsuitable 
for clinical use as allogeneic bone grafts. Femoral heads 
that were not approved for clinical use were utilized, for 
example, due to a positive serological finding for Anti-
HBc (IgG + IgM), elevated inflammatory markers caused 
by urinary tract infection, or the presence of malignant 
disease in the donor. These exclusion criteria were not 
related to the histological or biological quality of the bone 
tissue and therefore are not expected to have influenced 
the study outcomes. Donor blood samples were tested 
for transmissible infections or diseases (HIV, HBV, HCV 
and Treponema pallidum) to prevent transmission to 
recipients. Additionally, microbiological analyses, includ-
ing femoral head swabs and biopsies, were conducted to 
detect potential contamination.

Small bone grafts as a model for validating 
decontamination methods
Freshly frozen femoral heads (n = 7) obtained during the 
total hip replacement procedure in living donors were 
processed between April 2019 and December 2021. 
Microbiological control of the femoral heads was per-
formed by swabbing, and microbiological results were 
sterile for all femoral heads included in the study. All 
bones were stored in appropriate sterile plastic con-
tainers (Freezable Tissue Storage Kit, Medfor, UK) in a 
quarantine freezer at -80  °C (Thermo Fisher Scientific) 
and had not undergone any processing prior to the vali-
dation procedure. Each femoral head, clearly marked as 
intended for validation purposes, was kept separate from 
those designated for clinical use.

Measuring and cutting of femoral heads
For validation, we used seven femoral heads stored at 
− 80 °C (35 bone fragments): six femoral heads were cut 
into 30 bone fragments and used for decontamination, 
microbiological sterility and for analysis of antibiotic res-
idue, while one femoral head was cut into five fragments 
for cytogenesis assays. After thawing, the diameter (d) of 
each femoral head was measured before being divided 
into five fragments of approximately equal dimensions. 
One of the five fragments was immediately placed in 

a separate sterile plastic container and later used for 
microbiological analysis as a negative control (5/5). The 
remaining four fragments (1/5, 2/5, 3/5, and 4/5) were 
returned to the original container in which the bone 
was initially stored (Fig. 3). During the entire process of 
measuring and cutting bones in the operating room, air 
cleanliness was monitored using a Trypcase soy 3P® agar 
(TSA3) settle plate.

Transportation
Containers with bone fragments were sealed in a sterile 
zip bag and placed in a temperature-controlled transport 
box with cooling inserts and a moderate thermometer. 
The fragments were transported from the operating room 
at the Department of Traumatology to the Department of 
Microbiology at the Croatian Institute for Transfusion 
Medicine. During transit, the temperature was main-
tained between 4 °C and 8 °C, ensuring optimal transport 
conditions and preserving the quality and integrity of the 
fragments. To verify that the required temperature was 
consistently maintained, a wireless temperature datalog-
ger (Mini SPY RF Green, Fesches le Châtel, France) was 
used to record temperature data throughout the trans-
portation process.

Decontamination and rinse protocol
A total of five bacterial strains were used in this study. 
Three of them were reference strains from the National 
Collection of Type Culture (NCTC) and the National 
Collection of Pathogenic Fungi corresponding to strains 
from the American Type Culture Collection (ATCC: 
Staphylococcus aureus NCTC 10788/ATCC 6538, Bacil-
lus subtilis NCTC 10400/ATCC 6633, and Clostridium 
sporogenes NCTC 532/ATCC 19404. Additionally, two 
more isolates were incorporated: Staphylococcus epi-
dermidis, an environmental isolate, and Cutibacterium 
acnes, which was isolated from a patient’s skull bone.

In this study, certified nutrient media were used, 
including Count-Tact® 3P® agar (CT3P), TSA3, Tryptic 
soy agar, Thioglycollate broth with resazuin (THIO-T), 
and Trypcase soy broth (TSB-T). Additionally, BacT/
ALERT culture bottles with nutrient media and anti-
biotic neutralizers for aerobic (FA Plus) and anaerobic 
(FN Plus) microbial cultivation were used in the BacT/
ALERT 3D (BioMérieux, France) automated colorimetric 
microbial growth reading system. All media and culture 
bottles were purchased from BioMérieux, France. The 
intentional contamination, pre-rinsing, decontamination, 
and rinsing of bone fragments were performed within a 
microbiological safety cabinet class II (Klimaoprema, 
Croatia) in an accredited microbiology laboratory at the 
Department of Microbiology, Croatian Institute of Trans-
fusion Medicine, Zagreb, Croatia. Contamination of 
femoral head fragments was achieved by immersing four 
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fragments (labeled 1/5, 2/5, 3/5 and 4/5) from each femo-
ral head into 150 mL of physiological solution containing 
a specific microorganism at a concentration of 106 CFU/
mL [38]. Three intentionally contaminated fragments 
from each femoral head (labeled 1/5, 2/5, and 3/5) under-
went decontamination and rinsing. Fragments 4/5 from 
each femoral head were directly inoculated into a liquid 
nutrient medium to serve as a positive control, while 
fragments 5/5 served as a negative control, as previously 
described (Fig. 3).

Decontamination process This process began with 
a brief pre-rinse in 1 L of physiological solution. 
Each fragment was subsequently decontaminated 
individually in a plastic container with 250 mL 
of BASE 128 medium at 37 °C for 6 h. BASE 
128 medium (Alchimia Srl, Italy) was utilized 
for its efficacy decontaminating various human 
tissues intended for transplantation, including 
cardiovascular tissues, amniotic membranes, 
musculoskeletal tissues, tendons, and skin. This 

Fig. 3  Validation protocol for decontamination. A Experimental design scheme of decontamination: Six femoral heads were divided into five equal parts 
(1/5, 2/5, 3/5, 4/5, and 5/5), resulting in a total of 30 bone fragments used for the validation of decontamination. Four fragments from each femoral head 
(1/5, 2/5, 3/5, and 4/5) were intentionally contaminated with specific strains of microorganisms (Bacillus subtilis, Clostridium sporogenes, Staphylococcus 
epidermidis, Staphylococcus aureus, and Cutibacterium acnes) at a concentration of 106 CFU/mL. The decontamination process was performed on three 
bone fragments (1/5, 2/5, 3/5) from each femoral head using BASE 128 medium for 6 hours. These fragments were subsequently rinsed overnight in BASE 
medium to remove antibiotic residues. Bone fragments labeled 4/5 served as positive controls, while fragments labeled 5/5 were used as negative con-
trols; B Controlled tissue contamination procedure scheme: A schematic representation illustrates the process wherein one femoral head is divided into 
five parts (1/5, 2/5, 3/5, 4/5, and 5/5). Although all the fragments were initially sterile, decontamination of these fragments was carried out as described 
above. After decontamination and rinsing, fragments 1/5, 2/5, and 3/5 were contaminated with Staphylococcus epidermidis at a low concentration of 102 
CFU/mL and exposed to air for 15 min. Turbidity was observed in the medium on the second day of incubation, and identification tests confirmed the 
presence of Staphylococcus epidermidis. Fragments 4/5 and 5/5 were not contaminated and served as double negative controls, which remained sterile 
until the end of the prescribed incubation period. Image created with BioRender
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medium contains vancomycin, gentamicin, 
cefotaxime, and amphotericin B deoxycholate. It 
should be stored at -20 °C and must be thawed and 
warmed to 37 °C before use (Fig. 3).
Rinsing process A brief pre-rinse in 1 L of 
physiological solution was performed after 
decontamination. Each fragment was then rinsed in 
a plastic container with 500 mL of BASE medium at 
4 °C overnight. In subsequent iterations, the same 
procedure was repeated for each bone fragment, 
with an increased volume of saline solution used for 
pre-rinsing, decontamination medium, and rinsing 
medium. This increase in volume was designed to 
ensure thorough decontamination and rinsing while 
maintaining sterility and quality. BASE medium 
(Alchimia Srl, Italy) was used to rinse the bone 
tissues and remove antibiotic residues. In accordance 
with the manufacturer’s recommendations, effective 
bone decontamination was achieved at 37 °C for 6 h, 
while rinsing was accomplished at 4–8 °C overnight. 
Both BASE 128 and BASE media are sterile and free 
of pyrogens and mycoplasmas, in compliance with 
current regulations in the European Pharmacopoeia 
[39] (Fig. 3).

Sterility testing of bone fragments after decontamination 
and rinsing procedures, as well as sterility testing of the 
final decontamination/rinsing fluid, was performed in a 
class A environment in accordance with the European 
Pharmacopoeia [39]. Each decontaminated bone frag-
ment was inoculated in 150 mL of THIO-T and cultured 
in incubators (Selecta, Spain) at 37  °C. The turbidity of 
the broth was visually monitored daily for a total of 14 
days of incubation. The final rinsing fluid from each bone 
fragment was inoculated into FA Plus and FN Plus bot-
tles which were incubated for 14 days at 37  °C in BacT/
ALERT 3D.

Assessment of antibiotic residues through controlled 
tissue contamination
To assess the presence or absence of antibiotic residues in 
order to prevent false negative results, a controlled con-
tamination procedure was performed using Staphylococ-
cus epidermidis, a representative of coagulase-negative 
staphylococci and the most common environmental con-
taminant. The femoral head was divided into five equal 
parts (1/5, 2/5, 3/5, 4/5, and 5/5). Although all the frag-
ments were initially sterile, they were decontaminated in 
BASE 128 medium for 6 h at 37 °C, followed by an over-
night rinse with BASE medium at 4–8 °C. Fragments 1/5, 
2/5, and 3/5 were subsequently contaminated with Staph-
ylococcus epidermidis at a low concentration of 102 CFU/
mL and exposed to air for 15 min. Fragments 4/5 and 5/5 
were not contaminated and served as negative controls. 

All fragments were then subjected to sterility testing [40] 
to evaluate the effectiveness of the decontamination and 
rinsing procedures.

Agar diffusion test for antibiotic residue analysis
Antibiotic residue analysis was performed using the agar 
diffusion test in duplicate on the fluid obtained after the 
final rinsing of each bone fragment [40]. Briefly, 2 mL of 
bacterial inoculum at a concentration of 106 CFU/mL 
was added to 38 mL of tryptic soy agar, thawed, cooled 
to approximately 45  °C, and poured into 120 × 120  mm 
plates using the pour plate method. Nine round wells 
with a diameter of 7 mm were made on each plate. Then, 
100 µL of each tested sample of rinsing fluid was dripped 
into at least two wells on two different plates for each 
microorganism. BASE 128 medium was added dropwise 
to one well of each plate as a positive control.

Geometric analysis of bone fragments
To estimate the volume and surface area of the bone frag-
ments, geometric calculations were performed. It was 
assumed that the femoral head approximates an ideal 
sphere, allowing for standard formulas to be used in the 
calculations.

Femoral head volume and surface area
The volume (V) and surface area (P) of each femoral head 
were calculated based on the measured diameter before 
cutting. The following formulas, assuming a spherical 
shape, were applied:

	
V = 4

3
r3π P = 4r2π

where r represents the radius of the femoral head and 
where π is approximately 3.14159.

Small bone fragments volume and surface area
This study analyzed 35 bone fragments obtained from 
seven femoral heads. The dimensions, surface areas, and 
volumes of these fragments were determined using the 
measured and calculated values of the femoral heads. To 
estimate the volume (V) and surface area (P) of one bone 
fragment, the following formulas were used:

	
V = 2

3r2w
P = 2rw + r2π

where w represents the width of the fragment.

Large bone autograft volume and surface area
To calculate the volume (V) and surface area (P) of one 
large femoral fragment, the following equations were 
applied:
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V = 1
3 hd3π + 1

4 bd2π L P = 2hd2 π + bdπL.
where h is the height, d is the diameter, b is the base 

width, and L is the length of the fragment.
Using these formulas, the geometric properties of the 

bone fragments were precisely calculated, allowing reli-
able estimations of their volume and surface area. The 
volume (V) is expressed in cubic centimeters (cm³) or 
milliliters (mL), while surface area (P) is given in square 
centimeters (cm²).

Histology and morphology
To better analyze the morphology of the bone fragments 
and the viability of osteoblasts and osteocytes, two fresh 
bone fragments and two frozen fragments after decon-
tamination were embedded in paraffin. A routine labo-
ratory tissue processing procedure, which is standard 
in pathohistological laboratories, was used. In brief, the 
process includes decalcification, embedding in paraffin, 
and cutting of histological slides. As a control, fresh bone 
processed in the same way was used. Processing the bone 
to embed it in paraffin requires that all bone fragments 
have undergone a decalcification process. Decalcification 
is performed because of the need to soften the bone for 
later cutting of histological tissue slides. The bone frag-
ments are decalcified in a decalcification solution with 
formalin (Osteofast 1; Ref. No. OF1OT, Biognost, Croa-
tia). The Osteofast solution was diluted with 10% buff-
ered formalin in a ratio of 1:5, and bone fragments were 
immersed in such a solution for up to 24  h with con-
tinuous monitoring of the bone softening process. After 
adequate decalcification, the bone fragments were left 
in 10% buffered formalin for another 24  h. After that, 
the samples were processed in a histokinet and embed-
ded in paraffin by routine procedure. During processing 
in a histokinet (automated tissue-processing device), the 
bone is dehydrated through an ascending alcohol series 
and cleared through substituted xylene, after which it is 
embedded in paraffin blocks. In the preparation of his-
tological slides, paraffin-embedded bone fragments were 
cut into 2–3  μm thick sections, spread onto slides, and 
stained with hematoxylin and eosin (H&E). Through 
histological examination, the pathologist monitored the 
preservation of the bone structure and the presence of 
osteocytes and osteoblasts and thus the vitality of the 
bone tissue.

Cytogenesis - Comprehensive characterization of cells 
derived from bone
Isolation and morphological characterization of cells 
cultivated in vitro
The femoral head, obtained following a hip replace-
ment procedure with the patient’s informed consent, 
was cut into five equal fragments in the operating room 
and transported to the Tissue and Cell Bank. Further 

processing was carried out in a microbiological safety 
cabinet, where each fragment was labeled with a number 
from 1 to 5. Fragment 1, designated the fresh sample and 
underwent immediate processing, including the removal 
of connective tissue and fragmentation of both spongy 
and cortical parts of the bone. To facilitate the release of 
viable cells, the tissue was subjected to enzymatic diges-
tion with collagenase II (0.42 mg/mL (100 IU/mL), Gibco, 
Life Technologies, USA) at 37 °C for six hours. Following 
this period, enzymatic activity was neutralized by adding 
cell culture medium, and the suspension was centrifuged 
(centrifuge 5810 R, Eppendorf, Germany) for four min-
utes at 1100 rpm at 4 °C. The resulting pellet was seeded 
into 75 cm² culture flasks containing DMEM (Dulbecco’s 
modified Eagle medium, Life Technologies Europe BV, 
Netherlands) supplemented with 10% fetal bovine serum 
(FBS, Life Technologies, USA), 1% antibiotic-antimycotic 
(Life Technologies Europe BV, Netherlands), and 1% 
L-glutamine (Life Technologies Europe BV, Netherlands). 
The cells were cultured in an incubator at 37 °C in a 5% 
CO₂ atmosphere, and the media was changed every three 
to four days. To evaluate the effects of deep freezing on 
the growth and proliferation of isolated cells, fragments 
2 and 4 were frozen in 10% DMSO freezing medium 
(Sigma‒Aldrich, USA) and stored at -80  °C, while frag-
ments 3 and 5 were placed in an empty container without 
a cryoprotectant and kept at the same temperature. The 
first group of deep-frozen fragments (2 and 3) remained 
frozen for 15 days, whereas the second group (4 and 5) 
was stored for 30 days. After the designated storage peri-
ods, the containers were removed from the freezer and 
left to thaw at room temperature. Post-thaw processing 
varied depending on the presence of DMSO. Fragments 
previously frozen with the cryoprotectant were subjected 
to four sequential washes in physiological saline solu-
tion (B. Braun, Germany), each lasting 10 min, to elimi-
nate any residual DMSO before enzymatic digestion. In 
contrast, those preserved without a cryoprotectant pro-
ceeded directly to digestion without rinsing. Subsequent 
processing, including enzymatic digestion and cell seed-
ing, followed the same protocol established for the fresh 
bone fragments. Throughout the study, cell growth, con-
fluence, and morphological characteristics were observed 
using a Nikon Eclipse Ti U microscope (Nikon, Japan) 
before each media change.

Cell counting, viability and cumulative population 
doubling time
For cell counting and viability determination, the LUNA-
FX7 (Logos Biosystems, South Korea) automated cell 
counter with the corresponding counting slides was 
used. According to the manufacturer’s instructions, the 
analysis was performed in fluorescence mode using the 
fluorescent dyes acridine orange and propidium iodide. 
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Before counting the cell cultures, device validation was 
performed using a validation slide to ensure measure-
ment accuracy. Upon completion of the counting pro-
cess, a quality control graph was generated, confirming 
that the results fall within the acceptable range com-
pared to the reference values obtained during the valida-
tion slide registration. During cell counting, the sample 
and fluorescent dyes (acridine orange/propidium iodide) 
were mixed in a 9:1 ratio. Before loading onto the slide, 
the prepared sample was gently resuspended, and 10 µL 
of the sample was applied to the appropriate chamber 
of the counting slide. After loading, live and dead cells 
are clearly visible on the device display. The cumulative 
population doubling (cPD) and doubling time (DT) were 
calculated when the cells reached 80% confluence. The 
calculation was performed using the following formula:

	
cPD = ln

N

N0
x3.322

	
DT = CT

cPD

where N is the number of live cells, N₀ is the initial num-
ber of seeded live cells, and CT is the total culture dura-
tion in days.

Holographic time-lapse imaging
Osteoblasts were isolated from five femoral head frag-
ments, one of which was fresh, while other four under-
went different deep-freezing protocols. Cells were seeded 
at a density of 30 000 cells per well in a standard tissue 
culture-treated 6-well polystyrene plate (Sarstedt, Ger-
many). Holographic time-lapse imaging was performed 
using the Holomonitor M4 digital holographic cytometer 
(Phase Holographic Imaging, PHI, Sweden) placed in an 
incubator at 37 °C with 5% CO2. Cells were imaged at 10 
different positions per well for 5 days (120 h), and images 
were captured every 10 min. Time-lapse phase imaging, 
image processing and single-cell tracking analysis were 
performed using Hstudio software (PHI).

Hematoxylin-eosin staining
The suspension of the cells was smeared on the slides 
and air-dried for two days. Fixation was performed 
by immersing the slides in ice-cold acetone (CLARO-
PROM, Croatia) for four minutes at room temperature, 
followed by rinsing in DPBS (Dulbecco’s phosphate buf-
fer saline, Dako, Denmark) buffer. The slides were sub-
sequently rinsed with distilled water and immersed in 
a hematoxylin solution (Sigma-Aldrich®, USA) diluted 
1:5 in distilled water. After two minutes, the slides were 
removed from the hematoxylin and rinsed with both 
distilled water and running water. The samples were 

immersed in concentrated eosin (Sigma-Aldrich®, USA) 
for one minute, followed by another rinse in distilled 
water. For mounting, the slides were dehydrated by 
sequential immersion in ethanol (Etil promet, Croatia) 
at increasing concentrations from 70% to 100%, each for 
one minute. This was followed by immersion in a xylene 
substitute (Tissue-Tek®, Netherlands). Finally, the slides 
were covered with a mounting solution (Tissue-Tek®, 
Netherlands) and a coverslip. The cell morphology was 
observed under a microscope (APX100 digital imag-
ing system, Olympus, Japan) and imaged using a camera 
(DP23, Olympus, Japan).

Immunocytochemical detection of Ki67 expression
The proliferation index was determined by counting 
Ki67-positive cells under the inverted digital microscope 
(Mateo, Leica). For immunocytochemical staining, cells 
were seeded onto positively charged slides designed for 
immunohistochemical (IHC) staining (FLEX IHC micro-
scope slides, Dako, Denmark). Each slide was seeded 
with 20 000 cells, and four slides were prepared for each 
of the five samples. A total of 250 µL of cell suspension 
was pipetted onto each slide, followed by a two-hour 
resting period to allow initial attachment. After this incu-
bation, a nutrient cell medium was added to cover the 
entire surface of the slide. The slides were then placed in 
an incubator at 37 °C with 5% CO2 for 24 h to ensure cell 
adhesion. Prior to IHC staining, slides were air-dried for 
one day, and fixation was performed by immersing the 
slides in ice-cold acetone (CLARO-PROM, Croatia) for 
four minutes at room temperature, followed by rinsing in 
DPBS (Dako, Denmark) for up to two minutes.

A positive IHC reaction was visualized as brown stain-
ing in nuclei containing the Ki67 protein. Ki67-positive 
cells were counted under the microscope (APX100 digi-
tal imaging system, Olympus, Japan), and a digital cam-
era was used (DP23, Olympus, Japan). The proliferation 
index was calculated by dividing the number of Ki67-pos-
itive cells by the total number of cells counted. Counting 
was performed in eight fields of view at low magnifica-
tion (100 ×), and the process was repeated twice. Prior 
to the IHC reaction, cell or tissue preparation was nec-
essary. Since a primary antibody was used to detect the 
Ki67 protein located in the nucleus, it was necessary to 
enable the antibody to penetrate through the cell mem-
brane. Antigen retrieval was achieved by boiling the cells 
in citrate buffer at neutral pH (Dako, Denmark) at 96 °C 
for 20  min in a water bath (NB 5, Nuve, Turkey). After 
boiling, the slides were cooled to room temperature for at 
least 20 min and then rinsed with DPBS. Following rins-
ing, the slides were removed from the buffer, and the area 
surrounding the marked region was wiped. A total of 70 
µL of the primary antibody for Ki67 (clone MIB1, mouse 
monoclonal, Dako, Denmark) at a concentration of 5 ng/
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µL was pipetted onto each sample. The slides were then 
incubated in a humid, dark chamber for 30 min at room 
temperature. Afterward, the slides were rinsed by immer-
sion in a DPBS tray, and 70 µL of secondary antibody 
(goat anti-mouse EnVision Flex, Dako, Denmark) was 
added and incubated for 30  min at room temperature. 
Another rinse in DPBS was performed before 70 µL of 
3,3’-diaminobenzidine chromogen (Dako, Denmark) was 
added, with a 10  min incubation at room temperature 
before a final rinse with distilled water. Counterstaining 
was performed by immersing the samples in hematoxy-
lin (Sigma‒Aldrich®, USA) diluted 1:5 in distilled water 
for two minutes at room temperature, followed by rinsing 
in distilled and tap water. To ensure long-term preserva-
tion, the slides were dehydrated by sequential immersion 
in ethanol (Etil promet, Croatia) at increasing concen-
trations from 70% to 100%. After rinsing, ethanol was 
replaced with a xylene substitute (Tissue-Tek®, Nether-
lands), and a mounting solution (Glas™ Tissue mount™ 
Tissue-Tek®, Sakura Finetek, Netherlands) was applied to 
the slides, followed by the addition of coverslips.

Immunophenotyping and cell viability via flow cytometry
For sample preparation and staining, 300 µL of cell sus-
pensions at a concentration of 1 × 10⁶ cells/mL were 
separated into individual tubes and washed with 2 mL 
of DPBS (Sigma‒Aldrich, USA) to remove the culture 
medium. After the removal of DPBS, 5 µL of the previ-
ously prepared Live/Dead stain was added to the cells, 
and the samples were incubated for 20 min in the dark 
at room temperature. The Live/Dead stain was prepared 
by adding 3 µL of Live/Dead fixable stain (Thermo Fisher, 
USA) to 57 µL of ultrapure water (obtained from the 
Select Fusion 160 device, Suez, France). After resuspen-
sion, 5 µL of the diluted stain was taken from the 60 µL 
mixture and further diluted in 100 µL of the cell suspen-
sion in DPBS, resulting in a final dilution of 400 ×. Fol-
lowing incubation, the samples were washed with 2 mL 
of DPBS and centrifuged for 5 min at 500 × g at room 
temperature, after which the cell pellet was resuspended 
in 100 µL of DPBS. The suspension was then transferred 
to a pre-formulated DURAClone SC Mesenchymal Tube 
(Beckman Coulter, USA) and incubated for 15 min at 
room temperature in the dark. The tubes contained a 
dried antibody panel for the detection of a total of nine 
surface markers (CD14, CD19, CD31, CD34, CD45, 
CD73, CD90, CD105, and CD146), among which CD34, 
CD31, CD73, CD90, CD146, and CD105 were observed 
on the analyzed cells. Next, the samples were incubated 
for 10 min at room temperature in VersaLyse reagent 
(Beckman Coulter, USA), protected from light, and cen-
trifuged for 5 min at 500 × g (RT), after which the cell 
pellet was resuspended in 500 µL of a 0.1% aqueous para-
formaldehyde solution (Electron Microscopy Sciences, 

USA) in DPBS. Finally, the samples were analyzed using 
a flow cytometer (DxFlex, Beckman Coulter, USA). The 
final data processing was performed using FlowLogic 
software (Inivai Technologies, Australia). During analy-
sis, cell aggregates, CD45-positive cells (expressed only 
on the surface of leukocytes) [41], and non-viable cells 
were excluded from the analysis and data processing.

Immunofluorescence
Osteoblasts were plated at a density of 20 000 cells per 
3.5  cm glass-bottom dishes (MatTek, #1.5 coverglass) 
and cultured in a humidified Galaxy 170  S incubator 
(Eppendorf, Germany) at 37  °C and 5% CO₂. Cells were 
maintained in DMEM (Thermo Fisher, Cat# 11995065) 
containing 1  g/L D-glucose, pyruvate, and L-glutamine, 
supplemented with 10% heat-inactivated fetal bovine 
serum (FBS; Sigma-Aldrich) and a standard penicillin 
(100 IU/mL)/streptomycin (100  µg/mL) antibiotic mix 
(Lonza). To capture mitotic stages, cells were fixed at 
room temperature for 10 min using a fixative composed 
of 4% paraformaldehyde (PFA) and 0.2% glutaraldehyde 
(GLA). For RUNX2 immunostaining, fixation was done 
using only 4% PFA. After fixation, cells were rinsed three 
times in DPBS, five minutes per wash. Membrane per-
meabilization was carried out using 0.5% Triton X-100 
in DPBS for 15 min. Following this, cells were incubated 
with 1% normal goat serum in PBS at 4 °C for one hour to 
block nonspecific antibody binding. Primary antibodies 
diluted in 1% normal goat serum were added and incu-
bated overnight at 4 °C. The antibodies used included rat 
anti-α-tubulin (Invitrogen MA1-80017, 1:300) and mouse 
anti-RUNX2 (Abcam ab76956, 1:100). The next day, cells 
were washed three times with DPBS and incubated with 
secondary antibodies (in 2% normal goat serum) for 
one hour at room temperature. Secondary antibodies 
included Alexa Fluor 488 goat anti-mouse IgG (Abcam 
ab150113, 1:250) and Alexa Fluor 594 donkey anti-rat 
IgG (Abcam ab150156, 1:500). Finally, cells were counter-
stained with 100 nM SiR-actin (Spirochrome) and 1 µg/
mL 4′,6-diamidino-2-phenylindole (DAPI) for 20 min to 
label the actin cytoskeleton and DNA, respectively.

Imaging
Imaging was performed using a Zeiss laser scanning 800 
confocal microscope equipped with an Airyscan Super-
resolution module and mounted on an Axio Observer. 
Z1 inverted platform (Carl Zeiss, Germany). For mitotic 
spindles, multi-plane (z-stack) imaging was used to cap-
ture the full spindle volume. Excitation wavelengths were 
405, 488, 561, and 640  nm for DAPI, Alexa Fluor 488, 
594, and SiR, respectively. Image acquisition was done 
with Plan-Apochromat 63×/1.40 Oil differential interfer-
ence contrast M27 or Plan-Apochromat 40×/0.95 Corr 
M27 objectives. For interphase imaging, tile scanning and 
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z-stack acquisition were performed using the 40×/0.95 
Corr M27 objective. All images were collected using the 
Zeiss Efficient Navigation Blue 3.4 software (Carl Zeiss).

Image analysis
Quantitative image analysis was conducted in ImageJ/
Fiji (National Institutes of Health, USA). Nuclear area 
was determined by manually outlining the DAPI-labeled 
DNA using the polygon selection tool. Nuclear RUNX2 
intensity was measured from sum-intensity projec-
tions across all z-planes, using the DAPI signal to define 
nuclear boundaries in the RUNX2 channel. Background 
signal was measured in the cytoplasm (1 × 1 μm region) 
and subtracted from nuclear intensity values. The cor-
rected integrated fluorescence intensity was then nor-
malized by dividing by the number of z-planes used in 
the projection. Spindle length was quantified as the dis-
tance between spindle poles, identified by regions of high 
α-tubulin intensity. Spindle width was measured as the 
lateral distance between the two most distant kineto-
chore fibers, perpendicular to the pole-to-pole axis. All 
numerical analyses were performed in MATLAB (Math-
Works). Statistical comparisons across groups used 
one-way ANOVA followed by Tukey’s Honest signifi-
cant difference post hoc test (α = 0.05). Linear regression 
analysis, including R² and p-values, was carried out using 
the fitlm function in MATLAB. Figures were assembled 
using Adobe Illustrator CC (Adobe Systems).

Induction of osteogenic differentiation and evaluation of 
differentiation markers
Cells isolated from different bone fragments - fresh bone, 
bone frozen for 15 days in DMSO and bone frozen for 15 
days without DMSO were seeded at a density of 56 250 
cells/cm2 in triplicates in 6-well plates for differentiation 
treatment. After seeding, the cells from bone fragments 
were cultured for 14 days in differentiation medium con-
taining 50 µg/mL ascorbic acid (Sigma-Aldrich, SAD) 
and 4 mM β-glycerophosphate (Sigma-Aldrich, SAD), 
and the media was changed twice a week. After 14 days 
of treatment, RNA was extracted using the Quick-RNA 
Miniprep isolation kit (Zymo Research). Along with mea-
suring RNA concentration, A260/A280 and A260/A230 ratios 
were measured to assess purity of RNA. Upon evaluation 
of RNA quality, the samples were treated with RNase-free 
DNAse I (Thermo Fisher Scientific) to remove residual 
genomic DNA. DNase-treated RNA samples were then 
reverse transcribed using the iScript cDNA synthesis kit 
(Bio-Rad), including a no-reverse transcription control, 
to assess residual genomic DNA in downstream experi-
ments. Quantitative PCR (qPCR) was performed using 
primers for alkaline phosphatase (gene ALPL) and col-
lagen type I (gene COL1A1), while actin β (gene ACTB) 
served as the endogenous control. The qPCR was set up 

using SsoAdvanced™ Universal SYBR® green supermix 
(Bio-Rad) under the following conditions: initial dena-
turation at 95 °C for 30 s, followed by 40 cycles of 95 °C 
for 15 s and 60 °C for 1 min. No-template controls were 
included for all primer pairs. Melting curve analysis was 
performed by increasing the temperature in 0.5°C incre-
ments from 65°C to 95°C, and qPCR was performed the 
CFX Opus 96 Real-Time PCR system (Bio-Rad). The 
primer pairs used were obtained from Origene (www.ori-
gene.com) and are as follows (5’ −>3’):

ALPL Fw: ​G​C​T​G​T​A​A​G​G​A​C​A​T​C​G​C​C​T​A​C​C​A, Rev: ​C​
C​T​G​G​C​T​T​T​C​T​C​G​T​C​A​C​T​C​T​C​A;

COL1A1 Fw: ​G​A​T​T​C​C​C​T​G​G​A​C​C​T​A​A​A​G​G​T​G​C, 
Rev: ​A​G​C​C​T​C​T​C​C​A​T​C​T​T​T​G​C​C​A​G​C​A;

ACTB Fw: ​C​A​C​C​A​T​T​G​G​C​A​A​T​G​A​G​C​G​G​T​T​C, Rev: ​
A​G​G​T​C​T​T​T​G​C​G​G​A​T​G​T​C​C​A​C​G​T.

The data were analyzed using the ddCq method to 
determine relative gene expression and are presented as 
the average of three values and standard deviation. Statis-
tical analysis was performed using Welch t test, with a p 
value < 0.05.

Von Kossa staining
The von Kossa staining method was used to detect cal-
cium mineral deposition in cells, serving as a marker of 
late-stage osteogenic differentiation. Cells were cultured 
following the same protocol as for gene expression analy-
sis (qPCR). On day 21 after seeding, the culture medium 
was removed, and the cells were washed twice with 1 mL 
DPBS. Cells were then fixed with 1 mL of 4% parafor-
maldehyde (Sigma-Aldrich, USA) for 5 min and washed 
twice with distilled water (deH₂O). A 2% silver nitrate 
solution (2 g AgNO₃ dissolved in 100 mL deH₂O; Kemika 
d.d., Croatia) was added, and cells were incubated for 1 h 
at room temperature (RT). After incubation, the solution 
was discarded, and cells were washed twice with deH₂O. 
Subsequently, cells were treated for 5 min with 1 mL of 
2.5% sodium thiosulfate pentahydrate solution (2.5  g 
Na₂S₂O₃·5  H₂O in 100 mL deH₂O; T.T.T., Croatia) and 
washed twice with deH₂O. Stained samples were exam-
ined under light microscopes Olympus BX51 (Olympus, 
Japan) and Zeiss HBO 50/AC (Zeiss, Germany).

Microarray analysis
Genomic DNA was extracted from five samples using the 
PureLink™ Genomic DNA Mini Kit (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s proto-
col. Molecular karyotyping was performed using the 
SurePrint G3 Human comparative genomic hybridiza-
tion (CGH) 8 × 60  K microarray platform with an aver-
age probe spacing of 41 kb (Agilent Technologies, Santa 
Clara, CA, USA). Data were analyzed using Agilent 
Cytogenomics software (Agilent Technologies, Santa 
Clara, CA, USA) with reference to the human genome 

http://www.origene.com
http://www.origene.com
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assembly GRCh38 (hg38). Results were interpreted and 
described according to the ISCN 2024 guidelines.

Results
Sterility after decontamination of massive autograft
Here, we present the results of the decontamination and 
rinsing of a massive bone autograft at the Tissue and Cell 
Bank. As previously described, the graft was accidentally 
ejected from the body of a 24-year-old patient as a result 
of a car accident (Fig. 1). Initial microbiological analysis 
of the bone swab and transport medium revealed con-
tamination. Bacillus spp. and Streptococcus mitis were 
isolated from the bone swab, while the transport medium 
contained coagulase-negative staphylococci (CoNS), 
Bacillus spp., and Streptococcus mitis (Table 1).

Successful cleaning of the autologous bone was 
achieved, with complete removal of excess connective tis-
sue and foreign debris such as glass, plastic, and asphalt 
residues resulting from the traumatic exposure. Proper 
visualization of the condyle, articular cartilage dam-
age, and a portion of the cruciate ligament was ensured 
which was necessary for successful reimplantation of 
femur. Decontamination of the bone was performed fol-
lowing pre-rinsing, in accordance with optimized pro-
tocols (see Methods). Following the decontamination 
procedure, microbiological testing confirmed the steril-
ity of the swab, decontamination fluid (Base 128), rinsing 
fluid (BASE) and soft tissue near the bone (aerobic and 
anaerobic cultivation) (Table  1). The successful decon-
tamination, confirmed by sterile microbiological results, 
ensured the safe reimplantation of the graft during a sur-
gical procedure performed at the Clinic for Traumatol-
ogy, Sestre milosrdnice University Hospital Center (data 
not shown).

Clinical results and case follow-up
The baseline condition, which includes preliminary resus-
citation and debridement followed by bridging external 

fixation, is shown in Fig.  4A. Postoperative radiographs 
demonstrated satisfactory alignment and stable fixation 
of the reconstructed femur (Fig. 4C, F). At four months 
postoperatively, the patient presented with mild anterior 
knee pain and stiffness, with a range of motion (ROM) 
of 0–40°. Arthroscopic arthrolysis and manipulation 
under anesthesia were performed, followed by removal 
of the patellar plate. Arthroscopic evaluation revealed 
well-preserved articular cartilage and fibrocartilagi-
nous repair tissue at the posterolateral femoral condyle 
(Fig. 4B). After a structured physiotherapy program, knee 
motion improved to 0–87° at six months. At the one-year 
follow-up, the patient reported subjective knee instabil-
ity. Clinical examination revealed a negative posterior 
drawer test, a markedly positive valgus stress test (+++), 
and a slightly positive varus stress test. Reconstruction 
of both the posteromedial and posterolateral corners 
was subsequently performed using semitendinosus and 
gracilis tendon grafts, respectively, following the Larson 
technique. Radiographs obtained one year after surgery 
showed complete fracture union, with evident hypertro-
phy and remodeling of the fibular graft (Fig.  4D, G). At 
that time, the patient was pain-free and demonstrated a 
functional knee ROM of 0–90°. Long-term radiographs 
obtained three years after surgery confirmed maintained 
alignment and graft remodeling (Fig. 4E, H).

Sterility of small bone fragments, controlled tissue 
contamination, antibiotic residue, and histology
We analyzed the effectiveness of decontamination on 
small bone fragments and assessed the levels of residual 
antibiotics after treatment. To ensure consistency dur-
ing the decontamination process, the bone fragments 
were collected and cut into uniform sizes (Methods). The 
method of pre-rinsing, decontamination, and final rins-
ing of bone tissue was found to be highly reliable in terms 
of avoiding false-negative or false-positive results. During 
the validation process, both negative and double-neg-
ative controls remained negative throughout the end of 
the prescribed incubation period, while positive controls 
predictably yielded positive results within the expected 
timeframe (Tables 1 and 2).

To remove any residues of disinfectants or contami-
nants, this step is crucial to ensure that the remaining 
antibiotic residues are minimized. Residual antibiotics in 
the rinsing medium were analyzed using the agar diffu-
sion test (Fig. 5G). This test helps determine the presence 
of antibiotic residues by measuring the zone of inhibi-
tion around wells filled with the control medium (BASE 
128) and the medium in which the bone fragments were 
rinsed overnight (BASE). The decontamination method 
was effective in reducing/removing antibiotics from the 
decontamination medium, resulting in a minimal zone 
of inhibition of 0  mm for Staphylococcus aureus, 4  mm 

Table 1  Microbiological results before and after 
decontamination of the femur
Time Microbiological sampling Results
Before Swab Bacillus spp; Strep-

tococcus mitis
Transport medium CoNS; Bacillus spp; 

Streptococcus mitis
After Decontamination medium (FA) Sterile

Decontamination medium (FN) Sterile
Rinsing medium (FA) Sterile
Rinsing medium (FN) Sterile
Swab Sterile
Biopsy of soft tissue (TSB-T) Sterile
Biopsy of soft tissue (THIO-T) Sterile

Trypcase soy broth (TSB-T), thioglycollate broth with resazuin (THIO-T), bottles for 
aerobic (FA) and anaerobic (FN) cultivation
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for Bacillus subtilis, and 3 mm for Staphylococcus epider-
midis (Fig.  5H). On the second day of incubation, after 
controlled contamination with Staphylococcus epidermi-
dis, the medium exhibited turbidity, and identification 
tests confirmed the presence of Staphylococcus epidermi-
dis. We demonstrated that the medium did not contain 
residual antibiotics at concentrations sufficient to inhibit 
possible bacterial growth, which is a prerequisite for reli-
able sterility testing.

Altogether, these findings confirm that the decontami-
nation protocol is highly effective in eliminating bacterial 
contamination, both in a single massively contaminated 
bone fragment (Bacillus spp., Streptococcus mitis, CoNS) 
and in 30 bone fragments experimentally contami-
nated with various microbial strains (Bacillus subtilis, 
Clostridium sporogenes, Staphylococcus epidermidis, 
Staphylococcus aureus, and Cutibacterium acnes). The 
decontamination and rinsing procedure achieved a 100% 
success rate in reliably preserving bone tissue vitality, 
without leaving inhibitory levels of antibiotic residues.

Cytogenesis
Characterization of osteoblasts isolated from fresh versus 
frozen bone
Viability, proliferation and morphological analy-
sis  Inspired by the successful clinical autologous trans-
plantation of a large bone frozen for 15 days without 
DMSO following decontamination and cleaning (data not 
shown), we hypothesized that frozen bones might retain 
populations of proliferating cells capable of regenerating 
and healing the displaced bone upon transplantation. To 
test this hypothesis, we isolated cells from spongy and 
cortical bone and performed morphology analysis in cell 
culture. To characterize them, we implemented a panel of 
molecular biology techniques. Cells isolated from fresh 
and frozen bone fragments present heterogeneous mor-
phologies, including polygonal and spindle shapes as well 
as stellate morphologies. Some cells present long dendritic 
protrusions, as well as various lamellipodia and pseudo-
podia. We successfully isolated osteoblasts from bone 
fragments of fresh bone, as well as from bone fragments 
stored at -80 °C, both with and without DMSO, after 15 
and 30 days. The first individual cells were obtained after 
24  h through enzymatic digestion (see Methods), while 
another portion of the cells continuously and spontane-
ously emerged from the bone fragments of fresh bone. 
The cells from the frozen bone fragments began emerg-
ing after 72 h with individual cells also visible. After the 

initial isolation of osteoblasts from bone fragments in the 
primary passage (p0), a cell culture was established (see 
Methods). Confluence from fresh bone was achieved after 
7–10 days of culture, whereas cell growth to 50–60% con-
fluence from frozen bone fragments was achieved after 
3–4 weeks. The cells continued to grow through second-
ary passages, while another portion of the cells was stored 
in liquid nitrogen at -196 °C. In secondary passages, cell 
proliferation and viability were higher than in the first 
passages: in p0 (after thawing from liquid nitrogen), the 
viability was 82.60% ± 4.92 while in p1, it was 97.64% ± 
1.46; and in p4, it was 98.22% ± 1.65 (Fig. 6A). Addition-
ally, we analyzed the morphological characteristics and 
proliferation indices of osteoblasts (n = 2525) on the sev-
enth day after cultivation at p2 (Fig. 6B). Obtained results 
revealed osteoblasts with elongated and spindle-shaped 
forms, and with nuclei positive for the Ki67 protein. The 
nuclei of cells containing functional Ki67, a marker of 
active proliferation, were stained brown, whereas those of 
the remaining cells were stained with native hematoxylin. 
The osteoblasts isolated from fresh bone had 60% Ki67-
positive cells, while osteoblasts isolated from frozen bone 
was 57.30% ± 1.30 (Fig. 6B). These findings support the 
hypothesis that frozen bone fragments retain viable, pro-
liferating osteoblasts even after extended storage which is 
potentially due to the protective effect of the bone matrix.

Osteogenic potential of osteoblasts isolated from fresh 
versus frozen bone  To explore the relationship between 
nuclear size and the expression of Runt-related transcrip-
tion factor (RUNX2), an early marker essential for the 
osteogenic differentiation of MSCs into osteoblasts [42], 
was assessed in cell cultures (p1) established from fresh 
and frozen bone samples.

We established cell cultures from untreated fresh bone 
samples and from bone samples frozen at -80 °C with 
and without DMSO, the gold-standard cryopreserva-
tion agent [43] (Fig. 7A). After the cells were cultured, 
they were fixed and labeled with SiR-actin, DAPI, and 
RUNX2-specific primary antibodies conjugated with 
secondary antibodies coupled to a red dye (Fig. 7B, see 
also Methods). Multiple fields of view were imaged in 
3D by fluorescence confocal microscopy (see Methods). 
The average RUNX2 level in the nucleus was quantified 
by calculating the average intensity of the RUNX2 signal 
in summed projections of z-plane images in individual 
cells (see Methods). The average nuclear size and RUNX2 

(See figure on previous page.)
Fig. 4  Postoperative radiographic follow-up. A Baseline condition with preliminary resuscitation, debridement, and bridging external fixation; B Ar-
throscopic view at four months postoperatively showing preserved articular cartilage and fibrocartilaginous repair tissue at the posterolateral femoral 
condyle; C, F Postoperative radiographs demonstrating satisfactory alignment and stable fixation of the reconstructed femur; D, G Radiographs at one 
year postoperatively showing complete fracture union with hypertrophy and remodeling of the fibular graft; E, H Long-term follow-up at three years 
confirming maintained alignment and continued graft remodeling
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levels were then compared across different conditions, 
and the correlation between nuclear size and RUNX2 
intensity was also assessed.

Interestingly, under all conditions except after 30 days 
of freezing in DMSO, the cells were, on average, posi-
tive for RUNX2 (Fig. 7B and C). These findings suggest 
that cells isolated from frozen bone fragments are able 
to proliferate and differentiate in culture after freez-
ing. A higher average level of RUNX2 was observed in 
the population of cells isolated from fresh and frozen 
bone fragments for 15 days, irrespective of the presence 
or absence of DMSO (Fig. 7B and C). The lowest aver-
age level of RUNX2 was found in cells established from 
bone frozen for 30 days (Fig. 7B and C), probably reflect-
ing increased differentiation of MSCs into osteoblasts 
over an extended culture period. No difference in average 
RUNX2 levels was observed between cells isolated from 
bone fragments frozen for 15 and 30 days with or without 

DMSO. The nuclear area was higher in cells grown from 
fresh bone fragments (239 ± 72 μm²), while no difference 
was observed between cells derived from frozen bone 
fragments (ranging from 145 ± 24 to 164 ± 38 μm², Fig. 
7B and D). Both larger nuclei and higher RUNX2 levels 
probably indicate increased differentiation of MSCs to 
osteoblasts in cultures from fresh bones, as previously 
reported [44, 45]. The average RUNX2 nuclear intensity 
was weakly but significantly positively correlated with the 
nuclear area across the cell population under different 
conditions (R² = 1.665, p = 1.89 × 10⁻⁸; Fig. 7E). Taken 
together, these results indicate that frozen bones main-
tain a population of proliferating MSCs and that DMSO 
is not essential for preserving the osteogenic potential 
of these cells in the frozen bones used for autologous 
transplants.

Table 2  Microbiological results after decontamination of small bone fragments
Bone samples Fragments for decontamination Fragment for positive control Fragment for negative control
Femoral head 1 1/5 2/5 3/5 4/5 5/5
Microorganism (106 CFU/mL) Bacillus subtilis /
 Results Bone – THIO-T Sterile Sterile Sterile Positive Sterile

Medium - FA Sterile Sterile Sterile / /
Medium - FN Sterile Sterile Sterile / /

Femoral head 2
 Microorganism (106 CFU/mL) Clostridium sporogenes /
 Results Bone – THIO-T Sterile Sterile Sterile Positive Sterile

Medium - FA Sterile Sterile Sterile / /
Medium - FN Sterile Sterile Sterile / /

Femoral head 3
 Microorganism (106 CFU/mL) Staphylococcus epidermidis /
 Results Bone – THIO-T Sterile Sterile Sterile Positive Sterile

Medium - FA Sterile Sterile Sterile / /
Medium - FN Sterile Sterile Sterile / /

Femoral head 4
 Microorganism (106 CFU/mL) Staphylococcus aureus /
 Results Bone – THIO-T Sterile Sterile Sterile Positive Sterile

Medium - FA Sterile Sterile Sterile / /
Medium - FN Sterile Sterile Sterile / /

Femoral head 5
 Microorganism (106 CFU/mL) Cutibacterium acnes /
 Results Bone – THIO-T Sterile Sterile Sterile Positive Sterile

Medium - FA Sterile Sterile Sterile / /
Medium - FN Sterile Sterile Sterile / /

Bone samples Fragments for contamination Fragments for double
negative control

 Femoral head 6 1/5 2/5 3/5 4/5 5/5
 Decontamination and rinsing Sterile Sterile Sterile Sterile Sterile
 Microorganism (102 CFU/mL) Staphylococcus epidermidis / /
 Results Bone – THIO-T Positive Positive Positive Sterile Sterile

Medium - FA Positive Positive Positive Sterile Sterile
Medium - FN Positive Positive Positive Sterile Sterile

Colony-forming unit (CFU), thioglycollate broth with resazuin (THIO-T), bottles for aerobic (FA) and anaerobic (FN) cultivation
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Fig. 5  Histological representation of bone fragments after contamination, decontamination, and rinsing. A-F Histological representation of fresh bone 
samples (A, C, E) and frozen bone fragments after decontamination (B, D, F). In both samples, vital osteoblasts are visible along the bone surface (A, B). 
Osteocytes are present in the area of the circumferential lamella within the lacunae (C, D). Visible morphology of healthy cartilage with vital chondrocytes 
are visible (E, F). Osteoblasts, osteocytes and chondrocytes are marked with blue arrows, respectively, scale bars, 50 μm. G Testing for antibiotic residues 
using the agar diffusion test with visible inhibition zone in control sample and minimal inhibition zone in the samples. H Inhibition zone for Staphylococ-
cus aureus, Bacillus subtilis and Staphylococcus epidermidis from agar diffusion test
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Mitotic spindle parameters in osteoblasts in 3D  To 
further confirm that cells isolated from frozen bone frag-
ments are able to proliferate, we focused on describing 
mitotic cells found in cell cultures established from fresh 
and frozen bone fragments, as described above. We aimed 
to quantify the basic morphometry of mitotic spindles 
found in cultures of fresh and frozen osteoblasts, similar 
to our recent description of limbal stem cells grown in 
culture for clinical purposes [46]. Osteoblasts in culture 
were labeled with SiR-actin, DAPI, and α-tubulin-specific 
primary antibodies conjugated with a secondary antibody 
coupled to a green dye, and multiple fields of view of the 
osteoblast colonies were imaged in 3D by fluorescence 
confocal microscopy (see Methods). We observed mitotic 
cells in all phases of mitosis in cultures established from 
fresh and frozen bone fragments (Fig. 8A), indicating the 
presence of proliferating cells. The metaphase spindle 
length and width were on average 11.94 ± 1.75 μm and 
8.02 ± 0.95 μm, respectively (Fig. 8B), which aligns with 
our recent measurements of mitotic limbal stem cells 
grown in culture [46]. Our findings indicate that frozen 
bone fragments contain proliferating mitotic cells that 
can differentiate when grown in culture.

To estimate the safety of cells grown in culture by the 
above-mentioned methods, we estimated the propor-
tion of mitotic defects in proliferating cells by scoring 
the number of mitotic and mitotic-related defects in a 
fixed population of cultured osteoblasts. Defects in mito-
sis can lead to various cell cycle and growth abnormali-
ties, including aneuploidy and micronuclei formation, 
which are hallmarks of cell transformation [47]. First, we 
examined the presence of nuclear abnormalities associ-
ated with aberrant mitosis, such as abnormally shaped 
interphase nuclei with a lobed appearance, the pres-
ence of micronuclei, and the occurrence of binucleated 
cells (Fig. 8C). By scoring a large number of interphase 
cells (n = 1452), we observed that only a small fraction 
(~ 2%) of the population exhibited aberrant interphase 
nuclei in cultured osteoblasts (Fig. 8D). To further char-
acterize the proportion of cells with mitotic defects, we 
scored mitotic cells with multipolar mitotic spindles, as 
indicated by the tubulin signal, and anaphase/telophase 
cells with a chromosome bridge or lagging chromosome 
phenotype, identified by the DNA signal (see Methods). 
We found no evidence of multipolar spindles (Fig. 8E), 
while only ~ 5% of anaphase cells displayed a DNA sig-
nal within the spindle midzone, indicating a chromosome 

bridge or lagging chromosome phenotype. These findings 
suggest that mitotic aberrations are very rare in cell cul-
tures grown from both fresh and frozen bones, confirm-
ing their safety.

Overall, we demonstrated that cell cultures established 
from frozen bone fragments robustly maintain their pro-
liferative and differentiation capacities, irrespective of 
the presence of DMSO, and have low levels of mitotic 
defects. Moreover, the abundance of proliferating cells 
observed in cultures derived from both fresh and frozen 
bone fragments underscores their potential for further 
research in bone regenerative medicine.

Visualization of osteoblast cell division and morphological 
changes in 3D
We next monitored the time-lapse imaging of osteoblasts 
isolated from fresh and frozen bone fragments (n = 75) 
in vitro, immediately before and after cell division using 
3D imaging techniques (see Methods). Analysis of the 
obtained data revealed that osteoblasts isolated from 
fresh bone fragments reach a maximum recorded height 
of 10.58 ± 1.85 μm before the onset of cell division, after 
which mitosis begins (Fig. 9A). Sixty minutes after reach-
ing the maximum height, two cells appear, while over 
the next 60  min, a gradual decrease in their height is 
observed, accompanied by pronounced lamellipodia for-
mation. Compared with osteoblasts isolated from fresh 
bone fragments, osteoblasts obtained from frozen bone 
fragments reach a greater maximum height just before 
division, averaging 12.96 ± 2.39 μm (Fig. 9B). Despite this 
difference, the total duration of cell division, as well as the 
dynamics of gradual cell height reduction and lamellipo-
dia formation, remain unchanged between osteoblasts 
from fresh and frozen bone fragments. (Fig.  9). These 
results demonstrate that osteoblasts from frozen bone 
fragments not only retain the ability to undergo normal 
mitotic processes but also exhibit comparable dynamic 
behavior to those from fresh bone fragments, underscor-
ing their adaptability and regenerative potential.

Kinetics and single-cell tracking - time-lapse imaging of 
osteoblasts
We next performed single cell tracking after 25-hour-
long time-lapse imaging of fresh and frozen osteoblast 
in culture (p4) to compare movement and prolifera-
tion between fresh and frozen samples, with and with-
out cryoprotectants (Methods). The graphs display the 

(See figure on previous page.)
Fig. 6  Viability and proliferation of osteoblasts isolated from fresh and frozen bone fragments. A Viability of osteoblasts isolated from fresh bone frag-
ments and bone fragments frozen for 15 days with and without DMSO and well as 30 days with and without DMSO in passages 0, 1 and 4. Osteoblasts in 
p0 were analyzed after thawing from liquid nitrogen while osteoblasts in p1 and p4 were analyzed after culturing. B Hematoxylin-eosin (H&E) staining of 
osteoblasts and IHC detection of Ki67-positive nuclei in osteoblasts (brown staining). Osteoblasts were analyzed seventh day after cultivation (p2) show-
ing similar proliferation when isolated from both fresh and frozen bone fragments. Cells in which Ki67 is not functional, have nuclei stained purple–blue 
because of the presence of hematoxylin (H&E). Scale bars, 100 μm
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movement paths of osteoblasts (n = 187) over a 24-hour 
period (Fig.  10A-C, Additional file 2). In all the sam-
ples, considerable variability in movement patterns is 
observed, with some cells remaining almost station-
ary with minimal displacement and other cells having a 
directed migration, usually towards a group of other cells 
(Fig.  10, Additional file 2). Osteoblasts tend to move in 
multiple different directions, although in some instances, 
they have similar directed migration. This is clearly visible 
in the direction of movement of osteoblasts isolated from 
fresh bone (Fig. 10A) and deep frozen for 15 days without 
DMSO (Fig. 10C), as multiple cells show similar migra-
tion directions. Additionally, multiple osteoblasts from 
these two samples also show high persistence in their 
movement direction while osteoblasts from the other 
samples (Fig.  10B, Additional file 2) show less migra-
tion, with only a few cells showing more extensive move-
ment. Although osteoblasts mostly move at a slow, steady 
pace, osteoblasts isolated from fresh bone fragments 
(32.6 μm/h), followed by osteoblasts isolated from bone 
fragments deep frozen for 15 days in DMSO (27.0 μm/h), 
move faster than do osteoblasts in other samples (osteo-
blasts isolated from bone fragments deep frozen for 
15 days without DMSO 25.1  μm/h, bone fragments 30 
days with DMSO 24.9 μm/h and 30 days without DMSO 
24.6  μm/h) (Fig.  10E). Single-cell tracking also enabled 
tracking of cell divisions, revealing that osteoblasts iso-
lated from fresh bone fragments had the greatest num-
ber of divisions (14 divisions over 25  h) (Fig.  10A-C, 
Additional file 2). In contrast, osteoblasts from samples 
deep frozen for 15 days presented a reduced division rate 
(9 divisions), while osteoblasts from samples deep fro-
zen for 30 days presented different numbers of divisions 
(Fig. 10A-C, Additional file 2). Osteoblasts isolated from 
fragments frozen with DMSO had 10 divisions, while the 
lowest number of divisions was observed in osteoblasts 
isolated from fragments deep frozen for 30 days without 
DMSO (6 divisions). These findings correlate with the 
population doubling times calculated for the osteoblast 
populations, where osteoblasts isolated from fresh bone 
fragments exhibited the shortest doubling time (2.24 
days) (Fig. 10D).

In comparison, osteoblasts isolated from deep-frozen 
bone fragments with the cryoprotectant DMSO pre-
sented a population doubling time exceeding 3 days, 
whereas those isolated from fragments without DMSO 
presented a doubling time greater than 5 days (Fig. 10D). 
These results demonstrate that osteoblasts from fresh 
bone fragments exhibit superior migration, prolifera-
tion, and division rates compared to frozen samples, 
with cryoprotectant use partially preserving these func-
tions. However, despite slower growth, cells from bone 
fragments frozen without cryoprotectants can still be 
expanded in vitro to similar densities.

Immunophenotypic profiling of isolated cells
To determine how the expression of MSC surface mark-
ers changes in response to bone freezing, cells isolated 
from fresh and frozen bone fragments with and without 
DMSO for 15 and 30 days were immunophenotyped at 
p0 and p1. The obtained fluorescence intensity results, 
which correlate with surface markers expression, are pre-
sented in Fig. 11.

The signal from unstained samples resulting from cell 
autofluorescence is also shown as a control. The cells iso-
lated from all types of bone fragments (fresh bone and 
fragments frozen with and without DMSO under varying 
deep-freezing durations) are all negative for the hemato-
poietic and endothelial cell markers CD31 and CD34 and 
they are positive for the MSC markers CD73 and CD90, 
while exhibiting a slightly positive for CD146, a marker 
of perivascular MSCs (Fig. 11, Additional file 3). The cells 
in the fresh bone sample were very slightly positive for 
CD105. The cell population in all the samples was char-
acterized by marker profile CD31−CD34−CD73+CD90+, 
indicating a mesenchymal phenotype. However, CD105 
expression suggests that the cells have already commit-
ted to a certain differentiation lineage. Furthermore, we 
observed a reduction in CD73 expression in cells isolated 
from all frozen samples between p0 and p1. In contrast, 
CD90 expression increased in cells isolated from the 
fresh bone sample and most frozen samples, except for 
the sample deep frozen for 15 days with DMSO, where 
no increase was observed.

These findings indicate that while cells from both fresh 
and frozen bone fragments retain a mesenchymal phe-
notype, alterations in CD73 and CD90 expression key 
markers involved in adenosine-mediated immunosup-
pression and cell adhesion/stemness, respectively suggest 
that the functional regenerative capacity of these cells 
may be modified by deep-freezing.

Communication and interaction of osteoblasts in vitro 
(cellular cross-talk)
To determine whether osteoblasts grown in vitro after 
deep freezing without DMSO show signs of cell inter-
actions and communication, we imaged the cells using 
light microscopy (see Methods). We observed a high 
generation of extracellular vesicles (EVs) and various 
other membrane protrusions. As shown in Fig. 12A-F, we 
observed retraction fibers and filopodia with EVs at their 
distal ends. Filopodia carrying EVs at their ends were 
particularly prominent and were observed in numerous 
cells. Furthermore, multiple cells were connected by the 
formation of tunneling nanotubes, as shown in Fig. 12D 
and E. As shown in Fig.  12E, a thickening of the nano-
tube suggests the possible transport of particles and 
organelles from unstressed to stressed cells, which might 
support their survival after deep freezing. Osteoblasts 
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from deep-frozen samples without DMSO exhibit robust 
intercellular communication, evidenced by abundant 
extracellular vesicles, filopodia, retraction fibers, and 
tunneling nanotubes that likely facilitate particle and 
organelle transport to support cell survival.

Induction of osteogenic differentiation and evaluation of 
differentiation markers
To further evaluate the molecular and phenotypic char-
acteristics of the isolated cells, we performed osteogenic 
differentiation (Fig. 12J and K, see also Methods). Since 
fresh bone sample represent the expression status of cells 
without freezing, this sample (fresh bone 0 d) was used as 
a control for normalization of all the other samples. The 
ALPL gene expression of cells isolated from fresh bone 
fragments was reduced 7 days after the initiation of dif-
ferentiation (Fig. 12J). Alkaline phosphatase (ALP) is a 
widely recognized marker of early osteoblast differentia-
tion in vitro and plays a key role in bone formation [48, 
49].

Although ALPL expression increased after 14 days, it 
did not increase above the basal expression level (fresh 
bone 0 d) (Fig. 12J). The ALPL expression of the cells iso-
lated from a fragment deep frozen in medium containing 
DMSO before treatment (0 d) was lower than that of the 
fresh bone at the same time point (0 d). However, expres-
sion significantly increased after 7 days as well as after 14 
days post-isolation (Fig. 12J). Similarly, in cells frozen for 
15 days in medium without DMSO, ALPL expression ini-
tially decreased compared with that in fresh bone, follow-
ing a similar trend observed in cells frozen for 15 days in 
the presence of DMSO. However, after 7 days, especially 
after 14 days, ALPL expression significantly increased 
(Fig. 12J).

The organic part of the bone contains more than 30 
different proteins, with type I collagen (COL1) being the 
dominant protein (more than 90%) [50]. We explored 
the gene expression of COL1A1 in fresh bone samples 
(Fig. 12K). The expression significantly decreased after 
7 days of treatment but increased after 14 days of treat-
ment (Fig. 12K). The pattern of cells isolated from the 
fragment frozen in DMSO was similar to that of the fresh 
bone sample. After 7 days of treatment, COL1A1 expres-
sion significantly decreased, but it was upregulated after 

14 days of treatment (Fig. 12K). In contrast, cells frozen 
without DMSO, which initially presented downregula-
tion of COL1A1 compared with that in the fresh bone 
sample before treatment, presented a significant increase 
in expression after 7 days, with an even more pronounced 
increase after 14 days of treatment. These results under-
score the dynamic modulation of COL1A1 during 
osteogenic differentiation, highlighting the pivotal role 
of type I collagen in bone formation [50]. Notably, cells 
frozen without DMSO display an accelerated collagen 
expression profile and, upon reaching high confluence 
(80–90%), demonstrate a robust capacity for mineraliza-
tion even without the addition of β-glycerophosphate 
and ascorbic acid (Fig. 12G, H) [51]. This mineralization 
effect was also confirmed by von Kossa staining 21 days 
after differentiation (Fig. 12I).

Microarray analysis
Array-CGH analysis was performed on five cultured 
osteoblast samples. All samples exhibited normal copy 
number profiles, consistent with normal female genomic 
patterns. Specifically, female samples showed arr(1–
22,X)×2. No copy number variations of known clinical 
significance were detected, indicating genomic stability 
of the cultured osteoblasts.

Discussion
The clinical reimplementation of a large bone frag-
ment in open femur fractures, especially when exposed 
to the environment due to severe trauma, presents a 
major challenge for tissue banks in selecting an effec-
tive decontamination method. Reimplanting a patient’s 
own extruded bone offers significant therapeutic benefits 
particularly when the fragment is large, irregular, and 
essential for mechanical stability [21, 52, 53], . However, 
insufficient decontamination increases the risk of infec-
tion or nonunion ( [54]. This study demonstrates the suc-
cessful decontamination of a large femoral autograft and 
supports the use of autologous bone when feasible. Ster-
ilization with gamma irradiation was not considered due 
to its potential to damage viable cells and adversely affect 
the biomechanical properties of the graft, which could 
compromise its overall quality. The present case high-
lights the feasibility of reimplanting a decontaminated 

(See figure on previous page.)
Fig. 7  Osteogenic potential of osteoblasts isolated from fresh versus frozen bone. A Schematic representation of the experimental protocol used to 
obtain cells from five conditions: fresh bone (1), bone frozen for 15 days with (2) and without DMSO (3), and bone frozen for 30 days with (4) and without 
DMSO (5). B Immunofluorescence images of cells, with the number at the top left of each image corresponding to the experimental procedure in (A). 
The cells were stained with SiR-Actin to label actin filaments (magenta), DAPI to label DNA (blue), and RUNX2 primary antibodies were detected using an 
AlexaFluor-488-conjugated secondary antibody (cyan). Merged channel images are shown on the left, while the RUNX2 channel is also displayed sepa-
rately in grayscale on the right. Each image includes a zoomed-in inset of a single cell marked by a white box. Images are maximal projections of multiple 
z-stacks, with the signal in each channel normalized to a frozen bone sample. C RUNX2 mean nuclear intensity across different treatments as depicted. 
The black line indicates the mean, while the light and dark grey areas represent the 95% confidence interval and standard deviation, respectively. D 
Nuclear area across different treatments as depicted. E Scatter plot of RUNX2 mean nuclear intensity versus nuclear area, with linear regression (line) for 
each treatment. The right-side schematic corresponds to the experimental conditions. Statistics: Student’s t test. Scale bars, 50 μm
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extruded femoral segment when revascularized with 
a free vascularized fibular graft, achieving satisfactory 
biological incorporation and mechanical stability. The 
observed fracture union and graft hypertrophy within 
one year suggest that this approach can serve as a reli-
able limb-salvage procedure in selected cases of severe 
Gustilo IIIB femoral fractures. Despite postoperative 
challenges such as knee stiffness and instability, staged 

ligament reconstruction and intensive rehabilitation ulti-
mately resulted in a favorable functional recovery and 
long-term structural integrity.

To study osteogenesis, we isolated osteoblasts both 
enzymatically and through spontaneous outgrowth from 
bone fragments, preserving their native characteristics. 
We observed that cells remained viable in bone frag-
ments stored at − 80 °C, despite the common belief that 

Fig. 8  Osteoblasts isolated from fresh and frozen bones do not show signs of mitotic chromosomal instability. A Immunofluorescence images of cells 
isolated from fresh and frozen bone fragments (smaller insets) in various phases of mitosis. Cells were stained with SiR-Actin to label actin filaments 
(magenta), DAPI to label DNA (blue), and α-tubulin primary antibodies detected with an AlexaFluor-488-conjugated secondary antibody (green) to label 
microtubules. Images are shown as merged channels. Scale bars, 10 μm. B Measurements of spindle length and width across metaphase spindles in cells 
isolated from fresh and frozen bones combined. C Immunofluorescence image of cells isolated from bones frozen for 15 days without DMSO. Cells were 
stained with SiR-Actin (magenta) and DAPI (cyan) to label DNA (left). Insets highlight specific cells with abnormal nuclear morphology, as indicated by 
the boxed region on the left (right). Scale bars, 50 μm. D, E Percentage of interphase (D) and mitotic (E) cells displaying the depicted phenotypes in cells 
isolated from fresh and frozen bones combined
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no living cells can survive in bone fragments frozen with-
out DMSO. We investigated the viability of cells isolated 
from these bone fragments, both with and without the 
addition of DMSO. Cell cultures were established most 
rapidly from fresh bone fragments and from fragments 
frozen in medium containing 10% DMSO, whereas those 
from fragments stored without DMSO required a longer 
period to become established. However, once established, 
these cells exhibited high viability and pronounced 
osteogenic potential throughout subsequent passages. 
Cell viability, not only in bone but also in osteochondral 
grafts, is recognized as a key factor for successful trans-
plantation [55, 56]. Histological analysis confirmed that 
viable osteoblasts, osteocytes, and chondrocytes could be 
recovered after freezing without cryoprotectants. In large 
osteochondral grafts, lower cell viability may be due to 
limited penetration of cryoprotectants into deeper layers, 

a problem observed in previous studies [57]. Their results 
show some chondrocyte survival occurs even without 
cryoprotectants. Similarly, our results show that large, 
frozen bone fragments retained viable osteoblasts, likely 
protected by their extracellular matrix. However, cryo-
protectants are commonly used to increase cell survival, 
they can also be harmful [58, 59]. From these findings, we 
conclude that osteoprogenitor cells are most likely pro-
tected from cryoinjury by the bone matrix. Given that 
bone tissue contains very low water content, the risk of 
ice crystal formation and consequent cellular damage 
(cryoinjury) is significantly reduced.

Since cells could be cultured from frozen bone with-
out cryoprotectants, we analyzed their morphology and 
molecular characteristics in cell culture and imunocy-
tochemically. The isolated cells displayed typical osteo-
blastic shapes, with some exhibiting dendritic extensions 

Fig. 9  Osteoblast cell division in 3D A. Osteoblasts isolated from fresh bone fragments initially reach a height of approximately 3.5 μm in culture. Just 
before division, they grow to 8.9 μm within 20 min, peaking at 10.4 μm after an additional 20 min. At this point, cell division becomes visible, with two 
daughter cells measuring 9.2 μm appearing after 60 min. In the following hour, the height of the cells gradually decreases, and lamellipodia begin to 
form. B Osteoblasts isolated from frozen bone fragments grow to approximately 5.7 μm in height in culture. Before division, they increase to 9.7 μm within 
20 min and reach a peak of 13.1 μm after another 20 min. Cell division is clearly visible at this stage, with two cells of 11.3 μm emerging after 60 min. Over 
the next hour, the height of the cells gradually decreases, accompanied by the formation of lamellipodia
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Fig. 10 (See legend on next page.)
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suggestive of osteocyte-like forms. However, as osteo-
cytes are terminally differentiated and do not divide, the 
dividing cells are more likely osteoblasts, pre-osteoblasts, 
or osteoprogenitor cells. These retain proliferative capac-
ity, unlike osteocytes, which are embedded in matrix and 
long-lived [60]. Our observations align with prior find-
ings on osteogenic cell morphology [61, 62].

Regarding proliferative capacity, our findings suggest 
that osteoblasts isolated from fresh bone fragments pos-
sess the highest proliferative capacity, as evidenced by 
both single-cell tracking data, which monitored a small 
subset of cells (Fig. 10A-C, Additional file 2), and the 
population doubling times calculated for the entire cell 
population (Fig. 10D). The population doubling time 
of osteoblasts indicates that their proliferative capacity 
depends on the presence of the cryoprotectant DMSO. 
However, the proliferation index, calculated based on 
immunocytochemical analysis of Ki67 staining, showed 
that proliferative activity in p2 was similar in both fresh 
and frozen bone fragments, regardless of DMSO pres-
ence. Therefore, osteoblasts isolated from frozen bone 
fragments still retain the ability to proliferate through 
subsequent passages. Additionally, both the analysis of 
RUNX2 expression [63] and the morphometric assess-
ment of mitotic spindles suggest that the proliferative 
capacity of osteoblasts remains comparable between cells 
cultured from fresh and frozen bone samples, regard-
less of DMSO presence. Mitotic morphology, which has 
been only sparsely reported in previous studies of osteo-
blasts derived from bone samples, was consistent across 
all groups and closely resembled spindle architectures 
observed in our recent study of limbal stem cells cultured 
prior to clinical application [46]. These findings indicate 
that osteoblasts isolated from frozen bone fragments 
retain the capacity to proliferate through subsequent 
passages.

To investigate osteoblast behavior, including migra-
tion and proliferation, over an extended period of time, 
we observed osteoblasts change their morphology dur-
ing movement and division. Single-cell tracking revealed 
that all of the samples contained more static osteoblasts 
alongside a more migratory subset of osteoblasts. Nota-
bly, osteoblasts tend to form small colonies, and after 
division, daughter cells migrate toward neighboring 
osteoblasts. Owston compared the behavior of peri-
osteum and bone marrow MSCs and discovered that 
periosteum-derived MSCs have reduced migration (20.4 

μm/h for migratory cells) when compared to bone mar-
row MSCs (30.0 μm/h for migratory cells). The osteo-
blasts we analyzed over a five-day period exhibited 
migration speeds consistent with these findings, sug-
gesting that osteoblasts and MSCs share similar motility 
characteristics (Fig. 10E). Although osteoblasts isolated 
from fresh bone fragments have the highest speed and 
deep freezing affected the migration speed of osteoblasts, 
it still remained within the range reported for MSCs by 
Owston [64]. Additionally, our goal was to observe real-
time changes in osteoblasts from both fresh and fro-
zen bone samples, including size, shape, and behavior 
before and after cell division. Using advanced imaging, 
we obtained a more detailed picture of morphological 
changes than traditional methods allow. Importantly, 
continuous monitoring of live cells under stable culture 
conditions eliminated the need for staining and mini-
mized disruption, allowing for long-term observation of 
cell proliferation, migration, and division. To our knowl-
edge, this single-cell tracking approach has not been 
previously described for osteoblasts isolated from bone 
fragments.

Immunophenotyping showed high mean fluorescence 
intensity (MFI) values for the cell surface markers CD73 
and CD90 in all osteoblast samples, while slightly lower 
values were recorded for CD146 and CD105. Low expres-
sion levels were also observed for CD31 and CD34 (Fig. 
11). These results indicate that the isolated osteoblasts 
are of mesenchymal origin. We observed that CD73 
expression decreased from p0 to p1, with the highest 
intensity detected in vitro in osteoblasts isolated from 
bone fragments stored for 30 days without DMSO. These 
findings suggest that CD73 promotes osteoblast differen-
tiation, as previously reported [65]. The marker CD90, a 
membrane protein associated with osteoprogenitor cells, 
was also highly expressed in most samples, except for 
those derived from fresh bone at p0. Since its expression 
decreases as osteoblasts mature, the elevated intensity of 
CD90 observed in later passages aligns with earlier stud-
ies [66]. CD146 has been described as a marker of peri-
cytes, MSCs, and osteoblastic cells, with its expression 
linked to the progenitor functions of MSCs, including 
differentiation into osteoblasts. Our results show lower 
expression of CD146 compared to other mesenchymal 
markers in p0 and p1, consistent with previous find-
ings that identify CD146-positive cells as a progenitor 
cell population [67]. CD105 was weakly expressed in all 

(See figure on previous page.)
Fig. 10  Single-cell tracking and proliferation dynamics of osteoblasts. Data on cell divisions and motility were collected for osteoblasts isolated from A 
fresh bone, B bone fragments frozen for 15 days with DMSO, C bone fragments frozen for 15 days without DMSO. The tracking of individual cells is repre-
sented by the corresponding cell view at the time point indicated by the green line on the tree plot. Cell movement is depicted as lines connecting the 
initial and final positions of each tracked cell, with each movement trajectory color-coded accordingly. The population doubling time D was determined 
following the seeding of 30 000 osteoblasts, which were cultured for a period of 5 days to allow for proliferation. The average speed of osteoblasts E was 
calculated from the movement data recorded over a 5-day monitoring period
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Fig. 11 (See legend on next page.)
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samples, with the highest levels observed in fresh bone. 
We also noted low expression of CD105, indicating a sig-
nificant loss of mesenchymal stem cell markers across 
passages, which is consistent with previously published 
results for MSCs [68]. Recent research suggests that dif-
ferent areas within skeletal tissues, such as bone marrow, 
articular cartilage, and periosteum, may exhibit distinct 
combinations of cellular markers and have multiple, 
functionally diverse stem cell populations [69].

In the scope of this study, we aimed to identify and 
characterize osteoprogenitors and osteoblasts, whose 
phenotype is strongly evidenced by the detection of 
RUNX2, a master regulator of osteogenesis ( [70, 71]. 
While RUNX2 guides differentiation of MSCs into osteo-
progenitors, the expression of ALPL and COL1A1 genes 
reflects transitions of preosteoblasts into osteoblasts 
[42]. These genes serve as markers of early differentia-
tion into the osteogenic lineage, given they have a criti-
cal role in the synthesis of bone matrix [70, 72]. The results 
regarding ALPL gene expression indicate that, although 
cryopreservation initially suppresses its early expression, 
cells from deep-frozen bone fragments ultimately exhibit 
a robust osteogenic response over time. This highlights 
their preserved capacity for bone formation. Consistent 
with these findings, the upregulation of ALPL as well as 
COL1A1 during the differentiation period further con-
firmed the isolated cells are osteoprogenitors and osteo-
blasts as well as their osteogenic potential. Interestingly, 
samples frozen without cryoprotectants initially showed 
reduced marker expression but later exhibited a strong 
increase, indicating retained differentiation capacity.

We also observed intercellular communication struc-
tures, including extracellular vesicles (EVs) and mem-
brane protrusions. EVs play a central role in bone 
formation by transporting minerals and enzymes 
required for matrix mineralization [49, 73], . In our cell 
cultures, matrix production occurred spontaneously once 
cells reached high density which is in accordance with 
results of Kulterer ( [74] which observed black regions in 
cell monolayer seven days into osteogenic differentiation 
of bone marrow-derived MSC. Generally, osteoblasts 
generate mineralized bone matrix primarily through 
the production of specialized EVs [49,73]. These EVs are 
equipped with all the components necessary for forma-
tion of mineral hydroxyapatite. They possess calcium 
ion channels and monophosphate channels within their 

membranes, facilitating the import of key components 
necessary for hydroxyapatite synthesis. Additionally, 
their membranes contain the enzyme ALP, which is criti-
cal for the hydrolysis of pyrophosphate (a known inhibi-
tor of mineralization) into monophosphate, which can 
subsequently be imported into the EVs for hydroxyapa-
tite synthesis [49, 73]. While EVs typically support min-
eralization, their increased production, along with other 
structures like filopodia and nanotubes, is also associated 
with cellular stress responses ( [75]. These authors also 
describe how these structures may help cells survive and 
communicate following freezing-induced stress (stressed 
cells send a “call for help” to the surrounding cells). In 
particular, tunneling nanotubes previously shown to aid 
in survival and signal exchange between stem cells ( [76], 
may play a similar role in frozen osteoblasts. The high 
production of EVs and protrusions in cells frozen with-
out cryoprotectants suggests a strong capacity for recov-
ery and interaction despite temperature stress. EVs are 
essential for osteoblast communication and the regula-
tion of bone remodeling, facilitating interactions with 
other osteoblasts, osteoclasts, and MSCs. They serve as 
key sites for initiating mineralization and carry signaling 
molecules that support the bone microenvironment ( [77, 
78]. Therefore, studying EV-mediated communication in 
vitro offers valuable insight into bone biology especially 
when comparing fresh and frozen bone-derived cells.

Direct quantification of mitotic defects in cultured 
osteoblasts is limited in the current literature. Here we 
show that osteoblasts cultured from both fresh and fro-
zen bone samples, regardless of the presence of DMSO, 
exhibited minimal levels of aberrant interphase nuclear 
morphology, spindle geometry defects, and anaphase 
errors. These findings are consistent with our recent 
study on limbal stem cells grown in culture for clinical 
application [46]. As such abnormalities are considered 
hallmarks of tumorigenic potential in human somatic 
cells [79], we infer that osteoblasts derived from both 
fresh and cryopreserved bone samples, with or without 
DMSO, do not exhibit tumorigenic properties, thereby 
supporting their safety for potential clinical applications. 
We acknowledge that our conclusion regarding chromo-
somal stability is based on morphological assessment of 
mitotic and interphase integrity. Additionally, microar-
ray analysis further substantiates the safety and chromo-
somal stability of all samples of cultured osteoblasts.

(See figure on previous page.)
Fig. 11  Immunophenotyping of cells. The results obtained by setting the gating parameters in flow cytometry are shown. Initially, aggregates of cells (A) 
and cells expressing the CD45 marker (B) were excluded from the analysis. Next, only region containing CD14-CD19- viable cells was selected for further 
analysis (C). Histograms obtained after the analysis of osteoblast cells isolated from fresh bone tissue (D) and tissue frozen with and without DMSO over 
a 15-day (E, F) and 30-day period (G, H) using the DxFlex flow cytometer. The cells were analyzed using DuraClone tubes containing antibodies for the 
markers CD14, CD19, CD31, CD34, CD45, CD73, CD90, CD146, and CD105. In addition to the sample label, the histograms show autofluorescence and the 
expression of surface receptors for markers CD31, CD34, CD73, CD90, CD146, and CD105 from p0 and p1. Below each histogram, the surface marker and 
the fluorochrome used to label the antibodies in the DURAClone tube are indicated. (I) Comparison of surface level markers mean fluorescence intensity 
(MFI) for all the samples in p0 and p1. The results were processed using the FlowLogic software
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Fig. 12  Direct and indirect communication of osteoblasts and gene expression of markers of osteogenic differentiation. Osteoblasts from bone deep 
frozen for 15 days without DMSO exhibit indirect communication by (A-C) filopodia and retraction fibers, direct communication by tunneling nanotubes 
(stressed cells send a “call for help” to the surrounding cells) (D, E), and filopodia (F). Production of bone matrix in cell culture, marked with orange arrow 
(G, H). Detection of mineralized matrix by von Kossa in bone fragment 15d w/o DMSO, marked with orange arrow (I), scale bars: A-H 10 μm, I 50 μm. (J) 
Cells isolated from frozen bone fragments presented a significant increase in ALPL expression. (K) Cells isolated from bone fragments deep frozen without 
DMSO presented a significant increase in COL1A1 expression. The data were normalized to the expression levels in fresh bone before differentiation (fresh 
bone 0d). Welch’s t-tests were performed for each sample in comparison to its control (0d), n = 3
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Although this study offers valuable insights into areas 
previously unexplored, several limitations must be 
acknowledged. First, the decontamination protocol was 
validated exclusively against Gram-positive microorgan-
isms, which are the most common contaminants of mus-
culoskeletal grafts. However, Gram-negative bacteria, 
though less frequently encountered, were not included 
in the validation, highlighting the need for future stud-
ies to evaluate the protocol’s efficacy against a broader 
spectrum of pathogens. Another limitation concerns 
the biological variability inherent in donor-derived sam-
ples. While comprehensive analyses were conducted on 
osteoblasts isolated from both fresh and frozen bone 
fragments stored under various conditions (with and 
without cryoprotectant, at 15 and 30 days), expanding 
the number of donors in future research would enhance 
the generalizability and robustness of the findings. Fur-
thermore, we acknowledge the limitation that, due to the 
small sample size, a formal power analysis could not be 
conducted. Nevertheless, we believe that the combina-
tion of validation of the decontamination method, histo-
logical examination, and comprehensive cytogenetic and 
functional cellular analyses provides sufficient evidence 
to support our preliminary findings.

Conclusion
The success of large autologous bone grafts depends on 
both effective decontamination and the preservation of 
viable osteoblasts after freezing. Our multidisciplinary 
findings demonstrate that frozen autografts, are safe and 
retain osteogenic potential in vitro. Osteoblasts remained 
metabolically active and capable of differentiation across 
multiple passages, supporting their role in bone regen-
eration and matrix maintenance. Clinically, the successful 
reimplantation of the large autologous bone graft con-
firms that appropriately decontaminated and preserved 
frozen bone can achieve osteointegration, representing a 
reliable limb-salvage strategy in cases of extensive bone 
loss.
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