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Abstract Bone allografts are clinically used in a
variety of surgical procedures, and tissue banks are
responsible for harvesting, processing, quality test-
ing, storing, and delivering these materials for trans-
plantation. In tissue banks, the bone is processed for
the removal of all organic content, remaining only the
tissue structure (scaffold). However, several studies
have shown that even after using different processing
methods, viable cells, functional proteins, and DNA
may still persist in the tissue, which constitute the
main causes of graft rejection. Therefore, the objec-
tive of this study was to establish techniques and
biological parameters for quality validation of allo-
grafts. To this end, we propose the use of 3 combined
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methods such as microscopy, histology, and molecu-
lar biology techniques to evaluate the quality of
allografts harvested and processed by the Brazilian
National Institute of Traumatology and Orthopedics
(INTO) tissue bank according to the donation criteria
of the Brazilian National Health Surveillance Agency
and the Brazilian National Transplant System. Bone
fragments from different processing stages showed
no viable cells on histology, an intact extracellular
matrix on scanning electron microscopy, and gradual
reduction in DNA amount. Different techniques were
used to demonstrate the quality of allografts produced
by the INTO tissue bank and to establish biologi-
cal parameters for ensuring the safety and quality of
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these products. Future studies need to be undertaken
to assess and validate the efficacy of the decellu-
larization process in larger bone grafts with diverse
architectural configurations.

Keywords Allograft - Decellularization - Tissue
bank - Bone regeneration

Introduction

Fracture incidence is expected to increase with a pro-
portional increase in the prevalence of complex clini-
cal situations, such as pseudarthrosis, bone defects
caused by high-energy trauma, infection, and tumor
resection (Curtis et al. 2016). In these situations, tis-
sue integrity is not restored spontaneously, requiring
surgical treatment with the use of grafts for mechani-
cal stabilization and filling of the bone defect (Wiese
and Pape 2010). Although autologous bone graft is
considered the gold standard for stimulating bone
healing, there is limited supply and high morbid-
ity associated with autograft harvest (Hernigou et al.
2005; Sohn and Oh 2019). Allografts are an alterna-
tive to autologous bone grafts, as they are taken from
human cadavers, which can include a greater variety
of sizes and shapes and cause no pain to the patient.
Allografts are obtained from tissue banks that har-
vest, process/decellularize, and store these tissues
(Damien and Parsons 1991).

Decellularization methods may be physical or
mechanical (using freeze-drying, cryopreservation
or freezing), chemical, (using oxidizing agents that
hydrogen peroxide), or enzymatic (using proteins
such as trypsin and dispase) (Crapo et al. 2011; Gar-
din et al. 2015; Chen and Lv 2017). All decellulari-
zation protocols aim to remove the cellular content,
reduce tissue antigenicity, and produce a scaffold
with a preserved extracellular matrix (ECM) that sup-
ports tissue regeneration (Varettas and Taylor 2011;
Urciuolo and De Coppi 2018).

However, several studies have shown that viable
cells, functional proteins, and DNA may persist in the
tissue even after the employment of different decellu-
larization methods (Civril et al. 2013; Coutinho et al.
2017; Fretwurst et al. 2014). There have also been
reports of inflammatory reactions and anti-HLA sen-
sitization due to the presence of allograft-associated
DNA (Lacerda et al. 2016).
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These studies raise questions about allograft qual-
ity and show the lack of consensus and parameters
to assess allograft quality and degree of decellulari-
zation. Therefore, the objective of this study was to
establish techniques and biological parameters for
validation of allografts from the Brazilian National
Institute of Traumatology and Orthopedics (Instituto
Nacional de Traumatologia e Ortopedia-INTO) tissue
bank.

Materials and methods
Study design, ethical aspects, and eligibility criteria

This was an in vitro, prospective study with human
bone samples from the INTO tissue bank. The
research project was approved by the Institutional
Research Ethics Committee (CAAE protocol no.
50696321.7.0000.5273). Study samples were har-
vested by the INTO tissue bank for clinical use and
are in accordance with the criteria for allograft dona-
tion of the Brazilian National Health Surveillance
Agency (RDC 220/2006 ANVISA) and the Brazilian
National Transplant System.

Allograft harvesting and preparation

All processing operations were conducted in an ISO 5
clean room at the INTO tissue bank. After harvesting,
the femoral heads were frozen in a mechanical freezer
at —80 °C for at least 6 months. Then, the femoral
head was thawed, removed from its sterile triple bag,
placed in a surgical lathe, and finally sectioned into 2
parts by a longitudinal cut along its greatest diameter.

A Jamshid biopsy needle was used to extract 30
cylindrical fragments of approximately 30 mg from
different tissue sites. The fragments were placed in
a sterile flask with 30 mL of 10% hydrogen peroxide
and subjected to 2 washing cycles at 40 Hz for 5 min
in an ultrasonic cleaner (L100, Schuster, Rio Grande
do Sul, Brazil). The hydrogen peroxide solution was
discarded, the bone fragments were collected with
a stainless steel sieve and relocated to a new sterile
flask with absolute ethanol for an additional cycle of
40 Hz for 5 min in the ultrasonic cleaner. The frag-
ments were then placed in a glass basin for washing
with 0.9% saline and antibiotic solution. After pro-
cessing, the bone fragments were stored at —80 °C
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or assigned to allograft quality assessment assays
(Fig. 1).

Histological processing

After processing, the bone fragments were fixed in
4% paraformaldehyde in phosphate-buffered saline
solution for 24 h and decalcified for approximately
3 days in 10% nitric acid solution (Vetec-Sigma-
Aldrich). The samples were then embedded in par-
affin to obtain 5-pm thick histological sections and
stained with hematoxylin and eosin (H&E). Images
were obtained using an EVOS optical microscope
(Thermo Fisher).

Immunofluorescence

The allografts were decalcified in 10% EDTA (Sigma-
Aldrich) for 4 weeks and processed for paraffin
embedding and sectioning as previously described.
To confirm the presence of cells in the tissue, the his-
tological sections were incubated in citrate buffer (pH

Allograft process

6.0) at 96 °C for 40 min and subsequently with 10%
bovine serum albumin solution (Sigma-Aldrich) for
1 h. The slides were washed 3 times with tris-buffered
saline, and the nuclei were stained with 1 ug/mL of
4',6-diamidino-2-phenylindole  solution  (sc-3598,
Santa Cruz Biotechnology, Texas, USA). Images
were obtained using an EVOS microscope (Thermo
Fisher).

Scanning electron microscopy

The allograft was fixed with 2% glutaraldehyde
(Merck, Darmstadt, Germany) in 0.1 M of sodium
cacodylate buffer for 2 h and post-fixed with 1%
osmium tetroxide solution for 30 min. The allograft
was subsequently dehydrated through a series of
ethyl alcohol solutions (Sigma-Aldrich, Missouri,
United States) at increasing concentrations from 30
to 100%. At the end of the dehydration process, the
samples were immersed in an ethanol-hexamethyldis-
ilazane (HMDS) (Sigma-Aldrich) solution (1:1, v/v)
for 30 min and then incubated with HMDS for 12 h.

Quality assessment methods

Fig. 1 Allograft processing and quality assessment. Allograft
processing: the femoral head was thawed and cut longitudi-
nally, and a section of the bone was subsequently supported in
a press. A biopsy needle was used to obtain cylindrical frag-
ments of bone tissue from different parts. Finally, the frag-

ments underwent washing cycles in an ultrasonic bath with
hydrogen peroxide, alcohol, saline, and antibiotic solution.
Quality assessment methods: after processing, the bone frag-
ments underwent histological evaluation, immunofluorescence,
scanning electron microscopy, and DNA quantification
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For visualization under scanning electron microscopy
(SEM) (Quanta 400, Thermo Fisher), the samples
were mounted on carbon tape and coated with a layer
of gold for 3 min. Image acquisition and analysis
were performed under low vacuum at 15 kV.

DNA quantification

The allograft fragments were incubated with the lysis
solution from the Wizard® Genomic DNA Purifica-
tion Kit (Promega, Wisconsin, USA) in a water bath
at 55 °C for 12 h. Magnetic beads were subsequently
placed in the tubes, and the tissue was fragmented
through 4 rotation cycles at 3,733 rpm for 40 s with a
disruptor tissue (L-BEADER 24, Loccus, Sao Paulo,
Brazil). DNA extraction was conducted according to
the protocol recommended by the kit’s manufacturer

Fig. 2 (a) Bone fragments
from different process-

ing stages. The recently
harvested tissue is very
reddish, and during the
process, the color gradually
fades until it becomes whit-
ish. (b, d) Histological sec-
tion of the allograft pre- and
post-processing with H&E
staining, respectively. DAPI
staining showing resident
cells before processing (c¢)

and elimination of resident b 7
cells after processing (e). \
Scale bar=100 pm
P,
d
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(Wizard® Genomic DNA Purification Kit). The DNA
was quantified with a spectrophotometer (Nanodrop,
Thermo Fisher, Massachusetts, USA) (Fig. 4a).

Statistical analysis

The results were expressed as mean+SD and
compared using ANOVA. The nonparametric
Kruskal-Wallis test was used to compare 3 samples,
and a p value < (0.05 was considered significant.

Results

Two femoral heads from male donors aged between
43 and 52 years, were sourced from the INTO Tis-
sue Bank. The samples were collected between
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December 2018 and January 2019, respectively.
The allografts were harvested and frozen for at
least 6 months before being subjected to the decel-
lularization process, with successive washings, as
described in Fig. 1.

A macroscopic evaluation of the bone fragments
at different processing stages revealed gradual loss
of color until the tissue was whitish in the last stage,
suggesting the absence of cellular content (Fig. 2A).
To confirm the elimination of resident cells, a com-
parative microscopic analysis of the tissue was per-
formed before (Fig. 2B, D) and after (Fig. 2C, E)
the application of the decellularization protocol. The
tissue initially contained numerous osteocytes in the
matrix (Fig. 2B), as well as cell nuclei stained with
DAPI (Fig. 2C). After the decellularization process,
these cells were eliminated (Fig. 2D and E).

A complementary analysis with SEM showed loss
of the cells adhered to the bone matrix and that the
three-dimensional structure, structural architecture,
and ECM of the allograft remained intact after the
decellularization protocol was employed (Fig. 3).

Fig. 3 Structural aspects

of the allograft on scanning
electron microscopy. (a, b)
Allograft before process-
ing showing numerous

cells adhered to the bone
matrix. (¢, d) Allograft after
processing showing absence
of cells and intact extracel-
lular matrix

Tissue fragments from 3 different processing
stages (in natura, post-frozen, final product) under-
went a DNA extraction protocol (Fig. 4A). DNA
content decreased from 85.66+9.01 ng DNA/mg
tissue in the in natura sample to 22.44+2.17 ng
DNA/mg tissue in the post-frozen sample and to
17.76 +1.18 ng DNA/mg tissue in the final product
sample, accounting for a 79.26% reduction from the
in natura stage to the final product stage (p=0.005)
(Fig. 4B).

Discussion

The increased incidence of bone defects, especially
of those caused by high-energy trauma or nonunion,
requires increasing amounts of bone grafts, and tissue
repair with bone allografts is a relevant alternative to
autologous transplantation, which has major supply
limitations despite being the gold standard (Sohn and
Oh 2019). Bone allografts provide a unique natural
microstructure that not only has similar components
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Fig. 4 DNA quantification in allografts. (a) Protocol steps
used for DNA extraction. (b) DNA amount in the in natura,
post-frozen, and final product stages of 10 fragments from allo-

to the bone, but also has similar porosity and pore
size, which can promote osteoinduction and osteo-
genesis, leading to bone mineralization.

Despite the clear importance of allografts, con-
sensus about the best decellularization method and
about which biological parameters should be used
to evaluate allograft suitability for transplantation is
lacking. An optimal decellularization method should
remove all cellular components without changing the
mechanical and biological properties of the native
bone, allowing cellular function, cellular interaction,
and cellular differentiation (Kim et al. 2019; Keane
et al. 2015). Due to the great national relevance of the
INTO tissue bank, the INTO should play a key role in
the establishment of acceptable biological parameters
for allograft validation.

The femoral head was chosen because it is one
of the bone segments most commonly requested for
orthopedic surgery due to the good quality and quan-
tity of trabecular tissue. Therefore, we included sam-
ples from 2 patients for analysis by our study group.
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grafts obtained from 2 femoral heads. The graph represents the
mean and standard deviation

The gradual loss of color and the macroscopic struc-
ture observed throughout the decellularization pro-
cess suggest that the samples were decellularized.
This evaluation parameter is commonly used in the
devitalization of organs such as the liver (Crapo et al.
2011), heart (Wainwright et al. 2010), and skeletal
muscle (Miranda et al. 2021).

On slides stained with H&E, osteocytes within
the bone defect were eliminated after material pro-
cessing. This is the most commonly used parameter
to indicate tissue devitalization (Lee et al. 2016; Xu
et al. 2017). Likewise, SEM and nuclear labeling with
DAPI were consistent with the results obtained with
H&E and support the hypothesis that cell components
were successfully eliminated, as observed in decellu-
larization assessment tests (Gardin et al. 2015).

Quantification of genetic material revealed resid-
ual DNA still present in the sample. At the end of
the process, DNA content was consistent with other
studies that produced decellularized bone (Hashimoto
et al. 2011; Rasch et al. 2019) and was <50 ng DNA/
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mg tissue, which is the value proposed by Crapo in
2011 as a criterion for bone tissue decellularization
(Crapo et al. 2011). According to the literature, the
presence of DNA in small amounts is acceptable and
found even in commercially available allografts. This
is due to technical limitations that make it impossible
to completely remove biological material (Badylak
and Gilbert 2008). Finally, by SEM analysis, we dem-
onstrated preserved ECM properties.

Thinking about the use of this allograft as a scaf-
fold capable of stimulating bone regeneration, we
associated it with bone marrow mesenchymal stem
cells and, through a murine model, we demonstrated
that allografts were able to promote bone neoforma-
tion (da Rocha et al 2023). Now, further studies need
to be conducted first to demonstrate the efficacy of
the decellularization process in larger bone grafts
and second, demonstrate that this bones with distinct
architecture also have the ability to stimulate bone
formation and ability to support/form a medullary
microenvironment.

Conclusion

With the set of techniques used in this study, it was
possible to perform macroscopic and microscopic
analyses that allowed us to ensure the quality of the
material offered and the safety of bone transplanta-
tion with the use of allografts. In addition, because
the techniques are reproducible, we believe that the
establishment of these techniques may help other tis-
sue banks validate their processing operations and
improve quality and safety standards.
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