Injury 54 (2023) 110777

Contents lists available at ScienceDirect

Injury

ELSEVIER journal homepage: www.elsevier.com/locate/injury

Check for

A new option for bone regeneration: a rapid methodology for e
cellularization of allograft with human bone marrow stromal cells with in
vivo bone-forming potential™

Leonardo Rosa da Rocha™’, Rhayra Braga Dias”, Marco Bernardo Cury Fernandes ",
Rafael Prinz”, Thiago Penna Eirado b Isabela de Souza Costa”, Mauricio J. Monteiro ¢,
Cristiane Evelise Ribeiro da Silva“, Claudio Teodoro dos Santos “, Fabricio Fogagnolo ©

@ Teaching and Research Division, Instituto Nacional de Traumatologia e Ortopedia Jamil Haddad (INTO), Av. Brasil, 500, Rio de Janeiro, RJ 20940-070, Brazil

b Teaching and Research Division, INTO, Av. Brasil, 500, Rio de Janeiro, RJ 20940-070, Brazil

¢ Materials Division, Instituto Nacional de Tecnologia (INT), Av. Venezuela 82, Rio de Janeiro, RJ 20081-312, Brazil

d Materials Division, INT, Av. Venezuela 82, Rio de Janeiro, RJ 20081-312, Brazil

€ Department of Orthopaedics and Anaesthesiology, Ribeirao Preto Medical School, Universidade de Sao Paulo (USP), Av. Bandeirantes, 3900, Sao Paulo, SP 14049900,
Bragil

ARTICLE INFO ABSTRACT
Keywords: The treatment of severe musculoskeletal injuries, such as loss of bone tissue and consolidation disorders, requires
Allografts bone transplantation, and the success of this bone reconstruction depends on the grafts transplant’s osteogenic,

Bone marrow stromal cells
Bone regeneration
Bone bioengineering

osteoconductive, and osteoinductive properties. Although the gold standard is autograft, it is limited by avail-
ability, morbidity, and infection risk. Despite their low capacity for osteoinduction and osteogenesis, decellu-
larized bone allografts have been used in the search for alternative therapeutic strategies to improve bone
regeneration. Considering that bone marrow stromal cells (BMSCs) are responsible for the maintenance of bone
turnover throughout life, we believe that associating BMSCs with allograft could produce a material that is
biologically similar to autologous bone graft. For this reason, this study evaluated the osteogenic potential of
bone allograft cellularized with BMSCs. First, BMSC was characterized and allograft decellularization was
confirmed by histology, scanning electron microscopy, and DNA quantification. Subsequently, the BMSCs and
allografts were associated and evaluated for adhesion, proliferation, and in vitro and in vivo osteogenic potential.
We demonstrated that, after 2 hours, BMSCs had already adhered to the surface of allografts and remained viable
for 14 days. In vitro osteogenic assays indicated increased osteogenic potential of allografts compared with beta-
tricalcium phosphate (-TCP). In vivo transplantation assays in immunodeficient mice confirmed the allograft’s
potential to induce bone formation, with significantly better results than p-TCP. Finally, our results indicate that
allograft can provide structural support for BMSC adhesion, offering a favorable microenvironment for cell
survival and differentiation and inducing new bone formation. Taken together, our data indicate that this rapid
methodology for cellularization of allograft with BMSCs might be a new therapeutic alternative in regenerative
medicine and bone bioengineering.

Introduction insufficient blood supply[1,2]. According to Moore et al., for a bone
graft to be considered ideal, it must contain 3 complementary proper-

Bone grafting is one of the most widely used orthopedic surgical ties: osteogenesis, osteoinduction, and osteoconduction[3]. The graft’s
procedures to support bone regeneration in suboptimal conditions, such biological capacity consists of the sum of these basic biological func-
as delayed healing, nonunion, bone defect, poor bone quality, or tions. Autografts are considered biologically ideal[4], with the iliac crest
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being the most common source[5]. However, an additional surgical
procedure is required to collect, which can result in complications, such
as chronic pain, infection, local sensory loss, and instability of the donor
site, which can occur in 8.6 to 30% of patients[6-8]. Furthermore, the
amount of material that can be removed from this site is limited[9,10],
which is the main problem. On average, the volume of cortical-spongy
bone available for collection in the anterior and posterior iliac crest is
16 to 26 cm® and 34 cm3, respectively[11].

In situations where autografts are insufficient or impossible, a widely
used alternative is allograft, which currently represents 34% of bone
grafts[6,12]. Allografts provide a microstructure to sustain vasculari-
zation, bone growth, and remodeling during the incorporation period,
maintaining osteoconductive potential[13]. One disadvantage of allo-
grafts is that the material must be sterilized and decellularized to
minimize the risk of disease transmission and immune reactions[14].
However, these procedures can alter the material’s biological and me-
chanical properties, and significant problems often arise from the
devitalized allograft’s reduced capacity to incorporate into host bone
due to a lack of functional bone forming cells[15,16]. One potential
treatment strategy entails isolating bone marrow stromal cells (BMSCs)
from the patient, expanding them in culture to form cell sheets, and
wrapping these sheets on devitalized allografts as a tissue-engineered
periosteum prior to transplantation[17].

After many years of evaluating their potential and characterization,
today we know that the BMSCs are a set of highly heterogeneous cells
isolated from stromal bone marrow that contain both multipotent cells
(currently called “skeletal stem cells™), progenitors in different stages of
differentiation, and terminally differentiated cells[17-19]. BMSCs are a
candidate for bone regeneration therapy due to their unique biological
properties, such as innate osteogenicity and the lifelong promotion of
bone mass replacement[20]. Thus, we hypothesized that associating
allograft with BMSCs could produce a material that is biologically
similar to autologous graft, mimicking bone tissue’s microenvironment
and facilitating the bone neoformation process. In the present study, we
analyzed the in vitro and in vivo osteogenic potential of allograft asso-
ciated with BMSCs.

Materials and methods
Study design

This study involved in vitro and in vivo experimental research. The
study design, the procedures used for its execution, and the sample
collection were approved by the institutional ethics committee (no.
21778619.9.0000.5273).

Sample donor eligibility criteria

For this study, adults aged > 18 years of both sexes undergoing
surgery for total hip replacement between February 2020 and January
2021 were invited to donate the discarded acetabular bone/marrow.
After providing written informed consent to donate the samples, a brief
questionnaire was applied to assess previously diagnosed comorbidities
and the risk of blood-borne infections. Exclusion criteria are described in
Supplemental table 1.

Sample collection and processing

Acetabular bone fragments were collected and processed immedi-
ately after harvesting or after a maximum of 12 hours of storage at 2-8°C
in o-minimum essential medium (a-MEM, LGC Biotechnology, Sao
Paulo, SP, Brazil) supplemented with 20% fetal bovine serum (FBS,
Gibco/Thermo Fisher, Waltham, MA, USA)[21].
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Preparation of bone marrow cell suspensions

The complete protocol has been described in previous publications
by this group[22,23]" In brief, for bone marrow cellular dissociation, the
bone fragments underwent vigorous mechanical homogenization with
phosphate-buffered saline (PBS, Amresco, Solon, OH, USA). The
collected marrow suspension was centrifuged at 300 xg for 5 minutes.
The pelleted cells were resuspended in a-MEM supplemented with 20%
FBS. To determine the total number of nucleated cells obtained, an
aliquot of the marrow suspension was diluted in an appropriate amount
of 2% glacial acetic acid for red blood cell lysis, followed by loading in a
modified Neubauer chamber for cell counting.

BMSC isolation and in vitro expansion

The complete protocol for BMSC isolation and expansion has been
described in previous publications by this group[22,23]. In brief, the
mononucleated cells isolated from the samples were subsequently
resuspended at a density of 4 x 10%/cm? in 10 mL of «-MEM supple-
mented with 20% FBS and plated in T-75 flasks (Corning). After plating,
the cells were allowed to adhere for 3 days in a humidified atmosphere
of 5% CO, at 37°C incubator. Afterwards, the nonadherent cells were
removed, the adherent cells were washed 3 times with PBS, and the
medium was changed. Thereafter, the adherent cells were allowed to
proliferate for 11 additional days. The cells obtained in the isolation
phase were submitted to 2 cycles of in vitro expansion (passages) (Sup-
plemental figure 1).

Colony-forming efficiency assay

The frequency of stromal progenitors in the marrow suspension
samples was determined through a colony-forming efficiency assay. A
total of 2.0 x 10° mononucleated cells from the suspension were seeded
in 25 cm? culture flasks, with 5 mL of a-MEM supplemented with 20%
FBS and incubated at 37°C and 5% CO, for 3 days for cell adhesion. The
nonadherent hematopoietic cells were then removed, adherent cells
were washed with PBS, and the medium was changed. The cultures were
maintained for another 11 days, after which the colonies were fixed with
4% paraformaldehyde (MilliporeSigma, Burlington, MA, USA) and
stained with 1% crystal violet (MilliporeSigma). Colony forming effi-
ciency was expressed as mean colony number to 100,000 plated bone
marrow nucleated cells. Only colonies > 50 cells were counted[17,24].

Immunophenotyping by flow cytometry

At the end of passage 3, the cells were subjected to immunopheno-
typic characterization. To this end, a total of 1.0 x 10® BMSCs were
incubated per tube for 30 minutes in the dark at room temperature with
the following fluorochrome-conjugated primary antibodies: anti-CD90-
Percp-Cy5.5, anti-CD73-APC, anti- CD105-FITC, anti-CD146-PE (all
from BioLegend, San Diego, CA, USA), anti-CD14-FITC (Immunostep,
Salamanca, Spain), anti-CD34-FITC, anti-CD45-Percp-Cy5.5 (both from
Agilent Dako, Santa Clara, CA, USA), and anti-CD11b-PE (Santa Cruz
Biotechnology, Dallas, TX, USA). The isotype controls were IgG2A-FITC,
IgG1A-APC, IgG1A-Percp-Cy5.5, IgG1-PE, IgG1-FITC, and IgG2A-PE (all
from Santa Cruz Biotechnology). The cells were then washed with FACS
buffer and resuspended in 300 pL buffer for acquisition with a Accuri
flow cytometer (BD, Franklin Lakes, NJ, USA). The data were analyzed
in FlowJo v10 (BD)[25].

In vitro adipogenic and osteogenic differentiation assays

BMSCs were plated at a density of 2.0 x 10* cells/cm? in triplicate in
o-MEM supplemented with 20% FBS and allowed to grow until 100%
confluence was reached. For osteogenic differentiation, the cells were
induced by incubation with o-MEM containing 10 mM
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p-glycerophosphate, 5 pg/mL ascorbic acid 2-phosphate, and 107% M
dexamethasone (all from MilliporeSigma). After 21 days, the cells were
fixed in 4% paraformaldehyde for 10 minutes at room temperature and
stained with Von Kossa[17].

For adipogenic differentiation, the cells were incubated with a-MEM
containing 0.5 mM isobutylmethylxanthine, 200 mM indomethacin,
107® M dexamethasone (all from MilliporeSigma), and 10 mM insulin
(Humulin, Lilly, Sao Paulo, SP, Brazil) supplemented with 20% FBS for
21 days. To confirm the lipidic composition of the cell vacuoles, BMSCs
were fixed in 4% paraformaldehyde for 15 minutes at room temperature
and incubated with 0.5% Oil red O solution (MilliporeSigma)[17].

In vitro chondrogenic differentiation assay

BMSCs were resuspended in a-MEM supplemented with 20% FBS at a
density of 1.0 x 10° cells/mL. One 10 pL drop of this cell suspension was
placed in each well in a U-shaped 96-well plate, which was incubated at
37°C in 5% CO, for 30 minutes. Then, 100 pL of StemPro chondrogenic
medium (Gibco Life Technologies, Grand Island, NY, USA) was added to
each well. The medium was changed every 2 days for 21 days. On the
21st day, the culture medium was removed, the wells were washed twice
with 100 pL of PBS and the micromasses were fixed in 4% para-
formaldehyde solution (MilliporeSigma) for 3 hours at room tempera-
ture and stained with alcian blue (MilliporeSigma). The slides were
photographed using an EVOS microscope (Thermo Fisher Scientific)
[26].

Allograft preparation

The allograft samples were harvested and processed for decellulari-
zation by the INTO tissue bank and are in accordance with the criteria
for allograft donation of the Brazilian National Health Surveillance
Agency Resolution No. 220/2006 and the Brazilian National Transplant
System.

For decellularization, the allografts were frozen in a mechanical
freezer at —80°C for at least 48 hours and subsequently thawed. Then,
with an 8G (152 mm) T-handle Jamshidi bone biopsy needle (BD,
Franklin Lakes, NJ, USA), 30 mg cylindrical fragments were extracted.
The material was subjected to washing cycles with 10% hydrogen
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peroxide in a digital ultrasonic cleaner (L100, Schuster, Rio Grande do
Sul, Brazil) and immersed in absolute alcohol and 0.9% NaCl saline
solution with antibiotic (vancomycin 10 mg/mL) for 5 minutes. After
processing, the bone fragments were either stored at —80°C or the
quality of decellularization was immediately evaluated through DNA
quantification, scanning electron microscopy (SEM), and histology[27]
(Fig. 1).

DNA quantification in allografts

The amount of DNA in the sample was assessed to validate the
allograft decellularization process. Allograft fragments were incubated
with lysis solution from a Wizard Genomic DNA Purification kit
(Promega, Madison, WI, USA) in a water bath at 55°C for 12 hours. The
next day, magnetic beads were placed in 1.5 mL conical tubes, and the
tissue was fragmented using a tissue disruptor (L-Beader 24, Loccus, SP,
Brazil) for 5 cycles at 3733 rpm for 40 seconds. After these steps, DNA
was extracted using a Wizard Genomic DNA Purification Kit (Promega)
according to manufacturer recommendations. The amount of DNA
extracted from 30 mg of tissue was quantified in a NanoDrop spectro-
ph&tometer (Thermo Fisher Scientific). Values were expressed in ng/
pL™".

Cellularization of scaffolds with BMSCs

We incubated 1.0 x 10° BMSCs with 30 mg of scaffold, ie, 30 mg of
allograft or beta-tricalcium phosphate (3-TCP), under agitation at 250
rpm in an orbital shaker table for 2 hours (Tecnal, Sao Paulo, SP, Brazil).
After that time, part of the material was used for evaluation of cell
adhesion by SEM, another part was kept in culture for up to 21 days for
proliferation and differentiation assays, and the remaining samples were
sent to the in vivo differentiation assay[23].

The B-TCP (ChronOS, Synthes, Oberdorf, Switzerland), a synthetic
bone graft substitute with 60% porosity and pores ranging from 100 to
500 pm, was used as a control group[28]. Using an 8G (152 mm)
T-handle Jamshidi bone biopsy needle (BD), 30 mg cylindrical frag-
ments were extracted (Fig. 1).

Fig. 1. Bone allograft and beta-tricalcium phosphate preparation. Macroscopic view of cylindrical allograft fragments (a,b) and the B-TCP (c,d). Example of

extraction of 30 mg cylindrical fragments using a bone biopsy needle (d).
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Scanning electron microscopy

The scaffold (ie, 30 mg of allograft or f-TCP) was fixed with 2.5%
glutaraldehyde (Merck, Darmstadt, Germany) in 0.1 M sodium caco-
dylate buffer for 2 hours, post-fixed for 30 minutes with a 1% osmium
tetroxide solution in sufficient quantity to cover the sample. The mate-
rial was then dehydrated in a series of alcohol gradients (30%, 50%,
70%, 90%, and 100%). Each concentration was used twice for 15 min. At
the end of dehydration, the samples were immersed in an alcohol so-
lution of hexamethyldisilane (MilliporeSigma), 1:1 (v/v), for 30 mi-
nutes, followed by a further 30 minutes of incubation with pure
hexamethyldisilane solution. The samples were then kept for 12 hours in
Fume hood for drying, and the metallization process was performed with
a nanometric layer of gold. Gold was deposited using a metallizer with
the ionic deposition parameters set as follows: temperature in the
metallization chamber of 25°C, current of 40 mA, voltage of 2 kV, and
deposition time of 140 seconds, resulting in a gold film on the surface of
the granulated biomaterial of 30 nm.

Acquisition and analysis were performed at a voltage of 15 kV in low
vacuum mode on a Quanta 400 SEM (Thermo Fisher) at the National
Institute of Technology’s Center for Characterization in Nanotechnology
(Rio de Janeiro, RJ, Brazil). SEM was performed before cellularization to
characterize the microstructure of the scaffolds and to evaluate allograft
preparation quality. After cellularization with BMSCs, SEM was used to
evaluate the cells’ morphology and adhesion capacity in allograft and
B-TCP.

In vitro cell viability and proliferation assay

After cellularizing the scaffolds with BMSCs, the implants were
cultured with a-MEM with 20% FBS at 37°C, 5% CO; for 14 days; cell
viability and its proliferation were analyzed with a Cell Counting Kit-8
(CCK-8, Merck). After culturing the cells for 1, 3, 6, 10, and 14 days,
10 pL CCK-8 solution was added to each well and they were incubated
for 4 hours at 37°C. The absorbance of each well was then measured in a
detector at 450 nm using a Glomax spectrophotometer (Promega), with
the results expressed as optical density. To detect differences in cellular
metabolic activity, 3 groups were formed: the ALOBMSC group (BMSCs +
allograft); the TCPBMSC group (BMSCs + -TCP); and the control group
(BMSCs adhered to the culture plate without scaffold)[29].

In vitro assay of osteogenic differentiation capacity

After cellularizing the scaffolds with BMSCs, the implants were
cultured in osteogenic differentiation medium for 21 days. To evaluate
differentiation in the early phase, alkaline phosphatase activity was
measured at 7 and 14 days of cultivation in both groups (ALOBMSC and
ﬁ—TCPBMSC) according to manufacturer specifications (Alkaline Phos-
phatase Diethanolamine Activity, Merck). On the 21st day, the deposi-
tion capacity of the mineralized matrix was determined, and the
scaffolds were fixed with 500 pL of 4% paraformaldehyde solution for 3
hours and stained with alizarin red S. To quantify the deposition of the
mineralized matrix, alizarin red was eluted with 10% acetic acid and
incubated at 85°C for 10 minutes. The material was then kept on ice for 5
minutes and centrifuged at 20000 x g for 15 minutes. The acid was then
neutralized with 10% ammonium hydroxide and the absorbance was
detected using a Glomax spectrophotometer (Promega) at a wavelength
range of 405 nm. The results were expressed as optical density[30,31].

In vivo evaluation of the osteogenic potential of cellularized graft

A total of 12 eight-week-old male and female immunodeficient mice
(C57BL/6. Cg-Foxnlnu, INTO, Rio de Janeiro, RJ, Brazil) with an
average weight of 30 (SD, 5) g were used for animal model experiments
[17,18]. Four implants were transplanted per mouse: 2 without the cells
(ALO? and B-TCP%) and 2 with the cells (ALOPMSC and p-TCPEMSC)
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(Supplemental figure 2). The surgical procedures were performed under
general anesthesia via inhalation with isoflurane (anesthetic plane in-
duction 5%, intraoperative 2%). After surgical asepsis, a longitudinal
incision of approximately 20 mm was made in the mouse’s flank,
forming subcutaneous pockets in paravertebral regions. The subcu-
taneous layers and skin were then closed in a simple pattern using 5/0
Ethilon nylon sutures (Ethicon, Raritan, Nova Jersey, USA). Post-
operatively, the animals received analgesia with tramadol hydrochlo-
ride, 12 mg/kg (Farmace, Barbalha, Ceara, Brazil), subcutaneously
twice a day for 2 days. After 12 weeks, the mice were euthanized by
inhalation and the implants were harvested. All animal procedures were
performed according to Institutional Animal Care and Use Committee
guidelines (008/2019).

Histological and histomorphometry analyses

Following the harvesting procedure, the implants were fixed for 24
hours in 4% paraformaldehyde in PBS. For routine histology, the im-
plants were decalcified by incubation in 10% nitric acid (Vetec) for 3
days, processed for paraffin embedding, cut into 5 pm sections using a
RM2255 microtome (Leica Biosystems, Wetzlar, Germany), and stained
with hematoxylin and eosin and Goldner’s trichrome stain (both from
ScyTeK, Logan, UT, USA) according to standard protocols. All images
from the glass slides were obtained through digital scanning with an
Aperio CS2 scanner and Image-Scope software (both from Leica Bio-
systems). The histomorphometry was performed on whole implant
sections using ImageJ software (NIH, Bethesda, MD, USA) with the
BoneJ plugin v1.3 (https://bonej.org) according to Malhan’s protocol
(2018). The total volume of new bone formation for all 4 groups was
estimated based on the percentage within the evaluated area[32,33].

Statistical analysis

The values were expressed either individually, as mean (SD) or me-
dian, as appropriate. P values < 0.05 were considered significant. The
analyses were performed in GraphPad Prism v8.0 (GraphPad, San Diego,
CA, USA). Nonparametric Mann-Whitney tests were performed for the
CCK-8 data and alkaline phosphatase quantification data. Welch’s t-test
was used for the alizarin red staining data. The 3 samples were
compared using the Kruskal-Wallis test.

Results

Patient and sample characteristics, frequency analysis of fibroblast colony-
forming units, and BMSC expansion

Samples were collected from 5 patients (4 male and 1 female) with a
mean age of 53 (SD, 17.60) years. The cell expansion process was not
performed for 1 sample due to insufficient cells. The number of colonies
harvested from each sample ranged from 20.0 to 29.6 fibroblast colony-
forming units per 100,000 nucleated cells, with a mean of 22.75 (SD,
4.63) (p = 0.06). At the end of the third passage, the mean BMSC yield
was 34.25 (SD, 10.99) x 10° cells, and cell viability was 94.77% (SD,

Table 1
Patient characteristics, frequency analysis of fibroblast colony-forming units,
and BMSC expansion.

Sample Age Sex  CFU frequency Viability Total BMSCs
(years) (10%) (%) after P3 (10°)

1 37 M 21 98 50

2 61 F 20.33 95 25

3 74 M 20 93.2 33

4 40 M 29.67 929 29

Mean + 53 + 22.75 + 4.63 94.77 + 34.25 + 10.99

SD 17.60 2.34

F = female; M = male; P3 = third passage; x = no cell expansion; n = 5.
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Fig. 2. Frequency analysis of fibroblast colony-forming units. Macroscopic and microscopic representative images of colonies from different samples (a,b). n = 4 and

scale bar=75um.
2.34) (Table 1, Fig. 2).
Immunophenotypic characterization and in vitro differentiation of BMSCs

To characterize the cell products, we first assessed the expression of
BMSC-related cell surface markers with fluorescence-activated cell
sorting. The expanded BMSCs homogeneously expressed > 95% of the
classic markers (CD73, CD90, CD105, and CD146) and less than 2% of
the hematopoietic lineage markers CD34, CD45, CD14, and CD11b
(Fig. 3A and Supplemental table 2). Next, we evaluated their differen-
tiation potential in vitro for the adipogenic, osteogenic, and chondro-
genic pathways. The induced BMSCs could differentiate into osteoblasts,
adipocytes, and chondrocytes, as shown by the deposition of mineral-
ized nodules (a characteristic phenotype of osteoblasts) (Fig. 3D),
intracellular lipid accumulation (a characteristic of adipocytes)
(Fig. 3C), and the formation of a matrix rich in proteoglycans, (a char-
acteristic of chondrocytes) (Fig. 3E). All in all, these results demonstrate
the successful isolation of cells and confirm their nature as BMSCs.

Quality assessment of allograft decellularization

To assess the quality of the allograft decellularization process, we
performed DNA quantification, histology, and SEM. Spectrophotometry
quantification indicated a low amount of DNA in the allograft, on
average 23.25 (SD, 5) ng of DNA for every 30 mg of tissue. The histo-
logical analysis identified no viable cells or osteocytes in lacunae
(Fig. 4A). In SEM analysis, we observed preserved tissue micro-
architecture and a lack of cells deposited on the bone surface (Fig. 4B
and 4C).

Evaluation of BMSC adhesion and proliferation in the allograft

In evaluation of the cellularization process, SEM images revealed
that the BMSCs had already adhered to the surface of both materials
after 2 hours. For 14 days after adhesion, we evaluated the proliferation
capacity of BMSCs adhered to the allograft or p-TCP. We compared the
proliferation curve of the BMSCs with the CCK-8 assay, finding that
exponential growth did not occur in the population that adhered to the
scaffolds. However, BMSCs that adhered to the allograft and $-TCP
remained metabolically active, that is, viable for 14 days (p = 0.07)
(Fig. 5).

In vitro evaluation of induced osteogenic differentiation

To assess the allograft’s ability to induce osteogenic differentiation,
in the initial period we quantified alkaline phosphatase activity. On the
seventh day after osteogenic induction, the BMSCs showed no enzymatic
activity in either group, while on the 14th day, enzyme activity peaked

in the allograft group. Comparing both groups, we observed more
enzymatic activity in osteoinduced cells in allograft (p = 0.08) (Fig. 6A).
In the second step, we evaluated effective deposition of the osteogenic
matrix by alizarin red staining. When comparing the groups at 14 and 21
days, there was a progressive change in the shade of red, indicating an
increased degree of mineralization in BMSCs that adhered to the allo-
graft or B-TCP (Fig. 6B). On the 21st day, more significant mineralization
was observed in the BMSC cultures from the allograft group (p = 0.03)
(Fig. 6C).

Evaluation of the osteogenic potential of allograft cellularized with BMSCs
(in vivo assay)

Twelve weeks after the subcutaneous transplant, we evaluated new
bone formation. In the ALOBMSC group, it was possible to identify the
division between old and new bone, a cementing line. The old bone had
been formed with observable lamellae, guided by collagen fibers and an
absence of cells, and the new bone which consisted of a region with an
amorphous aspect, no defined fiber organization, and osteocytes still in
the maturation phase (Fig. 7A and 7C). The histological differences in
newly formed bone between groups are more evident in comparison
with the tissue structure of the ALO® group, in which there was only old
decellularized bone (Fig. 7E). Comparing the p-TCP group with the
B-TCPBMSC group, bone neoformation around the crystal granules and
osteocytes in lacunae were observed only in the p-TCPEMSC group
(Fig. 7B and 7F). In quantitative evaluation, a higher percentage of new
bone formation was observed in the ALOPMSC group (27.62% [SD,
6.42%]) than the p-TCPEMSC group (18.11% [SD, 6.30%]) (p = 0.01)
(Fig. 7G).

Discussion

Despite advances in orthopedic bioengineering, new treatment op-
tions are needed to improve fracture healing. In this context, previous
studies have shown that allografts seeded with BMSCs accelerate the
healing of critically-sized bone defects in rats[34]. However, in humans,
little is known about the advantages of associating BMSCs with allo-
grafts or whether they are a viable option for treating bone defects.

The protocols used to isolate and expand BMSCs in this study were
based on the previous experience of our group[22,23] and international
groups[18,21]. Regarding in vitro expansion, some methodologies
employ 3 to 44 passages expansion|35-38]. Studies whose cell samples
underwent an expansion process with 3 passages[39-41], 4 passages
[42,43], and 5 passages[44] maintained expression of surface markers
and fibroblastoid morphology. However, prolonged cultivation of
BMSCs delays proliferation and leads to senescence[45,46] and loss of
multipotentiality[47-50]. In fact, in the protocol established by our
group, the BMSCs homogeneously expressed stromal cell surface
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Fig. 3. Immunophenotypic characterization and in vitro differentiation of BMSCs. Flow cytometry histograms showing the percentages of cells expressing CD90,
CD73, CD105, CD146, CD11b, CD14, CD34 and CDA45 (green) compared to the corresponding isotypes (dark gray) and unlabeled cells (light gray) (a). Representative

images of (b) a noninduced BMSC, (c) intracellular lipid accumulation stained with Oil Red O, (d) mineralized nodules visualized by Von Kossa staining, and (e)
chondrogenic differentiation with alcian blue.
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Fig. 4. Quality assessment of allograft decellularization. (a) Histological section of the allograft with H&E staining, black arrows demonstrating lacunae without
osteocytes. (b, ¢) Structural aspects of the allograft on SEM at 130x magnification and at 200x magnification.
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BMSC proliferation and viability through the CCK-8 assay 14 days after incubation with allograft and $-TCP (n = 4), p=0.07.

markers, such as CD73, CD90, CD105, and CD146. They maintained phenotypic and functional characteristics of BMSCs as defined by In-
their ability to differentiate into osteogenic, chondrogenic, and adipo- ternational Society for Cell & Gene Therapy[51].
genic lineages, confirming that we generated cells that maintained the Associating transplanted BMSCs with biomaterials is one of the most
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Fig. 6. In vitro evaluation of osteogenic differentiation potential. (a) Quantification of alkaline phosphatase activity in groups of BMSCs in the presence of allograft
and p-TCP (p = 0.08, Mann-Whitney test). (b) Macroscopic images of allograft and -TCPs stained with red alizarin on days 14 and 21. (c¢) Quantification of the extent
of in vitro osteogenic differentiation on day 21 (p = 0.039, Welch’s t-test). Graphs represent mean + standard deviation; (n=4)

promising strategies for bone reconstruction, providing a niche for
differentiating osteoprogenitor cells and guiding new bone formation. In
this study, we focused on evaluating allograft as a scaffold for BMSCs
due to its ease of access and its biological, structural, and mechanical
similarities to autograft[52]. However, residual cellular material within
the allograft can contribute to compatibility issues and adverse reactions
in hosts[14]. Therefore, validating the allograft decellularization pro-
cess is a fundamental step in guaranteeing the safety and effectiveness of
transplants[53].

In this context, the effectiveness of the tissue cell removal process can
be evaluated through several methodologies, such as the hematoxylin
and eosin technique, SEM, histological evaluation of nuclear content,
and quantification of genetic material[14]. In slides stained with he-
matoxylin and eosin, the osteocytes in lacunae were eliminated after
processing the material. This parameter is the most common one in the
literature to indicate tissue devitalization[54,55]. Likewise, nuclear la-
beling with 4',6-diamidino-2-phenylindole and SEM is consistent with
the hematoxylin and eosin results. It corroborates the hypothesis of
successful cell elimination, which has also been observed in decellula-
rization tests in the literature[56].

Regarding DNA quantification, Smith et al. demonstrated that after
successive washes, 99.2% of the DNA had been removed, resulting in a
final DNA content of 16.9 ng/mg in allograft[57]. Rasch et al. tested 2
different protocols, achieving an average DNA reduction of 99.8%, with
a mean value of 40.3 ng/mg in allograft[27]. In these studies and our
study, the DNA concentrations of the final product were < 50 ng/mg of
tissue, which Crapo et al. considered a parameter for tissue decellula-
rization[14]. Thus, we conclude that the protocol used to decellularize
allografts effectively removed residual donor material, which could
result in lower immune reactions.

During the second period, we sought to standardize a cellularization
method that could be used in clinical trials. A literature search indicated
a BMSC coverage rate of 15% in allograft[58] and that 45 to 50% of
BMSCs adhered to synthetic scaffold particles after 1 hour of association
[59]. Similarly, Mebarki et al. observed that after 3 hours of incubation,
49% of BMSCs had adhered to the allograft, while 28% had adhered to
B-TCP[60]. Considering these results and the feasibility of applying this
protocol in the surgical center intraoperatively, we determined that 2
hours would be sufficient to associate BMSCs with the allograft. Given
the context of cell therapy and bioengineering protocols, the

establishment of a protocol that can be adopted within the surgical
center, during the intraoperative period, might minimize the risks of
contamination and optimize the treatment to be applied to the patient.

Adhesion, viability, and cell proliferation are important initial pa-
rameters for evaluating a scaffold’s biocompatibility with BMSCs. In in
vitro assays, we sought to determine whether allograft can provide an
adequate microenvironment to maintain the viability of BMSCs and
stimulate both the proliferation and differentiation of these cells. We
evaluated cellularization efficiency through SEM at 2 different time
points, ie, after 2 hours and 14 days, as in other studies[27,61].
Morphological comparison of BMSCs adhered to the external surface of
B-TCP and allograft showed a rounded morphology in p-TCP but more
fusiform cells with cytoplasmic extensions in allograft, indicating early
adhesion and greater efficiency[27,60]. Indeed, the spongy architecture
of the allograft appears to induce better adhesion. The high number of
closed pores in p-TCP concentrates cells on the outer surface area and
may hinder infiltration[62]. We concluded that both scaffold types
could provide structural support for BMSC adhesion.

We evaluated cell viability and proliferation in allograft with the
CCK-8 test. Qi et al. and Lu et al. used CCK-8 in their in vitro experiments,
concluding that BMSCs adhered and proliferated on the surface of
scaffolds[63,64]. Our results confirm these data, and we observed that
the cells remained viable and metabolically active throughout the
experiments.

We evaluated the differentiation capacity of BMSCs adhered to
allograft by assessing alkaline phosphatase activity, the enzyme
responsible for converting organic phosphate into inorganic phosphate,
which is essential for mineralized matrix deposition[30]. We also
quantified matrix deposition using alizarin red staining[65]. In our
study, BMSCs showed slight alkaline phosphatase activity in the first
week, with significantly increased expression the following week.
However, slightly higher alkaline phosphatase activity was observed in
the ALOBMSC group than the B-TCPBMSC group. Our data agree with
Mebarki et al.[60], who observed increased osteogenic activity in the
first 2 weeks, with higher performance in the allograft group than the
B-TCP group.

To confirm that BMSCs associated with allograft induced osteo-
genesis, we quantified mineralized matrix deposition. Alizarin red forms
a chelate complex with deposited calcium and thus can be used as a
quantifiable indicator of bone mineralization potential[66]. In this
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Fig. 7. In vivo evaluation of the osteogenic potential of allograft cellularized with BMSCs. Histological images of allograft or p-TCP with and without BMSCs. Arrow
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assay, more effective deposition of extracellular mineralized matrix
occurred in the ALOBMSC group than the B-TCP group. In these in vitro
assays, we proved that allograft can support the adhesion, survival, and
differentiation of BMSCs.

Although in vitro assays are often used to assess osteogenesis, in vivo
transplantation is the gold standard to assess osteogenic differentiation
[67], since it is considered more representative of the living body,
mimicking the complexity of the microenvironment in clinical situations
of interest[68]. In the present study, the in vivo assay evaluated the
osteogenic potential of allograft cellularized with BMSCs, verifying that
these cells expanded in vitro maintained the ability to differentiate and
form bone, as observed in the in vitro assays. Quantitatively, we observed
that new bone formation was greater in the allograft group than the
B-TCP group. In agreement with in vivo studies, our results demonstrate
that cellularized allografts with mesenchymal progenitors promoted
osteogenic differentiation and improved bone neoformation[58,68].

The difficulty in establishing a segmental bone defect model in
immunodeficient mice is the main limitation of this study. To address
this shortcoming, in vivo experiments that effectively assess whether
associating BMSCs with allograft can stimulate bone regeneration
should be performed to guarantee biological success. Finally, the allo-
graft’s potential to induce bone formation in vivo with superiority to
B-TCP is important evidence that associating BMSCs with allograft ap-
pears as a promising strategy for clinical trials in bone bioengineering.

Conclusion

We conclude that allograft can provide structural support for BMSC
adhesion, offering a favorable microenvironment for cell survival and
differentiation and inducing new bone formation. Taken together, our
data indicate that this rapid methodology for cellularization of allograft
with BMSCs might be a new therapeutic alternative in regenerative
medicine and bone bioengineering.
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