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In vitro-expanded bone marrow stromal cells (BMSCs) have long been proposed for the treatment of complex bone-related injuries
because of their inherent potential to differentiate into multiple skeletal cell types, modulate inflammatory responses, and support
angiogenesis. Although a wide variety of methods have been used to expand BMSCs on a large scale by using good manufacturing
practice (GMP), little attention has been paid to whether the expansion procedures indeed allow the maintenance of critical cell
characteristics and potency, which are crucial for therapeutic effectiveness. Here, we described standard procedures adopted in
our facility for the manufacture of clinical-grade BMSC products with a preserved capacity to generate bone in vivo in
compliance with the Brazilian regulatory guidelines for cells intended for use in humans. Bone marrow samples were obtained
from trabecular bone. After cell isolation in standard monolayer flasks, BMSC expansion was subsequently performed in two
cycles, in 2- and 10-layer cell factories, respectively. The average cell yield per cell factory at passage 1 was of 21:93 ± 12:81 × 106
cells, while at passage 2, it was of 83:05 ± 114:72 × 106 cells. All final cellular products were free from contamination with
aerobic/anaerobic pathogens, mycoplasma, and bacterial endotoxins. The expanded BMSCs expressed CD73, CD90, CD105, and
CD146 and were able to differentiate into osteogenic, chondrogenic, and adipogenic lineages in vitro. Most importantly, nine
out of 10 of the cell products formed bone when transplanted in vivo. These validated procedures will serve as the basis for
in-house BMSC manufacturing for use in clinical applications in our center.

Hindawi
Stem Cells International
Volume 2019, Article ID 2608482, 17 pages
https://doi.org/10.1155/2019/2608482

https://orcid.org/0000-0002-5647-2248
https://orcid.org/0000-0003-1157-6243
https://orcid.org/0000-0002-7680-9522
https://orcid.org/0000-0002-5340-5816
https://orcid.org/0000-0002-7767-464X
https://orcid.org/0000-0002-1425-594X
https://orcid.org/0000-0002-6934-1984
https://orcid.org/0000-0002-5647-282X
https://orcid.org/0000-0002-7901-4805
https://orcid.org/0000-0003-2248-2410
https://orcid.org/0000-0002-6850-2061
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/2608482


1. Introduction

Bone marrow stromal cells (BMSCs) have extensively been
tested at the preclinical and clinical levels for the treatment
of complex bone-related injuries, such as nonunion [1–4],
avascular osteonecrosis [5, 6], critical-sized defects [1, 7–12],
and osteochondral lesions [13–19] because of their inherent
potential to differentiate into multiple skeletal cell types
[20–22], modulate inflammatory responses [23–28], and
support angiogenesis [29–32].

The treatment of these conditions requires the correct
combination of biological (cells and scaffolds) and mechani-
cal factors [33–35]. To replace bone autografts—the current
gold standard—in the biological component, BMSCs must
be expanded in vitro on a large scale by using good
manufacturing practice (GMP) [36–45]. Although a wide
variety of methods have been reported to manufacture
GMP-grade BMSCs, a still major challenge for the generation
of BMSC products is to scale up the processes while main-
taining critical cell phenotypic and functional characteristics
[25, 26]. Until now, there is no consensus as to which
reagents, cell culture medium, and culture systems should
be used and which tests should be performed to ensure the
safety and efficacy of the final product [27–29].

Therefore, for the successful translation of BMSC poten-
tial to the clinic, it is imperative to develop standard proce-
dures for cell production, which, in addition to being
evidence-based, well-documented, cost-effective, clinically
practical, and incorporating GMP, also guarantee the preser-
vation of BMSC potency [46, 47]. As one of the main ortho-
pedic centers in Brazil, we have established an in-house
facility for the isolation and large-scale expansion of func-
tionally certified clinical-grade BMSCs. Here, we report our
general procedures, which comply both with GMP standards
and the Brazilian regulatory rules for cell manufacturing for
therapeutic purposes. These procedures will serve as the basis
for BMSC production for future applications in our center,
aiming at bone repair.

2. Materials and Methods

2.1. Reagents and Materials. All reagents and materials used
for BMSC isolation, expansion, and cryopreservation were
certified to be of clinical grade. None of these reagents were
aliquoted. To assure traceability, the lot and/or serial num-
bers of all reagents and materials used in each assay were reg-
istered. Reagents used in in vitro differentiation assays and
immunophenotyping, when not of clinical grade, were certi-
fied to have been produced under good laboratory practices
and had defined chemical purity standards. A complete list
of all reagents used with all related information is available
in Supplementary Materials (Supplementary Table 1). The
technical procedures described herein were adapted to
comply with the rules of the Brazilian Health Regulatory
Agency (ANVISA, Collegiate Board Resolution—RDC Nos.
09/2011 and 214/2018) for the development of cell products
intended for use in humans.

2.2. Sample Donor Eligibility Criteria. The study design, the
procedures used for its execution, and sample collection were

approved by the institutional ethics committee (No.
41660415.3.0000.5273). Subjects of both sexes who were
older than 18 years old with indications for total hip
replacement were invited to donate the discarded acetabu-
lar bone/marrow. After providing written informed consent
to donate the samples, a brief questionnaire was used to
assess the risk of blood-borne infections. The donors were
also questioned about previously diagnosed comorbidities,
such as rheumatoid arthritis, diabetes mellitus, bone mar-
row dysplasia, and malignant tumors, the use of immuno-
suppressant drugs, and any history of drug and/or alcohol
abuse. If any of these were disclosed, the donor was
excluded from the study. To those selected, further inclu-
sion criteria were applied: a platelet count > 150 × 109/L, a
hemoglobin concentration > 11:5 g/dL for women and
12.5 g/dL for men (the reference values for blood donatio-
n—ANVISA, RDC No. 153/2004), and a negative preg-
nancy test. Donor blood samples were also tested for
HIV-1/2, hepatitis B virus surface antigen, hepatitis B virus
core antigen, hepatitis C virus, HTLV-1, HTLV-2, cytomeg-
alovirus, Mycobacterium tuberculosis, Treponema pallidum,
and Trypanosoma cruzi infection. In the case of any posi-
tive test, the donor was excluded from the study. The data
for the final selected donors is summarized in Table 1.

2.3. Preparation of Total Bone Marrow Cell Suspensions. Ace-
tabular bone fragments were processed immediately after
harvesting or after a maximum of 12h of storage at 2-8°C
in α-minimum essential medium (α-MEM, LGC Biotechnol-
ogy, São Paulo, SP, BRA) supplemented with 20% fetal
bovine serum (FBS, Gibco-Thermo Fisher, Waltham, MA,
USA) [37, 48–50]. The samples were added to 50mL tubes,
and phosphate-buffered saline (PBS, Amresco, Solon, OH,
USA) was added at a 1 : 4 (w/v) ratio. After vigorous mechan-
ical homogenization with a 10mL pipette (the speed of the
hand pipettor must be set to high), bone spicules were
allowed to settle, and the cell suspension was collected and
transferred to a new 50mL tube. Fresh PBS was added to
the tube containing the spicules, at the same ratio, and a sec-
ond round of homogenization was performed. After brief
spicule sedimentation, the supernatant was collected and
transferred to a new tube. This step was repeated at least
three times or until the bones were visually clean of marrow.
The collected marrow suspensions were centrifuged at 300
× g for 5 minutes. After centrifugation, a 5mL sample of
the supernatant was collected for bacterial contamination
testing. The pelleted cells were resuspended in α-MEM sup-
plemented with 20% FBS. To determine the number of total
nucleated cells obtained, an aliquot of the marrow suspen-
sion was diluted in an appropriate amount of 2% glacial
acetic acid for red blood cell lysis and subsequently loaded
in a modified Neubauer chamber for cell counting.

2.4. Colony-Forming Efficiency (CFE) Assay. To estimate the
number of colony-forming units (CFU-Fs) in the obtained
marrow suspensions, nucleated cells were plated in triplicate
at a density of 8, 0 × 103/cm2 (Corning Incorporated, New
York, NY, USA) in 2mL of α-MEM supplemented with
20% FBS. After 3 days of incubation at 37°C in 5% CO2, the
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nonadherent hematopoietic cells were removed, and the
medium was changed. At day 14, the colonies were fixed with
4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA)
and stained with 1% crystal violet (Sigma-Aldrich). Colonies
with more than 50 cells were counted [48]. The efficiency of
colony formation was expressed as the mean colony number
relative to the 100000 bone marrow nucleated cells plated.

2.5. BMSC Isolation. To determine the optimal cell seeding
density for BMSC isolation, nucleated cells from samples 01
to 04 were resuspended at 0:08 × 105/cm2, 0:4 × 105/cm2,
and 2:0 × 105/cm2 in 10mL of α-MEM supplemented with
20% FBS and plated in triplicate in T-75 cm2

flasks (Corning
Incorporated). After plating, the cells were allowed to adhere
for 3 days in a humidified atmosphere of 5% CO2 at 37

°C.
Then, the nonadherent cells were removed, the adherent cells
were washed three times with PBS, and the medium was
changed. Thereafter, the adherent cells were allowed to pro-
liferate for 11 additional days. Complete medium exchange
was performed every 3 days. At day 14, a 5mL aliquot of
the culture medium was collected for bacterial contamina-
tion testing. The cells were washed twice with PBS and
harvested with recombinant trypsin (TrypLE® Express, Invi-
trogen, Carlsbad, CA, USA). The cell number was deter-
mined by manual counting with a Neubauer chamber. The
cell viability was assessed by the Trypan Blue exclusion
method. If the cell viability was <70%, the cells were dis-
carded and expansion was stopped. For samples 05 to 14,
nucleated cells were plated only at 0:4 × 105/cm2, and the iso-
lation was performed as described.

2.6. Large-Scale BMSC Expansion. Large-scale BMSC expan-
sion was performed in multilayer cell factories, in a two-step
process [37, 45]. In the first expansion cycle (passage 1—P1),
BMSCs were seeded in 2-layer cell factories (1264 cm2,
Corning Incorporated) at a density of 2:0 × 103 cells/cm2 in

500mL of α-MEM supplemented with 20% FBS. The cells
were incubated at 37°C in 5% CO2 and allowed to proliferate
until the monolayers reached 70% confluence. The medium
was changed every 3 days. To estimate the degree of conflu-
ence of the cells in the cell factories, sentinel T-75 cm2

flasks
were simultaneously seeded with BMSCs and kept under the
same culture conditions [37]. During harvesting, the cells
were washed two times with PBS and incubated for 10
minutes with 150mL of TrypLE® Express to induce detach-
ment. After centrifugation at 300 × g for 5 minutes, the cells
were resuspended in fresh expansion medium and counted in
a Neubauer chamber as described above. Expansion was dis-
continued if the cell viability was <70%.

For the second expansion cycle, BMSCs were seeded in
10-layer cell factories (6320 cm2, Corning Incorporated) at
a density of 2:0 × 103 cells/cm2 in 1.5 L of α-MEM supple-
mented with 20% FBS. When the cells reached 70% conflu-
ence, a 5mL aliquot of the culture medium was collected
for bacterial contamination testing, and the cells were washed
twice with PBS. After 10 minutes of incubation with TrypLE®
Express, the cell suspension was collected, diluted 1 : 2 (v/v)
in Ringer’s lactate solution (Fresenius Kabi, Bad Homburg
vor der Höhe, GER) supplemented with 5% human albumin
(Alburex® 20, CSL Behring AGB, Berna, SWE), and centri-
fuged at 300 × g for 5 minutes. The cell pellets were then
washed five times with Ringer’s lactate solution supple-
mented with 0.5% human albumin to remove the FBS pro-
teins [37]. Finally, the cells were resuspended in Ringer’s
lactate solution with 5% human albumin and counted in
a Neubauer chamber. The cell viability was assessed with
Trypan Blue staining. If the cell viability was >70%, the
cells were either used in subsequent experiments or proc-
essed for cryopreservation.

2.7. Population Doubling Analysis. In each expansion cycle,
the number of population doublings (PD) was calculated

Table 1: Characteristics of donor patients and colony-forming efficiency (CFE) results.

Gender Age TNC (105) CFU-F/105 Colony diameter (mm)

BMSC 01 M 54 620 7.66 9.1

BMSC 02 F 61 520 8.33 8.4

BMSC 03 F 54 600 19.33 5.0

BMSC 04 M 48 590 17.33 4.8

BMSC 05 F 55 350 13.5 4.0

BMSC 06 M 65 150 45.33 3.9

BMSC 07 F 75 150 23.66 4.3

BMSC 08 F 75 150 20.33 2.5

BMSC 09 F 64 280 45 4.8

BMSC 10 M 71 250 48 1.8

BMSC 11 M 57 370 31 3.8

BMSC 12 F 54 210 20.33 3.3

BMSC 13 F 74 540 23 4.0

BMSC 14 F 70 250 31.33 3.3

Mean ± SD — 62:0 ± 9:30 359:28 ± 173:55 25:29 ± 13:20 4:5 ± 1:86

TNC: total nucleated cells; CFU-F: colony-forming unit-fibroblast.
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using the formula PD = ðLogN f ‐LogN iÞ/Log 2, in which N f
is the final harvested cell number and N i is the initial seeded
cell number. The cumulative PD (cPD) was calculated by
adding PD1 and PD2. The doubling time (dT) was deter-
mined by dividing the time in days required for total cell
expansion by the cumulative PD (dT = Δt/cPD) [51].

2.8. Cryopreservation and Storage.A total of 5:0 × 106 BMSCs
were resuspended in 1.0mL of cryopreservation solution
consisting of 5% dimethylsulfoxide (DMSO, Sigma-Aldrich),
5% human serum albumin, and 6% hydroxyethyl starch solu-
tion (Voluven®, Fresenius Kabi) in Ringer’s lactate solution.
The cryotubes were placed in a room temperature Mr. Frosty
freezing container (Nalgene®, Sigma-Aldrich), which was
immediately transferred to a -80°C freezer. After overnight
incubation, the vials were transferred to boxes that were
stored in the vapor phase of a liquid nitrogen tank.

2.9. Viability of the Cryopreserved Cells. After four and 40
weeks of cryopreservation in the aforementioned conditions,
one vial from five BMSC products (07–11) was thawed in a
water bath at 37°C. The cell suspension was immediately
diluted 1 : 10 (v/v) in α-MEM supplemented with 20%
FBS and centrifuged at 300 × g for 5 minutes. The super-
natants were discarded, and the cells were resuspended in
4mL α-MEM supplemented with 20% FBS. The number
of dead and live cells was determined by manual counting
with a Neubauer chamber, using the Trypan Blue exclu-
sion method.

2.10. Bacterial, Endotoxin, and Mycoplasma Contamination
Testing. To evaluate the sterility of the final BMSC products,
the presence of aerobic and anaerobic bacteria and myco-
plasma and the levels of endotoxin were evaluated. For aero-
bic and anaerobic bacterial contamination testing, 1mL of
the cell culture media collected at the end of bone marrow
cell suspension preparations and at the end of P0 (isolation)
and P2 was inoculated into BD BACTEC™ Plus Aerobic/F
and BD BACTEC™ Plus Anaerobic/F (Becton Dickenson,
New Jersey, USA) culture vials and incubated for 10 days.

Mycoplasma contamination and endotoxin levels were
evaluated in P2 culture media with the detection kits MycoA-
lert™ and LAL Pyrogent™-5000 (both from Lonza, Basel,
SWI), respectively. Measurements were performed in accor-
dance with the manufacturer’s protocol. Values ≤ 1:2 for
mycoplasma and 5UE/mL for endotoxin (reference values)
were considered negative.

2.11. Quantification of Bovine Transferrin. Levels of FBS pro-
teins in the final cell products were estimated by the quanti-
fication of bovine transferrin concentration by ELISA. After
the cells’ washing step with Ringer’s lactate, a 2mL sample
of the cell suspension was collected and measurements were
performed according to the manufacturer’s instructions
(Abnova, Taipei, TWN). Values ≤ 10 ng/mL (assay reference
value) were considered negative.

2.12. Immunophenotyping. For immunophenotypic charac-
terization of cells, 1:0 × 106 BMSCs per tube were washed
with FACS buffer consisting of PBS supplemented with 1%

bovine serum albumin (BSA, Sigma). Then, the cells were
incubated for 30 minutes in the dark at room tempera-
ture 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, Sala-
manca, SPA), 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). Next, the cells were
washed with FACS buffer and resuspended in 300 μL buffer
for acquisition with a BD FACSCanto™ cytometer (BD Bio-
sciences). The data were analyzed with FlowJo software (Tree
Star, Ashland, OR, USA).

2.13. In Vitro Osteogenic Differentiation and Von Kossa
Staining. BMSCs were plated at a density of 1:3 × 104
cells/cm2 in triplicate in α-MEM supplemented with 20%
FBS and allowed to grow until 100% confluence was reached.
Osteogenic differentiation was induced by incubation with
α-MEM containing 10mM β-glycerophosphate, 5 μg/mL
ascorbic acid 2-phosphate, and 10-6M dexamethasone (all
from Sigma) supplemented with 20% FBS for 21 days, and
the medium was changed every 3 days [51]. To assess the
mineralization, monolayers were stained with Von Kossa.
The cells were fixed in 4% paraformaldehyde for 10 minutes
at room temperature and incubated with 2% silver nitrate
(Sigma) aqueous solution for 40 minutes while protected
from light. The cells were washed three times with distilled
water and exposed to UV light for 10 minutes. The wells
were photographed using an Eclipse TS100 inverted micro-
scope (Nikon, Tokyo, JPN).

2.14. In Vitro Adipogenic Differentiation and Oil Red O
Staining. BMSCs were plated as described above. After reach-
ing 100% confluence, the cells were incubated with α-MEM
containing 0.5mM isobutylmethylxanthine, 200mM indo-
methacin, 10-6M dexamethasone (all from Sigma), and
10mM insulin (Humulin®, Lilly, São Paulo, SP, BRA) sup-
plemented with 20% FBS for 21 days, and the medium was
changed every 3 days [51]. To confirm the lipidic composi-
tion of the cell vacuoles, BMSCs were fixed in 4% paraformal-
dehyde for 10 minutes at room temperature, washed with
propylene glycol PA (Vetec Quimica, Rio de Janeiro, RJ,
BRA), and incubated with 0.5% Oil Red O solution (Sigma)
in propylene glycol for 20 minutes. After two washes with
85% propylene glycol, the cells were photographed using a
Nikon Eclipse TS100 inverted microscope.

2.15. In Vitro Chondrogenic Differentiation. BMSCs were
resuspended in α-MEM supplemented with 20% FBS at a
density of 1:0 × 107 cells/mL. One 10 μL drop of this cell sus-
pension was placed in each well in a U-shaped 96-well plate,
which was incubated at 37°C in 5% CO2 for 30 minutes.
Then, 100 μL of StemPro® chondrogenic medium (Thermo
Fischer) was added to each well. The medium was changed
every 2 days for 21 days [50, 52–55]. The formed
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micromasses were fixed in 4% paraformaldehyde for 3 h at
room temperature, embedded in paraffin, cut into 5 μm
sections, and stained with H&E or Masson’s Trichrome stain
(EasyPath, São Paulo, SP, BRA) according to the manufac-
turer’s instructions. The slides were photographed using a
Nikon E600 microscope.

2.16. Type II Collagen Immunofluorescence. To confirm type
II collagen deposition in the chondrogenically induced
micromasses, 5μm paraffin sections were obtained as
described above and incubated in citrate buffer (pH 6.0) at
96°C for 40 minutes. After blocking with 10% BSA for 1 h,
the sections were incubated overnight at 4°C with an anti-
collagen type II primary antibody (sc-288887, Santa Cruz
Biotechnology) diluted 1 : 50 in Tris-buffered saline (TBS)
with 1% BSA. Subsequently, the slides were washed three
times with TBS and incubated for 2 h with an Alexa Fluor
546-conjugated secondary antibody (Life Technologies,
Thermo Fisher) in the dark at room temperature. The nuclei
were stained with 1 μg/mL DAPI solution (sc-3598, Santa
Cruz Biotechnology). Fluorescence images were obtained
using a Leica TCS SP5 laser scanning confocal microscope
(Leica Microsystems, Wetzlar, GER).

2.17. Subcutaneous Xenotransplantation Assay. To evaluate
the in vivo bone-forming potential of the expanded BMSCs,
1:0 × 106 cells were mixed with 30mg of hydroxyapatite/tri-
calcium phosphate powder (HA/TCP, Osteoset® T, Wright
Medical, Arlington, TN, USA) in 1mL of α-MEM supple-
mented with 20% FBS in a 1.5mL tube. The cell/HA/TCP
mixture was incubated overnight at 37°C to allow sedimenta-
tion and cell attachment to the HA/TCP particles. Then, the
supernatant was carefully aspirated, and 15 μL of 3.2mg/mL
human fibrinogen and 100U/mL human thrombin (both
from Sigma) were added to form a fibrin glue [55–58]. After
3 h of incubation, the cell/HA/TCP implant was collected and
subcutaneously transplanted into the flank of an immuno-
compromised mouse (beige BALB/c nu/nu, IPEN, São Paulo,
SP, BR) aged between 6 and 8 weeks [50, 55]. For each BMSC
sample, three implants were transplanted per mouse: one
cell-free (negative control) and two containing the cells;
and two mice were used. Surgeries were performed under
general anesthesia with intraperitoneal injections of 80-
100mg/g ketamine hydrochloride and 10mg/kg xylazine.
After 12 weeks, the mice were euthanized by deep anesthesia,
and the implants were harvested. All animal procedures were
performed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee (002/2014).

2.18. Implant Histology and Immunohistochemistry. Follow-
ing harvesting, the implants were fixed for 24 h in 4% para-
formaldehyde in PBS. For routine histology, the implants
were decalcified by incubation in 10% nitric acid (Vetec)
for 3 days, processed for paraffin embedding, cut into 6 μm
sections, and stained with H&E.

For immunohistochemistry, the implants were decalci-
fied in 10% EDTA (Sigma) for 8-12 weeks and processed
for paraffin embedding and sectioning as previously
described. The sections were incubated overnight at 4°C with

rabbit anti-lamin A/C antibody (M00438, Boster, Pleasanton,
CA, USA) diluted 1 : 100 or with mouse anti-collagen type I
antibody (Abcam, Cambridge, UK) diluted 1 : 300. After 2
washes with EnVision™ FLEX Wash Buffer (DAKO Agilent,
Santa Clara, CA, USA), the sections were incubated for 2 h
with EnVision Flex (DAKO Agilent). The signal was devel-
oped in EnVision Flex Substrate Buffer containing 20 μL/mL
DAB—EnVision Flex DAB+ Chromogen (DAKO Agi-
lent)—for 3min. All images of the glass slides were obtained
by digital scanning with an Aperio CS2 scanner and Image-
Scope software (both from Leica Biosystems).

2.19. Assessment of Bone Density by Micro-CT. Micro-CT
scans were performed using the desktop SkyScan1172 scan-
ner (Bruker, Brussels, BEL). One implant from each sample
was placed in customized tubes and wrapped in gauze damp-
ened with 4% formalin to avoid shrinkage. The scanning
parameters were as follows: 4.0 μm isotropic pixel size and
an X-ray source with 70 kV accelerating voltage and 141μA
current with a 500μm Al filter. The samples were rotated
180° around their vertical axis with a rotational step of 0.4°,
an exposure time of 1770ms, and frame averaging of 3. The
total scan time per sample was approximately 1.2 h. The
images were reconstructed with NRecon v.1.7.1.0 software
(Bruker) using a filtered back-projection algorithm. The 3D
images were rendered using CTVox software (Bruker). To
discriminate bone from HA/TCP, the grayscale images were
binarized. For binarization, the threshold value was chosen
based on a visual comparison of the original grayscale image
and the binary image for each tissue slice. The binary samples
were quantified in CTAn software (Bruker).

2.20. Statistical Analysis. The values were expressed either
individually and/or as the mean/median, as appropriate.
The Gaussian distribution was evaluated by the Shapiro-
Wilk and Kolmogorov-Smirnov tests. Comparisons between
groups were evaluated either by one-way ANOVA with
Tukey’s multiple comparisons test or by Kruskal Wallis with
Dunn’s multiple comparisons test. P values ≤ 0.05 were con-
sidered significant. Analyses were performed with GraphPad
Prism software (GraphPad software version 8.0, La Jolla, CA,
USA).

3. Results

3.1. Patient and Sample Characteristics. Trabecular bone con-
taining marrow was collected from nine females and five
males with ages ranging between 48 and 75 years old
(Table 1). The frequency of clonogenic cells in the samples
was estimated by the colony-forming efficiency (CFE) assay.
The average number of colonies harvested from each sample
was heterogeneous and ranged from 7.66 to 48.0CFU-Fs per
100000 nucleated cells (mean of 25:29 ± 13:20 colonies). The
size of the colonies also varied, with average diameters rang-
ing from 1.8mm to 9.1mm (mean of 4:5 ± 1:86mm)
(Table 1).

3.2. Optimization of Cell Seeding Density for BMSC Isolation.
To determine the optimal conditions for improved BMSC
isolation from the bone marrow total nucleated cell fractions,
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BMSC samples 01–04 were seeded at three cell densities:
0:08 × 105/cm2, which was the density used in the CFE
assays, 0:4 × 105/cm2, and 2:0 × 105/cm2 (Figure 1(a)). The
density of 0:4 × 105 cells/cm2 yielded a significantly higher
number of BMSCs in comparison with the clonal density of
0:08 × 105/cm2 (Figure 1(b)) and, therefore, was used as the
standard for BMSC isolation in subsequent samples.

3.3. BMSC Manufacturing. BMSC manufacturing was per-
formed in three steps: isolation in T-75 flasks (P0), followed
by two rounds of expansion in 2- and 10-layer cell factories
(Figure 2). The average BMSC harvest per T-75 flask at the
end of P0 was 0:49 ± 0:20 × 106 cells (Table 2). The minimal
BMSC number required to initiate expansion in a 2-layer cell

factory was obtained for all 10 bone marrow samples. Aver-
age viability was of 95:67% ± 4:33%.

In P1, the cells reached 70% confluence in 5:8 ± 1:75
days. The average BMSC yield per 2-layer cell factory was
21:93 ± 12:81 × 106 cells, and the average viability was
95:29% ± 3:51% (Table 2). Once again, all samples reached
the minimum cell number required for subculture. In P2,
the cells reached confluence after 6:6 ± 0:69 days, and an
average of 83:05 ± 114:72 × 105 cells were harvested per 10-
layer cell factory. Viability was of 93:53% ± 5:14%. Consider-
ing both cycles of expansion, the total time needed to obtain
the final cell product was 26:4 ± 2:33 days (Table 2).

3.4. Analysis of Population Doubling. With the adopted pro-
cedures for BMSC manufacturing, cells doubled an average
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Figure 1: Standardization of cell isolation. (a) Schematic representation of the protocol used for determining the optimal initial seeding
densities. (b) Fold increase in cell number (BMSCs in passage 1). n = 4; p = 0:015.
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Figure 2: Schematic representation of the in vitro bone marrow stromal cells manufacturing in a GMP-compliant semiclosed system. After
bone marrow dissociation from bone spicules, nucleated cells were seeded in T-75 flasks for BMSC isolation (P0), followed by expansion in
2-layer cell factories (P1) and subsequent expansion in 10-layer cell factories (P2).
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of 10:74 ± 2:60 times during P0, 2:93 ± 0:75 times during P1,
and 2:29 ± 1:18 during P2 (Table 3). The time for population
doubling was of 1.18 days during P0 and 2.37 days during P1,
reaching 3.10 days during P2, which was significantly
increased in comparison to P0 (Table 3).

3.5. Sterility Analysis of BMSC Products. To attest the sterility
of bone samples and BMSCs and ultimately the quality of the
technical procedures and the whole facility environment,
tests for aerobic and anaerobic pathogens were performed
at P0 and P2 in cell supernatants. No bacterial growth was
ever detected (Table 4). The tests for mycoplasma and pyro-
genic substances were also all negative (Table 4).

3.6. Assessment of Animal Protein Content in Final BMSC
Products. At the end of expansion, BMSCs were washed five
times with Ringer’s lactate solution containing 0.5% human
albumin. Then, the levels of residual animal-derived pro-
teins in the final cell products were evaluated by the quan-
tification of bovine transferrin. None of the samples
showed a level above the limiting value of 10 ng/mL

(Table 4), indicating that the BMSC products were com-
pliant with GMP conditions.

3.7. Immunophenotypic Characterization and In Vitro
Differentiation of Expanded BMSCs. To characterize the cell
products, we first assessed the expression of BMSC-related
cell surface markers by FACS. The expanded BMSCs homo-
genously expressed CD73, CD90, CD105, and CD146 and
were negative for the hematopoietic lineage markers CD34,
CD45, CD14, and CD11b (Table 5 and Supplementary
Figure 1). Next, we evaluated their differentiation potential
in vitro. The induced BMSCs were able to differentiate into
osteoblasts, adipocytes, and chondrocytes (Figure 3 and
Supplementary Figure 2), as shown by the deposition of
mineralized nodules with positive Von Kossa staining
(Figure 3(b)), intracellular lipid accumulation with positive
Oil Red O staining (Figure 3(c)), and collagen type II-rich
cartilaginous matrix as revealed by Masson’s Trichrome stain
(Figures 3(e) and 3(f)) and immunofluorescence analysis
(Figures 3(g)–3(i)).

Table 3: Number of population doublings and the doubling time for each BMSC passage.

Population doubling Time for population doubling (days)
P0 P1 P2 Cpd P0 P1 P2

BMSC 05 9.75 4.07 3.30 17.12 1.43 1.47 2.12

BMSC 06 3.23 3.58 2.22 9.04 4.33 0.84 2.70

BMSC 07 12.31 4.13 1.50 17.94 1.13 0.73 3.99

BMSC 08 12.05 2.26 2.00 16.31 1.16 1.77 2.50

BMSC 09 11.85 3.43 5.06 20.34 1.18 2.04 1.38

BMSC 10 11.02 2.26 1.50 15.51 1.26 3.09 4.66

BMSC 11 11.74 2.28 2.58 16.60 1.19 3.08 2.71

BMSC 12 11.99 2.58 0.74 15.31 1.16 2.71 9.50

BMSC 13 12.08 2.32 2.00 16.04 1.15 3.01 3.50

BMSC 14 11.37 2.38 1.99 15.74 1.23 2.94 3.52

Mean ± SD 10:74 ± 2:60 2:93 ± 0:75 2:29 ± 1:18 15:99 ± 2:85 Median 1.18 2.37 3.10∗

Cpd: cumulative population doubling. ∗P = 0,004 vs. P0; Kruskal Wallis with Dunn’s multiple comparisons test.

Table 4: Purity and safety analysis of the BMSCs.

Anaerobic and aerobic bacteria∗ Mycoplasma<1:2∗∗ Endotoxin < 5 EU/mL∗∗ Bovine transferrin < 10 ng/mL∗∗∗

BMSC 05 ND 0.57 <0.005 7.43

BMSC 06 ND 0.43 <0.005 0.04

BMSC 07 ND 0.33 <0.005 0.04

BMSC 08 ND 0.42 <0.005 0.03

BMSC 09 ND 1.08 <0.005 0.04

BMSC 10 ND 0.82 <0.005 0.05

BMSC 11 ND 0.37 <0.005 ND

BMSC 12 ND 0.47 <0.005 ND

BMSC 13 ND 0.63 <0.022 ND

BMSC 14 ND 0.70 <0.005 ND

ND: not detected. ∗Assessed in the cell supernatant during sample collection, BMSC isolation, and expansion (passages 0 and 2). ∗∗Assessed in the supernatant
from passage 2 BMSCs. ∗∗∗Assessed in the supernatant from passage 2 BMSCs washed for 5 cycles with Ringer’s lactate solution containing 0.5% human
albumin to reduce the residual level of bovine contaminants.
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Figure 3: Continued.
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3.8. Assessment of the In Vivo Bone-Forming Potential. To
verify whether the BMSCs in the final cell products indeed
retained the ability to differentiate and form bone in vivo,
the cells were subcutaneously transplanted into immunodefi-
cient mice. The histological examination of the implants
revealed the formation of ossicles for nine out of 10 BMSC
products (Table 6).

The bone matrix was deposited over the surfaces of the
HA/TCP particles and resembled trabecular bone architec-
ture (Figures 4(b), 4(d), and 4(f)). Osteocytes were embedded
in the newly synthesized matrix (Figure 4(b), arrowheads),
and the reconstituted marrow stroma was filled with hemato-
poietic cells (Figure 4(b), asterisk). The human origin of the
cells inside the ossicles was corroborated through human
lamin A/C and type I collagen detection within the woven
bone (Figures 4(d) and 4(f) and Supplementary Figure 3).
Micro-CT-based 3D reconstruction of the BMSC implants
(Supplementary Figure 4) showed that the neoformed bone
density ranged from 994 to 1946HU (Hounsfield unit),
which was in accordance with the reference density values
described for human cancellous and cortical bone (Table 6).

3.9. Analysis of Cryopreservation Conditions. Finally, to eval-
uate the quality of the cryopreservation procedures, vials of
five BMSC lots were thawed after four and 40 weeks of stor-
age. Cell viability was similar at both time points and did not
significantly differ from the percent viability at the time of
cryopreservation (Table 7).

4. Discussion

Because of their osteogenic, immunomodulatory, and
angiogenesis-promoting potential, BMSCs have been the
focus of extensive research of their clinical application in
orthopedics [59]. However, the translation to the bedside still
faces important bottlenecks, one being the lack of regulatory
and technical consensus determining the overall conditions
that should be adopted for BMSC manufacturing and what

assays should be performed in order to validate the cell
potency [25, 26]. In this sense, centers in different countries
have adopted its own procedures, resulting in the
manufacturing of BMSC products with distinct gene expres-
sion signatures and functional potentials. In Brazil, the sani-
tary regulatory health agency (ANVISA) provided general
regulatory rules for the establishment of facilities for cell
manufacturing and/or processing for therapeutic purposes
but left to the facilities the decision about what technical
procedures should be adopted for primary tissue harvesting,
processing, cell isolation, expansion, and characterization,
according to the particularities of the cells to be manufac-
tured. In this report, we described our procedures to generate
functionally validated BMSC products that conform to both
GMP standards and national regulatory policies.

In order to have a parameter for comparison, our proto-
cols were based on the previous experience of the NIH BMSC
bank [37]. But differently from their protocol, in which cells
were expanded in three cycles (one in 2-layer and two in 10-
layer cell factories), in our manufacturing process, cells were
expanded in only two subsequent rounds in 2- and 10-layer

Merge

(i)

Figure 3: In vitro osteogenic, adipogenic, and chondrogenic potential of BMSC products. Representative images of (a) a noninduced BMSC
layer, (b) mineralized nodules visualized by Von Kossa staining, and (c) intracellular lipid accumulation stained with Oil Red O. (d–i)
Chondrogenic differentiation: (d) H&E staining, (e, f) Masson Trichrome staining, and (g-i) immunofluorescence staining of collagen II in
representative BMSC micromass pellet cultures with differentiation towards the chondrogenic lineage. Cartilage matrix deposition (blue)
in the extracellular matrix was assessed by Masson Trichrome staining and confirmed by immunofluorescence staining for collagen II.
Representative images of n = 10 experiments. For the immunofluorescence analysis, n = 3.

Table 6: Osteogenic potential of the lots of BMSCs produced.

Tissues formed Bone density (HU)∗

BMSC 05 Bone/bone marrow 1572

BMSC 06 Bone 1233

BMSC 07 Bone/bone marrow 994

BMSC 08 Bone 1209

BMSC 09 Bone 1605

BMSC 10 Bone/bone marrow 1363

BMSC 11 Bone 1946

BMSC 12 Bone 1074

BMSC 13 Bone/bone marrow 1356

BMSC 14 Fibrous tissue —
∗Reference values: 700 HU (cancellous bone); 3000HU (cortical bone).
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cell factories, respectively. Another difference was the source
of bone marrow. Instead of using bone marrow aspirates
from volunteered donors, we used trabecular bone discards.
The main reason for this choice was the fact that at this initial
point our goal was simply to set and evaluate the procedures
for BMSCmanufacturing in our in-house facility. Because we
are housed in an orthopedic hospital, bone discards from pri-
mary total hip arthroplasties (THA) are always available and
can be obtained without subjecting donors to any additional

procedures. And from previous studies of our group using
BMSCs isolated from THA as a model, the capacity of these
cells to proliferate and differentiate in vitro and in vivo was
already known [50], thus proving its usefulness to validate
our procedures.

Indeed, the number of clonogenic cells in the bone mar-
row of the THA samples, as assessed by the CFE assay, was
within the previously reported range of CFE measured in
bone specimens from eight healthy adults [48] and was, on

(a)

HA

HA

⁎

(b)

(c) (d)

(e) (f)

Figure 4: Osteogenic potential of BMSCs in vivo. In vivo transplantation assays were performed by combining BMSCs with HA/TCP
followed by subcutaneous transplantation into immunocompromised mice. (a, b) H&E staining. (a) Negative control (HA/TCP
transplantation without BMSC). (b) BMSCs formed ectopic ossicles that were sometimes populated by host hematopoietic marrow
(asterisk). The arrowheads indicate osteocytes. HA=hydroxyapatite/tricalcium phosphate particles. (c–f) The human origin of the woven
bone by immunohistochemical analysis. (c, e) Positive control of lamin A/C and collagen I stains, respectively, in human skin. (d, f)
Expression of human lamin A/C and collagen I within the woven bone (for the immunohistochemistry analysis, n = 3).
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average, three times higher than the CFE of bone marrow
aspirates reported in the NIH BMSC bank manuscript [37].
This was not surprising because marrow aspirates are usually
more contaminated with peripheral blood, which dilutes the
marrow, decreasing CFE counts. Also, BMSCs were success-
fully isolated from all 14 samples.

Although the time for population doubling progressively
increased during expansion—which can be a reflex of the
donors’ age—the total average cell yield obtained using just
one cell factory per cycle (our minimal infrastructure capac-
ity) showed that a significant number of cells can be pro-
duced with our protocol, considering a lot unit of 100 × 106
BMSCs as proposed by the NIH facility [37]. Maintaining
proliferation limited to 15–20 population doublings (includ-
ing both the isolation and the two expansion cycles), cell out-
put can be increased just by scaling up the number of T-75
flasks and cell factories accordingly to sample availability,
the cell yield at each passage, and the maximum infrastruc-
ture capacity of the facility. Noteworthily, we did not use
the whole amount of THA bone discards for cell isolation,
as we did not aim to produce the highest number of cells as
possible, but rather to determine the average yield of cells at
each step.

Because ANVISA and international regulatory organiza-
tions, such as the US Food and Drug Administration (FDA),
have recommended that reagents from animal sources
should be avoided when manufacturing cells for human use
because of the risk of zoonoses and xenogeneic immunolog-
ical reactions, efforts have been made in the field to identify
substitutes for fetal bovine serum, such as chemically defined
media [60–63], human serum [64], and activated platelet
lysates [65–68]. Although platelet lysates were shown to
induce BMSC proliferation as efficiently as FBS [43, 66],
strong evidence that these BMSC products have similar
functional potency as FBS-expanded BMSCs has not been
provided so far. Indeed, Ren and colleagues [65] showed that
the substitution of FBS with platelet lysates during BMSC iso-
lation and expansion resulted in BMSCs with different genes
and microRNA expression profiles. While FBS-cultured
BMSCs expressed genes involved in the MAPK, TGF-β,
adhesion, and extracellular matrix pathways, BMSCs cultured
with platelet lysates expressed genes related to metabolic,
proliferation, cell cycle, and immune response pathways.
Functional assays with either of these BMSC products were

not performed [65]. Therefore, in line with the standard pro-
tocol used by the NIH cell bank [37], we included FBS in the
BMSC isolation and expansion media but added washing
steps for the final cell products to reduce the animal protein
content. The BMSC lots were shown to have animal protein
concentrations below the threshold limit stipulated by the
FDA, indicating that the cell products had no increased risks
of infection that would hamper their use in patients.

Finally, because at present no known phenotypic or
genetic characteristic allows the prospective determination
of the differentiation ability of a given population of BMSCs
once transplanted in vivo [69, 70] and in vitro assays are
believed to have a high probability of being artifactual [49,
71–73], we established the in vivo differentiation assay as
the critical test to ascertain BMSC potency. Although the
in vivo assay takes months to complete and to obtain a result,
it is long recognized by scientists of the field as the best avail-
able method to evaluate the intrinsic differentiation potential
of a given cell population, as it allows the inherent expression
of cell potency without any exogenous chemical inducer [21,
49, 58, 74, 75]. By using this functional quality control
method, we showed that nine out of 10 of our BMSC prod-
ucts formed bone in vivo with the expected histology and
matrix microarchitecture. Additionally, of the nine samples
that formed bone, four developed a supportive hematopoietic
stroma, which is an indicator of the presence of multipoten-
tial skeletal stem cells in a BMSC population [20, 49, 70, 76].
Therefore, we concluded that the protocol we established for
large-scale BMSC manufacturing preserved the potential of
cells to form bone in vivo, and we confirmed its suitability
for the future generation of cells for bone repair strategies.
This protocol can be equally used for BMSC isolation from
any source sample. The only adaptation needed if the source
sample is a bone marrow aspirate is the adjustment of the ini-
tial total nucleated cell seeding density for BMSC isolation,
which needs to be higher because of the decreased CFE
counts of the aspirates. For this adaptation, we refer the
reader to the report of the NIH BMSC bank [37].

Although we have shown that BMSCs isolated from THA
bone discards can form bone in vivo, which suggests that
these samples could be useful for BMSC banking for alloge-
neic use, we emphasize that the choice for autologous or allo-
geneic cell applications, as well as the decision of the best
bone marrow source material, needs to be carefully evaluated
on a case by case basis. Because cell application itself was
beyond our present objective, we did not conduct immuno-
genicity and/or HLA compatibility tests, but in any allogenic
strategy scenario, these tests should be conducted, in addition
to the tests presented herein.

5. Conclusion

Due to the implementation of regulatory rules for the estab-
lishment of facilities for cell manufacturing by the Brazilian
sanitary agency, a significant step towards the clinical use of
BMSCs in orthopedics was taken. However, definition of
the procedures for the large-scale production of clinical-
grade BMSCs with validated bone-forming potential in vivo
is still needed. In this study, we described a protocol for the

Table 7: Viability evaluation of the cryopreserved lots of BMSCs.

At the time of
cryopreservation

(%)

After 4 weeks of
cryopreservation

(%)

After 40 weeks of
cryopreservation

(%)

BMSC 07 100 78 85

BMSC 08 98.7 92 84

BMSC 09 85.6 93 95

BMSC 10 92 91 75

BMSC 11 89.5 88 78

Mean ± SD 93:16 ± 6:11 88:4 ± 6:10 83:4 ± 7:70
P = 0:11 (one-way ANOVA with Tukey’s multiple comparisons test).
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generation of BMSC products with certified phenotype and
capacity to form bone after in vivo transplantation, which
will serve as the basis for in-house BMSC manufacturing
for future clinical applications in our center.
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Supplementary Materials

Supplementary Figure 1: immunophenotypic characteriza-
tion of BMSC products. Figure a shows representative flow
cytometry histograms used to obtain the percentage of cells
expressing the surface marker in question. In b, it is shown
the gating strategy for the simultaneous analysis of CD73,
CD90, CD105, and CD146 surface markers. Supplementary
Figure 2: quantifications of the mineralized nodules positive
for Von Kossa stain, the number of vacuoles with intracel-
lular lipid accumulation positive for Oil Red O, and carti-
laginous matrix positive for Masson’s Trichrome stain.
Supplementary Figure 3: negative controls of the immunohis-
tochemistry analysis showing no recognition of mouse colla-
gen type I and lamin A/C by the primary antibodies designed
to recognize the given human proteins. Supplementary Figure
4: reconstruction of bone implants by micro-CT. The images
show the contrast generated in the micro-CT images in func-
tion of the density, the thickness, and the energy of the X-
rays, which were used to discriminate the new bone and the
HA/TCP scaffold. Supplementary Table 1: list of all reagents
and materials used. (Supplementary Materials)
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