Tissue Eng Regen Med (2022) 19(4):739-754 Online ISSN 2212-5469 TEHM ’3
https://doi.org/10.1007/s13770-022-00447-3 ot fRRCISEOD

updates

ORIGINAL ARTICLE

Development of a Novel Perfusion Rotating Wall Vessel
Bioreactor with Ultrasound Stimulation for Mass-Production
of Mineralized Tissue Constructs

Jae Min Cha'?® - Yu-Shik Hwang® - Dong-Ku Kang* - Jun Lee® -
Elana S. Cooper® - Athanasios Mantalaris®

Received: 6 February 2022 /Revised: 6 February 2022/ Accepted: 20 February 2022 /Published online: 9 May 2022
© Korean Tissue Engineering and Regenerative Medicine Society 2022

Abstract

BACKGROUND: As stem cells are considered a promising cell source for tissue engineering, many culture strategies have
been extensively studied to generate in vitro stem cell-based tissue constructs. However, most approaches using con-
ventional tissue culture plates are limited by the lack of biological relevance in stem cell microenvironments required for
neotissue formation. In this study, a novel perfusion rotating wall vessel (RWYV) bioreactor was developed for mass-
production of stem cell-based 3D tissue constructs.

METHODS: An automated RWYV bioreactor was fabricated, which is capable of controlling continuous medium perfu-
sion, highly efficient gas exchange with surrounding air, as well as low-intensity pulsed ultrasound (LIPUS) stimulation.
Embryonic stem cells encapsulated in alginate/gelatin hydrogel were cultured in the osteogenic medium by using our
bioreactor system. Cellular viability, growth kinetics, and osteogenesis/mineralization were thoroughly evaluated, and
culture media were profiled at real time. The in vivo efficacy was examined by a rabbit cranial defect model.
RESULTS: Our bioreactor successfully maintained the optimal culture environments for stem cell proliferation, osteo-
genic differentiation, and mineralized tissue formation during the culture period. The mineralized tissue constructs pro-
duced by our bioreactor demonstrated higher void filling efficacy in the large bone defects compared to the group
implanted with hydrogel beads only. In addition, the LIPUS modules mounted on our bioreactor successfully reached
higher mineralization of the tissue constructs compared to the groups without LIPUS stimulation.

CONCLUSION: This study suggests an effective biomanufacturing strategy for mass-production of implantable miner-
alized tissue constructs from stem cells that could be applicable to future clinical practice.

Keywords Rotating wall vessel bioreactor - Perfusion - Stem cells - Low-intensity ultrasound - 3D mineralized tissue
constructs
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1 Introduction

Traditional stem cell culture methods using two-dimen-
sional (2D) culture plates are unable to recapitulate the 3D
microenvironments where stem cells innately reside [1-3].
In addition to the restricted surface area, general culture
processes tend to be fragmented and labor-intensive, which
could lead to difficulties in generating clinically relevant
numbers of stem cells to support neotissue formation [1, 4].
Static culture conditions within these 2D environments
often generate spatially heterogeneous gradients of
physicochemical parameters in the culture environment
due to a lack of mixing. Ultimately, this will limit the
overall structural integration of cellular tissue constructs
[5-7]. It was reported that the deposition of a mineralized
matrix from stromal osteoblasts statically cultured in poly
(DL-lactic-co-glycolic acid) foams only reached a depth of
240 pm and displayed a hypoxic necrotic center within the
construct core [8]. Additionally, culturing chondrocytes on
poly (glycolic acid) meshes under static conditions resulted
in inhomogeneous glycosaminoglycan deposition restricted
to the periphery of the construct [9]. To overcome these
limitations, stirred-tank bioreactors have been used in a
variety of studies to generate a convective flow that would
allow for culturing of 3D tissue constructs with enhanced
mass transport of oxygen, nutrients, and metabolites
[10-16]. However, impellers used within these bioreactors
for mixing can cause a disruptive effect on cells/tissues by
turbulent flow generated from unpredictable shear forces
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Fig. 1 Need for perfusion culture system. A, B Fed-batch bioreactors
are problematic in the maintenance of a desirable culture environment
due to the exhaustion of nutrients (A) and accumulation of toxic
cellular metabolites (B). As cells grow over the culture time, cells in a
fed-batch bioreactor can be more stressed by the abrupt exposure to a
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[17-20]. Alternatively, a rotating wall vessel (RWYV)
bioreactor system presents a micro-gravity environment in
culture that allows for efficient mixing and turbulence-free
conditions where 3D tissue constructs can be stably grown
over an extended culture period [21-25].

Our group previously reported a large scale production
of mineralized tissue constructs based on 3D-osteogenesis
of embryonic stem cells (ESCs), which was achieved by an
integrated stem cell bioprocess using a RWV bioreactor
[7, 23, 25]. The fed-batch culture system used in these
previous studies, however, did not optimize -cellular
responses over long-term culture [26]. When whole culture
medium was exchanged for regular-feeding or to induce
differentiation, stem cells unavoidably experienced an
abrupt change in culture environment (Fig. 1A, B). With
proliferating cells, nutrients and oxygen would be
exhausted faster, thus contributing to cellular stress. Fur-
thermore, increased accumulation of metabolic wastes
would create toxicity to the cells within culture [6, 27].
Therefore, continuous medium perfusion is now considered
an essential feature for a bioreactor system. Continuous
feeding more efficiently transfers nutrient/oxygen supply
and medium supplementations for the large-scale and long-
term culture of stem cell-derived tissue constructs (Fig. 1C,
D) [28]. Several studies about engineering bone tissues
from pluripotent stem cells using decellularized bone
scaffolds and a perfusion bioreactor reported that
mechanically-functional bone grafts were successfully
grown in vitro, and after implantation, the engineered bone
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grafts were stably sustained in vivo with showing clues of
continual bone tissue formation [29, 30]. However, the
laborious and complex culture procedures required skilful
operator handling to avoid experimental interferences.
Although these approaches are reported to be successful, a
more-streamlined, less-error-prone approach is needed
within the field of bioprocessing for scalable production of
engineered tissues.

The application of mechanical stimulation is a crucial
factor for modulating cell physiology based on the wide-
ranging effects of intracellular signalling on tissue home-
ostasis [31]. Bone cells are highly mechano-responsive and
have the keen ability to alter their shape and thereby
phenotype after being exposed to mechanical loading [32].
Previous studies have reported that the low-intensity pulsed
ultrasound (LIPUS) stimulation that could avoid thermal
effects on cells resulted in accelerated osteogenesis,
showing some similar effects with mechanical loading on
bone formation in vivo [33]. While the mechanisms of
LIPUS-stimulated osteogenesis are not fully understood
yet, it was suggested that shear stresses caused by acoustic
radiation force and propagation of surface waves may
trigger a biological response of osteoblasts with activating
mechano-receptors on the cell membranes, i.e. activation
of calcium ion channels [34]. As an immediate and non-
invasive mechanical stimulation upon cell membrane, the
LIPUS has been often applied to trigger or stimulate
osteogenic cell proliferation and differentiation in vitro,
and widely used in various orthopaedic clinical cases, as
approved by the USA Food and Drug Administration, to
promote bone fracture healing [35-38]. With the
unprecedented growth of research and clinical needs for
bone tissue engineering in recent years, the LIPUS could be
a promising approach that can be used to manufacture
implantable bone tissues from stem cells as enhancing
osteogenesis and mineralization of the tissue constructs.

Herein, we present a novel perfusion RWV bioreactor
system (named ‘BSEL’ for Biomedical Systems Engi-
neering Laboratory) that can support stem cell growth,
osteogenic differentiation, and 3D bone tissue growth in an
automated and scalable manner. By using our BSEL
bioreactor, ESCs were cultured over a long-term period
following an established osteogenic differentiation protocol
[39, 40], and the scalable production of mineralized 3D
tissue constructs was successfully achieved. Culturing
parameter profiles, cellular growth kinetics, osteogenic
differentiation, mineralization, and mechanical strength of
the resulting tissue constructs were compared with those
from a fed-batch RWV bioreactor and static culture con-
dition. A pilot animal study was conducted to demonstrate
the feasibility of the mineralized tissue constructs produced
by our bioreactor to address critical size cranial bone
defects in rabbits. The application of mechanical loading

via customized LIPUS stimulation modules to the BSEL
bioreactor further enhanced osteogenic differentiation and
mineralization of ESC-tissue constructs. We established a
scalable perfusion-based biomanufacturing platform
(BSEL bioreactor) with the LIPUS stimulation of ESC-
encapsulated alginate microbeads that demonstrates
potential for therapeutic bone healing and repair.

2 Materials and methods
2.1 Cell culture

Murine ESCs (E14Tg2a, ATCC, Manassas, VA, USA)
were routinely cultured following the protocols described
in our previous study [39]. Briefly, undifferentiated ESCs
(< passage 20) were passaged every 2 or 3 days and fed
every day with the fresh maintenance medium based on
high glucose Dulbecco’s Modified Eagle Medium
(DMEM) without sodium pyruvate (Invitrogen, Paisley,
UK) containing 10% (v/v) of fetal bovine serum (FBS)
batch-tested (Invitrogen), 1% (v/v) of penicillin and
streptomycin (Invitrogen), 2 mM of L-glutamine (Invitro-
gen), 0.1 pM of 2-mercaptoethanol (Sigma-Aldrich, Poole,
UK) and 1000 units/ml of Leukemia Inhibitory Factor
(LIF) (Chemicon, Hampshire, UK). HepG2 cells (HB-
8605, ATCC) were cultured with DMEM containing 10%
(v/v) FBS and 1% (v/v) of penicillin and streptomycin. The
culturing medium was not changed for the following
4 days and then collected to the 0.22-pm filter-unit (VWR
International, Poole, UK) for filter-sterilization followed by
supplementing 0.1 pM of 2-mercaptoethanol and 2 mM of
L-glutamine. In order to enhance osteogenic differentiation
through the selective mesodermal development from ESCs,
HepG2-conditioned medium (HepG2-CM) was used in this
study as described in the previous studies [7, 39, 40].

2.2 Design and fabrication of perfusion RWV
bioreactor (BSEL)

All parts and dimensions of the BSEL bioreactor were
designed using Solid Works. The base plate materials and
cases for motor units were Derlin/Acetyl plastics (Metal &
Plastic Ltd., Hertfordshire, UK), electric components were
fully sealed with silicone rubber to avoid corrosion.
Universal 500 ml glass bottles (Fisher Scientific, Leci-
estershire, UK) were used for the fresh/waste medium
bottles, and medium perfusion tubes were made of silicon
(Fisher Scientific). The culture vessel was covered with a
thin gas-permeable membrane made of silicon (outside)
and polytetrafluoroethylene (PTFE, inside) (Specialty Sil-
icon Products Inc., NY, USA). The external oxygenator is
composed of a spiral roll of thin gas-permeable silicon

@ Springer



742

Tissue Eng Regen Med (2022) 19(4):739-754

tubing with a wall thickness of 0.5 mm. The length of the
tubing roll was designed to saturate the culture medium
with oxygen while the medium passes through the oxy-
genator (3.4 m). All the parts of this bioreactor can be
disassembled and sterilized by autoclave apart from the
motors and pumps.

2.3 3D-culture conditions to grow mineralized tissue
constructs

Undifferentiated ESCs were encapsulated in alginate
hydrogels (beads) as described in our previous study [25].
Encapsulated cells were subsequently transferred to three
different 3D-culture conditions: a static condition (Static,
150 mm petri-dish), fed-batch RWYV bioreactor (55-ml High
Aspect Ratio Vessel (HARV), Cellon, Bereldange, Luxem-
bourg), and BSEL bioreactor (about 500 beads in each
condition). After the cultures started, the HARV and Static
groups were fed with 55 ml of HepG2-CM every day for the
first three days. The BSEL bioreactor was setup to feed cells
by continuous HepG2-CM perfusion at a rate of 0.7 pl/s
(approximately 60 ml/day) for 3 days. Osteogenic differ-
entiation was triggered on day 4 following the osteogenesis
protocol in the previous studies [39, 40]. During this period,
55 ml of osteogenic media in the HARV and Static groups
were exchanged every 2 days. The BSEL bioreactor started
medium perfusion at a rate of 0.7 pl/s when the media in the
HARYV and Static groups were exchanged. The medium
perfusion was suspended after 24 h until the next feeding
time of the HARV and Static groups, thus enabling a similar
amount of osteogenic medium supply in total.

2.4 Live/dead assay of encapsulated ESCs

Viability of encapsulated ESCs was evaluated using LIVE/
DEAD Viability/Cytotoxicity Kit (Invitrogen). Collected
tissue constructs were washed with PBS, and then cell
viability was tested following the manufacturer’s instruc-
tion of the kit.

2.5 Media profiling analysis for different 3D-culture
conditions

Culture media from all groups were collected during the
culture period and analyzed by measuring glucose, lactate,
ammonia, glutamine, and pH using BioProfile Analyser
400 (Nova Biomedical, MA, USA). The fresh culture
medium was measured as a control and indicated in each
plot by a dotted line. Oxygen was measured using Dis-
solved Oxygen Meter (Extech Instruments Co., MA, USA).
A tailor-made socket was used to avoid the collected
medium being exposed to air while oxygen tension was
measured. As a control, the initial oxygen tension in culture
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medium was measured and indicated in the plot by a dotted
line. All cultures for medium-profiling were carried out
separately from other assays.

2.6 DNA quantification for evaluation of expansion
of encapsulated ESCs

After collecting ten tissue constructs from each group (n = 3),
the samples were dissolved in the depolymerization buffer
consisting of 50 mM tri-sodium citrate dihydrate (Fluka,
Poole, UK), 77 mM sodium chloride (BDH Laboratories
Supplies, Poole, UK) and 10 mM HEPES (Sigma-Aldrich).
Isolated cells were digested in 50 pg/ml proteinase-K (Sigma-
Aldrich) solution based on 100 mM dibasic potassium phos-
phate, pH 8.0 (K;HPOy,; Sigma-Aldrich) overnight at 37 °C.
Proteinase-K was inactivated by heating at 90 °C for 10 min.
Total DNA contents were measured using Quant-iT Pico-
Green dsDNA Reagent and Kits (Invitrogen), following the
manufacturer’s instruction. The amount of total DNA pro-
duced from routinely cultured ESCs was quantified in order to
calibrate the number of cells per sample.

2.7 Gene expression analysis

After dissolving tissue constructs, total RNAs from the
samples were extracted by using RNeasy kit (Qiagen, West
Sussex, UK), according to the manufacturer’s instructions.
For quantitative polymerase chain reaction (qQPCR), 80 ng
of RNA sample was added in each reaction based on the
manufacturer’s instruction of SensiMix™ One-Step Kit
(Quantace, London, UK). The relative quantifications were
conducted based on the 27T method [41]. For reverse
transcription (RT) PCR, cDNA was synthesized following
the manufacturer’s instruction (Promega, Southampton,
UK). 100 ng of cDNA samples were amplified with the
PCR conditions previously set and analyzed on a 1.5% (w/
v) agarose gel by ethidium bromide staining in ultra-violet
light. The information of primers can be found in Table 1.

2.8 Alizarin Red S (ARS) assay for mineralization
quantification

Mineralization of tissue constructs was quantified based on
Alizarin Red S assay [42]. All detailed procedures can be
found in our previous study [25].

2.9 Attenuated total reflections Fourier transform
infrared (ATR-FTIR) analysis
for hydroxyapatite composition

ATR-FTIR imaging analysis was conducted using a con-
tinuous scan FTIR spectrometer (Varian 7000 FT-IR,
Varian Inc. CA, USA) in conjunction to a large sample
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Table 1 Primer information
Genes

Sequences

Collagen 1

Osterix

Runx2

Osteonectin

Osteocalcin

Oct4

Nanog

GAPDH

(fwd) CGTGGCGACCAAGGTCCAGT

(rvs) AGGGAGACCCAGAATACCGGGAG

(fwd) TTGAGGAAGAAGCTCACTATGGCTCCAG
(rvs) GCTGAAAGGTCAGCGTATGGCT

(fwd) TCGTCAGCATCCTATCAGTTCCCA

(rvs) CCATCAGCGTCAACACCATCATTCTGGTTAG
(fwd) AGCACCCCATTGACGGGTA

(rvs) GGTCACAGGTCTCGAAAAAGC

(fwd) GGACTGTGACGAGTTGGCTG

(rvs) CCGTAGAAGCGCCGATAGG

(fwd) GGC TTC AGA CTT CGC CTCC

(rvs) AAC CTG AGG TCC ACA GTA TGC

(fwd) CCT GAT TCT TCT ACC AGT CCCA

(rvs) GGC CTG AGA GAA CAC AGT CC

(fwd) CATCACCATCTTCCAGGAGC

(rvs) ATGCCAGTGAGCTTCCCGTC

compartment extension (Varian LS) and a 64 x 64 focal
plane array (FPA) detector. Further details about the ATR-
FTIR imaging setup can be found elsewhere [43]. Miner-
alized tissue constructs collected on day 29 were cut in half
using a razor blade and placed onto the measuring surface
of the ATR crystal (oil analyser, Specac Ltd., Kent, UK).
Excess water was removed and the sample was enclosed to
prevent further evaporation, thus ensuring that the tissue
construct remained hydrated during the measurement.
Spectra were acquired with 8 cm ™' spectral resolution with
32 co-adding scans. Five tissue constructs were measured
from each group. Spectral data was analyzed using the Isys
software (Spectral Dimension, Malvern, Aus). Factor
analysis was applied to the spectral region of
1200-965 cm™" in a similar manner as described in other
work [44]. All results were analyzed simultaneously by
concatenating all images together before applying factor
analysis. The images showing the distribution of the
hydroxyapatite in the tissue constructs were extracted using
factor analysis. A binary image was generated with a
threshold of 10% to outline the pixels that are considered to
have detected hydroxyapatite. The relative amount of
hydroxyapatite in each tissue construct was compared by
calculating the percentage area that was registered with the
presence of hydroxyapatite.

2.10 Mechanical strength testing of mineralized
tissue constructs

A micro-deformation apparatus developed in previous
publications [45, 46] was used to measure the force—dis-
placement characteristics of the mineralized tissue con-
structs collected on day 29. The apparatus permits

continuous and simultaneous measurements on the
responsive force (measured with a cantilever transducer of
10 uN resolution) and the applied displacement (monitored
by the computer with a resolution of 0.1 pm). The samples
were subjected to a maximum deformation of up to 10%,
and continuously monitored by a high-resolution video
camera during manipulation and deformation to ensure that
the bead structure was not damaged. Deformation mea-
surements were carried out immediately after sample col-
lection to minimize the effects on the tissue construct
compliance due to swelling. At least thirteen force—dis-
placement measurements were taken for each group, and
all the experiments were conducted under ambient condi-
tions (T =20 &+ 2 °C). Young’s modulus for each group
was calculated based on the measurements, and the
mechanical strength (as stiffness) was compared.

2.11 In vivo implantation of mineralized tissue
constructs

Adult New Zealand white rabbits approximately 3 kg in
weight were used in this study (n = 4). All surgical pro-
cedures were performed in aseptic conditions according to
the guidelines of the Animal Research Committee of
Wonkwang University, lksan, Korea. Before surgery,
intramuscular injection of 2.0 mg/kg (body weight) of
ketamine (Yuhan, Seoul, Korea) was administered, fol-
lowed by the surgical procedures. The cranial area was
shaved and local anesthesia administered using 1.8 ml of
2% (v/v) lidocane with 1:100,000 epinephrine. To avoid
infection, a povidone iodine solution and drape were
introduced within the surgical area. The scalp was incised
and the cranium was widely exposed, creating four round-

@ Springer



744

Tissue Eng Regen Med (2022) 19(4):739-754

shaped and standardized cranial defects (diameter: 8§ mm,
depth: 2-3 mm) (Supplementary Fig. S1IA and B). All
surgical procedures undertaken avoided the creation of
defects in the dura or midsagittal sinus. Mineralized tissue
constructs produced by the BSEL bioreactor were inserted
into the defects (about ten tissue constructs per defect).
Alginate beads without cells were introduced as a negative
control. Fibrin glue was used to fix the grafts (Supple-
mentary Fig. S1C and D). Periosteal approximation was
undertaken with 4-0 nylon (Ethicon, Norderstedt, Ger-
many) followed by dermal suture using 3-0 silk (Yuhan,
Seoul, Korea). During the first 3 days, intramuscular
antibiotic treatment [3 mg/kg (body weight) of Cefaze-
done, Sam Shin Chemical, Ansan, Korea] was applied to
prevent infection. The rabbits were sacrificed using Ure-
thane (Sigma-Aldrich) at 8 weeks.

2.12 Micro-focus X-ray computed tomography
(micro-CT)

The images of the mineralized portions within the defects
were obtained at 8 weeks by micro-CT scanning (Harmony
130G-P3-5, DRGEM Co., Seoul, Korea), set as 5 pm of
focal spot size, 10.5 mm of field of view, reconstruction
image size 2048 x 2048 pixels, 16 bit of depth of recon-
struction image, and 130 kV of tube voltage. 3D-structures
of the defects at 8 weeks were reconstructed using Cone-
beam volumetric reconstruction algorithm.

2.13 Histological analysis of large bone defects

The cranial vaults were removed from rabbits at 8 weeks
(Supplementary Fig. S1E). The conventional paraffin
embedding and slide-sectioning procedures were then fol-
lowed. Histological examinations were performed by
haematoxylin and eosin (H&E) staining. Immunohisto-
chemistry was performed with the sections of the samples
at 8 weeks using anti-osteocalcin (Santa Cruz Biotech,
Dallas, TX, USA).

2.14 LIPUS stimulation mounted on the BSEL
bioreactor

The ultrasound system was custom-designed and supplied
by Sigmax (Tokyo, Japan). The controller was also custom-
designed to enable the ultrasound stimulation for the
medical criteria as described in Table 2 and Supplementary
Figure S2. Each ultrasound probe has an area of 0.53 cm?
and the total ultrasound treatment area (four probes) is 2.12
cm?® which covers around one-sixth of the vessel cross-
section area. Ultrasound probes were placed into the cul-
ture chamber to ensure the direct contact between probe’s
surface and culture medium. From the concept of
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ultrasound reflection and transmission, the rear of the
culture chamber was placed with an acoustic absorbing
material, HAM-A (Precision Acoustics Ltd, Dorset, UK)
consisting of polyurethane double layer. The top surface
had a matching acoustic impedance to water and the base
layer was partially air-loaded to increase the transmission
loss. The HAM-A material’s acoustic impedance was
higher than the acoustic impedance of water; therefore, no
reflection occurred at the back of the culture chamber and
the single overlap was avoided (IEC61161, 1992). The
cables connected to the ultrasound probes were wired to the
rotating bearing to avoid the twisting of the ultrasound
cables while the bioreactor rotated. Ultrasonic beam pro-
files were measured by the methods approved by the
International Electrotechnical Commission (IEC61102,
IEC62127, and IEC61689). The overall setup of the system
was monitored and recorded by the Soniq Software which
enabled real-time plotting.

2.15 Statistical analysis

Samples for the quantitative analyses were measured in a
duplicate or triplicate manner. Error bars on all graphs
represented the standard deviation (SD) of the mean. Each
comparable value from each group was statistically ana-
lyzed with student t-test or analysis of variance (ANOVA)
for each proper case at a level of significance of p < 0.05
or p < 0.001 (single or double asterisks respectively).

3 Results

3.1 Key features of perfusion RWYV bioreactor
system (BSEL)

An integrated 3D-culture bioprocess using the BSEL
bioreactor established in this study is described in Fig. 2A.
Briefly, an automated hydrogel encapsulator enabled the
production of approximately 500 stem cell-laden alginate
beads within 3 min (each bead contained about 20,000
cells). The encapsulated stem cells were grown at a large
scale as mineralized tissue constructs using the BSEL
bioreactor system. The BSEL bioreactor facilitated the
maintenance of a desirable 3D-culture environment with
the features of continuous oxygenation, supply of nutrients,
and removal of metabolic waste along with the highly
efficient gas exchange with the surrounding air. This sys-
tem consisted of two culture vessels with a volume of
58 ml each (Fig. 2B). The culture vessel rotation was
controlled by a single servo motor unit, generating a free-
fall state for tissue constructs cultured inside the rotating
vessels. Culture medium was perfused by micro-peristaltic
pumps capable of controlling the perfusion rates of
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Fig. 2 Integrated bioprocess for 3D stem cell culture and a perfusion
RWYV bioreactor (BSEL) system. (A) Approximately five-hundreds of
stem cell-laden alginate beads were produced within 3 min by an
automated hydrogel encapsulator (each bead contained about 20,000
cells). Large scale production of stem cell-based 3D-tissue constructs
was achieved by using a novel perfusion RWV bioreactor system.
(B) Two sets of the perfusion RWYV system were mounted on a single

0.5-5 pl/s. The medium was channelled through a long
thin-walled silicon tubing (oxygenator) prior to perfusion
into the vessel. A gas-permeable membrane surrounds the
culture vessel to provide efficient gas exchange with the
surrounding air, which was double-layered with silicon
(outside) and PTFE (inside) to reduce fouling effects from
biomolecules. Gaseous tensions inside the culture vessel
were quickly equilibrated with air in a CO, incubator
through both the exterior oxygenator and gas-permeable
membrane. The whole bioreactor system was mounted in a
CO, incubator (Fig. 2C), and all the operations are con-
trolled by a computer system setup outside the incubator.

3.2 Growth Kkinetics of encapsulated ESCs
in different 3D-culture conditions

Encapsulated ESCs and their colonies growing in the BSEL
bioreactor were observed under a microscope over the cul-
ture period. Cells were initially suspended at a single cell

Medium
Outflux

Rotating
Culture Vessel

Medium Influx

3D Dynamic Culture In Vitro 3D Bone Tissue

base unit, which rotated together by a servo motor (a perfusion path
driven by a peristaltic pump is indicated by the red arrows: fresh
medium bottle — oxygenator — culture vessel — wasting medium
bottle). A gas-permeable membrane covered the culture vessel to have
a direct gas-exchange with the surrounding air. C The bioreactor
system running in a CO, incubator. Tissue constructs in the culture
vessel were in a free-fall state while the culture vessel rotated

level and homogeneously distributed throughout the hydro-
gel (Fig. 3A). They were spontaneously aggregated, subse-
quently forming cellular colonies over the culture period
(Fig. 3B, C). The hydrogel beads containing ESCs became
visually opaque while fully packed with large cellular
colonies on day 21 (Fig. 3D). Growth kinetics of encapsu-
lated ESCs in different culture conditions were presented by
measuring DNA quantity increment (Fig. 3E). Dynamic
culture conditions (HARV and BSEL) showed faster growth
rates than the Static group during the whole culture period. In
particular, the BSEL group showed a significantly faster
cellular expansion rate in the early stage of osteogenesis
from day 5 to 9 (p < 0.05). However, the growth of encap-
sulated ESCs reached a stationary rate primarily due to the
spatial restrictions in a hydrogel bead while the density of
cells approached about 3.5 x 107 cells/bead. In situ cellular
viability was assessed on day 21 showing the appearance of
highly viable cell colonies growing in the hydrogel (Fig. 3F;
green fluorescence in the representative photo).
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Fig. 3 Growth kinetics of encapsulated ESCs. A-D Microscopic
observation of the ESC-colonies growing over the culture period.
Scale bars are 500 um on D3 (A), D6 (B), and D12 (C). The beads
became visually opaque with fully packed ESC-colonies on D21 (D).
The scale bar indicates 1000 pm. E Cellular growth kinetics of all

3.3 Profiling of culturing parameters in different
3D-culture conditions

Culture media were collected from different culture con-
ditions and analyzed with a bioprofiler during the osteo-
genesis period (Fig. 4). A dotted line on each graph
indicates the initial level of corresponding substance in the
fresh medium. The BSEL group steadily maintained the pH
levels at between 7.2 and 7.5 until the end of culture per-
iod, while the pH levels in the HARV group were signifi-
cantly lowered at between 6.7 and 7 (p < 0.05) (Fig. 4A).
The initial concentration of glucose in the expansion
medium (HepG2-CM) was 12 mM (Fig. 4B). During the
first 3 days of expansion period, the BSEL group main-
tained a significantly higher glucose level due to the con-
tinuous medium perfusion (p < 0.05). Afterwards, the
medium was changed to the osteogenic medium whose
initial level of glucose was 5.6 mM. During the osteogenic
differentiation period, glucose was almost fully consumed
in all groups. Corresponding to the glucose profiles, the
HARYV group showed a significantly higher level of lactate
on day 3 (p <0.05) (Fig.4C). However, during the
osteogenesis period, variation in the lactate levels was
negligible in all groups, most likely related to lacking
glucose in the osteogenic medium. Meanwhile, the
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3D-culture conditions were examined by a DNA quantification
method during the culture period. F Cell viability in the tissue
constructs was examined on day 21 using a Live/Dead assay kit (live,
green fluorescence; dead, red fluorescence). Scale bars are 200 um

glutamine levels in the BSEL group were maintained at
significantly higher levels during the osteogenesis period
(p < 0.05) (Fig. 4D). On the other hand, significantly
higher levels of ammonia (NH, ") were accumulated in the
HARYV group during the osteogenesis period (p < 0.05),
exceeding 3.5 mM (Fig. 4E). In addition, the oxygen levels
in culture medium were also measured during the culture
period (Fig. 4F). The oxygen levels in air (8.7 mg/l,
approx. 20%) and the fresh osteogenic medium (5.6 mg/l)
were also measured as the controls of comparison and
indicated by dotted lines in the graph. The oxygen level in
the HARYV group tended to gradually decrease until the end
of culture up to about 2.7 mg/l (4-5% in air), while the
BSEL group maintained the oxygen levels close to the
initial level.

3.4 Development of mineralized tissue constructs

In order to evaluate the extent of osteogenesis in the dif-
ferent 3D-culture conditions, the expression of several
genes related to osteogenic differentiation such as type I
collagen (Coll), Runx2 (RUNX?2), and Osterix (Osx) were
relatively quantified on day 29 (Fig. 5SA-C). Gene
expression levels of the BSEL and HARV groups were
presented by normalization with those of the Static group.
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Fig. 4 Profiling of culturing factors in the 3D-culture conditions.
Culture media from all groups were collected during the culture
period and the bioprofile information was analyzed by measuring
A pH, B glucose, C lactate, D glutamine, and E ammonia, and

Significant differences between the HARV and BSEL
groups were not found in the Coll and RUNX2 expres-
sions, nevertheless showing significantly higher expres-
sions than the Static group (a level of 1.0) (Fig. 5A, B). In
the Osx expression, the BSEL group showed a significantly
higher expression than the HARV group (p < 0.001)
(Fig. 5C). The expressions of pluripotency gene markers,
Oct4 and Nanog, were investigated to assess a residual
population of pluripotent stem cells in the mineralized
tissues developed in the BSEL bioreactor (Fig. SD). The
osteogenic gene markers, such as Osx and RUNX2, were
simultaneously validated. Encapsulated ESCs cultured with
leukemia inhibitory factor (LIF) for 13 days in the BSEL
bioreactor were used as a control group for the comparison.
The control group (a) expressed both the pluripotency gene
markers without the expressions of osteogenic gene
markers. On the contrary, in the mineralized tissue con-
structs developed by the BSEL bioreactor (b), the expres-
sion of pluripotency gene markers were hardly found.
Mineralization in all groups was quantified by the ARS
quantification analysis (Fig. SE). The BSEL and HARV
groups showed significantly higher accumulation of the
calcified matrix deposition than the Static group on day 21

F oxygen. The fresh culture medium was measured as a control and
indicated in each plot by a dotted line. All the statistics were done
between the BSEL and HARYV groups by a student ¢ test (n = 3). All
error bars are standard deviation (SD). Asterisks indicate p < 0.05

(p < 0.05). After dexamethasone supplementation on day
21, the largely accelerated mineralization was shown in
both of the dynamic culture conditions, the HARV and
BSEL groups. In particular, mineralization in the BSEL
group was shown to be the highest on day 29 among all
groups, 8-times higher compared to the Static group
(p < 0.001).

Spatial hydroxyapatite composition in the mineralized
tissue constructs was analyzed and quantified by ATR-
FTIR imaging analysis. The infrared images in which an
entire bead was displayed were captured in the spectral
region of 1200-965 cm™' (Fig. 6A). The color gradient
from yellow to red represents the extent of approaching to
the peak in the spectra (PO, at between 1026 and
1035 cm™"). Photographs of the whitened mineralized
tissue constructs collected from the BSEL group on day 29
were shown in Fig. 6B. Cumulative hydroxyapatite was
compared by calculating percentage of the areas that were
registered as the presence of hydroxyapatite (Fig. 6C). The
hydrogels containing undifferentiated ESCs (control) were
measured as a negative control. In the infrared image
analysis, the BSEL group was shown to have the highest
composition of hydroxyapatite among all groups. The
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Fig. 5 Analyses of osteogenic differentiation and mineralization.
Osteogenic constructs were collected at the end of culture period
(D29) from all 3D-culture conditions. A—C Comparisons of
osteogenic gene expressions: A type I collagen (Coll), B Runx2
(RUNX2), and C Osterix (Osx). All quantitative comparisons were
normalized by the correspondent gene expression level of the Static
group based on the 272“CT method. Statistical analysis was
performed by one-way ANOVA (n = 5) at a level of significance of
p < 0.05 or p < 0.001 (single and double asterisks, respectively). All
error bars represent standard deviation (SD). D Verification of

occupancy of hydroxyapatite in the BSEL group was
approximately five times higher than that of the HARV
group (p < 0.05). The control group showed few red spots
in the image indicating nearly 0% of hydroxyapatite
composition. In order to examine how mineralization and
hydroxyapatite composition contributed to the mechanical
strength of the mineralized tissue constructs, mechanical
compression testing was conducted (Fig. 6D). Based on the
force—displacement plot fitted by linear regression,
Young’s moduli were calculated and compared among all
groups (Table 3). The Young’s modulus of an alginate
hydrogel without cells (Alginate bead) was obtained as a
standard of basic material. A control group (Control) was
separately set using hydrogels encapsulating undifferenti-
ated ESCs with a similar cell density (about 3.5-4 x 10°
cells/bead). As a result, the BSEL group showed about 2.6-
times and 6.2-times higher Young’s modulus than the
HARYV and Static groups, respectively. Overall, mineral-
ized tissue constructs developed in 3D-culture conditions,
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pluripotency marker gene expression of Oct4 and Nanog; a pluripotent
samples 3D-cultured for 13 days in the BSEL bioreactor using the
medium containing the leukemia inhibitory factor (LIF); b osteogenic
samples cultured for 29 days in the BSEL bioreactor following the
osteogenic differentiation protocol; (—) negative control (water
blank). E Comparison of mineralization of the 3D-culture groups
based on a quantitative Alizarin Red S (ARS) assay. Statistical
analysis was performed by one-way ANOVA (n =5) at a level of
significance of p < 0.05 or p < 0.001 (single and double asterisks,
respectively). All error bars represent standard deviation (SD)

regardless of their type, had higher stiffness than Alginate
bead and Control groups.

3.5 In vivo efficacy of the mineralized tissue
constructs in the large bone defect animal model

Mineralized tissue constructs fabricated by the BSEL
bioreactor were implanted in critical-sized cranial defects
of adult New Zealand rabbits (Supplementary Fig. S1; data
were presented in supplementary results as a pilot animal
testing). The large bone defects were implanted with the
mineralized tissue constructs and displayed relatively
higher void filling efficacy in eight weeks compared to a
negative control that showed mineralization only on the
edge and dura mater areas (Supplementary Fig. S3A and
B). In histology samples, the integrity of new bone tissues
appeared to be higher in the defects implanted with the
mineralized tissue constructs (Supplementary
Fig. S3C() and D(I)). Immunohistochemistry data for
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Fig. 6 Analyses of cumulated hydroxyapatite and mechanical
strength of the mineralized tissue constructs collected on day 29
from all 3D-culture conditions. A Hydroxyapatite distribution
throughout the mineralized tissue constructs was visualized by the
ATR-FTIR imaging method. The infrared images were captured
based on the spectral region of 1200-965 cm ™. The color gradient
from yellow to red represents approaching to the peak in the spectra
(PO, at between 1026 and 1035 cm™'). B A photo of the mineralized
tissue constructs (osteogenic beads) collected on day 29 from the
BSEL bioreactor. C Quantitative comparison of hydroxyapatite

Table 2 Medical standard of therapeutic ultrasound

Properties Values
Frequency 1.5 MHz

PRF 1 kHz

Duty ratio 20%

Intensity 10-30 mW/cm?

Pulse repetition frequency (PRF)

osteocalcin demonstrated more extensive expression in the
defects with mineralized beads compared to the negative
control group (Supplementary Fig. S3C(II) and D(II)). The
strong expression of osteocalcin was found near the scat-
tered osteocytes in the new bone tissues. We did not
observe an immunogenic response or severe inflammatory
cell infiltration in the cranium defects or graft resorption
that typically occurs during xenogenic transplantation. In
addition, there was an absence in gene expression of
pluripotency markers in the mineralized tissue constructs
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composition in the mineralized tissue constructs. The relative amount
of hydroxyapatite in each of the osteogenic beads was compared by
calculating the percentage area that was registered as the presence of
hydroxyapatite. Statistical analysis was performed by one-way
ANOVA (n =5) at a level of significance of p < 0.05. All errors
bars represent standard deviation (SD). D Mechanical strength of the
mineralized tissue constructs were examined by a micro-compression
testing. The force—displacement characteristics were plotted and fitted
by linear regression. Corresponding Young’s moduli were calculated
based on this plot (Table 3)

(Fig. 5D) and there were neither tumorigenic tissues nor
cartilage hypertrophy in the cranial defect sites.

3.6 Enhanced osteogenesis and mineralization
via additional LIPUS stimulation

To further enhance the osteogenesis as well as mineral-
ization of tissue constructs, we mounted the LIPUS mod-
ules on our BSEL bioreactor system (Supplementary
Fig. S2). The LIPUS modules were custom-designed and
supplied by Sigmax. Four ultrasound probes were evenly
placed at the front of the culture chamber to ensure uniform
transmission of the LIPUS (Supplementary Fig. S2A-C).
LIPUS parameters, based on established medical criteria,
were adjusted by a customized controller that enabled
LIPUS stimulation to be applied throughout the study
(Supplementary Fig. S2D and Table 2) [38]. It was verified
that LIPUS was homogeneously and evenly transmitted
throughout the chamber (Supplementary Fig. S2E and F).
Ultrasound generates a frequency resonance that can
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Table 3 Young’s moduli of the Alginate bead, Control, BSEL,
HARYV, and STATIC groups

Groups Young’s modulus (kPa)
Alginate bead 35.23
Control 13.32
BSEL 572.1
HARV 219.2
STATIC 93.05

A control group is the hydrogels encapsulating undifferentiated ESCs
with the same cell density

mechanically stimulate cells. The LIPUS stimulation cus-
tomized for our BSEL bioreactor showed negligible detri-
mental effects on cellular viability irrespective of intensity,
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Fig. 7 Results of the mineralized tissue constructs produced by using
the low-intensity pulsed ultrasound (LIPUS)-mounted BSEL biore-
actor (10 mW and 30 mW). A—C Cell viability in the tissue constructs
was examined on day 24 using a Live/Dead assay kit (live, green
fluorescence; dead, red fluorescence). Scale bars indicate 200 pm. D-
F Comparisons of osteogenic gene expressions: type I collagen (Coll;
D), E Osteocalcin (OC; E), and Osteonectin (ON; F). All quantitative
comparisons were normalized by the correspondent gene expression
level of the Static group based on the 2 2A°T method. All the
statistics were done by one-way ANOVA (n = 3). All error bars
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10 mW/cm? (shown as 10 mW) or 30 mW/cm? (shown as
30 mW) as assessed on day 24 of culture (Fig. 7A-C).
Interestingly, the gene expressions of type I collagen (Coll,
Fig. 7D), osteocalcin (OC, Fig. 7E), and osteonectin (ON,
Fig. 7F) demonstrated significantly augmented osteogene-
sis in the groups of the LIPUS stimulation (both 10 mW
and 30 mW). Degree of mineralization was further
enhanced by the LIPUS stimulation compared to that of the
BSEL group (Fig. 7G). The FTIR analysis of the produced
mineralized constructs displayed specific spectral bands
that were comparable to human bone tissue (Fig. 7H) [47].
However, no statistical differences in the mechanical
strength of mineralized constructs between the BSEL
group and LIPUS stimulation groups were shown despite a
slight increase in Young’s modulus of the LIPUS con-
structs (Fig. 71, Table 4).
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represent standard deviation (SD). Asterisks indicate p < 0.05.
G Comparison of mineralization based on a quantitative ARS assay.
Statistical analysis was performed by one-way ANOVA (n=5) at a
level of significance of p < 0.05. All error bars represent standard
deviation (SD). H FTIR spectra indicating the molecular composition
of hydroxyapatite of mineralized tissue constructs. I Mechanical
strength analysis of the mineralized tissue constructs. The force—
displacement characteristics were plotted and fitted by linear regres-
sion (dotted lines). Corresponding Young’s moduli were calculated
based on this plot (Table 4)
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Table 4 Young’s moduli of the alginate bead, BSEL, 10 mW, and 30
mW groups

Groups Young’s modulus (kPa)
Alginate bead 40.53

BSEL 558.1

10 mW 594.6

30 mW 589.9

4 Discussion

In this study, we demonstrated the development of a novel
automated perfusion bioreactor that was equipped with a
LIPUS stimulator to produce implantable mineralized tis-
sue constructs in a large scale. The perfusion-based BSEL
bioreactor system could (1) enable the control of medium
supplementation in real-time, (2) prevent metabolic waste
accumulation, (3) minimize potential stresses caused by
regular medium-exchange, and (4) sustain beneficial cell-
secreted biomolecules during culture, thus facilitating the
maintenance of a desirable environment that supports both
expansion and differentiation of stem cells [48]. Our BSEL
bioreactor provided a consistent maintenance of this cul-
ture environment, as well as homogenous convective
mixing avoiding the generation of unnecessary turbulence.
In addition, a simple but effective oxygenation was
achieved by incorporating a gas-permeable membrane
around the culture vessel, which enabled an immediate
high gas flux with the surrounding air. This unique feature
would allow different oxygen concentrations to be conve-
niently introduced to the stem cell culture depending on
need and purpose of the experiment by simply changing a
gas condition in an incubator. Moreover, the LIPUS stim-
ulator incorporated in the BSEL bioreactor further sup-
ported 3D-osteogenesis and mineralization of stem cell-
based tissue constructs.

A static culture condition that lacks a mixing would lead
to insufficient mass transport into 3D tissue constructs as
well as heterogeneous spatial gradients of the culture fac-
tors throughout the whole culture dish [6, 27]. In this study,
low functionality of the mineralized tissues grown in the
static culture was observed and verified by various exam-
inations for osteogenic tissue formation such as osteogenic
gene expression, mineralization, and hydroxyapatite accu-
mulation. In terms of growth kinetics, the BSEL group
showed the fastest growth rate, specifically during the early
differentiation period from day 5 to 9. When HepG2-CM
was replaced by the osteogenic medium on day 3, the
BSEL bioreactor allowed cells to naturally adapt to the new
culture medium by a slow rate of medium perfusion
(0.7 ul/s). On the contrary, cells in the HARV group

experienced an abrupt change in the culture environment
while the entire culture medium was exchanged at once.
Furthermore, the profiles of metabolite accumulation
showed that the ammonia concentration of the HARV
group was sustained at significantly higher levels during
the culture period (between 2.0 and 3.5 mM), whereas that
of the BSEL group was maintained at lower levels (mostly
between 1 and 1.5 mM). Given an ammonia concentration
higher than 2 mM was reported to be inhibitory to the
cellular growth in ESC cultures [49], our BSEL bioreactor
could offer a beneficial environment for the long-term
culture of ESCs as maintaining the ammonia concentra-
tions lower than 2 mM during the culture period. In addi-
tion, lower pH levels (mostly below 7.0) of the HARV
group shown during the culture period could also disrupt
cellular metabolism as osteogenic differentiation pro-
gressed [49]. Therefore, the faster cell growth rate of the
BSEL bioreactor could be attributed to the continuous
medium perfusion, which resulted in densely packed con-
tacts between differentiating ESCs and efficient 3D-os-
teogenesis [50]. Meanwhile, the early embryo development
of human and mouse was reported to progress in physio-
logical glucose levels (about 5 mM) and show high
dependency on pyruvate or glutamine contents instead of
glucose [51, 52]. However, our results showed that dif-
ferentiating ESCs survived in 0 mM of glucose, thus
adapting to other substrates present in the medium such as
pyruvate and glutamine [53]. The bioprofile of glutamine
levels on our study implied that the ESCs were differen-
tiated with glutamine consumption. Glucose levels in all
groups reached almost 0 mM, as our osteogenic medium
was based on the low glucose «MEM (5 mM) but con-
tained high concentrations of various amino acids and
vitamins, and sodium pyruvate. Medium perfusion in the
BSEL bioreactor maintained significantly higher steady
levels of glutamine during the culture period.

A significantly upregulated Osterix expression
(p < 0.001) was found in the BSEL group while type I
collagen and Runx2 did not show significant differences
between both the bioreactor groups (HARV and BSEL).
Previous studies revealed that the expression of Runx2
represents the differentiation into pre-osteoblasts that are
still bi-potential, whereas Osterix regulates the later stage
of osteoblast differentiation with bone matrix deposition,
acting downstream of Runx2 [54-56]. The osteogenic gene
expressions in this study were in agreement with the pre-
vious studies, showing better functionality of mineralized
tissue constructs resulted from the BSEL group with the
highest Osterix expression, which were analyzed by accu-
mulated mineralization, hydroxyapatite composition, and
mechanical strength. In addition, an appendicular critical
defect model using adult New Zealand rabbits allowed us
to test in vivo efficacy of the mineralized tissue constructs

@ Springer



752

Tissue Eng Regen Med (2022) 19(4):739-754

produced by our BSEL bioreactor. The promising results
from this animal study suggest that the insertion of highly
integrated mineralized tissue constructs could promote the
effective regeneration of a critical-sized bone defect.

The LIPUS stimulation additionally mounted on the
BSEL bioreactor resulted in further higher enhancement of
osteogenesis and mineralization of stem cell-based tissue
constructs compared to the original BSEL bioreactor
without LIPUS modules. However, such results were not
followed by a significant increase in the mechanical
property. To maximize bone tissue functionality including
strengthened mechanical property, the LIPUS stimulation
parameters should be optimized in the operation of the
BSEL bioreactor. In addition, the mechano-transduction
pathway involved in the cellular responses caused by the
LIPUS stimulation remains unclear. We speculate that the
underlying mechanism is based on increased calcium ion
transportation through cell membrane in response to the
LIPUS stimulation, as it plays a crucial role in osteogenic
differentiation [57]. Further ongoing studies in our group
would deliver valuable information needed to optimize the
LIPUS stimulation procedures on our bioreactor while
verifying the multiple key factors that drive the reinforced
bone tissue functionality.

In conclusion, the bioreactor system newly developed in
this study successfully achieved consistent maintenance of
an ideal environment for a long-term 3D stem cell culture
in a large scale, which was supported by the controlled
medium perfusion, RWV mechanism, and effective oxy-
genation system. In addition, the LIPUS module incorpo-
rated in the bioreactor further supported 3D-osteogenesis
and mineralization of stem cell-based tissue constructs. We
believe that this study has meaningful implications to
clinical practice as suggesting a “one-stage” biomanufac-
turing process with minimizing operator handling that
leads to the feasibility of “off-the-shelf” production of
functional tissue constructs.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s13770-
022-00447-3.
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