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Extruded Bioreactor Perfusion Culture Supports the
Chondrogenic Differentiation of Human Mesenchymal
Stem/Stromal Cells in 3D Porous Poly(ɛ-Caprolactone)
Scaffolds

João C. Silva, Carla S. Moura, Gonçalo Borrecho, António P. Alves de Matos,
Cláudia L. da Silva, Joaquim M. S. Cabral, Paulo J. Bártolo, Robert J. Linhardt,
and Frederico Castelo Ferreira*

Novel bioengineering strategies for the ex vivo fabrication of native-like
tissue-engineered cartilage are crucial for the translation of these approaches
to clinically manage highly prevalent and debilitating joint diseases.
Bioreactors that provide different biophysical stimuli have been used in tissue
engineering approaches aimed at enhancing the quality of the cartilage tissue
generated. However, such systems are often highly complex, expensive, and
not very versatile. In the current study, a novel, cost-effective, and
customizable perfusion bioreactor totally fabricated by additive manufacturing
(AM) is proposed for the study of the effect of fluid flow on the chondrogenic
differentiation of human bone-marrow mesenchymal stem/stromal cells
(hBMSCs) in 3D porous poly(ɛ-caprolactone) (PCL) scaffolds. hBMSCs are
first seeded and grown on PCL scaffolds and hBMSC–PCL constructs are then
transferred to 3D-extruded bioreactors for continuous perfusion culture under
chondrogenic inductive conditions. Perfused constructs show similar cell
metabolic activity and significantly higher sulfated glycosaminoglycan
production (≈1.8-fold) in comparison to their non-perfused counterparts.
Importantly, perfusion bioreactor culture significantly promoted the
expression of chondrogenic marker genes while downregulating hypertrophy.
This work highlights the potential of customizable AM platforms for the
development of novel personalized repair strategies and more reliable in vitro
models with a wide range of applications.
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1. Introduction

Cartilage self-repair occurring upon injury
or degenerative joint disease such as os-
teoarthritis or rheumatoid arthritis is ham-
pered by the intrinsic avascular nature and
low cellularity of this tissue. Appropriate
therapeutic strategies to regenerate carti-
lage with properties similar to the na-
tive tissue and with long-term functional-
ity have yet to be developed.[1,2] Cartilage
tissue engineering (CTE) approaches, aim-
ing at fabricating tissue substitutes that re-
capitulate the biochemical, structural, and
mechanical properties of native cartilage,
have been introduced as promising alterna-
tives to current clinical surgical methods.[3]

Such strategies often comprise a combina-
tion of cells (chondrocytes or mesenchy-
mal stem/stromal cells [MSCs]), biomate-
rial scaffolds, and external stimuli through
the modulation of biological and/or physi-
cal factors.[3–5]

MSCs have been used in CTE as an at-
tractive alternative to chondrocytes due to
the easier accessibility of these cells from a
wide variety of tissue sources;MSCs’ higher
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in vitro proliferative potential and immunomodulatory/trophic
properties; and ability to differentiate toward cartilage upon in-
duction with proper external cues.[2,6,7]

Biodegradable scaffold matrices based either on naturally oc-
curring or synthetic materials have been widely used in com-
bination with MSCs for CTE strategies.[8] Natural materials of-
fer advantages such as low toxicity and presence of biological
signaling and cell adhesion motifs, however, batch-to-batch vari-
ability, weak mechanical properties, and difficulty in controlling
structure and degradation are important drawbacks to consider.
In contrast, the main benefits of using synthetic scaffolds re-
side in the good mechanical support provided, ease of process-
ing, and the possibility of controlling the mechanical proper-
ties and degradation times by changing the polymer chemical
structure or scaffold architecture.[4,8,9] Among synthetic materi-
als, poly(ɛ-caprolactone) (PCL), which was previously approved
by the FDA for various medical applications, has been used
as scaffold material with MSCs in different cartilage repair
settings[10–12] mainly due to its biodegradability, chemical versatil-
ity, facile processability, and capacity to tune its mechanical prop-
erties to meet the requirements of a specific tissue engineering
approach.[13,14]

Integrated CTE approaches have also employed the use of
external cues to augment MSC chondrogenic potential. Such
signaling cues can be biochemical (e.g., growth factors, TGF-
𝛽 superfamily, fibroblast growth factor (FGF)-2,[15,16] or small
molecules such as kartogenin[17]), environmental (e.g., low oxy-
gen concentrations compared to atmospheric air, hypoxia, to re-
capitulate the in vivo oxygen tensions of articular cartilage (1%
O2 in the deep zone to 6% O2 in the superficial zone) as well
as of most MSC niches (1–5% O2)

[18–20] or physical factors (e.g.,
mechanical/electrical stimulation).[21,22] In fact, low oxygen ten-
sion culture conditions (generally between 3% and 5% O2) have
been employed to enhance MSC chondrogenesis in porous CTE
scaffolds.[23,24] Bioreactor technology has been successfully em-
ployed for the expansion of MSC[25] and/or for chondrogenic
priming,[26] prior to tissue substitute fabrication. In CTE strate-
gies, commercially and tailor-made bioreactor devices have been
developed, to apply controlled and dynamic mechanical stimuli
to cell-seeded scaffolds aiming to generate cartilage-like tissue in
vitro by a closer mimicking of the articular motion forces.[22,27]

Examples of mechanical loading applied through bioreactor plat-
forms to regulate MSC chondrogenic differentiation in CTE set-
tings include direct compression,[28,29] hydrostatic pressure,[30]

direct shear stress,[31] fluid-induced shear stress,[32–34] or multi-
modal biaxial combining different stimuli.[35,36] Such bioreactor
platforms are often complex systems designed to meet specific
requirements for a standardized scaffold structure and biophysi-
cal stimuli. A lack of versatility represents a major drawback for
the generalized use of bioreactors in personalized CTE strategies,
as any modification of the standardized bioreactor often requires
costly and laborious manufacturing steps.[37,38] Additive manu-
facturing (AM) technology, such as 3D melt-extrusion, offers a
promising alternative to overcome these limitations allowing the
versatile and cost-effective fabrication of both scaffold and biore-
actor with the desired size, shape, and architecture complexity.[39]

Notably, this highly reproducible and flexible approach is fully
compliant with a personalized CTE approach as the “patient-

tailored” scaffold can be produced to perfectly fit the defect site
and bioreactor prototypes can be easily customized to provide the
specific physical stimuli required for each case.
Fluid perfusion within the constructs allows an efficient

nutrient/metabolite transfer and gas exchange beneficial for
cartilage extracellular matrix (ECM) synthesis. Additionally,
previously published literature suggest that shear stress, re-
sulting from fluid perfusion, favors the chondrogenic differ-
entiation of MSCs.[32,33] Nevertheless, reports on hypertrophy
observed in MSC-based cartilage engineered tissues under per-
fused culture[34] highlight the need for further studies to bet-
ter understand the effects of fluid-induced shear stress in
MSC chondrogenesis and thus optimize its application in CTE
approaches.
In this study, we propose a new concept of a cost-effective and

customizable perfusion bioreactor, readily fabricated by AM 3D-
extrusion, to study the effect of fluid-induced shear stress on
the chondrogenic differentiation of human bone marrow MSCs
(hBMSCs) in porous PCL scaffolds. Unlike the majority of previ-
ous designs, the bioreactor presented here is totally produced by
extrusion using standard and commercially available 3D printer
and low-cost materials, without the need for additional complex
metallic pieces, which allows its widespread use in clinical ap-
plications or for academic research purposes. Extruded bioreac-
tor dimensions and perfusion system were conceptualized to al-
low for the use of several bioreactors in parallel, easily fitted on
standard incubator chambers and perfused using a multichan-
nel peristaltic pump. Moreover, this bioreactor platform can eas-
ily accommodate multiple scaffolds receiving uniform fluid-flow
induced shear stress stimuli simultaneously and allows the sim-
ple collection of the engineered tissue constructs, in contrast
to other designs requiring a more time-consuming and cum-
bersome handling.[33,40] Importantly, these devices can be easily
modified to receive as many scaffolds as required, with differ-
ent sizes and shapes according to the patient lesion site. This ex-
truded bioreactor system explores the use of fluid-flow induced
shear stress as a single mechanical stimuli to improve the qual-
ity of MSC-based cartilage tissue-engineered constructs. Herein,
computer-aided design (CAD) models of the bioreactor proto-
types were used for fluid-flow modeling. The perfusion system
introduced here significantly enhanced the chondrogenic poten-
tial of hBMSC, while preventing tissue hypertrophy, as demon-
strated by the results of sulfated glycosaminoglycan (sGAG) pro-
duction, and immunohistochemical and gene expression anal-
ysis when compared with cells cultured under static culture
conditions.

2. Experimental Section

2.1. Cell Isolation and Culture

hBMSCs were isolated from bone marrow (BM) aspirates (two
male donors: 35 and 36 years of age) according to a previously
established protocol.[41] BM samples were obtained from healthy
donors upon informed consent, with the approval of the Ethics
Committee of Instituto Português de Oncologia Francisco Gen-
til. Isolated hBMSCs were cultured using low-glucose DMEM
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(Gibco, Thermo Fisher Scientific, MA, USA) supplemented with
10% v/v fetal bovine serum MSC-qualified (FBS; Life Technolo-
gies, CA, USA) and 1% v/v antibiotic-antimycotic (Anti-Anti,
Gibco), kept at 37 °C and 5% CO2 in humidified atmosphere and
cryopreserved in a liquid/vapor-phase nitrogen container until
further use. All the experiments were performed using cells be-
tween passages P3 and P5, and culture media was fully replaced
every 3–4 days.

2.2. Fabrication and Characterization of PCL Scaffolds

PCL (MW 50 000 Da, CAPA 6500, Perstorp Caprolactones,
UK) scaffolds were fabricated using in-house developed melt-
extrusion equipment, the Bioextruder, and characterized as pre-
viously described.[42,43] Scaffolds were fabricated with the desired
size (dimensions: 10 mm × 10 mm × 3 mm) and with a se-
lected 0–90° lay-down pattern according to previously designed
3D CAD models (SolidWorks software, Dassault Systèmes, S.A.,
France). The produced scaffolds were characterized in terms of
structure and architectural features by scanning electron mi-
croscopy (SEM, Hitachi S-2400, Japan) and micro-computed to-
mography (µ-CT, Scansky 1174v2, Bruker version 1.1, MA, USA).
During the µ-CT analysis, the 3D image reconstruction was done
in the software NRecon (version 1.7.0.4, Bruker) and the mor-
phological features assessment was performed using the CT-
Analyzer software (CTAn, version 1.16.4.1, Bruker). The poros-
ity of the fabricated PCL scaffolds was calculated as the ratio be-
tween the pore volume and the sum of whole volume including
pores and scaffold fibers (Porosity (%)= (Vpores/(Vpores + Vscaffold))
× 100). The scaffold’s interconnectivity corresponds to the ratio
between the volume of interconnected (or open) pores and the
sum of the interconnected and closed pores (Interconnectivity
(%) = (Vopen pores/(Vopen pores + Vclose pores)) × 100).

2.3. Design and Fabrication of Extruded Perfusion Bioreactors

The bioreactor prototype parts were generated employing CAD
(SolidWorks software) and fabricated by melt-extrusion using
a commercially available 3D printer (MakerBot Replicator 2X,
MakerBot Industries, NY, USA). The parts of the cylindri-
cal shape bioreactor were produced in acrylonitrile butadiene
styrene (ABS, MakerBot) using the fabrication parameters de-
scribed in Figure 1B(iii). Three individual parts composing the
bioreactor were extruded: an external vase, an internal part able
to perfectly fit the PCL scaffolds, and a lid that can assemble a 25
cm2 t-flask lid with a filter (Corning Inc., NY, USA) to allow oxy-
genation (Figure 1B(i),(ii)). The bioreactor vessel was designed to
fit six PCL scaffolds and with a working volume of 25 mL of cul-
ture media. The outer bioreactor surfaces were coated with a thin
layer of poly (dimethylsiloxane) (PDMS; SYLGARD 184 Silicone
Elastomer Kit, Corning Inc.) to seal any porosity and prevent me-
dia leakage. Additionally, the bioreactor vessel was connected to
a peristaltic pump (Ismatec REGLO digital peristaltic pump, Is-
matec, Germany) through Tygon tubes (Ismatec) to allow for con-
trolled perfusion with culture media. The fluid flows in a closed

system from the bottom left (inlet) of the bioreactor and leaves
the reactor vessel by the top right (outlet) (Figure 3B).

2.4. Computational Fluid Dynamic Analysis

A computational fluid dynamics (CFD) simulation was per-
formed using the ANSYSWorkbench 2.0 Framework software
(version R19.1, ANSYS Inc., PA, USA) to predict the fluid veloc-
ities in different regions within the bioreactor vessel. The condi-
tions for the computational simulations were defined as: bioreac-
tor working volume, 25 mL; flow rate, 0.2 mL min–1 (as used in
the in vitro culture experiments); temperature, 37 °C; pressure
of 1 atm; and flow regime defined as subsonic and turbulence
model as laminar. The pressure at the bioreactor vessel outlet was
assumed to be zero and the bioreactor chamber was considered
as rigid and impermeable.

2.5. In Vitro Cytotoxicity Testing of the Materials Comprising
the Bioreactor Platform

The biocompatibility of the ABS material used in the bioreac-
tor (discs with 10 mm diameter and 2 mm thickness produced
with different printing infills: 25%, 50%, 75%, and 100%) as
well as the PCL scaffold was tested following the ISO 10 993–5
guidelines[44] using L929 mouse fibroblasts (ATCC number CCL-
1). All materials were evaluated by the indirect extract test and
direct contact test. Cells cultured on tissue culture polystyrene
(TCPS) plates with DMEM + 10% FBS + 1% Anti-Anti culture
medium under standard conditions were used as negative con-
trol and latex was used as positive control for cell death. Extracts
were prepared by incubating thematerials in culturemedia (0.2 g
material mL–1) for 72 h at 37 °C and 5% CO2 under agitation.
To perform both tests, L929 fibroblasts were seeded on TCPS
plates at a cell density of 1.5 × 105 cells per well and cultured for
24 h at 37 °C and 5% CO2 to obtain a confluent monolayer. Cul-
ture media was removed and cells were exposed to the extract’s
conditioned medium for 24 h at 37 °C and 5% CO2 for the indi-
rect extract test. Afterward, extract conditioned medium was re-
moved and the MTT assay (In Vitro Toxicology Assay Kit, MTT
based, Sigma–Aldrich, MO, USA) was performed according to
the manufacturer’s guidelines. Briefly, cells were incubated with
MTT solution (yellow, 1 mg mL–1) for 2 h at 37 °C; and the violet
formazan product (resultant from the MTT metabolic reduction
by metabolically active cells) dissolved using a 0.1 n HCl solu-
tion in anhydrous isopropanol (Sigma–Aldrich). The absorbance
of the resultant solution was measured in a plate reader (Infinite
M200 PRO, TECAN, Switzerland) at 570 nm, and the percentage
of viable cells for the different samples was calculated by com-
parison with the values obtained for the negative control cul-
tures. Three samples of each condition were assayed and the ab-
sorbance of each sample was measured in triplicate. In the direct
contact test, the different materials were placed in contact with a
confluent monolayer of L929 fibroblasts and incubated for 24 h
at 37 °C and 5% CO2. Cell viability and morphology were qual-
itatively assessed under an inverted optical microscope (LEICA
DMI3000B, Leica Microsystems, Germany) equipped with a dig-
ital camera (Nikon DXM1200F, Nikon Instruments Inc., Japan).
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Figure 1. Fabrication of PCL scaffold and extruded bioreactor platform. A) Characterization of 3D extruded PCL scaffolds structure: photograph of a
PCL scaffold with 10 mm × 10 mm × 3 mm dimensions (i), respective 3D reconstruction image obtained after µ-CT analysis (ii) and SEM micrograph
(iii). Scale bar: 1 mm for (i) and (ii), and 500 µm for (iii). B) CAD models of the parts composing the bioreactor prototype (i) were developed using
SolidWorks software. The bioreactor consists of an external vase (1), an internal part (2) with a bottom porous disperser and a scaffold chamber including
compartments (4) to perfectly fit six PCL scaffolds (5), and a lid (3) designed to assemble a filter t-flask cap (6) to allow oxygenation. Both internal and
external vases have holes to allow connection to a peristaltic pump through tubing and the bottom of the internal vase possesses a porous disperser to
allow fluid movement. Fluid flows in a closed system, entering the bioreactor from the bottom left (inlet), and leaves the vessel by the top right (outlet).
Prior to whole bioreactor assembly, the parts were fabricated in ABS material by 3D melt-extrusion (ii) using defined printing parameters (iii).

2.6. Bioreactor Culture of hBMSC–PCL Constructs

PCL scaffolds were sterilized by UV exposure (2 h each side of
the scaffold) and by incubation in 70% v/v ethanol for 3 h. The
scaffolds were washed three times with a 1% v/v Anti-Anti solu-
tion in phosphate buffered saline (PBS, Gibco) for 3 h (1 h each
wash) and conditioned with culture media for 1 h at 37 °C. Each
PCL scaffold placed on TCPS plates was seeded with 1.5 × 105

hBMSCs and incubated for 1.5 h at 37 °C and 5% CO2, before be-
ing completely immersed with culture media, to promote initial
cell attachment. hBMSCs were expanded in PCL scaffolds for 14
days in DMEM+ 10%FBS+ 1%Anti-Anti at 37 °C/5%CO2/20%
O2 and the culture media was fully renewed twice a week. Dur-
ing this period, hBMSCs spread on the extruded PCL fibers
and migrate along the whole structure, occupying both fibers
and pore regions of the scaffold.[45] Before the dynamic/static

culture of hBMSC–PCL constructs, bioreactors and tubes were
sterilized thoroughly by 70% ethanol and 1% Anti-Anti (in
PBS) washing. At day 14, hBMSC–PCL constructs were trans-
ferred to the bioreactor prototypes and cultured under perfusion
(volumetric flow rate of 0.2 mL min–1, based on previously re-
ported studies[33,46]) or static conditions with 25 mL of chon-
drogenic medium (Hyclone AdvanceSTEM Chondrogenic Dif-
ferentiation medium, Thermo Scientific, Rockford, IL USA)
+ 1% Anti-Anti for additional 21 days. All bioreactor cul-
tures were performed at 37 °C/5% CO2 under hypoxic con-
ditions (5% O2 tension) to generate closer mimicry of the
in vivo articular cartilage microenvironment and to promote
MSC chondrogenic differentiation. For a single experiment,
each bioreactor (static/perfused) harbored six different hBMSC–
PCL constructs and 50% of the culture media was replaced
weekly.
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2.7. hBMSC Viability and Proliferation Assay

The viability and proliferation of hBMSC in PCL scaffolds were
evaluated throughout the 5 weeks of culture (days 1, 7, 14, 21,
28, and 35) by assessing cell metabolic activity using AlamarBlue
cell viability reagent (ThermoFisher Scientific, USA) according to
the manufacturer’s protocol. In this assay, the scaffolds were re-
moved from the bioreactors and placed in a multi-well plate. Ala-
marBlue cell viability reagent was diluted in culture media (1:10
dilution, v/v), added to the scaffolds and incubated at 37 °C in
a 5% CO2 chamber for 2.5 h. For each independent experiment,
fluorescence intensity values were quantified in triplicate using a
plate reader (Infinite M200 PRO, TECAN) at 560/590 nm excita-
tion/emission wavelengths and compared to a calibration curve
(specific for each donor) to estimate the equivalent number of
cells in the scaffolds. Acellular PCL scaffolds were used as blank
control for the fluorescence intensity measurements.

2.8. Metabolite Analysis

The concentrations of glucose and lactate were analyzed before
and after eachmedia change during the culture of hBMSC under
static conditions in PCL scaffolds and hBMSC–PCL constructs in
the bioreactor. The collected media samples were centrifuged for
10 min to remove dead cells and debris. Metabolite concentra-
tions were determined using an automatic multi-parameter an-
alyzer (YSI 7100MBS, Yellow Springs Instruments, OH, USA).
Specific glucose consumption rate, specific lactate production
rate, and the apparent yield of lactate from glucose (YLac/Gluc)
for defined culture time intervals during hBMSC expansion and
chondrogenic differentiation were calculated according to a pre-
viously published method.[41]

2.9. Assessment of hBMSC Chondrogenic Differentiation

2.9.1. sGAG detection and Quantification Assay

At the end of the bioreactor culture (day 35), scaffold samples
were harvested, washed thoroughly with PBS to remove all media
remnants, and fixed with 2% paraformaldehyde (PFA, Sigma–
Aldrich) solution for 20 min. Samples were incubated with 1%
Alcian Blue 8GX (Sigma–Aldrich) solution (in 0.1 n hydrochlo-
ric acid) for 1 h to assess for the presence of sGAG. Scaffold
constructs were rinsed twice with PBS, washed once with dis-
tilled water and imaged using an inverted microscope (LEICA
DMI3000B, Leica Microsystems) equipped with a digital camera
(Nikon DXM1200F, Nikon Instruments Inc.). sGAG content of
the final tissue constructs was quantified by Alcian Blue dye pre-
cipitation following previously reported protocols.[47,48] In this as-
say, Alcian Blue stained samples were re-dissolved with a 2%SDS
(Sigma–Aldrich) solution with constant agitation overnight. Ab-
sorbance values of the resultant solutions were quantified in a
plate reader (Infinite M200 PRO, TECAN) at 620 nm and com-
pared to a calibration curve to estimate the sGAG content in each
construct. In each independent experiment, three scaffolds per
experimental group were considered and the absorbance of each
sample was measured in triplicate. Acellular PCL scaffolds sub-

mitted to the same protocol were used as blank control for the
absorbance measurements.

2.9.2. Histological and Immunohistochemical Analysis

The final tissue constructs obtained after the bioreactor culture
were harvested, rinsed with PBS, and fixed in 2% PFA. The sam-
ples were dehydrated with a progressive graded ethanol series,
cleared with xylene (Sigma–Aldrich) and embedded in paraffin.
The paraffin blocks were sliced into 5 µm sections using a mi-
crotome Leica RM2235 (Leica Biosystems) and mounted in glass
slides. Upon deparaffinization and rehydration of the slides, en-
dogenous peroxidase activity was blocked with 3% v/v hydro-
gen peroxidase (H2O2, Sigma–Aldrich) treatment for 10 min.
For histological evaluation of the constructs, the cross-sections
were stained with haematoxylin–eosin (H&E, Sigma–Aldrich) for
5 min to visualize cells or cell nuclei; 0.1% w/v Toluidine Blue
(Sigma–Aldrich) for 5min to identify proteoglycans; and with 1%
w/v Safranin-O (Sigma–Aldrich) for 15 min to observe secreted
GAG. In the immunohistochemical analysis, cross-sections were
incubated overnight at room temperature with rabbit polyclonal
antibodies to collagen II (1:800 dilution, Anti-Collagen II anti-
body ab34712, Abcam, UK) and aggrecan (1:250 dilution, Anti-
Aggrecan II antibody ab140707, Abcam), followed by incubation
for 30 min with anti-rabbit Dako EnVision+ System-HRP La-
beled Polymer (Agilent Dako, CA, USA). Slides were counter-
stained with haematoxylin, dehydrated, and mounted. Images
of the histological and immunohistochemical stainings were ob-
tained at 200×magnification using a Leica DMLB optical micro-
scope equippedwith a LeicaDFC290HDcamera (LeicaMicrosys-
tems).

2.9.3. RNA Extraction and Quantitative Real-Time PCR Analysis

Scaffolds were collected and kept at –80 °C until further analysis
to quantify the expression of chondrogenic gene markers by cells
at the end of perfusion/non-perfusion bioreactor culture. Total
RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). The scaffolds were first incubated in lysis buffer with
agitation for 20 min at 4 °C, followed by the total RNA extrac-
tion protocol according to the manufacturer’s guidelines. RNA
was quantified by UV spectrophotometry (NanoVue Plus, GE
Healthcare, Chicago, IL, USA). cDNA was synthesized from the
purified RNA using iScript cDNA Synthesis Kit (Bio-Rad, Her-
cules, CA, USA) and the T100 Thermal Cycler (Bio-Rad) follow-
ing the manufacturer’s supplied protocol. The quantitative real-
timePCR (qPCR) analysis was performedusing Fast SYBRGreen
Master Mix (Applied Biosystems, CA, USA) and a StepOne Real-
Time PCR System (Applied Biosystems) according to the manu-
facturer’s guidelines. The primer sequences (Stabvida, Portugal)
used in the qPCR analysis are specified in Table S1, Supporting
Information. All samples were assayed in triplicate and the CT
values obtained were normalized against the expression of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The analysis was performed using the 2−ΔΔCT method,
and data were presented as fold-change expression levels relative
to hBMSCs at day 0.
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2.10. Statistical Analysis

Results are presented as mean ± standard error of mean (SEM)
of the values obtained for three (n= 3) independent experiments,
unless otherwise specified. Statistical analysis was performed us-
ing GraphPad Prism 6.0 software (GraphPad Software Inc., La
Jolla, USA). Comparisons between independent samples (perfu-
sion bioreactor vs non-perfusion bioreactor) were determined by
the nonparametric Mann–Whitney U test and data were consid-
ered to be statistically significant when p-values obtained were
<5% (*p < 0.05).

3. Results

3.1. Design and Fabrication of PCL Scaffolds and Perfusion
Bioreactor Platform

PCL scaffolds (Figure 1A(i)) were produced in a controlled layer-
by-layer process using an AM 3D-extrusion system developed in-
house, and with the desired shape, size, and architecture.[43] The
structural features of the fabricated scaffolds were assessed by
µ-CT (Figure 1A(ii)) and SEM (Figure 1A(iii)) analysis. Scaffolds
with a 0–90° fiber orientation and a pore size of 390 µm that falls
within the range of pore sizes previously reported to promote
MSC chondrogenesis[49,50] were generated to achieve high poros-
ity (56.6%) and high interconnectivity (99.7%),[43] which favor cell
infiltration and migration, efficient gas exchange, nutrient sup-
ply, and waste removal.
Bioreactor prototypes were fabricated from the designed CAD

models (Figure 1B(i)) using a commercially available 3D ex-
trusion system. As demonstrated in Figure 1B, three parts ex-
truded independently were assembled to compose the whole
bioreactor (Figure 1B(ii)): an external vase, an inner part cus-
tomized to perfectly accommodate the PCL scaffolds, and a lid
that can harbor a vented t-flask cap. The prototype was devel-
oped to allow fluid perfusion of the scaffolds inside the biore-
actor by connection through tubing to a peristaltic pump. Cul-
ture media enter the bioreactor vessel from the bottom left part
(inlet), flow through a thin chamber on the bottom of the reac-
tor, and then upstream, through a porous disperser in the bot-
tom surface of the bioreactor into the scaffolds chamber. Then,
the culture media exit the system from the top right (outlet).
Additionally, based on this concept, the bioreactor was custom-
made to accommodate six PCL scaffolds with a working vol-
ume of 25 mL using the extrusion parameters summarized in
Figure 1B(iii).
Prior to cell culture experiments, thematerials (ABS disks with

different printing infill and PCL scaffolds) were tested for cy-
totoxicity using L929 fibroblasts following ISO 10 993–5 guide-
lines (Figure S1, Supporting Information). The MTT extract in-
direct test (Figure S1A, Supporting Information) showed that
cells cultured with the extracts obtained from culture incuba-
tion of the different materials presented high cell viabilities over
86%, while cells cultured in direct contact with the same materi-
als presented regular fibroblast morphology with no evidence of
any inhibition halo effect or cell death (Figure S1B, Supporting
Information).

3.2. CFD Analysis Predicts Fluid Velocities Distribution Within
the Bioreactor

CFD modeling was used to simulate the flow pattern of the
culture media within the extruded perfusion bioreactor vessel
(Figure 2; Figure S2, Supporting Information). Before the analy-
sis, a CAD model of the volume geometry of the bioreactor was
imported from SolidWorks and a respective mesh was created in
ANSYS. For the perfusion flow rate defined for the in vitro cul-
ture assays (0.2mLmin–1), a residential time (time needed for the
total replacement of the working volume in the bioreactor vessel)
of 125 min (≈2.08 h) was estimated. Figure 2C shows the pre-
dicted fluid velocity distributions and values along six different
horizontal planes inside the bioreactor vessel: a top plane near
the outlet right above the scaffolds (1), three planes intersecting
the scaffolds (2-4), a plane at the top surface of the bottom porous
fluid disperser (5), and a plane at the lower surface of the bot-
tom porous fluid disperser (6). In this configuration, the max-
imum linear velocities were observed near the inlet and outlet
of the bioreactor, with an estimated value of ≈1.22 × 10−5 m s–1.
The observation of the three planes (2–4) intersecting the scaffold
compartments suggests that the fluid velocity distributions are
quite homogeneous for all the six scaffolds. Moreover, this analy-
sis indicates that the tangential fluid velocity values experienced
by the scaffolds are quite low, which were previously hypothe-
sized to favor chondrogenic phenotype maintenance.[51,52] The
fluid perfusion through the bottom fluid disperser pores (plane
6 to 5) increased fluid velocities in the parallel regions between
two adjacent scaffold compartments. Importantly, as shown in
Figures 2A,B and 1B(i), the disperser was designed with no pores
in the regions below the scaffold compartments to avoid the oc-
currence of high fluid velocities that may induce harmful or un-
wanted mechanical effects on the cell-scaffold constructs. An ad-
ditional CFD analysis, predicting the fluid-flow velocity patterns
and intensities in three different horizontal (Figure S2A(i–iv),
Supporting Information) and vertical (Figure S2B(i–iv), Support-
ing Information) planes, is also provided. Overall, our simula-
tion results demonstrate homogeneous fluid perfusion in the
regions tangential to the scaffolds, suggesting uniform hydrody-
namic stress conditions at the scaffold interface.

3.3. Bioreactor Culture of hBMSC–PCL Constructs

The in vitro assays for bioreactor culture were performed follow-
ing the experimental scheme presented in Figure 3A. hBMSCs
were expanded in PCL scaffolds for 2 weeks under static cul-
ture conditions in DMEM + 10% FBS + 1% Anti-Anti, and after-
ward, the hBMSC–PCL constructs were transferred to the ABS
extruded perfusion bioreactors and cultured with a 0.2 mLmin–1

flow rate of chondrogenic medium at 37 °C/5% CO2/5% O2
(Figure 3A,B). A bioreactor culture operating without perfusion
was used as a control. The metabolic activity of the cells present
in the PCL scaffolds monitored by AlamarBlue cell viability as-
say throughout culture are presented in Figure 3C. As expected,
cell metabolic activities increased considerably during the first 14
days of culture in DMEM + 10% FBS + 1% Anti-Anti and were
maintained during the following 21 days under chondrogenic
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Figure 2. Computational fluid flow modeling predicts linear velocities distribution within the bioreactor. A) Representative model of the bioreactor inner
region considered in the CFD analysis, specifying the location of the PCL scaffolds. B) Contour plot with the linear fluid velocities distribution inside
the bioreactor, highlighting the inlet and outlet regions of the system. C) Fluid velocity distributions and values for linear velocities (expressed in m/s)
for different horizontal planes (corresponding to different regions – a top plane near the outlet right above the scaffolds (1), three planes intersecting
the scaffolds (2–4), a plane at the top surface of the bottom porous fluid disperser (5), and a plane at the lower surface of the bottom porous fluid
disperser (6) within the bioreactor vessel. CFD analysis was performed using ANSYS software version R19.1 with the following parameters: 25 mL
fluid volume in the bioreactor vessel; fluid perfusion rate of 0.2 mL min–1; ambient conditions of 37 °C and 1 atm; flow regime defined as subsonic and
turbulencemodel as laminar. The pressure at the bioreactor vessel outlet was assumed to be zero and the bioreactor chamber was considered as rigid and
impermeable.

induction. Additionally, cells remained viable without significant
differences in metabolic activity between non-perfusion and per-
fusion cultures in the bioreactor.
The concentrations of glucose (Figure 3D(i)) and lactate

(Figure 3D(ii)) in the cell culture supernatants were measured
to evaluate the cell metabolic profile throughout all culture pe-
riods (in static expansion and bioreactor differentiation stage).
As expected, for both non-perfused/perfused bioreactors, glu-
cose concentration decreased between each media change while
lactate concentration showed an opposite trend. Additionally,
under both conditions tested and throughout all culture time,
glucose was always available (never reaching values close to
0 mm), while lactate concentration never reached inhibitory val-
ues (over 35 mm previously defined for human MSC[53]), with
maximum values of 10.45 ± 0.07 mm and 11.75 ± 0.21 mm,
observed at day 35 for bioreactor culture under static condi-
tions and perfusion, respectively. Glucose consumption, lactate
production and apparent yield of lactate from glucose through-
out all culture experiments were calculated and are presented
in Figure S3, Supporting Information. Under both conditions,
a higher glucose specific consumption rate (Figure S3A, Sup-
porting Information) and lactate specific production rate (Figure
S3B, Supporting Information) were observed during the expan-

sion phase under static conditions. From day 14 onward, the glu-
cose specific consumption rate and lactate specific production
rate values were considerably reduced, suggesting a lower cell
metabolism during chondrogenic differentiation in bioreactor
cultures under non-perfusion and perfusion conditions. More-
over, YLac/Gluc (Figure S3C, Supporting Information) during all
culture stages (expansion and chondrogenic differentiation) were
also calculated, ranging from 1.61 ± 0.07 to 3.19 ± 0.19 for non-
perfused culture in the bioreactor (average YLac/Gluc = 2.37 during
expansion; average YLac/Gluc = 2.51 during differentiation; and av-
erage YLac/Gluc = 2.45 for all culture) and 1.48± 0.04 to 2.94± 0.04
for perfusion bioreactor condition (average YLac/Gluc = 2.23 during
expansion; average YLac/Gluc = 2.52 during differentiation; and av-
erage YLac/Gluc = 2.39 for all culture).

3.4. Perfusion Culture Enhances Cartilage ECM Production

At the end of bioreactor culture, the generated constructs were
harvested and were assessed for the presence of typical car-
tilage ECM components. Both tissue constructs obtained af-
ter static or perfused bioreactor culture stained positively for
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Figure 3. Bioreactor culture of hBMSC–PCL constructs. A) Scheme of the experimental plan followed. hBMSC were seeded on the PCL scaffolds and
cultured under standard expansion conditions for 2 weeks; at day 14, hBMSC–PCL constructs were transferred to non-perfused/perfused bioreac-
tors and exposed to chondrogenic induction conditions for 3 weeks. B) Representative images and culture conditions scheme (hypoxic environment
5%O2/continuous flow rate of 0.2 mL min–1) for the perfused culture of hBMSC–PCL constructs. C) Cell metabolic activity throughout culture. D)
Metabolic analyses throughout culture expressed by the concentration profiles (in mm) for glucose (i) and lactate (ii). Note that the initial glucose
concentration of expansion medium is 1.0 g L–1 while for the chondrogenic differentiation medium is ≈4.0 g L–1. Results for cell numbers in non-
perfused/perfused constructs are represented as mean ± SEM of three (n = 3) independent experiments.

Alcian Blue (Figure 4A), confirming the presence of sGAG.How-
ever, as shown in Figure 4B, perfused constructs presented a sig-
nificantly higher (p < 0.05) amount of sGAG (19.0 ± 2.47 µg
per scaffold) compared to constructs cultured without perfusion
(10.62 ± 2.10 µg per scaffold). This observation suggests a ben-
eficial effect of perfusion culture in promoting sGAG produc-
tion by cells, resulting in an ≈1.8-fold increase compared to
non-perfused constructs.
The final constructs were also processed and evaluated by

histological (Figure 4C) and immunohistochemical analysis
(Figure 4D). Both non-perfused/perfused constructs showed
the presence of cells with defined nuclei after H&E staining
(Figure 4C(i,ii)). Additionally, Toluidine Blue (Figure 4C(iii,iv))
and Safranin-O (Figure 4C(v,vi)) positive stainings for both
conditions confirmed the presence of proteoglycans and GAG,
respectively. Importantly, the apparently more intensive staining
observed in Figure 4C(iv) and Figure 4C(vi) is consistent with
the higher sGAG content (Figure 4B) observed for constructs
obtained after perfusion bioreactor culture. Figure 4D shows the
images resultant from the immunodetection protocol performed

on the final constructs to assess for the presence of main carti-
lage ECM components, collagen II (Figure 4D(i,ii)) and aggrecan
(Figure 4D(iii,iv)). While bioreactor culture under static
conditions (Figure 4D(i)) and perfusion bioreactor culture
(Figure 4D(ii)) lead to constructs staining positive for the pres-
ence of collagen II, the same was not observed for aggrecan.
Perfused constructs showed more abundant and distributed
positive staining for aggrecan (Figure 4D(iii)), in contrast to
the small spots of lower aggrecan expression (highlighted
by the black arrows) verified for the non-perfusion condition
(Figure 4D(iv)). The higher aggrecan expression observed after
perfusion culture is in agreement with the results presented
above for sGAG amounts and histological analysis.

3.5. Flow Perfusion Promotes the Expression of Chondrogenic
Genes While Reducing Hypertrophy

qPCR analysis was performed to assess the effects of the per-
fusion culture in the chondrogenic gene expression profile of

Biotechnol. J. 2020, 15, 1900078 © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900078 (8 of 14)



www.advancedsciencenews.com www.biotechnology-journal.com

Figure 4. Perfused bioreactor culture of hBMSC–PCL constructs promotes cartilage ECM production. A) Alcian Blue staining in the final hBMSC–PCL
constructs detect sGAG deposition after static (i) or perfusion (ii) bioreactor culture. Scale bar: 100 µm. B) Quantification of the amount of sGAG per
scaffold obtained after non-perfused/perfused bioreactor culture. Results are expressed as mean ± SEM of three (n = 3) independent experiments. *p
< 0.05. C) Histological analysis of the final tissue constructs generated after static/perfused bioreactor culture: H&E (i, ii), Toluidine Blue (iii, iv), and
Safranin-O (v, vi) staining. Scale bar: 50 µm. D) Immunohistochemical analysis of the final tissue constructs to detect main cartilage ECM components
collagen II (static bioreactor (i) and perfusion bioreactor (ii)) and aggrecan (static bioreactor (iii) and perfusion bioreactor (iv)). Positive staining is
observed in brown and samples were counterstained with haematoxylin. Black arrows highlight small spots of aggrecan expression. Scale bar: 50 µm.

the final constructs. RNA was isolated before scaffold seeding
(day 0) and from constructs harvested after bioreactor culture un-
der non-perfusion/perfusion conditions (day 35). Figure 5 shows
the values for gene expression of chondrogenic markers Sox9
(Figure 5A), ACAN (Figure 5C), COL II (Figure 5E), fibrocarti-

lage marker COL I (Figure 5B), hypertrophy marker COL X (Fig-
ure 5D), and osteogenic marker Runx2 (Figure 5E), normalized
to the housekeeping gene GAPDH expression and presented as
fold-change relative to the values obtained for hBMSC at day
0. Perfused constructs presented significantly higher (p < 0.05)
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Figure 5. Gene expression evaluation by qPCR analysis of the final tissue constructs obtained after non-perfused/perfused bioreactor culture. A) Sox9,
B) Col I (collagen type I), C) ACAN (aggrecan), D) Col X (collagen type X), E) Col II (collagen type II), and F) Runx2 gene expressions are normalized
against the housekeeping gene GAPDH and presented as fold-change levels relative to hBMSC at day 0 prior to scaffold seeding. Values are represented
as mean ± SEM of three (n = 3) independent experiments. *p < 0.05.

expression of chondrogenic markers Sox9, ACAN, and COL II
compared to constructs cultured without perfusion. Such en-
hancement was considerably more pronounced for the expres-
sion of the main chondrocyte marker COL II. Regarding the
expression of COL I and Runx2, both conditions showed down-
regulation relative to hBMSCs at day 0 and no statistical differ-
ences were observed. Notably, the perfusion bioreactor platform
developed here operating with a flow rate of 0.2 mL min–1 re-
sulted in a statistically significant decrease (p < 0.05) in the ex-
pression of the hypertrophic marker COL X when compared to
bioreactor culture under static conditions. Thus, our qPCR re-
sults suggest that perfused bioreactor culture of hBMSC–PCL

constructs favored MSC chondrogenic differentiation while pre-
venting tissue hypertrophy observed for non-perfused constructs.

4. Discussion

The role of mechanical signals in the regulation of MSC fate
has been demonstrated and explored for a broad range of tissue
engineering strategies.[54,55] In CTE, mechanical stimuli such as
fluid flow-induced shear stress, compression, tension, and hydro-
static pressure have been applied alone or combined using biore-
actor systems and demonstrated to promote the chondrogenic
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potential of MSC.[22,29,30,33–36,56,57] However, the molecular mech-
anisms involved in the MSCmechanotransduction signaling are
not fully understood.[58] Flow perfusion has been applied for the
production of both MSC-based tissue-engineered bone[39,59] and
cartilage.[32,33,60] Different magnitudes of shear stress generated
by fluid perfusion have been reported to result in distinct en-
gineered cartilage phenotypes.[34,56] Therefore, more studies on
the effects of fluid perfusion on MSC chondrogenic differenti-
ation are needed to deepen our understanding of the underly-
ing molecular signaling involved and to define boundary stim-
ulation conditions for magnitudes and regimes envisaging im-
proved protocols for CTE approaches.
Bioreactors used to provide different mechanical stimuli in

CTE are often complex systems designed to meet the require-
ments for a standardized scaffold size and architecture. Recently,
AM technologies, which revolutionized the tissue engineering
field by making possible the development of anatomically com-
plex patient-customized implants, were also used for the manu-
facturing of versatile and cost-effective bioreactor platforms that
can be easily modified according to the specificities of the tar-
get application.[37,39,61] The possibility of fabricating both scaffold
and bioreactor devices with a high degree of customization and
process automation is a critical step toward the efficient, fast,
and reproducible production of personalized high-quality tissue
substitutes.
In the present work, we used CAD and 3D extrusion to man-

ufacture a custom-made bioreactor platform that allows study
the effect of fluid perfusion on the chondrogenic differentia-
tion of MSC in 3D porous PCL scaffolds, also fabricated by ex-
trusion. CFD has been described as an invaluable tool to pre-
dict and visualize the distribution of fluidic velocities and forces
within a bioreactor system, enabling a better understanding of
the role of the hydrodynamic environment in tissue engineer-
ing strategies.[62] Herein, we performed a CFD analysis to predict
fluid velocities distribution and intensity in different regions of
the bioreactor to avoid any detrimental effects on the cells caused
by shear stresses too high or by insufficient nutrient transfer. Ad-
ditionally, our analysis predicted a homogeneous fluid perfusion
in the regions tangential to the scaffolds, suggesting that all six
scaffolds within the bioreactor would be exposed to similar hy-
drodynamic conditions. Prior to in vitro cell culture experiments,
ABS material used to fabricate the bioreactor was tested for dif-
ferent printing infill following the ISO 10 993–5 guidelines and
demonstrated high biocompatibility, which is in accordance with
previously published literature on the use of ABS as scaffold for
CTE.[63]

Similar to other studies focusing on chondrogenic
differentiation,[64] we promoted an expansion phase to allow
hBMSC growth and spreading throughout the PCL scaffolds,
and afterwards, hBMSC–PCL constructs were transferred to
perfusion bioreactor for mechanical stimulation. No statistical
differences were observed in cell metabolic activities between
perfused and non-perfused bioreactor culture, confirming that
the flow rate selected did not cause any detrimental effect on
cell viability and proliferation. The results reported by Tiğli
et al.[64] were in agreement as no significant differences in
cell proliferation were observed between non-perfusion and
perfusion culture of human embryonic stem cell-derived MSC
in porous silk scaffolds under chondrogenic induction. Addi-

tionally, Alves da Silva and colleagues[65] reported no differences
in cell proliferation between static and perfused culture of PCL
nanofiber meshes seeded with hBMSCs, during 21 days under
chondrogenic differentiation conditions.
Our metabolite analysis, performed both during hBMSCs

static expansion in PCL scaffolds placed in TCPS plates and chon-
drogenic differentiation in the bioreactor under static conditions
or perfusion, revealed that exhaustion of glucose was never ob-
served during the culture. Moreover, inhibitory lactate concen-
trations for MSCs over 35 mm[53] were never reached through-
out all culture period, indicating that the media change protocol
used was sufficient. Our results for glucose consumption/lactate
production rates indicate a higher MSC energy metabolism dur-
ing expansion with a considerable reduction during chondrogen-
esis, which is in agreement with the results reported by Pattappa
et al. for pellet chondrogenic cultures.[66] Moreover, Gupta and
colleagues also observed a decrease in glucose consumption and
lactate production during chondrogenic differentiation of human
periosteum-derived progenitor cells in spinner flasks.[26] MSCs
have a metabolic requirement dominated by aerobic glycolysis
during self-renewal, while upon differentiation, the metabolism
shifts to oxidative phosphorylation.[67,68] We observed apparent
yields of lactate from glucose >2 under both culture conditions,
suggesting that lactate is being generated from alternative carbon
sources, such as glutamine.[69]

Fluid perfusion in the bioreactor system produces shear stress
that was previously shown to influence MSC differentiation
processes.[54,70] Shear stress is known to activate MAPK signal-
ing, which regulates both MSC osteogenic and chondrogenic
differentiation.[71,72] At the end of the experiment, perfused con-
structs showed statistically significant higher sGAG amounts
than the values obtained in non-perfusion culture, suggesting a
favorable effect of flow perfusion in the production of cartilage
ECM. This was also suggested by histological and immunohisto-
chemical analysis of the final tissue constructs, mainly by the evi-
dence of considerable higher expression and distribution ofmain
cartilage constituent aggrecan after perfusion bioreactor culture,
which is in accordance with the increased sGAG amounts and
the more intense Toluidine Blue and Safranin-O staining. Our
histological/immunohistochemical analysis data is in agreement
with previous studies on the effect of perfusion culture in MSC
chondrogenesis in CTE scaffolds.[60,65] Despite some authors
reporting detrimental effects in sGAG production after perfu-
sion culture,[32,34] others showed significantly higher amounts
in perfused constructs,[64] which is in agreement with our
results.
Gene expression results, namely the significantly higher ex-

pression levels of Sox9, ACAN, and COL II compared to non-
perfused culture, as well as downregulation of Runx2 and COL
I, indicate that the flow perfusion culture protocol, using the
bioreactor developed here, promotes MSC chondrogenic dif-
ferentiation in 3D porous PCL scaffolds. Additionally, the per-
fused constructs presented significantly lower COL X expres-
sion than the non-perfused counterparts, suggesting a role of
flow-induced shear stress in preventing tissue hypertrophy. A
previous study using a perfusion bioreactor with a flow rate
of 1 mL min–1 to promote chondrogenesis, showed similar
trends for cartilage marker genes, however, data on COL X
expression were not provided.[64] Interestingly, other authors
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reported decreased expression of the hypertrophicmarkerCOL X
in chitosan-based scaffolds cultured with hBMSC in a perfusion
bioreactor, in comparison to the constructs maintained without
perfusion.[60]

MSC differentiation fate regulation through perfusion has
also been predicted to be dependent on the flow rate magni-
tudes involved.[56] While there are studies reporting the posi-
tive effect of fluid perfusion in MSC chondrogenic differenti-
ation on tissue engineering scaffolds,[33,64] others have demon-
strated detrimental effects such as tissue hypertrophy, reduced
GAG production, and lower cell viabilities.[32,34] Nevertheless,
two recent studies highlighting the rate of fluid shear stress
as an effective regulator of the chondrogenic differentiation of
MSC in 2D culture conditions,[73,74] suggest that when using
3D scaffolds systems, different flow rate magnitudes might also
result in different outcomes. In the current study, a mild per-
fusion flow rate of 0.2 mL min–1 was selected to provide uni-
form linear fluid velocities along the scaffold, resulting in an
interesting enhancement of the hBMSC chondrogenic potential
and reduced hypertrophy, in comparison to the non-perfused
condition. Nevertheless, when making comparisons, it is im-
portant to consider the differences in bioreactor platform ge-
ometry and flow rate magnitudes/regimes used in each study
and to note that distinct MSC chondrogenic differentiation out-
puts might arise not only from the perfusion effect but also
from the type of MSC-source (e.g., BMSC, synovium-derived
MSC, adipose tissue-derived MSC, umbilical cord blood-derived
MSC), the scaffold material/structure as well as from the culture
media/protocol used.
In conclusion, we present a unique concept of a fully cus-

tomizable, AM-based extrusion, perfusion bioreactor, capable of
providing flow-induced shear stress stimuli to MSC-based tis-
sue constructs for CTE applications. Our results demonstrate
that a perfusion bioreactor culture promotes the chondrogenic
differentiation of hBMSCs, as suggested by increased cartilage-
like ECM production and expression of chondrogenic marker
genes when compared to non-perfusion culture conditions. In
this first proof-of-concept study, we performed our in vitro cul-
ture experiments under a single flow rate. A study varying flow
rate stimulation values and using a Design of Experiments strat-
egy should be performed to determine the optimal perfusion
bioreactor operating conditions required to maximize the chon-
drogenic potential of MSC, assessed in vitro. Considering pre-
vious studies reporting enhanced expression of chondrogenic
markers by MSC-based constructs cultured under perfusion in
basal media,[75] it would be interesting to further use our per-
fusion bioreactor platform to investigate MSC fate in the ab-
sence of chondrogenic induction medium. Additionally, the ver-
satility of the platform presented here allows tailoring scaffolds
to different types of 3D culture systems such as cell pellets or
micromasses. Therefore, the study of the effect of cell culture
technique (i.e., a comparison between MSCs seeded on scaf-
folds and MSC pellets assembled in scaffolds) on MSC chon-
drogenic differentiation under perfusion conditions is partic-
ularly interesting and should be addressed in the future. As
articular cartilage motion results from a combination of com-
pressive, tensile. and shear stresses,[35] future studies should
also focus on the development of novel AM-based bioreac-
tor platforms enabling the application of multiple mechan-

ical stimuli simultaneously to enhance MSC chondrogene-
sis by providing a closer mimicry of the native cartilage
microenvironment. Such bioreactor platforms should be fur-
ther customized to integrate different combinations of scaf-
fold materials and structures such as hydrogels or electro-
spun fibers that are required to mimic the hierarchical mul-
tizonal structure of the articular cartilage tissue. Also, the ap-
plication of different mechanical stimuli to tissue constructs
produced in scaffolds with varying properties such as stiff-
ness, internal architecture. and porosity would provide a bet-
ter understanding of how these scaffold features affect MSC
mechanotransduction signals toward a chondrocyte-like pheno-
type.
The work here described presents a promising bioreactor plat-

form for personalized CTE strategies and in vitro disease mod-
eling while highlighting the advantages of AM-based bioreactor
development for the automated fabrication of patient-tailored tis-
sue engineering products targeting a wide range of regenerative
medicine applications.
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