
ORIGINAL ARTICLE

A Fluidic Culture Platform for Spatially Patterned
Cell Growth, Differentiation, and Cocultures

Josephine Lembong, PhD,1,2 Max J. Lerman, MS,2–4 Tami J. Kingsbury, PhD,5,7

Curt I. Civin, MD,5–7 and John P. Fisher, PhD1,2

Stem cell cultures within perfusion bioreactors, while efficient in obtaining cell numbers, often lack the
similarity to native tissues and consequently cell phenotype. We develop a three-dimensional (3D)-printed
fluidic chamber for dynamic stem cell culture, with emphasis on control over flow and substrate curvature in a
3D environment, two physiologic features of native tissues. The chamber geometry, consisting of an array of
vertical cylindrical pillars, facilitates actin-mediated localization of human mesenchymal stem cells (hMSCs)
within *200mm distance from the pillars, enabling spatial patterning of hMSCs and endothelial cells in
cocultures and subsequent modulation of calcium signaling between these two essential cell types in the bone
marrow microenvironment. Flow-enhanced osteogenic differentiation of hMSCs in growth media imposes
spatial variations of alkaline phosphatase expression, which positively correlates with local shear stress. Pro-
liferation of hMSCs is maintained within the chamber, exceeding the cell expansion in conventional static
culture. The capability to manipulate cell spatial patterning, differentiation, and 3D tissue formation through
geometry and flow demonstrates the culture chamber’s relevant chemomechanical cues in stem cell microen-
vironments, thus providing an easy-to-implement tool to study interactions among substrate curvature, shear
stress, and intracellular actin machinery in the tissue-engineered construct.
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Introduction

During tissue formation, complex cellular activities
such as proliferation and differentiation are regulated

through distance-dependent signaling events, creating the
need to manipulate cell position in a tissue to modulate
signaling. The ability to pattern cells within engineered
platforms therefore permits control of cell–cell interactions,
allowing generation of in vitro models of tissues, organoids,
and subsequent relevant mechanistic cellular studies. To
create relevant stem cell niche-like microenvironments, ef-
forts have been made to form three-dimensional (3D) ge-
ometries of artificial tissues inside perfusion systems,1,2

which more closely mimic natural tissues than cells in static
two-dimensional (2D) cultures, thus displaying physiologi-
cally relevant cell phenotypes.3

Perfusion bioreactors aid in creating physiologic stem cell
microenvironment through shear stress on the cell surface,
as well as media and oxygen distribution, resulting in im-
proved cell seeding efficiency,4–6 cell proliferation,7–10 and
osteogenic differentiation of mesenchymal stem cells
(MSCs).11–20 Integration of 3D culture and cell patterning
capability into dynamic perfusion systems for cell cultures
will aid in the development of tissue models with relevant
physiological stem cell environments, for studies of chemo-
mechanical responses of cells, as well as possible ex vivo
expansion of cells. Our goal is to create a cell culture plat-
form that allows the creation of a model stem cell microen-
vironment through spatial patterning of cells, which can be
used to study interactions of key cells of the bone marrow
microenvironment, that is, MSCs, osteoblasts, and endothelial
cells (ECs), enabling new insights into stem cell biology.
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To facilitate cell spatial patterning, precisely controlled
substrate geometry within culture systems allows tailoring of
the number of cells per unit area or volume, cell–cell distance,
and flow pattern, which might modulate key cell–cell signal-
ing in the formed tissue. Complex 3D geometries, however,
introduce numerous parameters that influence stem cell be-
havior, for example, curvature21–23 and complex flow pat-
terns.24–26 Therefore, understanding the contribution of these
parameters to cell adhesion, proliferation, and differentiation
is crucial for designing more effective culture system.

Such studies are possible in fluidic channels, which can
provide spatial and temporal control of cell growth and
stimuli through substrate geometry and fluid transport, while
simultaneously providing a platform for cell imaging,
image-based analysis, and further biochemical analysis of
single cells in tissues27; therefore, a fluidic system remains
as our base platform for this study. Existing fluidic platforms
to support 3D cell culture have been reported, however, the
three-dimensionality is typically achieved through cell en-
capsulation in scaffolds,28–31 after which the cell culture is
placed in a perfusion system.32–36 The novelty of our fluidic
culture system is the incorporation of cellular patterning
simply through substrate curvature and flow-driven shear
stress in a scaffold-free fluidic design to form a 3D complex
tissue.

By combining the advantages of shear stress from flow
perfusion, precise geometrical features from 3D printing
(3DP), and image-based analysis capability of a fluidic
system, we aim to engineer and characterize the model stem
cell environment created inside the fluidic culture chamber.
Our culture chamber involves an array of vertical cylindrical
pillars, which provides additional surface for cells to grow
on while obtaining beneficial shear stress due to the media
flow. Further tuning of the pillar-to-pillar distance enables
formation of 3D human mesenchymal stem cell (hMSC)
culture simply from initially 2D seeded cells, without the
presence of external supporting scaffolds, as well as spatial
control of cell locations. Such features allow for culture and
creation of a tissue structure within the stem cell microen-
vironment with several controllable features, including shear
stress, presence of spatially controlled multiple cell types,
and three-dimensionality.37

The fluidic culture chamber is fabricated using 3DP
technology, allowing precisely controlled geometry through
computer-aided design (CAD). In addition, this fluidic cul-
ture system allows image-based analysis of the cells within
the chamber at any time point during growth or differenti-
ation, enabling quantification of correlations between lo-
cally observed cellular responses and precisely tuned flow
patterns. The chambers are then integrated with off-the-shelf
tubing and a peristaltic pump to form a continuous fluidic
perfusion culture system (Fig. 1A). We hypothesize that the
environment created in this culture platform can provide
spatial control of hMSC growth and differentiation (to mimic
site-specific cellular processes) due to local flow patterns and
surface curvatures, in addition to enhancement of osteogenic
differentiation. Understanding cellular responses to flow and
geometrical cues in our fluidic culture platform allows us to
modify the design for diverse stem cell applications.

Based on these advantages, we use our fluidic culture
chamber to dynamically culture hMSCs; specifically, the
objectives of this study are to (1) quantify the growth and

osteogenic differentiation of hMSCs in our culture chamber,
(2) utilize local flow to pattern alkaline phosphatase (ALP)
expression in hMSCs, and (3) utilize substrate curvature to
spatially pattern cocultures of hMSCs and ECs, two critical
cells in the bone marrow microenvironment. We maintain
hMSC culture under dynamic conditions in our fluidic
chamber. Flow enhances osteogenic differentiation, as
quantified by the increased expression of the early osteo-
genic marker ALP, indicating presence of osteoblasts in
culture, another key cell of the bone marrow environment.38

In addition, we utilize the pillar geometry inside the culture
chamber to create 3D structure of hMSCs, as well as spa-
tially patterned cocultures of hMSCs and ECs. The ability of
our culture system to allow hMSC growth, differentiation to
osteoblasts, spatial patterning of hMSCs and ECs in cocul-
tures, as well as 3D tissue growth, allows the fabrication
of custom-tailored tissue models for studies of chemo-
mechanical cellular behavior in a controlled stem cell
microenvironment.

Materials and Methods

Fabrication and treatment of culture chambers

Culture chambers were designed in SolidWorks (Dassault
Systèmes, Vélizy-Villacoublay, France) and fabricated us-
ing the EnvisionTEC Perfactory 3D printer, with EShell�

300 as the printing material. Following printing, chambers
were washed in isopropanol for 1 h to eliminate residual,
uncross-linked material, and then flash cured. For steriliza-
tion, chambers were filled with ethanol and then exposed
to ultraviolet light for 30 min. Chambers were then rehy-
drated by serial washes in the following sterile solutions: (1)
75% ethanol/25% phosphate-buffered saline (PBS), (2) 50%
ethanol/50% PBS, (3) 25% ethanol/75% PBS, and (4) 100%
PBS, then stored in PBS. Before cell seeding, flow cham-
bers were coated with 3 mg/cm2 fibronectin (Sigma-Aldrich,
St Louis, MO) in PBS for 1 h at 37�C to facilitate cell
attachment.

Cell culture and seeding

hMSCs (RoosterBio, Frederick, MD) were cultured in the
accompanying High Performance Media Kit (RoosterBio).
For cell seeding, hMSCs were harvested at passage 3, sus-
pended in growth media, that is, high-glucose Dulbecco’s
modified Eagle’s medium containing l-glutamine (Gibco,
Grand Island, NY), supplemented with 10% fetal bovine
serum (FBS; Invitrogen, Carlsbad, CA), 1% v/v penicillin/
streptomycin (Gibco), and 0.1 mM nonessential amino acids
(Invitrogen), and plated in six-well plates or seeded into
culture chambers at density of 40 cells/mm2 chamber-
bottom surface area. For osteogenic differentiation, hMSCs
were cultured in growth media supplemented with 100 nM
dexamethasone (Sigma-Aldrich), 173 mM ascorbic acid
(Sigma-Aldrich), and 10 mM b-glycerophosphate (Sigma-
Aldrich). Human umbilical vein endothelial cells (HUVECs;
Lonza, Walkersville, MD) were cultured in EC growth
media (Lonza). Jurkat cells (ATCC, Rockville, MD) were
cultured in RPMI-1640 medium (ATCC) supplemented with
10% FBS. All cells were cultured at 37�C with 5% CO2. For
hMSC-EC coculture experiments, hMSCs were first seeded
into the chambers and allowed to adhere for 12 h under
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FIG. 1. Proliferation of
hMSCs is maintained in flu-
idic culture chambers. Initial
seeding density = 40 cells/
mm2. (A) Schematic of ex-
perimental setup and culture
chamber (left), and shear
stress distribution on cham-
ber inner surfaces from fluid
flow simulation (right). Pillar
diameter: 1 mm, pillar-to-
pillar distance: 2.5 mm. (B)
Fluorescent images of
hMSCs at various time points
for control, static, and dy-
namic conditions in culture
chambers. Scale bar = 1 mm.
(C) Cell proliferation after
7 days is maintained in dy-
namic culture conditions,
achieving at least the same
cell expansion as in two-
dimensional static cultures.
Values are averages of four
experiments and error bars
are standard deviations
(*p £ 0.05). hMSCs, human
mesenchymal stem cells.
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static conditions, and then, HUVECs were seeded and al-
lowed to adhere for 12 h. For hMSC-Jurkat coculture ex-
periments, hMSCs were seeded into the chambers and
allowed to adhere for 12 h, then Jurkat cell suspension in
media (density: 105 cells/mL) were circulated through the
chambers. For actin inhibition experiments, actin fibers in
hMSCs or HUVECs were inhibited by treating cells in sus-
pension with 10 mM cytochalasin-D (Sigma-Aldrich) in PBS
at 37�C for 1 h before seeding.

Static and dynamic culture

Three experimental groups were tested: static culture in
six-well plates (control), static culture in fluidic chambers,
and dynamic culture in fluidic chambers. After seeding, cells
were allowed to adhere to the culture chambers or six-well
plates for 4 h. Cells in the static six-well plates and chambers
were cultured in 2 mL of media per well or per chamber. For
the dynamic group, the culture chambers were connected to a
media reservoir through silicone tubing, inner diameter
0.8 mm (Cole Parmer, Chicago, IL), then connected to an L/S
Multichannel Pump System (Cole Parmer) to form the fully
integrated perfusion system assembly. Flow was then driven
by the peristaltic pump at a flow rate of 10 mL/min. All groups
were cultured at 37�C with 5% CO2, and medium was chan-
ged every 3 days.

RNA extraction and reverse transcription

Following static and dynamic culture for 7 days, cells
from each culture were harvested using trypsin/0.25%
EDTA (Life Technologies, Grand Island, NY). A cell pellet
was formed by centrifugation and washed with PBS two
times. RNA isolation was performed using the RNeasy Plus
Mini Kit (Qiagen, Germantown, MD) following standard
manufacturer’s protocols. Isolated RNA from each sample
was then reverse transcribed to cDNA using a High Capa-
city cDNA Archive Kit (Life Technologies).

Real-time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (RT-
qPCR) was performed by combining the cDNA solution with
a Universal Master Mix (Life Technologies), along with oli-
gonucleotide primers and Taqman probes for ALP, and
compared to the endogenous control gene, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; Life Technologies). The
reaction was performed using a 7900HT real-time PCR
System (Applied Biosystems, Foster City, CA) at thermal
conditions of 2 min at 50�C, 10 min at 95�C, 40 cycles of 15 s
at 95�C, and 1 min at 60�C. The relative gene expression level
of each target gene was then normalized to the mean of the
GAPDH in each group.

Cell viability assay and counting

Cell viability was assessed using a fluorescent Live/Dead
assay (Invitrogen) following standard protocols. The fol-
lowing solutions were prepared: 4 mM Calcein-AM (In-
vitrogen) and 4 mM ethidium homodimer (Invitrogen) in
Hank’s Balanced Salt Solution (HBSS; ThermoFisher Sci-
entific), delivered into the chambers or six-well plates
containing cells, and incubated for 45 min. Samples were
then washed with HBSS before imaging. Fluorescent images

were then taken at three predetermined regions for each
sample using a fluorescence microscope (Axiovert 40 CFL;
Zeiss, Jena, Germany) equipped with a digital camera (11.2
Color Mosaic; Diagnostic Instruments, Sterling Heights,
MI). This process was repeated for all the four samples in
each group. Cell counting was performed on each fluores-
cent image of live cells and averaged over all samples in a
group (n = 4).

Cell staining and immunofluorescence imaging

To visualize ALP expression, cells were fixed in 4%
paraformaldehyde for 30 min at room temperature. Following
fixation, cells were washed with PBS three times, permea-
bilized with PBS containing 1% bovine serum albumin
(BSA), 10% goat serum, 0.3 M glycine, and 0.1% tween for
5 min, and blocked with 1% BSA in PBS for 30 min at 37�C.
Samples were then incubated with anti-ALP primary mono-
clonal antibody (Abcam, Cambridge, MA) at 1:100 dilution
overnight at room temperature. To visualize the proteins,
samples were then incubated in Alexa Fluor� 555 secondary
antibody at 1:500 dilution for 1 h at room temperature.
F-actin was stained using rhodamine phalloidin (Life Tech-
nologies) and DNA was stained with DAPI (Life Technolo-
gies). To visualize hMSCs and ECs in coculture, hMSCs and
HUVECs were transduced with BacMam GFP Transduction
Control and CellLight� Nucleus-RFP (ThermoFisher Scien-
tific), respectively, before seeding. Cells were imaged using a
Leica SP5X confocal microscope (Leica Microsystems,
Wetzlar, Germany), and subsequently analyzed using ImageJ
(National Institutes of Health, Bethesda, MD) and MATLAB
(The MathWorks, Inc., Natick, MA).

Intracellular Ca2+ imaging and analysis

Before Ca2+ imaging, Fluo-4 calcium dye (Invitrogen)
was administered to cells in growth medium and left to
incubate for 30 min. Fluorescence from the calcium was
detected using an argon laser at 488 nm. For each sample, as
1 mL of 10mM ATP (Sigma-Aldrich) was delivered into the
cell culture, a movie was taken at a single focal plane for
25 min at a rate of 1 frame/s. Subsequent image analysis and
data processing were performed in MATLAB.39,40 In brief,
during the cells response to ATP, each cell’s fluorescent
intensity I(t) was obtained by averaging the pixel color
values of 25 pixels around each cell’s center of mass, then
normalized to a baseline intensity Ir to obtain the response
curve R(t), defined as R(t) = [I(t) - Ir]/Ir. A cell was referred
to as responsive if, at any time, R(t) ‡ 0.5. The oscillation
peaks were next detected in MATLAB using the function
peakfinder.m (available through MATLAB File Exchange).
If a cell’s response had two or more peaks, we referred to
the cell as a responsive, oscillating cell (details in Supple-
mentary Materials section; Supplementary Data are avail-
able online at www.liebertpub.com/tea).

Fluid flow simulations

To quantify shear stress in the culture chambers, flow
simulations were performed in SolidWorks. Inlet flow rate
of 10 mL/min was applied with a fully developed flow be-
havior. Outlet condition was set to open to atmospheric
pressure, and all walls were no-slip boundaries. The fluid
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had thermodynamic properties of water at atmospheric pres-
sure and 37�C.

Statistical analyses

Each sample was analyzed in triplicate. In each figure, we
reported mean values of samples, error bars which are
standard deviations of the means, as well as relevant sta-
tistical relationships. Statistical significance between groups
was determined by performing a two-sample t-test. Con-
fidence intervals of 95% (a = 0.05), 99% (a = 0.01), and
99.9% (a = 0.001) were used for all analyses.

Results

Proliferative capacity of hMSCs is maintained
in dynamic culture condition in fluidic culture chambers

We fabricated culture chambers with dimensions shown in
Figure 1A, pillar diameter of 1 mm, pillar-to-pillar distance of
2.5 mm, and total surface area of 1140 mm2, compared to
900 mm2 surface area of a single well in a six-well plate
culture dish. To avoid entrance effects and to allow for fully
developed laminar flow, an inlet length of 19 mm was pro-
vided in the chambers before exposure to the pillars (Fig. 1A);
this is significantly larger than the minimum entrance length
for a flow rate of 10 mL/min in this geometry, thus satisfying
the conditions for laminar flow in a noncircular pipe.41

Using flow simulations, the shear stress profile inside the
flow chambers was quantified (Fig. 1A). Shear stress of up to
15 mPa was observed, which is significantly below the re-
ported shear stress value that causes mechanical damage and
detachment of MSCs.42,43 We quantified the areal density of
cells in the culture chambers under static and dynamic con-
ditions (10 mL/min), and in six-well plates (control), at four
time points postseeding: day 0 (8 h after flow is turned on),
day 1, 3, and 7 (Fig. 1B). The areal density at each time point
was normalized by the corresponding cell density at day 0
(Fig. 1C). At each time point, the density of hMSCs in static
condition in the chambers was not statistically different from
that of the control group, while dynamic conditions in the
chambers achieved modestly higher cell density at day 7 than
the cell density in the static groups. Overall, hMSC prolif-
eration in the dynamic culture chamber was maintained,
achieving at least the same cell expansion as in 2D static
cultures, demonstrating the culture chamber’s conducive
environment for hMSC culture.

Flow-induced shear stress on cells creates spatially
patterned enhancement of osteogenic differentiation

Osteogenic differentiation of hMSCs has been reported to
be enhanced by shear stress, as shown by increased expres-
sion of osteogenic markers ALP, PGE2, OPN, OC, COX-2,
RunX2, Col1, and mineralized matrix production with shear
stresses in the range of O(10-4) Pa to O(1) Pa.44,45 We per-
formed an osteogenic differentiation study on hMSCs cul-
tured inside the culture chambers under static and dynamic
conditions for 7 days, in either growth or osteogenic differ-
entiation media. We performed immunostaining for ALP, an
early osteogenic marker in hMSCs, and quantified the relative
expression of ALP using quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR). Immunofluorescence
images revealed enhanced expression of ALP in dynamic

culture compared to static conditions, in both growth and
osteogenic media (Fig. 2B). qRT-PCR results confirmed these
observations, where 10-fold enhancement of ALP expression
by flow was observed (Fig. 2C).

We also observed spatial variations of ALP expression in
the case of flow-enhanced osteogenic differentiation in
growth media. When we quantified the normalized expres-
sion of ALP, ALPxi, yi

, at various distances from the pillars
(details in Supplementary Materials section), we observed
the most pronounced expression at the distance of *600 mm
from the pillar (Supplementary Fig. S1B, E), while the
normalized ALP expression in the dynamic group with os-
teogenic media was observed in all distances (Supplemen-
tary Fig. S1A, D). We also calculated the Pearson
correlation coefficient c�s, ALP to quantify the correlation be-
tween ALP expression and shear stress in the two dynamic
groups as defined in Equation (1):

c�s, ALP¼
+
n

i¼ 1

�sxi, yi
� Æ�sæx, y

� �
ALPxi, yi

� ÆALPæx, y

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
+
n

i¼ 1

�sxi, yi
� Æ�sæx, y

� �2
+
n

i¼ 1

ALPxi, yi
� ÆALPæx, y

� �2

s

(1),

where ALPxi, yi
is the normalized ALP intensity at location (xi,

yi), �sxi, yi
is the normalized shear stress at location (xi, yi),

ÆALPæx, y is the average value of ALPxi, yi
, Æ�sæx, y is the average

value of �sxi, yi
, and n is the number of measurements taken from

an image, as indicated by the white open circles in Figure 2D-i.
Note that a value of c�s, ALP = 1 implies positive correlation be-
tween the two quantities, c�s, ALP = -1 implies a negative cor-
relation, and c�s, ALP = 0 implies no correlation. Flow-enhanced
ALP expression in the growth media revealed c�s, ALP = 0.24,
while this dynamic condition in osteogenic media resulted in
c�s, ALP = -0.07. This suggests that shear stress weakly correlates
with ALP expression in dynamic condition with growth media;
however, in osteogenic differentiation media, the effect of
shear stress is less prominent than that in growth media,
therefore resulting in correlation coefficient close to zero. In
addition, a perfect positive correlation c�s, ALP = 1 is represented
by the dashed black line of slope 1 in Figure 2D-iii and iv.
Points are scattered further away from the c�s, ALP = 1 line in the
osteogenic differentiation media condition than the points in
the growth media condition, confirming greater positive cor-
relation between ALP expression and shear stress under dy-
namic condition in growth media (Fig. 2D-iii) than in
osteogenic media (Fig. 2D-iv).

Flow can redistribute initially localized hMSCs
near pillars

When hMSCs were seeded into the culture chambers, we
observed initial cell localization around the pillars (Fig. 3A-
i). After 24 h of static culture, hMSC localization was
maintained (Fig. 3A-ii). Over time, cells proliferated and
occupied the space further away from the pillars, with nearly
uniform confluent coating of the bottom surface of the
chamber observed by day 7 (Supplementary Fig. S2). In-
troduction of flow 4 h after cell seeding was observed to
redistribute hMSCs that were initially localized near the
pillars in the chambers, resulting in confluent coating of the
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bottom surface of the chamber after 24 h (Fig. 3A-iii). When
the areal cell density inside the chamber was quantified at
various distances from the pillars, we observed significant
differences between the cell density of dynamic and static
groups at distances >200mm from the pillar (Fig. 3B).
Therefore, the pillar-based culture chamber can be used to
create localized hMSC populations, and the dynamic culture
condition at early time points can optionally be applied
depending on whether an isolated or uniform cell distribu-
tion is desired for subsequent experiments. While the use of
perfusion bioreactors to enhance cell uniformity has been
reported,6 our approach can utilize the coupling of flow and
substrate curvature to switch the culture configuration from
localized (Fig. 3A-i, ii) to uniform populations (Fig. 3A-iii).
Our resulting spatial cell distribution was observed in a
smaller, more physiologically relevant length scale than the
cell distribution in other reported perfused constructs.46

To further understand the mechanism behind cell locali-
zation near the pillars inside the chambers, we test the effect
of a known actin inhibitor, cytochalasin-D, on the cell spatial

distribution. We observed more cells distributed further away
from the pillars when treated with cytochalasin-D (Fig. 3C,
D), confirming that actin cytoskeletons regulate hMSC at-
tachment and consequently localization around the pillars.

Pillar-based culture chambers can be utilized
to create spatially patterned cocultures

Understanding interactions between two or more cell types
is crucial due to the presence of multiple cell types in the
bone marrow microenvironment. Using various cell–cell
junctions and paracrine signaling, stem cells are able to
communicate with niche cells, consequently regulating stem
cell behavior.37,47 Specifically, attention has been devoted to
studying the complex interaction between hMSCs and ECs,
as they are two essential cell types present in the bone mar-
row microenvironment,47,48 and they form synergistic inter-
actions in cocultures for vascularized bone tissue engineering
applications.49–51 Studying interactions among ECs, undif-
ferentiated hMSCs, and hMSC-derived osteoblastic cells

FIG. 3. Shear stress compensates initial actin-regulated hMSC localization near negative curvature substrates. (A)
Fluorescent images of hMSCs inside culture chambers after 8 h of static condition (i), 24 h of static condition (ii), and 24 h
of dynamic condition, flow rate = 10 mL/min (iii). Scale bar = 500mm. (B) Effect of shear stress on hMSC spatial distri-
bution in the chambers. The difference between static and dynamic growth are statistically significant for distances greater
than 0.2 mm, compensating for initial localization of cells on the pillars. Day 0 static and day 1 static are not statistically
different. (C) hMSCs inside culture chambers untreated (i) and with 10 mM cytochalasin-D (an actin inhibitor) treatment (ii)
after 8 h of static condition. Scale bar = 500mm. (D) More hMSCs are observed further away from the pillars when the cells
are treated with 10 mM cytochalasin-D. Statistically significant difference in cell density was observed at distance >0.7 mm.
Values are averages of four experiments and error bars are standard deviations (*p £ 0.05, **p £ 0.01, ***p £ 0.001).
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in cocultures will aid the development of a prevascularized
engineered bone construct, ensuring sufficient nutrient and
oxygen delivery to the bone once implanted in a defect site.

The observed initial crowding of hMSCs near the pillars
resulted in spatially localized populations of hMSCs inside
the chamber. We utilized this localization of hMSCs to
create a spatially patterned coculture. Following hMSC
seeding, cells were allowed to adhere for 12 h; HUVECs
were then seeded afterward. As previously shown, hMSCs
showed affinity toward the pillars, while HUVECs that were
seeded later uniformly occupied the rest of the surface area
between the pillars (Fig. 4A-i, B-i). Upon quantification of
each cell type’s density as a function of distance from the
pillars, we found that hMSCs on average were located
*550mm from the pillar, while HUVECs were on average
located *700mm from the pillar (Fig. 4B-i). However, when
the seeding order was reversed, we observed that both cell
types were distributed more uniformly throughout the chamber
surfaces (Fig. 4A-ii, B-ii). Using the same quantification, we
found no statistical difference between the average distance
from the pillar of hMSCs and of HUVECs (Fig. 4B-ii).

This result shows that the observed affinity toward nega-
tive curvature is only observed for hMSCs, not HUVECs. We
hypothesize that the difference of attachment/localization
behavior between the two cell types may be caused by the
difference in cell size, which has been shown to correlate
with F-actin content in various cell types.52,53 As hMSCs are
larger than HUVECs, more prominent actin fibers are formed
in hMSCs. While HUVECs showed no localization near the
90� angle between the pillars and the bottom surface, they
localized in smaller angle corners (60�), indicating that cell
preferential attachment and localization are size-dependent,
where smaller cell size can sense smaller geometrical features
(Fig. 4C, Supplementary Table S3). This result further con-
firms our earlier finding in Figure 3C that actin regulates
hMSC attachment and localization near high curvature. With
possible localization of one cell type around the pillar ge-
ometry through a specific seeding order, the culture chamber
design can be used to tune hMSC-EC interactions by pref-
erentially placing the pillars where hMSCs are desired.

Spatial configuration of cells in hMSC-EC cocultures
dictates ATP-induced calcium signaling

Through different localization behavior of hMSCs and
ECs, signaling events between the two cell types can likely be
modified by tuning the distance between the pillars or the
pillar diameter, as the two have been shown to interact
through distance-dependent paracrine signaling.50 We quan-
tified calcium signaling in hMSC-EC cocultures in response
to 10mM ATP, an important common signaling molecule in
various cellular processes, including proliferation and dif-
ferentiation (Fig. 5 and Supplementary Fig. S3).54 Calcium
signaling in hMSC and EC monocultures as well as in two
configurations of cocultures (unmixed and mixed cocultures)
were investigated. Upon ATP delivery to the cell cultures, we
observed dynamic cellular Ca2+ response, as often shown by
the oscillatory behavior of cytoplasmic Ca2+ level over time,
R(t) (Fig. 5A). We quantified the fraction of cells that ex-
hibited Ca2+ oscillations in each culture and observed that
ECs in monoculture showed significantly more Ca2+

oscillations than hMSCs alone, while unmixed hMSC-EC

coculture showed higher fraction of oscillating cells than
hMSC-EC-mixed coculture (Fig. 5B and Supplementary
Movies S1–S3). Out of those cells with oscillatory Ca2+

behavior, the two coculture configurations exhibited higher
number of Ca2+ spikes than the monocultures (Fig. 5C).
Quantification of oscillation period of each cell in each
culture revealed distinct distribution of Ca2+ oscillation
period for the EC monoculture and the two different spatial
coculture configurations; EC monocultures showed oscilla-
tion period of 450 s, unmixed cocultures revealed two dominant
oscillation periods at 200 and 350 s (Fig. 5D-ii and Supple-
mentary Fig. S3A), while uniformly mixed cocultures showed
only one dominant oscillation period (Fig. 5D-iii and Supple-
mentary Fig. S3A). Note that this analysis is not relevant in
hMSC monoculture due to the low number of cells that show
Ca2+ oscillations. Although a higher fraction of cells in an
unmixed coculture exhibited Ca2+ oscillations as shown by the
number of colored cells (Fig. 5E-ii and Supplementary
Fig. S3B) compared to cells in a mixed coculture, individual
cells in a mixed coculture showed more Ca2+ spikes in 25 min
during the response to ATP (Fig. 5E-iii) compared with indi-
vidual cells in an unmixed coculture. The different spatial
configurations of cocultures achieved in our chambers could
therefore result in different Ca2+ signaling events, a mechanism
known to be relevant in hMSC proliferation55 and osteogenic
differentiation, where rapid Ca2+ oscillations in hMSCs have
been shown to correlate with high levels of osteogenic gene
markers.56

Furthermore, to understand cellular Ca2+ interactions within
cultures upon response to ATP, we calculated the pair cross-
correlation function C(s)ij of the rate of change of calcium
intensity, _R(t), between all pairs of nearest neighbor cells (i, j)
in a culture, where s is the time delay between two Ca2+ re-
sponses of the corresponding neighboring cells.39,40 This
density-dependent cross-correlation quantity has been quanti-
fied in dense cell populations that exhibit Ca2+ communication
through gap junctions, where negative correlations were likely
caused by locally transmitted signals from Ca2+ and second
messengers between adjacent cells.39,40 In our experiments, EC
monocultures, unmixed MSC-EC coculture, and mixed MSC-
EC coculture reveal synchronization events as indicated by the
positive correlation peak at t= 0. However, the presence of a
negative correlation peak, which has been shown to be indic-
ative of gap-junctional communication timescale in cell pop-
ulations,40 is only observed in the EC monoculture and the
unmixed coculture (Fig. 5F). This negative correlation peak is
observed at 16 s for EC monoculture and 40 s for unmixed
hMSC-EC coculture.

Stem cell environment is reinforced by 3D cell culture
formation and coculture of hMSCs and nonadherent
blood-derived cell line

Formation of 3D cell cultures is physiologically relevant
for tissue engineering applications. The pillar constructs in-
side our fluidic chamber enables the formation of 3D hMSC
culture, as shown by the formation of 3D cell ‘‘bridges’’
structure between the pillars when the pillar-to-pillar distance
was set to 500mm (Fig. 6A and Supplementary Fig. S6B–D),
rather than 2D cultures typically achieved in fluidic devices.
The creation of a relevant model of the stem cell microenvi-
ronment in this culture chamber was also reinforced by the
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FIG. 4. Spatial control of
coculture of hMSCs and
HUVECs in culture cham-
bers. Seeding order deter-
mine the spatial distribution
of the cells: hMSCs are lo-
calized near the pillars if
seeded first (A-i), while
both cell types are more
uniformly distributed
throughout the chamber if
ECs are seeded first (A-ii).
(A) Example of fluorescent
images of hMSCs and HU-
VECs near pillars inside
flow channel after 1 day of
culture. Dashed white line
indicates the edge of a pil-
lar. (B) Cell density profile
for when hMSCs are seeded
first (i) and when HUVECs
are seeded first (ii). Black
dotted line indicates mean
of the distribution. Means
of the distributions indicate
statistical difference be-
tween dominant growth/at-
tachments regions of
hMSCs and HUVECs when
the hMSCs were seeded
first, however, show no
statistical difference when
the HUVECs were seeded
first. Values are averages of
four experiments and error
bars are standard deviations
(**p £ 0.01). (C) Actin fi-
bers configuration in
hMSCs and HUVECs, and
size-dependent cell attach-
ment and localization. Red:
F-actin, blue: nucleus,
green: live cells. HUVECs
localization is seen at cor-
ners with 60� angle, but not
at 90� angle. EC, endothe-
lial cell; HUVECs, human
umbilical vein endothelial
cells.
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coculture of hMSCs and Jurkat cells, an immortalized T-
lymphocyte cell line, inside this culture chamber. We seeded
hMSCs in the chamber and perfused a suspension of Jurkat
cells at a flow rate of 10 mL/min. Quantification of Jurkat cell
density at static and dynamic conditions, and in monocultures
and cocultures with hMSCs revealed enhancement of Jurkat
cell proliferation when cocultured with hMSCs (Fig. 6B). Our
fluidic chamber supports the culture of nonadherent blood-
derived leukemia cells, suggesting the capability of using this
dynamic culture system to study the growth of other blood-
derived cells such as primary leukemia or lymphoid cells, or
hematopoietic stem/progenitor cells (HSPCs) in this simple
marrow organoid model. The Jurkat-hMSC synergistic in-
teraction, along with 3D tissue formation, reinforces this
culture chamber’s capability of creating a relevant physio-
logic model of the stem cell microenvironment.

Discussion

We have developed a 3D-printed fluidic culture chamber
that serves as a platform for creating a 3D model stem cell
microenvironment within a dynamic culture system for
hMSCs. This single platform’s capability to spatially pattern
proliferation, differentiation, coculture, and form 3D cul-
tures results from manipulation of pillar geometry and
consequently flow pattern inside the chambers. We find that
the proliferation of hMSCs in this platform under dynamic
condition slightly exceeds the hMSC proliferation in two-
dimensional static culture within 7 days. Our observation
agrees with the reported enhancement of cell proliferation
due to flow-induced shear stress on the cells, which is known
to regulate hMSC proliferation through mitogen-activated
protein kinase and calcium signaling.55 The range of shear
stress experienced by the cells in our system is within the
shear stress range, in which hMSC growth enhancement has
been observed in 2D environments55,57 and 3D environ-
ments,7 with shear stress ranging from 0.1 to 1000 mPa,
however, is closer to the lower end of the range reported in
literature. This could explain the modest cell proliferative
enhancement by dynamic culture in our system. Depending
on the desired spatial distribution of cells for particular study
applications, the introduction of flow at early time points
during the culture can also be adjusted to give rise to either
isolated cell populations of uniform monoculture.

Using flow-induced shear stress, our platform enables
selective enhancement of osteogenic differentiation. Other
methods of selective differentiation of MSCs into various
lineages in tissue-engineered constructs have been reported,

such as the use of mechanoelectrical stimulation in piezo-
electric scaffolds,58,59 electrically conducting polymers,60

and electroactive microenvironments61,62 to direct differen-
tiation into osteoblasts or chondrocytes, utilizing the tissue’s
capability of converting mechanical loads or deformation into
electrical output.63,64 While electromechanical systems are
attractive due to greater promoted differentiation than me-
chanical effects alone,58,62 our platform provides simplicity
of use, where spatial patterning of osteogenic differentiation
can be done simply through geometrically patterned flow,
while simultaneously enhancing proliferation. In addition,
even though tissues display electrical behavior due to the
piezoelectric activities of extracellular matrix materials, most
electromechanical approaches utilize piezoelectric materials
as supporting 3D scaffolds to encapsulate cells, which then
gets incorporated into a perfusion bioreactor, adding an
additional step into the fabrication process of the tissue-
engineered construct, while our approach seeds cells directly
into the bioreactor platform whose geometry supports for-
mation of 3D tissues.

In principle, future experiments can incorporate electro-
mechanical stimuli through piezoelectric and/or elastic
materials as the culture platform itself or as scaffolds to be
inserted into our 3D-printed perfusion culture to further
enhance patterned differentiation of specific cells. For ex-
ample, human adipose stem cells cultured on a piezoelectric
substrate, b-poly(vinylidene fluoride) shows more pro-
nounced osteogenic differentiation when cultured on a
‘‘poled’’ surface (the negatively charged side of the mate-
rial), with even higher expression of the osteogenic marker,
ALP, when cultured dynamically in a bioreactor, where
mechanical stimulation was applied through vibration at a
frequency of 1 Hz.65 Mechanical stimuli other than shear has
also been reported to enhance hMSC differentiation into
other lineages; hMSCs encapsulated in alginate hydrogels
exposed to periodic compressive force in a bioreactor shows
enhancement of chondrogenic marker expression compared
to those that are exposed to shear force.66 On the contrary,
uniaxial cyclic strain increases smooth muscle marker ex-
pression from hMSCs.67,68 whereas equibiaxial static strain
causes increased hMSC proliferation and production of
vascular endothelial growth factor.69 One can imagine a
culture system where combination of electromechanical
stimulations and dynamic culture within a bioreactor is
applied to create localized populations of specific cell types
through placement of various cell-encapsulating materials
with different responses. For example, 3D piezoelectric
scaffolds can be used in conjunction with alginate beads in a

FIG. 5. ATP-induced Ca2+ signaling in hMSC-EC coculture is affected by the cells’ spatial configuration. (A) Examples
of a cell exhibiting nonoscillating Ca2+ response (i), and a cell exhibiting Ca2+ oscillations (ii) in response to 10 mM ATP.
The percentage of cells exhibiting Ca2+ oscillations varies in the two monocultures and the two different coculture
configurations, with the unmixed coculture exhibiting the highest percentage of oscillating cells. (C) The average number of
Ca2+ spikes in individual cells varies in the two monocultures and the two different coculture configurations, with the
highest number of spikes in the mixed cocultures. Values are averages of three experiments and error bars are standard
deviations (*p £ 0.05, **p £ 0.01, ***p £ 0.001). (D) Distribution of Ca2+ oscillation periods in an unmixed hMSC-EC
coculture reveals two dominant oscillation period (ii), while an EC monoculture and a mixed hMSC-EC coculture show
only one dominant oscillation period (i, iii). Red line indicates modes of distributions. (E) More cells exhibit Ca2+

oscillations in an EC monoculture (i) and an unmixed coculture (ii), however, more Ca2+ spikes per cell are observed in a
mixed coculture (iii). (F) Cross-correlation analysis for Ca2+ response of cells in EC monoculture (i), unmixed coculture (ii),
and mixed coculture (iii): cellular communication is correlated with a time scale of 16 s for ECs, and 40 s for unmixed EC-
MSC coculture, while Ca2+ responses in mixed populations show no temporal cross-correlation.

‰
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bioreactor dynamic culture, where the piezoelectric scaf-
folds encapsulating hMSCs are localized in one area of the
bioreactor and the hMSC-encapsulating alginate beads are
in another. When applied during perfusion culture, com-
pressive forces experienced by the alginate-encapsulated
hMSCs during dynamic culture could enhance chondrogenic
differentiation, while shear alone could enhance osteogenic
differentiation of hMSCs embedded in the piezoelectric
scaffold, or enhance hMSC/preosteoblastic cell prolifera-
tion.70,71 Such application provides one method to create two
cell populations in a bioreactor chamber, such as biphasic
osteochondral constructs. Applying such stimulations inside a
fluidic bioreactor platform allows imaging to quantify the
interaction between the two tissue types in a controlled en-
vironment. Introduction of various electromechanical stimuli
into dynamic culture, combined with patterning capabilities
facilitated by 3DP, provides innovative, custom approaches
for the design of various tissue-engineered constructs.

Enhancement of ALP expression due to shear stress in our
culture system is consistent with the increased expression of
various osteogenic markers in other two-dimensional hMSC
cultures under simple shear flow, with shear stresses ranging
from 1 to 1000 mPa.72–76 The effect of shear stress on en-
hancement of ALP expression in hMSCs is more domi-
nantly observed when the cells are cultured in growth media
than in osteogenic media, as quantified by the positive
correlation coefficient between ALP intensity and shear
stress in growth media. Spatial patterning of hMSC differ-
entiation at similar length scales have been done through
mechanical stress gradient by creating multicellular ‘‘is-
lands,’’ where regions of high stress near tissue edges re-
sulted in osteogenesis, and regions of low stress away from
edges resulted in adipogenesis.77 Our experiments support
previous findings where osteogenic differentiation of MSCs
is mediated by mechanosensitive molecules,78 as also shown
in patterned MSC culture where regions of acute corners
promoted osteogenesis due to increased actomyosin con-

tractility.21 As an essential part of morphogenesis and tissue
regeneration, MSCs undergo location-specific differentia-
tion via cell–cell interactions mediated by direct con-
tacts,79,80 making spatial positioning of the two cell type an
important factor during differentiation. Our fluidic platform
is therefore utilized to mimic the site-specific differentiation
process, and the resulting patterned MSCs and osteoblasts
within our device can be used to study the interactions be-
tween the two cell types.

When hMSCs are cultured dynamically in osteogenic me-
dia, ALP expression is observed throughout all surfaces of the
culture chambers, regardless of the shear stress variation in
those regions. The spatially homogeneous expression of ALP
could be caused by the early presence of osteoblasts in the
chamber during the culture due to the osteogenic media, and
flow-induced shear stress further stimulates the osteoblast
proliferation.81,82 These signaling events could explain the
ALP expression in regions with almost zero shear stress in
osteogenic media, resulting in nearly zero correlation between
ALP expression and shear stress.

The preferential adherence of cells near the pillars under
static conditions is consistent with the localization of cells
near negative curvature substrates.83–85 Because cell–sub-
strate is dictated by actin machinery and more prominent actin
fibers have been observed on negatively curved substrates
than on flat substrates,22 we perturbed this mechanism by
inhibiting actin polymerization in hMSCs with cyctochalasin-
D before seeding while maintaining viability (Supple-
mentary Figs. S4 and S5 and Supplementary Tables S1 and
S2), and quantified the cell localization. The assembly of fil-
amentous stress fibers is known to be triggered by internal
and/or external forces,86,87 suggesting a mechanism where
mechanical forces arise in cells mainly in regions of high cur-
vature, consequently stimulating cell proliferation.83,86 Our
results show the lack of localization when hMSCs were treated
with cytochalasin-D, confirming the involvement of actin in
hMSC attachment and localization near negative curvatures,

FIG. 6. In vitro model of stem cell microenvironment is reinforced by 3D cell culture formation and coculture of hMSCs and
Jurkat cells. (A) A 3D hMSC configuration is achieved by fabricating pillar constructs that are 500mm apart from each other, as
shown by the formation of cell ‘‘bridges’’ structure between the pillars in the 3D confocal reconstruction (i) and the corre-
sponding confocal sections in x–y (ii), y–z (iii), and x–z (iv) planes. Dotted lines in (ii) and (iv) indicate edges of pillars. (B)
Proliferation of Jurkat cells is enhanced in coculture with hMSCs (*p £ 0.05, **p £ 0.01, ***p £ 0.001). 3D, three-dimensional.
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which is present in the intersections of the pillar surfaces and
the bottom surface. Due to this localization, subsequent seeding
of another cell type, in our case HUVECs, results in the two
populations separated by *200mm distance.

In addition to being responsive to curvature, MSCs also
exhibit different commitment and differentiation signaling
when cultured on substrates with different roughness, where
osteogenic differentiation is favored on substrates with rough
topography.88–90 Since 3DP results in submicron surface
roughness,91,92 knowledge of the cells’ mechanosensitivity to
various substrate topographies could be utilized to spatially
control osteogenic differentiation of MSCs in a bioreactor by
3DP composite scaffolds of two or more materials, which in-
duce different cellular responses. This phenomenon, combined
with our observation on curvature-driven cell localization,
provides a simple method of creating spatially patterned co-
cultures of two cell types in our fluidic culture chamber for
studies of cellular communications, such as calcium signaling
as presented in our study, or other mechanosensitive cellular
mechanisms.

The demonstrated ability to differentiate hMSCs into
osteoblasts in particular locations via flow suggest that, in
addition to providing enhanced cell numbers, we can use the
pillar configuration in the culture chamber to tune the flow
that eventually spatially patterns cell differentiation in tis-
sues, which is vital to tissue regeneration. Moreover, we
prove the capability to spatially pattern two cell types by
exploiting one cell type’s affinity toward the negative cur-
vature surfaces near the pillars. Different strategies have
been used to achieve cell patterning; in ‘‘macro’’ scale,
populations of various cell types can be achieved by seeding
strategies; however, this approach typically lacks control
over cell–cell distance and thus the degree of cell–cell in-
teraction. Gaining more control over cell–cell interaction at
small, relevant scales, chemical and mechanical microen-
vironments have been successful through microfluidics.
However, most PDMS-on-glass microfluidics were fabri-
cated through complex, multistep lithography process to
achieve specific geometries for the cell attachment, and
most of the patterning can only be achieved in 2D.93 In our
culture chamber, seeding strategies based on designed
curved surfaces are used to establish patterned cell distri-
butions, and subsequent application of flow further enables
control over osteoblastic differentiation to generate more
complex tissue environments. Localized osteoblast popula-
tions in the culture chamber can also be achieved through
curvature-induced osteogenic differentiation,21 that is, by
creating vertical geometrical structures that form acute
angles with the bottom surface of the chamber to localize
hMSCs around the structures upon initial seeding, and
subsequently induce differentiation to osteoblasts due to the
acute angle curvatures. Our patterning method can be used
to tune heterotypic cell–cell interactions by simply utilizing
one cell type’s preferential adherence to curved substrates,
while still maintaining the advantage of controlled micro-
environments provided by fluidics.

One advantage of spatial patterning in our fluidic culture
chamber is the ability to perform live cell mechanistic study
of intercellular signaling, such as calcium signaling between
hMSCs and ECs. The different spatial configurations of the
two cell types result in various Ca2+ signaling behavior in
response to ATP, as shown by the different Ca2+ spike

numbers and oscillation periods between mixed and un-
mixed cocultures. Calcium oscillation behavior has been
correlated to actin-mediated cellular activities,40,94 thus af-
fecting actin-dependent processes in hMSCs,56,95 making it
a crucial signaling event to quantify in our coculture. EC
monocultures show both a high fraction of oscillating cells
and a distinct negative peak in the cross-correlation analysis,
indicating a prominent Ca2+ signaling among cells. In co-
cultures, such quantities are more prominent in spatially
unmixed populations than in mixed cocultures, suggesting
that cells need to be surrounded with other cells of the same
type to generate a collective Ca2+ response. While hMSC
monoculture shows low number of Ca2+ signaling (<2%
of the monoculture show oscillatory Ca2+ behavior), hMSCs
in unmixed cocultures become oscillatory in Ca2+ response
to ATP, suggesting the beneficial effect of culturing them
with ECs, particularly when spatially separated, to increase
signaling. In addition, hMSC-EC cocultures show a shift in
oscillation period from that of EC monocultures, suggesting
capability of altering signaling dynamics through cell spatial
positioning. This knowledge of spatial dependence of sig-
naling could be applied to bone tissue engineering vascu-
larization strategies, for example, by creating structures that
mimic osteons in native cortical bones, where concentric
bone-cell containing layers surround the central Haversian
canal containing blood vessels.96 Since osteogenesis and
vasculogenesis occur within this well-defined, separated cell
population microenvironment, it is implicated that that cell
positioning plays an important role in cell–cell interactions
and regulation of cell phenotype. Further quantifications of
Ca2+ signaling behavior and its downstream biological im-
plications on hMSC and EC cellular processes are subjects
of future studies. Other potential signaling mechanism in
MSC-EC populations can be characterized by quantification
of cytokines in media collected from the different mono-
cultures and cocultures of ECs and MSCs.

Finally, the pillar constructs inside our fluidic chamber
enable the formation of 3D hMSC culture, as shown by the
cell growth on the pillars and the cell ‘‘bridges’’ structure
between the pillars. The local growth of tissues around the
local negative curvature caused by the pillars is consistent
with previously reported local growth of various tissues in
corners, followed by growth on the zero curvature surfaces
as their neighborhood becomes curved.83,86 The platform’s
ability to form 3D tissues around the negatively curved
substrates is an advantage in creating physiologically rele-
vant 3D tissues from initial simple seeded monolayers,
which is a major novelty of our platform. Many MSC cul-
ture systems have been developed for enhanced proliferation
and osteogenic differentiation in 3D tissues; some recent
developments include using nanoamplitude vibrations to
generate mineralized matrix in collagen gels,97 modifying
the perfusion duration of in vitro macroporous composite
scaffold constructs containing MSCs to enhance their bone-
forming capacity in vivo,98 using ceramic-encapsulated
MSCs in perfusion bioreactor to reproducibly form bone
in vivo,99 and coculturing MSCs and ECs in collagen scaf-
folds to enhance osteogenic differentiation.51 Our culture
platform’s geometry eliminates the need to fabricate porous
supporting scaffolds that are required for 3D tissue config-
uration in these existing culture systems for MSC osteogenic
differentiation. While detailed studies have been performed
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for bone tissue engineering applications where shear stress
is evaluated throughout the constructs using computational
fluid dynamic,100,101 the effect of stress on the cells is
generally evaluated on a whole construct as an average,73,102

or on a much larger scale, for example, spatial variations in
osteogenic differentiation within alginate scaffolds have
been reported in the millimeter scale.19 Moreover, such
studies present no clear correlation between this cellular
effect and the mechanical environment. Our imaging capa-
bility in the fluidic culture platform, along with our analysis
technique provides correlation between shear stress and
cellular responses in the relevant length scales of *100 mm.

In reinforcing the culture chamber’s capability to create a
relevant model tissue microenvironment, we present a co-
culture between hMSCs and Jurkat cells, a T-lymphocyte
cell line, showing enhancement of Jurkat cell proliferation
in the presence of hMSCs, providing a simple model of
coculture of MSCs and nonadherent blood cells in the bone
marrow microenvironment. Cocultures of MSCs and other
nonadherent blood cells or HSPCs are subjects of further
studies in our culture chamber, as increased proliferation
and reduced apoptosis of HSPCs have been reported when
HSPCs are cultured with hMSCs.103,104

Moving forward, in scaling-up our fluidic culture chamber
into a perfusion bioreactor system, an expanded bioreactor
system incorporating multiple stacks of the pillar-based plat-
form has been fabricated to provide three-dimensionality to cell
culture with similar surface area to that of traditional culture
plates. The expanded bioreactor construct maintains growth
and viability of hMSCs in 3D structure after 7 days of dynamic
culture (Supplementary Fig. S6). The supported growth of
nonadherent blood-derived T cell leukemia cells in our culture
chamber also encourages future study of growth, development,
and physiology of hematopoietic cells in such 3D marrow or-
ganoid models, where a supportive stroma of MSC-EC co-
culture is present. Overall, by incorporating spatially patterned
MSC-EC cocultures, flow-patterned osteogenic differentiation,
culture of blood-derived cells, and the 3D tissue culture in our
fluidic perfusion system, we are able to develop an in vitro
tissue model incorporating features of the hematopoietic stem
cell microenvironment in the bone marrow. Using tissue
application-specific initial design in CAD, this fluidic culture
platform can facilitate mechanistic studies of cell–cell and cell–
substrate interactions through simple cell seeding strategies,
without any material synthesis, scaffold assembly, or complex
chemical modifications, and is scalable for larger stem cell
expansion applications. Future applications of this system can
include in vitro testing of the efficacy/toxicity of antineoplastic
agents against (1) human cancer cells and (2) hematopoietic
and stromal cells composing the hematopoietic niche.

Conclusions

We have developed a pillar-based fluidic perfusion culture
chamber for dynamic hMSC culture that can be used for cre-
ating tissue model of stem cell environments, in addition to
providing enhanced proliferation and osteogenic differentia-
tion of hMSCs. The created in vitro microenvironment is
achieved through spatially controlled proliferation and osteo-
genic differentiation of hMSCs, spatial patterning of hMSCs
and ECs (two crucial components of the bone marrow niche) in
coculture, and formation of 3D cultures. These are enabled via

modulation of physiologic features of the native tissues such as
geometry and fluid dynamic environment, which can be pre-
cisely tuned during our bioreactor fabrication through the ease
of CAD and 3DP. While other fluidic platforms typically utilize
supporting scaffolds for 3D cell culture, our system’s associ-
ated geometry and flow patterns allow cell patterning and 3D
cell culture simply from initial 2D seeding. Our study quantifies
hMSC proliferation, osteogenic differentiation, their spatial
dependence on local flow patterns and curvature in the culture
chamber, along with spatial distribution achieved in an hMSC-
EC coculture and the resulting modulation of calcium signal-
ing, as well as demonstrates the 3D cell structure formation
capability. The study highlights the culture chamber’s potential
as a simple innovative dynamic culture system for creating an
in vitro model of a physiologic stem cell microenvironment,
which can be easily modulated, scaled up and integrated into
large-scale perfusion systems for relevant stem cell applica-
tions, or utilized to study various cell–cell and cell–substrate
interactions. Such knowledge will be beneficial for future de-
velopments of bioreactors or scaffolds for tissue engineering
and regenerative medicine applications.
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