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ABSTRACT: Biophysical cues can potently direct a cell’s or tissue’s behavior. Cells interpret their biophysical surroundings, such as
matrix stiffness or dynamic mechanical stimulation, through mechanotransduction. However, our understanding of the various aspects of
mechanotransduction has been limited by the lack of proper analysis platforms capable of screening three-dimensional (3D) cellular
behaviors in response to biophysical cues. Here, we developed a dynamic compression bioreactor to study the combinational effects of
biomaterial composition and dynamic mechanical compression on cellular behavior in 3D hydrogels. The bioreactor contained multiple
actuating posts that could apply cyclic compressive strains ranging from 0 to 42% to arrays of cell-encapsulated hydrogels. The bioreactor
could be interconnected with other compressive bioreactors, which enabled the combinatorial screenings of 3D cellular behaviors
simultaneously. As an application of the screening platform, cell spreading, and osteogenic differentiation of human mesenchymal stem cells
(hMSCs) were characterized in 3D gelatin methacryloyl (GelMA) hydrogels. Increasing hydrogel concentration from 5 to 10% restricted
the cell spreading, however, dynamic compressive strain increased cell spreading. Osteogenic differentiation of hMSCs was also affected by
dynamic compressive strains. hMSCs in 5% GelMA hydrogel were more sensitive to strains, and the 42% strain group showed a significant
increase in osteogenic differentiation compared to other groups. The interconnectable dynamic compression bioreactor provides an efficient
way to study the interactions of cells and their physical microenvironments in three dimensions.

KEYWORDS: high-throughput screening, human mesenchymal stem cells, dynamic compression bioreactor, 3D mechanobiology,
mechanical stimulation

1. INTRODUCTION
Cellular behaviors are continuously regulated by biochemical and
biophysical stimuli.1−3 Biochemical stimuli, such as growth
factors, have been shown to play a pivotal role in the
development and regeneration of tissues and organs,4,5 and cell
fate decisions can also be regulated by the stiffness of the
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extracellular matrix (ECM).6−8 In addition, cells can sense and
respond to externally applied mechanical stimuli through
mechanotransduction, which regulate cellular behaviors includ-
ing cell adhesion, proliferation, and differentiation.9,10 A variety
of biomaterials with tunable biochemical and physical properties
have been developed to mimic microenvironments of native
tissues. However, identifying microenvironmental conditions
optimal for specific tissue engineering and regeneration
applications through conventional approaches remains challeng-
ing.11−14 Recently, medium to high-throughput platforms have
been introduced as promising strategies to screen the effects of
biochemical and biophysical factors on cellular behaviors.15 It is
possible for these platforms to contain arrays with distinct and
isolated microenvironments, allowing simultaneous screening of
a large number of conditions while requiring only a small amount
of materials. Despite the advances in medium- to high-
throughput technologies, current platforms have mostly focused
on screening cellular behaviors in two-dimensional (2D)
microenvironments under static culture conditions.16−19

Cellular responses in three-dimensional (3D) microenviron-
ments are expected to more closely mimic responses in native
tissues.20−22 Therefore, arrays of 3D cell-laden biomaterials
represent a powerful tool to assess the role of matrix properties
and soluble biochemical signals on cellular behavior. In addition,
externally applied mechanical stimuli, such as tension,
compression, hydrostatic pressure, and shear stress, can affect
3D cell behaviors. For example, application of cyclic compression

has been reported to promote cell differentiation23,24 and
increase ECM synthesis25 in bone and cartilage tissue engineer-
ing approaches. The influence of mechanical stimulation on cell
behavior is often a function of both matrix properties and the
soluble biochemical milieu.26,27 However, the combinatorial
effects of different dynamic compressive strains and biomaterial
composition on stem cell differentiation in three dimensions are
not fully understood, only few platforms have been developed to
screen mechanical stimuli on 3D culture systems.28−33 Moraes et
al. engineered a microfluidic screening platform that can apply
different compressive strains to cell-laden poly(ethylene glycol)
(PEG) hydrogel arrays.28 Recently, Liu et al. fabricated a
deformable membrane platform to apply dynamic tensile strains
to 3D human mesenchymal stromal cell-laden PEG hydrogel
arrays.29 Similarly, Li et al. reported a magnetically actuating
hydrogel array platform to apply static tensile strains to cells
cultured in 3D matrices.30 Although the aforementioned
platforms could be used to screen 3D cell behaviors under
different mechanical strains, the capability of a platform to screen
the synergistic influences of different dynamic compressive
strains and various biomaterial compositions under continuous
perfusion of culture media has not been demonstrated.
In this paper, we have developed a bioreactor that can apply

cyclic compressive strains to 3D cell-laden hydrogel arrays.
Human mesenchymal stem cell (hMSC)-encapsulated gelatin
methacryloyl (GelMA) hydrogel arrays were photocross-linked
onto mechanically actuating posts, which can be operated by gas

Figure 1.Dynamic compression bioreactors for the combinatorial screening of 3D cellular behaviors. (a) Schematic illustration of the interconnectable
bioreactor fabrication process. Photographs of a (b) single and (c) interconnected bioreactor. Scale bar = 2 cm. (d) Vertical displacement of posts
depends on the pressure chamber diameter and amount of applied N2 pressure. Scale bar = 5 mm. (e) Experimental and simulation data of compressive
strains with 450 μmPDMSmembrane with different pressure chamber diameters and applied N2 pressures. (f) Stability test of the dynamic compression
bioreactor over 30 000 cycles of compression with 14 kPa N2 pressure and an 8 mm pressure chamber diameter.
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pressure. The actuation of posts enabled individual control over
the compressive strains across each 3D hydrogel. The frequency
and magnitude of compression could be precisely adjusted by
changing applied gas pressure and device parameters of the
bioreactor. Multiple bioreactors containing different hydrogel
compositions could be connected to each other, which enabled
combinatorial screening of 3D cellular behaviors in response to
biomaterial and compressive strain combinations. As a proof of
principle, cell spreading and osteogenic differentiation of hMSCs
with different concentrations of GelMA and compressive strains
were screened. Cell spreading and differentiation in three
dimensions were investigated using cellular imaging, biochemical
analysis, gene expression analysis, and histological analysis. The
interconnectable dynamic compression bioreactor enabled the
combinatorial screening of microenvironments with mechanical
stimuli under continuous perfusion, which can be potentially
used as an advanced screening platform for biomaterials and drug
discovery applications.

2. RESULTS AND DISCUSSION
2.1. Fabrication and Characterization of Interconnect-

able Bioreactors. Interconnectable bioreactors for 3D
combinatorial cell behavior screening were fabricated as
illustrated in Figure 1a. The bioreactor was composed of three
different layers: a nitrogen gas (N2) pressure chamber, a media
chamber, and a glass substrate. Polydimethylsiloxane (PDMS)
was used to fabricate the media and N2 pressure chambers
because of its excellent flexibility and biocompatibility.34,35 The
N2 pressure chamber layer was composed of cylindrical chambers
connected by channels to apply N2 pressure through a single
pressure inlet. The media chamber was composed of posts and
sidewalls on a thin PDMS membrane. The heights of sidewall
and post were 3 and 1.5 mm, respectively. The bioreactor was
assembled by plasma-bonding the two PDMS layers and a glass
substrate together, which was followed by the incorporation of
polytetrafluoroethylene (PTFE) connectors. Here, a 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA)-treated glass
was used to provide long-term adhesion stability of the hydrogel
arrays during dynamic compression.36 To pattern the hydrogel
array, GelMA prepolymer solution with hMSCs was injected into
the media chamber and selectively photocross-linked onto the
posts by using UV light and a photomask. Notably, the uncross-
linked prepolymer solution could be removed from the device
and re-injected into other bioreactors; this effectively minimized
material consumption. A single bioreactor contained 16 samples,
and a stack of bioreactors could be interconnected for the
combinatorial screening of 3D cellular behaviors (Figure 1b,c).
When the gas pressure was applied through the N2 pressure
chambers, the PDMS membrane with posts was deflected
upward because of membrane stretching. This allowed for the
vertical displacement of the posts to apply compressive strains
across cell-laden hydrogel arrays. Figure 1d shows photographs
of actuating posts with different applied gas pressures (14−42
kPa) and chamber diameters (5−8 mm). The displacement of
the posts could be modulated by changing the N2 pressure
chamber diameter and the applied gas pressure. To determine
the displacement of actuating posts when gas pressure was
applied, the displacements of posts were measured from the side
view by varying the PDMS membrane diameter and applied gas
pressure. The compressive strain, the ratio between the displaced
distance of the post and the initial distance between the glass and
post, is presented in percent to indicate how much compressive
strain can be applied to the hydrogel. Figure 1e shows the

relationship between the compressive strain and the N2 chamber
diameter at different applied pressures. It was observed that the
compressive strains positively correlated with applied pressure
and chamber diameter. The compressive strain was also affected
by the thickness of the PDMS membrane (tPDMS) (Figure S1). A
numerical simulation was carried out to compare the empirical
results with theoretical values. The simulation data were obtained
for travel distances of the top post surface with the applied
pressures of 14, 28, and 42 kPa. The experimental results were in
good agreement with the numerical simulation model data, with
small differences attributed to variations of tPDMS during the
fabrication of the bioreactors and misalignments between posts
and gas pressure chambers. The bioreactor’s post displacement
was highly reproducible and stable over 30 000 compressive
cycles (Figure 1f; Movie S1). By changing the device parameters
and applied pressure, post displacement could be accurately and
reproducibly controlled from 0 to nearly 90%. Thus, the dynamic
compression bioreactor could potentially be used to screen the
3D cellular behaviors over a large range of physiological and
pathophysiological strains.37,38 This capability could advance
mechanobiological investigations in the areas of musculoskeletal
tissue development, remodeling, and repair.39−42 In the
following experiments, tPDMS = 450 μm with 14 kPa of the
applied pressure was used, which enabled the displacement of
posts from 0.15 ± 0.03 to 0.63 ± 0.12 mm when varying the
diameter of the pressure chamber (5−8 mm). This in turn
resulted in 10.5 ± 1.8 to 42 ± 8.1% compression of hydrogels
located between the posts and glass.

2.2. Mechanical Properties of GelMA Hydrogels.
Cellular behaviors are directly regulated by the cells’ micro-
environment. Importantly, biomaterial mechanical properties
and active mechanical stimulation have been shown to affect
cellular behaviors in diverse ways.6,7 To screen the combinational
effects of biomaterial composition and dynamic compressive
strain on hMSC behaviors in three dimensions, three different
concentrations of GelMA hydrogels (5, 7.5, and 10%, w/v) were
used. To measure mechanical properties of the GelMA
hydrogels, GelMAs were cross-linked, swollen in Dulbecco’s
phosphate buffered saline (DPBS), and punched into cylindrical
samples (10 mm diameter and 1 mm height). The compressive
Young’s moduli of GelMA hydrogels were measured by
determining the slope of the elastic region of stress−strain
curves. The measured compressive Young’s moduli were
positively correlated with the hydrogel concentrations (Figure
2a,b). The Young’s moduli of 5, 7.5, and 10% GelMA hydrogels
were 5, 19, and 29 kPa, respectively. Although the GelMA
hydrogels showed pronounced hysteresis, all hydrogels fully
recovered their original thickness after unloading (Figure 2c).
Figure 2d and Movie S2 show the cyclic deformation of 5%
GelMA hydrogel under 42% compressive strains. The patterned
hydrogels have a tapered shape, which may be attributed to the
UV light deflections from the edges of the photomask during the
photocross-linking process.43 When gas pressure is applied, the
PDMS membrane with post deflects upward, which uniformly
compresses the hydrogel between the post and the glass slide.
The applied strains onto the hydrogels through the HT device
were decreased (38%) than the value without hydrogel (42%),
which is attributed to the presence of hydrogel and media in the
chamber. However, the strain differences related to the presence
of hydrogels were less than 6% for all the conditions, and there
were no significant differences of the compressive strains
between the HT device with and without hydrogels. Figure
2e,f shows the dynamic compression responses of the patterned
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hydrogel upon the actuation of a post with a frequency of 0.3 Hz.
The compression cycle was programmable, and the displacement
of the post and 3D hydrogel tightly and rapidly followed the
applied gas pressure. The results indicate that the GelMA
hydrogel can be used as a biomaterial for the screening of 3D
cellular behaviors under repetitive dynamic compressive strains.
2.3. Numerical Simulation to Characterize Dynamic

Compression of the Hydrogel. Computational modeling was
conducted to predict the vertical strain distribution within the
hydrogel during its compression (Figure 3a). The strain model of
hydrogel compression was based on a pressure chamber diameter
of 6 mm, tPDMS of 450 μm, and a gas pressure of 14 kPa. The
strain distribution within the hydrogel sample showed that the
compressive strain was not equally distributed throughout the
hydrogel volume. The hydrogel experienced the largest strain
near its bottom surface where it could freely move over the post
surface, while the strain was lowest near the top of the hydrogel
where it was fixed to the glass. The hydrogel fixation to the glass
prevented local lateral expansion of the hydrogel, which in turn,
limited the local deformation in the vertical direction. The
statistical strain distributions within 7.5% GelMA hydrogels

under compressive strains were analyzed as shown in Figure 3b,c.
The simulation data indicated that the strain distribution in the
hydrogel tended to follow a normal distribution for all GelMA
hydrogel concentrations under compressive strains. In addition,
it was found that the presence of hydrogel samples in the
bioreactor only had a marginal effect on the displacement of the
post. The displacement distance of the post slightly dropped
from 0.33 mm without a hydrogel to 0.32, 0.31, and 0.30 mm
when GelMA hydrogels of 5, 7.5, and 10% were loaded,
respectively. We observed that there were small decreases of
applied strains when the hydrogels were patterned into the HT
device. However, no significant differences of applied compres-
sive strains were observed between GelMA hydrogel concen-
trations under the same gas pressure. Consequently, the effects of
the hydrogel concentration on the compressive strain during the
compression were minimal because of the relatively low Young’s
modulus of all hydrogel compositions compared to PDMS (1−4
MPa) and glass (50−90 GPa).44 It should be noted that the
computational model did not include cells embedded in the
hydrogel compartment. As a result, the actual strain values may
be different from the predicted distributions. However, differ-

Figure 2. Mechanical properties of the GelMA hydrogel. (a) Representative stress−strain curves from compression tests, (b) Young’s modulus of
GelMA hydrogels, and (c) cyclic compression test (10 cycles) of GelMA hydrogels with different hydrogel concentrations (5, 7.5, and 10%). (d)
Sequential photographs showing the compression of a patterned hydrogel under compression. Black dye was incorporated to the hydrogel to aid in
visualization. Scale bar = 1 mm. (e,f) Characterization of the dynamic compression response of a patterned hydrogel upon actuation of post by applied
pressure.

Figure 3. (a) Numerical simulation of the strain distribution within the hydrogel. (b) Statistical analysis of strain distribution of the 7.5% GelMA
hydrogel and (c) effect of the hydrogel concentration on overall strain distributions in compressed hydrogels.
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ences are expected to be small unless the cellular density
becomes extremely high, because the Young’s modulus and
Poisson’s ratio of cells are in the same range as the properties
used for the hydrogel in this study.45

2.4. Cell Compatibility of the Bioreactor and Exper-
imental Setup. To demonstrate the feasibility of combinatorial
screening of 3D hMSC behaviors, the effects of different
combinations of GelMA hydrogel concentrations (5, 7.5, and
10%) and dynamic compressions (0, 10, 27, and 42%) on cell
viability and spreading behavior were examined using multiple
interconnected bioreactors. The screening platform’s exper-
imental setup consisted of interconnected bioreactors, a gas
pressure applying module, a media reservoir, and a peristaltic
pump (Figure 4a). The screening platform was designed to
continuously perfuse media from the reservoir during cell culture
to supply cells with sufficient nutrients and oxygen, while
simultaneously removing metabolic byproducts and waste. The
gas pressure module was located outside the incubator and
connected to the bioreactors via tubing. Gas pressure was applied
to each bioreactor 12 h post cell seeding, and cyclic pressure was
programmed by using multiple solenoid valves controlled by a
MATLAB software tool and a WAGO controller. To test the cell
viability of the screening platform, hMSCs (1 × 106 cells/mL)
were encapsulated in 5% GelMA hydrogels and cultured for 7
days. Cell viability studies were performed under various
dynamic compression regimes (0−42%) using a Live/Dead
staining kit on days 0, 3, 5, and 7. For the cell viability study, 0.3
Hz compressive strain (1.5 s compression and 1.5 s relaxation
time) was continuously applied to the hMSC encapsulated
hydrogels during the cell culture. Figure 4b shows representative
images of Live/Dead stained cells in hydrogels under static
conditions, which demonstrate the biocompatibility of the
bioreactor under continuous perfusion of cell culture media.
Small decreases of cell viability were observed under 27 and 42%
compressive strains after 5 days, but high cell viability of >80%
was observed for all conditions. The results indicate that the
photocross-linking process and dynamic mechanical compres-
sion had minimal effect on hMSC survival.
2.5. Screening of 3D Cellular Behaviors Using the

Interconnectable Bioreactor. Combinatorial screening of 3D
hMSC behaviors was performed by using the developed
screening platform. hMSCs were cultured for 5 days with
continuous dynamic compression at a rate of 0.3 Hz (1.5 s
compression and 1.5 s relaxation time). hMSC spreading was
affected by both hydrogel concentration and compressive strain
magnitude. Representative fluorescence microscope images
(Figure 5a−c) depict the representative hMSC spreading
behavior in three different GelMA hydrogel concentrations
without dynamic compression. Cell area and aspect ratio
decreased as the GelMA hydrogel concentration increased.
The reduced spreading and growth of cells in higher GelMA
hydrogel concentrations may have resulted from the smaller pore
size of the polymer networks as the degree of cross-linking
increases in these hydrogels. From scanning electron microscopy
(SEM) images of lyophilized GelMA hydrogels at different
concentrations, the hydrogel network was denser and the average
pore size was significantly smaller in 10%GelMA hydrogels (1.91
± 0.81 μm) than in those of 5% hydrogels (18.24 ± 4.52 μm)
(Figure 5d). Similar restrictions of cell spreading and growth in
dense hydrogel networks were observed in other biomaterials
including PEG−GelMA hydrogel mixtures.46,47 In addition to
the pore size of hydrogels, the density of cell binding sites can
affect cell spreading behavior. Since GelMA hydrogels contain

cell adhesion binding domains, it is not possible to independently
control hydrogel cell adhesivity and pore size when changing
macromer concentration.47 This would be possible by using
GelMA with different levels of methacrylation, and future studies
could be performed to determine the independent and
synergistic effects of cell binding sites and hydrogel stiffness on
cell behavior in this system.
Not only did the polymer network of the hydrogels affected

cell spreading, but dynamic compression of the hydrogels did as
well. 3D reconstructed confocal images of hMSCs in 5% GelMA
hydrogels or static conditions clearly revealed that cyclical 42%
strain substantially increased cell spreading (Figure 5e). The
confocal images were taken from the bottom part of hydrogel to
exclude the cells near the glass substrate where strains were not
effectively applied. The combinational effects of dynamic
compression and hydrogel concentration on cell spreading
were then investigated. For all hydrogel concentrations, cell
spreading increased in response to increased dynamic
compressive strain (Figures 5f and S2). This response was the
strongest in the 5% GelMA hydrogel group. Similar 3D cell
spreading behavior with dynamic cyclic compression mechanical
stimulation was observed for NIH-3T3 fibroblasts and human
mesenchymal stromal cells in previous reports.29,30

2.6. Screening of Osteogenic Differentiation of hMSCs
in Three Dimensions. The correlation between microenviron-
ment factors and stem cell differentiation has been actively
investigated and screened for several years but mostly in 2D
environments.48,49 2D environments are simpler to establish, but
2D systems by their nature are not sufficient to represent or
simulate the 3D cellular environments of tissues in the body.50,51

Moreover, native tissues and cells are exposed to different
external stimulations including tension, shear strain, compres-
sion, and so forth, which can regulate in cell and tissue
functions.52,53 Many strategies to drive stem cell differentiation
have utilized the application of external stress to simulate
physiologically relevant mechanical environments present during
tissue formation, repair, and homeostasis,54−57 but there are
limited self-contained systems with the capacity to examine the

Figure 4. (a) Schematic representation of the experimental setup of
interconnected dynamic compression bioreactors for screening 3D
cellular behaviors. (b) Live/Dead staining of hMSCs in 5% GelMA
hydrogel without compression. Scale bar = 1 mm. (c) Cell viability with
different dynamic compression magnitudes over time (N = 4).
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role of such mechanical signals on cell differentiation in
conjunction with multiple different biomaterial compositions.
Therefore, we examined osteogenic differentiation of hMSCs
encapsulated in 3D GelMA hydrogels with different macromer
concentrations under varied compressive stimulation regimes. As
a preliminary screen, osteogenic differentiation was investigated
as a function of GelMA concentration and compressive strain
magnitude at day 7 (Figure 6a). Different strains at 0.3 Hz
compressive strain were applied to the hydrogels for 3 h/day for
the 7 days of culture. Similar to the cell spreading behavior
(Figure 5), alkaline phosphatase (ALP) activity, an early stage
osteogenic marker,58 increased with increased compressive strain
in 5% GelMA hydrogel. However, there was no significant effect
of compression on ALP activity in 7.5 and 10% GelMA hydrogel
groups. The low ALP activities in 7.5 and 10% GelMA could be
attributed to the dense pore structure and low degradability of
GelMA hydrogel, which may disturb cell spreading and dynamic
mechanotransduction of hMSCs.33 On the basis of the ALP
screening results, hMSCs encapsulated 5% GelMA hydrogels
were selected as a promising condition in which the cells were
responsive to compressive mechanical stimulation, and these
constructs were subjected to a range of compressive strains over
time (Figure 6b−e). Runt-related transcription factor 2 (Runx2),
another important gene early in the osteogenic differentiation
pathway of progenitor cells, can be upregulated by stretching
stimulation in 2D and 3D environments.59,60 Therefore, the gene
expression of mechanosensitive Runx2 in hMSCs was examined
at day 7. Runx2 gene expression in the 42% strain group was
significantly higher than that of the 0, 10, and 27% strain groups

(Figure 6b). ALP activity of the constructs increased with
increasing compressive strain magnitude at days 7 and 21.
Although the average ALP activity increased over time for the
stimulated groups, significant increases were found in the 27%
(day 7) and 42% (days 7 and 21) compression groups (Figure
6c). After 21 days, late markers of osteogenesis, osteocalcin
(OCN), osteopontin (OPN), and calcium, stained more
intensely in the 42% strain group than the 0% strain group,
further confirming enhanced osteogenic differentiation (Figure
6d,e). The OCN, OPN, and calcium staining intensities of strain
10 and 27% groups were similar to the 0% strain group (data not
shown). Corroborating the alizarin red S staining, quantification
of calcium deposition demonstrated significantly higher amounts
in the 42% strain group compared to all other groups at 21 days,
while there was no significant difference among the lower strain
conditions. During osteogenic differentiation, there was a 36−
42% decrease in average DNA content from day 7 to day 21
within the same groups, but there was no significant difference
among the different strains (Figure S3). The overall DNA
content decrease may have resulted from two factors; cell wash-
out and the osteogenic differentiation. Some encapsulated cells
may have come out of the gels because of the movement of media
within the reactor. Second, previous reports have found
decreased cell viability with increased osteogenic differentia-
tion61−63 and that could have occurred in this system. Because
there was a similar DNA content among the groups, compressive
strain does not appear to have affected the cell viability. Overall,
hMSCs encapsulated in the 5% GelMA hydrogels with 42%
applied compressive strain resulted in the best osteogenic

Figure 5. Combinatorial screening of hMSC cellular morphology after 5 days of culture. (a) Representative photomicrophotographs of hMSCs in
GelMA hydrogels composed of different concentrations of polymer without compression. F-Actin and nucleus of hMSCs were stained with phalloidin
and DAPI, respectively. Scale bar = 20 μm. (b) Cell area and (c) cell aspect ratio for each hydrogel made with different polymer concentrations (N > 30
cells for each condition, ***p < 0.001 compare to the group of 5%GelMA hydrogel). (d) Typical SEM images of the lyophilized hydrogel network. Scale
bar = 50 μm. Inset shows a higher magnification of the SEM image of 10% GelMA hydrogel. Scale bar = 10 μm. (e) 3D reconstructed confocal
photomicrophotographs of hMSCs in 5%GelMA hydrogel cultured under different strains. Scale bar = 100 μm. (f) Combinatorial screening of effect of
hydrogel composition and dynamic compression on hMSC morphology (N > 30 cells for each condition, ***p < 0.001, **p < 0.01, *p < 0.5).
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differentiation among the conditions studied. This result may
suggest that cells in a 3D environment can display better
osteogenic differentiation when they are exposed to significant
compressive strains within porous hydrogels. These combina-
tional approaches will help to find the better cellular environ-
ments that can be applied for the therapeutic bone regenerations.

3. CONCLUSIONS

We have developed an interconnectable bioreactor that can
screen combinational effects of dynamic compression and
hydrogel compositions on hMSCs in a high-throughput manner.
Specifically, the interconnectable characteristic of the developed
bioreactor setup enables high-throughput combinatorial screen-
ing of the role of insoluble (e.g., compressive stress, hydrogel
stiffness, and biochemical properties, etc.) and soluble (e.g.,
media composition, growth factors, etc.) microenvironmental
parameters on cell behavior. As a proof-of-concept, 3D hMSC
behaviors including spreading and osteogenic differentiation in
different concentrations of GelMA hydrogels were screened
using the developed bioreactor. When compressive strain was
applied to different concentrations of GelMA hydrogels,
encapsulated hMSCs were affected by dynamic compression
and resulted in enhanced cell spreading and osteogenic
differentiation. In the 5% GelMA group, higher magnitudes of
dynamic compression significantly increased cell spreading and
osteogenic differentiation. Further investigation of hMSC
functions such as viability, mechanotransduction, and inter-
cellular signaling with this screening platform will pave the way
for understanding the role of biomaterial properties in concert
with mechanical stimulation on cell behavior. In addition, the
developed bioreactor setup can be used to investigate other in

vitro organ models, particularly mechanically active tissues such
as cartilage, tendons, muscles, and blood vessels. These in vitro
organs-on-a-chip models can be further connected together
through the microfluidics in a similar manner to how they are
arranged in vivo, providing the potential capability to study
interactions between in vivo-like tissue models. To control and
monitor dynamic changes in the bioreactor culture micro-
environment, the development of non-invasive, in situ sensors
for O2 level, pH, and CO2 level would be valuable. In addition to
GelMA hydrogel, the system is compatible with a wide range of
other hydrogel compositions, and it may also be used for drug
screening and toxicology applications.

4. EXPERIMENTAL SECTION
4.1. Synthesis of GelMA. GelMA was synthesized as described

previously.64 Briefly, 10 g of type A porcine skin gelatin (Sigma) was
fully dissolved into 100 mL of DPBS (Sigma) at 60 °C. Methacrylic
anhydride (8mL; Sigma) was added dropwise to the solution and stirred
magnetically at 50 °C for 2 h. The solution was then diluted with DPBS
to stop the methacrylation reaction. The unreacted methacrylic
anhydride and salts were removed through 7 days of dialysis in 50 °C
distilled water using 12−14 kDa cut-off dialysis tubes. The dialyzed
solution was frozen at −80 °C and then lyophilized for 5 days.
Lyophilized GelMA was kept at −80 °C before use.

4.2. Characterization of the GelMA Hydrogels. Lyophilized
GelMA was dissolved in cell culture medium with 0.25% (w/v)
photoinitiator (Irgacure 2959; Ciba Specialty Chemicals; Tarrytown,
NY, USA) at 80 °C for 1 h to prepare GelMA prepolymer solution. To
mechanically characterize the GelMA hydrogels, three different
macromer concentrations (i.e., 5, 7.5, and 10 w/v %) were prepared,
and 1 mL of each GelMA prepolymer solution was placed on a glass
plate with two 1 mm-thick spacers. The prepolymer solution was then
covered with a quartz plate and cross-linked by using 25 mW/cm2 UV

Figure 6. Combinatorial screening of osteogenic differentiation of hMSCs encapsulated in GelMA hydrogels. (a) ALP expression of encapsulated
hMSCs in different GelMA hydrogel compositions and compressive strains after 7 days. (b) Relative mRNA levels of Runx2 of hMSCs encapsulated in
5% GelMA under different compressive strains after 7 days of differentiation (*p < 0.05 compared to the 0% strain group). (c) ALP expressions of
hMSCs encapsulated in 5% GelMA hydrogels (w/v) with various compressive strains after 7 and 21 days of osteogenic differentiation (*p < 0.05
compared to the 0% strain group at day 7 and **p < 0.05 compared to the 0% strain group at day 21). (d) Representative photomicrographs of alizarin
red S, OCN, and OPN staining after 21 days of osteogenic differentiation. Scale bars = 50 μm. (e) Quantitative calcium deposition analysis of hMSCs at
days 7 and 21 (***p < 0.05 compared to all of the other groups at day 21).
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light for 30 s. Then, the cross-linked hydrogel was punched into 10 mm-
diameter disks. Compression tests were performed using a mechanical
testing machine (1 kN Actuator, TestResources, Shakopee, MN, USA)
equipped with a 5 N load cell, and the 30% compressive strain was
applied to the hydrogels at a constant crosshead speed of 1% strain/s (N
= 4). The value of Young’s modulus was calculated bymeasuring the first
5% of the stress−strain curve where there was a nonzero stress.65 For the
cyclic compression test, a constant crosshead speed of 1% strain/s was
applied, and 10 loading/unloading cycles with 40% compressive strain
were applied to the hydrogels (N = 5). Surface morphologies of the
GelMA hydrogels were characterized using a field emission scanning
electron microscope (Hitachi S4700; Hitachi, Tokyo, Japan). Before the
SEM imaging, the hydrogel samples were freeze-dried and coated with a
thin Pt layer using a SEM sputter coater for 30 s (a pressure of≈0.3 atm
with an anode current of 40 mA).
4.3. hMSC Isolation and Culture. Whole bone marrow was

harvested from the iliac crest of healthy patients at the Case
Comprehensive Cancer Center Hematopoietic Biorepository and
Cellular Therapy Core with approval from University Hospitals of
Cleveland Institutional Review Board. hMSCs were isolated from the
marrow via a Percoll (Sigma) gradient and the differential cell adhesion
method.66 Only the adherent hMSCs were collected and cultured in
Dulbecco’s modified Eagle’s mediumlow glucose (DMEMLG,
Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma), 1%
penicillin streptomycin (PS, Invitrogen, Carlsbad, CA, USA), and 10
ng/mL recombinant human fibroblast growth factor-2 (rh-FGF-2; R&D
Systems). To osteogenically differentiate hMSCs, cells were cultured in
DMEM-high glucose (DMEM-HG, Sigma) supplemented with 10%
FBS, 1% PS, 10 mM β-glycerophosphate (Calbiochem, Billerica, MA),
50 mM ascorbic acid (Wako USA, Richmond, VA), and 100 nM
dexamethasone (MP Biomedicals, Solon, OH). Passage 3 hMSCs were
used in the experiments.
4.4. Fabrication of the Dynamic Compression Bioreactor.

Two poly(methyl methacrylate) (PMMA)molds to form the PDMSN2
pressure chamber and media chamber were obtained using a laser cutter.
The mold for the N2 pressure chamber layer composed of the inverse of
cylindrical chambers with different diameters (i.e., 5, 6, and 8 mm) that
were all connected via 1.5 mm wide connecting channels to enable the
application of pressure from a single gas inlet. The media chamber was
patterned with the inverse of a 4 × 4 array of posts (3 mm in diameter)
and sidewalls. The height of the sidewalls (3 mm in height) was designed
to be higher than the posts (1.5 mm in height) to pattern the 3D
hydrogel arrays between the posts and the upper glass substrate. The
media chamber dimension needed to be designed larger than the N2
pressure chamber. The corresponding PDMS layers were fabricated by
casting a 10:1 w/w mixture of PDMS base and curing agent (Sylgard
184; Dow Corning, MI, USA) onto the PMMA molds and curing at 80
°C for 1 h. To obtain the desired membrane thickness of the media
chamber layer, multiple adhesive tapes were attached to the side of the
mold as spacers with different heights. PDMS was poured onto the
PMMA mold with a spacer, and redundant PDMS was squeezed out
from the mold using a flat PMMA substrate. The thickness of the cured
PDMS could be controlled by varying the thickness of the spacer (Figure
S4). The spacers with thicknesses 230, 310, and 400 μm were used to
obtain ∼300, ∼450, and ∼560 μm thick PDMS membranes,
respectively. Both layers were peeled off from the molds and plasma-
bonded. Upon bonding of the PDMS layers, fluidic and gas ports were
cored using a needle. The PDMS structure was then plasma-bonded
with a TMSPMA-coated glass.36 PTFE tubes (Microbore PTFE tubing,
Cole-Palmer, Veron Hills, IL, USA) were used to connect inlet and
outlet ports.
4.5. Cell Encapsulation and Culture in the Bioreactor. hMSCs

were trypsinized from the flask and suspended in GelMA prepolymer
solutions at a cell density of 1 × 106 cells/mL (cell spreading and
viability study) or 1 × 107 cells/mL (osteogenic differentiation study).
The cell-suspended GelMA prepolymer solutions were injected into the
media chamber of the bioreactor through the connection tube. A
photomask (circular shapes, 3 mm diameter) was then manually aligned
on the top of the bioreactor to selectively polymerize the hydrogel onto
the post array. The cell containing prepolymer solution was

subsequently cross-linked by UV light exposure (25 mW/cm2) for 30
s. The uncross-linked prepolymer solution was removed, and the
chamber was filled with normal hMSC culture media with 10 ng/mL of
rh-FGF-2 or osteogenic differentiation media. The bioreactors
containing hydrogel array formed with different macromer concen-
trations were interconnected with each other and were perfused at a flow
rate of 100 μL/min using a single peristaltic pump. All cell culture
experiments were performed in a humidified incubator with 5% CO2 at
37 °C. To apply cyclic compressions to the cross-linked hydrogel within
the bioreactor, N2 gas pressure was supplied through the pressure inlet
by using multiple solenoid valves that were controlled by a WAGO
controller and a custom-designed MATLAB program. N2 was used as
the working gas to operate the dynamic compressive bioreactor as it has
been reported in the literature to operate pneumatic actuators for
microfluidic devices and bioreactors without affecting cell behaviors.29,34

For the cell spreading study, 0.3 Hz compressive strain was continuously
applied to the hMSC-encapsulated hydrogels during 5 days of culture.
For the osteogenic differentiation study, 0.3 Hz compressive strain was
applied to the hydrogels for 3 h/day during the 21 days of culture.

4.6. Computational Simulation. Computational finite element
models were developed using ANSYS 13.0 Workbench to analyze the
deformation of the PDMS membranes and the subsequent strain
distribution within the hydrogel samples. A quarter unit of the hydrogel
was modeled with symmetry boundary conditions. The models
consisted of three parts: the PDMS structure matching the dimensions
of the actual devices, the hydrogel sample modeled as a tapered cylinder
with a height of 1.5 mm, a top diameter of 2.5 mm and a bottom
diameter of 2.2 mm, and a glass top support. The parameters for the
simulation were obtained by measuring the actual dimensions of
patterned hydrogels. For the meshes, 4-node tetrahedral elements
(SOLID72) were used. A grid size of 0.01 mmwas used for the hydrogel
and 0.02 mm for the other materials. A sensitivity analysis was
performed to ensure that changes in the mesh size did not result in
differences in deformations and stress and strain distributions. All parts
were modeled as elastic flexible bodies with isotropic material
properties. Young’s modulus and Poisson’s ratio of 5.0 kPa and 0.49
kPa, respectively, were used for the hydrogel, 1.84 MPa and 0.49 MPa
were used for the PDMS structure,67 and 65 GPa and 0.49 GPa were
used for the glass support. PDMS−hydrogel contact was modeled as
frictionless, whereas hydrogeltop support contact was modeled as
bonded. The base of the unit, as well as the top support, was constrained
as fixed, and a linearly increasing pressure up to 14 kPa was applied to the
bottom surface of the PDMS membrane. The strains generated within
the hydrogel sample were analyzed. To simulate the displacement of
posts upon the deformation of the PDMS membrane, separate models
were prepared consisting of only the PDMS structure with varying
chamber diameters (5, 6, 7, and 8 mm), membrane thicknesses (300,
450, and 560 μm), and N2 pressures (14, 28, and 42 kPa).

4.7. Biochemical Assay Analysis. Cell viability was evaluated over
time (days 0, 3, 5, 7 and 21) using a LIVE/DEAD Viability/Cytotoxicity
Kit (Invitrogen) according to the manufacturer’s instructions (N = 5).
The hydrogels were washed with DPBS twice and imaged using an
inverted fluorescence microscope (Zeiss Axio Observer D1; Zeiss,
Göttingen, Germany). The number of live and dead cells was counted
for four samples of each group using ImageJ software (NIH). After 7 and
21 days culture, each hydrogel−cell construct was collected in CelLytic
M solution (Sigma) and homogenized for 30 s using a TH homogenizer
(Omni International, Marietta, GA, USA). Then, the homogenized
solution was analyzed to measure DNA, ALP, and calcium content in
each construct using Quant-iT PicoGreen dsDNA reagent kit
(Invitrogen), ALP Assay kit (Sigma), and calcium assay kit (Pointe
Scientific, Canton, MI, USA), respectively, according to the
manufacturers’ instructions. Fluorescence intensity of the dye-
conjugated DNA solution was measured with a plate reader (Safire;
Tecan, Austria), and the DNA content was calculated from a standard
curve generated with Lambda DNA standard (Invitrogen). The
absorbance of ALP and calcium assays was read at 405 and 570 nm
on a plate reader and compared with standard curves prepared with 4-
nitrophenol standard solution (Sigma) and calcium standard solution
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(Sigma), respectively. ALP and calcium levels were measured and then
the obtained data were normalized to the DNA content (N = 5).
4.8. Histological and Immunohistochemical Analysis. hMSCs

encapsulated in GelMA hydrogels were collected (N = 4), washed with
DPBS, and fixed with 4% paraformaldehyde (Sigma) solution for 20
min. To analyze cell spreading, samples were washed three times with
DPBS and then incubated in 0.1% (w/v) of Triton X-100 inDPBS for 20
min to make the cells permeable. Then, the samples were stained with
Alexa Fluor 568 phalloidin for 30 min and followed by 30min staining of
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI,
Sigma). The stained cells were imaged using an inverted fluorescence
microscope (Axio Observer D1, Zeiss) and a Leica SP5 confocal
microscope (Leica Microsystems, Wetzlar, Germany). Cell spreading
area and cell aspect ratio of phalloidin/DAPI-stained cells (number of
cells > 30) were analyzed using a custom algorithm in ImageJ software.
For the analysis of osteogenically differentiated cells, fixed samples (N =
8) were embedded in an optimal cutting temperature compound
(Fisher, Pittsburgh, PA), frozen, and cut into 20 μm thick sections at
−20 °C. Sectioned slides were washed three times with DPBS and
stained with 2% alizarin red S solution (pH 4.2). After washing, the slides
were dehydrated with a graded ethanol series and mounted with
Permount mounting medium (Fisher). To evaluate OCN and OPN
expression in the constructs, sections were stained with anti-OCN
(ab93876, Abcam, Cambridge, UK) and anti-OPN (ab8448, Abcam)
antibodies overnight at 4 °C. Broad spectrum Histostain-Plus kit
(Invitrogen) and aminoethyl carbazole (AEC; Invitrogen) were applied
to visualize the staining.68 A negative control was prepared by applying
secondary antibodies and AEC solution without any primary antibody
treatment. A positive control was prepared by applying primary and
secondary antibodies to bonelike engineered tissue sections from
another study.69 Negative and positive controls were used to confirm no
background staining and reactivity of antibodies. Slides were mounted
with glycerol vinyl alcohol (Invitrogen) and imaged using an Olympus
BX61VS microscope (Olympus, Tokyo, Japan).
4.9. Quantitative Real-Time Reverse Transcription Polymer-

ase Chain Reaction (qRT-PCR). Cell-encapsulated samples were
homogenized and lysed in TRI reagent (Sigma). Reverse transcription
was performed using extracted RNA and iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA) followed by qRT-PCR using primers
human 3-phosphate dehydrogenase (GAPDH; forward primer 5′-GGG
GCT GGC ATT GCC CTC AA-3′and reverse primer 5′-GGC TGG
TGG TCC AGG GGT CT-3′) and human Runx2 (forward primer 5′-
ACA GAA CCA CAA GTG CGG TGC AA-3′ and reverse primer 5′-
TGG CTG GTA GTG ACC TGC GGA-3′). qRT-PCR was performed
using Eppendorf Mastercycler (Eppendorf, Westbury, NY, USA), and
GAPDH was served as an internal control. All data were analyzed using
the 2−ΔΔCt method.
4.10. Statistical Analysis. All quantitative data are expressed as

mean ± standard deviation. Statistical analysis was performed with one-
way analysis of variance with the Tukey significant difference post hoc
test using Origin software (OriginLab Co., Northampton, MA, USA). A
value of p < 0.05 was considered statistically significant.
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