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Abstract

Hyaline cartilage is a specialized type of connective tissue that lines many moveable joints
(articular cartilage) and contributes to bone growth (growth plate cartilage). Hyaline cartilage is
composed of a single cell type, the chondrocyte, which produces a unique hydrated matrix to resist
compressive stress. Although compressive stress has profound effects on transcriptional networks
and matrix biosynthesis in chondrocytes, mechanistic relationships between strain, signal
transduction, cell metabolism, and matrix production remain superficial. Here, we describe
development and validation of a polydimethylsiloxane (PDMS)-based pneumatic microfluidic cell
compression device which generates multiple compression conditions in a single platform. The
device contained an array of PDMS balloons of different sizes which were actuated by pressurized
air, and the balloons compressed chondrocytes cells in alginate hydrogel constructs. Our
characterization and testing of the device showed that the developed platform could compress
chondrocytes with various magnitudes simultaneously with negligible effect on cell viability. Also,
the device is compatible with live cell imaging to probe early effects of compressive stress, and it
can be rapidly dismantled to facilitate molecular studies of compressive stress on transcriptional
networks. Therefore, the proposed device will enhance the productivity of chondrocyte
mechanobiology studies, and it can be applied to study mechanobiology of other cell types.
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We demonstrate a pneumatically operated microfluidic device that can apply compressive stress of
various magnitudes to multiple alginate-chondrocyte constructs simultaneously.

Microfluidic cell compression device  Chondrocyte in alginate hydrogel

Introduction

Many cells in the human body continuously experience various mechanical stimuli. For
example, blood flow induces shear stress on vessel walls, and muscles are often in a state of
contraction or stretch. There is a growing body of evidence that these mechanical stimuli are
crucial for tissue homeostasis and may be essential elements that guide tissue
morphogenesis during embryonic and early post natal life.l Also, changes in cell or matrix
mechanics can lead to tissue dysfunction and disease. For example, reduced loading results
in bone loss in astronauts? and may contribute to bone growth defects.3-> The impact of
mechanical stimuli on cells is dependent on many factors, including scalar and vector
components of force, composition and properties of the extracellular matrix (ECM) through
which stress is propagated, and specific properties of the cytoskeleton and signaling
networks in the target cell.1: 6. 7

Compressive stress is one of the major factors acting on hyaline cartilage (articular and
growth plate cartilage) in which chondrocytes are the only existing cell type. To reveal the
detailed mechanobiological behavior of chondrocytes under compression, macroscopic
compression equipment has been used to compress chondrocytes in hydrogel or cartilage
explants.8-14 Because those macroscopic compression devices can compress a sample with a
specific pair of magnitude and frequency at a time, they have limitations in testing various
experimental conditions simultaneously.

To enable high-throughput mechanobiology studies of chondrocytes under multiple
compressive stress conditions, we have developed a pneumatically operated microfluidic cell
compression device. Microfluidic devices>~17 are one of the popular engineered tools for
studying cellular mechanobiology because they provide efficient ways to simulate /77 vivo
cellular environment and to analyse cellular behaviors under various mechanical stimuli,
such as shear stress,16: 18. 19 stretch,20. 21 compression, 22 and stiffness.23 Also, microfluidic
devices can easily integrate with optical imaging systems because of their transparent
materials including polydimethylsiloxane (PDMS) and glass. With these mentioned
advantages, microfluidic devices enable examining cellular behaviors under a controlled
environment.

For our microfluidic cell compression device (Fig. 1a-c), we adopted and improved the
microfluidic device proposed by Moraes er a/.?2: 24 to be equipped with an array of cell
compression units. Our device contained a 5x5 array of alginate-chondrocyte constructs that
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were compressed by a PDMS membrane or balloon (Layer 2) driven by pressurized air (Fig.
1b and d). Different magnitudes of compressive strain (14-34%) on alginate columns were
generated within a single device using PDMS balloons of different sizes (1.2-2.0 mm in
diameter) inflated with the same air pressure (14 kPa in these experiments). Under these
static compression conditions, chondrocyte strain was 7-19% as a function of PDMS
balloon diameter. Cell viability was 80% and 85% for uncompressed and dynamically
compressed chondrocytes, respectively. Therefore, the developed device can compress
chondrocytes with different magnitudes simultaneously with negligible effect on cell
viability, and enable time- and cost-efficient study of mechanobiological behaviors of
chondrocytes.

Materials and Methods

Microfluidic unit

The microfluidic part of the device consisted of two layers (Layer 1 and 2) of PDMS
[Sylgard 184, Dow Corning, Midland, MI; 10:1 (weight ratio between prepolymer and
curing agent)] on a glass slide (Glass plate 1) and a tubing block (Fig. 1a). The detailed
fabrication procedure is shown in the Supplementary Information (SI).

Briefly, the SU-8 master mold for Layer 1 was fabricated on a clean glass slide (50.8 mm x
76.2 mm x 1.2 mm, Fisher Scientific, Hampton, NH) using SU-8 (MicroChem Corp.
Westborough, MA). A thin layer of SU-8 5 was formed on the glass slide for enhanced
adhesion of SU-8 channel patterns on the glass. Then, microchannel geometry was
fabricated on the seed layer using SU-8 100 and a photomask (25,400 dpi; CAD/Art
Services, Bandon, OR) based on the photolithography technique (Fig. S1).25 The channel
height on the mold was about 90 um (87.1 + 1.3 um, /7= 5 points on a single mold) which
was measured with a three-dimensional (3D) laser scanning microscope (VK-X200,
Keyence, Osaka, Japan).

Layer 1 was prepared using the sandwich molding method?® to prevent PDMS shrinkage.2’
The SU-8 master mold was coated with (Tridecafluoro-1, 1, 2, 2-Tetrahydrooctyl)-1-
Trichlorosilane (T2492-KG, United Chemical Technologies, Bristol, PA) for easy release of
PDMS from the mold.28 Uncured PDMS was sandwiched between a transparency film (HP
Transparencies for LaserJets, C2934A) and the mold (Fig. S1a), and it was cured at 80 °C
for 6 hours (or overnight). Cured Layer 1 was then bonded on Glass plate 1 via plasma
bonding. After additional baking at 80 °C for 30 min, the transparency film was removed.

For Layer 2, PDMS was spin coated on a transparency film at 1,000 rpm for 1 minute using
a spin coater (WS-650MZ-23NPPB, Laurell Technologies Corporation, North Wales, PA) to
obtain 60 pm in thickness (Fig. S1b and S2), and then it was partially cured at 80 °C for 20—
30 minutes. Layer 1 and 2 were bonded via plasma bonding and baked at 80 °C overnight.
After cooling down the device, the transparency film was removed from Layer 2, and the
tubing block was attached to Layer 2 using plasma bonding.
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Alginate-chondrocyte constructs

An array of alginate-chondrocyte constructs was fabricated using the alginate gel
micropatterning method (Fig. Sic).2% 30 First, an aluminium mold was machined with the
same dimension and geometry of the gel array. Second, an agarose gel mold witha5 x 5
array of holes was prepared by casting 5% (w/v) agarose gel (Seakem LE Agarose, Lonza,
Basel, Switzerland) containing 200 mM CaCl, on the aluminium mold. Third, 1.5% (w/v)
alginate gel solution (Pronova UP MVG, FMC Corporation, Philadelphia, PA) was mixed
with 5 mg/ml Sulfo-NHS (Thermo Fisher Scientific, Waltham, MA), 10 mg/ml 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, Thermo Fisher Scientific,
Waltham, MA) and chondrocytes (or fluorescent beads). Fourth, 170 pl of the alginate gel
solution was placed on an aminopropyltriethoxysilane (APTES)-coated Glass plate 2 (see
SI). Last, the alginate gel solution was covered with the agarose gel mold for 3 minutes.
After detaching the agarose gel mold from the alginate gel, the formed array of alginate gel
constructs was placed in the cross linking solution (50 mM CaCl, + 140 mM NaCl) for 1
minute for further polymerization. The dimensions of each construct were 0.81 + 0.02 mm
in diameter and 0.96 £ 0.02 mm in height (7= 85 gel constructs).

Device assembly and operation

Four ~1 mm-thick PDMS spacers were located on the four corners of Glass plate 2 where
the alginate gel constructs were attached. Then, Glass plate 2 was placed on the microfluidic
part of the device with the gel constructs facing toward the PDMS balloons (Fig. 1 and S1d).
The entire device was fastened with 3D printed clamps for easy disassembly.

The assembled cell compression device was connected to a solenoid valve (SI0MM-30-
12-3, Pneumadyne, Plymouth, MN) and an air pump (SP 500 EC-LC, Schwarzer Precision,
Essen, Germany) via silicon tubing. The device was actuated by pressurized air (14 kPa,
gauge pressure) from the air pump that was connected to the device via a solenoid vale. For
static compression, the solenoid valve was fully opened to supply constant air pressure. For
dynamic compression, a function generator (SDG1025, Siglent, China) connected to the
solenoid valve regulated the solenoid valve with a square wave.

Compression capability characterization

The compression capability of the cell compression device depends on the diameter and air
pressure of the PDMS balloons of Layer 2. Thus, we characterized the deformation of the
PDMS balloons, alginate gels and chondrocytes as a function of the balloon diameter with
the fixed air pressure of 14 kPa, which was the minimum gauge pressure of the air pump.

The center height (/) of the expanded PDMS balloons was measured using surface imaging
without any samples on them (Fig. 2a). The PDMS balloons were imaged using the 3D laser
scanning microscope, and their maximum height was measured by VK analyser software
(Keyence, Osaka, Japan). The measured maximum height was equated to be the center
height assuming axisymmetric expansion. For better imaging, the top surface of the PDMS
balloons was made opaque by using a transparency film silanized with (Tridecafluoro-1, 1,
2, 2-Tetrahydrooctyl)-1-Trichlorosilane for Layer 2 fabrication.
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Deformation of alginate gel constructs and chondrocytes was measured using a confocal
fluorescence microscope (LSM 800, Carl Zeiss AG, Oberkochen, Germany) at 10x and 20x,
respectively. For gel deformation measurement, 0.3% (v/v) of 1.0 um-diameter fluorescent
beads (542/612 nm, Fluoro-Max Red Aqueous Fluorescent Particles, Thermo Fisher
Scientific, Waltham, MA) were mixed with 1.5% alginate gel.

To measure cell deformation under compressive strain, chondrocytes were isolated from the
growth plate cartilage of neonatal mice by digestion in 0.25% collagenase (Sigma-Aldrich,
St. Louis, MO) for 3 hours at 37 °C, and ECM material was removed from the cell
suspension by gravity. Chondrocytes were labelled by 2 uM calcein AM (Invitrogen) diluted
in Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% Fetal Bovine Serum
(FBS) for 30 minutes. Fluorescent labelled chondrocytes were pelleted by centrifugation for
5 minutes at 125g and then suspended in sterile-filtered 1.5% alginate gel at a density of 8 x
108 cells/mL.

Arrays of alginate gel constructs containing either marker beads or chondrocytes were
assembled in the microfluidic cell compression device as previously described and the space
between Layer 2 and Glass plate 2 was filled with a culture medium (alpha-MEM
supplemented with 1TS+3, 1mM Beta-glycerophosphate, antioxidant, non-essential amino
acids, ascorbic acid, sodium pyruvate, glutamine, penicillin and streptomycin31). Volumetric
data of either alginate gel columns containing labelled beads or chondrocytes were obtained
before compression and during compression using confocal microscopy with nominal zstep
sizes of 10 pm and 0.5 um, respectively (respective optical section thickness = 13.2 um and
5 pm). The actual zstep size was calibrated to be 13 um and 0.68 um, respectively.32

The height of alginate gel columns and chondrocytes was measured by image processing
with MATLAB (MathWorks, Natick, MA) (Fig. S4; see SI).32 Their compressive (or axial)
strain was calculated by dividing the measured height change by the initial sample height.
With the same image processing code, the diameter of chondrocytes was measured by
averaging the cell widths in xand y directions at the center of each cell under the
assumption that the cells were axisymmetric. In contrast, the diameter of alginate gel
constructs was measured differently due to sparse distribution of fluorescent beads in the
gel. On the xy image at the gel center, 3 beads on the gel boundary were selected for 3
points circular fitting to determine the gel diameter. The lateral (or transversal) strain of the
samples was calculated as a ratio of the diameter change due to compression to the initial
sample diameter.

Finite element method simulation

Finite element method (FEM)-based simulations using Abaqus (Dassault Systémes, Vélizy-
Villacoublay, France) were conducted to predict and analyse PDMS balloon deformation. A
two-dimensional (2D) axisymmetric FEM model consisting of 1350 quadrilateral elements
was created (Fig. S5), and the axisymmetric and fixed boundary conditions were applied to
the axis of symmetry and bottom of the model, respectively. Pressure of 14 kPa was applied
at the inner surface of the PDMS balloon (Fig. S5b). Young’s modulus of the PDMS
(Epppss) Was measured to be 1.86 MPa by the tensile test (see SI). Poisson’s ratio (v) of
PDMS was assumed as 0.49.33
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Chondrocyte viability test

Viability of chondrocytes in alginate-chondrocyte constructs was assessed via the live/dead
cell viability kit (Invitrogen, Carlsbad, CA). Alginate-chondrocyte constructs were subjected
to dynamic compression (14 kPa, 1 Hz) for 1 hour, whereas control groups were in the
identical condition without compression. Both constructs were cultured out of the device for
24 hours and then incubated in Phosphate-buffered saline (PBS) containing 2 uM calcein
AM and 4 pM ethidium homodimer-1 (EthD-1) for 0.5 hour in the dark room. The incubated
constructs were washed 3 times in PBS for 5 minutes per each.

The constructs were imaged using an inverted microscope (DMI6000B, Leica microsystems,
Wetzlar, Germany) to measure fluorescence in the green (live cells) and red (dead cells)
channels to count the number of live and dead cells, respectively. Percent viability (the
number of live cells divided by the number of total cells) of chondrocytes was quantified by
counting the number of live and dead cells in the resulting images. The “make binary” and
“analyse objects” functions in ImageJ34 were used for image analysis.

Statistical analysis

Results

All values were reported as mean (/) + standard deviation (o). To determine if calculated
mean values between multiple groups were significantly different, one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test were used. For comparisons of
mean values between two groups, Student’s #test was used. 0.05 was selected as a
significance level in statistical analysis.

Although the described microfluidic cell compression device was developed to dynamically
compress alginate-chondrocyte constructs in a controlled manner, the initial characterization
of performance was conducted under static compression except for the final cell viability
test. Static compression conditions were used because volumetric imaging using confocal
microscopy is a slow process (e.g., minutes long) that cannot generate the required high-
resolution images for quantitative analysis when cells are dynamically compressed.
Therefore, our approach was to characterize the device by measuring the compressive strain
of chondrocytes under static compression and then to use the device for dynamic
compressive stimulation of the cells. Our results show that the developed device generated
different magnitudes of compressive strain on alginate-chondrocyte constructs (Table 1) and
that cells could survive dynamic compression.

PDMS balloon expansion

To quantify the compression capability of the developed device, we first imaged the surface
topography of the inflated PDMS balloons (Fig. 2a). The center height (/) of the inflated
balloon was characterized as a function of the balloon diameter (D) with the fixed air
pressure of 14 kPa (Fig. 2b). On a single device, the standard deviation of /#was less than
3.4% with respect to the mean value of /1 (o4/my, < 3.4%) among the PDMS balloons of the
same diameter (Fig. 2b). Thus, the PDMS balloons on the single device were inflated
uniformly when their sizes were same. Also, /increased with D; the my, values of the
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examined device were 167.2 + 3.3, 214.3 + 7.4, 250.9 £ 2.8,291.0 £ 2.5 and 342 £ 4.9 ym
for Dof 1.2, 1.4, 1.6, 1.8 and 2.0 mm, respectively (Device 1 in Table S1). It was found that
all mp values were significantly different as Dincreased (p < 0.05). Also, /increased around
45 um per 0.2 mm increase in D, and this information can be used for tuning the
performance of the device. These results demonstrate that balloons of the same size display
consistent compression characteristics and that compressive strain is predictable for a known
balloon diameter.

To confirm the repeatability of the fabrication method, we tested two more devices and
determined the variation among the three devices using the relative standard deviation of #
(RSDy), a ratio of the standard deviation of mj, to the average of /. The maximum RSD, of
6.9% was found with the smallest PDMS balloons, and RSD, decreased with Dto the
minimum value of 2.2% (see Table S1). Also, all three devices showed that the larger the
PDMS balloon was, the more it protruded, as expected (Fig. 2c and Table 1).

Although the measurements varied more between devices than within a device, average
measurements across three devices showed similar consistent values for a given balloon size,
as well as the same strong relationship between #and D as observed in a single device.
Therefore, the fabrication method is repeatable because it produced similarly operating
devices.

FEM simulation of PDMS balloon expansion

The deformation of PDMS balloons was simulated by the FEM numerical model to validate
the experimental measurements and to analyse and predict the deformation of the PDMS
balloon for possible changes in the device design (Fig. 3a and S5). For efficient simulations,
the optimum element number of the model was determined by calculating / as a function of
the number of elements with D=2 mm (Fig. S6); / converged as the number of elements
increased, and it became nearly constant when the element of number was 1,350. Thus, the
FEM model of 1,350 elements was used.

The mean PDMS balloon profiles from 3D imaging and FEM simulation are compared in
Fig. 3b. The mean balloon profile was obtained by averaging balloon profiles with respect to
the location of maximum height of individual balloon. Overall, the simulated profiles were
close to the measured profiles although 3D images contained errors near the center and
boundary of the balloon (Fig. 2a and Fig. 3b). Those errors might be caused because the
whitish coating on the balloon for imaging became nonuniform as the balloon expanded.
Figure 2c shows that the /2 values obtained by the two methods are in good agreement
because their relative errors (|/fexp-/ireml/ irem) Were 0.2-3.2%. Therefore, both the imaging-
based /# measurements and the FEM model were validated.

The FEM simulation enabled examining the deformation of the PDMS balloon in more
detail. When the balloon was inflated, stress concentration occurred where Layer 2 and the
air chamber met (Fig. 3a). Accordingly, the maximum stress and strain were found at the
said location on PDMS balloons of different diameters (Table S2). Therefore, the PDMS
balloon is expected to rupture along its perimeter if too high pressure is applied. Also, the
simulation showed that the PDMS balloon got thinner during expansion as expected. The
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maximum decrease in the balloon thickness occurred at the balloon center (Table S2), while
the thickness change was minimal along the balloon perimeter. Therefore, the FEM model
can be used to predict the expansion of PDMS balloons of the cell compression device if the
device design needs to be changed.

Alginate gel deformation

Figure 4a shows the 5 x 5 array of alginate gel constructs (~0.8 mm in diameter and ~1 mm
in height) cast on Glass plate 2. To measure the alginate gel deformation due to static
compression, fluorescent beads were included in the gel instead of chondrocytes, and z-stack
images of gel constructs was obtained using confocal microscopy. Because the embedded
beads could affect the mechanical property of the gel, a relatively low number of the beads
were introduced to the gel, which made it difficult to visualize a vertical cross-section of the
gel. Instead, the obtained z-stack was projected to the xz plane as shown in Fig. 4b. This
example shows that the height of the gel on the largest PDMS balloon (D = 2.0 mm)
decreased from 1,001 um to 663 pm under compression. Therefore, the gel was compressed
by 33.8% due to the expanded PDMS balloon.

The compressive strain of the gel construct (ege) is the gel height change divided by the
initial gel height. Figure 4c shows how &g changed with D. As expected from Fig. 2c, the
alginate gel was compressed more on a larger PDMS balloon (Table 1). The observed
differences in ege) are significant with respect to the change in D (p < 0.05), and the amount
of ege) increased approximately 5% per 0.2 mm increment of D. In contrast to the gel height,
the diameter of the gel constructs was barely changed by compression because the resultant
lateral strain was smaller than 4%.

Because the alginate gel is much softer than PDMS (£ge = 40.7 kPa and Epps = 1.86 MPa,
see Fig. S3), the gel height change (A/1e) Was expected to be close to the central height (/)
of the PDMS balloon, i.e., Afige; ~ 4. As shown in the inset of Fig. 4b, Afjge was smaller
than /£ for the smallest balloon, but the difference decreased with D. For the largest balloon,
Ahge was 338 pm, close to the /77, value (335 pm). This comparison suggests that the
compression capability of the smaller PDMS balloons was affected by the gel, and it
validates the imaging-based measurement of gel height.

Chondrocyte deformation

Having demonstrated consistent and predictable deformation of materials in these devices,
we next determined the resulting compressive strain in chondrocytes embedded in these gels.
Compressive strain of chondrocytes was determined under static compression conditions by
confocal imaging of a 613 pm x 613 um x 40-55 um (x x yx 2) volume (around gel center)
that was 300-400 um from the gel base as shown in Fig. 5a. Figure 1d shows representative
chondrocyte images before and under compression on the largest PDMS balloon (D= 2.0
mm). Because the cell height decreased from 17.0 pm to 14.3 pm, the resultant compressive
strain of the chondrocyte (eqe)) Was 16%, which is lower than that of the gel (34%). The
mean strain of chondrocytes is approximately 50% of the gel strain (Table 1, Fig. S7). This
difference may be due to different mechanical properties (e.g., viscoelastic properties) of the
alginate gel and chondrocyte.3®
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Figure 5b shows the distribution of the measured e values (7= 35-47 cells for each
balloon size), and the mean &g values are shown in Table 1. The resulted e range
(7-19%) is similar to that of growth plate chondrocytes caused by physiological stress
condition (7-23%).36 There were no significant differences in . between adjacent PDMS
balloons of different diameters (e.g., for 1.2 mm vs 1.4 mm, 1.4 mm vs 1.6 mm, 1.6 mm vs
1.8 mm, and 1.8 mm vs 2.0 mm, p> 0.05). However, the compressive strains were
significantly different for all other pairs (p < 0.05). Although the standard deviation of ecg
is large, up to 80 % of mean value, . Seems proportional D (Fig. 5b). It was also noticed
that the mean and median values of e.g Were close, which suggests relatively symmetric
distribution, even with longer positive tails. In comparison to the cell height, the diameter of
the cells showed smaller changes due to compression. The measured lateral strain values
were 1.7 £3.4,2.3+3.0,3.8+3.1,3.7 + 2.6 and 4.9 % 2.6% for the balloon diameter of 1.2,
1.4, 1.6, 1.8 and 2.0 mm, respectively. Therefore, the developed microfluidic cell
compression device could apply compression of different magnitudes to chondrocytes on a
single device.

Viability of chondrocytes under dynamic compression

To determine whether the developed device was suitable for applying dynamic compression
to chondrocytes, we assessed cell viability with and without dynamic compression using
three different devices per each condition. Live/Dead assay of cultured chondrocytes showed
an average of 80.7% viability in the non-compressed devices (Fig. 6). When dynamic
compression was applied, chondrocyte viability increased to an average of 85.6%, but this
change was not significant (p > 0.05). This result suggests that dynamic compression on
chondrocytes in the device had negligible effect on the survival of chondrocytes. In contrast
to dynamic compression, static compression resulted in cell viability of 58.6%. According to
the previsous research,3’: 38 solute transport is enhanced in the porous media under dynamic
compression, which may be related to nutrient transport. Thus, alginate-chondrocyte
constructs under dynamic compression may promote nutrient transport, which resulted in
better cell viability under dynamic compression than under static compression.

Discussion

Not only chemical signals but also mechanical signals drive cellular functions, and collective
effects of mechanobiology of cells create a bigger impact on the organ level functions. Thus,
cell mechanobiology studies will provide valuable insights to understand the unknown
mechanism of developmental biology, pathogenesis, and maintenance of human health. For
example, examining the effects of compressive stress on chondrocyte mechanobiology is
critical for understanding bone growth and bone disease development such as infant
musculoskeletal deformities® and osteoarthritis3. Because different compressive stress
conditions trigger distinct cell responses, it is imperative to test multiple stress conditions in
mechanobiology studies. However, conventional compression devices are not designed to
simultaneously test different compressive stress conditions.

We adopted and improved the idea of the microfluidic device proposed by Moraes et a/22 27
to generate distinct levels of compressive stress on a single platform to increase the
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throughput for studies of chondrocyte mechanobiology. To allow rapid isolation of
mechanically stimulated cells for post-stimulation biomechanical and biochemical analysis,
we incorporated a reversible sealing process and used alginate hydrogel.

Alginate is rapidly polymerized in the presence of calcium ions (Ca2*) and depolymerised in
low concentrations of calcium chelators. By contrast, it is more difficult to harvest cells from
photopolymerized hydrogels, and there are potential concerns about the
photopolymerization process. In particular, ultraviolet (UV) photopolymerization of
hydrogel-cell constructs may need more rigorous characterization of the effects of the photo
initiator and UV exposure parameters on cell viability.4% Although gelation conditions for
alginate hydrogel are considered gentle on cells, the effect of Ca2* concentration on cell
viability depends on the cell type.2% 30. 41,42 Therefore, optimal Ca2* concentration and
crosslinking time should be empirically determined for different experimental designs.

It needs to be noticed that the used alginate gel is much softer than native growth plate
cartilage: the £ of the alginate gel and growth plate cartilage are 40.7 kPa (Fig. S3) and 0.3—
1.1 MPa®, respectively. However, the chondrocytes in the alginate gel culture behave like
those in native tissue samples.3! Therefore, alginate gel is regarded as one of the ideal
materials for /n vitro study of chondrocyte mechanobiology.

One downside of using alginate gel is that the final shape of cross-linked alginate gel is
usually limited to spherical shape because the gel solution is immediately cross-linked upon
contact with CaZ*. For the current device, the cylindrical alginate gel columns were
fabricated using the gel patterning methods (Fig. 4a and S1c).29: 30. 43. 44 The method
enables manipulating the gel shape by slowing the discharge of Ca2* from the agarose gel
mold to the alginate gel solution. However, the method may not be appropriate for large
alginate gels due to longer gelation time.

The cell compression capability of the developed device depends on the expansion of its
PDMS balloons, and we evaluated the balloon expansion in terms of the center height (/)
and diameter (D) of the inflated balloons using 3D surface topography imaging and FEM
simulation. Similarity in the results of the two methods demonstrated that the PDMS
balloons behaved as expected: A increased with D (Fig. 2c). Moreover, the gel did not
significantly resist compression by the PDMS balloon (Fig. 4c inset). Therefore, predictable
device modification would be possible with FEM simulation.

The expansion of the PDMS balloon was controlled by the diameter of the balloon in our
application. Alternatively, the balloon expansion could be regulated by controlling the
applied air pressure and the thickness of the balloon, as shown by the following approximate
analytical model for clamped thin film deformation*®: 46:

1
) il
3P(D [ 21 —u)]3’ M

t
Eppus(7T = 1)

h=
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where Pis air pressure, and ¢is the PDMS balloon thickness. Eqn (1) shows that / increases
with increase in Pand Dand decrease in £ However, eqn (1) estimated lower / values than
the measurement and simulation did although the approximate model showed a similar trend
in hincreasing with D (Fig. 2¢). This is because egn (1) is based on the assumption of /<<
DI2, which the developed device does not satisfy.

Also, the approximate model can explain the observed variation among the fabricated
devices. The thickness and elasticity of spin-coated PDMS for Layer 2 could have variation
(see Sl and Fig. S2). The uncertainty in /s found using eqn (1) to be

2
O

1 Eppus

S oS ()

2
[} O
% _ [_l._t] +
my

m
Eppms

where o m; (1.7 um/61.8 um) and oeppard Meppms (0.22 MPa/1.86 MPa) are relative error
in tand Eppyys (see Sl). Thus, uncertainty of /7was calculated to be ~4%, which is close to
experimental deviation of /(2.2-6.9%).

The objective of our microfluidic cell compression device is to estimate the effects of
dynamic compression on chondrocyte mechanobiology. However, the deformation of
alginate gel was measured under the static compression condition (Fig. 4c) because imaging
gels and cells under dynamic compression was challenging with the conventional confocal
microscopy. Because alginate gel is known to undergo permanent deformation under static
mechanical loading®’, we tested the effects of static (14 kPa, 1 hr) and dynamic compression
(14 kPa, 1 Hz, 1 hr) on the permanent deformation of alginate gel in the device (Fig. S8).
While the static compression resulted in permanent deformation of 9-30%, the dynamic
compression induced permanent deformation of 0.5-6%. Therefore, the permanent
deformation of alginate gel appears negligible under dynamic compression, and the
proposed device can be used for cell dynamic compression studies.

Similar to the alginate gel, the deformation of chondrocytes seemed to be proportional to the
diameter of the PDMS balloon (Fig. 5b). The compressive strain of chondrocytes (ege)
increased ~2.9% per 0.2 mm increment of the balloon diameter. However, the standard
deviation of eqg Was 34-80% of the mean values. The wide range of compressive strain on
chondrocytes may be a result of natural variability among chondrocytes. This might suggest
chondrocytes show highly heterogeneous behaviors as response to mechanical stimulation.
This mechanobiology of chondrocytes is what our device was designed to test, and the
observed variable compressive strain of chondrocytes shows the importance of single cell
studies. Most studies examine average cell responses for a population. However, our device
enables us to study both average and individual cell responses (Fig. 5b). For instance, the
device can be mounted on a microscope to image individual cells that could include
fluorescence-based reporters for biological processes, and cells can be easily harvested from
the hydrogel for downstream analysis by single cell sequencing methods.
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It is also possible to fabricate and use several chips, each with a different balloon size, for
various biological assays. However, the chip with multiple compression levels would be
beneficial for real-time imaging of live cells under the multiple compression conditions
without changing the chips during optical imaging. This would enable us to examine the
chondrocyte behavior quickly so that it will be easy to determine the optimum experimental
conditions. For practical application of the device for other types of hydrogels and cells, the
calibration of the device will be needed because the level of cell deformation in response to
PDMS balloon expansion will be affected by the mechanical property (e.g., elasticity) of
surrounding hydrogels and cells. It may limit the types of hydrogels applied in the device.

Conclusions

Studying the effects of compressive stress on growth plate chondrocytes’ function is critical
for understanding the underlying mechanism of bone growth. To mechanically stimulate
chondrocytes, conventional macroscopic compression devices have been widely used.
However, the conventional approaches have limited productivity to examine the
mechanobiological behaviors of chondrocytes. Thus, we proposed the pneumatic
microfluidic cell compression device to enhance the efficiency of chondrocytes’
mechanaobiology study.

The proposed device generated multiple magnitudes of compressive stress on a single
platform for high-throughput test of chondrocytes’ response induced by compressive stress
conditions. We characterized the device performance with imaging technique, mechanical
testing, FEM simulations and cell viability test. Our data show that the amount of cell
compression can be manipulated by controlling the size of the PDMS balloon of the device,
and the developed device had negligible effect on cell viability. Therefore, the proposed
device can enable time- and cost-efficient mechanobiological study of chondrocytes, and it
can be a valuable tool for other cell types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Alginate-chondrocyte
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B ciass plate
. Alginate gel
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® o balloon

Pressurized air

(d)

Fig. 1.
Pneumatic microfluidic cell compression device. (a) The device has a 5x5 array of PDMS

balloons with different diameters (D= 1.2, 1.4, 1.6, 1.8 and 2.0 mm), and alginate-
chondrocyte constructs are located on the PDMS balloons. (b) The constructs are
compressed by the balloon inflated by pressurized air. (c) Image of an actual device (coin
diameter = 19 mm). (d) Cross-sectional images of a chondrocyte before (left) and under
(right) compression show that the cell was compressed by the device with a static
compression (cell compressive strain, ecep = 16%).
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Fig. 2.

T T

1.2 1.4

1.6

D (mm) 1.8 2.0

Deformation of the PDMS balloons (Layer 2) inflated by pressurized air. (a) The surface of
the inflated PDMS balloon was imaged using 3D laser scanning microscopy, to measure the
center height (/) of the PDMS balloon. (b) At air pressure (P) of 14 kPa, PDMS balloons of
the same diameter (D) showed similar /7on a single device, and /increased with D. Inset:
PDMS balloon configuration. (c) Testing three devices showed similar / results (error bar:
standard deviation of mean #), which supports the reproducibility of the fabrication method.
Comparison between image-based measurement, finite element method (FEM) simulation,
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and approximate analytical model (eqn (1)) shows good agreement between the
measurement and simulation, and a possibility of using the model to predict PDMS balloon
deformation. Red line: linear fitting line of image-based measurement.
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Fig. 3.

Fi?ﬂte element method (FEM)-based simulation of the expanded PDMS balloons at fixed air
pressure of 14 kPa. (a) The simulation result of the 2.0 mm-diameter PDMS balloon
provides detailed information on the deformation of the balloon such as stress concentration.
hand D are the center height and diameter of the PDMS balloon, respectively. (b) Profiles of
the expanded PDMS balloon measured by 3D laser scanning microscopy and FEM
simulation show good agreement.
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(b)
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Fig. 4.

Alginate gel deformation under static compression. (a) Alginate gel constructs (diameter:
~800 um, height: ~1 mm). (b) Alginate gel on the largest PDMS balloon (D= 2.0 mm)
before (left) and under (right) compression. Resultant strain is 33.8%. (c) Compressive strain
of alginate gel (eger) increased with the balloon diameter (D). Error bar: standard deviation.
Red line: linear fitting line. The differences in g are significant between all pairs (p <
0.05). Inset: Difference between the height change of the gel (A/ie) and the center height of
the PDMS balloon (/) decreased with D and approached A/ye ~ /1 (shown as the red line).
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Chondrocyte deformation under static compression. (a) Imaged region in the alginate gel-
chondrocytes construct was 613 pm x 613 pm x 40-55 pm (x x ¥ x 2) in size, and it was
300-400 um from the gel base. (b) The compressive strain of chondrocyte (eqgy) increased
with the PDMS balloon diameter (D). The e values of chondrocytes were significantly
different in all pairs (p < 0.05) except adjacent pairs (not significant, p> 0.05). 7 the
number of chondrocytes. *: mean values. 4p: each data points. Top and bottom lines of the
box: standard deviation. Middle line of the box: median value.
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T T e

Control Dynamic compression

Chondrocyte viability without (control) and with 1 hour-long dynamic compression (1 Hz,
14 kPa air pressure, 1= 3 devices). Error bar: standard deviation. Example images are shown
below the plot. Green: live cells. Red: dead cells.

Lab Chip. Author manuscript; available in PMC 2019 July 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Leeetal.

Summary of device performance.

PDMS balloon  Alginate gel Chondrocyte
D (mm)
h (um) £gel (%0) el (%0)
1.2 155.2+9.6 140+15 7.1+57
14 202.0+115 19.1+15 10.1+6.5
1.6 241.3+9.2 242+13 135+5.1
1.8 282.6+8.2 288+15 16.8+5.8
2.0 3354+9.9 34.0+1.3 18.8+6.9

Table 1.

D: PDMS balloon diameter, /2 PDMS balloon height, e: compressive strain
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