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In various physiological activities, cells experience stresses along their in-plane direction when facing
substrate deformation. Capability of continuous monitoring elasticity of live cell layers during a period
is highly desired to investigate cell property variation during various transformations under normal or
disease states. This paper reports time-lapsed measurement of live cell layer in-plane elasticity using

a pressure sensor embedded microfluidic device. The sensor converts pressure-induced deformation
of a flexible membrane to electrical signals. When cells are cultured on top of the membrane, flexural
rigidity of the composite membrane increases and further changes the output electrical signals. In the
experiments, human embryonic lung fibroblast (MRC-5) cells are cultured and analyzed to estimate
the in-plane elasticity. In addition, the cells are treated with a growth factor to simulate lung fibrosis
to study the effects of cell transformation on the elasticity variation. For comparison, elasticity
measurement on the cells by atomic force microscopy (AFM) is also performed. The experimental
results confirm highly anisotropic configuration and material properties of cells. Furthermore, the in-
plane elasticity can be monitored during the cell transformation after the growth factor stimulation.
Consequently, the developed microfluidic device provides a powerful tool to study physical properties of
cells for fundamental biophysics and biomedical researches.

Cellular microenvironment plays a critical role in regulating biological activities under various normal and
pathological conditions. To understand interactions between cells and their microenvironments, investigation
on physical properties of cells becomes essential. Functions of cells are determined by their structures, and the
structural organization of cells can be characterized by various physical properties. Elasticity is one of the most
important physical properties, but not well studied due to technical limitations. For instance, several studies have
shown a reduction in cell elasticity with increasing metastatic efficiency in human cancer cell lines'-. Therefore,
by investigating physical properties of cells, malignant and non-malignant cells can be reliably distinguished
while normal and cancerous cell morphologies are similar®. In addition, different subpopulation cells can be
rapidly sorted by their elasticity®. Consequently, measurement of cell elasticity is an essential task in biomedical
research.

A number of studies have attempted to characterize elastic properties such as Young’s modulus or shear mod-
ulus through whole-cell or spatially confined (point on a cell) approaches. For example, whole-cell elasticity in
suspension can be measured by micropipette aspiration’~°. In another research, shear modulus of human eryth-
rocyte membrane can be estimated using optical tweezers'?. Optical stretcher is exploited to measure elasticity
of biological cells without mechanical contact!!. Also, physical characteristics such as elastic behaviour, viscous
response and contractile behaviours of adherent fibroblast cells can be measured using microplate manipulation
and elastic substrate methods'>". In addition, viscoelastic response and related physical properties of cells can be
observed by monitoring fluorescent nano-beads injected into fibroblast cells*.
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Among various characterization methods, atomic force microscopy (AFM) has been broadly utilized. It pro-
vides a direct access for researchers to obtain nano-scale topographical and physical information about cells.
AFM has several advantages such as high spatial resolution, and can be operated in aqueous solution that allows
live cells be analyzed in their physiological environments. The elasticity (Young’s modulus) of various cells such as
endothelial cells, leukocytes and fibroblasts has been characterized using AFM'>-2!. Due to the working principle
of probe indentation, most of the Young’s modulus are measured in the direction normal to cell membranes or
substrate planes. However, material properties and interactions between cells or cellular motions are considered
to be anisotropic because of their anisotropic configuration*>?. In various physiological activities, such as: lung
expansion during inhalation and vasodilation, cells experience stresses along their in-plane direction when facing
substrate deformation. Numerous studies have been conducted to investigate cell behavior under various sub-
strate deformation®*-?’. Therefore, elasticity along in-plane direction also plays important roles in regulating bio-
logical activities. In addition, cells can be easily damaged, and physical properties of cells may be altered during
AFM measurements. As a result, development of a convenient system for investigating live cell properties along
in-plane direction within a certain period (in order of days) is highly desired.

In order to overcome the limitations of the existing characterization instruments for cell elasticity meas-
urement, we develop a novel microfluidic device to study the in-plane elasticity of cell layers in this paper.
Microfluidic devices have been shown to provide controlled microenvironments for in vitro cell studies and anal-
ysis?®?. It has advantages of small sample and reagent volumes, low power requirements and low fabrication
costs. In this paper, the microfluidic device is made of polydimethylsiloxane (PDMS), a silicon-based elasto-
meric material with several advantages, including: cost-effective fabrication, great manufacturability, mechanical
robustness, and disposability. Additionally, PDMS is non-toxic to cells, gas permeable and has excellent optical
properties including optical transparency®*-%. The microfluidic cell culture device is designed with an embedded
pressure sensor for measuring the Young’s modulus along the substrate on which cells are attached. The pressure
sensor is constructed using electrofluidic circuit that can be seamlessly integrated into the microfluidic device
without sophisticated fabrication process and complex instrumentation®-¢. The in-plane elasticity of cell layers
can be estimated from the electrical signal output of the pressure sensor, which makes automated measurement
feasible. Furthermore, the pressure sensor provides excellent long-term and temperature stability, which are
desired for cell culture applications.

In experiments, the developed microfluidic device is fabricated using soft lithography, and the pressure sensor
is calibrated before cell experiments. In the cell experiments, human embryonic lung fibroblast (MRC-5) cells
are cultured and analysed to estimate their in-plane elasticity using the device for demonstration. Furthermore,
the MRC-5 cells are treated with a growth factor to simulate lung fibrosis to study the effects of cell transforma-
tion on elasticity variation. In addition, AFM measurement is also performed for comparison in this paper. The
developed microfluidic device offers an excellent tool to study in-plane elasticity of cells within a certain period
with simple instrumentation and easy operation. The device provides a promising technique to study cell physical
properties and cell-cell interactions under various physiological conditions, and greatly helps biologists investi-
gate essential biophysical questions.

Materials and Methods

Microfluidic device design and fabrication. In order to measure the in-plane elasticity of cell layers, a
microfluidic device with an embedded pressure sensor based on electrofluidic circuits is developed in this paper.
In brief, an electrofluidic circuit is an electrical circuit constructed using ionic liquid (IL)-filled microfluidic
channels. IL is salt in liquid state, and has various unique material properties, including: electrical conductivity,
low vapour pressure, and thermal stability. By designing the channel geometries, various electrical components,
including: resistors, variable resistors, and switches, can be constructed®. The electrofluidic pressure sensor is
constructed based on the electrofluidic variable resistors and a Wheatstone bridge circuit. The variable resistor
is controlled by pressure-induced deformation of an elastic membrane. When the membrane is pressurized, its
deformation alters cross-sectional area of an IL-filled microfluidic channel as shown in Fig. 1(a). Electrical resist-
ance value in a circuit is changed due to the variation of its cross-sectional area. As a result, the magnitude of the
applied pressure can be estimated by measuring electrical property change of the circuit. In order to measure the
in-plane elasticity of cells, an electrofluidic pressure sensor is characterized with and without cells cultured on top
of the membrane. When cells are cultured on top of the membrane, the resulted flexural rigidity of the composite
membrane is increased and further affects the membrane deformation as shown in Fig. 1(a). Therefore, difference
of the flexural rigidity between the membrane with and without cells cultured on it can be estimated by char-
acterizing the electrical resistance of the variable resistor. In order to accurately measure the resistance change,
a Wheatstone bridge circuit is exploited to construct the pressure sensor. The Wheatstone bridge architecture
provides the pressure sensor several desired advantages for cell culture applications, including: great long-term
stability (more than a week), temperature stability (up to 100 °C), and sensor linearity*.

In this paper, the electrofluidic pressure sensor embedded microfluidic device consists three PDMS layers: a
cell culture channel layer, a PDMS membrane and an electrofluidic circuit layer as shown in Fig. 1(b). On the top
microfluidic channel layer, a cell culture channel with a single inlet and a single outlet is designed to culture cells
for the in-plane elasticity measurement. On the bottom electrofluidic circuit layer, four electrofluidic resistors,
including the pressure sensing one, designed with identical geometries are arranged as a Wheatstone bridge cir-
cuit as shown in Fig. 1(b). In the experiments, an electrical voltage signal, V, is applied from the signal inputs a
and b, and the voltage across the bridge circuit, V,,,, is measured from the outputs c and d.

The pressure-sensing resistor is aligned to the cell culture channel on the top layer. The entire device is fabri-
cated using the well-developed soft lithography replica molding technique®**’. The top cell culture channel and
bottom electrofluidic circuit layers are made of commercially available elastomeric material, PDMS (Sylgard 184,
Dow Corning, Midland, MI), cast against silicon wafer molds having SU-8 microfluidic channel features with
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Figure 1. (a) Operation principle of the microfluidic device capable of measuring in-plane elasticity of
cell layers. (b) Schematic and an equivalent electrical circuit of the microfluidic device with an embedded
electrofluidic pressure sensor, and a photo of the fabricated device filled with colored food dyes.

thickness of approximate 180 um patterned by conventional photolithography. The fabricated molds are then
silanized by 1H,1H, 2H,2H-perfluorooctyl trichlorosilane (97%) (L16606, Alfa Aesar, Ward Hill, MA) in a desic-
cator for more than 30 minutes to prevent undesired bonding of PDMS to the mold. PDMS prepolymer (Sylgard
184, Dow Corning, Midland, MI) with 1:10 (v/v) curing agent to base ratio is poured on the molds and cured
at 60 °C for more than 4hours. The PDMS membrane, with a thickness of 80 um, is prepared by spinning the
PDMS precursor onto a silanized silicon wafer. Medium inlet and outlet of the cell culture channel, signal input
and output holes for electrofluidic circuits on the top cell culture layer are punched using a biopsy punch with a
diameter of 2mm. Then three layers are permanently bonded together using oxygen plasma surface treatment.
The entire assembled device is placed on top a hot plate with temperature of 120 °C overnight to promote the
bonding between PDMS layers and cell compatibility. Finally, the bottom electrofluidic circuit layer is filled with
ionic liquid, 1-ethyl-3-methylimidazolium dicyanamide (H26901, Alfa Aesar).

Mechanical model and theoretical derivation. In order to estimate the in-plane elasticity of cell layers
from the pressure sensor output voltage variation, a theoretical model based on solid mechanics and basic circuit
theories are derived in this paper. The electrical resistance of each resistor in the electrofluidic circuit layer can
be written as:

l

R = p—

4 (1)

where p is the resistivity, [ is the length of the conducting channel, and A is the cross-sectional area of the elec-

trofluidic channel. When the applied pressure deforms the membrane above the electrofluidic circuit layer, the

cross-sectional area of conducting channel is reduced and the resistance of the resistor is changed. As a result, the
change of the resistance, AR, can be derived as:

I 1 plA-plA - A4
A-Ara a (A — AA)A 2)

AR =p
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Figure 2. (a) The simplified beam with fixed end boundary conditions model to simulate the PDMS membrane
deformation. (b) Transformed section for composite beam composed of PDMS and a layer of cells to estimate
resulted moment of inertia.

Since the change of cross-sectional area AA is much less than the original area A, the change of the resistance
can be simplified as:

pl
A>AA — AR=SAA

A ®3)
In order to estimate the pressure-induced area change, AA, the PDMS membrane can be modeled as a fixed-fixed
beam with fixed end boundary conditions as shown in Fig. 2(a). From the beam theory, the governing equation
and the boundary conditions are written as:

y(0) =0, y(L) =0

Ey®(x) = —P, B.C."
e S{y’(O) =0, y'(I) =0 (4)

where E is the Young’s modulus of the beam material, I is the moment of inertia, P is the pressure applied on the
membrane and L is the width of the electrofluidic circuit channel designed to be 150 pm in the experiments. The
displacement equation of membrane in the vertical direction, y, can be derived as:

P, PL; PI*,
Ely(x) = — —x" 4+ —x~ — —x
) 24 12 24 (5)

By integrating the displacement equation of membrane, the area variation, AA, can be given as:

L pr
AA = f x)dx =
0 7 720EI (6)
Consequently, the resistance change, AR, is:
5 3
AR:p_lZAA:p_i. PL plPL2
A A* 720EI  720EIH 7)

where H is the height of the electrofluidic circuit channel designed to be 70 pm.
In the electrofluidic circuit layer, four electrofluidic resistors are arranged as a Wheatstone bridge circuit.
According to Kirchhoff’s laws, the measured voltage, V,,, can be derived as:

oL R
2 R +R

Vs

8

Since the four resistors have identical geometries (i.e. R, = R); therefore, the measured output voltage is ideally
zero before the pressurization. After applying the pressure in the channel facing to the variable resistor, the resist-
ance of the resistor is changed due to the PDMS membrane deformation:

1:R+AR1 9)

Combining equations (8) and (9), the measured voltage across two arms of the Wheatstone bridge can be written
as:
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(10)
For small deformation of the membrane, AR is much less than R, and V,, can be approximated as:
V, =~ [ﬂ] Vg
4R (11)

According to the solid mechanics derivation in equation (7), the relationship between the applied pressure and
the measured voltage can be given by:

AR 1 plpL’ L'PVg 1
Vm = _VS == 2 Vs =
4R 4R 720EIH

" 2880H EI (12)

The equation shows that the measured voltage is inversely proportional to the membrane elasticity and its inertia.
With the same applied pressure, deformation of the membrane decreases as a result of the larger flexural rigidity
(EI), and the measured voltage becomes lower. Therefore, once cells adhere to the PDMS membrane, the flexural
rigidity of the membrane is increased, and the corresponding deformation of the membrane under the same
applied pressure is smaller comparing to the membrane without cell adhesion.

According to the beam theory, the cell-adhered membrane can be modeled as a composite material, and the
ratio of Young’s modulus of two materials # is:

E, (13)

where E, and E; are the Young’s modulus of cells and PDMS, respectively. By multiplying the width of the cell
layer b with n, two dissimilar materials, cells and PDMS, can be transformed as the same material with different
widths, as shown in Fig. 2(b). In addition, the inertia of the original beam is changed due to the additional cell
layer. Therefore, the moment of inertia of the transformed beam, I, becomes:

bt}
IC:?—’—btl(yl_

, | nbty’ R
Y+ b, =) (14)
where ¢; and ¢, are the thickness of PDMS membrane and cell layer, respectively; y, and y, are the positions of
each mass center calculated from the bottom of the beam, respectively. The mass center of the transformed beam

y, can be written as:

7+ 2ntt, + nty)’
¢ 2(t, + nt,) (15)

In order to precisely measure the in-plane elasticity of cell layers, the pressure sensor sensitivity, instead of
output voltage under specific pressure, is measured to minimize the setup variation in each measurement. In
the experiments, the sensitivity is calculated as ratio of the output voltage variation to a unit of applied pressure
change. In the experiments, the output voltages under various applied pressures are measured, and the linear
regression is applied to calculate the sensitivity. Derived from equation (12), the sensitivity can be written as:
AV,  L'vg 1

sensitivity =
el AP 2880H EI (16)

Comparing the pressure sensitivities of the same device with and without cells cultured on the membrane, the
ratio of the elasticity between the membrane and the composite membrane, #, can be obtained using the equation:

sensitivity ip cen 1

senSiﬁvity without cell IC(n) ( 1 7)

The ratio of pressure sensor sensitivities between the same device with and without cells adhered to the mem-
brane in the culture channel equals to the ratio of the moments of inertia between the original and transformed
cross-sections. Through the presence of the measured moment of inertial of the transformed section, which is a
function of , the in-plane Young’s modulus of cell layers can be determined experimentally.

Pressure measurement and data acquisition. The experimental setup for the in-plane elasticity of cell
layers measurement is shown as Fig. 3(a). A data acquisition (DAQ) system (PCle-6363, National Instruments,
Austin, TX) with LabVIEW program (Version 2011, National Instruments) is exploited to apply and record the
electrical signals simultaneously. A sinusoidal wave AC voltage signal (£10V, 2 Hz) is applied to the pressure
sensor electrofluidic circuit, and the output voltages across the bridge circuits are detected with a sampling rate
of 100 Hz. The root mean square values of output signals with various applied pressures are calculated. The pres-
sure is applied from a nitrogen gas cylinder and regulated with a digital pressure regulator (PCD-15PSIG-D,
Alicat Scientific, Inc., Tucson, AZ), which is controlled by the same LabVIEW program. To avoid bubbles in the
cell culture channel, the gas pressure is converted to hydrostatic pressure through a gas-liquid pressure adapter
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Figure 3. (a) Experimental setup for the in-plane elasticity of cell layer measurement. (b) Pressure sensor
calibration: Raw data of output voltage shifts from the pressure sensor under various applied pressures
(0~ 5 psi). (¢) Linear regression of the calibration results. Data are expressed as mean = sd.

before entering the channel. During the experiments, the tubing for pressurization is connected to the inlet of the
cell culture channel, and the outlet is injected with growth medium using a computer-controlled syringe pump
(Fusion 200, Chemyx Inc., Stafford, TX), with a continuing flow rate of 0.2l min~"! for nutrition supply. The
process for cell culture channel pressurization is achieved by increasing the applied pressure from 0 to 5 psi with
increments of 0.5 psi, and each pressure is held for 30 seconds. The pressure is immediately removed, and main-
tained at 0 psi before the next measurement. The entire cell culture channel pressurization period is about 5 min-
utes for one measurement to minimize its effect on cell growth. In order to understand the effect of cell adhesion
on the change of PDMS membrane’s elasticity and further to estimate in-plane elasticity (Young’s modulus) of
cell layers, measurements under three conditions: control (only PDMS membrane), cell measurement (with cells
cultured on the membrane), and after cell removal (only PDMS membrane after removing cells) are performed
using the same device. The control experiments are conducted first to characterize the sensor performance before
cell seeding. The cells are then seeded and cultured to confluence in the device for the cell experiments. After the
cell experiments, the cells are removed from the device, and the pressure sensor is characterized to confirm the
stable membrane physical properties.

Cell experiments. In the cell experiments, a human fetal lung fibroblast cell line (MRC-5) is used to investi-
gate its in-plane elasticity, which plays an important role in breathing lungs. MRC-5 cell line is derived from fetal
lung tissue, and taken from a 14-week male fetus removed for psychiatric reasons from a 27 year old woman with
a genetically normal family history and no sign of neoplastic disease both at abortion and for at least three years

SCIENTIFIC REPORTS | 6:36425 | DOI: 10.1038/srep36425 6



www.nature.com/scientificreports/

afterwards®®. MRC-5 cells are cultured using a growth medium (MEM medium, Gibco 41090, Invitrogen Co.,
Carlsbad, CA) with 10% v/v fetal bovine serum (FBS) (Gibco 10082, Invitrogen) and 1% v/v antibiotic—antimy-
cotic (Gibco 15240, Invitrogen), 1% v/v non-essential amino acids (Gibco 11140, Invitrogen), and 1% v/v sodium
pyruvate (Gibco 11360, Invitrogen). Stock MRC-5 cells are cultured in a humidified incubator at 37 °C with 5%
CO, using the growth medium in T25 cell culture flasks (Nunc 156367, Thermo Scientific Inc., Rochester, NY),
and passaged by dissociation with TrypLE™ Express Enzyme (Gibco 12604, Invitrogen).

After the control experiment, the cell culture channel is filled with distilled water and exposed under ultravio-
let radiation for 30 minutes for sterilization. Before cell seeding, the cell culture channel is coated with 100 g ml ™!
extracellular matrix protein, fibronectin (FC010, EMD Millipore, Billerica, MA), and kept at temperature of 37 °C
in the cell incubator overnight. The channels are then washed by the culture medium three times. The MRC-5
cells with a population of 5 x 10° cells in 200 pl of medium are then introduced into the cell culture channel from
the inlet and the outlet to ensure channel surface can be over 90% occupied after cell adhesion. The cell measure-
ment is performed 24 hours after cell seeding to assure a confluent MRC-5 cell layer on the PDMS membrane.

To further demonstrate the device capability for the in-plane elasticity measurement over a period for bio-
medical studies, the cultured MRC-5 fibroblast cells are treated with transforming growth factor-3 (TGF-(3) for
72hours to simulate lung fibrosis. TGF-{3 activation has been implicated in the lung fibrosis, and causes changes
in cell phenotypes, including morphological alterations and the expression of a-smooth muscle actin (a-SMA),
a marker of myofibroblasts®+. In the experiments, the MRC-5 cells cultured inside the device are treated with
TGF-3 (H8541, Sigma-Aldrich Corp., St. Louis, MO) with concentration of 10 ng ml~! for 3 days. The in-plane
elasticity of the transformed MRC-5 cells is then measured using the developed microfluidic device accord-
ing to the aforementioned procedures. All the in-plane elasticity measurements are performed on the live cells
(untreated and TGF-3 treated MRC-5 cells). After the cell measurement, the cells are removed from the mem-
brane using the TrypLE™ Express Enzyme (12604-13, Invitrogen). The cell culture channel is washed by the
growth medium, and filled with the growth medium for the characterization of the device after cell removal to
investigate the device stability during the cell experiments.

In order to confirm the transformation of MRC-5 fibroblasts to myfibroblasts, staining of a«-SMA is performed
on the MRC-5 cells after the elasticity measurement or on the cells cultured in separate devices. The MRC-5 cells
are first fixed by immersing in 4 wt% paraformaldehyde for 30 minutes and Triton X-100 permeation for 20 min-
utes, followed by blocking in 1 wt% bovine serum albumin (BSA, A2058, Sigma-Aldrich) solution overnight. The
MRC-5 cells are than incubated in anti-a-SMA (1:100) antibody (A5228, Sigma-Aldrich) overnight. Afterwards,
Alexa Fluor® 488 goat anti-mouse IgG (1:500) antibody (A-11001, Life Technology, Calrsbad, CA) is used to
conjugate with the a-SMA antibody.

Biological AFM measurement. In order to compare the cell elasticity measured using conventional meth-
ods, biological AFM (bio-AFM) analysis is performed on the cultured cells. In implementation of bio-AFM,
AFM tips are not only widely used for conventional imaging but also suitable for probing mechanical properties
of cells*"*2. The tips act as nanoindenters for the acquisition of sample elasticity through AFM measurements.
At a certain spot of the cell surface, the normal force applied on a cantilever carrying the tip is consequently
recorded as a function of the distance between the tip and the surface, namely, the force-displacement curve.
In contact mechanics, the Hertz model considering geometrical effects and local elastic deformation properties
of the indented samples has been commonly applied for interrogating the solid elasticity***-*. In the experi-
ments, elasticity of MRC-5 cells cultured on a conventional 3.5 cm petri-dish (93040, Techno Plastic Products AG,
Trasadingen, Switzerland) is characterized using a bio-AFM setup (NanoWizard 3, JPK Instrument AG, Berlin,
Germany) for comparison. The collected force-displacement curve corresponding to each pixel of an AFM image
is processed to yield the Young’s modulus of the surface membrane of MRC-5 cells for the respective position via
optimum fitting with the Hertz model.

Results and Discussion

Pressure sensor calibration. To verify the performance of embedded electrofluidic circuit layer, the
device is calibrated before the cell experiments. During the calibration, the cell culture channel is pressurized
with hydrostatic pressure from 0 psi to 5 psi with increments of 0.5 psi, and each pressure level is maintained for
30seconds according to the aforementioned procedures. The shift of the output voltage from the pressure sensor
is continuously measured by the DAQ system. Figure 3(b) shows a typical time domain output voltage shift under
various applied pressures. The voltage shift over time is calculated by subtracting the output voltage across the
Wheatstone bridge circuit without applying pressure. In order to estimate the sensitivity of the pressure sensor,
the ratio of the output voltage shift to the applied pressure is calculated by linear regression as shown in Fig. 3(c).
The result demonstrates excellent sensing linearity (R > 0.99) of the pressure sensor constructed using the elect-
rofluidic Wheatstone bridge circuit, and the sensitivity is 12.76 mV psi~* for the specific device.

Cell culture in the device. In the cell measurement, the cell culture chamber is seeded with MRC-5 cells.
Figure 4 summarizes the experimental results of the cell culture inside the device. Figure 4(a) shows bright field
phase images of MRC-5 cells cultured in the cell culture channel 24 hours after seeding. The images demonstrate
that the MRC-5 cells attach well onto the PDMS membrane inside the microfluidic device after the ECM protein
(fibronectin) surface treatment. Figure 4(b) shows bright field phase images of the MRC-5 cells cultured in a T25
cell culture flask and on the PDMS membrane in the microfluidic device with the ECM protein surface treatment
under static conditions. The images show that there is no obvious difference in cell morphologies in the two
methods, which suggests the cells remain normal growth inside the device. Furthermore, the bright field phase
images of MRC-5 cells shown in Fig. 4(c) before and after the elasticity measurement show no obvious morpho-
logical change of cells, and the cells can adhere on the membrane well during the experiments. In order to better
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Figure 4. (a) Bright field phase images of MRC-5 cells cultured in the microfluidic device for 24 hours.

(b) Comparison between MRC-5 cells cultured in a T25 flask and in a microfluidic device. (c) Cell
morphologies before and after the in-plane elasticity measurements. (d) Fluorescence image (live/dead stain)
of MRC-5 cells cultured in the device after the in-plane elasticity measurement. Live cells show green
fluorescence, and dead cells show red fluorescence.
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Figure 5. (a) Typical raw data of output voltage shifts from the pressure sensor under various applied pressures
(0~ 5 psi). (b) Sensitivity variation during a set of experiment with control, cell measurement, and after cell
removal conditions. (c) Comparison of the averaged sensitivities under the three experimental conditions. Data
are expressed as mean =+ sd.

investigate the viability of the cells after the experiments, Live/Dead (Calcein AM/Ethidium Homodimer-1) stain
from a LIVE/DEAD Viability Cytotoxicity Kit (L3224, Invitrogen) is performed after the cell measurement, and
the staining result is shown in Fig. 4(d). In this image, green fluorescence shows live MRC-5 cells, and red fluores-
cence shows dead cells. The cell viability is estimated to exceed 95%, and the results suggest that the cells experi-
ence minimal morphological change and damage during the elasticity measurement experiments.

Measurement of in-plane elasticity of the cell layers. The in-plane elasticity measurement is per-
formed 24 hours after MRC-5 cell seeding into the device to ensure the cells are well attached onto the PDMS
membrane surface to form cell layers. Figure 5 shows the electrofluidic pressure sensor measurement results
under the three experimental conditions: control, cell measurement, and after cell removal. The raw data of the
measured voltage shift under various applied pressure on the cell culture channel according to the aforemen-
tioned schemes is plotted in Fig. 5(a). The results show that the measured voltage shift under the same applied
pressure is reduced after seeding the cells onto the PDMS membrane due to the increased flexural rigidity of the
composite membrane, and the voltage shift is recovered after removing the cells from the membrane. To quanti-
tatively study the pressure sensor output variation, sensitivities calculating the ratios of the measured voltage shift
to the applied pressures during the experiments are plotted in Fig. 5(b). From the calculation, the average pressure
sensitivity is 12.76 mV psi~! in the control experiments before introducing the cells into the device. The average
sensitivity is reduced to 10.46 mV psi~! in the cell measurement experiments, and recovers to 12.73mV psi™!

SCIENTIFIC REPORTS | 6:36425 | DOI: 10.1038/srep36425 9



www.nature.com/scientificreports/

after cell removal from the cell culture channel. In order to compare the sensitivities from the three different
conditions, a statistical analysis, unpaired, two-tailed Student’s t-test is performed, and the results are shown in
Fig. 5(c). According to the analysis, the average pressure sensor sensitivity for the cell measurement is statistically
lower than that of the control experiment (p = 1.42 x 10~°), indicating the composite membrane rigidity variation
can be successfully observed using the embedded pressure sensor. Furthermore, there is no statistical difference
between the average sensitivity of the control and the after cell removal experiments (p = 0.92), which suggests
the stable PDMS membrane material properties over the entire experiment period.

In the experiments, in-plane elasticity of MRC-5 cells and MRC-5 cells treated with TGF- to simulate lung
fibrosis is measured using the microfluidic device. After a three-day treatment, the MRC-5 cells are fixed and
stained with a-SMA to verify the activation of myofibroblasts as shown in Fig. 6(a). The fluorescence images
show that the TGF-{ treated MRC-5 cells have higher a-SMA expression levels compared to those without the
treatment. In order to eliminate the variation between devices for the cell in-plane elasticity measurement, the
sensitivity ratio as described in Equation (17) with respect to the control experiment results is calculated for each
experiment. Three independent sets of experiments (three devices, and three batches of cells) are conducted in
this paper for statistical analysis to confirm the measurement results. Figure 6(b) shows the sensitivity ratios of
the devices with untreated and TGF-0 treated MRC-5 cells. The results show that the average sensitivity ratio of
the untreated MRC-5 cell experiments is approximately 0.85, and the ratio decreases to 0.62 of the treated MRC-5
cell experiments due to the increase of flexural rigidity of the composite membrane. The increase flexural rigidity
is resulted from the increase of in-plane elasticity of the MRC-5 cells due to the higher expression level of a-SMA
after the TGF-{3 treatment.

In order to resolve the in-plane elasticity of the cell layers experimentally, Young’s modulus ratio defined as
Equation (13) is solved from Equation (17) with the measured sensitivity ratios and cell thickness measured using
AFM. In the AFM measurement, the cell morphology and elasticity (Young’s modulus) are characterized using
the extended Hertz model for a pyramid probe (PNP-TR, NanoWorld, Neuchétel, Switzerland) to indent the sam-
ples. The AFM characterization results are shown in Fig. 6(c). The average thicknesses of the untreated MRC-5
cells and TGF-(3 treated MRC-5 cells are estimated to be 1.43 pm and 1.11 pm (n = 3), respectively. There are no
statistical differences between the thicknesses of the untreated and treated MRC-5 cells (p =0.39 from unpaired
Student’s t-test). The elasticity characterization performed in this paper is highly sensitive to the measured cell
layer thickness; however, it is challenging to perform accurate live cell topography measurement over a large area
without disturbing cell growth. To further confirm the average thicknesses are representative for the elasticity
estimation, AFM morphology characterization is also performed on the untreated and treated MRC-5 cell lay-
ers. The results are shown in Fig. S1 in the supplementary information. The thickness histograms suggest that
thicknesses of most the cell layer areas are between 0.5 to 1.5 um, which are similar to their average thicknesses.
Consequently, use of the average thicknesses for the elasticity determination should be able to provide reason-
ably accurate results. According to the thickness characterization, the average Young’s modulus ratio, #, can be
calculated as 3.45 for the untreated cell layers, and 18.26 for the treated cell layers. The Young’s modulus of PDMS
depends on its volume mixing ratio, preparation method, and thickness*~*. In order to accurately estimate the
elasticity of the exact PDMS membrane within the device, AFM indentation technique is exploited in the exper-
iments. To better characterize the material properties of the PDMS membrane used in the device, measurements
of the PDMS membranes exposed in ambient air and the PDMS membranes soaked in the growth medium for
overnight are performed for comparison as described in the Supplementary Information. The Young’s modulus of
the PDMS soaked in the growth medium, which is determined to be 1.85+0.83 MPa from the AFM experiments,
is exploited for the calculation. Therefore, the average in-plane elasticity can be calculated as 6.38 MPa for the
untreated MRC-5 cell layers, and 33.78 MPa for the treated MRC-5 cell layers.

For comparison, cell elasticity is also characterized using the AFM, and the average Young’s Modulus are
determined to be 4.0 kPa for the untreated MRC-5 cells, and 9.5 kPa for the TGF-{3 treated MRC-5 cells. Table 1
summarizes the elasticity measured using the developed microfluidic device and conventional AFM method.
Comparing to the Young’s modulus characterized on various fibroblast cells in the literatures (e.g. Young’s mod-
ulus of chick embryo fibroblasts is 1.2 to 1.7 kPa (tension) and 3 to 4kPa (compression) by the microplate manip-
ulation, 3T3 fibroblast is 1.7 kPa with adherent junctions, human skin fibroblast is 4.6 to 17 kPa, 3T3 fibroblast is
3 to 12kPa, and L929 fibroblast is 4 to 5kPa using an AFM method), the AFM measurement results in this paper
are comparable to the reported ones!>141¢1721 However, the in-plane elasticity measured using the microfluidic
device is much greater (more than 1,300 times) than the out-of-plane elasticity measured using conventional
methods, which suggests the highly anisotropic material properties of cells due to their nature configuration. In
the out-of-plane direction, the Young’s modulus measured by the AFM can only represent the elasticity of an area
of cell membrane and the cytoplasm enclosed within it. The elasticity is majorly contributed from local micro-
scopic deformation of cell membrane and underlying cytoskeleton. In contrast, in the in-plane direction, cells
are connected by various cytoskeletons, which have relative large Young’s modulus. Previous studies have esti-
mated the Young’s modulus of microfilaments, intermediate filaments and microtubules to be 1.8 GPa, 1.2 GPa,
and 2 GPa, respectively® 2. When cells experience substrate stretching, the tension forces are applied along the
cytoskeleton orientation in the in-plane direction. The cytoskeleton can be elongated and the cytoskeleton struc-
ture within the entire cell can be macroscopically deformed, which may contribute to the relative large in-plane
elasticity. In addition, previous studies mainly discuss cell elasticity of single cells. In contrast, the cell elasticity
measurement method developed in this paper involves the elasticity of groups of cells, which is more similar to
their physiological arrangements. From the existing studies, elasticity of tissue components ranges from sub-MPa
to single GPa, and elasticity of organs and tissue ranges from hundreds of kPa to tens of MPa*. Since the cell type
characterized in this paper is fibroblast, several proteins may be secreted from the cells for the formation of elastic
fibers commonly found in connective tissue. The fibers have been reported to have relatively high elasticity (in
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Figure 6. (a) Fluorescence images of untreated and TGF-{ treated MRC-5 cells (Green: a-SMA; Blue: nuclei).
(b) Average sensitivity ratios (sensitivity, iy, cn/Sensitivityyinou ceir) Of the embedded pressure sensors when
culturing untreated and TGF-f3 treated MRC-5 cells in the microfluidic devices. Data are expressed as mean + sd
(n=3). (c) Topography and elasticity of untreated and TGF-{3 treated MRC-5 cells measured using AFM.
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In-Plane Elasticity by
Microfluidic Device AFM
Untreated MRC-5 (A) 6.38£0.22 MPa 4.00+ 1.34kPa
TGEF-f Treated MRC-5 (B) 33.78 £0.65 MPa 9.46+0.71 kPa
(B)-(A)/(A) 429.3% 136.2%

Table 1. The comparison of elasticity measured using the developed microfluidic device and the AFM
(n=3 for both methods). Data are expresses as mean + sd.

order of MPa)**, Therefore, the experimental results demonstrate the in-plane elasticities of cell layers measured
using the developed device are reasonable and more close to those of tissues or tissue components.

In the experiments simulating lung fibrosis, both methods show the increase of MRC-5 cell elasticity after
myofibroblast transformation due to the higher a-SMA expression level. Interestingly, the increase of the in-plane
elasticity of the cell layers is about 429.3%, which is higher than that of the elasticity measured using the AFM
(136.2%). The results suggest that the increase of elasticity in both in-plane and out-of-plane direction may not
solely depends on the expression level of cytoskeleton protein, a-SMA. The more advanced studies, including:
imaging of cytoskeleton arrangement and advanced mechanics model, are required to understand the cell-cell
interactions and the effect of a-SMA on elasticity in various directions, and to further investigate the anisotropic
physical properties of cells in the future. Since the in-plane elasticity often plays important roles in physiological
activities (e.g. vasodilation and lung expansion), the physical effects of the cell transformation (e.g. fibroblast to
myfibroblast) can be misled by solely using the AFM characterization. The results suggest the essentialness of the
in-plane elasticity characterization of cells, and also demonstrate the developed device may greatly help biologists
study fundamental biophysical properties of cells under various physiological conditions.

Conclusion

The pressure sensor embedded microfluidic device developed in this paper provides an excellent platform that
can be exploited to study in-plane elasticity of cells. The pressure sensor can be seamlessly integrated into the
device, which makes device fully disposable, and greatly reduces fabrication cost and complexity. Furthermore,
the electrical signal output from the sensor enables the fully automated system for long-term measurement. The
system can be further scaled up to simultaneously characterize cells under various stimulations for high content
testing. According to the pressure calibration results, the Wheatstone bridge constructed using the IL-based elec-
trofluidic circuit provides linear and long-term stable characteristics. In this paper, the pressure sensor is exper-
imentally calibrated and cell compatibility of the device is also confirmed. In order to quantitatively estimate the
in-plane elasticity, a theoretical model is constructed in the paper. In the cell experiments, MRC-5 cells without
and with TGF-{3 treatment are cultured and characterized using the developed device, and the results are com-
pared with the AFM measurements. The experimental results confirm the anisotropic physical properties of cells,
and demonstrate the importance of the in-plane elasticity measurement. With the demonstrated capabilities, the
device can be a powerful platform to study cell physical properties under various physiological conditions, and
greatly help biologists investigate essential biophysical properties of cells.
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