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A high-sensitivity tri-axis force sensor designed to measure the traction force of a single cell is reported. The developed sensor consists of a
micropillar that is supported by a cross-shaped Si structure and a double-layer photoresist cap. The piezoresistors formed on the Si structure
allow for the simultaneous measurement of the normal and shear forces acting on the micropillar. Moreover, the cap prevents the cells from
contacting the Si structure, which is not desirable when measuring the force acting on the micropillar. The effect of the culture medium on the
impedance of the sensor and the noise level of the measurement circuit was evaluated. The temperature effect was compensated using a
piezoresistor that does not possess a through-hole underneath. For measurement, inside a culture medium, the resolution of the sensor
obtained from the standard deviations of the measured signals was less than 2 nN. Finally, it was demonstrated that the sensor is capable
of measuring the traction force in three dimensions generated by an osteosarcoma cell when it detaches from the micropillar under trypsin

treatment.

1. Introduction: Quantitative evaluation of the traction forces
generated by a single cell is important in cell dynamics studies
because traction forces can provide useful information for
understanding the behaviours and functions of cells. It has been
shown that cells adapt their traction forces according to the
stiffness of the substrate [1-5], which explains the difference in
cell behaviour on stiff and compliant substrates. On the same
substrate, the behaviours of normal cells and cancer cells are also
different, resulting in different traction forces [6]. Therefore,
understanding the traction force of a cell is not only necessary for
revealing the cell dynamics, but could also be useful in cell-level
diagnosis.

In previous studies, various methods have been developed for es-
timating the traction forces generated by cells [7]. For example, one
common method is to use compliant micropillars [3, 8], in which
the in-plane traction force is calculated from the deformation
(bending) of the micropillars. This method also enables the calcula-
tion of intercellular force by measuring the displacement of the
micropillars under each cell. However, the micropillar-based
method can provide only the bi-axis traction force because the ver-
tical component cannot easily be derived from the lateral deform-
ation of a pillar. Another method, called traction force
microscopy (TFM), utilises fluorescent microbeads embedded
inside a compliant substrate on which cells are cultured [9-13].
In this method, the traction force is calculated from the deformation
field of the substrate, which is obtained by monitoring the locations
of the beads. Using TFM, it is possible to obtain the three dimen-
sional traction field of not only a single cell, but also a multicellular
system [11]. Both of these methods are excellent in terms of spatial
resolution. One problem in these optical-based methods is the need
for image processing, which hinders the real-time monitoring of
traction force. In the TFM-based method, error in the measurement
of bead displacement can lead to a significant error of the calculated
traction force. Moreover, both micropillar-based and TFM-based
methods are limited to the case of cells on relatively compliant sub-
strates (Young’s modulus on the order of kilopascal) to detect the
displacement of the substrates underneath the cells.
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Another approach, atomic force microscopy (AFM) has been
shown to be an excellent tool for investigating cellular mechanical
parameters such as stiffness, viscoelasticity, and local nanomecha-
nical motion [14—17]. However, AFM is generally not suitable for
measuring cellular traction force because its mechanism of oper-
ation does not allow the direct measurement of cell-substrate
interactions.

Aside from optical- and AFM-based techniques, microelectrome-
chanical systems (MEMS)-based force sensors have been proposed
for directly measuring the traction force of a single cell [18-20].
The advantages of this force-sensor-based method include direct
measurement, high temporal resolution and the ability to measure
the traction force generated by a cell on a rigid substrate
[Young’s modulus on the order of gigapascal (GPa)]. However,
MEMS-based sensors previously proposed for measuring cellular
traction force are limited to one-axis [19] or two-axis [18, 20].

Herein, we report a sensor design that enables the direct measure-
ment of all three-dimensional components of the traction force of a
single cell on a rigid substrate (Young’s modulus on the order of
GPa). The conceptual illustration of the sensor is shown in Fig. 1.
The sensor consists of a micropillar sitting on a cross-shaped Si
structure and a double-layered cap that covers the sensing elements.
Three piezoresistors R}, R, and R; are designed at the roots of three
Si beams of the cross-shaped structure, while the other beam func-
tions as a common ground electrode. This design allows us to obtain
all the three components of the force vector acting on the micropil-
lar from the resistance changes of the beams. Moreover, the cap pre-
vents cells from directly contacting the Si structures while
maintaining space for the Si beams to deform. Thus, the sensor
has high sensitivity due to the long and thin Si beams of the cross-
shaped structure.

The sensing principle and fabrication process of a prototype
sensor were previously reported in [21]. To measure the traction
force of a cell, the sensor must be submerged in the culture
medium, which can cause temperature drift and an additional cap-
acitive component over a high frequency range. These effects of
the culture medium would increase the noise level and thus

563
© The Institution of Engineering and Technology 2016


mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

=p» traction force

i \ i
J piezoresistors
cross sectional view

[Osi W dopedSi [JAucr [lSio,

[JT™MMF [l parylene C

Fig. 1 Conceptual illustration of the proposed tri-axis force sensor for
measuring the traction force vector of a cell

reduce the resolution of the sensor. In this Letter, we report on the
evaluations of the effects of the culture medium on the impedance
of the sensor and the noise level of the measurement circuit. We
confirm that the sensor is capable of compensating the effect of tem-
perature by using a piezoresistor that does not have a through-hole
underneath. Finally, we present the measurement of the traction
forces of living cells using the fabricated sensor.

2. Sensor fabrication and evaluation

2.1. Sensor fabrication: The process for fabricating the sensor can
be found elsewhere [10]. Basically, the sensing beams are
fabricated using a silicon on insulator wafer (0.3/0.4/300 um in
thickness), whose device layer was initially doped by ion
implantation. The piezoresistive areas are revealed by patterning
the Au/Cr layers deposited on the device layer. The double-layer
cap was formed by laminating and patterning two 14-um-thick
photoresist films (TMMF 2000 series, Tokyo Ohka Kogyo Co.,
Ltd., Japan). A microscopic photograph of the fabricated sensor
chip is shown in Figs. 2a and b presents the SEM image of the
lower photoresist layer of the cap, which indicates the micropillar
at the centre of the Si structure and the gaps surrounding the

Fig. 2 Photograph and SEM images of the fabricated sensor
a Microscope image of the device

b SEM image of the lower TMMF layer

¢ SEM image of the sensor chip

d SEM image of the micropillar and the upper TMMF layer
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beams. The upper layer of the cap is shown in Figs. 2¢ and d.
The gap surrounding the micropillar is 7 um. The length and
width of a Si beam are 200 and 5 pm, respectively.

On the same device, a piezoresistor defined as R, that has the
same design parameters as those of the sensing beams (R,—R;)
was also fabricated to compensate for the effect of temperature,
as shown in Fig. 2c. The handle Si layer underneath R, was not
etched such that R, is not able to deform, and thus, its resistance
change is not caused by mechanical force. Therefore, the signal
derived via Ry could be used to compensate for the perturbations
caused by changes in temperature and other environmental
conditions.

The fabricated sensor was attached to a flexible cable, and wire
bonding was used to electrically connect the sensor chip and the
cable. The entire wire-bonded sensor chip was then coated with a
500-nm-thick Parylene-C film to prevent any chemical reactions
that can occur between the culture medium and the electrodes
when a voltage is applied between the electrodes of the piezoresis-
tors. Young’s modulus of Parylene C is approximately 4 GPa [22],
which is the same order of magnitude as the material of the micro-
pillar. Due to the deposition of the Parylene C was conducted after
the wire-bonding process, the Parylene C covered all the sensing
beams, Au/Cr pads and bonding wires.

2.2. Sensor evaluation: The fabricated sensor was calibrated to
obtain the relationship between the fractional resistance changes
R\—R; and the applied normal and lateral forces as shown in
Fig. 3. From the calibration result, the normal and lateral forces
acting on the micropillar can be back-calculated using the
following relation:

AR,

Rl
F, 93 07 —70\| sp
Fol={-25 1 —62|[22 (1)
F, 25 09 45 2

AR,

R3

In our sensing principle, the forces applied on the micropillar are
calculated from the fractional resistance changes of the piezoresis-
tors. When these piezoresistors are submerged in a culture medium,
the capacitive component of the liquid in between the electrodes of
each piezoresistor can affect the measurement result. Although the
electrodes were coated with a Parylene-C film, which prevents
chemical reactions from occurring between the culture medium
and the electrodes, the Parylene-C film cannot eliminate this capaci-
tive component caused by the culture medium. Therefore, in our
preliminary experiment, we evaluated the effect of the culture
medium on the impedance between two electrodes of a submerged
piezoresistor. The culture medium used in the experiment was
Dulbecco’s Modified Eagle’s Medium (Wako Pure Chemical
Industries Ltd., Japan), which mainly consists of NaCl and
NaHCOs solution. The impedances of the piezoresistors were mea-
sured using a network analyser (E5061B ENA Series Network
Analyzer, Keysight Technologies, USA). The frequency was
swept in the range of 5 Hz—10 MHz, and the applied voltage was
<1 V. Fig. 4 shows the impedance of a piezoresistor when the
sensor chip was placed in air and when the device was submerged
inside the culture medium. In the case where the device was placed
in air, the impedance of the piezoresistor was stable and no phase
delay was confirmed up to 1 MHz, which indicates that the capaci-
tive component in the impedance of the piezoresistor can be
ignored. However, when the sensor chip was submerged inside
the culture medium, reduction of the impedance and phase delay oc-
curred when the frequency exceeded 100 Hz. This result indicates
that the capacitive component caused by the culture medium
increases over the high frequency range (>100 Hz).
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Fig. 3 Sensor calibration

a Definitions of the piezoresistors and the directions of the forces

b Calibration setup

c-e Relationship between the applied force and the fraction resistance
changes of the piezoresistors

Next, we evaluated the noise level of the measurement circuit.
The fractional resistance changes of the piezoresistors were mea-
sured using a Wheatstone bridge circuit, whose output is amplified
1000 times before being recorded by a scope-coder (DL850,
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Fig. 4 Impedance and phase of a piezoresistor measured in air and in
culture medium
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Fig. 5 Outputs of the measurement circuit

a Typical outputs of the measurement circuit and their power spectral
densities

b In cases of the piezoresistor placed in air and in culture medium

Yokogawa Inc., Tokyo, Japan). The amplifier IC used in the
circuit is an INA 217 (Texas Instruments Inc., USA). Similar to
the previous experiment, the output of the circuit was evaluated
under two conditions: with the sensor placed in air and with the
sensor placed in culture medium. Fig. Sa presents the outputs of
the measurement circuit recorded for a duration of 10 s for the
two cases. The result shows that the standard deviation of the
output increased when the piezoresistor was submerged in the
culture medium. Moreover, the power spectral densities of these
two outputs are shown in Fig. 5b. No significant difference was
observed between the two power spectral densities over the low fre-
quency range (<100 Hz); however, a higher noise level was
observed in the output of the device when submerged in culture
medium for frequencies higher than 100 Hz. The result also indi-
cates that the effect of the capacitive component caused by the
culture medium cannot be neglected for frequencies higher than
100 Hz.

Furthermore, we also confirmed the ability of the device to com-
pensate for the effect of temperature, which is a crucial issue for
piezoresistive sensors [23]. As previously mentioned, a piezoresis-
tor Ry that has the same dimensions as those of the force sensing
piezoresistors (R;—R3) was fabricated on the same sensor chip to
compensate for the effect of the temperature change. We varied
the temperature of the culture medium using a heater and measured
the responses of all the piezoresistors (Ry—R3), as shown in Figs. 6a
and b. As the temperature of the culture medium increased, the
resistances of all the piezoresistors increased. The proportional
coefficients between the fractional resistance change and the tem-
perature change were 6.8 x 1073,7.5%1073, 6.9x 1072 and 6.7 x
107> K™! for Ry, R,, Ry and Ry, respectively. Using these coeffi-
cients, it is possible to compensate for the effect of temperature
on the fractional resistances changes of R;—R; using the fractional
resistance change of Ry. In other words, using (1), the normal and
lateral forces acting on the micropillar can be back-calculated
from the fractional resistance changes of R|—Rj; after being compen-
sated by that of R,. The calculated forces during the 8 min when the
sensor was submerged in a culture medium (maintained at 37°C) are
shown in Fig. 6¢. The standard deviations of the forces were 1.2, 1.8
and 1.4 nN for F\, F, and F, respectively. The result shows that the
resolution of sensor, defined as the maximum standard deviations of
all the forces, was less than 2 nN.
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Fig. 6 Temperature of the culture medium using a heater and measured the
responses of all the piezoresistors

a Setup to evaluate the effect of temperature on the fractional resistance
changes of the piezoresistors

b Relationship between the temperature change and the fractional resistance
changes of the piezoresistors

¢ Calculated forces in x-, y- and z-axes when the sensor chip was submerged
in the culture medium for 8 min. The forces were calculated from fractional
resistance change of R|—Rj after being compensated by that of Ry. The
standard deviations of the forces were less than 2 nN

3. Measurement of the traction forces: Using the fabricated
sensor, we conducted an experiment to demonstrate the
measurement of the traction force of living cells. In our
experiment, the sensor chip was initially attached to the bottom
of a Petri dish; then, 7 ml of culture medium was poured into the
dish. Next, 3 ml of the culture medium containing ~3.0 x 10°
U20S cells (osteosarcoma cell line with BFP-tagged LMNB1 and
RFP-tagged ACTB) was added to the culture medium.
Subsequently, the dish was incubated for 3 h (37°C, 5% CO,
atmosphere) for the cells to adhere to the surface of the sensor
chip. When a cell was confirmed to attach to the micropillar, ~1
ml of trypsin was added to the culture medium to dissociate the
cell from the micropillar. During detachment of the cell from the
micropillar, the fractional resistance changes of the piezoresistors
were monitored at 50 Hz and the cell was observed through a
microscope, as shown in Fig. 7a. The values of the force
components in three axes were simultaneously calculated from
the fractional resistance change of the piezoresistors (R;—R3)
using (1). Fig. 7b shows a micrograph of an attached cell on the
sensor chip. The experiment was repeated for two trials. Figs. 7b
and ¢ show the measured normal and lateral forces and
microscopic images of cells on the sensor following the trypsin
treatment. In the two trials, at the beginning of the measurement
(t=0min), the cell nuclei were on the wall surrounding the
micropillar, and the cell lamellipodia were adhered to
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Fig. 7 Fractional resistance changes of the piezoresistors

a Experimental setup for measuring the traction force vector of a cell

b Image of a cell attaching to the cap and the micropillar of the sensor chip
¢ and d Microscopic images of the cell on the sensor surface and the normal
and shear forces acting on the micropillar during the detachment of the cell
from the micropillar. Scale bars: 10 pm

the micropillar. From 8 to 10 min after adding trypsin, the
lamellipodia became detached from the micropillar, and the
measured forces became stable values, which are defined as zero.
Using these zero values, the forces acting on the micropillar
before adding trypsin can be estimated. We defined the positive
directions of the forces to be the same as those of the x-, y- and
z-axes shown in Fig. 6b. In trial 1, the initial forces were
estimated to be approximately 30 nN in the x-axis, —60 nN in the
y-axis and 10 nN in the z-axis (Fig. 6b). In trial 2, the values of
the initial forces were approximately —40 nN in both the x- and
y-axes and 0 nN in the z-axis (Fig. 7c). The directions of the
in-plane force vectors were calculated from these x- and y-axes
forces to be 139° and 65° to the x-axis, respectively. These
directions of the in-plane forces agree well with the relative
location of the cell to the micropillar. The values of the measured
forces in the both trials were on the order of several tens of nN,
one order of magnitude greater than when no cell was attached to
the sensor chip (the noise level of the sensor as shown in
Fig. 6c). Therefore, the results confirm the attachment of the cells
on the sensor micropillar at the beginning of the measurement,
and the sensor provided the traction forces of the cells in three
dimensions.

4. Conclusion: We proposed a sensor design that enables the direct
measurement of the traction force of a single cell in three
dimensions. We evaluated the effect of the culture medium on the
impedances of the sensor and the noise level of the measurement
circuit. The results indicated that the capacitive component
caused by the culture medium cannot be ignored for frequencies
over 100 Hz. We showed that the effect of temperature could be
compensated using the output of a piezoresistor without a
through-hole underneath. Moreover, the sensor was confirmed to
have a resolution of less than 2 nN for the measurement in the
culture medium. Finally, we demonstrated that our sensor is
capable of measuring the traction forces of a U20S cell in the
normal and lateral directions during the detachment of the cell
from the sensor micropillar induced by trypsin treatment. In the
current prototype sensor, a thin Parylene-C film was coated on

Micro & Nano Letters, 2016, Vol. 11, Iss. 10, pp. 563-567
doi: 10.1049/mnl.2016.0246



the surface of the entire sensor chip to prevent the culture medium
from contacting the sensing beams and electrodes. In future work,
the problem of low adhesion between cells and the Parylene-C
film will be addressed with a fibronectin coating or plasma
treatment.
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