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Many recent studies on the viscoelasticity of individual cells link mechanics with cellular function
and health. Here, we introduce a measurement of the viscoelastic properties of individual human
colon cancer cells (HT-29) using silicon pedestal microelectromechanical systems (MEMS)
resonant sensors. We demonstrate that the viscoelastic properties of single adherent cells can be
extracted by measuring a difference in vibrational amplitude of our resonant sensor platform. The
magnitude of vibration of the pedestal sensor is measured using a laser Doppler vibrometer (LDV).
A change in amplitude of the sensor, compared with the driving amplitude (amplitude ratio), is
influenced by the mechanical properties of the adhered cells. The amplitude ratio of the fixed cells
was greater than the live cells, with a p-value <0.0001. By combining the amplitude shift with the
resonant frequency shift measure, we determined the elastic modulus and viscosity values of
100 Pa and 0.0031 Pass, respectively. Our method using the change in amplitude of resonant MEMS
devices can enable the determination of a refined solution space and could improve measuring the
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stiffness of cells. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942364]

Understanding and defining the mechanical properties
of cells and tissues as a biomarker has become a nexus of
next generation disease diagnostics. Recently, the develop-
ment of more precise, reliable, and versatile measurement
techniques—such as atomic force microscopy (AFM),'™
magnetic twisting cytometry,® micropipette aspiration,””’
optomechanical measures,® and quartz crystal microbalance
(QCM)°—have provided a greater understanding of how the
physical properties of a cell affect its behavior in disease.
Viscoelastic properties have been linked to diseases such as
cancer, where cancer cells are less stiff than their normal
counterparts. These mechanical properties of cancer cells
could be useful biomarkers® for evaluating cycle progression,
cellular physiology, and metabolism that underpin
the characteristics of cancer. However, there are many
limitations to the current state of the art measurements (see
supplementary material'®). Micropipette aspiration uses a
flow-through configuration that allows for high throughput, but
limits the types of cells for investigation to cells in suspension.
Although QCM and AFM can study adherent cells, their sam-
ples sizes are limited based on electrode dimensions or data
analysis complicated by intricate tip geometry, respectively.

This work reports a vibration-based measurement tech-
nique used to characterize the viscoelasticity of individual ad-
herent colon cancer (HT-29) cells. Previously, we quantified
differences between live and fixed cells using microelectro-
mechanical systems (MEMS) resonant sensors and the visco-
elastic effect on the resonant frequency of the sensor. In this
study, we demonstrate the use of these resonant sensors to
investigate the viscoelasticity of single adherent cells by
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instead exploring the vibration amplitude effects. Analytical
modeling shows that loading the sensor with a viscoelastic
material, as opposed to an infinitely stiff point mass, results in
a decreased vibration amplitude at resonance. Experimentally
we compare live and fixed cells, where fixed cells, known to
have a higher stiffness, exhibit behavior closer to a point mass
than the live counterparts and therefore show a smaller ampli-
tude effect. Combining the frequency shift reported previ-
ously'' and the amplitude change reported here, we can more
concretely determine the viscoelastic properties of the cell.

The MEMS resonant sensor structure used in this work
comprises a 60 x 60 um? platform suspended by four beam
springs that are arrayed in a 9 x9 format of 81 sensors.
The sensors operate in the first mode with the aid of electro-
magnetic stimulation generating Lorentz force actuation.
Figure 1(a) shows a schematic of a single cell vibrating on
the sensor where we compare the driving amplitude of the
sensor with the amplitude response of the sensor loaded with
a cell. In this case, the cell is presented as an added mass
Kelvin—Voigt viscoelastic solid, where the material behavior
is considered as that of a spring and damper in parallel.
Similar to the previous studies,'' ™' the velocity of the sensor
vibration is monitored and measured by a laser Doppler vi-
brometer (LDV) in conjunction with a lock-in amplifier to
capture a resonant frequency shift (see supplementary mate-
rial'®). In this work, we also capture the vibration amplitude
response after finding the device resonance.

To observe significant changes in vibrational amplitude
of the pedestal, we must consider the dominant forces gov-
erning the vibration of the sensor and the cell to ensure that
these experimental conditions are appropriate to capture
viscoelastic effects. Figure 1(b) shows three case scenarios
in which the cell height is compared with a elastic shear

© 2016 AIP Publishing LLC
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wave propagation. The cases are as follows: (i) rigid body,
no deformation; (i) dominantly viscoelastic, 4,> he.y, the
elastic wavelength is longer than the cell height; and (iii)
elastic wave propagation, 4, < h..;, the elastic wavelength is
shorter than the cell height. We compare the cell height, 4.y,
with the wavelength scale estimate of the elastic shear wave
propagation, (see supplementary material'®). Consideration
of a shear force acting on the sensor is sufficient for a tracta-
ble cell deformation analysis. We can conclude that the dom-
inant forces in our system are such to produce observable
viscoelastic effects.

For this work, we consider the ratio of the amplitude of
a cell-filled sensor to that of the empty (unloaded) sensor.
The unloaded sensor is modeled as a one degree of freedom
(1-DOF) system, while the loaded sensor is considered in
two contrasting scenarios: with the cell being a point mass or
a viscoelastic solid (Figure 2(a)). As in previous works, we
model the viscoelastic cell as a Kelvin—Voigt solid'* and the
entire system of the viscoelastic solid adhered to the sensor
is modeled as a two degree of freedom (2-DOF) spring-
mass-damper dynamic system. To elucidate the effect of the
viscoelasticity of the cell on the amplitude, the ratio of
the apparent amplitude (2-DOF) to the applied amplitude
(1-DOF) was calculated over a wide range of elastic moduli
and viscosities of cells (Figure 2(b)). The shape of the model
clearly shows that the viscoelastic parameters affect the am-
plitude ratio, with areas of very strong effects, similar to the
frequency response previously investigated.''™"* We illus-
trate this effect in Figure 2(c) by simulating the response
across the frequency spectrum for both low and high visco-
elastic mass loaded sensors. The inset of Figure 2(c) more

time
FIG. 1. Experimental overview. (a)

% Schematic of the vibration of a cell as
a Kelvin—Voigt viscoelastic solid on
the sensor describing the excitation
(Fe™") and cell amplitude response.
Stress (0,) and induced strain (Y,)
related to the applied force and cell
response, respectively. (b) Schematic
diagram showing the possible scenar-
ios of dominant forces that operate in
the regime of vibration: (i) Cell is a
rigid body and only translates; (ii) Cell
slowly deforms because the height of
the cell, Ay, is shorter than the wave-
length of elastic wave propagation, A}
(iii) Elastic wave force dominates
motion and only propagates fast across
cell: higey > 7.

Wave Propogation
(Fast Deformation)

clearly portrays the drop in amplitude with changing visco-
elastic parameters as compared with an empty sensor, where
the amplitude decrease of the low viscoelastic case is much
larger with respect to the reference, than the high viscoelastic
case.

To investigate the amplitude effects experimentally,
human colon adenocarcinoma cells (HT-29) were cultured
on the resonant sensors functionalized with collagen similar
to earlier studies.'' Briefly, HT-29 cells were grown at 37 °C
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with sodium pyruvate, 10% fetal bovine serum
(FBS), and 1% penicillin streptomycin. Cells were seeded
onto the sensor area at a density of ~300 cell/mm? within a
6 mm diameter polydimethylsiloxane (PDMS) culture cham-
ber. After measuring the amplitude of the resonant peak with
a live cell attached to the sensor, the cells were then fixed
with 4% paraformaldehyde for 30min, which has been
shown to increase stiffness with minimal volumetric
decrease.'>'®

Our measurement scheme consists of measuring the am-
plitude of the sensor three times: empty, then loaded with a
live cell, and then after the same cell is fixed. Throughout
the measurement, there is an observed amplitude drift, which
was corrected by monitoring the resonant amplitude of
nearby sensors without the captured cells (see supplementary
material'?). Figure 2(d) presents the changes in amplitude
between an empty reference sensor, the same sensor loaded
with a live cell, and the same sensor and cell after fixation.
The experimental results showed that live cells, which are
less stiff, depict a greater amplitude difference relative to the
reference sensor. When the stiffness of the cell was increased
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FIG. 2. (a) Schematics of a Kelvin—Voigt viscoelastic solid model system: (i) a IDOF representing the model of an unloaded sensor, (ii) a 2-DOF dynamical
sensor-cell model demonstrating a conventional mass-spring-damper system, and (iii) an improved mass-spring-damper 2-DOF system used to obtain the
vibrational amplitude and frequency from experimental data. (b) A three-dimensional surface plot depicting how cell viscoelasticity (elastic modulus and vis-
cosity) affects amplitude ratio (amplitude ratio is apparent amplitude divided by actual amplitude). (c)—(d) Frequency spectra of the viscoelastic response of a
(c) model viscoelastic solid and (d) HT-29 cell; Insets: highlight the shift in amplitude.

through fixation, the amplitude increased as well, agreeing
well with our model (Figure 2(c)).

Figure 3(a) shows the amplitude ratio comparison
between both live and fixed values of all cells investigated in
this study (n = 16). There is a consistent increase in the am-
plitude ratio of the fixed cell compared with the live cell.
Again, the amplitude ratio for both live and fixed cells is
defined as the amplitude of a cell-loaded sensor (live or
fixed) to the amplitude of a reference (empty) sensor. We
further illustrate the amplitude differences for each cell by
plotting the live amplitude ratio against the fixed amplitude
ratio (Figure 3(b)) and comparing with a slope of unity (dot-
ted line). The inset of Figure 3(b) shows a histogram of the
difference of the live and fixed ratios for each cell and a nor-
mal distribution fit (dotted line) to the data, compared with a
normal distribution centered at zero. A paired t-test con-
firmed the significance of the observed differences before
and after fixation (p-value <0.0001). Paraformaldehyde is
known to increase the stiffness of a cell and, through meas-
urements with AFM, fixed cells exhibit greater viscous
behavior.'> Our experimental findings of increased ampli-
tude with fixation agree with this known increase in cell
viscoelasticity.

An additional and complementary viscoelastic effect is
the shifting of resonant frequency since the cell is oscillating
out of phase with the sensor platform.''~'*!7 The frequency
response with respect to viscoelastic parameters produces a
similar yet distinct analytical model shape over a range of
elastic moduli and viscosities compared with the amplitude

response (see supplementary material'®). Both amplitude and
frequency models contain many solutions to any given mea-
surement, and strategies need to be devised to restrict these
solution spaces. In the past, we achieved this by using a
range of hydrogel concentrations and assuming a model rela-
tlonshlp, or relied on a populatlon measurement with sev-
eral different cell sizes.'”> Both approaches require many
measurements to approach a solution. However, combining
both amplitude and frequency measurements narrows the
solutions for individual cells based on the overlapping
regions from each measurement.

Figure 4 shows the entire solution space regarding possi-
ble viscoelastic properties of cells that could lead to the
observed data. To create these plots, we took the measured
amplitude and frequency data, calculated the mean and
standard deviation, and created probability maps for each
expected point based on a normal distribution. The resulting
solution sets for both the amplitude space and frequency
spaces are presented in Figures 4(a) and 4(b), respectively.
The amplitude solutions exist in two distinct regions—one
that encompasses low viscoelastic properties and one that
includes much stiffer and more viscous materials. Similar
behavior occurs from the frequency shift model, but the pos-
sible solutions only exist in a single, low viscoelastic region.
We multiplied the two probabilities to determine the com-
mon solution space in Figure 4(c). Through the use of both
measurements, we deduce that the viscoelasticity of the cells
resides with the low viscosity low elastic moduli region,
which agrees well with previous results.'® The maximum
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FIG. 3. Experimental results: (a) Bar chart showing an amplitude ratio com-
parison between both live and fixed values of the same cells. (b) A dotted
line of unity slope comparing the plot of live amplitude against fixed ampli-
tude ratios shows a significant difference between the ratio before and after
fixation. The inset shows a histogram of the difference of the live and fixed
ratios for each cell. A normal distribution (dotted line) is fitted to these data
and compared with a standard normal distribution.

probability of this solution states that the elasticity and vis-
cosity values are 100 Pa and 0.0031 Pa s, respectively, at the
frequency of measurement.

This work provides a non-destructive method for meas-
uring the viscoelastic properties of cells; however, there are
some considerations for future work. Here, we utilized the
known size and shape of these cells, in combination with
the dark field cross-sectional area of the cell captured dur-
ing measurement, to estimate each cell size based on a pre-
vious work relating the dark field area to the confocal
volume.'' This estimation could be improved by incorpo-
rating advanced optical imaging capabilities into the LDV
system to simultaneously determine the volume, amplitude,
and frequency data. Also, the nature of the substrate affects
how a cell organizes its cytoskeleton, which in turn influen-
ces the effective cell stiffness. The viscoelastic property
measurements in this work are limited by the base substrate
of the sensor material with a thin surface layer of collagen.
Future studies capable of manipulating substrate rigidity,
such as deposition of micropatterned hydrogels,'*'? could
explore the spectrum of cell biomechanics and substrate
dependence.

Recently, we have used the same platform to make
measurements of cell mechanics in a similar fashion.'?
However, in those works, we took advantage of only the res-
onant frequency shift that occurs from material
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FIG. 4. Potential real solution space (yellow) of viscoelasticity of cells
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regions (yellow) of amplitude solution space. (b) Frequency-shift
solution space. (c) Resulting overlapping region of amplitude and
frequency-shift solution spaces. The estimated elastic modulus and vis-
cosity from the cell population density is 100Pa and 0.0031Pas,
respectively.

viscoelasticity, while in this current work we explored the
vibration amplitude dependence on viscoelasticity. This
approach is advantageous because it better decouples the ma-
terial mass from the viscoelastic properties. In this respect,
the use of the two independent and complementary measure-
ments can generate more accurate estimates of cell properties
from the resonant sensors. Future work will incorporate all
of these measurements into cell growth experiments with the
resonant sensors for real-time measurement of mass and
stiffness over time.
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