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Recent advances in mechanobiology have accumulated strong evidences showing close correlations
between physiological conditions and mechanical properties of cells. In this paper, a novel
optomechanical technique to characterize the stiffness of single adherent cells attached on a substrate is
reported. The oscillation in a cell’s height on a vertically vibrating reflective substrate is measured with
a laser Doppler Vibrometer, as apparent changes in the phase of the measured velocity. This apparent
phase shift and the height oscillation are shown to be affected by mechanical properties of human
colorectal adenocarcinoma cells (HT-29). The reported optomechanical technique can provide high

throughput stiffness measurement of single adherent cells over time with minimal perturbation.
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INTRODUCTION

The mechanical properties of cells are affected by various biological processes and can be
used as biophysical indicators for cellular malignancy and other physiological conditions®. Many
diseases, including cancer?, blood diseases®, and inflammation* are often associated with the
changes in the mechanical properties of cells. For example, it was reported that metastatic cancer
cells show 70% lower stiffness comparing to benign cells and that a lower stiffness of cancer
cells was correlated with higher invasiveness®. These correlations between cell’s status and its
mechanical properties have practical implications considering the potential of developing simple

and rapid diagnosis techniques based on these mechanical biomarkers.

There have been active research efforts to develop tools that can characterize the mechanical
stiffness of cells. Since Crick and Hughes developed a method based on magnetic particles to
measure cell’s stiffness®, various methods have been developed, such as micropipette aspiration’,
magnetic twisting cytometry® °, cell indentation with atomic force microscopy (AFM) 5 10,
optical tweezers!, and various microfluidic approaches!? 3, These techniques can be largely
divided into two categories; those that require cells to be suspended and those that can measure
adherent cells on a substrate. The techniques for suspended cells mostly use a flow-through
configuration'?4 in which suspended cells are transported to the sensing area as a single stream
in a laminar flow. Then, the cells are either i) deformed by external forces **? or ii) forced to
pass through a narrow channel®®. These methods based on a flow-through configuration are
usually able to achieve high throughput. However, such methods require cells to be suspended in
media, whereas major portion of human cells are adherent cells that require attachment to a
substrate for growth and proliferation. On the other hand, direct-contact configuration is suitable

for measuring the stiffness of adherent cells without detaching them. Mechanical probes such as
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AFM cantilevers® *°, micropipettes’, and magnetic beads® ° physically contact to the target cells.
This configuration is suitable to track the stiffness of the same cell over time and to measure the
stiffness on a subcellular level in conjunction with high-resolution imaging. However, these
methods tend to have limited throughput comparing to the flow-through configuration. In this
report, analytical modeling and experimental data of a novel optomechanical phenomena, termed
as vibration induced phase shift (VIPS) are presented. This VIPS measurement can be used as a
non-invasive technique to characterize mechanical stiffness of single cells in their physiological

condition with high throughput.

MEASUREMENT PRINCIPLES AND METHODS

In earlier studies'®, it has been experimentally shown that a cell’s inertial loading on a mass
sensor is affected by its stiffness. This observation implies that the cell on a vertically vibrating
substrate experiences a structural deformation which is mostly oscillation of its height, and the
degree of the height oscillation is inversely proportional to the cell stiffness. The described
technique in this report uses a Laser Doppler Vibrometer (LDV) to measure the amplitude and
phase of this height oscillation, which are used to extract elasticity of single cells. An adherent
cell attached on a solid substrate can be modeled as a second order harmonic oscillator, as shown
in Fig. 1(a). When the substrate is vertically oscillating, the cell is forced to vibrate (i.e. cell
height is oscillating) at the same frequency but with different amplitude and phase. The
amplitude and the phase of the cell height oscillation are a strong function of elasticity and
viscosity of the cell along with the actuation frequency. Since the cell has a higher refractive
index as compared to the surrounding media, this oscillation of the cell height can be detected

optically with LDV.
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The schematic diagram of a single cell on a vibrating substrate and a LDV’s measurement
laser are shown in Fig. 1(b). The experimental setup is similar to an earlier study®®. LDV is an
optical instrument that can measure a time-derivative of the optical path length (OPL) of the
measurement laser reflected from a target surface. In Fig. 1(b), 4, Ac, D, As, o, ¢, nem, and Ncell
represent static cell height, amplitude of cell’s height oscillation, distance of the substrate to the
LDV, amplitude of substrate’s vibration, angular frequency of the vibration, phase of height
oscillation, refractive index of the media, and refractive index of the cell, respectively. The
substrate has a static distance D to the LDV and is oscillating in a vertical direction with angular
frequency of w and amplitude of As. The adherent cell on the substrate has a static height of h

and is oscillating at the same frequency but with different amplitude Ac and phase ¢.

When the measurement laser is located on the vibrating substrate outside of the cell as shown
in Fig. 1(b), the total OPL(t) is as follows.

OPL(t) = > ndi(t) = ng,*Positiong,,.,(t) + Ng,, * D
= Ngy As™ SiN wt + const. (1)

The output of the LDV is the time-derivative of OPL(t) in (1), which is the velocity of the
platform multiplied by new. On the other hand, when the measurement laser is passing through
the cell as shown in Fig. 1(b), the measurement laser experiences an additional modulation of

OPL from the cell’s height oscillations, as follows.
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OPL(t) = > n;d; (t)

= Ngy * (Positiong,, ., (t) — Height,,, (t)) + n., * Height,,, (t)

=Ngy * A Sin ot + (Ngy, —Ngy ) * Ac Sin( at + @) + const.

~ Ngy As * 1+ AA) *sin(wt + Ag ) + const. 2

N — N * Negy — N .
where AA= (Ncen iM) Ac JAp= arctan{M*i*sm 4
nGM AS nGM AS

The lock-in-amplifier can analyze the velocity output of the LDV with respect to the reference
actuation signal to extract the apparent amplitude increase, AA and the apparent phase shift, A¢

of the measured velocity. This apparent phase shift is termed as VIPS.

To fully characterize the relationship between mechanical properties of cells and VIPS, a
one-dimensional analytical model is established. In this model, a 10 um thick cell region and a 5
mm thick growth media region between a vibrating platform and a glass top ceiling of the culture
well are modeled with over 500 layers of mass-spring-damper systems, as shown in Fig. 2(a).
The platform is assumed to vibrate sinusoidally (xo=AsSinwz) as an external loading, and the
glass ceiling is assumed to be stationary (xn+1=0) as a boundary condition. The mechanical
properties of water %7 are used for those of the growth media. The force equation between each

layer can be described as follows,

!

m; Xi” =k (% = Xi4) +¢ (Xi' - Xi—ll) +Kia (X = Xi,0) + Ci+l(xi' — Xiy1 ) l<i<n ©)

where Xi, ki, and c; are displacement, spring constant, and damping coefficient of ith layer,
respectively (see supplementary information). From this model, Ac and ¢ are calculated with
varying elasticity and viscosity of the cell body. Then, Eq. (2) is used to convert these values into

VIPS or Agin Eq. (2), as shown in Fig. 2(b). Based on a reported values*® *° of nce of 1.38, new
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of 1.35, VIPS is calculated to be in the range of 0~0.6<and increases with decreasing elasticity

and increasing Vviscosity.

RESULTS

MEMS mass sensors in earlier studies® are used as a vibrating substrate to induce VIPS. The
platform of the sensor is designed to vibrate vertically for a uniform mass sensitivity?. The mass
sensor is used to apply a vertical vibration to target cells with actuation frequency of 50 kHz and
amplitude of 100 pm. As shown in Fig. 3, human colon adenocarcinoma cells (HT-29) are
cultured on the mass sensors which are functionalized with collagen similarly to earlier studies®.
While the platform of a mass sensor is oscillating at a fixed frequency, the phase of the
substrate’s velocity is measured by the LDV and the lock-in-amplifier at three locations
(Location #1~#3) outside but near the cell and one location (Location #4) inside the cell, as
shown in Fig. 3(a)-(d). It takes about a few seconds to measure the phase at each location. For
each sensor, the average of the phases measured at the locations outside the cell is used as a
reference. The relative phase values of the velocity at four locations are shown in Fig. 3(g). As
shown in the plot, increased phase is clearly observed when the velocity is measured through the
cell (Location #4) and the apparent phase shift is about 0.4< In Fig. 3(e), four locations are
placed outside of the cell as a control and the differences in the measured phase are much
smaller. Furthermore, in Fig. 3(f), three locations were placed inside the cell and one location is
placed outside the cell, showing consistently higher phase inside the cell. The increase of the
velocity’s amplitude or 44, which can be used to decouple elasticity and viscosity, is not

confirmed due to noise in the signal (data not shown).
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The measurement laser is scanned over the entire cell to obtain the 2-dimensional
measurement of VIPS as shown in Fig. 4. The measurement points are marked as solid circular
dots and the total number of the measurement points is over ~120 for each measurement. The
VIPS profile between the measurement points is calculated with linear interpolation. To
demonstrate the sensitivity of the VIPS measurement, we modulated the stiffness of target cells
and compared their 2D VIPS measurements to those of untreated live cells. To increase the
stiffness, the target cells are exposed to 4% paraformaldehyde for 30 minutes, which cross-links
intercellular proteins and increases cell stiffness?: 22, To decrease the stiffness, the cells are
exposed to 0.1pg/mL of cytochalasin D (Cyto-D) and 10 pg/ml of nocodazole (Noc) for at least
2 hours. Cyto-D is widely used to disrupt actin filaments and to reduce cell stiffness'? 2%, Noc
interferes microtubules by inhibiting tubulin polymerization®® and is known to decrease cell
stiffness® 2> 27 28 While some studies show that Noc increases the cell stiffness® 2 by
upregulating actin assembly through Rho signaling®® 3, such observations are limited to the
cases where cells are exposed to Noc alone. The combination of Cyto-D and Noc is used in this
study, as it is reported that the combined use of Cyto-D and Noc is more effective in reducing

cell stiffness than Cyto-D alone in earlier reports®* 2.

The platform area outside the cell shows a uniform phase centered around 0 whereas the
phase increase is clearly observed inside the cell. In Fig. 4(a) and 4(d), the top-view and the side-
view of the VIPS measurement of a live HT-29 cell are presented, where a smooth dome-shaped
increase of the phase is observed. The maximum increase of VIPS is about 0.4<and the mean
and standard deviation of the points near the center of the cell are 0.30 £0.06< Interestingly,
sharp decrease of the phase is observed at the perimeter of the cells, and is believed to originate

from the optical interference of the measurement laser and the cellular membrane on the side of
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the cell. The same cell in Fig. 4(a) is chemically fixed with 4% paraformaldehyde to increase its
stiffness and the VIPS is measured, as shown in Fig. 4(b) and (e). The fixed cell shows a reduced
VIPS around 0.2°(0.07 £0.129, but also had distinctive profile. The measured phase is sloped
from north-west to south-east direction, and the phase profile is rough and peaked. The VIPS
measurement of a cell, that is treated with Cyto-D and Noc to reduce its stiffness, is shown in
Fig. 4(c) and 4(f). The chemically treated cell shows a maximum VIPS over 0.6 °that are much
larger than the live cell and the fixed cell. Besides, it shows a rough phase profile with the mean
and standard deviation of 0.38 +=0.16< In summary, the live cell shows a smooth phase profile
with a maximum phase shift of 0.4< and the fixed cell shows a sloped phase profile, with a
maximum phase shift of 0.2< The cell treated with Cyto-D and Noc shows highly increased

VIPS with a maximum phase shift over 0.6<

CONCLUSION

A newly observed optomechanical phenomena, or VIPS is reported with theoretical analysis
and experimental data. It is clearly shown that the cell with lower mechanical stiffness exhibits
larger VIPS, demonstrating the potential of non-invasive mechanical phenotyping of adherent
cells. Furthermore, the VIPS measurement techniques shares a common platform with a MEMS
mass sensor'® for single cell growth measurement and it can be seamlessly integrated into a

multi-modal mechanical characterization of single cells.

K. Park acknowledges gratefully the support from the Louisiana Board of Regents
(LEQSF(2014-17)-RD-A-05). The work was done at UIUC and supported by EEC-0425626

(NSF Nanoscale Science and Engineering Center at Ohio State University).
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Fig. 1. Schematic diagram of optomechanical stiffness
measurement. (a) A cell on a sensor can be modelled as a
spring-damper-mass system. (b) When the LDV laser is
located inside the cell body, oscillation of the cell body
modulates the optical path length of the LDV laser, causing
the apparent shift of the measured velocity’s phase.
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Fig. 2. Mechanical modeling of cell’s height oscillation on a
vibrating platform and VIPS. (a) One dimensional analytical
model is developed to simulate the height oscillation of the
cell. (b) Calculated VIPS with varying elasticity and viscosity is
presented.
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Fig. 3. VIPS measurement. (a)~(d) Loc #1~#3 are located outside the cells and
Loc#4 are located inside the cell. Phase shift about 0.4 Deg is clearly shown
in the plot in (g). (e) Loc #1~#4 are all located outside the cell as a control.
Measured phases are close to each other. (f) Loc #1~#3 are located inside
the cell and #4 is located outside the cell. Loc #1~3 shows considerably
higher value of phase than Loc #4. (g) The measured phase of (a)™~(f).
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Fig. 4. Scanning measurement of the cells with different treatment. (a,d): Top and side view of the fresh and live
cell. (b,e): Top and side view of the cell, whose stiffness was increased by chemical fixation. (c,f): Top and side view
of the cell, whose stiffness was decreased by nocadazole and cytochalasin D treatment.
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