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Quantifying the Ultrasonic Properties of Cells
During Apoptosis using Time Resolved
Acoustic Microscopy
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Abstract—Time resolved acoustic microscopy was used to
determine the thickness, sound velocity, acoustic impedance,
density, bulk modulus and attenuation of cells before and after
apoptosis. Measurements of the cellular properties at 375 MHz
before and after the onset of structural changes associated with
apoptosis showed an increase in the thickness from 13.6 + 3.1 pm
to 173 = 1.6 pm, and the attenuation from 1.08 + 0.21
dB/cm/MHz to 1.74 £ 0.36 dB/cm/MHz. The other parameters
were similar within experimental error. Acoustic images at 1.2
GHz indicated a clear delineation between the nucleus and
cytoplasm for apoptotic cells, a feature not observed at lower
frequencies. Rapid temporal variations were observed within
apoptotic cells as indicated by changes in the spatial distribution
of regions of increased backscatter within the cell. These results
indicate structural changes that alter the cellular ultrasound
backscatter are occurring during apoptosis on time scales on less
than a minute.

Index Terms—Acoustic microscopy, apoptosis, mechanical cell
properties, attenuation

I. INTRODUCTION

Apoptosis describes a controlled method of cell death, a
sequence of events designed to safely dispose of toxic
intracellular contents [1]. It is thought to be an integral part in
the response of tumors to chemotherapeutic treatment [2].
Morphological features that are observed during apoptosis
include membrane blebbing and rounding to a spherical shape
due to the breakdown of structural proteins, a hallmark feature
of apoptosis.

The study of apoptosis is critical to understanding cancer
growth and formulating treatments for this disease. How
cellular properties change during apoptosis, such as the
thickness, density, speed of sound, acoustic impedance, bulk
modulus, and attenuation is not well understood [3] yet may
provide important information for the potential use of
ultrasound for treatment monitoring [4].
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Various techniques have been used to measure the
viscoelastic properties of cells, including embedded particle
tracking, laser tracking microrheology, magnetic twisting
cytometry, micropipette aspiration, microneedles, optical and
magnetic tweezers, and atomic force microscopy [5]. These
techniques are invasive, requiring staining and/or a cellular
response to an external stimulus and cannot be used to
measure cells during rapid processes. Ultrasound has distinct
advantages over other measurement methods; it is non-
invasive and can be localized to specific regions of interest
within the cell.

Previous studies using high frequency ultrasound (20-60
MHz) observed an increase in the ultrasound backscatter
intensity of acute myeloid leukemia (AML) cells when treated
with a chemotherapeutic agent to induce apoptosis [6-8]. It
was hypothesized the increase was due to structural changes
within the cell, however at the frequencies used, individual
cells could not be resolved.

Acoustic microscopy (100+ MHz) has resolutions
approaching 1 pm at 1 GHz, which allows for resolving of
cellular features such as the nucleus and some organelles [9].
The scattered ultrasound from cellular microstructures would
provide valuable information as to the origin of the increased
backscatter, and help understand previous studies at high
frequencies.

This research aims to measure the properties of cells during
apoptosis. These results will be useful in cellular modeling,
molecular imaging and other ultrasound scattering simulations
currently in progress [10].

II. THEORY

A. Acoustic Microscopy

Acoustic microscopy uses highly focused ultrasound pulses
to resolve echoes from a cell. A typical acoustic setup
showing the echoes from the cell are in fig. 1. The quantitative
methods require arrival time of the echoes that are received
from the top of the cell, #;, the substrate-cell interface, t,, and a
reference measurement from the substrate, 7, (usually
measured beside the cell). In addition, the maximum
amplitude 4 from each interface must be obtained using a V(z)
measurement, where the transducer is focused at a series of
different axial locations z to maximize the backscatter signal
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from interfaces of interest [9].

A discussion of the theory behind time resolved acoustic
measurements and a verification of the methodology was
presented in [11, 12]. The thickness d, sound velocity c,
acoustic impedance Z, density p, bulk modulus K and
attenuation o can be calculated using
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where ¢ is the sound velocity in the coupling fluid, 4o, 4,
and A, are the maximum amplitudes from the substrate, cell
surface and cell-substrate interface measured from FV(z)
curves, and Z; and Z, are the acoustic impedances of the
substrate and coupling fluid, respectively. The attenuation
coefficient o, can be calculated using

oa=a 0 f " s (7)
where a linear frequency dependence was assumed with
n=1, a reasonable estimate for tissue [
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Fig. 1. Experimental setup. The acoustic lens is positioned a specific
distance z above the cell. The times f), ¢; and ¢, are the time of the
ultrasound echoes from the substrate, surface of the cell and cell-substrate
interface, respectively.

III. MATERIALS AND METHODS

A. Cells

MCEF-7 breast cancer cells (ATCC, VA, USA) were grown
in cell culture flasks using Dulbecco's modified eagle's
medium cell culture medium (ATCC) with 10% fetal bovine
serum (FBS) and 0.1% insulin. Cells were incubated at 37°C
with 5% CO, and were passed every 3 days to maintain
exponential growth. 72 hours prior to experimentation, cells
were dissociated using trypsin and transferred to Lab-Tek II
chambers (Nunc, Germany). After 48 hours, the medium was
replaced with a solution consisting of the DMEM cell culture
medium (without FBS or insulin), 3 mg/mL caffeine and 20

ng/mL paclitaxel to induce apoptosis [14], then the cells were
incubated overnight (approximately 15 hours) prior to
experimentation at 37°C with 5% CO,. The entire microscope
was enclosed in a climate controlled box to maintain a
constant temperature of 36°C with 5% CO, during
experimentation.

B. Acoustic Microscope

The SASAM 1000 acoustic microscope (Kibero GmbH,
Saarbriicken, Germany) consists of an Olympus IX81 inverted
optical microscope with an acoustic module positioned above
the sample, enabling simultaneous optical and acoustic
observation.

Movement of the transducer within the acoustic module is
controlled via a piezoelectric (Piezosystem Jena GmbH, Jena,
Germany). The piezo controller is capable of movement in the
X, y, z direction with a resolution of 0.1 um. The transducer is
scanned over the surface of the sample with step sizes from
0.1 to 2 um. The RF signal recorded at each position is
amplified by a 40 dB amplifier and digitized at a rate of 8
GHz. The electronics contain two monocycle pulse
generators, one at 300 MHz and the other at 1 GHz each with
a 100% bandwidth with a 10 Vpp amplitude. The pulse
repetition rate was 500 KHz.

Measurements were made with two transducers. A 375
MHz transducer with a semi-aperture angle of 30° and a -6 dB
bandwidth of 42% was used for the quantitative analysis,
while a 1.2 GHz transducer with a semi-aperture angle of 50°

and a
-6 dB bandwidth of 27% was used for high resolution
imaging.

To reduce noise, 400 a-lines were averaged at 375 MHz and
1000 a-lines averaged at 1.2 GHz. A bandstop filter was used
to remove FM-radio frequency noise. Post processing was
used to remove a constant background reference signal due to
electronic and thermal noise to increase the signal to noise
ratio (SNR).

C. Measurements

Optical time lapse images were made of an area containing
approximately 200 cells. Cells undergoing apoptosis
(responsive cells) were identified by observing morphological
features of apoptosis such as membrane blebbing. Cells that
had not yet showed any signs of apoptosis (unresponsive
cells) were also identified.

Seven unresponsive cells and five responsive cells were
measured using the 375 MHz transducer. A preliminary c-
scan image was made with the focus approximately 8 pm
above the substrate, then V(z) scans were recorded over the
center of the cell with a step size of 1 pm in the z-direction.
The properties of the cells were then calculated using
equations 1-7.

IV. RESULTS

Acoustic attenuation and backscatter c-scan images were
compared to optical images for responsive and unresponsive
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cells (fig. 2). The morphological differences between cells in
both states is apparent.

Using equations 1 to 7, the thickness, sound velocity,
acoustic impedance, density, bulk modulus and attenuation
were calculated for cells in each state. The average and

standard deviation for cells in both states are shown in table I.
TABLEI
MCF7 CALCULATION RESULTS

Property Untreated Treated
d (um) 13.6+3.1 173+ 1.6
¢ (m/s) 1582 £ 19 1574 £ 19
Z (MRayls) 1.56 +0.01 1.55+0.02
p (kg/m®) 987 + 14 984 + 20
K (GPa) 2.47+0.03 2.44+0.03
o (dB/cm/MHz) 1.08 £ 021 1.74+0.36

The properties (thickness, sound velocity, acoustic impedance, density,
bulk modulus, attenuation coefficient) of treated and untreated MCF-7
cells.

Fopm

30 pm

Fig. 2. A comparison of the optical and acoustic images of a treated cell

showing the first signs of membrane blebbing, an early sign of apoptosis

(top) and a responsive cell undergoing the full structural changes

associated with apoptotis (bottom). From left to right: Optical phase

contrast image, acoustic backscatter image, acoustic attenuation image.

The images shown in this figure are from two different cells, however the

scales are similar allowing direct comparison of the acoustical properties.

The thickness of responsive cells was 17.3 £ 1.6 pm,
compared to 13.6 £ 3.1 pum for unresponsive cells. The
attenuation for responsive cells was 1.08 + 0.21 dB/cm/MHz
compared to 1.74 + 0.36 dB/cm/MHz for unresponsive cells.
The other mechanical properties, including the sound velocity
(1582 + 19 to 1574 £ 19 m/s), acoustic impedance (1.56 =+
0.01 to 1.55 + 0.02 MRayls), density (987 + 14 kg/m’ to 984 +
20 kg/m®) and bulk modulus (2.47 + 0.03 to 2.44 £0.03 GPa),
were similar within measurement error.

Acoustic attenuation images of the same MCF-7 cell were
made at 1.2 GHz and 375 MHz (fig. 3). A quantitative
analysis was not possible using the backscatter from the 1.2
GHz transducer as the backscatter could not be reliably
detected due to the poor SNR.

Apoptosis is an active process where morphological
variations are clearly visible in real time. Optical and acoustic
attenuation and backscatters images from an apoptotic cell
were measured one minute apart with the focus at the
substrate to determine how the acoustic signal varies with time
(fig. 4). The intensity scales are the same for the each type of

ultrasound images for direct comparison.

A

Fig. 3. A comparison of an MCF-7 cell. Acoustic attenuation images at
400 MHz (A), 1.2 GHz (B) and an optical phase contrast image (C).

— 30 1M
Fig. 4. Optical and acoustic images of a MCF-7 cell measured 1 minute
apart. Optical images (top row), acoustic attenuation images (middle
row), acoustic backscatter images (bottom row). The attenuation images
remained similar, however, the optical and acoustic backscatter images
show variations over time.

V. DISCUSSION

Treated cells were measured using a 375 MHz transducer
before and after morphological changes of apoptosis were
observed (fig. 2). The attenuation images clearly show some
cellular features such as the cell and nuclear membrane when
compared to the optical images. Significant backscatter was
observed around the center of the cell before and after
apoptosis.

The backscatter intensity from each scattering region within
the cell before and after apoptosis were similar (transducer
voltage readings between 5 and 25 mV). However the total
integrated intensity from the entire cell was larger after the
onset of apoptosis. This is due to the increase in the number of
localized regions of scattering from within the cell as shown
in fig. 2 and fig. 4.

Apoptotic cells were also imaged using the 1.2 GHz
transducer and compared to optical imaging (fig. 3). The 1.2
GHz transducer showed detail not resolved at lower
frequencies. The nuclear and cytoplasm regions are clearly
delineated, and the attenuation in the nucleus appears to be
higher than the cytoplasm region. Additionally, protrusions
from the nucleus into the cytoplasm, and occasionally outside
the cell not visible at lower frequencies were observed.

Extensive activity within the cell was observed optically
and acoustically during apoptosis. Six measurements were
made on cells one minute apart to show temporal variations
within the cell (fig. 4). The acoustic attenuation images were
relatively unchanged throughout the time period, indicating
the attenuation is not changing during the time period of the
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extensive intracellular structural variations. The backscatter
intensity variations and changes indicate extensive activity
occurring within the cell during apoptosis. No such variations
were observed for non-responding cells. This correlates to
optical images taken during the acoustic measurements, where
membrane blebbing and minor morphological changes were
visible. The rapid variations in cell backscatter and but not
attenuation is expected as in general ultrasound backscatter is
related to structural features of the cell (which as know to
undergo rapid changes during apoptosis) but attenuation is
related to cell bulk composition which does not undergo such
rapid variations (even though the attenuation does increase
when comparison a cell before and after the apoptotic
response).

Optical images of the cell show that morphological
variations occur in apoptotic cells over a time period of
seconds. Acoustic measurements were made one minute apart,
which is not fast enough to observe how the backscatter is
changing with the same frame rate as the optical microscopy.
Larger step sizes or lower scan areas could improve the scan
time, but at a cost of image resolution.

VI. FUTURE WORK

The measurements presented in this paper can be performed
on other cell lines during treatment, in particular acute
myeloid leukemia (AML) cells, which have been studied
extensively at high frequencies (20-60 MHz) previously in
this laboratory [4, 6-8]. The methodology presented in this
paper can also be used for other time sensitive biological
processes, such as mitosis, locomotion and exposure of cells
to other types of chemotherapeutic agents. The penetrating
nature of ultrasound would give insight into the structural
changes occurring within the interior of the cell during these
processes.

Knowledge of the mechanical properties as a function of
a cell’s state will allow modeling and simulations of
ultrasound scattering from cells and cell ensembles. These
values are required as input to theoretical models of scattering
currently being developed in our laboratory [10], [15].
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