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Quantitative Measurements of Apoptotic Cell

Properties Using Acoustic Microscopy
Eric M. Strohm, Gregory J. Czarnota, and Michael C. Kolios

Abstract—Time-resolved acoustic microscopy was used to
measure properties of cells such as the thickness, sound veloc-
ity, acoustic impedance, density, bulk modulus, and attenua-
tion, before and after apoptosis. A total of 12 cells were mea-
sured, 5 apoptotic and 7 non-apoptotic. Measurements made
at 375 MHz showed a statistically significant increase in the
cell thickness from 13.6 + 3.1 pm to 17.3 4+ 1.6 pm, and
in the attenuation from 1.08 4+ 0.21 dB/cm/MHz to 1.74 +
0.36 dB/cm/MHz. The other parameters, such as the sound
velocity, density, acoustic impedance, and bulk modulus re-
mained similar within experimental error. Acoustic images ob-
tained at 1.0 GHz showed increased RF-signal backscatter and
a clear delineation of the nucleus and cytoplasm from apoptot-
ic cells compared with non-apoptotic cells. Extensive activity
was observed optically and acoustically within apoptotic cells.
Acoustic measurements made one minute apart showed varia-
tions in the ultrasonic backscatter but not attenuation in the
cells, which indicated rapid structural changes were occurring
but not changes in bulk composition. The normalized cross-
correlation coefficient was used to quantify the variations in
the backscatter RF-signal during apoptosis by comparing the
first RF signal measured to each successive RF signal every
10 s. A coefficient of 1 indicates strong correlation, whereas
a coefficient of 0 indicates no correlation. An average correla-
tion coefficient of 0.93 4+ 0.05 was measured for non-apoptotic
cells, compared with 0.68 4 0.17 for apoptotic cells, indicating
that the RF signal as a function of time varied rapidly during
apoptosis.

I. INTRODUCTION

POPTOSIS, or programmed cell death, is a controlled
method of cellular disassembly designed to minimize
disruption and damage to surrounding tissue [1], [2]. It
is thought to be an integral part in the response of tu-
mors to chemotherapeutic treatment [3], [4], but is also
involved in other biological functions such as homeostasis
[5], [6], embryonic development [7], and lymphocyte devel-
opment [8].
Deregulation of apoptosis is present in a variety of dis-
eases, such as Alzhiemer’s and AIDS, and inhibition of
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apoptosis can result in autoimmune disorders and tumors
[9]. Several cancerous tumors grow because of a muta-
tion that prevents apoptosis from occurring. Therefore
the study of apoptosis is critical to understanding cancer
growth and formulating treatments for this disease [10].
How cellular properties change during apoptosis, such as
the thickness, density, speed of sound, acoustic impedance,
bulk modulus, and their attenuation of sound is not un-
derstood. A high-resolution noninvasive technique would
assist in the measurement of these properties.

Measurement of the acoustic properties of cells is not
trivial. Techniques such as microrheology [11], magnetic
twisting cytometry [12], micropipette aspiration [13], mi-
croneedle investigations [14], optical [15] and magnetic
tweezer studies [16], and atomic force microscopy [17]
are invasive and/or require direct contact with the cell,
which may alter cellular properties during the measure-
ment. Additionally, these methods generally measure bulk
properties in cells, and may not be able to measure rapid
cellular changes during certain biological processes such
as apoptosis.

Ultrasound is non-invasive and can be used to determine
the qualitative and quantitative properties of cells and
bulk tissue without staining or fixation. Previous studies
using high-frequency (HF) ultrasound (20 to 60 MHz) re-
ported an increase in the ultrasound backscatter intensity
for cells treated with chemotherapeutic drugs to induce
apoptosis compared with untreated cells, and also changes
in the frequency dependence of the ultrasound scattering
[18]-[21]. It was hypothesized that the structural changes
within apoptotic cells were responsible for the increase in
backscatter observed [22]. However, the source of increased
backscatter could also be due, in part, to changes in the
spatial rearrangement of cellular and sub-cellular struc-
tures responsible for the scattered sound [23]. The source
of the increased backscatter intensity cannot be easily de-
termined using HF ultrasound alone because of the rela-
tively large wavelength of the sound compared with the
cell size (15 to 30 pm). Therefore, additional studies must
be performed. A key to understanding these observations
with HF ultrasound requires knowledge of the acoustical
properties of the cell. These properties can change during
various physiological processes such as apoptosis, mito-
sis, locomotion, and adhesion. Cell mechanical property
changes as a function of time for these processes is poorly
understood [24], [25].

Acoustic microscopy is capable of resolving individual
cells and organelles using frequencies of 100 to 1000 MHz
[26], for which the resolution approaches 1 pm at 1 GHz.
Ultrasound can be used to measure the properties of cells
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and tissue non-invasively and can be localized to specific
regions of interest. Although unsuitable for clinical studies
because of the limited penetration depth, acoustic micros-
copy is ideal for measuring the acoustical properties from
individual cells [27]—[34] and thin tissue sections [35]-[38].
However, only recently were the thickness, sound velocity,
acoustic impedance, density, bulk modulus, and attenua-
tion of live single cells measured together with one tech-
nique based on the same data set [39]. It is important to
acquire the data with one technique over the same cellular
location based on the same RF data when there are rapid
temporal variations in the properties of cells. These cell
properties can provide insight in the phenomenon observed
using HF ultrasound and can be used in computer model-
ing and simulations to help understand ultrasound scatter-
ing and attenuation during the apoptotic process as well as
the imaging of bulk tissue at high frequencies [40]-[42].

Recent advancements in technology have enabled re-
cording of the RF-pulse as a function of time at high sam-
pling frequencies in the gigahertz range. Short pulses com-
bined with an increased SNR from post-processing methods
have allowed for time-resolved measurements, in which the
backscatter echoes from the cell and substrate can now be
separately resolved. This is a significant advancement over
other acoustic microscopy methods in that the mechanical
properties can be directly obtained with a single measure-
ment [43]. Biological specimens present additional difficul-
ties over isotropic and homogenous inorganic solids, as
they are complex organisms made up of many components
which can be time variant and which respond to external
stimuli. In typical acoustic microscope systems, it is not
possible to optically view the sample while measurements
are made; therefore, it is impossible to know exactly what
has been imaged. The acoustic microscope used in this
research has the capability of simultaneous optical and
acoustic measurements, a distinct advantage over other
microscope systems. Details of the acoustic microscope
can be found elsewhere [29]. In this paper, acoustic mi-
croscopy is used to probe, with high spatial resolution,
the mechanical properties of cells that have been exposed
to chemotherapeutics that induced apoptosis. Moreover,
rapid temporal measurements are made of cells respond-
ing and not responding to the treatment to examine how
ultrasonic properties change as a function of time during
apoptosis. A method is presented to extract the mechani-
cal and acoustical properties of interest, and this method
is validated by comparing the values measured to those
of materials with known properties. This method is then
applied to the cell data for quantitative measurements.
We present the first reported qualitative and quantitative
measurements of the mechanical and acoustical properties
of cells during apoptosis.

II. THEORY—ACOUSTIC MICROSCOPY

Acoustic microscopy uses ultrasound scattered from
the cell membrane and the substrate to determine the ul-
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Fig. 1. A schematic of the acoustic microscope experimental setup. The
acoustic lens was positioned at a specific distance above the cell. The
time-of-flight of the ultrasound backscatter &, ¢;, and & from the sub-
strate, surface of the cell, and cell-substrate interface, respectively, are
used in quantitative calculations of the properties of cells. The pulse-
echoes from the cell are measured first, then the transducer is moved to
a region beside the cell to measure the reference signal, as indicated by
the arrow at .

trasonic properties of cells. The ultrasound pulses must be
short enough so that the interface echoes are separated in
time. A typical acoustic microscopy setup is shown in Fig.
1, with the transducer positioned above the cell. Pulse
echoes from the cell (#) and cell-substrate (&) are record-
ed as a function of time (Fig. 2). A reference measurement
(ty) is then made by moving the transducer beside the cell
and measuring the pulse echo from the substrate only.

The mechanical property calculations were completed
using established methods [44]. The thickness, d, and the
sound velocity, ¢, of the cell can be calculated using time-
resolved methods. The time of the echoes from the top of
the cell, ¢;, the substrate-cell interface, t,, and a reference
measurement from the substrate, f;, are used in the fol-
lowing equations

d= %“(to — 1), (1)

to — t
ty —t,

(2)

C = Cy

where ¢ is the sound velocity in the coupling fluid.

V(2) measurements, where the signal is recorded as a
function of axial position through the cell [45]-[48], are
used to determine the remaining ultrasonic properties.
The V(z) measurement is made to determine the maxi-
mum signal amplitude from each interface, Ay, Ay, and
As from the cell surface, cell-substrate interface, and sub-
strate, respectively (Fig. 3). The amplitude of the incident
signal Ay is required and can be found using

(3)
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Fig. 2. The positive portion of an ultrasound backscatter signal (and the
envelope determined by using a Hilbert transform) from a non-apoptotic
cell is plotted as a function of time. The first echo is from the cell mem-
brane, the second is from the cell-substrate interface. Inset: A rescaled
view showing the backscatter from the cell membrane.

where Z; and 7, are the known acoustic impedances of the
substrate and coupling fluid, respectively [49]. The cell
acoustic impedance can then be calculated from

Ay + 4

7 =17 .
04 — A4

(4)

Using the sound velocity calculated from the time-
resolved methods and the acoustic impedance calculated
from the V(z) methods, the density p, and bulk modulus
K can be calculated using
z 5)
c

K = c¢Z = pc? (6)

Finally, the attenuation can be calculated using

VA2, — 2 427, 7.+ Z,

a=oa.+—|== , (1)
2d A2Z3+Z(Z+Zo)2ZS_ZO

where o is the attenuation calculated through a distance
2d in the coupling fluid [44]. The attenuation coefficient oy
can be calculated using

a = aof", (8)

where n generally varies from 0.9 to 1.2 for bulk tissue
[50]. The value of n is not known for individual cells at
this frequency range, as bulk tissue contains capillaries,
blood and other types of cells which may affect the bulk
tissue measurement. In this study, it was assumed that n
=1

Changes in the RF signal measured over time can be
quantified by calculating the cross-correlation coefficient.
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Fig. 3. V(2) curves showing the maximum RF-signal as a function of
axial focus position through PVDF, at a probing frequency of 375 MHz.
The maximum amplitudes A;, Ay, and Aj of the PVDF surface, PVDF-
substrate interface, and substrate, respectively, are used to determine the
acoustic impedance of the PVDF.

Given two signals z, y, the correlation coefficient between
these two signals can be calculated using

Ray(m) = > y(k)a(k + m), 9)
k

where N is the length of the signal [51]. A correlation co-
efficient of 1 indicates similarity between the two signals,
whereas a coefficient of 0 indicates no correlation.

ITI. MATERIALS AND METHODS
A. Polyvinylidene Fluoride

The methodology for the measurement of the acoustic
properties was verified using a 9-pm-thick PVDF (polyvi-
nylidene fluoride) from Measurement Specialties (Hamp-
ton, VA). This material was chosen as its thickness is
similar to that of cells and the properties of PVDF have
been well studied [52]. The properties of the PVDF were
provided by the company (see Table I) [53].

The PVDF was attached to glass slides (Fisher Scien-
tific, Ottawa, Canada) during measurements. The PVDF
material must come in contact with the substrate, without
air or water pockets for an accurate quantitative measure-
ment. Gently pressing the PVDF onto the substrate proved
to be the best method to ensure contact. The PVDF film
and the glass surface are held together by the capillary
force. Other methods such as gluing the PVDF to the
substrate, which added a non-negligible thickness layer,
and weighing the sample down with external weights, gave
inaccurate results.

Once the PVDF was pressed onto the substrate, it was
optically examined for adherence. Thin film interference
such as observed in Newton’s rings provided an optical
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TABLE I. PVDF CALIBRATION RESULTS.

Given Calculated ~ Percent
Property value [53] value error
Thickness (pum) 9 8.6 0.4 4.4%
Sound velocity (m/s) 2200 2211 £+ 59 0.5%
Acoustic impedance (MRayls) 3.92  3.95 £0.09 0.6%
Density (kg/m?) 1780 1786 + 80 0.3%
Bulk modulus (GPa) 8.5 8.7+0.2 2.5%
Attenuation (dB/cm per MHz) — 6.9+ 1.9 —

A comparison of the calculated values for the mechanical properties

of PVDF to the values given by the manufacturer. The standard
deviations using five measurements are shown in the calculated values.
The percent errors between the calculated and given values are 4.4% or
less.

method to ensure that the PVDF was properly adhered
to the substrate. The distance between fringes indicated
the distance between the PVDF and substrate. Locations
with fringes close together were avoided, because this in-
dicated a non-negligible thickness of an air layer beneath
the PVDF (Fig. 4).

B. Cells

MCF-7 breast cancer cells (ATCC, Manassas, VA)
were cultured using Dulbecco’s modified Eagle’s medium
(DMEM) cell culture medium (ATCC) with 10% fetal bo-
vine serum (FBS) and 0.1% insulin. Cells were incubated
at 37°C with 5% CO4 and were passaged every 3 d to
maintain exponential growth. Prior to experimentation,
cells were dissociated using trypsin and transferred to Lab-
Tek IT chambers (Nunc, Langenselbold, Germany). After
48 h, in which the cells were allowed to properly adhere to
the substrate, the cell culture 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 [54]-[56]. The cells were
allowed to incubate overnight (15 to 20 h) before experi-
mentation at 37°C with 5% COs. The entire microscope
was enclosed in a climate controlled box to maintain a
constant temperature of 36°C = 0.02°C with 5% CO, dur-
ing experimentation.

C. Acoustic Microscope

The SASAM 1000 acoustic microscope (Kibero GmbH,
Saarbriicken, Germany) was used in this experiment. It
combines an Olympus IX81 inverted optical microscope
with an acoustic module, allowing simultaneous acoustic
and optical imaging, including fluorescent imaging. The
acoustic module rotates on a column above the sample,
and can be switched with an optical condenser allowing
for phase contrast imaging before and after acoustic mea-
surements [29], [57].

Two monocycle pulse generators, one at 300 MHz and
the other at 1 GHz, each with 100% bandwidth were used
to generate the ultrasound pulses with a 10 V,, amplitude
and a pulse repetition rate of 500 kHz. Two transducers
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Fig. 4. An optical view of PVDF pressed onto a glass substrate. Inter-
ference fringes (near A) were used to determine optimum positions for
measurements. At position A, the fringes are closer together indicating
there is a non-negligible distance between the substrate and PVDF. In
position B, the fringes are far apart, indicating the PVDF and substrate
are close enough to prevent the formation of interference rings.

were used in these experiments. A 375-MHz transducer
with a semi-aperture angle of 30° and a —6 dB bandwidth
of 42% was used for the quantitative analysis, and a 1.0-
GHz transducer with a semi-aperture angle of 50° and
a —6dB bandwidth of 29% was used for high-resolution
imaging. The theoretical lateral FWHM beam width of
these transducers is 4.0 pm (375 MHz) and 1.0 pm (1.0
GHz) [44]. Although the 1.0-GHz transducer provides
better resolution, it was unsuitable for mechanical prop-
erty calculations because the depth of field was too short
to resolve the pulse echoes from the cell membrane and
substrate during one RF measurement. Fig. 5 shows the
Fourier spectra of the pulse echoes from the 375-MHz and
1.0-GHz transducers, measured from a glass substrate.

The transducer was scanned over the surface of the
sample in the z, y, z direction using a piezoelectric con-
troller (Piezosystem Jena GmbH, Jena, Germany). The
transducer was scanned with step sizes from 0.1 to 2 pm.
Shorter step sizes resulted in a higher resolution image
at the expense of imaging time. The RF signal recorded
at each position was amplified by a 40-dB amplifier and
digitized at a rate of 8 GHz. The SNR was increased by
averaging 400 RF-lines at 375 MHz, and 1000 RF-lines at
1.0 GHz. A FM-radio band stop filter (88 to 108 MHz)
was used to remove noise, and a high-pass filter set at
300 MHz was used during the 1.0-GHz scans. Reference
signals of the background were recorded and removed dur-
ing post processing.

D. Methodology Verification Measurements

Polyvinylidene fluoride (PVDF) is a piezoelectric ther-
moplastic commonly used to make transducers operating
over 15 MHz [52]. The properties of PVDF have been well
studied since its first use in 1969 [58], and it can be made
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Fig. 5. The Fourier spectra of the pulse echoes from a glass substrate us-

ing the 375-MHz and 1.0-GHz transducers. The measurement was made
with the focus at the glass substrate.

into very thin films. For these reasons, it makes a suitable
material to verify the acoustic microscope methodology.

The PVDF was adhered to a glass slide, and a small
amount of water was deposited onto the surface. A V(2)
curve measurement was done through the sample, the
PVDF pulled from under the transducer, and another
V(2) measurement was made to record the reference sig-
nal from the substrate. The maximum amplitude of the
three interfaces was determined as shown in Fig. 3 and the
acoustic impedance of the material was calculated using
(3) and (4). The time of the RF-signal from the PVDF
surface, PVDF-substrate interface and the substrate were
then determined at each zposition in the V(z) curve. The
thickness and sound velocity were calculated from the
time of the RF-signal echoes #, ¢, and & using (1) and
(2). Then, the density and bulk modulus were calculated
using (5) and (6) and the previously determined acous-
tic impedance and sound velocity. Finally the attenuation
was calculated using (7) and (8).

E. Cellular Measurements

Observations were made to classify cells according to
their state, either non-apoptotic and apoptotic. Optical
time lapse images were made of an area containing ap-
proximately 200 cells for a period of 5 min. Cells that had
undergone a morphological change to a spherical shape
and showed rapid variations in membrane shape over time
were classified as apoptotic. Cells that had maintained
their adherent shape, with no membrane blebbing or
movement were classified as non-apoptotic. This method
of classification worked well for adherent cells because of
the difference in shape between apoptotic and non-apop-
totic cells.

Once a cell was identified, the transducer was posi-
tioned over the cell with the focus at the substrate. The
transducer was scanned over the surface of the cell using
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step sizes from 0.35 to 1.0 pm, recording the RF-signal as
a function of time and position. Once the cell was scanned,
the focus was changed to 7 pm above the cell (so the focus
was approximately in the middle of the cell) and the mea-
surement was repeated. These scans were mainly used to
create C-scan images of the cells, and to identify areas of
strong backscatter. V(z) curves were then made over the
central region of the cell, where the backscatter was typi-
cally strongest and membrane curvature was minimized.
Step sizes of 1 pm were used, ensuring that both the cell
membrane and substrate were recorded during the scan.
Once completed, another scan over the surface of the cell
was made to ensure the cell didn’t move during the scan
process. The time required for this process ranged from 5
to 15 min, depending on the step size and resolution used
during the scan.

Only the data from the V(z) curves were used for the
quantitative calculations. The maximum amplitude was
determined from the V(z) curve (Fig. 3), and the time of
the RF-signals from the cell membrane and substrate were
determined at a slight defocus. These parameters were
used to calculate the properties of the cells using (1)—(8).
The unpaired t-test was used to compare the mean thick-
ness, sound velocity, acoustic impedance, density, bulk
modulus and attenuation of apoptotic and non-apoptotic
cells. A p-value of less than 0.05 was considered statisti-
cally significant.

Extensive activity was observed in apoptotic cells dur-
ing visual observations. Morphological variations such as
membrane blebbing were clearly visible in real time. Ul-
trasound was used to examine the interior of the cell and
examine the variations that are occurring inside the cell.
Optical and acoustic images were made one minute apart
of a single cell undergoing apoptosis, with the focus at
the substrate. To quantify the activity within a cell, the
RF-signal was measured as a function of time from both
non-apoptotic and apoptotic cells. The transducer was po-
sitioned over the center of a cell and the RF-signal was
recorded every 10 s for a period of 900 s. For each cell,
the RF-signal was gated to include only the signal from
the cell (for example, 1500 to 1520 ns in Fig. 2), then the
mean was subtracted for normalization. The cross-correla-
tion coeflicient was then calculated at each measurement
point using the initial signal measured (time = 0) and
each successive RF-signal using (9). A total of eight cells
were measured, four apoptotic and four non-apoptotic.

F. Acoustic Imaging Methods

C-scan images were created by integrating the squared
a-scan data at each measurement point and assigning the
pixel a grayscale value dependent on the integrated inten-
sity. Two types of acoustic images were created from the
raster scans. An attenuation image was made by integrat-
ing the RF-signal from the substrate only (from 1520 to
1540 ns in Fig. 2), ignoring any signal from the cell. Dark
areas denoted strongest attenuation. The other type of
image created is based on the cell backscatter only. The
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Fig. 6. V(2) curves of PVDF, showing the percent error of the calculated values for the (a) thickness, (b) sound velocity, (c) density, and (d) bulk
modulus of the PVDF as compared with the values provided by the manufacturer, overlaid on the graph. The top of the PVDF is to the left (focus
position = 10 pm); the bottom of the PVDF to the right (focus position = —12.5 pm).

RF-signal from the cell only is integrated to create the im-
age (1500 to 1520 ns in Fig. 2). Light areas denote stron-
gest backscatter within the cell. These two types of images
are useful for showing qualitative cell variations.

IV. RESULTS
A. System Verification

V(2) curves were made through the PVDF sample as
discussed in Section III. The PVDF properties, such as
the thickness, sound velocity, density, and bulk modulus
were calculated at each z-position in the V(z) curve and
were compared with the actual values provided by the
manufacturer [53]. At each z location, a percent error was
calculated between the calculated values and actual values
(Fig. 6). The percent error varies according to the z loca-
tion that the measurements were made. The acoustic im-
pedance is based on the maximum amplitude from the in-
terfaces and therefore does not change with axial position.

However, the other calculated parameters vary with axial
position. The error for the thickness measurements are
minimized in the region from 10 to —5 pm (the substrate
focus is at 0 pm), which is roughly between the position
of the PVDF surface and surface reference measurement
in the axial direction. For the other parameters, the errors
are minimized in the region 5 to —5 pm, which is roughly
at the axial position of the substrate. The optimum focus
location for the thickness calculation was slightly different
than the other parameters. Measurements were repeated
five times on the same piece of PVDF but at different
locations, and the average and standard deviation was cal-
culated, as shown in Table I. The calculated values were
compared with the values given by the manufacturer, and
a maximum percent error of 4.4% was obtained.

B. Acoustic Images

Acoustic and optical images of treated cells in each state
(apoptotic, non-apoptotic) were measured at a frequency
of 375 MHz (Fig. 7). The treated, but non-apoptotic cell
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Fig. 7. A comparison of the optical and acoustic images (at 375 MHz) of treated cells: a non-apoptotic cell showing (top) membrane blebbing, an
early sign of apoptosis, and (bottom) an apoptotic cell. From left to right: Optical phase contrast images, acoustic c-scan attenuation images, and
acoustic c-scan backscatter images. The images shown in this figure are from two different cells. The scale bar is 15 pm.

Fig. 8. A comparison of the optical and acoustic images at 1.0 GHz of (top) an untreated cell and (bottom) an apoptotic cell. From left to right:
Optical phase contrast images, acoustic backscatter images, and acoustic attenuation images. The images shown in this figure are from two different

cells. The scale bar is 15 pm.

showed some initial signs of apoptosis such as blebbing
around the cell periphery. At 375 MHz, significant back-
scatter was observed around the central region of the cell
before apoptosis and throughout the entire cell after apop-
tosis. Untreated and apoptotic cells were also imaged at
1.0 GHz (Fig. 8). The attenuation images clearly show
some cellular features such as the cell membrane, nucleus

and nucleolus when compared with the optical images. At
1.0 GHz, the nuclear and cytoplasm regions are clearly
delineated, and the attenuation in the nucleus appears to
be higher than the cytoplasm region. B-mode scans were
made of an untreated cell and a treated cell undergoing
apoptosis at 1.0 GHz (Fig. 9). The cellular membrane is
clearly visible in the untreated cell, whereas the membrane
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Fig. 9. B-scan images at (top) 375 MHz and (bottom) 1.0 GHz of an untreated cell (A, C) and apoptotic cell (B, D, E). Separate cells were mea-
sured at each frequency. The apoptotic B-scan is shown at two different foci at 1.0 GHz: (D) mid-cell and (E) top of the cell. The axial and lateral
scales are the same in the images at each frequency. Cell (C) is approximately 7 pm in height, whereas cells (D) and (E) are approximately 18 pm
in height. The cellular membrane is clearly visible in the untreated cell, whereas extensive scattering from within the apoptotic cell is observed. The

scale bar is 15 pm.

TABLE II. MCF-7 APOoPTOSIS MECHANICAL PROPERTY
CALCULATIONS.

Property Non-apoptotic cells Apoptotic cells
d (pm) 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
a (dB/cm) 405 + 79 653 + 135

o (dB/cm per MHz) 1.08 £ 0.21 1.74 £ 0.36

The calculated values and standard deviations of the thickness, sound
velocity, acoustic impedance, density, bulk modulus, and attenuation
coefficient of apoptotic and non-apoptotic MCF-7 cells.

is less defined for an apoptotic cell. In addition, extensive
backscatter from within the apoptotic cell was observed.

C. Ultrasonic Properties

The ultrasonic properties of cells were calculated using
the same methodology as for the PVDF verification study.
For untreated or non-responding cells, V(z) scans were
made around the cell center where the backscatter was
generally strongest (Fig. 7). Fig. 2 shows a typical V(z)
curve from a treated but non-apoptotic cell, where the
RF-signal amplitude from the cell is typically 5 to 25 mV,
compared with over 600 mV from the substrate.

In total, 12 cells were measured and C-scans and V(z)
curves were completed over 5 apoptotic cells and 7 treated
but non-apoptotic cells. A quantitative analysis calculat-
ing the thickness, sound velocity, acoustic impedance,
density, bulk modulus, and attenuation was completed us-
ing the methodology outlined in Section III. The average
and standard deviations of cells in both states, treated
but non-apoptotic and apoptotic cells, are summarized in
Table II.

The thickness of unresponsive cells was 13.6 £ 3.1 pm,
compared with 17.3 £ 1.6 pm for responsive cells. The at-
tenuation for unresponsive cells was 1.08 £+ 0.21 dB/cm/
MHz compared with 1.74 £+ 0.36 dB/cm/MHz for respon-
sive cells. The mean thickness and attenuation were sta-

tistically different (p = 0.019 and 0.010 respectively). The
other mechanical properties, including the sound velocity
(1582 £ 19 to 1574 + 19 m/s), acoustic impedance (1.56
+ 0.01 to 1.55 4+ 0.02 MRayls), density (987 + 14 kg/m3
to 984 + 20 kg/m?) and bulk modulus (2.47 + 0.03 to 2.44
+ 0.03 GPa), were not statistically different (p = 0.51,
0.32, 0.79, and 0.14, respectively).

D. Temporal RF-Signal Variations

The variations of the RF-signal from the central region
of the cell was investigated by recording the signal from
the central region of a cell every 10 s for 900 s. A total of 8
cells were measured, 4 apoptotic and 4 non-apoptotic. The
normalized cross-correlation coefficient was calculated us-
ing the first RF-signal (time = 0) with each successive
RF-signal (Fig. 10). A correlation coefficient of 1 indicates
similarity between the two signals, whereas a coeflicient
of 0 indicates no correlation. Non-apoptotic cells had an
average coefficient of 0.93 + 0.05 and small variations in
the correlation coefficient over the measurement period
were observed. Apoptotic cells had an average coeflicient
of 0.68 £+ 0.17, and rapid variations were observed.

V. DISCUSSION
A. PVDEF Calibration

The methodology outlined in this paper generated a
maximum error of 4.4% between PVDF’s properties mea-
sured at 375 MHz and those provided by the manufacturer
(Table I), although the tolerance on the provided values
of the PVDF’s properties is unknown. Mode conversion
did not appear to be an issue at 375 MHz, because of the
absence of oscillations in the V(z) curves normally present
because of interference with Rayleigh waves. The errors
in the methodology verification were too high at 1.0 GHz
because of low SNR and poor depth of field, therefore,
a quantitative analysis of the properties of cells was re-
stricted to 375 MHz only.
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Fig. 10. The stability of the RF-signal over 900 s was determined by
calculating the normalized correlation coefficient of the first RF-signal
(time = 0) to each successive RF-signal. (A) Four untreated cells, (B)
four treated cells undergoing apoptosis.

B. Acoustic Imaging of Apoptosis

Significant backscatter was observed mainly around
the center of the cell before apoptosis, and throughout
the entire cell after apoptosis. Within the cell, the back-
scatter intensity from each scattering region before and
after apoptosis were similar (the peak voltages measured
were generally between 5 and 25 mV). However, the total
integrated intensity from the entire cell was larger after
apoptosis. This is due to the increase in the number of
scattering regions within the cell, as shown in Fig. 7.

The cell membrane was clearly visible at 1.0 GHz for
apoptotic and non-apoptotic cells (Fig. 9). However apop-
totic cells also had extensive scattering from within the
cell, compared with scattering primarily from the cell
membrane before apoptosis. Scattering was only observed
through the top half of the apoptotic cell [Fig. 9(e)], how-
ever this was because the focus was near the cell membrane
and the depth of field was only 10 pm using the 1.0-GHz
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transducer and typical thickness of an apoptotic cell is 15
to 20 pm. When the focus was closer to the substrate, a
similar scattering pattern was observed throughout the
entire cell [Fig. 9(d)].

The source of scattering could be due to a large number
of small scattering structures within the cell that are be-
low the resolving capabilities of this transducer, resulting
in a speckle pattern. The scattering was elongated in the
axial direction, which would be expected as the axial reso-
lution of the transducer is nearly twice that of the lateral
resolution (2.1 pm compared with 1.2 pm) at 1 GHz.

C. Quantitative Calculations

Properties of cells undergoing apoptosis were measured
at 375 MHz using acoustic microscopy (Table II). The
height of the cells increased by 26% after apoptosis. This
is consistent with optical observations, where the cell mor-
phology changes from a flat adherent cell to a spherical
shape as the structural proteins within the cell are broken
down. It was also found that the attenuation increased by
61% after apoptosis. This increase in attenuation is con-
sistent with the data obtained from HeLa cells undergoing
apoptosis [59]. In these experiments, it was shown that the
attenuation measured at 1 GHz increased (the measure-
ments were non-quantitative) and attenuation at 20 MHz
increased from 0.22 + 0.05 dB/(MHz-cm) to 0.36 =+
0.07 dB/(MHz-cm). Although it is not known what causes
the increase in attenuation, it could be due to cytoplasmic
apoptotic bodies formed in early stages, which contain
various organelles and fragmented micronuclei which are
segregated from the cytoplasm of the apoptotic cell by a
shell of microfilaments [60], or other changes induced in
this cell line.

The other ultrasonic properties, including the sound
velocity, acoustic impedance, density, and bulk modulus,
did not change within experimental error during apopto-
sis. The experimental errors are due to the small sample
size and also the intrinsic differences from cell to cell. To
reduce the errors in the measurements, a larger sample
size could be used. In an effort to examine the active
process of apoptosis, only cells with extensive membrane
blebbing and activity were measured. Therefore it is pos-
sible that the cells measured in this process were all in
the early stages of apoptosis. Cells in later stages of apop-
tosis may have different properties than the early stage,
because of the nuclear condensation and breakdown that
occur within the cell during apoptosis before splitting into
apoptotic bodies. Measurements are in progress to exam-
ine the mechanical properties of cells in all stages of apop-
tosis using the appropriate staining to identify the stages
of apoptosis.

It should be noted that the equations used to calculate
the acoustical properties of the PVDF, and subsequently
the cell, assume a plane wave incident on a planar sur-
face. The large depth of field of the 375 MHz transducer
(30 wm), with respect to the size of the objects measured
(10 to 20 pm) and the location of the objects in the acous-
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Fig. 11. Optical and acoustic images (at 375 MHz) of an apoptotic cell measured 1 min apart: (top row) optical images, (middle row) acoustic
backscatter c-scan images, and (bottom row) acoustic attenuation c-scan images. The attenuation images remained similar during the measurement;
however, the optical and acoustic backscatter images show variations over time. The scale bar is 15 pm.

tic beam indicates that the plane wave condition is a good
approximation. However, although the PVDF has a pla-
nar surface with respect to the incoming acoustic waves,
the cell, because of its curvature, is only approximately so.
The lateral FWHM of the beam profile for the 375 MHz
transducer is 4 pm, and the lateral extent of the cell which
is relatively flat varies between 5 and 10 pm depending
on whether the cell is apoptotic or not. This is one of
the reasons why only the 375 MHz transducer was used
in these measurements. Moreover, when the cell property
measurements are made, the properties are measured at
one location above the cell nucleus, and therefore are rep-
resentative of the local properties of the interface at that
region. Despite these limitations, reasonable values were
calculated for the PVDF properties of interest when com-
pared with published values (Table I).

D. Temporal RF-Signal Variations

The rapid morphological changes observed during
apoptosis were measured and quantified using acoustic
microscopy. Optical images showed that significant mor-
phological variations such as membrane blebbing occur
in apoptotic cells over a time period of seconds. Acoustic
measurements made one minute apart showed that the
acoustic backscatter also changed with time (Fig. 11). The
attenuation did not change during this measurement peri-
od. The ultrasound backscatter is primarily influenced by
variations in structure, which are known to undergo rapid
variations during apoptosis. Attenuation is primarily in-
fluenced by changes in bulk composition, for which varia-
tions occur on a longer timescale than structural varia-
tions. Therefore, we would expect to see rapid variations
in the ultrasound backscatter but not attenuation during
these measurements, as we observed in this study.

The normalized cross-correlation coefficient was used
to quantify the activity observed during apoptosis (Fig.
10). The average correlation coefficient of treated but non-
apoptotic cells was 0.93 + 0.05, compared with 0.68 +
0.17 for apoptotic cells. The lower correlation coefficient
and higher standard deviation of apoptotic cells indicate
extensive activity occurred within the cell over a time pe-

riod of only seconds. This activity correlated to optical
observations, where morphological variations in apoptotic
cells were observed at the same timescales. Therefore the
interior of the cell is also experiencing extensive struc-
tural changes during apoptosis that change the nature of
the acoustic scattering, in addition to cellular membrane
variations observed visually.

VI. CONCLUSION

We have shown, for the first time, high-resolution ul-
trasonic measurements of cells undergoing apoptosis. The
ultrasonic properties, such as the thickness, sound veloc-
ity, acoustic impedance, density, bulk modulus, and at-
tenuation of cells undergoing apoptosis were measured us-
ing time-resolved acoustic microscopy methods, and it was
found only the thickness and attenuation increased during
apoptosis. The other parameters remained similar within
experimental error. Large changes in the scattering pat-
terns occur when cells undergo apoptosis: although scat-
tering occurs primarily at the cell,coupling fluid boundary
for the non-responding cells, for cells undergoing apopto-
sis, scattering occurs throughout the entire cell, indicat-
ing large changes in intracellular structure. Finally, the
acoustic measurements revealed that extensive activity is
occurring within the cell during apoptosis, in addition to
surface variations observed visually during a time period
of only seconds.
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