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Current methods to evaluate the status of a cell are largely focused on fluorescent identification of molecular
biomarkers. The invasive nature of these methods – requiring either fixation, chemical dyes, genetic alteration, or a
combination of these – prevents subsequent analysis of samples. In light of this limitation, studies have considered the
use of physical markers to differentiate cell stages. Acoustic microscopy is an ultrahigh frequency (>100 MHz)
ultrasound technology that can be used to calculate the mechanical and physical properties of biological cells in real-
time, thereby evaluating cell stage in live cells without invasive biomarker evaluation. Using acoustic microscopy, MCF-7
human breast adenocarcinoma cells within the G1, G2, and metaphase phases of the proliferative cell cycle, in addition
to early and late programmed cell death, were examined. Physical properties calculated include the cell height, sound
speed, acoustic impedance, cell density, adiabatic bulk modulus, and the ultrasonic attenuation. A total of 290 cells
were measured, 58 from each cell phase, assessed using fluorescent and phase contrast microscopy. Cells actively
progressing from G1 to metaphase were marked by a 28% decrease in attenuation, in contrast to the induction of
apoptosis from G1, which was marked by a significant 81% increase in attenuation. Furthermore late apoptotic cells
separated into 2 distinct groups based on ultrasound attenuation, suggesting that presently-unidentified sub-stages
may exist within late apoptosis. A methodology has been implemented for the identification of cell stages without the
use of chemical dyes, fixation, or genetic manipulation.

Introduction

There has been growing evidence that the physiological pro-
cesses of proliferation and apoptosis share common genes and
morphological features.1 These commonalities are also seen in
tumors, which often feature genetic changes that suppress apo-
ptosis and promote cellular proliferation.2 The differentiation
between tumor cells actively proliferating and those committed
to apoptosis is important to the study of cancer. The use of stains
such as the combination of Hoescht 33342, propidium iodide
and fluorescent anti-cyclin antibody3 can allow for a multi-
parametric cell death and cell cycle analysis. However, these pro-
tocols are limited by requiring the sample to be fixed, thereby
preventing live cell analysis. Additionally, non-stem cancer cells
are incapable of effluxing certain DNA-intercalating dyes, such
as Hoescht 33342,4 commonly used for live cell cycle analysis.
This makes the use of such dyes inappropriate for long-term
study of the same cell sample. Newer techniques have circum-
vented these limitations through genetic modification of cells to
express fluorescent proteins fused to markers of the cell cycle,5

but these approaches carry the risk of altering the function of can-
cer cells.6

It has been proposed that the physical and mechanical proper-
ties of cells may be effective alternatives to using biochemical or

genetic markers for cell staging.7 Cellular processes involve vast
reorganization of components, which is reflected through
changes in the mechanical properties of the cell.8 Within prolifer-
ation, these processes include the duplication of genetic material
in Synthesis between Growth 1 (G1) and Growth 2 (G2),9 the
dissolution of the nucleus by phosphorylation of nuclear
lamins,10 the morphological shift of the cell into a geometrically-
round shape,11 and the intracellular reorganization of organ-
elles.12 Programmed cell death, consisting of early and late
stages,13 is also marked by a series of controlled events,14 includ-
ing cell rounding, cellular blebbing, fragmentation into apoptotic
bodies, and eventual phagocytosis by immune cells.15

Methods that measure changes in physical and mechanical
properties include microrheology,16 atomic force microscopy,17

cell poking,18 microplate manipulation,19 and others.20 How-
ever, these techniques are invasive and the resulting data may be
influenced by the measurement procedure itself. To avoid this
influence, an alternate methodology must be applied that probes
the cellular properties non-invasively. Scanning acoustic micros-
copy offers a non-invasive and real-time alternative method of
measuring physical cell properties.

Acoustic microscopy utilizes ultrahigh frequency ultrasound
to detect characteristic changes in the absorption and reflection
of sound waves passing through cells and tissues. These changes
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can be used to calculate physical and mechanical characteristics,
including cell height, the speed of sound through cell compart-
ments, the acoustic impedance, the cell density, the adiabatic
bulk modulus, and the acoustic attenuation. Acoustic microscopy
can measure these properties in live cells non-invasively and with-
out using stains. To achieve cellular resolution, very high ultra-
sound frequencies are required to achieve wavelengths of the
order of microns. Clinical ultrasound uses sound waves in the
1–10 MHz range and has a resolution of 0.2–1.0 mm, and a
maximum penetration of about 15 cm. High frequency ultra-
sound, used predominantly in pre-clinical imaging of small
animals, uses frequencies in the 20 MHz to 60 MHz range with
up to 1–2 cm penetration and 20–30 mm resolution. Ultrahigh
frequency ultrasound uses 100 MHz to 1 GHz frequencies, with
resolutions approaching 1 mm at 1 GHz. Previous investigations
of acoustic microscopy of proliferating cells were limited to imag-
ing of mitotic spindle fibers and no quantitative analysis was per-
formed.21 Other studies that examined the ultrasound properties
of apoptotic cells reported an increased ultrasound backscatter at
20 to 60 MHz,22,23 and an increase in attenuation when per-
formed at 375 MHz.24 However, because measurements in the
20–60 MHz range have insufficient resolution to identify prop-
erties of individual cells, it is impossible to ascertain subcellular
detail. Additionally, the studies at 20–60 MHz did not take into
account whether observed changes in ultrasound characteristics
were during early or late apoptosis.

In this study, acoustic microscopy was used as a means of non-
invasively discriminating live cells within G1, G2, metaphase,
early apoptosis, or late apoptosis without the use of any genetic
manipulation or exogenous biomarkers. A description of signal
processing methods used to extract the physical and acoustic
properties are described in references 24–26. Key aspects of the
method are also summarized in the supplementary section.25,26

Results

Cell visualization
Visualization of cyclin D1 and cyclin B1 in G1 and G2 phases

in MCF-7 cells, respectively, was determined by immunofluores-
cence. Lovastatin-treated G1 cells displayed a dendrite-like mor-
phology (Fig. 1A and F), extending protrusions to maintain
adherence to the substratum. In contrast, G2 cells displayed
increased cell size (Fig. 1B and G), with protrusions still visible,
but with the expansion of the plasma membrane broadening the
arms of these extensions.

MCF-7 cells in metaphase displayed a rounded morphology
under phase contrast imaging (Fig. 1C). Additionally, the align-
ment of condensed chromatin in metaphase cells was observed
through staining of DNA (Fig. 1H). Increased basal light expo-
sure was also observed in the phase contrast images of early and
late apoptotic cells (Fig. 1D and E), indicating that these

cells also displayed a lessened
adherence to the glass substrate,
similar to other studies.27,28

Additionally, these early and
late apoptotic cells also exhib-
ited cell blebbing, a common
marker of classical apoptosis.15

Exposed phosphatidylserine
and nuclear chromatin were
observed through Annexin V
and propidium iodide staining,
respectively (Fig. 1I and J).

Ultrasound measurements
The cell height, sound

speed, acoustic impedance,
density, adiabatic bulk modulus
and attenuation for each phase
of the cell cycle are shown in
Table 1.

The cell height (Fig. 2A)
increased as cells progressed
through the proliferative cell
cycle, starting at G1. Values
increased from 9.4 § 1.5 mm
for G1 to 11.4 § 1.7 mm for
G2, further increasing to 19.4
§ 2.5 mm for metaphase cells.
Commitment to apoptosis
results in a highly significant

Figure 1. Light microscopy (top row) and fluorescent microscopy (bottom row) images of cells in different
phases of the cell cycle and apoptosis. From left to right, panels correspond to G1, G2, metaphase, early apopto-
tic, and late apoptotic cells. Panel (H) has retained grayscale coloring for easier visualization of chromosome
alignment on a dark background. White bar indicates 20 mm.
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increase in cell height from either the G1 or G2 phases to 14.0 §
2.1 mm in early apoptosis. This is followed by a decrease in cell
height as cells progress through apoptosis, to a value of 10.0 §
1.6 mm for late apoptosis.

The speed of sound (Fig. 2B) through cells was statistically
similar among cells in the proliferative cell cycle. In contrast,
commitment to apoptosis from either G1 (1565 § 20 m/s) or
G2 (1572 § 17 m/s) resulted in an increase in the speed
of sound, reaching a value of 1588 § 18 m/s in early apoptosis
(p < 0.001). The speed of sound decreased to 1559 § 31 m/s as
early apoptotic cells progressed into late apoptosis.

The acoustic impedance (Fig. 2C) was statistically similar
between G1 (1.555 § 0.014 MRayls) and G2 (1.557 § 0.011
MRayls) cells (p > 0.05).
Progression into mitotic meta-
phase (1.537 § 0.007 MRa-
yls) from G2 or commitment
to early apoptosis (1.542 §
0.010 MRayls) from either
G1 or G2 was marked by a
decrease in the acoustic
impedance (p < 0.001). Pro-
gression through apoptosis did
not change the acoustic
impedance significantly as
cells entered late apoptosis
(1.540 § 0.014 MRayls).

Cellular density as assessed
by ultrasound (Fig. 2D)
around the nuclear region was
found to be statistically simi-
lar between G1 (993 §
18 kg/m3) and G2 (991 §
14 kg/m3) cells, as well as
between G2 and metaphase
(983 § 10 kg/m3) cells.
Notably, cells entering G1 fol-
lowing mitosis were observed
to have a higher density
around the nuclear region
than metaphase cells. Com-
mitment to apoptosis was

marked by a decrease in the sound-derived density of the
nuclear area in early apoptosis (971 § 13 kg/m3), followed by
an increase to values significantly similar to that of G1 and G2
cells in late apoptosis (988 § 22 kg/m3)

The adiabatic bulk modulus (Fig. 2E) was determined to
be statistically similar between G1 (2.43 § 0.03 GPa) and
G2 (2.45 § 0.03 GPa) cells. Progression to metaphase (2.40
§ 0.02 GPa) from G2 featured a decrease in the adiabatic
bulk modulus followed by an increase as cells returned to
G1. Commitment to apoptosis through paclitaxel-caffeine
treatment was not marked by a decrease until cells progressed
significantly through the cell death program into Late Apo-
ptosis (2.40 § 0.05 GPa).

Table 1. Quantitative values of physical acoustic properties. Mean values along with standard deviations of the measured properties are provided for prolif-
erating cells (G1, G2, metaphase) and apoptotic cells (early and late apoptosis), with water serving as a reference. N D 58 for each group.

Cell State
Cell Height

(mm)
Sound Speed

(m/s)
Acoustic Impedance

(MRayls)
Density
(kg/m3)

Adiabatic Bulk
Modulus (GPa)

Attenuation
(dB/cm/MHz)

Number
of Cells

Growth 1 (G1) 9.4 § 1.5 1565 § 20 1.555 § 0.014 993 § 18 2.43 § 0.03 1.20 § 0.18 58
Growth 2 (G2) 11.4 § 1.7 1572 § 17 1.557 § 0.011 991 § 14 2.45 § 0.03 1.05 § 0.18 58
Metaphase 19.4 § 2.5 1563 § 13 1.537 § 0.007 983 § 10 2.40 § 0.02 0.87 § 0.18 58
Early Apoptotic 14.0 § 2.1 1588 § 18 1.542 § 0.010 971 § 13 2.45 § 0.03 2.16 § 0.40 58
Late Apoptotic 10.0 § 1.6 1559 § 31 1.540 § 0.014 988 § 22 2.40 § 0.05 1.52 § 0.36

(High Group)
0.56 §0 .19
(Low Group)

58

Water29 — 1521 1.510 993 2.31 0.0014 —

Figure 2. Cell properties as a function of cell state. Error bars represent standard deviations of 58 measurements.
Black lines over top of the data represent comparison between groups, with the number of asterisks corre-
sponding to a significance of difference. * p � 0.05; ** p � 0.01; *** p � 0.001. 58 cells were measured for each
property.
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Attenuation (Fig. 2F) was the only property whose differences
were found to be statistically significant between all measured
groups. A trend of decreasing attenuation was observed as cells
progressed through the proliferative cell cycle: from 1.20 §
0.18 dB/cm/MHz in G1 to 1.05 § 0.18 dB/cm/MHz in G2
and lastly to 0.87 § 0.18 dB/cm/MHz in metaphase. Commit-
ment to apoptosis from either G1 or G2 was marked by a highly
significant increase in the attenuation -up to 2.16 § 0.40 in early
apoptosis.

The ultrasound data from almost every measured group fit a
standard Gaussian distribution, as depicted in Fig. 3A for meta-
phase cells. The exception was the late apoptosis group, which
did not fit a standard Gaussian distribution. This histogram dis-
played a bimodal distribution, with no cells expressing attenua-
tion values between 0.95 and 1.04 dB/cm/MHz (Fig. 3). The
two groups, that we termed “Late Apoptosis – High Attenuation”
and “Late Apoptosis – Low Attenuation” have attenuations
of 1.52 § 0.36 dB/cm/MHz and 0.56 § 0.19 dB/cm/MHz
(p < 0.001), and are therefore considered to be 2 distinct
subgroups (Fig. 3B).

Discussion

Fluorescent imaging provided evidence that the correct cell
phase had been assessed by acoustic microscopy. In addition,
fluorescent imaging was used to distinguish morphological differ-
ences in different cell cycle phases, which correlates to changes in
the scattering of acoustic waves and therefore allows this technol-
ogy to classify cells.

The increase in cell height as MCF-7 cells progress from G1
to G2 correlate with an overall increase in cell size.30 RO-3306
arrests cells on the G2 side of the G2/M transition31 and so most

G2-measured cells are at their maximum size prior to mitosis.
Progression into mitosis features an additional increase in cell
height as cells change from a flat adherent morphology to
rounded.28 In addition, the contact between mitotic cells and the
substrate is reduced.32 These factors likely contribute to the
observed increase in cell height in the comparison of G2 inter-
phase cells to metaphase cells. Apoptosis commitment features a
similar phenotype of cellular rounding and partial detachment
from the extracellular matrix,33,34 leading to an increase in the
cell height.The loss of cell height observed in the progression
from early to late apoptosis can be attributed to the overall loss of
cellular volume and content through the continual blebbing phe-
nomenon and loss of membrane permeabilty.35,36 Although both
mitosis and apoptosis involve cell rounding due to partial detach-
ment from the substrate, acoustic measurement of cell height
may quickly discern cell growth from apoptosis, as cell undergo-
ing the latter process will proceed to decrease cell height.

This study has demonstrated that increases in the speed of
sound occur as viable cells enter early apoptosis, and therefore
may contribute to the increased ultrasound backscatter observed
in other studies.37 Currently, it is difficult to determine the cell
structures responsible for this observation. However, other stud-
ies have indicated that cells undergoing apoptosis feature changes
in the elastic and viscous moduli,8,38 which may have an impact
on the sound speed.

The cytoskeleton is a major contributor to the mechanical
properties of cells.39 The microtubules of the cytoskeleton are
proposed to be the main compressive load-bearing components
in cells, and therefore play a major role in determining the cell’s
adiabatic bulk modulus - its resistance to compression.40 This is
consistent with the measurements that indicate a similar adiabatic
bulk modulus for G1 and G2 cells, which have similar arrange-
ments of microtubules between an intact nuclear envelope and

plasma membrane. The decrease in the
adiabatic bulk modulus for cells within
metaphase may be due to the known
change of actins, septins, and lamins
from mechanical stress-bearing roles to
alternate functions during mitosis,
including cleavage furrow formation,
extension of spindle fibers, and priming
the nuclear envelope to reassemble post-
mitosis.41-43 Additionally, a study found
that the microtubule network is rear-
ranged in metaphase such that the load-
bearing axis of microtubules is arranged
parallel to the substratum44 and therefore
perpendicular to the axis of the cell for
which the adiabatic bulk modulus mea-
surement is taken. These factors, coupled
with the absense of an intact nucleus10

serving as a scaffold for the cytoskeleton
via linkage proteins such as plectin and
nesprin-3,45 likely account for the low-
ered adiabatic bulk modulus for cells
within metaphase.

Figure 3. (A) With a single exception, all properties for all cell groups displayed approximate Gauss-
ian curves, as above for attenuation in metaphase cells. (B) Attenuation for late apoptotic cells dis-
played a double-bell shaped distribution, indicating the existence of a “lower attenuation” subgroup
(green) and a “higher attenuation” subgroup (blue). Early apoptotic histogram is seen in red to for
easier visualization of the decrease in attenuation values as cells progress through apoptosis.
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In contrast to mitosis, the early stages of apoptosis do not dis-
play a decrease in adiabatic bulk modulus despite sharing com-
mon intracellular events including the depolymerization of
actins.46 Recent studies have observed that the nuclear envelope
remains intact in early apoptosis,47 despite the proteolysis of
lamin components. Microtubules have been found to display
rapid assembly during early apoptosis48 along with the mainte-
nance of intermediate filaments,49 which support the microtu-
bule cytoarchitecture through cross talk.50 The induction of
apoptosis by the microtubule-stabilizing drug pacilitaxel51 may
have further contributed to the maintainance of the microtubule
network, accounting for the lack of change in adiabatic bulk
modulus relative to G1 and G2 cells. Much of this cytoskeletal
stability disappears by the latter stages of apoptosis, with the
nucleus being entirely collapsed and most nuclear anchoring pro-
tein–microtubule–intermediate filament linkages broken,52 pos-
sibly accounting for the decrease in adiabatic bulk modulus
observed for late apoptotic cells.

Attenuation was the only ultrasound parameter that could be
used to differentiate between all measured phases of MCF-7 ade-
nocarcinoma cells. At the frequency used in this study, attenua-
tion is influenced by both absorption and scattering of the cell
through which sound waves travel. The progressive decrease in
attenuation as cells transition through the proliferative cell cycle
into mitosis indicates that intracellular bodies are altered through
the process such that there is a lesser degree of net absorption and
scattering. The classical breakdown of the nucleus at the begin-
ning of mitosis is marked by phosphorylation of nuclear lamins
and the dissolution of the nuclear envelope,53 followed by seques-
tration of both toward the cell periphery.54-56 The endoplasmic
reticulum has also been noted to be relocated in a similar man-
ner.11 With the absence of the nucleus and surrounding organ-
elles as bodies to absorb and scatter ultrasound energy, the
attenuation would be expected to decrease, as observed in this
study. Geometric effects due to cellular rounding are unlikely to
play an important role in these measurements, as early apoptotic
cells, which share a rounded morphology with cells in metaphase,
displayed the opposite trend. Commitment to apoptosis was
marked by a large increase in attenuation. This is consistent with
previous studies using HeLa57 and MCF-724 cell lines, with the
novel observation that these higher attenuation values are associ-
ated only with early apoptosis. It is not known what may account
for this increase in attenuation. This trend may be the result of
multiple intracellular changes which increase both the absorption
and scattering of ultrasound signals, including the collapse of the
cytokeratin network into aggregates,58,59 the maintenance of an
intact nuclear envelope as an absorbing body,47,53 the fragmenta-
tion of the lamin cytoskeleton,60 and the pronounced fragmenta-
tion of organelles such as the endoplasmic reticulum.61

Late apoptotic cells appeared sub-divided into 2 groups based
on the measured attenuation. Both subgroups have significantly
lower attenuation than early apoptosis, with the “high attenu-
ation” subgroup approaching values closer to those of G1 and
G2 and the “low attenuation” subgroup displaying an average
value lower than even that of metaphase cells. Notably, the work
of Span et al.62 has also observed 2 subgroups in late-apoptosis

based on flow cytometric analysis of Annexin V and propidium
iodide. It is uncertain whether these 2 subgroups reflect different
sub-stages in the late apoptotic program, or whether they reflect
different end-states the cells might achieve. Despite these
unknowns, acoustic microscopy is capable of identifying such
distinctions, demonstrating that non-invasive measurement of
physical and mechanical properties can reveal additional infor-
mation and uncover new questions in the study of cellular death.

The capacity for acoustic microscopy to noninvasively charac-
terize cells according to changes to their physical properties pro-
vides a label-free means of studying cell dynamics over extended
time periods. Moreover, the results are also used in algorithms
designed to classify biological samples in a flow system using ultra
high frequency backscattered waves – the acoustic equivalent to
modern flow cytometry technology.63,64

Conclusion

Acoustic microscopy was used to evaluate the state of live cells
in a manner that avoids the use of chemical agents or genetic
engineering. These measurements allowed the characterization of
physical and mechanical property changes as cells progress
through both the proliferative cell cycle and the apoptotic pro-
gram. The measurements were done on 290 cells and statistically
significant differences were measured. It was found that ultra-
sound attenuation was the only parameter that could be used to
discriminate all cell states identified in this work. Additionally,
the decrease in the adiabatic bulk modulus from 2.43 §
0.03 GPa in G1 to 2.40 § 0.02 GPa in metaphase as well as the
decrease in cell density by at least 8kg/m3 from G1 to early apo-
ptosis can serve as an auxiliary set of observations to make a dis-
tinction between cells continuing to proliferate versus cells
undergoing death, respectively. Increases in attenuation for apo-
ptotic cells by more than 80% have been attributed to only early
apoptosis, answering previous questions concerning the timing of
the observed increase. Finally, new trends including the decreas-
ing attenuation trend for proliferating cells, and the appearance
of 2 subgroups within late apoptosis are all promising fields of
further research in bettering our understanding of cellular life
and death.

Methods

Acoustic Microscopy
Experiments were performed using the SASAM acoustic

microscope (Kibero GmBH Saarbr€ucken, Germany, http://
www.kibero.com/html/products.htm). The microscope consists
of an Olympus IX81 optical microscope combined with an
acoustic module. The ultrasound transducer was positioned
above the sample stage, allowing for simultaneous optical, fluo-
rescent and acoustic visualization of the sample. The acoustic
module was rotated along a column to allow for fast switching
with an optical condenser for phase contrast imaging. Ultra-
sound pulses were generated by a 300 MHz monocycle pulse
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generator at a 125 kHz pulse repetition frequency, and the
echoes were amplified by a 40-dB amplifier and digitized at 8
GS/s (Agilent DC252, http://cp.literature.agilent.com/litweb/
pdf/5989-9190EN.pdf). The 375 MHz transducer had a 30�

semi-aperture angle and a ¡6dB bandwidth of 42%.26 All
samples were measured at a constant temperature of 36�C.

The acoustic transducer remained stationary during measure-
ments, the cells were scanned by moving the microscope stage
using a microstepper system (Corvus, http://www.pimicos.com/
web2/en/1,2,040,smc_corvus.html) This system was coupled
with a programmed coordinate module, allowing for the admin-
istration of specific coordinates to measured cells relative to an
arbitrary origin. All measurements were performed using a
375MHz central frequency transducer over the nuclear region of
all cells. Focus positioning was confirmed through Hoescht
33342 staining of DNA chromatin. A step size of 1mm over a
range of §40 mm about the cell-glass substrate interface was
used for measurements axially through the cell (V(z) curves). All
measurements were averaged with 100 signals to improve the sig-
nal-to-noise ratio.

Cell culture
MCF-7 breast cancer cells (ATCC, http://www.atcc.org/

products/all/HTB-22.aspx) were cultured in Dublecco’s mod-
ified Eagle’s medium (DMEM) cell culture medium with
10% fetal bovine serum (FBS) and 1% Penicillin-Streptomy-
cin (Pen-Strep) solution (growth media). Cells were incu-
bated at 37�C with 5% CO2 and were passaged every 3–4 d
at »50–60% confluence to maintain exponential growth.
Cells were dissociated from their flasks via trypsin (0.025%,
Gibco, http://www.invitrogen.com/site/us/en/home/Products-
and-Services/Applications/Cell-Culture/Mammalian-Cell-Cul-
ture/reagents/Trypsin/Trypsin.html) and transferred to Lab-
Tek II chambers (Nunc, http://www.thermoscientific.com/
ecomm/servlet/productsdetail_11152___11953123_-1), where
they were grown for a period of 48 hours before use.

G1 and G2 Cells
After 48 hours growth in Lab-Tek II chambers, growth media

was aspirated and replaced with new growth media supplemented
with stage-arresting drug. MCF-7 cells were arrested in G1 using
Lovastatin (20 mM, http://www.sigmaaldrich.com/catalog/prod-
uct/sigma/m2147)65 for 33 hours, or G2 by treatment with
RO-3306 (9 mM, http://www.emdmillipore.com/life-science-
research/cdk1-inhibitor-iv-ro-3306-calbiochem/EMD_BIO-
217699/p_BI6b.s1LTrAAAAEWx2EfVhTm)6 for 24 hours.
Cells remained in contact with arresting-agent-containing
medium throughout measurement. Measurements for G1 and
G2 cells were performed under minimal light exposure due to
the photosensitive nature of the phase-arresting compounds.

Immediately following the measurements, cells were fixed
either in 100% methanol (Sigma Aldrich, http://www.sigmaal-
drich.com/catalog/product/sial/179337) for G1 cells or 99% eth-
anol (Sigma Aldrich, http://www.sigmaaldrich.com/catalog/
product/sial/676829) for G2 cells, and stored at ¡20�C over-
night. Cells were permeabilized with 0.25% v/v Triton X100

in PBS for 10 minutes cells were then incubated with 3% w/v
BSA and 0.1% v/v primary mouse anti-cyclin D1 antibody (BD
PharMingen, http://www.bdbiosciences.com/external_files/pm/
doc/tds/cell_bio/live/web_enabled/14561C_554181.pdf) or
0.1% v/v primary mouse anti-cyclin B1 antibody (BD PharMin-
gen, http://www.bdbiosciences.com/external_files/pm/doc/tds/
cell_bio/live/web_enabled/14541A_554176.pdf) to confirm G1
and G2, respectively. After 2 hour incubation at 4�C, samples
were washed and incubated with 3% w/v BSA, Hoescht DNA
fluorescent stain (2 mM) and 0.5% v/v secondary Alexa-Fluor
488 goat anti-mouse antibody (Invitrogen, http://products.invi-
trogen.com/ivgn/product/A11001) at 4�C for 24 hours. Follow-
ing immunofluorescence staining, previously measured cells were
relocated using the sample stage coordinate system to ensure that
all measured cells were in the desired phase.

Metaphase Cells
48 hours post-transfer to Lab-Tek II chambers, growth

medium was aspirated and replaced with growth media contain-
ing Hoescht DNA fluorescent stain (2 mM). A combination of a
rounded phenotype under bright field and aligned chromosomes
visualized under fluorescence were used to identify metaphase
cells for measurements.

Apoptotic Cells
48 hours after transfer to Lab-Tek II chambers, the medium

was replaced with DMEM (no FBS / no Pen-Strep solution) sup-
plemented with 3mg/ml caffeine and 20ng/ml paclitaxel and
incubated for 18 to 20 hours to induce apoptosis.66 Hoescht
DNA fluorescent stain (2 mM), Annexin V (Biovision Apoptosis
Kit, http://www.biovision.com/annexin-v-fitc-apoptosis-kit-2645.
html) phosphatidylserine stain (0.6 mg/mL), and propidium
iodide (Biovision Apoptosis Kit) nucleotide stain (6 mM) were
then added to the apoptosis-inducing medium so as to not dis-
turb apoptotic cells that were poorly adhered to the chambers.
These fluorescent markers were incubated with the cells for 10
minutes prior to measurement. Acoustic measurements from cells
in both early and late apoptosis were then recorded. Cells with
visible blebbing and a rounded phenotype under bright field
imaging, along with positive fluorescent staining for Annexin V
and negative for propidium iodide, were identified to be in early
apoptosis. Cells fluorescently staining positive for both Annexin
V and propidium iodide were identified to be in late apoptosis.

Statistical analyses
A total of 290 cells were measured, 58 from each of the cell

phases studied. Comparisons between values for cell properties
were carried out using single factor ANOVA followed by
Tukey Post Hoc analyses in Graphpad Instat 3 (GraphPad
Software, http://www.graphpad.com/scientific-software/instat).
Of the statistically significant differences observed, only differ-
ences between cell phases occurring in sequential order (i.e early
apoptosis to late apoptosis, but not G1 to late apoptosis) were
taken into account.
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