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Abstract

Cells undergo dynamic changes in cell shape and mechanics during mitosis, a short
cell-cycle stage dedicated to separating replicated chromosomes into two daughter
cells. Recently, several groups have reported that mitotic biophysical changes are
essential for proper mitotic spindle function, consequently affecting mitotic fidelity
and development of cancer. However, studying biophysical dynamics in mitosis is
challenging because both the magnitude and duration of mitotic changes are hetero-
geneous across the cell population. In this thesis, I demonstrate new methods to
monitor single-cell mass, volume and mechanical properties throughout mitosis with
temporal resolution of <1 min.

We utilize the suspended microchannel resonator (SMR) which is a fluid-filled
cantilever capable of measuring cell buoyant mass by the change of SMR resonant
frequency. First, we monitor the volume and density of single cells in suspension by
consecutively weighing them in two fluids of different densities. We find that mitotic
cells reversibly increased their volume by more than 10% over a 20-min period after
mitotic entry through osmotic regulation. Next, using the SMR and a protein syn-
thesis assay, we quantify the mass accumulation and translation rates of single cells
between mitotic stages. Various animal cell types displayed persistent mass accumula-
tion during mitosis and cytokinesis with mitotic-stage specific growth rate dynamics.
Finally, we quantify mechanical properties via acoustic scattering of waves from a
cell inside the SMR. Through simulations, experiment with hydrogels and chemi-
cal perturbation of cells, we show that our readout from acoustic scattering measures
stiffness. Cells maintained constant stiffness throughout interphase but show dynamic
changes during mitosis. Altogether, continuous monitoring of single-cell physical pa-
rameters – mass, volume and stiffness – has revealed biophysical dynamics during
mitosis that have not been previously observed.

Thesis Supervisor: Scott R. Manalis
Title: Professor of Biological and Mechanical Engineering
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Chapter 1

Introduction

1.1 Overview of mitosis

All proliferating cells pass through series of stages (i.e., cell cycle) to replicate their

genetic material and divide (Figure 1-1). A typical cell cycle consists of four phases

(G1, S, G2 and M). The first three phases are collectively known as interphase,

where cells grow and replicate their genetic material. In M-phase (also known as

mitotic phase), cells distribute the copied DNA and cytoplasm into two daughter

cells. The M-phase consists of two distinct cell division related processes, mitosis

and cytokinesis. Mitosis refers to a series of processes related to division of genetic

material (Figure 1-1, bottom). Since the first discovery of mitosis in the late 19th

century, studies on mitosis have been primarily focused on the DNA condensation in to

chromosomes, their alignment and spindle movements. In consequence, chromosome

condensation and segregation are now understood with molecular-level details.

Mitotic entry is triggered by the activation of CDK1, the master regulator of

mitosis. During prophase, DNA starts to condense, forming compact chromosomes

(Figure 1-1, blue threads). In prometaphase, the nuclear envelope breaks down and

consequently releases chromosomes to the cytoplasm. Also, the mitotic spindles begin

to form (Figure 1-1, green). In metaphase, mitotic spindles capture chromosomes by

binding to the kinetochores (Figure 1-1, pink). The captured chromosomes at this

stage are lined up at the middle of the cell to get ready for division. The line up of

17



Prophase Prometaphase metaphase anaphase telophase
& cytokinesis

G1 S G2 M

replication of DNA

nucleus

Figure 1-1: The cell cycle. Illustration of the mammalian cell cycle. The length
of each cell cycle phases were based on mean duration of cell phases in HeLa cells.
Bottom, illustration of mitotic stages. Arrow points the mitotic stage progression.

chromosomes at the equatorial region of the cell is called âĂĲmetaphase plateâĂİ.

Before proceeding to the next phase, cell internally checks to make sure all chromo-

somes are correctly attached to the microtubules. Failure to pass this check point,

also known as mitotic spindle check point, would arrest cells into mitosis. Cells

treated with anti-mitotic drugs (e.g., Nocodazole, STLC) would not pass this check-

point and get arrested in mitosis. Then at the metaphase-to-anaphase transition,

signaling pathways leading to degradation of several proteins (e.g., Cyclin B, Gem-

inin) are activated causing the cell to proceed to anaphase. In anaphase, the sister

chromatids attached to the mitotic spindles are pulled toward the opposite ends of

the cell. In telophase, cells finish division of chromosomes. Moreover, DNA starts

to decondense and the nuclear envelope re-forms at this stage. Cytokinesis, which

refers to the division of cytoplasm, often takes place at the end of mitosis, typically

overlapping with anaphase and telophase. Typically, cells retain round morphology

up to metaphase-to-anaphase transition and start to elongate during cytokinesis.

18



1.2 Physical changes during mitosis

Mitotic cells undergo dramatic reorganization of cellular architecture that are pre-

cisely controlled in both space and time. It is only relatively recent that these phys-

ical changes in mitosis revealed to be directly affecting the fidelity of mitosis (i.e.,

how chromosomes segregate) [1]. The prime example of the physical change during

mitosis is mitotic rounding in adherent cells as soon as they enter mitosis. Cells that

are initially flat or elongated round up during early mitosis and acquire spherical

morphology [2]. The rounded-up mitotic cell abandons its spherical shape at mitotic

exit and slowly spreads, restoring the initial interphase morphology. Several studies

have revealed that mitotic rounding is necessary for mitotic spindle alignment [3, 4],

generation of sufficient space for proper function in crowded environment [5, 6] and

tissue development [7,8]. Therefore, biophysical changes that take place during mito-

sis determine mitotic fidelity, which is critical for overall fitness of the cells. Moreover,

the missegragation of chromosomes causes aneuploidy and could consequently lead to

development of cancer [9].

Furthermore, physical changes of cells reflect how cell state changes over time. For

example, cell volume, largely determined by intricate balance of water influx/efflux,

reflects the macromolecular density in cytoplasm [10]. Mechanical properties of cells

during mitosis reflect the geometry, and functional organization of the actin cor-

tex [11]. The full dynamics of cell physical properties during mitosis will therefore

elucidate how cells coordinate these complex cellular regulations throughout mitosis.

1.3 Characteristics of mitotic changes and limita-

tions of current methodologies

Quantifying single-cell physical properties throughout mitosis is challenging due to

unique characteristics of mitotic changes. First, the durations of mitotic changes

are brief. Although depending on the cell type, the entire duration of mitosis is

usually an hour, which is typically 5–10% of the total interdivisionary time [12].
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Some mitotic stages (e.g. anaphase) can be as short as 10 min [13]. Therefore,

a measurement with temporal resolution in minute time scales is often required to

observe the relevant dynamics in some mitotic stages. Secondly, mitotic changes can

be obscured by population heterogeneity. Physical changes that occur in a mitotic

cell are often smaller than the cell-to-cell variability in the population [14, 15]. For

example, cell volume change during mitosis is ∼ 10% although the size variability is

usually orders of magnitudes higher (more to be discussed in chapter 2). Thus, it

is possible that the population average of multiple mitotic cells can sometimes yield

statistically insignificant change compared to the population average of non-mitotic

cells. Lastly, mitotic changes across a population occur asynchronously. All cells

in the population each progress through cell cycle at different speeds and therefore,

at given time point, cells are in different phases of the cell cycle. Various chemical

(e.g., Thymidine) and physical (e.g., mitotic shake-off) cell-cycle synchrony methods

exist. However, cell synchrony is never perfect. More importantly, chemical cell

synchronization methods can influence the cell behavior and their physical properties

[10, 16–19]. For example, we observed that cell volume (Chapter 2) and cell mass

accumulation behavior (Chapter 3) changes upon G2 arrest and pro-metaphase arrest,

respectively.

In Figure 1-2, I have illustrated hypothetical physical changes during M-phase

(step function) to illustrate the characteristics of the mitotic changes (transient, het-

erogeneous, and asynchronous; Figure 1-2a) and and how they influence the result

of an end-point assays (Figure 1-2b). This simple example demonstrates that the

expected mitotic dynamics (i.e., step function) is difficult to be resolved with sta-

tistical significance. In reality, the physical changes during M-phase are much more

dynamic (more to be discussed in Chapters 2, 3 and 4) and therefore, would be even

more difficult to be accurately assayed. In contrast, monitoring physical changes of

individual cells throughout mitosis would allow precise quantification of mean and

error in both magnitude and duration of mitotic changes. For example, one can align

each single cell traces normalized by its initial value (e.g., the value at the entry of

mitosis) at specific time point (e.g., at the entry of mitosis; Figure 1-2c).
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Figure 1-2: Illustration of mitotic characteristics and their outcome on mea-
surements. (a) Hypothetical changes in cell physical property during mitotic phases.
Each hypothetical cell (cell 1–4) undergoes a step-change in its physical property dur-
ing M-phase, which its duration is set to 5% of the whole-cell cycle (transient). The
magnitude of change (height of step function) varies from cell to cell and each cell
progresses through its cell cycle at different rate (asynchrnous). (b) Left, Illustration
of end-point assays on cells undergoing changes previously described. Right, expected
average (circle) and variation (error bars) from the time points marked in the left.
(c) Left, illustration of aligning and normalizing each single cell traces obtained by
continuous monitoring of individual cells. Each traces are normalized by the value at
mitotic entry (before step) and aligned at the middle of the mitosis. Right, expected
average (circles) and variation (error bars) of aligned single-cell traces.

Diverse methods have been developed to measure cellular physical properties at

the level of single cells. Ranging from electrical resistance based methods (e.g., Coul-
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ter counter) [20] to light scattering (e.g., flow cytometry – forward scatter) [21] and

to microscopy [22, 23], various methods are capable of quantifying cell volume and

mass, at least indirectly. Similarly, there are numerous tools for quantifying cellular

mechanical properties, such as atomic force microscopy (AFM) [24,25], optical tweez-

ers [26], magnetic tweezers [10], flow-based [14, 27] and particle based-methods [28].

However, most of these methods are suitable for end-point assays but not ideal for

monitoring physical properties of individual cells over long periods of time. The ma-

jority of physical methods listed above such as Coulter Counter, FACS and flow-based

mechanical platforms, can only perform single-time point measurement per cell due

to the design of the platform. In principle, there are a few methods such as AFM,

magnetic tweezers and microscopy based methods that can repeatedly measure the

physical properties of the same cell. However, continuous monitoring of cells for long

durations has been hampered by the invasiveness (e.g., mechanical platforms induc-

ing physical stress to cells) and stability (e.g., system drag, photobleaching). It is

worth noting that various microscopy based studies have overcome these issues and

successfully demonstrated continuously monitoring of physical changes (e.g., cell size

and actin distribution) [13,22]. However, several physical parameters such as stiffness,

cannot be quantified by microscopy.

1.4 Outline of thesis

In this thesis, I present microfluidic methods to continuously monitor single-cell mass,

volume and stiffness throughout mitosis. All projects to be described utilize a mi-

crofluidic mass sensor called the suspended microchannel resonator (SMR). The SMR

is a micron-scaled cantilever with a buried hollow channel through which cells flow

with fluids (Figure 1-3) [29]. The buoyant mass of a cell can be quantified by tracking

the SMR resonant frequency as cells flowing through the channel locally change the

mass distribution along the cantilever [30]. Details of SMR implementation for each

measurement will be discussed in each chapter.

In chapter 2, I will describe a work that applies fluidic control of two fluids of
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Figure 1-3: Schematic of suspended microchannel resonator (SMR). The
internal microchannel through the cantilever is depicted, with the glass lid removed for
clarity. Cells (yellow spheres) flow through the internal microchannel, fed by the two
large bypass channels located on the side of the cantilever. SMR resonant frequency
can be detected by optical level (red laser beam) or by the on-chip piezoresistive
sensors.

different density to measure single-cell volume and density continuously throughout

mitosis, which revealed mitotic swelling. In chapter 3, a project using precise single-

cell mass tracking combined with protein synthesis assays revealing extent, dynamics

and mechanism of growth during mitosis will be described. Finally, in chapter 4, I

will present a new method that uses acoustic scattering from a cell to noninvasively

probe single-cell mechanics continuously throughout the cell cycle.
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Chapter 2

Monitoring single-cell volume during

mitosis reveals mitotic swelling

The work described in this chapter was done in collaboration with several people and
was published in Son, Kang et al. 2015 [31]. The other authors, especially Sungmin
Son, made significant contribution to the work1.

Abstract
Osmotic regulation of intracellular water during mitosis is poorly understood because
methods for monitoring relevant cellular physical properties with sufficient precision
have been limited. Here we use a suspended microchannel resonator to monitor the
volume and density of single cells in suspension with a precision of 1% and 0.03%,
respectively. We find that for transformed murine lymphocytic leukemia and mouse
pro-B cell lymphoid cell lines, mitotic cells reversibly increase their volume by more
than 10% and decrease their density by 0.4% over a 20 min period. This response
is correlated with the mitotic cell cycle but is not coupled to nuclear osmolytes re-
leased by nuclear envelope breakdown, chromatin condensation, or cytokinesis and
does not result from endocytosis of the surrounding fluid. Inhibiting Na-H exchange
eliminates the response. Although mitotic rounding of adherent cells is necessary for
proper cell division, our observations that suspended cells undergo reversible swelling
during mitosis suggest that regulation of intracellular water may be a more general
component of mitosis than previously appreciated.

1Author contributions: Sungmin Son carried out data analysis on cellular volume change and
contributed significantly to the writing and revising of the manuscript. Seungen Oh and Sungmin
Son carried out imaging and image processing.
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2.1 Introduction

Recent findings that regulation of intracellular hydrostatic pressure facilitates mi-

totic rounding of adherent cells highlight the mechanical role of osmotic forces in

mitosis [2]. Forces generated by internal osmotic pressure can help cells within con-

fined microenvironments round up, which is known to contribute to the fidelity of

chromosome segregation [1,5]. On the other hand, whether and how osmotic regula-

tion of cell volume affects mitosis is poorly understood. Previous studies in normal

cells and cancer cells found that the activity of certain ion channels is coupled to mi-

tosis, and cell proliferation is reduced when those ion channels are inhibited [32–34].

It was predicted that the altered intracellular water content affects the length of mi-

tosis by changing cell physico-chemistry such as enzyme rates, signaling, and diffusion

of macromolecules. These predictions assume that the osmotic regulation found in

mitosis alters cell volume.

Quantitative measurement of single-cell volume and water content has been chal-

lenging, especially during mitosis, when the cell changes its shape. Previous methods

computed cell volume from confocal sections of cell boundary detected by the mem-

brane or soluble dyes [32, 33, 35]. However, these methods are prone to error from

variation in labeling or artifacts in volume reconstruction. In another approach,

atomic force microscopy was used to uniaxially confine a cell so that its volume could

be calculated based on diameter and shape [2, 36]. Although that method is more

direct, it is possible that the mechanical constraints applied could alter cell volume.

In this study, we monitored the volume and density of single-suspension cells using

a suspended microchannel resonator (SMR). We found that both transformed murine

lymphocytic leukemia cell line L1210 and pro-B cell lymphoid cell line FL5.12 exhib-

ited ≥ 10% volume increases during mitosis because of swelling. We demonstrate that

the swelling and shrinking are closely associated with specific stages in mitosis, yet

are not coupled to nuclear osmolytes released by nuclear envelope breakdown (NEB),

chromatin condensation, or cytokinesis. Despite the rapid accumulation of endosomes

known to occur in early M phase [37], we found that endosome accumulation is not
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the primary mechanism of swelling. Instead, we show with an inhibition experiment

that osmotic water exchange driven by activation of ion exchangers alters cell volume.

2.2 Results

2.2.1 Measurements of cell volume, mass, and density during

mitosis using SMR

Instead of an optical approach, the SMR uses a mechanical principle to directly

measure the buoyant mass of a single cell with extraordinary precision [29]. When

a cell that is lighter or denser than the surrounding fluid passes through the fluid

channel embedded in the SMR, the net change in mass alters the resonant frequency,
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Figure 2-1: Illustration of measuring single-cell volume, mass, and density.
(a) Frequency of the SMR during the measurement of a cell’s buoyant mass in two
different fluids. The color bars and the illustration of the SMR in the inset indicate
the fluid surrounding a cell and the direction of its flow within the SMR (blue, normal
medium; magenta, dense medium; FW, forward flow; BW, backward flow). Insets
show the shift in SMR frequency upon the passage of the cell. Cell buoyant mass
was determined by the height of the two side peaks (see section 2.4). (b) Mass,
volume, and density can be determined by weighing a cell in two fluids of different
density and plotting the linear relationship between buoyant mass and fluid density.
For isopycnic growth (from black line to magenta line), the absolute value of buoyant
mass increases proportionally. For swelling (from black line to green line), the buoyant
mass in the dense medium significantly increases, whereas the buoyant mass in the
normal medium remains almost constant.
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which is linearly proportional to the cell buoyant mass and inherently independent

of its shape (Figure 2-1a). We demonstrated that by measuring the buoyant mass of

the same cell in two fluids of different densities, the volume, mass, and density of the

cell could be obtained based on Archimedes’ principle (Figure 2-1b; see section 2.4)

[38]. However, the complexity of fluid control involved in the two-fluid measurement

previously limited measurements to only once per cell.

Here we combine a fluidic control method that enabled continuous measurement

of the same cell [39] with the two-fluid measurement to monitor cell volume, mass,

and density throughout the cell cycle. In each measurement period (100 s), we kept

the cell in the bypass channel containing normal medium for the majority of the time

(80 s) and occasionally moved it through the SMR to dense medium (20 s), thereby

minimizing shear stress as well as stress from the low nutrient levels in the dense

medium (Figure 2-1a). The geometry of the fluid channels was designed to enhance

the mixing of two fluids, which was critical for minimizing background noise. This,

combined with the high-precision measurement of buoyant mass enabled by using the

second vibration mode of the SMR (Figure 2-1a, inset) [40], allowed the volume and

density of an L1210 cell to be measured within 1% and 0.03%, respectively, throughout

the cell cycle (Figure 2-2). Based on the volume, mass, and density measurement of

single cells, we can observe the change of intracellular water content in nonisopycnic

growth (Figure 2-1b).

2.2.2 Suspension cells reversibly alter internal water content

at specific mitotic stages

Observation of cell volume, mass, and density with high precision and temporal res-

olution revealed the dynamic nature of water regulation that occurs throughout the

cell cycle (Figure 2-3a) and most prominently during M phase (Figure 2-3a, b). L1210

and FL5.12 cells rapidly increased their volume by 12% and 11%, respectively, within

20 min during early mitosis and completely reversed the increase within 10 min be-

fore cell division (Figure 2-3b–d). In contrast to the large change in volume, the
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Figure 2-2: Measurement error of the buoyant mass, volume, and density.
(a) Buoyant mass of a nongrowing cell is measured in two different fluids for 5 h (blue
circle, buoyant mass measured in the normal medium; magenta circle, buoyant mass
measured in the dense medium). Root mean square error is 0.67 pg (0.82%, blue)
and 0.85 pg (1.52%, magenta). (b,c) Volume (b) and density (c) are computed based
on the buoyant mass pairs shown in a. Root mean square error is 12.2 fl (0.78%) for
volume and 0.00029 g/cm3 (0.028%) for density

buoyant mass measured in normal medium remained constant, indicating that the

volume increase is caused by a gain of water and not growth. The magnitude of

swelling showed a weak correlation with volume at mitosis entry (Pearson correlation

coefficient: 0.53), and its coefficient of variation remained within 0.24 for both cell

types (Figure 2-3c), indicating the robustness of the process.

To determine whether swelling and shrinking are associated with specific stages

in mitosis, we used cell-cycle drugs to arrest mitosis in various stages while monitor-

ing a cell’s volume (Figure 2-4). We performed confocal imaging of L1210 cells that

stably express fluorescently tagged geminin (mAG-hGem) to validate that a given

drug arrested the cells at the expected cell-cycle position and that the cells remained

healthy during treatment. Geminin is present only from S to early M phases, and

we observe that upon NEB, it diffuses from the cell nucleus to the cytoplasm. When

combined with chromosome imaging and cell shape, this information enabled us to

discern the mitotic cell population for each drug (Figure 2-4a,b). We then measured

the single-cell mass, volume, and density response after drug treatment. When we

arrested a cell at the ATR-mediated G2 checkpoint using topoisomerase II catalytic

inhibitor ICRF-193 [41], it continuously grew without showing any swelling and be-

came significantly larger than the mean size at mitosis (Figure 2-4d). Next, when we
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Figure 2-3: Measurement of cell volume, mass, and density during mitosis.
(a) Left, buoyant mass measured in normal and dense medium and the resulting
volume and density of the same cell measured over the complete cell cycle and during
mitosis. After division, only one of the daughter cells is retained in the flow trap.
Right, zoomed-in view of buoyant mass, volume and density during mitosis. (b) Mean
trajectory of L1210 cell volume during mitosis (n=20 cells). Volume is normalized
by the volume at the onset of swelling. The gray area indicates ±s.d. The time is
aligned such that the swelling starts at 0 and ends at 1. (c) Magnitude of swelling
during mitosis of L1210 (n=20 cells, s.e.m.= 0.42) and FL5.12 (n=6 cells, s.e.m. =
0.92) cells. (d) Duration of swelling during L1210 mitosis (n=20 cells, s.e.m. =0.75)
and FL5.12 (n=6 cells, s.e.m.=3.0) cells.

arrested a cell in metaphase using the kinesin inhibitor S-trityl-l-cysteine (STLC) or

the microtubule inhibitor nocodazole, the cell exhibited swelling but did not shrink

(Figure 2-4e and Figure 2-5). Finally, when we inhibited cytokinesis using the myosin

II inhibitor blebbistatin, mitotic cells proceeded through both swelling and shrinking

but remained spherical in the absence of cytokinesis (Figure 2-4f). These observations

unambiguously reveal that cells swell during prophase and pro-metaphase and shrink
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Figure 2-4: Alteration of cell volume is associated with specific mitotic
stages. (a) Confocal images of L1210 cells are used to validate drug-induced arrest
in G2 or mitosis. Cell-cycle position is determined based on the localization of mAG-
hGem (Geminin-mAG), chromatin condensation, and cell shape. BF, bright field.
Bar, 10 Âțm. (b) Proportion of L1210 cells in G2 or mitosis 6 h after treatment with
various drugs. Cells showing geminin in the nucleus and diffused chromosome are in
G2 phase; cells showing geminin in the cytoplasm and condensed chromosome are
in M phase. The large cells showing diffused chromosome but no geminin signal are
postâĂŞM phase. n=641, 550, 553, 417 and 357 cells for DMSO control, 20 ng/ml
ICRF, 5 µM STLC, 1 µg/ml Nocodazole and 20 µM Blebbistatin, respectively. (c-e)
Volume trajectories of a control (c), 20 ng/ml ICRF-193 treated (d), 5 microM STLC
treated and 20 microM Blebbistatin treated (e) L1210 cells. In (d), The straight line
and the dotted lines indicate the mean and mean±s.d. of cell volume upon mitosis
entry based on control L1210 volume trajector shown in Figure 2-1.

during anaphase and telophase and that the swelling is not dependent on cytokinesis.
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Figure 2-5: Swelling of L1210 cells treated with drugs. (a) Swelling magnitude
of control L1210 cells (n=20 cells, s.e.m.=0.42) and L1210 cells treated with 1 µg/ml
Nocodazole (n=7 cells, s.e.m.=2.13) or 5 µM STLC (n=9 cells, s.e.m.= 0.96) measured
using SMR. (b) Swelling duration of control L1210 cells (n=20 cells, s.e.m.= 0.75)
and L1210 cells treated with Nocodazole (n=7 cells, s.e.m.=2.70) or STLC (n= 9
cells, s.e.m.=2.98) (c) Volume of L1210 cells treated with various drugs measured
using the Coulter counter. Each data point is plotted based on >3,000 single-cell
volume measurements. Boxes, upper and lower quartiles and median; squares, mean;
error bars, s.d. Concentrations of treated drugs were 20 ng/ml ICRF-193, 10 Âțg/ml
ICRF-193 + 5 mM caffeine, 1 µg/ml nocodazole, 5 µM STLC, 20 µM blebbistatin, 2
µM RO-3306, and 5 µM EIPA. Cell volume was measured 1 h after drug treatment.
In a,b, ***𝑃<0.001. n.s., not significant. 𝑃 -values obtained by two-tailed Welch’s
t-test.

2.2.3 Mitotic swelling is not linked to chromatin condensa-

tion or passive diffusion of nuclear osmolytes released

by NEB

We sought to determine whether mitotic swelling is coupled to a specific event during

mitosis. Given the rapid rate of swelling, it seems plausible that release of osmolytes

within the nucleus upon NEB increases cytosolic osmolarity and, in turn, a cell’s

volume. If swelling is indeed driven by the passive diffusion of nuclear osmolytes,
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then the duration of swelling should be independent of the length of mitosis, because

NEB is a discrete process. However, when we treated a cell with a low dose of CDK1

inhibitor RO-3306, which slows down the entry of mitosis, the duration of swelling

was significantly extended (Figure 2-6a–c). Alternatively, we postulated that mitotic

swelling is associated with chromatin condensation. To test this, we used ICRF-193

along with caffeine to perturb chromatin condensation while the G2-M transition re-

mained unchecked. Cells treated with ICRF-193 showed extended metaphase similar

to cells treated with nocodazole or STLC, consistent with previous findings that re-

duced chromatin condensation can lead to delayed chromosome segregation (Figure

2-6d,e) [42]. However, cells treated with ICRF-193 showed a larger magnitude of

swelling despite reduced chromosome condensation (Figure 2-6f). These observations

suggest that mitotic swelling is not directly coupled to NEB or chromatin condensa-

tion, even though these independent events occur concurrently during normal mitosis.

2.2.4 Mitotic swelling is driven by osmotic water exchange and

not by endocytosis

It has been suggested that osmotic regulation of hydrostatic pressure during mitosis

of adherent cells requires active ion exchange [2]. To investigate whether the water

regulation in mitosis of cells in suspension and adherent cells share the same mech-

anism, we tested the effect of ion exchangers and endocytosis on mitotic swelling.

Among many ion exchangers, the Na-H exchanger is regulated by the RhoA path-

way [43], which is activated at mitosis entry. Furthermore, the Na-H exchanger is

known to play a critical role in regulatory volume increase after hypertonic shrink-

age [44]. We therefore hypothesized that it may be associated with autonomous cell

volume increase during mitosis. Indeed, when the Na-H exchanger was inhibited us-

ing ethylisopropylamiloride (EIPA), the amount of swelling was significantly reduced

(Figure 2-7a,b). Alternatively, we wondered whether the rapid accumulation of endo-

somes known to occur in early M phase [37] contributes to mitotic swelling. To test

this, we exploited the fact that the buoyant mass change reflects only an exchange of
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Figure 2-6: Mitotic swelling is not directly couplted to NEB or chromatin
condensation. (a) Representative volume trace of a L1210 cell treated with 2 µM
RO-3306. (b) Swelling magnitude of control L1210 cells (n=20 cells, s.e.m.= 0.42)
and L1210 cells treated with 2 µM RO-3306 (n=11 cells, s.e.m.=0.63). (c) Duration of
swelling during mitosis of control L1210 cells (n=20 cells, s.e.m.=2.3) and L1210 cells
treated with 2 µM RO-3306 (n=11 cells, s.e.m.= 3.85). (d) Representative volume
trace of a L1210 cell treated with both 20 ng/ml ICRF-193 and 5 mM caffeine. (e)
Duration of swelling (left) and the entire mitosis (right) of control L1210 cells (n=20
cells, s.e.m.=0.75 and 2.30) and L1210 cells treated with 10 µg/ml ICRF-193 and 5
mM caffeine (n=10 cells, s.e.m.=1.21 and 9.17). (f) Swelling magnitude of control
L1210 cells (n=20 cells, s.e.m.= 0.42) and L1210 cells treated with 10 µg/ml ICRF-
193 and 5 mM caffeine (n=10 cells, s.e.m.=0.83).
***𝑃<0.001, **𝑃<0.005, *𝑃<0.05, n.s., not significant. 𝑃 -values obtained by two-
tailed Welch’s t-test.

material that is either heavier or lighter than the surrounding fluid. We measured the

buoyant mass of an L1210 cell in dense medium only (without switching to normal

medium). If swelling were caused by endocytosis of the surrounding fluid, then the

buoyant mass would be expected to remain constant (Figure 2-7c). However, the
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Figure 2-7: Mitotic swelling is driven by osmotic water exchange and not
by endocytosis. (a) Representative volume trace of a L1210 cell treated with 5
µM EIPA. (b) Swelling magnitude of control L1210 cells (n=20 cells, s.e.m.=0.42)
and L1210 cells treated with 5 µM EIPA (n=8 cells, s.e.m.=0.79). Because the time
when cells start to swell is difficult to discern for cells treated with EIPA, the mag-
nitude of shrinking was used instead of swelling. ***𝑃 < 0.001. 𝑃 -values obtained
by two-tailed Welch’s t-test. (c) Schematics illustrating two hypotheses of mitotic
swelling. When a premitotic cell is suspended in dense medium (light blue), it main-
tains positive buoyant mass. If a cell swells by internalizing endosomes (light blue
circles in the cell), then the buoyant mass remains constant because the internalized
medium has the same density as the surrounding medium. If a cell swells by taking
up water, its buoyant mass will increase. The gray circle indicates the original cell
size before swelling. (d) Representative buoyant mass trace of a L1210 cell during
mitosis measured only in the dense medium.

buoyant mass measurement revealed a trajectory similar to that obtained by the flu-

idic switching method, in which the cell was exposed to dense medium for only ∼10%

of the time (Figure 2-7d). This result suggests that endocytosis is not the primary

mechanism for cell swelling.
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2.3 Discussion

We have presented a method for monitoring single-cell volume and water content and

show that mitotic swelling is conserved between adherent cells and cells in suspension.

Despite ample evidence that osmotic regulation is critical for mitosis and cell prolif-

eration [45], the mechanism by which osmotic regulation influences mitosis is poorly

understood. Recent findings that cell rounding is indispensable for efficient chromo-

some segregation [1,5] support the idea that osmoregulation provides mechanical force

to deform the surrounding microenvironment during cell rounding [2, 36]. However,

an equally important aspect of osmotic regulation – alterations in cell volume and

density – has been unresolved because of a lack of precise measurement of mitotic

cell size. Some studies observed cell volume decrease before mitosis in BSC1 monkey

kidney epithelial cells and D54-MG glioma cells, and it was argued that the con-

centrated cytoplasm can promote mitosis by accelerating mitotic signaling through

a molecular crowding effect [33, 35]. Yet conflicting observations of cell volume in-

crease and swelling during mitosis have been made in HeLa cells and rat pancreatic

acinar cells [46, 47]. Also, others found that cell division depended on increased cell

volume [48].

Although part of the discrepancy may be attributed to differences in cell types,

the consistent observation of mitotic swelling by Zlotek-Zlotkiewicz et al. [22] and

us in both adherent and suspension cells suggests that it is a conserved element of

mitotic events with physiological roles. A larger space created by swelling may assist

the rigorous and fast rearrangement of chromosomes during mitosis [49], or the di-

luted state of cytoplasm may facilitate the movement of large macromolecules such

as chromosome and microtubules, as well as organelles such as Golgi and mitochon-

dria, which become fragmented during mitosis [50–52]. Cell swelling may function as

part of a mitosis signaling pathway, similarly to the way cell volume increase evokes a

range of downstream responses in transepithelial transport, cell migration, and prolif-

eration [53]. Also, decrowding of the cytoplasm may directly affect the interaction of

macromolecules [45]. Such a global change of biochemical activity is not implausible
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in mitotic cell physiology, considering the finding that transcription and translation

stop during mitosis [54].

2.4 Materials and Methods

2.4.1 SMR

The principles behind the SMR have been described [29]. In brief, cells in suspension

are transported through the SMR, resulting in a transient shift in resonant frequency.

When resonating in the second vibration mode, the SMR generates three peaks as

the cell passes through the channel [40]. The magnitude of the two side peaks is

identical and independent of the flow path that a cell takes within the SMR, allowing

the buoyant mass to be measured with a precision of 0.8% in normal medium and

1.5% in dense medium (Figure 2-2). For the two-fluid switching measurement, dense

medium was obtained by adding 30% Opti-Prep (60% iodixanol in water with a

density of 1.32 g/ml) to RPMI medium to achieve a density of 1.10 g/ml. Because

Opti-Prep is iso-osmotic, the osmolarity of the dense medium was identical to that

of the normal medium. Based on the buoyant mass of a cell measured in two fluids

of different density, the volume, mass, and density can be calculated by the following

formula:

𝑚𝑏 = 𝑚𝑐(1𝑓/𝑐) (2.1)

where 𝑚𝑏 is the buoyant mass, 𝑚𝑐 is the absolute mass, 𝜌𝑐 is the density of a cell,

and 𝜌𝑓 is the fluid density. To measure a cell during mitosis, only cells larger than a

certain size were selected and measured until division. Fluidic control was automated

using Labview (National Instruments).

2.4.2 cell culture and drugs

L1210 and FL5.12 cells were maintained in Leibovitz L-15 medium (Life Technologies)

and RPMI medium (Invitrogen), respectively, supplemented with 10% FBS (Life

Technologies) and 1% penicillin-streptomycin (Life Technologies). For the small-
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molecule drug experiments, cells were pretreated in a microwell plate and loaded

in the SMR containing the drug. Drug concentrations used were ICRF-193 at 20

ng/ml (for G2 arrest) or 10 µg/ml (for inhibition of chromatin condensation), 5 mM

caffeine, 1 µg/ml nocodazole, 5 µM STLC, 20 µM blebbistatin, 2 µM RO-3306, and

5 µM EIPA. To determine whether the drugs tested can induce swelling regardless

of mitosis, we measured the volume of L1210 cells with a Coulter Counter after 1 h

of drug treatment and did not observe a significant increase in median cell volume

(Figure 2-5c).

2.4.3 imaging

L1210 cells that stably express geminin-mAG and Cdt1-mKO2 were imaged with a

confocal microscope (Eclipse Ti-U; Nikon) using a spinning disk confocal (CSU-10;

Yokogawa) and sCMOS camera (Zyla; Andor). Images were acquired using a 60×

objective (CFI Apo TIRF, 1.49 NA, oil; Nikon) and analyzed using ImageJ (National

Institute of Science). For the drug experiment, cells were treated for 5 h in a 96- well

plate and transferred to a glass-bottom dish (Lab-Tek) 1 h before imaging. All the

imaging was done at RT. 1 µM live-cell nuclear dye (DRAQ5; Abcam) was added

30 min before imaging. Expression levels of geminin-mAG and Cdt1-mKO2 were

determined by integrating their fluorescent intensity within a cell. Cell cycle was

determined by comparing the intensities of geminin-mAG and Cdt1-mKO2 within

each cell [55].

2.4.4 data processing

To convert SMR frequency shift to buoyant mass, size-standard polystyrene beads

(Bangs Lab) were measured. The buoyant mass, volume, and density trajectories were

presented without any filtering. The beginning and end of the swelling and shrinking

were detected based on a point-by-point derivative of the cell volume trajectory
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Chapter 3

Monitoring single-cell mass

accumulation rates reveals dynamic

cell growth in mitosis

The work described in this chapter was done in collaboration with several people and
was published in Miettinen, Kang et al. 2019 [56]. The other authors, especially
Teemu P. Miettinen, made significant contribution to this work1.

Abstract
The extent and dynamics of animal cell biomass accumulation during mitosis are
unknown, primarily because growth has not been quantified with sufficient precision
and temporal resolution. Using the suspended microchannel resonator and protein
synthesis assays, we quantify mass accumulation and translation rates between mi-
totic stages on a single-cell level. For various animal cell types, growth rates in
prophase are commensurate with or higher than interphase growth rates. Growth is
only stopped as cells approach metaphase-to-anaphase transition and growth resumes
in late cytokinesis. Mitotic arrests stop growth independently of arresting mechanism.
For mouse lymphoblast cells, growth in prophase is promoted by CDK1 through in-
creased phosphorylation of 4E-BP1 and cap-dependent protein synthesis. Inhibition
of CDK1-driven mitotic translation reduces daughter cell growth. Overall, our mea-
surements counter the traditional dogma that growth during mitosis is negligible and
provide insight into antimitotic cancer chemotherapies.

1Author contributions: Teemu P. Miettinen and Lucy Yang also carried out SMR experiments.
Teemu P. Miettinen carried out protein synthesis rate measurements and made invaluable contribu-
tion to the writing and revising of the manuscript.
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3.1 Introduction

Animal cell growth, i.e. biomass accumulation [57], is classically viewed to take place

during interphase. During mitosis and cytokinesis, when cells are assumed to priori-

tize their energy usage for executing cell division, growth is presumed to be minimal

(reviewed in Refs. [58–62]). More specifically, mRNA synthesis is inhibited due to

chromatin condensation and dissociation of transcription factors [63–66], and riboso-

mal RNA synthesis is blocked as the nucleolus disappears in prometaphase [67]. Pro-

tein synthesis has also been reported to be suppressed in cell populations enriched for

mitosis [18,66,68–72]. Consistently, polysome and ribosome profiling studies have sug-

gested that the translational efficiency of most mRNAs is reduced in mitosis [73–76].

Studies on individual components of the translational machinery, such as eukaryotic

Translation Initiation Factor 4E (eIF4E), eIF4E Binding Protein 1 (4E-BP1), eu-

karyotic Translation Elongation Factor 2 (eEF2) and S6 Ribosomal Protein (S6RP)

have also suggested reduced protein synthesis, especially cap-dependent translation

initiation, in mitosis [69, 71, 77–79]. Furthermore, ribosomes disassociate from endo-

plasmic reticulum around metaphase, suggesting that translation may be limited in

the middle of mitosis [80].

However, this classical view that growth is inhibited during mitosis has recently

been challenged. Parts of DNA remain accessible for transcription machinery and de

novo transcription of genes involved in cell growth persists in mitosis [81–84]. Re-

cent reports also suggest that protein synthesis may persist during mitosis [17,19,85].

Importantly, Cyclin Dependent Kinase 1 (CDK1), the key regulator of mitotic en-

try and progression [86, 87], phosphorylates and activates components of the protein

synthesis machinery, including 4E-BP1 [85, 88, 89], eEF2 kinase [90] and p70 S6 ki-

nase [91], suggesting an activation of cap-dependent translation. In addition, cap-

independent translation of many mRNAs remains active in mitosis [61, 74, 92, 93]. It

is therefore becoming evident that particular proteins, especially those required for

completion of cell division and those critical for cell growth, are synthesized during

mitosis [61, 73, 75, 76, 92–95]. However, the extent and dynamics of protein synthesis
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in mitosis remain unclear.

Importantly, protein and RNA synthesis rates are only proxies of overall growth

(biomass increase), which is determined by the balance between synthesis (anabolic)

and degradation (catabolic) rates [57, 96, 97]. Overall growth behavior during mito-

sis has not been studied, primarily due to the lack of precise cell size measurement

methods that are sensitive enough to quantify growth during the short mitotic stages.

Here we utilize suspended microchannel resonator (SMR), a high precision microflu-

idic mass sensor, and protein synthesis assays in conjunction with cell cycle mea-

surements to study the extent, dynamics, mechanisms and consequences of mitotic

growth on a single-cell level.

3.2 Results

3.2.1 Animal cells grow during mitosis and cytokinesis

SMR is a microfluidic cantilever that is capable of measuring buoyant mass (a proxy

of dry mass, referred to as mass from here on) of single cells with a precision of

<0.1 pg (Figure 3-1a; Figure 3-2a–d) [29, 31, 39]. This resolution corresponds to

<8 nm (<0.07%) change in a spherical lymphocyte cell diameter. We repeatedly

measured mass of the same cell every ∼1 min, resulting in a temporal resolution of

approximately 2 min according to the Nyquist rate. We quantified growth, more

specifically mass accumulation, throughout multiple cell cycles in L1210 mouse lym-

phocytes without perturbing normal growth rates (Figure 3-1b) [31,39]. We assigned

approximate mitotic entry (i.e. G2/M transition), metaphase-to-anaphase transition

(i.e. M/A transition) and cytokinetic abscission of the daughter cells for each cell us-

ing biophysical properties and FUCCI cell cycle reporter (Figure 3-3; Materials and

methods) [15]. This allowed quantification of mass accumulation during early mitosis

(between G2/M transition and M/A transition) and cytokinesis (between M/A tran-

sition and daughter cell abscission) on a single-cell level (Figure 3-1c). In cytokinesis

the elongated cells register smaller than round cells in our mass measurements, be-
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cause of a change in mass distribution [15]. Correcting for this cell elongation induced

bias (correction is applied to all data shown, unless otherwise stated; see Materials and

methods), had little influence of the mass measurements during cytokinesis (Figure

3-2e).

In total, we analyzed 180 individual L1210 cells undergoing mitosis and observed

that on average 12% of the total mass accumulated during the whole cell cycle was

acquired during M-phase (i.e. during mitosis & cytokinesis) (Figure 3-1d). 7% of total

cell growth took place during early mitosis, while 5% took place during cytokinesis.

During anaphase, duration of which was estimated based on cell elongation (Materials

and methods), mass accumulation was negligible. Considering that in most cell lines

M-phase lasts approximately 10% of the whole cell cycle, the 12% mass accumulation

observed during M-phase makes M-phase growth comparable to interphase growth.

The extent of total cell growth during mitosis and cytokinesis was surprising. To

determine how generalizable this finding is, we repeated our measurements in other

animal cell types. Mouse FL5.12 and BaF3 pro-B lymphocytes, and chicken DT40

lymphoblasts grew 9–13% of their total mass in M-phase (Figure 3-1d). Suspension

HeLa (S–HeLa) cells also grew 14% of their total mass during M-phase, validating

that substantial growth in M-phase is not specific to lymphocytes. We also examined

CD3+ and CD8+ activated primary human T cells. Both T-cell subpopulations added

approximately 7% of their total mass during M-phase. Thus, growth in mitosis and

cytokinesis is an important contributor to the total cellular growth across a variety

of cell types grown in suspension.
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Figure 3-1: Various animal cell types grow during mitosis and cytokinesis.
(a) Left, schematic of a suspended microchannel resonator (SMR). Single-cell buoyant
mass is repeatedly measured as the cell flows back and forth through the vibrating
cantilever. Right, at cell division, one of the daughter cells is randomly selected and
monitored, while the other daughter cell is discarded from the SMR. (b) Buoyant
mass trace of a single L1210 cell and its progeny over five full generations.Blue ar-
rows indicate the abscissions of daughter cells. (c) Overlay of 180 individual L1210
cell buoyant mass traces (transparent orange) and the average trace (black) around
mitosis. Each mass trace has been normalized so that the typical cell abscission mass
is 2. (d) Mass accumulation in mitosis (before M/A transition, red) and cytokinesis
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Figure 3-2: Suspended microchannel resonator (SMR) setups and noise
characterization. (a) Left, schematic of automated fluid control strategy for contin-
uous single-cell mass measurements. Numbers refer to steps in order. Right, schematic
of SMR resonant frequency readout during steps depicted on left. Cell buoyant mass
(i.e., height of the two side peaks) increases between each measurement, which cor-
responds to cell growth. (b) SMR measurement noise quantification by repeated
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measurements). (c) Representative 40 min buoyant mass trace of a L1210 cell (n=180
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in the bottom. An abrupt loss of FUCCI signal (degradation of mAG-hGem) marks
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3.2.2 Cell mass accumulation persists through prophase, stops

as cells approach metaphase-to-anaphase transition and

recovers during late cytokinesis

To study the dynamics of cell growth during M-phase, we quantified the absolute

mass accumulation rates (MAR) before and during M-phase (Figure 3-5; Materials

and methods). To account for cell size dependent growth rates [21,39,97], we normal-

ized MAR to the mass of the cell (MAR/mass). Surprisingly, after mitotic entry (dur-

ing approximate prophase) L1210 cells exhibited on average 15.8±3% (mean±s.e.m.,

n=180) increase in MAR when compared to late G2 phase (Figure 3-4a,b). As cells

approached the metaphase-to-anaphase transition, MAR rapidly decreased and even-

tually reached zero at the end of metaphase. MAR remained near zero for the ap-

proximate duration of anaphase, after which MAR started to recover during late

cytokinesis (Figure 3-4a,c,d). The recovery of MAR continued through the abscis-

sion of daughter cells (Figure 3-4d). These cell growth dynamics also persisted under

different nutrient conditions and were reproducible with different SMR devices over

multiple years of study (Figure 3-6a,c).

We next examined MAR in other cell types. Although increased MAR during early

mitosis was only observed in some cell types, MAR remained high after mitotic entry

(during approximate prophase) for all the cell types studied (Figure 3-4e; Figure 3-6b).

All cell types displayed rapid reduction of MAR during metaphase (possibly starting

in late prometaphase), near zero MAR during anaphase and a recovery of MAR during

late cytokinesis. The temporary stop of cell growth in anaphase was consistently short

(<15 min) and coincided with the physical separation of the daughter cells (Figure

3-4c–e). Notably, some cells displayed a negative MAR, indicating a small loss of

cell mass during late metaphase and/or early anaphase (Figure 3-4e; Figure 3-6b).

Together, these results indicate that the mitotic growth behavior is conserved across

various animal cell types in suspension, suggesting a role for these specific growth

dynamics during mitosis.
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L1210 cell phase contrast (grey) and mAG-hGem cell cycle reporter (green) images
(n=18 cells). Times correspond to (a) and (d). Note that the physical separation
of daughter cells takes place when cells are not accumulating mass. (d) Examples
of individual L1210 mass-normalized MAR traces in late G2, M-phase and early G1.
Arrows indicate the final abscission of daughter cells, around which mass-normalized
MAR is indicated with dashed lines. (e) Mass-normalized MAR of indicated cell types
along with representative images displaying the duration of the physical separation
of daughter cells. BaF3 and DT40 cells were imaged separately, whereas S-HeLa and
CD3+ T cells were imaged on-chip simultaneously with MAR measurements. Solid
dark blue lines indicate the mean and light blue areas represent ±s.d. n refers to
number of individual cells analyzed.
In panel (a), (d), (e), M/A denotes the metaphase-to-anaphase transition, G2/M de-
notes the approximate mitotic entry, both of which are indicated with dashed vertical
lines.
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for more details.
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Figure 3-6: MAR in different growth conditions and cell types. (a) Mass-
normalized MAR of L1210 cells in late G2 and M-phase when grown under indicated
FBS and glucose conditions. For comparison, in Fig. 2a (as well as all other fig-
ures), L1210 cells were grown in 10% FBS and 11 mM glucose conditions. (b) Mass-
normalized MAR of indicated cell types in late G2 and M-phase. Note that L1210
cells obtained from ECACC did not display an increase in MAR in early mitosis.
All other L1210 experiments were done with cells obtained from ATCC. (c) Repro-
ducibility of L1210 cell mitotic growth dynamics between different SMR devices and
over multiple years. Note that multiple batches of L1210 cells were analyzed over the
duration of this study and similar mass accumulation behavior was always observed.
In panel (a),(b), M/A denotes the metaphase-to-anaphase transition, G2/M denotes
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3.2.3 Mitotic protein synthesis rates are consistent with mi-

totic MAR dynamics

Proteins constitute approximately 70% of cellular dry mass [98], making it likely that

the measured MAR dynamics reflect protein synthesis rates. Using L1210 cells as a

model, we quantified the dynamics of mitotic protein synthesis using O-propargyl-

puromycin (OPP) based single-cell protein synthesis assays [99] together with a mi-

totic marker (phospho-Histone H3 (Ser10)) (Figure 3-7a; Figure 3-8a,b; Materials and

methods). For unsynchronized cells, the average mitotic protein synthesis rates were

85±6% (mean±s.d., n=6) of the rate for G2 cells. We then synchronized cells using

double thymidine block followed by CDK1 inhibitor (RO-3306) mediated G2 arrest

and a release, which was followed by 10 min OPP labelling at various timepoints.

We normalized mitotic protein synthesis rates to G2 protein synthesis rates to avoid

cell synchronization induced biases (Figure 3-7a). Immediately after the release from

G2 arrest, when mitotic cells were in prophase, protein synthesis rates were higher

in mitotic cells than in G2 cells (Figure 3-7b). Approximately 30 min later, when

most mitotic cells proceeded to cytokinesis, the protein synthesis rates were reduced

to below the normal G2 levels.

To validate that the observed protein synthesis dynamics are not an artefact of

cell synchronization, we utilized a previously developed approach where Cyclin A,

which is degraded during prometaphase [100], is used to separate early (prophase)

and late (metaphase to telophase) mitotic cells (Figure 3-7c) [101]. In the absence

of cell cycle synchronization, OPP based protein synthesis assay indicated that early

mitotic cells have higher protein synthesis rates than G2 cells, whereas in late mitotic

cells, protein synthesis is reduced (Figure 3-7d). We also separated G2, early mitosis

and late mitosis based on cyclin B1, which is degraded at metaphase-to-anaphase

checkpoint (Figure 3-8a). This approach also revealed that protein synthesis rates

remain high in early mitosis but not in late mitosis (Figure 3-8c). Although protein

synthesis assays do not have temporal resolution required for separation of all mitotic

stages, the protein synthesis dynamics we observe correspond to those observed with
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MAR measurements. In conclusion, L1210 cells display increased growth in early

mitosis and radically reduced growth in metaphase and anaphase.
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Figure 3-7: Mitotic protein synthesis dynamics are consistent with mass ac-
cumulation dynamics. (a) Top, schematic of the protocol for quantifying mitotic
protein synthesis rates using O-propargyl-puromycin (OPP). G2 synchronization was
achieved by double thymidine block followed by RO-3306 mediated G2 arrest. Bot-
tom, representative FACS scatter plots indicating L2110 cell cycle synchrony (n=3
independent experiments). Phospho-Histone H3 (Ser10) was used as a mitotic marker.
(b) Ratio of protein synthesis rate (blue) between mitotic and G2 L1210 cells after
release from G2 arrest. Light green area displays the typical protein synthesis ra-
tio between mitotic and G2 cells in the absence of cell cycle synchronization. The
relative portion of mitotic cells is shown in orange. Each data point represents an
individual replicate. (n=3 separate cultures for each timepoint). Time of G2 release
and the typical time to reach metaphase-to-anaphase transition are indicated with
dashed vertical lines. (c) Representative FACS scatter plot indicating the separation
of early (prophase) and late (metaphase to telophase) mitotic L1210 cells using Cyclin
A antibody staining. (d) Protein synthesis rate of G2, early mitotic and late mitotic
L1210 cells. (n=6 separate cultures). Early and late mitotic cells were separated as
shown in (c). 𝑃 -values obtained using ANOVA followed by Tukey’s posthoc test.
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Figure 3-8: Single-cell protein synthesis assays in mitotic cells. (a) Top left,
schematic indicating the approximate cell cycle stages separated by Cyclin B1 and
phospho-Histone H3 (Ser10) antibody labeling. Bottom, representative FACS scatter
plots indicating the separation of early (prophase to metaphase) and late (anaphase
to telophase) mitotic L1210 cells. Arresting cells to metaphase using STLC increases
the number of cells in early mitosis but decreases the number of cells in late mitosis,
validating the cell cycle separation. Top right, a histogram indicating O-propargyl-
puromycin (OPP) protein synthesis assay specificity, by comparing control (orange)
and 100 µM cycloheximide (CHX) (blue) treated samples. (n=6 separate cultures for
control, 3 separate cultures for Blank, CHX and STLC samples) (b) Representative
image of control L1210 cells labeled with OPP and phospho-Histone H3 (Ser10) anti-
body (n=12 fields of view). An early mitotic cell (white arrow), with phospho-Histone
H3 (Ser10) labelling but not fully compacted chromatin, displays OPP incorpora-
tion comparable to OPP incorporation in non-mitotic cells (cells without arrows).
A metaphase cell (pink arrowhead), with phospho-Histone H3 (Ser10) labelling and
compacted chromatin, displays low OPP incorporation. Dashed yellow lines indicate
cell outlines. (c) Protein synthesis rates of G2, early mitotic and late mitotic L1210
cells. Early and late mitotic cells were separated as shown in (a). Chemical treatment
with 5 µM STLC lasted 2 h and with 100 µM CHX lasted 30 min. Data in late mitosis
after STLC treatment is indicated with light green bar, as this population had too
few cells for a reliable analysis. (n=3–6 separate cultures). (d) Protein synthesis rates
of G2 and mitotic L1210 cells after 4 h treatment with 100 nM CHX. (n=4 separate
cultures).
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3.2.4 Mitotic arrests, including antimitotic chemotherapies,

inhibit cell growth

Our results show that growth is inhibited from metaphase (or late prometaphase)

to the end of anaphase (Figure 3-4a). As many studies examine mitotic growth by

arresting cells to mitosis, and this has been suggested to reduce cell growth [17–19],

we measured the effect of chemically induced mitotic arrest on cell growth. First, we

monitored the MAR of L1210 cells treated with kinesin inhibitor S-trityl-l-cysteine

(STLC), which arrests cells in prometaphase state. These cells displayed a growth

burst in early mitosis, similarly to untreated cells, after which MAR approached zero

over the course of 2-3 hours (Figure 3-9a). We also repeated our mitotic protein

synthesis assay (Figure 3-7a) in the presence of STLC. Similarly to MAR, protein

synthesis rates increased after mitotic entry, but then gradually decreased as cells

were arrested in mitosis (Figure 3-9b).

To separate drug specific effects on growth from those that reflect mitotic arrest,

we tested three additional chemical approaches for arresting cells in mitosis. These

were microtubule inhibitor nocodazole, proteasome inhibitor MG-132 and Anaphase-

Promoting Complex inhibitor proTAME [102]. All these chemicals resulted in similar

reduction in the overall mitotic protein synthesis (Figure 3-9c). None of these chemi-

cals caused protein synthesis to be significantly reduced in G2, except for MG-132. In

addition, nocodazole treatment resulted in identical MAR behavior as STLC (Figure

3-9a).

Mitotic arrest is the mechanism of action for many chemotherapy drugs. We ex-

amined how clinically relevant concentrations of the chemotherapy drugs Vinblastine

and Vincristine [103] affect cell MAR. Neither of the drugs affected cell growth in

G2, but as cells were arrested in mitosis, their growth rate reduced to zero (Figure

3-9d). Thus, mitotic arrests, including antimitotic chemotherapies, stop cell growth

independently of the arresting mechanism.
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Figure 3-9: Mitotic arrests result in growth inhibition independently of the
mechanism of arrest. (a) Mass-normalized MAR of 5 µM STLC or 1 mg/ml Noco-
dazole treated L1210 cells in late G2 and mitosis. (b) Ratio of protein synthesis rate
(blue) between mitotic and G2 L1210 cells after release from G2 arrest in to 5 µM
STLC mediated mitotic arrest. Light green area displays the typical protein synthe-
sis ratio between mitotic and G2 cells in the absence of cell cycle synchronization.
The relative portion of mitotic cells is shown in orange. Each data point represents
an individual replicate (n=3 separate cultures for each timepoint). Cells were syn-
chronized to G2 as in (Figure 3-7a). (c) Protein synthesis rates of G2 (blue) and
mitotic (red) L1210 cells after 4 h treatment with indicated mitotic inhibitors. The
proportion of mitotic cells relative to control is indicated below (mean±s.d., n=4 sep-
arate cultures). 𝑃 -values obtained using ANOVA followed by Tukey’s posthoc test.
(d) Mass-normalized MAR of 10 nM Vinblastine or 10 nM Vincristine treated L1210
cells in late G2 and mitosis.
In (a), (d), dashed vertical line indicates the approximate mitotic entry. Solid dark
lines indicate the mean and light areas represent ±s.d. n refers to number of indi-
vidual cells analyzed. Drug treatments started 1-4h prior to mitotic entry and were
maintained through the experiment.
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3.2.5 Cells in metaphase and anaphase display mitotic stage

specific inhibition of mass accumulation

Next, we studied if metaphase and anaphase, where MAR was near zero, have a

growth reducing mechanism(s) that is not active earlier in mitosis. We first consid-

ered the role of mitotic deswelling. During mitosis cells round up and increase their

volume by approximately 10-20%, before shrinking (deswelling) back to their original

volume during anaphase [22, 31]. While mitotic rounding has minimal influence on

the cell types used in this study, as the suspension cells display a spherical morphol-

ogy throughout the cell cycle, inhibition of mitotic cell swelling removed the MAR

increase seen in early mitosis but did not affect MAR in metaphase and anaphase

(Figure 3-10a-c). Furthermore, inhibition of mitotic swelling did not influence early

mitotic protein synthesis rates (Figure 3-10d). Thus, while mitotic swelling influ-

ences the MAR observed in early mitosis, possibly by increasing cell mass due to

the uptake of ions, this does not explain why cells suddenly stop growing around

metaphase-to-anaphase transition.

Next, we examined if cytokinetic cell elongation is required for the near zero (or

even negative) MAR around metaphase-to-anaphase transition. We treated L1210

cells with Tozasertib, an Aurora kinase inhibitor, which blocks cytokinesis but not

mitosis as evident from the loss of Geminin (Figure 3-11a). Tozasertib treated cells

displayed low MAR around metaphase-to-anaphase transition, although MAR re-

mained higher than in control cells (Figure 3-11b; Figure 3-12a). We then treated

cells with blebbistatin, a myosin motor inhibitor which also blocks cytokinesis [104].

Blebbistatin treatment resulted in MAR dynamics comparable to control cells (Figure

3-12b). In addition, both Tozasertib and blebbistatin prolonged the duration of early

mitosis. Together, these data indicate that the physical separation of daughter cells

does not explain the observed MAR dynamics.

The radical reduction in MAR observed as cells approach metaphase-to-anaphase

transition could be explained by two separate mechanisms: First, growth may be

reduced as a function of time after mitotic entry, or possibly after an initial delay in
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growth reduction. This hypothesis is supported by the gradual decrease in growth

rates following mitotic arrests (Figure 3-9), possibly because of the inhibition of tran-

scription as DNA condenses. Second, there may be a separate growth inhibiting

mechanism(s) specific to metaphase and anaphase. To separate these two options,

we compared the MAR as a function of time from mitotic entry in control cells and

cells arrested in prometaphase state using STLC (Figure 3-11c). 20 min after mitotic

entry, when cells are in late prometaphase, both samples displayed similar growth

rates (Figure 3-11d). However, 28 min and 32 min after mitotic entry, when con-

trol cells had proceeded to metaphase and anaphase, respectively, but STLC treated

cells remained arrested in prometaphase, the control cells displayed lower MAR. Sim-

ilar results were obtained when prometaphase arrest was achieved using Nocodazole

(Figure 3-12c). In conclusion, the mitotic morphological changes (Figure 3-11a,b;

Figure 3-10; Figure 3-12a,b) and the time that cells have spent in mitosis cannot

fully explain the observed MAR in metaphase and anaphase. Thus, additional MAR

reducing mechanism(s) must exist around metaphase-to-anaphase transition.
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Figure 3-10: Mitotic cell swelling affects MAR, but not protein synthesis in
early mitosis. (a) Mass-normalized MAR of control (blue) and 10 µM EIPA (pink)
treated L1210 cells. Dashed vertical lines indicate the approximate mitotic entry
and metaphase-to-anaphase transition. Solid dark lines indicate the mean and light
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Quantification of L1210 cell maximal growth rate observed in late G2 and in mitosis
when treated with 10 µM EIPA (n=12 cells, each an independent experiment). 𝑃 -
values obtained using two-tailed Welch’s t-test. (c) Quantifications of data displayed
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and methods for details on MAR analysis resolution for this figure.
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accumulation regulation independently of cell elongation. (a) Representative
L1210 cell phase contrast (grey) and mAG-hGem cell cycle reporter (green) images
in control (n=9 cells) and 200 nM Tozasertib (n=6 cells) treated cells. The degra-
dation of mAG-hGem indicates metaphase-to-anaphase transition. No cytokinesis
takes place under Tozasertib treatment. (b) Mass-normalized MAR of control (blue)
and 200 nM Tozasertib (orange) treated L1210 cells. Note that Tozasertib prolonged
early mitosis, but most cells still displayed increased MAR after G2/M transition (see
Figure 3-12a). Dashed vertical line indicates the metaphase-to-anaphase transition.
Arrows reflect typical time of G2/M transition for each sample. Drug treatment
started 1-4 h prior to mitotic entry and was maintained through the experiment.
(c, d) Mass-normalized MAR of control (blue) and 5 µM STLC (red) treated L1210
cells. Dashed vertical lines indicate the approximate mitotic entry (for both samples)
and metaphase-to-anaphase transition (only applies to control). Arrows indicate time
points from which data was extracted to generate the boxplot in (c). 𝑃 -values were
obtained using ANOVA followed by Tukey’s posthoc test. Boxplots, line: median,
box: interquartile range, whiskers: 5-95%.
In (b), (c), solid dark lines indicate the mean and light areas represent ±s.d.n refers
to number of individual cells analyzed. See Materials and methods for details on
MAR analysis resolution for this figure.
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3.2.6 Mitotic growth does not require mTOR activity

We then investigated what signaling promotes growth and protein synthesis in mitosis

(Figure 3-13a). We measured the levels of phosphorylated 4E-BP1 (Thr37/46) and

S6RP (Ser235/236) at the single-cell level in mitotic and G2 L1210 cells. Mechanistic

Target Of Rapamycin (mTOR) regulates both of these proteins, which in turn control

translation [105]. Importantly, 4E-BP1 is a negative regulator of translation and

is inactivated by phosphorylation on several sites, including Thr37/46 (reviewed in

[106]). Phosphorylated 4E-BP1 levels were approximately 3-fold higher in mitosis

than in G2 (Figure 3-13b; Figure 3-14), whereas phosphorylated S6RP displayed only
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a minor increase in mitosis (Figure 3-15a). The mitotic phosphorylation of 4E-BP1

was validated with an independent antibody using microscopy and the mitotic increase

was not observed when using antibody isotype controls or pretreating the sample using

Lambda protein phosphatase (Figure 3-14). The mitotic phosphorylation of 4E-BP1

is also consistent with previous reports [85] and the observation that the translational

targets of mTOR are actively translated during mitosis [73].

To examine the role of mTOR, we treated cells for 2 h with 250 nM mTOR in-

hibitor TORIN-1. In G2 cells the levels of phosphorylated 4E-BP1 (Thr37/46) and

S6RP (Ser235/236) were near zero (Figure 3-13b; Figure 3-15b). In mitosis, phospho-

rylation of S6RP was reduced by TORIN-1 (Figure 3-15b), indicating that mTOR

remains active in mitosis. However, TORIN-1 did not change the levels of phos-

phorylated 4E-BP1 in mitosis (Figure 3-13b), suggesting that a mTOR independent

mechanism activates 4E-BP1 in mitosis. Next, we measured mitotic protein synthesis

rates in the presence of TORIN-1. Although G2 protein synthesis rates were reduced,

mitotic protein synthesis rates were not affected by TORIN-1 (Figure 3-15c). Thus,

mTOR is not a major contributor to mitotic growth.

3.2.7 CDK1 drives phosphorylation of 4E-BP1, protein syn-

thesis and mass accumulation in mitosis

We examined how the levels of phosphorylated 4E-BP1 (Thr37/46) and S6RP (Ser235/236)

change when CDK1 is inhibited with 1 µM RO-3306 [107]. At this RO-3306 concen-

tration, L1210 cells can still progress through mitosis, as CDK1 is only partially

inhibited [31]. Only in mitosis did RO-3306 reduce phosphorylated 4E-BP1 but not

phosphorylated S6RP (Figure 3-13b; Figure 3-15b). Although the role of CDK1

in controlling 4E-BP1 phosphorylation has been reported before [85, 88], the conse-

quences of this on protein synthesis and cell growth remain unknown. We observed

that 1 µM RO-3306 treatment also reduced mitotic protein synthesis rates without

affecting G2 protein synthesis rates (Figure 3-13c). In addition, RO-3306 treatment

prolonged early mitosis and resulted in a clear reduction of MAR in mitosis but not
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Figure 3-13: (continued on the following page.)

in G2 (Figure 3-13d).

To further validate the role of CDK1 in promoting mitotic growth, we utilized

chemical genetics in the DT40 CDK1as cell line. In these cells the wild-type CDK1

has been replaced with Xenopus laevis CDK1 that has a F80G mutation (Gibcus et

al., 2018), which sensitizes CDK1 to inhibition by the ATP analog 1NM-PP1 [108].

We observed that protein synthesis was reduced by 1NM-PP1 in a dose dependent

manner in mitosis but not in G2 (Figure 3-13e). Consistently, 1NM-PP1 also reduced

MAR in mitosis (Figure 3-13f).

We also investigated the role of other mitotic kinases in promoting protein syn-
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Figure 3-13: CDK1 drives mitotic growth through 4E-BP1 and cap-
dependent protein synthesis. (a) Schematic of growth regulation pathways.
Chemical and genetic inhibitors (red), kinases (yellow) and the measured downstream
consequences (green) are shown. 1NM-PP1 mediated inhibition of CDK1 is depen-
dent on kinase mutation. (b) L1210 cell levels of phosphorylated 4E-BP1 (Thr37/46)
in G2 (blue) and mitosis (red) after 2 h treatment with 250 nM TORIN-1, 1 µM RO-
3306 or 50 nM OTSSP167. (n=5–6 separate cultures). (c) Protein synthesis rates of
G2 (blue) and mitotic (red) L1210 cells after 2 h treatment with 1 µM RO-3306 or 50
nM OTSSP167. (n=6 separate cultures). (d) Mass-normalized MAR of control, 1 µM
RO-3306 or 30 nM OTSSP167 treated L1210 cells. Solid dark lines indicate the mean
and light areas represent ±s.e.m. Arrows reflect typical time of G2/M transition for
each sample. n refers to number of individual cells analyzed. Drug treatments started
1-4 h prior to mitotic entry and were maintained through the experiment. (e) DT40
CDK1as cell protein synthesis rates in G2 (blue) and mitosis (red) after 5 h treatment
with 1NM-PP1. (n=5-8 separate cultures). (f) Mass-normalized MAR of control or
200 nM 1NM-PP1 treated DT40 CDK1as cells. Solid dark lines indicate the mean
and light areas represent ±s.e.m. Arrows reflect typical time of G2/M transition for
each sample. n refers to number of individual cells analyzed. Drug treatments started
1-4 h prior to mitotic entry and were maintained through the experiment. (g) Pro-
tein synthesis rates of G2 (blue) and mitotic (red) L1210 cells expressing scrambled
or 4E-BP1 targeting shRNAs. The cells were treated for 2 h with 1 µM RO-3306
before sample preparation. (n=6 separate cultures). (h) Protein synthesis rates of
G2 (blue) and mitotic (red) L1210 cells after 2 h treatment with 1 µM RO-3306, 5
h treatment with 50 µM 4EGI-1 or combined treatment with RO-3306 and 4EGI-1.
(n=6–8 separate cultures).
All 𝑃 -values were obtained using ANOVA followed by Tukey’s posthoc test.

thesis and cell growth. Inhibitors for CDK2, Aurora kinases and DYRK kinases did

not affect mitotic protein synthesis (Figure 3-16a). OTSSP167, a drug designated

as a MELK inhibitor [109], reduced phosphorylation of 4E-BP1, protein synthesis

and mass accumulation rates in mitosis (Figure 3-13b–d). Consistently, MELK has

been suggested to promote translation in mitosis [110]. However, alternative MELK

inhibitors [111] did not display mitosis specific inhibition of protein synthesis (Figure

3-16b,c), suggesting that the mitotic growth effects observed in OTSSP167 treated

cells were not mediated by MELK but by OTSSP167 off-targets.

We then moved to validate that 4E-BP1 mediates the CDK1 driven protein syn-

thesis. We generated two L1210 cell lines expressing 4E-BP1 targeting shRNAs, which

reduced 4E-BP1 levels by approximately 85% (shRNA # 1) and by 50% (shRNA #

2) (Figure 3-17a,b). The 4E-BP1 knockdowns had little effect on proliferation rate
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All 𝑃 -values were obtained using ANOVA followed by Tukey’s posthoc test.
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Figure 3-16: Kinase inhibitors which have MELK kinase as an off-target
do not reduce mitotic protein synthesis. (a) Protein synthesis rates of G2
(blue) and mitotic (red) L1210 cells after 3 h treatment with 1 µM SNS-032 (CDK2
inhibitor) or 50 nM Tozasertib (Aurora kinase inhibitor), or 5 h treatment with 1 µM
GSK 626616 (DYRK kinase inhibitor). (n=5–8 separate cultures). 𝑃 -values obtained
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and G2 L1210 cells after 3 h treatment with OTSSP167, Defactinib (also known as
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Light blue area indicates the typical range observed in control cells. (n=4 separate
cultures). Note that OTSSP167 is a nonspecific multikinase inhibitor [111], making
it likely that MELK kinase does not contribute to the drug induced mitotic growth
reduction. (c) Representative FACS scatter plots indicating the cell cycle distribution
after 6 h treatment with indicated chemicals. The relative portion of cells in G1/S,
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OTSSP167 reduced mitotic entry, a phenotype typical for CDK1 inhibition, while the
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(Figure 3-17c) or G2 cell protein synthesis (Figure 3-13g), possibly reflecting that 4E-

BP1 is kept mostly inactive under our experimental conditions. However, when we

reduced mitotic protein synthesis by inhibiting CDK1 with RO-3306, the knockdowns
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Figure 3-17: shRNA mediated knockdown of 4E-BP1 in L1210 cells. (a)
Histogram of 4E-BP1 protein levels analyzed by immunostaining and flow cytometry
in L1210 cells stably expressing the indicated shRNAs. (b) Quantifications of data
in panel (a). n=3 separate cultures. Note that the difference in 4E-BP1 knockdown
efficiency between the two 4E-BP1 targeting shRNAs is likely to explain the differ-
ences observed between these two cell lines in Figure 3-13e. (c) Proliferation rate
of control and 4E-BP1 knockdown cells. Note that the lack of strong proliferation
phenotypes likely reflects the optimal growth conditions where 4E-BP1 is maintained
phosphorylated and inactivated.

of 4E-BP1 partially rescued the mitotic protein synthesis inhibition (Figure 3-13g).

These data indicate that CDK1 promotes mitotic growth at least partly through

4E-BP1.

4E-BP1-driven cap-dependent protein synthesis is classically considered to be in-

hibited in mitosis [68, 71], although recently this view has been challenged [17, 85].

We therefore tested if i) cap-dependent translation remains active in L1210 cell mi-

tosis, and if ii) cap-dependent translation is required for CDK1 mediated mitotic

growth. To test these, we first inhibited cap-dependent translation using 4EGI-1,

an inhibitor of eIF4F complex assembly [112]. Both G2 and mitotic protein synthe-

sis rates were reduced by a similar amount, approximately 50%, following 4EGI-1

treatment (Figure 3-13h). However, treatment with both 4EGI-1 and RO-3306 did

not significantly change mitotic protein synthesis rates when compared to treatment

with 4EGI-1 alone, suggesting that cap-dependent protein synthesis is involved in

CDK1-driven mitotic translation. In conclusion, our results are consistent with a

previous report [85] that CDK1 substitutes for mTOR in mitosis to promote phos-

phorylation of 4E-BP1, to maintain cap-dependent translation and to promote mass

accumulation.
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3.2.8 CDK1-driven mitotic protein synthesis supports daugh-

ter cell growth

Mitotic transcription and translation have been suggested to be geared towards ri-

bosomal proteins and other components that promote growth [84, 95]. Therefore,

inhibiting mitotic protein synthesis could also impact growth in cytokinesis and in

daughter cells. We compared the MAR of RO-3306 or OTSSP167 treated L1210 cells

to control cells in late G2 (last 30 min before G2/M transition), early mitosis (before

metaphase-to-anaphase transition), cytokinesis (after metaphase-to-anaphase transi-

tion) and newborn G1 (first 30 min after abscission of daughter cells). In the presence

of the mitotic growth inhibitors, G2 MAR was not affected, but MAR remained low in

cytokinesis and in newborn G1 (Figure 3-18a). In contrast, cells treated with 100 nM

cycloheximide, a translation inhibitor which at this concentration reduces total pro-

tein synthesis by approximately 50% (Figure 3-8d), did not display similar cell cycle

specificity in growth inhibition (Figure 3-18a). In addition, mother cell MAR in early

mitosis and daughter cell MAR in early G1 correlated in both control (𝑅2 = 0.42)

and RO-3306 (𝑅2 = 0.33) treated cells (Figure 3-19). 1NM-PP1 mediated inhibi-

tion of CDK1 in the DT40 CDK1as cell line also resulted in reduced growth during

cytokinesis and in daughter cells (Figure 3-18b).

We speculated that the daughter cell growth inhibition is a consequence of growth

reduction in mother cell mitosis. To validate that mitotic growth is needed to pro-

mote daughter cell growth, we synchronized L1210 cells to G2 phase, released them

back to cell cycle in the presence or absence of mitotic growth inhibitions, and carried

out daughter cell growth measurements (Figure 3-20a). First, we measured single-cell

MAR using a serial SMR, which measures MAR over a 15-30 min window (Figure

3-20b) [113,114]. We identified the newborn G1 cells based on their smaller mass and

quantified their MAR (Figure 3-20c). In addition, we quantified protein synthesis

rates of G1 daughter cells, as identified through DNA staining, and also measured

long-term proliferation of the cells. Following mitotic growth inhibitions, either by

temporary mitotic arrest (4 h STLC treatment) or by partial CDK1 inhibition, new-
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Figure 3-18: (continued on the following page.)

born cells displayed significantly reduced MAR and protein synthesis rates (Figure

3-18c,d; Figure 3-21). We then repeated the daughter cell protein synthesis assays

in 4E-BP1 knockdown cells after the mother cells had progressed through mitosis in

the presence or absence of CDK1 inhibition. 4E-BP1 knockdown partly rescued the

daughter cell protein synthesis rates that were reduced by CDK1 inhibition (Figure

3-18e). Thus, 4E-BP1 mediates mitotic protein synthesis of CDK1 (Figure 3-13), and

this may also affect daughter cell protein synthesis. However, we cannot fully exclude
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Figure 3-18: CDK1-driven mitotic protein synthesis supports daughter cell
growth. (a) MAR during indicated stages of cell cycle in control, 1 µM RO-3306,
30 nM OTSSP167 or 100 nM cycloheximide (CHX) treated L1210 cells. The MAR
values were normalized to control mean at each stage. n refers to number of indi-
vidual cells analyzed. Drug treatments started 1-4 h prior to mitotic entry and were
maintained through the experiment. (b) MAR during indicated stages of cell cycle in
control or 200 nM 1NM-PP1 treated DT40 CDK1as cells. The MAR values were nor-
malized to control mean at each stage. n refers to number of individual cells analyzed.
Drug treatment started 1-4 h prior to mitotic entry and was maintained through the
experiment. (c,d) MAR of newborn L1210 G1 cells from control and from cells that
have undergone mitosis in the presence of 1 µM RO-3306 (c) or from cells that have
been arrested to mitosis for 4 h with STLC before releasing to undergo cytokinesis
(d). Data acquired using serial SMR (see Figure 3-20 for details). n refers to number
of individual cells analyzed. (e) Protein synthesis rates of G1 L1210 cells expressing
a scrambled or 4E-BP1 targeting shRNA after the cells progressed through mitosis
in the presence or absence of 1 µM RO-3306. Two timepoints (3 h and 8 h) after G2
release are shown. (n=4 separate cultures). (f) Long-term growth, as measured by
cell confluency, in L1210 cells that have been arrested to mitosis for 4 h with STLC or
MG132 before releasing to undergo cytokinesis (n=5 separate cultures, top), or have
undergone mitosis in the presence of 1 µM RO-3306 (n=6 separate cultures, bottom).
Dark colors indicate mean and light areas indicate ±s.e.m.
In (a) and (e), 𝑃 -values obtained using ANOVA followed by Tukey’s posthoc test. In
(b-d), 𝑃 values obtained using two-tailed Welch’s t-test. In boxplots, line: median,
box: interquartile range, whiskers: 5-95%.
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between mother cell MAR in early mitosis (30 min prior to M/A transition) and
daughter cell MAR in early G1 (first 30 min after abscission) for control, 1 µM RO-
3306 and 50 nM OTSSP167 treatments. R-squared values are depicted on right.
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Figure 3-20: Daughter cell growth rate measurement workflow. (a) Work-
flow for measuring MAR, protein synthesis and proliferation rate of G1 cells that
have passed through mitosis under control or drug perturbed conditions. Mitotic
RO-3306 treatments were washed away 3 h after G2 release. (b) Top, schematic of
serial SMR. Cells (pink circles) flow through 12 mass sensing cantilevers separated
by delay channels to obtain consecutive mass measurements before being discarded.
Bottom, the consecutive mass measurements (colored data points) are used to as-
sign a growth (mass accumulation) rate (dashed red line) for each cell. The serial
SMR does not allow long-term monitoring of growth but enables much higher MAR
measurement throughput than the single cantilever SMR shown in (Figure 3-2a). (c)
Representative serial SMR data from control L1210 cells (n=4 independent experi-
ments). G2 synchronized cells were released and the single-cell MAR was monitored
by continuously sampling the population. Buoyant mass measured at each cantilever
is displayed with different color, as shown at the bottom of (a). The G1 cell growth
rates can be quantified by analyzing MAR only from the small (25 to 60 pg) cells.

the possibility that daughter cell growth is affected by some other effects of partial

CDK1 inhibition, such as chromosome missegregation, which could consequently re-

duce daughter cell growth independently of mitotic growth. The protein synthesis

rate and long-term proliferation rate of the daughter cells recovered over time (Figure

3-18e,f), suggesting that mitotic growth inhibitions do not permanently affect cell

viability.
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Figure 3-21: Daughter cells protein synthesis rates in G1 following mitotic
growth inhibitions. Protein synthesis rates of G1 L1210 cells from control (normal
mitosis) and from cells that have undergone mitosis in the presence of 1 µM RO-3306
or from cells that have been arrested to mitosis for 4 h with STLC before releasing
to undergo cytokinesis. (n=3 separate cultures).

3.3 Discussion

We show that animal cells grow approximately 10% of their total mass during M-phase

(Figure 3-1), indicating that the growth during M-phase is comparable to interphase

when the short duration of M-phase is taken into consideration. This contradicts the

classical dogma that growth takes place primarily during interphase and not during

M-phase. Our single-cell measurements show that mass accumulation behavior during

mitosis is dynamic (Figure 3-4), dependent on mitotic stage (Figure 3-11), conserved

across a variety of animal cell types grown in suspension (Figure 3-4) and reflected

in protein synthesis rates (Figure 3-7). Importantly, growth is only stopped for a

short duration in mitosis, as cells approach the metaphase-to-anaphase transition, and

growth recovers in late cytokinesis after anaphase. Most studies on translation and

growth signaling during mitosis use cell population based experimental approaches

that require population enrichment for mitotic cells. This is commonly achieved

by mitotic blockades, which result in growth inhibition (Figure 3-9). Alternatively,

mitotic cells can be collected with mitotic shake-off. However, this only enriches for
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the small subset of mitotic cells that are temporarily not growing (i.e. metaphase

and anaphase cells). Thus, many of the controversial reports regarding translational

control during mitosis can be explained by experimental approaches.

Conceptually, the tight and conserved coordination between growth rates and mi-

totic stages suggests that mitotic growth control is important for cell division. It

has been thought that prioritization of energy away from the ATP consuming macro-

molecule synthesis and towards mechanical reorganization of the cell could explain

the reduction in mitotic protein synthesis rates [58, 61, 62]. Consistent with this hy-

pothesis, we show that growth is stopped when the physical separation of daughter

cells takes place (Figure 3-4). Yet, there is no direct evidence that cell division would

increase the energetic needs of a cell to a point where growth could not persist, and

the inhibition of growth may therefore be due to other reasons. For example, the

inhibition of growth may protect cells from harmfully excessive cell growth during

prolonged mitosis [16,21,97].

It has also been proposed that growth, and especially protein synthesis, are re-

quired during mitosis. A complete growth inhibition for the duration of M-phase

would result in loss of short-lived proteins needed for mitosis and cytokinesis [62].

Consistently, we observe that growth is not inhibited during prophase or late cytoki-

nesis, suggesting that short-lived proteins, such as survivin [62], can be produced

immediately prior to and after anaphase. Future studies examining cellular energy

production and mapping the levels of short-lived proteins in different mitotic stages

will help elucidate why cells display such a dynamic growth behavior in mitosis.

Mechanistically, we found that CDK1 promotes mitotic mass accumulation and

protein synthesis, and this is at least partly mediated by 4E-BP1 (Figure 3-13).

Our results are consistent with previously reported interactions between CDK1 and

the translational machinery [85, 88, 90]. Importantly, our results do not exclude the

existence of other CDK1 dependent or independent mechanisms regulating mitotic

growth. Indeed, CDK1 remains active until metaphase-to-anaphase transition [87],

whereas mass accumulation rates begin to decay in late prometaphase and metaphase,

indicating that CDK1 alone cannot fully explain the observed mass accumulation
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dynamics.

Mitotic growth may be dependent on the time that cells have spent in mitosis,

as growth can be limited by the reduced chromatin accessibility and consequently

reduced transcription. This is consistent with the gradual growth reduction we ob-

serve during mitotic arrests (Figure 3-9). However, considering the long half-life of

most mRNAs [115] and the observations that mRNA levels do not decline during

mitosis [64, 76], limited chromatin accessibility does not explain why protein syn-

thesis would be reduced in the absence of mitotic arrests. Furthermore, our results

also show that normal mitotic progression results in more radical reduction in mass

accumulation than what is observed in prometaphase arrested cells (Figure 3-11),

indicating that there are also other mechanism(s) that radically reduce mass accu-

mulation around metaphase-to-anaphase transition.

Cell mass accumulation reflects the flux of components, such as nutrients, in

and out of the cell. Because we observe that mass accumulation fully stops during

anaphase, or even becomes negative in some cell types, the mechanism(s) controlling

mass accumulation around metaphase-to-anaphase transition must either block the

cells from taking up nutrients or even expel cellular components. Yet, this does not

necessarily mean that protein synthesis comes to a complete stop, as cells can main-

tain translation even in the absence of nutrient uptake by degrading proteins and

recycling the components [116]. In fact, prolonged mitotic arrests resulted in near

zero mass accumulation although ∼25% of the protein synthesis rate persisted (Fig-

ure 3-9). We therefore hypothesize that around metaphase-to-anaphase transition,

where the anaphase-promoting complex drives protein degradation, cells largely stop

nutrient uptake but maintain low level of protein synthesis by recycling amino acids.

We also observed that reducing CDK1 activity results in reduced growth in daugh-

ter cells (Figure 3-18). This may be explained by production of growth components

during mitosis, such as ribosomal proteins, that are required to "jump-start" growth

in the newborn cells. Consistently, several studies have suggested that transcrip-

tion and translation of growth-related genes are prioritized during mitosis [73,84,95].

These results imply that CDK1 does not only coordinate cell division, but also op-
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timizes mitotic translation to promote immediate daughter cell growth. However, it

should be noted that the active mitotic translation of growth promoting components

remains controversial [75,76], CDK1 inhibition may reduce daughter cell growth inde-

pendently of mitotic growth, and the physiological significance of mitotic translational

control in vivo remains unexplored.

Finally, our observations that mitotic arrests block cell growth have implications

for antimitotic cancer chemotherapy. We observed that the vinca alkaloids Vincristine

and Vinblastine, both commonly used to treat lymphomas, stop cell growth when used

in concentrations lower than those measured in patient plasma [103]. This mitotic

growth arrest may contribute to the induction of mitotic catastrophe and the efficacy

of antimitotic chemotherapies.
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3.4 Materials and Methods

3.4.1 Cell lines, primary cells and culture conditions

L1210 cells were obtained directly from ATCC, with the exception of L1210 cells

shown in Figure 3-6b, which were obtained from ECACC. L1210 cells expressing

the FUCCI cell cycle sensor were generated in a previous study [39] using ATCC

originating cells. The BaF3 cells were originally obtained from RIKEN BioResource

Center and engineered to express BCR-ABL in a previous study [117]. S-HeLa cell

line was a gracious gift from Dr Elias. FL5.12 cell line was a gracious gift from Dr

Vander Heiden. All DT40 cell experiments were carried out using DT40 CDK1as

cell line, which was a gracious gift from Dr Samejima and Dr Earnshaw. The DT40

CDK1as cells have had their CDK1 replaced with Xenopus laevis CDK1 with a F80G

mutation, as detailed in [118], to sensitize the CDK1 to inhibition by 1NM-PP1. Note

that the CDK1as cell line is protected by MTA and the rights to this cell line belong

to Prof Earnshaw and the University of Edinburgh. All cell lines tested negative for

mycoplasma. Cell line identity was validated by vendors and the identity of L1210

cells from ATCC was further validated using RNA-seq data.

The L1210 cells basic experimental and culture conditions were in 2 mM L-

glutamine and 11 mM glucose containing RPMI (Thermo Fisher Scientific, # 11835030)

supplemented with 10% FBS (Sigma-Aldrich), 1 mM sodium pyruvate (Thermo

Fisher Scientific), 20 mM HEPES (Thermo Fisher Scientific) and antibiotic/antimycotic

(Thermo Fisher Scientific). In Figure 3-6a, where L1210 cells were grown under

different nutrient conditions, the media was kept otherwise identical except for 4%

FBS and indicated concentrations of glucose (Sigma-Aldrich) or galactose (Sigma-

Aldrich). The L1210 experimental conditions also included 10 nM TMRE in the

media, which did not affect cell growth. BaF3, FL5.12 and DT40 CDK1as cells

were grown in media identical to L1210 cells, with the exceptions that FL5.12 cell

media was supplemented with 10 ng/ml IL-3 (R&D Systems) and DT40 cell me-

dia was supplemented with 3% chicken serum (Sigma-Aldrich). S-HeLa cells were

grown in DMEM (Thermo Fisher Scientific) containing 10% FBS (Sigma-Aldrich),
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1 mM sodium pyruvate (Thermo Fisher Scientific), 20 mM HEPES (Thermo Fisher

Scientific) and antibiotic/antimycotic (Thermo Fisher Scientific).

Human peripheral blood mononuclear cells (PBMCs), including T-cells, were iso-

lated from unpurified buffy coat (Research Blood Components) and activated as de-

scribed previously (Cermak et al., 2016). Briefly, PBMCs isolation was carried out

using Ficoll-Paque Plus density gradient (GE) according to the manufacturerâĂŹs

recommendations. After isolation of the PBMC layer, the cells were subjected to

red blood cell lysis using ACK lysis buffer (Thermo Fisher Scientific). The PBMCs

were then washed three times and either frozen or used for isolation of specific T-cell

subsets. The T-cell data shown in this paper is derived from both frozen and non-

frozen samples obtained from two independent blood samples. Primary T-cells were

isolated using Naive CD8+ or CD3+ T Cell Isolation Kits (Miltenyi Biotec) accord-

ing to supplier’s instructions. The primary T-cells were activated on an anti-human

CD3 (BioLegend) coated cell culture plate in identical to L1210 culture media, with

the exception that the media was supplemented with 10 µM 2-mercaptoethanol, 100

units/ml IL-2 (R&D Systems) and 2 µg/ml anti-human CD28 (BioLegend). The same

media was used for SMR experiments. After activation, cells were left undisturbed

for 24 h before SMR experiments, and the activation was validated by monitoring cell

number and volume changes using Coulter Counter (Beckman Coulter).

The shRNA expressing L1210 cells were generated as in [15]. L1210 cells (obtained

from ATCC) were transfected using mammalian shRNA knockdown lentiviral vectors

obtained from VectorBuilder Inc. Each construct contained an shRNA sequence under

a U6 promoter, as well as EGFP and Puro linked by T2A for selection. Full construct

details can be found online at VectorBuilder.com (Vector IDs: VB190401-1106ebw,

VB190401-1107bty and VB190401-1108sfm)

∙ Control shRNA target sequence: CCTAAGGTTAAGTCGCCCTCG

∙ 4E-BP1 shRNA # 1 target sequence: ATTATCTATGACCGGAAATTT

(location: 233-253, CDS)

∙ 4E-BP1 shRNA # 2 target sequence: CCAGTGTTTATGGTGTGATTT

(location: 912-932, 3’UTR)
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Transfection was carried out using 4 rounds of spinoculation. In each round, 1.5×105

L1210 cells were mixed with 10 µg/ml Polybrene (EMD Millipore) and approximately

1×106 transducing units of lentivirus. The mixture was centrifuged at 800 g for 60

min at 25∘C, and the cells were moved to normal culture media. This procedure was

repeated every 12 h for a total of 4 times. 24 h after the last round of transfection

selection was started using 10 µg/ml puromycin (Sigma-Aldrich). After 5 days of

selection the shRNA and EGFP expressing subpopulation was sorted out using BD

FACS Aria. shRNA knockdown efficiency was validated by immunostaining 4E-BP1

and quantifying the staining levels using FACS (antibody staining details are below,

Figure 3-17a,b).

3.4.2 SMR device setup and experimental details

The SMR chips were fabricated as previously described [31, 39, 113] by CEA-LETI,

Grenoble, France. The device setup and experimental details were similar to those

described previously [31, 39, 113]. Briefly, a piezo-ceramic placed under the device

vibrates the cantilever in its second flexural bending mode resonant frequency, which

is typically ∼1.1 MHz. The resonant frequency was monitored using piezo-resisters

embedded at the base of the cantilever. A digital control platform was used to actuate

the cantilever in a direct feedback mode, where an actuating signal is generated by

amplifying and delaying the detected motion signal from the cantilever. Utilizing the

feedback mode with a data rate of ∼3000 Hz, our SMR measurement bandwidth was

fixed to ∼1500 Hz, which was adequate to capture fast modulating frequency signal

resulting from a cell transit through the cantilever.

SMR device was operated at a fixed temperature of 37∘C, by mounting the SMR

chip on a copper clamp that was connected to a circulating, temperature-controlled

water bath (Julabo). Fluid flow was controlled by pressure difference across the SMR

input ports. Each input port was connected to a reservoir of normal cell culture me-

dia that was pressurized with 5% CO2, 21% O2 (Airgas) to maintain stable pH. The

amount of pressure applied to each vial were controlled using electronic pressure reg-

ulators (Proportion Air QPV1) and the applied pressure difference across the channel

76



was set to achieve a typical flow rate of ∼2 nL/s to minimize the shear stress of cells

growing within the SMR. This resulted in a typical ∼300 ms transit time through

the cantilever. Both the absolute pressure and flow direction were controlled using

a custom software (LabVIEW 2012 and LabVIEW 2016). The software controls the

pressure levels, and consequently the flow direction and speed, in real-time, and is

automated to quickly respond to a change in resonant frequency signal. For example,

a set of pressures are applied to flow a cell through the cantilever (Figure 3-2a, left

#1). The resonant frequency change caused by cell transit through the cantilever

automatically stops the flow (Figure 3-2a, left #2). Flow is maintained at zero for

desired amount of time (∼50 s), after which the pressures are changed to reverse the

flow direction (Figure 3-2a, left #3). See Figure 3-2 for the detailed steps of the fluid

control and consequent cell movement.

For monitoring morphology changes during mitosis and measuring FUCCI cell

cycle reporter intensity, we utilized an on-chip imaging system described previously

[39]. Briefly, a modular Nikon microscope equipped with a Nikon LU plan ELWD

50×/0.55 objective, a Lumencor Spectra X light engine and an 8 mm Voltage Output

Type photomultiplier tube (Edmund Optics) or a monochrome camera (BFS-U3-

13Y3M-C, FLIR). As a cell passed through the SMR cantilever, the change in the

resonance frequency was used as a trigger to turn on illumination and measure the

FUCCI reporter fluorescence. On-chip cell imaging was done as in [114].

3.4.3 Data acquisition & processing

The motion of the cantilever and thus the resonant frequency of the SMR was mea-

sured by a digital control platform described previously [113]. The measured signal

in digital platform was fed into custom LabVIEW code that records the signal while

cell is in transit. Recorded frequency was then post-processed by custom MATLAB

code, as described previously [113]. Briefly, the code locates two local minima in

frequency peaks, fits a fourth order polynomial to the raw data, and the minimum

resonance frequency values are extracted from the fittings. The average of these two

resonance frequency minima measured in Hz was then transformed in to picograms
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(pg) by calibrating the measurements using monodisperse polystyrene beads (Thermo

Fisher Scientific, Duke Standards) with a known buoyant mass. No frequency peak

exclusion was performed, except in an extremely rare event where two daughter cells

separate inside the cantilever during transit.

3.4.4 Assigning cell cycle transitions to buoyant mass traces

We identified three distinct cell cycle transition points: mitotic entry (i.e. G2/M

transition), metaphase-to-anaphase transition (i.e. M/A transition) and daughter

cell abscission (Figure 3-3). We defined M-phase as the sum of mitosis and cytoki-

nesis, starting at mitotic entry and ending at daughter cell abscission. We identi-

fied metaphase-to-anaphase transition using the mAG-Geminin signal of the FUCCI

cell cycle reporter, which is degraded at metaphase-to-anaphase transition (Figure

3-3c), and using on-chip brightfield imaging, where we identified the metaphase-to-

anaphase transition as the last timepoint of cell being round. These signals always

coincided with two biophysical signals measured by SMR, a drop in node deviation

signal (an acoustic signal corresponding to cell shape and stiffness) and a momentary

reduction in buoyant mass trace (Figure 3-3b), both partly due to cell elongation in

anaphase [15]. These elongation dependent signals are applicable to all cell types

studied here and this was validated by on-chip imaging, allowing us to designate

metaphase-to-anaphase transition for all cells.

The daughter abscission was assigned for all cells based on the approximately

50% loss of buoyant mass within 2 min. Cytokinesis was defined as the time between

metaphase-to-anaphase transition and daughter cell abscission. G1 was defined to

start immediately following cell abscission.

Detection of mitotic entry (G2/M transition) for L1210 cells was carried out using

biophysical parameters. First, we have previously shown that node deviation starts

to decrease following mitotic entry (Figure 3-3b) [15], allowing us to locate mitotic

entry for L1210 traces. The timing of the assigned mitotic entry (30 min prior to

metaphase-to-anaphase transition) also matched with previously analyzed mitotic

entry point based on single-cell volume measurements [22,31]. Similar node deviation
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based assignment of approximate mitotic entry was also done for other cell types,

whenever node deviation changes were observable. We also estimated the approximate

mitotic entry by comparing the whole cell cycle duration to that of L1210 cells. When

cell cycle durations were similar, we utilized the same timing of mitotic entry (30 min

prior to metaphase-to-anaphase transition) for the other cell types, which was also

consistent with the timing of mitotic entry observed by node deviation measurements.

While this is an approximation, it is consistent with the notion that the duration of

mitosis does not vary drastically cell-to-cell [12]. For chemical perturbations that

prolonged early mitosis, the approximate mitotic entry is separately indicated in the

figures (for example, arrows in Figure 3-13d).

Approximate duration of L1210 cell metaphase was assigned using the G2/M

and metaphase-to-anaphase transitions together with previous characterization of the

relative durations of different mitotic stages in L1210 cells [31]. The duration of cell

elongation (i.e. anaphase) was quantified for L1210 cells previously (12 min) [15] and

the duration was approximated for other cell types using on-chip imaging.

3.4.5 Analyzing mass accumulation rate (MAR) and MAR/mass

To quantify average MAR/mass of for late G2, early mitosis, cytokinesis and newborn

G1, as seen for example in Figure 3-18a, a single linear fit was made to the buoyant

mass traces for each indicated cell cycle stage and the slope of the fit represents the

MAR (Figure 3-5a). To minimize the error in the length of fitted segment, data

points were linearly interpolated from the buoyant mass trace to accurately pinpoint

the beginning and the end of the fitted segments. Then, each slope of the linear

fits (MAR) was divided by the average mass during the fitting period to obtain

MAR/mass.

To quantify MAR/mass dynamics within mitotic stages, as seen for example in

Figure 3-4a, we quantified the slope and average mass during each 10 min segments

in the buoyant mass traces (Figure 3-5b). The 10 min segments were separated by

5 min. The 10 min segments were separately fitted a linear line, and each slope of

the fitted line represents MAR (Figure 3-5c). Then MAR of each 10 min segment
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was divided by the average mass within that 10 min segment to calculate MAR/mass

(Figure 3-5d). To minimize the error in the length of fitted segment, data points

were linearly interpolated from the buoyant mass trace to increase number of data

points. The MAR/mass dynamics shown in Figure 3-11; Figure 3-10; Figure 3-12

were processed similarly but the length of each segment and separation between each

segment were reduced to 4 min and 2 min, respectively. When showing MAR/mass

dynamics of individual cells (Figure 3-4d; Figure 3-5c,d; Figure 3-12a), buoyant mass

traces were filtered using a moving average covering a 10 min window of data.

To correct for the cell elongation induced bias in buoyant mass measurement

during cytokinesis, we performed a data correction as shown before [15]. Briefly, the

change in cell mass distribution (cell elongation) reduces the resonance frequency shift

of the SMR, in a manner that is dependent on cell geometry. Using on-chip imaging,

cell mass and volume information, we estimated the cell geometry to be i) spherical

before elongation, ii) overlapping spheres during anaphase, and iii) spherical doublets

after elongation is over (Figure 3-2d,e). With this information we can calculate the

estimated extent of the measurement bias. The details can be found in Ref [15]. The

calculated extent of the measurement bias during L1210 cell cytokinesis can be seen

in Figure 3-2d and in Figure 3-5d.

3.4.6 Chemical perturbations

All SMR experiments with chemical perturbations of cell growth or cell cycle, apart

from serial SMR experiments, were carried out by diluting the chemicals directly in

to the media within SMR. Untreated cells were then loaded to the SMR for growth

monitoring, so that in a typical experiment the cell was exposed to the chemical

for at least two hours before entering mitosis. Experiments with chemical inhibitors

only lasted through one cell division, so that exposure to the chemicals was always

started in interphase, approximately 1-4 h prior to mitosis. Thus, the n indicated

for chemical treatments always reflects separate experiments. Control experiments

were always carried out between experiments with chemical perturbations to assure

that control cell growth rates were reproducible. Note that the control L1210 cell

80



data is accumulated over several years and the growth behavior was reproducible also

between different SMR devices (Figure 3-6c).

For serial SMR experiments where cells were arrested to mitosis using STLC,

cells were loaded in to the serial SMR in normal culture media immediately after

STLC wash off. For serial SMR experiments where cells were treated with RO-3306,

cells were loaded in to the serial SMR in 1 µM RO-3306 containing culture media

immediately after release from G2 arrest. In Figure 3-9c, mitotic arrests were obtained

by treating unsynchronized L1210 cells with 5 µM STLC, 1 µg/ml Nocodazole, 2 µM

MG132 or 20 µM proTAME.

Importantly, we observed that RO-3306 stock stored in −20∘C in DMSO was not

stable over several months and we therefore carried out all experiments using RO-3306

that was prepared within one week of the experiment.

3.4.7 Cell cycle synchronizations

L1210 cells were synchronized to G2 using a double thymidine block followed by a

RO3306 mediated G2 arrest. L1210 cells in confluency of 4×105 cells were first treated

with 2 mM Thymidine for 15 h, then washed with PBS and moved to normal culture

conditions to release from G1/S arrest. After 6 h, 2 mM Thymidine was added for 6

h. Cells were again washed with PBS and moved to normal culture conditions for 3

h, after which 5 µM RO-3306 was added. 7 h later cells were arrested in G2 (Figure

3-7a). Cells were then washed with PBS and moved to normal culture conditions

(unless otherwise stated) to allow cells to uniformly progress through mitosis. Note

while most cells enter mitosis soon after release from G2 arrest, some cells fail to

exit G2. The release from G2 arrest was considered as time zero in protein synthesis,

serial SMR and proliferation experiments.

When cells were temporarily arrested in mitosis (Figure 3-18c,d,f), cells were first

synchronized to G2, then released in to 5 µM STLC. 4 h later the cells were washed

twice with media and replaced in to normal cell culture conditions. The release from

STLC mediated mitotic arrest was considered as time zero in protein synthesis, serial

SMR and proliferation experiments.
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3.4.8 Protein synthesis rate sample preparation

Protein synthesis rates were quantified using the Click-iT Plus OPP Alexa Fluor 594

Protein Synthesis Assay Kit (Thermo Fisher Scientific) together with antibody stain-

ing specific for different mitotic stages. For each replicate approximately 3×106 cells

were treated with 20 µM OPP for 10 min under normal culture conditions. The OPP

accumulation was stopped by mixing the cells with ice cold PBS, after which the

cells were quickly washed with ice cold PBS and then fixed with formaldehyde for

10 min at room temperature. To reduce the number of cell doublets fixed together,

the fixation was carried out by shaking the cells on vortex in PBS and slowly adding

a corresponding volume of 8% paraformaldehyde to reach a final paraformaldehyde

concentration of 4%. Fixative was washed away with PBS and the cells were per-

meabilized using 0.5% Triton X-1000 in PBS for 10 min at room temperature. The

permeabilization solution was washed away with PBS and cells were incubated in 5%

BSA in PBS for 30 min to block non-specific antibody binding.

Mitotic cells were separated from interphase cells using p-Histone H3 monoclonal

antibody (S10, D2C8, conjugated to Alexa 647, Cell Signaling Technology, #3458S;

or S10, D2C8, conjugated to Alexa 488, Cell Signaling Technology, #3465S). For sep-

aration of mitosis in to early and late mitosis, Cyclin B1 (V152, conjugated to Alexa

488, Cell Signaling Technology, #4112S) and Cyclin A (H-3, conjugated to FITC,

Santa Cruz Biotechnology, #sc-271645 FITC) monoclonal antibodies were used. All

antibody labeling steps were carried out o/n in 4∘C in 5% BSA containing PBS. All

antibodies were used at the concentration recommended by supplier. Antibodies were

washed away using 5% BSA in PBS.

The OPP Click-IT reaction was carried out according to manufacturer’s (Thermo

Fisher Scientific) instructions. After OPP conjugation with Alexa Fluor 594 fluo-

rophore, the cells were washed twice with PBS and DNA was stained for 30 min in

RT with 1:2000 dilution of NuclearMask Blue (#H10325, Thermo Fisher Scientific).

Finally, the cells were washed three times with PBS, mixed in to PBS supplemented

with 1% BSA and put on ice until FACS analysis.
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3.4.9 Protein content and phosphorylation level sample prepa-

ration

To analyze the levels of total 4E-BP1 or phosphorylated S6RP and 4E-BP1, unper-

turbed cells were prepared using same fixation, permeabilization and blocking proto-

col as for protein synthesis assays. The cells were then incubated in 4∘C with 4E-BP1

monoclonal antibody (53H11, Cell Signaling Technology, #34470), p-4E-BP1 mon-

oclonal antibody (Thr37/46, 236B4, conjugated to PE, Cell Signaling Technology,

#7547S), p-S6RP monoclonal antibody (S235/236, D57.2.2E, conjugated to Alexa

647, Cell Signaling Technology, #4851S) or isotype specific controls (Rabbit mAb

IgG, conjugated to PE or Alexa 647, Cell Signaling Technology, #5742S) in PBS

solution containing 5% BSA. All antibodies were used at the concentration recom-

mended by supplier. For analysis of total 4E-BP1 levels, cells were washed and

treated with 2 µg/ml secondary antibody (Goat anti-Rabbit IgG secondary antibody

conjugated to Alexa Fluor 568, #A-11011, Thermo Fisher Scientific) for 2 h in RT.

Antibodies were washed away using 5% BSA in PBS and the cells were stained for

p-Histone H3 (S10) and DNA, as in protein synthesis assays. Finally, the cells were

washed three times with PBS, mixed in to PBS supplemented with 1% BSA and put

on ice until FACS analysis.

3.4.10 Flow cytometry

FACS based quantifications were done using BD Biosciences flow cytometer LSR II

HTS with excitation lasers at 355, 488, 561 and 640 nm, and emission filters at

450/50, 530/30, 585/15 and 660/20. See (Figure 3-7a,c; Figure 3-8a) for DNA and

antibody labeling that were used to separate cell cycle stages. At least 20,000 cells

were analyzed for each replicate so that each analyzed subpopulation contained at

least 250 cells, and typically over 1000 cells.
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3.4.11 Microscopy

For validation of OPP staining, L1210 cells were plated on coverslips coated with 0.1%

poly-L-lysine, and prepared using same fixation, permeabilization, blocking, antibody

labeling and DNA staining protocol as for protein synthesis assays. After all staining

procedures were done, the cells were mounted on to microscopy slides in Vectashield

mounting medium (Vector Laboratories).

For examination of phosphorylated 4E-BP1, L1210 cells were plated on coverslips

coated with 0.1% poly-L-lysine, and prepared using same fixation, permeabilization

and blocking protocol as for protein synthesis assays. The cells were then labeled

in 4∘C with p-4E-BP1 monoclonal antibody (Thr37/46, 4EB1T37T46-A5, #MA5-

27999, Thermo Fisher Scientific). The following day the cells were washed three

times with PBS and then treated with 2 µg/ml secondary antibody (Goat anti-Rabbit

IgG secondary antibody conjugated to Alexa Fluor 568, #A-11011, Thermo Fisher

Scientific) for 2 h, before an o/n labelling in 4∘C with Îś-Tubulin monoclonal antibody

(11H10, conjugated to Alexa Fluor 488, #5063, Cell Signaling Technology). The

following day the cells were washed three times with PBS and DNA was stained

for 30 min in RT with 1:2000 dilution of NuclearMask Blue (#H10325, Thermo

Fisher Scientific). The cells were washed three times with PBS and mounted on

to microscopy slides in Vectashield mounting medium (Vector Laboratories).OPP

staining and 4E-BP1 phosphorylation levels were imaged using DeltaVision wide-

field deconvolution microscope using standard filters (DAPI, FITC, TRITC) and

100× objective. After deconvolution using SoftWoRx 7.0.0 software, approximately

3 µm thick section from the middle of z-slices was merged into a maximum intensity

image for visualization.

Cell proliferation rate was analyzed by imaging the cells every 1 h using IncuCyte

live cell analysis imaging system by Sartorius. The relative cell count was then as-

sessed from the phase images by analyzing the relative confluency in each sample.

These values were normalized to the value at start and hourly average values were

plotted together with the standard error of mean (s.e.m.). Representative images
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displaying the duration of daughter cell separation (Figure 3-4c,e) were obtained in a

parallel experiment using IncuCyte live cell analysis imaging system by Sartorius with

20× objective or using on-chip imaging in the SMR with the imaging setup detailed

in section 3.4.2.

3.4.12 Lambda protein phosphatase treatment

To verify the phospho-specificity of the p-4E-BP1 antibodies, cells were prepared

using same fixation, permeabilization and blocking protocol as detailed above. The

cells were first treated with p-Histone H3 antibody to label mitotic cells and to protect

p-Histone H3 sites from Lambda phosphatase, after which the phosphatase treatment

and DNA staining were carried out. The cells were then treated with 10,000 units/ml

of Lambda protein phosphatase in 1× NEBuffer for protein MetalloPhosphatases that

contained 1 mM MnCl2 for 12 h in 30∘C, after which cells were washed twice with

PBS. The Lambda phosphatase and the treatment buffer were obtained from New

England BioLabs (#P0753S). Finally, DNA was stained as detailed above and the

cells were analyzed using flow cytometer.

3.4.13 Combining & normalizing data

Total mass accumulation for each cell was calculated from the mass accumulation

traces, by assuming that the birth size of the cell was exactly half of the abscission

size. Mass accumulation during mitosis (between G2/M transition and metaphase-to-

anaphase transition) and during cytokinesis (between metaphase-to-anaphase transi-

tion and daughter cell abscission) was then normalized to the calculated total mass

accumulation for each cell. MAR/mass traces (i.e., MAR/mass vs time) from each

single cell were aligned to metaphase-to-anaphase transition. We then linearly in-

terpolated data points from each MAR/mass trace, consequently making the total

number of timepoints for each cell to be 100. Mean and s.d. were calculated for

each timepoint and plotted as a function of approximate mitotic entry (30 min before

metaphase-to-anaphase transition for most cell types). In Figure 3-9, where the drug-
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induced mitotic arrests inhibit us from aligning the data to metaphase-to-anaphase

transition, all data was aligned to approximate mitotic entry using node deviation

and MAR/mass signals. In addition, in Figure 3-9d, the MAR/mass traces were

smoothed with a moving average filter of length 3. Data smoothing was not done for

any other datasets. In Figures 7a,b, average MAR/mass for each indicated cell cycle

stage (late G2, early mitosis, cytokinesis and early G1) was normalized to control

values within that cell cycle stage.

3.4.14 Statistical information

All statistical tests carried out, as well as descriptions of error bars and numbers of

replicates, are detailed in the figure legends. All t-tests were two tailed. No replicates

were excluded, except for image analysis, when cells could not be analyzed, as detailed

above. No power analysis was used. Sample size was kept at or above 3 independent

replicates, with exact sample size depending on the experimental setup. Many of

the experimental approaches required time-sensitive sample processing, which limited

the maximum sample size. In all FACS based assays, the replicate number refers to

independent cell cultures. In all SMR based assays, the replicate number refers to

independent cells measured through mitosis. In SMR based assays, control samples

were grown for multiple generations yielding several replicates in one experiment,

whereas drug treated samples were only grown through one division so that each

drug treated replicate represents a separate experiment. Experiments were repeated

at least three times on separate days, unless otherwise stated in the figure legends.

The increase in L1210 cell MAR/mass from G2 to early mitosis was quantified

by comparing the highest MAR/mass values observed in G2 and in early mitosis for

each cell separately. The statistical comparison between these two groups was carried

out by two-tailed Welch’s t-test.

Statistical tests were carried out using OriginPro 2019 software. The analysis

of buoyant mass traces and the analysis of images was carried out using MATLAB

R2014b. Visualization of microscopy images was carried out using ImageJ. All figures

were compiled using Adobe Illustrator CC 2018.
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Chapter 4

Monitoring single-cell acoustic

scattering reveals dynamic stiffness

behavior in mitosis

The work described in this chapter was done in collaboration with several people and
was published in Kang et al. 2019 [15]. The other authors made significant contribu-
tion to this work1.

Abstract
The monitoring of mechanics in a single cell throughout the cell cycle has been ham-
pered by the invasiveness of mechanical measurements. Here we quantify mechanical
properties via acoustic scattering of waves from a cell inside a fluid-filled vibrating
cantilever with a temporal resolution of <1min. Through simulations, experiments
with hydrogels and the use of chemically perturbed cells, we show that our readout,
the size-normalized acoustic scattering (SNACS), measures stiffness. To demonstrate
the noninvasiveness of SNACS over successive cell cycles, we used measurements that
resulted in deformations of <15nm. The cells maintained constant SNACS through-
out interphase but showed dynamic changes during mitosis. Our work provides a basis
for understanding how growing cells maintain mechanical integrity, and demonstrates
that acoustic scattering can be used to noninvasively probe subtle and transient dy-
namics.

1Teemu Miettinen carried out imaging. Selim Olcum carried out the image analysis. Lynna
Chen created hydrogel particles and carried out Atomic Force Microscopy (AFM) measurements.
Teemu P. Miettinen and Georgios Katsikis contributed significantly to the writing and revising of
the manuscript.
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4.1 Introduction

Although spatiotemporal changes in cytoskeletal components have been widely char-

acterized by optical microscopy [13,119], mechanical measurements are necessary for

fully understanding the functional consequences of cytoskeletal remodeling [120]. Me-

chanical properties of living cells such as stiffness often play a fundamental role in vari-

ous intra- and intercellular processes such as migration [121], metastasis [122,123] and

development [124]. From atomic force microscopy (AFM) [24,125], to optical stretch-

ing [26,126,127], fluid shear stress [14,27] and particle tracking methods [28,128,129]

numerous strategies have been introduced for measuring mechanical properties of

single cells, yet they are typically invasive and used as end-point assays. Microinden-

tation and AFM techniques are capable of continuous monitoring by probing stiffness

changes through a series of indentations across the top surface of a cell [25,130]. How-

ever, these measurements are influenced by the location and geometry where the tip

physically makes contact, which makes long-term monitoring of whole-cell stiffness

with high temporal resolution challenging. Recently, acoustic fields have been used

to non-invasively probe cellular stiffness [131–133]. This is typically achieved by ap-

plying acoustic radiation forces in microchannels and tracking the stiffness-dependent

trajectories of cells in order to obtain end-point measurements.

Here we introduce an acoustic method for continuously and noninvasively moni-

toring single-cell mechanics over multiple cell generations. This enables us to precisely

follow the mechanical dynamics of single cells in the time scales less than a minute

and observe mechanical changes that are too subtle to be observed at the population

level due to cellular heterogeneity.

4.2 Theory

Using the Rayleigh Ritz Theorem, which equates time average kinetic energy and

time averaged potential energy, resonant frequency of the Suspended microchannel

resonator (SMR) containing a particle immersed in the fluidic channel can be obtained
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[30]. It has been shown previously that a point-mass particle in the SMR of length

L vibrating at its second mode shifts the resonant frequency as a function of particle

position (y) along the cantilever [40]

(︂
∆𝑓2
𝑓2

)︂
= −1 +

[︂
1 + 𝑢2

2 (𝑦/𝐿)
∆𝑚

𝑚𝑒𝑓𝑓

]︂−1/2

≈ −1

2
𝑢2
2 (𝑦/𝐿)

∆𝑚

𝑚𝑒𝑓𝑓

𝑢2(𝑥) =
1

2

[︂
(cosh(𝜆2𝑥) − cos(𝜆2𝑥)) −

(︂
cosh(𝜆2) + cos(𝜆2)

sinh(𝜆2) + sin(𝜆2)

)︂
(sinh(𝜆2𝑥) − sin(𝜆2𝑥))

]︂
(4.1)

where 𝑓2 is the resonant frequency of SMR vibrating at its second mode before the

particle is introduced, 𝑢2 is the normalized second mode shape, ∆𝑚 is the mass change

in the system upon loading the particle, 𝑚𝑒𝑓𝑓 is the effective mass of the unloaded

cantilever, and 𝜆2 is the eigenvalue for the second mode (𝜆2 = 4.69). According to

equation 4.1, the resonant frequency does not change when a particle is at the node

(i.e., ∆𝑓/𝑓 |𝑛𝑜𝑑𝑒 = 0 when 𝑢2(𝑦) = 0). However, we observe a non-zero frequency shift

at the node (i.e. node deviation) from beads and cells (Figure 4-1a).

In this section, we start our discussion with the theory that was developed to

derive equation 4.1 and provide the assumptions that led to a discrepancy between

theory (according to equation 4.1) and measured node deviation (Figure 4-1a). Next,

we provide the details new energy terms revealed by FEM simulation. Finally, we

derive a new expression for the frequency response based on the FEM simulation

results that successfully described node deviation measurements (Figure 4-1d,e).

4.2.1 Previous theory

We assume the vibration amplitude of the SMR follows the normalized second mode

shape (𝑢2) from Euler-Bernoulli beam equation and is unchanged for sufficiently small

mass loading (∆𝑚 ≪ 𝑚𝑒𝑓𝑓 ) [30]

𝑧(𝑦, 𝑡) = 𝐴𝑢2

(︁ 𝑦

𝐿

)︁
cos(𝜔𝑡)

= 𝐴𝑢(𝑦) cos(𝜔𝑡)

(4.2)
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Figure 4-1: (continues in the following page)

where 𝐴 is the maximal amplitude and 𝜔 = 2𝜋𝑓 for a SMR vibrating harmonically

with frequency 𝑓 . For this section, 𝑢(𝑦) refers to the normalized second mode shape.

In the earlier theory, potential energy from the bending of the silicon layer surrounding

the fluidic channel (Figure 4-2a) was considered to be the only term contributing to
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Figure 4-1: Acoustic scattering causes a resonant frequency shift at the
node of a suspended microchannel resonator (SMR). (a) Top, schematic of
SMR with a particle flowing through the embedded fluidic channel. Pink arrows
mark the particle trajectory. Middle, normalized vibration amplitude at the 2nd
mode. Bottom, resonant frequency shift (∆𝑓/𝑓) from experiments with a single cell
(pink) and a polystyrene bead (black). Vertical dotted lines mark the particle posi-
tions along the cantilever, as in top panel. Buoyant mass (size) is measured at the
antinode (∆𝑓/𝑓 |𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒, blue arrow). Inset, ∆𝑓/𝑓 at the node where node devia-
tion is measured (∆𝑓/𝑓 |𝑛𝑜𝑑𝑒, black and pink arrows). (b) Conceptual illustration of
frequency shift due to acoustic scattering. A particle interacts with acoustic fields
(black waves) generated by the SMR vibration (black arrows) at resonant frequency
𝑓 . The particle-fluid interaction causes acoustic scattering (blue waves), which shifts
the resonant frequency (∆𝑓). The wavelength (𝜆) of the acoustic fields is depicted
qualitatively (𝜆 ∼ 1 mm, which is ∼100 times the channel height). (c) Acoustic
pressure (colors) and acoustic velocities (arrows) within SMR from Finite Element
Method simulations. Inset, magnitudes of y-acoustic velocities with and without a
polystyrene bead at the node. Black arrows show directions of y-acoustic veloci-
ties. (d),(e) ∆𝑓/𝑓 from simulations (red circles) and experiments (black lines) with
polystyrene beads flowing through SMR filled with 𝐻2𝑂 (d) or density-matched fluid
(𝜌𝑏𝑒𝑎𝑑 = 𝜌𝑓𝑙𝑢𝑖𝑑) (e). Black arrows show node deviation. (f) Node deviation vs par-
ticle volume from simulations (red dashed line) and experiments (black dots) with
polystyrene beads. (g) Node deviation vs mean elastic modulus, as measured using
AFM indentation (Materials and methods), for synthetic hydrogels of same volume
(n=92, 115, 243, 146, 134 and 186 hydrogels for node deviation measurements, n=4
hydrogels for each AFM measurements). Data depicts mean (blue squares) ±s.d.
(error bars).

the total potential energy of the system, 𝑈𝑡𝑜𝑡𝑎𝑙. Therefore,

𝑈𝑡𝑜𝑡𝑎𝑙(𝑡) = 𝑈𝑠𝑖𝑙(𝑦, 𝑡)

=

∫︁ 𝑙

0

1

2
𝐸𝐼

(︂
𝜕𝑧

𝜕𝑦

)︂2

𝑑𝑦

=

[︃
𝐴2

∫︁ 𝑙

0

1

2
𝐸𝐼

(︂
𝜕𝑢

𝜕𝑦

)︂2

𝑑𝑦

]︃
cos2(𝜔𝑡)

= 𝑈𝑚𝑎𝑥 cos2(𝜔𝑡)

(4.3)

For the kinetic energy of the system, 𝑇𝑡𝑜𝑡𝑎𝑙, there are three contributing (silicon
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layer, fluid, and the particle) for which we provide

𝑇𝑡𝑜𝑡𝑎𝑙(𝑦, 𝑡) = 𝑇𝑠𝑖𝑙(𝑦, 𝑡) + 𝑇𝑓 (𝑦, 𝑡) + 𝑇𝑝(𝑦, 𝑡)

=

∫︁
𝑠𝑖𝑙

1

2
𝜌sil

(︂
𝜕𝑧

𝜕𝑡

)︂2

𝑑𝑉 +
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1

2
𝜌f

(︂
𝜕𝑧

𝜕𝑡

)︂2

𝑑𝑉 +
1

2
𝑚p
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𝜕𝑧

𝜕𝑡

)︂2

= 𝐴2

⎡⎣∫︁
𝑠𝑖𝑙

1

2
𝜌sil𝜔

2𝑢2𝑑𝑉 +
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𝑓

1

2
𝜌f𝜔

2𝑢2𝑑𝑉 +
1

2
𝑚p𝜔

2 𝑢2(𝑦)

⎤⎦ sin2(𝜔𝑡)

(4.4)

where 𝑚𝑝 is the mass of the particle, 𝜌𝑠𝑖𝑙 and 𝜌𝑓 are the densities of silicon layer

and fluid, respectively. In the previous theory, the interaction between the fluid and

particle is ignored and it is assumed that the particle and fluid have the same kinetics
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Figure 4-2: SMR geometry and acoustic parameters from simulation. (a)
SMR geometry, dimensions (Table 4.2) and coordinates. The fluid channel in the
detection regime is covered with thin silicon layers (dark gray). Inset, schematic of
the buried channel. All dimensions are listed in Table 4.2. (b)–(d) Simulated acoustic
pressure (b), z-velocity (c) and y-velocity (d). Amplitude (black) and phase (gray)
are plotted along the top edge of the channel. The maximal amplitude of z-velocity
and y-velocity were ∼0.5 m/s and ∼0.075 m/s, respectively. The second mode shape
from the Euler–Bernoulli beam equation (𝑢2) is plotted in red dashed lines.
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(i.e., 𝑣(𝑦) = 𝜔𝑢(𝑦)). For this case, equation 4.4 simplifies to

𝑇𝑡𝑜𝑡𝑎𝑙(𝑦, 𝑡) =
1

2
𝐴2𝜔2

[︀
𝑚𝑒𝑓𝑓 + (𝑚𝑝 −𝑚𝑓 )𝑢2(𝑦)

]︀
sin2(𝜔𝑡)

= 𝑇𝑚𝑎𝑥(𝑦) sin2(𝜔𝑡)

(4.5)

where 𝑚𝑒𝑓𝑓 = 1
2

∫︀
𝜌𝑠𝑖𝑙𝑢

2𝑑𝑉 + 1
2

∫︀
𝜌𝑓𝑢

2𝑑𝑉 when 𝑦 = 0. Thus, using the Rayleigh-Ritz

Theorem to equate the time-averaged potential energy 𝑈𝑚𝑎𝑥/2 with the time-averaged

kinetic energy 𝑇𝑚𝑎𝑥/2 at 𝑦 = 0

𝑈𝑚𝑎𝑥 = 𝑇𝑚𝑎𝑥 =
1

2
𝐴2𝜔2

0𝑚𝑒𝑓𝑓 (4.6)

where we set 𝜔 = 𝜔0 when 𝑦 = 0 (i.e., resonant frequency before particle enters

the channel). We assume the potential energy of a system is not affected by the

particle position and therefore constant (𝑈𝑚𝑎𝑥 = 𝐶). Using equation 4.5 and applying

Rayleigh-Ritz Theorem to equate 𝑈𝑚𝑎𝑥/2 and 𝑇𝑚𝑎𝑥/2 at non-zero 𝑦

1

2
𝐴2𝜔2

0 =
1

2
𝐴2 (𝜔0 + ∆𝜔)2

(︀
𝑚𝑒𝑓𝑓 + ∆𝑚𝑢2(𝑦)

)︀
(4.7)

where ∆𝑚 = 𝑚𝑝 −𝑚𝑓 and 𝜔 = 𝜔0 + ∆𝜔. This then simplifies to equation 4.1,

(︂
1 +

∆𝜔

𝜔0

)︂−2

= 1 + 𝑢2(𝑦)
∆𝑚

𝑚𝑒𝑓𝑓

(4.8)

So far, we have described how energy balance between kinetic and potential energy

of the system collectively changes the resonant frequency of SMR. However, acoustic

features in the SMR were ignored and several energy terms associated with acoustic

fields in the SMR were neglected. First, we have assumed that the only term con-

tributing to the potential energy is from the silicon layer. However, the potential

energy stored in acoustic standing waves (Figure 4-2b) in the embedded microfluidic

channel, as well as the energy stored in the elastic materials (particle and shell of the

cell model) should also be included. Second, we have only considered velocities in the

z-direction (i.e., normal to the surface of the cantilever, Figure 4-2c). We determined
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that the velocities along the cantilever (y-direction) could be as large as 10% of the

z-direction velocities (Figure 4-2c, inset), and in the immediate vicinity of the node,

the velocity in the y-direction is even greater than in the z-direction. Third, and most

importantly, we have neglected the interaction between the particle and fluid envi-

ronment by assuming the particle and nearby fluid have the same kinetics. However,

as the particle scatters the acoustic field, it alters the kinetics of the neighboring fluid

medium as well (Figure 4-1c, inset). By incorporating these three considerations into

our FEM model, our simulation results match the experimental results (Figure 4-1d,e

and Figure 4-3).

4.2.2 Acoustofluidics

To develop a more general theory that includes the effect of the acoustic field, we

begin with the governing equations for the fluids and their acoustic energies. Kinetics

of a fluid is determined by its density 𝜌, pressure 𝑝, and individual fluid particle

velocity 𝑣. These parameters are governed by the continuity equation for the mass

and the NavierStokes equation [134]. Acoustic fields that result from a perturbation

to these parameters can be written in terms of the zeroth, first, second, and third

and higher-order terms as

𝜌 = 𝜌0 + 𝜌1 + 𝜌2 + . . .

𝑝 = 𝑝0 + 𝑝1 + 𝑝2 + . . .

�⃗� = �⃗�0 + �⃗�1 + �⃗�2 + . . .

(4.9)

where the subscripts denotes the order of perturbation. 0th order represents the qui-

escent state and for simplicity we take �⃗�0 = 0⃗. Taking only the 1st order perturbations

into account and neglecting 2nd or higher order terms, the governing equations for

fluids can be simplified into a wave equation.

▽2𝑝1 =
1

𝑐20

𝜕2𝑝1
𝜕𝑡2

(4.10)
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Figure 4-3: Node deviation is independent of the mass change. (a) Frequency
signals from simulations with 12 Îĳm polystyrene bead (𝜌𝑏 = 1.06 g/cm3) immersed in
fluids of different densities (𝜌𝑓 = 1.1, 1.08, 1.06, 1.03 and 0.997 g/cm3 for blue, green,
black, orange and red traces, respectively). Frequency signals were normalized relative
to the result obtained for 𝜌𝑓= 1.1 g/cm3 (blue). (b) Node deviation from experiments
with 12-microm polystyrene bead immersed in fluids of the same densities as in a (1.1,
1.08, 1.03 and 0.997 g/cm3; n = 17, 97, 84 and 120 beads, respectively, with the same
colors as in (a)). Boxes indicate the interquartile range, squares represent means,
whiskers extend to the 5th and 95th percentiles. 𝑃=0.32 (one-way ANOVA). n.s.,
not significant. Inset, overlay of the frequency signal obtained from the density-
matched fluid (𝜌𝑓 = 𝜌𝑏 = 1.06 g/cm3, black) and water (𝜌𝑓 = 0.997 g/cm3, red).
Buoyant mass (∆𝑚, blue arrow) and node deviation (black arrow) are highlighted.
(c) Conceptual illustration of the frequency response, which is a superposition of the
frequency response caused by both mass change, and the acoustic term independent
of mass.

where 𝑐0 is the speed of sound and 𝑝1 = 𝑐0
2𝜌1. Assuming time-harmonic fields,

𝜌1(�⃗�, 𝑡) = ℜ
{︀
𝜌1(�⃗�)𝑒−𝑖𝑤𝑡

}︀
𝑝1(�⃗�, 𝑡) = ℜ

{︀
𝑝1(�⃗�)𝑒−𝑖𝑤𝑡

}︀
�⃗�1(�⃗�, 𝑡) = ℜ

{︁
˜⃗𝑣1(�⃗�)𝑒−𝑖𝑤𝑡

}︁ (4.11)
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equation 4.10 reduces to a Helmholtz equation,

▽2𝑝1 −
𝜔2

𝑐20
𝑝1 = 0 (4.12)

It is worth noting that the harmonic vibration of the cantilever is the only necessary

source for the acoustic perturbation. Since the equation governing the first order

density 𝜌1, pressure 𝑝1 and fluid velocity field �⃗�1 is linear, all first order parameters

will be proportional to the amplitude 𝐴. The kinetic and potential energy terms from

the first order acoustic fields

𝑇 =
1

2
𝜌0𝑣

2
1

𝑈 =
1

2

𝑝21
𝜌0𝑐20

(4.13)

will have sin2(𝜔𝑡) or cos2(𝜔𝑡) dependence as well as 𝐴2, similar to the energy terms

shown in Table 4.1. Therefore, when equating total kinetic energy and potential

energy (Rayleigh Ritz Theorem) to obtain resonant frequency of the system, terms

with 𝐴2 effectively cancels out. In fact, we have experimentally seen that amplitude

does not affect our signal (Supplementary Fig 3). It is clear that since 𝑝1 is in-

phase with the cantilever vibration (∝ cos(𝜔𝑡)), Figure 4-2b), 𝑇 ∝ cos2(𝜔𝑡) and will

therefore contribute to the potential energy of the system, as exepcted. On the other

hand, 𝑣1 is out-of-phase with the cantilever movement (∝ sin(𝜔𝑡), Figure 4-2c,d),

𝑈 ∝ sin2(𝜔𝑡) and will contribute to the total kinetic energy of the system.

Next we shift our discussion to the fluid-particle interaction, where a particle

scatters the acoustic field around it, causing nearby fluid velocity and pressure to be

�⃗�1 = �⃗�𝑖𝑛 + �⃗�𝑠𝑐

𝑝1 = 𝑝𝑖𝑛 + 𝑝𝑠𝑐

(4.14)

where 𝑣𝑖𝑛 and 𝑝𝑖𝑛 are incident acoustic terms and 𝑣𝑠𝑐 and 𝑝𝑠𝑐 are scattered terms.

This will cause the acoustic field to gain kinetic energy 𝑇𝑝 and potential energy 𝑈𝑝

by elastic deformation of the particle. Following the time-harmonic assumption, the
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Figure 4-4: Node deviation is not sensitive to SMR drive amplitude, particle
flow velocity across the channel or particle shape. (a) Node deviation from
experiments with 10 µm polystyrene beads measured by SMR vibrating in different
amplitudes (0.15, 0.4 and 0.7; n = 33, 21 and 21 beads, respectively). 𝑃=0.37
(one-way ANOVA). n.s., not significant. (b) Node deviation from experiments with
10 microm polystyrene beads measured by SMR with different fluid velocities (n
= 35 beads). Velocities were derived from the transit time of the beads through
the cantilever calculated from the duration of the resonant frequency shift of the
beads. (c) Node deviation versus aspect ratio (AR) from experiments with synthetic
hydrogels of different shapes but the same volume (n = 384, 423 and 474 hydrogels,
respectively). 𝑃=0.10 (one-way ANOVA). n.s., not significant. In (a),(c), boxes
indicate the interquartile range, squares represent means, and whiskers extend to the
5th and 95th percentiles.

gained kinetic energy and potential energy of the particle can be obtained as shown

in Table 4.1.

4.2.3 Revised theory incorporating acoustics

We incorporate all acoustic energy terms, including those resulting from fluid-particle

interactions, in to equation 4.3 and equation 4.4 in order to derive the resonant

frequency change of the SMR

𝑈𝑡𝑜𝑡𝑎𝑙 = 𝑈𝑠𝑖𝑙 + 𝑈𝑓 + 𝑈𝑝

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑠𝑖𝑙 + 𝑇𝑓 + 𝑇𝑝

(4.15)
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where 𝑈𝑓 and 𝑈𝑝 denotes acoustic potential energy and stored elastic energy of the

particle, respectively. For sufficiently small change in the frequency (∆𝜔 ≪ 𝜔),

𝑈𝑡𝑜𝑡𝑎𝑙 = 𝑈0 + ∆𝑈(𝑦)

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝛼 (𝜔0 + ∆𝜔)2 + ∆𝑇 (𝑦)
(4.16)

where 𝑈0 and 𝑇0 = 𝛼𝜔2 as the time-averaged potential and kinetic energy of the

system without the particle immersed in SMR (i.e., 𝑦 = 0), respectively. ∆𝑈(𝑦)

and ∆𝑇 (𝑦) refers to change in potential and kinetic energy of fluids and particles,

respectively, as a function of the particle position, 𝑦. Applying the Rayleigh-Ritz

Theorem leads to

∆𝜔

𝜔0

= −1 +

[︂
1 − ∆𝑇 (𝑦) − ∆𝑈(𝑦)

𝑈0

]︂1/2
≃ ∆𝑈(𝑦) − ∆𝑇 (𝑦)

2𝑈0

(4.17)

Equation 4.17 above generalizes the resonant frequency change of the system upon

particle loading to be dependent on the total potential and kinetic energy of the

system unlike in equation 4.1, where frequency only depends on the particle position

and its mass. It is clear from equation 4.17 that even when a particle is located at

the node with zero net out-of-plane motion, the disruption of the acoustic field would

result in a non-zero frequency shift.

The simulation results shown in Figure 4-1d,e and Figure 4-3 was computed using

the equation 4.17. This was accomplished by first numerically solving the Helmholtz

equation (equation 4.12) to obtain three fluid parameters (i.e., 𝜌, 𝑝, 𝑣), while varying

the position of the particle along the channel. Then, we obtained the kinetic energy

and potential energy of the system for each position (Table 4.1), and subtracted the

corresponding energy without the particle to get the term ∆𝑈(𝑦) − ∆𝑇 (𝑦). The

details of the simulation are provided in section 4.5.13.
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Table 4.1: Energy terms.

Parameter Equation Description

𝑈𝑓

∫︀
𝑓

[︂
𝑝21

2𝜌𝑐2

]︂
𝑑𝑉 acoustic potential energy

𝑇𝑓

∫︀
𝑓

[︂
1

2
𝜌𝑣21

]︂
𝑑𝑉 acoustic kinetic energy

𝑈𝑝,𝑠

∫︀
𝑝,𝑠

[︂
1

2
𝜎𝑖𝑗𝜖𝑖𝑗

]︂
particle (shell) potential energy

(elastic deformation)

𝑇𝑝,𝑠

∫︀
𝑝,𝑠

[︂
1

2
𝜌𝑥2𝜔2

]︂
particle (shell) kinetic energy

𝑈𝑐

∫︀
𝑐

[︂
𝑝21

2𝜌𝑐2

]︂
𝑑𝑉

liquid core acoustic potential energy
(only applies to the cell model)

𝑇𝑐

∫︀
𝑐

[︂
1

2
𝜌𝑣21

]︂
𝑑𝑉

liquid core acoustic kinetic energy
(only applies to the cell model)

4.3 Results

4.3.1 Acoustic scattering shifts resonant frequency at the node

of a suspended microchannel resonator

We utilized the vibration of a suspended microchannel resonator (SMR, Figure 4-

1a, top) as an acoustic energy source and investigated if the scattered acoustic fields

from the cell could provide a signal to monitor its mechanical properties (Figure 4-1b).

The SMR is a cantilever-based microfluidic mass sensor that has previously been used

to measure cell buoyant mass [29]. Vibrating the SMR at its second mode (resonant

frequency 𝑓) causes the vibration amplitude to vary along the length of the cantilever,

with one local maximum (antinode) near the center and a zero-minimum (node) near

the tip (Figure 4-1a, middle). When a cell is at the antinode, the net change in mass
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(i.e. the buoyant mass of the cell) corresponds to a change in the kinetic energy

of the system [30], and thus causes a shift in the resonant frequency of the SMR

(∆𝑓/𝑓 |𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒) (Figure 4-1a, bottom). When the cell is at the node, the net change

in mass is not expected to shift the resonant frequency (∆𝑓/𝑓 |𝑛𝑜𝑑𝑒 = 0) because the

vibration amplitude is zero and there is no change in kinetic energy. Surprisingly,

we observed a consistent resonant frequency shift at the node (∆𝑓/𝑓 |𝑛𝑜𝑑𝑒 ̸= 0) when

we flowed a single cell or polystyrene bead in the SMR (Figure 4-1a, bottom). This

resonant frequency shift, which we termed "node deviation" (∆𝑓/𝑓 |𝑛𝑜𝑑𝑒), was different

for cells and beads of similar buoyant mass. We therefore hypothesized that the node

deviation corresponds to an energy change due to acoustic scattering from the cell’s

surface, and that the node deviation depends on cellular mechanical properties.

First, to determine if the node deviation corresponds to acoustic scattering, we

utilized Finite Element Method (FEM) simulations for fluid-structure acoustic in-

teractions (section 4.5.13). This revealed that the acoustic pressures and velocities

vary along the SMR similarly to the vibration amplitude (Figure 4-1c, Figure 4-2).

Positioning a particle at the node changes the acoustic velocities (Figure 4-1c, in-

set). When we calculated the resonant frequency shift by integrating the acoustic

energy terms obtained from the simulation (Tables 4.1, 4.2 and section 4.5.13), we

obtained excellent agreement (𝑅2 = 0.984) with our measurements (Figure 4-1d). We

confirmed that the particle-fluid density difference has negligible effect on node devi-

ation (Figure 4-3). To validate that acoustic effects can be measured independently

of buoyant mass, we measured a bead in a density-matched fluid (𝜌𝑓𝑙𝑢𝑖𝑑 = 𝜌𝑏𝑒𝑎𝑑).

This resulted in zero resonant frequency shift at the antinode (∆𝑓/𝑓 |𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒 = 0),

but a noticeable resonant frequency shift at the node in both the experiment and

simulation, which showed excellent agreement with each other (𝑅2 = 0.994, Figure

4-1e). Additional measurements revealed that node deviation is independent of fluid

velocity or vibration amplitude (Figure 4-4a,b). Therefore, by measuring the resonant

frequency shift at the node and antinode as cells flow through the SMR, it is possible

to simultaneously and independently quantify the acoustic scattering and buoyant

mass of the cell (Figure 4-1a, bottom).
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Table 4.2: Simulation parameters

Parameter Values (units) Description

𝑤 20 (µm) burried channel width

ℎ 15 (µm) burried channel height

𝐿 315, 350 (µm) cantilever (channel) length

𝑡 2 (µm) top, bottom silicon layer thickness

𝑑 5 (µm) fluid channel separation

𝐴 1-100 (µm) vibration amplitude

𝑟𝑝 3 - 6 (µm) particle radius

𝑟𝑐 3 - 7 (µm) total radius of a cell model

𝑡𝑠 0.5 − 5(%) thickness of the shell, relative to the radius

𝐸𝑝 0.1 - 100 (MPa) bulk Young’s modulus of the particle

𝐸𝑠 2-10 (MPa) Young’s modulus of the shell
in liquid-core elastic shell model

𝜌𝑓 0.997 - 1.08 (g/cm3) fluid density

𝜌𝑐 1.05 (g/cm3) cell density (both inner core and outer shell)

𝜌𝑝 1.05 (g/cm3) bead density

𝜈𝑐 0.5 cell poisson’s ratio (outer shell)

𝜈𝑝 0.34 bead poisson’s ratio

We compared polystyrene particles with different volumes and observed that node

deviation changes with particle volume (Figure 4-1f). The volume dependence can

be accounted for by utilizing the buoyant mass measurement. To establish the cor-

relation between node deviation and stiffness, we fabricated hydrogels with varying

elastic modulus by changing their chemical composition and characterized the elastic

modulus of the hydrogels using AFM. When measuring the mechanical properties

with the SMR, we observed that the node deviation of the hydrogels increases mono-

tonically with their elastic modulus over the range 0.1-100 kPa (Figure 4-1g). We

also observed that node deviation is not sensitive to particle shape for hydrogels of

the same elastic modulus and aspect ratios in the range of 1-2.5 (Figure 4-4c).
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4.3.2 Size-normalized acoustic scattering (SNACS) depends

on cell cortex mechanical properties

Next, we asked if mechanical properties of live cells could be probed by measuring

node deviation. We implemented the Cortical Shell–Liquid Core model [136] in our

FEM simulation (Figure 4-5a), which highlights the role of actomyosin cortex in cell

mechanics [137, 138]. We calculated that the acoustic interactions caused relatively

small deformations (<15 nm) on the cell surface (section 4.5.13), suggesting that node

deviation may be primarily governed by the actomyosin cortex [139]. We then com-

pared our FEM simulations with the node deviation of mouse lymphoblast (L1210)

cells (Figure 4-5b). FEM simulations yielded similar range signals to the experiments

when we used an elastic modulus of 4–8 MPa for the cortex (Figure 4-5b), which is 1–2

orders of magnitude higher than the previously reported value using AFM [138,139].

This is likely due to the high frequency of our mechanical measurement (∼ 1 MHz)

compared to the conventional frequency range of AFM operation (1-100 Hz) and a

power-law relationship between apparent elastic modulus (E) and the frequency (𝑓)

𝐸 ∝ 𝑓 0.2−0.3 [140]. Consistent with our results, a similar value was reported with other

high-frequency stiffness measurements of red blood cells [141]. Next, to correct for

the cell-size dependence of the node deviation measurement (Figure 4-1f), we derived

the size-normalized acoustic scattering (SNACS) from the isoelasticity lines obtained

from the FEM simulations (Figure 4-5b, Figure 4-6). The isoelasticity lines fit well

with the measurements from hundreds of live cells. The FEM simulations indicated

that SNACS increases with elastic modulus of the cortex (𝐸𝑚𝑜𝑑, Figure 4-5b, inset) as

well as with cortical thickness (𝑡𝑠), but is insensitive to both intracellular pressure and

cortical tension (Figure 4-7). We also tested three other mechanical models but none

of them matched well with our observations (Table 4.3). These results are consistent

with previous observations showing small deformation primarily probes mechanical

properties of the cell cortex [139,142].

To experimentally determine whether SNACS correlates with mechanical proper-

ties of live cells, we examined SNACS after chemical perturbations. All actomyosin
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Figure 4-5: SNACS measures changes in the mechanical properties of cells.
(a) Schematic of the cortical shell–liquid core model, where 𝐸𝑚𝑜𝑑 is the elastic modu-
lus of a shell. The cortical thickness (𝑡𝑠) was set to 2% of the cell radius (𝑟𝑐) [135] (b)
Node deviation (volume-normalized) versus volume 𝑉 from experiments with L1210
cells (black dots) and simulations using the model for three values of cortical elastic
modulus (𝐸𝑚𝑜𝑑; 4, 6 and 8 MPa; colored lines). Vertical offsets of isoelasticity lines
define SNACS (Materials and methods). Inset, ∆𝑓/𝑓 from simulations with different
cortical elastic moduli (4, 6 and 8 MPa; V=900 fL). (c) SNACS obtained from L1210
cells treated with inhibitors of actomyosin cortex: latrunculin B (LatB; 0.02, 0.1, 0.4
and 1 µM; n=381, 385, 346 and 383 cells, respectively), cytochalasin D (CytoD; µM;
n=332 cells) and blebbistatin (Bleb; 50 µM; n=349 cells). Statistical comparisons
(two-sided Welch’s t-test) were made to the DMSO-treated control (0.1%; n=337
cells). (d) Representative single z-layer images of F-actin (LifeAct) from live L1210
cells before and after treatment with 1 µM LatB (n=9 fields of view) and 1 µM CytoD
(n=12 fields of view). Scale bars, 10 µm. (e) SNACS of L1210 cells after cross-linking
with 4% paraformaldehyde (PFA; 1 min and 10 min exposure; n=247 and 367 cells,
respectively). Statistical comparisons (two-sided Welch’s t-test) were made to the
DMSO-treated control (0.1%; n=1047 cells). (f) Effect of osmotic stress on SNACS.
Cells were resuspended in hypo- (200 mOsm; n=611 cells) or hyperosmotic (350, 400
and 500 mOsm; n=544, 571 and 574 cells, respectively) media. Statistical compar-
isons (one-way ANOVA, Fisher’s least significant difference) were made to iso-osmotic
(300 mOsm; n=539 cells) media.
In (c),(e),(f), boxplots denote the interquartile range (box hinges), means (squares),
5th and 95th percentiles (whiskers), and the mean SNACS of controls (DMSO or 300
mOsm; horizontal dashed lines); *𝑃<0.05, ****𝑃<0.0001.
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Figure 4-6: Methodology used for obtaining the size-normalized acoustic
scattering (SNACS) from the node deviation. (a)–(d) Steps for obtaining
SNACS: The resonant frequency shifts (∆𝑓/𝑓) for each cell (1–4; colored curves) are
used to measure the buoyant mass (𝐵𝑀) at the antinode and the node deviation at
the node (a). Scatter plot of volume-normalized node deviation (𝑁𝑉 ) versus volume
(𝑉 ) (b). The volume of each cell (𝑉1,2,3,4) is obtained from the corresponding buoyant
mass (BM1,2,3,4) using the included equation. ∆𝜌 is the median density of the
population relative to the fluid. Data points of cells (1–4) are fit with isoelasticity
lines (colored lines) with slope 𝑚 (c). We obtained the slope (𝑚) by performing
a linear regression on the population data in the 𝑁𝑉 -versus-𝑉 scatter plot shown
in Figure 4-5b. The SNACS of each cell is obtained via the included equation (d).
Graphically, the SNACS of each cell corresponds to an 𝑁𝑉 value at the intersection
point between the isoelasticity line (colored lines) and the vertical line, 𝑉 = 𝑉𝑟𝑒𝑓

(black dotted line), where 𝑉𝑟𝑒𝑓 is set as the median volume of the population. See
Materials and methods for additional details.

inhibitors tested decreased SNACS (Figure 4-5c). We also generated a L1210 cell

line that stably expresses the LifeAct-RFP F-actin probe [143]. We imaged these

cells and observed that the chemical inhibitors of actin polymerization caused either

a punctured cortex (Latrunculin B) or polarized cortex (Cytochalsin D) (Figure 4-

5d). Both of these cortex phenotypes yielded a reduction in SNACS (Figure 4-5c)

that was substantially more than our system noise (Figure 4-8). We also observed
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Figure 4-7: SNACS correlates with cortical thickness but is not sensitive to
cytoplasmic viscosity, intracellular pressure or cortical tension based on
FEM simulation using the cortical shell–liquid core model. (a)–(d) FEM
simulation results of SNACS obtained from the cortical shell–liquid core model upon
changes in cortical thickness (a), cytoplasm (internal fluid) viscosity (blue) (b), in-
ternal pressure (green) (c) and cortical tension (red) (d). SNACS changes relative
to 𝑡𝑎/2𝑟𝑐 = 1%, 𝜈/𝜈𝑤𝑎𝑡𝑒𝑟 = 1, 𝑃 = 0, and 𝑇 = 0 are plotted, respectively. See sec-
tion 4.5.13 for additional details. Insets, illustration of cortical shell–liquid core model
with parameters being solved in FEM simulation. For all simulations, the total radius
(𝑟𝑐) and shell elastic modulus (𝐸𝑚𝑜𝑑) were fixed at 6 µm and 5 MPa, respectively.

Table 4.3: Other cell mechanical models

Model Model illustration Simulation
results

Viscous drop
cannot reproduce

positive node deviation

Acoustic
impedance
mismatch

cannot reproduce
positive node deviation

Bulk Elastic

can reproduce positive
node deviation, but
results in positive

slope of isoelasticity line
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Figure 4-8: SNACS noise characterization. (a) Continuous SNACS measure-
ments of a single 12-microm polystyrene bead (n=79 repeated measurements), im-
plementing the same fluidic control strategy for continuous monitoring of single-cell
SNACS (Figure 4-10a). The mean (set to zero) is shown by the red line, and ±
s.d. (𝜎) is shown by the gray dashed lines. The gray area marks the data region
within ±𝜎. (b),(c) Illustration (top) and simulation results (bottom) of the cell model
(Figure 4-5a) with total radius (𝑟𝑐) and shell elastic modulus (𝐸𝑚𝑜𝑑) of 6 µm and 5
MPa, respectively, with x-positional (b) and z-positional (c) offset from center of the
channel. Vertical lines mark the offset distance from the center to positions where
the outer surface of the cell touches channel walls.

reduced SNACS after microtubule-perturbing nocodazole treatment, but this treat-

ment also affected the actin cortex morphology (Figure 4-9). We observed the opposite

change in SNACS when we cross-linked cellular structures via a 1–10 min exposure

to 4% paraformaldehyde (Figure 4-5e). Moreover, when we perturbed cells osmot-

ically, SNACS changed with the applied osmotic pressure (Figure 4-5f). Notably,

these perturbations resulted in SNACS changes (Figure 4-5c–f) that are consistent

with previous experiments in which stiffness was measured by a wide range of meth-

ods [10,14,24,26,27,144]. Thus, together with the hydrogel results (Figure 4-1g) and

our FEM simulations, these results show that SNACS measures stiffness.
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Figure 4-9: SMicrotubule perturbation affects actin cortex and SNACS. (a)
SNACS measured from L1210 cells treated with microtubule-affecting drugs: noco-
dazole (Noc, 1 µg/ml, n = 760 cells) and Taxol (25 µM, n = 511 cells). Statistical
comparisons (two-sided Welch’s t-test) were made to DMSO control (0.1%, n=718
cells). Boxes indicate the interquartile range, squares represent means, and whiskers
extend to the 5th and 95th percentiles; ****𝑃<0.0001; n.s., not significant. (b)
Representative images of actin cortex from live L1210 cells expressing LifeAct–RFP
F-actin probe before (top) and after (bottom) treatment with nocodazole 1 µg/ml (n
= 7 fields of views). Scale bars, 10 µm.

4.3.3 SNACS remains stable during interphase but is dynamic

during mitosis

Next, we asked whether both SNACS and buoyant mass of the same cell could be

repeatedly measured throughout the cell cycle. To do this, we implemented a pre-

viously reported fluidic control strategy that enables continuous, non-invasive SMR

measurements of the same cell [39]. We simultaneously measured SNACS and buoy-

ant mass of the same cell over multiple generations (Figure 4-10a). Interdivision

times measured by the SMR during the SNACS measurements were unchanged from

those of bulk culture (Figure 4-11), which suggested that our measurement was not

invasive. We observed that individual cells display stable SNACS throughout the

interphase, exhibiting significantly lower variability than what is seen across different
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Figure 4-10: Continuous monitoring of single-cell SNACS throughout the
cell cycle. (a) Top, the buoyant mass (black) and SNACS (red) of an L1210 cell
measured over two cell divisions with <1 min temporal resolution by flowing of the cell
back and forth through the SMR. Blue arrows mark cell division. Bottom, SNACS
near mitosis. SNACS is indicated by dashed lines in regions where measurement
error was statistically significant (Materials and methods). (b) SNACS variability
during interphase at a cell-population level (black), in individual cells (red) and for
12 µm polystyrene beads (blue). Bead SNACS is shown relative to its mean value.
Large (mitotic) cells were removed from the population data. <C.V> is the average
coefficient of variation. n is the number of cells (black) or beads (blue) measured
from each population or the number of repeated measurements during interphase of
each individual cell (red) or bead (blue). Box edges indicate ± s.d., squares represent
means, and whiskers extend to the 5th and 95th percentiles.

cells in interphase (Figure 4-10b). This suggests that cell-to-cell variability in cell me-

chanical properties during interphase arises not from cell-cycle dependent variability,

but rather from mechanical differences that accumulate over generations.
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Figure 4-11: Continuous SNACS measurements do not affect interdivision
time. Interdivision time (doubling time) of each daughter cell from the same lineage
(left column, black dots), single cells from different lineages (middle column, gray
dots) and from bulk cell culture (right column, gray dots). All single cells grown
in SMR were exposed to the same conditions reported in the manuscript (SNACS
measurement every 1 min). Higher temporal resolution can be achieved. However,
repeating measurements more often than every 30 s may start to interfere with cell
growth. For middle and right columns, data depict mean ± s.d. Each mean ± s.d.
is listed on top. 𝑃=0.95 (one-way ANOVA). n.s., not significant.

In contrast to interphase, mitotic cells displayed large changes in SNACS (Figure

4-12a). Employing on-chip microscopy to acquire Differential Interference Contrast

(DIC) images, we imaged the morphology of the cell to pinpoint the onset of anaphase

(Figure 4-12b), and correct for mass elongation effects on the SNACS measurement

during anaphase and telophase (Figure 4-13, Table 4.4 and sections 4.5.14, 4.5.15).

SNACS decreased gradually during early mitosis, but not in G2, and abruptly in-

creased at the onset of anaphase followed by a rapid decrease and recovery (Figure

4-12a and Figure 4-14a,b). The error in the SNACS measurement increased after

cells became full doublets (∼15 min after the onset of anaphase), making subsequent

SNACS changes until division not statistically significant (𝑃>0.05; two-sided Welch’s

t-test, Figure 4-12a). Although the duration and magnitude of the SNACS dynamics

varied in other mammalian cells (Figure 4-12c,d), we observed similar trends.
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Figure 4-12: SNACS is dynamics during mitosis. (a) Mean SNACS (red) and
± s.d.(gray) of L1210 cells during mitosis (n=24 cells). Vertical lines and color bars
indicate the phase of the cell cycle. Short blue vertical lines at the bottom right
mark the end of cell division for each cell. Dashed red lines are defined as in (a).
(b) Representative morphology of an L1210 cell (n=24 cells) captured by differential
interference contrast imaging on the SMR chip. Numbering corresponds to arrows in
a. Scale bars, 10 µm. (c),(d) SNACS in mammalian BaF3 (c) and S-HeLa (d) cells.
Color-coding defined as in (a).

4.3.4 Mitotic swelling is responsible for SNACS decrease in

early mitosis

Given that SNACS scales inversely with swelling (Figure 4-5f), we hypothesized that

mitotic swelling occurring in prophase and metaphase [22,31] might be responsible for

the gradual decrease in SNACS. To test this hypothesis, we first correlated the timing

of the mitotic swelling and SNACS change by simultaneously measuring SNACS and

cell volume. Briefly, we consecutively weighed cells in two fluids of different densities

to derive single-cell volume, density and mass by means of a previously described

technique [31]. By combining this technique with the SNACS measurement, we ob-
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Figure 4-13: Illustration of mass distribution correction in late mitosis. (a)
DIC images of the mitotic L1210 cell acquired on-chip, simultaneously with SNACS
and buoyant mass measurement in late mitosis. For each time point, cells were fitted
with overlapping spheres (yellow dotted lines) based on the measured elongation
length (blue double arrows). Each number on the image marks the time progression.
Scale bars, 10 µm. (b) Cell length measured (blue dots) is plotted as a function of time
after onset of anaphase. Numbers correspond to the images shown in (a). The linear
elongation derived from the first (1) and last image (12) is shown by the red line. (c)
SNACS before correction (gray), after correction for the mass elongation using length
directly measured from DIC images (blue dots) and assuming linear elongation (red),
plotted as a function of time after onset of anaphase. Numbers correspond to the
images in (a). See section 4.5.14 for additional details.

served that the SNACS decreases concomitantly with mitotic swelling (Figure 4-15a).

We further validated this by arresting cells in metaphase, where mitotic swelling

is at a maximum [31], using the kinesin inhibitor S-trityl-l-cysteine (STLC). After

mitotic entry, STLC treated cells showed changes in SNACS similar to those seen

during mitotic swelling of untreated cells (Figure 4-15b, c). However, with STLC

treatment, SNACS remained low for several hours (Figure 4-15b). These results sug-
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Figure 4-14: SNACS change occurs in early mitosis and is reduced by EIPA
treatment. (a) Buoyant mass (black) and SNACS (red) of L1210 treated with 2 µM
RO-3306, a CDK1 inhibitor. Arrowhead marks the start of drug exposure. The cell
arrested in G2 continues to grow above the average size of L1210 cells at the mitotic
entry (gray dashed line). (b),(c) Buoyant mass (black), SNACS (red) and FUCCI
(green, mAG-hGem) of a control L1210 cell (b) and an L1210 cell treated with 10
microM ethylisopropylamiloride (EIPA, an inhibitor of Na+/H+ antiporters) (c). The
fluorescence detection limit of our system is shown by a green band at the bottom. An
abrupt decrease in FUCCI (degradation of Geminin) marks the metaphase-anaphase
transition. Vertical lines separate the cell cycle positions marked by color bars as
shown in Figure 4-12a. P, prophase; M, metaphase; A, anaphase; T, telophase.

gest that SNACS decreases concomitantly with mitotic swelling during prophase and

metaphase, and further confirm that the subsequent increase in SNACS happens after

metaphase.

We next acquired causative evidence that mitotic swelling causes the reduction

in SNACS during prophase and metaphase. Previously we showed that inhibiting

the Na+/H+ antiporter with ethylisopropylamioride (EIPA) reduces mitotic swelling
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Figure 4-15: Mitotic swelling is responsible for SNACS dynamics in early
mitosis. (a) L1210 cell volume (blue circles) and SNACS (red) in mitosis. (b)
Buoyant mass (black) and SNACS (red) of an L1210 cell arrested in metaphase by
treatment with STLC (5 µM). (c) Left, mean SNACS change of control and EIPA-
treated (10 µM) L1210 cells in early mitosis. Right, quantification of SNACS change
with STLC (5 µM; n=7 cells) and EIPA (10 µM; n=5 cells) treatment. Data shown
are the mean and s.d. of the maximal SNACS change in prophase and metaphase.
Statistical comparisons (two-sided Welch’s t-test) were made to the control (n=24
cells). ****𝑃<0.0001; n.s., not significant. (d) Top, illustration of hypothetical cor-
tical thinning by shell expansion during swelling (section 4.5.16). Bottom, SNACS of
L1210 cells versus time before (red; n=728 cells) and after (-∆50 mOsm; blue; n=733
cells) exposure to hypotonic stress. Dashed lines represent the mean SNACS of each
condition. The arrow marks the time of osmotic shock.
In (a)–(c), vertical lines separate the cell cycle positions marked by color bars shown
in Figure 4-12a. P, prophase; M, metaphase; A, anaphase; T, telophase.

without inhibiting mitosis36. Here, we found that upon EIPA treatment, SNACS in

early mitosis was no longer reduced to the same extent as in the control cells and cells

arrested in metaphase (Figure 4-15c and Figure 4-14c). ∆SNACS of EIPA treated

cells in early mitosis was -0.08±0.02 (n=5 cells, all values are mean±s.e.m. unless
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stated otherwise) whereas ∆SNACS of control cells and cells arrested in metaphase

were -0.22±0.01 (n=24 cells) and 0.24±0.03 (n=7 cells), respectively. These findings

suggest that mitotic swelling is largely responsible for the reduction in SNACS. To

determine whether swelling without a mitotic event can decrease SNACS, we induced

swelling with a hypotonic shock (−∆50 mOsm) in non-mitotic (interphase) cells.

Immediately after the osmotic shock, cells volume increased by ∼15%, as normally

observed in mitotic swelling [31], and SNACS was reduced by a similar magnitude

(∆SNACS = -0.18±0.01, n=733 cells) as that seen during mitotic swelling (Figure 4-

15d). To mimic the gradual swelling during mitosis and potentially prevent membrane

detachment from the cortex [144], we compared fast and slow swelling (−∆50 mOsm

instantaneously or over 20 minutes) and noted that the swelling rate did not affect

the SNACS decrease (Figure 4-16). We hypothesized that swelling reduces cortical

thickness by changing the hydrostatic pressure, thereby expanding actin to cover a

larger surface area (section 4.5.16). We estimated that swelling of ∼15% would lead

to an ∼10% decrease in cortex thickness, assuming that the amount of cortical actin

did not change during swelling (Table 4.5). We used live cell fluorescent microscopy

and found that the cortex thickness gradually decreased during mitotic swelling by

an amount similar to our calculation (∼10%) after nuclear envelope breakdown but

before the onset of anaphase (Figure 4-17), consistent with previous studies [119,145].

Altogether, these data suggest that mitotic swelling is responsible for cortical thinning

and the consequent decrease in SNACS.

4.3.5 SNACS reveals mechanical changes during actin remod-

eling in late mitosis

We investigated the rapid SNACS change during anaphase and telophase (Figure 4-

12a). First, we observed that the SNACS increase in early anaphase (Figure 4-15a, c,

red) was not present in EIPA treated samples (Figure 4-15c, blue and Figure 4-14c),

which suggests that the SNACS increase represents recovery from mitotic swelling.

To link mechanical dynamics to actin remodeling, we imaged changes in actin cortex
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Figure 4-16: The rate of swelling does not affect SNACS change. Results of
two independent experiments showing SNACS change relative to controls (red; n =
637 and 566 cells for replicates 1 and 2, respectively) after hypotonic shocks that are
slow (dark blue; −∆50 mOsm over 20 min; n=558 and 544 cells for replicates 1 and 2,
respectively) or fast (light blue; −∆50 mOsm instantaneous; n=507 and 569 cells for
replicates 1 and 2, respectively). Boxes indicate the interquartile range, squares repre-
sent means, and whiskers extend to the 5th and 95th percentiles; ****𝑃<0.0001; n.s.,
not significant. 𝑃 -values were obtained by oneway ANOVA, Fisher’s least significant
difference
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Figure 4-17: F-actin cortical thick-
ness decreases in early mitosis.
Mean FWHM (proxy of cortical thick-
ness; black dots) and ± s.d. (gray bars)
of cortical LifeAct signal from L1210
FUCCI cells expressing LifeAct–RFP
F-actin probe in early mitosis (n = 29
cells). All FWHM signal was normal-
ized to the time point at t=–2h. Time
0 marks nuclear envelope breakdown
(NEBD). See Materials and methods
for additional details about the image
analysis.
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distribution during anaphase and telophase (Figure 4-18a and Figure 4-19). In early

anaphase (∼5 min after onset of anaphase), where SNACS initially increases, cells

started to elongate and the cleavage furrow was initiated. At approximately 10 min

into anaphase, where SNACS decreased, cells redistributed their cortical actin out of

the polar regions. This polar relaxation [13] caused 10-15% depletion of F-actin at

the poles and lasted approximately 5 min (Figure 4-18b). Both SNACS and polar

relaxation were recovered approximately 15 min after the onset of anaphase (Figure

4-18b). When we inhibited cytokinesis and actin remodeling using the myosin II

motor inhibitor Blebbistatin, cells still showed a gradual SNACS decrease in early

mitosis caused by mitotic swelling, but the mechanical dynamics in anaphase and

telophase seen in untreated cells was not observed (Figure 4-18c). These observations

reveal how cortical thinning induced by mitotic swelling in early mitosis and actin

remodeling, especially polar relaxation, in late mitosis result in dynamic changes in

cellular mechanical properties (Figure 4-18d).

4.4 Discussion

It is known that during early mitosis, when SNACS decreases, cells swell, the actin

cortex thickness is reduced and cortical tension is increased [119,145], yet prior work

on how stiffness changes has not been consistent. It has been thought that mitotic

cells become stiffer because of increased tension [2] from contractility in the mem-

brane during mitotic roundup. Results of early AFM [146] and optical tweezer [147]

experiments on cells in mitosis supported this notion. The SNACS decrease we ob-

served could have resulted from reductions in both cortex thickness and modulus.

However, a separate study using AFM found no change in mitotic stiffness [148],

whereas others using hydrodynamic forces have observed that mitotic cells become

more deformable [149]. All of these studies [146–149] were conducted as endpoint

assays on different cell types with strains that were 10- to 100-fold larger than those

used during our SNACS measurement. Future work will be necessary to determine

how the cortex tension, modulus and thickness govern cell stiffness dynamics during
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Figure 4-18: Actin remodeling is responsible for SNACS dynamics in late mi-
tosis. (a) Representative single z-layer images of F-actin (red; LifeAct) and FUCCI
(green; mAG-hGem) from a live L1210 cell (n=7 cells). Time 0 marks the onset
of anaphase. Furrow initiation in the equatorial region (pink arrowheads) and cor-
tical relaxation at the poles (blue arrows) are highlighted. Scale bars, 10 µm. (b)
Top, zoomed-in view of mean SNACS in late-mitotic L1210 cells (n=24 cells). Bot-
tom, L1210 cortical LifeAct signal density in equatorial (red) and polar (blue) regions
(Methods), as shown in a. Data shown are the mean ± s.d. of n=7 cells. (c) Buoyant
mass (black) and SNACS (red) of an L1210 cell treated with blebbistatin (Bleb; 25
µM). (d) Summary of SNACS dynamics in mitosis. Data shown are the mean ± s.d.
of the SNACS normalized to G2 (n=24 cells). Actin (gray shell) and morphology of
a cell at each time point of mitosis are illustrated.
In (c),(d), vertical lines separate the cell cycle positions marked by color bars shown
in Figure 4-12a. P, prophase; M, metaphase; A, anaphase; T, telophase.

mitosis. Aside from the cortex, it remains plausible that SNACS reflects other at-

tributes of the cell such as the plasma membrane and the way in which it is attached

to the underlying cortex.

We also found that SNACS recovered from cell swelling at the onset of anaphase,

and then decreased during anaphase and telophase. Early work on mechanical prop-

erties of sea urchin eggs suggested similar dynamic changes in anaphase [150]. This
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Figure 4-19: Fluorescence images of F-actin and FUCCI in late mitosis.
LifeAct (F-actin probe, red channel) and FUCCI (mAG-hGem, green channel) as
a function of time after anaphase onset (n=7 cells undergoing mitosis). Top row
(LifeAct), fluorescence from the red channel only. Middle row (Geminin), fluorescence
from the green channel only. Bottom row (Overlay), overlay of red and green channels.
Scale bars, 10 µm.

reduction in SNACS was dependent on actomyosin remodeling and coincided with

the polar relaxation of actin cortex [13].

Finally, our SNACS measurement is influenced by the cell’s mass distribution

along the cantilever. During anaphase and telophase, a cell’s mass distribution

changes substantially, which causes the SNACS measurement to depend on the cell’s

orientation within the channel (Figure 4-22, section 4.5.15 and Table 4.4). Therefore,

to obtain mechanical measurements by acoustic scattering, one needs to acquire mass

distribution information from bright-field images, unless cell shape is known a priori.

In round interphase cells, such as the ones we studied here, this correction is not

required.

We have shown that the continuous measurement of single-cell mechanical prop-

erties with high temporal resolution over extended periods is critical for observation

of small changes that are both transient and asynchronous between cells. We demon-

strated this by measuring mitotic-specific mechanical changes that were smaller than

the population variance and that occurred within minute time scales. Our SNACS

measurement quantifies the overall mechanical properties of a cell, complementing
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spatially resolved measurements such as time-lapse microscopy, traction force mi-

croscopy and AFM.

4.5 Materials and Methods

4.5.1 System Setup and Operation

SMR devices were fabricated using a previously described process [29,151] and carried

out at CEA-LETI, Grenoble, France. The geometry and dimensions of SMR devices

used in the experiments described in this work are shown in Figure 4-2 and Table

4.2. The measurement system for trapping a cell throughout its cell cycle has been

previously described in34. The SMRs were vibrated with a piezo-ceramic plate bonded

underneath the chip, providing actuation to resonate the cantilever beam in the second

mode. To track the changes in the resonant frequency of the cantilever as a function

of time, we used a closed feedback loop to drive the cantilever to always oscillate at its

resonant frequency. The motion of the cantilever was measured using piezoresistors

that are implanted at the base of the silicon cantilever [152]. A digital control platform

that was previously reported [153] was used to oscillate the SMR in direct feedback

mode, where the motion signal acquired from the piezoresistor is delayed, amplified

and utilized as the drive signal used to actuate the cantilever. We set the measurement

bandwidth of this control system at ∼1,500 Hz, which is wide enough to capture

frequency modulation signals created by cell transit events and narrow enough to

minimize noise.

For on-chip optical measurements, a modular microscope (Nikon) was mounted

on top of the SMR device. A 20× objective lens (Nikon-CFI, LU Plan ELWD N.A 0.4

WD 13 mm) or 50× objective lens (Nikon-CFI, LU Plan ELWD N.A. 0.55, W.D 10.1

mm) was used to collect light into a CMOS camera (FLIR, BFS-U3-13Y3M-C) or

PMT (Hamamatsu, H10722-20), respectively, in order to obtain DIC images or mea-

sure fluorescent intensity. The field of view and area of light exposure was typically

reduced to 100 × 100 µm (DIC imaging) or 40 × 60 µm (fluorescent measurements)
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to minimize the background noise as well as phototoxicity. To further improve the

signal-to-noise ratio, a rectangular slit (Thorlab) was adjusted to fit the channel width

and placed at the image plane. An illumination light source (Lumencor, Spectra X

Light Engine) was shuttered by the measurement software (Labview 2012) to excite

each fluorescent measurement for less than 550 ms. The optical path and components

for imaging and fluorescent measurements were similar to what has been described

previously [39].

As previously reported [31], a chip was placed on top of a hollow copper plate

that is connected to a water bath by tubing to maintain constant temperature on the

chip. For all single-cell, long-term monitoring experiments, temperature of the copper

plate was kept at 37∘C. The sample was loaded to the SMR from vials pressurized

with air containing 5% CO2 to maintain the pH of the culture. A 0.007 inch inner

diameter fluorinated ethylene propylene (FEP) tubing (IDEX Health & Science) is

utilized to push the sample into the chip. The fluid flow was controlled using two

electronic pressure regulators (Proportion Air QPV1) and three solenoid valves (SMC-

S070), which are controlled by National Instruments control cards and a custom

measurement software (Labview 2012). Typically, differential pressure of ∼0.5 psi

was applied across the SMR, yielding a flow rate of ∼2 nL/s (calculated based on

the frequency modulation signal due a cell transit; typically 200–300 ms) to maintain

constant shear and data rate. Under these conditions, the L1210 cell growth rate was

similar to that in culture [39]. Beads, hydrogels and drug-response end-point assays

were measured at room temperature. All end-point assays were conducted within 30

min after samples were loaded. New samples were flushed every several minutes into

the input bypass to minimize potential size bias due to particle or cell settling in the

tubing and sample vials.

4.5.2 Frequency peak analysis

To measure buoyant mass (antinode) and node deviation (node) from the acquired res-

onant frequency waveforms, we filtered the frequency data with a third order Savitzky-

Golay low-pass filter and find the local minima (antinode) that is below a user-defined
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threshold. Next, local maxima (node) around the peaks were determined. Then to

correct for the possible slope during the particle or cell transition through the can-

tilever, a baseline was calculated and subtracted from the measured peaks by fitting

a first order polynomial at frequency data points prior and posterior of the cell sig-

nal. Typically, we acquire frequency data for 1 s before and after the transit of

each cell in order to estimate the baseline frequency. As a result, the measurement

time is typically 2-3 s per cell which leads to a throughput of about 1,200 cells per

hour (accounting for occasional doublets and delays between cell measurements). For

single-cell volume measurements (Figure 4-15a), baselines were fitted with 2nd order

polynomial to account for the baseline fluctuation due to fluid exchange. Both local

maxima and minima in the cell signal were subtracted from the linear baseline to

obtain the buoyant mass (local minima, antinode) and node deviation (local max-

ima, node). For single-cell end-point assays (population measurements), frequency

peaks were rejected when local minima (two antinodes) differed from each other more

than 10% of the average value and/or local maxima (two nodes) differed from each

other more than 15% of the average value of local minima, which occur when mul-

tiple cells or cell with debris enter the SMR simultaneously. Peaks were rejected if

their shape was atypical (e.g. particle or cell stuck in the cantilever). For single-cell

long-term monitoring, all frequency peaks were accepted and presented except ex-

tremely rare events such as when a doublet separated into two daughter cells during

the transit through the cantilever or entered apoptosis due to persistent drug pres-

sure. Frequency peaks were calibrated (Hertz per picogram) using monodisperse 10

µm diameter polystyrene beads with a known density of 1.05 g/cm3 (Thermofisher,

Duke Standards).

4.5.3 Hydrogel particle synthesis

Hydrogel microparticles were fabricated via stop-flow lithography (SFL) [154, 155].

Microfluidic synthesis devices were fabricated by previously reported procedures [154].

Briefly, PDMS (10:1 monomer to curing agent, Sylgard 184, Dow Corning) was cured

on silicon wafers patterned with SU-8 features, and devices were bonded to PDMS-
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coated glass slides. Prepolymer solutions were prepared by mixing 20% (v/v) poly

(ethylene glycol) diacrylate (PEGDA; Mn = 700, Sigma-Aldrich), 5% 2-hydroxy-

2-methyl-propiophenone (photoinitiator, Sigma-Aldrich), 25% DI water, and 50%

polyethylene glycol (PEG; Mn=200, Sigma-Aldrich).

Using the previously reported SFL setup [154,155], prepolymer solution was loaded

into the synthesis device by pressure-controlled flow. After stopping the flow, particles

were polymerized by ultraviolet light (Thorlabs, 365 nm LED, 2200 mW cm-2) in

mask-defined shapes (transparency masks designed in AutoCAD, printed by Fineline

Imaging). The three steps (flow, stop, exposure) were repeated to achieve semi-

continuous particle synthesis. Polymerized particles were collected from the channel

outlet and purified with PBST (phosphate buffered saline with 0.05% Tween-20) by

centrifugation.

Hydrogel microparticles with varying elastic modulus (Figure 4-1g) were synthe-

sized using the SFL setup. Prepolymer solutions were prepared with varying concen-

trations of PEGDA (Mn=700) in the range 10–35% (v/v), plus 5% photoinitiator,

25% DI water, and PEG (Mn=200) in the range 35-60% to make up the remaining

volume. For all prepolymer compositions, particles were polymerized using an 11 µm

circle mask in microfluidic channels with heights of 10 µm, resulting in a particle

heights of 7-8 microm.

Hydrogels of three aspect ratios 1.0, 1.5 and 2.5 (Figure 4-4) were fabricated by

using three masks with same cross-sectional area for exposure, but three different

shapes, respectively: a 11 µm-diameter circle, an ellipse with aspect ratio 1.5 (major

axis: minor axis), and an ellipse with aspect ratio of 2.5. The volumes of hydrogels

were measured using the Dynamic Light Scattering (DLS) with means 655, 658 and

602 µm3 for aspect ratios 1, 1.5 and 2.5, respectively. Particle dimensions (height and

major/minor axes) were measured from brightfield microscopy images using ImageJ

software, taking an average from at least ten particles.
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4.5.4 Measurement of particle elastic modulus by atomic force

microscopy (AFM)

To determine the elastic modulus of the hydrogel microparticles, force spectroscopy

measurements were performed using a MFP-3D-BIO atomic force microscope with

an integrated optical microscope (Asylum Research). A 50 µl drop of particle solu-

tion ( 10 particles in PBST) was placed on a glass slide. Silicon nitride cantilevers

with silica spherical indenters of 10 µm diameter (Novascan) were used to indent the

particles in PBST after they settled to the surface of the slide. For particles with

composition 10-25% PEGDA, a cantilever with nominal spring constant of 0.12 N/m

was used. For stiffer particles with higher composition 30-35% PEGDA, a cantilever

with nominal spring constant 0.35 N/m was used. The inverse optical lever sensitivity

(InvOLS) for each cantilever was calibrated from deflection-displacement curves on a

rigid glass slide (23.21 and 17.46 nm/V, respectively) and the actual spring constant

of each cantilever was measured using the thermal noise method [156] to be 0.114 and

0.475 N/m respectively. For each sample, we indented four particles with four indents

per particle. Elastic modulus was calculated by fitting the force-indentation curves to

a maximum indentation depth of 400 nm using the Hertz model for spherical elastic

contact with IGOR data processing software (Wavemetrics). The indentation veloc-

ity was 1 µm/s. The PEGDA hydrogels were assumed to be incompressible elastic

materials, with a Poisson’s ratio of 0.5 [157,158].

4.5.5 Cell culture, chemical perturbations and transfections

L1210 and BaF3 cells were cultured in RPMI containing L-glutamine, Phenol Red,

11 mM D-glucose, and the RPMI was supplemented with 10% heat inactivated fe-

tal bovine serum (FBS), 10mM HEPES, 100 units/mL of penicillin, 100 µg/mL of

streptomycin, and 0.25 µg/mL of Amphotericin B. S-HeLa cells were cultured in

DMEM containing L-glutamine, Phenol Red, 25 mM D-glucose, and the DMEM was

supplemented as RPMI. All cell culture reagents were obtained from Thermo Fisher

Scientific, except FBS which was obtained from Sigma-Aldrich. The L1210 cells were
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obtained from ATCC (CCL-219). BaF3 cells expressing BCR-ABL were obtained

from RIKEN BioResource center. S-HeLa cells were a gracious gift from Dr. Kevin

Elias (Brigham and Women’s Hospital). All experiments were started from cell cul-

tures that had not reached more than 40% confluence.

For chemical perturbations, cells were pretreated with chemicals for 20–30 min

under normal cell culture conditions and loaded into the SMR along with the chem-

ical containing media. Chemical concentrations used were 0.1% DMSO (controls,

Sigma-Aldrich), 0.02–1 µM Latrunculin B (Sigma-Aldrich), 1 µM Cytochalsin D

(Sigma-Aldrich), 25 µM (inhibiting Cytokinesis, long-term traces) or 50 µM (Ac-

tomyosin cortex disruption, end-point assay) Blebbistatin (Sigma-Aldrich), 10 µM

EIPA (Sigma-Aldrich), 5 µM STLC (Sigma-Aldrich) and 2 µM RO3306 (R & D Sys-

tems). For surface crosslinking experiment, cells were treated with 4% PFA (Electron

Microscopy Sciences) in PBS for 1 or 10 min. Cells were then washed with PBS and

resuspended in normal culture media. For all wash and re-suspension steps, cells were

centrifuged at 500 g for 2 min. For the osmotic challenge, desired osmolarity of the

external solutions were achieved by mixing cell culture media with deionized water

or D-mannitol (Sigma-Aldrich) for hypotonic or hypertonic conditions, respectively.

Cell culture media was set to be isotonic (300 mOsm). Cells in the culture media

were mixed 1:1 with the prepared external solution (e.g. mixed 1:1 with 500 mOsm

solution to achieve final osmolarity of 400 mOsm) to obtain desired osmolarity. We

kept the cells in the prepared media solution at room temperature for 20 min before

loading them into the SMR containing media of the desired osmolarity. For hypotonic

experiment shown in Figure 4-15d, cells were loaded immediately after the osmotic

shock. For the slow hypotonic shock condition shown in Figure 4-16, cells were treated

with DI water every 2 minutes for a total of 20 minutes. The desired osmolarity of

250 mOsm was achieved by adding 10uL of water every 2 min (total of 10 times) into

500 µL of cell solution.

L1210 FUCCI cells, which express the fluorescence cell cycle marker construct

mAG-hGem, were generated in a previous study [31]. These cells were transfected

with LifeAct, a F-actin labelling red fluorescent protein construct [143], using rLVUbi-
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LifeAct-TagRFP lentiviral vector obtained from ibidi GmbH. Several rounds of trans-

fections were carried out using spinoculation. In short, 1.5 × 105 L1210 FUCCI cells

were mixed with 10 µg/ml Polybrene (EMD Millipore) and 1 × 106 TU of lentivirus,

and the mixture was centrifuged at 800 g for 60 min at 25∘C. After centrifugation, the

cells were moved to normal cell culture media, grown overnight and the spinoculation

procedure was repeated. After 3 rounds of transfections cells were moved to normal

culture media and 24 h later selection was started by adding 10 µg/ml Puromycin

(Sigma-Aldrich). After a week of selection, the transfected population was enriched

for cells expressing high levels of LifeAct by FACS sorting using BD FACS Aria.

4.5.6 Size normalizing node deviation to obtain SNACS values

Since node deviation decreases with particle volume (Figure 4-1f, Figure 4-5b), size-

normalization is required to compare node deviation of different size particles or

cells. To obtain the size-normalized acoustic scattering (SNACS), we first obtained

the volume following a previously described method [122]. In short, we converted

buoyant mass obtained from individual peaks (Figure 4-6a) to volume using a median

density of the population. Median density of the population relative to the fluid

(equation) was obtained by fitting the buoyant mass distribution with a log-normal

distribution to estimate the mean buoyant mass (𝐵𝑀 , > 300 cells). Mean volume

(𝑉 ) was obtained by fitting the log-normal distribution to the volume distribution

obtained from the Coulter Counter measurements (Beckman Coulter, >5000 counts).

Single-cell volume was then obtained using the following equation:

𝑉 = 𝐵𝑀/∆𝜌 (4.18)

where ∆𝜌 =
𝐵𝑀

𝑉
. The mean density (∆𝜌) of the population was calculated for each

condition. Then, the node deviation for each cell (Figure 4-6a) was divided by its

volume (𝑉 ) to obtain node deviation/volume (𝑁𝑉 ). Representing each cell as a data

point in the scatter plot (𝑁𝑉 vs 𝑉 , Figure 4-6b), an iso-elasticity line of slope m is

passed through each point (Figure 4-6c). All data points along a given iso-elasticity
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line have the same mechanical property based on the FEM simulation (Figure 4-5b).

Finally, the SNACS for each cell was obtained by taking the linear interpolation of

𝑁𝑉 at 𝑉𝑟𝑒𝑓 along the iso-elasticity line (Figure 4-6d):

𝑆𝑁𝐴𝐶𝑆 = 𝑁𝑉 −𝑚(𝑉𝑟𝑒𝑓 − 𝑉 ) (4.19)

The slope (m) was obtained by performing a linear regression on the population data

(typically >300 cells) in the NV versus V scatter plot (Figure 4-5b). The reference

volume (𝑉𝑟𝑒𝑓 ) was set to the median volume of the population, which for L1210 cells

was 900 fL.

4.5.7 Cell cycle transition points

To pinpoint the G2/M transition, we utilized a previously reported finding that mi-

totic swelling starts in early prophase and prometaphase36. As the SNACS decrease

was simultaneous with swelling (Figure 4-15a), and SNACS decrease was not observed

in G2 arrested cells (Figure 4-14a), we marked the G2/prophase transition to take

place right before the SNACS decrease starts. The FUCCI signal (mAG-hGem) de-

crease (when fluorescence first reaches 85% of the maximum value) was used to mark

the metaphase to anaphase transition. Based on fluorescence imaging, we obtained

the average time lag between the time when FUCCI signal (mAG-hGem) begins to

drop (below 85% maximum) and the first time point for when a cell deviates from

spherical to be approximately 3.8 min. Then, to assign the cell cycle transition points

in figures, we subtracted the 3.8 min time lag from the first time point when cell shape

deviates from sphere to mark the start of anaphase. SNACS traces of the metaphase

arrested cells (treated with STLC), where SNACS remained low for several hours,

supported our timing of the metaphase-anaphase transition (Figure 4-15b).
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4.5.8 Microscopy

L1210 cells expressing the FUCCI (mAG-hGem) and LifeAct-RFP F-actin probe

(rLVUbi-LifeAct-TagRFP) constructs were imaged on poly-lysine coated glass bot-

tom CellView cell culture dishes (Greiner Bio-One). Media, CO2 and temperature

conditions during the imaging were the same as within the SMR. Imaging was car-

ried out using DeltaVision widefield deconvolution microscope with standard FITC

and TRICT filters, 100× oil immersion objective and immersion oil with refractive

index of 1.522. No binning was used and the image resolution was 9.245 pixels/µm in

xy-planes. When examining the effects of actin perturbing chemicals on the F-actin

structure, a 3 µm thick section from the middle of the cells was imaged in 0.2 µm thick

z-layers. After the first round of imaging, the cells were treated with the indicated

chemical for 30 min and the same cells were imaged again. When examining the F-

actin distribution in early mitosis, a 1 µm thick section from the middle of the cells in

0.2 µm thick z-layers every 5 min. Only the middle z-layer was used for final analysis

and presentation. When examining the F-actin distribution during cytokinesis, three

0.2 µm thick z-layers were imaged with 1 µm height intervals to capture both the

mother and the daughter cells at the central height of the cell, and we repeated this

imaging every 2.5 min. The total duration of all imaging experiments was limited to

5 h, as prolonged light exposure induced photo-toxicity and started to interfere with

mitotic progression.

4.5.9 Image analysis: early mitosis

All images were deconvolved using standard settings in the softWoRX software. To

normalize the effect of photo-bleaching, first we calculated the total LifeAct signal in

the entire images (2048 × 2048 pixels) that contained multiple cells. Then, we fitted a

second order polynomial to the total LifeAct signal in the image as a function of frame

index. During the subsequent image analyses, we corrected the LifeAct intensity with

the corresponding decay coefficient calculated from the polynomial fit for each frame.

To analyze individual cells, we first determined the representative cells that went
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through the nuclear envelope breakdown and/or cytokinesis during the experiment.

These cells were cut out of the larger images and analyzed individually (Figure 4-20a).

For analysis of each cell, we utilized MATLAB’s circular Hough transform algo-

rithm to detect circles on images (imfindcircles). We applied this algorithm to binary

images that were processed by a 2-dimensional median filter with 3-by-3 neighbor-

hood (Figure 4-20b) and a threshold filter (Figure 4-20c). After determining an initial

position for the cell center and radius (Figure 4-20d) we obtained the actin signal at

the raw, unfiltered image across 100 radial paths around the detected circle ranging

from the estimated cell center to 125% of the estimated cell radius (Figure 4-20e).

Then, we recorded the prominent peak location of the actin signal that was closest to

the estimated radius as the cortex position for that particular radial path. We took

the median of LifeAct signals recorded from each radial path after aligning them at

their calculated cortex locations (Figure 4-20f). Using this median LifeAct profile of

the cell cross-section, we calculated the full width at half maximum (FWHM) of the

LifeAct signal at the cortex (Figure 4-20f, red circles) in reference to the LifeAct signal

that is recorded at the cytoplasm. We defined the baseline signal at the cytoplasm

of L1210 cells as approximately 85 to 90% of the radial measurement path (Figure

4-20f, red line). This FWHM value of LifeAct at the cortex functioned as a proxy for

the cortex thickness.

To analyze F-actin distribution dynamics through mitosis, we repeated our analy-

sis for each time point we collected throughout the experiment. At each time point we

also analyzed the distribution of the FUCCI signal (mAG-hGem) in the cell (Figure

4-20g). We aligned the data from different cells to the time of nuclear envelope break-

down using the FUCCI signal (mAG-hGem) spread from nucleus to across the entire

cell area as marker for the nuclear envelope breakdown (Figure 4-20h). Finally, for

comparing different cells, we normalized the FWHM signals of each cell with respect

to the median FWHM signal that was recorded from the frames of that cell prior to

the nuclear envelope breakdown.
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Figure 4-20: Illustration of the image analysis: early mitosis. (a)-âĂŞ(h)
Successive steps of image analysis to obtain full width at half-maximum (FWHM) of
F-actin cortex in early mitosis. Deconvolved image of the LifeAct signal from L1210
FUCCI cells expressing LifeAct–RFP F-actin probe (a). The image after application
of the median filter (b). Binary converted image (c). Automatic detection of cell
boundaries (red circle) (d). 100 radial paths (yellow lines) on which the LifeAct
signal was quantified (e). Overlay of all radial path signals (yellow) as a function of
distance from the cell center (f). The median of the radial paths (black line) was
used to determine baseline within the cell, maximum signal at the actin cortex and,
consequently, the FWHM. g,h, Nuclear envelope breakdown (NEBD) was used for
aligning different cells to the same point in the cell cycle. NEBD was detected by
the abrupt spread of the green Geminin fluorescence of the FUCCI from a restricted
nuclear localization (g) to the whole cytoplasm (h). See section 4.5.9 for additional
details.

4.5.10 Image analysis: late mitosis

To study how the distribution of F-actin changes through late mitosis, we considered

four regions of the cell. Each region covered a 90∘ area extending from 65% of the

estimated radius of the cell to its full radius. We utilized the same cell detection

algorithm that was described in the previous section, with the additional capability

of detecting two adjacent cells (Figure 4-21a,b). To determine the division axis and

the regions of interest we started the analysis from the frames after cytokinesis with

two cells clearly visible, and worked back in time until the onset of anaphase. At

each time point, if we detected two cells, even if the cell was in mid-anaphase, we

determined the division axis and the equatorial and polar regions of interest. We
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set the polar region as the 90-degree segments that are at two opposite sides of

the detected cells (Figure 4-21c). We set the equatorial region as the regions that

are in the middle of the two cells and have an angular span that is perpendicular

to the polar regions (Figure 4-21d). To compensate for the observed non-circular

shapes, we utilized an edge detection algorithm to determine the true extent of the

cells overlapping with the region of interest. If we detected a single cell, we defined

the four equal area regions using the same angular span that was determined in

the previous frames (during cytokinesis) of the same cell. Finally, we calculated the

relative F-actin density in each region by normalizing the total LifeAct signal to the

area in each region. In the cases, where an adjacent, brighter cell was interfering

with the cell of interest, we disregarded the signal in the affected region. Finally, we

aligned the timing of different cells using the first frame, where two separate cells

were apparent (mid-anaphase).
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Figure 4-21: Illustration of the image analysis: late mitosis. (a)–(d) Successive
steps of image analysis to detect equatorial and polar regions of the F-actin cortex in
late mitosis. Steps in order (top to bottom) and from different time points (left to
right): deconvolved image of an L1210 FUCCI cell expressing LifeAct–RFP F-actin
probe (a). Detection of one or two cells in the image (red circles) (b). Assignment
of the polar regions (white areas) (c). Assignment of the equatorial regions (white
areas) (d). See section 4.5.10 for additional details.
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4.5.11 Data presentation

To characterize the system noise, we repeatedly measured node deviation of the same

12 µm diameter polystyrene bead, size-normalized to SNACS and calculated their

standard deviation (Figure 4-8a). SNACS of L1210 cells (n=24 cells) were aligned

to the latest time point where the cells maintained round morphology (3.8 min after

anaphase onset, Figure 4-12a,b). Then, we interpolated each data points for 0.01 h

and calculated the mean value and standard deviation out of the interpolated data

for each time point. All SNACS plots were filtered with median filter of length 3,

except in late mitosis (data points after anaphase onset) where we show raw data.

From the onset of anaphase, we calculated P values between the maximum and min-

imum within moving 5 minute time block to characterize how much of the temporal

change has statistical significance. We observed that temporal SNACS changes were

not significant (P>0.05, two-sided Welch’s t-test) from 15.2 min after the onset of

anaphase to cell division (Figure 4-10 and Figure 4-12, red dashed lines).

After defining the SNACS 4-5, we illustrated all node deviation changes, which

reflect the mechanical property of a cell, by using SNACS or ∆SNACS. ∆SNACS

represents the change in SNACS relative to the median value of first 10–15 minutes

of data presented (except in Figure 4-15d, where the mean value of the whole cells

before hypotonic shock is used), and was used only for better visualization of data.

4.5.12 Statistics and Reproducibility

To quantify the agreement between the data from the experiments and the simulations

(Figure 4-1d–f), we calculated the coefficient of determination (𝑅2). We assumed that

the observed data were the experiments and the fitted were the simulations. Thus,

for 𝑁 data points where 𝑦𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 and 𝑦𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 are the observed and the fitted

values (𝑖 = 1, 2, ...𝑁), we calculated:

𝑅2 = 1 −
∑︀

(𝑦𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 − 𝑦𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛)2∑︀
(𝑦𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 − 𝑦)2

(4.20)
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where 𝑦 = 1/𝑁
∑︀

𝑦𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡. Statistical analysis were performed by Origin and

MATLAB. We performed two-sided Welch’s t-test for comparisons between two groups

and one-way ANOVA for comparisons between multiple groups. Post-hoc analysis

(Fisher’s least significant difference) was performed only when ANOVA yielded a sta-

tistical difference (𝑃<0.05). The null hypothesis was always that mean values are the

same. The detailed statistics performed for each experiment are described in figure

legends.

All single-cell SNACS traces were obtained on separate days and were repeated at

least five times in independent experiments. The population SNACS measurements

were repeated in at least three independent experiments, and yielded comparable

results.

4.5.13 Simulation

When the acoustic domain of interest has non-trivial geometry with complicated

boundary conditions, solving the governing equations analytically is challenging.

Therefore we utilize Finite Element Method (FEM) simulations [159] to solve the

relevant equations provided in section 4.2. For FEM analysis, the governing equation

(i.e., Wave equation, equation 4.10 for the time domain; Helmholtz equation, equation

4.12 for frequency domain) is to numerically solve for each individual ’block’ within

a mesh. In this section, we describe how the model is established and provide details

on the post processing.

Geometry

For FEM analysis, COMSOL Multiphysics software 4.3 was used. The exact geom-

etry of the SMR used for experiments in this work was reproduced in the software

implementing the CAD design of SMR (Figure 4-2a and Table 4.2). We embedded a

particle in the detection regime of the cantilever (i.e., buried channel which is covered

with thin silicon layers) and parameterized the y-position of the particle. We assumed

the particle to be perfectly spherical, except where the effect of particle shape was
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tested. All dimensions used in the simulations are listed in Table 4.2.

Model setup

We used the 3-dimensional Acoustic-Structure Interaction module in the frequency

domain provided by the software. The mathematical details of the governing equation

and boundary conditions for the simulation are included in the manual [159].

There are multiple possible sources that generate acoustic standing waves, but

most of them will be second or higher order terms in the acoustic parameters (e.g.,

centrifugal force acting towards the tip and the node). Here we neglect higher order

acoustic sources and focus on the first order term, which is created by the out-of-plane

motion of fluid channel in the cantilever, as given in equation 4.2.

𝑎𝑡 ≡ 𝑧 = 𝜔2𝐴𝑢(𝑦)𝑎𝑏 ≡ 𝑧 = −𝜔2𝐴𝑢(𝑦) (4.21)

where 𝑎𝑡 and 𝑎𝑏 are acceleration of the top and bottom surface, respectively. All sim-

ulations except viscous sphere model were performed under pressure acoustics model

→ fluid model → linear elastic. We used sound hard boundary (wall condition for the

fluid-channel boundary because of the high elastic modulus (>1011 Pa) and acoustic

impedance of the silicon surrounding the fluid channel. We obtained the same results

by using a boundary condition that accounts for the silicon elastic modulus (data not

shown). We assumed the entire particle (and shell region for Cortical Shell – Liquid

Core model) to be a linearly elastic material and isotropic solid. COMSOL then

solves for the elastic solid-acoustic interaction, which incorporates the re-radiation of

the acoustic field by the vibration of the solid interface driven by the incident pressure

field. For the cell model, we treated the inner liquid core as a fluid with density 𝜌

= 1.05 g/cm3 and sound velocity similar to salt water of the same density. We used

the default free tetrahedral meshing for the entire geometries (Table 4.2), except for

the thin shell when performing simulation of the cell models, where we first meshed

the outer surface with free triangular and used a sweep function towards the inner

surface with number of elements set to 10. The mesh size of the free triangular and
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free tetrahedral mesh was set using the general physics option extremely fine and fluid

dynamics option, finer respectively. Using these options, the minimal edge length of

a typical element was set to 0.105 µm for outer surface meshing of the particle and

0.285 µm for the rest of the geometry. The position of the particle or cell in the

y-direction was parametrized with steps of 5–10 µm along the length of the cantilever

to effectively capture the shape of the frequency response and enable the comparison

with experimental data (Figure 4-1d,e). The center of mass was positioned in the

center of the channel for the all the simulations excluding the ones when we inves-

tigated how SNACS is affected by the positional offset from center of the channel

(Figure 4-8).

Post processing

After COMSOL finished solving for acoustic parameters as well as particle kinetics

and elastic deformation, we integrated parameters over specific domains to obtain

each energy terms (equation 4.14) as a function of the particle/cell position. See

Table 4.1 for details.

After obtaining all energy terms as a function of the particle position, we then

exported all energy terms to MATLAB to further process. To obtain ∆𝑇 (𝑦) and

∆𝑈(𝑦) we have subtracted all energy terms at particle position 𝑦 = 0 from 𝑦,

∆𝑈(𝑦) = (𝑈𝑓 (𝑦) + 𝑈𝑝,𝑠(𝑦) + 𝑈𝑐(𝑦)) − (𝑈𝑓 (0) + 𝑈𝑝(0) + 𝑈𝑐(0))

∆𝑇 (𝑦) = (𝑇𝑓 (𝑦) + 𝑇𝑝,𝑠(𝑦) + 𝑇𝑐(𝑦)) − (𝑇𝑓 (0) + 𝑇𝑝(0) + 𝑇𝑐(0))
(4.22)

where 𝑈𝑝,𝑠 and 𝑇𝑝,𝑠 denotes the potential and kinetic energy, respectively, of the whole

particle or the shell region of the cell model. 𝑈𝑐 and 𝑇𝑐 only applies for the cell model,

where encapsulated inner core was treated as a fluid.

Lastly, to directly compare simulations with experiments, we converted the energy

difference (in units of Joules, equation 4.22) to a frequency shift (in units of Hertz,

equation 4.17). To do this, we ran 10 µm polystyrene beads in both simulations and

experiments and calibrated the energy difference (∆𝑈(𝑦) − ∆𝑇 (𝑦)) simulated when
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the bead is at the antinode (𝑦 = 𝑦𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒) with the resonant frequency shift measured

experimentally at the antinode (∆𝑓/𝑓 |𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒).

Different mechanical models for cells

We also tested models other than the Cortical Shell–Liquid Core model, such as the

Viscous Drop, the Acoustic Impedance Mismatch and the Bulk Elastic (Table 4.3).

For the Bulk Elastic model, the assumption of a uniform linearly elastic material was

used. For Acoustic Impedance Mismatch, we assumed the cell to be a liquid sphere,

with acoustic impedance set under the Impedance option. The Viscous Drop and

Cortical Shell–Liquid Core model (Figure 4-7b) with the viscous core were simulated

by selecting the viscous fluid model under pressure acoustics model while parame-

terizing the dynamic and bulk viscosity of the entire sphere or the fluid core of the

Cortical Shell–Liquid Core. To simulate the effect of cytoplasmic pressure in our Cor-

tical Shell–Liquid Core model (Figure 4-7c), we set the pressure under initial values to

be parameterized within the range of 0–1000 Pa. The cortical tension model (Figure

4-7d) was developed similarly to previously reported COMSOL model [138]. Briefly,

we applied a constant mechanical tension in the cortex by assigning an initial stress

to the shell domain under initial stress and strain. Using Laplace’s relationship, we

assigned the initial stress in spherical coordinate (𝜌, 𝜃, 𝜑; relative to the center of the

liquid core) as

⎡⎢⎢⎢⎣
0 0 0

0 𝑝𝑟𝑐/2𝑡𝑠 0

0 0 𝑝𝑟𝑐/2𝑡𝑠

⎤⎥⎥⎥⎦ (4.23)

where 𝑝 is the internal pressure, 𝑟𝑐 is the cell radius, and 𝑡𝑠 is the shell thickness.
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4.5.14 Correcting mass distribution

Deconvolution of mass and acoustic signal

As we showed in the previous sections, the resonant frequency shift of the SMR at any

point in time due to a particle present in the integrated channel is a superposition of

the frequency change due to the added particles mass and acoustic scattering created

by the particle (Figure 4-3),

∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = ∆𝑓𝑚𝑎𝑠𝑠 + ∆𝑓𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 (4.24)

Here we assume ∆𝑓𝑚𝑎𝑠𝑠 is the frequency shift caused by a point-mass particle as shown

in equation 4.1, which is proportional to the squared amplitude dependence of the

mode shape, 𝑢2(𝑦). However, a particle with a mass distribution along the cantilever

would cause a frequency shift deviating from the squared mode shape. Therefore, in

order to obtain the shape-insensitive acoustic term, ∆𝑓𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐, we need to correct for

the mass distribution, ∆𝑓𝑚𝑎𝑠𝑠, affecting ∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. Here, we ignore the contribution

of acoustic effects to the frequency shift and focus only the contribution of the mass

distribution to the resulting frequency shift. If a particle of length 2𝐿 with a linear

mass distribution, 𝜆(𝑥), is located at the position 𝑦 along the cantilever, the shift in

the resonant frequency is given by

∆𝑓𝑚𝑎𝑠𝑠(𝑦) = ∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑦𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒)

∫︀ 𝐿

−𝐿
𝜆(𝑥)𝑢2(𝑦 + 𝑥)𝑑𝑥∫︀ 𝐿

−𝐿
𝜆(𝑥)𝑢2(𝑦𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒 + 𝑥)𝑑𝑥

(4.25)

where 𝑦𝑎𝑛 is the position of the antinode and ∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑦𝑎𝑛𝑡𝑖𝑛𝑜𝑑𝑒) is the measured

frequency shift at the antinode (i.e., buoyant mass). Although a point mass would

create no mass-dependent frequency shift at the node (𝑢(𝑦𝑛) = 0), a particle with a

non-zero size along the length of the cantilever will create a non-zero frequency shift

when it is centered at the node. This contribution can be calculated from equation

4.25), and thus a correction can be made provided the size, shape and mass of the

particle is known. The list of mass distributions, 𝜆(𝑥), for some of the geometries that
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we encountered during this work is shown in Table 4.4. For simplicity, we assumed

the mass is homogeneously distributed around the geometry. As expected, compared

to the single spherical particle, a doublet of particles will result in a larger frequency

shift due to mass elongation. Although spheres have positional invariance making 𝜆

invariant to particle rotation, the 𝜆 for a doublet depends on its orientation relative

to the cantilever (Table 4.4).

Table 4.4: Mass distribution function (𝜆(𝑥)) for selected geometries and orientations

Geometry 𝜆(𝑥)
integration

interval Description (used)

𝜋𝑟2 ±𝐿

2

cylinder parallel
(hydrogels)

2𝐿
√
𝑟2 − 𝑥2 ±𝑟

cylinder perpendicular
(hydrogels)

𝜋(𝑟2𝑠 − 𝑥2) ±𝑟𝑠
sphere

(before anaphase){︃
𝜋
(︀
𝑟2𝑡 − (𝑥 + 𝑑/2)2

)︀
, 𝑥 < 0

𝜋
(︀
𝑟2𝑡 − (𝑥− 𝑑/2)2

)︀
, 𝑥 > 0

±𝐿

2

overlapping spheres
(during anaphase

transition){︃
𝜋
(︀
𝑟2𝑑 − (𝑥 + 𝑟𝑑)

2
)︀
, 𝑥 < 0

𝜋
(︀
𝑟2𝑑 − (𝑥− 𝑟𝑑)

2
)︀
, 𝑥 > 0

±2𝑟𝑑

doublet parallel
(after anaphase

transition)

2𝜋 (𝑟2𝑑 − 𝑥2) ±𝑟𝑑

doublet perpendicular
(after anaphase

transition)⎧⎪⎨⎪⎩
𝜋𝑟21, 𝑥 < −𝑞

𝜋𝑟22, 𝑥 > 𝑞

𝐴(𝑟1, 𝑟2, 𝑑/2 sin 𝜃)†, else
±𝐿

2
cos 𝜃

overlapping spheres
rotated

(during anaphase
transition)

† Note: 𝑟1 =
√︀
𝑟2𝑡 − (𝑥+ 𝑑/2 cos 𝜃)2, 𝑟2 =

√︀
𝑟2𝑡 − (𝑥− 𝑑/2 cos 𝜃)2

𝐴(𝑟1, 𝑟2, 𝑑) refers to the area of overlapping circles of radius 𝑟1 and 𝑟2, with their center separated
by a distance of 𝑑
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Correction for cell elongation in anaphase

During the transition from a singlet to a doublet during anaphase, we assume that

the total volume remains constant and that all geometries are the result of an overlap

of two equally sized spheres (Figure 4-13). To accomplish this, we numerically solve

for an individual sphere radius 𝑟𝑡, with total elongation length 𝐿, and volume 𝑉 ,

matching the following conditions:

𝐿 = 4𝑟𝑡 − 𝑑

𝑉 = 2

∫︁ 𝑟𝑡−𝑦/2

−𝑟𝑡

𝜋(𝑟𝑡 − 𝑥)2𝑑𝑥
(4.26)

where 𝑑 is the length of intersection between two identical spheres (Table 4.4). With

𝑟𝑡 obtained above, we add the following frequency shift to the node deviation we

measured to correct for the mass elongation effect.

∆𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑦𝑛) = ∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑦𝑎𝑛)

⎡⎣ ∫︀ 𝐿/2

−𝐿/2
𝜆𝑡(𝑥)𝑢2(𝑦𝑛 + 𝑥)𝑑𝑥∫︀ 𝐿/2

−𝐿/2
𝜆𝑡(𝑥)𝑢2(𝑦𝑎𝑛 + 𝑥)𝑑𝑥

−
∫︀ 𝑟𝑠
−𝑟𝑠

𝜆𝑠(𝑥)𝑢2(𝑦𝑛 + 𝑥)𝑑𝑥∫︀ 𝑟𝑠
−𝑟𝑠

𝜆𝑠(𝑥)𝑢2(𝑦𝑎𝑛 + 𝑥)𝑑𝑥

⎤⎦
(4.27)

where 𝑦𝑛 is position of the node and 𝜆𝑡, 𝜆𝑠 refer to the linear mass distribution of the

overlapping spheres of individual radii of 𝑟𝑡 and singlet of radius 𝑟𝑠, respectively (Table

4.4). However, since 𝜆𝑡 depends on the exact orientation relative to the channel,

there will be an error estimating the frequency shift ∆𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛. For all data shown

throughout this work, we assumed that the cells are oriented by an intermediate angle

(i.e., 𝜃𝑚𝑎𝑥/2) during late mitosis (Figure 4-22). We further discuss the details of such

orientation-dependent error in section 4.5.15.
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4.5.15 Orientation-dependent noise

Orientation of a particle relative to the channel can affect mass distribution along

the channel and result in a SNACS that is independent of the mechanical properties

(section 4.5.14 and Table 4.4). For example, the SNACS from a cylindrical parti-

cle flowing parallel through the channel at the node will be different from the case

where the same particle has a perpendicular orientation (Table 4.4, 1st and 2nd row,

respectively). Thus, for non-spherical particles, the SNACS measurement contains

an intrinsic noise that results from an uncertain orientation during detection at the

node. For suspension cells, the shape is generally spherical up until late mitosis and

so the orientation noise is negligible. This is evident by the low noise in our SNACS

measurement during interphase (Figure 4-10a,b).

For cells that deviate from a spherical shape, a spurious SNACS signal could arise

if the cell gradually changes its orientation as it flows back-and-forth through the

channel. There are two approaches for determining if a signal is spurious. The first

applies to situations where the time range of a possible mechanical change is known

(e.g. during mitosis). In this case, the SNACS signal can be measured from multiple

cells. The resulting signals can be aligned and an analysis for statistical significance

can be performed (for example Figure 4-12a, where mitotic cells were aligned at the

metaphase–anaphase transition). If a cell’s orientation should gradually drift during

a measurement, it will not be correlated across different cells.

The second approach applies to situations where changes in mechanics occur

stochastically. In this case, the error resulting from orientation noise must be quanti-

fied. A threshold can then be established for determining if the SNACS measurement

is revealing statistically significant changes in cell mechanics. The maximum orien-

tation error in node deviation (∆𝑁𝐷𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛) can be calculated if the cell shape is

known (e.g. by DIC imaging),

∆𝑁𝐷𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = ∆𝑓𝑚𝑎𝑠𝑠,𝑜𝑟1(𝑦𝑛) − ∆𝑓𝑚𝑎𝑠𝑠,𝑜𝑟2(𝑦𝑛) (4.28)

where ∆𝑓𝑚𝑎𝑠𝑠(𝑦𝑛) is given in equation 4.25. If the change in SNACS is sufficiently
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larger than the error obtained from equation shown above, the resulting signal will

be associated with changes in cell mechanics. We next present three examples to

illustrate how orientation noise is estimated.

Cylindrical geometry

For a cylndrical particle of radius 𝑟 and length 𝐿, the maximal node deviation change

due to orientation error given by equation 4.28 is

∆𝑁𝐷𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = ∆𝑓𝑚𝑎𝑠𝑠,𝑐‖(𝑦𝑛) − ∆𝑓𝑚𝑎𝑠𝑠,𝑐⊥(𝑦𝑛)

= ∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑦𝑎𝑛)

⎡⎣ ∫︀ 𝐿/2

−𝐿/2
𝜆𝑐‖(𝑥)𝑢2(𝑦𝑛 + 𝑥)𝑑𝑥∫︀ 𝐿/2

−𝐿/2
𝜆𝑐‖(𝑥)𝑢2(𝑦𝑎𝑛 + 𝑥)𝑑𝑥

−
∫︀ 𝑟

−𝑟
𝜆𝑐⊥(𝑥)𝑢2(𝑦𝑛 + 𝑥)𝑑𝑥∫︀ 𝑟

−𝑟
𝜆𝑐⊥(𝑥)𝑢2(𝑦𝑎𝑛 + 𝑥)𝑑𝑥

⎤⎦
(4.29)

where, 𝜆𝑐‖ and 𝜆𝑐⊥ are mass distribution function of a cylindrical sample lying parallel

and perpendicular to the channel, respectively. Using the equation above, cylindrical

hydrogel of 10 µm diameter and 8 µm height and ∆𝑓(𝑦𝑎𝑛) = 17𝐻𝑧, the resulting

orientation noise is ∼ 0.004𝐻𝑧, which is equivalent to SNACS noise of ∼ 0.0006(𝑎.𝑢.).

Cells in late mitosis

Here we estimate the orientation noise of a cell in late mitosis. Specifically, we use

equation 4.28 to calculate the maximum error from orientation uncertainty as the cell

elongates. Similar calculation done for the cylindrical hydrogel shown in section above

will be performed. However, since the length of the elongated cell is greater than the

channel width, the maximal rotation is now constrained. For example, overlapping

spheres of total elongation length 𝐿, and individual radius 𝑟𝑡 flowing through the

channel of width 𝑤 can only rotate by an angle 𝜃 from 𝑦-axis (i.e., direction of

a particle/fluid flow through the cantilever)(Figure 4-1a and Figure 4-2a) which is

140



given by,

2𝑟𝑡 + (𝐿− 4𝑟𝑡) sin(𝜃𝑚𝑎𝑥) = 𝑤 (4.30)

Using 𝑤 = 20 µm for our cantilever and the maximal angle provided from equation

4.30, Figure 4-22a bounds the maximum error due to orientation uncertainty as the

cell elongates. Initially the error increases as the cell elongates. At a critical elongation

length, the error reaches a maximum because the rotation within the channel begins

to be constrained (𝜃𝑚𝑎𝑥 < 90∘).

Effect of sample orientation uncertainty on measured and corrected SNACS

In section 4.5.14, we described how to correct the SNACS signal for changes in mass

distribution obtained by simultaneously measuring cell shape. Here, with the goal

of showing the interplay between sections 4.5.14 and 4.5.15, we show the expected

SNACS signal from a hypothetical cell that elongates during mitosis. In one case, we

allow the mechanical properties to remain constant during elongation (Figure 4-22b,

top panel, left), and for the other case, to change in a fashion similar to what we

observed in L1210 cells (Figure 4-22b, top panel, right). As shown in previous section

(equation 4.22), elongation causes the measured SNACS signal to be decreased due

to mass distribution changes, but also variable depending on the orientation relative

to the channel. The SNACS decrease and increased noise are independent from the

cell’s mechanical properties (Figure 4-22b, middle panel; gray area bounded by red

and blue dashed line). In other words, SNACS measured at any given time point can

fall along the gray region in Figure 4-22b middle panel. If we then apply the mass

distribution correction scheme discussed in section 4.5.14 to the expected SNACS

curves, we recover the trajectory where our error is determined by the upper and

lower bound calculated from the orientation (Figure 4-22b, bottom panel; gray area

bounded by red and blue dashed lines). It is clear that our orientation-dependent

noise is small enough to distinguish cellular mechanical changes observed in mitotic

L1210 cells (Figure 4-22b, right) from the constant case (Figure 4-22b, left).
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Figure 4-22: Orientation-dependent noise and mass distribution correction
during late mitosis. (a) Top, schematic showing the two extreme orientations of a
cell during late mitosis: cells flowing parallel to the channel (𝜃 = 0) and maximally
rotated (𝜃 = 𝜃𝑚𝑎𝑥). Note that the dimension of the channel walls (black lines) and
elongation length of a cell at a given time point determines the maximal rotation angle
(𝜃𝑚𝑎𝑥). Bottom, SNACS is corrected assuming three different orientations relative to
the channel when cell is at the node: 𝜃 = 0 (blue dash), 𝜃 = 𝜃𝑚𝑎𝑥 (red dash) and
𝜃 = 𝜃𝑚𝑎𝑥/2 (black solid). The gray area marks the orientation-dependent noise. See
Figure 4-13 for raw SNACS. (b) Effect of uncertainty in cell orientation on measured
SNACS and corrected SNACS for two hypothetical cells both elongating as L1210 cells
in mitosis (top panel, blue), but with different mechanical changes (top panel, red):
zero change (left) and dynamic mechanical change similar to L1210 cells in mitosis
(right). Two extreme orientations illustrated in a mark the boundary (blue and red
dash) of orientation-dependent noise (gray area) in measured SNACS (middle panel).
Corrected SNACS signals assuming an intermediate orientation (𝜃 = 𝜃𝑚𝑎𝑥/2) during
the entire time course are shown in the bottom panel. Representation of SNACS
traces corresponding to each orientation are the same as in a. See section 4.5.15 for
additional details.
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4.5.16 Swelling driven cortical expansion

Here we present the mathematics that govern the reduction of cortical thickness when

the total volume expands. For this calculation, we assume that the volume expansion

is isometric and that the cortical actin content and density does not change as a result

of the expansion. Therefore, when a shell of thickness 𝑡𝑠 and total radius 𝑟𝑐 (Figures

4-5a and 4-15d) undergoes isometric volume expansion to bigger radius 𝑟′𝑐, the shell

thickness would be reduced to 𝑡′𝑠

4

3
𝜋𝑟3𝑐 −

4

3
𝜋(𝑟𝑐 − 𝑡𝑠)

3 =
4

3
𝜋𝑟′𝑐

3 − 4

3
𝜋(𝑟′𝑐 − 𝑡′𝑠)

3 (4.31)

Table 4.5 lists some of the values that were calculated using equation above.

Our FEM simulation revealed that increasing volume by 14.1% and, consequently,

decreasing the cortex thickness to radius ratio by ∼10% required an additional 10%

decrease in cortical elastic modulus to match with the SNACS change we observe

in early mitosis (Figure 4-15c). This could be because cortical expansion during

swelling causes actin cortex to be detached from the surface [144] or because F-actins

get partially damaged or ruptured by an increase in intracellular pressure [160].

Table 4.5: Calculated cortical thickness change upon isometric volume expansion.

swelling (% volume) absolute cortex
thickness change (%)

cortex thickness to
diameter after swelling (%)

0 0 1

10 6.33 0.907

14.1 8.65 0.874

15 9.14 0.867

20 11.75 0.831
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