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Abstract
Many processes of eukaryotic cells involve motion and deformation in overdamped en-

vironments, which require constant force generation. To calculate forces from observed

deformations, we need to know the mechanical response properties of the structures mak-

ing up cells. Using optical trapping technology and microscopy, I studied the mechanical

properties in three different systems: individual suspended cells, isolated nuclei, and other

cellular components.

The main contributor to the mechanical response of suspended A431 cells is the actin

cortex. I attached polystyrene beads directly to the actin cortex and used optical tweezers

to measure force-displacement relationships and force fluctuations from individual cells

under different conditions. The qualitative changes in mechanical responses to external

forces were first examined using the Kelvin-Voigt model. This simplified model was applied

to the force-displacement curves to extract an effective stiffness and an effective damping

coefficient. In growth medium, I found that A431 cells have an apparent stiffness of 50 � 310

pN/µm, and an apparent damping coefficient of 5 � 35pN sec/µm. Drug interference

tests were conducted to examine the roles of different components of the actin cortex.

Actin polymerization inhibition led to a significant decrease in effective stiffness, whereas

myosin activity inhibition only led to lower-amplitude force fluctuations. The effect of non-

physiological osmolarity was also tested. Hypoosmolarity showed negligible effects on the

mechanical responses. In contrast, in a hyperosmotic environment, cells showed a stiffer

response on average and started to show signs of cytoplasmic jamming transition. Because

the Kelvin-Voigt model only delivers global values for mechanical response, and does not

permit any conclusions on the material properties of specific cellular structures, I next used

a more detailed model for finite-element analysis consisting of an elastic spherical shell

surrounding a viscous interior, with a volume constraint, to derive elastic moduli of the

cell cortex and viscosity of the cytoplasm from the force-displacement curves. The Young’s

modulus of the elastic shell for cells in growth medium was found to be 6 �20kPa, which

is close to that of actomyosin networks measured in in vitro experiments. The viscosity of
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the interior ranges from 10 to 40pN sec/µm, which is only slightly higher than what has

been measured in the cytoplasm.

The second system I studied were isolated eukaryotic cell nuclei. To accurately capture

the mechanical properties of the cell nucleus, we optimized an isolation method that can

extract nuclei that are still encapsulated with a cell membrane, which keeps them alive

for a couple of hours. The isolated nuclei were placed under an atomic force microscope

to measure the force-indentation relation. As expected, the elastic response was highly

nonlinear and shows hysteresis effects due to the viscosity of the cytoplasm.

I further studied two model systems in vitro. First, the mechanical properties of an

artificial peptide-RNA polymer, which forms condensates under correct conditions, were

measured using one-point microrheology. The derived viscosity of the condensate in the low-

frequency regime is roughly three orders of magnitude higher than that of water, which is

comparable to that of the cytoplasm. Second, we constructed a model system for collective

cytoskeletal motility from the cytoplasmic extracts of Xenopus laevis eggs, enclosed in

water-in-oil emulsion droplets. The dynamics of the network showed different collective non-

equilibrium motion patterns and phase-separation behavior that depended on the droplet

size.
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1. Introduction
The word "Mechanics" sounds exotic to a young physicist when people around are

talking about biology. For physics students, mechanics is the �rst class they attend in

college, and its function is to describe the motion of simple objects, like a ball or a wedge

moved by a spring. Everyone knows that humans, like all other biological systems, rely on

mechanical behavior to carry out many functions, but only in recent decades have scientists

started to study mechanics in living systems at the microscopic level and link the behavior

of biological systems to their mechanical interactions with the outside world. In 1949,

Draper and Hodge gave a detailed description of sarcomeres, the force-generating units

of striated muscle, which is one of the great milestones in biomechanics [27]. Since then,

people picked up the pace to identify cellular components that participate in mechanical

interactions. Non-muscle myosin was discovered in platelets by Adelstein in 1971, which

led to people understanding that the actomyosin network exists in most eukaryotes and

plays important mechanical roles [2]. Subsequently, structures related to actin and myosin,

such as stress �bers, focal adhesion, etc., were studied extensively�the actin cortex is one

of them. Meanwhile, as scientists study these structures, they discover that mechanical

stimuli can a�ect the biological processes that occur in the cell. Engler et al., in their

seminal work, showed that mesenchymal stem cells (MSCs) di�erentiate to di�erent cell

types based on the elasticity of the substrates, a process which was thought to be only

a�ected by biochemical signals [29]. Surprisingly, the nucleus can also feel force. After

decades of research, today, similar examples that show the connection between biology and

mechanics are countless. In this chapter, I aim to �rst point out the motivation to study the

mechanical properties of the cell and its components. Then I will brie�y explain what the

relevant cellular structures are and what theoretical background is necessary to understand

the observed behaviors.
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1.1 Motivation of Studying Mechanical Properties of Cells and Cel-
lular Components

In principle, all problems in cell mechanics can be answered using the classical mechan-

ics formulation, assuming the equation of motion is solved for every single component of the

system. However, similar to most complex systems, this approach is practically impossible

due to the absurd number of equations required to solve. Therefore, when we try to un-

derstand a problem in cell mechanics, we usually consider only the major contributors for

their material properties, geometric structures, physical constraints at certain length and

time scales. Then a speci�c set of experiments can be performed to extract the necessary

information to describe the system. There are many established methods to measure the

mechanical response from cells. Active methods include micropipette aspiration, magnetic

tweezers, atomic force microscopy [37, 11, 101]. They can be used to actively exert forces

on part of the cell and measure the reaction force. Passive methods observe �uctuations

from a microscopic object, which can be either inherently in the cells or manually injected,

and from that deduce material properties [19, 55]. Many interesting, and con�icting results

have been reported. For example, cells can either sti�en[106] or soften[4] under external

force. In a comprehensive study, researchers from multiple groups have shown that for a

single cell type, di�erent methods and models produce di�erent elastic moduli that can

di�er by three orders of magnitude [113]. Therefore, for a certain system, it is crucial to

carefully design the experiment, and to interpret the results with a reasonable model.

For suspended cells that experience external deformations, the major mechanical re-

sponse comes from the actin cortex. It is composed of densely crosslinked actin �laments,

and is anchored directly to the membrane through linkers such as ezrin, radixin, and moesin

proteins [104]. Suspended cells typically exhibit near-spherical geometry showing that there

is a pressure di�erence across the cell membrane, and the cortex is under tension according

to the Young-Laplace law. When studying the mechanical response at the whole cell level,

it is su�cient to treat the cortex as a continuous material, since the mesh size of the network

(100� 200µm [98]) is much smaller than the characteristic size of the cortex. Therefore, at
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FIGURE 1.1: Figure for optical tweezers. By Roland Koebler[79]

�rst glance, a suspended cell looks like a pressurized thin shell system. This description can

be su�cient for a static experiment, but for oscillatory deformations, the viscous damping,

mostly from the cytoplasm a�ects the force-indentation relationship.

At �rst glance, the isolated nucleus has a structure similar to that of suspended cells.

The nuclear envelope is a double lipid bilayer, and underneath there is a lamin layer that is

believed to be the mechanical support [23]. However, there are two fundamental di�erences

between these two systems. First, the nuclear lamina is not fully stretched when the nucleus

is not stretched by the cytoskeleton [25], which means that there is no in-plane tension in

the lamin network. Second, the suspended cell retains its volume when deformed, unless

there is active pumping of osmolytes, but the nucleus does not because water can freely

�ow through the nuclear pore complexes [59]. The major contributors to the mechanical

response of the nucleus are yet to be con�rmed.

I used optical tweezers microrheology(Fig.1.1), which is ideal to study the mechanics

of objects in suspension because of their precision and non-invasiveness. For the projects

in this dissertation, a commercial instrument, a Lumicks C-Trap, a combination of optical

dual tweezers and a micro�uidic chamber, was used to probe the mechanics of suspended

cells and di�erent cellular components. The optical tweezers can measure forces as small as

0.1 piconewtons, and displacement down to a couple of nanometers. I chose A431 cells, a

human epidermoid cancer cell line, as the main cell type to study cell mechanics, as well as

nuclei isolated from vimentin-null mouse embryonic �broblasts to study nuclear mechanics.
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I furthermore used a custom-built glass chamber to examine the mechanics of biomolecular

condensates in the optical tweezers setup. Both active and passive microrheology experi-

ments can be performed, depending on the aspect of the mechanics we want to investigate.

Active microrheology measures the response of an object to an external force, which shows

how much the elastic and viscous components contribute to the overall response. Passive

microrheology records spontaneous force �uctuations, which can either be thermal or driven

by non-equilibrium processes in the system. Thermal �uctuations can be analyzed using

the �uctuation-dissipation theorem to obtain the complex shear modulus.

1.2 Mechanical Structures in Cells

In eukaryotic cells, there are a couple of common cellular components that are responsi-

ble for resisting external deformation and generating active forces, such as the cytoskeleton,

the extracellular matrix, etc. [46, 27, 31]. Di�erent protein networks tend to be located in

di�erent parts of the cell and have di�erent functions, but they are also overlapping and

interconnected, which is essential for many cellular mechanical functions [82].

The cytoskeleton, as its name indicates, is the major mechanical structure in animal

cells, while plant cells, fungi and bacteria have an external cell wall. In eukaryotic cells,

the cytoskeleton usually consists of three classes of linear protein �laments, F-actin, mi-

crotubules, and intermediate �laments. These three types of �laments form distinct but

interpenetrating networks that span the entire cytoplasm [3, 93]. Microtubules are the

highways for intracellular transport. Molecular motors like kinesin can attach to vesicles

or organelles and carry them to a di�erent location following the microtubule network [30,

63]. Microtubules are also the sti�est �laments among the three classes with a persistence

length of millimeters [34]. Intermediate �laments are made of a family of proteins including

vimentin and lamin, whose main function is to provide mechanical support of the nucleus.

They are also the softest among the three classes, with a persistence length ranging from

300 nm to 1 µm [105].

Actin �laments mainly support the cell shape, especially when cells are suspended [82].
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Networks of actin �laments interact with myosin motor proteins to generate motion and

force. [115, 90]. The actin cytoskeleton is capable of generating active forces in various

mechanisms. Myosin forms bipolar bundles and slides on di�erent actin �laments, generat-

ing relative motion between �laments. It is apparent that such translocation will lead to an

overall contraction in the organized actomyosin network, like the sarcomere [27, 51]. How-

ever, in an unorganized network, the amount of contractile and extensile forces should be

equal, which would lead to no overall force generation in the system. Surprisingly, however,

such networks almost always exhibit contractile dynamics due to mechanical asymmetry in

the �laments that are rigid in extension but soft in compression involving buckling [115,

117]. The contractile force is crucial for cells to perform morphology regulation, focal adhe-

sions, cytokinesis, and other functions [116, 109, 94]. Another kind of active forces generated

by actin �laments comes from their own non-equilibrium nature. As actin polymerization

and depolymerization continue, the network remodels on timescales from seconds to min-

utes [24, 5]. This constant remodeling results in processes like actin treadmilling, which

is utilized by cells such as �sh keratocytes to quickly move in the microenvironment [87,

92]. These characteristics make the actin cytoskeleton not only an interesting system to

study for physicists and biologists, but also a valuable system to understand in detail for

tremendous potential applications in engineering.

Cells are not just receiving mechanical stimuli from their surroundings. They also

constantly adapt to them. Nucleus is the receiver and processor of mechanical stimuli in

eukaryotic cells. Mechanical transduction from the external environment to the nuclei has

both indirect and direct pathways. The mechanical signal can �rst be detected by ion

channels like the DEG/ENaC protein family and converted to biomolecular signals for the

nucleus to process [28]. Additionally, the nucleus is directly connected to the cytoskeleton

via transmembrane proteins in the nuclear envelope, such as the LINC complex, SUN pro-

teins, nesprin, etc. [64]. The displacement of the cytoskeleton is then transmitted to the

laminA layer of the intermediate �lament network formed by various lamin proteins�and

a�ects the structures of chromatin anchored to the lamin layer resulting in altered gene
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expression [29]. Another signi�cance of studying the mechanical response of the nucleus

comes from a trending topic�liquid-liquid phase separation (LLPS) in cells. Numerous

membraneless organelles in eukaryotic cells, both in the cytoplasm and in the nucleus, are

believed to form based on this mechanism, such as stress granules, nucleolus, etc. [43]. The

ones formed in the nucleus can regulate genomic activities [66]. Therefore, understanding

the mechanical properties of the nucleus is helpful in further studying how the nucleus

altered cellular activities based on the stimuli it receives.

1.3 From Rheology to Microrheology

What are mechanical properties? The most prominent aspect is the relation between

the reactive force and deformation, such as the widely applied Hookean spring model

Fi = � k(xi � x0i ). For �uid-like material, the reactive force is independent of the rela-

tive displacement, but rather the spatial derivative of the relative speed, like Newtonian

�uid Fi = bBvi
Bxi

. As we further step into the universe of realistic material, we realize that

we cannot categorized all materials simply as solids or �uids. The problem comes not only

from the idealized assumption that the reactive force is linear to the corresponding defor-

mation. Most of the materials behave di�erently on di�erent timescales. The most famous

example is probably cornstarch water, which behaves as a solid or as a liquid depending on

the shear rate [8]. There are many mathematical models people have proposed to study the

mechanical response for di�erent materials, such as Maxwell, Kelvin-Voigt, standard linear

model, etc. [15].

Rheology is the "study of �ow behavior" [89]. Polymers, foams, granular materials,

and other soft matter have a basic size unit from 1nm to 1µm, and lack a long-range

crystalline structure, which makes them much easier to deform [75]. Most soft matter are

disguised as elastic solids on short timescales, but tend to �ow and exhibit viscous �uid on

long timescales, which is commonly referred to as viscoelasticity. Studying the mechanical

properties of viscoelastic material involves measuring the force response over decades in the

6



frequency domain. The simplest characterization is to measure induced stresss(t) under

oscillatory strain e(t), or vice versa [89].

e(t) = e0sin(wt)

s(t) = s0sin(wt + d).

The phase shiftd gives rise to the time-dependent complex dynamic modulus of the material

G(t) =
s(t)
e(t)

,

whose Fourier transform is

G� (w) = G1(w) + iG2(w) = C0

» 8

8
G(t)eiwt , (1.1)

where G1 and G2 are called storage and loss shear modulus. Purely elastic material has

G2 = 0 and purely viscous material hasG1 = 0.

Traditional rheology measurement uses di�erent kinds of rheometer. It requires the

sample to be prepared in gel form and the sample size cannot be less than centimeters,

which is not suitable to be directly applied to biological systems whose heterogeneity lies

in um [38]. Microrheology utilizes microscopic probes to measure the local rheological

properties of the material. The fundamental equation is the Langevin equation [55]

mBtvi = FE(t) + FR(t) �
» t

�8
g(t � t1)v(t1)dt1, (1.2)

where FE is the external force andFR is the random noise, and the integral represents the

drag force. Frequently, the tracer particles are spherical, which means that the Fourier

transform of the memory function g(t) satisfy the generalized Stokes law

g(w) =
6p aG� (w)

� iw
, (1.3)

where a is the radius of the particle. It is challenging to directly measureg(t) in the

experiments. What is more available is the response function in the frequency domain
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c (w) = r(w)
fE(w) because displacementr(w) can be extracted directly from video data or

other sources [55]. The Fourier transform ofc (t) is related to the shear modulus by

c (w) =
1

� iw(� imw + g(w))
�

1
6p aG� (w)

. (1.4)

The approximation is valid because in the situation where this equation is applied, the

Reynolds number is low and the inertial e�ect is negligible. When external force is absent

and system is at equilibrium, the �uctuation of the position of the particle caused by

thermal noise is related to the imaginary part of shear modulus via �uctuation-dissipation

theorem(FDT) [74, 55, 57]. Consider the time correlation functionCr i r j =


r i (t)r j (0)

�
,

FDT states

Cr i r j (w) = di j
2kBT

w
Imc (w) � di j

kBT
3p aw

G2(w)
|G� |2

(1.5)

The real part G1(w) can be obtained from Kramers-Kronig integral (can cite wikipedia)

G1(w) =
1
p

P
» 8

�8

G2(w1)
w1� w

dw1. (1.6)

Although this approach seems promising, people found that sometimes the complex

shear modulus extracted from the microscopic probes is di�erent from that measured by

a macroscopic rheometer [57]. It turns out that the result of the 1-point microrheology

depends on the properties of the probe, e.g., size of the microsphere, and on the interac-

tion between the probe and the material [50, 57]. One obvious restriction is the validity

of applying the generalized Stokes-Einstein relation to connect response function to the

complex modulus. Meanwhile, if the presence of the probe induces local cavities, the mea-

sured complex modulus would appear to be smaller than expected. To resolve these issues,

Crocker et al. proposed the theory of 2-point microrheology in 2000 [50]. The idea is

that the �uctuation of a probe will induce a strain �eld which can be felt by the second

probe. The �uctuations of the two probes are correlated, which can be measured by the

cross-correlation de�ned as:

Dab(r, t ) =
D

Dra
i (t, t )rb

j (t, t )d[r � Ri j (t)]
E

i � j,t
, (1.7)
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where a and b refers to di�erent probes, i and j refers to di�erent coordinates, and Ri j

is the distance between the two probes. Levine also showed that the response function

obtained from the cross-correlation function is independent of the probe size and the local

mechanical properties. Rather, it depends on the distance between the probes and the bulk

mechanical properties [57].
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2. Exploring Cell Mechanics in Single-Cell Level and in
Real Time

In this project, we used various types of eukaryotic cells, including A431, HL60, NIH3T3

and mouse embryonic �broblast (MEF) with vimentin knock-out. Among them, A431,

NIH3T3, and MEF are adherent cells, which mean they naturally grow on the surface.

NIH3T3 and MEF are both derived from mouse embryos [77, 112]. Their morphology is

�broblast-like and exhibits contact inhibition when growing, which is quite di�erent from

A431 cells. HL60 cells are derived from promyeoloblasts from a patient with promyelocytic

leukemia. The cells are naturally nonadherent and are near spherical. What is special

about HL60 cells is that they are neutrophil-like, which can be activated so that the cell

starts to remodel in seconds.

A431 was derived from the epidermis of a patient with epidermoid carcinoma [1]. A431

cells show characteristics similar to those of typical epithelial cancer cells. They grow in

patches with tight connections to each other. When suspended by trypsinization, most

A431 cells have a nearly spherical shape. A431 cells are our main cell type to study, and

there are two reasons for this. First, suspended cells remodel at a slow pace so that the

experiments will not be largely a�ected by the cellular activities. Second, epithelial cancer,

such as carcinoma, can be extremely malicious. Metastasis occurs when cancer cells detach

from the original lesion, enter the circulation system in suspended states, and settle at a

di�erent location. The results of our experiments can be applied to future research that

studies this translocation process.

Lumicks C-Trap is a commercial dual optical tweezers setup. It combines optical tweez-

ers with a micro�uidic �owcell and a confocal microscope 2.1. The optical dual traps are

equipped with a strong 1085nm laser with a maximum power of 3.4W. When a 4 µm bead

is trapped, the trap can exert a force of hundreds ofpN at full laser power. However, this

would damage the cell, so all cell microrheology experiments are done with laser power

less than 190mW for both traps. The micro�uidic �owcell is crucial to facilitate single-cell

mechanics examination. It comes with a micro�uidic channel with 5 inlet. The channel is
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FIGURE 2.1: Illustration of C-Trap (left, adopted from [12]), and schematic of the �owcell. The
�owcell have 5 different channels (drawn as 4) that can be used to inject different �uid. All the
�ow are well in the laminar regime therefore no physical barrier is needed to separate the �ow.

2 mm wide and 100µm tall, while the channel length is about 2 cm. This con�guration

forces all the �ow in the channel to be laminar, which means that material �own from

di�erent inlet does not mix with each other. As shown in the schematic diagram in Fig.2.1,

we trap two beads from the bottom, attach the beads to the cell at the center, and then

conduct microrheology experiments in the top region and in the side channels. These steps

allow us to move the cell from one environment to another in 30 seconds, so that we can

measure the change in mechanical properties at the single-cell level.

2.1 Basic Characterization of the Rheological Properties

Optical tweezers microrheology can be applied to most cell types, as long as the beads

can be attached to the cell. Therefore, we coated the beads with �bronectin, which can

be directly coupled to the actin cortex through the transmembrane protein integrin [22].

All of the cell types mentioned in the last section can be attached to the coated beads.

Although their morphology is drastically di�erent under natural growth conditions, they

are all near-spherical when suspended, indicating that the mechanical structures are similar

between suspended eukaryotic cells. For A431 cells in suspension, I extract the cell shape

from the image data collected by the Leica SP5 confocal microscope, and approximate them

using an ellipsoidal model. Semi-major axisa and semi-minor axisb are measured from

images, and the third axis c is estimated by c = 1
2(a+ b). I compute the ratio b/ a to
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