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ABSTRACT

The physiology of walled cells is dramatically different from that of human cells,
but the biomechanics of walled cells are far less studied. Most bacterial, fungal,
and plant cells have a strong cell wall (CW) , which allows them to withstand large
hydrostatic pressures in the cytoplasm, called turgor. Turgor pressure conflates the
mechanics of subcellular components and complicates the characterization of the
cell. In this dissertation, new models are introduced and explored for single cells
to investigate the multiscale mechanics of plant and bacterial cells using micro- and
nano-indentation experiments.

A multi-scale biomechanical assay is used to study the mechanical properties of
plant cells. The plant CW is typically around 5% of the width of the entire cell,
and is thought to carry most of the mechanical load. Large-scale indentations
using a micro-indentation system probe the behavior of the overall cell structure,
and atomic-force microscopy (AFM) nano-scale indentations are used to isolate the
CW response. To determine the effect of external osmotic pressure, indentations
are performed on cells in different osmotic conditions: hypotonic, isotonic, and
hypertonic. The cell is idealized as two springs acting in series, one to represent
the CW and one to represent the cytoplasm. The model uses the experimentally
determined initial stiffnesses as input to the model to determine the relative stiffness
contributions of the CW and the cytoplasm.

The first type of walled cells investigated is the xylem vessel element of Arabidopsis
thalina. The xylem is responsible for transporting water through the stem of any
vascular plant (more commonly known as a land plant), and hence it must maintain
structural integrity against high internal pressures while transporting water from
the roots to the leaves. For extra structural support, xylem vessel elements develop
secondary cell walls (SCWs), which are known to be a key component for mediating
mechanical strength and stiffness in vascular plants. The structure and biomechanics
of cultured plant cells are investigated during the cellular developmental stages as-
sociated with SCW formation using the multi-scale biomechanical assay described
above. To determine the effect of morphological changes during differentiation,
micro- and nano-indentations are performed on cells in different observed stages
of the differentiation process. Prior to triggering differentiation, cells in hypotonic
pressure conditions are significantly stiffer than cells in isotonic or hypertonic con-
ditions, highlighting the dominant role of turgor pressure. Plasmolyzed cells with a
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SCW reach similar levels of stiffness as cells with maximum turgor pressure. Anal-
ysis using the two-spring model shows that the stiffness of the primary CW in all of
these conditions is lower than the stiffness of the fully-formed SCW. These results
provide the first experimental characterization of the mechanics of SCW formation
at the single-cell level in plant cells.

Next, the mechanical response of individual Nicotiana tabacum cells from a sus-
pension culture is studied using the same multi-scale biomechanical assay. The role
played by the microtubules (MTs) and actin filaments (AFs) is determined through
the use of drug treatments which selectively remove MTs and AFs. A generative
statistical model is added to the two-spring model to quantify the stiffnesses of the
CW, cytoplasm, turgor pressure, MTs, and AFs. Analysis of the initial stiffness and
energy dissipation calculated from micro-indentation experiments indicates that the
MTs and AFs contribute significantly to the mechanical response of a cell under
compression. Micro- and nano-indentation tests confirm that turgor pressure is the
most significant contributor to the stiffness response of turgid cells in compression.
Finally, the results reveal that turgor pressure exerts stress on the CW, which leads
to a measurable stiffening of the CW.

The studies described above focused on developing a discrete model to describe the
mechanics of a cell in indentation experiments. However, the most common type of
model used to evaluate the mechanics of a cell are continuum models. Continuum
models are also necessary to decouple the material properties of subcellular com-
ponents from their structure. In the final section, AFM indentations are simulated
on a gram-negative bacterium, Escherichia coli, and a sensitivity study and inverse
analysis are performed to solve for the CW elastic modulus and turgor pressure si-
multaneously. Sensitivity study results reveal that uncertainty in turgor pressure and
CW elasticity indeed contribute the most to variability in force spectra from AFM
measurements. The parameter space of possible values for CW elastic modulus and
turgor pressure is discretized using triangular elements. "Simulated experiments"
are tested throughout the parameter space, and correlations between the CW elastic
modulus and turgor pressure, which depend on the type of objective function, are
investigated. Two unique objective functions are tested in the inverse analysis, and
a third objective function, which is a weighted sum of the first two, is found to re-
duce errors in estimated CW elastic modulus and turgor pressure by 20% and 11%,
respectively. The use of this type of inverse analysis has the potential to elucidate
the material properties of CWs using a single indentation measurement and reliably
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decouple these properties from the high turgor pressures inside walled cells.
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C h a p t e r 1

INTRODUCTION

The physiology of walled cells is important to human health, agriculture, molecular
biology and biotechnology, and environmental sustainability. The presence of a
strong cell wall (CW) in most bacterial, fungal, and plant cells allows them to hold
enormous hydrostatic pressures in the cytoplasm, called turgor in microbiology
literature. While mammalian cells survive in a relatively well-controlled osmotic
environment and maintain internal pressures typically under a kilopascal (kPa) [1],
walled cells survive in some of the harshest environments on our planet andmaintain
enormous turgor pressures. Bacterial cells reportedly hold turgor pressures between
30 and 300 kPa [2], plant cells between 300 kPa and 1 MPa [3], and pressures up
to 1.5 MPa have been reported in some fungal cells [4]. The fluctuation of internal
turgor pressures enables these walled cells to store water for long periods of time
and survive harsh and uncertain environments [5]. For example, cacti survive in
deserts without rainfall for months at a time, fungi live at the bottom of deep oceans
and in the hypersaline Dead Sea, and bacteria have been found thriving inside hot
springs and volcanic craters.

In addition to its evolutionary benefit, the mechanical interplay between a strong
cell wall and turgor pressure is integral to cell growth. In a healthy and growing
walled cell, turgor pressure causes stress to build up in the cell wall. The viscous
property of the cell wall causes stress relaxation and expansion of the cell. As the
cell expands, turgor pressure declines. Then, the difference in pressure between
the expanded cell and its environment causes water uptake, which returns turgor
pressure and cell wall stresses to their original state, and the cycle repeats [6].
Another ubiquitous feature of walled cells is a rod-like shape, which is also derived
from the mechanical interaction of the cell wall and turgor pressure. While cell sizes
and growth mechanisms differ, the morphology of many rod-shaped cells is similar,
indicating that there is a common mechanical balance of turgor pressure and cell
wall stress across species [7].

The highly interconnected nature of cell wall stress and turgor pressure and experi-
mental limitations at small scales has led to a large range of reported values for these
parameters in the literature. A direct measurement of turgor pressure is possible
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in larger cells, like plant and fungal cells through the direct insertion of a pressure
gauge [8, 9]. Unfortunately, this method ultimately destroys the cell being tested, so
repeated measurements are not possible on the same cell. Incipient plasmolysis is
a reversible process, so the cell is preserved in this method and repeated measure-
ments are possible [10]. Again, however, this method is currently only possible in
larger plant cells where the beginnings of plasmolysis are observable. The first mea-
surement of turgor pressure in bacteria was accomplished through the collapse of
gas vesicles in the vacuole [11]. However, not all bacteria can express gas vesicles,
and so a characterization of turgor pressure in some bacteria is not possible using
gas vesicle collapse, although recent research in molecular biology has expanded
the number of bacteria that can express gas vesicles [12]. Many have also explored
the possibility of measuring turgor pressure from mechanical indentations [13–15].
The estimated pressure values from these experiments span more than an order of
magnitude, even when the same experiment is performed on the same type of cell.

1.1 Indentation Experiments
The development of indentation probes that can measure forces and displacements
with resolutions at or below picoNewtons and nanometers, respectively, has enabled
experiments that can probe subcellular mechanics. Concurrent technological ad-
vancements have led to improvements in computational modeling of mechanics at
multiple length scales. In this dissertation, mechanical indentations are performed
on isolated walled cells that span from the nanometer to the micrometer scale, and
computational modeling of the indentations is performed to extract the mechanical
properties of subcellular components.

Experimental indentation techniques have advanced our understanding of single cell
mechanics substantially. The application of indentation-basedmethods is not limited
to walled cells, and has been successfully implemented in studies of animal, plant,
and bacterial cells. (For a review of the biomechanics uncovered in each of these cell
types through indentation experiments, see [16], [17], and [18], respectively.) These
experiments have been used to calculate stiffness contributions from components
of a cell that range from cytoskeletal fibers that are a few nanometers in diameter
to the entire plant cells, which are tens of micrometers in diameter. Indentations
at the nanometer scale, which will be referred to henceforth as nano-indentations,
are commonly used for imaging, mapping surface topography, and measuring local
mechanical properties. Indentations at the micrometer scale, referred to henceforth
asmicro-indentations, enable the quantification ofwhole-cellmechanical properties.
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The combination of nano- and micro-indentation experiments allows us to probe
mechanics of a living cell across widely different size scales.

Despite the growing number of data sources for indentations on isolated cells and
cellular components, results are rarely reproducible due to varying protocols and
environmental conditions. The curvature of the cell wall can have a significant effect
on measured indentation forces through friction [17]. To bypass this complicating
factor, many choose to probe a relatively flat portion of the cell or tissue [19].
The dimensions of the tip and sample [17] and the contact angle between the tip
and sample [15, 20] can also affect the precise values of extracted mechanical
properties. The appropriate indentation depth is another important consideration
when analyzing indentation data [21]. At shallow indentation depths, typically
targeting less than 10% of the thickness of the cell wall, the mechanics of the cell
wall can be isolated [20, 22–25]. At higher indentation depths and/or with the use
of larger indentation probes, the mechanical contribution for the underlying turgor
pressure and cytoplasm must be considered. Several studies have used this fact to
determine both cell wall elasticity and turgor pressure using either a combination of
different indentation depths [26] or by combining deep indentations with osmotic
treatments [27, 28].

Nano-Indentation
The experimentalmethod used to achieve nano-indentations on living cells is atomic-
force microscopy (AFM). The commercial availability of AFM systems and the
wide applicability of the method to many materials and structures has made it an
important tool in the field of cell biomechanics. The basic mechanism of the AFM
is a reflection of a laser beam off the back of the cantilever. The position of the beam
is recorded by a photodetector as the cantilever bends from the force of contact with
the sample. AFM assemblies can typically measure contact forces on the order of
pico-Newtons to nano-Newtons, but this range largely depends on the stiffness of
the selected cantilever.

In walled cells, AFM indentation experiments have been used to measure a range of
mechanical properties of both the whole cell and some subcellular components. For
example, Deng et al. measured whole cell stiffness of bulging Escherichia coli (E.
coli) cells using AFM, and used that measurement along with the observed radius
of a bulge to extract the turgor pressure [29]. In plants, Milani et al. used AFM
to measure cell stiffness of shoot apex cells in Arabidopsis thaliana and were able
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Figure 1.1: Setup of the nano-indentation experiment utilized in subsequent chapters
of this thesis. The atomic-force microscopy force indentation data are obtained
using the Asylum Research, MFP-3D-Bio system. The AFM tip is immersed in the
medium that surrounds the cell. The cell is adhered (adhesive pictured in light gold)
to a glass slide (pictured as white) to ensure no slipping occurs between the probe
and the slide.

to correlate the measured stiffness with gene expression. At the subcellular level
in bacteria, Yao et al. used AFM to measure the elastic modulus of unpressurized
E. coli sacculi. Their work led to subsequent studies of the cell wall modulus of
pressurized, intact E. coli cells, and the discovery that bacterial cell walls exhibit
stress stiffening behavior [29]. In plants, Peaucelle et al. used AFM to measure
both the elastic and viscoelastic properties of the cell walls in living meristems and
observed an increase in elasticity in growing organs, which was found to be initiated
by pectin demethylation [30].

Micro-Indentation
Micro-indentation experiments were performed on living plant cells in Chapters
2 and 3. The micro-indentation system is also commercially available and has
been used in a variety of applications ranging from cells and biological tissues
to electromagnetic devices like micromotors and microfluidics structures [15, 31,
32]. The position of the micro-indentation probe is controlled through piezoelectric
actuators, and the contact force is measured through a capacitive force sensor.
The micro-indentation assembly can measure contact forces on the order of micro-
Newtons.



5

Figure 1.2: Setup of the micro-indentation experiment utilized in subsequent chap-
ters of this thesis. An optical microscope is located on top of the sample and probe
to allow user to view and manipulate location of probe to be centered over a cell.
Themicro-indentation tests are performed using the FT-MTA02 system (FemtoTools
AG, Zurich, Switzerland). The probe tip is immersed in the medium that surrounds
the cell. The cell is adhered to a glass slide to ensure no slipping occurs between
the probe and the slide.

Micro-indentation systems have been used to study the mechanical response of
cells to higher forces and stresses than in the nano-indentation systems. In onion
epidermal peel cells, the influence of turgor pressure was studied using a micro-
indentation system, which the authors termed the cellular force microscope (CFM)
[15]. The same CFM system was used to examine growing lily pollen tubes [33]. In
both experiments, the CFMwas used to measure the apparent stiffness of cells under
compression. Local differences of stiffness within the same cell were examined in
onion epidermal peels. The cells appeared stiffer over the center of the cell, where
turgor pressure played a role in the developing stresses. In growing lily pollen tubes,
the stiffness of cells in the tip region, where growth occurs, was compared to the
stiffness of cells in themore distal stem region. The initial findings of this study were
in agreement with previous findings in the literature; the tip region was apparently
softer than the stem region, which allowed for more deformation and growth at
the tip. However, the use of a finite-element model in conjunction with previous
experimental results revealed that the difference in apparent stiffness between tip
and shank was due to differences in geometry, not intrinsic material properties [34].
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1.2 Modeling Indentations
The interpretation of an indentation measurement with respect to subcellular struc-
tures, like the cell wall and turgor pressure, is dependent upon the selection of a
mechanical model for the cell deformation. The appropriate selection of a mechani-
cal model is dependent on the cell and indenter geometry [35], and on the stresses in
the cell prior to indentation [36]. We can begin to understand the dependence on in-
denter geometry by considering the stress distribution in an isotropic, homogeneous,
elastic half-plane under compression from a point load (�). The Flamant solution
provides exactly these expressions by applying the traction-free boundary condition
at the surface of the elastic half-plane, except at the point directly underneath the
point load to the governing equations of linear elasticity [37]. The resulting stresses
are

fGG = −
2�
c

G2H(
G2 + H2)2 (1.1)

fHH = −
2�
c

H3I(
G2 + H2)2 (1.2)

fGH = −
2�
c

GH2(
G2 + H2)2 (1.3)

at a point (x,y) in the half-plane. The surface on which the maximum shear stress is
constant is a circle. We can use the principle of linear superposition to determine the
resulting stress field from a distributed load over a region of the surface. The surface
on which the maximum shear stress is constant is elliptical, as pictured in Figure
1.3. The wider the region of indentation, the larger the resulting ellipse of constant
maximum shear stress, and the deeper into the specimen the indentation test will
probe. If our indenter is small relative to the thickness of the cell wall, then at shallow
indentations most of the contact stress distribution will be isolated to the cell wall
material. Then, a model which represents only the mechanics of the cell wall would
be most appropriate. However, if the indenter is larger than the thickness of the cell
wall, then even shallow indentations will cause non-negligible stresses to develop
in the cytoplasm. In that case, a mechanical model which includes the effects of
the cytoplasm would be necessary. A schematic of a cell under compression from
different sized indenters is shown in Figure 1.3, and the exterior of the highlighted
ellipse represents an approximate surface of constant maximum shear stress.

Mechanical models of walled cells under compression from a micro- or nano-
indentation test in literature can be further classified into discrete and continuum
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Figure 1.3: (A) Parallel plate geometry with exterior of highlighted region repre-
senting an approximate surface of constant maximum shear stress for the region of
the cell in contact with the indenter. (B) Micro-indentation experiment geometry
with exterior of highlighted region representing an approximate surface of constant
maximum shear stress of the same magnitude as in (A) for the region of the cell in
contact with the indenter. (C) Nano-indentation experiment geometry with exterior
of highlighted region representing an approximate surface of constant maximum
shear stress of the same magnitude as in (A) and (B).

models. Discrete models idealize the elastic response of the cell as one or more
spring components. These models can be useful surrogates for a full description
of the materials that constitute the cell. Continuum models describe the physics of
a pressurized shell under compression. These models may be useful in separating
the material properties of the constituent materials of the cell from the subcellular
structure, but decoupling the contributions from each component to find a unique
set of solutions from an indentation experiment is still an active area of research
[14, 23, 29].

Discrete Models
A discrete mechanical model of the elasticity of a cell under compression is one
or more springs which deform a distance Δ under compression from the load �.
Hooke’s law states that the linear constant which relates the deformation of each
spring to the applied load on that spring is the spring constant : (� = :Δ). Two
springs acting in parallel deform the same distanceΔ, and so the total resistance from
both springs to the applied load is simply the sum of their constituent stiffnesses
(:effective = :1 + :2). Two springs acting in series distribute the applied load
equivalently between them, so amore compliant springwill deform a higher distance
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than a stiffer spring. The equivalent stiffness for two springs in series is:

1
:effective

=
1
:1
+ 1
:2

(1.4)

A direct implication of the equivalent stiffness equation for two springs acting in
series is that the effective stiffness of the overall assembly can only be as stiff as its
softest component. Similarly, as the stiffness of one component approaches infinity
(perfect rigidity), the stiffness of the other component dominates the compliance of
the assembly.

Single-Spring Model

The simplest mechanical model of a material is a one-dimensional spring which
represents the entire body. This model is useful to represent an entire cell in
indentation experiments with a relatively large probe because it removes the need to
make any assumptions about the internal structure of the cell, and overall stiffness
can be a reliable diagnostic for cell health. When cells are healthy and growing they
maintain a higher turgor pressure and a correspondingly high cell wall stress state,
which makes them appear stiffer overall. When the cell wall has been damaged, or
the cell is under other environmental stress, they lose turgor pressure and appear
softer overall. In micro-indentation experiments, the stiffness has been measured by
interpolating the initial slope of the reaction force-indentation depth curve [15]. In
nano-indentation experiments, the stiffness of the cell wall alone can be determined
because the stress is located just underneath the small indenter, and is isolated to the
cell wall [25].

However, it is not clear from a single spring model if a change in observed stiffness
is achieved through a change in the cell wall stiffness or through a change in the
internal turgor pressure. For example, a thickening of the cell wall may allow the cell
to hold higher turgor pressure, so both the cell wall and the overall cell will appear
stiffer under indentation. Alternatively, a higher environmental osmotic pressure
may cause the turgor pressure inside the cell to increase to maintain equilibrium
with the environment. As turgor pressure increases, the cell wall experiences higher
stresses, and residual stresses are known to affect indentation measurements [29,
36]. So, both the cell wall and the overall cell may again appear stiffer under
indentation in this stressed state, even though the mechanism for the stiffening is
different. Discerning between these two mechanisms is important to further our
understanding of fundamental cellular biology, and for more practical applications,
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like understanding the mechanism by which a new antibiotic weakens an infectious
bacterial species [38].

Two-Spring Model

A natural extension of the single spring model is the addition of a second spring in
series or in parallel. To my knowledge, I am the first to propose this type of discrete
model for an isolated cell in an indentation experiment [39, 40]. The separation
of stiffness contributions from the cell wall and cytoplasm allows further insight
into the interactions between the mechanics of various subcellular structures. For
example, in both types of plant cell studied using this model, the stiffness of the
primary cell wall in hypoosmotic conditions was far beyond the stiffness of any
other isolated component, including the underlying cytoplasm itself in hypoosmotic
conditions. Others have observed cell wall stress stiffening of live plant and bacterial
cells in response to turgor pressure, and we confirm this observation with a new type
of cell and a new analysis [15, 29]. For more details on the two-spring model, see
Chapters 2 and 3.

Continuum Models
The most established method to model the mechanics of a walled cell under inden-
tation is through continuum mechanics [13, 14, 22, 26, 28, 34]. Continuum models
reveal the separate contributions of material properties and structure in overall stiff-
ness measurements. For example, growing lily pollen tubes were believed to be
softer at the tip and stiffer in the shank from micro-compression measurements of
stiffness [33]. This was also in agreement with the differing biochemical compo-
sition of the cell wall in the tip and the shank [41]. However, a continuum FEM
revealed that the material properties of the cell wall do not differ in these two loca-
tions of indentation, despite their difference in biochemical composition [34]. The
difference in stiffness can be explained entirely through differences in geometry,
which are not accounted for in discrete spring models.

The most commonly used model for the contact mechanics of a micro- or nano-
indentation probe with a cell is the Hertz contact model [42], or some deriva-
tive thereof, like the Sneddon model for non-spherical indenter shapes [43] or the
Johnson-Kendall-Roberts model for samples with high adhesion [44]. The Hertz
model for contact between a sphere and an elastic half-space can be used to relate
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the measured force (�) and indentation depth (Δ)

� =
4
3
�∗'

1
2Δ

3
2 (1.5)

where ' is the radius of the sphere and �∗ is the plane strain Young’s modulus of
the elastic half-space. The plane strain Young’s modulus is given by

�∗ =
�

1 − a2 (1.6)

where � is the Young’s modulus and a is the Poisson’s ratio of the elastic half-
space. This model is excellent for calculating the distribution of contact stresses in
homogeneous materials. At shallow indentation depths, the material in contact with
the indenter can often be assumed to be an infinite elastic half-space, because contact
stresses do not develop outside of the homogeneous surface layer of material. In
living and walled cells, the assumption of an elastic half-space quickly breaks down
with increasing indentation depth, especially in Gram-negative bacteria where the
thickness of the cell wall is only a few nanometers. In this case, the cell wall must
be modeled as a material (typically a two-dimensional shell) which encapsulates the
cytoplasm. A majority of these models can be categorized as constant pressure or
constant volume models, depending on which constraint is placed on the fluid-filled
cytoplasm.

Constant Pressure Models

The most simplified models for this problem are those that assume constant zero
pressure inside a shell under a point load. Reissner proposed the first solution to the
shallow indentation of a hollow spherical shell under point load [45]. The solution
provided by Reissner provides a linear relationship between the indentation depth
(Δ) and the contact force (�)

� =
8�C2√

12
(
1 − a2)Δ (1.7)

where � is the Young’s modulus of the shell material, C is the thickness of the shell,
and a is the Poisson ratio of the shell material.

Pogorelov described the mirror buckling effect observed in hollow spherical shells
under large indentation from a point load [46]. Because this buckling phenomenon
is an instability in the configuration of the shell, the indentation depth can be related
to the geometry of the shell alone, which includes the radius of the spherical shell (')
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and the angle that the ridge of the buckled region makes with the vertical centerline
of the shell (U)

Δ = 2'(1 − cosU). (1.8)

Notice that the indentation depth does not depend on the applied load. This is the
nature of a buckling instability; a large increase in deformation is possible without
much increase in the applied load.

More recently, Vella et al. described the response of a spherical shell with a high
internal pressure undergoing asymptotically small and large indentations [14]. For
both small and large point loads, the relationship between indentation depth (Δ) and
contact force (�) is linear

� = :Δ (1.9)

For small point loads, the constant : = :1, which is dependent on the geometry of
the sphere, the pressure inside the shell, and the material properties of the shell

:1 =
4c�

;2
1

√
g2 − 1

(1.10)

where � is the bending rigidity of the shell, ;1 is the bending length scale, and g
represents a dimensionless pressure. For large point loads, the constant : = :2,
which is again dependent on the geometry of the sphere and the pressure inside the
shell

:2 = c?' (1.11)

where ? is the pressure inside the sphere and ' is the radius of the sphere.

In summary, the relationship between the contact force and indentation depth is
linear for small indentations of unpressurized (Reissner) and pressurized shells
(Vella et al.), albeit with a different constant. The contact force is proportional to
the square root of the indentation depth for large indentations of upressurized shells
(Pogorelov), but the relationship becomes linear again for highly pressurized shells
at large indentation depths (Vella et al.).

Constant Volume Models

Numerical simulations have been carried out for a thick, fluid-filled shell with a
constant volume in previous literature [47]. Simulations executed byTaber combined
the solutions of Reissner and Pogorelov for spherical shells with no internal pressure
with the stretching energy from fluid pressure inside a cell and bending energy
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from the edges of the buckled region. The solution revealed a transition in the
response of the fluid-filled spherical shell from one dominated by bending energy
to one dominated by stretching energy after the indentation depth is greater than
approximately 20% of the radius of the sphere.

1.3 Outline of This Thesis
This thesis is organized into three main chapters, excluding the introduction and
conclusion chapters. Each chapter presents a different parameter fitting method
which is matched with a mechanical model of the cell. The chapters are presented
in order of increasing complexity of regression analysis and mechanical model.
In Chapter 2, a simple analysis using the newly proposed two-spring model is
used to determine the relative magnitude of each spring constant. This analysis is
applied to micro-indentation data on differentiating Arabidopsis thaliana cells in
different stages of differentiation and in solutions of different osmotic pressure. The
analysis reveals that the primary cell wall under high stress from osmotic pressure
is stiffer than the secondary cell wall, but the secondary cell wall is stiffer than
the primary cell wall in plasmolyzing conditions. The analysis also reveals the
first experimental evidence that differentiation leads to a measurable increase in the
stiffness of the cytoplasm, which we suspect is due to bundling of the filaments of
the cytoskeleton to prepare for deposition of the secondary cell wall. In Chapter
3, a Bayesian analysis of the two-spring model is used to determine the maximum
a posteriori (MAP) spring stiffnesses that represent components of the cell wall
and cytoplasm. The analyzed data come from micro-indentation experiments on
Nicotiana tabacum cells in solutions of different osmotic pressures andwith different
drug treatments to remove specific filaments in the cytoskeleton. The results of the
analysis from the two-spring models in Chapters 2 and 3 are validated using shallow
nano-indentations to extract theYoung’smodulus of the isolated cell wall(s). Finally,
in Chapter 4 an inverse analysis of a continuum model built using finite-element
software is used to deeply explore the relationship between turgor pressure and
cell wall stiffness in the Gram-negative bacterium Escherichia coli. I found that
using the standard least squares regression would lead to a relationship between
turgor pressure and Young’s modulus that could not be decoupled with a single
indentation measurement. However, using a combination of different objective
functions, which isolate different facets of the force-indentation data, errors in the
predicted CWmodulus decreased by 15% and errors in the predicted turgor pressure
decreased by 10% on average.
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C h a p t e r 2

STRUCTURE AND BIOMECHANICS DURING XYLEM
VESSEL TRANSDIFFERENTIATION IN ARABIDOPSIS

THALIANA

This chapter is adapted from:

[1] Leah Ginsberg et al. “Structure and Biomechanics during Xylem Vessel
Transdifferentiation in Arabidopsis thaliana”. en. In: Plants 9.12 (Dec.
2020), p. 1715. issn: 2223-7747. doi: 10.3390/plants9121715. url:
https://www.mdpi.com/2223-7747/9/12/1715.

Abstract
Individual plant cells are the building blocks for all plantae and artificially con-
structed plant biomaterials, like biocomposites. Secondary cell walls (SCWs) are
a key component for mediating mechanical strength and stiffness in both living
vascular plants and biocomposite materials. In this chapter, we study the struc-
ture and biomechanics of cultured plant cells during the cellular developmental
stages associated with SCW formation. We use a model culture system that induces
transdifferentiation of Arabidopsis thaliana cells to xylem vessel elements, upon
treatment with dexamethasone (DEX). We group the transdifferentiation process
into three distinct stages, based on morphological observations of the cell walls.
The first stage includes cells with only a primary cell wall (PCW), the second covers
cells that have formed a SCW, and the third stage includes cells with a ruptured
tonoplast and partially or fully degraded PCW. We adopt a multi-scale approach to
study themechanical properties of cells in these three stages. We perform large-scale
indentations with a micro-compression system in three different osmotic conditions.
Atomic force microscopy (AFM) nanoscale indentations in water allow us to isolate
the cell wall response. We propose a spring-based model to deconvolve the com-
peting stiffness contributions from turgor pressure, PCW, SCW and cytoplasm in
the stiffness of differentiating cells. Prior to triggering differentiation, cells in hypo-
tonic pressure conditions are significantly stiffer than cells in isotonic or hypertonic
conditions, highlighting the dominant role of turgor pressure. Plasmolyzed cells
with a SCW reach similar levels of stiffness as cells with maximum turgor pressure.
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The stiffness of the PCW in all of these conditions is lower than the stiffness of the
fully-formed SCW. Our results provide the first experimental characterization of the
mechanics of SCW formation at single cell level.

Keywords: plant biomechanics; turgor pressure; micro-compression; AFM; Ara-
bidopsis thaliana; differentiation

2.1 Introduction
Plantae and plant-based materials are specialized conglomerates of plant cells.
Therefore, studying the mechanical properties of single cells and resolving further
sub-cellular contributions provides a basis for further analysis of the heterogeneous
tissue and plant-level biomechanics. In vascular plant tissues, the micro-structure
and composition of secondary cell wall (SCW) governs, to a large extent, the me-
chanical properties of the entire tissue [48, 49]. Thus, it is of paramount importance
to investigate the mechanical properties of the SCW, especially during the initial
stages of formation, which have not been explored to date.

Plant cells have two key structural elements that collectively govern their mechanical
properties: the cell wall and the cytoskeleton. The key structural component of the
cell wall is cellulose, which has a Young’s modulus (� = 110–220 GPa) comparable
to that of high-performance engineering materials like carbon fiber or steel [50].
Cellulose is immersed in an amorphousmatrix of softer biopolymers, hemicellulose,
pectin, proteins, and lignin, giving rise to a complex heterogeneous multilayered
cell wall structure [51]. The support provided to plant cells by the cell wall allows
them to hold water at high pressures (? = 0.3–1.0 MPa), mainly through swelling
of the vacuole [3]. This phenomenon in plants is known as turgor pressure, and it
is essential to the structural integrity and rigidity of the cell. Additional structural
support is provided to the cell by the cytoskeleton, largely through actin filaments
(� = 1.0–4.0 kPa) and microtubules (� = 1.1–1.3 GPa) [52–54]. In the same work,
plant cells were treated with a microtubule destabilizing drug, which reduced the
elastic modulus of the protoplast to half of its original value, demonstrating that
microtubules (MTs) contribute to the overall stiffness of the cell. Sampathkumar
et al. used live-imaging of Arabidopsis thaliana (Arabidopsis) plants, particularly
in epithelial cells, and a mechanistic model to find that there is a direct correlation
between microtubule organization and geometry-derived mechanical stresses [24].
Apparently, the maximum stress in the cell wall is found in areas with highest
cellulose concentration, which is driven by the MTs in the cytoplasm. Taken
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together, the results of Durand-Smet et al. and Sampathkumar et al. show that MTs
contribute to the overall stiffness of cells intrinsically, and through an interaction
with the cell wall. Here, in order to understand the mechanical contributions of
the subcellular components, like the cell wall(s) and cytoplasm, throughout the
transdifferentiation process, we propose a robust multi-scale mechanics assay that
includes nano-indentation to capture cell wall properties, chemical treatments to
control osmotic conditions and micro-indentation to evaluate global cell properties.

We choose to focus on xylem vessel element differentiation, which is one of the
most extensively used systems to study SCW development and thickening [55, 56].
Xylem vessel elements develop a precisely patterned SCW beneath the primary cell
wall (PCW), giving rise to an entangled multilayered heterostructure. The depo-
sition of SCW in xylem vessel elements is intricately linked to programmed cell
death (PCD), and both processes are happening concurrently during differentiation
[57]. Therefore, quantifying the mechanical contributions of the cell wall(s) and
cytoplasm during differentiation of xylem vessel elements is a convoluted problem,
and one that has not yet been solved. Our multi-scale biomechanical assay is de-
signed to capture mechanical contributions from the PCW, the SCW, their potential
coupled effects, as well as the cytoskeleton at various turgor pressures and osmotic
conditions.

Early in vitro SCW induction systems for Zinnia elegans facilitated physiological,
biochemical, andmolecular studies that elucidated the tracheary element (TE) differ-
entiation mechanism [58–60]. The Demura group introduced the post-translational
induction systemofVASCULAR-RELATEDNAC-DOMAIN7 (VND7) geneswhich
induce transdifferentiation of various types of plant cells into xylem vessel elements
upon treatment with a glucocorticoid, such as dexamethasone (DEX) [55, 56]. The
induction system has been demonstrated successfully in Arabidopsis plants and cell
cultures, as well as Populus tremula x tremuloides plantlets, and Nicotiana tabacum
cell cultures [55]. The system causes the activation of transcriptional activity of
VND7 to induce ectopic transdifferentiation of Arabidopsis cultured cells into pro-
toxylem vessel-like cells [55].

In this study, we use the VND7 system in Arabidopsis suspension-culture cells
because it is a robust model with a high efficiency in transdifferentiation and uni-
formity in cell culture. To decouple the effects of cell wall stress, cytoskeleton
rearrangement, and turgor pressure on observed cell stiffness, we test transgenic
Arabidopsis cells in an extensive multi-scale biomechanical assay. To validate the
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cell wall stiffness decoupled from turgor pressure, we perform AFM indentations
[61]. We propose a mechanistic spring model to represent the stiffness of the cell
in compression, which allows the decoupling of stiffness contributions from the cell
wall(s) and cytoplasm.

2.2 Results and Discussion

Morphological Observations of the VND7-Inducible Arabidopsis Cells
The VND7-inducible Arabidopsis cells were stained and observed under a laser
scanning confocal microscope at various stages of their differentiation. We doc-
ument that transdifferentiation of VND7-inducible cells follows the same general
stages as TE differentiation seen in other plant systems [58–60]. Common mor-
phological observations during differentiation of TEs in Zinnia elegans, Populus
deltoides, and Arabidopsis, in the order that they occur, are: (i) the differentiating
cell expands and becomes highly vacuolated and the nucleus is confined, pushing
against the cell wall and marking the initiation of PCD; (ii) the cytoskeleton re-
arranges as the cell produces vesicles which have been associated with substance
exchange between the cytoplasm and cell wall for SCW deposition; (iii) tonoplast
ruptures as SCW is deposited and starts thickening; (iv) following SCW thickening,
in planta, PCW perforation is observed [57, 62–64]. From the transmitted and con-
focal fluorescent images, as well as optical microscopy images (see Figure 2.6A–C),
we can robustly identify three distinct stages of cell transdifferentiation based on
the cell wall(s) and cytoplasm, as presented in Figure 2.1A–F. Specifically, in the
VND7 system we study in this work, we classify the stages as follows: (i) Stage 0:
cells prior to induction of transdifferentiation (prior to adding DEX in the solution),
having only a PCW developed and visible. (ii) Stage 1: cells having been induced
(exposed to DEX for a minimum of 24 h) and having only a PCW developed. (iii)
Stage 2: cells having been induced (exposed to DEX for a minimum of 24 h) and
having an intact PCW and a SCW developed. The cytoplasmic contents of these
cells are visible and still inside the cell. In our observations, cytoplasm retraction
and detachment from the cell wall happens soon after SCW deposition. (iv) Stage
3: cells having been induced (exposed to DEX for a minimum of 48 h) having a
thickened SCW, and partially perforated PCW. With or without perforated PCW,
in stage 3 the majority of cytoplasmic contents are removed from the cells (indi-
cating the tonoplast rupture). Using the confocal fluorescent images, we compile
three-dimensional reconstructions for each identifiable stage of transdifferentiation,
presented in Figure 2.1G–I, which allow the evaluation of the PCW thickness, as
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Figure 2.1: Transmitted, fluorescent, and 3D reconstructions of confocal images
of the elongated VND7-inducible cells in the three stages of transdifferentiation.
(A,D,G) Living cells which have only developed a PCW are identified as stage
1. The PCW is under stress from the internal turgor pressure. (B,E,H) Cells in
stage 2 have both a PCW and the beginnings of a SCW. In this stage, the PCW has
possibly begun hydrolyzing, and thin spiral bundles of SCW can be distinguished.
The spiral patterning is characteristic of protoxylem vessels. (C,F,I) In stage 3,
SCW thickening is observed; PCD has progressed; the tonoplast has ruptured and
cytoplasmic contents have been removed from the cell. All scale bars are 20 μm.

well as visualization of the bundled SCW thickenings.

From confocal and additional light microscopy images (data not presented here),
we discern two equally represented shapes in the cell population, based on their
aspect ratio: rounded and elongated. Elongated cells have a mean aspect ratio of
approximately 2:1, whereas rounded cells have a mean aspect ratio of approximately
1:1. Even though the microscopy images denote that approximately half of the
population of cells are rounded, and half are elongated, we observe that rounded
cells tend to be tightly clustered, while elongated cells are found more likely in an
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Figure 2.2: Illustration of measured principal dimensions and feature sizes of elon-
gated VND7-inducible cells from confocal fluorescent microscopy image. Scale bar
is 20 μm.

isolated state or located on the edges of large clusters. For that reason, all mechanical
data in the following sections are measured from elongated cells, and we will focus
on the morphology of those cells in this section. For all dimensions and feature
sizes of both rounded and elongated cells, see Tables 2.2 and 2.3. The principal
dimensions and feature sizes of elongated cells, along with an illustrative example,
are shown in Table 2.1 and Figure 2.2, respectively.

Confocal imaging reveals a PCW in stage 1 (thickness 580 ± 10 nm (Mean ±
Standard Error)), while bundles of SCW in spiral patterns are observed in stages 2
and 3 of transdifferentiation. In stage 2, the early SCW bundles are deposited, and
the cell begins to undergo PCD. In stage 3, as PCD progresses, the SCW bundles are
thickened further, the tonoplast ruptures, contents of the cytoplasm are degraded and
removed from the cell, and the PCW is at least partially hydrolyzed [49]. (See Figure
2.7 for partial PCW perforation at stage 3). During the last stage of differentiation,
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Table 2.1: Measured principal dimensions and feature sizes of elongated VND7-
inducible cells in the three stages of transdifferentiation. Length (!), width (F), and
thickness (C) of SCW bundles are measured using image processing. Volume (+) is
calculated from measured length and width, assuming cells are cylindrical in shape.
The density of SCW bundles (d) is calculated by counting the number of bundles
observed in a particular cell, and dividing by the cross-sectional area in the image.

Dimension Mean ± SE
!stage 1 (μm) 60.4 ± 2.4
!stage 2 (μm) 56.4 ± 4.9
!stage 3 (μm) 61.6 ± 3.7
Fstage 1 (μm) 30.7 ± 1.0
Fstage 2 (μm) 31.2 ± 2.8
Fstage 3 (μm) 34.7 ± 1.6
+stage 1 (μm3) 44,700 ± 2100
+stage 2 (μm3) 43,100 ± 5300
+stage 3 (μm3) 58,300 ± 4100
dstage 2 (#/μm2) 0.056 ± 0.005
dstage 3 (#/μm2) 0.060 ± 0.004
Cstage 2 (μm) 1.05 ± 0.01
Cstage 3 (μm) 1.45 ± 0.01

the SCW bundles thicken by approximately 40%. The bundle density does not
change notably between stages 2 and 3.

Biomechanics of Differentiating VND7-Inducible Arabidopsis Cells
All reported mechanical data in the following sections are measured from elongated
cells in an isolated state. In the mechanical testing, we add stage 0 to the differen-
tiation stages, which describes transgenic cells prior to exposure to DEX, reflecting
cells in their state before transdifferentiation is induced. There is no observable
difference between stages 0 and 1 using the confocal or light microscope, but it
has been reported that from stage 0 to 1, the MT and actin filaments reorganize the
cytoplasmic fibrillar network into a bundled conformation that will later guide the
spiral SCW patterning [65, 66]. In fact, the MT-rearrangement in particular has
been visualized in the VND7-inducible system and has been reported in literature
[67].

The elongated cells were compressed using a micro-compression tool that covered
most of their top surface area. We propose a spring model to describe the overall
cell stiffness, as pictured in Figure 2.3. The pictured model has two springs in
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Figure 2.3: Proposed series spring model to analyze cell stiffness from micro-
compression testing. The total stiffness measured by the micro-compression tool is
the equivalent stiffness for the two springs in series, given by Equation (2.1), and it
must be less than the intrinsic stiffness of either constituent spring in the series. For
a given overall stiffness, : total, the included plot illustrates the relationship between
the stiffness of the two springs, :CW and :cyto.

series, one which represents the stiffness of the cell wall, and the other represents
the stiffness of the cytoplasm. The combined stiffness of these two springs is given
by the following equation:

: total =
:CW:cyto

:CW + :cyto
. (2.1)

A direct result of using this model is that the overall stiffness must be less than
the stiffness of either constituent springs. In the following sections we will use
this proposed model to deconvolute the stiffness contributions from the cell wall(s)
and cytoplasm. The result is a ranking of the stiffness contributions from the cell
wall(s) and cytoplasm in each stage of differentiation. It is important to note that
this ranking depends on the validity of the assumptions outlined in the following
paragraph.

In using this simplified model, we assume that the cell wall and cytoplasm behave
as linear elastic materials at small indentation depths, and we ignore any nonlinear
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effects like adhesion, viscosity, or plasticity. For shallow indentations, the effects
from stress at the boundaries of the cell also become negligible [68]. This simplified
one-dimensional model allows us to quantify the relative stiffness contributions
of each component. Stiffness is not an intrinsic material property, like Young’s
modulus which is independent of the shape and dimensions of the material, since
by definition stiffness is a function of both the material and its geometry. To
relate spring stiffness to Young’s modulus would require a three-dimensional model
which captures the structural mechanics of a pressurized cell with a heterogeneous
membrane undergoing large deformations. Due to the lack of such a model in the
current literature, we adopt this one-dimensional spring model, which allows us to
decouple the relative contributions from the cytoplasm and cell wall(s), although
we cannot yet directly obtain intrinsic material properties for either component. See
Figure 2.8 for the specific spring models used to represent cells in each stage of
transdifferentiation, and in each solution with different osmolarity.

For the micro-indentation tests, we extract cells from their normal growth condi-
tions (in growth media) at different time points before and after exposure to DEX,
from 24 h to several days, evaluate their morphology in an optical microscope (see
Figure 2.6A–C), and identify their stage of transdifferentiation. Testing of cells at
different time points after exposure to DEX allows us to capture them at each of
the four identified differentiation stages. We confirm the stage of differentiation and
cell morphology through the optical microscope embedded in the micro-mechanical
testing system (see Figure 2.6D–F). After the extraction from normal growth con-
ditions, we treat the cells in three different osmotic conditions and maintain them
during the mechanical testing, which is conducted in solution. We refer to the
testing conditions as hypertonic, when cells are in sorbitol, isotonic, when cells are
in growth media, and hypotonic, when cells are in deionized water. See Table 2.4
for details on the calculation of the osmotic pressure in each solution. In hypertonic
conditions, the cells are visibly plasmolyzed as evident from optical microscopy
images after the first minute of exposure to sorbitol (see Figure 2.9). We note that
the plasmolysis is evident for cells in stages 0–2 when the cytoplasm is still inside
the cells. In isotonic and hypotonic conditions, the cell physiology as studied by
optical microscopy is the same as in their normal growth conditions (cells are turgid,
cytoplasm pushing against the cell wall). While we refer to cells treated with growth
media as being in an isotonic condition, they are turgid, and the turgor pressure
drives their growth and development. We use the term isotonic in a relative sense,
as compared to the high osmotic pressure differential in hypotonic conditions. In the
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Figure 2.4: Panel showing the stiffness in four stages of transdifferentation in three
types of solutions with different osmolarity: (A) sorbitol; (B) growth medium; (C)
water. Note the difference in scale on the y-axis in (C) from the extreme stiffness
of cells in hypotonic conditions before induction of differentiation. Bottom line
graphically represents the morphology of the cells in each condition and stage.
Stars indicate significant differences in distribution according to the nonparametric
Kolmogorov-Smirnov test. * p < 0.1, **p < 0.05, *** p < 0.01. (Data shown
correspond to 2 < n < 35. Each indentation test on an individual cell is represented
by a point in the plot.)

case of deionized water-suspended cells, the higher osmotic pressure (see Table 2.4)
causes higher stress on the cell walls [69]. In Figure 2.4 the initial effective stiffness
values for the overall cell in each stage of differentiation are presented grouped
by osmolarity of solution. Underneath each category is a graphical illustration of
the morphology of the cells. The initial effective stiffness is measured from the
first 1 μm of indentation data after contact. This depth of indentation ensures that
we capture some contribution to the overall stiffness from turgor pressure and/or
the cytoplasm, since the measured (hydrated) PCW and SCW thicknesses are both
close to 1 μm [23]. See Figure 2.10 for an alternative grouping of the stiffness
measurements by stage and osmolarity of solution.
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Hypertonic Condition

In hypertonic conditions, i.e., the sorbitol condition (Figure 2.4A), water flows out
of the vacuole and across the cell membrane as the cell is plasmolyzed. The relief of
turgor pressure allows for isolation of the mechanical response of the cell wall [25,
70]. So, in these conditions we model the stiffness response of the cell as a single
spring which represents the cell wall(s). When uninduced cells (stage 0) are placed
in hypertonic conditions, the measured stiffness (:hyper,stage 0 = 0.59 ± 0.06 N/m)
corresponds to that of unstressed PCW.

:hyper, stage 0 = :hyper,PCW (2.2)

After DEX exposure, but before the formation of the SCW begins, we do not
expect to see a difference in the stiffness of the PCW. Indeed, we do not detect any
statistically significant difference in stiffness between stages 0 and 1 in hypertonic
conditions (:hyper,stage 1 = 0.69 ± 0.17 N/m).

:hyper, stage 1 = :hyper,PCW (2.3)

In stage 2, the PCW is expanded and modified to allow space for the deposition of
the SCW [64]. The coupled stiffness of the thin SCW bundles and the modified
PCW interact in a way that produces a significant increase on the cellular effective
stiffness (:hyper,stage 2 = 4.71 ± 2.31 N/m); this value is over five times the value
observed in the prior stages, and more than double the addition of the isolated PCW
stiffness and isolated SCW stiffness from stages 0 and 3. We propose two possible
reasons for the observed increase in stiffness.

The presence of sorbitol may cause an increase of the cell wall stiffness through
enhanced molecular interactions between the polysaccharide chains of the PCW and
SCW.Wehypothesize that in the presence of sorbitol, a polyalcoholwith six hydroxyl
groups per molecule, these side groups can interact with the available surface
hydroxyl groups of the various polysaccharide chains (i.e., cellulose, hemicellulose,
pectin) in the PCW and SCW. These polysaccharides are present on each cell wall in
different amounts and configurations, and the interactions between them are a topic
of active investigations [71]. The introduction of sorbitol may therefore contribute
additional hydrogen bonding between the PCW and SCW, supporting our micro-
indentation experimental observations.

Alternatively, the collapse of the cell in hypertonic conditions may cause buckling or
folding of the PCWover the SCWbundles. Cell wall buckling or foldingwould result
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in a higher amount of cell wall material being compressed under the indenter, thereby
justifying more stiffness. This apparent stiffening in plasmolyzing conditions due to
cell wall buckling has been suggested also for plant tissue indentations [25]. Again,
this phenomenon would exist in all stages, but would be enhanced when the PCW is
in contact with the spiral SCW. The gaps between the spiral SCW bundles provide
channels in between which the PCW could fold, giving the overall cell wall material
a thicker and more organized shape.

These two proposed mechanisms for stiffening are not mutually exclusive. The
sorbitol may be interacting with cellulose in the PCW as it buckles to provide an
even further increase in stiffness for the reorganized overall cell wall structure. In
any case, the combined cell walls (CCWs) are the material which provides stiffness
to the cell in the hypertonic condition.

:hyper, stage 2 = :hyper, CCW (2.4)

As PCD proceeds, all contents of the cytoplasm are lost and the PCW is at least
partially hydrolyzed. At the end of transdifferentiation, themain remaining structural
component of the xylem vessel element is a thickened SCW. In the final stage, in all
solutions, we attribute all themeasured stiffness to the thickened SCW(:hyper,stage 3 =
1.03 ± 0.13 N/m).

:hyper, stage 3 = :SCW (2.5)

We measure a statistically significant higher stiffness in stage 3 when compared
to stages 0 and 1 in hypertonic conditions. This result suggests that the fully
developed SCW is stiffer than the PCW before and after induction. We also measure
a statistically significant lower stiffness in stage 3 when compared to stage 2 in
hypertonic conditions. The loss of the PCW as PCD proceeds eliminates the
stiffening that was observed in stage 2, through either (or both) chemical and physical
interactions explained in the paragraphs above.

Isotonic Condition

In isotonic conditions (Figure 2.4B), the cells are growing, so the turgor pressure
is above the osmotic pressure of the solution, but not as high as in the hypotonic
condition discussed in the next section (see Table 2.4). In growth media the cells
are turgid, the cytoplasm pushes against the cell wall, presenting a distinct morpho-
logical difference compared to the plasmolyzed cells which are shriveled and have a
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retracted cytoplasm. As shown in literature, turgor pressure (from the vacuole and
the cytoplasm) provides additional mechanical stiffness to the cell underneath the
cell wall [23, 28, 72]. The vacuole and cytoplasm are represented by a new spring in
our model connected in series to the cell wall(s). Before PCD is initiated, in stages
0 and 1, due to the presence of turgor pressure, we expect the stiffness of the PCW
to be higher than in the same stages in hypertonic conditions because it is stressed
(: iso,PCW > :hyper,PCW).

In stage 0, before transdifferentiation is initiated, we observe the lowest stiffness
among the cells tested in isotonic solution (: iso,stage 0 = 0.82± 0.52 N/m). From our
spring model, the overall stiffness of the cell in isotonic conditions in stage 0 is

: iso, stage 0 =
: iso,PCW(:n-b,iso)
: iso,PCW + :n-b,iso

. (2.6)

There is no statistically significant difference between the effective stiffness of cells
in stage 0 in hypertonic and isotonic conditions. For the effective spring constants
in both of these models to be equivalent, the two springs in series in the isotonic
model must be stiffer than the single spring in the hypertonic model (see plot in
Figure 2.3). This implies that the PCW and the combined cytoplasm and vacuole in
isotonic conditions must be stiffer than the PCW in hypertonic conditions. In other
words, our model confirms that the PCW is stiffened through stress exerted from
turgor pressure that exists in isotonic conditions.

Upon induction of transdifferentiation, the effective stiffness of the cells increases
significantly. In stage 1, the model still contains 2 springs: one for the stressed PCW
(: iso,PCW), and one for the bundled cytoplasm in isotonic conditions (:b,iso). The
mean effective stiffness in stage 1 is : iso,stage 1 = 2.40 ± 0.52 N/m.

: iso, stage 1 =
: iso,PCW(:b,iso)
: iso,PCW + :b,iso

(2.7)

Assuming that there is no change in the PCW stiffness from stages 0 to 1, as observed
in sorbitol (Figure 2.4A), our model indicates that the cytoplasmic contribution in
stage 0 must be less than in stage 1 in isotonic conditions (:n-b, iso < :b, iso).

As transdifferentiation proceeds to stage 2, a series of concurrent events influence
the mechanical behavior of the cells: (i) the PCW is modified (loosened to allow
for elongation for the SCW deposition and possibly entering the hydrolysis stage),
(ii) the beginnings of SCW bundles are deposited, and (iii) the anisotropic fibrillar
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cytoplasm starts detaching from the cell walls as the turgor pressure is reduced as a
result of the cell entering the PCD stage upon differentiation [64]. The stiffness of
the new CCW is represented in the spring model as : iso, CCW, and the spring from
the cytoplasm is removed, since the cytoplasm is no longer in contact with the cell
wall. These mechanisms act together to determine the effective stiffness of the cell
(: iso,stage 2 = 2.06 ± 0.44 N/m). The reduced turgor pressure, loss of cytoplasmic
contribution as the cell dies, and the PCW loosening reduce the effective stiffness
of the system. The deposition of SCW increases the stiffness of the cell wall spring
component, and therefore the overall system. According to our experiments, the
cells have the same stiffness in stages 1 and 2. Thus, assuming that the cytoplasmic
contribution is negligible at stage 2, the stressed PCW of stage 1 must be stiffer than
the CCW of stage 2 (: iso, CCW < : iso,PCW). This highlights the significant effects of
turgor pressure stiffening the PCW in stages 0 and 1.

: iso, stage 2 = : iso, CCW (2.8)

At the last stage of differentiation when the SCW is fully developed and thickened,
the measured effective stiffness (: iso,stage 3 = 1.78 ± 0.97 N/m) is not statistically
significant from the overall stiffnesses in stages 1 and 2. In order for cells in stage 3
to have the same overall stiffness as cells in stage 1, each component of the springs in
series in stage 1 must be stiffer than the single spring in stage 3 (:SCW < : iso,PCW).
This highlights again the increased stiffness of a PCW under turgor pressure in
stages 0 and 1.

: iso, stage 3 = :SCW (2.9)

Hypotonic Condition

In water (Figure 2.4C), before the DEX induction, we measure the absolute stiffest
cell response (:hypo, stage 0 = 7.37 ± 1.58 N/m). This demonstrates that in hypotonic
conditions, the high turgor pressure increases the stiffness of cytoplasm and the
PCW. This is in agreement with the findings of Routier-Kierzkowska et al. and
many others who have studied the effects of turgor pressure on cell and tissue
mechanics [15, 27, 28, 73, 74].

:hypo, stage 0 =
:hypo,PCW(:n-b,hypo)
:hypo,PCW + :n-b,hypo

(2.10)

According to the two-spring model, this means that both the stiffness of the PCW
and the cytoplasm in hypotonic conditions in stage 0 must be greater than any other
directly measured stiffness.
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As differentiation begins, the overall stiffness of the cell (:hypo, stage 1 = 1.89 ± 0.48
N/m) is drastically reduced.

:hypo, stage 1 =
:hypo*,PCW(:b,hypo)
:hypo*,PCW + :b,hypo

(2.11)

Assuming that there is no decrease in the cytoplasmic stiffness from stages 0 to 1,
there must be lower stress in the PCW in stage 1, which we will denote :hypo*,PCW.
We hypothesize that the stress exerted on the cell wall is reduced as the cell prepares
for SCW deposition (:hypo,PCW > :hypo*,PCW). Loosening of the PCW to prepare
for elongation prior to addition of PCW material has been previously reported, and
here we propose that this same mechanism governs SCW deposition [51]. This
loosening should be occurring in all osmotic conditions, but we propose that it is
only distinguishable in hypotonic conditions because in these conditions the PCW is
under the highest amount of stress since it is subjected to the highest turgor pressure.
An alternative, or additional possible mechanism for this observed weakening is an
early hydrolysis of the PCW. Both of these possibilities are supported by literature
[64]. Our analysis could not distinguish the stiffness of the PCW in water stage
1 (:hypo*,PCW) from the stiffness of the PCW in growth medium at the same stage
(: iso,PCW).

As SCW is deposited, we measure that the effective stiffness at stage 2 is the lowest
among all stages in hypotonic treatment (:hypo, stage 2 = 0.71 ± 0.14 N/m).

:hypo, stage 2 = :hypo, CCW (2.12)

As seen before, the balance between PCW modification (loosening/hydrolysis),
early SCW deposition, and loss of turgor and cytoplasmic contribution determines
the overall system stiffness. The effective stiffness of cells at stage 2 in hypotonic
conditions is significantly lower than that of cells at stage 2 in isotonic and hypertonic
conditions (see Figure 2.10). This difference in stiffness between water and other
solutions in stage 2 supports the prior proposal that there is weakening of PCW due
to early hydrolysis in water.

Finally, in the last stage, the measured stiffness (:hypo, stage 3 = 1.12 ± 0.15 N/m)
corresponds solely to the fully developed SCW.

:hypo, stage 3 = :SCW (2.13)

Our results indicate that the combined CW stiffness of stage 2 is weaker than the
mature SCW (:hypo, CCW < :SCW). As expected, we measure that the thickened
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SCW in any solution has the same stiffness, which shows that the properties of the
fully developed SCW are not affected by the treatments. We have two cases of ex-
ceptionally high stiffness; uninduced cells in hypotonic conditions and plasmolyzed
cells in stage 2 of transdifferentiation. Besides these two exceptional cases, the SCW
alone is at least as stiff as any combined stiffnesses in any other case.

To summarize, the isolated CW stiffnesses can be ordered:

:PCW < :SCW < : iso,PCW, :hypo*,PCW < :hypo,PCW. (2.14)

Again, we see that turgor pressure governs the overall mechanical response of the
cell to compression through prestressing the PCW. We also confirm that the SCW
bundles are stiffer than the PCW material without any prestress.

The CCW stiffnesses can be ordered as follows:

:hypo, CCW < : iso, CCW < :hyper, CCW (2.15)

The proposed molecular mechanisms governing the stiffness of the CCW are the
hydrolysis of the PCW in water, and the stiffening of cellulose chains in the presence
of sorbitol. Buckling or folding of the PCW in hypertonic conditions may also act
to further stiffen the CCW response.

Finally, the stiffness representing the cytoplasm can be constrained with two in-
equalities:

:n-b, iso < :b, iso < :n-b,hypo (2.16)

:n-b, iso < :b, hypo (2.17)

See Figure 2.11 for a visual representation of the magnitude of each stiffness com-
ponent. Our assay allows us to directly assess, for the first time, the mechanical
contributions of the cytoskeleton in the effective stiffness of intact plant cells, high-
lighting their important role in the mechanics of the system.

AFM Analysis of Differentiating VND7-Inducible Arabidopsis Cells
AFMnano-indentation testswere conducted inwater to evaluate cell wall indentation
moduli in each stage of differentiation, as shown in Figure 2.5. We use a spherical
bead with a 1 μm diameter, which is able to capture the response of a rather
large representative area of the PCW, considering the fact that cellulose fibrils are
organized in bundles with 5–50 nm thickness [50]. The average indentation depth
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for the force-controlled experiment is 79.5 ± 3.9 nm (Mean ± Standard Error),
which is less than 10% of the average thickness of the hydrated PCW or SCW
bundles. Therefore, the indentation depth is adequately shallow to assume that
we can isolate the response of the cell wall, even though the cells are turgid [22–
25]. Young’s moduli measured from the PCW in stage 1 in hypotonic conditions
(�hypo, stage 1 = 372 ± 51 kPa) is higher than in other stages of differentiation,
which is in agreement with our micro-indentation results. The Young’s moduli
measured from the CCW in stage 2 (�hypo, stage 2 = 192±13 kPa) is the lowest of the
three stages, again confirming our measurements from the micro-indentation test.
Finally, the Young’s moduli measured in stage 3 (�hypo, stage 3 = 271 ± 15 kPa) has
an intermediate stiffness, which further validates our micro-indentation results.

MeasurementswithAFM illustrate the extremely heterogeneous structure of theCW.
In stage 1, where the PCW is the only CW of the system, the indentation modulus
is measured in a range of 58.7 to 1840 kPa as shown in the histogram and map
inset of Figure 2.5B. This large distribution arises from the heterogeneous, fibrillar
structure of the PCW. The distribution of rigid cellulose fibrils in the compliant
heterogeneous matrix of polysaccharides, proteins, and phenolic compounds is
causing the local distribution of stiffness we observe with AFM. The high stress in
the PCW in hypotonic solution leads to a high stress in the fibers of the PCW, which
amplifies the observed heterogeneous stress distribution. In stage 2, the indentation
modulus is measured in a range of 31.0 to 601 kPa (Figure 2.5C). The higher
number of measurements with low moduli in stage 2 illustrates the degradation of
the PCW, especially between SCW bundles, which was also suggested from the
micro-compression tests. The overlay of line scan measurements on images of the
cell reveals that we observe the higher moduli when testing over the combined early
SCW bundles and PCW. In the example shown as an inset in Figure 2.5C, we see a
modulus of approximately 600 kPa over the SCW bundle, and moduli around 300
kPa between the bundles. In stage 3, the indentation modulus is measured in a range
of 5.6 to 676 kPa. The inset of Figure 2.5D shows a line scan over an area containing
two SCW bundles. The line scan shows that the moduli on top of the bundles is as
high as 700 kPa, and between the bundles they are about 150 kPa. The indentation
moduli measured in stage 3 are more uniformly distributed between the minimum
and maximum values than in stage 2. As the SCW bundles thicken, they become
stiffer and eliminate the intermittent spaces, leading to fewer measurements over
only degraded PCW.
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Figure 2.5: (A) Young’s modulus for differentiating VND7-inducible Arabidopsis
cells in each stage of differentiation measured with AFM. Stars indicate significant
differences in distribution according to a Kolmogorov-Smirnov test. * p < 0.1,
*** p < 0.01. (Data shown correspond to n > 60. Each nano-indentation test is
represented by a point in the plot. A minimum of 7 individual cells were tested in
each stage.) (B) Histogram of Young’s moduli measured in stage 1 of differentiation.
Inset shows example location of measurement and map of stiffness in the area. (C)
Histogram of Young’s moduli measured in stage 2 of differentiation. Inset shows
example location of measurement on cell and line map of stiffness in the area. (D)
Histogram of Young’s moduli measured in stage 3 of differentiation. Inset shows
example location of measurement on cell and line map of stiffness in the area. Inset
image scale bars are 20 μm (black). Zoomed-in inset scale bars are 2 μm (white).
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2.3 Materials and Methods

Cell Culture and Differentiation Induction
A suspension culture of transgenicArabidopsis thaliana cells (VND7-inducible line,
VND7-VP16-GR) was prepared from T87 cell line as described by [55]. The cells
were maintained as callus form by the culture on solid agar medium, and transferred
to new medium every three weeks. Parts of the callus of VND7-inducible cells
were used to initiate a suspension culture, which was passaged weekly and was
kept in flasks on a rotary shaker at 130 rpm at 23 ◦C. The VND7-inducible cell
suspension was maintained in a modified Murashige and Skoog (MS) medium
(Duchefa, Haarlem, the Netherlands) supplemented with 87 mM sucrose, 1nM 2,4-
dichlorphenoxyacetic acid, 555 nM myo-inositol, 2 nm thiamin, 34 nM kanamycin,
and 1.5 mM Potassium phosphate. To induce differentiation, dexamethasone (DEX)
was introduced to the liquid media at a final concentration of 10 μM. Cells were
collected post induction from the cultures at different time points, and their stages
were classified from their morphological features as mentioned in Section 2.2. All
chemicals and reactants were purchased from MilliporeSigma (St. Louis, MO,
USA).

Microscopy Observations
Cell walls were stained with 0.005% (w/v) calcofluor white and observed under
a laser scanning confocal microscope (LSM880, Zeiss, Oberkochen, Germany).
Cells were extracted from the culture, immersed in staining solution, and imaged
without any other treatment. Z-stacks were acquired using a 40X water immersion
objective (NA 1.2), and Imaris 9.5 (Bitplane, Zurich, Switzerland) was used for 3D
rendering and bundle width determination. Specifically the Imaris Measurement
Points module was used to quantify the bundles, and the surface module was used
to reconstruct the PCW and SCW.

For lightmicroscopy observations, whichwere performed tomeasure the dimensions
of the cells, the cell walls of freshly extracted cells from culture were stained with 1
vol% solution of alcian blue in 3 vol% acetic acid, and observed with an AxioScope
A1 (Zeiss, Oberkochen, Germany). Image analysis was carried out in ImageJ
(http://rsb.info.nih.gov/ij/). From individual length measurements we
report the statistical mean and standard error in the main part of the manuscript.
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Mechanical Testing
We tested the mechanical properties of the cells in three different osmotic condi-
tions: in pure deionized water, in 1M sorbitol, and in growth media (composition
mentioned above).

The micro-compression tests were performed using a FT-MTA02 system equipped
with FT-S1000-LAT (liquid design) sensing probes with a 50 × 50 μm2 square
tip (FemtoTools AG, Zurich, Switzerland) and an optical microscope. The obtained
data of the indentations were position-corrected to account for contributions of
the system’s stiffness. Microscope glass slides (AmScope, Irvine, CA, USA) were
cleaned with isopropyl alcohol, surface activated with a high frequency generator
for 1 min (BD-20A, Electro-Technic Products, Chicago, IL, USA), and a thin layer
of 0.5 mL of poly-l-lysine was spin coated on top of the slides (SUSS MicroTec,
Garching, Germany). Cells were extracted from culture and pipetted on the coated
glass slides. The cells were washed several times with the selected treatment
solution to effectively decluster them and keep only the ones that adhered better
to the substrate. For testing, 1–3 mL of the selected solution were added on top
of the washed and diluted cells, and force-controlled indentations to 900 μN were
conducted by immersing the sensing probe in liquid. The corresponding average
indentation depth was 29.2 ± 0.93μm (Mean ± Standard Error), which is close to
the average width of the cell reported in Table 2.2 because we compress most cells
to failure. In the plots on Figure 2.4, each point corresponds to the compression of
an individual cell. Representative force indentation curves of cells in stage 0 in all
tested osmotic conditions are presented in Figure 2.12A.

Short-range nano-indentations to evaluate the properties of the cell wall were con-
ducted with AFM (Asylum Research, MFP-3D-Bio, Goleta, CA, USA). For the
indentations, we used custom tips with a silicon dioxide spherical particle (diameter
1 μm) on a silicon nitride (SN) cantilever with a stiffness of 0.63±0.03N/m (Mean±
Standard Error) and a virtual deflection of 14.9± 4.5 mV/μm (Mean ± Standard Er-
ror) (Novascan, Boone, IA, USA). The AFM indentations were conducted in deion-
ized water, in glass slides treated as mentioned before for the micro-compression
tests. For every tested glass slide, the system was allowed to reach thermal equilib-
rium for 2–3 h. We conducted force-controlled indentations to 3nN and applied the
Hertz model (Equation 1.5) to calculate the indentation modulus, E. Each point in
Figure 2.5A corresponds to an indentation test. We conducted multiple indentations
for a given cell, and tested a minimum of 7 cells in each stage. A representative
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force indentation curve in which the indentation part has been fitted with a Hertz
model is presented in Figure 2.12B.

Analysis
Most of the data processing for the micro-compression tests follows that of Routier-
Kierzkowska et al. [15]. First, to account for the compliance of the sensor, a
reference measurement is obtained by compressing an area of the glass slide with no
cells present for 1–2 μm. The linear indentation part of data are linearly fitted. The
sensor stiffness (() is typically above 200 N/m. All data sets are then transformed
by

Xcorrected = X −
�

(
(2.18)

where Xcorrected is the corrected displacement, X is the measured displacement, � is
the measured force, and ( is the sensor stiffness determined by calibration.

Next, we offset the measured force-displacement data so that the average force up
until the contact point is zero. The contact point is defined as the point where the
force exceeds a user-defined threshold. The force thresholding and offsetting are
repeated using increasingly sensitive force thresholds. The final selected threshold
value is typically less than 1 um. Then, a Savitsky-Golay moving-window data filter
is applied to smooth the data. The window size is 25 data points which are fit to a
2nd order polynomial.

Finally, the first 1 μm of indentation data after the located contact point is linearly
fitted. The interpolated slope is taken as the overall stiffness of the cell. The
overall stiffnesses of cells are compared between stages of transdifferentiation and
between osmolarities of testing solutions. A Kolmogorov-Smirnov statistical test is
performed, which compares the empirical cumulative distribution functions of each
grouping.

The data processing for AFM nano-indentations was executed by Asylum Research
software (AR 16.10.211) in Igor Pro 6.3. The software was used to identify the
contact point and extract a Young’s modulus through the application of the Hertz
model.

All data processing was performed using the Python programming language (Python
Software Foundation, https://www.python.org/). All statistical visualizations
were created using Altair [75].
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2.4 Conclusions
We designed a multi-scale biomechanical assay to experimentally isolate the me-
chanical contributions from the cytoplasm and cell wall during the differentiation of
transgenic Arabidopsis cells to protoxylem vessel elements. The mechanical data
at different scales and in different osmotic conditions in combination with the pro-
posed two-spring model allow us to decouple the contributions from each structural
element of the cell as it responds to changes in turgor pressure at various stages
of the differentiation process. At the micro-scale, we performed indentations that
covered most of the cell area and measured the overall stiffness from the first 1 μm
of indentation data, ensuring that we probe stiffness contributions from the cell wall
and cytoplasm, which we represent as two springs in series in our proposed spring
model. The resulting deconvoluted stiffnesses from the cell wall(s) and cytoplasm
are dependent on the validity of the assumptions required to implement the spring
model, which includes neglecting any nonlinear mechanical effects, like adhesion,
viscosity or plasticity. At the nano-scale, we performed AFM indentations that
covered a smaller area of the cell wall, and indented a few tens of nanometers, to
isolate the mechanical behavior of the cell wall. Our analysis provides experimental
evidence that the SCW is stiffer than the relaxed PCW in a living cell system. This
conclusion is reached by comparing measured cell stiffnesses in hypertonic condi-
tions, where the cell wall is effectively decoupled from the cytoplasm. In isotonic
and hypotonic conditions, turgor pressure gives rise to an increased stress in PCW,
causing it to stiffen beyond the SCW. We also measure a quantifiable loosening of
the PCW in stage 1 in hypotonic conditions, as the cell prepares for deposition of the
SCW. This is the first time a mechanical weakening is measured on the PCW before
the SCW deposition in living cells. From measurements in isotonic and hypotonic
conditions, we also find evidence of a quantifiable difference in cytoplasmic stiffness
as a consequence of active bundling of the filaments in the cytoplasm, guided by
differentiation.

These findings provide insight into the mechanisms of xylem vessel element differ-
entiation. They suggest that inter- and/or intra-cellular mechanical signals regulate
cell differentiation and SCW deposition.
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Appendix
The mean principal dimensions and standard errors for each cell shape (rounded and
elongated) are reported in Table 2.2. The confocal analysis reveals that in stage 1,
the PCW thickness of rounded and elongated cells is the same, measured at 580±10
nm (Mean ± Standard Error) in both cases. The population of rounded cells that
have transitioned into stage 2 and have deposited SCW bundles have on average a
total cell volume 72% higher than rounded cells at stage 1. Cells that are found to
be in stage 3, with fully developed SCW and ruptured tonoplast, have on average an
insignificantly changed total volume, compared to cells at stage 2. Our observations
indicate a different trend in elongated cells. In that case, the volume of cells in
stages 1 and 2 is almost the same. Between elongated cells in stages 2 and 3, we
notice that cells at the last stage of differentiation are about 35% on average larger
in volume. The higher volume of cells in stage 3 reflects larger dimensions in both
the lateral (11% average increase in width) and longitudinal directions (9% average
increase in length). Comparing the volumes of the two shapes, elongated cells are
approximately 69% larger than rounded cells in stage 1. In stage 2, elongated and
rounded cells have similar volumes. Finally, in stage 3, elongated cells have 22%
more volume than rounded cells on average. Apparently, rounded cells are able to
enlarge more significantly than elongated cells just prior to SCW deposition.

In Table 2.3 we present the thickness and areal densities of SCW bundles in rounded
and elongated cells. We measure that the elongated and rounded cells have similar
bundle densities and thicknesses in stage 2. We observe that the SCW thickening
during the last stage of differentiation leads to the same bundle thickness in both
elongated and rounded cells. In both cases the SCW thickens by approximately 40%,
as presented in Table 2.3. The bundle density does not change significantly between
stages 2 and 3 for either elongated or rounded cells. The measured bundle density
is about 7% higher for elongated cells than for rounded cells. We propose that this
is a result of the inherent structural requirement of elongated vessels to be able to
support higher stresses in their walls than spherical vessels when experiencing the
same amount of pressure.

The relationship between turgor pressure and osmolarity is described by the follow-
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Table 2.2: Principal dimensions of elongated and round-shaped cells. Length,
width, and diameter were measured from light microscopy images. Volumes were
calculated using formula for a cylinder for elongated cells and a sphere for round
cells. The data shown correspond to Mean ± Standard Error (SE) (n > 20).

Cell Shape & Stage Dimension Mean ± SE
Elongated Stage 1 Length (μm) 60.4 ± 2.4
Elongated Stage 2 Length (μm) 56.4 ± 4.9
Elongated Stage 3 Length (μm) 61.6 ± 3.7
Elongated Stage 1 Width (μm) 30.7 ± 1.0
Elongated Stage 2 Width (μm) 31.2 ± 2.8
Elongated Stage 3 Width (μm) 34.7 ± 1.6
Round Stage 1 Diameter (μm) 37.0 ± 0.9
Round Stage 2 Diameter (μm) 44.2 ± 2.1
Round Stage 3 Diameter (μm) 45.0 ± 2.0

Elongated Stage 1 Volume (μm3) 44,700 ±2100
Elongated Stage 2 Volume (μm3) 43,100 ± 5300
Elongated Stage 3 Volume (μm3) 58,300 ± 4100
Round Stage 1 Volume (μm3) 26,500 ± 1000
Round Stage 2 Volume (μm3) 45,500 ± 3300
Round Stage 3 Volume (μm3) 47,700 ± 3400

Table 2.3: SCW bundle feature sizes for rounded and elongated VND7-inducible
cells. Bundle densities were measured from optical microscopy images. Bundle
thicknesses were measured from confocal three-dimensional reconstructions. The
data shown correspond to Mean ± Standard Error (SE) (n > 45).

Cell Shape & Stage Dimension (μm) Mean ± SE
Elongated Stage 2 bundle density (#/μm2) 0.056 ± 0.005
Elongated Stage 3 bundle density (#/μm2) 0.060 ± 0.004
Round Stage 2 bundle density (#/μm2) 0.051 ± 0.005
Round Stage 3 bundle density (#/μm2) 0.050 ± 0.008

Elongated Stage 2 bundle thickness (μm) 1.05 ± 0.01
Elongated Stage 3 bundle thickness (μm) 1.45 ± 0.01
Round Stage 2 bundle thickness (μm) 1.09 ± 0.04
Round Stage 3 bundle thickness (μm) 1.52 ± 0.03
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Table 2.4: Osmotic pressure calculated for each of the three solutions used for
mechanical testing.

Solution V (MPa)
water 137.5

T87 Growth Medium 11.4
sorbitol 2.5

Figure 2.6: (A–C) Optical microscopy images and (D–F) images from the micro-
mechanical testing device to demonstrate cell classification process. (A,D) Living
cells in stage 1 of transdifferentiation (only PCW observed, arrow points to cell
nucleus). (B,E) Living cells in stage 2 of transdifferentiation (PCW and SCW are
both present, cytoplasm is still inside the cell, arrow points to cell nucleus); (C,F)
Living cells in stage 3 of transdifferentiation (SCW and partially perforated PCW,
cytoplasmic contents almost entirely removed, arrow points to locations where PCW
is degraded). All scale bars are 20 μm.

ing equation
% = "8') (2.19)

where % is the osmotic pressure, " is the molarity of the solution, 8 is the Van’t
Hoff factor which represents the number of distinct particles produced when the
substance is dissolved, ' is the universal gas constant, and ) is temperature [69].
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Figure 2.7: Transmitted and fluorescent images of an elongatedVND7-inducible cell
in stage 3 of transdifferentiation with visible hydrolyzed PCW. (A) Transmitted light
image of the cell showing loss of most cytoplasmic contents. (B) Fluorescent image
of cell highlighting location of SCW bundles. (inset) Single slice of fluorescent
confocal image with arrows pointing to gaps in the cell wall, showing that we indeed
have loss of PCW material in some locations. All scale bars 20 μm.

Figure 2.8: Spring models for all treatments/stages.
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Figure 2.9: Transmitted light images of VND7-inducible cells immersed in sorbitol
solution for 1 min visualizing the immediate effects of plasmolyzing conditions.
Cytoplasm retraction upon plasmolysis is observed for cells at (A) stage 0, (B) stage
1, (C) stage 2. All scale bars 20 μm.

Figure 2.10: Panel showing stiffness in hypertonic, isotonic, and hypotonic solutions
in 4 stages of transdifferentiation: (A) stage 0; (B) stage 1; (C) stage 2; (D) stage
3. Stars indicate significant differences in distribution according to a Kolmogorov-
Smirnov test. * p < 0.1, **p < 0.05, *** p < 0.01.

Figure 2.11: Stiffness comparison for each component of spring models.
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Figure 2.12: Example force-indentation data for (A) micro-compression experiment
on three different cells in each of the three osmotic treatments: hypotonic, isotonic,
and hypertonic; and (B) AFM experiment with extension (blue line) and retraction
(pink line) data with Hertz fit (dash line) overlay.
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C h a p t e r 3

CELL WALL AND CYTOSKELETAL CONTRIBUTIONS IN
SINGLE-CELL BIOMECHANICS OF NICOTIANA TABACUM

This chapter is adapted from:

[1] Leah Ginsberg et al. “Cell wall and cytoskeletal contributions in single cell
biomechanics of Nicotiana tabacum”. In: Plant and Cell Physiology (In
review).

Abstract
We study the mechanical response of individual Nicotiana tabacum cells from a
suspension culture and evaluate the mechanical contributions of the cell wall (CW),
cytoplasm, and the underlying cytoskeleton. To separate the stiffness contributions,
we design a multiscale biomechanical assay. We further elucidate the influence of
turgor pressure by testing cells in different osmotic conditions. The role played by
the microtubules (MTs) and actin filaments (AFs) is deconvoluted through the use
of drug treatments which selectively remove MTs and AFs. The stiffness of the
CW is isolated by shallow indentations with an atomic-force microscope (AFM),
while bulk cell behavior is probed through micro-indentations. Cell stiffness and
total dissipated energy are calculated from micro-indentations. To decouple the
contribution of the CW and cytoplasm to the relative stiffness, and in particular
that of the MTs and AFs, we propose a generative statistical model of the cell.
We idealize the cell as two springs acting in series and use the experimentally
determined initial stiffnesses as input to the model to determine the relative stiffness
contributions of the CW, cytoplasm, turgor pressure, MTs, and AFs. Analysis of
the initial stiffness and energy dissipation calculated from micro-indentation tests
indicates that the cytoskeleton contributes significantly to the mechanical response
of a cell under compression. Micro and nano-indentation tests confirm that turgor
pressure is the most significant contributor to the stiffness response of turgid cells
in compression. Finally, our results reveal that turgor pressure exerts stress on the
CW, which leads to a measurable CW stiffening.

Keywords: Cell wall; cytoskeleton; micro-indentation; nano-indentation; Nico-
tiana tabacum; statistical modeling
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3.1 Introduction
To further our knowledge of the structure and mechanics of plant-based materials,
the investigation of their building blocks, the individual plant cells, is crucial. The
structure of a plant cell is comprised of two key components: the cell wall (CW)
and the cytoplasm, which contains the vacuole, cytoskeleton, cytosol, nucleus, and
other organelles. Cellulose, the load-bearing component of the CW, plays a central
role in the structure and mechanics of the CW. Pure cellulose has been reported to
have a Young’s modulus (� = 110 − 220 GPa) comparable to that of carbon fiber
or steel [50]. The stiffness of the CW allows the cell to survive in environments
with high osmolarity by holding enormous turgor pressures (? = 0.3 − 1.0 MPa) in
the vacuole without rupturing the cell [3]. The cytoskeleton is made of filamentous
proteins, including microtubules (MTs) and actin filaments (AFs). Recent work
suggests that, beyond their functional roles, the MTs and AFs in the cytoskeleton
can play a significant role in the ability of a cell to resist mechanical compression
[24, 54].

The ability to isolate and compress single cells has led to a surge of research interest
into single-cell biomechanics. Wang et al. compressed isolated tomato cells between
a flat micromanipulation probe and a glass surface [76]. They used an analytical
mechanical model of a fluid-filled sphere to extract the Young’s modulus of the CW
and found preliminary results suggesting that the Young’s modulus of the CW is
minimized at a pH of 4.5, which is the optimum pH for expansin activity. In direct
contradiction to these results, Radotić et al. found that CW stiffness at the beginning
and end of the growth cycle were almost an order of magnitude lower than during
the exponential growth phase using AFM indentation [22]. Clearly, the internal
structure of the cell is changing as it prepares to divide, and this changing structure
affects the apparent stiffness of the CW in mechanical measurements on growing
cells.

Turgor pressures in growing cells has been reported at least as high as 0.9 MPa,
which results in estimated tensile wall stresses as high as 50 MPa [77, 78]. These
incredibly high stress conditions can increase the effective stiffness of the cell [79].
Routier-Kierzkowska et al. observed this stiffening on top of turgid onion epidermis
cells using a cellular-force microscope [15]. This new experimental apparatus was
used to create stiffness maps of the onion epidermis peels, and they found that the
cells appeared stiffer over the top of a turgid cell than over a junction between two
or more cells. Further, the turgor pressure, which plays a significant role in the
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apparent stiffness of a growing cell, has been a historically difficult parameter to
measure, and is still an active area of research [27, 80].

MTs are hollow cylinders, about 24 nm in diameter, which form a fibrillar network
underneath the plasma membrane of plant cells. A key function of MTs in growing
cells is to guide the deposition of new cellulose in the expanding CW [81]. MTs
tend to align transverse to the direction of cell growth, which is the circumferential
direction of elongated cells [82–84]. In protoplasts with controlled geometries, it
was found that MTs are always more anisotropically distributed than AFs [85]. AFs
are smaller thanMTs, at about 7 nm in diameter, and have a much shorter persistence
length than MTs [53]. Durand-Smet et al. measured the rheological properties of
spherical Arabidopsis thaliana protoplasts before and after depolymerizingMTs and
AFs [54]. They found that protoplasts were significantly stiffer with MTs, but that
depolymerizing AFs had no significant effect on the rheology of the protoplasts.

In this paper, we study the biomechanics of elongated and intact Nicotiana tabacum
Bright Yellow-2 (BY-2) cells under mechanical indentations spanning from nanome-
ter to micrometer scale. This multiscale biomechanical assay allows us to probe
mechanics across the widely different size scales of each subcellular component.
We calculate mechanical contributions from the cytoskeletal fibers that are a few
nanometers in diameter, the cell wall, which when hydrated is around a micrometer
thick, and the bulk cytoplasm which is tens of micrometers in diameter and length.
To determine the effect of turgor pressure, the cells are tested in solutions of two
different osmolarities. To isolate the mechanical contribution of the cytoskeleton,
drug treatments are used to depolymerize MTs and remove AFs. Using a generative
statistical model and a simplified mechanical spring model to analyze the results of
the micro-indentation experiment, we can determine the relative stiffness contribu-
tions from the CW and cytoplasm. The stiffness contribution from the cytoplasm
is further deconvoluted into the contributions from MTs, AFs, and the rest of the
cytoplasm (including the vacuole). To validate the stiffness measurement of the
CW from this model, we perform shallow nano-indentations on cells in the same
osmotic conditions.

3.2 Results and Discussion

Cell Morphology
We observe the morphology of the unstained BY-2 cells using light microscopy,
and upon staining with calcofluor white, the cells are also imaged with confocal
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Figure 3.1: (A) Transmitted light image fromBY-2 cells under confocal microscope.
(B) Fluorescent image of BY-2 cells under confocal microscope. (C) Histogram
showing distribution of cell length for observed BY2 cells under confocal micro-
scope. (D) Histogram showing distribution of cell diameter for observed BY2 cells
under confocal microscope. All scale bars are 40 μm. The total number of observed
cells is # = 145.

laser scanning microscopy. The CW, nucleus, and large vacuoles are visible through
the transmitted and fluorescent light images (Figure 3.1A-B). The hydrated CW
thickness is measured from confocal images to be 0.88±0.02 μm (Mean ± Standard
Error), which is similar to values reported for other thin-walled cells in the literature
[86]. The observed BY-2 cells are elongated, approximately cylindrical in shape,
with cell length and diameter values presented in Figure 3.1C-D, as measured from
light microscopy images. The mean observed cell length is 105.43 ± 3.45 μm, and
the mean observed cell diameter is 39.12 ± 0.55 μm, which is similar to values
previously reported in literature [83, 87].
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AFM Analysis
BY-2 cells are subjected to AFM nano-indentation tests in GM (growth media) and
PS (plasmolyzing solution) to evaluate indentation moduli of the CW in solutions
of different osmotic pressures. To determine the stiffness reduction of the CW
upon removal of the cytoskeleton, a drug treatment which depolymerizes MTs (as
in [54]) or removes AFs (as in [88, 89]) is added to the GM or PS. There are six
total testing conditions: GM, GM-MT, GM-AF, PS, PS-MT, PS-AF, where -MT
indicates that the drug which depolymerizes MTs was used, and -AF indicates that
the drug which removes AFs was used. The osmotic pressure of testing conditions
with GM is approximately 4.0 MPa, and the osmotic pressure of testing conditions
with PS is approximately 2.5 MPa. See Supplementary Material for more details on
the calculation of the osmotic pressure.

The AFM tip has a spherical bead of 1 μ diameter. This size tip allows us to probe
the bulk behavior of the CW, as cellulose fibrils are known to be organized in the CW
in bundles of 5-50 nm thickness [50]. The average indentation depth is 126.7 ± 7.9
nm, which is shallow enough (with respect to the cell wall thickness) to assume
that the observed mechanical response is from the CW alone [20, 22–25]. Typical
force-indentation and retraction data with an overlaid Hertz model fit (Equation 1.5)
is presented in Figure 3.2A, with example images from cells in each solution in the
insets.

The Young’s modulus results separated by treatment are presented in Figure 3.2B-C.
Young’s moduli measured from cells in GM are 3.45 ± 0.31 MPa, while in PS they
are 231.8 ± 15.8 kPa. Of the drug treatments, the removal of AFs resulted in the
largest reduction of average Young’s modulus, in cells in both GM and PS. The
depolymerization of MTs also reduced the Young’s modulus in GM, but did not
make a significant difference in the Young’s modulus in PS. From the nano-scale
measurements, we observe the evident interconnection between the cytoskeleton
and CW, which is manifested through CW softening in response to the cell being
subjected to drug treatments targeting the cytoskeleton. Using the non-parametric
Kolmogorov-Smirnov test, the CWmoduli in GM and PS are significantly different,
with ? = 4.4 ∗ 10−16. This ?-value (comparing GM and PS moduli) is 11 orders of
magnitude lower than any of the p-values comparing within the GM and PS groups.
Therefore, when analyzing the less-sensitive micro-indentation data, we will only
consider changes in CW stiffness in response to changes in turgor pressure.
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Figure 3.2: (A) Typical AFM force-indentation and retraction data from a cell in
GM and in PS with Hertz fit to indentation data overlaid. Insets show corresponding
images of cells in the AFM test in GM (left) and PS (right). Arrows point to cell
wall (white) and retracted plasma membrane (black). Scale bars are 40 µm. (B) Plot
of indentation moduli for cells in all drug treatments in GM. (C) Plot of indentation
moduli for cells in all drug treatments in PS. Note the difference in scales between
(B) and (C). Each point in (B) and (C) represents an indentation test on a different
cell (= > 9). Stars indicate significant differences in distributions according to the
nonparametric Kolmogorov-Smirnov test. ** ? < 0.05, *** ? < 0.01.

Micro-Indentation Experiments & Generative Spring Model
For the micro-indentation experiments, BY-2 cells are extracted from cell culture
and tested in the same six testing conditions as in the AFM experiment: GM, GM-
MT, GM-AF, PS, PS-MT, PS-AF. Representative force curves and images from the
micro-indentation test are provided in Figure 3.3. In Figure 3.3C, a cell in the PS
is imaged with plasmolysis effects visible as the plasma membrane is peeled away
from the outer CW and the cytoplasm is retracted.

The initial effective stiffness is calculated by a linear fit to the first 1 m of indentation
data after contact is initiated. This indentation depth is close to the thickness of the
CWmeasured from confocal microscopy, and hence the mechanical response of the
cell is attributed to a combination of the CW and cytoplasmic materials. The empir-
ical cumulative distribution functions (ECDFs) shown in Figure 3.4A plot stiffness
thresholds against the percentage of measurements at or below that threshold. The
ECDF plots enable the visualization of the distribution of stiffness measurements
across treatments. Two distinct groupings of distributions are observed: suspensions
of GM, and suspensions of PS. In the plots of Figure 3.4B, the quantiles of each data
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Figure 3.3: (A) Representative force-indentation and retraction data obtained in
micro-indentation experiments on cells in GM (growth media) and in PS (plas-
molyzing solution). (B) Image of BY-2 cell in GM taken from optical microscope
of the micro-indentation testing apparatus. (C) Image of BY-2 cell in PS taken from
optical microscope in micro-indentation testing apparatus with arrows pointing to
the CW (white) and retracted plasma membrane (black). Scale bars are 100 μm.

set are overlaid as a boxplot on the stiffness data. There was a statistically significant
difference between the PS-AF treatment and the PS-MT and PS treatments. There
was no statistically significant difference between any of the groups within the GM
category.

Although there was no statistically significant difference between the directly mea-
sured stiffnesses of the cells in all of the different treatments, a mechanical model
is helpful to elucidate trends and effects caused by the different treatments on the
mechanical contributions of sub-cellular components. In our prior work, we devel-
oped the generalized two-spring model presented in Figure 3.5 [39]. In the model,
the mechanical response of a cell to micro-indentation experiments is modeled as
two springs acting in series. Others have modeled the mechanical response of a cell
as a single spring by reporting apparent cell stiffness [27]. In our model, the spring
constants :CW and :cyto represent the stiffnesses of the CW and the cytoplasm,
respectively, because we are interested in separating the stiffness contributions from
these components. The effective stiffness of the overall cell response, : total, can then
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Figure 3.4: (A) Empirical cumulative distribution functions (ECDFs) for initial cell
stiffness in each test condition. Each point in the plot represents an indentation test
on a different cell. (B) Plot of initial cell stiffness in each test condition. Each point
in the plot represents an indentation test on a different cell (= > 7). Stars indicate
significant differences in distributions according to the nonparametric Kolmogorov-
Smirnov test. ** ? < 0.05, *** ? < 0.01.
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Figure 3.5: Generalized spring model for BY-2 cells in the micro-indentation test.
The :CW spring represents the stiffness of the CW while the :cyto spring represents
the total stiffness of all cytoplasmic components (including the vacuole, AFs (red
lines), and MTs (green lines)).

be calculated as the combined stiffness of these two springs:

: total =
:CW:cyto

:CW + :cyto
. (3.1)

This simplified model of the cell response relies upon many assumptions about the
structure and materials that constitute the cell. The CW and cytoplasmic materials
are assumed to behave as homogeneous, isotropic, linear elastic materials at shallow
indentation depths, and any nonlinear behaviors, such as viscosity, adhesion, or
plasticity, are ignored. The stress in the cell away from the indenter is assumed to
be negligible for shallow indentations [68].

It is important to note that stiffness here is not a material property, because it
contains information about both the elastic properties of the constitutive material
as well as its structure. The interpretation of stiffness with respect to subcellular
structures is somewhat controversial due to the heterogeneity, anisotropicity, and
variability inherent to biological systems. The use of a simplified spring model
reduces the number of assumptions required in the analysis as compared to a three-
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dimensional model that captures the physics of a pressurized cylindrical capsule
under indentation.

An illustration of the spring model adapted to each test condition is presented in
Figure 3.6. We are interested in identifying the stiffness contributions from the MTs
and AFs, so we model them as springs in parallel to the rest of the cytoplasmic
response, with coefficients :MT and :AF. The cytoplasmic response is differentiated
between cells in GM and cells in PS. The GM is a hypotonic solution that allows
the cell to maintain turgor pressure, nutrients to flow into the cell, and the cell to
expand. The PS is a hypertonic solution since the osmotic pressure of a solution
that causes plasmolysis (instant response visible through microscopic views of both
mechanical testing methods) must be less than the osmotic pressure of the cell. The
stiffness contributions from all cytoplasmic components, except the MTs and AFs,
in GM and PS solutions are represented by the spring constants :hypo and :hyper. To
study the effects of osmotic pressure on the stiffness of the CW, we perform AFM
tests in different solutions. We observe that the CW response is different between
cells in GM and cells in PS, as reflected by the extracted values of the spring
constants :CW,hypo and :CW,hyper, respectively. Results from the AFM tests also
showed that changes in the CW’s elastic modulus caused by depolymerizing MTs
and removing AFs were much less significant than the change caused by different
osmotic pressures. In our analysis we assume that the CW stiffness remains constant
across drug treatments but not across osmotic solutions. We also assume that the
MT and AF do not have a different stiffness in the two osmotic treatments.

In total, we have six spring stiffnesses that will be calculated though our analysis:
:CW,hypo, :CW,hyper, :hypo, :hyper, :MT, and :AF. We also have six measurements of
the effective stiffnesses from the six testing conditions: GM, GM-MT, GM-AF, PS,
PS-MT, and PS-AF. Therefore, a unique solution to the system of effective stiffness
equations could exist. However, the equations are nonlinear and cannot be solved
analytically. Instead, we develop a statistical model.

To separate the stiffnesses of each component in the one-dimensional spring models
presented in Figure 3.6, we build a generative statistical model [90, 91]. This type
of analysis is used to build a posterior probability distribution 6(\ | H), which is
the probability that a set of parameters \ describes the given experimental data
H. In our case, we are interested in the posterior probability distribution for the
parameters \ =

[
:CW,hypo, :CW,hyper, :hypo, :hyper, :AF, :MT

]
given the data set H =

[:GM, :GM-MT, :GM-AF, :PS, :GM-MT, :PS-AF], where each variable in H represents a
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Figure 3.6: Table illustrating the spring model for each test condition. Left column
represents cells in growth media (GM), which is a hypotonic solution for the cells,
and right column represents cells in plasmolyzing solution (PS), which is a hyper-
tonic solution for the cells. Top row represents cells with no added drug treatment.
Second row represents cells with oryzalin drug treatment, which depolymerizes
microtubules (MTs). Bottom row represents cells with Latrunculin B (LatB) drug
treatment, which removes actin filaments (AFs).

vector of measurements of the stiffness from the selected treatment. Bayes’ theorem
provides the relationship between the posterior distribution which we would like to
solve for, 6(\ | H), the likelihood of observing our experimental data given a selected
set of parameters, 5 (H | \), and prior information about our parameters of interest,
6(\). The likelihood is defined separately for each treatment using a Gaussian
distribution, and the prior distribution is defined empirically. See Appendix for the
detailed model and implementation.

We model the overall stiffness of each cell measured in each test condition using the
one-dimensional spring model in Figure 3.1. Adaptations of Equation 3.1 for each
testing condition give the relationship between the mean overall stiffness in each
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treatment and the stiffness of each subcellular component. The equivalent equations
for the spring stiffness (`) are:

`GM =
:CW,hypo

(
:hypo + :AF + :MT

)
:CW,hypo + :hypo + :AF + :MT

(3.2)

`GM-MT =
:CW,hypo

(
:hypo + :AF

)
:CW,hypo + :hypo + :AF

(3.3)

`GM-AF =
:CW,hypo

(
:hypo + :MT

)
:CW,hypo + :hypo + :MT

(3.4)

`PS =
:CW,hyper

(
:hyper + :AF + :MT

)
:CW,hyper + :hyper + :AF + :MT

(3.5)

`PS-MT =
:CW,hyper

(
:hyper + :AF

)
:CW,hyper + :hyper + :AF

(3.6)

`PS-AF =
:CW,hyper

(
:hyper + :MT

)
:CW,hyper + :hyper + :MT

(3.7)

With these six equations, we can transform the means of each of the six treatments to
identify the six parameters of interest, \ =

[
:CW,hypo, :CW,hyper, :hypo, :hyper, :AF, :MT

]
.

To optimize the posterior distributions for all six parameters of interest simultane-
ously, we combine the posterior distributions into one objective function and add
six coefficients (0, 1, 2, 3, 4, and 5 ) that will be optimized concurrently. Mathe-
matically, we want to maximize:

� =0 ∗ 6GM(\ | H) + 1 ∗ 6GM-MT(\ | H) + 2 ∗ 6GM-AF(\ | H) + ...
3 ∗ 6PS(\ | H) + 4 ∗ 6PS-MT(\ | H) + 5 ∗ 6PS-AF(\ | H), (3.8)

and we would like to maximize � over 0, 1, 2, 3, 4, 5 , and \. Projections
of the objective function into two-dimensional space are presented in Figure 3.7.
These projections illustrate the correlations between each pair of the six stiffness
parameters.

Coefficients 0, 1, 2, 3, 4, and 5 are weights multiplied in front of the posterior
distributions for each of the six parameters of interest. The weights should all sum
up to unity. We also add constraints on the size of the coefficients and the size of
the spring constants to ensure that all components are included, and none dominate
the optimization function:

0 + 1 + 2 + 3 + 4 + 5 = 1 (3.9)
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Figure 3.7: Contours of 6-dimensional posterior distribution projected in 2D space.
Red x marks the point which maximizes the posterior distribution, known as the
maximum a posteriori (MAP) estimate. All stiffness units are N/m.
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0.05 ≤ 0, 1, 2, 3, 4, 5 ≤ 0.5 (3.10)

0.01 ≤ \ ≤ 100 (3.11)

Using a trust-region constrained optimization method, we can find the parameters
\ that maximize the posterior distributions in all treatments, under the above con-
straints. This point is marked by a red x in Figure 3.7. We can also construct
a credible region by calculating the Hessian at the optimized point we found in
parameter space. The optimum parameter values (also known as the maximum a
posteriori or MAP parameter values) and credible region (which contains approx-
imately 68% of the total probability) are reported in the following discussion as
:MAP ±fMAP (Mean ± Standard Deviation), and the results are visualized in Figure
3.8 for comparison.

By optimizing the objective function from the combined posterior distributions, we
can decouple the relative stiffness contributions from the six identified subcellular
components of interest, and the results are in line with previous reports in literature.
The contribution from the cytoplasm without MTs and AFs in hypotonic conditions
is the highest component evaluated (:hypo = 42.03±2.01N/m), and about four times
greater than that of the cytoplasm without MTs and AFs in hypertonic conditions
(:hyper = 9.68 ± 1.50 N/m). This is in agreement with literature which shows that
turgor pressure supplies most of the stiffness for turgid cells in compression [54].

The CW in hypotonic conditions (:hypo,PCW = 12.43 ± 0.36 N/m) is about twice
as stiff as the CW in hypertonic conditions (:hyper,PCW = 6.95 ± 0.32 N/m). The
high turgor pressure in hypotonic conditions stresses the CW, making its response
to compression appear stiffer. Thus, we reach the same conclusion as from AFM
measurements.

The credible regions for the relative stiffness contribution from AFs (:AF = 11.81±
4.69 N/m) and MTs (:MT = 6.82 ± 2.48 N/m) overlap. However, the mere fact
that these components are contributing to the mechanical resistance of the cell in
compression on a similar scale as the CW and vacuole in hypertonic conditions is
evidence that the cytoskeleton is an important structural component for the cell.

Cells in all treatments were indented to a force of at least 800 μN, and the retraction
force as a function of indentation depth was also measured. The area between the
indentation and retraction curves represents the energy dissipated by the cell during
the indentation experiment. The dissipated energies for cells in each treatment are
presented as ECDFs and with overlaid boxplots in Figure 3.9. The two groups
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Figure 3.8: Comparison of stiffness values for the overall stiffnesses and each decon-
voluted subcellular component. From top to bottom, each bar in the plot represents:
overall stiffness in hypotonic and hypertonic solutions with no added drug treatments
(purple), deconvoluted CW stiffness in hypotonic and hypertonic solution (grey),
deconvoluted stiffness from the cytosol, vacuole, and other organelles in hypotonic
and hypertonic solution (blue), deconvoluted stiffness from actin filaments (AFs)
(red) and deconvoluted stiffness from the microtubules (MTs) (green). Error bars
represent standard deviation, so that the range covered by the error bars represents
approximately 68% of the total probability distribution for each stiffness.
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of cells in GM and PS are separate, and there are significant differences detected
within each of the groups. From within the GM and PS groups, the removal of AFs
appears to have the most significant effect on energy dissipation calculations. Both
MTs and AFs buckle under compression, which is an energy dissipation mechanism
[92, 93]. The orientation of the MTs is more anisotropic than the orientation of
AFs [85]. If the MTs were aligned parallel to the direction of indentation, we
would expect to measure a higher dissipated energy as more of the MTs would be
buckling under compression. If the MTs were aligned perpendicular to the direction
of indentation, then they would not contribute to the dissipated energy. Because the
cells are not always aligned the same way underneath the micro-indentation probe,
the distribution of the measured dissipated energy with MTs is expected to be larger
than that of AFs.

The removal of AFs seems to have the most significant effect on the energy dissipa-
tion when the significance is measured by the non-parametric Kolmogorov-Smirnov
test. A non-parametric test is appropriate for these measurements, as we are trying
to compare differences in the shapes of the distributions of measurements. Based
on our results, we propose that removal of AFs could serve to amplify the effect
of MT anisotropy on the dissipated energy, leading to a larger distribution of mea-
surements. This hypothesis is supported further by the observation that the highest
outliers of recorded energy dissipation are largely in treatments where the MTs have
not been depolymerized.

Our results indicate that the cytoskeleton contributes significantly to the stiffness
and dissipated energy of Nicotiana tabacum cells in compression. The stiffness
analysis allows us to decouple the relative stiffness contributions of the MTs and
AFs from the CW and the rest of the cytoplasm. The stiffness of the MTs and AFs
was similar to those of all other isolated components in PS. This is in agreement with
observations from Durand-Smet et al., who found that the rheological properties of
protoplasts with depolymerizedMTswere significantly lower than those of untreated
protoplasts [54]. The removal of AFs caused the most significant difference between
groups in the energy dissipation analysis, although the means of each group were
not very different. This indicates that the anisotropic orientation of the MTs causes
the distribution of dissipated energies to be larger, and this effect is magnified when
the more isotropically distributed AFs are removed.

The highest stiffness contribution is from the cytoplasm, excluding contributions
from MTs and AFs, in hypotonic conditions. This contribution is reduced by ap-
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Figure 3.9: (A) Empirical cumulative distribution functions (ECDFs) for energy
dissipated by cell in each test condition. Each point in the plot represents an
indentation test on a different cell. (B) Plot of energy dissipated by cell in each
test condition. Each point in the plot represents an indentation test on a different
cell (= > 6). Stars indicate significant differences in distributions according to the
nonparametric Kolmogorov-Smirnov test. * ? < 0.1, ** ? < 0.05.
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proximately four times in hypertonic conditions, which indicates that turgor pressure
is the dominant resisting component to compression. Weber et al. also reported
that turgor pressure was the mechanical parameter with the most ability to resist
compression, and we confirm their results with a new model and experiment [28].

Higher internal pressure stresses the CW and stiffens it. The stiffness of the CW in
hypotonic conditions is estimated to be approximately twice as high as the stiffness
of the CW in hypertonic conditions. This increase in stiffness in our experiment is
confirmed by AFM. Cosgrove predicted that the high turgor pressures of plant cells
would increase the stiffness of the CW through prestress [79]. Our results confirm
this prediction.

Taken all together, the results of our AFM and micro-indentation measurements,
and stiffness analysis support that (i) the cytoskeleton contributes significantly to
the stiffness and energy dissipated by a cell in compression, (ii) the turgor pressure
dominates the response of a turgid cell in compression, and (iii) the turgor pressure
increases the stiffness of the CW through prestress.

3.3 Materials & Methods

Cell Cultures
A cell culture of Nicotiana tabacum Bright Yellow-2 (BY-2) was maintained in
suspension form and transferred in fresh media every 2 weeks at 1:10 – 1:60 dilu-
tions. The cells were grown in 50 – 300 ml aliquots in 100 ml – 1L flasks which
were kept on a rotary shaker at 130 rpm at 23◦C. The cell suspension was main-
tained in a Linsmaier & Skoog medium with vitamins (HIMEDIA- PT040) with
3% (w/v) sucrose at a pH of 5.8. The following supplements were added: 1 µM
2,4-dichlorophenoxyacetic acid (2,4-D), 1 µM a-naphtaleneacetic acid, and 1.46
mM KH2PO4. All chemicals and reactants were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Microscopy Observations
CWs were stained with 0.005% (w/v) calcofluor white and observed under a laser
scanning confocal microscope (Leica SP5 II). The cells were extracted from the
culture, immersed in staining solution, and imaged without any other treatment.
Z-stacks were acquired using a 40X water immersion objective (NA 1.2).

Light microscopy observations were performed to measure the dimensions of the
cells. Image analysis was carried out in ImageJ (http://rsb.info.nih.gov/ĳ/). From
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individual length measurements we report the statistical mean and standard error in
this manuscript.

Mechanical Testing
We tested the mechanical properties of the cells in two different osmotic conditions:
in 1M sorbitol and in growth media (composition mentioned above).

The micro-indentation tests were performed using a FT-MTA02 system equipped
with FT-S1000-LAT (liquid design) sensing probes with a 50 x 50 m2 square
tip (FemtoTools AG, Zurich, Switzerland) and an optical microscope. Data from
indentations were position-corrected to account for contributions of the system’s
stiffness.

Microscope glass slides (AmScope, Irvine, CA, USA) were cleaned with isopropyl
alcohol, surface activated with a high frequency generator for 1 min (BD-20A,
Electro-Technic Products, Chicago, IL, USA), and a thin layer of 0.5 mL of poly-l-
lysine was spin coated on top of the slides (SUSS MicroTec, Garching, Germany).
Cells were extracted from culture and pipetted on the coated glass slides. The
cells were washed several times with the selected treatment solution to effectively
decluster them and keep only the ones that adhered better to the substrate. For
testing, 1-3 mL of the selected solution were added on top of the washed and diluted
cells, and force-controlled indentations to 900 μN were conducted by immersing
the sensing probe in liquid. The corresponding average indentation depth was
13.45±0.66 μm (Mean ± Standard Error). In the plots in Figure 3.4 and Figure 3.9,
each point corresponds to the indentation of an individual cell.

Short-range nano-indentations to evaluate the properties of the CW were conducted
with AFM (Asylum Research, CypherES, Goleta, CA, USA). For the indentations,
we used custom tips with a silicon dioxide spherical particle (diameter 1 μm) on
a silicon cantilever with a stiffness of 16 N/m (Novascan, Boone, IA, USA). The
AFM indentations were conducted in growth media on glass slides treated for the
micro-indentation tests. We conducted force-controlled indentations to 15-70 nN
and applied the Hertz model (Equation 1.5) to calculate the indentation modulus,
� . Each point in Figure 3.2B corresponds to an indentation test. We conducted
multiple indentations for a given cell and tested a minimum of 5 cells.



71

Analysis
To process the force-indentation and retraction data from the micro-indentation
experiment, we follow Routier-Kierzkowska et al. [15]. In an indentation test,
the compliance of the sensor increases the observed indentation depth for a given
applied force to the cell. To subtract this compliance, a reference measurement is
obtained by compressing an area of the glass slide with no cells to 1-2 μm. The
last 1 μm of indentation data is fit to a line, and the slope of that line is taken to be
the sensor stiffness, (. The sensor stiffness is typically at or above 200 N/m. All
micro-indentation experimental data on cells are then transformed by

Xcorrected = X −
�

(
(3.12)

where Xcorrected is the corrected indentation depth, X is the measured indentation
depth, and � is the measured force.

As Routier-Kierzkowska et al., we determine the initial point of contact using a force
thresholding method [15]. First, the force data is offset so that the average force up
until a user-defined threshold force is zero. The contact point is then selected as
the indentation depth where the force data crosses the user-defined threshold force.
This offsetting and thresholding process is repeated with increasingly sensitive
thresholds. The final selected threshold value is typically less than 1 μm. A 2nd
order Savitzky-Golay moving-window data filter is applied to smooth the data with
a window size of 25 data points.

The first 1 μm of filtered indentation data after the selected contact point are fit to a
line. The interpolated slope is the reported stiffness of the cell in that experiment,
corresponding to one data point in Figure 3.4. A Kolmogorov-Smirnov statistical
test is used to compare the empirical cumulative distribution functions of initial cell
stiffness in each tested treatment.

Sampling for the generative statistical modeling was performed using the Stan
(2019) package within the Python programming language (Python Software Foun-
dation, https://www.python.org/). The optimization to find the maximum a posteri-
ori (MAP) parameters was performed using the SciPy (2020) optimization package,
which contains a function to implement the trust-region interior point method de-
scribed by Byrd et al. (1999). All data visualizations were created using Altair
(2018).

AFM nano-indentation data was processed using Asylum Research software (AR
16.10.211) in Igor Pro 6.3. The software was used to identify the contact point and
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extract a Young’s modulus through the application of the Hertz contact model.
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Appendix

Calculation of Osmotic Pressure in Each Treatment
The osmotic pressure of the GM and PS was calculated using a form of the ideal
gas law:

Π = 8"'), (3.13)

whereΠ is the osmotic pressure, 8 is the van’t Hoff factor, " is the Molar concentra-
tion of the solution, ' is the ideal gas constant, and T is temperature. The osmotic
pressure of the GM is approximately 4.0 MPa, and the osmotic pressure of the PS
is approximately 2.5 MPa. The drug treatments used to knock out the MTs or AFs
had a negligible effect on the osmotic pressure of the solution.

Bayesian Generative Model Definition
Bayes’ theorem is:

6(\ | H) = 5 (H | \)6(\)
5 (H) . (3.14)

Note that the denominator in Bayes’ theorem, 5 (H), called the evidence, does not
depend on \, so it is a normalization constant. The evidence, 5 (H), can be calculated:

5 (H) =
∫

5 (H | \)6(\)3\, (3.15)

where the limits of this integral are the limits of all possible values of the parameters
\. It is unnecessary for our purposes to consider this term explicitly.

The central limit theorem establishes that a measurement that depends on many
subprocesses tends to be Gaussian distributed. Some of the many subprocesses that
affect our measurements are the variations in the effect of the drug treatment and
osmolarity of the solution in which the cells are tested in, the size and shape of
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the cells, the orientation of the cell and subcellular components with respect to the
indenter, and the adhesion of the cell to the substrate and any subsequent movement
of the cell under the indenter. This is not an exhaustive list but includes the most
significant processes. So, we will assume that each of our sets of experimental
measurements (: treatment)8 is Gaussian distributed with mean `treatment and standard
deviation ftreatment. We will also assume that each of our measurements within each
treatment is independent and identically distributed. Therefore, we can define the
probability density function of the likelihood for each of our measurements:

5 ((: treatment)8 | `treatment, ftreatment) =
1√

2cf2
treatment

4
− ( (:treatment)8−`treatment)2

2f2
treatment . (3.16)

Since each measurement within a specified treatment is sampled independently,
the likelihood of the entire data set is a multiplication of the likelihoods for each
measurement in that treatment:

5 (: treatment | `treatment, ftreatment) =
=treatment∏
8=1

1√
2cf2

treatment

4
− ( (:treatment)8−`treatment)2

2f2
treatment ,

(3.17)
where =treatment is the total number of measurements in a specified treatment.

We use uninformative prior distributions for 6(\, f) because we have very little
information about the values that these parameters will have before examining the
experimental data. We know that all of the parameters must be greater than zero, and
from literature on stiffness values of similar plant cells, we can anticipate that the
stiffnesses will each be less than 100 N/m [15, 39]. By trial and error, a log-normal
prior distribution for the parameters \ was found to cover the range of expected
values and give reasonable resulting data sets:

6(\) = 1

0.75 ∗ \
√

2c4−
(ln G−ln 15)2

2∗0.752

. (3.18)

The standard deviation in each treatment, f, is assumed to be proportional to the
magnitude of the mean stiffness in each treatment:

ftreatment = 0.5 ∗ `treatment. (3.19)

Finally, we assume that the distributions for \ and f are independent so that:

6(\, f) = 6(\)6(f). (3.20)
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Figure 3.10: Prior predictive checks. Each line represents a sample data set drawn
using the fully generativemodel described in equations above. Each subplot contains
500 draws of data sets that are the same size as the respective number of experimental
samples in that treatment.

With the prior distributions defined, we can generate data sets from the fully genera-
tive model. These generated data sets are known as prior predictive checks, and they
ensure that the model does not generate many unrealistic or unphysical values when
drawing random data sets from the previously defined distributions. See Figure S1
for example data sets drawn from the completed generative model.
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C h a p t e r 4

INVERSE ANALYSIS TO DETERMINE THE MECHANICAL
PROPERTIES OF SINGLE BACTERIAL CELLS

Abstract
Biological systems have an inherent variability that complicates the interpretation
of indentation measurements with respect to subcellular structures. In this work,
we simulate atomic force microscopy (AFM) indentations on a gram-negative bac-
terium, Escherichia coli, and perform a sensitivity study and inverse analysis to
search for a unique solution to the cell wall (CW) elastic modulus and turgor
pressure simultaneously. Sensitivity study results reveal that uncertainty in turgor
pressure and CW elastic modulus indeed contribute the most to variability in force
spectra from AFM indentations. The two-dimensional parameter space of possible
values for CW elastic modulus and turgor pressure is meshed using triangular el-
ements. "Simulated experiments" are tested throughout the parameter space, and
correlations between the CW elastic modulus and turgor pressure, which depend on
the type of objective function, are investigated. Two unique objective functions are
tested in the inverse analysis, and a third objective function, which is a weighted
sum of the first two, is found to reduce errors in estimated CW elastic modulus
and turgor pressure by 20% and 11%, respectively. The use of this type of inverse
analysis has the potential to elucidate the material properties of cell walls using
a single indentation measurement and reliably decouple these properties from the
high turgor pressures inside walled cells.

4.1 Introduction
The interplay between turgor pressure and CW elasticity impacts cell growth, divi-
sion, andmotility [94]. Many experimentalmethods have been developed tomeasure
turgor pressure, including the direct insertion of a pressure gauge [8, 9], incipient
plasmolysis [10], collapse of gas vesicles in the cytoplasm [11], and atomic-force
microscopy (AFM) [13]. More commonly, AFM is used to measure CW elasticity
[95]. The use of AFM is widespread, so there is a plethora of nanoindentation
measurements on isolated cells and CWs in a variety of environments. For a review
of the different types of measurements on microbes using AFM, see [96]. How-
ever, the interpretation of these measurements with respect to cellular structures is
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controversial due to the heterogeneity, anisotropicity, and variability inherent to bi-
ological systems. There exists an opportunity to advance our understanding of basic
cellular physics by developing a mechanical model of the AFM force-indentation
experiment with the ability to decouple two or more mechanical properties of a cell
simultaneously, such as CW elasticity, turgor pressure, viscoelasticity, adhesion,
and plasticity.

Overall cell stiffness measurements remove the need to make any assumptions about
the structure of the cell, and can be a reliable indicator of the cell health. When
walled cells are healthy and growing, they maintain a constant turgor pressure.
When exposed to different chemicals and/or drug treatments, CW damage can cause
a cell to lose the ability to maintain turgor, or the cell may actively pump water out
of its vacuole in response to the treatment. For example, Volle et al. investigated the
use of a certain antimicrobial peptide as an alternative to traditional antibiotics [38].
They found that the overall cell stiffness decreased by about half after treatment
with the antimicrobial peptide, indicating that the treatment was detrimental to cell
health. However, it is not clear if the treatment reduced overall cell stiffness through
weakening of the cell envelope, or through another mechanism that affected the
cells’ ability to maintain turgor pressure. A mechanical model which could reliably
decouple turgor pressure and CW elasticity from their AFM force spectra would
advance our understanding of the physical effect that this antimicrobial peptide
treatment had on the bacterial cells tested.

Some have found evidence that for shallow indentations, AFM measurements only
probe the mechanical response of the cell envelope or CW material. For example,
Bailey et al. measured response of the gram-positive Staphylococcus aureus under
compression using anAFM [97]. They alsomeasured the response of CWs extracted
from live cells, and cellswith a permanently damaged cellmembrane, so as to remove
turgor pressure from the cell. All of these measurements were consistent, so they
concluded that for indentations less than approximately the thickness of the CW, the
AFM measurement only probed the mechanical response of the CW. Tvergaard and
Needlemandiscovered additional numerical evidence that supports this experimental
observation [98]. They created a double-layer cell model with a constant pressure
and studied the response under compression from a conical indenter. For sufficiently
shallow indentations, the mechanical response was dominated by only the CW
material, and at deeper indentations the turgor pressure began to play a major role in
the response. Still, others have shown that turgor pressure leads to a stress stiffening
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of the CW. For example, Deng et al. found that the elastic modulus of the CW
in the gram-negative Escherichia coli under compression from a conical AFM tip
was significantly higher in living cells than in unpressurized sacculi [29]. These
seemingly contradictory findings highlight the importance of developing a model
of the entire cell as a fluid-filled structure with an internal hydrostatic pressure to
investigate the convoluted mechanics of the CW and turgor pressure.

Here, we perform a sensitivity study to determine the contributions of error incurred
from variations in geometry and elasticity of the CW material. After determining
that CW elastic modulus and turgor pressure are in fact the most significant contri-
bution to the response of a cell under AFM nanoindentation, a minimalistic model
of a cell as a pressurized sphere with constant volume is used in an inverse analysis.
Similar analyses have been carried out to determine material properties of engi-
neering materials under AFM nanoindentation [99]. We find correlations between
CW modulus and turgor pressure that depend on the form of objective function
used. A novel objective function, which accounts for two different facets of the
force-indentation data, is then used to determine optimal CW modulus and turgor
pressure. This objective function reduced errors in estimated CW modulus by 15%
and turgor pressure by 10% on average.

4.2 Model
To enhance our understanding of AFM measurements on isolated bacterial cells,
we explore the deformation of a pressurized and fluid-filled body, subject to a
compressive force from a rigid and spherical indenter. We select parameter values
representative of Escherichia coli, a gram-negative bacteria. Finite-element models
(FEMs) of the bacterium under indentation are constructed using Abaqus/CAE and
simulations are run using the Abaqus/Standard Solver [100].

At very small indentation depths, and for AFM tips with a radius much smaller
than that of the cell under indentation, the CW can be idealized as an infinite half-
space, and Hertz contact theory (Equation 1.5) can be used to extract the elastic
modulus of the CW [42]. If the CW is very thin, as in gram-negative bacteria,
this assumption breaks down. Instead, Reissner’s thin shell model can be used to
extract the elastic modulus of thin CW, still assuming that the indentation depth is
shallow and now idealizing the CW as a thin shell [45]. At large indentation depths,
the shell becomes unstable and eventually develops Pogorelov’s ridge as a result
of the top surface of the shell buckling inwards [46]. More recently, Vella et al.
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Figure 4.1: Comparison between simulations with no turgor pressure (red line)
and 30 kPa of turgor pressure (blue line) to predictions of models from literature.
Reissner [45] (solid black line) described the response of a spherical shell with
a constant zero internal pressure undergoing small deformations. Pogorelov [46]
(dashed black line) described the response of a spherical shell with a constant
zero internal pressure undergoing large deformation, and in particular the mirror
buckling phenomenon, which is visible in the insets. Vella [14] (dotted black line)
described the response of a spherical shell with a constant high internal pressure
undergoing large deformation. (A) Simulations are altered to maintain constant
internal pressure, as assumed in Reissner [45], Pogorelov [46] and Vella [14]. (B)
Simulations are presented with constant internal volume, as used in the subsequent
analysis of this chapter. Insets show the final deformed shape of the spherical shell
under point load in each simulation.

developed analytical expressions to describe the deformation of highly pressurized
spherical shells at asymptotically small and large indentation depths [14]. All of
these analytical expressions assume constant pressure inside the sphere, whereas
our simulations assume constant volume. We selected a constant volume model
because we want to ignore the convoluted effects of viscosity and porosity in the
model, and this requires an experiment at short time scales. Because osmosis takes
a few seconds in most bacteria, an indentation that lasts less than a second should
not involve the opening of any mechanosensitive channels, and therefore the volume
of the cytoplasm should stay more or less constant throughout the experiment. A
comparison between results from our FEM and analytical expressions presented in
literature is shown in Figure 4.1.

A schematic view of the simulations is presented in Figure 4.2. In each simulation, a
spherical or elongated cell is filled with an incompressible fluid to represent the cyto-
plasm. The radius of the cytoplasm is defined as '2 = 1 μm. The initial thickness of
the cell envelope is C, which is in the range of 25-35 nm [101]. The radius of the spher-
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ical AFM tip is specified as 'i = 62.5 nm, which is typical of a commercially avail-
ableAFMtip size (https://afmprobes.asylumresearch.com/probes/biospheretm.html).
This tip size is also much smaller than the radius of the cell, and large enough to
compress several pores at once. The average size of pores in E. coli CW is 5 nm
[102]. This selection of tip size should be optimal for probing the elasticity of the
homogenized cell envelope at shallow indentation depths.

The CW of a gram-negative bacteria is located within the periplasm, which is a
concentrated gel-like substance that is sandwiched between an inner and an outer
membrane. This entire assembly is called the cell envelope, and it is represented
by a linear thermoelastic solid in the FEM. It is well known that the cell envelope
of a bacterial cell has porous and viscoelastic properties, but on short time scales,
these nonlinear effects can be minimized [103]. The assigned cell envelope material
property relates the stress and strain of the material in a linear fashion. In summation
notation, the inverse Hooke’s law for a linear thermoelastic material takes the form

Y8 9 =
1 + a
�

f8 9 −
a

�
f::X8 9 + UΔ)X8 9 (4.1)

where 2 is the stress, Y is the strain, � is the Young’s modulus, a is the Poisson’s
ratio, U = 0.01 is the thermal expansion coefficient, Δ) is the temperature change,
and % is the Kronecker delta.

The simulation is executed in two consecutive steps. In the first step, a constant
temperature drop is applied through the entire thickness of the cell envelope, Δ) .
Through thermal contraction, this temperature difference causes the cell envelope
to shrink and become stressed in compression. The stress in the cell envelope
causes the internal hydrostatic pressure of the fluid cavity, ?, to increase. The cell
envelope will shrink a different amount depending on the initial thickness C of the
cell envelope and compressibility of the cell envelope material, which depends on
the Poisson’s ratio, a. The displacement of the exterior surface of the cell due to
the thermal contraction in this step of the simulation can be calculated analytically.
Details can be found in the Appendix. The final result for the radial displacement
(D) of the exterior surface of a fluid-filled thermoelastic sphere is

D = (1 + a)UΔ)
(

4a − 2
('c + C)3

+ −1 − a
'3
c

)−1 (
−('c + C)

'3
c

+ 1
('c + C)2

)
. (4.2)

The final result for the displacement of the exterior surface of a fluid-filled thermoe-
lastic cylinder is

D = (1 + a)UΔ)
(

2a − 1
('2 + C)2

− 1
'2
2

)−1 (
−('2 + C)

'2
2

+ 1
('2 + C)

)
. (4.3)
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Figure 4.2: (A) Schematic view of the FEM used to simulate an isolated bacterium
under indentation from a spherical tip of an AFM cantilever. The AFM tip is
modeled using rigid elements with a radius '8 = 62.5 nm. In the simulation, the
AFM tip can only move vertically. To represent turgor pressure in the cytoplasm,
the interior of the cell is filled with an incompressible fluid which is pressurized to
?. The radius of the of the cytoplasm is '2 = 1 μm. The initial thickness of the
material surrounding the cell is C. The cell sits atop a flat, rigid plate which is fixed
in place. The simulation is controlled through displacement increments, Δ, applied
to the spherical AFM tip. (B) Results of sensitivity study. Each column contains
simulated force-indentation depth curves with a the same turgor pressure, ?. Each
simulation within a column will have a different applied temperature difference
Δ) to achieve a consistent final turgor pressure ?. From top to bottom, the rows
contain simulated force-indentation depth curves with varying CW elastic modulus
(�), initial CW thickness (C), CW Poisson ratio (a), and cell geometric aspect ratio
(�' = ;2/2'2) . The sensitivity of the overall force measurement at an indentation
depth of 0.15 μm to the varying parameter is printed at the top of each plot.
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The above equations are solved numerically for the initial cell envelope thickness,
C, required to result in the final desired cell envelope thickness, C − D.

A balance of forces and Hooke’s law (Equation 2.1) can be used to approximate the
turgor pressure in a simulation from the applied temperature difference Δ) . If the
thermal strain is the only mechanical strain on the material, then Hooke’s law for a
linear thermoelastic material can be reduced to

f = −UΔ) �

1 − a2 . (4.4)

In a pressurized thin-walled spherical shell, stress can be related to internal pressure
through a force balance so that

f =
?'2

2C
(4.5)

Combining the two above equations, we can solve for the pressure ? given a tem-
perature difference Δ) ,

? = − 2C�UΔ)
'2 (1 − a2)

. (4.6)

Due to the nonlinear change in the thickness of the shell C with each increment of the
simulation, this equation is an approximation that systematically overestimates the
turgor pressure. Therefore, this equation can be thought of as a close approximation
and an upper bound to the turgor pressure in a given simulation.

In the second step of the simulation, the AFM tip is lowered to indent the cell. The
indentation is controlled through displacement increments, Δ, which are applied
to the AFM tip. The reaction force, �, exerted on the AFM tip after contact is
recorded. Contact between all surfaces is modeled using a hard contact pressure-
overclosure relationship for motions normal to the surfaces, and all relative sliding
motion between the two contacting surfaces is prevented. Once the two surfaces
have begun contact, no separation is allowed. This formulation avoids instabilities
in the simulation from the cell sliding between the AFM tip and the plate. For more
details on the FEM, see Figures 4.4 and 4.5 in the Appendix.

A sensitivity study was carried out to determine the influence that each model
parameter had on the measured reaction force in the simulated indentation. One at a
time, parameterswere variedwhile holding all other parameters at a selected baseline
value. The sensitivities are printed in each plot in Figure 4.2, and simulations using
selected baseline values are plotted with a black dotted line. No baseline value
was selected for turgor pressure because it had the largest effect on the resulting
force required to deform the cell. Instead, sensitivity coefficients were calculated
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Table 4.1: Ranges of model parameters.

Parameter Selected Value Range Reference % of total Var[�0.15]
? variable 30-300 kPa [2] 46.6
� 110 MPa 20-200 MPa [102] 43.5
;2/2'2 1.0 1.0-3.0 [104] 6.8
C 30 nm 25-35 nm [101] 2.2
a 0.37 0.00-0.49 [102] <1

for several values of the turgor pressure, ?, and then averaged to determine the
final sensitivity coefficient for each parameter. The metric used to determine the
performance of a particular set of parameters is the force applied to achieve an
indentation depth of 0.15 μm, �0.15. If all parameters % are independent of each
other, and second-order terms are ignored, we can write an expression for the
variance of �0.15:

Var[�0.15] =
∑
8

[
m�0.15
m%8

]2
Var[%8], (4.7)

where m�0.15
m%8

is the sensitivity coefficient, approximated using a finite difference
method

m�0.15
m%8

=
�0.15(%8 = %8�) − �0.15(%8 = %8!)

%8� − %8!
, (4.8)

where %8� is the upper limit, and %8! is the lower limit of the range for parameter
%8. If the low and high limits of the ranges from literature reported in Table 4.1
are thought of as approximately a 5-95 percentile range for a normally distributed
variable, then we can approximate the variance of each parameter,

Var[%8] =
[
%8� − %8!

3.3

]2
. (4.9)

Contributions to the variance of the indentation force from each variable are pre-
sented in Table 4.1. Using this formulation, turgor pressure and CW elastic modulus
are the source of most of the total parameter error variance (46.6% and 43.5%, re-
spectively).

Hence, reducing uncertainty in the aspect ratio, thickness of the cell envelope, or
compressibility of the cell envelope would have a modest or negligible impact on
the accuracy of the model. Therefore, in the subsequent inverse analysis we focus
solely on the turgor pressure and elastic modulus of the cell envelope. We also use
simulations with an aspect ratio of ;2/2'2 = 1.0 even though this is the parameter
with the third highest contribution to the total variance. The use of an aspect ratio
of 1 allows us to use axisymmetric elements, which saves computation time.
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4.3 Results and Discussion
Inverse analysis using a FEM is common practice for extracting material proper-
ties from indentation experiments. Others have pointed out that implementing this
method blindly in cells with porous walls compressed between two parallel plates
can result in erroneous approximations due to non-unique solutions [105]. They
conducted a parametric study using parameters representative of Saccharomyces
cerevisiae (commonly known as yeast). Here we perform a parametric study and
explore the inverse analysis solution space using parameters representative of Es-
cherichia coli, a gram-negative bacteria.

The inverse analysis implemented in this section consists of four steps:

1. Determine the domain or ranges of structural parameters. This requires
an extensive review of the literature to include any reported values of the
parameters to be quantified in the inverse analysis. The values we used are
presented in Table 4.1.

2. Mesh the parameter space of possible structural parameter values using tri-
angular (or tetrahedral, for three parameters) elements and run simulations at
eachmesh node. Examples of this meshed parameter space for two parameters
is presented in Figure 4.3A-C.

3. Select an objective function and evaluate it at each node in the meshed pa-
rameter space. This step requires an experimental data set to compare to
simulation data. As a first test of our method, we substitute experimental data
with a simulation with a known set of parameters. We call this simulation the
"simulated experiment."

4. Search for a node (which represents a simulation) that minimizes the objective
function. The color contour on the mesh in Figure 4.3A-C represents the
magnitude of the objective function evaluated at each node for three different
objective functions.

The goal of the inverse analysis process is to take an experimental measurement
of a force-indentation curve and perform a fitting to solve for the parameters of
interest (in this case, the elastic modulus of the cell envelope and the internal turgor
pressure). This fitting operation requires ametric tomeasurewhich set of parameters
are the "best" fit. That metric is also known as an objective function. Three different
objective functions are investigated here.
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Figure 4.3: (A) Meshed parameter space with color contour representing the magni-
tude of the RSS objective function. (B) Meshed parameter space with color contour
representing the magnitude of the error in cubic coefficients objective function.
(C) Meshed parameter space with color contour representing the magnitude of the
combined RSS and error in cubic coefficients objective function. Each node in the
mesh of (A)-(C) represents a simulation. (D) Convergence of simulations in full
possible parameter space using RSS objective function. (E) Convergence of simu-
lations in full possible parameter space using error in cubic coefficients objective
function. (F) Convergence of simulations in full possible parameter space using
combined RSS and error in cubic coefficients objective function. Each point in
the plots (D)-(F) represents a simulated experiment. A filled circle represents an
analysis that converged within 0-10% of the true values provided in the simulated
experiment. An open circle represents an analysis that converged within 10-25%
of the true values provided in the simulated experiment. The left half of the circle
represents the elastic modulus of the cell envelope and the right half of the circle
represents the turgor pressure (change in temperature applied to the cell envelope).
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The first is a residual sum of squares (RSS) objective function, which is the stan-
dard minimization function in regression analyses. Mathematically, this objective
function can be expressed as

�RSS =

#∑
8=1
(�8,sim − �8,exp)2, (4.10)

where �RSS is the objective function that we wish to minimize, �8,sim is the simulated
force measurement at an incremental indentation depth Δ8, �8,exp is experimental
forcemeasurement at the same incremental indentation depthΔ8, and# is the number
of incremental force measurements. The color contour in Figure 4.3A represents
the magnitude of this objective function evaluated for a simulated experimental data
set with known parameters � = 92 kPa and Δ)=-4.0, which translates to a turgor
pressure of ? = 339 kPa.

The second objective function that we tested is a measure of the change in curvature
of fitted polynomials to the force-indentation depth curves. We selected this objec-
tive function because we observed that the curvatures of the force-displacement data
were different at low turgor pressures than high turgor pressures in the sensitivity
study data. To construct this objective function, first each data set (simulation and
experiment) must be fit to a third order polynomial through a least squares regression
so that

� (Δ) = 0 + 1Δ + 2Δ2 + 3Δ3, (4.11)

where the variables 0, 1, 2, and 3 are the coefficients of the fitted polynomial. The
coefficient 3 is related to the change in curvature of the fitted polynomial through a
series expansion. For example, the third-order Maclaurin series expansion is

� (Δ) = � (0) + �′(0)Δ + 1
2!
�′′(0)Δ2 + 1

3!
�′′′(0)Δ3 +$ (Δ4). (4.12)

Hence, coefficient 3 is identified as the third derivative of � computed at Δ =

0. The objective function we selected is the percent difference between the third
order coefficient 3 for fitted polynomials to the simulation and experimental data.
Mathematically, this objective function can be expressed as

�d,error =
|3sim − 3exp |

3exp
(4.13)

where �d,error is the objective function that we wish to minimize, 3sim is the third-
order coefficient fit to simulation data and 3exp is the third-order coefficient fit to
experimental data. The color contour in Figure 4.3B represents the magnitude of
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this objective function evaluated for a simulated experimental data set with the same
known parameters as in Figure 4.3A.

The final objective function that we tested is a weighted average of the other two
objective functions, with the error in third-order fitted coefficients weighted highest,

�ave = 0.75 ∗ �d,error + 0.25 ∗ �SOLS. (4.14)

These weights were selected through trial and error. Because the scales of the two
objective functions �d,error and �SOLS are not the same, the weights multiplied to
each of the separate objective functions do not represent the contributions of each
one to the combined function �ave. The color contour in Figure 4.3C represents the
magnitude of this objective function evaluated for a simulated experimental data set
with the same known parameters as in Figures 4.3A and B.

To further investigate the accuracy of each objective function across a range of true
values, we selected 121 simulations evenly spaced through the parameters space to
act as simulated experiments and repeated the inverse analysis on each one. Each
point in the plots of Figures 4.3C-F represents one such simulation that converged to
within 25% of the true parameter values. Simulations that did not converge to within
25% of the true parameter values are represented by blank spaces. One interesting
observation is that the correlations visible between � and Δ) in Figures 4.3A-C are
again represented, although less clearly, in Figures 4.3D-F. It is also interesting to
note that the RSS objective function resulted in better approximations for Δ) (turgor
pressure), while the error in third order polynomial coefficients resulted in better
approximations for the Young’s modulus, � . The combined objective function
produced the most accurate results, resulting in no blank spaces in Figure 4.3F.

If we take a closer look at the correlations for each of the objective functions, we can
see that in the case of the RSS objective, there is a semi-linear correlation between
the elastic modulus of the cell envelope, � , and the turgor pressure (represented
by Δ)). This correlation makes sense, as cells with a high internal turgor pressure
and low elastic cell envelope modulus will respond similarly to indentation as a
cell with low internal turgor pressure and high elastic cell envelope modulus. This
phenomenon is similar to the way an inflated party balloon may feel almost as stiff
as an uninflated bicycle tire when poked with a finger. Even though the bending
rigidity of the thin latex of a party balloon is much less than that of a thick rubber
bicycle tire, the internal pressure can provide an apparent overall stiffness to the
balloon that makes its indentation modulus similar to that of the uninflated tire.
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There is no apparent physical explanation for the shape of the correlation between
� and Δ) using the error in fitted cubic polynomial coefficients. For an unknown
reason, the change in curvature of the force-indentation depth curves is similar for
cells with high elastic modulus of the cell envelope and either low or high turgor
pressures. Combining information from both of these objective functions led to
the third objective function with a minimized objective function very close to the
true parameter values in almost all cases. The combined objective function, when
compared to the RSS objective function alone, resulted in a reduction in error from
an average of 21% to 4.9% for CW elastic modulus and a reduction in error from an
average of 18% to 7.5% for turgor pressure. When compared to the error in cubic
coefficients objective function alone, the combined objective function reduced errors
from an average of 25% to 4.9% for CW elastic modulus and from an average of
100% to 7.5% for turgor pressure.

4.4 Conclusions
The observed correlations between turgor pressure and CW elastic modulus demon-
strate the non-unique set of solutions that are possible from fitting AFM force spectra
on microbes to a FEM. The two parameters can be separated from a single AFM
force spectra by using metrics that account for changing magnitudes and changing
curvatures of the force spectra with changing turgor pressure and CW elasticity.
Here we present one such possibility and demonstrate a reduction in error by 20%
for CW elastic modulus and 11% for turgor pressure when compared to the standard
least squares regression function.

There are many opportunities to refine and improve the method presented here. For
example, after a node which minimizes the objective function is located, the mesh
can be refined in the area of the minimal node, and more simulations can be run
at each refined mesh node to increase the precision of the estimated parameters.
Incorporating the true aspect ratio of the cell would also decrease variability in
the resulting parameter estimations by about 6% according to the sensitivity study
conducted here.

Additional information in the form of indentation using different size or shaped
indenters or exerting different types of load on the cells could allow for estimation of
evenmore parameters with unique solutions. One such parameter is the contribution
to stiffness of the cytoskeletal filaments. There is recent and growing evidence that
the filaments of the cytoskeleton contribute to the mechanical response of a cell in
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compression [54, 92]. Including experiments from a spherical and a conical AFM
tip, for example, may provide enough information for a similar inverse analysis as
presented here to extract the bulk modulus of the cytoplasmic fluid in addition to
CW elastic modulus and turgor pressure.
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Appendix
FEM Definition

Figure 4.4: (A) Undeformed configuration of a spherically-shaped cell under in-
dentation from a rigid spherical indenter. - = 0 in simulation time. (B) Spherical
cell under uniform tension from building turgor pressure. - = 1 in simulation
time. (C) Final deformed configuration of spherical cell after indentation from rigid
spherical indenter. - = 2 in simulation time. Colors represent vonMises stress. (D)
Evolution of pressure over simulation time. Turgor pressure is built to the nominal
value (in this example, 30 kPa) during the thermal contraction step between - = 0
and - = 1. Pressure continues to build during indentation due to the constant
volume constraint. (E) Indentation depth over simulation time. The simulation is
displacement-controlled, so this is a linear function of time during the indentation
step. (F) Evolution of contact force over simulation time.
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Figure 4.5: Element types used in construction of Abaqus FEM.
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Displacement of Spherical Cell Envelope Due to Thermal Contraction
Consider a sphere made of a linear thermoelastic material with known mechanical
properties � , the Young’s modulus, a, Poisson’s ratio, and U, the coefficient of
thermal expansion. The sphere has a hole in the center of radius '2 which is
filled with an incompressible fluid that cannot escape the sphere. The thickness
of the material surrounding the hole is C, so the radius of the full sphere is '2 + C.
A temperature difference Δ) is applied uniformly to the material surrounding the
incompressible fluid.

Due to the symmetries in this problem, we know that shear stresses will all be equal
to zero, and the two tangential stress components will be equal (f\ = fq). Stress
will only vary in the radial direction. Relabeling fC = f\ = fq, equilibrium in the
radial direction of an element reduces to

mfA

mA
+ 2
A
(fA − fC) = 0. (4.15)

Equilibrium in other directions is trivial. As in the case of the stresses, there will
only be three nonzero components of strain, and the two tangential components
(Y\ and Yq) are equal. Also note that the material can only displace in the radial
direction, D = DA . Relabelling YC = Y\ = Yq, the kinematic equations reduce to

YA =
3D

3A
, YC =

D

A
. (4.16)

Finally, the constitutive equations for the homogeneous and isotropic body reduce
to

nA =
1
�
(fA − 2afC) + UΔ), nC =

1
�
[fC − a(fC + fA)] + UΔ). (4.17)

We can solve the above constitutive equations for the two stress components in terms
of the strains

fA =
�

(1 + a) (1 − 2a) [(1 − a)YA + 2aYC − (1 + a)UΔ)] (4.18)

fC =
�

(1 + a) (1 − 2a) [nC + anA − (1 + a)UΔ)] . (4.19)

Substituting Equations 4.18 and 4.19 in Equation 4.15, then replacing YA and YC by
the kinematic Equation 4.16, we find an ordinary differential equation for D

32D

3A2 +
2
A

3D

3A
− 2D
A2 =

1 + a
1 − aU

3)

3A
, (4.20)
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which can be rewritten in a more convenient form to integrate

3

3A

[
1
A2
3

3A
(A2D)

]
=

1 + a
1 − aU

3)

3A
. (4.21)

Finally, because the applied temperature difference is constant through the thickness
of the material, the right-hand side of the above equation is zero.

3

3A

[
1
A2
3

3A
(A2D)

]
= 0 (4.22)

The solution of this ordinary differential equation is

D(A) = �1A +
�2

A2 . (4.23)

Because the fluid-filled cavity is incompressible, the interior surface of the sur-
rounding material cannot move in the radial direction, so D(A = '2) = 0. Applying
this boundary condition to the above equation, we can solve for one of the constants
of integration

D(A = '2) = �1'2 +
�2

'2
2

= 0 (4.24)

D(A) = �2

A2 −
�2

'3
2

A (4.25)

At the exterior surface, we have a traction-free boundary condition because there
are no external forces on the material. In our case, this means that the radial stress
at the exterior surface is equal to zero, fA (A = '2 + C) = 0. To apply the exterior
boundary condition, we must first find fA in terms of the displacement D

fA =
�

(1 + a) (1 − 2a) [(1 − a)YA + 2aYC − (1 + a)UΔ)]

=
�

(1 + a) (1 − 2a)

[
(1 − a) 3D

3A
+ 2a

D

A
− (1 + a)U)

]
=

�

(1 + a) (1 − 2a)

[
(1 − a)

(
−2�2

A3 − �2

'3
2

)
+ 2a

(
�2

A3 −
�2

'3
2

)
− (1 + a)UΔ)

]
.

Applying the boundary condition and solving for �2,

fA (A = ' + C) = 0 =
�

(1 + a) (1 − 2a)

[
(1 − a)

(
−2�2

('2 + C)3
− �2

'3
2

)
+ 2a

(
�2

('2 + C)3
− �2

'3
2

)
− (1 + a)UΔ)

]
= �2

(
4a − 2
('2 + C)3

+ −1 − a
'3
2

)
− (1 + a)UΔ)

�2 = (1 + a)UΔ)
(

4a − 2
('2 + C)3

+ −1 − a
'3
2

)−1
.
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Finally, we can write the expression for the radial displacement of the sphere at the
exterior surface

D(A = '2 + C) = (1 + a)UΔ)
(

4a − 2
('2 + C)3

+ −1 − a
'3
2

)−1 (
−('2 + C)

'3
2

+ 1
('2 + C)2

)
.

Displacement of Cylindrical Cell Envelope Due to Thermal Contraction
Consider a cylinder made of a linear thermoelastic material with known mechanical
properties � , the Young’s modulus, a, Poisson’s ratio, and U, the coefficient of
thermal expansion. The cylinder has a concentric hole of radius '2 which is filled
with an incompressible fluid that cannot escape the sphere. The thickness of the
material surrounding the hole is C, so the radius of the full sphere is '2 + C. A
temperature difference Δ) is applied uniformly to the material surrounding the
incompressible fluid.

Again, due to the symmetries in this problem, we know that the shear stresses will
all be zero. Therefore, equilibrium in the radial direction of an element reduces to

3fA

3A
+ fA − fC

A
= 0. (4.26)

Equilibrium in the other directions is trivial. There will only be three nonzero
components of strain. Also note that the material can only displace in the radial
direction. Therefore, the kinematic equations reduce to

YA =
3DA

3A
(4.27)

YC =
DA

A
(4.28)

YI =
mDI

mI
. (4.29)

Finally, the stress-strain relationships reduce to

YA =
1
�
[fA−a(fC+fI)]+U), YC =

1
�
[fC−a(fI+fA)]+U), YI =

1
�
[fI−a(fA+fC)]+U).

(4.30)

Assuming that the cylinder is in a plane strain condition, nI = 0, and the third of
Equations 4.30 gives
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fI = a(fA + fC) − U�). (4.31)

Substituting this into the other two Eqs (2.30) gives

nA − (1 + a)U) =
1 − a2

�

(
fA −

a

1 − afC
)

(4.32)

nC − (1 + a)U) =
1 − a2

�

(
fC −

a

1 − afA
)
. (4.33)

Solving Equations 4.32 and 4.33 for the stresses

fA =
�

(1 + a) (1 − 2a) [anC + (1 − a)nA − (1 + a)U)] (4.34)

fC =
�

(1 + a) (1 − 2a) [anA + (1 − a)nC − (1 + a)U)] . (4.35)

Substituting Equations 4.34 and 4.35 in 4.26, then replacing nA , nC by the values
given in Equation 4.30, we find the differential equation for D

32DA

3A2 +
1
A

3DA

3A
− 1
A2DA =

1 + a
1 − aU

3)

3A
, (4.36)

which can be written
3

3A

[
1
A

3

3A
(ADA)

]
=

1 + a
1 − aU

3)

3A
. (4.37)

Since the temperature is constant, we can set the right-hand side of Equation (2.37)
to zero. Then, the solution of the differential equation is

DA (A) = �1A +
�2
A
. (4.38)

The boundary condition at the interior surface implies that the DA (A = ') = 0.
Applying this to the above equation,

DA (') = �1' +
�2
'
= 0 (4.39)

DA (A) =
�2
A
− �2

'2 A. (4.40)
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The traction-free boundary condition at the exterior surface implies that fA (A =
' + C) = 0. First, let’s find fA in terms of the displacement D(A)

fA =
�

(1 + a) (1 − 2a) [anC + (1 − a)nA − (1 + a)U)]

=
�

(1 + a) (1 − 2a)

[
a
DA

A
+ (1 − a) mDA

mA
− (1 + a)U)

]
=

�

(1 + a) (1 − 2a)

[
a

(
�2

A2 −
�2

'2

)
+ (1 − a)

(
−�2

A2 −
�2

'2

)
− (1 + a)U)

]
.

Now apply the boundary condition and solve for �2

fA (A = ' + C) = 0 =
�

(1 + a) (1 − 2a)

[
a

(
�2

(' + C)2
− �2

'2

)
+ (1 − a)

(
−�2

(' + C)2
− �2

'2

)
− (1 + a)U)

]
= �2

(
2a − 1
(' + C)2

− 1
'2

)
− (1 + a)U)

�2 = (1 + a)U)
(

2a − 1
(' + C)2

− 1
'2

)−1
.

Finally, we can plug the constant into Equation 4.40 and solve for the radial dis-
placement of the sphere at the exterior surface

D(A = ' + C) = (1 + a)U)
(

2a − 1
(' + C)2

− 1
'2

)−1 (
−(' + C)
'2 + 1

(' + C)

)
. (4.41)
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C h a p t e r 5

CONCLUSIONS AND OUTLOOK

This dissertation explored a variety of experimental and modeling approaches to
decoupling the contributions of subcellular structures to the mechanical response
of a walled cell. There is an increasing amount of indentation data on single cells
available in the literature. Typically, the indentation data is interpreted using either
one stiffness value or using a full continuummodel. The former is easy to implement,
but results in only one extracted mechanical stiffness from each indentation. The
latter requires an expertise in solid mechanics or materials science to develop, but
results in material properties that do not rely on the structure of the particular
experiment. To bridge the gap between highly complex models and ease of analysis
implementation, a new two-spring model was introduced in Chapter 2. Adding
some complexity to the analysis, the same two-spring model was used in Chapter 3
with the addition of a Bayesian optimization to determine the magnitude of stiffness
for each subcellular component. In Chapter 4, a finite-element model (FEM) of a
cell under atomic-force microscopy (AFM) nano-indentation is examined in detail
to determine if unique mechanical properties and the turgor pressure of a cell can
be extracted from a signle indentation measurement.

In Chapters 2 and 3, the relative stiffness contributions from the cell wall (CW)
and cytoplasm in two types of cultured plant cell were decoupled through the
use of a newly developed discrete two-spring model in conjunction with a newly
designed multi-scale biomechanical assay. The magnitude of stiffness contributions
was evaluated for two types of plant cells after exposing the cells to solutions of
different osmolarities, drug treatments to affect the cytoskeleton, and during different
stages of differentiation. These studies confirmed some ubiquitous hypotheses
and results of many other plant cell mechanobiology researchers: turgor pressure
dominates the response of a turgid cell in compression, turgor pressure stiffens the
CW through stress, and the cytoskeleton plays a non-negligible role in resisting
external mechanical loads.

More specifically, in transgenic xylem vessel elements of Arabidopsis thaliana, the
mechanical contributions from the cytoplasm and CW were isolated at three stages
of the differentiation process. The results provide experimental evidence that the
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secondary cell wall (SCW) is stiffer than the relaxed primary cell wall (PCW),
in a living cell system. This conclusion is reached by comparing measured cell
stiffnesses across the stages of differentiation in hypertonic conditions, where the
cell wall is effectively decoupled from the cytoplasm. In isotonic and hypotonic
conditions, turgor pressure gives rise to an increased stress in the PCW, causing it
to stiffen beyond the SCW. We also measure a quantifiable softening of the PCW
in stage 1 in hypotonic conditions, as the cell prepares for deposition of the SCW.
This is the first time a mechanical weakening is measured on the PCW before the
SCW deposition in living cells. From measurements in isotonic and hypotonic
conditions, evidence was also found of a quantifiable difference in cytoplasmic
stiffness as a consequence of active bundling of the filaments in the cytoplasm,
guided by differentiation. These findings provide insight into the mechanisms of
xylem vessel element differentiation. They suggest that inter- and/or intra-cellular
mechanical signals regulate cell differentiation and SCW deposition.

Experiments conducted on suspension-cultured Nicotiana tabacum cells in the
multi-scale biomechanical assay showed evidence that the cytoskeleton contributes
significantly to the stiffness and dissipated energy of cells in compression. Using
a generative statistical model applied to the discrete two-spring model allows the
decoupling of the relative stiffness contributions of themicrotubules (MTs) and actin
filaments (AFs) from the CW and the rest of the cytoplasm. The stiffness of the
MTs and AFs was similar to those of all other isolated components in plasmolyz-
ing solution. The highest stiffness contribution is from the cytoplasm, excluding
contributions from MTs and AFs, in hypotonic conditions. This contribution is
reduced by approximately four times in hypertonic conditions, which indicates that
turgor pressure is the dominant resisting component to compression. Higher inter-
nal pressure stresses the CW and stiffens it. The stiffness of the CW in hypotonic
conditions is estimated to be approximately twice as high as the stiffness of the CW
in hypertonic conditions. This increase in stiffness in our experiment is confirmed
by AFM nano-indentation measurements. These results are all in agreement with
observations from current literature, but are derived from a different experimental
technique and new model. In addition, the energy dissipation analysis indicated that
the anisotropic orientation of the MTs causes the distribution of dissipated energies
to be larger, and this effect is magnified when the more isotropically distributed AFs
are removed. The MTs and AFs of the cytoskeleton have long been known to play a
pivotal role in cell morphogenesis, but recently have been studied for their possible
additional role in mechano-sensing and mechano-transduction within a cell. The
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results presented in this dissertation support the possibility that MTs and AFs play
a significant role in mechano-transduction within a cell, and in particular can carry
a significant mechanical load for the cell in compression.

Decoupling stiffness contributions from subcellular components is a significant step
towards a deeper fundamental understanding of the morphology and structural me-
chanics of walled cells. To separate material properties from structure, a continuum
model is needed. In Chapter 4, a FEM is used to investigate the possibility of decou-
pling turgor pressure and CW material properties from a single AFM indentation
measurement. Turgor pressure and CW elasticity are found to be intricately linked
and standard fitting methods could not separate the two properties from a single
indentation measurement. The observed correlations between turgor pressure and
CW elastic modulus demonstrate the non-unique set of solutions that are possible
from fitting AFM force spectra obtained on microbes to a FEM. The two parameters
can be separated from a single AFM force spectra by using metrics that account
for multiple facets of the transformation of the force spectra with changing turgor
pressure and CW elasticity. Here we present one such possibility and demonstrate
a reduction in error by 20% for estimating CW elastic modulus and 11% for turgor
pressure when compared to the standard least squares regression function.

The knowledge gained through these studies has implications for human health,
agriculture, molecular biology and biotechnology, and environmental sustainability.
In the field of human health, for instance, human bodies are colonized by many
bacteria, which can either exist with us in harmony, or be a detriment to our
health. Deepening our understanding of the biomechanics of bacteria can help
researchers determine the best practices for developing new drugs and treatments.
For example, amethod is needed to determine both turgor pressure andCWelasticity
with confidence for medical researchers to understand if a new antibiotic treatment
works to destroy bacteria through weakening the CW or through forcing the cell to
expel solutes and lose equilibrium with the surrounding osmotic solution. Then, if
a new antibiotic-resistant strain of bacteria emerges, researchers may be able to use
this knowledge of turgor pressure and CW elasticity to determine the underlying
resistance mechanism the new strain has developed.

5.1 Future Work in Models of Walled Cells
The discrete two-spring model presented in this dissertation can be used as a general
starting point for a more complex spring model. More springs can be added in series
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or parallel to represent various subcellular components. To be able to decouple
the contributions from each of the subcellular components in the model, the only
experimental requirement is that the component can be removed from the cell in the
micro- and nano-indentation experiments. For example, a spring could be added in
series in the cytoplasmic layer of the two-spring model to represent the nucleus of
a cell. Assuming that the nucleus of the cell can be removed, and the cell can be
tested afterwards in indentation experiments, the contribution of the nucleus to the
overall stiffness of the cell in compression could be determined. This is a particularly
interesting subject to investigate in the presentedmulti-scale biomechanical assay, as
there is new emerging evidence that the nucleus stiffens in response to plasmolyzing
environmental conditions [106].

The discrete model of a cell also has a general utility in uncovering nonlinear
phenomena and unexpected interactions. In Chapter 2, the two-spring model was
unable to account for the extreme increase of stiffness in plasmolyzed transgenic
Arabidopsis thalianaVND7 cells in stage 2 of differentiation as compared to stages 1
and 3. If the cell in stage 2 does have both a primary cell wall (PCW) and a secondary
cell wall (SCW), which are acting as a combined cell wall, then the stiffness of the
combined cell wall should be close to the addition of the stiffness measured from
the isolated PCW and SCW. This is not observed. Instead, the combined PCW
and SCW of stage 2 of transdifferentiation is more than double the addition of the
isolated PCW and SCW stiffnesses. Therefore, a nonlinear interaction between the
two cell walls in plasmolyzing conditions must be occurring, and several hypotheses
for what that interaction could be are proposed in Chapter 2. The same logic could
be applied to any composite material under indentation using the discrete spring
model. If the spring model is unable to explain the measured stiffnesses, this may
suggest a nonlinear interaction between the constituent properties.

A combination of the finite-element modeling methodology presented in Chapter 4
with the experimental techniques presented in Chapters 2 and 3 would help calculate
the material properties of subcellular components of a plant cell, separate from the
cell structure. While it was difficult to decouple the mechanics of the CW and the
cytoplasm from a single AFMmeasurement on amicrobe, there is a strong possiblity
that the structure and material properties of the cell wall and cytoplasm can be
separated for plant cells because we can probe their mechanics at two scales, using
both the micro-indentation and the nano-indentation experiment. The mechanics of
cytoskeletal filaments would be particularly relevant while trying to capture behavior
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using a finite-element model. The modeling of individual filaments could be too
time-intensive, but a surrogate property is still possible to model. For example,
introducing compressibility to the cytoplasm could be used to represent the buckling
behavior of cytoskeletal filaments in compression. Another aspect that may be of
interest is the time-dependent behavior of walled cells, namely their viscoelastic
or poroviscoelastic behavior. In principle, such effects can be incorporated in the
mechanical models by including damping in the form of dashpots. The change in
mechanics across drug treatments, osmotic conditions, or stages of differentiation
could then be studied to determine how the discrete subcellular components react
to each of these conditions.

5.2 Future Work in Parameter Fitting for Walled Cell Models
There are many opportunities to refine and improve the parameter fitting methods
presented here. The development of a statistical framework for determining the
relative stiffness magnitudes of subcellular components was used in this dissertation
to further our fundamental biomechanical understanding of the way each compo-
nent responds to changes in the environment. Here we investigated a handful of
parameters, which made the brute-force computation of the posterior possible. To
extend this approach to calculate the stiffness contributions from any number of
subcellular components of the cell, a method such as Markov chain Monte Carlo
would be necessary to sample from the posterior rather than attempting to do the
full calculation. With this change, however, the framework set up here could be
extended to determine the stiffness contribution from any number of the thousands
of proteins that could exist inside a plant cell.

The inverse analysis presented in Chapter 4 could also be refined to locate the best fit
material parameters more quickly and more precisely. To speed up the computation,
more efficient optimization algorithms could be used to sample from the parameter
space, rather than necessitating running simulations spaced throughout the range of
possible parameters. Alternatively, if using the same parameter mesh framework, a
remeshing of the parameter space can be used to refine the precise location of the
minimum of the objective function. After a node which minimizes the objective
function is located in the coarse mesh, the mesh can be refined in the area of the
minimal node, andmore simulations can be run at each refinedmesh node to increase
the precision of the estimated parameters.
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5.3 Extensions to Biocomposites and Living Materials
The detrimental effects of petroleum-based plastics manufacturing and consumption
have led scientists and engineers to investigate natural materials as sustainable and
efficient alternatives to plastics [107]. Natural wood is amongst the most important
and widely used sustainable structural materials [48]. Further, plant fibers, recycled
wood, and other plant products have long been used to create biocomposite materials
[108, 109]. Bacterial cellulose has also been used in biocomposites to enhance paper
strength, in acoustic diaphragms for audio speakers, and as artificial skin material
[110]. So, an advanced understanding of the physical properties and structure
of individual plant and bacterial cells and their subcellular components through
the work presented in this dissertation, and others like it, will inevitably lead to an
improved knowledge of the bulk properties of biocomposite materials. Additionally,
the ability to measure and control the development of these physical properties, like
the cell wall structure, would allow for fine control of biocomposite properties to
meet the requirements of various applications.

Living materials have also received much recent research attention. Advances in
synthetic biology have revealed the plethora of engineering applications that living
cells can be designed to accomplish. For example, the field of bioremediation
has elucidated many microorganisms that can be used to consume and break down
many environmental pollutants, including polyaromatic hydrocarbons created by the
oil production industry and pesticides from the agriculture industry [111]. Living
materials also possess the desirable material property of self-healing. Through
the mineralization process, bacteria can be used in engineering practice to heal
incredibly strong, yet brittle materials, like concrete and limestone [112]. Living
materials can respond to many external stimuli, not just damage. For example,
Piraner et al. created thermal bioswitcheswhich have tunable temperature thresholds
[113]. Before scientists and engineers can apply fully-fledged structural biofilms in
practice, one needs to understand how these living materials respond to mechanical
forces.

One type of living material which has received much recent attention is the biofilm.
AFM nano-indentation is a commonly used technique for measuring the elastic
properties of thin films, and can be used in conjunction with a soft cantilever to
measure the elastic properties of soft materials, like biofilms [114]. Kesel et al.
used AFM nano-indentation, rheology and a profilometric analysis to characterize
two types of Bacillus subtilis biofilms [115]. The AFM indentation data was used
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to obtain an estimate of the Young’s modulus of the biofilms, which they used
to demonstrate that the surface elasticity of the biofilm is significantly affected
by the presence of specific proteins in the EPS. Asally et al. demonstrated that the
mechanical stiffness of the extracellular matrix and the location of cell death are both
important for wrinkle formation in a biofilm [116]. They found that cell death occurs
before wrinkle formation, and by inducing cell death in a synthetic pattern, they were
able to create a synthetically patterned wrinkle formation on the biofilm. Cell death
induces the lateral mechanical forces required for biofilm wrinkle formation. The
stiffness of the extracellular matrix also matters for wrinkle formation. Indentation
methods have been successfully used to measure the mechanics of the constituent
cells, matrix materials, and the composite living material or biocomposite. In the
future, a multi-scale model that uses information from indentation experiments at
these vastly different length scales could be used to further our knowledge of the
mechanical behavior of living materials and biocomposites, and begin using them
in practice at a large scale.
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A p p e n d i x A

PARAMETER FITTING METHODS

This appendix describes the parameter fitting methods used in this thesis.

Ordinary Least Squares (OLS)
Themost commonly used parameter fittingmethod is simple linear regression [117].
The simple linear regression model for the spring constant of a force-indentation
data set is

�8 = 0 + :Δ8 + 48 (A.1)

where 0 and : are the regression coefficients, �8 is the variable which represents
the incremental contact force, Δ8 is the variable which represents the incremental
indentation depth, and 48 is a random statistical error. To solve for the regression
coefficients using an ordinary least squares (OLS) method, we must assume that
the errors 48 are independent (we are not, for example, accumulating errors in the
measurement with each indentation depth increment), the expected value of the
errors at any given incremental indentation depth Δ8 is zero (E[48 | Δ8] = 0), and
the variance of the errors is homoscedastic (V[48 | Δ8] = f2). OLS is the standard
regression method, and the resulting regression coefficients are those that minimize
the residual sum of squares (RSS)

'(( =

=∑
8=1

4̂2
8 =

=∑
8=1
(�8 − 0 − :Δ8)2 → minimize, (A.2)

where 4̂8 is the residual, and �8 and Δ8 now represent incremental measurements
from experimental indentations. The residual 4̂8 can be viewed as a realization of
48, and it can be used to check the model assumptions.

Maximum Likelihood Estimate (MLE)
Asmallmodification ofOLS assumptions leads to another common parameter fitting
method: the maximum likelihood estimate (MLE) [117]. The general assumptions
of independent errors (48), E[48 | Δ8] = 0, and V[48 | Δ8] = f2 can be combined into
a more specific assumption that the errors are normally distributed

48 | Δ8 ∼ N(0, f2). (A.3)
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Then, the distribution of the measured indentation force is also normally distributed,

�8 | Δ8 ∼ N(0 + :Δ8, f2). (A.4)

The likelihood function is the joint probability of observing our collected force-
indentation depth data given regression parameters 0 and 1 and the variance f2,

L((�8,Δ8) |0, :, f2) =
=∏
8=1

1
√

2cf
exp

[
− (�8 − 0 − :Δ8)

2

2f2

]
. (A.5)

The product can be translated to a summation in the exponential

L((�8,Δ8) |0, :, f2) =
(

1
√

2cf

)− =
2

exp

[
−
∑=
8=1 (�8 − 0 − :Δ8)

2

2f2

]
. (A.6)

The summation in the exponential is exactly the residual sum of squares (RSS)
presented in Equation A.2. To maximize the likelihood L((�8,Δ8) |0, :, f2) with
respect to the regression parameters, we must again minimize the residual sum
of squares. Therefore, the most likely estimates of 0 and : are also the regres-
sion parameters that minimize the residual sum of squares. For comparison with
the maximum a posteriori (MAP) estimate in the next section, we can write this
optimization as

\MLE = argmax
\
L((�8,Δ8) |0, :, f2), (A.7)

where \ represents the regression parameters and the subscript MLE is used to
denote the maximum likelihood estimate for the regression parameters.

Maximum a Posteriori (MAP) Estimate
The only difference between the MLE and the MAP is the inclusion of the prior
distribution in the MAP [90, 91]. Recall Bayes’ theorem

F (\ |H) = L(H | \)%(\)
5 (H) (A.8)

which we can rewrite for the problem of fitting force-indentation data to a line, as
we have been discussing so far,

F (0, :, f2 | (�8,Δ8)) =
L((�8,Δ8) |0, :, f2)%(0, :, f2)

5 (�8,Δ8)
, (A.9)

where 5 (�8,Δ8) is a normalization constant called the evidence. This term can
be ignored strictly for the purposes of parameter optimization. So the posterior is
proportional to the likelihood multiplied by the prior,

F (0, :, f2 | (�8,Δ8)) ∝ L((�8,Δ8) |0, :, f2)%(0, :, f2). (A.10)
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If we replace the likelihood from the MLE optimization in Equation A.7 with the
posterior, we get

\MAP = argmax
\
L((�8,Δ8) |0, 1, f2)%(0, 1, f2). (A.11)

Maximizing the posterior is equivalent to maximizing the logarithm of the posterior,
so we can rewrite the above equation as

\MAP = argmax
\
L((�8,Δ8) |0, 1, f2)%(0, 1, f2)

= argmax
\

logL((�8,Δ8) |0, 1, f2) + log %(0, 1, f2).

So, the only difference between the MLE and MAP optimizations is the inclusion
of the prior information. In other words, the optimization function for the MAP is
the likelihood weighted by the prior.
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