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Abstract

Plant development is a complex multiscale process out of thermodynamic
equilibrium. While sophisticated mathematical models of this process ex-
ist, there are only a few studies which provide experimental evidence. At
the cellular level, unidirectional plant growth can be described by the vis-
coelastic Maxwell (MW) model. At the subcellular level more complicated
thermodynamic models exist for which experimental proof is missing, due
to the lack of suitable experimental methods. Modern approaches in mul-
tifrequency AFM enable high resolution viscoelastic mapping for cells and
polymers. However, these methods are based on the viscoelastic Kelvin-
Voigt model and, therefore, the viscoelastic properties cannot be asso-
ciated with plant growth. I provide a link between the generalised MW
model and the AFM cantilever observables. Then I show that the primary
plant cell wall (CW) behaves, at the subcellular level, like a standard lin-
ear solid (SLS). I further use the description of the CW as a SLS and the
spatial information of the dynamic modulus to determine the character-
istic quantities k., ky, 1, and 7 of the SLS with spatial resolution. The
application of two eigenmodes suggests that it is possible to extend the
approach from the SLS description to reconstruct the relaxation modulus
of polymer networks. This is demonstrated by the stiffness k; and relax-
ation time 7, which are increased and decreased, respectively, compared to
the first eigenmode. Finally, using the example of whole living seedlings of
the plant Arabidopsis thaliana, 1 use this theoretical framework to demon-
strate, that the viscoelastic properties at a subcellular level can be linked
to thermodynamic models of plant growth. I show that these can be de-
rived using the Onsager principle I develop a non-equilibrium approach to
describe the time evolution of thermodynamic systems. Moreover, phar-
macological and genetic manipulation of young seedlings indicates that
these viscoelastic measurements can be used as an analytical tool to char-

acterise CW deficiencies.
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Chapter 1

Introduction

Adaptation to environmental processes, is one of the characteristics of life. Funda-
mental for this mechanism are dynamic processes that occur during development,
especially growth and shape remodelling, which play a crucial role for optimising
adaptation (Thompson, 1917; Hamant, 2017). Thompson (1917) pointed out that
the phenomenon of growth is essentially a physical problem. He combined many
ideas of early natural philosophers, suggesting that simple mathematical transforma-
tions are determined by the mechanical properties of the biological structures and the
force field in which they evolve. Although this can be used to describe shape develop-
ment, Thompson could not elaborate on the molecular complexity of the mechanical
description underpinning this procedure. It is important to note that at the time
he wrote the book modern polymer physics, a thermodynamic theory, did not exist.
Nowadays, polymer physics is mostly used in biology for the description of protein
folding (Bryngelson et al., 1995; Plotkin and Onuchic, 2002; Woodside et al., 2006),
and of certain aspects of collagen mechanics and cytoskeletal activity in mammalian
cells (MacKintosh et al., 1995; Discher et al., 2005; Gardel et al., 2004; Guo et al.,
2012). Although these approaches are mostly descriptions at the limit of equilibrium

thermodynamics, they give insights into the molecular mechanisms of complex me-



chanical behaviours of cells. Even more exciting are the application of approaches
from non-equilibrium thermodynamics to biological signalling (Heimburg, 1998; He-
imburg and Jackson, 2005; Heimburg, 2007) and bacterial reproduction (Kachman
et al., 2017; Horowitz and England, 2017; England, 2013). These examples clearly
show that modern physics can contribute to a more profound understanding of bi-
ology. And indeed that biology could also teach us new physics (Schrodinger, 1944;
Delbriick, 1949).

The most common scheme for shape adaptation in nature is the cell wall (CW),
present not only in plants but also in bacteria, algae, fungi, and archea. One of the
most complex CWs is the primary plant CW. This is the wall which enables the plant
to grow, in contrast to the secondary plant CW, which provides permanent stability
and protection after the cessation of growth (Cosgrove and Jarvis, 2012).

The aim of the thesis is to determine, for the first time, viscoelastic properties of
plant growth at a subcellular level with nanoscale resolution. Moreover, I attempt
to integrate thermodynamics and polymer physics approaches to create a link be-
tween the mechanical properties, which will be obtained from dynamic atomic force
microscopy (AFM) experiments, and plant development.

In this chapter I will introduce first, the biochemical composition of the primary
CW. This will be followed by the relevant mathematical and experimental, mechan-
ical, concepts and methods, which are necessary to understand the current scientific
picture and the work in this thesis. Finally, I will present some mathematical de-
scriptions of plant cell growth and I will review the most relevant experiments and

techniques which give us the knowledge about plant CW mechanics.
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Figure 1.1: Structure of a 5-1,4-glucose linked glucan chain.
1.1 The Primary Plant Cell Wall

The plant CW is a complex composite polymeric material made principally from
several very distinct polysaccharides. In this work we are only interested in plant
growth so I will only focus on the growing, primary, plant CW. In this section I shall
cover the molecular structure of the different polymers contributing to the architecture
and then I introduce different architectural hypotheses of the plant CW. Finally, I
will discuss the implications of the different models and how they could be used to

explain the mechanics.

1.1.1 Cell Wall Components: The Molecular Structure

The plant CW is a composite material made from three groups of polysaccharides,
namely cellulose, hemicelluloses (HCs), and pectic polysaccharides or pectins (see
fig. 1.3b) and a few structural proteins (Cosgrove, 2005). The polysaccharides make
the major contribution to the mechanical properties (Wang et al., 2012), therefore,
proteins are usually not considered in models of CWs with respect to mechanical
behaviour. The polysaccharide components have very different polymeric structures,
causing diverse mechanical properties, such as resistance against shear and loading

forces caused by biotic or abiotic stresses.

Cellulose is a glucan made from [-14-glucose (see Figure 1.1). It allows the

molecules to form crystalline cellulose microfibrils (CMFs) made from 18 to 36 glucan



chains (Ding et al., 2014; Thomas et al., 2013; Newman et al., 2013), however, the
exact number of chains is not known. Its crystallinity requires that it is synthesised
directly at the plasma membrane (PM), this is done by three types of cellulose syn-
thase (CESA) subunits (CESA1, CESA3, CESAG6), which form a hexameric rosette
complex. Each CESA subunit synthesises a glucose chain which associate to form
a CMF with a hexagonal shape of 3nm-5nm. The CMFs can have two crystalline
structures, la and 15 allomorphs, which correspond to a triclinic and monoclinic Bra-
vais lettice, respectively (Poletto et al., 2013; Wang et al., 2016). The anisotropy in
the crystal structure causes different mechanical properties in different directions (see
section 1.3). The mechanical properties can be compromised by crystal defects, which
are introduced by -1,3 linked glucoses and by entrapped HCs (Cosgrove, 2005), but
it is not clear if this is harnessed by the plant to modify the mechanical properties
of cellulose. Moreover, the dense crystalline structure gives enzymes almost no space
to act on them, which makes them very robust to enzymatic degradation (Cosgrove,
2005). Furthermore, the beam-like structure of the CMFs provides anisotropy to
the CW and has a major contribution to stability, growth direction, and cell shape
(Gendreau et al., 1997; Derbyshire et al., 2007). Its specific structure is crucial for
cross-links in the network between HCs and pectins. Hydrophobic surfaces provide
space for cross-links with the HCs, whereas hydrophilic areas interact with the pectins

(Ding et al., 2014).

Hemicelluloses are polymer chains with a (-1,4-glucose backbone, like cellulose,
but they are not crystalline owing to the presence of side-chains (Scheller and Ulvskov,
2010). Unlike cellulose they are synthesised in the Golgi and then delivered to the PM
where they can be integrated into the existing network. Their binding properties arise
from their side-chains, such as the xylosyl residues in Xyloglucan (XG), which is the

most abundant HC in primary CWs of dicots (Scheller and Ulvskov, 2010; Pauly et al.,



2013) and it seems to play a crucial role in CW expansion (Cosgrove, 2005). Therefore,
most models of primary plant CWs assume XG is the most important HC in those
walls. Moreover, for physical models, properties such as the cross-linking between
different polymeric structures is more important than the exact chemical composition,
even though the precise structure determines the kind and strength of the cross-links.
HCs appear to be non-covalently cross-linked to cellulose. Additionally, it was thought
for a long time that the CMF-XG network was separate from the pectic network
(Pauly et al., 2013; Cosgrove, 2014) but recent results suggest chemical bonds between
all three components (Wang et al., 2015; Wang and Hong, 2016). Furthermore, XG
was considered to control the stress relaxation in growing plant CWs, because it
was found that HCs in CMF networks gain flexibility (Chanliaud et al., 2002) and
expansins act on them (Cosgrove, 2005). However, mutants with no XG (Cavalier
et al., 2008) showed no significantly altered phenotype, and recent insights into the
distribution of pectin, a high percentage of which bind to CMFs, have shown that
models of distinct polymer networks in the CW are not an appropriate description
(Wang et al., 2012). Nevertheless, XG plays a significant role in stress relaxation
and in cell growth and might create biomechanical ‘hot-spots’ (Park and Cosgrove,
2012a; Cosgrove, 2014) between CMFs. Cosgrove defines biomechanical ‘hot-spots’

as cross-links between CMF's.

Pectin is a polymer gel made from highly branched pectic polysaccharides, one of
the most complex biopolymers. It provides mechanical compliance and porosity to
the plant CW. While it is clear that the compliance is relevant for growth, the contri-
bution to the porosity remains unknown. Their synthesis also happens in the Golgi
and, like the HCs, they are transported to the PM from where they can diffuse into
the CW before they are integrated into the existing polymer network. Pectins bind
both to the CMFs, covering them from about 25 %-50 % (Wang et al., 2012), and to
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Figure 1.2: Structure of homoglacturonan building salt bridges with ionic calcium.



the HCs (Pauly et al., 2013; Popper and Fry, 2008). The most abundant pectins in
primary CWs are homogalacturonan (HG), rhamnogalacturonan (RG) I and II. HG
contributes about 65 % to the pectic network in primary CWs and is made only from
the a-1,4 GalA backbone. It builds salt bridges with ionic calcium between esteri-
fied residues (Atmodjo et al., 2013) (see Figure 1.2). The latter mechanism is used
to control the stiffness of the gel, which was investigated by Peaucelle et al. (2011,
2012, 2015) and Braybrook et al. (2012). RG T contributes about 20 %-35% to the
pectic network and has a disaccharide backbone made from galacturonic acid (GalA)
and rhamnose (Rha) [4)-a-D-GalA-(1,2)-a-L-Rha-~(1,],,. The least abundant RG II
(about 10 %) links by borate ester dimers to HG and seems to be vital for plants
(Atmodjo et al., 2013). These three different structures link covalently to each other
via their backbones, but it is not known how the pectin network is built from this

(Atmodjo et al., 2013).

It is known that diverse molecular mechanisms exist to overcome different kinds of
stresses, pectin for example provides stability, flexibility and porosity to the plant CW.
Furthermore, the matrix polysaccharides are well known to have crucial tasks in stress
relaxation (Cosgrove, 1997), but it is not clear how these mechanisms exactly act.
Investigations of artificial CWs showed that both pectins and xyloglucan are crucial
for stiffness and extensibility of these networks (Chanliaud et al., 2002). While the
CMF's mainly contribute to the elastic behaviour of CWs, the matrix polysaccharides
are responsible for the viscoelastic behaviour (Cosgrove, 2014). More recently it was
found, that hydrated CWs show not only viscoelastic, but also poroelastic behaviour

(Lopez-Sanchez et al., 2014).
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Figure 1.3: Models of CW architectures. (a), shows the tethered network model, where
cellulose is cross-linked exclusively by hemicelluloses. This network is embed into the pectin
gel (not shown) which binds to both cellulose and HC. (b), shows the mechanical hot-spot
model where cellulose binds closely to each other by HCs, however, direct cross-links cannot
be excluded. Furthermore, the whole network is embedded into a pectin network which does
cross-link to both cellulose and HCs.

1.1.2 Cell Wall Architectures

Above we have seen that the CW components can bind in different ways to each
other, which will influence the specific architecture of the wall and consequently the
mechanical behaviour of the CW. The complexity of the CW makes it very difficult
to discover the exact structure of the primary plant CW. Moreover, it is very likely
that different cell types display different structural arrangements. Here 1 will discuss
the structure of the most likely arrangements, which are the tethered network model

and the mechanical hot-spot hypothesis.

1.1.2.1 The Tethered Network Model

Although the tethered network model seems to be outdated, it is important to cover
it because most of the existing thermodynamic models of plant growth were designed
using this type of wall architecture and those models should not to be rejected en-
tirely, because they might still explain fundamental mechanical relations between
wall architecture and its expansion. The tethered network model assumes that there
are no direct cross-links between the CMF's, but instead they are cross-linked by HCs

(fig. 1.3a), which also bind to the pectins. These connections can be realised in several



ways (Cosgrove, 2005)

(i) Hemicelluloses bind spontaneously to the surface of cellulose by hydrogen bonds.

(ii) Hemicelluloses become entrapped during CMF formation. The free ends can

bind to pectins or to the surface of a CMF.

(iii) Hemicelluloses are coating CMF's and the free ends bind to other matrix polysac-

charides with no direct link to other CMF's.
(iv) XGs link covalently to pectins and this macromolecule adheres to the CMFs.

(v) Hemicelluloses bind cellulose by cross-links made by ferulic acid esters, which

can also bind to other hemicelluloses or to pectins.

1.1.2.2 The Mechanical Hotspot Hypothesis

The tethered network model was most popular until about five years ago. At this time
it was thought that no direct cellulose cross-links and no covalent bonds between HCs
and CMFs existed. Recent solid state nuclear magnetic resonance (SSNMR) studies,
however, showed that the links between pectins and HCs and between CMF's are much
closer than previously expected (Dick-Pérez et al., 2011; Dick-Perez et al., 2012; Wang
and Hong, 2016; Wang et al., 2015). Moreover, molecular dynamic (MD) simulations
and in vitro experiments showed that XGs bind very closely to CMFs (Zhao et al.,
2014; Villares et al., 2015). Additionally, recent structural AFM studies showed that
CMFss are locally very close to each other and form mechanical ‘hot-spots’ (fig. 1.3b),
hence the name and the revision of the model (Park and Cosgrove, 2012a; Zhang et al.,
2014a, 2016; Ding and Himmel, 2006; Ding et al., 2014). Therefore, in the mechanical
hot-spot model the CMF's are highly coated by HCs and thus form mechanical hot-
spots. Moreover, the pectins bind to the CMF's as well as to the pectins. This leads

to a huge structural variety and probably to more fine tuned growth control.
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Figure 1.4: Plant CW in the cellular context of adjacent cells after cell division. The
different angles of the CMFs indicate the different orientations of the fibres in the different
lamellae. The wall structure is from the side view, in contrast to the top view of one lamella
in fig. 1.3b.

1.1.2.3 Cell Walls in a Cellular Context

It is important to realize that both of the models above only describe how lamellae of
CMFs are formed and they provide possible mechanisms for stress relaxation in the
CW. More generally, in a cellular context (fig. 1.4) the CW consists of at least three
lamellae of cellulose (for epidermal cells are expected to have about 100 lamellae
of about 40nm thickness (Zhang et al., 2016)), which can be described with the
appropriate model from above. While pectins can be found throughout the walls it
is not clear how exactly cellular force microscopys (CFMs) and XGs are distributed.
Furthermore, it is also unknown whether adjacent lamellae have XG or direct cross-
links or whether these are only formed by pectins. Finally, it should be mentioned
that aerial organs, such as the shoot or leaves, are covered by a thin wax layer, the

cuticle, which prevents water evaporation.

1.2 What are Mechanical Properties?

The mechanics of plant development is an extremely interdisciplinary field with contri-

butions from biology, chemistry, engineering, mathematics, and physics. This variety
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Figure 1.5: Elastic deformation. (a) shows a deformation under normal stress o = F/A,
which is related to the strain ¢ by Young’s modulus £ as ¢ = Fe. (b) shows a deformation
under shear stress o = F/A, which is related to the shear strain v by the shear modulus

G as o =Gy.

of contributing subjects means that terms which are used to describe CW expansion,
can differ slightly in their meaning. In this section I introduce terms, such as vis-
coelasticity, and mathematical models, e.g. the Kelvin-Voigt (KV) or Maxwell (MW)
model, from continuum mechanics, which are commonly used in the mathematical
description of plant growth. To avoid complicated tensor notation, the mechanical
deformations will be considered in only one dimension. In the following section I will

outline the molecular origin of elasticity for crystals and polymers.

1.2.1 Elasticity, Viscosity, and Viscoelasticity

The most basic descriptions of mechanical properties are linear elasticity, already
introduced by Robert Hooke in 1660 (Hooke, 1678), and linear viscosity (Newtonian
fluids). In the first case the force F' is proportional to the displacement Az = = — x,
ie. F = kAz and the proportionality constant k is called spring constant. z is
the dimension of extension and x( is the offset in the case the spring is extended
(x < 0) and if the spring is compressed (x > 0). In the second case the force is
proportional to the velocity & = i—f = v, i.e. F'=nz and the proportionality constant

71 is called viscosity. While the spring constant is a quantity which describes the

energy which can be recovered from the system, the viscosity describes the energy
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which is dissipated by the system. This can be applied directly to materials, where
we have slightly different terms. Instead of a force we use the normal stress o = F/A,
which is force per contact area A and we obtain ¢ = Fe with the proportionality
constant F being Young’s or the elastic modulus and ¢ = Az /z( being the resultant
strain, which is the relative deformation of the material (fig. 1.5a). In this case zg is
the initial dimension of the body and Ax = x — x(, where = is the dimension after
deformation. For an infinitesimal deformation this changes to ¢ = dz/x = dlnz,

which is called the true or logarithmic strain. The same principle applies for the

shear stress oy = G7, with the shear strain v = Ay/z and the shear modulus
G = E/2(1 + v) (fig. 1.5b), with Poisson’s ratio v = —giz. The Poisson’s ratio

describes how the material compensates for the deformation in one direction by a
deformational response in another direction. For the viscosity we obtain o = ne.t It
might seem strange to introduce a quantity from fluid mechanics (viscosity) to plant
growth but the importance of this is that polymeric materials display a combination
of both elastic and viscose behaviour, called viscoelasticity. Viscoelastic responses
depend on the timescale on which the system is observed. In general, the shorter the
timescale the more elastic and the longer the timescale the more viscose behaviour
can be observed. This implies that polymers store and dissipate energy. The storage
of energy means that it remains in the system and can be recovered by releasing the
stress, while energy dissipation means that the energy is converted into heat.

The simplest viscoelastic models one could imagine are a combination of an elastic
element (a spring) and a viscose element (a dashpot) either in parallel, which is called
the Kelvin-Voigt model, or in series, the Maxwell model (figs. 1.6a and 1.6b). The
Kelvin-Voigt model can be described by the following partial differential equation
(PDE)

'Notice that n has now units of Pa x s instead of N x s
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Figure 1.6: Viscoelastic models can be represented by combinations of springs and dash-
pots, which represent elasticity and viscosity, respectively. A spring and a dashpot in parallel
represent the KV model (a), which represent the damped harmonic oscillator. A spring and
a dashpot in series describe the MW model (b), model that describes a viscoelastic fluid.
The simplest viscoelastic solid, which describes the time-scale behaviour correctly is given
by a spring parallel to the MW model (c).
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The PDE for the Maxwell model is:

88 o agdashpot agspring - z 130—

%= ot o0 o kot

(1.2)

The simplest experiments to obtain information about material properties are the
deformation with a constant stress oy, which is called a creep experiment, and the
application of a constant strain ¢y, which is called a stress relaxation experiment. For

a creep experiment eq. (1.1) leads to the following solution for the KV model

=) = 72 (1 - e_?> , (1.3)

e(t) = 2. (1.4)

Creep experiments provide the relaxation function of a material. These solutions
show two important characteristics about these two models. On the one hand, from
eq. (1.3) the first problem of the KV model appears, which is that at short times, or
equivalent long relaxation timescales, the KV material lacks the instantaneous elastic
deformation. On the other hand, from eq. (1.4) it is immediately visible that a MW

material displays the behaviour of a fluid and keeps on deforming forever. This is also
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obvious if one looks at the schematic of a Maxwell material as in fig. 1.6b that after
the instantaneous deformation the only responding part of the model is the dashpot,
which describes linear viscosity, i.e. a fluid.

For a stress-relaxation experiment we obtain for the KV model from eq. (1.1)

O'(t) = EE().

This is another non-physical behaviour of the KV model, because at any constant
strain the system just stays with the force of the spring. The problem is that the
dahspot and the spring are parallel. It takes some additional force (F = né) for the
extension, but after that, only the force of the spring has to be held. The MW model

leads to (with eq. (1.2))

o(t) = ope 3

This exponential decay of the applied force has relevance for plant growth as we
will see later.

The third possibility to obtain information about material properties is through
an oscillatory deformation of the sample. For an oscillatory strain (¢, w) = Ae™! we

obtain for the Kelvin-Voigt model

o(t) = (E +iwn) Ae™" = E* Ae™"' = E*e(t).

E* is called the complex modulus and
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Re{E*} =FE' =E Im{E*} = E" =wn (1.5)

are the storage (E’) and loss (£”) moduli, respectively. Re and Im mean that the
real and imaginary part of a complex number is taken. The same approach for the

MW model leads to

W —dwr L dwT —1 _t
o(t) = 1+ w?7? 1+ w?r? Ake (1.6)
. wr —1 t
= E*e(t) + ] w27_2€(0)E6 . (1.7)

And thus we obtain the Debye relations for the storage and the loss modulus

2.2
y w T 1 wT

F=B—"_ E'=E—__ (1.8)

1+ w?r? 14+ w272’

Comparing egs. (1.5) and (1.8) two important facts can be observed. First, the
frequency dependency in the KV model comes only from the loss modulus. This makes
sense, because as we have seen before E does not contribute to the time dependency
of o(t). Second, for the MW model both E” and E” are frequency dependent and E”

has a resonance at

Wy =

S |

This resonance is characteristic of the material’s properties and gives a significant,

i.e. characteristic, timescale for the material relaxation (cf. eq. (1.7)).
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For more complex materials one can combine the springs and dashpots arbitrarily
to design the appropriate behaviour. The simplest realistic solid polymer material is
described in this way by the so called standard-linear solid (SLS) where a spring E.,
is in parallel to a Maxwell module with a spring E), and viscosity 1. This material has
the advantage that it neither exhibits the artefacts of the KV model, i.e. instantaneous
deformation can take place, nor does it show the artefact of the MW material, i.e. it
is not a fluid. Moreover, the SLS gives the MW model in the limit of £, — 0 and

the KV model for E,, — oco. The storage and loss modulus are then given by

2.2

w T wT

E”:E

/_
B = EOO+EMl+w27'2 Y1 4 w22

(1.9)

The resonance of this material is the same as for the Maxwell model.

At this point I will not cover the mathematical description of the more complicated
viscoelastic materials (this will be done in chapter 4), but it should be mentioned that
the most general model for linear viscoelastic materials is the generalised MW model,
which consists of an array of MW elements. Such a material can be realised as liquid
(fig. 1.6d) or as solid (fig. 1.6e). For plastic deformation, it is always necessary that
the material displays fluid-like behaviour at a certain timescale and stress. Such a
behaviour is called viscoplastic. This is relevant for plant growth. However, this does

not exclude that viscoelastic responses occur at other timescales.

1.3 Multiscale — Continuum Mechanics Versus
Molecular Mechanisms

The behaviour of an object depends on the spatial and temporal scales at which it is

observed. For many applications we are interested in the behaviour of macroscopic
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quantities, such as cellular or organ growth in the plant context or in spring elongation
or the deformation of a crystal in the material context. However, to understand the
mechanism behind a macroscopic observation we need a description at a smaller level.
In the case of a spring it could be the level of the coils and the diameter of the spring
and the material the spring is made of; for the behaviour of the material one has
to go down to the atomic level. The same is true for the deformation of crystals,
where one can describe the linear elasticity with a mechanism at the atomic scale.
To make this a little bit clearer we have a closer look at both examples I have given
above. Both the spring and the crystal display linear elasticity for sufficiently small
deformation (section 1.2). From this behaviour we only know that the deformation
of the material is linear with an applied force but the equations do not explain any
mechanism behind this phenomenon. In the case of the crystal it is fairly easy to show
an atomic mechanism which explains the phenomenon observed on the macroscopic
scale.

The periodicity of a crystal makes this relatively simple. The energy of a crys-
tal is given by a combination of attractive potentials U, = —ACe?/r and repulsive

potentials U, = B/r™ thus we have

ACe*> B

r rn’
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Now for a point force 0 = F = - and with the true strain de = f—g we obtain the

Young’s modulus

g do  _14df
del. o 70 dr =70
and we obtain
o 2
p- nZDACE (1.10)
T

(Keating, 1966; Roylance, 2000). As the example shows, the microscopic be-
haviour scales differently from the macroscopic behaviour (¢ = Fe for the macro-
scopic level), and depends strongly on the interaction, i.e. the equilibrium distance ry.
More importantly, the derivation from interatomic forces provides an understanding
of the mechanism behind the relation between deformation and material properties,
for small deformations. The appearance of the interatomic distance rq in eq. (1.10)
also explains immediately why materials exhibit different mechanical properties. For
example the CMF's occur as triclinic and monoclinic crystal structures, which both
have different lattice constants in all three dimensions. Although the principle of
multiscale behaviour is now clear, a closer look at the behaviour of the ideal spring
shows the scaling behaviour at a mesoscale. The spring constant contains the whole

information about the spring, i.e. Mischke and Shigley (2001)

b Gd*
~ 8n(D —d)3

with the wire diameter d, the coil diameter D, and the number of active coils
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n, and the shear modulus G = E/(2(1+ v)). This already shows the underlying
mechanism, namely that the spring behaviour is determined by its structure on a
mesoscale, i.e. the wire and the coils, and the structure at the microscale given by
the material elasticity £ and deformational anisotropy (Poisson’s ratio) v.

For more complex materials like polymers this simplistic approach is not possible
anymore and one has to go via a thermodynamic approach, which means averaging
over a number of conditions. As statistical physics or thermodynamics has shown
before, averaging over many microstates can lead to a description of macroscopic
quantities and it can also give an understanding of the microscopic mechanism behind
a process. For example temperature (of an ideal gas) is the average kinetic energy
3kpT/2 = (mv?) /2 = (Eyn) and this shows that temperature is the mere jiggling of
particles (Feynman, 1965).

This can also be applied to the mechanics of polymers. The work of the deforma-

tion of a polymeric material is given by

dW = FdL =dU —TdS

and thus the force to deform the material is given by

oW U _9S

F=%r =3 'ar

For a perfect rubber (small deformations of the polymer and spatially fixed cross-
links) the change in internal energy U is negligible and the force is purely determined
by the temperature 7" and the entropy S. For an ideal polymer (long chain and no
self-avoidance) the end-to-end distance of the polymer chain displays a probabilistic

behaviour which shows a Gaussian distribution. It can be shown that in such a
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scenario the stress for an incompressible rubber consisting from n strands per unit
volume and relative extension in x-direction is given by (Rubinstein and Colby, 2003,

chapter 7)

o =nkgT ()\ — %) . (1.11)

A = x/x is the relative elongation of the rubber. The relation between strain and

relative elongation is given as A = € + 1. The shear modulus of such a rubber is given
by Grupber = nkpT'

For a more realistic polymer the cross-links are not fixed in space and therefore,

the resulting elasticity decreases. Such a material can be described by the phantom

network model and its shear modulus is (Rubinstein and Colby, 2003, chapter 7)

Gph = nkBT(f - 2)/f = Grubber(f - 2)/f (112)

where f is the coordination number of a cross-link, i.e. how many chains are
connected by a cross-link.

This description can be further refined for polymer gels and topological entan-
glements of the polymer network. Because the detailed theory of those models is
not required in this thesis it will not be explained here. Nevertheless, it should be
mentioned that, although entanglement affects the pure elasticity, the main effect
will be at modulating dynamic processes. This should be kept in mind, because the
main experimental method of this thesis will be dynamic AFM methods, but it is not
known how far topological knots play a role in plant CW architecture.

This brief overview demonstrates how macroscopic (continuous) behaviour can be

derived from microscopic discrete quantities (e.g. ions or monomers). From both
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deterministic and probability descriptions, we can learn something about the under-
lying mechanisms behind the phenomena. This is very useful because, although one
can use macroscopic quantities for a description or modelling on the scale of plant
development, by using the physics of thermodynamics it is possible to understand
their behaviour from first or hierarchical principles. The hierarchical phenomena
were demonstrated with the examples of spring and rubber elasticity, which show
that we can understand behaviour on a mesoscale and can see how this leads to the
macroscopic behaviour. But those derivations do not only show how one can un-
derstand those phenomena, they also demonstrate which approximations have been
done and, consequently, it is possible to understand in which regimes these approx-
imations are valid. In terms of understanding plant development, the mesoscale is
the cellular level, which must be understood as well as the subcellular level, to ex-
plain organ growth. In this thesis, however, the main focus will be on investigating
how the molecular architecture at the nm scale influences the continuum mechanical

properties at a subcellular level.

1.4 Plant Growth

Plant growth is a highly complex phenomenon, which happens on several length- and
timescales. In this section I will introduce the biophysical and biochemical processes
occurring during wall expansion and then I will introduce three mathematical models
of plant growth.

The most general definition of growth is the irreversible increase of mass over time.
Typical quantities of interest in plant growth are biomass, height, or more generally
volume. Those are parameters which are sufficient for a macroscopic description of
growth but, for a microscopic one more detailed information is necessary. For our

purposes the local CW density p(x,y, z) and the total CW volume V' are interesting,
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thus one could obtain the total biomass M by

M = /p(x,y, z)dV.
v

Notice that V' can be any CW volume of interest, e.g. the CW volume of the whole
plant, an organ, a single cell, or even of a section of the wall. The advantage of such
a definition is that one can distinguish between either biomass or sole volume growth
and the integral gives the total biomass. The reason why this is important is because
we can only measure the mechanical properties of growth if we have an idea of which
properties, that influence growth, contribute to the mechanical properties. These
can be factors like the material density p(z,y, z), the pH(z,y, 2), or the cross-linking
density x(zx,y, z), in other words, E' = E(p,pH, x,...) where we can obviously only
consider any growth factors that influence viscoelasticity.

As an example lets consider a cylindrical cell of thickness d with uniform density
p(x,y,z) = po. The volume is then given by the length [ and the inner and outer

radius R; and R,, respectively, with d = R, — R;:

V =2r (I (R2— R}) + 2R2d)

=21d (1 (2R; + d) + 2 (R; + d)*) .

The mass M is then simply given by M = Vp,
In plant development, however, the volume growth of the cell is the interesting
parameter, which can be described in general by a simple linear differential equation

(Lockhart, 1971)
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— =9V
dt ’
or for unidirectional growth
dl
— =7
dt ’

with the CW extensibility ®*. This definition will be the most useful one for this
thesis. Therefore, we define plant growth for the purposes of this thesis in terms of

cellular growth:

‘Cellular growth s the irreversible change of cell volume over time.’

1.4.1 Growth Factors

The ability of a plant to grow will depend on the environmental conditions. Lockhart
(1965b) defined as ‘growth factor’ any physical conditions or chemical components
which have a direct influence on plant growth. Lockhart distinguishes between exter-
nal and internal growth factors. External growth factors are substances which have
to be provided by the environment, such as water and radiation but also nutrients.
Water is important to maintain the internal turgor pressure, the driving force of
growth, but also to keep the transport and the chemical reactions in the plant alive.
Radiation is crucial for photosynthesis to guarantee the energy supply of the plant.
And nutrients are important to produce internal growth factors, which are the ones
which can be synthesised by the organism itself. For example the synthesis of the

CW polysaccharides but also the growth hormone auxin, and the protein a-expansin
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and enzymes, such as the family of the xyloglucan endotransglucosylase/hydrolase
(XTH), and cellulases (endo-(1,4)-3-D-glucanases). Auxin influences plant growth on
all scales, from the cellular level to the whole plant. It induces downstream pathways,
which I will not introduce here, that promote growth and with this it influences cy-
tokinesis, morphogensis and new organ initiation. Expansins are wall loosening agents
which are active during acidic growth. They act on the hydrogen bonds between XGs
and cellulose and in this way a less cross-linked network is created which has the
ability to extent plastically. Xyloglucan endotransglucosylase (XET), a member of
the XTH family are CW remodelling enzymes which are involved in wall loosening,
strengthening and the incorporation of newly synthesised XGs into the CW (Cos-
grove, 2005). The cutting and reintegration of XGs might be crucial to prevent a
formation of knots during the extension of the wall. Cellulases also act on XGs and
it is proposed that they release XGs entrapped in CMFs (Ohmiya et al., 2000). Un-
like XGs, they show only wall loosening properties and improve the extensibility of

treated walls.

1.4.2 Cell Growth: A Conceptual Description

With the knowledge about the network-forming properties of CW polysaccharides
and the growth factors, we can consider the conceptual mechanism of plant growth
and CW extension. The mathematical models of this phenomenon will be considered
after this phenomenological description.

The driving force of plant growth is the internal turgor pressure which is a hydro-
static pressure and therefore isotropic throughout a cell (Hamant et al., 2010). This
induces a mechanical stress, which relaxes with time and spreads the CW polysac-
charides. This gives space to incorporate newly synthesised material, which has to
be produced at least at a sufficient pace so that the CW does not become thinner,

because that would lead eventually to the rupture of the wall. The stress relaxation
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Figure 1.7: Cellular growth. The isotropy of the turgor pressure P; requires CW anisotropy
to enable unidirectional growth. In this case the CMFs (blue lines) are wound around the
cell and therefore inhibit radial extension and promote axial growth (left cell). On the other
hand, more isotropically oriented CMF's allow the same amount of growth in all directions
(right cell).

happens through the breakage of cross-links, e.g by expansins. The connections have
a certain life-time that decreases with increasing wall stress. To control this pro-
cess of removing cross-links, plants use internal growth factors to modify the CW
architecture.

At a cellular level the isotropy of the turgor pressure implies that the growth
directionality of a cell can only be influenced by the overall mechanical isotropy of
the wall. Therefore, a structural anisotropy of the wall leads to more unidirectional
growth perpendicular to the alignment of the CMFs, while an isotropic wall gives
the cell an isotropic shape (fig. 1.7) (Hamant et al., 2010). The alignment of the
CMF's happens with the guidance of the cortical microtubules (MTs) which guide
the CESA complexes during the synthesis of cellulose. For unidirectional growth the
CMFs are winded around the cell and in this way radial extension is inhibited and
axial growth promoted. During unidirectional growth the CMFs are aligned towards
growth direction and consequently the older layers of CMFs have a different, more
axial, orientation than the newly deposited CMFs. The concept of anisotropic wall
properties for anisotropic growth works also with more complex cellular structures,

such as the pavement cells in leaves, where the CMFs are denser at positions with

high internal stress Sampathkumar et al. (2014). While the arrangement of the CMFs
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is a long term investment, biochemical alterations can promote or inhibit growth on
the short term but also over longer timescales.

It should be noted that, in a tissue, cells are restricted to their position, i.e. they
cannot migrate. This implies that for an appropriate stress relaxation between neigh-
bouring cells local a modification of the wall properties is necessary. Furthermore,
there is evidence from finite element modelling (FEM) simulations that the epidermal
cells are the most relevant for the direction of plant growth (Dyson et al., 2014) but
this finding has been challenged by experimental (only structural and no mechanical

investigation was done) results in the A. thaliana hypocotyl (Crowell et al., 2011).

1.4.3 Mathematical Models of Cellular Growth

The mathematical modelling of plant growth can be approached at many different
levels, such as the plain elongation of cells, the change of the relative growth rate
&, or even the explicit description of growth factors. Independent of the level of the
description it seems that the consensus over the last six decades is that the relative
growth rate £ obeys the time evolution of the true (logarithmic) strain (Lockhart,

1965a; Dyson et al., 2012; Ortega, 1985; Pietruszka, 2009b; Ray et al., 1972)

1 dit) d

€0 = 15 a0 = a MO (1.13)

The reasoning behind the assumption in eq. (1.13) is that plant growth appears
to be slow compared to CW remodelling and thus equilibrium is achieved again af-
ter only small increments. This seems to be in good agreement with experimental
data Lockhart (1971). One consequence of eq. (1.13) is that plant growth happens

exponentially, i.e
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I(t) = lpexp /f(t’)dt’ : (1.14)

1.4.3.1 The Lockhart Model

One of the first descriptions of £(¢) which incorporated growth factors was the work
of Lockhart who derived an expression for £(t) at the cellular level. In this model he
considered the plant cell as a cylindrical osmometer where the plant CW resembles a

Bingham fluid with yield a threshold Y (Lockhart, 1965a)

_ 2K,r¢(AlL-Y)

1.1
2K, + 120 (1.15)

§(t) =r®(P —Y)

K, is the water permeability per unit surface area of the cell membrane. The
geometry of the cell is assumed to be cylindrical with radius r and length [. AII is
the osmotic pressure in the cell and ¢ = ®/2h is the CW extensibility with the CW
thickness h and the cell extensibility ®. If the water influx is not limiting eq. (1.15)

reduces to

lim £(t) = lim 2K,rg(All - V)

Kop—00 K300 2K, + 2 =71 (AH - Y) . (1.16)

The cell length follows from eqgs. (1.14) and (1.15) and is

2K, roAll

This describes a forever exponentially growing cell. To obtain a realistic descrip-
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tion of cell length, the growth has to cease. With the assumption that AIl does not
decrease to zero it follows that ¢ must decrease. Lockhart assumed ¢(t) = ¢ — ct,
where ¢ is the rate of how fast the extensibility goes to zero, which leads to the

expression

2K, 0Ky (o — ct + 2K, /12
[(t) = lpexp (TAH {t + 2, ln( 0% — 2Kw/r2/ )}) , (1.18)

Although eq. (1.18) considers some growth factors, it still provides no explanation
for the origin of the decrease in ¢. Note that ¢ is a material property which depends
on the molecular structure of the polymeric network of the CW. The structure of the
network can change due to the deformation induced by stresses in the wall or it can

be actively remodelled by hormonal or enzymatic activity.

1.4.3.2 The Dyson, Band, Jensen Model

One approach for a molecular explanation of the tethered network model at the CW
level, including expansins and XTHs activity as well as deposition of newly synthesised
material, was done by Dyson, Band, and Jensen (2012).

While Lockhart was looking at the change of £(¢) under the influence of stress,
Dyson et al. (2012) consider how stress and extensibility change under a certain strain

rate £. The assumptions in their derivation are that

(i) the flux of the newly synthesised CW materials maintains h = const.

(ii) the deposited material has always the same density distribution and is homo-

geneous
(ili) h < R, with the cell radius R
(iv) the CMFs are cross-linked by XG and strongly embedded into the pectin matrix
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Furthermore, the XG cross-links are assumed to behave like a Gaussian chain and

the rate of breaking cross-links kg in absence of enzymatic activity is assumed to be

Kofft = Ko €XP (ﬁZ (1.19)

[ is a parameter which characterises the cross-link energy landscape. kg7 is the
thermal energy with the Boltzmann constant kp and the absolute temperature 7'

The energy of the stretched cross-link U(L) is given by

U(L) = Fbond (L — Lo)*. (1.20)

kbonda is the spring-constant of the bond, Ly the length of the bond in the relaxed
state, and L the length of the bond in an elongated state.
Finally, the number density of cross-links n is described by a Smoluchowski equa-

tion

— — Yy— = —FKofN. (1.21)
Y

Notice that y is the direction of the coordinate system in the direction of CW
thickness, with y = 0 at the extracellular side of the wall and y = h at the intracellular
side of the wall (fig. 1.8).

In the case of enzymatic activity an additional degradation term for n is added.
Dyson et al. (2012) describe this for xyloglucan endohydrolase (XEH) and XET by

the relative degradation factors ggpy and gxsr and eq. (1.21) becomes
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strain rate, o
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Figure 1.8: This figure is taken from Dyson et al. (2012). A cross-section of the CW,
where the CMF are represented as black circles and lie perpendicular to the page, showing

the movement of hemicellulose crosslinks through the CW.

dn dn (1.22)

a ydy = —Rofft — Ko (gXEH + gXET) n.

Similarly, the activity of expansins can be described by a rate gyxp which describes

a change in Ly by

dL
d_to = Gexp (L - LO)' (1.23)
This changes n and the wall stress >, which is given by
[ £
%(t) = /n(t, Y)kvona (L(t,y) — Lo) dy + £ (1.24)
0

The final term in eq. (1.24) is the contribution from the pectin matrix which has

an extensibility ®,, = 1/(4ph), where p is the shear viscosity of the matrix.

This is a highly sophisticated model, which incorporates elements of continuum
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mechanics, polymer physics, and considers (bio-)chemical reaction rates. Further-
more, the fact that this is a description of the tethered network model is not a
limitation of the model, because the behaviour of the cross-links, which introduce the
yielding behaviour in this model, can be adapted to describe the real CW architec-
ture. However, so far this hypothesis was not tested experimentally, due to a lack of

suitable experimental methods.

1.4.3.3 The Veytsman-Cosgrove Model

A purely thermodynamic approach for plant CW extension was chosen by Veytsman
and Cosgrove (1998). They distinguish between the pure extension and biosynthesis
of the CW. The extension can be promoted by biochemical reactions and happens on
a short timescale, while new biosynthesis is a long-term phenomenon. Their model
aims to describe the short timescale behaviour, whereby they assume that the CW
composition is not changing. Similarly to Lockhart’s approach, they consider a long
cylindrical cell of radius r, length [, and wall thickness h, with the conditions h < r
and 7 < [. They use the free energy A, which determines the internal wall stress o

by

_ 1 0A
T

(1.25)

Furthermore, they derive Lockhart’s equation (eq. (1.16)) via the work done by
the wall and the water uptake under the consideration of energy dissipation and they

find

dinl KK, 2h
— p—-== 1.26
. K+ K, ( - ") : (1.26)
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where P, is the turgor pressure, K; is the hydraulic conductance of the wall, and
K, is the wall yielding coefficient. The yield threshold Y is then given by Y = 2h/ro.
The wall stress o is then given by the free energy (eq. (1.25)), which is determined
by the specific assumptions about the polymer network in the wall. In this model the

assumptions are that

1. Cross-links are only between cellulose and HCs and pectins are only a filler.
2. Water does not contribute to the wall stress.

3. The contribution from the van der Waals bonds is neglected, which they justify

because it will not change with wall extension.

4. Hydrogen bonds between CMFs and XGs and between water molecules are
considered but not between water and cellulose and XGs. The latter can be
included if an effective constant for the hydrogen bonds between CMFs and

XG@Gs is measured in a water environment.

The free energy is then given by the free energy of the elastic part of the macro-

molecules in the wall A, and by the free energy of the hydrogen bonds 4;, by

A=A, + A, (1.27)

The free energy for the polymers is given from polymer physics by

kpTm®0®’N (1 1 1
_ -4 1.2
A 6 2o ) (1.28)

with the Kuhn length b, the thermal energy kg7 and the number of Kuhn segments

N. Finally, they calculate the free energy for the hydrogen bonds by a mean field
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approach. To do this they introduce cellulose ‘stickers’ (potential binding sites) C and
glucan ‘stickers’ G on M XG threads. Furthermore, they consider free, not bound,
stuck strands of N pairs. The free strands have [y, (5, ..., [y stickers and the stuck
strands si, S, ..., sy and with £ = Zfil [, and S = Zf\il s;, which leads to the total

number of glucans

G=L+S. (1.29)
This gives the free energy
V(z, — 1)N?
= kgTN1 g
6 = 1T (e s~ A v =)

+Ln (%) Sln ((8 - N}?E{;S— i\[g; C)evg)

+Cln (S_S—;fc_c) M (Af/”g) (1.30)

where K is the equilibrium constant of the hydrogen bond formation, V' the CW

volume, v, the volume of a glucan segment, 2z, and z, are related to the flexibility of
the glucan chains (see Veytsman and Cosgrove (1998) appendix), e is Euler’s number.

With egs. (1.25), (1.27), (1.28) and (1.30) this leads to a wall stress

20N N M
Y P AL A S A R Y e 1.31
g sl Sy Thely —isly (1.31)

The reason that this stress depends only on the wall volume and not on the
wall shape is due to the sole contribution of hydrogen bonds to wall stress, which

only describes a liquid like disordered material. For a derivation of the anisotropic
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Table 1.1: Mechanical properties from literature. * means that the cells were plasmolysed
during the experiment.

Organism E[MPa] Method Reference

A. thaliana hypocotyl 16-22 Microtensile stretch Cavalier et al. (2008)

A. thaliana hypocotyl 30-50 Microtensile stretch Saxe et al. (2016)

L. esculentum (tomato) 2300 Micro manipulators (compression) + FEM Wang et al. (2004)

A. thaliana SAM™ 0.05-0.6 AFM, 1pm bead Peaucelle et al. (2011)

A. thaliana SAM™ 0.06 and 0.36 AFM, 1pm and 5 pum bead Braybrook and Peaucelle (2013)
A. thaliana hypocotyl™ 0.2 AFM, 1 um bead Peaucelle et al. (2015)

A. thaliana SAM 1-14 AFM, cone 10 nm Milani et al. (2011)

A. thaliana leaves 2-10 AFM Sampathkumar et al. (2014)

N. tabacum suspension (BY-2) 91-591 CFM + FEM Weber et al. (2015)

A. cepum (onion) 100 CFM + FEM Routier-Kierzkowska et al. (2012)
A. thaliana leaves 66 Triboscope, 2.5 pm bead + FEM Forouzesh et al. (2013)

A. thaliana leaves 28-70 AFM Hayot et al. (2012)

A. cepum (onion) 1-30 AFM, cone 10 nm Zhang et al. (2017)

contribution from the CMFs see Dyson and Jensen (2010).

The maximum of eq. (1.31), with respect to the volume, gives the yield thresh-
old Y from a thermodynamic origin. It should be emphasised that this equation
does not consider the contribution of pectins and any stress induced by concentration
differences in CW material throughout the thickness of the wall since the mean field
approach averages over the whole wall and therefore it cannot infer any local changes.
However, this approach could also be done for only a fraction of the wall where local

changes could be inferred.

The three models I introduced here do not cover the complete literature of the mathe-
matical descriptions, but these are the models which give the most interesting insights
into the molecular mechanism underpinning the mechanical behaviour of the plant
CW. Other models, like the ones from Pietruszka’s group, give a more advanced the-
ory (tensor description) for anisotropic behaviour and the response to external stimuli
(Pietruszka and Lewicka, 2007; Pietruszka, 2009b; Lewicka and Pietruszka, 2010) and

despite their interesting results they are beyond the scope of this thesis.
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1.5 Experimental Determination of Plant Cell Wall
Mechanics

In the previous sections we defined basic material properties, learned about their
molecular origin and introduced how a plant grows. Moreover, three simple experi-
ments to measure viscoelastic properties, were presented, namely creep, stress relax-
ation, and oscillatory experiments. In this section I will lay out different experimental
approaches in the past and evaluate their pros and cons. Table 1.1 shows a summary
of the most relevant elastic measurements. The design of those experiments depends
strongly on the length- and timescale of interest. I will start with the organ level and
go down towards the subcellular level.

On a macroscopic scale a sample can be clamped and then stretched with micro
manipulators to obtain a constant stress or strain (Burgert et al., 2003). With this
microtensile test Cavalier et al. (2008) measured the extensibility of XG deficient A.
thaliana hypocotyls and obtained mechanical properties of 16 MPa—22 MPa. Similar
measurements were done by (Saxe et al., 2016) to measure the mechanical proper-
ties of A. thaliana hypocotyls at different ages. They found slightly higher values
of 30 MPa—50 MPa. In both cases, these values describe not the elastic modulus of
the wall but the volumetric modulus, a combination of the mechanical properties of
intra- and extracellular spaces, of the whole tissue. This includes a combination of
CW mechanics, cell geometry, and hydrodynamics. The latter arises from the cyto-
plasm and the turgid state of the cells. With the same experimental setup Park and
Cosgrove (2012b) looked at the extensibility of XG deficient petioles in A. thaliana.
However, with these experiments the mechanical properties were not quantified but
rather relaxation rates and qualitative differences in the extension-time curves were
determined.

Cosgrove (1985) measured, on a cellular level in peas (Pisum sativum), the me-
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chanical quantities ® and Y, which characterise Lockhart’s growth model, in a com-
bination of osmotic treatment and cell elongation measurements. An extensibility of
® ~ 0.084 MPa~'h~! and a yield threshold of Y ~ 0.29 MPa were found. While this
method provides important information about cellular growth, it is not suitable to ob-
tain mechanical properties with local information at a subcellular level. Because the
models of Veytsman and Cosgrove (1998) and Dyson et al. (2012) make assumptions
about local CW behaviour, spatial resolution is needed to confirm them, and also
to investigate the evolution of tissue stresses during plant development. In another
study Wang et al. (2004) compressed tomato (Lycopersicon esculentum) suspension
cells with micromanipulators. In a combination with FEM they found a Young’s
modulus for the CW of E ~ 2.3 GPa.

In recent years, nanoindentation has become a popular technique to obtain in
vivo mechanical properties of the primary plant CW with spatial resolution. Those
indentation experiments can provide local information about an object but the contact
area, i.e. indenter geometry and three-dimensional sample properties, are crucial to
obtain quantitatively correct mechanical values. For an elastic, isotropic infinite half-
space, which represents an elastic, homogeneous, isotropic, infinitely thick material,

the measured force differs for various indenter geometries (Sneddon, 1965)

37



F(6) = 2R ES (for flat end of a cylinder of radius R)

(1.32)
F(5) = ;tan(a)E52 (for a cone of half-opening angle «)
(1.33)
F() = %EE\/(S_:Z‘ (for a sphere of radius R)
(1.34)
F(0) = gE& (general case w/ geometrical factor g and exponent 7).
(1.35)

E=E /(1—1?) takes into account the three-dimensional behaviour, by considering
Poisson’s ratio. Poisson’s ratio describes the compressibility of a material and is in the
range —1 < v < 0.5. A Poisson’s ratio v = 0.5 means the material is incompressible,
v = 0 means perfect compressibility (e.g. cork), and v < 0 means a material which
when stretched becomes thicker in radial direction (referred to as an auxetic material).
For example, Poisson’s ratio for the primary plant CW is not known and might
change for different developmental stages. Most nano-indentation studies assume
an incompressible CW and, therefore, the choice is v = 0.5 (Milani et al., 2011;
Braybrook and Peaucelle, 2013; Weber et al., 2015; Peaucelle et al., 2015).

Various implementations of nanoindentation experiments can be realised, such
as AFM, CFM, and triboscopes. In fact all three instruments have been used to
determine the elastic modulus of the plant CW. Peaucelle et al. (2011) and Braybrook
and Peaucelle (2013) measured the mechanical properties during organ initiation of
the shoot apical meristem (SAM) in A. thaliana with beads of a diameter of 1pm
and bpm. The experiments were performed on plasmolysed cells and with that they

found a Young’s modulus of 0.05 MPa—0.6 MPa. In a similar experiment in which the
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cells were deformed by about 10 % of their diameter Peaucelle et al. (2015) reported
values for the anticlinal walls of about £ ~ 0.2 MPa.

In experiments on turgid cells the reported values for Young’s modulus are usually
about one to two orders of magnitude larger than in the case of plasmolysed cells.
The reason for this discrepancy is the prestressed wall and additional resistance of the
hydrostatic pressure during the measurements. Under those conditions Milani et al.
(2011) report elastic moduli for the SAM of £ ~ 1 MPa~14 MPa and Sampathkumar
et al. (2014) reported for pavement and guard cells in leaves values of about E ~
2 MPa-10 MPa.

One problem with in vivo AFM measurements is the contribution of the bending
modulus of the walls to the elastic modulus. Therefore, larger cells appear to be
softer than smaller ones. To overcome this matter, several studies combined nanoin-
dentation experiments with FEM. In those studies the indentation experiment is
modelled and the mechanical properties in those simulations are adapted to fit the
experimental result. With the CFM, an instrument which was developed for the pur-
pose of nanoindentation on cells, Routier-Kierzkowska et al. (2012) reported for the
peeled walls of onion (Allium cepum) epidermis, that the Young’s modulus should
be about E ~ 100 MPa. Using the same experimental setup Weber et al. (2015)
reported for tobacco (Nicotiana tabacum) cell suspension (BY-2 cells), values of F =
91 MPa-591 MPa. One important result in this study is the consideration of me-
chanical anisotropy in longitudinal, radial, and circumferential direction. The cells
were modelled with low moduli in longitudinal direction and higher ones in radial
and circumferential orientation to account for the nearly unidirectional growth of
the cells. A similar result as for the onion epidermis was obtained by Forouzesh
et al. (2013) who applied a triboscope with a Berkovich indenter for nanoindention
on leaves. In combination with FEM they found that the elastic modulus should be
about E =~ 66 MPa.
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In another study Hayot et al. (2012) measured the viscoelastic properties of A.
thaliana leaves by using an oscillatory approach in combination with AFM nanoin-
dentation. They found a storage modulus of £’ ~ 28 MPa~70 MPa and a loss modulus
of " ~ 4.0 MPa-5.8 MPa. They further used FEM, which suggested that the CW
in their experiments must have a true storage modulus of £’ = 292 MPa if the CW
thickness is t =~ 500 nm and the turgor pressure is P; ~ 0.2 MPa.

Zhang et al. (2017) studied the CW expansion in isolated onion (A. cepum) epi-
dermis. To do this the CW was chemically extracted and a strip of the wall was
attached to a movable stage. AFM nanoindentation experiments were performed to
obtain the mechanical properties in the relaxed state and during extension. The effect
of internal growth factors was also tested in these experiments. The elastic values
reported in this work are about E &~ 1 MPa-30 MPa. Surprisingly, these values show
a large discrepancy to the values obtained in combination with FEM, whereas the
measurements of the isolated wall should give the geometry independent Young’s
modulus. In fact, this study neglected the BECC correction for thin samples (Gavara
and Chadwick, 2012) and therefore, the reported values should even overestimate the
true Young’s modulus.

To summarise the results of mechanical measurements on the primary plant CW,
the reported mechanical values span a large range and depend strongly on various
length-scales in the experimental design. Furthermore, there are only a few reported
viscoelastic or differently obtained time-dependent measurements fo viscoelastic prop-
erties and none of the reported values provides spatial resolution at the subcellular
level. This time dependence is crucial to describe plant development correctly and to
provide experimental evidence for existing mathematical models.

A promising method for viscoelastic mapping with high spatial resolution are dy-
namic AFM methods. In particular, the method developed by Raman et al. (2011)

was successfully applied to measure viscoelastic properties of fibroblasts, red blood
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cells and bacteria (Escherichia coli). This method was advanced to account for hy-
drodynamic corrections (Cartagena and Raman, 2014) and to use feedback on the
deflection instead of the amplitude. The link between the cantilever observables,

amplitude A, phase ¢; and is given by Cartagena-Rivera et al. (2015)

cos(¢1)  cos(¢1*)
0= Fua — 1.36
1D g ( Al Arllear ( )
sin(¢y)  sin(Q}e)
Ely = Fua — , 1.37
1D g ( Al Arllear ( )
with F.e = %ﬁr 1- @ being the force brought into the system by the

magnitude of the cantilever oscillation. k. is the spring constant of the cantilever,
Al is the oscillation amplitude of the cantilever far away from the surface and Q™
is the quality factor of the cantilever. The terms with the phase ¢7°* and the am-
plitude A7°*" close to the surface account for the hydrodynamic correction which is
necessary to obtain correct mechanical values. This can be translated to a three-
dimensional modulus by applying a Taylor series expansion to the model in eq. (1.35)
(see section 4.2).

The difficulty of applying this method to plants will be that so far it has only
been applied to isolated cells and not to tissues. Moreover, plant cells are much
stiffer than mammalian cells and even stiffer than bacteria. Another challenge will
be the application to plant development, because current models of plant growth use
descriptions in terms of the MW model, while the method of Cartagena-Rivera et al.
(2015) is based on the KV model. Therefore, a first challenge will be to apply this
technique to plant tissues and obtain correct mechanical properties. In a second step
the theory must be extended to link these measurements to physiologically relevant
growth properties. The final part will include the application to living plants with

altered physiological conditions.
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In this thesis I will approach these problems in two parts. The first part focusses
on the development of the technique. This will include accurate imaging, i.e. the iden-
tification of potential imaging artefacts caused by the complex topography of tissues
and how they can be avoided. After the imaging conditions are well established the
theoretical and experimental foundations will be built. This involves the integration
of an appropriate viscoelastic model and the experimental evidence for its validity.
In the second part the theoretical description which connects the viscoelastic prop-
erties to plant development will be derived. On this basis, the connection between
plant growth and the viscoelastic properties the wall will be investigated. Finally, well
targeted chemical interventions will provide information about the viscoelastic contri-
bution of CMFs and pectins. This will be applied to test if viscoelastic measurements

can be used as an analytic tool for an investigation of plant CW deficiencies.
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Chapter 2

Materials and Methods

2.1 Plant Material and Sample Preparation

2.1.1 Wildtype Seedlings

All plants used during this project were A. thaliana from the ecotype columbia (Col-
0). The wild type plants were grown on 2.2gL~! Murashige and Skoog growth
medium (Murashige and Skoog, 1962) with and addition of 1% sucrose, 0.8 % Bac-
toAgar, and 0.05% MES hydrate. The pH was adjusted to 5.70 & 0.01.

The spacing between the seedlings was at least 5mm to prevent the seedlings to
get into physical contact before the experiments. The seedlings were always left for
3d in the cold room at 4°C before they were transferred to the tissue culture room
as reported previously (Peaucelle, 2014). There they grew for 48h—60h before the
experiment was conducted. Dark grown plants were wrapped in two layers of alu-
minium foil after (7 £ 2) h light exposure of an intensity I ~ (100 £ 10) pmolm—2s~*
to induce germination.

For the atomic force microscopy (AFM) experiments the seedlings were attached

to magnetic metal plates with a diameter of 15 mm, which are the sample holders from

the Cypher AFM (Asylum Research, Santa Barbara, CA). For the attachment the
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Figure 2.1: A. thaliana seedling on AFM sample holder.

medical adhesive Hollister 72 was used (Gjetting et al., 2012). The medical adhesive
was sprayed into a small glass vessel where it has a liquid state. One drop of the
adhesive was evenly distributed on the metal plate by the use of a toothpick, which
was dipped into the bottle to obtain the right amount of adhesive. The seedlings
were transferred from the Petri dish, using sharp bent tweezers, which were gently
slid under the apical hook. To place the seedlings as even as possible onto the sample
holder they were pressed gently into the adhesive using a 22 mm x 50 mm cover slip.
The medical adhesive had to dry for about 15min. To prevent the seedlings from
drying out, during the hardening of the adhesive, they were left in a closed Petri dish
with a wet tissue, which maintains a sufficient humidity in these chambers. The Petri
dish was covered by aluminium foil for dark grown seedling to avoid physiological
changes by light response.

After 15min a drop of about ~ 50 ml pure water (or other liquid if for the experi-
ment required) was used to cover the seedling. Another 5 min—10 min are required for

the adjustment of the osmotic/turgor pressure, before the experiment can be started.
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Figure 2.2: Comparison between WT (a) and IXB (b) and ECG (c) treated 3d dark
grown seedlings.

2.1.2 Pharmacological Interventions

In this thesis three different pharmacological interventions were used to change the
material properties of the primary plant cell wall. All chemicals were dissolved in
dimethyl sulfoxide (DMSO) whose amount was chosen so that the stock concentra-
tion was thousandfold the final concentration, i.e. DMSO was thousandfold diluted
when added to the growth medium. Although this keeps the effect of the DMSO to a
minimum, growth medium containing DMSO was used for the control experiments.
All plants were germinated and grown on a growth medium which contains the chem-
ical for the corresponding treatment. This was to avoid any potential influence which

can arise through a transfer of the seedlings.

Cellulose synthase inhibition reduces the total cellulose content of the plant
cell wall. With pharmacological treatments this can be achieved by the use of the
drug isoxaben (IXB) (Heim et al., 1990). With a concentration series we found that
a concentration of 3nM generates a strong phenotype with reduced growth and cell
swelling. This concentration was chosen to measure the influence of cellulose content

on the mechanical properties of the cell wall (CW).
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Figure 2.3: Comparison between RAB-E1d_DN DMSO (a) and DEX (b) treated 3d dark
grown seedlings.

Demethylation of pectin alters the architecture of the matrix in the CW. This
can be inhibited by the drug epicatechin gallate (ECG) or epigallocatechin gallate
(ECGC) (Lewis et al., 2008). For all experiments a final concentration of 200 pMm
were used as reported by Mravec et al. (2014) and Lewis et al. (2008). We also found

in a dilution series that the phenotype is not very pronounced at lower concentrations.

Induced mutations grow like a wild type plant under environmental conditions
but with certain drugs a malfunction is induced and a phenotype occurs. In this
project the dominant negative mutant RAB-E1d_DN was used. RAB-E1d is part of
the family of RAB GTPases, which are involved in vesicle fusion to the membrane. In
particular, RAB-E1d is involved in trafficking from the Golgi to the plasma membrane
(PM). Dominant negative mutants lose their function by an interference with the
binding sites of the original protein. In the case of RAB-E1d_DN, the mutation can
be induced by the drug dexamethasone (DEX), which was used in this project at a

dosage of 1 M.
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2.2 Preparation of Hypocotyl Casts and Moulds

To investigate topographical contributions during the mechanical mapping (chap-
ter 3) it is useful to create replicas of the sample as a control, made from less complex
materials in order to asses the contribution of the topography alone. The existing
protocols Dumais and Kwiatkowska (2002) turned out to not being useful for the
application of viscoelasatic mapping, because dental waxes are too stiff for the in-
vestigation of dynamic mechanical properties. Instead we used a polymorphic plastic
compound from ThermoMorph® to create the mould. The plastic was purchased via
amazon.co.uk.

The Thermomorph was heated in water to 70 °C. In this state this substance was
soft enough to be deformed easily by the seedlings. For a high quality cast the plastic
must be spread evenly on a substrate. It was important to achieve a smooth surface
and at the same time the compression of the material should not create domains in
deeper layers because this causes a resistance when the seedling is pressed into the
material. To avoid these artefacts the plastic is formed to a small ball of a diameter
d =~ 5mm using thumb and index finger. The exact size depends on the size of the
seedling. In this project seedlings of an age of about 3d after transfer to the culture
room were used.

The plastic ball is then compressed between two glass slides into a thin layer and
after the layer had the desired dimensions the top slide was removed and the seedling
was pressed into the layer using a slide. After the material became rigid the slides
and the seedling were removed. During the whole process it was useful to keep the
hydration layer of the plastic. This helped when removing the slides and the seedling
which are hydrophilic whereas the plastic is hydrophobic.

The cast was filled with liquid moulding latex from the Vesey gallery in Birming-
ham, UK. The amount required depended on the size of the seedling. However, it

was important that not only the cast was filled but also that a little bit of the smooth
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surface was covered. This made it easier to remove the mould from the cast and
attach it to a sample holder after the latex dried. If it was difficult to separate cast
and mould from each other the cast could be covered in a layer of sunflower oil or any
other surfactant. But the droplet formation of the surfactant could create artefacts
in the mould and therefore a uniform monolayer must be achieved.

Before the mould could be attached to the sample holder, unnecessary parts were
removed with a razor blade. This made it easier to find the replica on the latex
surface. The mould can be attached with any adhesive to the holder. We used the

medical adhesive, which was also used to attach the seedlings.

2.3 Atomic Force Microscopy

The majority of the experiments were performed with the Cypher ES™ (Asylum
Research, Santa Barbara CA). Images with dimensions > 30 pm were acquired with
the MFP-3D Classic™ (Asylum Research, Santa Barbara CA) because of the larger
range of the stages.

All experiments were conducted in a liquid environment. To avoid air bubble
formation between the probe holder and the probe, it is useful to not only place a

drop of the liquid on the sample but also on the probe holder.

2.3.1 Dynamic Mechanical Mapping

The cantilevers used in these experiments were from Nanosensors™ PPP-NCLAuD.
A cantilever with a nominal spring constant of k = 48 Nm~! with a range of 21 Nm~1-
98 Nm~! and a nominal frequency of f; = 190 kHz with a range of 146 kHz 236 kHz.
The spring constant was calibrated in air in the beginning of every experimental day
using the Sader method (Sader et al., 2016). The dimensions of the cantilever are

given by the manufacturer with length [ = (225 + 10) pm, width w = (38 £ 8) um,
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and thickness d = (7 £ 1) pm. However, the length and width of the cantilevers were
measured before each experimental day with the optical microscope of the Cypher ES
to use these values for the calibration. The height of the conical probes is given with
a range h = 10pm—15pm and the tip radius is specified as r < 7nm. Additionally
these cantilevers are gold coated at the detector side, which is important to enhance
the effect of the photothermal excitation.

Several methods exist to image the dynamic mechanical properties. Our experi-
ments are based on the method of Cartagena-Rivera et al. (2015). For this technique,
the feedback for the cantilever is on the deflection, while the cantilever is oscillating
at the same time. The imaging in liquid requires direct actuation of the cantilever
for which we used the photothermal excitation (Ramos et al., 2006), which is imple-
mented in the Cypher ES™ with the blueDrive™. To combine both the feedback
on the deflection and the cantilever actuation by the blueDrive™ it was required to
operate the microscope in the DART contact resonance mode. Yet, this technique is
not used but in any other mode the blueDrive™ turns of automatically for security
reasons when the feedback is set to the deflection. This also means the resonance
frequency of the cantilever must be tuned in tapping-mode and not in PFM-mode
where it would find the contact resonance of the system cantilever sample.

The experiments were conducted with a set point for the deflection of d = 0.3 V.
Lower deflections do not allow a reliable feedback and larger deflections increase the
probability of cutting the CW. The integral gain was ¢g; ~ 150 and proportional
gain ¢, and differential gain g; were set to zero. The blue laser power was set to
Powe = 8mW for the first eigenmode. To achieve this high laser power, we used the
blue filter, i.e. no laser attenuation.

For multifrequency experiments, the cantilever was driven at the first and second
eigenmode simultaneously. The settings for the first eigenmode were as described

above. For the second eigenmode, the resonance frequency was about fo ~ 530 kHz
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and this mode was driven with a laser power of P, = 1 mW.

2.3.2 Force-Volume Measurements

Force-volume measurements were used in this thesis mainly for the calibration of
the dynamic modulus. For this purpose, the scanned z-range should be as large as
possible. The distance was chosen to 3 um (the height of the z-stage is 5 pm). To avoid
viscoelastic responses influencing the deformation process, the indentation speed was
chosen to 6 pm s~! and the sampling rate during this process was 16 kHz. The trigger
point of the force curve was set to 1V, to obtain information about the indentation

behaviour around the set point of the mechanical scan (0.3 'V, see above).

2.4 Photographs

Photographs of the seedlings were taken by John Baker. Bright field images were
acquired at various zoom levels with a Nikon D700 and a 60 mm macro lens. For each

zoom level a scale bar for calibration was imaged.

2.5 Confocal Microscopy

2.5.1 Determination of Cell Wall Thickness

The epidermal CW of the A. thaliana hypocotyl is, with a thickness d > 200 nm, thick
enough to be determined by confocal microscopy. The major problem is to get a dye
into the hypocotyl or the CW of the hypocotyl. For this reason the hypocotyl was cut
with a razor blade near the desired location for measurement. The part of interest
was then placed into a dilution of calcofluor white for 90 min with a concentration of
50 mg mL~! and Nile red for 30 min with a concentration of 0.1 mg mL™! on a standard

microscopy slide and a cover slip was put on top with two layers of tape between the
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Figure 2.4: Illustration of measured cross section of confocal measurements. The circles
represent cells in a cross section of a cylindrical hypocotyl. The dashed line shows the height
at which the CW thickness was measured.

cover slip and the slide. The calcofluor white is supposed to stain the CW (Greenspan
et al., 1985), while the Nile red stains the hydrophobic parts of the cell, i.e. cuticle,
PM, and cytosol (Herth and Schnepf, 1980). The images were taken with a Zeiss
LSM 510 Meta confocal microscopy, which was operated in sequential mode with a 4
line average and an excitation with two lasers. The wavelength of the first laser was
at A1 = 405nm to excite the calcofluor white and the emitted light was collected
in a range of \;, = 435nm-585nm. The excitation of the Nile red with the second
laser was at a wavelength Ao, = 543nm and the light was collected at wavelength
A2 > 585nm. The pinholes were set to a diameter of d; = 21 pm = 0.5 Airy units
and dy = 36 um = 0.9 Airy units for the first and second laser, respectively. Since
only a few cells near the section were dyed, the non-damaged cells near the section
were imaged with steps of z X y x z = 110nm x 110nm x 500 nm. The magnification
was 40x with a C-Apochromate (1.2 NA) water immersion lens.

To obtain a higher resolution than this is possible with the z resolution, the
stacks were measured at about half way through a hypocoyl section at the epidermis

as illustrated in Figure 2.4.
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2.6 Data Analysis

The AFM data was entirely analysed with Python3.5 for which I was using my own
library that I coded completely. The code is published under https://github.com/

jcbs/ForceMetric. The only exception from that is the analysis of the plant growth.

2.6.1 AFM Library

To read the IgorPro ‘.ibw’ files it is possible to use the binarywave package from
the python igor library. However, using this package the data is not brought into
an appropriate format, where the metadata and the data can be accessed easily.
Figure 2.5 shows a summary of the classes which build up an easily accessible data
format suitable to describe AFM data. Additionally, there are classes which create
the framework for static and dynamic mechanical analysis.

In a first step, I translated the data structure as read from the igor.binarywave
package into the Wave structure, where the metadata can be easily accessed by a
dictionary structure. This is implemented in the Header class. Furthermore, the
data can be accessed in the Wave class through the getData function. The Wave
class is then used to create the AFMScan class to represent the structure and use-
ful functions for AFM scans. Similarly, I created a data structure for force-volume
measurements that contains the class FDIndices and FDData. The first class only
contains the indices at which sampling point the trace, dwell time, and retrace start
and end. The second class returns the appropriate data in separate arrays for trace,
retrace, and dwell time. In another step an object for static force measurements
was created that includes calculating the contact point (class ContactPoint) and
the Young’s modulus (class StaticYoung). These two classes create in combination
with the classes Wave and FDData the class ForceCurve, which provides the struc-

ture to analyse any kind of quantity vs distance data, including phase, amplitude,
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deflection, indentation, and force, with a focus on mechanical analysis. Finally, a
structure for the analysis of dynamic mechanical analysis was created, represented by
the class DynamicViscoelastic, and the translation of these one-dimensional values
into three dimensional quantities, given by the class DynamicYoung. These two class
create in combination with the class AFMScan the class DynamicMechanicAFMScan,
which is suitable to translate amplitude and phase and appropriate calibration values

into maps of dynamic mechanical properties.

2.6.2 Hydrodynamic Calibration

The contact point of the force-volume measurements was determined with the force
indentation variation (FIV) method (see chapter 3). With the knowledge of the con-
tact point the phase ¢"** and the amplitude A" near the surface were determined
at an indentation 0 ~ —10nm, which corresponds to a distance of 10nm above the
surface, for the first and second eigenmode. Furthermore, the quantities ¢, Afr,
and dy were determined with an average over the first twenty data points of the
force-volume curve, which was usually at a distance § =~ —2pum. d, represents the
initial deflection, i.e. the deflection without any force applied to the cantilever. This
deflection is usually set to zero but thermal equilibration can cause a change of this
value. An accurate knowledge of the initial deflection is crucial to obtain the correct
quantitative mechanical values. Finally, the relaxation modulus Fy was determined

by fitting 20 %80 % of the applied force range to the Sneddon model (see chapter 1).

2.6.3 Computational Extraction of Cell Walls

For unidirectional growth three different kinds of cell walls can be distinguished, which
are the periclinal walls, and the anticlinal walls, transverse and parallel to growth
direction. For a detailed analysis of the mechanical properties, the different walls

have to be considered separately. Moreover, it is also important to distinguish between
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walls of the same kind. For example a single epidermal cell has two longitudinal and
two transverse anticlinal walls and two periclinal walls. For the latter ones only the
outer wall can be measured. If the cells under consideration are in a tissue, they share
their longitudinal and transverse walls. The tiling of tissues causes that, in most cases,
the longitudinal walls of one cell belong at least to two other cells. Because of the
shared nature of the anticlinal walls but also because of their different orientation
and growth relevance, they must considered separately.

If we consider the anticlinal walls on the surface topography of the epidermis, the
walls longitudinal to growth direction have the significant feature of being the local
minimum of the cross section, which is taken orthogonal to the wall. However, if the
position of the wall is not known it is not possible to determine the line orthogonal
to the wall. For automatic computation of these walls we used the fact that the
slope of the periclinal walls changes its sign between adjacent cells. This change was
detected by calculating the gradient and with the application of a canny edge filter to
its absolute value the longitudinal walls were detected. Different longitudinal walls
were determined by the choice of corresponding regions of interest (ROISs).

In contrast, the transverse anticlinal walls are ‘saddles’ and usually they are the
shortest connection between the cell’s two longitudinal walls. The restriction of the
microscopy stages, however, made it rarely possible to measure the whole wall. There-
fore, a computational implementation to determine these walls automatically was too
difficult to implement. Instead, the walls were determined manually with lines of
three to four nodes.

The periclinal walls were determined last and were defined as everything which
is neither longitudinal nor transverse wall. Since the transition of the mechanical
properties of the walls must be smooth, but only the differences between the walls
and not their transition regime is of interest, a margin of 20 px around the anticlinal

walls was applied.
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Figure 2.6: Cell length measurements. (a) shows the photograph directly after the scan,
when the cantilever is above the imaged region. (b) shows the imaged region, which is
indicated by the white rectangle.

2.6.4 Statistical Analysis and Data Representation of the

Mechanical Properties

The mechanical properties were extracted for the different walls as described in sec-
tion 2.6.3. To avoid artefacts which arise from the z-stage when it moves into its
limits, all values which were acquired within 200 nm from the limits, were discarded
for the analysis. All walls were considered separately and their mean was consid-
ered as quantity for this specific wall. For statistical significance Welch’s t-test was
used implemented in the scipy stats package with the ttest_ind function. All repre-
sented errors are the standard errors (SE) of the mean achieved by bootstrapping
with n = 1000 iterations and a confidence interval ci = 95% as it is implemented in

the seaborn package from python.
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2.6.5 Cell Length and Growth Velocity

To measure the cell length, the seedlings were photographed directly after AFM
imaging with the cantilever over the last imaging position. For the photograph the
internal optical microscope of the Cypher™ at 2 x magnification and the video panel
of the AFM software were used. A second image was acquired after the cantilever
was moved aside to see the whole cell (fig. 2.6). The images were opened with the Fiji
(ImagelJ) imaging software and every cell was measured in length several times, where
images from different imaging positions were used. This gives the length of individual
cells (not only the ones which were measured with the AFM) and an approximate
error of 5%.

A population average of these cell lengths was used to calculate a growth velocity,
because mechanical measurements initiate physiological changes (Braam, 2005). The
population average of the length measurements at different time-points introduces
the problem that outliers or differences in germination times can lead to negative
growth velocities. However, from the definition of plant growth it is known plant
growth that they display only monotonic growth behaviour. To reduce the artefacts
of negative growth the data points were fitted with an polynomial of degree two and

the analytical derivative of this fit was used to determine the velocity.

2.6.6 Hypocotyl Length

The hypocotyl length was measured with segmented lines in fiji from photographs of
the seedlings. The statistical analysis was performed in Python with the usage of the

function ttest_ind from the the scipy.stats package was used.
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2.6.7 Measuring Cell Wall Thickness from Confocal Microscopy

Slices

To obtain the CW thickness from the confocal images, the slices were opened with
ImageJ 1.51s (fiji) using the bio formats plugin. Only healthy cells were chosen and
a line profile of the fluorescence intensity was measured at the z-slice were the wall
section was the thinnest. The reasoning behind this is that the CW has roughly
the same thickness within one cell and the thinnest section is the undistorted cross-
section. For example if the cross-section is measured at a curved section of the CW
the wall appear thicker than it actually is because the section is not planar. The line
profile was measured over an average of 50 px, which corresponds to 5.5 pm, to obtain
a good statistical average. Another advantage of the averaging is that it reduces
artefacts, which can arise if the hand-drawn line is not orthogonal to the cell faces.
This averaged profile was saved for both channels (calcofluor white and Nile red) for
further analysis in Python3.5. For each cell at least two profiles were measured and
the manual analysis was repeated three times. No significant differences were obtained
for the different analysis and therefore, only the example of one data extraction is
shown in section 5.2.1.

With the two dyes there are two different methods to determine the CW thickness.
On the one Hand, calcofluor white is supposed to stain only the CW and therefore,
the full width at half maximum (FWHM) was used to determine the wall thickness.
To reduce artefacts of a small sample size per profile, the peaks were fitted to a
Gaussian distribution, using a least square minimization, and its analytical FWHM
was used. This is given by the relation FWHM = 2,/2In(2)o, with the variance
of the Gaussian o. On the other hand, Nile red stains only the cuticle and the
PM/cytosol and therefore, a dip in intensity appears at the position of the CW.
This and the vacuolated state of the plant cell enables the possibility of measuring

the peak to peak distance between the cuticle and the cytosol and use this as CW
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thickness. Additionally, the resolution of small structures depends on the point spread
function (PSF) of the focussed laser beam, whereas the measurement of the peak to
peak distance is not affected by this. Therefore, the peak to peak distance is more

accurate.
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Part 1

Development of AFM Based
Techniques and Theory for
Quantitative Mapping of Live

Tissues of A. thalitana
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This first part of the thesis focusses on the development of a suitable technique for
viscoelastic mapping on plant tissues. In a first step the ideal imaging conditions are
identified. This includes the detection of possible imaging artefacts and how they can
be avoided. For this, contact mode, tapping mode, and force-volume measurements
are considered independently, because all methods display characteristic imaging arte-
facts. To improve the qualtity of the images a few simple theoretical considerations
are provided.

In a second step, an existing theory for viscoelastic mapping is extended to match
the requirements for the use of viscoelastic dynamic AFM mapping to investigate
plant development. In the beginning we develop a mathematical description to
link the generalised Maxwell (MW) model to the cantilever observables. To obtain
three dimensional material properties we demonstrate that the contact behaviour
of the probe during the indentation follows the Sneddon model. In this framework
we demonstrate the viscoelastic mapping on epidermal cells of living A. thaliana
hypocotyls and compare the elastic component with previously reported results. Fur-
thermore, we provide a new method to test which viscoelastic description is most
appropriate for the plant cell wall. With the knowledge of the viscoelastic models ob-
tained from the dynamic modulus we show that it is possible to extract more detailed
viscoelastic properties, such as ky, 7, n, and k., which are required for physiological

investigations of the plant CW and to link the mechancis to polymer physics theory.
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Chapter 3

Accurate Imaging With AFM on

Arabidopsis Hypocotyl Tissues

Atomic force microscopy (AFM) requires a carefully fine-tuned experimental design
to achieve high resolution and quantitative high data quality. The optimal setup
depends strongly on several properties of a sample, such as the topography, the size
of the region of interest, and mechanical properties, i.e. visco- and poro-elasticity. In
the case of a tissue with the curvature of the hypocotyl, the topography and stiffness
are of special interest, because they can introduce significant imaging artefacts and,
therefore, they need to be taken into account in the optimal choice of AFM cantilevers.

It should be emphasised that AFMs were historically developed for high resolution
measurements on surfaces. Consequently, the stages are usually very small to suppress
noise in the measurements. Therefore, most AFMs are not designed to measure large
scale tissues such as the A. thaliana hypocotyl. For example the Cypher AFM from
Asylum research has a z-stage of 5um and the z-y-stage has a range of 30 pm. It is
obvious that such a microscope cannot measure whole cells of a length of [ ~ 80 pm.
But even microscopes designed for biological applications, such as the Nanowizard®

4 BioScience from JPK instruments (www. jpk.com) has a range of only 100 pm in all
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three dimensions and this means that even with this microscope a hypocotyl with a
diameter d;, ~ 200 pm cannot be measured as a whole and it will be even difficult to
have several cells of the size mentioned above in one frame. Nonetheless, it has been
shown that AFMs are extremely useful for biological measurements of cells, tissues,
and plants in vitro and in vivo (Peaucelle et al., 2012; Perrault et al., 2015; Milani
et al., 2011; Braybrook et al., 2012; Raman et al., 2011) but one has to be aware of
restrictions that apply to experiments conducted at larger samples.

This chapter discusses the difficulties, which can arise during the imaging of tissues
in general and of the hypocotyl in particular. In the beginning contact mode is
discussed, because the artefacts occurring here are more obvious and can also occur
in tapping mode. The artefacts in tapping mode are subtler and some of them are

only relevant for quantitative mechanical measurements.

3.1 Contact Mode — Stiffness And Topography And

Cantilever Design

3.1.1 Basic Imaging And Artefacts
3.1.1.1 Topography Artefacts

In contact mode several major artefacts can be found, which can arise from an inap-
propriate cantilever shape and size. First, I will discuss the effect of the probe ge-
ometry. Geometrical artefacts are already known from smaller structures (Haugstad,
2012) but they are less studied in the case of tissues.

With a given sample topography h(z,y) the measured topography z(z,y) depends
on the probe geometry g(z,y). At any given point (2’,%’) the measured topography
is given by the first contact point with the sample subtracted from the initial probe

height. For a well designed experiment this contact point should be the tip of the
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probe. The tip position of the probe is given by g(xo, 7o) and can be set to zero

without any restriction of validity. This can be brought into the mathematical form

z(z,y) = g(x0,y0) — min(g(x — 2",y —¢') — h(z",y/)). (3.1)

x7y

To simplify this, from now on we consider everything on line profiles, i.e. z(x,y) —
z(x), g(x,y) — g(z), and h(x,y) — h(x). For example we look at the measured
topography given by the simple topography of a step measured with a conical indenter
of half-opening angle o. The step of height hy can be represented by the Heaviside

1 >0
step function 6(z) = , as h(z) = hof(z). The shape of the conical indenter

0 =<0

is given by f(x) = m|z| with a slope m = tan(90° — «). The measured result is then

given by

(
0 T < X,

2(2) =dmlz—x.| z.<z<0 (3.2)
ho x>0

\

and the critical point x. is given by . = —hg/m. The result is plotted in fig. 3.1a.
From the plot we can immediately see that every feature below the slope of the cone
from the critical point until the height of the step is reached, cannot be resolved. In
other words, if the slope of the probe is shallower than the slope of the feature, it
creates an imaging artefact. This means even with the knowledge of the tip geometry
we lose information. This effect becomes more pronounced the smaller the features
are until the feature cannot be resolved any more (fig. 3.2), because the noise is larger

than the deviation in the trajectory of the measurement. A similar problem occurs
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Figure 3.1: Topography of a step function measured with a cone (a) and a cone attached
to a cantilever (b, ¢). In all three cases the shape of the step is given by the slope of the
probe. If the slope is shallower than the slope of the step this creates an artefact, otherwise
the real slope can be measured. In the case of the cantilever attached to the cone (b, c),
the cantilever creates an artefact if the height of the probe is smaller then the height of the
step. (b) shows the measured profile if the cantilever hits the sample because the probe is
too short. (c) shows a cantilever design where the probe is not at the end of the cantilever
and in this case the cantilever hits the step first. The jump occurs when the cantilever is
above the step and the probe starts to hit the sample. The half-opening angle of the tip is
o = 10° and the inclination of the cantilever is v = 11°.
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Figure 3.2: Measured topography for features of different sizes and different tip geometries.
The blue line in the resulting (right image in every line) measured topography.
if a cantilever is attached to the probe and the height of the probe is smaller than
the height of the step. In this case the cantilever introduces an additional artefact
since it hits the step because the probe is too short to touch the sample (fig. 3.1b).
In some cantilever designs the probe is not attached at the end of the cantilever but
a little bit before (fig. 3.1c first graph). This leads to the fact that the cantilever hits
the step before the probe does and images the real step until the cantilever is above
it. This leads to a ‘jump’ of the cantilever until the probe hits the sample (fig. 3.1c
third graph) and this part is probed as in fig. 3.1a.

Figure 3.2 shows how the resolution changes for features of different sizes and for

different probes. It clearly shows that the smaller the feature the worse the resolution.
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Furthermore, it can clearly be seen that the behaviour for a conical (fig. 3.2a) and
a parabolic (fig. 3.2b) indenter is very similar but the resolution of a cone is better
than the one of a parabola. The worst resolution is achieved by a spherical indenter
(fig. 3.2c). Moreover, the sphere has the additional problem that only small step
heights can be resolved with a high resolution, since a cantilever must be attached
to the probe as well, which leads to the artefacts described above. More generally,
a spherical probe is not designed for scanning experiments but a good choice for
indentation experiments.

From these considerations and eq. (3.1) it can be conducted that the contact angle
between two cells must be smaller than opening angle 2« of the tip (if we assume a
conical tip) to resolve all features.

While the features considered so far arise in the area of the measured image, they
are easy to recognise. More difficult artefacts can be found in the case of curved
(or even more complex) tissues, because the origin of the artefacts can be outside of
the region which was imaged with the AFM. The cause for these artefacts originates
usually not from the tip but is caused by the cantilever itself. If we consider a step
with a step size larger than the tip length, the cantilever will start ‘sampling’ the step,
once the tip is below the step height (fig. 3.1). This process continues until the lever
drops off the step. If the tissue has a complicated structure, such as a hypocotyl with
an idealised regular structure of epidermal cells, we can observe the influence of the
topography. If, for example the right-most cell in fig. 3.3 is measured, the artefacts
originate from previous cells which are not in the measured image. This is very likely
to occur, since a typical cantilever has a length of about [ ~ 100 pm—250 pm and the
dimensions of a typical AFM scan are 20 pm x 20 um to 100 pm x 100 pm. Therefore,
the best cantilever choice is a long lever with a high aspect ratio probe. Moreover,
the tip should be longer than the height of the largest feature, that can disturb the

measurements.
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Figure 3.3: Ideal hypocotyl surface with 34 epidermal cells. Surface topography simulated
data for an AFM imaging experiment for cantilevers with half-opening angles o = 15° and
35° and a maximum tip width of 8 pm just below the cantilever. As the images clearly show
a cantilever with o = 35° is not appropriate.

It is possible to see those artefacts when looking at real data. This can be done
by calculating the gradient of the raw data of the height image!, i.e. the slope m, in
direction of the cantilever (in our case z, fig. 3.4). From the gradient the angle 8 of
the slope can be obtained by 8 = arctan(m).

The Asylum Research AFMs have a typical cantilever slope of v &~ (—11 4 1)°2.
Note that the minus sign comes from the orientation of the coordinate system which,
in this case, is in the same orientation as the cantilever coordinate system. With
this knowledge we can compare the extracted angles from the data with the typical
cantilever angle (the range of the angle is indicated by the dashed lines in fig. 3.4a).
This, however, must be done carefully, because not all the angles in this range indicate
that the cantilever was in contact with the sample. It could simply be that this is the
slope of the sample. In the case of the hypocotyl the knowledge about the surface can

be used. The gradually changing topography suggests, that every constant slope of

Tt is very important that the raw data is used and not a flattened or plane subtracted image. It
is worth mentioning that the default settings of some AFM softwares is save corrected images and
in those corrected images the real information of the slope is lost and it is not possible to find the
correct angle, which is significant to the cantilever.

2T got this information directly from Asylum Research
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Figure 3.4: Topographical data from an A. thaliana hypocotyl. (a) shows the topography
profile and its corresponding angle of the slope for an A. thaliana hypocotyl. (b) shows
the topography of a whole AFM scan and the red line indicates the position of the line
plot shown in (a). (c) shows the angle of the slope of a whole AFM scan and the red line
indicates the position of the line plot shown in (a). The dashed lines in (a) indicate the
range of the cantilever angle given by the manufacturer. The dotted vertical line in all three
images is an aid for the eye to indicate the region with the artefacts.

69

£in deg



approximately —11° originates from the cantilever. This means for example that in
the profile in fig. 3.4a all values at the right hand side of the dotted line are artefacts.
However, this could not be true for other sections as it can be seen in fig. 3.4c, the
angle changes gradually for other z-sections. From this data we infer that a cantilever
with a long probe is required, as already suggested by the generated artificial data in
fig. 3.3.

Artefacts can be minimised by minimizing the area of the cantilever over the
sample. In the case of a unidirectionally growing tissue, the cantilever should be
placed orthogonal to growth direction. In fact, a cantilever oriented parallel to growth
direction can even hit the tissue with the cantilever chip. This interaction introduces
more difficult artefacts and in many cases it is impossible to acquire an image because

the sample is moved by the cantilever chip.

3.1.2 Sample Artefacts

Further problems can arise, which are not imaging artefacts in the classical under-
standing, but rather originate from the sample itself. Yet they are sometimes difficult
to recognise. Two examples I will discuss here are cell damage and loose, i.e. not
properly attached, samples.

Cell damage is an artefact, because the cell is in an unphysiological state. Those
artefacts can originate from two phenomena. First, they can originate from a poor
sample preparation, e.g. the sample dried out before water was added or mechanical
damage happened during mounting. Second, mechanical damage can happen during
imaging. This is the case, if the tip is too sharp and at the same time the applied
force too large. The pressure can pierce the wall during the approach of the probe
or, when scanned in contact mode, the wall can be cut. The difference between
piercing and cutting the cell wall is, that in the first case the rupture of the wall is

caused only by forces normal to the sample forces, whereas in the second event the
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Figure 3.5: Cell damage. (a) and (d) show a damage where a layer of the CW was
removed and the damage changes the mechanics. (b) and (e) show a damage where parts of
the CW were removed as well but in this case the damage does not change the mechanical
properties. (c) and (f) show a cell which was pierced during the scan. It can clearly be seen
that the cell deflated and the mechanical properties change with the deflation. The y was
the fast scanning axis and x the slow scanning axis. The scanning direction was from right
to left.

rupture is predominantly caused by shear forces. Under typical imaging conditions
the damage is more likely to occur through the shear than through the normal forces.
Moreover, it is possible that only certain layers of the cell wall (CW) are damaged,

which ultimately might change the mechanical properties of the wall.

3.1.2.1 Cell Damage During Data Acquisition

Artefacts of cell damage are easy to recognise if the cell geometry is well known.

Figure 3.5 shows topography images with three different cases of mechanical damage
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that occurred during the measurement, plus the corresponding maps of the storage
modulus E’. Figure 3.5a shows damage where a part of the CW was removed during
the scan and fig. 3.5d shows that in this particular case the mechanical properties
change because of the damage. Figure 3.5b shows an example where the damage is
again removal of CW material but as fig. 3.5e shows it hardly affects the mechanical
properties. Finally, fig. 3.5¢ shows an example of a cell which was pierced during
the scan and immediately lost its turgor pressure. The topography image shows a
very sharp transition from a well defined topography towards a more blurry deflated
one. Moreover, fig. 3.5f shows that not only the topography is affected but also the
mechanical properties changed after the damage occurred. The origin of the changes
of the mechanical properties is explained in detail in chapter 5. In general, cell damage
can be reduced by the use of blunt probes, i.e. a truncated cone, which can either be
bought or created by using sharp tips for other experiments before they are used for

the measurement of cell mechanics.

3.1.2.2 Artefacts During Sample Preparation

The problem of poor sample preparation is that the sample is pushed down towards
the substrate during the approach of the cantilever towards the surface. However,
during the experiment the buoyancy of the seedling causes it to float which usually
results in a blurry image and the cell appears much softer than it actually is. Even-
tually the z-piezo will run into the limits of its stages because the buoyancy of the
seedling will cause it to rise further up. With little experience these artefacts are
sometimes very difficult to spot because the buoyancy of the seedling varies and the
change in position can happen very slowly. An easy test to spot this problem is to
activate the feedback loop (without any scan) and watch if the position of the z-piezo
is changing. If this is the case the sample is most likely floating. Alternatively, the

system is not in thermal equilibrium which also is not a good imaging condition.
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3.1.3 Force Volume Measurements

In contact mode we make the assumption that our sample is not deformed during
the measurements. This assumption is only true if the cantilever is much softer than
the sample. However, if the mechanical response of a sample should be measured the
cantilever must have a similar stiffness to the sample and consequently the sample
will be deformed. To find the mechanical properties of a sample it can be deformed by
indenting it with the probe and measuring the force response as a dependent variable
of the distance. This kind of experiment is called a force volume measurement.
During force volume measurements not only the same artefacts as in contact mode
appear but also additional ones caused by the deformation. For an isotropic linear
elastic material those artefacts can be easily spotted by looking at the deviation of
the indentation from the theoretical prediction. However, most materials, such as the
plant cell wall, are neither isotropic nor linear elastic. The difficulty is to distinguish
between artefacts and non-linear or non-isotropic behaviour.

First, it is important to recognise that the artefacts can occur at any point during
the deformation. Here, I will only discuss the most common artefacts for experiments
on curved tissues. Second, I note that not all apparent artefacts are real. Some are

caused by incomplete theory which is beyond the scope of this thesis.

3.1.3.1 Derivation of the Hertz Model for a Conical Indentation of an

Inclined Half-Space

One major problem of curved tissues is that the indentation is usually not normal
to the surface but occurs at an angle. The classical indentation theory from Hertz
(1882) and its modifications assume the orthogonal indentation § of an infinitely thick
isotropic half-space. A correction for the contribution of the substrate for thin samples
was introduced by Gavara and Chadwick (2012). Corrections exist also for the effect

of a slope and they account for the fact that the force is not acting normal to the
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surface (Routier-Kierzkowska et al., 2012). However, this is not sufficient, because the
detected force depends on the projected contact area A, between indenter and sample.
For a conical indenter on an inclined isotropic half-space or on a flat anisotropic half-
space, the contact area becomes elliptical (because it is an oblique cone section). This
part is a theoretical consideration of the indentation of an inclined half-space by a
conical indenter. The inclination of the half-space can be described by the inclination
angle 5 and the cone is characterised by the half-opening angle « (fig. 3.6). With this
considerations of the contact area A. we proceed with the approach of Vlassak et al.
(2003), who considered the convolution of an indentation with an elliptical cylinder
and an axisymmetric cone.

Consider the axisymmetric cone C with half opening angle a and the tip C. The
aim is to determine A. for which it is necessary to determine the half axes a and b
for a section of a distance h to the tip C, where h is on the central axis of the cone.
If the angle § of a virtual cone section fulfils the condition 0 < 8 < 7/2 — «, the
section is elliptical. The other cases are not interesting for an indentation experiment
since this implies the indentation is not happening with the tip of the probe. It is
easy to show that for the small half-axis b = r¢ (h) = hcot« is obtained. For the
axis a we calculate the intersection between cone and plane. Let’s consider the cone
in projection with the origin O of the coordinate system at the position of the tip
C (fig. 3.6). Thus, we seek the intersection between the triangle (ABC) and a line
g1 () = myx + h with slope m; = tan . The triangle can also be parametrised by
lines g; () = m;x,i = 2,3 with slopes m3 = —ms = cot @. The z-coordinates of the

intersection are then given by

gi (x) =mix =msx +h = gs(x). (3.3)
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This leads to the intersections z; s = If we substitute these into g; we get

m;—my "’
the y-coordinate g¢; (z;5) = yis = #"’Zm + h. Now the large half-axis a is given by
1
a = §|Sz—53|, (34)

with s; = (xi,s,yi,s)T. Now replace ms by —mso and we get a = mhm2 V1+m?

2 2
2—my

and it follows with the definitions of ms = cot a and m; = tan 3

h cot 1
o= —5 . (3.5)
cot® a — tan® (3 cos

The eccentricity e of the ellipse is then given by e = 4/1 — Z—z and this is indepen-

dent of A for constant a and 3, as expected, namely

2=1-— [Cosﬁ(l—taHZB)r. (3.6)

cot? v

3.1.3.2 The Force Response of an Axisymmetric Cone Indenting an In-

clined Half-Space

With these geometrical considerations, the force response of the sample can now be
determined. Vlassak et al. (2003) showed that the force response for a cone with an

elliptical contact area is

F (a,b) = mpoab (2U — cot aaE (e)) (3.7)

o= —Hr
7 (1-v)bK (e)
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Figure 3.6: Schematic projection of cylinder and inclined half-space.

with the half axis a,b and the half-opening angle a of the ellipse. U refers to the
solid body displacement and pg to the zero pressure of an elliptical flat cylinder. The
mechanical property is given by the rigidity (Lamé modulus) p which is related to
Young’s modulus by £ = 2(1+ v) p, where v is Poisson’s ratio. Since we have an
elliptical contact area it is also not surprising that the complete elliptical integrals of
first K (e) and second F (e) kind appear in the equations. Minimizing the force in

eq. (3.7) with respect to a we obtain U = cot(a)aF(e) and with eq. (3.8)

H 2
F(a,b) = ﬂma cot aF (e) (3.9)
g M tanag, (3.10)

Now we consider the case of an orthogonal indentation, i.e. e = 0, and eq. (3.10)

reduces to

tan aU? (3.11)
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Figure 3.7: Attenuation factor f(a, ) for an inclined half-space. The red and the blue
line show the behaviour of the attenuation factor in eq. (3.13) for a typical conical indenter
with a = 15° and 35° for the inclined half-space. The green curve shows the behaviour if
only the normal indentation for the inclined half-space is used, i.e. f(a,3) = cosf.
Notice that K (e = 0) = E(e = 0) = 7/2. Comparing this to the result of Sneddon
(1965) we find that the solid body displacement equals the indentation ¢, i.e. U = 4.

We can now rewrite eq. (3.10) as

F (a7 b, 6) = Fsneddon - f (aa ﬂ) (3.12)

f(0, 8) = !

TR E() (3:13)

It should be emphasised, that e = e («, ).

Figure 3.7 shows the behaviour of f(«, ) for a conical indenter with typical half-
opening angles a = 15° and 35° and the behaviour if only the normal direction for
the indentation is used, i.e. f(a,8) = 1/cosf. The graph shows two important
relations. First, the contribution of the force parallel to the surface can only be
neglected if § < 5° but for larger angles this is not a good approximation. Second,

the attenuation has a singularity at o+ g = 90° because in that case the indentation
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is not caused by the tip anymore but by the side slope of the cone. This implies only
that eq. (3.12) is not valid for those angles and not that the force reduces to zero.
The reason that the force in this case apparently reduces to zero is that the cone has
an infinite height and hence an infinitely long side area. However, in such an event
the conical indenter probes a huge area of the half-space and a local investigation is
not possible. Hence, this case is not interesting for a nano-indentation experiment.
Moreover, fig. 3.7 shows that for the indentation of inclined half-spaces a cantilever
with a high-aspect ratio, i.e. small «, is preferred, since this reduces the effect of the
inclination. This implies that for small enough « it is possible to neglect the effect of
the inclination for increasing (.

As a final remark, I want to emphasise that eq. (3.13) considers neither friction
nor anisotropy of the material. The latter can be included with the approach of
Vlassak et al. (2003) but introduces further complications and requires numerical
considerations of the problem and, therefore, this case is not considered in this thesis.
However, it is useful to notice that the inclination of the tissue may be neglected if
high aspect ratio cantilevers are chosen. This shows that the findings above not only

reduce the imaging artefacts for topography imaging but also for force imaging.

3.1.4 Determination of the Contact Point: Force-Indentation

Variation (FIV)

For an accurate determination of Young’s modulus from indentation experiments, it
is not only important to use the correct contact model but also to exactly determine
the contact point (Gavara, 2016). The problem with contact point determination is
that it is very often based on models, such as the goodness of fit (GOF) model, or
on numerical approaches, such as the ratio of variances (ROV) model. On the one
hand, GOF is inadequate because in real experiments the force-indentation curves

follow rarely the predicted model behaviour exactly which consequently results in an
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inaccurate determination of the contact point. On the other hand, ROV is strongly
dependent on the interval over which the variance is determined and this interval
must be adjusted to sampling density, noise level, and indentation depth. Therefore,
this method is very slow and not well suited for automatised data analysis. Here we
present an analytical solution to determine the contact point, which has neither of
the mentioned restriction.

We start with the general form of an indentation experiment for an arbitrarily
shaped indenter (eq. (1.35)). The problem in an indentation experiment is that the
coordinate system given by the stage is usually not set up in a way that F(6 =0) =0
but rather has an arbitrary offset for the indentation, denoted by dy, and the force,

fo- This can be written as

g(0 —80)" — fo for § > d
F(§—d) = (3.14)

—fo else.

For an ideal experiment, i.e. no virtual deflection, no hydrodynamic effects, and
no noise, fy would be the value of the baseline and d, would be the last value at the
baseline. In a real experiment this method is not possible, because of the noise in
the data and, therefore, many different methods have already been developed. Here
we are going to use the knowledge that eq. (3.14) is a piecewise defined function. To

find g and fy we add an arbitrary offset ¢’ and f’ and we obtain

N g6+ 8+ —f ford>dy+ 0
F(0) = (3.15)

—f else.
with d = 6 —38y— 0 and f = fo + f. Now we multiply eq. (3.15) by 6 and
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The reason that the left-hand side (L.h.s) is not zero for the minimum is that
an arbitrary offset was introduced in eq. (3.15). Furthermore, F(6)4 is continuously
differentiable and, therefore, the condition lL.h.s = right-hand side (r.h.s) must be

fulfilled, which implies

Smin + 60+ ' = 0 € Sppin + 0" = —0. (3.17)

Since ¢ was chosen and Smin can be determined from the data this method gives
do-

In order for the method to work it is necessary to chose ¢ and f’ in a way
that eq. (3.15) has a minimum. It turns out empirically that f’ = 0.5(max(Fuxp) —

max(Fiyp)) and ¢’ = 0.6(max(d) — min(d)) are good values to determine the contact
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Figure 3.9: Contact point (CP) data. (a) shows the distribution of the CP for 0.004 %,
0.04% and 0.4% (low, medium, high) signal to noise ratio with respect to the maximal
applied force for GOF, ROV and FIV. (b) shows the application of the three methods to
experimental indentation data with a spherical indenter in pure water.

point accurately. However, if these values are not accurate enough these can be varied.
Moreover, it should be emphasised, that this method determines the first point of
cantilever deflection. This implies, that any surface effect, such as hydrodynamic
effects, will be detected as contact point, if the cantilever is deflected. However, if a

theory for such a deflection is known, this effect can be subtracted and the method can

be applied again to determine the contact point which causes the sample deformation.

3.1.5 The Effect of Noise on the Determination of the Con-

tact Point

To determine the effect of noise on the accuracy of the method, we simulated a force
indentation curve with Hertzian contact geometry. The sample size of the curve was
n = 1000 and the contact point was at sample n = 833. We added to this curve
a Gaussian noise with amplitudes of 0.004 %, 0.04 % and 0.4 % (low, medium, high)
relative to the maximal applied force. We analysed this data with the GOF, ROV,
and force indentation variation (FIV) algortihms for 100 curves.

Figure 3.9a shows that for low and intermediate noise GOF is the most accurate
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of the three methods but it is rather useless at high noise levels. Moreover, GOF
works only reliably if the geometric exponent of the model (eq. (1.35)) matches the
experimental one, which is rarely the case. At the high noise levels ROV is the most
accurate method, which can be explained by the fact that this method considers the
noise level when the contact point is determined. On the other hand, it is the least
favourable at lower noise levels, which might be a numerical problem that occurs for
divisions by small numbers. For none of the noise levels is FIV the most favourable
method. However, it performs well across all noise levels; indeed almost as accurately
as the best method for each level. Furthermore, like ROV, this method is not based
on an indentation model, and is therefore favourable to GOF.

To investigate strengths and weaknesses of the FIV method we applied it to an
experimental data set during which we indented polycaprolactone (PCL)? with a
spherical indenter of radius 20 pm in pure water. The large spherical indenter was
chosen because for larger indenters the samples obey better to the Hertzian contact
mechanics. This reduces the disadvantage of GOF, for which a correct contact model
is crucial. We did 100 indentations at one point, where each curve had 1000 + 15
samples. Figure 3.9b shows the 100 curves plotted for the analysis with GOF, ROV,
and FIV, where § = 0.0 represents the contact point. It shows clearly that in this
experiment GOF' leads to the narrowest distribution of the curves after the contact
point. But we can clearly see that the model was wrong since the baseline is below the
level F' = 0. Both the ROV and FIV methods show that the baseline is around F' = 0,
which suggest that they determined the contact point rather accurately. While ROV
shows a narrower distribution around the baseline, FIV shows a narrower distribution
of the curves after the contact point. Since the indentation of the material was on the
same position we would expect that the curves would look rather similar. This, and

the fact that at low and intermediate noise levels FIV determines the contact point

3Provided by Andrea Bonilla-Brunner.
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Figure 3.10: Indentation artefacts.

better than ROV, suggest, that it performs better than ROV. In fact the noise SNR
in the experiment is 0.03 %, which is within the intermediate noise level and hence

we obtain the better result for FIV as expected from the simulations.

3.1.6 Cantilever Artefacts

Another kind of artefact that can arise directly from the cantilever during the inden-
tation in a similar way to the artefacts encountered in contact mode. First, it can
happen that although the tip is indenting the sample (fig. 3.10c I), during the inden-
tation the probe is too short for the amount of the deformation and, consequently,
the cantilever touches the cell (fig. 3.10c II). This creates a significant artefact in a
force-distance curve: two different exponents in eq. (1.35) appear with a very sharp
transition (fig. 3.10b). The reason for this discontinuity is that effectively the indenter

changes from a conical indentation to an indentation with a flat beam. Furthermore,
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the point at which the force acts is different, which is indicated by the red arrows in
fig. 3.10c I and II. This phenomenon is in principle the same artefact as the one which
occurs during contact mode measurements of topography, where the cantilever rather
than the tip samples the topography. As we have seen before these artefacts occur
only if the changes in the topography are larger than the size of the tip and therefore
they can be reduced again by changing the cantilever design towards an enhanced
probe length.

Another problem occurs only for cantilever designs where the probe is not directly
at the end of the cantilever as indicated in the pictograms in fig. 3.10c. In this case
a steep slope of the sample causes the cantilever to hit the sample first. During the
indentation the cantilver will bend further and at some point the tip starts indenting
the sample. This can again be recognised by the fact that two, clearly distinct, regimes
during the indention appear (fig. 3.10b). A similar artefact for cellular indentation
was reported previously by Harris and Charras (2011) who observed that even on flat
cells the indentation will be affected by the tip, since at a certain indentation depth
the tip will start hitting the cell. In a sense of categorization, however, this is more
similar to the artefact, which is shown in fig. 3.10cI and II, in the sense that the
indentation happens with the tip first and the artefact occurs just at a certain depth.
While in this case the first part of the indentation curve, where the tip indents, can
still be used for analysis, this is not possible if the cantilever touches the sample first
and the indentation with the tip happens after certain amount of bending.

The major problem with both of these artefacts is that they are difficult to dis-
tinguish from non-linear material behaviour with depth, for example the different
material properties in layered materials (Lee et al., 2009), or the indentation of thin
shells, which also does not follow the Hertzian indentation model (eq. (1.35)) (Vella
et al., 2011). However, one main difference is that in most cases the actual material

behaviour shows smooth transitions and not abrupt ones. Additionally, a good knowl-
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edge of the topography and the cantilever geometry make it possible to calculate if
an artefact can arise from such problems or if it is more likely to be caused by pure

material behaviour.

3.2 Tapping Mode — Topography And Hydrody-
namic Interactions

In tapping mode I will discuss two kind of artefacts. Both are only relevant for
mechanical imaging and not for basic topography. The first artefact I will discuss is
the contribution of liquid and the second is the problems that can arise from cantilever

stiffness and attractive forces.

3.2.1 Hydrodynamic effects

In basic tapping mode imaging the hydrodynamics can be used to advantage in imag-
ing with high resolution (Voitchovsky et al., 2010). In contrast, it can cause problems
for quantitative mechanical imaging. The general problem is an additional coupling
between cantilever and surface. This connection arises from the cantilever oscillation,
which simultaneously excites a water column which reflects from the surface and
interacts with the cantilever. In the following I call this interaction hydrodynamic
coupling. With acoustic excitation a much larger amount of water is excited than
with direct actuation of the cantilever such as photothermal excitation (Ramos et al.,
2006). This results from the significantly larger area of the chip compared to the can-
tilever. This additional excitation makes the hydrodynamic coupling strong and hence
very difficult to predict. On the other hand, with photothermal excitation, the water
coupling is weak and results in a minor shift of the resonance when the cantilever
approaches the surface (cf. fig. 3.11). This coupling can be described by an effective

cantilever spring constant kT = k. + k,,(d), where k,,(d) accounts for the coupling of

85



300 16 100

250 L— acoustic 14 ——mmo o — — — 90
—— photothermal
200 12 80
> = o
S c 10 70 2
c 150 c c
= = 8 60 =
100 < s
6 50
50 4 L 40
0 2 " 30
20 40 60 80 100 120 140 —2000-1500-1000 =500 0 500
fin kHz sinnm
(a) Resonance frequencies for photother- (b) A; and ¢, for an oscillating cantilever
mal and acoustic cantilever actuation. vs 0.

Figure 3.11: The effect of the hydrodynamic coupling on the oscillating cantilever. (a),
data of acoustic and photothermal cantilever actuation shows the difference in the resonance
peaks. The hydrodynamic effect is very severe in acoustic actuation mode, which introduces
new resonances, whereas the direct photothermal actuation leads only to a small coupling
which still preserves the resonance of the cantilever. (b), shows the amplitude 4; and phase
¢1 vs indentation depth. It clearly shows that the coupling is weak and can be approximated
by a linear function. The red and blue dashed lines indicate the values of AP* and ¢, the
calibration values for amplitude and phase, respectively, far from the surface. The green
line indicates the contact point and the black vertical line indicates the indentation depth
during the scanning experiments.

the water, which depends on the distance d to the surface. With this approach, the res-

onance frequency wy = +/k./m becomes wo,, = \/(kw(d) + k) /m =~ wo(1+ky(d)/ke).

From fig. 3.11b it can be seen that the coupling of the water, i.e. the change of A;

and ¢; for negative 9, is much weaker than the change during the indentation, i.e.
0 > 0. This means that the hydrodynamic effect can be corrected and the dynamic
interaction can lead to mechanical properties.

Moreover, the linear and small change in A; and ¢; indicate that the topography
of the sample will have no significant effect on the mechanical measurements.

This hypothesis was tested using a latex replica of the hypocotyl (cf. chapter 2).
If the characteristic distribution in the mechanical mapping in fig. 3.12 (a) is caused
by the topography, the mechanical profile of the replica (cf. fig. 3.12 (c)) should
qualitatively have the same distribution. However, this is not the case and suggests

that the hydrodynamic effect is not responsible for the mechanical behaviour of the
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Figure 3.12: Comparison of the mechanical properties of an A. thaliana hypocotyl and a
latex replica of an A. thaliana hypocotyl. (a) shows the line profile of the topography of
the seedling, which is indicated by the blue line in (b), and the corresponding mechanical
properties. (c) shows the line profile of the topography of the replica, which is indicated by
the blue line (d), and the corresponding mechanical properties.
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Figure 3.13: The hydrodynamic coupling for a short lever. (a) shows amplitude and
phase plotted vs distance. (b) shows a zoom into the contact region of (a). The green line
indicates the contact point and the red and blue dashed lines indicate the free amplitude
and phase, respectively.

plant samples at the cell junctions but it is caused by differences in the mechanical
properties or wall internal stresses.

Above we already discussed that the hydrodynamic coupling is a function of the
distance between the lever and the surface. This causes problems during measure-
ments with shorter probes because during these measurements, the cantilever is closer
to the surface than if the tip is longer. As already discussed in section 3.1 this can
cause the cantilever to have physical contact with the sample, which obviously causes
artefacts of this type as well. But even if the cantilever is not in physical contact
with the sample, it will be very close to it, which increases the hydrodynamic coupling
significantly.

Figure 3.13a shows an example of the behaviour of A; and ¢; with distance for a
short and soft cantilever. It shows clearly that especially the amplitude changes very
significantly and the change cannot be approximated by a linear function. The reason
for this is the relative strength of the hydrodynamic coupling which is larger than for
a stiff lever but also the shorter tip which causes the absolute strength of the coupling
to increase. The extent of this effect can be seen in fig. 3.13b in the contact regime
(to the right of the green line where § > 0), where the phase becomes negative and
very noisy and the amplitude increases after a certain indentation, which is caused

by the water coupling. This effect would be reduced in a softer sample since a stiff
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Figure 3.14: Topographic artefacts for a short lever during a dynamic AFM scan. (a)
shows the topography, (b) the force, (c¢) the phase, and (d) the amplitude of the dynamic
AFM scan.

surface reflects the water better than a soft one. Furthermore, the hydrodynamic
coupling can cause the phase to be larger than 90° (fig. 3.13), which suggests that
the experiment is conducted in the attractive regime, which would not probe the
mechanical properties of the sample but rather the surface potential.

These effects cause problems during a dynamic AFM scan. Figure 3.14 shows
the relevant quantities (Fy, Aj, ¢1) to calculate the mechanical properties from a
dynamic AFM scan. The topography image in fig. 3.14a shows the artefact described
in fig. 3.10c IIT at x = 5pm and 25 pum, where the end of the lever hits the sample
because of the steep slope of the cell. While the force image (fig. 3.14b) shows no
significant artefacts, the phase image (fig. 3.14c) shows that at the majority of the
scan the values are above 90°. In fact, only the positions where the cantilever end

rather than the probe hits the sample, the values are below 90° (orange regions
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in fig. 3.14c). The amplitude image (fig. 3.14d) shows the same artefacts as the
phase image. Moreover, the contact amplitude is very small, which suggests that
the cantilever is too soft to transmit a significant amount of energy into the CW.
The motion, which results in the amplitude, is in this case most likely caused by
the hydrodynamic coupling rather than by the response of the cell wall. Although a
correction for the hydrodynamic effect is technically possible (Cartagena and Raman,
2014), in the case of the stiff plant CW most of the energy dissipation will be caused
by the motion in the liquid and therefore the result of the viscoelastic properties will
not be reliable. As we have seen above this problem can be avoided by the choice of

a stiffer cantilever with a longer probe.

3.2.2 Reproducibly of AFM Measurements

One very important question is the reproducibility of the AFM measurements un-
der hydrodynamic conditions. To asses that we measured the same position twice
including calibration curves. The important quantities for the mechanical measure-
ments are Ay, ¢1, Fy for which we find ratios of the two subsequent measurements of
1.02 + 0.05, 1.0 £ 0.2 and 1.0 £ 0.3, respectively, for four positions. Calculating the
mechanical properties as shown in the next chapter, we obtain the ratios 0.98 £ 0.05
and 0.98 = 0.06 for £’ and E”, respectively. This shows that the mechanical mea-
surements are fairly reproducible. In fact the differences between the measurements
are not only caused by noise during the measurements but also due to drifts of the
sample, i.e. the ‘same’ position is slightly shifted. Moreover, the scanning in contact
mode can remove a tiny layer of the cuticle (fig. 3.5) and therefore, this slightly alters

the mechanical properties.
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Figure 3.15: Reproducibility of a dynamic AFM scan.
3.3 Summary

In this chapter we investigated the origin of imaging artefacts on cells in tissues.
We have seen that in several circumstances cantilevers with short probes are more
likely to introduce imaging artefacts. In contrast, longer probes reduce the restric-
tions given by the topographical variation. Furthermore, the force that is introduced
by the hydrodynamic coupling is weaker in the case of long probes. In addition,
we have seen that for mechanical measurements on sloped surfaces, high aspect ra-
tio probes are more desirable, because they reduce the effect of the inclination on
the force. Ultimately, high aspect ratio probes give a higher resolution but their
sharpness might introduce cell damage by destroying the cell or only removing CW
material. Nevertheless, high aspect ratio probes are favourable for dynamic mechan-
ical measurements, because they not only reduce imaging artefacts but also reduce

hydrodynamic coupling.
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Chapter 4

Quantitative Mechanical

Properties Mapping With AFM

The mechanical imaging technique which was used in this thesis relies on the method
described by Cartagena-Rivera et al. (2015). The Cartagena method is a kind of
contact resonance imaging were the atomic force microscopy (AFM) feedback is on
the deflection and at the same time the cantilever is driven at one or two oscillatory
eigenmodes. However, this method is only applicaple in the case where the material
can be described by the Kelvin-Voigt (KV) model, which is not accurate for the
description of complex composite materials as the theory of the stress-relaxation
and the creep experiments show (section 1.2). The most general linear viscoelastic
material can be described by the generalised Maxwell (MW) model which accounts for
the behaviour of materials whose relaxation occurs on several timescales (fig. 1.6d).
This chapter will provide new theory that I have developed, which links the cantilever
observables Ag, ¢1, and A;, for a sinusoidal actuation to the generalised MW model.
This can be reduced to the KV, MW, and standard-linear solid (SLS), which I will
discuss in detail in this chapter. Finally, an approach to obtain the quantities k;

(stiffness), 7; (relaxation time), 7; (viscosity) from the general MW model is developed
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and presented.

To obtain a relation between the cantilever observables and the mechanical prop-
erties three steps will be followed. (i) the cantilever motion is described by a driven
harmonic oscillator with damping to which an external force is applied. (ii) the ex-
ternal force will be determined by the material parameters, which implies that the
force, exerted by an oscillating generalised MW material, will be determined. (iii)

the cantilever motion will be linked to an appropriate indentation model.

4.1 A Model for Dynamic AFM Mapping of Linear
Viscoelastic Materials

The Cartagena method uses the approximation of a driven harmonic oscillator moving

in an external force field F,(t) the following equation is obtained

1 - 1 - _Foscsin(wt)+Fext (t)
BTG T T TR, ke

(4.1)

The cantilever motion is characterised by its trajectory ¢(t), resonance frequency
wo, spring constant k. and quality factor ). The driving force oscillates with a force
F,s. and a frequency w. To solve this problem for a generalised MW material Fi(t)
must be the resulting force on such a material. In the following derivation the external
force will be denoted by F' instead of F,;.

The steady state solution for ¢(t) in eq. (4.1) is given by the following expression

q(t) = Ap + Ay sin(wt — ¢1). (4.2)

Every arm in the generalised MW material is characterised by its spring constant
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k; and its timescale 7; = n;/k;, with the viscosity 7;. Furthermore, in the generalised
MW model the total strain ¢ must be the same as the strain ¢;,,2 = 1... N in every
arm, i.e. §; = 9; = 9,V7, 5. The total force F' is given by the sum of the forces f; in

every arm and a relaxation, steady state, force f, by

N

i=1

The force f; for the MW model is given by the partial differential equation (PDE)

(eq. (1.2))

651 1. 85dashpot aé‘spring; o 1 ) 8fz
hm_&< o ot _nﬁ+m' (4.4)

In the real space the PDEs cannot be simply summed but such an expression can

be found in the Laplace domain, in which eq. (4.4) has the form

9i(s)- (4.5)

The Laplace transform of a function g(t) is denoted by g(s) = L(g(t))(s), where s
is the free parameter in the Laplace domain. Because of the linearity of the Laplace

transform, the total F' can be written in the Laplace domain as

F(s) = foo + Z fi(s) = (%” + Z jl) 5(s). (4.6)

The last equality is true because §; = 0,Vi = 1... N. With the approximation of
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the cantilever motion as a driven harmonic oscillator, the material stimulation can
be expected to be sinusoidal. This is the case in the steady state oscillation of the
driven harmonic oscillator (eq. (4.2)). From this assumptions the deformation (¢) is

of the form

5(t) - 50 + A1 sin(wt — gbl) (47)

In fact, in an AFM experiment the relation between the cantilever motion §(t)

and ¢(t) is given by

It) =—(Z+q(t)) (4.8a)

5o = — (Z + Ag) (4.8b)

with the position of the z-piezo Z, the deflection of the cantilever Aj.

The Laplace transform of eq. (4.7) is

S 5 w S .
5(8) = ;0 -+ mAl COS(¢1) — mAl Sln(¢1). (49)

Substituting eq. (4.9) into eq. (4.5) and applying the inverse Laplace transform

we obtain
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fi(t) = <ki50 - Alkiﬁ (wT; cos(¢y) + Sin(q§1))> e

(2

sziQ .
+ Alklm sm(wt — ¢1)
WT;
+ Alk’zm COS(u}t - ¢1) (410)

7

From eq. (4.10) an initial modulus € ;, the storage modulus €, and the loss mod-

ulus €/ can be found as in the literature for the MW model (Doi, 2013)

€0 = ki — 5o, (€: cos(¢1) + € sin(¢y)) (4.11a)

2.2
D Ak T 4.11b
i A w272 ( )

WT;
6;, = Alkzm (4]_1(3)

With eq. (4.11) we can rewrite eq. (4.10) as
fi(t) = 6071'(5067%‘ + €, Ay sin(wt — ¢1) + € Ay cos(wt — ¢1)
eq. (4.7) _t , 6;/ .

= 60’1'506 Ti o= 61(5(75) — 50) + ;5(15) (412)

Using egs. (4.6) and (4.10) and the linearity of the Laplace transform the total
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force for the generalised MW model with a relaxation spring constant k., is

F(t) = kooGo + koo (5(t) = 60) + Y (eo,iéoeé +e(S(t) — &) + E—iS(t)) (4.13a)

B (koo + Z@meé> do + (koo + Zeé) (6(t) — do) + (Z E;/> ?
(4.13b)
= Eo(t)do + E'(6(t) — &) + EII@- (4.13¢c)

In eq. (4.13c) the total relaxation modulus Ey, storage modulus E’ and loss mod-

ulus E” are given by the following equations:

N

E()(t) = koo + Z 6071'67?1' (414&)
=1
N

E =kt ¢ (4.14b)
=1

N
E"=Y €. (4.14c)

Equation (4.14) is well known and implemented in most finite element modelling
(FEM) softwares, such as ABAQUS. With the solution in eq. (4.13) as external force

in eq. (4.1) we obtain

1 1 Foosin(wt)  Eo(t)do + E'(5(t) — 6) + E"2Q
L Lo Doesinlel) | Boo+ FOU) = 00) + B,
W WOQ kc kc

(4.15)
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The interaction will only happen when the cantilever is close to the surface, and
therefore the quantities in eq. (4.1) must be near the surface, which will be denoted
by the subscript ‘near’. Substituting the steady state solution from eq. (4.2) into
eq. (4.15), using the relations in eq. (4.8) and adding in the driving force to the

frequency the phase ¢ — @1, i.e. Faive = Fose sin(wt + ¢1 — ¢1), we obtain

2 w

—— Ay sin(wt — ¢1) +

near Qnearwnear
= };;)SC (sin(wt — ¢1) cos(p1) + cos(wt — ¢q) sin(¢p1))
+ki (Fo(t)00 — E' Ay sin(wt — ¢y) — E" Ay cos(wt — ¢1)) . (4.16D)

Aj cos(wt — ¢1) + A sin(wt — ¢1) + Ay (4.16a)

Comparing now terms with sin(wt — ¢1) and cos(wt — ¢1) we get the relations

between the observables k., A;, ¢; and the material properties

kCAO = Eo(t)do (417)
cos(¢1) w?
E' = F. —k|1—— 4.18
A ( W%) (418
sin(¢y) w
E" = F, — k. . 4.19
Ay Quwo ( )

From Cartagena-Rivera et al. (2015) we obtain the relations

kcAfar / 1
Fosc - Qf ]. - rcgz (420)

2
w Fosc COS(¢1 near)
1-— = : 4.21
(wnear) kic Al,near ( )
w _ Fosc Sin(gbl,near) (4 22)
wnearQnear kc Al,near ’ ‘
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which we can substitute into eq. (4.16) and the final result is

FO = kCAO = Eo(t)éo (423&)
/ COS(¢1) . COS(¢1,near)

E' = Fos ( A . (4.23b)
"o Sin(¢1) . Sin(¢1,near)

E" = Fosc < Al ALnear . (423C)

In our experiments, we measured the quantities Aj jcqr and @y peqr near the surface,
at about ~ 10nm above the sample surface. This is needed to correct for hydrody-
namic effects of the liquid (Cartagena and Raman, 2014, see chapter 3 for details).
Fy is the force which is applied through the cantilever indentation and is measured
by the cantilever spring constant and deflection k.Ay. Equations (4.23b) and (4.23c)
show the same relations between the cantilever observables and mechanical quantities
as obtained by Cartagena-Rivera et al. (2015) but the quantities Fy(t), E’, and E”
are different for the different models. The reason that the relations between the me-
chanical properties and the cantilever observables do not change, is that E’ quantifies
the stored energy in the system and is related to the displacement, while E” is a mea-
surement of the dissipated energy and is proportional to the velocity. Therefore, the
left-hand side (Lh.s) in eq. (4.23) will depend on the viscoelastic model applied to de-
scribe the material, whereas the right-hand side (r.h.s) is universal for all viscoelastic
models.

For the SLLS model N = 1 and the three moduli are given as
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2.2

B = ko + L 4.4
g + wr? (4.:24)
wTq
B =k — 4.2
A _t
Bu() = b+ (b = £ (B — ) cos(on) + E"sinfon)) ) 5. (4.26)
oWwT

This is in agreement with the result from the literature as it was introduced in
chapter 1 (eq. (1.9)).

The final contribution of the individual terms in eq. (4.26) depends, eventually, on
the scan speed v (although v is not directly involved in eq. (4.26), it determines the
time ¢ the cantilever spends at a pixel), the initial indentation dy, and the oscillation
amplitude A;. Usually the term with A;/dow is negligible, because the assumption
for the derivation was A; < Jp and for a polymer we expect that wr ~ O(1).
Furthermore, v is usually that small that the time spend at a pixel ¢, > 7 and

therefore the material is in the relaxed state and we obtain

Eo(t) =~ kuo. (4.27)

4.2 Choosing the indentation model

To link the viscoelastic values from the one dimensional standard linear solid model,
which was used in the derivation above, to three dimensional moduli an appropriate
indentation model has to be chosen. This can be very complex since the plant cell wall
is an intricate composite material. However, we can assume that at small scales, such
as the size of the volumes at which the indentation takes place, the sample behaves

isotropically. Additionally, the wall is much thicker than the oscillatory indentation
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Figure 4.1: The indentation curve justifies the choice of the Sneddon model as the fit
shows. The image on the r.h.s. shows a zoom from the l.h.s. image. The solid black line
shows the indentation depth and the dashed line show the oscillation amplitude.

depth, which is about ~ 5nm, that we can assume that the major contribution comes
from indenting the material rather than bending it. With the assumptions of local
isotropy and having an infinitely thick material all the models from indentation theory

can be used. For linear elasticity that implies

F=g

5, (4.28)

1—12

where v is the Poisson ratio of the sample and E the corresponding Young’s
modulus, and ¢ and ~ are geometrical coefficients specific to the indenter geometry
(eq. (1.35)).

For the Sneddon model as used in the fit, which is shown in fig. 4.1 ¢ = 2 tan(«a) /7
with a & 15° being the half opening angle, which is given by the manufacturer of the
cantilever (cf. fig. 4.2) and v = 2 (Sneddon, 1965).

From this model the three dimensional (3D) moduli can be determined by follow-
ing the approach of Raman et al. (2011) and Cartagena-Rivera et al. (2015). With a

Taylor series expansion of the indentation model in eq. (4.28) we obtain
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Figure 4.2: Half opening angle o of a Nanosensors PPP-NCAuLD tip. The angle has
to be measured for a virtual tip, which is outside the real probe since the real tip size is
finite. However, the fit in fig. 4.1 demonstrates that the experiment behaves according to
this simplified model, justifying the choice of the model.

OF OF .
Eo(t / B B _5
:glf(y)ﬂﬂglf’[;ﬁ& 10— do) + 97050 (4.30)

The introduction of Ef;, and EY}, is reasoned by the knowledge we deduced from
the one dimensional (1D) derivation that E’ is related to the displacement (4(t) — dp)
and E" is related to the velocity d(t) (eq. (4.13)).

Comparing eq. (4.30) with eq. (4.13) we find

Ey(t)
El _

b =970 (4.31b)
E// B

Ip = 97 5 _332 5 (4.31c)
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From here the three 3D moduli can be obtained by

| Fy1— 02
Sy = 7 E‘; g” (4.32a)
B, [1-v2 [E "
E3p = ;D \ —gy WFS (4.32D)
B, [1—v? [E
Bl = =10 —”(/F“ . (4.32c)
Y g 0

Ey can be determined from the quasi-static indentation as shown in fig. 4.1 and

with the assumption of eq. (4.27) Ej is the relaxation modulus, which we assume
to be constant for the whole sample. We then obtain Fy, E} ), EY, from the AFM
scan. Furthermore we assume the cell wall (CW) is an incompressible material and
therefore v = 0.5. Moreover, fig. 4.1 shows that our indentation follows the Sneddon
model (left panel), i.e. ¥ =2,g = 2 tan(a), and that the experiment was done in the
limit of small oscillations where the linear approximation fits very well (right panel).

With this experimental evidence we obtain from eq. (4.32)

2 \/ tan(a) 2 F}

2 \/ tan(a) 2 Fy

It is important to highlight, that Cartagena-Rivera et al. (2015) chose EY, instead
of Ey because they use the KV model. This approach overestimates the material stiff-
ness because it neglects the relaxation which happens throughout the scan in contact

mode. Comparing the mathematical expressions from eq. (4.33) with the result of
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Cartagena-Rivera et al. (2015) E%, = m(1 — v?)E7%, /(8 tan(a) Fy), demonstrates that

in the overestimation of the KV is given by a factor

/GMW 1,2 / /

= ~ 1.3 .
E'Vsp tan(a) 2 AV FOEO vV F()E()

The same relation can be found for the loss modulus. With a relaxation modulus
of Ey ~ 30 MPa and an applied force of Fy &~ 750nN and E], ~ 40Nm™! the KV
model provides values which are about a factor 4.25 larger than the generalised MW
model.

To summarise, in order to obtain dynamic viscoelastic maps the following condi-

tions and experimental order must be fulfilled:

e Ay > A; > A, to ensure linearisation of the problem, i.e. contact area does

not change significantly during oscillation (see also fig. 4.1)

e The experiment must take place in the repulsive regime, i.e. ¢; < 90° and

Po < 90°

e Force-volume curves must be obtained after every scan and record the param-
eters Ag, A1, ¢1, and if measured in the experiment also higher eigenmodes.
The calibration quantities near the surface should be measured at about 10 nm
above the surface and the quantities far from the surface should be measured
at least 2 um above the surface. This curve is also important to determine the

contact model, i.e. exponent 7 in eq. (4.28).
e With the scan and the calibration quantities £}, and E{, can be calculated.

e With the contact model and the fitted Young’s modulus Fy from this model

and the one dimensional quantities Fj,, and EY,, can be determined
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Cantilever calibration and tuning of resonance frequencies.

Ag>A1 > Ay @1 = ¢ =90°

Measurement of cantilever observables Ag, A, @1
and if needed higher eigenmodes, e.g. A and ¢,.

Ag>A1 > Ay

Repulsive regime, i.e. ¢ < 90°, ¢, < 90°

Force volume curve to obtain observables at far and near dis-
tance to surface and the contact model, here: Sneddon — Ej.

~ far pfar pfar pfar pfar
Far means ~ 2um above the surface — A, A\, A5, ¢/, ¢,

Near means =~ 10nm above the surface — AJ®", AJ®, @, @7

l contact model

[ Calculate E{,, and E{}, from eq. (4.23) ]——[ Calculate E}, and Ej), from eq. (4.23) ]

l

Choice of viscoelastic model, e.g. KV, MW, SLS, generalised
MW

Here: from visualisation of E};, and Ej}, the SLS and gener-
alised MW are obtained (figs. 4.6b, 4.9, and 4.11).

Figure 4.3: Assumptions and order of dynamic AFM experiment and data analysis.
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The choice of the viscoelastic model, e.g. MW, KV, SLS, is important for the data
interpretation but not for the experiment.

Figure 4.3 summarises these assumptions and experimental settings as flowchart.

4.3 The Maxwell Approximation

One problem with the approach as it is chosen above is that the SLS model has
three parameters of interest (ky, 7, k), but the AFM experiment gives only two
observables of the mechanical properties (E’, E”). Furthermore, it can be shown (see
section 5.1) that the plant CW extensibility is related to the viscosity (n = ky7). For
these reasons it is useful to have an approximation of the SLS model as an MW one.

From egs. (4.24) and (4.25) we obtain

El—“+(1+) = O(k,wr) (4.34)
= - K)wT = O(k, wT). )

We call O(k,wT) the time response function and we introduced k = ko /ky. For

the MW model we obtain the relations for ky and 7

E12 +E”2
by = = (4.35a)
1E/2 + E//2

106



i — wy (wT, kK = 0.5)
10t b — wy(wr, k= 0.5) |

10° |

1071 |

107! 10° 10 102
wT

Figure 4.4: Behaviour of w; and ws in eq. (4.37).

Using the approach at the r.h.s of eq. (4.35) for the SLS model we obtain

El2 —|—E”2 E//
- - F e
E’ O(k,wT)
2,2 1
I]{]O—]fM—i-kM w T wT

k
1+ w?7? i 1+ w?T?2 O(kK,wT)

w?r? 1
=ky—kyl1— 1
0 " ( 14 w272 ( + @(K,WT)WT))

= ko — ky (1 — wy(k,w)) (4.36a)
1 £ + 2 E" 2
- —FE"l1 _
w E ( * (E’)
1+0(k,wr)?
= T]W = 771U2(:‘§,W7_), (436b)
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where we introduced the weight factors wy (k, w7), ws (K, wT)

(wr) = 2T (141 (4.37a)

P ET) = T O(k,wT)wT B
1+ O(k,wt)?

IUQ(H,U)T) = # (437b)

Both w; and ws depend on the significant timescale wr but w; € [0, 1] introduces
a reduction of kg = k. + ky by a percentage of k,, whereas wy > 1 introduces an
additional resistance which arises from the presence of k.., which can be seen by the

consideration of the equality, where we find wy =1 < k=0= k, = 0.

4.4 Quantitative Viscoelastic Properties Mapping
of Primary Plant Cell Walls Using Dynamic

AFM

Our derivation linking the generalised MW model to the cantilever observables relies
on the model of Cartagena-Rivera et al. (2015). We therefore apply their dynamic
AFM method, with the feedback on the deflection (instead the amplitude), in our
experiments to image the topography and map the viscoelastic properties of epider-
mal cells of the hypocotyl of whole, living A. thaliana seedlings which are immersed
in water and attached to a solid support. We image the sample using feedback on
the deflection of the AFM cantilever while the first mode of the lever is simultane-
ously excited. The hypocotyl is the embryonal part of the stem that grows mainly
unidirectionally and where cell divisions rarely occur, which are useful properties for

the investigation of pure plant growth. The imaged seedlings were germinated under
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dark grown conditions and grown for 60 h previous to the experiment. Dynamic AFM
is used to map the junctions between three (or more) cells, in order to capture the
topography and mechanical behaviour of the three different types of walls, namely
transverse and longitudinal radial (anticlinal) walls, and azimuthal (periclinal) walls.
Figure 4.5a shows a photograph of an A. thaliana seedling at the age of 60h and a
schematic which shows the cellular structure of the hypocotyl and a typical frame of
a cellular junction, including all three wall types. A topography image for a typical 3
cell junction is shown in fig. 4.5b; the corresponding A; and ¢, were simultaneously
obtained (not shown). With the latter two quantities, we can determine E’and E”,
using eqs. (4.23b) and (4.23c), and project them on the topography, as shown in
figs. 4.5¢ and 4.5d. The pixel size in these experiments is 78 nm.

Statistical analysis over every pixel of images for 86 cells on 4 seedlings, were
used to obtain the mean values of £’ and E” resulting in, £’ = (191 &+ 12) MPa,
(150 £ 7) MPa and (129 + 7) MPa, for transverse, longitudinal, and periclinal walls,
respectively (fig. 4.5e). Analogously we obtained mean values of E” = (103 + 8) MPa,
(75 + 4) MPa and (50 + 4) MPa , for the transverse, longitudinal, and periclinal walls
respectively (fig. 4.5f). The growing periclinal and longitudinal walls are significantly
different from the non-growing transverse walls with p < 0.01 for £’ and p < 0.001
for B, with p being the p-value of Welch’s t-test. Furthermore, there is a significant
difference between the longitudinal and periclinal walls with p < 0.05 for E’ and
p < 0.001 for E”. The reason for the difference in both growing walls is probably
caused by the fact that these walls have a different orientation with respect to the
indentation direction. The periclinal walls are probed in transverse direction, whereas

the longitudinal walls are probed in axial direction.
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Figure 4.5: Dynamic AFM 20pum x 20pm images of a junction between three cells in
an A. thaliana hypocotyl. (a), shows a photograph of the seedling before imaging and a
schematic which resembles the cell structure at the hypocotyl. The frame in the photograph
highlights the part which is shown in the schematic below. The red frame in the schematic
shows (a) structural example of the part we imaged in an experiment, as an example of
the topography of such a frame is given in (b). The colour coding for the different wall
types in the schematic is the same as in (e) and (f). Maps of storage E’ and loss E”
moduli projected on the topography are given in (c) and respectively. The walls transverse
to growth direction are marked by green arrowheads and longitudinal walls are marked
by white arrowheads. The walls which are not intersections are periclinal. E’ and E”
show significant differences between different walls (e, f). (e) and (f) show the statistical
distributions of E’ and E” obtained from dynamic AFM maps of 86 cells and 4 seedlings
(i.e. 86 periclinal, 65 longitudinal anticlinal, and 32 transverse anticlinal walls) Statistical
significance is obtained by Welch’s t-test and * means that the p-value p < 0.05, *xx p < 0.01
and * % * p < 0.001. Both growing walls (longitudinal and periclinal) are significantly
different from the non-growing transverse walls but also show statistical significance in
direct comparison with each other.
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4.5 Comparison with Previously Reported Values

of Elastic Modulus

A common criticism for quasi-static AFM indentation experiments of plant CWs is
that they report values that are orders of magnitude smaller than those obtained with
other techniques, which for example use macroscopic stretching of tissues or osmotic
pressure measurements (Cosgrove, 2016). A detailed study combining quasi-static
indentation, osmotic treatment, and finite element modelling by Weber et al. (2015)
reported both a radial modulus in the range of E, = 200 MPa—750 MPa and an axial
modulus of about E, = 120 MPa-220 MPa, in tobacco suspension cells Our results
agree qualitatively with other quasi-static indentation experiments in that the longi-
tudinal walls have lower E’ values than the transverse walls (Peaucelle et al., 2015). In
our experiments, the indentation is in the radial direction for the periclinal walls and
in the axial direction for the radial walls, therefore we assume that the main contribu-
tion comes from the radial modulus which means that our results agree with Weber
et al. (2015) and are one to three orders of magnitude larger than the Young’s mod-
uli reported using quasi-static AFM nano-indentation (Milani et al., 2011; Peaucelle
et al., 2015; Sampathkumar et al., 2014; Hayot et al., 2012). Comparing our values
to the mechanical properties of the components of the plant CW, we find that they
are below the range of the Young’s modulus of cellulose microfibrils, as previously
demonstrated from molecular dynamic (MD) simulations and x-ray diffraction stud-
ies (Firansverse = D GPa—50 GPa, F.a = 50 GPa—220 GPa) (Moon et al., 2011). This
suggests that the contribution of cellulose to elasticity in our experiments is reduced
by the compliance that is introduced by the pectin matrix. This is in agreement with
the current view, that cellulose has the role of resisting stress elastically and pectins
contribute the viscose, plastic, component (Cosgrove, 2005; Zhang et al., 2016). The

discrepancy with previous AFM quasi-static nanoindentation experiments can be ex-
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plained by the fact that our cantilevers are excited at 80 kHz, hence the measurement
is mainly due to the CW’s component that dominates the response of the material
at that frequency. Our results seem to indicate that in this case, the dominant con-
tribution comes from cellulose microfibrils (CMFs). Slow/quasi-static indentation
experiments can be expected to capture the response of CW components with slower
time response (such as pectin) which would explain the small reported values. Hayot
et al. (2012) found values, from nanoindentation experiments (without spatial reso-
lution), for £’ and E” on leaves of A. thaliana, using the KV model, which are about
one order of magnitude smaller than ours, which is the same deviation as in other
AFM nano-indentation experiments. This can be explained by the different timescale

in their experiment, which was three orders of magnitude smaller than in ours.

4.6 The Relevant Timescale of The Cell Wall Re-
sponse Can Be Used to Understand the Un-
derlying Mechanism of Cell Growth

In plant growth, the relevant timescale 7 of the material relaxation is the parameter
that can be used to relate the material properties of the cell wall to mathematical
models of growth. As we show below it is possible to extract the significant timescale
from our experiments using the experimental E' and E”. It can be easily seen from
eqs. (4.23b) and (4.23c), that for the MW model (ko = 0) the inverse loss tangent
E'/E" = wr gives the significant timescale 7. Similarly, for the KV model E'/E" =
1/w7, where 7 = n/ky is the KV timescale. For the SLS the expression is E'/E" =
kjwr + (k + Dwr, with K = ko /ky (eq. (4.34)). The first term represents the
contribution of the KV (7/k = 7) and the second term represents the MW regime.

Figure 4.6 shows the variation of E'/E” with w7 for the SLS model for different
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Figure 4.6: Behaviour of the inverse loss tangent E’/E” with respect to the significant
timescale w7 in the SLS model for different ratios of kK = koo /ky. Systems with large x are
KV-like and systems with small x are MW-like. The dotted and dashed lines show the KV
(regime I) and MW (regime IIT) behaviour, respectively, for £ = 0.62. The transition regime
(regime II) is where the curve for k = 0.62 is neither on the dotted nor the dashed line.
The magenta horizontal and vertical lines indicate the experimental results of the inverse
loss tangent and the timescale, respectively. The magenta curve for k = 0.62 indicates the
behaviour of the plant CW in our experiments
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k values. Three regimes can be found, namely the KV regime (fig. 4.61), the MW
regime (fig. 4.6111), and a mixed regime (fig. 4.611). For comparison, the dotted and
dashed lines show the behaviour of the KV and MW model respectively for x =
0.62. Moreover, fig. 4.6 shows that the mixed regime is only present for one order
of magnitude of wr € [0.2,5.0]. This implies that if the excitation is quick with
respect to the timescale, i.e. w7r > 1, the material shows MW behaviour, and if
the excitation is slow with respect to 7, i.e. w7 < 1 the material displays KV
behaviour. Furthermore, the inversion of the timescale implies that the choice of
the model is crucial for understanding the relaxation time of the material. If plant
growth is explained using the MW model — as it is usually done — only one timescale
exists, which is given by the growth rate. In our experimental case the oscillation
is wr = 27 f = 502radkHz (where f is the driving frequency of the cantilever) and
a relative growth rate (GR) of GR = 61 pHz (Crowell et al., 2011) the difference is
ten orders of magnitude and hence we expect to be in the quick indentation regime.
If we compare absolute velocities, for the oscillation v, ~ 100nms~! and for growth

1 which is still a difference of two orders of magnitude and therefore

Vg & Snms~
the expectation is still to be in the quick indentation regime. However it is also
reasonable to hypothesise that plant growth is a macroscale emerging phenomenon
in which the dependence on local, nanoscale polymer dynamics cannot be directly
extrapolated from the cellular scale (Dyson et al., 2012; Crowell et al., 2011) , hence
different time-responses could in principle be expected both in the micron and the
nm-scales and hence the inverse loss tangent could be found in all three regimes for
wr. In the following two sections we will use these considerations to (i) develop a test
for the validity of the viscoelastic models applied to explain the material properties

of the CW using dynamic AFM mapping and (ii) obtain high spatial resolution maps

of the local relaxation time, the initial stiffness and the viscosity of CWs.
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Figure 4.7: Local distribution of material properties. (a), Plot of E' and E” vs the inverse
loss E'/E"tangent if only k changes for the KV (green), MW (blue), and SLS (red) model
(notice that the k in the KV and MW model are different, in the SLS model we change ky,).
(b), displays a scatter plot of the distribution of E' and E” vs E’/E" for the experimental
values from figs. 4.5¢ and 4.5d. The lines in (b) show the fit to the SLS model for constant
7 and changing ky (dashed E’', solid E”)

4.7 Local Distribution of Material Properties to

Test the Validity of the Viscoelastic Model

While the determination of the viscoelastic model is straight forward in stress-strain
experiments, so far there is no available method to determine the material behaviour
in dynamic AFM experiments. Here we propose to use the local distribution of the
viscoelastic properties of the material to determine the validity of the viscoelastic
model. The idea is to plot E’ and E” against the inverse loss tangent E’/E" for every
pixel. In the KV and MW model this corresponds to a plot against the inverse and
direct timescale, respectively. In the SLS model this is a plot against the timescale
behaviour as shown above in fig. 4.6. The assumption for this approach is that the
material properties are continuous in adjacent pixels and hence every pixel follows
the same model and consequently has a fixed relation between E’ and E”, e.g. for the
SLS E' = k., + E”wr. This premise can be justified by the fact that adjacent pixels
are coupled to each other and therefore contribute also to the measurements of their

neighbours and the behaviour is observed to be rather smooth. Figure 4.7a shows the

115



&
z
: 500 =
0 £
0 400 =
I
k)
300 %
3
I
Y ;
200 £
2020 10 3
x
b e
9
z 8
; o}
0 Z z6
=5
0 = 4
[ +3
- =2
+ 1
¢ 0
i - 'é?
C f :
» :
% 210
0 1.2 = Los
D‘f £06
0 =~ i'
g
1 o
3
10 =
Y
10 0 0.8

2020

Figure 4.8: Material maps the initial stiffness ko, timescale (k+1)7, and viscosity (k+1)2n
calculated in the quick indentation limit. (a)-(c) show maps of each these three quantities
overlaid on the topography of the three cell junction shown in fig. 4.5. The walls transverse
to growth direction are marked by the green arrowheads and longitudinal walls are marked
by the white arrowheads. (d)-(f) show the statistical distribution of ko, (k+1)7, and (k+1)2n
for 86 cells from 4 seedlings. Statistical significances in d-f were obtained by Welch’s t-test
where ns means not significant, ** means that the p-value is < 0.01 and * x * the p-value is
< 0.001. The statistical significance in d is between the non-growing transverse walls and the
growing longitudinal and periclinal walls and also among the growing walls. The statistical
significance in e is between the walls at the junctions (transverse and longitudinal) and
the periclinal walls, which are not at junctions. There is no statistical significance between
transverse and longitudinal walls. The statistical significance in f is only between transverse
and longitudinal walls but not between transverse and periclinal

116



expected behaviour for the KV, MW, and SLS models if k varies (notice that the k in
the KV and MW model are different, in the SLS model we change k). Figure 4.7b
displays experimental data, in a scatter plot using £’ and E” values obtained from
figs. 4.5¢ and 4.5d plotted against E’/E”. The different colours indicate different
CWs. The lines are the fit to the SLS model for varying k,, (dashed lines for £ and
solid lines for E”). The fitted parameters are the same for £’ and E”.

From the fits we can obtain mean values of ky, = (226 + 19) MPa, (170 &+ 12) MPa
and (110 #+ 10) MPa for transverse, longitudinal and periclinal walls, respectively,
and k = 0.38 £0.03, 0.43 +0.02 and 0.86 £ 0.04 for transverse, longitudinal and
periclinal walls, respectively. We also obtain values for the relaxation times 74y =
(2.36 £0.17) ps, (2.57 £ 0.13) ps and (2.40 £ 0.10) ps for transverse, longitudinal and
periclinal walls, respectively. This leads to wr ~ 1.3, which suggests, that the
timescale of our experiments is still relevant for the material behaviour. This is in
agreement with theory from polymer physics, which suggest a continuous contribution
of significant timescales for macromolecular materials (Doi and Edwards, 1986). Com-
paring these relaxation times with the timescale of growth, which is 7, ~ 16 393s,
the discrepancy is indeed ten orders of magnitude. Figure 4.7 shows that the fits
present an excellent agreement with the SLS model and from the timescales we can
see that we are in the MW regime. Moreover, the fact that the plant cell wall behaves
like an SLS at the nm scale implies that there is at least one timescale which con-
tributes to the material relaxation, besides the growth relaxation. This indicates that
the theoretical prediction made by Dyson et al. (2012), that plant growth follows a
MW-like behaviour at the subcellular level, is valid. Although for a complete confir-
mation of the theory further experiments, which link the material properties directly
to growth, are required. It is remarkable that the plant CW behaves linearly on all
these different scales, the subcellular, the cellular, and organ level (Lockhart, 1965a;

Ortega, 1985; Cosgrove, 1985; Dyson and Jensen, 2010; Dyson et al., 2012). The local
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distribution of £’ and E” is a powerful tool for dynamic AFM methods to test the
validity of viscoelastic models. Furthermore, the fits provide additional information
about the individual quantities in the model, i.e. ky, ko, 7 and they indicate whether
the experiment takes place in the slow, quick or intermediate indentation regime.

The MW approximation can be used to obtain high-resolution spatial maps of the
local relaxation time, the initial stiffness, and the viscosity of the plant’s CWs. In
order to identify areas where stress accumulates during growth due to locally slower
relaxation times, it is useful to obtain a spatial map of 7. This can be obtained —
with the MW approximation — using the relation (1 + k)wr = E'/E". The error of
this approximation is given by the ratio of the KV term and the MW term from the
inverse loss tangent, which is given by x/(x + 1)w?r? < 1 for our experiments this
error is approximately 15 %.

Moreover, relations for the initial spring constant kg = ko + ky = (k + 1)ky and
viscosity 1 can also be found, and k& is given by eq. (4.36a). In this case kg is reduced
due to relaxation during the measurements. In our experiment wy (k,w) =~ 0.85 and
hence kg is reduced by about 0.15k,,. The viscosity is obtained by eq. (4.36b) which
increases 7, caused by the resistance of ko, i.e. wy(k,wr) =1 < Kk = 0. Our results
yield ws(k,wT) & 2.1 (for details see supplementary section 4.3). Figures 4.8a to 4.8¢
show spatial maps of ky — ku(1 — wk,wT)), (k + 1)7, and nws(k,wT) projected on
the topography of the 3 cell junction, shown in figs. 4.5a and 4.5b. Figures 4.8d
to 4.8f show the statistical distribution obtained from 86 cells from 4 seedlings. The
mean timescales obtained from these distributions are (1 4+ k)7 = (3.96 £ 0.14) ps,
(4.34 £ 0.12) ps and (6.58 = 0.25) ps for transverse, longitudinal, and periclinal walls,
respectively.

The spatial map of 7 in fig. 4.8b indicates that the areas of the cell junctions, where
more stress accumulates during growth, have the ability to relax more quickly, and

thus release tissue stress faster than the purely growing regions of the periclinal walls.
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From the images we also obtain the mean initial stiffness ky — ky(1 — wy (K, wT)) =
(248 £ 17) MPa, (191 £ 9) MPa and (154 + 9) MPa, for transverse, longitudinal, and
periclinal walls, respectively. This is in agreement with the axial modulus of We-
ber et al. (2015), who measured only the relaxed value in their experiments. Fi-
nally, we can obtain the averaged viscosity n = (0.96 + 0.06) kPas, (0.80 £ 0.04) kPas
and (0.91 £ 0.05) kPas, for transverse, longitudinal, and periclinal walls, respectively.
This result is in agreement with the finding above, namely that it is mainly the elas-
ticity that changes, while the viscosity remains constant throughout the tissue. To
conclude, the MW approximation provides high-resolution maps of the local distri-

butions of the relaxation timescale, initial stiffness, and viscosity.

4.8 Reconstruction of the Generalised Maxwell Model

in the Plant Cell Wall Using Stress Gradients

So far the mechanical properties of the plant CW were determined by an average
over all pixels resulting in the average mechanical properties of the individual walls.
However, it would be desirable to obtain the viscoelastic information for the individual
pixels of one wall to extract spatial information of mechanical response. This would
be straight forward if the underlying model was the MW model and the relaxation
time would be given by wr = E’/E". In the case of the SLS model this is much more
difficult as we have seen above we had to use an average over all pixels and some
approximations to get some useful values from the experiment. However, it makes
sense to consider the pixels as individual elements, which have their own mechanical
properties and we can use the spatial information to obtain more information about
the system.

Obviously adjacent pixels are mechanically related because the pixel size is of

the size of the indenter. Furthermore, the oscillatory indentation of the CW excites
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adjacent pixels since a mechanical wave is propagating through the material, which is
caused by shaking the CW through the oscillations. Additionally, it can be assumed
that the plant CW is a smooth continuous material, i.e. it has no singularities,
and therefore we can assume that adjacent pixels follow the same viscoelastic model.
With these assumptions and the approximation of a standard linear solid model we

can express F’ as a function from E” and obtain from eqgs. (4.24) and (4.25)

E' = ke + E'wr. (4.38)

The timescale can now be obtained from the gradient of £’ with respect to E”

1 0E
T wOoE"

(4.39)

A similar approach for a quantum mechanical phenomenon was chosen by Miya-
hara et al. (2017), who calculated a quantum mechanical tunneling rate for the atomic
orbitals in quantum dots from a conservative and a dissipative quantity.

Equation (4.39) uses the spatial information to determine the relevant timescale
of the material but the numerical derivative of E’ with respect to E” cannot be
performed straight forwardly but instead they have to be done independently with
respect to the spatial dimensions. This assumes that the relevant timescale of the

sample depends on the location, i.e. 7 = 7(r), with r = (x,y)” pointing to the
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location of the sample. Using this approach we obtain with eqgs. (4.24) and (4.25)

OF' or 2wt
=VE — =ky——— 4.40
OwT wr (1 4 w?r?)? (4.40a)
OE" , or 1 — w?r?
dor ~ VE gar T ey (4.400)

with the Nabla operator V = 0/0r. Dividing now eq. (4.40a) by eq. (4.40b), we

obtain

OF'

2= 2wT
owt __
gE" =1 (4.41)

This can be brought into a quadratic equation and finally we obtain a solution for

7, which is given by

T =

(-p=vD?+1), (4.42)

gl

with D = (gf; gf;')*l. The negative part of the solution can be neglected,
because the relaxation time must be positive.

Sampathkumar et al. (2014) reported that the mechanical properties follow local
geometric stress patterns, therefore, it is important to look at the gradient images
of E and E” with respect to the topography z. If the gradient of the mechanical
properties follows the gradient of the topography it is very likely that this differences
arise from geometrical stress patterns, whereas if this is not the case, the changes

in the mechanical properties have a molecular origin. In this way we can see if the

gradient can lead to additional information of the mechanical properties or if we only
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Figure 4.9: Mechanical gradients of the first eigenmode. The figure shows the gradient
of the topography z, the loss modulus E” and the storage modulus E”. At positions of
large geometrical stress (green arrows are long), as in the r.h.s of the image, the mechanical
gradients follow the geometrical stress patterns (red and blue arrows are anti parallel to
green arrows). Additionally, at those positions E” and E’ are closely related, i.e. are
nearly parallel. At the cell junctions, however, the mechanical gradient is enhanced and the
directions of energy dissipation seem to differ from those of stored energy.

obtain differently represented geometrical information.

Figure 4.9 shows the gradient of z, E’, and E”, which were obtained by a dynamic
mechanical AFM scan as described above. It can be clearly seen that some regions, as
the majority of the r.h.s of the image, follow the stress patterns of the geometry, i.e.
the gradient (green) arrow of the topography is in opposite direction to the arrow of
both moduli (red for E” and blue for E’). However, most parts show a very different
behaviour, that it could be imagined that these regions might still be influenced by
the geometric stress but the data reveals more information about the mechanical
properties of the plant CW. The deviation from the geometric stress patterns is

particularly large at the cell junctions. These should be the positions where most
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Figure 4.10: SLS behaviour of measurements with the first eigenmode. The relation
between E’ and E” is an indicator of which viscoelastic model the material follows. The
grey dots in the plot represent all data points from a dynamic AFM scan for E’ plotted
against E”. The coloured dots represent the different walls. All dots which are not coloured,
were neglected during the analysis to obtain a sharp separation of the different walls and
they belong mostly to periclinal walls. If the average of the pixels, i.e. the majority of
the pixels, follows a linear function then eq. (4.40) is valid, which implies the SLS is the
appropriate viscoelastic model. For the first eigenmode, which corresponds to a frequency
of f1 ~ 78 kHz, as shown in this figure, the SLS is a good approach.

stress accumulates, because the cells are attached to each other and they have to adapt
their growth rate to the adjacent cells, since they cannot migrate. And indeed, the
longer arrows confirm that these regions are positions where the mechanical properties
change more rapidly and this indicates that more stress accumulates there. However,
this is not a geometric stress in the sense of a bent wall and therefore the directions
of the mechanical gradients deviates on the junctions more from the topographical
gradient than on the faces.

Figure 4.10 shows a plot of the relation between E' and E”; the plot confirms that

eq. (4.38) is a good approach for the plant cell wall because the relation between E’
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and E” is nearly linear. In fact the Pearson correlation coefficients for the pixels of
the different walls of the image shown in fig. 4.9 are 0.96 for the transverse, 0.92, 0.91
and 0.94 for the longitudinal, and 0.89, 0.91 and 0.71 for the periclinal walls. The
small deviations from a perfect correlation between £’ and E” in the anticlinal walls
show again that the SLS model is a good approach but even the larger deviations in
the periclinal walls should not be a problem, because even the generalised MW model
can be always described with an first order approximation of the SLS model. Having
now shown that the approach in eq. (4.39) is reasonable, we can now obtain k., ky,

and 7, using the following equations:

koo = E' — E"wr (4.43a)
1 2.2
fy = BT (4.43b)
wT
1N = Tk (4.43c)

Figures 4.11a and 4.11b show E” and E’ for the image shown in fig. 4.9 and we
can see that the patterning and the mechanical values are similar as in fig. 4.5. From
egs. (4.39) and (4.43), we can derive ky;, koo, 7, and 7 from the standard linear solid
model, which are schown in figs. 4.11c to 4.11f. In those images we can clearly see
that the anticlinal walls are better visible than they were in the £’ and E” maps.
The reason for this is that £’ and E” reflect also the internal wall stresses, which
have to be continuous and therefore the transitions in those images resemble the
stress transition between the walls, which is not necessarily the case for the derived
quantities. With a pixel size of 78 nm and an estimated thickness of the anticlinal CW
of 100 nm—200 nm (Derbyshire et al., 2007) the increased values in k,;, 7, and 1 seem

to accurately reproduce the actual positions of those walls. Another interesting fact is
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Figure 4.11: Derived SLS quantities for the first eigenmode. (a) and (b) show E” and
E’ for the scan which is already shown in figs. 4.9 and 4.10. (c), (d), (e), and (f) show
the derived SLS quantities, ky, koo, 7, and 7, respectively. The quantities were determined
according to egs. (4.42) and (4.43).
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that in this data representation not only the actual walls become visible but also other
structures appear. This can be seen particularly well in figs. 4.11e and 4.11f. That
these structures represent the exact molecular structure of the CW is very unlikely
considering that the pixel size is 78 nm and the CMFs are about 5nm in diameter
and the matrix molecules have even smaller widths. However, it is to expect that
this represents a projection of the mechanical properties over a penetration depth of
the indentation depths and the mechancial wave, which is sent into the material by
the cantilever oscillation. While the indentation depth is known from the quasi-static
indentation and it is about ~ 300nm, the penetration depth A, can be estimated
by the oscillation velocity (v,) = 1/2A4;w; and the relaxation time 7, which gives
Ay = (V,) 71 = 1.3nm. The small value caused by the oscillation compared to the
initial indentation makes this contribution negligible and the mechanical properties of
a pixel comes mainly from the area which is in contact with the probe. Finally, we can
compare the derived 7 and k,, with the fitted values from the approach above where
these quantities were obtained from the average. Here we obtain a mean (£ SD)
value of (2.9 £ 0.5) ps, which is very close to the values obtained from the collective
above which where 74; = 2.36 us—2.57 ps. For k,, we obtain (144 &+ 73) MPa for the
mean value for the local map and k,, = 110 MPa—226 MPa. With these results we can
say that the collective behaviour of the spatial maps is in agreement with the average
behaviour obtained by the fits of the data.

To complete the generalised MW model from the SLS approximation with the
missing values of the higher orders, it is possible to do measurements at different
frequencies to penetrate MW arms with a different relaxation time. If we assume
two MW arms with the stiffnesses k; and ks and the relaxation times 7 = 1, /k; and

Ty = 12/ ko, with the viscosities 7; and 7, in arm one and two, respectively, we obtain
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a model, where £’ and E” are given by eq. (4.14) for N =2

w27_2 w27_2
E' =ky+k 1 2 4.44
TR TR e (4.44a)
= il (4.44D)

k
11+w27'12 + 21+w27'227

with the relaxed stiffness k.. Without loosing generality we assume 7 > 5.
In this case there is an excitation frequency w; where mainly the arm containing
71 contributes to £’ and E”, because the arm with 75 relaxes too quickly to be
relevant. This was the assumption we did in the previous discussion for the first
eigenmode. This assumption with two discrete timescales makes the most sense if
the material of interest is a composite one were the different components display very
different viscoelastic behaviour. This is the case in the plant CW, where the matrix
polymers display a much more fluid response than the CMFs, which show a rather
elastic behaviour. However, even for polymeric materials made from only one kind of
polymers these measurements are useful, since shorter timescales are associated with
with shorter lengthscales (Kachman et al., 2017).

Performing the experiment now at w;, which is in our case the first eigenmode of
the cantilever, we can obtain E’(w;) and E”(w;) from which we can determine 1y, k1,
ks and 7, as described in egs. (4.42) and (4.43). With the Cypher ES™ it is possible
to excite two eigenmodes at the same time and therefore the measurements for the
higher frequency wy can be performed parallel to the first one. This gives the moduli
E'(wy) and E"(wsy) from which we can subtract the quantities from the first scan to

obtain a quantity from which we can determine 75, ky and 7. This gives reduced
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moduli E/(wy) and E(ws)

w27_2 w27_2
El(wy) = E'(wy) — koo — k1 —23%— = = 4.45
rlwe) = Blwn) Trwt? T 4wkl (4.45a)
WaTy WaT2
E! = E" —k—— =kh——. 4.45b
rlwe) = Bllwn) =himieg = b (4.450)

It should be emphasised that the moduli, which where obtained from the first
eigenmode were extrapolated to the second eigenmode by the multiplication wsm
and consequently, the errors made by the approximation from the first calculation
propagate to the second eigenmode. With these reduced moduli we can now perform
the same procedure as above and obtain the quantities, ks, 79, and 17, in the second
arm again by egs. (4.42) and (4.43).

Here, we used the second eigenmode of the cantilever which was at fy ~ 531 kHz.
Figure 4.12 shows in a scatter plot the relation between E’(wy) and E”(ws) of the
scan, which is shown in fig. 4.11 for the first eigenmode. A very interesting result
here is the fact that E”(ws) > E’(ws), whereas this was the other way around for the
first eigenmode. This implies that in the case of the second eigenmode the energy
dissipation dominates the indentation process, which means that the indentation
disrupts molecular bonds before they can relax into the equilibrium position, which
would happen when E’ > E”. That bonds are breaking at the second eigenmode is
not very surprising given the fact that ky ~ 7998 Nm~! ~ 46k;. Moreover, we observe
that the relation between E’(wy) and E”(ws) does not follow the simple SLS model
any more, in fact the Pearson correlation is now 0.39 for the transverse, 0.38, —0.22
and 0.61 for the longitudinal, and 0.11, 0.74 and —0.42 for the periclinal walls. This
result is to expect if the plant CW displays a more complicated material relaxation

at this higher frequency. For a composite material with the very distinct components
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Figure 4.12: Stored and dissipated energy relation of measurements with the second
eigenmode of the cantilever. The relation between E’ and E” is an indicator, of which
viscoelastic model the material follows. The grey dots in the plot represent all data points
from a dynamic AFM scan for E’ plotted against E”. The coloured dots represent the
different walls. All dots which are not coloured were neglected during the analysis to obtain
a sharp separation of the different walls and they belong mostly to periclinal walls. If the
collective, i.e. the majority of the pixels, follows a linear function then eq. (4.40) is valid,
which implies the SLS is the appropriate viscoelastic model. For the second eigenmode,
which corresponds to a frequency of fo ~ 531kHz, as shown in this figure, the SLS is
obviously not good approach and a more complicated viscoelastic model must be chosen.
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Figure 4.13: Mechanical gradients of the second eigenmode. The figure shows the gradient
of the topography z, the loss modulus E” and the storage modulus E”. Unlike for the first
eigenmode (fig. 4.9, at positions of large geometrical stress (green arrows are long), as in the
r.h.s of the image, the mechanical gradients do not follow the geometrical stress patterns
(red and blue arrows are anti parallel to green arrows means they follow the geometrical
stress). Additionally, at almost all positions E” and E’ are not related at all, i.e. are not
parallel. At the cell junctions, however, the mechanical gradient is still enhanced but the
directions of energy dissipation seem to differ from those of the stored energy in almost all
positions.

of a matrix and fibre this should happen at a frequency which is above a certain
threshold as this is apparently the case for the second eigenmode in this experiment.

Even more interesting is that the gradients of E’'(ws) and E”(w,) show now almost
no agreement with the geometric stress patterns, which is caused by the bending of the
wall, while the stress at the cell junctions is still increased (fig. 4.13). Yet there is still a
minimal agreement between those patterns near the cell junctions where presumably
the accumulated stress is maximised (Kirchhelle et al., 2016). This suggests that

at this timescale the penetrated molecular bonds are not aligned into the direction

of the maximal wall stress but they rather show an intrinsic behaviour of the CW.
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Moreover, at almost all positions there is no agreement between the directions of
the gradients of E'(wy) and E”(w,). This suggests that there are different paths
along which deformation energy is dissipated and stored. This is in agreement with
the hypothesis that most of the CMFs bear most of the elastic energy, while the
matrix, the cross-links in particular, dissipate energy. With the knowledge about the
stress relaxation at this timescale the derived quantities ks, 75, and 7, for the second
eigenmode become very interesting.

Combined with the result of the first eigenmode, which followed the SLS model
very nicely (fig. 4.10), and the finding that the second eigenmode follows neither
the the SLS model (fig. 4.12), nor does it represent the geometric stress patterns, we
performed the approach with the two arm model as described by eqs. (4.44) and (4.45)
and obtained the spatial distribution for the quantities ks, 12, and 75, which are shown
in fig. 4.14. Figures 4.14a and 4.14b show the spatial distribution of E”(w,) and
E'(wy) from fig. 4.12. Despite that E'(ws) and E”(wq) do not follow the geometric
stress pattern of the wall, the values of both moduli are still increased at the anticlinal
walls. This suggests that these walls are most likely stiffer not because of an increased
stress at the cell junctions but rather because of the different orientation of those walls
compared to the periclinal ones. Moreover, the values of both moduli are increased
significantly with the higher frequency and as already discussed above it is to expect
for E'(wy) to be increased compared to E’(w;) but this is not a necessity for the
loss moduli. This large increase suggests that the stiffness of the second eigenmode
causes a significant amount of bonds to break. Alternatively it could be that the
deformation is far from the adiabatic limit and therefore more energy is dissipated
during the non-adiabatic relaxation process.

Figure 4.14c shows the derived value for ko, which is increased compared to k; and
is in the GPa range. This makes sense because stiff structures have shorter relaxation

times, which are probed with the higher frequency as fig. 4.14d shows. In the context
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Figure 4.14: Derived SLS quantities for the second eigenmode. (a) and (b) show E”
and E’ for the scan which is already shown in figs. 4.12 and 4.13. (c), (d), and (e) show
the derived generalised MW quantities, ko, 72, and 7, respectively. The quantities were
determined according to egs. (4.42) and (4.43). (f) shows the log, ratio of n; (fig. 4.11f) and
72 (e). Red values indicate 71 > n2, white pixels indicate n; ~ 72 and blue values indicate
m <mn2-
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of the plant CW this suggests that either the glassy behaviour of the polymer network
is the cause of the values measured in our experiments, which appears to be of the
order of 3 GPa (Rubinstein and Colby, 2003), or that the increased stiffness comes
from the contribution of the CMFs, which have a larger contribution at the shorter
timescales. In fact the median of the ratio of the timescales 71 /75 & 7.6 is almost the
same as the ratio between the frequencies, which is ws/w; &~ 6.8. This is consistent
with the behaviour of a polymeric material which displays relevant responses at almost
all timescales because of the excitation of different modes of the polymer chains (Doi
and Edwards, 1986). This continuity of the timescales is of course contradictory to
the approach made before, that we have only discrete relevant timescales for the
material relaxation. And indeed for a full mechanical spectral analysis of the CW, an
investigation at continuous timescales is necessary. However, the small discrepancy
between the ratios of the timescale and of the frequencies show that this approach
works reasonably well. Furthermore, even at the second eigenmode the structure
visible in the timescale image shows distinct properties between cell faces and cell
junctions and the contrast of the positions of the anticlinal walls is enhanced as
already seen for the first eigenmode. Finally, fig. 4.14e shows the viscosity, which
can be related to the CW extensibility (see section 5.1). It represents a resistance
to flow and its strength depends on 75 and ko and it cannot be predicted what the
expectations for a higher frequency are. In the case of the A. thaliana hypocotyl it
looks like 1, and 7, are very similar from its values. The ratio 7 /7 is shown in a
logarithmic representation in fig. 4.14f. White pixels mean the ratio is one, blue pixels
mean 7; < 12, and red pixels show values with 7, > 7,. Interestingly, for the majority
of the pixels n; < 19 and only at the cell junctions 7, > 7y but the values are always
close to a ratio of one. On the one hand, this suggests, that not only the stiffness but
also the viscosity in the plant CW is stress dependent, which is somehow surprising

because the viscosity in a typical fluid should not increase if already a certain force is
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exerted on the material. One explaination for this might be that the viscosity arises
also from the Xyloglucan (XG) cross links and as described by Dyson et al. (2012)
their life-time depends on their amount of extension (eq. (1.19)). This shows that
although the plant CW is treated like a viscose fluid, the viscosity originates not only
from the properties of the polymer network but also from the breakage of cross-links.
This is a further confirmation of the model of Dyson et al. (2012) and in general the
current view of plant cell growth. On the other hand, the small deviation of the ratio
from one, indicates that the extensibility of the plant CW is similar on different time-

and lengthscales, which would enable steady and smooth growth across those scales.

4.9 Summary

In this chapter we introduced a theoretical framework to link the most universal linear
viscoelastic model, the generalised MW model, to the cantilever observables Ay, ¢1,
and dy. When the relaxation time is important to describe a biological process then
the underlying viscoelastic model for the material of interest is crucial to explain
its behaviour accurately. We then demonstrated that this method can be applied
successfully to the epidermal cells of A. thaliana hypocotyls. To test the underlying
viscoelastic models we introduced a visual method for dynamic mechanical AFM
measurements which is used to validate the viscoelastic behaviour, which the material
displays. With this method we showed that at a excitation frequency of f ~ 78 kHz,
the plant CW behaves like a SLS. We then used this knowledge to determine the
quantities, which describe the SLS from the averaged values of all pixels of one scan.
We further introduced a second method, which uses the spatial information of the
scan, to determine the characteristic SLS quantities with spatial resolution. If we
compare the values obtained from the second method with the values obtained from

the fits of the average CW behaviour we get a reasonable agreement. The consistency
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of the two methods enables us to obtain high resolution maps of the local relaxation
timescale as well as of the local material stiffness. Finally, we can apply our technique
at several frequencies; doing this we can not only obtain values for £’ and E” at the
higher frequency but we can also use these measurements in combination with the
lower frequency to start reconstructing the total relaxation modulus of the plant CW.
Furthermore, with the higher frequency we can show that the plant CW has a similar
extensibility at different timescales, which probably enables smooth and continuous
growth. Additionally, we can confirm that the viscosity is influenced by how much
the cross-links in the wall are stretched, which supports the theory of Dyson et al.

(2012).
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Part 11

Biophysics of Plant Growth
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In this part I aim to test the biological relevance of viscoelastic properties during
plant development from a physics perspective. First, we demonstrate the univer-
sality of the Lockhart model, by deriving it for the first time from non-equilibrium
thermodynamics, using the Onsager principle. In this way we show that the plant
behaves like a thermodynamic system out of equilibrium. In a second step we show
that viscoelastic dynamic atomic force microscopy (AFM) mapping is sensitive to
different physiological conditions of the plant cell wall (CW). In particular we es-
tablish that this method is capable of quantifying mechanical differences caused by
an alteration of CW composition, which can be induced by directed pharmacological
interventions. Third, I show that the CW mechanics can be linked to cellular growth
by the Lockhart model at different length- and timescales. Finally, I use the dynamic
AFM method as an analytical tool to investigate an A. thaliana mutant, that ex-
hibits an altered phenotype in the hypocotyl, caused by a disturbance in a membrane

trafficking pathway:.
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Chapter 5

Hypocotyl Growth: Cell Wall

Properties Link to Cellular Growth

The plant, like any living organism, is a thermodynamic system, that exists away
from equilibrium. Therefore, it is sensible to derive a model for plant growth from
non-equilibrium thermodynamics. In the past, the growth equations were derived
from empirical mechanical principles, fluid dynamics, and near equilibrium thermo-
dynamics. In this chapter, I use for the first time a more general approach, the
‘Onsager principle’, which applies for systems where frictional forces exceed inertia
forces. Plant growth seems to be the perfect system to apply this concept because
of its slow time evolution. However, it is possible that this is a good formulation
for many dynamic systems in biology besides plant growth. Here we use Onsager’s
principle to derive Lockhart’s equation. In particular we describe a growth model for
a cylindrical, unidirectionally growing plant cell, using the viscoelastic properties of

the wall.
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5.1 Deriving the Growth Equations for Plant Growth
from First Principles

The Onsager principle is a variational principle which describes dynamic thermody-
namic systems out of equilibrium by the principle of minimal energy dissipation (Doi,
2016). Key features of this method are that it is derived from first principles from sta-
tistical mechanics and that its simplicity makes it a perfect approach for multiscale
problems. In the past the Onsager principle was used to derive fundamental time
evolution equations in physics, such as the diffusion equation, particle flow-diffusion
coupling, the Smoluchowski equation, gel dynamics, and the Ericksen-Leslie equation
Doi (2011).

Although Onsager’s method is based on first principles, the following approxima-

tions must be fulfilled to justify its application:

(O1) I(t), the variable in which time-evolution we are interested, is changing much
slower than the other variables. [(¢) is called a slow variable and the other

variables are called fast variables.
(O2) The fast variables are near equilibrium.

(O3) The relaxation time of the fast variables is much shorter than the one of the

slow variables.

(O4) The slow variables change slower than the random forces, such as thermal forces.

In principle Onsager’s approach is based on the concept of minimal energy dis-
sipation, which can be expressed by the minimisation of an energy flow which is
determined by the Rayleighian R. R is given by the time derivative of the free

energy A, i.e. the rate change of the free energy, and by a dissipation function D as
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oA

R=5r

+D. (5.1)

In order to apply the Onsager principle to plant growth consider a cylindrical cell
of length [ and inner and outer radius r; and r,, respectively. In this case the wall
has a thickness d = r, — r;. For such a body A is given by the energy of P, pressing
on the inner area of the cell. Here, we consider only a unidirectionally, along the axis
of the cylinder, growing cell and thus only the two faces at the top and the bottom

of the cylinder contribute to this energy, which is given by

Ap = —mr? Bl (5.2)

Additionally, there is a retracting force which is given by the energy of the

stretched wall with an internal stress o,,, which is written as

Ay = 2mdroy,l. (5.3)

The factor 2wdr gives the cross sectional area of the wall A,,. This is given

o

A, =7 (7"2 —rf) =7 (ro —1;) (ro +1i)

= 2mdr.

Notice that d = r,—r; and the radius r = (r, + ;) /2 gives the neutral, unstressed,

plane of the cylinder. From egs. (5.2) and (5.3) we obtain

140



A= (2d’r0w — rfPt) [ (5.4)
0A i

=7 (2dro, — i P;) l. (5.5)

The over dots signalise time derivatives. Radial growth and changes in wall thick-
ness can be included easily, by considering d and r as time dependent as well but
for the purpose of deriving Lockhart’s equation we omit that. Note that if the radial
growth should be included the term for the side walls of the cylinder must be included
in eq. (5.2).

D will be proportional to the internal viscosity 1 and the squared velocity i, ie.
D = Ani?/2 (Doi, 2013). A is a significant length scale at which energy is dissipated
and has to be found for the system. It is to be expected that the energy is given by
the cross section of the cell wall A,,. However, this is an area and has to be divided by
a length scale. If we assume that n/Al is dissipated per length element Al we obtain
a total energy dissipation for the length of the cylinder which is proportional to n/I.
The last step follows from the fact that viscose elements in series add inversely, i.e.
1/Motal = D_;—qy N1/m; and if n; = n; =n V i, j we obtain 1/nwa = N/n. With these

assumptions we obtain A = 27tr/l and the energy dissipation is now given by

2
D= —27Tdrg7 (5.6)
and the Rayleighian by
. n 12
R = (2dro, —riP) 1 + 27Td7“§7. (5.7)
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We minimise this function now for [ and obtain

OR

[
=" (2dro, —riP,) — zwdrnZ = 0. (5.8)

We can rewrite this as

1 1/1 , r? 1 2dr
el (e, =L (-2,
ldt 7 (2drrZ ! Uw) 2drn ( o2 Ow)

7

If we compare this with the Lockhart equation
1dl
T = el-Y) (5.9)

we find how the extensibility ® and the yield threshold Y are related to the

material properties o, and 7

r? 1
= - 5.10
2drn (5.10)
2d
Y =, (5.11)

i

It is important to note that o, is the internal wall stress at growth equilibrium,
i.e. uniform growth for the time interval At at which o, is considered. This means
that before the wall yields the internal wall stress increases until the internal frictional
force equals the counteracting elastic force of the material. In the simplest case the
wall stress is given by a step function but a more realistic case is a sigmoid function.

In general any function which saturates at the applied pressure P; could describe
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the behaviour and the exact function has to be found experimentally. However, the
theoretical expression derived by Dyson et al. (2012) or by Veytsman and Cosgrove
(1998), which describe the yield of the plant cell wall as a biochemically active,
thermodynamic material, might be a good approach. The advantage of using this
expression (egs. (1.24) and (1.31)) is that it includes the molecular mechanism of
how the cell wall resists the extension. Moreover, egs. (5.10) and (5.11) give the same
results as found by the thermodynamic approach from Veytsman and Cosgrove (1998),
if t < r (eq. (1.26)). Similarly, the extensibility is similar to the result from Veytsman
and Cosgrove (1998), with the only difference that they also considered the hydraulic
conductance of the wall, which could be included in the model as well. Although the
final results in egs. (5.10) and (5.11) were found previously (Veytsman and Cosgrove,
1998), the derivation from the Onsager principle has important implications. First,
the successful implementation of a non-equilibrium thermodynamics approach implies
that plant growth can indeed be described by this fundamental theory and hence the
plant is a thermodynamic system out of equilibrium. Second, the derivation shows
that the Lockhart model is valid at any timescale at which the conditions (O1) to
(O4) are fulfilled.

This second implication is a very important finding, because it suggests that the
application of the dynamic AFM method we introduced above, is capable of measuring
viscoelastic material properties of the CW that are related to cell growth. This will

be tested below.

5.2 The Effect of Cell Geometry on the Measure-
ments of Mechanical Properties

The derivation above of the Lockhart equation and previous results, showed that plant

growth is very sensitive to geometrical parameters, such as t, r, and [. Furthermore,
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previous finite element modelling (FEM) simulations showed that nano-indentation
experiments measure the bending modulus of the wall, which depends on cell size,
rather than the Young’s modulus (Hayot et al., 2012). Although our results suggest
that more realistic mechanical properties are obtained (chapter 4), it is important to

test how much the measurements are influenced by geometric factors.

5.2.1 Estimation of the Cell Wall Thickness

Above we derived an expression for Y and ®, which are both strongly dependent
on the geometric parameters r;, r,, and ¢. From egs. (5.10) and (5.11) we can see
that t, r;, and r, contribute nearly equally to the growth properties (r; ~ r, ~ r for
t < r). However, it is known that under physiological conditions r is much more
stable than ¢t Gendreau et al. (1997); Derbyshire et al. (2007) and hence the latter is
the most relevant parameter as its effect is almost two orders of magnitude larger, as
shown in fig. 5.1, while, for constant thickness, the radius is not changing ¥ and ®
by more than a factor two. Because of this and the fact that Derbyshire et al. (2007)
report a changing CW thickness in the hypocotyl, we tried to find an estimate for the
thickness of the wall using confocal microscopy.

We used two dyes to determine the thickness of the CW (fig. 5.2). First, we stained
the cellulose with calcofluor white to determine the CW thickness directly from the
full width at half maximum (FWHM) of the fluorescence peak. Second, we used the
hydrophobic dye Nile red to stain the cuticle and the plasma membrane (PM) /cytosol
and we measured the gap between the two with the peak to peak distance (fig. 5.2a).

It turns out that the results for the two methods are very different for thin
walls, but become more similar for thicker ones (fig. 5.2b). For Nile red, we ob-
tain a thickness of d = 0.72pum, 0.79 pm and 1.50 pm and for calcofluor white d =
1.18 pm, 1.49 pm and 1.55 pm for basal, medial, and apical sections, respectively. While

the values obtained by Nile red are in the expected range of 0.2 pm—1.2 pm, this is
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Figure 5.1: The change of the hoop factor riz /2rd with thickness d for a constant outer
radius 7, = 10 pm—15pm, with increments of 1 pm. The thickness is in the range of d =
0.1 pm—1.5pm as reported in the literature.

not the case for calcofluor white. The reason for this is that peak to peak distance is
more reliable than the FWHM, which is overestimating the CW thickness if the dye is
saturating or dying other compartments of the cell as well. It should be emphasised,
that this is only a rough estimate, because the confocal resolution in the x-y plane
is at best 200nm but most likely a little bit worse. Furthermore, it seems that for
both dyes the walls near the apical hook are very thick. This can have two reasons.
First, the walls at the hook are indeed very thick, or second, the sections are not
orthogonal to the cell wall extension. This is caused by the higher curvature of the
cells, which makes it very difficult to find an orthogonal section. The fact, that Der-
byshire et al. (2007) do not report a difference of wall thickness at different positions
at the hypocotyl, but rather with age, suggests a thickness of the epidermal walls of
d ~ 800nm. However, it could well be that the values obtained by the CW stain
are more accurate and that the wall is thicker than 1pm, which would be in agree-
ment with the larger value at the apical section obtained from both measurements.

Although this is not in agreement with previously reported values for wall thickness
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Figure 5.2: CW thickness determined by confocal microscopy. Two different methods are
used to obtain the wall thickness. First, the cellulose stain calcofluor white (in blue) staining
the CW directly and second, the hydrophobic stain Nile red (in red) to stain the cuticle
and the PM to measure the gap between the two (for details see chapter 2). (a) shows an
example profile how the CW thickness is determined by both methods. The dashed lines
show the thickness obtained for this particular example. (b) shows the CW thickness for
sections at different positions of the hypocotyl.

it might be possible that the sections from fixed CW material, obtained by scanning
electron microscopy (SEM), underestimate the thickness. This would be the case if
the CW was swelling under hydrated conditions. However, this seems unlikely as it
implies that the fixed material shrinks before or after fixation. In fact values up to
1.6 pm for the CW thickness of dark grown hypocotyls were reported by Derbyshire
et al. (2007), but at a different growth stage. Moreover, Derbyshire et al. (2007)
only report values around 0.2 pm for older dark grown hypocotyls, which could not
be detected with the CW stain. On the other hand, with the hydrophobic stain this
should not be a limitation, because a gap is detected which is less dependent on the
beam geometry, e.g. point spread function (PSF), than the actual width.

Although this discrepancy requires a more accurate determination of the CW
thickness, this is sufficient for the crude estimate of Y possible by population averages
and a deeper investigation would be beyond the scope of the thesis. Moreover, the wall
thickness, estimated with the method described above, shows that the indentation

during our AFM experiments is still smaller than the wall thickness. Yet, it is still
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Figure 5.3: Relation between viscoelastic properties of the plant CW and cell length.

possible that the wall is bending significantly during the indentation. This implies an
underestimation of Ej and consequently, an underestimation of EY;, and EY},. The one
dimensional moduli F/,, and EY},, however, are not affected by the bending, because
their measurement takes place with small oscillations, which causes no relevant change

of the state of the material.

5.2.2 Cell Length and Mechanical Properties

From the Lockhart equation it is known that growth velocity depends on cell length
and therefore the mechanical properties have to change with increasing cell length to
cease growth. However, the bending modulus of the CW also depends on the length of
the cell and thus the question rises of how the cell length affects the measured result of
the mechanical properties. This can be investigated with a very simple experiment:
to measure the mechanical properties and cell lengths for different growth stages,
i.e. ages or different positions, of hypocotyl cells. With the assumption that the CW
thickness at a certain age is constant along much of the hypocotyl we chose to measure

cells at different positions along the hypocotyl, which uses the growth gradient that
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occurs along the hypocotyl (Gendreau et al., 1997; Crowell et al., 2011). In this case
the hypocotyl will have cells of the same length in growing and non-growing regions,
which should display different viscoelastic properties. Figure 5.3 shows E’ and E”
plotted against cell length for four different seedlings at the age of 54 h. It clearly
shows that the viscoelastic properties of the cells can be very different for cells of the
same length. The centred maximum at [ ~ 30pm is caused by the distribution of
cells of certain lengths along the hypocotyl. Many of the non-growing shorter, i.e.
stiffer, cells are located after the apical hook and these are much more difficult to
measure and therefore, more cells of this length were measured in the growing than

in the non-growing regime as shown in fig. 5.3.

5.3 Determination of the Yield Threshold From
Plasmolysis Experiments

So far we showed that the measurements are independent of the mechanical properties
and that the dynamic AFM method is capable of measuring the material properties,
that are relevant to growth. Here we want to determine the yield threshold Y from
plasmolysis experiments with the assumption of a linear elastic stretching behaviour
of the cell during its inflation.

With the assumption of a linear elastic CW we can replace o, = EoqAl/ly = Eeqo
with an elastic modulus E,q in growth equilibrium and the extension of the cell
Al = [y — Iy and the engineering strain g = Al/l;. Notice that ¢ is the relative
extension of the CW compared to equilibrium, i.e. the difference between the length
of the flaccid cell I; and the turgid cell l;, and is assumed to be constant during
growth.

The internal wall stress o, can now be estimated from plasmolysis experiments

with the assumption that both flaccid and turgid cells follow Hooke’s law. For the
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Figure 5.4: Strain stiffening for a linear elastic material. (a) shows a linear elastic material
with (green) and without (red) pre-stress and a non-linear elastic material with strain
softening (blue). The orange dashed lines show the stiffness obtained when the system is
pre-stress but the additional stress is not taken into account. (b) shows the apparent strain
stiffening for a linear elastic material if the pre-stress is not taken into account when the
stiffness of the material is measured.

turgid cell, however, an offset £y must be considered, caused by the tension through

the turgor pressure, giving

0w = E(e — &p). (5.12)

In the whole derivation of the mechanical properties we have not considered any
offset caused by an internal stretch of the wall and therefore we obtain a larger Young’s
modulus E for the turgid cells than for the flaccid ones. The change in the modulus

can be found by considering the following relation
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Table 5.1: Relative extension and yield threshold for § ~ 300nm. The outer cell radius
was assumed to be R, = 10 pm and the thickness of the CW was assumed to be ¢t &~ 1 pm.

Wall Zone &£o[%] Y [MPa]
1 10.51 0.55

transverse 2 522 0.58
v 3 3.08 0.57

4 2.78 0.82

1 2.15 0.07

o 2 1.00 0.10
longitudinal 2 1.00 0.15
4 1.36 0.29

1 3.15 0.06

ericlinal 2 1.67 0.09
P 3 1.80 0.17
4 2.31 0.34

ow = E(e —ey) = Ee

:>E:E<1—€—0>.
15

Notice that €g/e < 0. The offset can now be determined by

g0 = (1 - %) €. (5.13)

This is seemingly a strain softening (fig. 5.4b): the material appears to soften with
increasing strain. This arises because no initial stress is considered, while in reality
the increasing strain only approaches the true stiffness (fig. 5.4a), i.e. the orange lines
approach the green line in fig. 5.4. Another way of strain softening is represented by
the function o = E?*(1 — exp(—¢/F)), which leads to an actual decreasing stiffness

with strain, which is given by F(¢) = Eexp(—¢/FE). For example the model from
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Dyson et al. (2012) with the stretching dependent life time of cross-links describes a
mechanistic behaviour for such a description. However, this implies energy dissipation
and therefore, it is not a purely elastic model anymore.

For the indentation experiment ¢ can be approximated by 0/l,, where [, can be
measured for the different zones and indentation depth 0 is estimated by E’ and
the Sneddon contact model. With an approximated indentation of 4 &~ 300nm the
relative extension caused by turgor is about gy ~ 1%-10% (table 5.1), which is in
agreement with the literature (Hong et al., 2016). This gives an estimate for the yield
threshold Y ~ 0.06 MPa—0.34 MPa, for longitudinal and periclinal walls, which is in
agreement with yield threshold measurements previously reported by Cosgrove (1985).
The transverse walls display a much higher value Y ~ 0.55 MPa—0.82 MPa. With a
typical turgor pressure of P, ~ 0.5 MPa the longitudinal and periclinal walls are able
to extend, while the transverse walls cannot grow. In fact the values for the transverse
walls most likely do not represent the yield threshold, because the walls are not
yielding and consequently the wall stress o, is not in growth equilibrium. Therefore,

the estimation of Y is not valid and underestimates the true yield threshold.

5.4 Comparison of The Viscoelastic Properties of

Different Cell Types

Plants consist of about 35 cell types Cosgrove (2005). These cell types serve vari-
ous functions in the organism and therefore they can be expected to have different
mechanical properties. In fact elastic mechanical measurements were performed on
epidermal hypocotyl cells (Peaucelle et al., 2015), guard and pavement cells in leaves
(Sampathkumar et al., 2014; Hayot et al., 2012), and embryonic cells in the shoot
apical meristem (Milani et al., 2011; Peaucelle et al., 2011; Braybrook and Peaucelle,

2013). We show in this section a comparison between growing hypocotyl cells with
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Figure 5.5: Schematic of a pavement cell (Graphic from Fu et al. (2005)).

stomatal guard cells and pavement cells in the cotyledons.

Figure 5.6a shows the topography of a typical structure of pavement cells (a
schematic of this cell type is shown in fig. 5.5) from a cotyledon of a 4d old A.
thaliana seedling. Significant for this cell type is the jigsaw-puzzle like pattern of the
cells, which created additional stress patterns at regions of concave curvature of the
cell (arrowheads). These geometric stress patterns can also be seen in the viscoelas-
tic properties E' and E” as shown in figs. 5.6b and 5.6¢ respectively. In chapter 4,
we discussed that these stress patterns occur in the hypocotyl cells. Furthermore,
Sampathkumar et al. (2014) found with quasi-static indentation measurements that
the elastic modulus at those positions is increased. This confirms the fact that the
dynamic measurement is sensitive to geometrical stress as well as to actual mate-
rial properties. If we compare E' and E” from the measurements on the hypocotyl
with the pavement cells, we can see that both E' ~ (70 £ 23) MPa (Mean £+ SD),
and E” ~ (26 +20) MPa, are about one order of magnitude smaller than at the
hypocotyl and thus are two to four times larger than the values reported previously
by Hayot et al. (2012) and Sampathkumar et al. (2014). Only at stressed locations
near the cell junctions the values are in agreement with the ones at the hypocotyl.
This could have several causes. First, it might be that at the hypocotyl we only
measured regions which are under geometrical stress but this seems very unlikely be-
cause we usually measured the cells across at least half of their width and no major

decrease in the mechanical properties was observed. Second, it is possible that the
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Figure 5.6: Viscoelastic properties of pavement cells. The jigsaw-puzzle patterned topog-
raphy (a) shows different stress patterns at concave and convex curvatures in the storage
(b) and loss (¢) moduli. The inverse loss tangent (d) shows that at both concave and convex
curvature display a similar elastic to viscose ratio, independently of stress patterns. The
differences in viscosity (e) indicate that the viscosity depends on the amount of extension
of cross-links. The homogeneous timescale (f) behaviour suggest continuous distribution of
timescales as expected from polymer networks.

153



fast growing hypocotyl cells are under a particularly high stress. The third expla-
nation is that, because the hypocotyl is vital for the plant, its cells need increased
stability and consequently they possess both higher £’ and E”. A fourth scenario is
that more isotropic wall properties result in a softer CW. The reason for this could
be for example that the cellulose microfibrils (CMFs) cannot be as densely packed
as they can be if they were all aligned. Another interesting observation in the pave-
ment cells is that the ratio E'/E" is slightly increased ( (E'/E")nypo ~ 2.5 % 1.0,
(E'/E") pavement =~ 3.2 £ 1.0, Mean + SD) compared to the hypocotyl. Differences in
development might account for this — the young cell’s need to grow causes them to dis-
play a more viscose behaviour than maturer cells, which display more elastic material
properties. In contrast to the individual moduli, E'/E” is very similar at concave and
convex curvatures of the cells, which suggests that the molecular behaviour at those
geometrically very different positions is the same. As a reminder E' > E” implies a
more elastic behaviour and E' < E” implies that the viscose behaviour dominates.
Figure 5.6e shows the viscosity of the pavement cells. With (176 4 80) MPa ps it is
smaller than the one for the hypocotyl, which is (408 4 180) MPas. Yet this does not
imply that the pavement cells are more extensible than the hypocotyl cells because
the extensibility depends strongly on the cell geometry (section 5.1). Furthermore,
the different values of the viscosity at the differently stressed positions are in agree-
ment with the proposed behaviour, that the necks are inhibited in growth, while the
lobes promote growth (Fu et al., 2005; Yang, 2008; Sampathkumar et al., 2014). With
the assumption that eq. (1.19) is valid, this implies that the cross-links at the lobes
are under tension and they are more relaxed at the neck positions. If we assume
that all cross-links are about the same length, eq. (1.19) makes sense, because the
CMF density is much higher than at the lobes as inferred from microtubule (MT)
patterning (Sampathkumar et al., 2014). The reasoning is as follows: at concave cur-

vatures the cross-links are more relaxed and therefore the viscosity is increased, i.e.
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extensibility decreased. Conversely, at convex curvatures the cross-links are under
tension and consequently the viscosity is decreased, i.e. extensibility increased. It
should be highlighted that in this interpretation the viscosity only arises from the
breakage of cross-links as described by eq. (1.19) and thus is only a measure for the
resistance against plastic deformation during growth. However, the intrinsic viscosity
of the polymer network cannot be explained by the behaviour of the cross-links and
requires separate consideration.

Figure 5.6f shows that the relaxation time 7 = (3.1 £0.5)ps of the pavement
cells, which are also measured at the first eigenmode, i.e. f; ~ 78kHz, is very
similar to the one obtained in the hypocotyl ((2.9 & 0.5) ps). This must be the case
if the assumption is that the plant CW shows the response of a polymer network and
consequently has almost a continuous distribution of relaxation times.

Another interesting case is that of the guard cells, which display a sophisticated
mechanical mechanism. During the opening and closing procedure they can change
rapidly from a flaccid to a turgid state and back. With inflation, the guard cells have
to push the pavement cells away, which are always turgid and, therefore, they invade
the space of the flaccid guard cells. From this consideration it can be expected that
guard cells show a mechanical anisotropy between the side which faces the pore and
the side which faces the pavement cells.

Figure 5.7a shows the typical topography of a pore on a cotyledon (of a 5d old
A. thaliana seedling), which is surrounded by two guard cells (white arrowhead for
the pore and red arrowheads for the guard cells), which are embedded into pavement
cells. Both the cell size of the guard cells and the cellular structure of the pavement
cells suggest that these cells are not fully developed. A mature pore, including guard
cells, can have a diameter of up to 30 pm, while the one presented here is only about
~ 15 m in diameter. Furthermore, the shape of two small cells on the top of fig. 5.7a

(black arrow heads) indicates an early developmental stage, because this pattern
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Figure 5.7: Viscoelastic properties of turgid guard cells (open pore). (a) shows the topog-
raphy of a pore embedded in young pavement cells (white arrow head points to the pore
and red arrowheads to the guard cells). The dashed line indicates the location of the profile
which is plotted in fig. 5.8. Storage (b) and loss (c) moduli show a mechanical asymmetry
between the pore inner and outer walls. The increased inverse loss tangent (d) at the apex
of the guard cells suggests a particular high elasticity, which might be required for the
mechanical performance of the cells. The viscosity (e) in the guard cells indicates no par-
ticular growth behaviour. The homogeneous timescale (f) behaviour indicates continuous
relaxation times as it is expected from a polymer network.
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Figure 5.8: Mechanical asymmetry in guard cells. Profile of topography and dynamic
moduli of the guard cells in fig. 5.7. (a) shows the profile for the dashed line in fig. 5.7. (b)
shows the average profile for each guard cell with the pore being in the centre.
appears during the formation of guard cells. Indeed, E' and E”, which are shown in
figs. 5.7b and 5.7c, respectively, show smaller values for the pavement cells than the
ones shown in fig. 5.6. In particular the values £’ ~ (25 + 8) MPa are surprisingly
close to the values obtained previously from quasi-static (£’ < 10 MPa) and dynamic
(E' =~ 27 MPa—-38 MPa) indentation experiments (Sampathkumar et al., 2014; Hayot
et al., 2012). Moreover, the loss modulus here of E” ~ (11 +7)MPa is also very
close to the result from Hayot et al. (2012). The differences might arise from the fact
that we measured several cells with spatial resolution and averaged over all pixels,
while Hayot et al. (2012) made only one measurement at the centre of each cell,
and averaged over several of those measurements. Additionally, they had different
growth conditions, did not use cotyledons, and performed their measurements at
different frequencies and different indentation depth. Furthermore, the results from
the hypocotyl suggest that our results are closer to the true material properties and,
therefore, it is very likely that cotyledons are much softer than maturer leaves.
Figure 5.7d shows the ratio £’/ E”, which for the presumably younger cells in this
measurement is indeed smaller than for the mature pavement cells in fig. 5.6d. From

the values of the E'/E" it seems that only the cell in the upper left in fig. 5.7d seems
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to be at a similar age as the cells in fig. 5.6d. These differences in E’/E" for cells
of various developmental stages suggest that this quantity is a good indicator for the
growth potential of a cell. One advantage of E'/E” is that probably all geometric
contributions will be cancelled out because geometric factors are multiplicative in
the same way in E' and E”. The viscosity, which is shown in fig. 5.7e, confirms the
assumption that the E'/E" is a good indicator for the growth potential because its
value is 7 &~ (62 £ 32) MPaps, which is about one order of magnitude smaller than
for the older cells.

Figure 5.7f shows the relaxation time, which is 7 ~ (2.8 £ 0.5) ps, and is again in
agreement with the previously measured relaxation times at the first eigenmode. It
is very important to confirm that for every cell type at any developmental stage the
relaxation time for the same experimental frequency is similar, because it confirms a
nearly continuous distribution of relaxation times.

Figure 5.8 shows a profile for topography, £, and E” from the images in fig. 5.7.
From the radial average it can be clearly seen that the cells display a mechanical
asymmetry (fig. 5.8b), which is in agreement with the observation of an asymmetric

structure of the open cells.

5.5 Physiological Relevance of Viscoelasticity

So far we looked only at cells with an intact CW, however, it would also be interesting
to use the method as a diagnostic tool and eventually test different mathematical
models to unravel the thermodynamic behaviour of this intricate polymer network.
To see if the technique is sensitive enough to measure changes in the CW composition,

we performed chemical manipulations on the seedlings during growth.

158



500

400

300

E'in MPa

200

100

E" in MPa

900
800

400

E' in MPa
ul
o
o

1800
1600
1400
1200
1000

E" in MPa

800

600
400

transverse

zone

transverse

transverse

transverse

longitudinal

zone

longitudinal

longitudinal

longitudinal

periclinal

+_+\‘:>,

3

e

1 2 3 4
zone

periclinal

H‘h*
-
—

Pu== ) Ad
1 2 3 4
zone
periclinal

1 2 3 4

periclinal

R

-
N
w
IS

zone

treatment
@® DMSO
v IXB

treatment
@® DMSO
v IXB

treatment
@® DMSO
T IXB

treatment
@® DMSO
v IXB

Figure 5.9: Viscoelasticity of IXB treated seedlings. Maps of storage (a) and (c) and loss

(b) (d)moduli at first and second eigenmode respectively.
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5.5.1 Cellulose Reduction

First we asked how the cellulose content of the CW changes its mechanical properties.
To achieve this we added 3nM isoxaben (IXB) to the growth medium on which the
seedlings germinated and grew them for 3d, as described in chapter 2. IXB inhibits
cellulose synthase complexes and therefore the total amount of cellulose in the wall is
reduced (Heim et al., 1990). The hypocotyls show a phenotype of severe cell swelling
and reduced organ growth (fig. 2.2b). Although the phenotype reduces from the basal
part towards the apex of the hypocotyl, the IXB treated seedlings do not form an
apical hook. The swelling presumably originates from increased material isotropy and
the more isotropic growth leads to a reduced hypocotyl length. With reduced cellulose
content one would not only expect the cells to swell but also a reduction in their elastic
modulus. Figure 5.9 shows E’ and E” for 9 IXB treated and 6 dimethyl sulfoxide
(DMSO) treated control seedlings. The dots represent the mean values of 224 and 176
cells for treatment and control, respectively, including 77 and 58 transverse, 150 and
116 longitudinal, and 224 and 176 periclinal walls. The error bars represent the 1000
fold bootstrapped error of the mean with a 95% confidence interval. The different
zones are counted from the base (1) towards the apical hook (4) of the hypocotyl to
create an average over several cells of the same seedling. Figure 5.9 shows clearly,
that after IXB treatment, both E’ and E” are reduced at the basal cells and as
the chemically induced phenotype becomes less pronounced towards the apex the
difference between treated and control seedlings decreases.

The resulting ratios (fig. 5.10) are E'/E” = 1.76 4+ 0.05, 1.92 4 0.04 and 2.44 4+ 0.05
for the IXB treatment and E'/E” = 1.75 4+ 0.04, 2.15 4+ 0.04 and 2.98 £ 0.07 for the
DMSO seedlings at the first eigenmode. The larger ratio of the DMSO suggests that
it relaxes more strongly than the IXB treated seedlings. Considering that CMF's con-
tribute significantly to the elastic behaviour of the CW this behaviour is as expected.
Similarly, at the second eigenmode we obtain E'/E” = 0.30 £+ 0.01, 0.23 £ 0.01 and
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Figure 5.10: IXB treated seedlings ratio of E'/E" for first (a) and second (b) eigenmode.

0.21 £ 0.01 for the IXB treatment and E'/E"” = 0.43 £ 0.01, 0.24 £+ 0.01 and 0.28 £ 0.01
for the control. The lower cellulose content of the IXB treated seedlings is consistent
with the view that dissipate more energy at the second eigenmode, i.e. (E'/E")x5 <
(E'/E")puso as this we believe measures the properties of the CMF component of the
wall.

One important question is how the viscosity of the wall changes in response to
IXB. This is because IXB influences not only the cellulose content but also changes
the amount of rhamnose, mannose, and uronic acids (Manfield et al., 2004). The
viscosity is shown in fig. 5.11 and it is at the first eigenmode n = (643 + 65) MPaps,
(506 £ 34) MPaps and (336 £ 16) MPayps for IXB and for the control seedlings n =
(1166 £ 54) MPaps, (704 + 28) MPa ps and (585 £ 22) MPaps and at the second eigen-
mode 1 = (970 £ 50) MPaps, (899 + 34) MPaps and (811 + 21) MPa ps for IXB and
n = (1425 £+ 52) MPayps, (1270 £ 41) MPaps and (1152 + 27) MPaps for the DMSO.
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The lower values for the IXB treated seedlings at both eigenmodes are in agreement
with the hypothesis that the CMFs make a major contribution to the elasticity of the
plant CW. While it may seem counter-intuitive that if the viscosity is related to cell
extensibility, the smaller IXB treated seedlings have a smaller viscosity, these cells
are more swollen than the DMSO ones and could indeed have an increased exten-
sibility. In fact, Manfield et al. (2004) found that in cell suspension both the total
cell size and the wall thickness increases with IXB treatment, where the latter in-
fluences the extensibility as well as the viscosity (eq. (5.10)). With the assumption
that the CW of suspension cells behave similarly those of A. thaliana hypocotyl cells,
this result makes sense. Additionally, there is experimental and theoretical evidence
that reduced cellulose content indeed causes an increased extensibility (Ali and Traas,
2016), this is equivalent to a decreased viscosity.

The last component of the standard-linear solid (SLS) model is &y, which should
decrease, because of the cellulose deficiency. Indeed, the stiffness shows exactly this
behaviour with ky = (251 £ 26) MPa, (194 + 14) MPa and (110 4+ 5) MPa for IXB
and ky = (456 + 24) MPa, (260 + 12) MPa and (191 £ 8) MPa for the DMSO at the
first eigenmode. Furthermore, the convergence towards the apex is in agreement
with the macroscopic behaviour, where the phenotype is less severe at the apex than
that at the base. At the second eigenmode the stiffness is ky = (2171 £ 82) MPa,
(2286 & 94) MPa and (2010 £ 45) MPa for the reduced cellulose content and ky =
(2942 £+ 99) MPa, (2919 + 88) MPa and (2722 + 70) MPa for the control seedlings at
the second eigenmode. The difference for this higher frequency is clearer than for
the first eigenmode, which supports the hypothesis that the higher eigenmode probes
stiffer, more crystalline, structures, such as the CMFs. This does not exclude the
hypothesis that the second eigenmode displays the glassy behaviour of the polymer
network, because in IXB treated seedlings not only the cellulose content but also the

glucan content is reduced (Manfield et al., 2004) and, therefore, there is certainly an
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decreasing difference increasing difference

Figure 5.12: Differences between IXB treated seedlings with respect to the wild type.
After IXB treatment all viscoelastic properties are reduced for both eigenmodes. The
colour gradient indicates that the reduction is less severe closer to the apex. The blue
colour represents a reduction of the properties, while a red colour would show an increase
of the properties. White indicates no significant changes. The black radial walls indicate
no changes in the properties.
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alteration of the matrix.
In summary, the reduction of cellulose leads to an increased isotropy and all me-

chanical properties shown in figs. 5.9 to 5.11 are decreased as summarised in fig. 5.12.

5.5.2 Pectin Matrix Alteration

Next, we looked at the contribution of the integrity of the pectin matrix. This polymer
network can be strengthened by ionic Ca?*t cross-links, which bind at demethylesteri-
fied positions of the homogalacturonan (HG) backbone. The activity of pectin methyl
esterases (PMEs) can be inhibited by the green tea extract epicatechin gallate (ECG)
(Lewis et al., 2008). The reduced cross-link density with decreasing PME activity is
thought to lead to softening of the plant (Pelloux et al., 2007). This hypothesis is
challenged by the findings of Milani et al. (2011), Peaucelle et al. (2011), Braybrook
et al. (2012) and Peaucelle et al. (2015), where the last authors found that PMEs are
involved in breaking the mechanical symmetry of embryonic cells in the A. thaliana
hypocotyl. The other authors found reduced organ initiation in the shoot apical meris-
tem (SAM), caused by wall stiffening. They used quasi-static AFM nano-indentation
experiments to measure the CW mechanical properties and found that reduced PME
activity leads to a stiffening of the walls. For this unexpected behaviour they provide
several explanations. First, they argue that demethylesterification does not necessar-
ily result in a more cross-linked network because the cross-linking density depends on
the Ca?" concentration which is unknown in the apoplast, the extracellular domain.
Second, they suggest that demethylesterification could result in increased acidifica-
tion in the apoplast, which in turn would activate cell wall loosening agents. Third,
demethylesterification supports pectin degradation which could decrease the elastic
modulus. Last, the hydrolysis of HG might generate oligogalacturonides (OGAs),
which are known to act as messengers and thus might modify the CW.

Here we tested how the viscoelastic properties will change in response to a sup-
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pressed PME activity. To obtain a biologically significant aberrant phenotype we
germinated the seedlings on growth medium with 200 pM ECG and measured the
seedlings 3d after transfer to the culture room. The treated seedlings showed re-
duced growth in both root and hypocotyl (fig. 2.2c). The AFM measurements were
performed at the first and second eigenmode simultaneously to obtain different time
responses. Furthermore, during the penetration at the second eigenmode we ob-
served an increased viscosity (chapter 4), which one would expect to change if the
cross-linking density in the matrix is reduced because the entropic component of the
viscosity increases due to longer free, non cross-linked, chains.

Figure 5.13 shows E’ and E” for the first (a and b) and second (¢ and d) eigen-
mode. The different zones represent again a summary over cells in a certain growth
region, as for the IXB treatment. For the first eigenmode we observed increased
values for the ECG treatment for both moduli £’ and E”. From 8 (74 transverse,
156 longitudinal, 213 periclinal walls, of 213 cells) ECG treated and 8 (63 trans-
verse, 128 longitudinal, 197 periclinal walls, of 197 cells) DMSO control seedlings
we obtain £’ = (431 + 19) MPa, (345 £+ 11) MPa and (299 + 7) MPa (Mean + SE)
and E' = (3624 22) MPa, (250 4+ 12) MPa and (231 + 9) MPa, respectively, and
E" = (268 + 14) MPa, (179 £ 7) MPa and (117 &£ 4) MPa and E” = (215 + 15) MPa,
(119 £ 7) MPa and (91 £ 8) MPa for ECG and DMSO respectively. For both moduli
we obtain a main effect with p < 0.001 calculated by a multivariate analysis (see
chapter 2 for details). If we look at the second eigenmode we see an increase rel-
ative to the first eigenmode in E’ for both treated and control plants to E. .. =

ECG

(536 £ 27) MPa, (370 £ 15) MPa and (350 + 9) MPa and E = (489 + 27) MPa,

DMSO
(266 £+ 12) MPa and (305 £ 12) MPa as expected but also E” increases significantly
to E", = (1305 39) MPa, (1307 +27)MPa and (1225 + 22) MPa and E,., =

(1362 + 48) MPa, (1392 £+ 35) MPa and (1310 &+ 27) MPa. This is the type of be-

haviour which was observed for the DMSO in chapter 4. The question now arises
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Figure 5.14: ECG treated seedlings ratio of E'/E" for first (a) and second (b) eigenmode.

about the relation between stored and dissipated energy, which is given by the ratio
E'JE".

Figure 5.14 shows E’/E" for the first and second eigenmode. The values for
the first eigenmode (Mean + SE) for treated seedlings are E'/E” = 1.67 +0.02,
2.01 + 0.02 and 2.68 £ 0.03, while the values for the control seedlings are 1.76 £ 0.03,
2.20 + 0.03 and 3.07 + 0.07, for transverse, longitudinal, and periclinal walls, respec-
tively, with a main effect where p < 0.05. For the second eigenmode for the treated
seedlings we obtain 0.41 £ 0.01, 0.28 £ 0.01 and 0.290 £ 0.004 and for the controls
we get 0.36 + 0.01, 0.20 £+ 0.01 and 0.23 £ 0.01, with a main effect where p < 0.001.
This shows two interesting outcomes. First, the DMSO shows a more elastic be-
haviour at the first eigenmode ((E'/E")puso > (E'/E")scc). Higher elasticity can be
explained by an increased cross-linking density eq. (1.11) and thus the data suggests

that the matrix of the DMSO treated seedlings may have a higher cross-linking den-

168



sity than the ECG treated ones. At the second eigenmode we see for both treatments
E' < E” suggesting that more cross-links break than recover their position. Inter-
estingly, there is a change in behaviour between the different treatments. While at
the first eigenmode (E'/E")puso > (E'/E")gce, at the second eigenmode we observe
(E'/E")puso < (B'/E")gce. This suggests that more cross-links break down with an
excitation at the second eigenmode for DMSO compared to ECG treatment, which
is a consistent result, given the fact that the cross-linking density is increased for
the untreated seedlings. However, this result also suggests that the treated CW is
less extensible than the untreated one, because more cross-links can break in the
DMSO, which gives more ability to control permanent deformation. This is indeed
what we observe macroscopically and it supports the notion that E'/E” < 1 gives an
indication of CW extensibility.

Given the above, it makes sense to look at the viscosity, which is related to the
cell extensibility, derived by eq. (4.43), which is shown in fig. 5.15. Here we find for
the first eigenmode that the ECG treated seedlings indeed display a higher viscosity
than the DMSO intervention, namely nsc = (1399 £+ 67) MPaps, (1019 + 34) MPaps
and (793 + 23) MPaps and npyso = (1154 £ 73), (729 + 39) and (587 £ 36) MPa s,
for transverse, longitudinal, and periclinal walls respectively. This is in agreement
with the smaller extensibility of the ECG treated seedlings, confirming that the mi-
croscopic measurements are in agreement with the macroscopic behaviour. At the
second eigenmode the viscosity is slightly increased for the treated seedlings nzce =
(1565 + 55) MPa ps, (1428 + 34) MPaps and (1297 4 24) MPaps compared to the un-
treated ones Mpyso = (1583 £ 62) MPaps, (1311 &+ 36) MPaps and (1234 £ 27) MPa ps.
This increase of the viscosity in both moduli is similar for treated and DMSO plants
and therefore suggests that the methyl esterified CWs have a smaller extensibility
than the DMSO.

The next parameter of interest is the stiffness k,;, which is shown for the first
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Figure 5.16: Mechanical differences of ECG treated seedlings with respect to the wild type.
After ECG treatment most viscoelastic properties are increased for the first eigenmode.
The blue colour represents a reduction of the properties, while a red colour would show an
increase of the properties. White indicates no significant changes of the properties.
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and second eigenmode in fig. 5.15 (¢ and d for first and second eigenmode respec-
tively). What changes can be expected from the demethylation? On the one hand,
the stiffness should be decreased with an decreased cross-linking density in the pres-
ence of ECG, because from rubber elasticity we obtain that the shear modulus is
G =nkT/V = pRT/M (eq. (1.11) and Rubinstein and Colby (2003)). On the other
hand, the phantom network model gives a shear modulus G, = RTp/M(1 — 2/f)
(eq. (1.12)). This implies that cross-links with high coordination number f, such as
the pectin in the demethylesterified state approach the rubber elasticity and networks
with smaller f appear softer. (As a reminder for the reader, the model for rubber
elasticity implies spatially fixed cross-links and a polymer chain is considered a poly-
mer between the cross-links. The phantom network model also considers a polymer
chain between nodes but cross-links can move in space and, therefore, the coordi-
nation number reduces the effective stiffness of the individual chains.) Furthermore,
demethylesterified HG is also targeted by pectin degrading enzymes (Pelloux et al.,
2007) which can lead to shorter chains. In vitro rheological studies of HG show indeed,
that acetyl and methyl groups hinder its dimerization (Ralet et al., 2003; Hocq et al.,
2017; Oosterveld et al., 2000). According to the worm-like chain (WLC) (Rubinstein
and Colby, 2003) model shorter chains appear stiffer for the same absolute extension
and, therefore, it might well be that the wall becomes stiffer. The values for k,; for the
treated seedlings are ky, = (575 & 30) MPa, (389 =+ 16) MPa and (260 =+ 8) MPa, which
is an increase compared to the DMSO with ky, = (462 £ 33) MPa, (258 £+ 15) MPa
and (203 + 18) MPa. This indicates that the pectin matrix behaves like a phantom
network model. Alternatively, it could represent simple rubber elasticity if, with
a reduction in PMEs, the absolute chain length of HG reduces. For the second
eigenmode we observe ky = (3038 &£ 93) MPa, (3117 £ 79) MPa and (2791 £+ 49) MPa
for the ECG treated seedlings and ky = (3143 £ 111) MPa, (3407 £ 141) MPa and
(3123 £ 121) MPa for the DMSO seedlings. The difference between ECG and DMSO
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is not significant (p > 0.05) and therefore, suggests a similar behaviour at short length
scales. Whether this is due to the CMF's or to glassy behaviour is not clear yet.

To conclude, an alteration of the pectin matrix results in an increase of most me-
chanical properties shown in and all mechanical properties shown in figs. 5.13 to 5.15
at the first eigenmode. However, a characteristic behaviour for matrix alteration could
be the fact that the ratio E'/E" is decreased at the first and increased at the second
eigenmode, suggesting a characteristic timescale and therefore length-scale response.

The results of the ECG treatment are summarised in fig. 5.16.

5.6 The Relation Between Plant Growth And Vis-
coelastic Properties

Above we show that the dynamic mechanical AFM measurements are sensitive to the
composition of important CW polysaccharides and that the response is different for an
alteration of the matrix polymers than for a change of the load bearing components.
With this potential we want to look how mechanical properties change for various
growth stages. To test this, the A. thaliana hypocotyl is an ideal test organ, because
it displays a growth gradient from the base towards the apex (Gendreau et al., 1997;
Crowell et al., 2011).

Figure 5.17a shows the normalised inverse growth velocity, of 60h old A. thaliana
hypocotyls, which was obtained from the cell length in Gendreau et al. (1997). This
can be compared to the viscoelastic properties, namely, E’, E”, the inverse loss tan-
gent E'/E", n, and ky, which are shown in Figure 5.17. The graphs show clearly that
the mechanical values are inversely related to the growth velocity. The faster the
growth (zone 1 is the fastest) the softer the material and conversely, slower growth
correlates with stiffer material properties (zone 4 displays the slowest growth). In

section 5.1 we show that for the Lockhart model 1/n oc ® o 4¢/I. With this finding
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Figure 5.17: Mechanical properties and growth gradient along the hypocotyl. The A.
thaliana hypocotyl shows a growth gradient (Data taken from Gendreau et al. (1997)). The
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moduli.
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it is resonable to test if there is a linear relationship between 1/1 and the normalised
velocity (or growth rate) v/lp.

Figure 5.18 shows a linear regression, for the viscosity in fig. 5.17e and the vis-
cosity obtained from plasmolysed data in section 5.3, versus growth rates. The data
shows great agreement (p < 0.001) with the linear behaviour predicted by the Lock-
hart model. The slope of the fit relates to the effective pressure P* = P, — Y, for
which we obtain for turgid cells (0.14 + 0.01) MPa for transverse, longitudinal, and
periclinal walls with the assumption that the cells have a radius of r = 10 pm and a
wall thickness of ¢ = 1 pm. For the plasmolysed cells we find P* = (0.15 + 0.01) MPa
for all three orientations. The reason that P* can also be found for flaccid cells, is
given by the thermodynamic theory from Veytsman and Cosgrove (1998) and Dyson
et al. (2012), which predicts a smooth transition from the elastic towards the yielding
behaviour of the wall so points close to either side of Y are similar. From a physical
point of view, this continuous transition makes more sense. It should be emphasised,
that these estimates of P* strongly depend on the CW geometry. For example dou-
bling the cell radius or reducing the wall thickness by 50 % would already result in a
twofold increase in P*.

Experimentally relating the growth gradient of the hypocotyl to the mechanical

properties at a cellular level is a big achievement in understanding how mechanical
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Figure 5.19: Cell length and growth rate. Average cell length (a) and normalised growth
velocity (b) for unidirectionally growing cells (# 4-8).

properties are related to plant growth. The Lockhart model applies only to single
cell growth, therefore, it is important to test if his theory (eq. (5.9)) is valid at the
subcellular scale. To test this hypothesis we measured 27 seedlings over a period of 9h
starting with an initial age of 1 h and time increments of 1 h. We did this for 3 seedlings
for each age. For every seedling we measured between 6-9 cells, corresponding to cells
3-12 at the hypocotyl (numbered from the base). Since Lockhart’s model applies
only to unidirectionally growing cells, we dismissed cells at the apical hook. For the
younger seedlings those cells can already appear at cell number 9. Therefore, we only
consider cells 4-8, over which we averaged.

The averaging is necessary, because neighbouring cells in adjacent files can be
of a different cell number. However, for unidirectional growth it is important that
those neighbouring cells extend with the same speed because otherwise the result-
ing elongation would result in a bent organ (Zieschang et al., 1997). Furthermore,
Lockhart uses true (logarithmic) strain for the elongation, which states that not only
the individual cell but any arbitrary two points should follow this equation, assuming

continuum mechanics. With this in mind we can state that the dimensions of cells
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are natural but arbitrary marks and thus the averaging over several cells leads to an
averaging over these marks and ,therefore, resembles the true strain better than the
consideration of individual cell numbers.

Additionally, it is not possible to measure the mechanics of growth over time in
the same seedling, because light exposure and mechanical stimulation inhibits growth.
This leads to the need to measure population averages of cell length. Furthermore,
variable initial seedling age is caused by a variability in germination time of about 3 h
(Peaucelle et al., 2015, supplementary material). The cell length of the hypocotyls
was measured from images, that were acquired with the optical microscope of the
Cypher™. Figure 5.19a shows the cell length [ plotted against the plant age. The
cell length is very variable with age and should follow a monotonically increasing
function. However, fig. 5.19a shows clearly that at certain time points the cell length
apparently decreases, which implies a shrinking of the cells. This reduction in length
is not possible according to the definition of growth (section 1.4, page 24). To avoid
artefacts for the growth velocity from this noisy data, we fit the data with an analytical
function, and its derivative is used to determine the growth velocity. It should be
mentioned that the choice of the analytical function already implies an assumption
about the growth behaviour. To avoid over fitting we used a polynomial of degree

two. For the normalised velocity we fitted the logarithm of the length to a polynomial

of second order, because dlng(t)) = ﬁ%&”. The result is shown in fig. 5.19b.

Figure 5.20 shows a plot of 1 versus v/l for the time-lapse experiment with a slope
P* =(0.13 £ 0.01) MPa for all three walls. This is similar to the value of 0.14 MPa for
the growth gradient along the hypocotyl fig. 5.18. Given the fact that the seedlings

are at a similar age (60h vs 51h-59h), it makes sense that the cells show a similar

effective driving force.
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Figure 5.20: Growth mechanics. Regression plot of 1/n vs velocity v normalised by cell
length p.

5.7 Change of Viscoelastic Properties at Dark-Light
Transitions

It is well known that the A. thaliana hypocotyl ceases to grow when transferred
from the dark to the light. This mechanism is important because when the seedling
is in the soil it grows heterotrophically and it has to reach the light as quickly as
possible, so that it can unfold the cotyledons and start to grow phototrophically
by performing photosynthesis. Although the biochemistry and growth behaviour
during this transition is well understood, the change in the mechanical properties
during this transition has not been investigated. The plant CW can be expected to
stiffen, because slower growing seedlings display higher moduli. Here we look at this
transition in a transgenic line that carries a silent transgene and behaves like wild
type (WT) in its growth and morphology (see section 5.8). The seedlings were grown
for 2d in the dark and 1d under long day conditions, the control group was grown
for 3d in the dark. The transition to the light leads to reduced hypocotyl length of
70 % from (4.89 £ 0.30) mm to (1.51 £ 0.06) mm.

Figure 5.21 shows the storage E’ and loss £” moduli for the first eigenmode (a
and b, respectively) and the second eigenmode (¢ and d, respectively). After the

exposure to light, the growth gradient along the hypocotyl vanishes for both moduli.
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This behaviour can be expected if the hypocotyl ceases growing. Surprisingly, the
light exposure results in softer walls, i.e. lower moduli, at both eigenmodes, which
is contrary to the expected behaviour. This suggests that the cells are growing at
a higher rate than under completely dark grown conditions. Although this seems
counter intuitive, it might well be that the cells display an increased radial growth.
This is supported by the behaviour of the transverse, only radially growing, walls
which moduli approach at the base the level of the apical cells and because the basal
cells display at this age a reduced growth rate, the softening of both moduli after light
exposure suggests an increase, especially in radial extensibility. In fact the diameter
in light grown hypocotyls is about 30 pm increased compared to dark grown ones
(Gendreau et al., 1997). Moreover, the literature suggests, that mainly the epidermal
cells account for this difference and consequently, they must nearly double in radius.
Under these conditions it is reasonable to imagine that after the transition to the
light, the cells at the base, which have nearly ceased elongation growth begin to grow
more rapidly than the dark grown ones. Homogeneous growth of the hypocotyl is
supported by the fact that the growth gradient vanishes after transfer to the light.
The mechanism that cessation of cell elongation is followed by rapid radial growth,
might be important to achieve a high hypocotyl stability as quickly as possible, before
the walls lignify. Additionally, the cells grow more isotropically. Indeed, if we compare
the moduli of the light exposed seedlings, we observe similar values to the ones that
seedlings display after IXB treatment. Obviously, the IXB intervention, affects not
only the anisotropy but also the cellulose content in the walls and the cells show a
severe phenotype. Therefore, it cannot be expected that the walls display similar
structures.

Additionally, the CW extensibility does not depend only on the internal mechan-
ical values but also on the wall geometry. In particular, the thicker the wall the

lower its extensibility (eq. (5.10)). As a matter of fact, light grown hypocotyls dis-
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Figure 5.22: The inverse loss tangent E’/E" for dark light transition of WT (RAB-
E1d_DN background) seedlings. (a) shows the first and (b) the second eigenmode.

play thicker walls than dark grown ones (Derbyshire et al., 2007) and therefore an
increased wall thickness by a factor of 1.5, would be sufficient to compensate for the
softer walls.

Figure 5.22 shows the inverse loss tangent for the first (a) and second eigenmode
(a). Both eigenmodes show that the dark grown seedlings are more elastic than the
one with light exposure. This indicates that the transferred hypocotyls indeed grow
more than the continuously dark grown ones. Moreover, at the second eigenmode the
dark grown seedlings show the mechanical gradient, which vanishes for the transferred
plant. This supports the idea that all cells grow at a similar rate to achieve the radius,
which is required for the hypocotyl stability.

Finally, fig. 5.23 shows that the stiffness and the viscosity decrease for the light
exposed seedlings as well, which is in agreement with the speculation that these

seedlings grow at a higher rate. In particular the large difference for the k,, at the
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Figure 5.24: Mechanical differences of light grown seedlings with respect to dark grown.
After transition to the light all viscoelastic properties are reduced for both eigenmodes.
The colour gradient indicates that the reduction is less severe closer to the apex. The blue
colour represents a reduction of the properties, while a red colour would show an increase
of the properties. White indicates no significant changes. The black radial walls indicate
no changes in the properties.
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second eigenmode suggests, that after the transfer, changes at the short timescale
happen, such as reduction in cellulose content or alteration of the matrix (glassy
response). In fact Pelletier et al. (2010) showed on the A. thaliana hypocotyl that
PMEs are involved and might even control the process of growth acceleration in the
dark.

To sum up, light exposure of the hypocotyl leads to a decrease of all mechanical
properties shown in figs. 5.21 to 5.23 as summarised in fig. 5.16. This is most likely
caused by the fact that the cells have to grow radially to ensure the stability of the

hypocotyl.

5.8 Exploring New Realms — An Investigation of

The RAB-E1d Phenotype

After it was established that dynamic AFM viscoelastic mapping can measure al-
terations in CW architecture, caused by changes in the environmental conditions
(light), growth rates, and chemical interventions, it is sensible to apply this method
to obtain an indication of how the wall architecture differs in a phenotype with un-
known changes in the CW structure. For this investigation we chose the RAB-E1d
dominant negative mutant which shows a severe growth reduction in the hypocotyl.
RAB-E1d controls trafficking from the Golgi to the PM (Zheng et al., 2004; Camacho
et al., 2009). Therefore, it can be expected that the matrix is affected, although it
would be possible that for example cellulose synthase (CESA), which is transformed
via the Golgi (Kim and Brandizzi, 2016) cannot be delivered to the PM. Here we
use an inducible dominant negative background to disturb RAB-E1d activity. Syn-
thesis of the mutant protein can be induced by dexamethasone (DEX) at 1pM in
the growth medium (see chapter 2 for details). The control plants are grown on

growth medium with a concentration of a thousand fold diluted DMSO, which was
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used to dissolve the DEX. The resulting phenotype after growing in the dark for
3d, displays reduced length growth by 55% from (4.89 4+ 0.44) mm (Mean 4+ SE)
on DMSO to (2.22 £0.17) mm (Mean £+ SE) with inhibition of RAB-E1d. This is
a relatively weak phenotype, compared to 82 % reduction observed after growing in
the dark for 6d, where the control hypocotyls are almost at their maximum length
of (19.10 + 0.34) mm. We also tested that the DMSO treatment does not affect cell
length (Mean £ SE = (19.03 +0.31) mm) and therefore also not the yielding be-
haviour of the CW (fig. 2.3)

Figure 5.25 shows E" and E” of 279 cells (including 86 transverse, 178 longitudinal,
and 279 transverse walls) on 10 DEX treated seedlings and 188 cells (including 63
transverse, 125 longitudinal, and 188 transverse walls) on 9 DMSO control seedlings
for the first (f; ~ 78kHz) and second (fy ~ 524 kHz) eigenmode. The growth zones
represent cells 3—12 with about 2-3 cells in each zone. Zones 14 are from the base to
the apex of the hypocoyl. At the first eigenmode the DEX treatment shows no main
effect for either E' and E” at the transverse walls but at the growing longitudinal
and periclinal ones, they are slightly increased compared to the control seedlings.
Furthermore, we can see that the moduli do not follow the same trend as the control
seedlings, which implies that the growth gradient along the hypocotyl is disturbed
with the inhibition of RAB-E1d activity. The second eigenmode shows no main effect
for DEX compared to DMSO for the storage modulus E’. For E” the main effect
is even stronger than at the first eigenmode, because it displays also a difference for
the transverse walls. This enhancement in the effect, affects also the behaviour along
the growth gradient. In particular zones 1 and 2 show a more pronounced difference
than at the first eigenmode, while zones 3 and 4 show no significant difference. The
higher values in both moduli at the second eigenmode suggest that RAB-E1d is
involved in the softening of the CW via alteration of the components of the wall matrix

rather than a modification in the CMFs because the IXB treatment has shown that
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Figure 5.25: Loss and storage modulus for RAB-E1d_DN seedlings for induced phenotype
(DEX) and control seedlings (DMSO). (a) and (b) show the first eigenmode and (c) and
(d) show the second eigenmode for E’ and E” respectively.
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Figure 5.26: The inverse loss tangent E’/E” for the RAB-E1d_DN seedlings, where DEX
represents the induced phenotype and DMSO the control seedlings. (a) shows the first and
(b) the second eigenmode.

a reduced cellulose content results in smaller moduli. This conclusion assumes that
initiation of RAB-E1d would only cause a modification of the CW material whose
biosynthetic pathway is controlled directly by RAB-E1d and does not result from
strong secondary, compensatory, effects. Moreover, an increase in cellulose content
would imply an increasing £’ at the higher frequency but here we see only an increase
in £”, which implies that at the second eigenmode more energy is dissipated in the
treated seedlings. For example changes in polymer composition or internal growth
factors, such as auxin or xyloglucan endotransglucosylases/hydrolases (XTHs) could
be affected.

The issue of the relative energy dissipation can be investigated specifically by the
inverse loss tangent E’/E” which is shown for both eigenmodes in fig. 5.26. In fact,

the RAB-E1d mutants exhibit a similar behaviour to that of the ECG intervention.
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The RAB-E1d inhibited seedlings display a decreased ratio at the first eigenmode
and a slight increase at the higher frequency. However, at the second eigenmode
the difference between the two treatments almost vanishes and is only statistically
significant for the growing periclinal walls, suggesting a similar behaviour at shorter
relaxation times of both CW in radial direction. The major difference between the
two measurements is that with the DEX intervention the hypocotyl loses the gradient
along the zones and suggests a more uniform behaviour for cells at different develop-
mental stages. This loss of variability indicates that a growth mechanism is affected,
which is required to maintain the growth gradient along the hypoctyl.

The growth capability of the cells can be studied in further detail with the vis-
cosity, which is shown in fig. 5.27. At the first eigenmode the RAB-E1d suppressed
seedlings display an increased n compared to the control seedlings. This effect is par-
ticularly large at the growing longitudinal and periclinal walls but it is also present
at the transverse walls. The increased viscosity is equivalent to a decreased cell ex-
tensibility and therefore this microscopic result is in agreement with the macroscopic
observation of reduced cell length. The second eigenmode displays a similar behaviour
with the difference that at this frequency the growth gradient in the phenotype is more
present than at the longer relaxation time. One major difference between the inhibi-
tion of RAB-E1d and PME is revealed by ky (fig. 5.27 third and fourth row). Here,
we see increased values for both eigenmodes, while for the ECG treatment k,, was
increased for the first eigenmode but decreased at the second one. Although, the
difference in the stiffness at the second eigenmode is not statistically significant for
the RAB-E1d mutation and control seedlings (p = 0.09), the behaviour between first
and second eigenmode is different for RAB-E1d mutants and ECG intervention.

One problem with dysfunctional cells is that it is not clear if the morphological
phenotype arises as a primary or secondary effect, i.e. if as a consequence of a direct

CW alteration other, secondary, effects occur. One effect could be that the water
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potential, and consequently the turgor pressure, falls. This would cause the strain
of the wall to change making CW properties difficult to compare. Furthermore, an
investigation of relaxed CWs might provide insights into the yield threshold Y. To
release the strain in the walls we plasmolysed the cells with an hyperosmotic solution
of 0.55M sorbitol dissolved in pure water. As expected, we observe about a tenfold
decrease in E' and E”. At the first eigenmode, the gap in E’ is now increased. Sur-
prisingly, the deviation in £” from the turgid state vanished completely. This suggests
that changes in Y and k., occur. The shift in Y could be caused by a change in the
statistical distribution of the chain length in the network (Kothari et al., 2018) but
also changes in the matrix or cellulose content can alter Y (Veytsman and Cosgrove,
1998; Dyson et al., 2012). At the second eigenmode all differences in both mod-
uli vanished, whereas the turgid cells this shorter relaxation time revealed an even
larger difference between the two treatments. That no larger deviation appeared at
the higher frequency supports the hypothesis that mainly the yield threshold was
affected. In fact it could be that the free volume, i.e. the volume with cannot be oc-
cupied by the polymer network, determines only the yield threshold. For example the
free volume describes porosity and density of a polymer network and thus influences
the elastic modulus of a polymeric material. However, if it contributes to k., or ky
depends on the observed timescale. Slower timescales are dominated by poroelastic
behaviour and quicker timescales by viscoelasticity, which can be modified by the
density (Anirudh et al., 2014).

Even more interesting is the fact that at the first eigenmode (E'/E" ) psx > (E'/E")pusos
whereas this was the other way around for the pressurised cells. This indicates a more
elastic behaviour due to RAB-E1d inhibition, which is in agreement with the specu-
lation that the mutation leads to shorter chains in the matrix. The overall decrease
in the ratio E’/E" only supports the idea that the walls were in a relaxed state and

hence they provide a reduced retracting force compared to the stressed material. At
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Table 5.2: Relative extension and yield threshold for § ~ 300nm. The outer cell radius
was assumed to be R, = 10 pm and the thickness of the CW was assumed to be ¢ ~ 1 pm.
The standard error for both treatments and all walls is AY < 0.01 MPa.

DMSO DEX

Wall Zone ¢£o[%] Y[MPa] 0[%] Y[MPal

1.0 3051 1.47 16.98 1.27

. 2.0 23.44 113 17.45 1.30

Fansverse 3.0 24.71 119 16.48 1.23

40 18.42 0.89 19.07 1.42

1.0 3.44 012 218 0.11

omsituding 20 218 007 1.91 0.10

& 3.0 2.39 0.08 2.39 0.12

40 145 0.05 4.08 0.21

1.0 321 0.09 2.80 0.10

. 20  2.70 007  2.70 0.10
periclinal

3.0 3.20 0.09  3.60 0.13
4.0 230 0.06 5.56 0.20

the second eigenmode both ratios indicate a more dissipative behaviour and the val-
ues decrease and they approach each other. This similarity at the short timescale
suggests that smaller structures in the phenotype are conserved.

If we look at the SLS quantities (fig. 5.30) we observe at the first eigenmode
an increased viscosity, which is consistent with the macroscopic observation of the
smaller seedlings. Potentially interesting is the fact that at the second eigenmode we
observe Mppx < Mpuso but there is no statistical significance and hence it is pointless
to speculate about the meaning. Notably too, k,; is unchanged in the relaxed state of
the wall. The fact that it is different for the first eigenmode in the pressurised cells,
indicates that these differences come from the strain in the wall.

The plasmolysis data points towards a change in the Y, which can be caused by
differences in chain length distribution, cross-linking density, coordination number,
or enzymatic activity. In fact if we calculate the yield threshold as in section 5.3 we
can observe a change for the induced RAB-E1d seedlings (table 5.2). It should be

emphasised that the difference in Y and g9 between the DMSO data here and the
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data presented in section 5.3 is most likely caused by an age difference of 12 h.

In summary, the turgid data suggests changes in the CW matrix, as the compari-
son of the summary figures figs. 5.16 and 5.31 show similar changes in the mechanical
properties. Additionally, the data of the plasmolysed cells indicate changes in the
yield threshold, shown by the change of only £’ and 1. A summary of the plasmol-

ysed results can be found in fig. 5.32.

5.9 Summary

In this chapter we showed that viscoelastic dynamic AFM mapping is sensitive to
physiological changes. Those can be simply developmental differences, caused by dif-
ferent growth stages of cells, but they can also be induced artificially, for example
by chemical and pharmacologial interventions or through light exposure. We demon-
strate this at our example organ, the hypocotyl, but we also show, with the example of
leaf cells, that it is possible to measure different cell types, which also seem to reflect
developmental differences in their mechanics. The most important finding is that we
establish a link between CW viscoelastic properties and growth models. In contrast,
for the other physiological changes we find only non-quantitative mechanistic expla-
nations due to the lack of an appropriate description of the phenomena. Nevertheless,
this chapter demonstrates that it is possible that viscoelastic dynamic AFM model
can provide information, relevant for plant development, about the physiological state
of the plant and eventually it can be used to confirm or reject mathematical models

of biological processes.
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Figure 5.31: Mechanical difference of DEX treated RAB-E1d_DN under turgid conditions
with respect to the DMSO (wild type like) treatment. The induction of the mutation
increases most viscoelastic properties for both eigenmodes. The colour gradients indicate
that the increase is less severe the whiter the colour. The blue colour represents a reduction
of the properties, while a red shows an increase of the properties. White means no significant
change.
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Figure 5.32: Mechanical difference of DEX treated RAB-E1d_DN under plasmolyzed
conditions with respect to the DMSO (wild type like) treatment. The induction of the
mutation does not change most viscoelastic properties for both eigenmodes. In fact the
data suggests that only 1 changes and the other properties change under turgid conditions
only as a result of stress. The colour gradients indicate that the increase is less severe the
whiter the colour. The blue colour represents a reduction of the properties, while a red
shows an increase of the properties. White means no significant change.
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Chapter 6

Conclusions, General Discussion,

and Outlook

In this chapter I summarise the methodological and biophysical results before I give
an outlook on experiments that could be conducted in the future using the methods
developed here. Additionally, I will provide some general implications of the biophys-
ical findings for plant growth. Finally, I will give a brief outlook on the relevance of

those implications to other fields.

6.1 Biophysical Findings

The primary aim of the thesis was to investigate for the first time the multiscale
viscoelastic properties of the primary plant cell wall (CW) by establishing a method
based on advanced dynamic AFM mapping on living plant tissues. Several experimen-
tal procedures had to be developed and tested to achieve this goal, which I summarise

below.
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6.1.1 Measurement Accuracy

In the beginning simple topography imaging caused problems because of the sample
geometry. The large curvature of the epidermal hypocotyl cells under turgid condi-
tions exceeds the short cantilever probes, which are standard for single cell imaging.
This introduces imaging artefacts for large scale images, e.g. frames which include
whole cells. Additional limitations are introduced by the setup of most AFMs, which
have rather small piezo stages, for example x x y X z = 90 pm x 90 pm x 15 pm for
the Asylum Research MFP-3D and z x y x 2 = 30 pm x 30 pm x 5 um for the Cypher.
This also restricts the frame size during imaging. While the confinement through the
cantilever geometry can be circumvented by using cantilevers with different geome-
tries, the size of the stages are a limitation inherent to the experimental setup and
can be avoided only by choosing a different microscope. However, the choice of the
microscope is not always available, because different commercial microscopes have
different features, which can be important for the imaging, such as the photothermal
excitation implemented in the Cypher. This technology enables direct actuation of
the cantilever, which is crucial for quantitative dynamic mechanical AFM mapping in
liquid. Although, photothermal actuation is not the only method for direct cantilever
actuation, other techniques, such as Lorentz force actuation, introduce further prob-
lems. In contrast to the photothermal actuation, where nearly every cantilever can
be used, Lorentz force actuation requires cantilevers, which are specifically designed
for the method. This limits the cantilever choice significantly, and the options are
restricted to soft levers with short probes. While the short probe can still work for
simple cell imaging, the softness of the levers is a severe limitation for the dynamic
mechanical mapping. The problem arises from the stiffness of the primary plant CW
that exceeds the cantilever rigidity and, therefore, the walls cannot be sufficiently
deformed with such a cantilever. Furthermore, for dynamic mechanical imaging in

liquid, as it is required for n vivo measurements, a hydrodynamic coupling between
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cantilever and surface, caused by the liquid, takes place. This is stronger for short than
for long probes because the coupling parameter k(d) depends on the distance d be-
tween cantilever and surface. Although this effect can be corrected with a calibration
curve, it is better to keep the effect minimal by use of a longer probe. Additionally,
imaging artefacts can be avoided if the cantilever is placed orthogonal to the major
elongation axis of the sample, such as the growth direction of the hypocotyl. Such an
orientation reduces the area of cantilever and chip above the sample and consequently
the potential interaction sites.

The size and geometry of cantilever and probe are not only relevant for cell imaging
and their viscoelastic mapping but they also influence force-volume measurements.
In this thesis this type of measurement is used for calibration and is thus crucial for
quantitative but not for qualitative results. Similarly, as for the other experiments the
length of the probe is essential to avoid imaging artefacts. Additionally, the aspect
ratio of the tip determines the contact mechanics model. The higher the aspect ratio
(smaller opening angles for a cone), the smaller the effect of an inclination of the
surface on the force. The increased contact area caused by the inclination reduces the
measured force and would therefore lead to an incorrect dynamic modulus. However,
if the aspect ratio is sufficiently large, this effect can be neglected. It should be
emphasised that this is not only relevant for quasi-static indentation experiments but
also for dynamic mechanical mapping. A positive side effect of a higher aspect ratio
is that this also increases the resolution. One drawback of a smaller opening angle is
that the sharper probe is more likely to damage the sample.

Damage can be caused by removal of CW material or cutting or piercing of a
cell. The last two events lead to an immediate loss of turgor pressure and release the
tension in the wall and consequently the measured mechanical properties are different.
In the case of CW removal, an alteration of mechancial properties can appear but

occasionally it does not result in a modification of the mechanical properties. In
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general, cell injuries can be prevented by the usage of blunted probes, which, in
combination with high aspect ratios, still reduce the mechanical artefacts.

In summary, imaging artefacts, both mechanical and topographical, can be re-
duced with long high aspect ratio probes. Additionally, the area of the cantilever
above the sample should be reduced to reduce the likelihood for artefacts, which
are outside the imaging area. To avoid cell injuries during imaging the use of blunt
probes is advantageous. In fact high aspect ratio probes are not mutually exclusive

with blunt ones.

6.1.2 Mechanical Properties of the Cell Wall

After the imaging and mechanical mapping was established, images of growing epi-
dermal hypocotyl cell junctions were acquired. The junctions show three different
types of walls (transverse, longitudinal, and periclinal) with various contributions to
cellular growth. This difference is represented in a significant mechanical pattern
with higher dynamic moduli at the anticlinal (radial) than at the periclinal walls.
This is due to the different orientation at which the walls are measured, namely axial
for the anticlinal and planar for the periclinal walls. However, not only the anticli-
nal walls display different mechanical properties than the perclinal walls but there is
also a difference between the transverse and longitudinal ones. While the longitudi-
nal walls contribute significantly to cellular elongation, the transverse walls do not.
The correlation between material properties and differently growing walls suggests a

mathematical relation between the two.

6.1.3 Connecting Plant Growth with Mechanical Properties

To connect plant growth with mechanical properties of the walls several steps were
necessary. The problem arises from the fact that the dynamic AFM method from

Cartagena-Rivera et al. (2015) describes the deformation of a Kelvin-Voigt (KV) ma-
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terial, whereas plant growth is described in terms of a Maxwell (MW) fluid (Lockhart,
1965a; Ortega, 1985). One crucial difference between the KV and MW models is that
the relaxation time in the first case is given by the loss tangent and in the second case
by the inverse loss tangent. This implies that the relaxation times of these models
are respectively inverse to each other. It is therefore fundamental to establish the
applicability of the model. Before the viscoelastic properties can be linked to cellular
growth it is necessary to determine which model is most appropriate to describe the
CW. While this procedure is already established in stress-strain experiments, such a
method does not exist for dynamic mechanical AFM methods. To obtain mechan-
ical quantities which can be linked to cellular growth, I derived an expression that
links the cantilever observables to the generalised MW model, which is the most uni-
versal linear viscoelastic model. The generalised MW model includes both the KV
and MW model as particular cases. To circumvent this problem I have developed a
simple mathematical model, which provides a relation between storage and loss mod-
ulus. Using this method I have demonstrated that the plant cell wall behaves like a
standard-linear solid (SLS) material. With the certainty of the validity of the model
and the spatial information of the mechanical properties maps, I found a mathemati-
cal derivation to obtain the relaxation time 7, the relaxation spring constant k.., the
Maxwell spring constant k,;, and the viscosity 7, which are the relevant parameters to
describe a SLS material. Although these quantities were originally derived with the
assumption of the SLS model, this method also works for more complex models, pro-
viding a measurement takes place at the significant timescale at which the material
behaves almost nearly like an SLS material. This implies that with measurements at
various frequencies, it is possible to extract the material parameters mentioned above
and reconstruct the generalised MW model. In the case of continuous frequencies
this should give the entire relaxation modulus of the material (Rubinstein and Colby,

2003, chapter 7.4). This opens a new branch of spectroscopy, which is mechanical.
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A scheme for how this could possibly be derived is given below. Molecular bonds or
side-chains are very small and, therefore, frequencies in the THz regime are required
to identify them. This happens for example in Raman spectroscopy and Fourier-
transform infrared spectroscopy. In contrast, polymer networks can have a radius
of gyration R,, i.e. spatial extension of the network, of the order of 1 pm-1000 pm
(Mariani et al., 2017) and because (Kachman et al., 2017)

N
1
R2 = =2 6.1
g9 kaT ;wz ) ( )

the response of a polymer is dominated by the lowest frequency. Therefore, the
significant frequency of a macroscopic polymer network is in the kHz to MHz range.
This estimation assumes a network made only from glucose (M = 180.156 gmol™!).
For a cell of 10 pm radius and an amorphous completely cross-linked CW (this implies
no cellulose microfibrils (CMFs)) this frequency is at feen =~ 60 kHz. Therefore, the
resonance frequency of the cantilever’s first eigenmode (f; =~ 80kHz), which was
initially rather chosen by chance, is actually pertinent to image relevant material
properties. This is an indication that the plant CW is a continuous polymer network.

The final theoretical step of my work is to link the mechanics to the growth
equations. I chose an approach based on first principles, from non-equilibrium ther-
modynamics, the Onsager principle, to derive Lockhart’s model from the mechanical
properties. From this derivation I found that the extensibility ® from Lockhart’s
model is inversely proportional to the viscosity of the CW. Although this connec-
tion was found previously in several studies (Dyson and Jensen, 2010; Ortega, 1985;
Veytsman and Cosgrove, 1998), the derivation from the Onsager principle gives new
insights into plant growth. First, the derivation from non-equilibrium thermodynam-

ics implies that the plant is a thermodynamic system that is off equilibrium. This
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in itself is not a novelty but the fact that it is possible to derive valid equations
for plant growth from such a general principle suggests that further thermodynamic
approaches can be chosen to describe plant development. Furthermore, the Onsager
principle makes certain assumptions about the system and the variables involved over

time that are useful to study the physics of plants. Those assumptions are:

(O1) I(t) is reaches equilibrium much slower than the other variables. Hence [(t) is

called a slow variable and the other variables are called fast variables.
(O2) The fast variables are near equilibrium.

(O3) The relaxation time of the fast variables is much shorter than the one of the

slow variables. This gives a link between length and timescales.

(O4) The slow variables change slower than the random forces.

These assumptions and the fact that the growth equation can be derived from the
Onsager principle gives us additional information. Condition (O1) is rather intuitive,
because the plant grows fairly slowly. At the same time the internal wall stress o,
and the extensibility ® are close to equilibrium (condition (O2)) and change much
slower than the length. The last point implies that these variables relax much quicker
towards their equilibrium position than the wall extension happens and is equivalent
to condition (O3). Finally, condition (O4) states that plant growth must happen
slower than thermal fluctuations. This means that growth is thermodynamically
stable. Furthermore, it can be predicted from this theory that Lockhart’s growth
model is valid at any length- or timescale at which those conditions are fulfilled.
For example if a cell changes ®, Lockhart’s growth model is valid as long as the
relaxation time of ® is shorter than the relaxation time of [. The same is true for
the yield threshold. However, if the yield threshold is considered as the internal wall

stress at growth equilibrium, it can be expected to reach equilibrium instantaneously
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and, therefore, for this variable it can be expected that all four conditions are fulfilled

at all times.

6.1.4 Experimental Results

With the developed mathematical and experimental tools we could start biological
investigations of the viscoelastic behaviour of the primary plant CW. A basic, yet
very important finding is the quantitative determination of £’ ~ 150 MPa~450 MPa.
Previous nano indentation studies found similar values only in combination with finite
element modelling (FEM). This suggests that our experimental procedure gives for the
first time immediately correct mechanical, elastic, values for the primary plant CW.
This is achieved with nanometre resolution and at the same time this procedure is
much quicker than traditional nano indentation experiments (¢t < 2min for dynamic
viscoelastic AFM mapping vs ¢ ~ 10min—-30min for traditional nano indentation
maps). However, it should be mentioned that modern peak-force nano indentation
methods are much quicker than traditional force volume techniques. Yet, our method
could be combined with high-speed AFM (< 1s/frame) and peak force indentation
methods do not provide viscoelastic information.

The most immediately available viscoelastic information is given by the loss mod-
ulus E” ~ 40 MPa—250 MPa. Both E’ and E” show a correlation with the growth
potential. The smaller £’ and E”, the higher the extensibility. However, the infor-
mation given by the dynamic modulus cannot be related directly to plant growth,
therefore, with the use of the spatial information of £’ and E” and the knowledge
that the CW behaves like a SLS, we managed to obtain an expression for the viscosity
n o< 1/®. The expression 1/ shows a linear relationship with the normalised growth
velocity v/l for the growth gradient along the hypocotyl and also for linear cellular
growth over time. The relevance here is that the values for n were obtained from

pixels of 80 nm x 80 nm and consequently the subcellular behaviour is connected for
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the first time with Lockhart’s growth equation. This finding confirms a prediction,
which follows directly from the derivation of the growth equation from the Onsager
principle, namely that Lockhart’s equation is true at any length scale for which the
conditions (O1) - (O4) are fulfilled. The immediate implications are that £’ and E”
at this small length scale are not only related to growth but also that for any phys-
iological changes they approach equilibrium much quicker than the cell length. This
implies that abrupt length changes as indicated by the tethered network model are
less likely to occur. On the other hand the mechanical ‘hot-spot’ model allows sliding
between the CMF and is thus consistent with the Onsager principle. Furthermore, it
seems that the mean field approach still works at this small length scale and that the
CW at this level can be approached by continuum mechanics. Ultimately, from a lin-
ear fit of n=! to the growth rate, it follows that we can calculate the effective driving
pressure P* and (with the knowledge of cell geometry and yield threshold Y') the tur-
gor pressure can be calculated. Conversely, with the knowledge of the turgor pressure
and the yield threshold, it is possible to determine the geometrical hoop factor. If we
compare ® with values from the literature we find that our ® ~ 1.5 x 10" MPa~'h~!
is about nine orders of magnitude larger than previously reported at the cellular level
(Cosgrove, 1985, ® =~ 0.08 MPa~! h™'). This huge discrepancy needs further work to
connect the scales (see section 6.3).

Furthermore, the viscosity seems to depend on the geometric wall stress. This fact
validates a prediction, made by Dyson et al. (2012), that stressed cross-links have a
shorter life time. The fact that the viscosity decreases under plasmolysed conditions
is not controversial, because the model assumes that the wall yields only after the
threshold Y is exceeded.

In fact Y, or more precisely, the internal wall stress o, at growth equilibrium, can
be determined from eq. (5.11) in combination with plasmolysis experiments. For this

we assume a linear elastic material, which appears stiffer under strained conditions
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than in the relaxed state. In reality it is more likely that the stress strain behaviour
is non-linear (Veytsman and Cosgrove, 1998; Dyson et al., 2012), but our approach
gives a good first-order approximation. With Y ~ 0.06 MPa—0.34 MPa, these values
are close to those previously reported (Cosgrove, 1985).

As mentioned above, the excitation frequency of the first eigenmode is not the only
relaxation timescale of the CW. Therefore, we perform measurements at the second
eigenmode (fo = 525kHz), which contributes about 15 % to the final relaxation time
of the polymer network, according to eq. (6.1). With the excitation at the higher
frequency we find that the plant CW does not follow the SLS model anymore. This
indicates that continuous relaxation times of the polymer network exist, rather than
discrete ones. Although this is consistent with the polymer physics of networks,
this implies that further steps must be pursued to obtain a consistent theory. An
outline of how to obtain such a theory is given below. With the measurements at the
second eigenmode we find storage and loss moduli of E' ~ 150 MPa—650 MPa and
E" ~ 1000 MPa-1500 MPa. This frequency dependency of the dynamic response of
a polymer network is to be expected (Doi, 2013). Moreover, this shows that at the
second eigenmode the energy dissipation dominates, whereas at the first eigenmode it
was the elastic behaviour. This might be simply explained by the increased amount
of energy that is put into the system (CW) at the second eigenmode. This could lead
to an increased breakage rate of hydrogen bonds. Alternatively, the increased energy
dissipation at the higher frequency might result from more non-adiabatic deformations
of the polymer chains in the wall.

Another observation at the second eigenmode is that k,, increases from 150 MPa—
500 MPa, at the first eigenmode, to 2500 MPa—3500 MPa, at the second eigenmode.
A dramatic increase like this could be expected, because at shorter timescales, stiffer
components are deformed. The question in this case is if the tenfold increase is caused

by the CMFs or by probing the glassy behaviour of the polymer network. The Young’s
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modulus of CMFs is in the range 5 GPa—250 GPa Moon et al. (2011), while the glassy
response shows a significant Young’s modulus of the order of 3 GPa. On the one hand,
it can be imagined that the actual modulus of cellulose at the second eigenmode is
reduced due to the compliance of the pectin matrix and that this the increase in ko
originates from the CMFs. On the other hand, Callens-Raadschelders et al. (1977)
mentioned that there exists a relation between the behaviour of a material at a certain
temperature and the response it displays at a certain timescale. With this in mind it
might be that the higher frequency shows the glassy behaviour of the plant CW. This
hypothesis is supported by the fact that, with plasmolysis, k at fo does not decrease
about a factor ten as is the case at the first eigenmode. Glassy behaviour indeed
shows only small changes until the transition towards the rubber behaviour occurs
(Rubinstein and Colby, 2003), whereas this cannot be expected for the prestressed
CMFs, because they behave most likely like a linear elastic material. However, if the
difference between plasmolysed and turgid cells is caused by the stress in the matrix
it could still be that the general increase of ky at fs5 is caused by the CMFs.
Important for the question of the meaning of k,, at the second eigenmode are the
findings of all the different experimental conditions. In fact k,, appears to be in the
range 1.5 GPa—4.0 GPa, which implies that even for the isoxaben (IXB) treatment this
change is not as severe as for the other quantities, which was already observed for the
flaccid cells. This is obviously no evidence that the second eigenmode is capturing
the glassy behaviour of the polymer network, however, it is the simplest explanation

and, therefore, a strong indication that this is the case.

6.2 Biological Findings

The results so far are based on considerations from polymer physics and non-equilibrium

thermodynamics and try to link the AFM results quantitatively to these theories. In
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the final section of the thesis more biological questions were asked. Due to the lack
of complete mathematical models it is possible to only make qualitative statements
derived from the quantitative measurements of this work.

First, we demonstrate that the technique is applicable to other organs (leaves).
Leaf epidermis is formed from different cell types, two of which are pavement and
guard cells that serve different mechanistic purposes. Pavement cells give stability
to the leaves and guard cells are responsible for opening and closing the pores for
carbon fixation. Furthermore, both cell types grow more or less isotropically in two
dimensions, in contrast to the unidirectional growth of hypocotyl cells.

From a mechanical point of view, guard cells have to perform very elastically dur-
ing the rapid change of shape. Evidence for a slight increase in the elastic behaviour
can be seen as inferred by the increase in the inverse loss tangent. Furthermore,
guard cells display similar mechanical properties as the surrounding pavement cells
(see below). This adaptation to the adjacent cells might be necessary to ensure me-
chanical stability. Another important feature of guard cells is the shape anisotropy
in the inflated state. This form is achieved by a structural anisotropy of the CMFs.
Although this morphological alteration was seen in previous elastic measurements
(Sampathkumar et al., 2014), this cannot be observed in our measurements. An ex-
planation for the lack of the visibility of the aligned CMF might be the indentation
depth of § ~ 300 nm in our experiments vs § ~ 20 nm as reported by Sampathkumar
et al. (2014). In this case they measure only a small layer of the CW, whereas in our
experiments the mechanical properties of ten times as many layers contribute. Ad-
ditionally, it can be expected that the cells in the swollen state exhibit a mechanical
anisotropy between the pore facing side and the pore averted side. As a matter of
fact, such an asymmetry can be observed at the very inside of the pore where the
cells are evidently softer than at the outside. Moreover, the central, stress neutral,

area of the cells appears to be softer as well as both inner and outer faces.
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Pavement cells display a similar qualitative difference in the mechanical properties
between anticlinal and periclinal walls. This result is expected because for all cells
the anticlinal walls are measured in axial and the periclinal walls in planar direction.
The axial direction is more influenced by the compression of the CMFs, whereas the
planar direction has most likely a contribution from the bending modulus and the
compliance of the pectin matrix.

In general, pavement cells are made of a softer CW than hypocotyl cells. Various
explanations exist for this observation. First, it might be that the cells have a larger
extensibility and, consequently, more growth potential than hypocotyl cells. This
idea is supported by the fact that smaller, younger, pavement cells were substantially
softer than maturer ones. However, if this is the case, the implication is that this
higher extensibility is given by a tensorial quantity. Such a description is provided by
Pietruszka (2009a) and could in principle also be derived from the Onsager principle,
which is not restricted to one dimensional descriptions. Such an orientation depen-
dant extensibility could also have further implications for the softer walls. On this
matter it should be mentioned that it is not clear how much the influence of the x and
y components of the material properties have on the AFM indentation measurements.
It seems that the major contribution comes from the in-plane penetration. However,
the conical shape of the indenter implies also a shear influence on the result and,
therefore, the material properties from the z, y plane matter. In fact if the compo-
nents in z, y are much softer than in z direction, the major contribution will arise
from the z and y components. Furthermore, the oscillatory nature of dynamic AFM
experiments might have an additional contribution from the x, y plane, depending
on the penetration depth of the mechanical waves. With this in mind, it might well
be that the more isotropic structure of the CW in the pavement cells results in the
softer measured properties. One phenomenological explanation for this is that with

an isotropic distribution of the CMFs the fibres must be less densely packed than
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this is the case for very oriented fibres. For the second explanation of the softer wall,
we should recall that the extensibility is highly dependent on cell and CW geome-
try. Therefore, the lower mechanical properties might just be a consequence of the
cell shape or wall thickness of pavement cells. Finally, the literature suggests (Hayot
et al., 2012) that leaves have a reduced turgor pressure compared to hypocotyls or
stems. This implies that, with same architecture, the walls are less strained and, con-
sequently, the internal wall stress is reduced. This would also lead to lower measured
values.

Similar questions arise for the IXB treated hypocotyl cells. The IXB treatment
results in a reduced cellulose content in the CWs, which in turn leads to more isotropic
walls. For this treatment we confirm the intuitive hypothesis that the walls become
softer. However, at the same time these cells display a significant reduction in the
viscosity, which implies, for same cell geometry, a higher extensibility. Obviously, a
chemical intervention in a living organism results not only in a primary but also in
a secondary effect. For example IXB treated cells are shorter but show an increased
cell radius. Furthermore, the reduction in CMFs prevents the cell from resisting
turgor and, therefore, the cell might reduce its internal pressure. Alternatively, the
cell could compensate for the loss in stability by producing thicker walls, which would
also reduce the final extensibility.

A surprising result can be observed after a transition of A. thaliana from dark
grown to long day conditions seedlings. After such a transition the hypocotyl ceases
elongation. The fact that the mechanical properties show a negative correlation with
cell extensibility, leads to the expectation that after the dark-light transitions the
walls become stiffer. However, the experiments shows that after the transition the
walls softened. It is known that in light grown hypocotyls epidermal cells display
thicker walls and an increased diameter (Gendreau et al., 1997; Derbyshire et al.,

2007). A sudden transition to light grown conditions might require a rapid change to
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gain vital stability for the hypocotyl. During such an event the cells have to double
their radius, thicken the walls, and perform major architectural changes in the wall,
such as the change of the CMF's from anisotropic to more isotropic arrangements.
Therefore, it can be imagined that for a short period the walls become significantly
softer before they start to stiffen to obtain permanent stability. These rapid changes
raise the question of whether this behaviour shows characteristics of phase transitions.
Additionally, the walls display similar moduli to those of IXB treated ones. Although,
this might explained by a transition towards a more isotropic wall, it is more likely
that this is a coincidence.

In another experiment we change the architecture of the pectin matrix by target-
ing pectin methyl esterases (PMEs). While it was thought that pectin demethylation
leads to a stiffening of the wall (Pelloux et al., 2007), it was recently shown that
in the A. thaliana hypocotyl PMEs are involved in growth symmetry breaking and
that demethylation results in CW softening (Peaucelle et al., 2015). Our results con-
firm these results qualitatively, including the mechanical asymmetry between trans-
verse and longitudinal anticlinal walls. Furthermore, the outcome of the experiment
shows an increased viscosity, which is in agreement with the macroscopic behaviour
of reduced cell growth. One surprising result is that the inverse loss tangent E’/E"
changes from the first to the second eigenmode differently than for the other treat-
ments. For all experimental conditions it was observed that E'/E"” > 1 for the first
and E'/E" < 1 for the second eigenmode, and that treatment that affected E'/E”
affected both eigenmodes. In contrast, for the epicatechin gallate (ECG) treatment
E'/E" was smaller than for the control at the first eigenmode but larger at the second
one. This might be a characteristic change either for the pectin matrix in general or
more special to the Ca?* cross-links caused by demethylation. Of course, PME inhi-
bition might not only lead to those obvious primary changes but it could also result

in a more severe alteration of the pectin matrix or even of the whole CW.
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With the knowledge gained from the various treatments, we used the technique to
find clues about which aspects of the CW might be affected in the RAB-E1d mutant.
As a reminder RAB-E1d is involved in membrane trafficking and acts in transport
from the Golgi towards the plasma membrane (PM). With this knowledge the most
likely scenario is an alteration of the wall matrix. We looked at dark grown two differ-
ent conditions, namely turgid and plasmolysed. For both conditions we found stiffer
cell walls with a higher viscosity for the phenotype. These findings are in agreement
with the macroscopic observation of reduced hypocotyl length. Furthermore, the fact
that under turgid conditions the inverse loss tangent displays the same transition
between first and second eigenmode as observed during the ECG treatment, suggests
that the matrix is indeed affected. This is further supported by the observation that
for plasmolysed cells mainly E’ is changed and not E”. It should be emphasised, that
this means statistical significance and does not imply that there is no difference in
the loss modulus. However, the reduced difference in the loss modulus in the flaccid
state compared to the inflated one, suggests an alteration in the yield threshold. Such
an alteration can indeed be caused by the matrix but also by the CMFs (Veytsman
and Cosgrove, 1998; Dyson et al., 2012; Kothari et al., 2018). Therefore, it is not
surprising that such a change in the yield threshold can be observed.

To summarise, it is possible, for various changes in physiological conditions to give
rise to measurable viscoelastic differences. Although, initial cell geometry contributes
crucially to its expansion and, therefore, it is hard to make a statement about cellular
growth from pure mechanical measurements, viscoelastic dynamic AFM mapping has
the potential to answer more general questions of the physics of plant growth. This
can be achieved by linking mechanical properties to models from polymer physics or
non-equilibrium thermodynamics. Such a general achievement is the demonstration of
the connection between the viscosity on a subcellular level and cellular growth. This

makes it possible to develop a thermodynamic model of plant growth and theoretical
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approaches to the multiscale nature of this process.

6.3 Future Work

The application of dynamic mechanical mapping to plant CWs opens many new pos-
sibilities to answer theoretical predictions and to ask new questions. In particular, the
application with polymer physics can lead to major advances in the understanding of
plant growth and development. In this section I give an overview about the questions
which are directly raised by this thesis and a short outline how they can be answered.

One problem of the AFM method was the occasional occurrence of injured cells.
One reason for these incidents is that contact mode AFM experiments, i.e. the
feedback is on the deflection, are very invasive, particularly for soft samples. The
destructive nature of contact mode AFM imaging can be avoided by tapping mode
experiments, i.e. the feedback is on the amplitude or frequency. Amplitude modu-
lation/frequency modulation (AM-FM) AFM combines tapping mode imaging and
dynamic mechanical mapping and was shown recently to be very successful in vis-
coelastic imaging of wide range dynamic moduli of any polymeric materials, DNA,
and artificial membranes (Kocun et al., 2017; Al-Rekabi and Contera, 2018). In fu-
ture work it would be useful to apply this technique to cells and thus gain a less
invasive technique for viscoelastic mapping of cells. Additionally, the possibility to
measure with one cantilever a wide range of mechanical properties might be useful
in the comparison of very soft and very stiff cells as they might occur in roots. Fur-
thermore, AM-FM AFM relies on different theoretical considerations and could give
control measurements of for the results in this thesis.

Before we look at further AFM experiments, it is useful to look at the mathe-
matical theories and the measurements of plant growth, because we have seen in this

thesis that these models can be matched quantitatively to cell growth. One problem
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hereby is that the whole correlation between extensibility and growth rate is obtained
through a population average. For a more accurate study it is necessary to find such
a link between growth rates and mechanical properties of individual cells, or more
precisely, regions at the cells. One experimental technique to measure growth rates
for unidirectional growth of individual plants was published recently by Bastien et al.
(2016). Although this method lacks subcellular resolution it provides spatial resolu-
tion, which should be sufficient to obtain better results than currently in this thesis,
because with this method it is possible to use growth rates for individual seedlings.

Furthermore, in this thesis we assumed a linear elastic material to calculate the
yield threshold, which arises from Lockhart’s growth model. However, previous theo-
retical work suggests that the stress strain behaviour is more complicated (Veytsman
and Cosgrove, 1998; Dyson et al., 2012). This stress strain behaviour can be measured
indirectly with the application of hyperosmotic solutions of different concentrations.
This results in various states of plasmolysis. With more data points the same proce-
dure as in this thesis can be applied to see how the effective stiffness changes under a
variety of pressure conditions. At the same time the strain dependency of the viscos-
ity can also be investigated. Such an experiment opens the possibility to confirm or
reject the models of Veytsman and Cosgrove (1998) and Dyson et al. (2012), which
both explain the stress-strain response of the growing plant CW with slightly different
foci.

A major achievement of this thesis is the theoretical foundation, which enables the
reconstruction of the detailed parameters of a generalised MW model, with spatial
resolution, for an arbitrary material, because this enables a detailed investigation
of polymeric materials. We mentioned above that the assumption for this model
was a discrete timescale behaviour, while, in reality a polymer displays continuous
relaxation times. This requires both a more complete mathematical description of

the generalised MW model and a technique which is suitable to measure continuous
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time responses.
For the storage and loss moduli such a continuous model could be derived from

eq. (4.14) by the transition from Y — [

B = / k(ﬂﬂ d(wr) (6.2)

1+ w2r?

B = / k(r)—"  d(wr). (6.3)

1+ w272

With the relaxation time dependent stiffness k(7). A similar approach was previ-
ously chosen by Hansen et al. (2011) to calculate relaxation spectra of potatoes. The

discrete equations can be obtained by choosing

N

(1) =) kib(wr — wry).

i=1

In general k(7) must be derived from polymer physics. Most likely, this could be
achieved by the free energy landscape of the polymer network. The difficulty with
this will be that the free energy landscape probably requires path integrals to cover
all folding and cross-linking possibilities of the network. For a composite material,
such as the plant CW, it might still be possible to describe the fibres and the matrix
independently and introduce a coupling parameter or chose another perturbation
approach.

Here we provide two solutions, where the first one will be for a constant distribu-
tion of k(1) = k V 7 and the second one for k(1) = /7 assuming a constant viscosity.

For constant k we obtain

216



E' = koo + kwr — k arctan(wr)

E" = gln(l + wQTQ).

And for constant 17 we obtain

E' = koo + - In(1 47

E" = nw arctan(wr).

Most likely none of the above models is the correct one but with an appropriate
method the response for continuous relaxation times can be tested.

Furthermore, polymeric materials are characterised by their thermodynamic quan-
tities. Of particular importance are the number of monomers N, the chemical poten-
tial p, the entropy S, and the temperature T', because the free energy for a growing

plant is given by

A=pdV — ST+ " jdN;.

Using such an approach, Barbacci et al. (2013) derived a model which considers
coupling between mechanical, thermal and chemical energy. It should be mentioned
that the dissociation constant K 4p of an electrolyte AB — AT + B~ is related

to the chemical potential by (Doi, 2013)

1w g6l 5
KAB xX e kT
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The pK value is given by pK 45 = —log, (K ap) and, therefore, the binding affinity
of the polymers is related to the pH of the environment. Similarly, the stiffness
depends on T, because of the entropic part of the force (eq. (1.11)). These kind of
relations are often used to investigate the characteristic thermodynamic behaviour
of polymeric materials. In fact a dualism between pH and T was described in a
theoretical framework by Pietruszka (2015). However, in living organisms, a variation
of T" or pH results not only in a response of the CW but also in metabolic and
enzymatic reactions. This kind of thermodynamic measurement must therefore be
done on isolated CWs, which can be extracted according to Zhang et al. (2014b).
Once the response of the isolated wall is known, such an investigation can take place
in the living organism and differences between the in vitro and in vivo behaviour can
be investigated.

A method to obtain the time response of a material with continuous frequencies
is the application of a chirp signal during the cantilever indentation. One problem
with this would be that it is very time consuming to generate maps, with spatial
resolution. However, one could imagine that it is possible to find the most interesting
time response of the material with a chirp. Once the frequency range is known,
that domain can be investigated with spatial maps. In the context of plant CWs
such a frequency could show the difference between the matrix and the CMFs. A
measurement below that significant frequency would mainly reveal the response of
the matrix, while mapping at a frequency above the significant one, e.g. the second
eigenmode of a cantilever, would emphasise the fibre network. Furthermore, if a
relation between T and excitation frequency exists, this method would allow the
thermodynamic phase transitions of the CW to be imaged in vivo.

Additionally, the possibility of frequency dependent measurements allow tests of
poroelastic behaviour and the relationship between thermodynamic phases and time

responses of the cell wall. The investigation of poroelastic behaviour is interesting for
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plants to obtain information about diffusivity of within the plant CW. This knowledge
can provide further information about the processes of CW synthesis and remodelling.
Information about the relationship between response time and temperature would be
particularly useful for living organisms, because the change of thermodynamic prop-
erties, such as temperature and pH, not only change the mechanical properties of the
wall but also the entire metabolism and enzymatic activity (see above). Therefore,
time response measurements over several orders of magnitude could reveal thermo-
dynamic information about the CW without interfering with biological functions.
Finally, we faced the problem that, although we were able to relate the extensi-
bility, obtained from the high frequency experiments, to the elongation rate of uni-
directionally growing hypocotyl cells, our result was about nine orders of magnitude
larger than from previously reported measurements at the cellular level and the slow
timescale of growth. To find an explanation which links these two very different
length- and timescales, a renormalization of the problem is necessary. Naturally,
the scaling behaviour should arise from the scaling behaviour of polymers (Doi and
Edwards, 1986). If this is not the case, a new, unknown, kind of physics might be
involved in the process. Moreover, the existing mathematical models of plant growth,
are based on concepts of fluid mechanics, which describe a kind of diffusive growth
(Lockhart, 1965a; Ortega, 1985; Veytsman and Cosgrove, 1998). Simple particle dif-
fusion scales with the square root of the time, which would lead in our case to a
correction factor of the order of four orders of magnitude and a direct scaling with
time would be necessary to cover nine orders of magnitude. This could be achieved
by the simple consideration, that during the dynamic AFM experiments not only
the timescale is nine order of magnitudes different but there is also a length scale
difference of three orders of magnitude. Of course, if both scale with the square root,
this does not result in the nine orders of magnitude which are required for such an

explanation. However, the underlying behaviour is very different to simple diffusion.
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In fact it is directed diffusion, driven by the potential given by the turgor pressure
and inhibited by the intrinsic viscosity of the plant CW. This kind of description ex-
ists (Doi, 2013) for polymer solutions but must be extended for biochemically active
composite polymers to describe plant growth correctly.

To conclude, in this thesis polymer physics and thermodynamic approaches have
not only been very successful in the interpretation of the dynamic AFM data but they
are also very promising to gain a better understanding of plant growth. Additionally,
the application of viscoelastic mapping to plants opens the possibility to retain or
reject many existing theories about the stress-strain response of plant CWs, which is

crucial for a better understanding of plant cell expansion.

6.4 Relevance Beyond Plant Biophysics

In this section I will elaborate on the importance of cellulose in material sciences and
how the research presented in this thesis might be influencing the field of advanced
materials.

Cellulose is a natural green material which is used in many products we use in
our daily life, such as cloths made from cotton, paper, furniture, but it has many
potential application in advanced materials such as, antimicrobial films, transpar-
ent films, felxible displays, reinforcing fillers for polymers, templates for electronic
components, drug delivery systems, batteries, electroactive polymers, etc. (Moon
et al., 2011). Their mechanical strength makes these fibres particularly interesting
for creating lightweight strong materials (Song et al., 2018). One problem during the
manufacturing process of such materials is that topological entanglement of the fibres
causes mechanically weaknesses(Dufresne, 2018). Although the degree of entangle-
ment in plant CW is not known, structural data suggests that it is very little (Zhang

et al., 2016). In this sense mechanical investigation of plant development can help
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to understand how the plant avoids entanglement. The possibility to obtain spatial
viscoelastic information at different frequencies is particularly useful because the re-
laxation spectra of a material can provide information about entanglements (Hansen
et al., 2011). In combination with frequency sweep measurements (see above) and
biochemical and pharmacological treatments, our method can provide detailed infor-
mation of how, where, and why entanglements of the polymer network occur.
Furthermore, in the future our society might potentially want to grow advanced
materials, for which a detailed understanding of the time evolution of the thermody-
namics of plant CW expansion is crucial, because the CW is an evolutionary highly
developed natural advanced material. The application in this thesis of the Onsager
principle to plant growth indicates that during such a process the thermodynamic
variables must be near equilibrium. Although it is not clear if this is a requirement
for precise enzymatic activity or to ensure mechanical or thermodynamic stability,
study of this process in vivo with nanometre resolution, will help to resolve those

questions.
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Acronyms

AFM atomic force microscopy
AM-FM  amplitude modulation/frequency modulation

CESA cellulose synthase

CFM cellular force microscopy
CMF cellulose microfibril
Col-0 columbia

CW cell wall

DEX dexamethasone

DMSO dimethyl sulfoxide

ECG epicatechin gallate

ECGC epigallocatechin gallate
FEM finite element modelling
FIV force indentation variation

FWHM full width at half maximum

GalA galacturonic acid

GOF goodness of fit

HC hemicellulose

HG homogalacturonan

IXB isoxaben

KV Kelvin-Voigt

Lh.s left-hand side

MD molecular dynamic

MT microtubule

MW Maxwell

OGA oligogalacturonide

PCL polycaprolactone

PDE partial differential equation
PM plasma membrane

PME pectin methyl esterase
r.h.s right-hand side

RG rhamnogalacturonan

Rha rhamnose

ROI region of interest

ROV ratio of variances

SAM shoot apical meristem
SEM scanning electron microscopy
SLS standard-linear solid

SPM scanning probe microscopy

SSNMR  solid state nuclear magnetic resonance
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WLC
WT

XEH
XET
XG

XTH

worm-like chain
wild type

xyloglucan endohydrolase

xyloglucan endotransglucosylase
Xyloglucan

xyloglucan endotransglucosylase/hydrolase
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