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Abstract
The physical and mechanical properties of cell walls, their shape, how they are arranged
and interact with each other determine the architecture of plant organs and how they
mechanically respond to different environmental and loading conditions. Due to the distinctive
hierarchy from subcellular to tissue scale, plant materials can exhibit remarkably different
mechanical properties. To date, how the subcellular scale arrangement and the mechanical
properties of plant cell wall structural constituents give rise to macro or tissue scale mechanical
responses is not yet well understood. Although the tissue scale plant cell wall samples are easy to
prepare and put to different types of mechanical tests, the hierarchical features that emerge when
moving towards a higher scale make it complicated to link the macro scale results to micro or
subcellular scale structural components. On the other hand, the microscale size of cell brings
formidable challenges to prepare and grip samples and carry mechanical tests under tensile
loading at subcellular scale. This study attempted to develop a set of test protocols based on
microelectromechanical system (MEMS) tensile testing devices for characterizing plant cell wall
materials at different length scales. For the ease of sample preparation and well established
database of the composition and conformation of its structural constituents, onion epidermal cell
wall profile was chosen as the study material. Based on the results and findings of multiscale
mechanical characterization, a framework of architecture-based finite element method (FEM)
computational model was developed. The computational model laid the foundation of bridging
the subcellular or microscale to the tissue or macroscale mechanical properties.
Being microscale in size, the subcellular scale mechanical characterization of plant cell
walls presents four major formidable challenges to address, namely: (1) excise or cut the sample
from a cell, (2) pick and place the sample, (3) grip the sample, and (4) carry test with tensile
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testing device having force and displacement resolution suitable for submicron scale biological
soft materials. By fusing focused ion beam (FIB) based sample preparation and MEMS-based
mechanical characterization technique, a novel test protocol was developed, which was able to
address the aforementioned four major hurdles. The MEMS-based tensile testing technique was
designed, developed, and fabricated to accommodate soft and fragile sample such as a cell wall.
Using FIB-based sample preparation and MEMS-based sample characterization technique, 15x5
µm samples were excised from onion outer epidermal peel and characterized under tensile
loading both in major and minor growth directions of a cell. The measured mean modulus,
fracture strength, and fracture strain in the major growth direction were 3.7 ± 0.8 GPa, 95.5 ±
24.1 MPa, and 3.0 ± 0.5%, respectively. The corresponding properties along the minor growth
direction were 4.9 ± 1.2 GPa, 159 ± 48.4 MPa, and 3.8 ± 0.5%, respectively. The fracture
strength and fracture strain were significantly different (p<0.05), whereas modulus of elasticity
values were not significantly different (p>0.05), along the major and minor growth directions.
The wall fragment level modulus of elasticity anisotropy for a dehydrated cell wall was 1.23,
suggesting a limited anisotropy of the cell wall itself compared with tissue-scale results.
However, this technique requires the use of a scanning electron microscope, which exposes the
sample to vacuum that dries up the sample.
As water content has significant impact on the mechanical response of cell wall, to
accommodate cell wall samples with water, another novel test protocol was developed and
supported by a new MEMS tensile testing device. For preparing never dried cell wall samples, a
cryotome based technique was developed. The new MEMS device uses a separate 3D force
sensor having very low stiffness with large sample placing area; this allowed the test to be
conducted under optical microscope. Using cryotome based technique, subcellular scale cell wall
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samples were tested for two different water state conditions; which allowed the investigation of
the quantitative role of water to wall mechanics. Like tissue sample, the cell wall at subcellular
scale showed biphasic material behavior. However, instead of a transition zone between linear
elastic or viscoelastic and linear plastic zones, the subcellular scale samples showed plateau-like
trend exhibiting sharp drop in modulus value. The critical ranges of stress (20-40 MPa) and
strain (5-12%) of the plateau zone were identified. The strain energy of 1.3 MJ m-3 calculated
from the critical stress-strain range was in accordance with the previously estimated hydrogen
bond energy in cell wall. It was also observed that subcellular scale sample shows very large
lateral/axial deformation (0.8±0.13) at fracture, from which an estimate of the free space in the
wall network was made. In addition, by investigating the wall mechanical properties at three
different water states, it was suggested that the contribution of water is critical for plastic flow
behavior of matrix polymers.
The cells in plant tissue are joined together by a distinct layer called the middle lamella
(ML), which bridges the gap between the subcellular- and tissue-scale mechanical properties.
However, the nanoscale size of the ML presents formidable challenges to its characterization as a
separate layer. Consequently, the mechanical properties of the ML under tensile loading are as
yet unknown. The ML samples were prepared the same way as mentioned in the earlier two
different techniques: FIB based and cryotome based. The only difference was the samples were
cut including ML contact area between the two adjacent cells. Our test results showed that even
at a subcellular scale, the ML appears to be stronger than the wall fragments. There was also
evidence that the ML attached at the corner of cells more strongly attached than at the rest of the
contact area. The contribution of the additional ML contact area was estimated to be 40.6 MPa.
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Wall fragment samples containing an ML layer were also significantly stronger (p < 0.05) than
the wall fragments without an ML layer.
Apart from direct excision of cell wall samples within the boundary of single cell,
another technique was developed to characterize cell wall at subcellular scale while the sample is
tested at tissue scale. The same MEMS-based tensile testing device was used as mentioned in the
cryotome based technique. The tissue samples were stained by fluorescent polystyrene beads
(500 nm in diameter), which can be tracked by a digital image correlation based image analysis
technique. Thus, it was possible to investigate the strain field of wall samples at subcellular scale
sample by stretching the sample at tissue scale. The Young's modulus values of individual cell
walls of dehydrated and rehydrated samples were 3.0±1.0 GPa and 0.4±0.2 GPa, respectively,
and are different from the Young's modulus values of the global tissue-scale dehydrated and
rehydrated samples, which were 1.9±0.3 GPa and 0.08±0.02 GPa, respectively. The Poisson's
ratio showed more than a three-fold increase due to hydration.
The insights gained from experimentations of cell wall at different length scales and the
intercellular adhesion were used to link the microscale (subcellular) to macroscale (tissue)
mechanical properties. To scale up, a structure-based multiscale finite element method (FEM)
computational model was developed, which takes the subcellular scale mechanical properties and
the extracellular parameters and properties of the ML as inputs. To bridge micro and
macroscales, a 3D repetitive volume element (RVE), which includes both subcellular and
extracellular parameters, was built with ABAQUS® (a finite element modeling software). The
two dimensionally arranged RVEs makes up a tissue patch of multiple cells. In a single RVE,
wall fragments from four adjacent cells are attached by surface cohesive contact to define the
ML interaction. By changing the shape parameters of a cell, four different RVEs were
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constructed, which allowed the quantitative investigation of cell shape to tissue scale mechanical
responses. The RVE finite element simulations were run within 1% strain to ensure elastic only
deformation. It was observed that change in the ML contact stiffness has little to no impact on
tissue level mechanical responses. However, anisotropy in modulus values was observed for all
levels of ML contact stiffness examined. For the range of shape factor values considered, E2
(modulus in transverse direction) and ν21 remain almost unchanged. However, E1 (modulus in
longitudinal direction), ν12, and E2/E1 showed substantial change in values when the width to
length ratio (WL) value is 1. The G12 (shear modulus in 12 direction, i.e., 1=longitudinal plane
orientation direction and 2=transverse direction) values were different for all WL ratios. The
experimental results showed good agreement in the anisotropy of modulus value (1.25) observed
in the computational model (1.29). A framework is presented to scale up subcellular scale
mechanical properties to tissue scale.
Lastly, this study suggests that there are important insights of cell wall mechanics and
structural features that can only be investigated by carrying tensile characterization of samples
not confounded by extracellular parameters. To the best of our knowledge, the plant cell wall at
subcellular scale was never characterized under tensile loading. By coupling the structure based
multiscale modeling and mechanical characterizations at different length scales, an attempt was
made to provide novel insights towards understanding the mechanics and architecture of cell
wall. This study also suggests that a multiscale investigation is essential for garnering
fundamental insights into the hierarchical deformation of biological systems.
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Chapter 1
Introduction and scope of this dissertation

1.1 Need for multiscale investigation of plant cell wall
The structural integrity, architecture, and response to external loads of plant
organism largely depend on the mechanical properties of its fundamental building block,
namely the cell. How the cells are arranged, shaped, and adhered to each other also play
an important role in macro or tissue scale mechanical responses (Konstankiewicz et al.,
2001; Vanstreels et al., 2005; Zdunek and Umeda, 2005; Alamar et al., 2008). In
addition, a plant cell is encrusted by a wall, which is considered as a composite of the
cellulose microfibril reinforcement embedded in a matrix of hemicelluloses, pectin, and
structural protein (Cosgrove, 1997; Kerstens et al., 2001; Hepworth and Bruce, 2004).
The mechanical property of the cell wall, which is mediated by the biophysical and
biochemical interplay of its structural macromolecular constituents, is the key
determinant of the structural integrity of a cell, and therefore the tissue and plant. Along
with the biochemical triggering, it is the arrangement or the architecture of the cell wall’s
structural constituents that enables the cell wall to exhibit extraordinary mechanical
properties such as maintaining structural integrity during cell wall’s expansion
(Cosgrove, 2005), which is a fundamental requirement for regulating the growth of plant
cell wall. However, due to the microscale size of a cell and nanoscale size of its structural
constituents, the architecture of plant cell wall and how that gives rise to mechanical
responses under different types of loadings and environmental conditions is yet to be
elucidated.
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Over the last few decades, a good amount of research has been devoted to unlock
the mystery of plant cell wall architecture and several hypothesized cell wall models have
been proposed since the multinet model of Roelofsen in 1951. Among those models, (1)
molecular structural-based Albersheim model (Keegstra et al., 1973), (2) Sticky-network
model (Hayashi, 1989; Cosgrove, 2000), and (3) Multicoat model (Talbott and Ray, 1992)
are the most prominent ones. Though all the aforementioned models have attempted to
connect microstructural properties of cell wall constituents to overall macroscopic
response, there has been experimental evidence in support of and against those models
(Thompson, 2005). Moreover, a very common view of the plant cell as a fiber reinforced
composite (Kerstens et al., 2001) does not account for the properties of each cell wall
constituent and the interactions among them at microscale in an explicit way. In recent
time, architecture based computational modeling approaches have also been proposed
(Kha et al., 2010; Yi and Puri, 2012) to test those hypothesized cell wall model and to
understand the submicron scale mechanics involved. Although those studies reported
quantitative information on the mechanical properties of cell wall, there is no direct
comparison made between the computational and experimental results. To validate and
complement the architecture-based computational model, which is built on the current
understanding of cell wall architecture and mechanics, mechanical experiments need to
be carried out at similar environmental and loading conditions. In addition, since plant
cell wall material shows distinctive hierarchy in architecture and mechanical responses
from subcellular to tissue scales (Gibson, 2012), the scale becomes an important factor to
be considered in carrying the experiments.
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Because of the scale factor, the subcellular and the tissue scale mechanical
responses have been reported to be different (Kim et al., 2014). Beyond the cellular scale,
extracellular parameters such as the cell shape, arrangement, and interaction properties
emerge, which are proven to have a significant contribution to the overall mechanical
response. When the architecture and the mechanics of cell wall are of interest, the
experiments need to be carried out at subcellular scale, where the wall excised from a
single cell is the sample for the investigation. On the other hand, to understand how cell
walls carry external loads and maintain structural integrity of the plant, a cluster of cells
or tissue needs to be considered, where each cell contributes to the overall response. The
macro or tissue scale load carrying capability is the accumulated load carrying capability
of all cells, which originates through the interplay of major structural constituents of cell
walls at the subcellular scale. However, the additive rule does not apply here. Once the
boundary of a single cell is crossed, new extracellular parameters emerge, which calls for
a multiscale investigation. In addition, a plant cell is subjected to both internal (turgor)
and external (environmental) loadings. The external loadings may originate from the
bending or stretching of a plant organ due to a specific environmental condition, which is
transferred to all the supporting cell walls. As a cell is surrounded by other cells in a
tissue, the growth of other cells can also impose external loading. Thus, to understand the
architecture of cell wall, its growth, and how it behaves under loadings, a multiscale
investigation is required. The mechanical properties that emerge at the subcellular scale
also need to be scaled up to the tissue scale. The bridge between these scales will help us
understand better how the loads at macroscale are transferred to microscale and the
contribution of extracellular parameters to the overall mechanical response.
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1.2 Understanding the architecture and mechanics of cell wall for a potential energy
solution
Being the source of cellulose-rich and other valuable biopolymers, the plant cell
wall is considered to be a potential solution for the impending fossil-energy crisis.
However, the extraction of cellulose from the cell wall is not yet economical. Expensive
pretreatment processes are still the main obstacles for making cellulosic ethanol a
lucrative renewable energy source. Albeit some degree of engineering can be done on cell
wall architecture to reduce the pretreatment costs, the role of cell walls as the basic
structural unit imposes challenges. Thus, engineering plant cell walls requires a clear
understanding of cell wall architecture and the knowledge of the roles and contributions
of cell wall constituents to the mechanical response.
The pending fossil fuel-based crisis is a daunting and a burning question of the
new millennium. According to the report of United States Energy Information
Administration (2007), the total consumption of world energy has almost doubled from
1980 to 2006; from 9.48 TeraWatt (TW; 1 TW=1012W) to 15.8 TW, of which 86% was
met by fossil fuels. Energy generated from fossil fuel is, and will remain, the main source
through 2030, about 84% (World Energy Outlook, 2007). But by the year 2042, one
fossil fuel (coal) might be left to satisfy our ever increasing energy demand (Shafiee and
Topal, 2009), which leaves us with few options. Therefore, a search for suitable alternate
energy sources for the sustainable development of our society is imperative. According to
Perlack et al. (Perlack et al., 2005), the United States has the sufficient amount of land to
produce 1 billion dry metric tons of biomass annually on a sustainable basis, which is
enough to compensate 30% of the current consumption of liquid transportation fuel. If the
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economical extraction of cellulose from cell wall can be assured and there is enough
amount of source feedstock available, cell wall could be a major alternate resource of fuel
to meet the future energy demand.
Biofuel production in the form of ethanol has recently tripled, from 2.8 billion
gallons in 2003 to 9 billion gallons in 2008 (Renewable Fuel Agency, 2008), and is
expected to grow to 36 billion gallons by the year 2022 (EISA, 2007). Most of the biofuel
produced to date is derived from starch-based or sugar-based raw materials, which has
become a controversial issue in the biofuel production; i.e., the food vs. fuel debate.
Besides the minimal net energy gain and high cost of production, corn starch is a critical
component of human food and animal feed. Thus, in recent times, we observe a shift of
focus on producing biofuel from plant cell wall, a source of lignocellulosic feedstock.
The main obstacle in producing lignocellulosic ethanol from the cell wall is the
recalcitrance such as lignin. Since lignin provides structural integrity to the plant, if lignin
levels are reduced, the plant will need to compensate the structural weakness using other
structural members. To find a solution of this dilemma, a thorough understanding of the
cell wall architecture and the mechanical response of cell wall is required. Based on the
knowledge, cell wall structure can be safely engineered, which in turn could pave the way
for the economical extraction of cellulose(Yang et al., 2013).
A clear understanding of the plant cell wall architecture and the corresponding
mechanical response, which emerges from the microstructure of cell wall constituents
and the interactions among the wall polysaccharides, would shine light on engineering
the cell wall to make it easily biodegradable while maintaining the structural integrity of
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plants. Reduction of the cost of cellulose extraction would likely result, and would
possibly be a breakthrough in the bio-energy sector. Sustainable and low cost biofuel will
contribute to meeting the ever-rising energy demand and to ensure a safe and green earth
for future generations.

1.3 Where the challenges lie
The main obstacle in investigating the mechanical properties of plant cell wall,
and the structure, properties, and interaction among the constituents is the very small
scale dimension (i.e., order of nanometers). The cellulose microfibril, which is believed
to be the main load bearing component of the cell wall (Niklas, 1992), has an average
cross-sectional dimension of 3-4 nm (Larsson, 1999). With the currently available
technology, it is very difficult to measure mechanical responses of a cell wall or the
interactions among cell wall constituents at micron to nano scale. The literature on the
subcellular scale mechanical behavior of cell wall is very scarce. Although the giant
internode cell of algae makes it feasible to prepare samples and carry test at the
subcellular scale (Toole et al., 2001), those cell walls are not the true representative of
higher plant cell. For its outstanding force and image resolution and compatibility with
both dry and wet samples, atomic force microscopy (AFM) based nanoindentation has
been used extensively in studying cell wall mechanics and structure at subcellular scale
(Morris et al., 1997; Thimm et al., 2000; Zhao et al., 2005; Geitmann, 2006; Kirby et al.,
2006; Kuznetsova et al., 2007). However, the nanoindentatoin based mechanical
investigation is coupled with mathematical models, which interprets the nanoindentation
force-displacement responses as the mechanical properties of the sample under a test
(Kuznetsova et al., 2007). The problem is that a suitable mathematical model is yet to be

7

developed for inhomogeneous, anisotropic, and hierarchical materials like cell walls,
which is an intricate network of its macromolecular constituents. It is observed that
different models interpret the same input data differently (Ohashi et al., 2002).
Sometimes, the AFM based nanoindentation tests are also confounded with the bulk
mechanical properties of the cell, instead of investigating only the wall (An et al., 2012).
Moreover, the modulus of elasticity value that is measured by nanoindentation based test
is due to the force perpendicular to the plane of the wall. Whereas, a primary or growing
cell wall is subjected to tensile loading and the secondary wall is mostly subjected to
bending or compressive loading along the major axis of the cell.
For proper understanding of how the cell wall carries and responds to external
loads, similar kind of loading conditions should be imposed during mechanical tests. For
ideal subcellular scale mechanical tests of cell wall, a fragment of cell wall needs to be
excised and put to a tensile loading in as close to its native state as possible. Although
sample preparation and experimental techniques are available for micron to submicron
scale sample (Haque and Saif, 2003, 2005; Tan et al., 2005; Geitmann, 2006; Tan and
Lim, 2006; Burgert and Keplinger, 2013; Eder et al., 2013), those are associated with
four major challenges, namely: (1) cutting or preparing sample at the desired scale, (2)
picking-and-placing the sample on the test device, (3) gripping the sample, and (4) a
testing device with sufficient force and displacement resolution. In addition, due to its
biological nature, plant cell walls pose other challenges. The excision-type sample
preparation and tensile tests at micron to lower scale is aided by electron microscopy,
which inevitably introduces vacuum; thus drying up the sample. Plant cell wall being
biological and viscoelastic materials, the presence of water plays a vital role towards its
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mechanical response. Thus, for the proper understanding of plant cell wall mechanics and
the contribution of water, both wet and dry state samples need to be investigated.
Preparing cell wall samples without drying and carrying tests in wet condition requires a
sample preparation and test protocol that replaces an electron microscope with an optical
microscope in association with a powerful post image analysis technique.
Compared to the subcellular scale experiments, macro or tissue scale mechanical
characterization of a cell wall is easier to carry out as evidenced by the rich and vast
literature (Konstankiewicz et al., 2001; Hepworth and Bruce, 2004; Vanstreels et al.,
2005; Geitmann, 2006; Saito et al., 2006; Suslov and Verbelen, 2006; Zdunek and
Umeda, 2006; Evered et al., 2007; Alamar et al., 2008). Nonetheless, since tissue scale
results are confounded with extracellular parameters, sample used in these studies may
not be the true representation of cell wall’s quantitative mechanical responses. However,
experiments at this scale do provide qualitative information on the mechanical responses
of the cell wall (Baskin et al., 1999; Suslov and Verbelen, 2006; Suslov et al., 2009;
Crowell et al., 2011) and the mechanism of the cell wall expansion (Cosgrove, 2005;
Park and Cosgrove, 2012a; b). In addition, there have been attempts to understand
subcellular or microscale mechanical responses from macro or tissue scale experiments
(Hepworth, 2000, Kim et al., 2014 ). The studies at this scale also successfully
investigated whether the extracellular parameters and cell to cell adhesion contribute
significantly to the macro scale responses. However, being a biological material, the
variability of plant cell wall architecture and other parameters at different scales make it
challenging to understand how the extracellular parameters quantitatively link to the
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micro and macro scale features. It will be very difficult to find a model material or
biological system where we have a control of these extracellular parameters.
Taking such obstacles into consideration multiscale computational modeling has
been successfully applied for few secondary cell wall systems (Adler and Buehler, 2013;
Rafsanjani et al., 2013). Based on the experimental evidence (Keckes et al., 2003), these
models do not consider the effect of middle lamella (ML) contributing to the overall
response. Such models consider the cells to adhere to each other via a contact interface,
i.e., the ML, which is not considered as a different layer and no material properties of ML
are assigned as a distinctive layer. As of now, we do not clearly know the role of ML (for
both primary and secondary cell wall system) in the tissue scale mechanics. It is possible
that contribution of the ML is averaged out at the tissue scale, which makes it difficult to
interpret the role of ML at a smaller scale. The study of cell wall separation and adhesion
(Jarvis et al., 2003) and the cytochemical study of tricellular junction (Jarvis, 1998; Jarvis
et al., 2003) indicate that the ML might play an important role in the growth and
biomechanics of the plant tissue. In addition, the contribution of ML in a primary cell
wall might be completely different from the secondary cell wall. The ML is primarily
composed of homogalacturonan (HG) (Jarvis et al., 2003), which forms gel in the
presence of water. The presence of water in a primary cell wall system might change the
role of ML, especially when both the tensile and shear load bearing capabilities are
considered. Thus, for more representative scaling up of subcellular scale mechanical
properties to tissue scale, the ML needs to be assigned as a separate layer with distinct
mechanical properties. However, being a nanoscale layer (Blumer et al., 2000), the ML is
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extremely challenging to separate and put to tests. New experimental protocols and
investigation procedures are required to quantify the mechanical properties of ML.

1.4 Scope of this study
Considering the intricacies originates from the distinct architectural hierarchy from
subcellular to tissue scale, this research work attempted to characterize cell wall material
both at subcellular and tissue scales, which lays the foundation of understanding
architecture of plant cell wall and the contribution of extracellular parameters, including
the middle lamella (ML), to overall mechanical responses. To address the limitations
with current cell wall characterization techniques, as set experimental novel test protocols
and test devices were developed. The reported test protocols were compatible with soft
biological material such as a plant cell wall at different length scales and under tensile
loading. As the first step, the test protocol and experimental setup was developed to
characterize subcellular scale cell wall samples at dry state. The a dry state samples were
similar to the microstructure based computational model (Kha et al., 2010; Yi and Puri,
2012) without water at the similar scale. Subsequently, both the test protocol and the
experimental setup were modified to test subcellular scale cell wall samples in hydrated
states. Not being confounded by extracellular parameters, the subcellular scale
mechanical properties in hydrated state provided important insights of the functional
organization of plant cell. In addition, the subcellular scale mechanical properties were
scaled up using a architecture-based finite element method (FEM) computational model.
The multiscale computational model enables the study of the contribution of extracellular
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parameters and the ML to the overall mechanical response. As a part of the scaling up
effort, the mechanical properties of primary cell wall with the ML was characterized
under tensile loading. The computational model laid the foundation of bridging the
subcellular or microscale to the tissue or macroscale mechanical properties. The
multiscale model was validated from tissue scale mechanical experiments.
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Chapter 2
Background of cell wall structure, mechanics, and multiscale modeling

2.1 General overview of plant cell wall
The plant cell wall is a relatively thin but a strong layer around the cell plasma
membrane that protects the cell mechanically and works as a barrier from pathogenic
attack. The cell wall is the distinctive feature that separates the plant cell from the animal
cell. Cell wall consists of a complex mixture of polysaccharides (cellulose,
hemicelluloses, pectin, and structural protein) that are assembled together in an organized
network and are believed to be linked together both by covalent and noncovalent bonds.
Despite the great variety in the morphology and composition, cell walls are basically
classified into two types; the primary cell walls and secondary cell walls.
In general, the primary cell wall is a very thin layer, about 1 μm (Gibson, 2012b,
Zamil et al., 2013) deposited before and during the growth of a cell and is separated from
its neighboring cell by middle lamella. Cells with secondary cell walls generally have a
thinner primary cell wall.
When the cell growth ceases, it starts growing a specialized wall, called the
secondary cell wall. Other than different macromolecules that are added, unlike primary
cell wall, a secondary cell wall has a higher percentage of cellulose. In addition, the
hemicelluloses found in the secondary wall are different from the primary wall. Lignin
deposition is the most distinctive characteristic of the secondary wall. Lignin and
cellulose account for 60 to 80 percent of the secondary cell wall. With the deposition of
excess cellulose and lignin, the aqueous phase of primary wall is gradually reduced in the
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formation of a secondary wall, and the hydrophobic characteristics of lignin makes the
secondary cell wall very recalcitrance to degradation.
Table 2.1: Polymer composition of primary and the secondary cell walls (Keegstra et al., 2010)

Polymer

Cellulose

Primary
(dicotyledon)
20-30

Cell wall (wt%)
Secondary
Angiosperm (dicot)
Gymnosperm
37-57
38-52

Lignin

0

17-30

26-36

Pectin

30-35

<10

<10

Hemicellulose

25-30

20-37

16-27

2.2 Major constituents of primary cell walls
Cellulose is the major constituent of primary and secondary cell walls, and
constitutes 20% to 30% of the dry weight of the typical primary cell wall and 40% to
60% of secondary wall (Evert, 2006). For cotton fiber cell wall, cellulose comprises more
than 95%. Cellulose is the most common organic compound on earth and constitutes
about 33 percent of all plant materials. Basically, the cellulose microfibril contributes to
the cell wall structural integrity, and their arrangements allow the flexibility for cell wall
growth to occur. Cellulose is a linear chain of 2,000 to over 25,000 β (1-4) linked Dglucose units (Brown et al., 1996), in which glucose units are linked together by
glycosidic bonds, and the long chains of glucans are linked together to other glucans by
hydrogen bonds to form microfibrils (Figure 2.1). In general, the width of a microfibril is
3 to 4 nm, although values as small as 1 to 2 nm (Thimm et al., 2002) and as large as 25
nm have also been recorded (Thimm et al., 2000). This variety of width corresponds to
the number of cellulose chains involved to form the microfibril. A thinner microfibril
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generally has 20 to 40 parallel glucan chains. In different species, cellulose microfibril
defers not only in morphology (cross sectional shape) but also in crystallinity and degree
of polymerization (DP), which is defined as the number of monomeric units in a polymer.
Cellulose from primary cell wall has a DP of 2,500-4,000 and from secondary wall the
DP ranges from 10,000 to 15,000. In cell wall, cellulose microfibrils also form a bundle
of fibrils of larger diameter (20-30 nm) (Zhao et al., 2007)

Figure 2.1: Cellulose polysaccharide chain showing cellobiose (two glucose sugar unit),
glycosydic bonds, and hydrogen bonds in cellulose microfibrils (Taiz, 2002).

The precise molecular structure of a cellulose microfibril is yet to be known.
According to the most accepted model, cellulose has highly crystalline domains linked
together by amorphous domains. Within crystalline domains, adjacent cellulose chains
are highly ordered and linked together by noncovalent bonding (Figure 2.2). From in
vitro experiments, it has been found that hemicelluloses, e.g., xyloglucan or xylan, may
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bind to the surface of the cellulose and may become physically trapped in celluloses,
which thereby reduces the crystallinity of the microfibrils (Hayashi, 1989).

Figure 2.2: Structural model of cellulose (Taiz, 2002)

For its exclusive structural arrangement, the cellulose microfibril has very good
mechanical properties. The noncovalent bond between adjacent glucans makes it very
strong in tensile direction; which is as good as the tensile strength of steel. The Young’s
modulus of single cellulose microfibril from tunicate was measured to be 145 ± 31.3
GPa, prepared by TEMPO-oxidation, and 150.7 ± 28.8 GPa, prepared by acid hydrolysis
(Iwamoto et al., 2009). However, in Iwamoto’s study only the crystalline part of the
cellulose microfibrils was considered. If the amorphous domains of the cellulose
microfibrils are also considered, the Young’s modulus could be significantly lower.
The second major cell wall constituent is hemicellulose, which is a heterogeneous
group of polysaccharides bound tightly in the cell wall matrix. Like cellulose,
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hemicellulose has the backbone of 1-4 linked β-D glucose residue chain (Figure 2.3); but,
unlike cellulose, xyloglucan (the most common hemicellulose) has short chains that
contain xylose, galactose, and sometimes fucose.

Figure 2.3: Xyloglucan backbone (Taiz et al., 2002)

Hemicellulose polysaccharides are much less ordered, and often are described as
amorphous, which is believed to be the consequence of polysaccharide’s branched and
non-linear conformation. The branched xyloglucans, which are 50-500 nm long, have the
potential of binding cellulose microfibrils together because spacing between cellulose
microfibrils is 20 to 40 nm (Taiz and Zeiger, 2002).
Another cell wall major constituent is pectin. Like hemicelluloses, pectins are
heterogeneous polysaccharides containing acidic sugar and neutral sugar. Among cell
wall polysaccharides, pectins are most soluble in water. Therefore, pectins can be
extracted with hot water (Taiz and Zeiger, 2002).
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Figure 2.4: Partial structure of homogalacturonan (a type of pectin) (Taiz et al., 2002).

Homogalacturonan pectic polysaccharide has a relatively simple structure, which
is 1-4 linked polymer of α-D glucuronic acid (Fig 2.4). Pectin typically forms gel, i.e., a
loose network formed by highly hydrated polymer. Pectin accounts 30% to 50% of total
cell wall dry mass (Goldberg et al., 1989).

2.3 Architecture of the primary cell wall and interaction among cell wall
polysaccharides
The most common and widely accepted primary cell wall structure is envisaged as
a network of cellulose microfibrils intertwined with hemicelluloses and embedded in a
gel of pectins. In this model, hemicellulose, such as xyloglucan, coats the surface of the
cellulose (Figure 2.5) and is believed to be covalently bonded. Using an Atomic Force
Microscopy (AFM), the evidence of at least one hydrogen bond per backbone glucose
residue involved in interaction of hemicellulose tethered with cellulose, was found
(Morris et al., 2004). In this experiment, a single hemicellulose (HC) was attached
between cellulose substrate and AFM tip. Evidence of cellulose-HC cross-links has also
been provided with an electron microscope (McCann et al., 1990). Other than cellulose-
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HC surface interaction, there has been the evidence of small amount of HC entrapped
within cellulose microfibrils and reduces the crystallinity of fibrils (Hayashi, 1989).

Figure 2.5: A model of primary cell wall components and their interactions. Cellulose
microfibrils are embedded in the matrix of hemicellulose and pectins (Brett and Waldron,
1996)

A study utilizing solid state C13 nuclear magnetic resonance spectroscopy found
little evidence of substantial interlinks between cellulose and HC in primary cell wall of
three monocots (Italian ryegrass, pineapple, and onion) and one eudicot (cabbage) (Smith
et al., 1998). However, Smith (1998) mentioned that small number of HC would be
sufficient enough to interlink cellulose microfibrils.
Cellulose-HC cross-link is very important considering the cell wall’s structural
integrity. It has been estimated that cellulose-xyloglucan network may contribute as much
as 70% of the total strength of the primary cell wall (Shedletzky et al., 1992). There have
also been cases where cellulose microfibrils play the key role in determining mechanical
strength of primary cell walls. In the study of tensile properties of Arabidopsis thaliana,
Kerstens et al., (2001) mentioned that the orientation of cellulose microfibrils apparently
is the key factor in determining the mechanical properties of cell walls.
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2.4 Current models of the plant cell wall
Numerous types of plant cell wall models have already been reported to address
the static and dynamic responses of cell walls. But none of them is truly capable of
answering all the findings related to energy of the bonding of cell wall constituents,
enzymatic loosening of cell walls, creep, mechanical responses, etc. (Thompson, 2005).
In 1973, Wilder and Albersheim first proposed a complete cell wall model. In their model
they considered the growing cell wall as macromolecular complex of wall constituent
polysaccharides (Wilder and Albersheim, 1973). In their hypothesized model, cell wall
constituents, such as pectins, xyloglucans, and structural proteins, are connected by
covalent bonds, and xyloglucans interact with cellulose by hydrogen bonding.
Afterwards, Talbott and Ray (1992) proposed a cell wall model where hemicelluloses are
coated on cellulose surfaces; i.e., and there was no direct linking between adjacent
cellulose fibrils; instead, hemicelluloses interact with other hemicelluloses and pectins in
the space between cellulose microfibrils (Figure 2.6) (Talbott and Ray, 1992).
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Figure 2.6: Multicoat model proposed (Talbott and Ray, 1992)

In 1990, from a direct visualization of primary cell wall structure a different type
of cell wall model was proposed where two adjacent microfibrils were linked directly by
xyloglucans tethers, as shown in Figure 2.7 (McCann et al., 1990). This model is also
known as ‘sticky network model’ (Cosgrove, 2000).

Figure 2.7: Cell wall model where cellulose microfibrils are tethered by Hemicelluloses
(Cosgrove, 2000).

27

2.5 Understanding cell wall structure and mechanical response by model cell wall
and computational modeling
There are several views of cell wall architecture. Among all the models of cell
walls, the sticky network model and the multicoat model have been most widely
accepted. These two models differ mainly with the context of how the main load bearing
components (cellulose) are linked to each other, and how the cellulosic and noncellulosic polysaccharides interact among them. The studies that are being conducted on
cell walls basically include the structural arrangement of cell walls by x-ray diffraction
and high resolution microscopy (Morris et al., 1997; Kirby et al., 2006), the study of
chemical composition, the structure and study of interaction bonding among wall
constituent polysaccharides (Zhang, 1997). Artificial cell wall produced mainly by
bacterial cellulose plays a vital role in studying interaction among cell wall constituents.
Results have been reported on how one component of cell wall interacts with other cell
wall components in vitro (Zykwinska et al., 2008). However, these experiments are
carried out by following stepwise extraction of wall components and by measuring the
corresponding effects of that extraction, and at the microscopic level knowledge is still
lacking on how one component really connects with others. Moreover, it is relevant to
consider that in a real cell wall the interaction and mechanics of wall constituents should
differ significantly from the simplified artificial cell wall. The structural complexity and
micrometer size of cell walls make it difficult to measure the mechanical response
quantitatively. Using a model cell wall, some structural-based quantitative response of
the secondary cell wall of wood have been recorded (Bergander and Salmén, 2002;
Salmén, 2004), where the factors, such as cellulose fibrils’ length and alignment are
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considered. To elucidate more microscopic structural change under loading conditions,
multilayer wall generating models have been attempted, which have led to the foundation
of modeling future cell wall accounting the individual contribution of each cell wall
constituents (Kha et al., 2010; Yi and Puri, 2012). However, the representation of
structural elements as beams, and their interactions as solid joints, is a serious
shortcoming of the model mimicking a real plant cell wall (Kha et al., 2010). In order to
overcome this limitation Yi and Puri (2012) developed a computational model in which
the biochemical interaction between the main load bearing components (cellulose
microfibrils) and hemicelluloses are represented by a joint element.

2.6 Micromechanical tests on cell walls and cell wall constituents
The main constraint in studying the mechanical response of higher plant cells wall
is the microscale size of cell walls and the nanoscale size of the constituents. Most of the
published work devoted to cell wall structure is mainly on chemical composition and
structural properties. However, to determine the mechanical properties of cell walls,
mechanical models of fibrous components of cell walls have been developed based on
mechanical tests of cellulose fibrils embedded in the structure of cell walls (Niklas, 1992)
or tissue (Hepworth, 2000). It is not clear if these models really represent the true plant
cell walls, and question will persist unless mechanical tests are conducted on samples that
truly represent the actual cell wall.
2.6.1 Test on real plant cell wall materials
To understand the roles of the structural polysaccharides of plant cell wall,
experiments on real plant cell wall materials have been carried out for decades. In the
micromechanical test on plant tissue, the intercellular space of cell walls has significant
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impact on the overall mechanical response, especially when the volume of intercellular
spaces contributes an important part of the total volume (Alamar et al., 2008). Moreover,
in the experiments with tissues, each cell undergoes different deformation, hence,
different stress. Vanstreels et al., (2005) in their experiment with onion epidermal peel
showed a relationship between the micromechanical behavior of plant tissue and the
structural parameters (such as individual cell deformation) of the cells comprising the
tissue. By direct mechanical experiment with tissue in conjunction with microscopic
observations, insights can be obtained to predict how micromechanical behavior of tissue
correlates with the structural arrangement of individual cells, intercellular adhesive
lamella, biophysical properties of cells, and so on; however, being the basic fundamental
building block, the plant cell wall mechanical behavior dominates all other factors. The
microscale size of plant cell walls imposes formidable impediments to revealing the true
mechanical behavior in its native state. Along with the difficulties of separating
individual plant cell wall fragment, upon which experiments can be conducted, devising
an appropriate tensile testing method for soft and fragile biological materials is a
nontrivial task. In recent times, nanoindentation has been widely used to measure the
modulus of elasticity of plant cell walls (Yu et al., 2007). Though, nanoindentation
technique has a very high resolution of force and displacement, the way nanoindentation
is used to characterize plant cell wall has some constraints to address. For the inherent
heterogeneity of the plant cell wall architecture, it is possible that the nanoindentation test
represents localized behavior, which is dependent on bulk properties and the boundary
condition of the tissue sample being tested. To overcome such constraints, isolation of a
segment of a plant cell wall has been successfully carried out by focused ion beam (FIB)
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machining (Orso et al., 2006). However, the cantilever test that Orso et al. (2006)
conducted on FIB machined wood cell wall fragments still lacks the tensile test
characterization required to represent plant cell wall’s true mechanical behavior.
2.6.2 Tests on artificial cell wall
Artificial cell walls with composition equivalent to those of natural cell walls
have been studied to determine how real plant cell walls behave under a mechanical
loading (Cybulska et al., 2010). Though the model material produced this way is much
simpler than the real plant cell wall, studies on artificial cell walls still hold some
credibility to analyze how the constituents of real plant cell walls interact and orient
under deformation. Using bacterial cellulose along with other constituent polymers of
real cell walls (such as tamarind seed xyloglucan), studies have been reported on how
individual constituents of artificial cell wall respond mechanically. Upon subjecting the
cell wall analogs to mechanical testing, the experiment showed that the mechanical
properties of cell walls are the result of the properties of the individual polysaccharides as
well as their mutual combinations (Whitney et al., 1995; Chanliaud et al., 2002). Using
bacterial cellulose-based analogs of cell walls, Whitney et al. showed that stress is
transmitted mainly by the cellulose-hemicellulose complex, although pectin network also
has a significant effect on the mechanical behavior of cell walls (Whitney et al., 1999).
Though these results from artificial cell walls are consistent with the general
understanding and the way cell wall structure is envisaged, the mechanical responses
from artificial cell walls do not capture fully and accurately the way a real plant cell wall
would respond under mechanical loading. Direct tensile tests of real cell wall fragments
under high resolution electron microscope are expected to reveal important insights.
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2.6.3 Multiscale computational modeling of plant cell wall
Albeit plant cell wall is made up of four basic building blocks, namely cellulose,
hemicellulose, pectin, and lignin, because of the diversity in arrangement of those
structural constituents and the distinctive hierarchy at different length scales, plant cell
walls can exhibit a wide range of mechanical properties (Koehler and Telewski, 2006;
Gibson, 2012). However, this also presents profound challenges to studying the
anisotropy of plant cell growth and its structural integrity (Baskin and Jensen, 2013).To
understand the growth and mechanics of plant material, it is of utmost importance to
investigate how the external forces exerted on the plant body are transferred to different
length scales. From its ultra-structural constituents and their interactions (molecular
level) to the whole plant organism, many length scales can be envisioned. In the study of
the micromechanics of wood cell wall, generally three levels of hierarchy including (a)
microscopic, (b) mesoscopic, and (c) macroscopic scales are considered (Mishnaevsky
and Qing, 2008, Qing and Mishnaevsky, 2009). The microscale is described with how
major structural constituents are arranged and interacts with each other, the mesoscale is
presented as multiple layers of cell wall having different mechanical properties, and the
macroscale considers the extracellular parameters such as cell size, shape and
organization. However, in this study, we will focus on two basic levels of hierarchy or
scales- (a) subcellular scale as known as microscale and (b) tissue scale as known as
macroscale. As our model material is of primary cell wall, which does not have a thick
wall of distinctive layers as observed in secondary walls (Gibson, 2012), the microscale
will merge to mesoscale. Computational modeling in association with experimental
validations investigating the coupling of the two-level hierarchical model can be found
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in the literature (Roose, 2009; Faisal et al., 2013; Rafsanjani et al., 2013; Zdunek and
Pieczywek, 2013). At subcellular or microscale, those computational models attempt to
investigate how the change in arrangements and interactions of basic load bearing
components of cell wall give rise to different mechanical properties (Yi and Puri, 2012).
At the tissue scale, the contribution of cell size, shape, and arrangements of cells are
studied to investigate the overall macro mechanical responses (Rafsanjani et al., 2013).
One of the limitations of the aforementioned multiscale modeling approaches is that those
models do not consider the middle lamella (ML), which is a key extracellular parameter
that manifests as a separate layer. The nanoscale size of ML (Blumer et al., 2000) acts as
a major impediment to characterizing its mechanical properties and incorporating into a
multiscale modeling approach. This study attempted to characterize the ML and add it as
a separate layer in an architecture-based multiscale computational model to investigate
the contribution of ML to overall mechanical responses.
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Chapter 3
Goals and Objectives
Plant cell wall exhibits a distinctive hierarchy in architecture and mechanical properties
from subcellular to tissue scales. However, due to the micrometer to sub-micrometer
scales involved; how the subcellular scale (herein, which will interchangeably be used as
fragment level) mechanical properties originate from the interplay of its major structural
constituents and how those properties are integrated into the higher scales is not yet
properly understood. Although substantial amount of research works has been carried out
at the tissue scale for qualitative understanding of cell wall anisotropy and the mechanics
of cell wall loosening, how the cell wall behaves at the subcellular scale and how the
properties that emerge at the different length scales are linked to each other are yet to be
elucidated properly.
The goal of this research was to investigate the mechanical properties of plant cell wall at
different length scales and develop an architecture-based multiscale computational model,
which will bridges the micro (subcellular) and macro (tissue) scales to answers the
research question: “what are the role and contribution of extracellular parameters and ML
to the overall mechanical response at the tissue scale?”
The specific objectives to address the research question are to:
1. Develop a set of novel test protocols to characterize subcellular scale plant cell
wall samples under tensile loading.
2. Characterize the mechanical properties of plant cell wall from subcellular to tissue
scales under tensile loading both in (a) dry and (b) wet conditions. Test the null
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hypothesis at significance level of 0.05, Ho= the mechanical properties of plant
cell wall such as Young’s modulus, anisotropy and Poisson’s ratio at subcellular
scale are same as tissue scale.
3. Characterize the mechanical properties of intercellular interactions, i.e., middle
lamella. Test the null hypothesis at significance level of 0.05, Ho= the mechanical
properties of cell wall fragment with ML interface are same as the wall fragment
without the ML.
4. Scale up the mechanical properties of cell wall fragment to tissue level
computationally and investigate the contribution of middle lamella and
extracellular parameters to tissue scale responses.
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Chapter 4
Overview of Methodology and Organization of Results
The contribution of intercellular interactions was studied using the developed multiscale
computational model, wherein parameters such as the cell shape and size, and the
properties of middle lamella are included in the scale-up of the overall mechanical
properties from the cell wall fragment to the tissue level. The methodology was
structured (Figure 4.1) in such a way that the material properties of: (a) the cell wall
fragment (objective 2), and (b) the intercellular adhesion (objective 3), required to
develop the multiscale computational model (objective 4) was provided from
experimental results. For this, a novel technique with a microelectromechanical system
(MEMS) tensile testing device and the methodology were developed (objective 1) to test
the plant cell wall material at microscale. Details of the MEMS device for cell wall
fragments and results are given in Chapter 5 (objectives 1 and 2(a)). The same technique
was used to characterize the properties of intercellular interaction, i.e., the middle lamella
(ML). The experimental results for the ML are given in Chapter 6 (objective 3). MEMS
device-related experiences at the fragment level and the ML were used to modify MEMS
tensile test setup suitable for plant materials, which was fine-tuned for future experiments
in different environmental conditions. Experimental results for the hydrated cell wall
samples are given in Chapter 7 (objective 2(b)). In addition, multiscale stress-strain
analyses based on dry and wet sample tissue test results for investigation of subcellular
and tissue scale properties are given in Chapter 8. Once developed, the multiscale model
was validated by tissue level experimental results from dynamic mechanical analyzer
(DMA). The details of the multiscale computational model and validation are given in
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Chapter 9. In Chapter 10, the key overall results are summarized with reference to the
research question and objectives. Recommendations for future work are also included.

Figure 4.1: Overview methodology flow chart of the study- the role and contribution of
intercellular interaction from fragment level to tissue level mechanical response of plant
cell walls. Objective 2 and 3 provides necessary information for objective 4 with the help
of the novel technique developed in objective 1. Once multiscale model is validated by
tissue level experimental results, the higher scale mechanical properties can be linked to
lower scale cell wall properties and intercellular adhesion.
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Characterizing microscale biological samples under tensile loading: Stressstrain behavior of cell wall fragment of onion outer epidermis
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5.1 Abstract
• Premise of the study: The results of published studies investigating the tissue-scale
mechanical properties of plant cell walls are confounded by the unknown contributions
of the middle lamella and the shape and size of each cell. However, due to their
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microscale size, cell walls have not yet been characterized at the wall fragment level
under tensile loading. It is imperative to understand the stress–strain behavior of cell
wall fragments to relate the wall’s mechanical properties to its architecture.
• Methods: This study reports a novel method used to characterize wall fragments under
tensile loading. Cell wall fragments from onion outer epidermal peels were cut to the
desired size (15 × 5 µm) using the focused ion beam milling technique, and these
fragments were manipulated onto a microelectromechanical system (MEMS) tensile
testing device. The stress–strain behavior of the wall fragments both in the major and
minor growth directions were characterized in vacuo.
• Key results: The measured mean modulus, fracture strength, and fracture strain in the
major growth direction were 3.7 ± 0.8 GPa, 95.5 ± 24.1 MPa, and 3.0 ± 0.5%,
respectively. The corresponding properties along the minor growth direction were 4.9 ±
1.2 GPa, 159 ± 48.4 MPa, and 3.8 ± 0.5%, respectively.
• Conclusions: The fracture strength and fracture strain were significantly different along
the major and minor growth directions, the wall fragment level modulus of elasticity
anisotropy for a dehydrated cell wall was 1.23, suggesting a limited anisotropy of the
cell wall itself compared with tissue-scale results.

5.2 Introduction
The plant cell wall is the fundamental building block that imparts structural cellular
integrity while serving multiple biological functions. A growing plant cell wall must
effectively balance two competing requirements; it must maintain flexibility to facilitate
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growth and stiffness to withstand the turgor pressure of 0.3 to 1 MPa that exists within a
plant cell and imposes a tensile stress equivalent of 10 to 100 MPa to the cell wall
(Cosgrove, 1993). Such remarkable mechanical characteristics of plant cell walls are
attributed to the architectural arrangement and mechanical properties of its constituents
and the methods by which they interact with each other. However, due to the microscale
size of the plant cell wall and the nanoscale size of its structural constituents, the
mechanical properties of cell wall have not yet been characterized at the subcellular level
under tensile loading. Such an examination is necessary to understand how the cell wall
architecture and the interactions among its major structural constituents produce largescale (such as micro- and macroscales) mechanical responses.
One approach for addressing this challenging question is to construct a computational
model of the plant cell wall in which the major nanoscale structural constituents are
assembled based on the current understanding of the cell wall architecture; this model
would then be used to predict mechanical responses (Kha et al., 2010; Yi and Puri, 2012).
Bridging the predicted mechanical responses of such a computational model and the
architecture of a real plant cell wall requires experimental validation at the subcellular
scale and the consideration of environmental conditions. Subcellular experimental
measurements of the mechanical properties of plant cell walls can be used to quantify the
contribution of the major structural constituents and their interactions with the overall
mechanical response. For example, the net orientation of cellulose microfibrils, which are
considered as the primary load-bearing component of the cell wall, changes throughout
development (Suslov et al., 2009). By extracting and mechanically characterizing cell
wall samples at different developmental stages, the contribution of cellulose microfibrils
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with various structural arrangements can be quantified. However, the microscale size of
the plant cell wall presents several practical challenges to the characterization of
mechanical traits under tensile loading. This challenge led previous researchers to adapt
tissue-level mechanical tests or use the nanoindentation technique to mechanically
characterize the cell wall. The limitations of these techniques with respect to elucidating
the true mechanical behavior of the cell wall under tensile loading are discussed in the
following paragraphs.
The micromechanical approach has been widely used to characterize plant tissuelevel experimental results under tensile loading (Hepworth, 2000; Kerstens et al., 2001;
Takahashi et al., 2006). Although tissue-level mechanical properties are predominantly
mediated by cell wall mechanical properties, other factors, such as the shape, size, and
arrangement of cells and the properties of the middle lamella between two adjacent cells
substantially contribute to the overall tissue-level mechanics (Konstankiewicz et al.,
2001; Vanstreels et al., 2005; Zdunek and Umeda, 2005). In addition, the intercellular
space (i.e., when it constitutes a significant portion of the total volume) also plays a
significant role in tissue-level experiments (Alamar et al., 2008). Due to the confounding
effect of the aforementioned variables, tissue-level mechanical responses do not reflect
the precise mechanical properties of the cell wall. Experimental evidence has suggested
that the deformation of potato tissue under loading is different from the deformation of
cell walls from individual cells (Hepworth and Bruce, 2000). This result has led us to
perform a mechanical test at the subcellular level to reveal the true mechanical properties
of the cell wall that originate from the architectural interactions between its major
structural components.
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Mechanical characterization of a cell wall excised from a single cell under tensile
loading is scarce to nonexistent in literature. The standard microtensile device can only
handle millimeter-scale samples, such as the giant internode cell walls of algae (Métraux
and Taiz, 1978; Toole et al., 2001). However, the primary cell walls of higher plants are
much smaller in size (e.g., average onion epidermal cells are a few hundred microns
long), rendering the traditional tensile test approach incompatible at the subcellular level.
Due to its very high resolution in displacement- and force-measuring capabilities, atomic
force microcopy (AFM) has recently been extensively employed to image and test the
mechanical properties of the cell wall (Gindl et al., 2004; Yu et al., 2007), its individual
constituents (Iwamoto et al., 2009), and even the interactions among structural
polysaccharides (Morris et al., 2004). However, one major drawback exists when
estimating the absolute value of the cell wall modulus from an AFM force curve analysis.
The three-dimensional AFM-based nanoindentation cannot directly monitor or measure
longitudinal or transverse absolute modulus. Instead, a mechanical model is used to
deduce those values (Kuznetsova et al., 2007); depending on the model used, the
estimated values could differ significantly from each other (Ohashi et al., 2002).
If one could separate a fragment of a cell wall from a single cell and conduct a tensile
test on the sample, both tissue-level and nanoindentation technique-related constraints
could be resolved. A new technique has recently been reported to excise microscale
secondary plant cell wall material via focused-ion beam (FIB) milling (Orso et al.,
2006a), which is frequently used for to prepare samples for transmission electron
microscopy (TEM) from organic and inorganic materials. The same technique can be
used to cut a primary plant cell wall fragment. FIB-assisted in-situ pick-and-place and
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metal deposition techniques have become routine when manipulating nanoscale TEM
samples (Lee et al. 2010; Gianola et al., 2011) and attaching samples to the TEM grid.
The same manipulations (i.e., picking and placing) and gripping techniques could be
adapted to plant cell wall materials. Microelectromechanical system (MEMS) tensile
testing devices have been demonstrated to test thin films as small as 100 nm (Haque and
Saif, 2005) and nanowires of less than 100 nm (Kiuchi et al., 2007), and they could be
used to characterize micro- to nanoscale samples under tensile loading. The nanoscale
resolution of the force and displacement of the MEMS tensile testing device could be
exploited to mechanically characterize microscale plant cell wall fragments.
In this paper, a novel method is reported in which cell wall fragments are extracted
from onion epidermal peels without any chemical treatment and are subsequently
characterized under tensile loading. The FIB and FIB-assisted metal deposition
techniques were used to cut, manipulate, and grip the sample (the details are discussed in
the methods section). Furthermore, to perform the test, a piezoelectric-based in-house
fabricated MEMS tensile testing device with a submicron-level force and displacement
resolution was developed. As a first step toward understanding the role and contribution
of the structural constituents of the plant cell wall to the overall mechanical response, the
stress–strain behavior of a cell wall fragment was investigated in the major and minor
growth directions in vacuo. To our knowledge, this is the first time that the primary plant
cell wall has been characterized at the wall fragment level under tensile loading ranging
from no load to fracture.
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5.3 Materials and Methods
5.3.1 Materials
To select the plant cell wall material to perform this novel experiment, we
considered two criteria: the ease of separation of a single layer of cell walls and the level
of knowledge of nanostructure and chemical composition. Based on these two criteria,
the outer epidermal tissue of yellow onion (Allium cepa) was chosen as a source from
which to extract plant cell wall fragments. Mature yellow onion was obtained from a
local supermarket. First, the outer epidermal cell wall profile was peeled away from the
middle scale of the onion (Figure 5.1a) to expose the periclinal single-wall layer of the
epidermal tissue (Figure 5.1b). The single-layer cell wall profile patch was then washed
gently with tap water at room temperature, which produced a clean patch lacking
protoplasmic liquid and proteins. Immediately thereafter, the cell wall profile patch was
used as a consistent source of plant cell wall fragments for all of the tests.
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Figure 5.1: (a) Peeling off of onion outer epidermal wall. (b) Cell wall profile patch with
many cells having only the outer epidermal wall. (c) “First cut” in the middle of a single
cell. (d) Complete four cuts of the cell wall fragment after attaching the omniprobe.

5.3.2 Test setup
The test setup primarily consisted of a MEMS tensile testing chip and an external
piezoelectric actuator. A base block was used to attach the MEMS chip and piezoelectric
actuator to a 90-angle metal strip, thereby enabling the expansion-type displacement of
the piezoelectric device to be transferred to a central shuttle beam of the MEMS chip
(Figure 5.2 a, b). The MEMS chip assembled with the actuation mechanism is referred
herein as a microextensometer. Force and displacement sensors were integrated into the
MEMS chip, and the piezoelectric-based mechanical actuation was chosen to apply a
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displacement-type load. The MEMS chip design proposed by Haque and Saif (2002) was
adapted to the plant cell wall fragments. The MEMS chip designed in-house was
fabricated from a silicon on insulator (SOI) wafer using the Material Research Institute
facilities (Pennsylvania State University, PA, USA).

Figure 5.2: (a) Piezoelectric based MEMS tensile testing setup. (b) Key features of
MEMS chip. (c) Detailed view of the force and displacement sensor.

A larger MEMS chip provided additional usable area around the sample attachment
region, which made the device design compatible with a possible usage with water,
enzymes, or chemicals during mechanical testing. In addition, we used the pad-and-glue
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approach instead of the pin-and-hole mechanism to attach the device with a mechanical
actuator. The glue helps to keep the MEMS chip aligned and in-plane with the top surface
of the base block, which, in turn, prevents out-of-plane displacement to the MEMS
central shuttle beam. The pad support beams were also introduced into the design, which
provided structural integrity of sufficient stiffness to the suspended actuator-connecting
pad.
The MEMS chip shown in Figure 5.2b includes a central shuttle beam, an
actuator-connecting pad, alignment beams, a force sensor (Figure 5.2c), and a
displacement sensor (Figure 5.2c). The overall dimension of the chip was 10 × 6.5 mm,
which is large enough to promote ease in handling and manipulation. The movement of
the free end of piezoelectric actuator operates the moving end of the central shuttle beam
through the actuator-connecting pad. The central shuttle beam is supported by six pairs of
alignment beams and a U-spring (Figure 5.2b). In addition to supporting the central
shuttle beam, the alignment beams perform the most critical function of compensating for
any load misalignment by producing a counter moment to any off-axis force component
(Haque and Saif, 2002).
The sample to be tested was gripped between the moving end of the central
shuttle beam and the force sensor beam (Figure 5.2c). Any applied displacement imposed
by the piezoelectric actuator moves the central shuttle beam in the direction of the arrow
(Figure 5.2b), which imposes displacement (i.e., stretch/extension) to the sample. The
opposite end of the sample is attached to a force sensor beam with fixed ends. The
applied displacement stretches the sample and deforms the force sensor beam
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simultaneously. In Figure 5.2c, marker A measures the amount of stretching on the
sample, and marker B measures the amount of deformation of the force sensor beam.
According to the one-dimensional Hooke’s law (F = kd, where k is the spring constant of
the force sensor beam and d is the deformation at center), the amount of force applied to
the sample can be calculated by Eq. 1 as follows:
192 EI 
F  
d

L3


…………………. (1)

where E is the modulus of elasticity of the MEMS chip material (silicon), I is the second
moment of inertia of the beam, and L is the distance between the two ends of the fixed
load beam.
In designing the MEMS chip, special attention was given to the force sensor
beam. The plant cell wall fragment is extremely soft and delicate vis-à-vis inorganic
materials. Accordingly, the spring constant of the force sensor beam, which depends on
the dimension of the beam and its material properties, was kept sufficiently low so that
the submicron-level force (i.e., nano Newton) required to test a microscale wall fragment
could be measured with sufficient accuracy.
The piezoelectric actuator (Thor Laboratory, Newtown, New Jersey, USA) in the
MEMS device had a maximum drive voltage of 150 V, which can provide up to 17 µm of
displacement and an 850 N force. The displacement and force resolution of the testing
device depend on the resolution of the piezoelectric actuator and the resolution of the
microscope used to measure the force and displacement markers. Theoretically, the
displacement resolution of the piezoelectric device is less than a nanometer. However, the
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actual resolution of the experiment is limited by the measuring device. In this study, FIB
(FIB/SEM FEI Quanta 3D 200) was used to perform the experiment and to measure the
force and displacement using markers (Figure 5.2) at 30 kV, which had a lateral image
resolution of 3.5 nm. Based on the design parameters of the MEMS device used in this
study (silicon E = 155 GPa, I = 1.125  1019 m4, and L = 2.6  103 m), a force sensor
beam with a 3.5 nm lateral image resolution can provide a resolution of up to 3.5 nm
displacement and 0.35 µN force.
5.3.3 Methodology
The developed methodology is the fusion of transmission electron microscopy
(TEM) sample preparation technique using the dual beam (focused ion beam and
scanning electron microscopy) provided by FIB/FEI Quanta 3D 200 (referred herein as
FIB) and the nanoscale material characterization technique using MEMS. The dual ion
beam facilitates the use of both FIB and scanning electron microscopy (SEM), so that
samples can be imaged and cut in the same set-up. Four steps were followed from sample
preparation to the performance of a tensile test on the plant cell wall fragment; these steps
are summarized in the following subsections.
5.3.3.1 Cell-wall-fragment cutting
The prepared cell wall profile patch was cut to a small size (i.e., 6 × 6 mm) and
placed on the stage of the dual ion beam FIB. In this study, SEM was used to scan the
samples at 0.67 nA at 5 kV, and FIB was used to cut the samples at 30–100 pA at 30 kV.
FIB milling was performed using a relatively low current (the current in FIB can range
from 10 pA to 20 nA). In preliminary tests where the onion epidermal cell wall fragment
was cut at different current levels, FIB milling was found to not leave any visible damage
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or cutting artifacts on the sample at a current of less than 100 pA at 30 kV. The chamber
pressure during the cut-and-scan process was approximately 6  106 torr.
The first cut was initially made in the middle of the wall of a single cell (Figure
5.1C). An Omniprobe tip was then attached to one corner of the fragment with FIBassisted platinum deposited tape. In this regard, FIB was also equipped with a
micromanipulation system in which a sharp Omniprobe needle (0.5 µm tip diameter) was
manipulated with a 0.1 µm spatial resolution in all three (x, y, and z) dimensions. The
remaining three cuts were then made (Figure 5.1D) based on the desired sample
dimension. The samples at this stage were cut to 22 × 10 µm.
5.3.3.2 Pick-and-place FIB-cut sample
The pick-and-place is a well-known technique (especially in the electronics
industry) that is used to manipulate micro- to nanoscale samples (Castillo et al., 2011). In
this study, an in situ pick-and-place technique was performed using the FIB-assisted
platinum deposition and a micromanipulator, which was introduced in the previous step.
The micromanipulator Omniprobe tip was already attached to the sample before any of
the four cuts were made on the sample. The sample was then picked up (Figure 5.3a) and
carefully manipulated to facilitate placement on the MEMS chip.
After the sample was placed on the central shuttle beam between the moving end
and the force sensor beam (Figure 5.3b), one corner of the sample was glued to the
shuttle beam by platinum deposition. After gripping the samples onto the tensile testing
device, half of the sample that was glued with the Omniprobe tip was trimmed. The target
value of the final effective rectangular fragment dimension of the test sample was 15
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(length) × 5 (width) µm. At this stage, the Omniprobe was separated (Figure 5.3c, a
sample at the bottom side) from the test fragment, ensuring that the test sample was as
free of metal deposition as possible.

Figure 5.3: (a) Picking up of the sample. (b) Placing the sample on MEMS chip central
shuttle between moving end and force sensor beam. (c) Separation of omniprobe. (d)
Gripping of sample by FIB assisted platinum deposition at the ends.

5.3.3.3 MEMS gripping of cell wall fragment sample
Once the sample was placed on the MEMS chip’s central shuttle beam, FIBassisted platinum deposition was used to glue both sides of the sample (Figure 5.3d). For
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inorganic materials, the general practice is to use a 10 pA/µm 2 FIB current density at 30
kV to ensure safe platinum deposition (Giannuzz and Stevie, 2004). If a current value
greater than the recommended FIB ion density is used, the sample can be damaged. The
plant cell wall is more fragile and vulnerable than typical inorganic materials such as
silicon. Based on preliminary tests with onion samples, a 3 pA/ µm 2 current density at 30
kV for platinum deposition was found to be suitable for onion epidermal cell walls (i.e.,
no observable damage was induced); this value was therefore used in gripping the
sample.
5.3.3.4 Tensile testing under SEM
Tensile testing was performed in the same SEM environment in which the sample
was prepared and manipulated (FIB/SME FEI Quanta 3D 200). The tensile test
equipment and the sample (gripped by the platinum-deposited tape) were previously
placed into the SEM vacuum chamber (6 106 torr). The next step of the experiment was
to stretch the sample and measure the amount of displacement and the corresponding
exerted force. As described in the previous sections, the displacement was applied by the
piezoelectric actuator. Because the entire experimental setup resided within a vacuum
chamber, it was necessary to interface the piezoelectric actuator’s positive and negative
terminals to an outside voltage source from which a specific bias was applied to produce
a displacement to the free end of central shuttle beam. The experiment was initiated
under a no-load condition (0 V; zero displacement), which was followed by stepwise
incremental displacements (by increasing bias voltage in increments of 4 V, which was
determined in preliminary onion sample experiments as sufficient to produce measurable
yet sufficiently small displacements) until the sample fractured. After each displacement
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step, a hold period of 30 s was used to ensure that the fragment response had stabilized.
Figure 5.4 illustrates the method by which the sample was stretched and the deformation
of the force sensor beam was measured by the direct imaging technique using the SEM.

Figure 5.4: Measuring stretching of the sample and force sensor beam deformation. (a)
Before and (b) after stretching of the sample. P: force exerted on force sensor beam, L:
length of force sensor beam, I: moment of inertia of the force sensor beam (depends on
the cross-sectional area), and E: modulus of elasticity of the force sensor beam material.

For each stretching (displacement) step, two images were obtained; one image
was taken in the vicinity of the sample area, and the other was located at the middle of
the force sensor beam. At the sample attachment point, the two arms were at an initial
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distance of x1 apart; after stretching, the new distance was x2. Thus, the stretch x of the
sample at any step is x = x2  x1. At the no-load condition or before extension, the force
sensor beam was at an initial distance d1 from a fixed reference point. Following
stretching, the distance from the reference became d2. Therefore, the deformation d of the
load sensor beam is d = d2  d1. The x values from the experiment were later used to
calculate the sample strain, and the d values were used to calculate the corresponding
force using Eq. 1. The SEM images that were taken to measure the sample stretching (x
values) and the force sensor deformation (d values) were of a high resolution (8 bit, 1024
× 943 pixels). Subsequently, the ImageJ software program (version 1.44p, a Java-based
image processing program developed at the National Institutes of Health, USA) was used
to measure the x and d values.

5.4 Results
Uniaxial tensile tests on onion epidermal cell wall fragments were performed by
stretching (i.e., by using displacement as the input variable) in the major and minor
growth directions. In each growth direction, five onion fragment samples were used.
Herein, the major growth direction refers to the direction in which the plant cell displayed
the majority of its previous growth compared to the remaining growth direction, which is
referred to as the minor growth direction (Figure 5.5). The major and minor growth
directions are comparable to the longitudinal and transverse cell axes, respectively.
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Figure 5.5: A small patch of cell wall profile with major and minor growth directions.

The sample thickness was measured from images taken at 52 tilt (Figure 5.6a),
which does not provide true sample thickness. Therefore, a tilt correction factor of 1/cos
38° = 1.27 was used to calculate the true thickness (i.e., a thickness measured with a
tilted stage was divided by 1.27) (Figure 5.6b). The measured average thickness of 10
samples was 1.33 µm (SD = 0.56 µm). Significant variability of cell wall thickness
within a single wall fragment was observed in two of the total 10 samples. Both samples
were in the major growth direction and were excised near the edge of the cells compared
to other eight samples, which were cut from the middle of the cell wall.
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Figure 5.6: (a) Variability of cell wall thickness at different spatial location within a
single cell. The cutting and picking up of the wall fragment from the middle region of a
single cell of onion epidermal peel exposed two sides of the sample across width having
different thicknesses (1.5 µm and 1.2 µm). (b) Tilt correction to measure the true
thickness of the sample.
5.4.1 Major growth direction
Figure 5.7a shows a stress–strain plot of five samples in the major growth direction.
With the exception of the sample response plotted with the diamond symbol, none of the
samples showed any signs of yielding prior to rupture, which is a typical characteristic of
brittle materials. With close scrutiny of the stress–strain data and plots of the five
samples, it was observed that the different samples exhibited different extents of linearity
(along the strain axis). However, up to 2% strain, all five of the samples showed a
common trend of stress–strain behavior. Based on this observation, all of the stress–strain
data of the five samples at values up to 2% strain were used to construct a pooled data
plot (Figure 5.7b).
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From the pooled data plot, the modulus of elasticity was estimated to be 3.7 GPa (R 2
= 0.83). The modulus value from the pooled data were in agreement within 99.99% of the
mean of five modulus values estimated with the five samples and a strain of up to 2%
(Figure 5.1). The measured mean modulus of elasticity up to 2% strain was 3.7 ± 0.8
GPa, the mean fracture strain was 3 ± 0.5%, and the mean fracture strength was 95.5 ±
24.1 MPa.

Figure 5.7: (a) Stress–strain response in the major growth direction for five samples are
shown using different symbols. Modulus values of five samples were calculated up to 2%
strain (dotted vertical line). (b) Pooled experimental data for all five samples in the major
growth direction up to 2% strain. The solid line is the regressed linear line through origin
with R2 of 0.83.
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Table 5.1: Tensile test results in the major growth direction of wall fragment of onion epidermal
cell.

Sample
1
2
3
4
5
Mean
SD

Modulus up to
2% strain (GPa)
3.2
4.5
3.6
2.7
4.6
3.7
0.8

Fracture
strain (%)
3.3
2.2
3.1
3.2
3.2
3.0
0.5

Fracture
strength (MPa)
65.7
87.4
125.0
84.6
115.0
95.5
24.1

Sample
thickness (µm)
2.50
1.22
1.67
1.28
1.15
1.56
0.56

5.4.2 Minor growth direction
Similar to the major growth direction, five samples were tested in the minor growth
direction. Figure 5.8a shows a stress–strain plot of five samples in the minor growth
direction. In the minor growth direction, it was also observed that, after reaching a point
of 2% strain, the individual sample data sets deviated from a global linearity trend (i.e.,
the spread between individual stress–strain plots of five samples started began to
increase). Figure 5.8b shows the pooled stress–strain plot for five samples up to the point
of 2% strain. The modulus value from the pooled data were estimated to be 4.9 GPa (R 2 =
0.87), which was consistent within 98.58% of the mean of the modulus values from the
five samples within the 2% strain limit (Figure 5.2). The measured mean modulus of
elasticity in the minor growth direction up to the 2% strain limit was 4.9 ± 1.2 GPa, the
mean fracture strain was 3.8 ± 0.5%, and the fracture strength was 159.5 ± 48.4 MPa.
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Figure 5.8: (a) Stress–strain response in the minor growth direction for five samples
(shown using different symbols). Modulus values of five samples were calculated up to
2% strain (the dotted vertical line). (b) Pooled experimental data for all five samples in
the minor growth direction up to 2% strain. The solid line is the regressed linear line
through origin with R2 of 0.87.

Table 5.2: Tensile test result in minor growth direction of wall fragment of onion epidermal cell.

Sample
1
2
3
4
5
Mean
SD

Modulus up to
2% strain (GPa)
5.6
6.3
4.6
5
3.1
4.9
1.2

Fracture strain
(%)
4.1
4.4
3.8
3.3
3.1
3.8
0.5

Fracture
strength (MPa)
185.9
225.4
148.0
137.5
98.6
159.0
48.4

Sample
thickness (µm)
0.80
0.83
1.28
1.47
1.15
1.10
0.29
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5.5 Discussion
5.5.1 Sample preparation
The stress–strain behavior of wall fragments of onion epidermal cells was
investigated in this study. A rectangular or square-shaped sample ensures that the stress
(force per unit cross-sectional area) of the sample is even along the axis of the stretch. To
calculate the strain resulting from applied displacement (i.e., stretch) and the stress from
the resultant force, an accurate measurement of the length, width, and thickness of the
sample is essential. In this study, it was possible to cut the onion epidermal cell wall
fragment at nanoscale precision (<10 nm) using the FIB milling technique. The test
samples were well-shaped rectangles with a length-to-width aspect ratio of 3:1. The
entire sample preparation and tensile testing processes were performed under SEM (with
lateral image resolution of 3.5 nm). It was also possible to measure the length and width
of the sample with submicron-level accuracy.
The physical and mechanical properties of plant cell walls vary from species to
species; in a single species, these properties vary from tissue to tissue. The orientation of
cellulose microfibrils within onion epidermal cell walls changes at different growth
stages (Suslov et al., 2009; Anderson et al., 2010), and the orientation of these cellulose
microfibrils dictate the cell wall’s mechanical properties (Kerstens et al., 2001).
Therefore, it is possible that even a single cell will exhibit mechanical properties that
vary at different developmental stages. To minimize variation, we extracted cell wall
fragments from the outer epidermal cell peeled from the middle scale of a single, mature
onion (yellow onion). However, the cell wall thickness at different locations differed
even within a single wall fragment (Figure 5.6a). The variability of cell wall thickness
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was pronounced in samples that were cut near the edge of the cells, suggesting that cell
walls are thicker closer to the edge and corner of the cell. Therefore, it is important to
obtain cell wall fragments from the same location with the proper orientation for
mechanical tests even within a single cell. If these guidelines are not followed, the results
could be confounded by multiple factors, preventing the reliable inference of the stress–
strain behavior of the plant cell wall. Thus, the approach described in this study is novel
because the plant cell wall fragment was excised from a very specific location (in this
study, the middle area of the wall) in both the major and minor growth directions (Figure
5.5).
The plasma membrane was intentionally maintained in the sample; the membrane
acted as a shroud to protect the cell wall layer from direct FIB-assisted platinum
deposition. The plasma membrane is not a cell wall component, and the cuticle layer is
only found in epidermal cells; however, in this study, the plasma membrane and the cell
wall with its integrated cuticle layer were considered as a single entity. The crosssectional area of the sample was measured by considering all three layers. Accordingly,
the measured and reported mechanical properties of the cell wall fragment comprise the
plasma membrane, multiple cell wall layers of a cellulose-hemicellulose network, and the
cuticle layer. The individual contribution of each layer is beyond the scope of this study
and will be explored in a future article.
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Figure 5.9: Sample gripping confirming no slippage. The arrows indicate gripping
condition at two stages of stretch: (a) initial stretch and (b) prior to incipient fracture
strain.

Gripping is a critical issue in tensile testing and represents a major challenge in
microscale experimentation. The gripping force must be sufficiently strong to hold the
sample in place (i.e., preventing slippage). However, the gripping must not cause any
physical damage, which can lead to weakening of the sample. The traditional gluing or
gripping mechanism cannot be applied at the micro- to nanoscale, leaving few remaining
options to grip samples. The FIB-assisted platinum deposition technique was adapted to
grip the onion cell wall fragment sample. High-resolution images of the gripped regions
of all of the samples were carefully examined for the presence of any potential sample
damage; no visual evidence of any physical damage to the sample was observed.
Moreover, real-time observation of the sample and the gripped portion was performed
under SEM during the experiment to identify any signs of slippage (Figure 5.9). Based on
the image analysis, no slippage occurred. Although very limited information exists
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regarding the strength of the platinum-deposited grip, a tensile test of beetle hairs (Orso
et al., 2006b) provides indirect evidence that the platinum-deposited grip strength is as
high as 5 mN. The maximum registered force recorded during the tensile testing of onion
epidermal cell wall fragments was 1 mN, which was well below the 5 mN force reported
by Orso et al. (2006b).
5.5.2 Mechanical properties of plant cell wall fragments
Compared to the tissue-level onion epidermal cell wall profile modulus value of
59.25 ± 24.53 MPa (within the elastic limit) in the major growth direction that was
reported by Vanstreels et al. (2005), the mean measured modulus value in the major
growth direction of 3.7 ± 0.8 GPa was more than two orders of magnitude higher. In this
comparison, two issues must be addressed. First, the modulus value from the tissue-level
experiment did not directly measure the modulus value of a cell wall. Vanstreels et al.
described the relationship between cell size and shape and the stiffness of the cell wall
profile patch. Moreover, the effect of the middle lamella remains largely unknown with
respect to the overall properties at the tissue level. Second, Vanstreels et al. used
completely hydrated cell wall materials, which showed a clear viscoelastic response after
a certain range of elastic responses; in contrast, our sample was exposed to 6  106 torr
vacuum during the sample preparation and experimentation processes. Although the
extent of dehydration that occurred due to the exposure to vacuum is not known, minimal
to no signs of permanent deformation were observed prior to fracture based on the stressstrain plots in the major and minor growth directions (Figs. 7, 8). Furthermore, following
its onset, fracture grew rapidly over a small displacement, leaving a flat fracture surface
(Figure 5.10); this result suggests that the wall fragment of the onion epidermal cell
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exhibits a brittle-material-like response in vacuo. The plant cell wall can be considered as
a composite material in which highly ordered cellulose microfibrils are embedded in a
matrix of highly hydrated and less-ordered, noncellulosic polysaccharides and structural
proteins (Niklas, 1992; Cosgrove, 1997). It is intuitive that water loss will restrict the
mobility of less-ordered structural polysaccharides and structural proteins. Consequently,
the dehydrated plant cell wall in vacuo will lose a significant amount of flexibility and
become brittle compared to a hydrated cell wall. However, to understand and quantify the
contribution of the water content toward the mechanical properties of the cell wall, a
same-scale (sample extracted from a single cell) tensile experiment must be conducted
with hydrated samples at the wall fragment level

Figure 5.10: Fracture surface of wall fragment of onion epidermal cell in major growth
direction. The flat fracture surface (white arrow) without necking suggests brittle failure.

The high modulus value of the cell wall fragment in vacuo compared to that of the
hydrated plant tissue suggests that the major structural constituents (such as cellulose
microfibrils and hemicellulose) of the cell wall are very strong and stiff. When water is
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added, an extraordinary structural arrangement of cell wall polysaccharides and their
subsequent interactions may render the cell wall pliable/ductile. The requirement to be
pliable yet strong may set apart the plant cell wall from other biological materials, such as
keratin and human dentin; the dry keratin modulus value is approximately 2-fold greater
than the wet sample, and the dry human dentin modulus value is approximately 15%
higher than its corresponding wet sample (Kinney et al., 2004; Taylor et al., 2004). Based
on the reported literature values, the modulus of elasticity of dry cellulose microfibrils,
which are traditionally considered as the primary load-bearing component (Niklas, 1992),
ranges from 30 to 150 GPa (Sakurada et al., 1962; Tanaka and Iwata, 2006; Iwamoto et
al., 2009). Experimental evidence regarding the mechanical properties of other structural
polysaccharides, such as hemicellulose and pectin, is scant. Even if one considers that the
nominal modulus value of cellulose is the midpoint of the reported range, i.e., 90 GPa,
the experimental modulus value from the onion samples in vacuo was 20 to 25 times
lower. This result suggests that the stress–strain behavior of the onion epidermal cell wall
is mediated by the interaction among its structural constituents. If cellulose is considered
to be much stronger and stiffer than other polysaccharides, it is logical to infer that the
deformation behavior of a cell wall will be controlled by the weaker interactions.
The mean measured modulus value in the minor growth direction was higher than in
the major growth direction. However, the two moduli were not significantly different at
the α = 5% significance level. Conversely, the fracture strain and strength in the minor
growth direction were significantly different (at the α = 5% level) from the major growth
direction. The anisotropy of the measured properties in the minor to the major growth
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directions for the modulus, fracture strength, and fracture strain were 1.32, 1.27, and
1.66, respectively (Tables 1, 2).
Anisotropy in mechanical properties of the onion epidermal cell wall can be directly
linked to the way by which the structural constituents are arranged and interact with each
other (Baskin, 2005) in the major (longitudinal) and minor (transverse) growth directions.
The orientation of cellulose microfibrils is known to play a key role in determining the
mechanical anisotropy in onion cell walls (i.e., the adaxial onion epidermal cell walls are
stiffer in a direction parallel to the net cellulose orientation and more extensible
perpendicular to the net cellulose orientation) (Kerstens et al., 2001; Suslov and
Verbelen, 2006). Our results also indicated mechanical anisotropy at the wall fragment
level; i.e., the samples in the minor growth direction were stiffer than in the major growth
direction. However, our experiments were not coupled with the observation of net
orientation of cellulose microfibrils in the sample. Thus, it is not possible to infer whether
the mechanical anisotropy at the wall fragment level is correlated with the orientation of
cellulose microfibrils in the same manner as at the tissue level. However, we found that
within the elasticity limit, the anisotropy of the modulus of elasticity at the wall fragment
level (1.32) was much lower than at the tissue level (>3) (Vanstreels et al., 2005). At the
α = 5% significance level, the modulus values in the major and minor growth directions
were not significantly different. Because onion epidermal cells are not classic uniaxially
elongated cells (e.g., young root zone or hypocotyls), less anisotropy was expected.
However, we aimed to compare cell wall fragment-level anisotropy to the same type of
tissue-level experimental results. This result suggests that the anisotropic behavior of the
cell wall tissue may originate from parameters at a higher scale beyond the localized cell
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wall microscale fragment. Another reason for this result may be the interaction property
among cell wall structural constituents, which is assumed to be more dominant when
determining the mechanical response at the wall fragment level.
The trend of the fracture strain result at the cell wall fragment level was consistent
with the tissue-level experiments. In the minor growth direction, the onion tissue was 30–
90% more extensible (Suslov and Verbelen, 2006), whereas the onion cell wall fragments
were 30% more extensible compared to the major growth direction in this study.

5.6 Conclusions and future work
To our knowledge, this is the first study in which a plant cell wall has been
characterized under tensile loading at the wall fragment level. Within the 2% strain level,
the modulus of elasticity values of the onion epidermal cell wall fragment in the major
and minor growth directions were measured to be 3.7 ± 0.8 GPa and 4.9 ± 1.2 GPa,
respectively. The 20- to 25-fold lower modulus value of the cell wall fragment compared
to the published modulus value of cellulose microfibrils, the major load-bearing
component, suggests that the stress–strain behavior of the cell wall may be dominated by
interactions among the cell wall structural components. As expected, the onion epidermal
cell wall fragments showed anisotropic mechanical properties. However, we found that at
the wall fragment level, the mechanical properties of the cell wall were less anisotropic
than at the tissue level (at least in vacuo). At the  = 5% significance level, the modulus
of elasticity values in the major and minor growth directions were not significantly
different. We also observed that the modulus of elasticity of the dehydrated cell wall
fragment was more than 2-fold higher than that of tissue-level hydrated cell wall material.
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The nondestructive approach of sample preparation using the focused ion beam has a
novel capability to extract a plant cell wall fragment from any location within a cell while
maintaining high geometric precision. The devised external piezoelectric actuation-based
MEMS tensile testing was found to be suitable for testing fragment-level plant cell wall
samples, which required submicron-scale displacement and force resolution values. To
understand the role and contribution of the architectural interrelation of the major
structural constituents of a cell wall with respect to the overall mechanical response, we
prepared and tested plant cell wall fragment specimens in vacuo. Although the vacuum
environment did not permit the testing of the plant cell wall in a hydrated state, the
reported methodology was reproducible. However, it is noteworthy that the dry state of
the wall is analogous to the current-generation cell wall computational model (Yi and
Puri, 2012), in which major load-bearing components are assembled without considering
the effect of water. Thus, the dry state wall fragment-level results can be used to validate
such models.
Future plans include sample rehydration after it is prepared and placed on the tensile
testing device; this procedure would permit the investigation of the effect of water
content on the overall mechanical properties of a cell wall. Moreover, the characterization
of hydrated cell wall will allow us to directly compare tissue-level and wall fragmentlevel mechanical properties under similar environmental conditions. In this context, the
integration of AFM would facilitate a hydrated test environment. In addition, the
nanoscale resolution of an AFM will permit real-time observations of the change in
structural constituents during sample stretching. In addition, a plant cell wall, from which
structural constituents are extracted selectively by enzymatic or genetic modification, can
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be tested to determine the role and contribution of individual load-bearing components
toward the overall cell wall mechanics. The methodology proposed in this study will also
lay the foundation for the investigation of the mechanical properties of nanoscale
structural constituents, such as cellulose microfibrils, under tensile loading.
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6.1 Abstract
Premise of the study: The cells in plant tissue are joined together by a distinct layer called the
middle lamella (ML), which bridges the gap between the subcellular- and tissue-scale mechanical
properties. However, the nanoscale size of the ML presents formidable challenges to its
characterization as a separate layer. Consequently, the mechanical properties of the ML under
tensile loading are as yet unknown.

82

Methods: Here, we characterize the ML from a subcellular sample excised from two adjacent
cells and composed of two wall fragments and a single line of ML in between. Two techniques,
cryotome sectioning and milling with a focused ion beam, were used to prepare ML samples, and
tensile experiments were performed using microelectromechanical system (MEMS) tensile
testing devices.
Key results: Our test results showed that even at a subcellular scale, the ML appears to be
stronger than the wall fragments. There was also evidence that the ML attached at the corner of
cells more strongly than at the rest of the contact area. The contribution of the additional ML
contact area was estimated to be 40.6 MPa. Wall fragment samples containing an ML layer were
also significantly stronger (p < 0.05) than the wall fragments without an ML layer.
Conclusions: The tensile properties of the ML might not have a major impact on the tissue-scale
mechanical properties. This conclusion calls for further study of the ML, including
characterization under shear loading conditions and elucidation of the contributions of other
extracellular parameters, such as cell size and shape, to the overall tissue-level mechanical
response.

6.2 Introduction
Cells in plant tissue adhere to each other by a distinct layer called the middle lamella
(ML). Along with the plant cell wall, the ML is believed to play a very important role in
maintaining the structural rigidity of a plant. The macroscale mechanical properties of
plant tissues are the manifestation of the mechanical properties of the cell wall, the size
and shape of the cells (Zdunek and Umeda, 2005), and how strongly the cells adhere to
each other through their ML (Waldron and Brett, 2007). Therefore, the mechanical
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responses measured using tissue- (or larger) scale specimens include the mechanical
responses from the cell wall as well as its interaction with other cells through the ML.
Recently, Zamil et al. (2013) measured the mechanical response of cell wall fragments;
however, these measurements did not include the effect of the ML. Without a quantitative
understanding of the ML mechanical properties, it is not feasible to computationally
predict the mechanical properties of cell wall fragments on larger scales, such as a tissue
or an organ.
The ML layer is formed between two daughter cells (Albersheim et al., 2010) during cell
division in cytokinesis. From its inception, the ML keeps the newborn cells attached to
each other during their growth. Other than a few exceptions of intrusive growth such as
elongation of sclerenchyma fibers (Snegireva et al., 2010) and invasive growth of pollen
tubes (Sanati Nezhad and Geitmann, 2013), the adjacent cells grow in a very wellcoordinated fashion so that two cells do not slide past each other (Knox, 1992). Although
it is not clear how such well-concerted growth of a cluster of cells is possible, Jarvis et al.
(2003) mentioned that this process requires the absence of shear resistance at the ML
line.
For both woody and nonwoody plants, structural strength is fundamentally dependent on
the mechanical properties of ML (Jarvis and McCann, 2000). Bending-induced shear
stresses between adjacent cells of woody material are supported by the lignified pectic
ML (Hafrén et al., 2000). In tissues consisting of cells with primary cell wall, the ML
must resist tensile stresses that develop due to the turgor-induced cell separation forces.
These stresses are comparable to the stresses developed at the cell wall (Jarvis, 1998).
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Like the plant cell wall, the mechanical properties of the ML also depend on the
arrangement of and interactions between its structural components. Four types of crosslinking are reported in the literature as possible contributors to the mechanical responses
of the ML (Parker et al., 2003; Waldron and Brett, 2007): (1) calcium ion cross-linking of
low-esterified homogalacturonan (HG), (2) ester bonds, (3) alkali-resistant covalent or
intermolecular linkages (Pectin chains connect to hemicellulose or cellulose of the cell
wall of adjacent cells.), and (4) ferulate cross-links between the side chains of
rhamnogalacturonan I (RGI).
In tissue-scale mechanical characterization, cells are generally assumed to adhere very
strongly to each other so that the ML has little or no effect on the overall mechanical
responses (Keckes et al., 2003). In other words, the weaker cell walls play the major role
during extension and/or growth. The experimental evidence that supports this hypothesis
is the observed fracture of a plant tissue across the cell wall (i.e., Fracture does not occur
along the ML line [Parker et al., 2001]). Although plant tissue exhibits controlled
abscission or cell separation when the ML is biochemically modified (Jarvis et al., 2003),
for tissue with an unaltered ML, the walls seem less strong than intercellular adhesion.
However, due to the nanoscale size of the ML (Blumer et al., 2000), we currently have
little or no information about its mechanical behavior as an interfacial layer between two
cells. A proper understanding of the mechanical properties of the ML is crucial in
studying how the tissue-level mechanical properties emerge from the subcellular-level
mechanical properties. Such knowledge is essential in a multiscale computational study
of multicellular organisms.
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Compared with the primary wall, the secondary wall ML is more accessible. With the use
of an AFM-based nanoindentation technique, some mechanical properties of the
secondary wall ML were reported; these studies reveal that the ML is not as stiff as the
cell wall material (Clair et al., 2003; Wimmer and Lucas, 1997). These experimental data
raise the question of whether the ML is weaker or stronger than the cell wall when it is
subjected to external loading. If the ML is less stiff, why does the fracture appear across
the cell wall? The hierarchical architecture of the cells at different scales sheds light on
this issue. For example, in tissue-scale experiments involving both the cell wall and the
ML, the shape, arrangement, and intercellular arrangements of the cell contribute greatly
to the overall mechanical responses (Konstankiewicz et al., 2001; Vanstreels et al., 2005;
Zdunek and Umeda, 2005; Alamar et al., 2008; Gibson, 2012).
Nonetheless, those studies did not measure the mechanical properties of the ML
quantitatively. Due to its nanoscale dimensions, the ML is extremely difficult to access,
separate as an isolated layer, or place and bond onto devices for mechanical testing.
Characterization of the ML in the literature is scarce or nonexistent other than the
previously mentioned AFM-based nanoindentation test on woody materials (Wimmer
and Lucas, 1997; Clair et al., 2003), and mathematical modeling efforts used to estimate
cell separation forces from internal turgor pressure in soft tissue (Jarvis, 1998). To have a
clear understanding of the mechanical properties of the ML and to minimize the
confounding factors associated with tissue level experiments, we need to characterize the
mechanical properties of the ML as an isolated layer that can be subjected to mechanical
loading. However, with current technology, it is not feasible to isolate a nanoscale, intact
ML from a plant tissue specimen for direct mechanical testing.
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Considering such a limitation, this study attempts to characterize the ML’s mechanical
properties using an ML sample prepared by cutting a subcellular scale fragment from two
adjacent cells of onion outer epidermal peel. Two sample preparation techniques were
adapted: (1) cryotoming and (2) focused ion beam (FIB) based technique introduced in
Zamil et al., 2013. The samples so prepared were composed of cell wall fragments from
two adjacent cells with a single line of ML between them. These ML samples were then
subjected to a load, stretching them until fracture. From the fracture, an estimate of the
tensile strength of the ML compared with the wall fragment section could be obtained.
For further quantitative characterization, the area of the ML line was varied using a
focused ion beam (FIB) milling technique, and changes in mechanical responses were
investigated. Mechanical characterization was carried out using a microelectromechanical
system (MEMS) tensile testing device from no load until failure under tensile loading. To
our knowledge, this is the first time that the ML has been characterized under tensile
loading.

6.3 Materials and Methods
6.3.1 Materials
The outer epidermis was peeled away from the middle scale of onions (Allium
cepa L.; Amaryllidaceae) purchased from a local grocery store. This peeling technique
exposed a single layer of cell wall profile composed of a two-dimensional array of broken
cells firmly attached to each other by the ML (Figure 6.1a).The protoplasmic liquid and
proteins were gently washed away from the cell wall profile patch with room temperature
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water. The patch was then cut to smaller dimensions before the two methods were used to
prepare the ML samples for subsequent mechanical testing using MEMS.

Figure 6.1: (a) Profile of outer epidermal peel of onion. The polygon shows how a single
cell is attached to adjacent cells by the middle lamella (ML). Curved red line shows the
trend of a continuous line of ML across a tissue. Area marked by black box is detailed in
panel B. (b) The raised wall in the ML sample cut from two adjacent cells. (c) Schematic
of the ML sample, which is composed of two cell wall fragments (CWFs) from two
adjacent cells and ML in between. The ML samples cut from the peel have an additional
raised-wall contact area, which was milled using FIB to prepare leveled-wall ML
samples.

6.3.2 Method
As mentioned before, two methodologies for sample preparation and testing were
used to characterize ML mechanical properties. First, a cryotome technique was adapted
to excise subcellular scale ML samples from an onion epidermal peel in a major growth
direction. Herein, the major growth direction is defined as the direction in which cells
grow more compared with the orthogonal direction, which we define as the minor growth
direction. The cryotomed ML samples allowed stretching tests of the hydrated state to be
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performed using an optical microscope. Using our FIB-based test protocol (Zamil et al.,
2013), the subcellular scale samples can be prepared and tested with scanning electron
microcopy, which introduces a vacuum, therefore drying the samples. Thus, for wet
sample tests, sample preparation and the actual test needs to be done with an optical
microscope, which presents additional technical challenges. With the cryotome-based
sample preparation technique to prepare subcellular-scale, never-dried wet samples,
however, technical hurdles on force sensing with appropriate resolution still exist to do
quantitative tensile tests with an optical microscope. Note that these samples inherently
had a raised wall at the line of the ML (Figure 6.1b), confounding the comparative study
of the ML with the cell wall fragment that has a smaller cross-sectional area. This
problem led us to adapt the FIB-based sample preparation technique, by which the raised
wall portion was milled, resulting in a ML sample with a leveled wall and the same crosssectional area along the entire sample length (Figure 6.1C). Using both sample
preparations was advantageous, as removing the additional ML contact area allowed us to
investigate the quantitative contribution of ML to the overall mechanical response. For
the raised and leveled-wall study of ML, samples were only prepared and tested under
tensile loading along the longitudinal or major growth direction. For the anisotropy in
onion epidermal cells’ shape and mechanical properties (Zamil et al., 2013), the ML
along the major growth direction was considered to be the predominant tensile loadbearing direction.
6.3.2 Cryotomed ML sample preparation and stretching test
Freshly peeled onion outer epidermal profile was placed in a plastic mold
perpendicular to the desired cut direction (major or minor growth directions). A small
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portion of onion scale was left with the peeled-off profile to act as a support to keep the
sample in a specific orientation. Cryomatrix (Richard-Allan Scientific, Kalamazoo, MI)

solidified the matrix.

Figure 6.2: (a) Microstretching device (MEMS) with the fixed and moving ends. (b) A 35
µm wide microtomed sample, an array of wall fragments and a line of the middle lamella
(ML) in between adjacent cells, is placed on the stretching device. (c) The samples were
gripped using glue on both sides in such a way that the effective test samples are
composed of two wall fragments from two adjacent cells and a single line of the middle
lamella (ML) in between. (d) After the glue had set, the samples were stretched from noload to failure while viewing with an optical microscope. For all five tests, the samples
fractured at the wall fragment area.
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The solid matrix cube with sample was microtomed using a Shandon Cryotome
(Model # 77200187, Kalamazoo, Michigan, USA). Samples of 35 µm wide were cut both
along the major and minor growth directions. The length of the samples was kept at a few
millimeters for ease of manipulation with the optical microscope. The samples were then
collected in a container of deionized (DI) water and stored in a refrigerator. The cryostat
matrix dissolved in the water, and the samples were later picked from the container using
a pointed tip precision tweezers. Samples thus prepared were similar to near-fresh cut
onion epidermal profile slices.
The cryotomed slices were washed further in fresh DI water and placed between
the fixed and movable arms of a piezoelectric-based stretching device (Figure 6.2a). Grip
was established using cyanoacrylate glue (Gorilla Glue, Cincinnati, Ohio, USA).
Although the samples were an array of many wall fragments with a single line of ML
(Figure 6.2b) between adjacent cells, the test sample was composed of two wall
fragments from two adjacent cells with a single line of ML in the middle (Figure 6.2c).
After the grip was set, the samples were stretched at a rate of 1.9 µm/s from slightly taut
to failure (i.e., fracture). It took 15–20 min from removing the samples out of the DI
water bath and to initiating the stretching test. All the experiments were done within 4 d
of cryotoming.
6.3.3 Focused-ion-beam cutting of raised- and leveled-wall ML samples and
characterization under tensile loading
We prepared and characterized the subcellular-scale samples for testing tensile
strength with the MEMS method as already reported (Zamil et al., 2013). There were four
major steps for raised wall sample preparation and characterization: (1) cutting the ML
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sample using a focused ion beam (FIB), (2) picking and placing the sample using a threeaxis micromanipulator, (3) gripping the sample, and (4) testing using a MEMS tensile
testing device from no load until failure (Figure 3a–D). Platinum-assisted deposition was
used for picking and placing and for gripping the sample to the test device.
The additional step for the leveled wall sample was to mill a portion of the raised
wall using FIB to make the cross-sectional area of the ML the same as the adjacent cell

Figure 6.3: (a) Cutting the sample that includes wall fragments from two adjacent cells
and the middle lamella (ML). (b) Picking the sample using focused-ion-beam (FIB)assisted platinum deposition. (c) Placing the sample on MEMS chip central shuttle
between moving end and force sensor beam. (d) Gripping of sample by FIB-assisted
platinum deposition at the ends and carrying the test by stepwise incremental
displacement loading. (e) Detailed view of the raised wall of ML sample. The curved red
line shows the wall thickness profile at the corner of the cell and the ML area with the
white arrow, indicating thicker wall compared to other portions of the cell wall. (f) After
milling the raised wall, the leveled ML wall sample with .the same cross-sectional area as
the adjacent cell wall fragments.
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wall fragments (Figure 6.3F). To mill the raised side wall from the sample, the MEMS
tensile testing device was attached with a custom-designed base block, which could
accommodate the MEMS extensometer both at 00 and 450 planes (Figure 6.4a).This
screw arrangement ensured that the device would be firmly attached at any inclination
during the pick-and-place and raised wall milling steps. The FIB column and the sample
stage were tilted to ensure that the FIB is parallel to the sample stage. Therefore, it was
possible to mill the raised portion of the wall without damaging the sample (Figure 6.4b).
The resulting sample is referred to as a “leveled wall” ML specimen, whereas original
samples are referred to as having a “raised wall”. Five ML samples with the raised and
five with leveled walls were tested from no load until failure.
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Figure 6.4: (a) The custom-designed base block with 00 and 450 planes. The MEMS
microextensometer can be attached firmly with the screw mechanism at both planes.
Inset: sample placement area with ML of a raised-wall sample. (b) Microextensometer at
450 plane. At negative 70 tilt, the horizontal plane of the sample becomes collinear with
the ion beam direction. The inset shows the sample view to the ion beam. With this
arrangement, it was possible to target only the raised-wall of the sample for milling-off
without damaging the test sample area.

6.4 Results
6.4.1 Comparative strength study of stretching cryotomed samples under tensile
loading
The purpose of the cryotomed prepared wet samples study was to investigate the
compare the strength of the ML contact line with that of the wall fragments. Here,
“strength” refers to the resistance to fracture. The samples were stretched from no load
until failure, and from the failure location, we inferred whether the ML contact area can
resist more tensile load compared with the wall fragment. In all five instances, the
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fracture appeared in the wall fragment area and not along the ML (Figure 6.2d); i.e., the
ML contact area appeared stronger than the wall fragment area

Figure 6.5: (a) Stress–strain plot of five samples with raised wall. (b) Pooled
experimental data up to 2% strain.
6.4.2 Stress–strain behavior of the FIB-cut, raised wall and leveled wall samples
under tensile loading
Five samples with raised walls and five samples with leveled walls were stretched
from no load until failure. The leveled walled samples allowed the study of the ML
contact area that had the same cross-sectional area as that of the wall fragment, and the
comparative study of raised and leveled walls allowed the estimation of the contribution
of ML raised wall contact area. Because both the force and deformation were registered
while the samples were being stretched, the stress–stain behaviors of the FIB-cut raised
walls and the leveled walls could be compared. Sample thickness, width, and length were
directly measured from the micrograph of the each sample, as detailed in our previously
published paper (Zamil et al., 2013). The values were then averaged for five replications
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Figure 6.6: Fracture behavior of raised-wall and leveled-wall samples. (a) For the raisedwall samples, fracture always appeared at the fragment area. (b, c) For the leveled-wall
samples, fracture appeared mostly in the fragment area but also at the ML.
Figure 6.5 shows the stress–strain responses of five replicates of the raised wall
ML samples, which is the same number of samples used by Zamil et al. (2013). The
average fracture strength and strain were 335.1 ± 70.8 MPa and 3.7 ± 0.7%, respectively.
From the region within 2% strain in the pooled data, the elastic modulus value was
calculated to be 10.6 ± 3.2 GPa. The fracture strength is the measure of the maximum
stress (force per unit area) that a sample can withstand before fracture, strain is defined as
“deformation/ sample initial length”, and modulus of elasticity is the slope of the stressstrain plot within 2% strain. A sample having higher modulus value means that sample is
stiffer; i.e., needs more force (stress) for a specific amount of deformation (strain). For all
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five instances of the raised wall ML samples, the fracture appeared at the wall fragment
area (Figure 6.6a).

Figure 6.7: (a) Stress–strain plot of five samples with leveled wall. (b) Pooled
experimental data up to 2% strain.
Figure 7 shows the stress–strain behavior of the ML samples (n = 5) with leveled
walls. The measured fracture strength and strain were 276.1 ± 38.0 MPa and 3.9 ± 0.7%.
From the region within 2% strain in the pooled data, the elastic modulus value was
calculated to be 7.6 ± 2.8 GPa. For leveled wall samples, the fracture appeared at the ML
line in two instances out of five (Figure 6.6b, 6c).
Table 1 and Table 2 show the compilation of mechanical properties of FIB-cut,
raised and leveled wall samples of the middle lamella, respectively. The tables also
include physical properties such as thickness of the samples and the area of the raised
wall (only for raised wall samples, leveled wall samples do not include raised wall). By
comparing the mechanical properties of raised and leveled walls, the following two
differential parameters were measured to estimate the load-bearing contribution of the
contact area of the raised wall ML under tensile loading.
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(1) Differential fracture force = Mean fracture force of raised wall ML sample Mean fracture leveled wall ML sample = (2.18 – 1.53) mN = 0.65 mN
(2) Differential fracture strength = Mean fracture strength of raised wall ML
sample - Mean fracture strength of leveled wall sample = (335.1 – 276.1) = 59.0 MPa
TABLE 6.1. Mechanical properties of raised-wall middle lamella (ML) samples cut with a
focused-ion beam (FIB).

Sample
thickness Raised-wall Fracture
Sample (µm)
area (µm) force (mN)
1
1.15
21.4
2.14
2
1.53
19.7
2.83
3
1.04
36.0
1.94
4
1.02
29.7
2.02
5
1.92
40.8
1.97
Mean
1.33
29.5
2.18
SD
0.39
9.1
0.37

Fracture
strength
(MPa)
372.1
376.5
349.4
367.6
209.8
335.1
70.8

Modulus of
Fracture strain elasticity (E)
(%)
(GPa)
3.5
12.3(0.96)*
2.9
15.3 (0.99)*
4.0
7.2 (0.96)*
4.7
9.2 (0.97)*
3.1
9.1 (0.97)*
3.7
10.6
0.7
3.2

*R2 value

TABLE 6.2. Mechanical properties of leveled wall samples cut with a focused-ion beam (FIB).

Sample
1
2
3
4
5
Mean
SD

Sample
thickness
[µm]
0.96
1.08
1.03
1.92
2.05
1.41
0.53

Fracture
force
[mN]
1.50
1.25
1.43
2.54
0.91
1.53
0.61

Fracture
strength
[MPa]
301.9
236.9
326.2
243.6
272.0
276.1
38.0

Fracture
strain [%]
4.2
4.0
4.6
2.7
3.8
3.9
0.7

Notes: E = modulus of elasticity; R2 value is in parentheses

E [GPa]
(R2)
11.8 (0.95)
4.4 (0.95)
6.4 (0.83)
8.4 (0.93)
7.3 (0.92)
7.6
2.8
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TABLE 6.3. Comparison of mechanical properties of sample with the middle lamella (ML) and
wall fragment extracted from the middle of a cell, i.e., without the ML.

Sample
Wall fragment (Zamil
et al, 2013)
ML with raised wall
ML with leveled wall
a

Modulus of elasticity
(GPa)
3.7 ± 0.8

Fracture strength
(MPa)
95.0 ± 70.8

10.6 ± 3.2 (213.5%) a
7.6 ± 2.8 (108.1%) a

335.1 ± 70.8
(252.7%)
276.1 ± 38.0
(190.6%)

Fracture strain (%)
3.0 ± 0.7
3.7 ± 0.7 (20.0%) a
3.9 ± 0.7 (26.6%) a

Percentage increase over the wall fragment value

6.5 Discussion
6.5.1 Is the ML contact area between two cells stronger than the cell wall fragment?
The results from never-dried cryotomed samples and the FIB-cut sample with
raised walls clearly suggest that the ML contact area between two cells is stronger than
the wall fragment sections. This result is in agreement with the tissue level experiments,
where the fracture occurs across the cell wall and not at the ML line (Parker et al., 2001).
Although we reached the same conclusion, compared with tissue level studies, our
technique of excising ML sample from two adjacent cells was unique for two reasons: (1)
all the extracellular parameters (e.g., cell shape, size, and arrangements) were eliminated,
and (2) the serpentine line of the ML across tissue sample (Figure 1a) was not an issue,
both of which make it difficult to interpret the fracture behavior of a tissue sample. With
a single line of ML (Figure 6.2) in cryotomed and FIB-cut samples, we could compare
the strength of the ML to wall fragment with more confidence.
For the comparison of the strength of the ML to wall fragments, however, there
was an inevitable complication of the “raised wall” in the ML samples (Figs. 6.1, 6.3),
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which does not allow the aforementioned claim of the ML being stronger than wall
fragment to be conclusive. The average raised wall contact area of the ML between two
adjacent cell wall fragments was 29.5 ± 9.1 µm2, which was more than four times larger
compared with the wall fragment cross-sectional area, which is 6.8 ± 1.7 µm2. This is
intuitive that the additional ML contact area due to raised wall will overestimate its true
facture strength. The contribution of the raised wall was decoupled by testing the leveled
wall ML samples with the same cross-sectional area across the entire specimen. Yet, in
three of five cases, the fracture still appeared at the wall fragment area, from which it can
be inferred that even in a leveled wall sample, the likelihood is high that the fracture
strength of the ML will be greater than that of the wall fragment. It is important to
mention that the preparation of leveled wall samples requires an extra submicron
precision FIB milling step. Although, a custom-made base block was designed (Figure
6.4) to assist screw-clamped mechanism for the samples to stay fixed at a location, there
were still issues of charging of the samples, which sometimes moved the focused ion
beam target. Thus, compared with the wall fragment, the ML area was more susceptible
to beam damage, even though three replications suggested wall fragment fracture rather
than ML. Furthermore, considering the beam damage probability of the leveled wall
sample, the authors are more inclined to infer that the ML is likely to be stronger than the
wall fragment area. However, more replications would definitely have helped to give us
greater confidence in the inference, but the technological challenges associated with the
experiments did not permit more replications.
The ML consists of pectic polysaccharides (Jarvis et al., 1984) and proteins
(Smallwood et al., 1994). Although, along with cellulose and hemicellulose, pectin is a
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major component of the cell wall and the ML, and its contribution to the overall
mechanical response is not well understood. Pectin’s absence in most of the
nonstretchable secondary wall suggests that it serves as a wall matrix that mediates cell
wall stretching (Verhertbruggen and Knox, 2007). From the perspective of pectin being a
stretchable gel-like matrix, it is intuitive to consider the ML to be more pliant and less
strong when compared with the wall fragment (The cell wall is envisioned as a composite
of strong cellulose microfibrils impregnated into a matrix of hemicellulose and pectin
[Cosgrove, 1997]). However, in this study, both the never-dried, freshly cut onion
epidermal samples and the vacuum-exposed, FIB-cut samples suggest that the ML
contact between two adjacent cells is stronger than the wall fragment itself. The type of
pectic polysaccharide cross-linking involved in such strong adhesive strength is beyond
the scope of this study. However, homogalacturonan (HG), which makes up more than
60% of the pectic polysaccharides of the ML (Caffall and Mohnen, 2009), is reported to
be directly related to the mechanics of cell adhesion (Mouille et al., 2007). Although the
mechanism is not fully understood, experimental evidence has shown that the negatively
charged HG cross-linked by Ca2+ plays a vital role for the ML mechanical properties
(Jarvis et al., 2003; Marry et al., 2006; Wolf et al., 2009). In our comparative fracture
strength study of the ML samples prepared by the cryotomed technique, the samples were
incubated in deionized water for up to 4 d, which likely causes leakage of Ca2+ and,
therefore, changes in mechanical properties in the ML. However, our results indicate that
the storage of sample up to 4 d in deionized water in a refrigerator does not affect the
comparative fracture strength. As mentioned before, the purpose of cryotomed prepared
wet sample study was to investigate the comparative strength of the ML with respect to
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the wall fragment. For the quantitative stress–strain analysis of the ML, we relied on the
FIB-cut, raised- and leveled-wall study, which will be discussed in the next section. From
the observation on the comparative fracture strength, it seems that if Ca2+ did leak, then
it weakened both ML and wall fragment simultaneously, and therefore, was not reflected
in the comparative fracture strength study. Furthermore, if the degree of polymerization
of HG (~100) (Wolf et al., 2009) and the thickness of the primary cell wall ML (~20 nm)
(Blumer et al., 2000) is considered, it is possible that the HG chain bridges across the ML
layer. In this case, the backbone of HG with α-(1–4)-linkages can engage in load bearing;
their disassociation energy is stronger than the cell wall.
6.5.2 Understanding the mechanical properties of the middle lamella from the FIBcut, raised- and leveled-wall mechanical responses
The raised wall samples can be considered to be composed of two parts (Figure
6.1C): (1) the leveled wall of same cross-section along the length (sample micrograph in
Figure 6.3F) and (2) the raised wall wherein the sample area increases in the ML vicinity
(sample micrograph in Figure 3e). Because the middle lamella is a nanoscale layer, it can
be considered as a contact interface between the two cell wall fragments of adjacent cells.
Thus, the raised wall section adds extra contact area. The additional contact area was
measured from the micrograph of each ML sample with a raised wall by multiplying the
height and the width of the ridge that the raised wall creates at the middle (Figure 6.3d).
The average of the additional contact area from the five samples was measured as 29.5 ±
9.1 µm2. In studying the mechanical properties of the ML, it was considered that any
change in mechanical responses due to the raised wall compared with the leveled wall
must be due to this additional ML contact area.
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For an average 29.5 µm2 of additional ML raised wall area (compare with 6.8 ±
1.7 µm2 for the leveled wall contact area), the fracture strength and modulus value
increased by a factor of 1.2 and 1.4, respectively. However, the fracture strains from the
raised- and leveled-wall ML samples were almost the same (3.6% and 3.8%).
Considering that the length of ML along the stretching direction is minimal [20 µm
(sample length)/20 nm (ML length) = 1000], as expected, the stretching behavior was
dominated by the wall fragment area.
From the differential fracture force for the raised and leveled walls, it was also
calculated that the 29.5 µm2 additional contact area of the ML contributes 0.65 mN of
force. This force is equivalent to carrying an equivalent stress of 22.2 MPa (0.65 mN/29.5
µm2). However, this differential force technique does not consider the cross sectional
area of the samples, which assumes the ideal case where both raised- and leveled-wall
samples have the same sample thickness, whereas plant cell walls show a great deal of
variability in thickness. In this study, the average leveled wall thickness (1.4 ± 0.5 µm)
was higher compared with the raised wall sample thickness (1.3 ± 0.4 µm), which makes
the differential force technique to underestimate the additional ML contact area
contribution. Normalizing the force by the sample’s cross-sectional area led to the use of
differential fracture strength, which was utilized to estimate the contribution of the
additional ML contact area as 59.0 MPa. However, as the stresses on the raised wall
samples were calculated using the thickness of the wall fragment area, the differential
fracture strength method overestimates the contribution of the additional ML contact
area. The calculation with the differential force underestimates the contribution of the
additional ML contact area (22.2 MPa), thus considered to be the lower limit, and the
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calculation based on the fracture strength difference overestimates the contribution of
additional ML contact area (59.0 MPa), thus considered to be the upper limit. By
averaging the upper and lower limits, we estimated the contribution of the ML contact
area as 40.6 MPa [(22.2+59.0)/2]. This load-bearing contribution of the extra raised wall
ML area seems to be an underestimation when compared with the leveled wall ML
average fracture strength of 276.1 ± 38.0 MPa. Note that this value is the minimum
amount of stress that any cross-sectional area of leveled wall sample, which includes the
ML layer, is supposed to carry before fracture. This observation agrees with the findings
that the ML at the edge of the cell might be stronger than throughout the rest of the
contact area of the ML (Parker et al., 2001). It is possible that a portion of the area near
the edge dominates the load bearing compared with the rest of the ML raised wall contact
area.
6.5.3 Wall fragment sample with ML is stronger and stiffer compared with a sample
extracted from the middle of the cell
Because of the limited number of replications of the experiment, the differences
in measured mechanical properties between the wall fragment samples with raised and
leveled middle lamella and without middle lamella excised from the middle of the cell
were compared with a nonparametric statistical test (Zamil, et al., 2013), a two-tailed
Mann-Whitney U test in the program R 3.01 (R Development Core Team, 2013).
Compared with the wall fragment results in the major growth direction excised from the
middle of the cell (Zamil, et al., 2013), the wall fragment samples with ML along the
same direction differed significantly in fracture strength [W(13) = 50, p < 0.01] and
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modulus value [W(13) = 48, p < 0.05], whereas no significant differences in fracture
strain [W(13) = 39, p > 0.05, Table 3 with raised and leveled wall samples.
Our results suggest that the ML contact area between two cells is stronger
compared with the wall fragment, meaning that two wall fragment samples joined by a
very thin line of the ML should predominantly behave like a wall fragment itself. In other
words, wall fragment samples with or without ML should behave in a similar fashion.
The biological variability could be an important factor for the difference in mechanical
properties of the samples with ML and the one extracted from the middle of the sample,
i.e., without the ML. The comparison was made based on a previously published results,
thus samples were from two different onions. However, it is unlikely that biological
variability is the only reason for a more than 3-fold increase in strength and modulus
considering the standard deviation of the measurements. When the samples from the
middle of the cell wall with ML are closely examined (Figure 6.3e), we observe that the
sample with ML gradually thickens along its length approaching the interface of the two
cells. Thus, in the ML area, the profile creates a dome shape with maximum thickness.
Although, when calculating fracture strength, the area was normalized to account for the
thickness issue, the contribution of shape and wall thickness is still unknown. However,
we do know that the geometry and/or architecture of a sample greatly affects the
mechanical strength. The leveled-wall ML samples, in which the raised-wall dome was
milled-off, suggest a similar situation. Another possibility is the mass density of the
cellulose microfibril, the main load-bearing component (Endler and Persson, 2011), is
greater at the wall corner and/or near the ML compared with the other regions of the cell,
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which makes the ML sample stronger and stiffer. It was observed that in most instances,
for both raised and leveled walls, the fracture appeared away from the ML.

6.6 Conclusions and future work
Our results, from both the hydrated, microtomed and the vacuum-exposed, dry,
samples that were cut with the FIB, showed that the ML contact area between two cells is
stronger than the rest of the cell wall fragment. The results from the leveled wall also
suggested that the likelihood of the strength of the ML being more than the wall fragment
area is quite high. That being the case, it would be interesting to see which extracellular
parameters, such as cell shape, size, and middle lamella are stronger contributors to the
tissue-scale mechanical properties. It should be noted that this study focused on the
tensile properties of the ML, whereas a tissue under tensile loading also exerts shear
stress along the line of the ML. For tissues such as the onion epidermal peel, with cells
that grow more in one direction, shear stress is anticipated to play an important role if the
tissue is stretched under tensile loading (Figure 1). In a plant tissue growing under turgor
pressure, which has a biaxial nature, both tensile and shear stresses are prevalent and
important. Therefore, these tensile experiments provide only partial insights into the
mechanical functionality of the ML.
From the results of the raised- and leveled-wall ML experiments, it was inferred
that the ML at the corner might play a major role in structural integrity. By comparison of
failure stresses of samples with and without a raised wall, we estimate that the additional
area of the raised wall in the ML sample provides an extra stress-carrying capacity of
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40.6 MPa. This is an increase of approximately 14.7%. The fracture strength, strain, and
modulus values (within 2% strain) of raised wall samples were 335.1 ± 70.8 MPa, 3.7 ±
0.7%, and 10.6 GPa, respectively; the corresponding values for leveled-wall samples
were 276.1 ± 38.0 MPa and 3.9 ± 0.7%, and 7.6 GPa, respectively. When they are
compared with the wall fragment results in the major growth direction (Zamil, et al.,
2013) excised from the middle of the cell, the wall fragment samples with the ML along
the same direction differed significantly in fracture strength [W(13) = 50, p < 0.01] and
modulus value [W(13) = 48, p < 0.05], whereas no significant differences in fracture
strain [W(13) = 39, p > 0.05, Table 3] with raised and leveled wall samples. Therefore,
we concluded that the ML samples (both raised and leveled wall) are stronger than wall
fragment excised from the middle of the sample.
The difference in mechanical properties at different spatial location of the cell
wall is of great importance to scale-up the subcellular level mechanical responses.
Previously published data for wall fragment mechanical properties at the middle of the
cell (Zamil et al., 2013) and the wall fragment at the cell corner with ML will provide
important data for development of a multiscale computational model of the plant cell
wall, which is an ongoing aim of our group. Comparison of the wall fragment with and
without ML suggested that, for scaling-up of the subcellular scale mechanical properties
to a higher scale, different material properties need to be assigned at different locations of
the cell wall. One of our short-term objectives is to perform a sensitivity analysis (using a
multiscale computational approach) of the extracellular parameters’ contributions to the
tissue-scale mechanical response. The present study is indispensable for accomplishing
this goal by providing important insights and a framework for characterizing the ML with
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sufficient precision. Our future work will also include the study of hydrated and
enzymatically modified wall fragments, as well as characterization of ML extracted from
wild and mutant plants (both in major and minor growth directions), to elucidate the
ML’s biochemical composition and functionalities. Currently, we are in the process of
developing a microextensometer and test protocol that would be compatible with optical
or fluorescence microscopy with enough precision to measure ML’s mechanical
responses in different environmental conditions.
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Chapter 7
Mechanical properties of plant cell walls at subcellular scale- the implication
of water and boundary of middle lamella

7.1 Abstract
Subcellular scale mechanical properties of plant cell walls are not confounded by the
extracellular parameters and intercellular adhesion, which can provide important insights of its
functional organization. However, due to technical challenges associated with microscale
mechanical characterization of soft biological materials, the subcellular scale investigation of
plant cell wall under tensile loading is yet to be properly understood. This study reports
mechanical characterization of primary plant cell wall extracted from onion epidermal cell wall
profile by a novel cryosection-based sample preparation and microelectromechanical system
(MEMS) based tensile testing protocol. Like tissue sample, the cell wall at subcellular scale
showed biphasic material behavior. However, instead of a transition zone between linear elastic
or viscoelastic and linear plastic zones, the subcellular scale samples showed plateau-like trend
exhibiting sharp drop in modulus value. The critical ranges of stress (20-40 MPa) and strain (5-3

12%) of the plateau zone were identified. The strain energy of 1.3 MJ m calculated from the

critical stress-strain range was in accordance with the previously estimated hydrogen
bond energy in cell wall. It was also observed that subcellular scale sample shows very
large lateral/axial deformation (0.8±0.13) at fracture, from which an estimate of the free
space in the wall network was made. In addition, by investigating the wall mechanical
properties at three different water states it was suggested that the contribution of water is
critical for flow-like behavior of matrix polymers. An attempt was made to provide new
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insights of biological materials having structural hierarchy at different length scales
otherwise not possible from tissue scale experiments.

7.2 Introduction
With the advancement of molecular spectroscopy and decades of study, the
structural polysaccharides and proteins of cell walls have been well characterized from
compositional and biochemical structure stand points (Harris and Stone, 2008; Caffall
and Mohnen, 2009; Burton et al., 2010; Keegstra et al., 2010; Park and Cosgrove, 2012a).
However, once self-assembled in a three-dimensional network of structural constituents,
how a cell wall performs as a functional ensemble is not yet well understood. This is
pivotal from the perspectives of plant cell biology, i.e., commercial use of the cell wall
biopolymer, and material science and engineering. The microscale size of the cell wall,
nanoscale size and intricate nature of the arrangement, and interactions of its structural
constituents (Albersheim et al., 2010) present a major hurdle towards investigating cell
wall architecture and mechanics (McCann and Rose, 2010). On the basis that the
mechanical properties of cell walls are the manifestation of the organization of structural
constituents (Hepworth and Bruce, 2004), one way to bridge this knowledge gap is to
perform mechanical tests, which are designed to investigate the specifics of wall
architecture. To date, this indirect method has proven to be a powerful tool to study cell
wall functional organization and growth mechanics (Hepworth and Bruce, 2004;
Cosgrove, 2005; Cosgrove and Jarvis, 2012; Park and Cosgrove, 2012a; b).
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Due to the technological challenges imposed by microscale size of cells, the
predominant of experimental characterizations of primary cell walls reported in the
literature are based on testing macro or tissue scale samples (Burgert and Keplinger,
2013). A common experimental test protocol at tissue scale is to chemically degrade
(Somerville et al., 2004; Liepman et al., 2010) or genetically alter (Ryden et al., 2003;
McCann and Carpita, 2008; Park and Cosgrove, 2012b) a specific wall structural
constituent and investigate the corresponding changes reflected in the wall architecture
and overall mechanics. Sometimes cutting edge analytical tools are incorporated, which
allow subcellular scale observations of changes in the arrangement (Suslov et al., 2009)
or interaction behavior (Keckes et al., 2003; Zabler et al., 2010) of cell wall structural
constituents due to stretching at tissue scale. Despite its successful track record as a tool
to investigate the cell wall, there are few limitations of using tissue scale mechanical tests
that need to be addressed.
As far as mechanical properties of the cell wall material are concerned, the
sample, which is put to test, should be made of cell wall materials only. The mechanical
responses obtained from carrying tests on tissue samples are confounded by the effects of
extracellular parameters such as cell size, shape, distribution, and middle lamella
(Konstankiewicz et al., 2001; Zdunek and Umeda, 2005; Waldron and Brett, 2007; Faisal
et al., 2013; Pieczywek and Zdunek, 2014). Thus, tissue scale mechanical tests are more
appropriate to understand the qualitative nature of a cell wall. In addition, the recent
development of cell wall mechanics study shows that pectin may play a major role to
maintain the integrity and growth of cell wall (Anderson et al., 2010 Dick-P rez et al.,
2011; Höfte et al., 2012). Along with the wall, pectic polysaccharides are also abundant
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in the middle lamella to maintain cell-to-cell adhesion and other biochemical purposes
(Jarvis et al., 2003). Therefore, tissue scale mechanical responses are confounded by
parameters arising beyond a cell including pectin-mediated structural changes in and
around cell wall. Moreover, due to the heterogeneity and distinct hierarchy in biological
samples (Gibson, 2012), the mechanical responses of tissue samples should be
investigated with the notion of bulk or average mechanical properties of an aggregation
of cells. Considering the above mentioned limitations associated with tissue scale tests,
characterizing a cell wall at subcellular scale is more appropriate to link the architecture
of cell wall to observed mechanical properties.
With the existing technology, the characterization of cell wall at subcellular scale
is a very challenging task. The standard microtensile devices can only accommodate
millimeter scale sample, by which a giant internode cell of algae (Métraux and Taiz,
1978; Toole et al., 2001) or single fiber (Sedighi-Gilani et al., 2005; Burgert and
Keplinger, 2013) of secondary wall can be characterized at the cellular level. The higher
plant cells are much smaller in size (micrometer scale) and extraction of samples from a
single cell presents many challenges. In recent time, the AFM-based nanoindentation
technique has been extensively used to probe and characterize both primary and
secondary cell wall at subcellular scale (Geitmann, 2006; Peaucelle et al., 2011;
Peaucelle, 2014). The strength of AFM-based nanoindentation technique is that the
samples need not to be isolated from the tissue; instead the AFM tip can scan and
characterize samples with the nanoscale spatial resolution. This extraordinary capability
of the AFM nanoindentation based characterization allows not only investigations of
samples at cellular level, but also experiments on different layers of the cell wall (Dietler,
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2013). However, the AFM-based characterization is limited only to interrogating the
force-displacement information orthogonal to the surface of the cell wall or along the
thickness of the wall. As a result, the mechanical properties determined with AFM-based
technique require an appropriate mathematical (Dietler, 2013) or finite element analysis
(Kasas et al., 2008) model with embedded assumptions. To date, the mathematical model
developed to interpret AFM force-displacement data for biological soft material
(Notbohm et al., 2012) is yet to be optimized for characterizing inhomogeneous and
multi-layered sample like a cell wall. To address the intricate architectural nature of the
cell wall, an appropriate model needs to be developed.
For quantitative and reliable characterization of a cell wall’s mechanical
responses, samples need to extracted at the subcellular scale and put to. Recently, Zamil
et al. (2013, 2014) reported a focused ion beam (FIB) based sample preparation protocol
in association with a MEMS microextensometer and the scanning electron microscope
(SEM) image analysis. This method was successfully used in extracting a fragment of
cell wall from the middle of a cell and conducting experiments under tensile loading
condition. The main advantage of this technique is the capability of a direct mechanical
characterization at cellular level. However, due to the use of the SEM environment for
sample preparation and testing, this technique is only suitable for dry samples. The dry
cell wall mechanical responses provided important insights and worked as a validation
tool for plant cell wall architecture-based computational models (Kha et al., 2010; Yi and
Puri, 2012), which do not contain water. However, to understand the mechanics and
architectural organization of a growing cell wall, it is essential to include the contribution
of water. The contribution of water as a bulk mediator to the rigidity changes of cell wall
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major structural polysaccharides, to their interactions in presence of water, and ultimately
to the tissue mechanical responses are well documented and is an active research area
(Blewett et al., 2000; Ulvskov et al., 2005; Saito et al., 2006; Evered et al., 2007; Moore
et al., 2008; Hansen et al., 2011). Nonetheless, when all the structural constituents are put
together as an intricate functional network, how water changes the mechanics of wall at
subcellular scale is not yet known.
As mentioned before, the tissue scale mechanical properties are representative of
average mechanical responses and they are confounded by extracellular parameters and
heterogeneity of cell-to-cell structural arrangement. In this regards, the middle lamella
might play a crucial role when mechanics of the cell wall is considered from the
hydration perspective. The reason is that both NMR and FTIR studies of cell wall
structural polysaccharides indicate that pectic polysaccharides are more dynamic or less
rigid compared to other load bearing components (Wilson et al., 2000; Dick-P rez et al.,
2011; Dick-Perez et al., 2012) and a major player in maintaining the cell wall water
mobility (Cosgrove and Jarvis, 2012; White et al., 2014). Thus, to understand the cell
wall mechanics and architecture from the perspective of water content, it becomes even
more compelling to extract and carry out tests on samples without extracellular
parameters and/or middle lamella.
This study attempts to mechanically characterize plant cell wall at subcellular
scale under a tensile loading and hydrated environment. The MEMS-based test protocol
reported by Zamil et al. (2013, 2014) was further developed with a separate 3D-printed
and adjustable height force sensor to accommodate tests under optical microscope. This

118

innovation allowed the experiments to be carried out on never dried and rehydrated
samples with the continuous supply of water. To prepare subcellular scale samples at near
native state, we adapted a cryotome-based sample sectioning of onion epidermal cell wall
profile, which is a cluster of split open cell assembly that resembles an arranged set of
open top shoeboxes joined along the vertical sides. The prepared subcellular scale
samples represent a cell wall fragment, which consists of only the structural elements;
i.e., all the extra cellular parameters and the ML were discarded. Tests were carried out
with never dried and rehydrated samples. The never dried samples were tested by
incorporating silicon chip having extremely polished surface (with less than 1 nm of root
mean square surface roughness), which made it possible to use the stiction force between
sample and the silicon surface as the grip. However, the stiction grip does not allow the
addition of water or continuous hydration during test, therefore allowing for samples to
lose water to the ambient during the experiments. For continuous hydration tests, the
samples were gripped using cyanoacrylate glue and experiments were carried out with a
continuous supply of water by a Nanomister (Cooskin, Ningbo, China). By analyzing wet
sample test results with different hydrating conditions (depending on the supply of water)
along with the previously reported dry sample test results (Zamil el al., 2013) at
subcellular scale, we provide a new perspective of studying cell wall mechanics
otherwise not possible from the experiments on tissue scale samples.

7.3 Materials and Methodology
7.3.1 Materials
Fresh white onion (Allium cepa) bulb was bought from a local supermarket.
Considering the oldest and outermost fleshy layer as the first scale, the fifth scale was
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removed and excised into 15x5 mm pieces. The outer epidermal skin was then peeled off,
which produces a cell wall profile composed of split open array of epidermal cells
resembling arranged open top joined shoeboxes. The peeling off onion epidermal skin is
a well-documented technique to expose cell walls, which has recently been used to image
and characterize cell wall mechanical properties at subcellular scale (Zamil et al., 2013,
2014; Kafle et al., 2014; Zhang et al., 2014). The cell wall profile so produced has thick
outer epidermal periclinal walls and broken anticlinal side walls. The cell wall profiles
were immediately stored in freezer at -85ºC, which were used as a consistent source of
cell wall material extracted from the same onion and same scale; therefore, minimizing
the biological variability
7.3.2 Methodology
7.3.2.1 Test setup
The test setup consists of a piezoelectric motor driven actuator (Model: AG LS25,
Manufacturer: Newport, Bozeman, MT, USA) and a 3D printed force sensor (Proto3000,
Vaughan, Ontario, Canada) (Figure 1a); together the system functions as a
microextensometer. The force sensor beam stiffness was 30 N/m. The displacement
resolution corresponds to the resolution of the actuator, which was 440 nm. Based on the
displacement resolution of 440 nm, the resultant force resolution was 13.2 µN. Due to the
complex shape (3D folded flexure beam) of the force sensor, we calibrated the sensor in
our lab; i.e., the stiffness of the sensor was measured (Figure 1b) instead of using the
analytical formulation of beam deflection. One of the unique features of this test setup is
that the force sensor is attached with an adjustable height micromanipulator (Figure 1a).
The height adjustment mechanism ensures that the very small size of the subcellular scale
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sample is in the same plane with respect to both of the fixed and moving ends (Figure
7.1a). The working principle of this microextensometer is same as the
microelectromechanical system (MEMS) based micro tensile devices (Zamil et al., 2013).
In both cases, an image analysis-based technique was used to measure and calculate the
stretching and the applied force exerted on the samples (for detail, please see Zamil et al.,
2013). The microextensometer used in this study differs from MEMS based tensile
devices in the force sensor beam design and assembly. A 3D folded type (Figure 7.1a)
was adapted to make the sensor more flexible, which is a basic requirement to test soft
biological samples. In addition, the sensor was fabricated separately and then assembled
with the actuator. The separate force sensor arraignment with adjustable height was very
crucial, which offered sufficient space to manipulate and grip small scale biological
sample on the device. Another important feature of the setup is the use of a very finely
polished silicon wafer chip cut from a standard silicon wafer (Ultrasil Corporation,
Hayward, CA, USA). Two silicon chips cut using deep reactive ion etched (DRIE)
process were attached by cyanoacrylate glue; one to the actuator (moving) arm and other
to the force sensor (fixed) arm (Figure 7.1a). Thus, the silicon chips became the active
moving and fixed end areas of the setup. With subnanoscale root mean square (RMS)
surface roughness (Engqvist et al., 2007), the top surface of the silicon chips facilitated
the sample placement, manipulation, and stiction bonding of submicron scale cell wall
samples in the native state. When the surface of the silicon arms are wetted with water, it
is possible to maneuver the soft wet sample during the sample preparation without
damaging as the water interface between smooth silicon surface and the sample works as
a lubrication layer. On the other hand, when the same water interface dries out, the
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stiction adhesion is activated. The stiction adhesion thus produced is the result of
nanoscale interactions (hydrogen bond, van der Waals forces and electrostatic forces)
between the silicon surface and the sample (Elwenspoek, 1996). The DRIE etch
nanoedge of the silicon chips makes it possible to bring the moving and fixed end of the
test device in the close vicinity owing to the smoothness of its edges, so that microscale
size sample can be placed and gripped for subsequent mechanical testing.

Figure 7.1: (a) Microextensometer setup with a separate folded 3D printed force sensor
on adjustable height mechanism controlled by single axis micromanipulator. The actuator
is controlled by a voltage source (controller), the single axis manipulator helps keep the
actuator side beam (moving end) and the force sensor side beam (fixed end) in the same
plane. Two polished silicon chips with nanoscale edges were attached on both the
actuator (moving) and the fixed or force sensor ends. The inset shows a sample placed
between fixed and moving end. (b) Calibration of folded 3D printed force sensor. The
force vs displacement data were plotted for three runs, from which the average slope
value was taken as the stiffness value for the sensor; i.e., 30 N/m.
7.3.2.2 Subcellular scale sample preparation at native state using Cryotome
technique
To prepare never dried subcellular scale samples, the freshly peeled off cell wall
profile was immediately put into cryomatrix (Richard-Allan Scientific, Kalamazoo, MI)
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and stored in -850 C. By using cryotome technique, the small patch of cell wall profile
was then sliced into 30 micrometer pieces. The sectioning process was carried out at -25o
C. A specific orientation of the patch during slicing was maintained so that the slicing
makes for the major axis of a sample to coincide with the longitudinal direction of the
cell that is 30 µm wide and a few millimeters long. The details of this sample preparation
technique can be found in Zamil et al. (2014). After cryosectioning, samples were washed
and preserved in DI water. The sample thus prepared is an array of single cells connected
by intercellular boundaries or middle lamella (Fig 2a).

Figure 7.2: (a) Cryotomed onion outer epidermal cell wall slice placed in DI water. The
30 μm wide slice is an array of singe cell bounded by ML line in the longitudinal
direction. (b) The sample is placed between moving and fixed ends of microextensometer
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in a way so that only the fragment of a cell within a cell boundary stays suspended. (c)
The grip was established which resulted in effective sample dimensions of 35 μm (width)
x 140 μm (length).
7.3.2.3 Picking-and-placing and gripping the sample onto microextensometer test
device
The cryotomed onion epidermal cell wall section preserved in DI water (Fig 7.2a)
was picked using a precision tweezers and carefully placed between the fixed and
movable end of the microextensometer. The top surfaces of the silicon chip of the
extensometer arms were already wetted with DI water. The samples were manipulated
very precisely to keep one cell (bounded by two edges of ML) between the edges of fixed
and movable ends (Fig 7.22b). The samples were then gripped in such a way that the
effective sample becomes a fragment of the cell wall within the boundary of a single cell
(Fig 7.2c). We adapted two different techniques to establish the grip.
(1) Gripping with stiction adhesion force: For samples to be tested immediately after
placing on the device (never dried), stiction type of gripping was exploited.
Stiction is defined as resistance to initiate motion. When two surfaces with
submicron scale surface roughness come close to each other, forces such as
electrostatic, van der Waals and hydrogen bonding become significant leading the
activation of stiction gripping. After placing the sample between fixed and
movable ends of the test device, we allowed the interfacing water layer between
the samples’ bottom and silicon chips’ top surfaces to dry out. As soon as the
residual water dries out, the sample and the nanoscale polished silicon wafer
surface established stiction adhesive bonding (Figure 7.3c). Because the water
interface needs to be dried out for stiction-mediated gripping, this bonding was
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not suitable for mechanical test of samples of continuous hydration. Therefore, we
chose glue-based gripping technique for experiments with continuously hydrated
samples.
(2) Gripping with cyanoacrylate glue: Gripping with glue required one additional
step after the sample is placed and firmly stuck to the surface of the moving and
fixed ends of the extensometer. Immediately after the interface water dried out,
low viscosity cyanoacrylate glue (Gorilla Glue, Cincinnati, Ohio, USA) was
applied using a pointed needle on both ends of the samples. The grip was cured
overnight at room temperature and fixed humidity (RH 26%) to attain sufficient
strength to carry subsequent test of samples under continuous hydration.
7.3.2.4 Test under optical microscope
7.3.2.4.1 Without continuous hydration

After the samples were placed and gripped by the stiction adhesion, the stretching
tests were carried out immediately. The interface water layer between the sample and
stiction surface was observed continuously to detect the moment of the water layer’s full
evaporation, which serves as an indicator that the grip is established. We kept the time
gap as close to zero second as possible between grip establishment and start of
experiment. It was observed that once the thin film of water starts to dry out at the
interface of the sample boundary, the whole drying process completes within a couple of
seconds (Figure 7.3b & 7.3c). The samples were continued to stretch until any sign of
stiction grip detachment which was easily recognizable from the images taken during
experiment. Using stiction type grip it was not possible to stretch the sample to failure.
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During this procedure, samples were never dried from the beginning of the sample
preparation and to the beginning of the test.

Figure 7.3: (a) The never dried cryotomed sample placed on the smooth silicon surface
of moving and fixed ends of the extensometer device. The black arrow shows water film
between the sample and the attaching surface. (b) The water film starts to dry out beneath
the sample. Time difference between frame (a) and (b) is 4 seconds. (c) As soon as the
water film between sample and the silicon surface dries out, the stiction-mediated grip is
established. There are still water droplets around the sample. (d) Stretched sample at 2%
strain. The grip due to stiction force is still intact.

7.3.2.4.2 With continuous hydration

For experiments with continuous hydration, the samples were soaked in DI water for 10
minutes to rehydrate. Due to the very small size, the wall fragment samples were prone to
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rapid dehydration. To prevent dehydration of samples, an arrangement was made for
continuous supply of moisture to the samples in the form of nanodroplets or mist. We
used a nanomist spray atomizer (Anzikang Nano Handy Mist Spray Atomization Facial
Humectant Steamer Moisturize Beauty Instrument) to spray DI water onto samples in
every five seconds interval. The continuous supply of water ensures that the samples are
completely wet throughout the stretching test. The samples were stretched from just taut
to fracture. Figure 7.4 shows the presence of water droplets on the sample at no load and
just before the fracture.
For both cases (with and without continuous hydration), samples were stretched at 1.1
μm/s and high resolution images were taken at 1-second interval throughout the
experiment. The images were analyzed later on using the ImageJ (version 1.44p, a Javabased image processing program developed at the National Institutes of Health, USA)
software to extract the necessary information for mechanical characterization of the
samples under a tensile loading. The detail of this image based mechanical
characterization technique can be found in Zamil et al. (2013).
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Figure 7.4: (a) Samples at no load condition during mechanical test under continuous
hydration. L1 is the initial length and W1 is the initial width of the sample. The nanomist
of continuous water supply accumulated as droplets on and at the edge of the sample. (b)
Sample just before fracture. There is no observable slippage of grip and water droplets
are available throughout the experiment. L2 and W2 are final length and width of the
sample before fracture. Axial loading direction is defined as axial direction and the
orthogonal to axial direction is lateral direction.

7.4 Results
7.4.1 Cell Wall thickness of never dried and rehydrated cell walls in situ
The accurate measurement of cell wall thickness is crucial and an important factor
for the overall mechanical response (Pieczywek and Zdunek, 2014). However, due to
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microscale size constraint and soft and flexible nature of the cell wall material, it is
challenging to measure never dried or rehydrated cell wall thickness in its native state. As
mentioned before, for this study all the samples were prepared from the same outer
epidermal cell wall profile tissue extracted from the 5 th scale of an onion. A portion of the
patch was preserved at -85oC and later used to measure the wall thickness of the sample,
which was never dried. For rehydrated wall thickness measurement, the air dried patch
was soaked in water for 10 minutes. This soaking period is same as the soaking period for
rehydrated sample tests with continuous supply of water.
The combination of low temperature (< -85o C) focused ion beam (FIB) milling
and scanning electron microcopy in association with cryo-based sample preparation and
transfer system of FIB/SEM FEI Quanta 3D 200 (Hillsboro, Oregon, USA) was used to
cut a trench in the middle of a cell and measure thickness of the wall at a specific tilt
angle. The detail of the cryo-based biological sample preparation and transfer technique
for subsequent low temperature milling can be found in (HAYLES et al., 2007). The
cryo-based sample preparation and cryo-stage based FIB technique were adapted so that
the sample does not lose water due to the exposure to vacuum.
The never dried and rehydrated sample thicknesses were measured as 1.72±0.09
μm and 2.05±0.1 μm respectively. These values are in accord with the previously
reported wet sample cell wall thickness (1.65 μm) measured at the interfacing area
between two adjacent cells (Vanstreels et al., 2005). In the epidermal cells, the outer
cutinized periclinal walls are frequently thicker than inner periclinal and anticlinal walls
(Evert, 2006). In literature, the onion epidermal cell wall profile tissue put to mechanical
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tests are predominantly of outer periclinal walls. In this study, a subcellular scale sample
put to test was excised from the middle of an outer periclinal wall. Therefore, we adapted
cryo-FIB based biological specimen thickness measurement technique by which the
periclinal wall thickness can be measured directly under electron microscopy. A slight
difference in wall thickness between never dried and rehydrated was observed. This
difference can be due to inherent biological variability that is observed even among cells
in the same tissue (Sokolov et al., 2013, Zdunek and Pieczywek, 2013), or due to the
change in physical properties during drying and rehydration process. The in-depth
analysis of thickness changes is outside the scope of this study. Our target was to use
appropriate thickness of both never dried and rehydrated samples, which was important
for quantitative mechanical analysis. In this study, we found that 10 minutes soaking time
was sufficient to retain the physical shape, in particular the thickness, of the samples.
7.4.2 Stress strain responses of never dried samples without continuous hydration
Figure 7.5a shows the stress-strain responses of wet cell wall samples (n=5),
which were never dried but not continuously hydrated during the stretching experiment.
The stress was calculated using the measured force and dividing by the cross-sectional
area of the sample, and the strain was calculated using the measured stretching
(deformation) relative to the initial sample length. The cross-sectional area of the sample
was the area perpendicular to the stretching direction, which was measured by
multiplying the width and the thickness of the sample. For never dried condition gripped
by stiction force, all the samples were able to be stretched at least up to 2% strain. To our
knowledge, this is the first time stiction grip is reported to be used for thin biological
samples. The strength of the stiction force depends on the surface roughness of the
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substrate and the sample and environmental conditions (Elwenspoek, 1996). Due to
handling of biological samples, it was not possible to maintain a consistent gripping force
for all the samples. Thus we restricted out stress-strain plotting up to 2% strain, which
had no visible failure of gripping during tests. In couple of occurrences, the samples were
able to be stretched beyond 2% strain; however, for one of those samples, fractured
occurred at 3% strain.
From the stress-strain diagram, the average modulus value was calculated as
1.46±0.2 GPa. The pooled data of all the five experiments (Figure 7.5b) also provided a
very similar modulus value of 1.45 GPa with R2=0.90.

Figure 7.5: (a) Stress-strain diagram of never dried cell wall without maintaining
continuous hydration during the test. The stiction-induced gripping held for tests up to
2% strain. The black solid lines indicate the linear regression of all the five individual
samples. (b) stress-strain diagram with linear regression line of the same set of
experiments (n=5) for pooled data (R2=0.90).
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7.4.3 Stress strain responses of wet samples with continuous hydration
Figure 7.6a shows stress-strain responses of rehydrated wet samples (n=5), which
were continuously hydrated during experiment from no load to fracture. Because of large
deformation and non-linear trend, each stress-stress diagram was divided into 7 equal
intervals of 5% strain (Figure 7.6b). The modulus value was calculated separately with
each respective interval by linear regression. It was considered that within each 5% strain
interval the stress-strain diagram follows a linear pattern. Figure 7.6c shows the average
modulus of elasticity (E) values (n=5) of all the samples in each respective strain interval
The average fracture stress and fracture strain of five samples were 81.6±23.4 and
0.45±0.07, respectively.
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Figure 7.6: (a) Stress-strain diagram of cell wall sample tested under continuous
hydration. The horizontal and vertical two headed arrows indicate the range of axial
strain and the range of stress at which the modulus values of the sample drops sharply.
(b) For each sample, the stress-strain plot was divided into seven equal ranges of 5%
strain interval. The modulus of elasticity was calculated in each 5% interval by linear
regression. (c) The average modulus of elasticity corresponding to seven strain ranges.

7.4.4 Axial vs. Lateral strain
The axial strain or simply the strain in the stretching direction was the measure of
normalized deformation relative to its initial length along the loading direction (Figure
7.4).
The axial stretching of the sample in the loading direction contracts the sample width in
the lateral direction, which is perpendicular to the axial direction (Figure 7.7). Similar to
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the axial strain, the lateral strain was the measure of normalized deformation
(contraction) of the sample width relative to the initial sample width. Figure 7.7a shows
lateral strain vs axial strain graphs for five samples tested under continuous hydration.

Figure 7.7: (a) Lateral strain vs. axial strain of cell wall samples tested with continuous
hydration. (b) The average trend of stress and lateral strain against axial strain. The solid
line (orange) denotes stress and dotted line (black) denotes lateral strain. The first linear
zone (red line) was followed by sharp drop of modulus value (green line). After the sharp
drop, the modulus value gradually increases.

We also measured the axial strain (Af) and lateral strain (Lf) at the fracture of the samples
and calculated a parameter here we term as LA ratio, which is similar to the Poisson’s
ratio. The LA ratio was defined as follows:

=

(Figure 7.4)
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=

(Figure 4)

LA (lateral to axial strain ratio at fracture) =

Table 7.1 shows the fracture stress, fracture strain, and LA ratios of all the five samples.

Table 7.1: Properties of continuously hydrated sample at fracture

sample 1
sample 2
sample 3
sample 4
sample 5
Average
Std. dev.

Fracture strain
0.42
0.40
0.57
0.47
0.37
0.45
0.08

Fracture stress
65.9
105.1
108.1
72.0
57.1
81.64
23.42

LA ratio
0.67
0.98
0.88
0.79
0.69
0.80
0.13

The LA ratio that we measured was analogous to the well-known Poisson’s ratio
in material science. Although the calculation method is same, a different terminology was
adapted to avoid the confusion of what we understand by Poisson’s ratio in classical
mechanics, the range of which lies between -1 to 0.5. For an isotropic linear elastic
material Poisson’s ratio cannot be more than 0.5. However, in case of cellular solid or
fiber reinforced laminate, where two phases exist, the Poisson’s ratio can reach much
larger than 0.5 without violating any physical law (Lee and Lakes, 1997, Peel, 2005). In
such cases, the high anisotropic value between phases or the deformation of cellular
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structures in the foam helps to attain unusually higher Poisson’s or LA ratio. Poisson’s
ratio in any material largely depends on the microstructure arrangement of its constituents
elements (Greaves et al., 2011). In our case, from the pattern of lateral strain over the
entire loading step and corresponding change of modulus values it seemed that the higher
LA ratio was the result of permanent failure of matrix polymers, which led to stepwise
lateral thinning. The consequence of such thinning was discussed earlier.

Study of mechanical and physical parameters of a typical sample based on instantaneous
shape change:
One of the unique features of our experimental protocol was the use of recorded
high resolution images at every loading step, from which the stress-strain data were
extracted. A typical sample was picked (Figure 7.6b), and stress-strain and three physical
parameters of the sample, namely: surface area, axial strain, and lateral strain, were
studied based on instantaneous shape changes (Figure 8). The samples under continuous
hydrated state showed large axial and lateral deformation. Our target was to investigate if
the instantaneous shape change reveal any additional insight of the stress-strain trend and
can be related to observed increase or decrease in modulus value.
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Figure 7.8: (a) stress-strain plot of a typical sample based on instantaneous sample
deformation. The plateau zone was more pronounced compared to stress-strain plot based
on initial length. (b) Instantaneous change of surface area (Length x Width of the sample)
for all loading steps. Two same area trends were observed before (dotted two headed red
arrow) and after (dotted two headed green arrow) the end of plateau zone. (c)
Instantaneous axial strain over loading steps, which showed linear increase of strain. (d)
Instantaneous lateral strain over loading steps showing step-like behavior.

The instantaneous stress-strain plots reconfirmed the average stress-strain trend
that we reported earlier based on initial length (Figure 7.6b). In the instantaneous stressstrain plot, the range of sudden drop of modulus value was more pronounced (compare
Figures 7.6b and 7.8a). The instantaneous surface area, axial strain, and lateral strain
were measured directly from images in every loading step. Due to technological
challenges involved in microscale, it was not possible to measure the change in thickness
during the stretching of the sample. To simplify, we considered that the thickness change
during experimentation was negligible and axial straining only lead to thinning in lateral
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direction. Thus, considering constant thickness, the change in surface area of the sample
was representative of the change in volume change for the whole stretching span.

7.5 Discussion
7.5.1 Micromechanical behavior of continuously hydrated samples- a comparison
between tissue subcellular scale mechanical properties
Based on the micromechanical study at tissue scale, cell wall is envisioned as a
composite of stiff cellulosic microfibrils embedded in noncellulosic matrix exhibiting
biphasic or bilinear material properties (Spatz et al., 1999; Köhler and Spatz, 2002;
Vanstreels et al., 2005; Dintwa et al., 2011; Pieczywek and Zdunek, 2014). All of these
studies recognized two distinctive phases, from where the modulus of elasticity of the
material can be measured with the linear trend of stress-strain curves. By testing onion
epidermal tissue under tensile loading Vanstreels et al., (2005) and Pieczywek and
Zdunek (2014) reported and confirmed a biphasic material model of plant cell wall earlier
proposed by Spatz et al. (1999) and Kohler et al. (2000), where there was an initial linear
elastic or viscoelastic zone, followed by a nonlinear transition zone, and another linear
zone after transition zone. In the first linear zone, the cellulosic reinforcement and
noncellulosic matrix together behave like a classical material with reinforcement and
matrix experiencing the same strain rate. As soon as the material crosses elastic region
and due to the difference in material properties, the cellulosic fibers start to shear and
break past each other, which leads to permanent structural change in the material. Thus
the second lower modulus value is considered to represent irreversible plastic
deformation.
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In this study, the stress-strain data from each sample was analyzed in a slightly
different way. Due to subcellular scale, there was no averaging effect over or contribution
of neighboring cells. Thus, the differences in stress-strain plots among samples were
expected to be more pronounced compared to tissue experiments. To address that
variability and to analyze the trend of modulus trend more precisely, we adapted 5%
strain intervals for modulus calculation in different ranges. The average stress-strain trend
of the samples (Figure 7.7b) was similar to biphasic material model discussed earlier. At
subcellular scale we also recognized three different zones: (a) the first linear elastic zone,
(b) followed by a sudden large drop of modulus value zone, which from hereon is
referred to as the plateau zone, and (c) second linear zone with lower modulus value
compared to initial linear zone.
First linear zone: In this study with subcellular scale sample, the range of strain (till
about 10%) at which the wall materials behaved linearly; i.e., the first linear zone, was
similar to tissue scale response reported by Pieczywek and Zdunek (2014) and Vanstreel
(2005). However, the average modulus of elasticity value calculated from subcellular
scale (374.6± 138.8 MPa) was about one order higher compared to the tissue scale
experimental results (<60 MPa). The scale of investigation plays a big role in describing
the difference in observed modulus values between tissue scale and subcellular scale. As
mentioned before, it is experimentally established that extracellular parameters and
middle lamella have significant contribution to macro scale mechanical responses
(Konstankiewicz et al., 2001; Zdunek and Umeda, 2005; Waldron and Brett, 2007; Faisal
et al., 2013; Pieczywek and Zdunek, 2014). Although we lack the understanding of how
much each of the extracellular parameters contribute to the overall responses, our
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experimental results suggest that, when combined, all those parameters can reduce the
modulus value by an order of magnitude or so.
A growing cell wall experiences a turgor induced pressure of about 10 to 100
MPa (Cosgrove, 1993). Thus it is imperative that the wall is capable of withstanding this
much of pressure to maintain its structural integrity. Our measured modulus value of
much higher magnitude comply more with this turgor induced stress state. The tissue
scale modulus value before the yield or transition zone corresponds to a stress of 0.5 to 1
MPa (Vanstreels et al., 2005; Pieczywek and Zdunek, 2014), which is much lower that
the turgor induced stress on a cell wall, and therefore it indicates the need to separate
mechanical stiffness of cell wall and the tissue. Later in this section we will discuss how
our measured modulus value in the first linear zone corresponding to 30 MPa stress
comply with the turgor induced stress on onion outer epidermal cell wall system specific
to this particular study.
Plateau zone: Instead of a transition zone a plateau zone of average modulus value of
112.6±69.9 MPa was observed in subcellular scale mechanical characterization. Whereas
in tissue scale, the transition zone signifies a non-linear region due to initiation and
occurrence of yielding or plastic deformation; in subcellular scale, the plateau zone
signifies a sudden drop of modulus value due to permanent deformation mediated by
collapse of certain structural features. This phenomenon of sudden collapse of structural
features was unique to subcellular scale sample, which was observed in all the five
occurrences within the strain range of 5 to 12% and applied stress range of 20 to 40 MPa
(Figure 7.6a). We refer to this stress-strain range as the critical stress-strain window
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within which permanent structural failure initiates. The 3D architecture at cell boundary
and the contribution of other surrounding cells through cell boundaries could be the
reason why the sudden collapsing is not observed in tissue scale. A split open onion
epidermal cell wall profile contains all the 3D features of a tissue with intact cells. It is
mainly composed of outer periclinal walls attached to the surrounding walls by anticlinal
walls through middle lamella (Figure 7.9).

Figure 7.9: Split open onion epidermal cell wall profile, which represents half of a single
layer of intact cells. The profile cell wall patch contains all the physical 3D features of a
tissue.

When a tissue strip is stretched, it imposes stresses, which is distributed
throughout the sample. If we consider our focus within a cell, a fragment of a wall with
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imaginary boundaries is also stretched (Figure 7.9). However, the stress state at this
fragment is mediated and confounded by stress states of the surrounding cells and the
anticlinal wall architecture (Zdunek and Pieczywek, 2013). Stretching of this fragment in
one direction should thin the sample in other two directions, in classical material science
which is defined by the Poisson’s ratio. We can observe here that in a tissue arrangement,
the thinning of the wall fragment is restricted at the cell boundary by a complex 3D
architecture. When a fragment of wall is excised from a cell, the stress state on the
sample including the lateral thinning is no longer restricted (Figure 7.4a). The free edges
of the samples are now allowed to collapse through permanent structural change if the
introduced strain energy supplied by stretching of the sample crosses the critical limit.
The excising of wall fragment from tissue may also lead to sample with shorter cellulose
microfibrils. The length of cellulose microfibrils in vivo is still unknown, which is
considered to be few micrometers (Kha et al., 2010). However, considering the tendency of
cellulose microfibril to aggregate (Donaldson, 2007), this is quite possible that the bundle
length can cross the whole width of a cell, even wrap around the whole 3D periphery of a
cell. Along with 3D architecture, long chains of cellulose microfibrils may also provide
structural support to resist lateral collapsing.

Our experimental results suggested that the sharp drop of sample modulus value is
accompanied by a sharp change in lateral deformation on the sample (figure 7.7b).
Similar to stress-strain plot, three zones of lateral strains were observed, which was not
observed in the case of axial strain (Figure 7.7a and 7.7b). Initially up to a certain range
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the lateral strain remained very low with a very low rate of increase, which corresponds
to first linear zone for stress-strain plot. After a specific range of 12-15% lateral strain
starts to rise at a much higher rate, which is followed by another region with low rate of
change. The former high rate of change region corresponds to plateau and later slow rate
region corresponds to second linear zone of stress-axial strain plot (Figure 7.7b). We
suggest that after the first linear stress-strain zone, the irreversible viscoelastic or plastic
responses of cell wall are mediated by permanent failure of matrix polymers which led to
lateral collapsing.
By a distinct plateau zone, our experimental results suggested that there is a
critical range of stress and strain limit at which plant cell wall architecture starts to
deform irreversibly. If the wall is considered as a composite, as described earlier, after
this critical range; the reinforcement cellulose microfibrils start to slide past matrix
polysaccharides. If the wall is considered as an intricate network of structural
polysaccharides and protein, which is a more recent view; then after the critical range,
some irreversible structural failures occur in the system promoting rearrangements of all
the load bearing constituents. In either case, it can be suggested that before the critical
range, all the structural constituents of cell wall act and respond to load as a single
ensemble. Once the strain energy applied to the wall system such as by stretching crosses
the critical limit, this is highly possible that the noncellulosic polysaccharides that
connect the much stronger cellulose microfibrils start to fail. This concept is analogous to
biphasic material behavior discussed earlier and the cell wall loosening by cleaving
tethered components between two cellulose microfibrils (Cosgrove, 2005).
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The quantitative understanding of strain energy that a cell wall system can store
before irreversible deformation occurs, can be used as a critical tool to evaluate the type
of interactions that cell wall structural constituents need to maintain for structural
integrity (Thompson, 2005). In structural mechanics total strain energy is defined as a
product of stress (σ), strain (ε), and volume (V), which is given by as follows (Hayakawa
and Oka, 1984),

From the average critical stress and strain values (Stress: 20-40 MPa, Strain: 512%) we calculated the amount of strain energy cell wall can store before it reaches the
critical zone as 1.3 MJ m-3. This value is smaller than earlier reported strain energy value
by Thompson (2005), which was 4-40 MJ m-3. There are two issues that need to be
discussed here on the strain energy calculation method that Thompson adapted. First, a
range of estimated turgor induced stress value (10-100 MPa) on cell wall was used,
which can vary depending on physical parameters of a cell. Even if we use the same
maximum range of 1 MPa turgor pressure (Cosgrove, 1997), the stress developed due to
this pressure can be different for different cell wall systems. For example, in the onion
epidermal cell wall profile tissue that we used for extracting wall fragment samples had
average width (D) of 60 µm and thickness (t) 2 µm. Considering 1 MPa turgor pressure
(P), the stress (Hoop stress) induced on these cells can be estimated as 15 MPa by the
following equation.
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This value is much smaller than what Thompson used in his calculation. Second,
a maximum strain value was used that an extensible tissue can withstand before it snaps,
which contains both the elastic and plastic deformation stretching of the sample.
However, once cell wall gets into the region of plastic deformation, the energy it takes for
further deformation can be very difficult to relate to architectural stability and
rearrangement. Thus, it is more reliable to estimate strain energy till elastic limit and
relate that energy to the cell wall’s intact architectural network before the onset of
permanent deformation or structural instability. In our strain energy calculation, both the
aforementioned issues are resolved. We directly measure the stress on the wall material
and considered only the elastic limit. This is important to note that we used the sample
onion epidermal tissue for mechanical testing at subcellular scale, which provided the
averaged critical stress of 30 MPa, and for extracting physical parameters to estimate the
turgor induced pressure of 15 MPa. These values suggest that cell wall can withstand
higher stress level that the maximum turgor induces. Thus, biochemical intervention is
required for the cell wall growth through wall loosening phenomena.
In addition, our calculated strain energy of 1.3 MJ is well in accordance with the
hydrogen energy density in cell wall calculated by Thompson (2005), which was 2.1-4.3
MJ. Even if the 50% of the hydrogen bonding energy participate to make the
interconnections among structural polysaccharides, our calculated strain energy suggest
that hydrogen bond itself might be sufficient to maintain cell wall structural integrity
during growth.
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Second linear zone of lower modulus value: After the plateau zone, similar to the tissue
level experiment results; a second linear trend of modulus value was observed for
subcellular scale sample. However, just like the first linear zone, the average modulus
value of 143.9±72.4 was much higher than the tissue scale experimental values of 3.86
and 5.63 (Vanstreels et al., 2005; Pieczywek and Zdunek, 2014). We already have
discussed why a much higher modulus value can be observed at subcellular scale.
However, for the magnitude of difference in modulus value in two length scales for the
second linear zone was even higher compared to the first linear zone. The second linear
zone, following the yield or transition zone, is a region of irreversible plastic deformation
zone. The pectic polysaccharides being highly dynamic (Dick-P rez et al., 2011) respond
faster to stress compared to other structural polysaccharides (Wilson et al., 2000).
Therefore, it is intuitive that in the larger irreversible zone, which is mediated by
flexibility and flow like behavior of matrix polymers, pectic polysaccharides will play a
more dominant role. In a tissue, each cell is attached to other cells by ML layer, which is
mainly composed of pectic polysaccharides (Jarvis et al., 2003). Thus, in the plastic
deformation zone, intercellular adhesion may become more flexible leading to a lower
modulus value at macro scale. In the same line, at the subcellular scale, as the samples
were free from the effect of ML layer, the higher difference in modulus value was
expected.
Another important aspect that we observed in second linear zone due to
subcellular scale experiments was the trend of gradual increase in modulus value (Figure
7.6a and c). In tissue scale experiments carried on the same material, the modulus value
in this zone was either steady or gradually declined (Pieczywek and Zdunek, 2014).
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However, this increase in modulus value in the large deformation zone is not
unprecedented in literature. The micromechanical test of apple tissues are reported to
produce sigmoidal stress-strain curve, in which modulus increases with strain (Oey et al.,
2007; Alamar et al., 2008). This trend is also found in biological tissues where the
internal structural constituents rearrange due to strain, leading to the stiffening of the
sample (Decraemer et al., 1980). In this study, the increase in modulus value, which we
observed, can also be related to structural polysaccharides’ rearrangements in the plastic
deformation zone. Considering the conservation of mass, the decrease in volume (for
constant thickness, which is equivalent to decrease in area) of the cell wall sample during
stretching of the sample can be related to compaction of its structural constituents. By
studying the instantaneous shape change of a typical sample over entire loading steps,
two distinctive area zones were identified, which were separated at the end of plateau
zone (Figure 7.8b). Before the end of plateau zone, the area of the sample was nearly the
same, which means that the axial expansion due to stretching is compensated equally by
lateral contraction. At the initiation of the second linear zone, the area of the sample
sharp dropped and the reduced value continued to stay nearly same up to the fracture of
the sample. This drop in area, which we suggest leading to compaction of cell wall
structural polymers, was accompanied by gradual increase in modulus value. This is
plausible due to the additional surface to surface interactions of closely compacted
polymers needed more energy to slide past each other. This concept is similar to turgor
pressure induced stiffening of wall material reported by Oey et al. (2007). Another reason
could be, as mentioned earlier, the mediation of mechanical properties for a mechanically
stretched sample depends more on failure of matrix polymers. It was observed that axial
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strain followed more or less a linear trend (Figure 7.8.c). On the other hand, axial strain
followed stepwise trend (Figure 7.8d). A steady axial strain at the second transition zone
denoted that there were few lateral failures of matrix, which resulted in increase in
modulus values.
The trend of modulus value increase at the end of second linear zone along with
recorded average LA ratio of 0.8±0.1 before fracture may also give us the insight of how
much free space is available for lateral collapsing of structural polysaccharides. The size
of cellulose microfibrils in onion epidermal cell walls are reported to be about 3 nm
(Davies and Harris, 2003, Zhang et al., 2014). Based on our understanding of current cell
wall models, if we consider that cellulose microfibrils are separated and tethered by
Xyloglucan and pectin network (Keegstra et al., 2010; Cosgrove and Jarvis, 2012), 80%
lateral thinning due to microstructure failure of matrix polymer requires at least 24 nm of
free space between two neighboring cellulose microfibrils. This value is well in
accordance with the earlier reported value of 20-40 nm spacing between cellulose
microfibrils in onion cell walls (McCann et al., 1990).

7.5.2 Water mediated mobility of cell wall matrix polymer may play crucial role for
biophysical extensibility of cell wall:
This is well established that the presence of water in cell wall changes the
mobility of its structural polysaccharides, and hence the mechanical properties (Ha et al.,
1997; Vicré et al., 1999; Ulvskov et al., 2005; Zabler et al., 2010; White et al., 2014).
However, to the best of our knowledge, the quantitative investigation of moisture content
on mechanical properties is still not reported in literature. We know water acts as a
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lubricating agent of wall’s macromolecules (Kačuráková et al., 2002), and some
structural constituents, e.g., pectic polysaccharides, are affected more by exhibiting
higher mobility in presence of water compared to other polysaccharides (Ha et al., 1997;
Wilson et al., 2000; White et al., 2014). The missing link is the proper understanding of
the mechanism that water molecule plays toward the biophysics and biomechanics of cell
wall under stress. As a soft biological material, cell wall biophysical properties are
sensitive to the rheological properties of its matrix (Ulvskov et al., 2005). Thus along
with mobility of structural constituents anchoring in a fixed spatial location, the flow of
matrix polymers (rheology) during large deformation needs to be understood. The
challenge lies in the very small size and the intricate nature of cell wall. Also it has
distinct structural hierarchy (Gibson, 2012) along with variability in microstructure even
at subcellular level (Burton et al., 2010).
This study attempted a quantitative study of the contribution water to overall cell
wall mechanics at subcellular scale, which discarded the variability lies beyond a cell
boundary. As mentioned before, in a tissue, cells are attached by pectin enriched ML, the
deformation and mobility of which is affected most by water interaction. Thus, studying
the subcellular scale samples without ML layer our results provide a better quantitative
understanding of the contribution of water to wall mechanical properties. By testing
never dried wet samples without continuous hydration, we also attempted to bring an
intermediate state of water content lying in the middle of completely dry and wet samples
with continuous hydration. The reasoning of considering never dried wet sample without
continuous hydration as an intermediate state of water content is as follows:
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After removing from the water bath, never dried samples were placed on the
MEMS device with access to water surrounding the sample. However, as mentioned
before, stiction force only got activated when there was no water film between the bottom
face of the samples and the test device gripping surface. Thus the samples were left
without access to surrounding water during experimentation only; the span of which was
about 1 minute. For very small subcellular scale sample size of 123×25×2 μm, even 1
minute might be sufficient to drive off a good amount of water from the samples. Due to
technological difficulty dealing with microscale sample, our test setup was not equipped
with measuring the loss of water during experimentation. However, the visual
observation during experiments suggested that samples at this scale lose water very
rapidly. For a 2 μm thin subcellular scale sample without being affected by the water
state of surrounding cells, this observation was quite intuitive. As dehydration of plant
material highly depends on it porosity (Witrowa-Rajchert and Lewicki, 2006), our
observation suggests that cell wall might be highly porous. By considering the absence of
access of water during experimentation and the fast drying tendency of the microscale
sample, the never dried samples were identified as being in intermediate water state
between dry and sample with continuous hydration.
The modulus of elasticity (within the elastic linear zone) values of subcellular
scale samples in three different water states were compared. For statistical analysis the
dry state data were collected from our previously published results (Zamil et al., 2013).
As expected, the modulus values were significantly different among three different states
(p<0.05). Our target was to quantify how much modulus value changes within elastic
rage due to intervention of water. The average modulus values of completely hydrated,
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intermediate hydrated and completely dry samples within 2% strain were 0.44±0.12,
1.46±0.2 GPa and 3.72±0.82 GPa respectively. From completely hydrated to intermediate
state the modulus value increased 3.3 fold; from intermediate to dry state the modulus
value increased 2.5 fold.
We found that without the continuous supply of water subcellular scale cell wall
sample loses water very quickly leading to a significant increase in stiffness value even
within the range of elastic region, where there might not occur any permanent structural
collapse. It is possible that cell wall matrix polymer is able to exhibit a flow like
rheological behavior with access to water under mechanical stress. The critical stress
limit (20- 40 MPa), at which the continuously hydrated samples exhibited permanent
structural failure (plateau zone), was not observed for samples with intermediate
hydration. This suggests that the flow like behavior of matrix polymers (rheology)
mediated by sufficient supply of water is important for irreversible plastic deformation of
the cell wall.

7.6 Conclusion
Primary plant cell wall excised from onion outer epidermal profile in longitudinal
direction was characterized at subcellular scale in two different water content states. By
modifying the MEMS based tensile testing device earlier reported by Zamil et al., 2013,
and by adapting a cryotome sectioning based sample preparation technique, we were able
to quantitatively characterize cell from no load to large deformation range typically
observed in never dried tissue experiments. A biphasic trend of material behavior with
two linear zones was observed, which is also observed at tissue scale. However, modulus
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values observed in our subcellular scale sample in both the linear zones were at least one
order higher than the reported values in the tissue scale. We also observed a plateau
region exhibiting sharp drop in modulus value in the stress-strain plot, which was unique
to subcellular scale sample. From the plateau region a critical stress (20-40 MPa) and
strain (5-12%) window was identified, during which we believe a major structural change
occurs leading to irreversible, plastic deformation. Till plateau zone the strain energy that
can be absorbed by cell wall was calculated as 1.3 MJ V-3, which is in accord with the
hydrogen energy density observed in a cell wall. A recovery of modulus value in the
second linear zone of biphasic stress-strain plot was also observed, which may result
from the compaction of structural polysaccharides by filling the free space available in
the architecture of non-deformed cell wall. Both the aforementioned conclusion can be
confirmed by associating molecular spectroscopy with the reported test protocol. The
average modulus values in first linear, plateau and second linear zones were 374.6±
138.8, 112.6±69.9 and 143.9±72.4 MPa respectively. An attempt was made to
characterize subcellular scale never dried samples using stiction as gripping mechanism,
which is novel in this area. However, the stiction mechanism only allowed testing
samples in an intermediate water content state, up to 2% strain from which an average
modulus value of 1.46±0.2 GPa was calculated. As expected, statistically completely
hydrated, intermediate hydrated, and completely dried cell wall moduli were significantly
different (P<0.05); quantitatively the moduli value increased 3.3 and 2.5 folds from lower
to higher. The characterization of subcellular scale samples provided important insights
of the architecture of primary plant cell wall otherwise not possible from tissue scale
experiments.
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Chapter 8
Multi-scale stress-strain characterization of onion outer epidermal tissue in
wet and dry states

Keekyoung Kim1, 2, 3*, Hojae Yi1, M. Shafayet Zamil1, M. Amanul Haque2, and
Virendra M. Puri1
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8.1 Abstract
Premise of the study: Understanding how tissue level stress-strain responses
manifest inter-cellular level properties will elucidate plants' multi-scale hierarchical
regulation mechanisms of mechanical properties. Yet, an experiment on multi-scale
stress-strain response of native plant tissue samples is challenging.
Methods: Outer onion epidermal tissues were cut and bonded on uniaxial displacementcontrolled mechanical loading devices to apply and measure the force on the sample.
Fluorescent polystyrene beads (500 nm in diameter) were dispersed on the sample surface
to obtain displacement maps with a confocal fluorescent microscope under various levels
of tensile load conditions. The resulting strain was measured using a digital image
correlation technique by tracking individual bead displacements. The applied forces were
obtained by measuring the displacement of the calibrated force-sensing device. Tissue
and cell scale mechanical properties were quantified by calculating the applied stress and
the corresponding global and local strains.
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Key results: The Young's modulus values of individual cell walls of dehydrated and
rehydrated samples were 3.0±1.0 GPa and 0.4±0.2 GPa, respectively, and are different
from the Young's modulus values of the global tissue-scale dehydrated and rehydrated
samples, which were 1.9±0.3 GPa and 0.08±0.02 GPa, respectively. The Poisson's ratio
showed more than a three-fold increase due to hydration.
Conclusion: The results on global, cell-to-cell, and point-to-point mechanical property
variations suggest the importance of the mechanical contribution of extra-cellular features
including the middle lamella, cell shape, and dimension. This study shows that a multiscale investigation is essential for fundamental insights into the hierarchical deformation
of biological systems.

Key words: cell wall mechanics, digital image correlation, dry and wet states, multi-scale
stress-strain, onion epidermal tissue, tensile testing

8.2 INTRODUCTION
The mechanical properties of plant cell walls play crucial roles in the regulation
of the growth of cells while ensuring their structural integrity. The tension response is of
great importance because it is thought that turgor pressure regulates the tensile state of
the cell wall to control its expansive growth (Cosgrove, 2005; Albersheim et al., 2010;
Geitmann, 2010). Water is one of the major components of the primary cell wall, and it is
thought to play a significant role in mechanical properties of the cell wall (Tang et al.,
1999; Blewett et al., 2000; Ulvskov et al., 2005; Saito et al., 2006; Evered et al., 2007;
Moore et al., 2008; Hansen et al., 2011). To understand how water’s presence affects the
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molecular architecture of the cell wall, including the interactions among its major
structural constituents, and consequently, how it alters the higher-scale (such as microand macro-scales) mechanical responses, quantitative measurement of the cell wall
without confounding effects from cell geometries and interactions with middle lamellae
are needed. (Vanstreels et al., 2005) and Saito et al. (2006) showed the significance of
water’s role in the mechanical responses of plant cell wall tissues or larger samples.
Additionally, changes in moisture alter the structure and physical properties of cellulose
(Salmén, 2004), hemicellulose, and pectin (Ha et al., 1997; Moore et al., 2008). In
addition, water is known to induce structural changes in the primary cell wall (Ha et al.,
1997; Thimm et al., 2000). Especially, it has been reported that increased moisture level
induces the softening of bacterial cellulose, hemicellulose, and pectin composites
(Dammström et al., 2005; Bader et al., 2011). In summary, it is a well-established
knowledge that water affects mechanical responses of primary cell walls. Despite the
claimed importance of water’s status in plant growth, quantitative studies on the effects
of water on the primary cell wall, where the actual growth takes place, are scarce. To that
end, quantitative experiments, which can quantify changes in mechanical properties of
primary cell wall at different hydration states, can provide essential information on
water’s role and contribution on the mechanics of the expansive cell wall growth.
The studies to date have been limited by the plant samples, which include other
elements than those in the cell wall (Ha et al., 1997; Blewett et al., 2000; Saito et al.,
2006; Evered et al., 2007). The challenge is that the plant tissue includes many
components and several extracellular features that interact with water, and, as such, the
effect of water on the cell wall is non-trivial to isolate. Therefore, it is essential to
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conduct stretching experiments to enable reliable and repeatable measurements of the cell
wall mechanical response. However, sample preparation, manipulation, and
experimentation on test samples at the micron scale is challenging (Castillo-Le n et al.,
2012), especially due to the thickness of the cell wall. Recently, a biomechanical
experimental protocol was developed (Zamil et al., 2013), which enables the
determination of the cell wall’s mechanical properties without considering extracellular
features such as different cell sizes, multiple cell mechanical interactions, middle lamella,
etc. One limitation of this unique approach was that the sample preparation and the
experiment are performed inside a vacuum chamber, which dries the cell wall sample
rapidly. Therefore, an improved test procedure is needed to investigate the effect of water
on the cell wall. The measured response of wet samples will yield a more accurate
representation of the onset of cell wall expansion in both the major (longitudinal) and
minor (transverse) growth directions.
Comparisons of the mechanical responses of near-native (or hydrated) samples
and dried samples will elucidate the effect of water on the mechanical behavior of cell
walls. When a test sample is prepared from a plant, dehydration is almost inevitable. In
this study, the effect of water content of onion outer epidermal tissue comprising a twodimensional array of broken cell walls was examined quantitatively under tensile loading
using a Micro-Electro-Mechanical systems (MEMS) device with a novel experimental
protocol. The test setup comprises a piezoelectric-based actuation motor and a folded
spring MEMS force sensor device fabricated by the 3D prototyping technique. The new
experimental protocol adapts to a larger or macro-scale sample (wall profile of a cluster
of approximately 25 cell walls) excised from onion epidermal tissue, which can be
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prepared without the aid of electron microscopy and be examined under an optical
microscope and at any environmental condition. To achieve sufficiently high image
resolution and to facilitate both the micro-scale (subcellular) and macro-scale (tissue)
investigation, the samples were tagged with fluorescent microspheres, and tests were
carried out under a confocal laser scanning microscope. The images were analyzed using
a digital image correlation (DIC)-based technique to investigate the tensile stretching
responses both at local and global scales. This approach resolves the problem of vacuum
exposure associated with investigating plant cell walls at the subcellular scale proposed
by Zamil et al. (2013). To quantify the effect of water on the mechanical properties of
samples consists of primary plant cell walls, tension deformations were measured using
air-dried and rehydrated samples of onion epidermal cell wall patch.

8.3 MATERIALS AND METHODS
The essential experimental framework from which to investigate the fundamental
issues introduced in the previous section should have the capability of characterizing both
cellular and sub-cellular level mechanical properties and be adaptable to various moisture
contents. The most rigorous requirement is, therefore, the application and measurement
of micro to nano-scale forces and displacements on micrometer-size biological samples.
Additionally, sample extraction, preparation, and experimental conditions should
maintain the natural state of the biological test material as closely as possible. In this
study, a novel experimental setup followed by sophisticated and robust post-processing of
the acquired data in micro-scale forces and displacements was implemented to enable us
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to quantify and compare the mechanical properties of onion epidermal cell walls in the
wet state, which closely mimics the natural state, and the dry state.

8.3.1 Experimental setup
The experimental system consists of a force sensor and a piezoelectric linear
actuator stage (AG-LS25, Newport Co., USA) with a displacement resolution of 430 nm
per step. The force sensor made of an acrylic-based polymer composite was fabricated by
3D prototyping. The sensor comprises a mechanical structure with serpentine beams and
a sample gripping pad whose spring constant (force per unit displacement) is known. The
piezoelectric actuator and force sensor were mounted on a fixture block to enable the
expansion-type displacement of the piezoelectric actuator to be transferred to a sampleholding plate of the force sensor as shown in Figure 8.1a and b. Figure 1c shows a
schematic of the working principle of the experimental system. The force balance
equation at the sample-holding plate of the force sensor is
,
where F is the loading force, k1 is the spring constant of the force sensor, which
was known, x1 is the displacement of the sample-holding plate, k2 is the spring constant
of the sample, and x2 is the displacement of the linear actuator. Displacements x1 and x2
were obtained from the experiment and used to calculate the applied forces and the
mechanical properties of the samples.
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Figure 8.1: Experimental system. (a) 3D Schematic of a piezoelectric actuator and force
sensor were placed on a fixture block. (b) Detailed picture to show sample placement and
bonding on sample holding plates using epoxy glue. (c) Schematic of working principle
of the actuator and force sensor during tensile testing. A and B is actuator and force
sensor, respectively. Known spring constant k1 was calibrated before the experiment.
Displacements x1 and x2 were obtained from the experiment. (d) A petri dish contained
the tensile testing device with DI water is placed on the stage of inverted fluorescent
confocal microscope.

8.3.2 Force sensor calibration
The acrylic force sensors were calibrated using a precision balance (CP26, Sartorius AG,
Germany). Figure 8.2a and b show the experimental setup and a schematic of the
calibration of the serpentine beam springs of the force sensors. The force sensor was
bonded to a piezoelectric linear stage. For calibrating the force sensor, the piezoelectric
stage was moved in 4 μm increments against the weighing platform of the balance. The
weight values corresponding to displacements of the linear stage were converted to force
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data. As shown in Figure 8.2c, the stiffness of the force sensor (313.7 N/m) was derived
by the slope of the obtained force-displacement curve.

Figure 8.2: Force sensor calibrations. (a) The force sensor was calibrated by a precision
balance. The sensor attached to a linear actuator was pushed against the weighing
platform. The weight value corresponding to each load step was recorded and converted
to force. (b) Schematic of the sensor calibration. d is the displacement obtained from the
linear actuator. F is the force obtained from the precision balance. (c) Forcedisplacement plot was obtained to calculate the stiffness of the force sensor (313.7 N/m).
The solid line is the regressed linear through the origin with an R 2 of 0.9979.

8.3.3 Sample preparation
The outer epidermal tissues were extracted from yellow onions (Allium cepa) that
were purchased from a local grocery store. The onion was selected as a test material due
to accessibility and the ease of sample preparation. The ease of sample preparation is
essential because the prepared sample stays close to the native state compared to other
model plants, which require a more sophisticated sample preparation. The outer
epidermal cell wall profile was peeled away from the middle scale of the onion to expose
the periclinal single-wall layer of the epidermal tissue. Following procedures of (Kafle et
al., 2013), it was made sure that the epidermal cell wall profile thus prepared is only
composed of split open cells under optical microscope, i.e., no intact cells were present.
Subsequently, the cell wall profile patch was rinsed gently with tap water at room
temperature to wash away the protoplasmic liquid. Immediately thereafter, the cell wall
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profile patch was used as a consistent source of plant cell wall fragments for all of the
tests. It should be noted that cell walls exposed by the peeling of epidermal cells are
expected to experience some degree of perturbation in the water content equilibrium due
to the loss of contact with the cytoplasm, i.e., exposed cell walls will no longer able to
exchange of molecules and ions with cytoplasm that can affect the water equilibrium
between cell wall and cytoplasm. In addition, it is also possible for the part of residual
cytoplasmic protein to be adsorbed into the cell wall despite the rinsing step. The extent
of this potential disturbance to the mechanical properties of cell wall profile patch cannot
be measured due to the lack of effective method to prepare samples without such
disruptions, at this point. Nonetheless, this aspect should be considered in studying the
result with respect to the mechanics of the native cell wall.
A thin slice of onion from the middle scale was cut with two sandwiched blades
with a width of 300 μm. To measure the thickness of the samples, we placed them on a
silicon wafer, and the samples were uniformly attached and dried by the cohesion and
adhesion forces of water molecules while the moisture was evaporated at room
temperature for 30 minutes. As shown in Figure 8.3a, the thickness of the samples was
measured by a stylus surface profilometer (AlphaStep 500, KLA-Tencor, CA, USA) in a
transverse direction relative to each sample.
The measured samples were then labelled by polystyrene microspheres. FITC
(Fluorescein isothiocyanate)-labeled carboxylate polystyrene microspheres
(FluoresbiteTM, Polyscience Inc., USA) 500 nm in diameter were dispersed on the surface
of the epidermal tissue. We prepared the polystyrene microspheres beforehand in DI
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water by diluting those 10 times to adjust the concentration. The microsphere solution
was sonicated in an ultrasonic bath for 10 minutes to disperse the microspheres in the
solution. Then 20 μl of the solution was pipetted onto the epidermal tissue sample, and
this step was followed by a 10 minute wait time for the microspheres to adhere to the
onion epidermal tissue (Figure 8.3b). A carboxylate group on the surface of the
microspheres plays a role to covalently bind to proteins on the surface of the onion
epidermal tissue and provides for a secure attachment during the wet state experiment.
The samples were washed three times with DI water to remove excessive microspheres.

Figure 8.3: (a) Thickness profile of a sample attached on a silicon wafer scanned by a
stylus surface profilometer. (b) Green fluorescent microspheres were scattered on the
samples and cross-section views of the sample were obtained from the 3D projection of
sliced image frames in z direction. (c) Optical micrograph was taken from an inverted
confocal microscope. (d) Image processing snapshots were obtained from the DIC
program to measure displacements of a sample under tensile loads.

8.3.4 Stretching samples under tensile loading
After placing the samples on the tensile test device, the fluorescent microspherelabeled samples spanned the force sensor and piezoelectric linear actuator in the
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longitudinal direction. The samples were then air-dried for 10 minutes. Thin plastic
sheets with epoxy glue (Loctite, Henkel Co., CT, USA) were placed over the ends of the
dried sample. The plastic sheet provided uniform and secure bonding between the
samples and the sample-holding plates (Figure 8.1a). The samples that bonded with the
epoxy glue were left overnight to fully cure. The device with a sandwiched and bonded
sample was placed in a petri dish for dry and wet state tensile, i.e., stretching, tests
(Figure 8.1d). For wet state tensile testing experiments, we rehydrated samples by adding
DI water into the petri dish until the samples were fully immersed (Figure 8.1d) with a
wait time of three hours for the full rehydration of samples. To acquire high contrast
images of the microspheres on the surface of the onion tissue peels, we used a confocal
laser scanning microscope (Fluoview 300, Olympus, Japan). The 20-30 Z stack-slices of
images depending on the sample flatness (size: 1024x768 pixels) throughout the
thickness (Z direction, see Figure 8.1a) of the samples were scanned for 5-10 minutes
under the confocal microscope with a speed of 4 μs/pixel using a 20x objective to obtain
high-resolution images for post-processing.

8.3.5 Measurement of displacement using image processing
A digital image correlation (DIC) algorithm was adopted to develop a MATLABbased image processing program to measure displacement. To track both ends of the
sample and calculate the global force and strain shown in Figure 8.3c and d, we used a
normalized 2D cross-correlation algorithm (MATLAB function: norrxcorr2) (Haralick,
1993). Additionally, the accuracy of the measurements was at the sub-pixel level, which
was determined by the cross-correlation coefficient curve-fitting method. This method is
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most commonly used to find the whole-field displacement at sub-pixel accuracy by
comparing two images in the intact (or reference) and deformed (or displaced) states (Pan
et al., 2006). The measurement resolution will vary depending on the magnification of the
microscope objectives and the sizes of images, but sub-micrometer resolution can easily
be achieved with a 10x objective and an image size of 1024x768 pixels.
Z stack fluorescent microsphere images from the confocal laser scanning
microscope were used to measure the local strain of the samples. Before running the DIC
program, the sliced images were projected with maximum contrast using ImageJ software
(Version 1.451, National Institutes of Health, USA) to bring the microspheres scattered
on the uneven surfaces of the onion epidermal tissue peels into one single-plane image.
Then, tracking of the displacements of the microspheres was performed using a
MATLAB-based particle tracking program developed by Eberl et al. (2010) for obtaining
the local area strain maps of the samples.

8.3.6 Determination of Young’s modulus
The tensile stress (σ) is derived from the force (F) applied to the unit area (A), σ =
F/A, whereas the strain (ε) was calculated by (x2 - x1) / l0, where x2 is the displacement of
the actuator and l0 is the initial sample length. By Hooke’s law of elastic materials, σ =
Eε, the Young’s modulus (E) values of the samples in the dry and wet states were
obtained via the slope (σ/ε) of the stress-strain curves.
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8.4 RESULTS
8.4.1 Mechanical properties of onion outer epidermal tissues
8.4.1.1 Force-displacement relationship
The mechanical properties of onion epidermal tissues were characterized by
obtaining the strain and stress from each experiment. As shown in Figure 8.3c and d, we
measured the displacements of both ends of the sample attached to the actuator and the
force sensor by DIC tracking. The measured displacements (x 1) of the force sensors were
used to calculate applied forces by multiplying by the known stiffness (k1) of the sensor
beam. Force-displacement curves of five samples each both the dry and wet states were
obtained (Figure 8.4a and b). With 30 mN force, dry samples were stretched
approximately 0.6 % strain, while wet samples stretched approximately 7 % strain, which
is a 12-fold larger strain than that of dry samples.

Figure 8.4: Force-displacement curves for (a) dry samples and (b) wet samples.

8.4.1.2 Profile of onion epidermal samples and stress-strain relationship
Using the surface profilometer, we obtained the average thickness (7±2 µm of the
samples (Figure 8.3a). The thickness of each sample was then used to obtain the unit area
of the cross section of each sample to calculate the stress-strain relationship from force-
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displacement experimental data. It is known that hydration increases the thickness of
onion epidermal tissues from 1.2- to 2-fold depending on the location of the onion bulb
(Kafle et al., 2013). However, no method is known that can measure the thickness of the
hydrated sample in situ without damaging it. Therefore, the 1.5-fold of measured
thickness from each sample was used as the thickness of the hydrated samples in the
calculation of the unit area. It should be noted that the increase in thickness results in the
decrease of the determined stiffness. In addition, the differences in the mechanical
responses between dry and hydrated samples are much larger than the potential variances
due to the difference in the thickness between the actual and estimated thicknesses based
on the Kafle et al. (2013)’s observation, which is approximately ±25%, in case of stress
and Young’s modulus. Deformation and strain measurements are independent of the
thickness changes. The tensile stress-strain curves are shown in Figure 8.5a and b.
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Figure 8.5: Characterization of Young’s modulus values for epidermal tissues in the dry
and wet state. (a) Stress-strain plots from dry samples and (b) stress-strain plots from wet
samples. (c) Young’s modulus of tissues in dry state was 1.9±0.3 GPa and in wet state
was 0.08±0.02 GPa. Dry state tissues are 20-fold stiffer than wet state tissues.

8.4.1.3 Young’s modulus and Poisson’s ratio
Young’s modulus of the samples in the dry state was 1.9±0.3 GPa, while Young’s
modulus of the samples in the wet state was 0.08±0.02 GPa. Therefore, the samples in the
dry state were 20-fold stiffer than the samples in the wet state. The higher value of dry vs.
wet samples is consistent with the values reported in the literature. In a recent study by
Zamil et al. (2013), the modulus of vacuum-exposed onion outer epidermal cell wall
fragments was 3.7 GPa in the major growth direction, whereas the modulus of wet onion
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epidermal tissue was reported by Vanstreels et al. (2005) to be 0.056 GPa. Our results
show similar trends and magnitudes.
Poisson’s ratio of samples, which is the negative ratio of transverse to axial strain,
was characterized. The power of the current approach is that one can calculate not only
the Young’s modulus, but also the Poisson’s ratio from the same experiment. The same
test results provide a complete set of elastic parameters, which has several advantages.
The most important ones are (1) our approach avoids the use of two different
experimental set-ups, which can lead to inconsistencies resulting from boundary
conditions and (2) the efficient use of time and resources. Nonetheless, it should be noted
that the Poisson’s ratio due to the change in the thickness of the cell wall profile patch is
not determined because the thickness is much smaller than other dimensions resulting in
negligible strain when compared to other dimensions.
Figure 8.6a and b shows axial and transverse strains of the samples in the dry and
wet states. The transverse strains (negative values) increased during application of the
forces. Poisson’s ratios at 30 mN of force were calculated as 0.11±0.06 for the dry
samples and 0.35±0.22 for the wet samples (Figure 8.6c).
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Figure 8.6: Measurement of transverse strains and comparison between axial strain and
transverse strain for (a) a dry sample and (b) a wet sample. (c) The Poisson’s ratio of dry
samples was 0.11±0.06 and wet samples 0.35±0.22.

8.4.2 Inter-cell and intra-cell mechanical properties
By generating and tracking grid points correlated to fluorescent microspheres
(Figure 8.7a) attached to the samples, we obtained strains within single cell walls from
five wet and five dry samples. With 30 mN force, averaged strain of cell walls in dry
state was 0.4±0.1% and in the wet state 2.4±1.3%. Strain of cell walls in the dry state was
6-fold higher than for cell walls in the wet state. Under the assumption of the same stress
level being applied to the cell walls, the averaged Young’s modulus of three cell walls
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from each of the five samples in dry state was 3.0±1.0 GPa (n=15), while for the wet
state it was 0.4±0.2 GPa (n=15).

Figure 8.7: Characterization of Young’s modulus values for local cell walls in dry and
wet states. (a) Representative fluorescent micrograph taken from an inverted confocal
microscope and zoomed images from a region of interest before and after stretching a
sample. (b) Representative stress-strain plots obtained from 3 cell walls in dry state. (c)
Representative stress-strain plots obtained from 3 cell walls in wet state. (d) Averaged
Young’s modulus of cell walls from 5 samples in dry state was 3.0±1.0 GPa (n=15) and
cell walls from 5 samples in wet state was 0.4±0.2 GPa (n=15).
To investigate the inter-cell’s (middle lamella) effect on the mechanical properties
of the samples, we selected an epidermal tissue in dry state and in wet state, respectively,
and compared the strains on cell walls and the middle lamellae at a force of 30 mN
(Figure 8.8a and b). To measure the strains on the intra-cell wall region (middle
lamellae), fluorescent microspheres, which were deposited on an intra-cell wall region
aligned in the same direction of tensile experiment, were selected and tracked in the
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tensile direction, i.e. along the major growth direction. The strain value of cell walls in
the dry state was 0.55±0.01%, while for the intra-cell wall region, it was 0.40±0.10%. A
one-way ANOVA was used to statistically evaluate the data. The cell strain was 1.4-fold
higher than the intra-cell wall region strain, which was a significant difference (p<0.05).
The strain value of the cell walls in the wet state was 3.6±0.2%, and for the intra-cell wall
region, it was 3.7±0.5. This result does not reflect a significant difference (p>0.05). In
summary, intra-cell wall region deformed less than cell wall, when the cell wall was in a
dry state, while there was no difference when the cell was in the wet state.

Figure 8.8: Comparison of strain in middle lamellae and cell walls. (a) The representative
picture of a dry sample with three middle lamellae that have been chosen for
measurement. (b) Inter-cell (middle lamella)’s effect on mechanical properties of samples
in comparison with intra cell walls. One-way ANOVA was used for statistical evaluation.
(*p<0.05)

8.5 DISCUSSION
8.5.1 Role of hydration in cell wall profile patch’s mechanical stiffness
More than 70% of the fresh weight of a primary cell wall is accounted for by
water (Albersheim et al., 2010). In addition to the aqueous phase’s biochemical role in
the formation of cell wall structure, water is thought to make a significant mechanical
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contribution related to growth control (Mercado et al., 2004; Ulvskov et al., 2005; Evered
et al., 2007). Because the mechanical property of a cell wall dominates its extensibility, it
is essential to measure the quantitative stress-strain responses of the cell wall. When a
plant cell wall sample is excised, prepared for, and subjected to mechanical testing in
ambient conditions, it is inevitable that it loses moisture. When moisture is lost from the
cell wall, the molecular structure of the cell wall changes, as does the way the load is
borne. Nonetheless, the effect of the amount of water present in the cell wall on the
stress-strain measurement has yet to be established.
A major observation of this study was that the wet sample became weaker (i.e.,
lower strength) than the air-dried sample by more than 20-folds. At this point, it is worth
discussing plausible origins of changes in mechanical properties of samples consist of
primary cell walls due to the change in hydration states. Assuming that the natural airdrying process removes most of the free water from the onion cell wall, it will induce less
spacing between cell wall constituents including structural polysaccharides. This
phenomenon is noted in Evered et al. (2007), wherein less moisture resulted in a
decreased extension rate and ultimately, elongation of the excised etiolated sunflower
hypocotyl samples. The authors attributed this change to changes in the spacing between
the cell wall components due to different water contents. A similar argument was
presented by Ha et al. (1997). From nuclear magnetic resonance (NMR) measurements of
air-dried and rehydrated onion tissue samples, Ha et al. (1997) showed that hydration
increased the molecular mobility of pectic polysaccharides. They argued that the glassy
pectic matrix must carry part of the stresses within and between the layers and ruled out
the participation of xyloglucan owing to its smaller fraction compared to the pectic
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polysaccharides. In summary, they suggested that hydration of onion cell wall mainly
affects the pectic matrix and implied that dehydration of the cell wall will collapse the
interlayer spacing so that the microfibrils from adjacent layers come close to or even
touch one another as the wall shrinks in thickness. Recently, the presence of such direct
contacts between cellulose microfibrils in cell wall has been observed especially when
cell wall is dehydrated (Fernandes et al., 2011; Thomas et al., 2013). Overall, the reason
for the decrease in the stiffness of the cell wall upon re-hydration is that dehydration or
re-hydration of air-dried sample alters the architectural structure of the cell wall at the
molecular level, especially the spacing between cell wall components.
8.5.2 Effect of the hydration in mechanical anisotropic responses
When the primary cell’s wall is subject to the outward load due to the turgor
pressure with its walls confined by neighboring cells, the cell wall is constantly under
stresses in two directions, namely the major growth (longitudinal) and minor growth
(transverse) directions. It has been shown that cell wall’s mechanical properties are
anisotropic and the anisotropy of the shape of cell is contributed to the anisotropic
mechanical properties of cell wall (Cave, 1968; Baskin, 2005; Wei et al., 2006).
However, there are gaps between the degree of anisotropy of the mechanical properties
and the resulting anisotropic deformation of cells. Moreover, Poisson’s ratio or shear
stress is a fundamental and essential mechanical properties that can fill lacking
information required in explaining multiscale aspects of collections of cells (tissue) from
the mechanics of an isolated cell (Hejnowicz and Sievers, 1995; Baskin and Jensen,
2013). A first step toward elucidating the origin of this anisotropic growth can be taken
with the quantitative measurement of biaxial mechanical properties of primary cell walls.
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Because the current mechanical experimental set-up is one dimensional in nature,
Poisson’s ratio provides important information on the mechanical properties in the
perpendicular direction to the direction in which the sample is stretched.
It is well known that the geometric arrangement of the cell itself results more
deformation in a preferred direction. Nonetheless, when Poisson’s ratios of dehydrated
and rehydrated cell wall profile patches, hydration seems to promote lateral deformation
(in the minor growth direction) during extension in the major growth direction by more
than three-fold. This change should come from the changes in the mechanical properties
of cell walls and middle lamellae because no changes in the overall geometric shape of
cell walls were observed during dehydration and rehydration.
Basically, a different Poisson’s ratio value indicates a change in the shear
modulus, i.e., resistance to the angular deformation. Albeit the deformation of living
tissue has much more complexity due to its three axes dimension and the existence of
confounding effects of neighboring cell and turgor, we can infer the result of the change
of mechanical properties of cell wall. In the intact state, the lateral deformation is
restricted by adjacent cell walls, and therefore, a higher Poisson’s ratio indicates a lower
shear modulus. In other words, a lower shear modulus indicates more flexibility of cell
wall, allowing concurrent lateral deformation. Because dehydration adversely affects
lateral deformation, regions of the cell wall with lower moisture content will grow less in
the transverse direction; instead, the cell will require further loosening by enzymatic or
chemical actions to achieve the same growth as in the areas of higher moisture content.
For a growing cell, the consequences of the loss of moisture could adversely affect its
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growth, which is consistent with the observation of Evered et al. (2007) wherein less
moisture resulted in a decreased extension rate.
8.5.3 Changes in the mechanical stiffness due to rehydration
An important aspect of the decrease in stiffness of the re-hydrated cell wall profile
patch is the amount of the decrease, which is in an order of magnitude. From the
computational modeling by (Yi and Puri, 2014), this amount of change can occur due to
the stiffness of the interactions between structural polysaccharides. In other words, the
result suggests that rehydration changes the way the cell wall components interact to
carry a load. The results of (Yi and Puri, 2014) suggested that the change in stiffness of
the polysaccharides, which bear loads, results in a linear change in the overall stiffness of
the cell wall. Conversely, the stiffness equivalent to the interactions between
polysaccharides results in a change in the overall stiffness of the cell wall network at an
order of magnitude scale. This result suggests that the differences in stiffness between
air-dried and rehydrated onion epidermal tissues are more likely due to a change in the
way the polysaccharides interact with each other to transfer and bear loads than changes
in mechanical properties of major load bearing components in the primary cell wall. This
argument complements the results of Ha et al. (1997) on the change in mobility of
polysaccharides in onion epidermal tissues in which the decreasing mechanical stiffness
of the cell wall was attributed to pectin or other polysaccharides with increased mobility
due to the presence of water. Although the model of Yi and Puri (2012) lacks pectic
polysaccharides, it can be inferred that such large changes in the overall stiffness come
from changes in the stiffness of the interactions of load-bearing components, rather than
the stiffness of these load bearing members themselves.
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There is a notable difference in the changes in stiffness upon re-hydration
between the epidermal tissue sample and the local cell walls. With 30 mN force, the
epidermal tissue’s strain decreased by 12 folds due to the re-hydration, while local cell
walls exhibited only 6 folds decrease in the strain when re-hydrated. This observation
indicates that dehydration or re-hydration affects the stiffness of the tissue more than the
individual cell wall. Considering that the onion epidermal tissue consists of cell walls in
addition to middle lamellae, it can be inferred that the middle lamella might experience
more dramatic changes in the mechanical responses than the cell wall. The middle
lamella is composed of mostly pectin polysaccharides, which has higher affinity to the
water than other major polysaccharides in the primary cell wall (Jarvis, 1984). Therefore,
it is reasonable that the middle lamella is more strongly affected by hydration.
Moreover, it was observed that there was a significant difference (p<0.05) in
strains between cell wall and intra-cell wall region (middle lamellae), when samples were
in dried state. This difference disappeared when samples were rehydrated. This
observation suggests that the hydration enables the epidermal tissue to deform in a
homogeneous way and, as a result, minimizes the possibility of separations between cell
walls during the expansive growth. Considering that the middle lamella’s mechanical
strength can be considered to be higher than the strength of the cell wall (Zamil et al.,
2014), this observation suggests that the middle lamella’s stiffness should be controlled
to accommodate a cell wall’s expansion to allow for the overall growth of a plant without
mechanical failure. It is also possible that the hydration of onion epidermal tissue samples
may significantly affect cell to cell adhesion, which is also regulated by middle lamella.
Overall, this result implies that the regulation of the stiffness between adjacent cell walls
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may play a more important role in plant growth regulation than in the regulation of the
cell wall’s stiffness.

8.6 CONCLUSION
Water is an essential component of a growing cell wall. Despite its recognized
importance from the standpoint of the mechanics of a growing cell wall, quantitative
measurements of the effect of water on a cell wall’s mechanical responses without the
confounding effect from the cells’ geometries and their interactions by the middle lamella
are generally lacking. This study utilized a micro-electro-mechanical system device to
conduct tensile tests on onion epidermal tissue samples. The results show that the
mechanical responses of individual cell walls at a subcellular scale are discernable from
the mechanical responses of the overall epidermal tissue at the tissue scale.
Dehydration increases the stiffness of the onion epidermal tissue and the
individual cell wall as seen in the observation of rehydration’s adverse contribution to
stiffness. This observation suggests that hydration of primary cell wall induces alterations
in the cell wall’s molecular structure that are responsible for load transfer and bearing in
addition to the properties of intercellular regions, i.e. middle lamellae. Considering the
order of magnitude changes in stiffness upon re-hydration, it is thought that water may
alter the molecular interactions between structural polysaccharides in addition to
functioning as a spacer between polysaccharides. With 30mN force, the change in the
strain of the cell wall was approximately 6-fold, whereas the change in the strain of the
epidermal tissue was 12-fold upon rehydration. In addition, the presence of water also
altered the lateral deformation more than three-fold compared to longitudinal
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deformation. These observations suggest that the regulation of the mechanical strength of
cell-to-cell interactions may play a more important role in the mechanics of plant growth
than the regulation of the mechanical stiffness of the cell wall.
While this study does not provide definite proof of the role of water in the
mechanical behavior of the cell wall, it provides insight into the quantitative effect of
water based on the cell wall’s molecular structure model. In conjunction with studies on
the effects of water on the molecular structure of the cell wall, this study provides insight
into how such structural changes of the cell wall due to water can be interpreted from a
mechanical perspective.
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Chapter 9
Bridging subcellular and tissue scale mechanical properties: The
contributions of middle lamella interface and cell shape

9.1 Abstract
From subcellular to tissue scale, plant cells maintain a distinctive hierarchy in its
structural organization. However, the mechanical properties of plant cell and how they adhere to
each other including the knowledge of how the mechanics of subcellular is bridged to the
mechanics of extracellular scale is yet to be understood sufficiently. In this study, we have taken
an onion outer epidermal peel, which is an array of one side wall profile from many cells, as the
representative of a plant tissue and developed a framework of multiscale finite element method
(FEM) computational model to scale-up mechanical properties from subcellular to tissue scale. A
3D repetitive volume element (RVE), which includes both subcellular and extracellular
parameters, was modeled with ABAQUS® (Dassault Systèmes Americas, Waltham, MA,

USA). RVEs are arranged in a plane to model a tissue patch of multiple cells. In a RVE, wall
fragments from four adjacent cells are attached by the surface cohesive contact to define middle
lamella (ML) interaction. By changing dimensions of the RVE, four different instances of the
RVE were constructed, which allowed the quantitative investigation of the contribution of the cell
wall shape to the tissue scale mechanical responses. To calculate the stress-strain responses, RVE
models were subjected to the 1% strain. It was observed that change in the ML contact

stiffness has little to no impact on tissue level mechanical responses. However,
anisotropy in modulus values was observed at all levels of ML contact stiffness values.
With respect to the shape factors, i.e., WL ratios, E2 (modulus in longitudinal direction)
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and ν21 (Poisson’s ratio in longitudinal plane, 2, and transverse direction, 1) remain
almost unchanged; however, E1 (modulus in transverse direction), ν12, and E2/E1
(anisotropy ratio) showed substantial change in values when WL value is 1. The G12
values were different for all WL ratios. The experimentally measured anisotropy in
modulus value (1.25) showed good agreement with the computational model calculated
value (1.29). A framework is presented to scale up subcellular mechanical properties to
tissue scale that incorporates the ML and the cell size and shapes including their
arrangements, which will enable the examination of extracellular parameters for deeper
insights to their contribution toward the overall mechanical response.
Keywords. Plant cell wall, FEM, Mechanical Properties, Middle Lamella, Bridging
Subcellular to Tissue Scale.

9.2 Introduction
Although plant cell walls are composed of four major structural constituents, i.e.,
cellulose, hemicellulose, pectin, and proteins, it is the distinct hierarchy of the
architecture of those structural constituents at different length scales (from subcellular to
tissue) that enable plant cell walls to exhibit a wide range of mechanical properties
(Gibson, 2012). At the subcellular scale, the cell walls are considered to be a composite
of stiff cellulose microfibrils embedded into the matrix of non-cellulosic biopolymers
(Cosgrove, 1997; Fujino et al., 2000; Kerstens et al., 2001). However, with the recent
understanding of the role of pectin (Anderson et al., 2010 Dick-P rez et al., 2011) and
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structural protein (Rose and Lee, 2010) in the cell wall mechanics, the revised model of
cell wall leans towards an intricate and cohesive network of its major structural
constituents (Caffall and Mohnen, 2009; Keegstra et al., 2010; Park and Cosgrove, 2012;
Wang et al., 2012); wherein, the arrangement and interaction of structural elements
mediate the mechanical responses. Beyond cellular level, extracellular parameters such
as cell size, shape, arrangement, and the properties of ML become important attributes for
consideration to understanding better the overall mechanical response at the tissue scale
(Konstankiewicz et al., 2001; Zdunek and Umeda, 2005; Waldron and Brett, 2007; Faisal
et al., 2013, 2014; Pieczywek and Zdunek, 2014). With the improved understanding of
the molecular scale cell wall microstructure (Cybulska et al., 2010; Zhang et al., 2014)
and the contribution of extracellular features at different length scales (Vanstreels et al.,
2005; Zdunek and Pieczywek, 2013), multiscale modeling approaches become key tools
in understanding how the microscale properties and constitutive relations are linked to
and give rise to the macro or tissue scale mechanical responses (Verboven et al., 2008;
Ho et al., 2011, 2013). The multiscale approach allows using the smaller scale responses
as an input in predicting the immediate next length scale responses. Thus, the
contribution of structural features at different length scales to macroscale responses can
be understood systematically.
The multiscale computational modeling technique has a successful track record
in literature investigating multicellular plant tissue systems’ responses to stresses
(Mishnaevsky and Qing, 2008; Roose, 2009; Faisal et al., 2013; Rafsanjani et al., 2013;
Pieczywek and Zdunek, 2014). In regard to studying of plant cell wall systems, generally
two types of multiscale computational modeling approaches have been adapted. The
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generic mathematical model considers the cell and the interacting boundaries as spring
elements and aggregates the whole (LOODTS et al., 2006; Van Liedekerke et al., 2010).
In the second type, the structure-based multiscale modeling considers the cells of 2D or
3D shapes and uses discretization-based finite element method (FEM) technique to solve
the system (Smith et al., 1998; Qing and Mishnaevsky, 2010). In earlier attempts at
modeling the cell wall, both single cells and tissues, were based on simplified geometric
models (Pitt and Davis, 1984; Bruce, 2003) since there are inherent challenges associated
with reliable measurement of desired parameters of the smaller scale features
(Pieczywek and Zdunek, 2014). To understand how a single cell responds to a
compressive load, Pitt and Davis (1984) developed a FEM based model considering the
parenchyma cell of potato as thin walled fluid filled sphere. Later single cell FEM model
was further developed for a more detail 3D representation (Wu and Pitts, 1999) and for
the large deformation allowing the usage of nonlinear constitutive relationships of wall
materials (Wang et al., 2004; Dintwa et al., 2011). Over the years, the development of
single cell FEM model was complemented by the development of new experimental
methods at cellular scale (Geitmann, 2006). However, unlike the single cell model, the
tissue model addressing the complex and heterogeneous arrangement of cells, their
geometry, and intercellular adhesion, is not yet sufficiently developed. Recently,
Pieczywek and Zdunek (2014) developed a finite element model of onion epidermis
tissue incorporating nonlinear properties of cell wall and heterogeneous tissue geometry.
Even though this model resolves few important limitations of the earlier developed FEM
model, yet it lacks the detailed representation of the 3D features of the cells and how they
are interconnected to each other by the middle lamella (ML). Similarly, Pieczywek and
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Zdunek (2014) discarded bottom walls in their model tissue, which might have important
contribution to the overall mechanical responses in a 3D architectural arrangement. In
other recent studies, the properties of ML is incorporated with the model (Gao and Pitt,
1990; Van Liedekerke et al., 2010); however, the study on the contribution of the distinct
layer of ML connecting adjacent cells and quantitative analysis of cell shape in a 3D
architectural framework is still not reported in the literature.
The goal of this study was to develop a framework of structure-based 3D FEM
model to scale-up subcellular scale mechanical properties to the tissue scale mechanical
properties. Based on the detail image analysis of 3D shape, size, and arrangement of cells
in onion epidermal tissue, a 3D RVE computational model was developed. Along with
the layer of ML, the model incorporates all major structural features (cell shape, size, cell
to cell interface through ML and side wall, and wall thickness) that are present in a tissue
but using an idealized representation of a tissue. The model uses the subcellular
mechanical properties and the properties of the ML from published experimental results
(Zamil et al., 2013, 2014) to build a FEM model framework with a defined ML
interaction. In this study, the quantitative contribution of the ML and shape of the cell to
tissue level mechanical response was investigated. Upon validation of the model with the
experimental data, the FEM model can be used to study the quantitative contribution of
extracellular parameters including the ML to the overall mechanical responses.

9.3 Material and Methods
9.3.1 Idealized cell representation
Because of the ease of sample preparation and detailed knowledge of the major
structural features (from subcellular nanostructure arrangement to extracellular
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parameters), onion (Allium cepa) epidermal peel was chosen as the model material. The
outer epidermal cell wall profile peels, which expose cell wall material, were collected
from three different locations (upper, equatorial, and lower zones) of 5 th and 6th scales
(Figure 9.1) of an onion bulb and the shape of the cells were studied using image analysis
technique. In the earlier study of characterization of cell wall material at the subcellular
scale and the mechanical behavior of middle lamella (Zamil et al., 2014), the samples
were collected from the middle scale of an onion bulb, which is most of the time 5 th scale.
Therefore, for this study, 5th and 6th scales were chosen for image analysis. For validation
purpose, the samples were collected from the same scales.
The objective of the image analysis was to identify the most common shape of a cell that
is representative of a tissue or cluster of cells. The hexagonal shape was found to be most
common and considered for idealized cell shape (Figure 1). It was also observed that the
cells at the equatorial region are more isotropic in shape compared to cells near the root
of the bulb (bottom zone) and upper zone.
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Figure 9.1: Onion outer epidermal cell wall profile extracted from three different
locations of the 5th and 6th scales. The lower region refers to the area just above the root
of the onion bulb.

An idealized representation of the cell (Figure 9.2a) was constructed based on the
three physical parameters: (1) Length L (2) Short width W1 and, (3) Long width W2.
From image analysis it was observed that the ratio of W2/W1 varies from 1.5 to 2. For
anlaysis,W2/W1= 2.0 was chosen. Thus, the number of parameters for the idealized cell
construction reduced to two, namely, W (W= W2/2) and L (L=l/2). Figure 9.2b shows a
quarter of a cell parameterized by W and L. As an idealized cell is symmetric about both
horizontal (X) and vertical (Y) axes through the center of the cell, the quarter cell (Figure
9.2b) describes the size and shape of an idealized cell. Here, the size refers to whether a
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cell is small or large and the shape refers to anisotropy of the shape in the longitudinal
and transverse directions of the cell. The ratio of WL (W/L) has a large variation
depending on the number of onion scale and the location from where a specific cell wall
profile patch is extracted from (Figure 9.1). For the 5th scale and equatorial location, the
WL ratio was 0.5±0.1. To investigate how this shape anisotropy contributes to overall
mechanical properties, along with WL=0.5, three additional WL ratios (0.25, 0.75, and 1)
(Figure 9.2c) were considered for idealized cell construction. WL ratio of 0.25 designates
an idealized cell where the length (l) is four times compared to the larger width (W2) of
the cells. This type of cell is representative of the cells observed in the onion epidermal
cell wall profile extracted from the lower or upper region of a scale (Figure 9.1). The WL
ratio was increased up to 1, which represents a cell having equal length (l) and width
(W2). Beyond WL ratio of 1, the idealized cell again become longer in one direction (W 2
direction) compared to other orthogonal direction (l direction).
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Figure 9.2: (a) An idealized representation of a cell developed from the image analysis
study of 250 cells of cell wall profile patches extracted from 5th scales of different onion
bulbs. (b) The quarter of an idealized cell, which is parameterized by two dimensionsW(W=W2/2) and L (L=l/2). The quarter cell parameterized by W and L is the
representative of a whole idealized cell (c) Idealized cell shape for different WL ratio.

9.3.2 Repetitive volume element development
A repetitive volume element (RVE) was developed such that it produces a tissue
patch of idealized cells when the element is repeated two dimensionally (Figure 9.3a).
The RVE consists of cell wall fragments from four adjacent cells and captures all the
structural features of a cell wall profile patch including the shape and size of the cell,
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thickness of the cell, the middle lamella interaction, and the height of the raised wall
(Figure 3b). Thus the RVE represents an idealized tissue patch for a specific set of
parameters. In this study, four different RVEs were constructed and analyzed by
changing the WL ratio as shown in the Figure 9.2c.

Figure 9.3: (a) Repetitive volume element (RVE) is comprised of four wall fragments
from four adjacent cells. A two dimensional array of RVE with the additional ML
perpendicular to the plane makes an idealized cell wall profile. (b) A RVE represents all
the 3D features of an onion cell wall patch, thus representative of an onion epidermal
tissue in 3D arrangement. Two adjacent walls in the RVE are connected by the cohesive
contact surface interaction representing the ML. Thickness of the wall, t was 2 µm and
height of the raised wall contact, h was 5 µm. The physical parameters of the cell wall
and raised wall thicknesses were obtained from the electron microcopy images results
reported in chapter 5, 6 and 7.
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9.3.3 Finite element model development and simulation
9.3.3.1 RVE model construction in ABAQUS with detail 3D geometric specification
An RVE model was developed using ABAQUS CAE/6.11-1 (Dassault Systèmes
Americas, Waltham, MA, USA) which includes both periclinal (bottom wall) and
anticlinal walls (side walls). Thus the model represents the half of the split cell wall
profile, and captures all the 3D structural features. For each WL ratio, four wall fragment
parts of the RVE were initially created separately according to specified dimensions
(Figure 3a). The thickness of the wall was kept fixed at 2 µm and raised wall contact at 5
µm. Then all the four fragments were assembled and connected by cohesive surface
contacts. The contact between two adjacent wall fragments represents a separate layer of
ML having specific mechanical properties. Middle lamella is a nanoscale thin (~20 nm)
distinctive layer between two adjacent cells (Blumer et al., 2000). In a 3D configuration
of RVE, the ratio of width (20 nm) to height (7 µm) of the ML contact gives a very high
aspect ratio of 350:1. Thus the ML as a separate physical layer in a 3D configuration is
not a feasible option; therefore, surface-to-surface contact technique to define and
represent the ML mechanical properties as a separate layer was used. Four VE’s were
constructed based on four WL ratios mentioned previously.
9.3.3.2 Material and Cohesive contact properties
For simplification and based on the experimental results at subcellular scale, both
dry (Zamil et al., 2013) and wet, the material properties of the wall fragment were
considered isotropic with the Poisson’s ratio of 0.3 and the modulus value of 300 MPa.
The properties of cohesive contact between two adjacent cells were assigned as contact
separation stiffness values, i.e. Kn, Kt, Ks (Figure 3b), ranging from 20 to 20,000 N/m.
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Here Kn refers to contact separation stiffness along the outward normal direction (n) of
the two contact surfaces. Kt and Ks refer to contact separation stiffness values along the
two other orthogonal directions with respect to the normal direction (n).The experimental
characterization (Zamil et al., 2014) suggested that mechanical properties of the ML are
comparable to mechanical properties of the wall fragment. From the calculated stiffness
values and based on the experimental results (Zamil et al., 2014), the stiffness of the
contact or ML values were assigned. Considering the ML contact has similar mechanical
properties within a small stretching range, the range of stiffness of RVE in transverse and
longitudinal directions was calculated as 225 to 1600 N/m by the following equation.

where, E is the modulus of elasticity of the RVE wall material, A is the cross-sectional
area, and L is the length in the direction of load. Based on approximate stiffness estimates
of the RVEs, the cohesive contact separation stiffness were assigned as 20, 200, 2000,
and 20000 N/m. One order lower and one order higher stiffness of cohesive contact
compared to RVE stiffness were considered. The objective was to investigate whether the
contact separation stiffness has any substantial contribution to the RVE mechanical
properties, thus to the tissue scale mechanical properties. For simplification and as a first
approximation, the contact separation stiffness was considered same in all three
directions; i.e., Kn=Kt=Ks.
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Figure 9.4: (a) Meshed RVE. More elements were considered near the corner making
surface contact. (b) The minimum number of elements required for results to converge.
(c) Transverse boundary conditions. The RVE was stretched 1% pulling from two
opposite transverse directions. (d) Longitudinal boundary conditions. The RVE was
stretched 1% pulling from two opposite longitudinal directions. (e) Shear boundary
conditions. The left side of the RVE was kept fixed and shear force was applied on the
right face along the longitudinal direction.

9.3.3.3 Discretization of RVE and Boundary conditions
The RVE was then discretized (meshed) using 10-node quadratic tetrahedron
(C3D10) elements. The mesh density of the RVE near the ML interface was higher
compared with the other regions. This allowed a more detail study of the strain and strain
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fields in those respective areas (Figure 9.4a). The minimum numbers of elements for
estimating reliable computational results were investigated. It was observed that for a
RVE of more than 20,000 elements, a typical estimated results using FEA simulation
starts to converge (Figure 9.4b). To be on the conservative side, more than 40,000
elements were used for the simulation.
To estimate mechanical properties in the transverse direction (1 direction), the
RVE was stretched from two ends in opposite direction each by 0.5%, hence in total of
1% (Figure 9.4c). For estimation of mechanical properties in the longitudinal direction (2
direction), the same boundary conditions were applied, except that the directions were
different (Figure 9.4d). For the estimation of the shear modulus (G12), the RVE was fixed
on one side (here the left face) and pure shear force was applied along the opposite side
(right face).
Once the mechanical properties were estimated for the RVE with a specific WL
ratio, those properties were used as the material properties for the next or tissue scale cell
wall profile having same thickness as the wall fragment at subcellular scale. Plant cell
wall profile being very thin, i.e., the thickness is very small (in direction 3) compared to
other two dimensions (length and width; directions 1 and 2, respectively), a tissue scale
model can be treated as plane stress loading. The tissue cell wall profile was constructed
as a shell type element and discretized with elements similar in size of a specific RVE
(Figure 9.5).
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Figure 9.5: A tissue cell patch composed of 30x30 RVE. Each RVE is equivalent to 2 full
cells, hence the tissue path comprise 60 cells in each direction with a total of 3,600 cellsin
the modeled patch. In tissue patch, the element material properties were assigned from
RVE. The dimension of the constructed tissue patch (7.2x2.7 mm) was similar to the
dimension of the onion cell wall profile patch (11x2.9 mm) used for validation.

Thus, each element in the tissue scale model uses the material properties of the RVE. The
geometric and ML features that were visible in the RVE scale are no longer present in the
tissue or macro scale representation.
9.4 Results and Discussion
The RVEs were stretched 1% slowly to simulate the static load condition both in
the longitudinal and transverse directions. The reaction forces and the displacement of the
deformed shape of the RVE models were determined; which were used to calculate
stress, strain, and Poisson’s ratio, subsequently.
The simulations were performed for four different shaped VE’s with the WL
ratio ranging from 0.25 to 1. For each WL ratio, there were four cases comprising four
different ML cohesive contact stiffness; and for each of those contact stiffness,
transverse, longitudinal, and shear mechanical properties were calculated. Thus, there
were in total 4x4x3=48 simulations. Table 1 lists the results from the 48 simulations.
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Table 9.1: Estimated mechanical properties of RVE for different WL ratio and ML
contact stiffness
WL ratio

K (N/m)

E1 (MPa)

E2 (MPa)

ν12

ν 21

G12 (MPa)

20

235.5

373.9

0.19

0.30

64.4

200

298.5

377.7

0.25

0.31

67.5

2000

308.1

377.8

0.26

0.31

68.0

20000

309.3

378.3

0.26

0.31

68.0

20

253.8

354.3

0.20

0.27

43.7

200

307.0

364.5

0.26

0.29

46.4

2000

314.3

365.8

0.26

0.29

46.9

20000

315.1

365.9

0.27

0.29

46.9

20

260.6

349.5

0.19

0.24

29.9

200

310.3

364.4

0.26

0.29

32.3

2000

316.9

365.1

0.27

0.29

32.5

20000

317.7

365.3

0.27

0.30

32.5

20

181.3

333.0

0.12

0.28

20.6

200

212.3

351.9

0.17

0.33

22.3

2000

216.4

354.2

0.18

0.33

22.5

20000

216.8

354.9

0.18

0.34

22.5

0.25

0.5

0.75

1

*K: Cohesive contact stiffness
E1: Modulus of elasticity in Transverse (1) direction
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E2: Modulus of elasticity in Longitudinal (2) direction
ν12: Force applied in direction 1 and lateral deformation calculated in direction 2
ν21: Force applied in direction 2 and lateral deformation calculated in direction 1
G12: Shear force applied on plane perpendicular to direction 1towards direction 2
For WL=0.25 , the scaled up mechanical properties of tissue scale model with
60x60 cells were almost same as to the RVE mechanical properties. For 20, 200, 2000,
and 20000 cohesive contact stiffness representing ML, the corresponding modulus values
were- RVE: 373.9, 377.7, 377.8, 378 MPa and tissue: 3.74, 3.78, 3.78, 3.78 MPa. Thus it
was justified that the RVE mechanical properties represents the larger tissue mechanical
properties considering the tissue behaves like a lamella under plane stress. Based on these
results, the RVE computational results were analyzed as tissue level experimental results
for all the four WL aspect ratios examined in this study.
9.4.1 Change in Mechanical Properties due to change in ML contact stiffness
Table 9.1 and Figure 9.6 show that for a specific WL ratio, the mechanical
properties (modulus values, shear modulus, and Poisson’s ratio) changes very minimally
with the change in ML cohesive contact stiffness. For contact stiffness values of 200,
2000, and 20000 N/m, there were almost no changes in the mechanical properties. Even
one order of smaller contact stiffness (20 N/m) compared with the wall fragment stiffness
reflects only a slight change in the overall mechanical response. The reason could be the
way ML contact was defined. For this study, the simulation was performed with the 1%
stretching, and within that limit, it was considered that the ML does not experience any
slippage or breaking; a reasonable assumption. Thus, the RVE mechanical properties
were dominated by the fragment scale mechanical properties. However, anisotropy in
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modulus value (E2/E1) resulted in the observable difference in the overall stiffness of the
tissue scale model for every assigned contact stiffness value (Figure 9.6e). As the
material properties of the constituent fragments of the RVE were assigned isotropic and
modulus of elasticity is a normalized value independent of sample length and crosssectional area, it was evident that the observed anisotropy originated from the 3D
architecture and spatial arrangement of ML contact interaction.
In this study, the ML contact was defined as strong and rigid. This assumption is
based on the earlier findings of mechanical characterization of ML extracted from the
same onion cell wall profile patch (Zamil et al., 2014). For a dead cell wall profile patch,
which is dead and biochemically inactive, it is possible that ML has minimal contribution
to the overall mechanical response. For a 2D planner patch, this inference is intuitive, as
the ML dimensionally constitutes a very tiny fraction of the overall RVE dimensions
(Figure 9.3a). Thus if the separation and slippage of ML are not taken into account, the
wall fragment should be the dominant contributing factor to the RVE mechanical
response. This study attempted to add the 3D features of raised wall along with ML. Yet,
the inference was the same; i.e., there is minimal contribution of the ML contact
properties to the overall RVE response. However, if slippage or shear fracture is
considered, which is observed in biochemically active growing cell wall system
(Snegireva et al., 2010; Sanati Nezhad and Geitmann, 2013; Jarvis et al., 2003), the ML
mechanical properties may contribute substantially to the tissue scale mechanical
response. Since slippage and shear fracture are yet to be quantified, these were not
included in the model.
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Figure 9.6: RVE material properties estimated for different contact stiffness values and
WL ratios. Here subscript 1 refers to transverse direction and 2 refers to longitudinal
direction.

9.4.2 Change in mechanical properties due to change in WL ratio or shape of the
cell
A lower fractional value of WL (for example WL=0.25) indicates that the
developed idealized hexagonal cell (Figure 9.2a) is longer in direction 2 (longitudinal
axis), thus anisotropic in shape. When WL=1, the cell become a hexagon having equal
side lengths, which is closer to being isotropic (Figure 9.2c). After investigating the
contribution of the ML contact stiffness to macro scale mechanical responses, the next
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objective was to find out whether the shape of the cell, i.e., the WL ratio, contributes
significantly to the overall RVE mechanical responses. It was observed that the modulus
value in the longitudinal direction (E2) and Poisson’s ratio (ν21) almost remain unchanged
for different ratios of a cell (Figure 9.6 b and d). For E1, ν12, and E2/E1, there was no
observable change in the value corresponding to WL ratios of 0.25, 0.5, and 0.75.
However, when the WL ratio was 1, the aforementioned three parameters showed
observable changes in their corresponding values. For an isotropic cell shape, it was
expected that the anisotropy in mechanical properties at WL=1 would be minimum. The
reason for the altered RVE responses could be attributed to the arrangement of four cell
wall fragments corresponding to a specific direction. In Figure 9.3a, along the
longitudinal direction, the cell wall fragment 1 and 3 are attached by one horizontal and
two inclined contacts (in top view). The horizontal contact is perpendicular to the
longitudinal loading direction (direction 2); whereas, along the transverse direction
(direction 1), the same contact between wall fragment 1 and 3 is aligned in parallel
direction. Even with the same number of contacts with equal arm lengths in both
directions, anisotropy in mechanical properties might emerge from the difference in the
orientation of underlying architecture.
For shear modulus (G12), the influence of WL ratio was noticeable. It is important
to mention that the change in the WL ratio was established by changing the cell length in
the longitudinal direction. Only the length (L) value was changed while the width of the
cell (W) was kept fixed. Thus the RVE dimension in the transverse direction (direction 1)
also remained constant, which is the effective length for measuring shear deformation.
For WL ratio of 0.25, 0.5, 0.75, and 1, the lengths of the RVE were 240, 120, 80, and 60

215

µm . The nonlinear changes in the RVE length was also reflected on the estimated shear
modulus; i.e., the decrease in the shear modulus value when the WL increased 0.25 to 0.5
was not same as the decrease in the modulus value when the WL increased from 0.5 to
0.75.
The same WL ratio can be obtained by many combinations of W and L values as
long as the width (W) is one fourth of the length (L). For example: 30/120, 60/240, 15/60,
10/40, etc., all give the same WL ratio. The objective of this study was to study the
contribution of shape to macroscale mechanical properties. By keeping width (W)
constant, a simplified configuration was developed by which the shape of the cell can be
changed from anisotropic (longer in one direction compared to other direction) to
isotropic. For a specific WL ratio, the larger the values of W and L are (keeping their
ratio fixed), the larger the cell size would be. The investigation of the contribution of the
size of the cell was not within the scope of this study. The fixed value of W=30 was
chosen by studying the shape of a typical cell found in the equatorial region of the cell
wall profile patch found in the middle scale of an onion bulb (Figure 9.1).

9.4.3 Experimental mechanical characterization of onion cell wall profile patch at
tissue scale and validation of computational model
Onion cell wall profile patch was extracted from the 5 th scale of the white onion
bulb (Allium cepa) collected from local super market. Samples were prepared
immediately in transverse (direction 1) and longitudinal (direction 2) directions (Figure
9.3c). During sample preparation, a portion of the fleshy parenchyma tissue was left on
both sides (Figure 9.7a), which acted as anchors and strengthened the gripping with the
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tensile testing device clamps (Figure 9.7b). The sample being soft and of micrometer
scale thickness, a piece of tissue paper was also added during establishing the grip of the
samples (Figure 9.7b) for subsequent mechanical tests. A thin plastic sheet was used as a
support to carry and manipulate samples (Figure 9.7a and b). The cell wall profile patch
in fresh wet state shows the tendency of curling inside, which affects the physical shape
of the samples. The thin support plastic sheet helped to maintain the rectangular shape of
the sample without curling, which after establishing the grip was taken off before start of
the experiments. During experiment, water was supplied to the samples in the form of
nanosize mist droplets, thus a fully hydrated state was maintained. The experiments were
carried out in digital mechanical analyzer (DMA Q800 V20.24, TA instrument, New
Castle, DE, USA) in controlled force mode with a force ramp increase of 0.25 N/min.

Figure 9.7: (a) Onion epidermal cell wall profile with parenchyma fleshy tissue anchor on
both sides. The plastic sheet was used as a support to preserve the shape of the sample
during manipulation. (b) Sample attached with DMA tension clamp. A tissue paper
support was used to ensure more clamping strength and less damage due to mechanical
gripping.
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Figure 9.8 shows stress-strain diagram of onion epidermal cell wall profile patch
in longitudinal and transverse directions. Based on the previous experimental evidence
(section 7.3.1), for stress measurement, the thickness of the patch was considered as 2
µm. The stress-strain diagram showed biphasic trend as earlier observed in fragment level
experiments (Figure 7.6) and reported in literature (Vanstreels et al., 2005; LOODTS et
al., 2006; Pieczywek and Zdunek, 2014). The objective was to investigate the modulus
value of the tissue patch within the elastic limit. The scaled up computational model
(represented by RVE) was also developed based on subcellular scale experimental results
within elastic limit and investigated for 1% strain. In that direction, the modulus values
were calculated from 0 to 5% for experimental validation purpose.

Figure 9.8: (a) Stress-strain behavior of onion cell wall patch along longitudinal direction
(n=5). (b) Stress-strain behavior of onion cell wall patch along transverse direction (n=5).

Within 0-5%, the modulus of elasticity was calculated to be 120.6±38 MPa along
longitudinal direction (direction 2) and 96.6±25 MPa along transverse direction (direction
1). The modulus values reported here along longitudinal direction are about 2-9 times
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higher compared to earlier reported values in literature of 59.25±24.53 and 12.88±2.05
MPa (Vanstreels et al., 2005; Pieczywek and Zdunek, 2014). Different experimental
techniques, especially the gripping technique used may cause the observed differences in
modulus value. The thickness of the cell used for stress calculation may also contribute to
the differences. Vanstreels et al., 2005 used a thickness of 3.3 µm, which was the
calculated thickness of the wall between two adjacent cells. In this experiment, the
thickness of the periclinal wall (bottom wall) was used based on earlier data of direct
microscopy evidences. Moreover, to validate the contribution of cell shape to overall
mechanical responses, onion cell wall profile tissue strip needs to be collected from a
specified location, in which the shape of the cells are already studied for computational
model development. For example, for this study the computational model (RVE) was
developed based on the image analysis of cell shape at the equatorial region of the 5 th
onion scale. Considering the geometric factors and possible technical limitations in
earlier reported results into considerations, it was chosen to carry tissue level experiments
for computational model validation.
The WL ratio of the 5th scale cell wall profile used for experimentation was
0.5±0.1. Thus the computational model results for WL=0.5 was used for validation.
Similar to computational model, the experimental results showed that the cell wall patch
is stiffer in longitudinal direction compared to transverse direction. The computational
model suggests that in the tissue scale (or RVE), the cell wall is stiffer (higher modulus
of elasticity value) than the subcellular scale. Whereas the experimental results (for
subcellular scale results (see section 7.4.3) suggest that the subcellular scale is about 2.5
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times stiffer than the tissue scale. Thus the computational model is not in agreement with
the experimental observations. Here a couple of issues need to be discussed. For
subcellular scale mechanical properties, the samples were prepared using cryotome
technique, which may induce change in mechanical behavior during the cryo treatment.
Moreover, rehydrated samples were tested to represent fresh tissue sample. On the other
hand, for tissue scale, freshly peeled cell wall profile patch was tested, which was also
free from the issue of cryo induced change in mechanical behavior of the wall. Thus, it is
possible that the subcellular scale modulus values calculated was overestimation of its
true mechanical behavior. May be, a fresh cell wall fragment (with the current
experimental techniques, which is not possible to test under tensile loading) without any
thermal or water induced change in mechanical properties behave close to tissue scale
within the elastic limit. As for the computational model, the RVE was developed based
on the assumption that all the adjacent cell wall fragments have the same isotropic
mechanical properties and within elastic limit the ML does not experience any damage or
slippage. The current RVE model is a framework, in which more heterogeneity and
detailed definition of the ML interface will be considered in the next generation model.
The first generation, simplified and idealized system that is being considered in this study
might not sufficiently represent the spatially variable properties of the native cell wall
profile system. There is a possibility that in a native tissue patch, cell walls at different
spatial location has different mechanical properties (Baskin, 2005); together the ensemble
may behave differently than an idealized cell wall patch. Thus, the modulus values from
the current first generation simplified RVE model are at variance with the direct
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experimental results, which should be addressed in the second generation RVE
formulation.
The anisotropy in modulus value observed from the computational model
(WL=0.5) was also compared with the experimental results. For different contact
stiffness values, the anisotropy (E2/E1) estimated from the computational model ranges
from 1.18 to 1.39 (mean of 1.29); whereas, the experimental results within 5% strain
shows anisotropy of 1.25. A good match in anisotropy was observed. This suggests that
the shape of cell wall and how the neighboring cell are attached to each other with 3D
raised wall configuration, and the orientation of the ML contacts are sufficient to describe
the tissue scale anisotropy observed in onion epidermal profile.

9.5 Conclusion and Future work
Based on the onion epidermal cell wall profile model system, a 3D architecturebased finite element multiscale computational model of cell wall was developed, which
can be used as a framework for bridging subcellular and tissue scale mechanical
responses. To our knowledge, this is the first attempt, in which the ML is explicitly
incorporated in a plant tissue model with multiple cells of detailed 3D features. However,
simplifications were made. Thus the current first generation model is presented here as
the framework for the further development of and improvements in the subsequent
generations of computational model.
It was observed that within 1% stretching, change in ML contact stiffness has
little to no impact on tissue level mechanical responses. However, anisotropy in modulus
values was observed for all level of ML contact separation stiffness values. As for the

221

shape factor effect, E2 (longitudinal direction) and ν21 remain almost unchanged for all
WL ratios. However, E1 (transverse direction), ν12, and E2/E1 showed substantial change
in values when the WL value is 1. The G12 values were different for all WL ratios. The
experimental results (1.25) matched the anisotropic mechanical behavior observed from
computational model (1.29). However, there was discrepancy in the observed tissue and
subcellular scale mechanical behavior. The implication of simplified RVE model with
no-slip ML and the experimental results at the subcellular scale was discussed. It was
suggested that the RVE should incorporate more detailed material property description
for the ML, including shear slip and shear fracture. Also in tissue scale, heterogeneity in
mechanical behavior observed at different spatial locations need to be investigated to
develop the next generation scale-up (RVE) model.
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Chapter 10
Conclusion and future work

10.1 Conclusions
The goal of this study was to investigate the mechanical responses of plant cell
wall at different length scales for bridging subcellular and tissue scale mechanical
properties. By the two-pronged approach, experimentation and structure based
computational modeling, plant cell walls extracted from onion epidermal cell wall profile
were characterized and a framework to bridge subcellular (micro) and tissue (macro)
scale mechanical properties was developed. The multiscale computational model used the
experimental data obtained from subcellular scales and intercellular adhesion as inputs
for scaling up to the tissue scale. Thus, this study attempted to provide an insight of how
plant cell walls behave mechanically at different length scales and how the microscale
functional organization of structural constituents give rise to tissue scale mechanical
responses.
One of the key achievements of this study was to develop a set of novel test
protocols and MEMS based tensile testing devices. These enabled the characterization
under tensile loading of subcellular scale samples of plant and similar materials having
multiple structural hierarchies. A very powerful feature of this technique was that
samples are directly monitored under microscope while the tests are being carried out. To
the best of our knowledge, hitherto the mechanical characterization of plant cell wall at
subcellular scale was not reported in literature. This study also laid a foundation of
studying the contribution of middle lamella, a nansoscale-size thin layer of pectic
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polysaccharides, to tissue level overall mechanical responses. In the following sections,
the key conclusions under each of the major objectives of this study are presented.
Development of test protocol to characterize plant cell wall at subcellular scale using
MEMS based tensile testing device:


By fusing the focused ion beam (FIB)-based sample preparation and MEMSbased mechanical characterization techniques, a novel test protocol was
developed to test soft subcellular biological sample under tensile loading.



Using nanoscale cutting resolution of FIB, subcellular scale samples were able to
be excised from a very precise spatial location.



Cell wall fragments were characterized both in major and minor growth
directions. The wall fragment level modulus of elasticity anisotropy for a
dehydrated cell wall was 1.23, suggesting a limited anisotropy of the cell wall
itself compared with the tissue-scale results (>3).

Mechanical characterization of intercellular adhesion, the middle lamella (ML):


To the best of our knowledge, this study attempted to characterize the ML under
tensile loading, both in dry and wet state, for the first time.



Our test results showed that even at a subcellular scale, the ML appears to be
stronger than the wall fragments. There was also evidence that the ML attached at
the corner of cells more strongly than at the rest of the contact area.



The contribution of the additional ML contact area was estimated to be 40.6 MPa.
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The modulus of elasticity of cell wall fragment samples with ML (10.6±3.2 GPa)
was significantly different from the wall fragment samples without ML (3.7±0.8
GPa). The null hypothesis, Ho= the mechanical properties of cell wall fragment
with ML interface are same as the wall fragment without ML, was rejected
(p<0.05).



The tensile properties of the ML might not have a major impact on the tissuescale mechanical properties. This conclusion calls for further study of the ML,
including characterization under shear loading conditions and elucidation of the
contributions of other extracellular parameters, such as cell size and shape, to the
overall tissue-level mechanical response.

The mechanical characterization of never dried and rehydrated plant cell wall- the
implication of water and boundary of middle lamella:


Like tissue samples, the cell wall at subcellular scale showed biphasic material
behavior. However, instead of a transition zone between linear elastic, or
viscoelastic and linear plastic zones, the subcellular scale samples showed
plateau-like trend exhibiting a sharp drop in modulus value.



Within elastic range, the subcellular scale modulus of elasticity value (374.6±
138.8 MPa) was significantly different from tissue scale (120.6±38 MPa). The
null hypothesis, Ho= the mechanical properties of plant cell wall at subcellular
scale are same as tissue scale, was rejected (p<0.05).



The critical ranges of stress (20-40 MPa) and strain (5-12%) of the plateau zone
were identified.
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The strain energy of 1.3 MJ V-3 calculated from the critical stress-strain range was
in accordance with the previously estimated hydrogen bond energy in cell wall.



It was also observed that subcellular scale sample shows very large lateral/axial
deformation (0.8±0.13) at fracture, from which an estimate of the free space in the
wall network was made



Subcellular scale mechanical characterization provided new insights of biological
materials having structural hierarchy at different length scales otherwise not
possible from tissue scale experiments.

Investigating subcellular scale mechanical characterization from tissue level
experiments:


The results on global, cell-to-cell, and point-to-point mechanical property
variations suggest the importance of the mechanical contribution of extra-cellular
features including the middle lamella, cell shape, and dimension. This study
shows that a multi-scale investigation is essential for fundamental insights into the
hierarchical deformation of biological systems.



The Young's modulus values of individual cell walls of dehydrated and
rehydrated samples were 3.0±1.0 GPa and 0.4±0.2 GPa, respectively, and are
different from the Young's modulus values of the global tissue-scale dehydrated
and rehydrated samples, which were 1.9±0.3 GPa and 0.08±0.02 GPa
respectively. The Poisson's ratio showed more than a three-fold increase due to
hydration. The subcellular scale mechanical properties were significantly different
from tissue scale mechanical properties. The null hypothesis, Ho= the mechanical

233

properties of plant cell wall at subcellular scale are same as tissue scale, was
rejected (p<0.05)

Bridging subcellular to tissue scale mechanical properties- the contribution of
middle lamella interface and cell shape


We found that the ML contact stiffness has little to no impact to overall tissue
scale mechanical responses. For a specific cell shape (width to length ratio,
WL=0.5), the three fold changes in contact stiffness (K=20 to 20000 N/m)
produced only 24.1% increases (253.8 to 315.1 MPa) in modulus value.



The contribution of the shape of cell walls was also found to be minimal except
for the isotropic shape, i.e., where the width to length ratio was 1. For contact
stiffness K=20 N/m: the WL ratio 0.25, 0.50, 0.75 and 1.00 produced the overall
modulus values of 235.5, 253.8, 260.6 and 181.3 MPa.

10.2 Future Work
One of the major and unmet challenges in characterizing microscale biological
samples under tensile loading is the gripping of the samples in never dried wet state.
Gripping of microscle samples for tensile testing has always been an issue. The soft
nature of hydrated biological samples makes this an even more formidable challenge.
This study attempted three types of gripping techniques, one of which (the FIB asssisted
Platinum deposition) is also suitable for dry samples. The cyanoacrylate gluing technique
required the sample to be dried, thus a rehydration was used for mechanical
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characterizatio of wet samples. The stiction based technique was tried on never dried
samples. However, this technique only works under small range of stretching. Significant
amount of works need to be done towards developing a suitable gripping technique that
allowes never dried biological small scale samples to be tested for full range of
stretching. Development of surface treatment inspired by biological gripping technique
could be one possible solution towards that direction.
If a very high spatial resolution is requred for cutting the sample at subcellular
scale, the FIB based technique can be modified for never dried samples, which can be
done by adapting cryostage based environment for sample preparation and environmental
SEM for sample characterizations. The author also recommend that if the cyrostage FIB
based sample preparation is too time consuming and technologically challenging, at least,
the sample prepration to be processed by freeze drying, which would help in reducing the
architectural changes and/or damages to microstructure in cell wall network due to
vacuum drying at room temperature.
Using the developed novel methodolies (both FIB and Cryotome based), this
study chracterized native cell wall system. However, the long term objective was to
investigate genetially and enzymatically modified cell wall towards the understanding of
major structural constituents and their interply to overall mechanical responses. In that
direction, a suitable cell wall system can be chosen and stydied with carefully design
experimental design.
The subcellular scale characterization results reported in this study were
attempted to link to architecture of cell wall, which was based on our current
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understanding of the organization of major structural constituents in oninon epidermal
cell wall system. However, considering the variability observed in biological system,
such linking can only be assured when the structural constituents of the samples are
tracked in situ while the test is being carried out. One possible modification in that
direction would be to use polarized confocal microscopy with Congo Red-stained
samples, by which the net orientation of cellulose microfibril can be investigated during
the stretching of the sample. This is a very unique feature of the developed test protocol,
which allows to incorporate cutting edge analytical tool while the mechanical test is
carried on. Same as staining, Fourier transform infrared spectroscopy (FTIR) can also be
incorporated to investigate the change in architectural arrangemnt, such as the passive
reorientation of wall structural polysaccahrides, while a sample is being stretched using
MEMS test setups.
This study attempted to characterize the ML contact properties along the normal
direction. However, an improved technique can be used to investigate the ML along the
shear direction. Understanding shear mechanical properties of the ML will provide very
important insights toward developing the multiscale computational model further.
The computational model developed considerd the ML contact to be rigid; that is
does not allow slippage or breakage during strething, which was justified within 1%
strain. However for larger stains, the cohesive contact stiffness needs to be modified.
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