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ABSTRACT

Lab-On-Chip for Ex-Vivo study of bio-mechanical-chemical
behavior of tip growing plant cells

Amir Sanati Nezhad, Ph.D.
Concordia University, 2013

This thesis presents design, modeling, fabrication, and testing of different Lab-on-chip
(LOC) devices to study static and dynamic behavior of pollen tubes in bio-mechanical-
chemical environments. The main components of microfluidic platform include
microfluidic network for manipulation, trapping and growing of a series of pollen tubes in
a controlled environment, actuating channels in order to introduce chemicals and drugs
toward the pollen tube, microstructural elements such as microgaps and microcantilevers to
provide Ex-Vivo environment for characterizing static and dynamic responses of pollen

tubes.

A Lab-On-Chip (LOC), called, TipChip was developed as a flexible platform that can
simplify sophisticated functions such as chemical reactions, drug development, by
integrating them within a single micro-device. The configuration of the microfluidic
network was developed in such a way that it allows observation under chemical or
mechanical manipulation of multiple pollen tubes. The growth of pollen tubes under
different flow rates and geometrical dimensions of microfluidic network has been studied
and the challenges have been identified. The microfluidic platform design was enhanced to

deal with the challenges by adapting the dimensions of the microfluidic network and the

il



inlet flow. It provides identical growth environments for growing pollen tubes along each
microchannel and improves the performance of microfluidic device, through varying the

dimensions and geometries of the microfluidic network.

The thesis identifies the static response of pollen tube to chemical stimulation which was
used to determine the role of a few of the growth regulators such as sucrose and calcium
ions as they regulate tube turgor pressure and cell wall mechanical properties of pollen
tube. New experimental platforms were fabricated to treat locally the pollen tube at the tip
in order to characterize its static response to local treatment in reorienting the growth
direction. The device is also used to locally stimulate the cylindrical region of pollen tube.
Using these LOC devices we attempted to answer some questions regarding the role of

regulators in pollen tube growth.

The thesis explores in detail the dynamic growth of pollen tube in normal condition and
also under chemical stimulation. Waveform analysis is employed in order to extract
primary and secondary oscillation frequencies of pollen tube as significant indicators of
dynamic growth of pollen tube. The dynamic response of pollen tubes is implemented as a
whole-plant cell sensor for toxicity detection in order to detect toxic materials in
concentration-based manner. Aluminum ions were tested as the toxic substance. The
degree of toxicity was defined by measuring the reduction in growth rate as well as peak
oscillation frequencies in the case of static and dynamic response of pollen tube,

respectively.
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The thesis addresses the quantification of mechanical properties of pollen tube cell wall
using the Bending LOC (BLOC) platform. The flexural rigidity of the pollen tube and the
Young’s modulus of the cell wall are estimated through finite element modeling of the

observed fluid-structure interaction.

The thesis also explores the feasibility of studying the pollen tube response to the
mechanical stimulation. The microfluidic device also enables integrating mechanical force
obstructing pollen tube growth in order to characterize the interaction of pollen tube and
mechanical structures which are similar to the in-vivo interaction between a pollen tube and
the growth matrix during the course of growth toward the ovule. The behavior of the pollen
tube while passing through microgap was also explored in detail. The deflection of
microgap under growth force and the changes in diameter of the pollen tube under reaction
force from microgap were evaluated. This part explores the role of mechanical forces in
bursting the pollen tube tip which could explain the contribution of mechanical signal in
the bursting of tube near the vicinity of the ovule. In addition, the configuration of

microgap enabled the estimation of the maximum invasive force exerted by pollen tube.

Thus, the proposed microfluidic platform is highly suitable for cellular analysis, pollen

tube biology and detection of toxicity.



ACKNOWLEDGEMENTS

Here, I sincerely thank Dr. Muthukumaran Packirisamy for his supervision, invaluable
guidance, practical ideas and encouragement, which have been inspirational in the
successful completion of this thesis. I am very thankful to Dr. Rama Bhat for his
supervision and suggestions during my Ph.D. I express my thanks to Dr. Anja Geitmann at
plant cell biology Lab, University of Montreal for her outstanding support in developing

the ideas related to the biological aspects of the thesis.

My very sincere thanks to Carlos Agudelo, Mahmood Ghanbari and Mahsa Naghavi for
their outstanding collaboration in developing new techniques and ideas and for their
tremendous discussion and supports. I would like to thank the financial support offered by
Concordia University, in the form of different awards and fellowships during the PhD
program. The project was funded by a grant from the Fond Quebeqois de Recherche -
Nature et Technologies. I am thankful to all the support staff at Concordia University:
Leslie Hosein, Maureen Thuringer, Arlene Zimmerman and Sophie Merineau of the
MIE department for steering me through the logistics of my Ph.D program. I thank Danius
Juras, Henri Sczhwinski and Gilles Houard for their technical support in handling the
experiment setups and Dylan Lu, the manager of ConSiM for his tutoring and support for

clean room operations.

It has been my pleasure to be a member of the Optical-Bio Microsystems
laboratory, and I am sincerely thankful to the members of the lab for their help and

assistance in handling the lab affairs during my Ph.D program. Many thanks to Simona

Vi



Badilescu, Hamid SadAbadi and Jayan Ozhikandathil for helping me at different stages

of the thesis.

Above all, I would like to express my deep gratitude to my parents Mr. Ali Sanati Nezhad
and Mrs. Zahra Iravani and my wife Mrs. Atefeh Rafiei for their encouragement and

support during my PhD and my whole life.

vii



Dedicated to my parents ...



TABLE OF CONTENTS

(1)  List of Figures XV
(1)  List of Tables XXVil
(ii1) Nomenclature XX1X
(iv) List of symbols XXX1
Chapter 1: Introduction to Bio-Micromechanical System (BioMEMS) 1
1.1 Introduction to Bio-Micromechanical System (BioMEMS) 1
1.2 BioMEMS for cell studies 1
1.3 History of BlioMEMS for cellular analysis 2
1.4 Pollen tube as the carrier of gamete cell 4
1.4.1 Pollen tube journey toward the ovule 5
1.4.2 Introduction to pollen tube growth 6
1.4.3 Characterizing polar growth of pollen tube 7
1.4.4 Biological aspects about pollen tube 18
1.4.5 Challenges in studying pollen tube in open assay 18
1.4.6 Application of BIOMEMS for plant cell studies 19
1.5 Rationale and scope of the thesis 20
1.6 Objectives of the thesis 22
1.8 Layout of the thesis 23

Chapter 2: TipChip - A Modular, MEMS-Based Platform For Experimentation and Phenotyping

of Tip Growing Cells 29
2.1 TipChip 29
2.2 Introduction 30
2.3 Overall Lab-On-Chip (LOC) design 33
2.4 General design features of microchannel modules 38

1X



2.5 Sensitivity of pollen tube to the fluid flow rate 38

2.6 Examples for specific microchannel designs 42
2.6.1 Air-liquid interface 42
2.6.2 Exposure to chemical gradient 44

2.6.2.1 Diffusion based, static gradient: 44
2.6.2.2 Laminar flow based, steep gradient: 45

2.7 Materials and methods 47
2.7.1 Fabrication of LOC devices 47
2.7.2 Pollen culture and germination 47
2.7.3 Imaging 48

2.8 Summary and conclusions 48

Chapter 3: Flow Assisted Entrapment of Pollen Grains in a Microfluidic Platform for In-Vitro

Study of Plant Cell Growth 49
3.1 Enhancing microfluidic platform for chemical treatment of pollen tube 49
3.2 Introduction 50
3.3 Materials and methods 55

3.3.1 Pollen germination 55
3.3.2 Determination of the density of camellia pollen grains 56
3.4. Design and fabrication 56
3.5 Design improvement 61
3.5.1 Modeling of the flow behavior 62
3.5.2 Simulation of pollen trajectories under fluid flow 65
3.5.3 Prediction of trapping coefficient for each microchannel 68
3.6 Experimental testing of the enhanced design 70
3.7 Summary and conclusions 74



Chapter 4: Aiming at a Moving Target - Using Microfluidics to Locally Administer Drugs to

the Growing End of a Pollen Tube 75
4.1 Chemical treatment of pollen tube within microfluidic environment 75
4.2 Introduction 76
4.3 Microfluidic design and fabrication 80
4.4 Modeling parallel laminar flows and molecular diffusion 84
4.4 Experimental testing of laminar flow pattern 90
4.5 The response of pollen tube to asymmetric administration of calcium 91
4.6 Methods 97

4.6.1 Chip fabrication 97
4.6.2 Pollen culture and germination 98
4.6.3 Imaging 99
4.7 Summary and conclusions 99

Chapter 5: Lab-On-Chip for Local Treatment of Pollen Tube in Distal Region 101
5.1 LOC for local treatment at distal region of pollen tube 101
5.2 Introduction 102
5.3 Microfluidic device operation 107
5.4 Air trap performance 109
5.4 The growth behavior of pollen tube within air trap 111
5.5 Local sucrose treatment on distal region of pollen tube 115
5.6 Calcium treatment on distal region of the pollen tube 117
5.7 Summary and Conclusions 118

xi



Chapter 6: In Vitro Characterization of Oscillatory Growth Dynamics of Camellia Pollen Tube

Using a Microfluidic Platform 120
6.1 Microfludic platform to study oscillatory dynamic growth of pollen tube 120

6.2 Introduction 121

6.3 Materials and methods 126
6.3.1 Design and fabrication of microfluidic device 126

6.3.2 Pollen collection and germination 128

6.3.3 Microscopy 128

6.4 Results 128
6.4.1 Measurement of the growth rate 128

6.4.2 Measurement of peak oscillation frequencies 131

6.4.3 Stability of peak frequencies over time for pollen tube growing in normal condition

135

6.4.4 Effect of sucrose concentration on growth oscillation frequencies 136
6.5 Discussion 140
6.6 Summary and conclusions 142
Chapter 7: LOC for toxicity detection using pollen tube as cell sensor 143
7.2 Introduction 144
7.3 Materials and methods 151
7.3.1 Preparation of pollen grains and germination 151
7.3.2 Microscopy 152
7.3.3 Design and fabrication of microfluidic device 152
7.4 Results 154
7.4.1 Static response of pollen tube to friendly and unfriendly substances 154

7.4.2 ToxChip for studying the static response of pollen tube to toxic Al substances 158

7.4.3 Disruption of dynamic oscillation frequencies under toxic Al treatment 161

Xii



7.5 Discussion 169
7.6 Conclusions 171

Chapter 8: Quantification of the Young's Modulus of the Pollen Tube Cell Wall Through Cell

Bending Using Lab-on-Chip Technology 173
8.1 LOC for measuring elastic modulus of pollen tube cell wall 173
8.2 Introduction 174
8.3 Materials and methods 179

8.3.1 LOC design 179
8.3.2 LOC fabrication 181
8.3.3 Pollen collection and germination 182
8.3.4 Optical microscopy 183
8.4 Results 183
8.4.1 Bending of the pollen tube through fluid loading 183
8.4.2 Determination of bending and rotation 185
8.4.3 Modeling 3D fluid flow for calculation of bending force 189
8.4.4 Reverse engineering of the Young's modulus of the cell wall 192
8.4.5 Assessment of Young's modulus from cell wall relaxation 194
8.5 Discussion 195
8.6 Summary and conclusions 198

Chapter 9: Quantification of Cellular Penetrative Forces Using Lab-on-Chip Technology 199

9.1 Mechanical interaction of pollen tube and microgaps 199
9.2 Introduction 200

9.3 Design of microfluidic device and quantification of pollen tube behavior in microgap

features 206

Xiii



9.4 Pollen tubes navigate through micro-gaps by exerting an extrusive force and adapting

cell shape 210
9.5 Male germ unit 213
9.6 Finite element simulation of interaction between pollen tube and sidewalls 215
9.7 Discussion and conclusions 221
Chapter 10: Conclusions and suggestions for future work 227
10.1 Conclusion 227
10.2 Scope for further research and development 237
10.3 Contributions of the present work 241
10.3.1 Journal papers 241
10.3.2 Conferences and presentations 242
References 244

X1V



LIST OF FIGURES

Figure 1.1: Microfluidic device for chemotaxis study of cancer cells (Tong et al., 2012) ........... 3

Figure 1.2: Different shapes of plant cells generated by heterotropic growth. Orange and red

indicates expanding areas on the cellular surface (Geitmann, 2010a)..........cccceeveeveenirieneenennene 5

Figure 1.3: a) Scanning Electron Micrograph of germinated Lilium pollen grains (Geitmann,

2010a), b) The growth of pollen tube through the pistil tissue to deliver sperm cells to ovule...... 6

Figure 1.4: Schematic of pollen tube. Depending upon the species, the diameter of pollen tubes

VarieS DEEWEEN 0-30 LML ....eeiuiieiieieieetieeteeteeete et e et e et e staeebeessaeensaessbeesseesssesnseensseenseessseenseensseenns 7

Figure 1.5: The dynamic pulsative or oscillatory growth behavior of pollen tube (Geitmann and

(05 (T o T K 1) TR 8

Figure 1.6: Schematic of pressure probe for measuring turgor pressure Zimmermann et al.

(1978) oo eeeeeeeeeeseeees s e e e s s e ee s e e e s s ee s e e s ee s s e s s ees s ees s ees e ees s ees s eeeesenne 10

Figure 1.7: Mechanical sensing of hyphae growth force against silicon beam (Money et al.,

2004), a) Fungal hyphae senses the strain gauge, b) strain gauge response ..........cccceeveveeruennnene 17

Figure 1.8: Schematic of microdevice for growing pollen tubes, a) schematic layout of
microfluidic chip designed to support pollen tube growth, b) Experimental testing of pollen tubes

growth within fabricated chip, scale bar: 200 um (Yetisen ef al., 2011b)...ccccceevvveenciienniiennenne 20

Figure 2.1: Overall design of the TipChip, (a) Image of the TipChip showing the PDMS layer
attached to a cover slip and the attached inlet and outlets, (b) General design principle of the
microfluidic network in the TipChip. The pollen suspension is injected through the inlet and the
pollen grains move through the distribution chamber and either get trapped at the entrances of
the microchannels or evacuated through the distribution chamber outlet. There is a central barrier

to guide the pollens toward the microchannels. ............cccccvieiiiieiiiieniieeee e 35

Figure 2.2: Geometry and fluid flow in the rectangular distribution chamber of the TipChip (a)

Fluid flow simulation showing the streamlines within the distribution chamber. (b) Detail of the

XV



simulated streamlines (red) and experimentally observed pollen grain movement (blue) through
the distribution chamber. (c) Micrographs of a pollen grain driven by fluid flow and trapped at
the entrance of a microchannel. The stitched images show the same pollen grain at three different

tiMES. BAr = 100 LM .ooiiiiiiieiieie ettt ettt et et e e e taeenbeenaeeenbeeneas 37

Figure 2.3: Fluid flow simulation within microchannel network, (a) Fluid velocity in the oval
shaped distribution chamber with distribution chamber outlet open, (b) Detail of A showing that
microchannels with different diameters have similar fluid velocities when the distribution

ChamDbET OULLEL 1S 0PI ....viiieiiiiieiiieiie ettt ettt e et et e et e e b e e ssteenseesseeenseessseensaens 39

Figure 2.4: a) The dependence of pollen tube bursting to the inlet velocity, The optimal inlet
flow rate for was determined to be between 10 to 30 mm/sec. b) pollen bursting under higher

flow rate, c) Pollen tube bursting under high flow rate ............cccooviiiiiiniiiiiieee 40

Figure 2.5: Microchannel feature preventing pushback . Incorporation of a kink in the
microchannel architecture enables fixing the pollen tube in place. Mechanical obstacles
encountered after passing this kink therefore do not cause a displacement of the grain and allow

the tube to exert @ PUShING fOTCE. ......ccviiiiiiiiieiecie et e eeees 41

Figure 2.6: Pollen tubes growing through a serpentine like microchannel grow straight until they
encounter an obstacle and deviate. A and B are microchannels fabricated using a transparency
film photomask prepared by high resolution digital printing (3600 dpi), whereas C was produced
using a high resolusion glass mask made by direct write lithography. The smoother surfaces of
the PDMS in C and D illustrates the need for this higher resolution technique for the present
application. Bar = 100 LT ....ocviiiiiiiiiiieeceeecee ettt stee et e e s teeesnbeeesnbeeennaeeennseesnnseeens 42

Figure 2.7: Pollen tube growth in air, (B) An air chamber device consisting of two opposing
PDMS posts allows pollen tubes to penetrate into the chamber without gas exiting. This setup
can also be used to expose exclusively the distal portion of the tube to selected nutrients or

inhibitors. Air bubbles and air space marked in green. Bars = 100 pm..........cccceeveeviieiienniennen. 44

Figure 2.8: Exposure to chemical gradient, (a,b) Static, shallow gradient. A pollen tube guided
by a microchannel enters a larger transverse channel in which a chemical gradient is established

through two inlets. This configuration is ideal for the investigation of pollen tube guidance. Tests

Xvi



with food color (B) confirm that the gradient can be established by injecting two different media
through the two inlets. (c,d) Laminar flow based, steep gradient. Side injection from an
additional inlet establishes a steep gradient within the microchannel that exposes the elongating
pollen tube to two different solutions. This setup can be used for the investigation of pollen tube
guidance or to administer inhibitors or enzymes to one side of the pollen tube. Ink was used to
demonstrate that the gradient is stable along the channel (D). (¢) In a proof of concept
experimental test, pollen tubes were exposed to a gradient between 8 and 12% sucrose in growth

medium and turned towards the higher concentration. .............cccceevieiieeiiieniieeiiene e, 46

Figure 3.1: Initial design and fabricated microfluidic platform for pollen tube studies: a) design
of microfluidic network, b) close up of the network dimensions near the outlet drain, c)

fabricated chip, d) micrograph of the microfluidic network............ccoccoeiiiiiiiiiiiiie 57

Figure 3.2: Experimental testing of initial design, a) At inlet velocity of 10 mm/s several
microchannel entrances are unoccupied, b) At inlet velocity of 100 mm/s pollen grains

accumulate at the miCrochannel ENITANCES........cooviiiiiiiiee e, 61

Figure 3.3: Comparison of flow velocity field a) Design 1, b) Design 5. The velocity gradient at

the entrance of microchannels in Design 5 is much steeper than the gradient in Design 1.......... 64

Figure 3.4: Model used for simulating pollen trajectories, a) geometry, b) predicted trajectories
of pollen grains for Design 1 for the start points of 50, 100, 150, 200 um away from the sidewall,
c) predicted trajectories of pollen grains for Design 4 for the start points of 50, 100, 150, 200 pm

away from the SIAEWall. .......oooiiiiiice e e e 67

Figure 3.5: Comparison of numerical simulation of velocity field streamline and experimental

testing on the trajectory of pollen for the Design 4 ..........coooviiieiiiieiiieeeeee e 71

Figure 3.6: Close-up view of pollen grain entrapment at the entrance of the microchannel. The

pollen grain is guided tangent to the chamber’s sidewall toward the microchannel entrance...... 71

Figure 3.7: Brightfield micrograph of main chamber of Design 4 after injection of 2 ml of pollen

suspension. One pollen is seen trapped at each entrance of microchannel..............c.cccccveeeneennne. 73

Xxvii



Figure 3.8: Growth of an individual pollen tube along a microchannel after 1 hr from

germination with the average growth rate of 8.5 um/min .........ccccceeeeviieiiiiiniiiicie e 73

Figure 4.1: (a) Schematic diagram of microfluidic device designed for testing local calcium
treatment of pollen tube. The pollen suspension is introduced to trap the pollen grains at the
entrance of microchannels and to grow the pollen tube along the growth microchannels. (b) The
configuration of proposed microdevice after blockage of outlet drain, the pollen-medium inlet

and the non-objective microchannel at the time of local treatment testing. ..........c.ccceeeeveeeennennne 81

Figure 4.2: (a) Two parallel streams carrying medium with different Ca™ ion concentration
toward the growing pollen tube tip (b) The close up of fabricated design at the location of pollen

entrapment and growth microchannels. Bar, 100 (M ..........cccooeoiieiiiiiiiiniieieecie e 82

Figure 4.3: Fabricated microfluidic device for local treatment testing on pollen tube. Bar, 500

Figure 4.4: Overall design for drug administration at subcellular resolution on a moving target

(a) The schematic of eXperimental SETUP. .......c.eceviieeiiieeiieeeie et e e eree e e eaaeeeaaeeeas 84

Figure 4.5: 3D simulation of fluid flow and molecular diffusion within fluidic network, The
fluid velocity at few section of growth microchannel away from trapping point in presence of

POLIEI GIAIN. ..ttt ettt ettt ettt st sbe e et e bt et s 85

Figure 4.6: 3D simulation of fluid flow and molecular diffusion within the fluidic network, The
concentration gradient at few cross sections of growth microchannel in the presence of pollen

e 11 o R SRRRURRRS 87

Figure 4.7: The concentration distribution of calcium ion across the microchannel at a)150 pm
and b) 500 um away from the trapping point of pollen tube. The distribution is steep enough for

10CAl trEAMENTE LESTIME. ..eeuviieiiieiieiieetie ettt ettt e ettt e et eseeeebeesaeeesbeessaesnseessseenseessseenseens 88

Figure 4.8: The effect of inlet velocity ratio (K) on the distance of the boundary line from the
center line of microchannel (D) obtained from FEM analysis of fluid dynamic and molecular

QIETUSTION et e e e e et e e e e e e e e e e e e e e e e e e e e e aeeeeeeeraaan——aaeeaeenaaa 90

xXviii



Figure 4.9: Flow visualizing the parallel laminar flows along the microchannel in the presence
and the absence of pollen grain (a) The flow is distributed between the outlet drain and the
growth microchannel when the outlet drain is open. (b) The parallel flows along microchannel in
the absence of pollen grain when the outlet drain is closed and K=1. (¢) The parallel flows along
the microchannel in the absence of pollen grain when the outlet drain is closed and K=2. (d)

Parallel flows in the presence of pollen grain when the outlet drain is closed and K=1. Scale: 100

Figure 4.10: The response of pollen tube to the medium change containing twice optimal
calcium concentration (5.08 mM), no arbitrary change of direction or growth arrest occurs. The
growth rate reduced by 20%, time=0 corresponds to 2.5 min before the moment of injecting the

different calcium ion concentration. Bar, 20 [m ........cccooiiiiiiiiiiiiieieeecee e 93

Figure 4.11: The alteration of (a) growth rate and (b) growth length before and after the time
point (I) when gradient reaches the tube tip (Before and after treatment). Point S is the time few
moments before applying the local treatment testing. Point I is dedicated to the time when we
introduce medium into the chip. Point B is the time point when the pollen tube responds to the
local treatment. The time in which the tube sense two different media a point between point I and
point B. Point E seems a point in which the pollen tube responds to the calcium concentration

gradient for the SECONA tIME........cccuiiiiiiieiieciee e e e e e e e e sneeeen 94

Figure 4.12: (a) The experimental results of pollen tube reorientation in response to local
treatment of tip with two different calcium concentrations, The medium 1 has 2.54 mM calcium
concentration and the medium 2 has 5.08 mM. Two times reorientation occurs at points B and E
with reorientation angles of 16° and 21° respectively. The comparison of pollen tube tip and
calcium ion gradient across channel proves that the pollen tube sense different calcium ion
concentration on either sides of tip. (b) The pollen tube position after 17 min of local treatment

testing. No redirection occurred after pollen tube hit the sidewall. ...........cccceviiniiiiiiiniinenne. 95

Figure 4.13: (a) The experimental results for aiming growing pollen tube in xy plane by local
treatment of moving tip with two different calcium concentrations. The local treatment is carried
out at two different position of pollen tube. In position 1, the treatment is done with K=3 where

the tube centerline is at the distance of 8 um away from the centerline of the microchannel. In

Xix



position 2, the tube tip is about 250 um after the first position treatment and the tube centerline is
at the distance of 16 um away from the centerline of the microchannel. In this case, K=5 was
selected for local treatment experiment. selected as K=5, Bar, 100 um, (b) The response of
pollen tube reorientation to the medium change containing twice optimal calcium concentration
(5.08 mM) at side inlet 1 and optimal calcium concentration (2.54 mM) at side inlet 2. The
treatment is carried out under the condition of K=3 as the tube centerline is at the distance of 8
pm away from the centerline of the microchannel. The angle turn of 31° was detected. Bar, 25
um, (¢) The response of pollen tube reorientation to the medium change containing optimal
calcium concentration (2.54 mM) at side inlet 1 and twice optimal calcium concentration (5.08
mM) at side inlet 2. The treatment is carried out under the condition of K=5 as the tube
centerline is at the distance of 16 pm away from the centerline of the microchannel. The angle

turn of 20° was detected. Bar, 25 LML .....c..oiouiiieieiieeeieeceeeeeeeeteeee ettt ettt 97

Figure 5.1: The growth of pollen tube in the air in a portion of its journey toward the ovule. The

pollen tube leave the funiculus, enters the air and growth toward the micrpyle . ...................... 106

Figure 5.2: a) Schematic view of the design for local treatment of the distal region of pollen
tube. The pollen tube germinates from the trapping point, grows along the fluidic microchannel

and enters the air trap, b) The SEM image of the air trap design, ..........coceveevienieninnincneennens 108

Figure 5.3: a) Testing the air trap performance under colored fluid flow. The trap is filled only
with the air without any liquid underneath the trapped air bubble. One of exit channels is blocked
to compare the region of the picture in which the air is trapped in the exit channel (region A) and
the region of the air blocked in the air trap (region B), b) The successful growth of pollen tube
along the growth microchannel and within the air trap. The air-medium interface is clearly seen

at the narrow entrance of the air trap. Bar, 200 [m ........ccceeviiieiiiiiniieeeeeeeee e 110

Figure 5.4. The growth rate of pollen tube before and after the air-liquid interface. The growth
rate raises from an average of 7 um/min to the average of 11.5 pum/min. The growth remain

Lo 1) /SR 112

Figure 5.5: a) The experimental results of pollen tube growth length before and after the air-
liquid interface for three different pollen tubes. The solid lines are the growth length of the

pollen tube. The dashed line starts from the measuring start point S to the air-liquid interface

XX



point IP. The slope of the dashed line shows the average growth rate before the pollen tube enters
the air trap. Point S is the measuring start point before the air-liquid interface. b) The average

growth rate before (blue) and after (Red) the air-liquid interface for different pollen tubes...... 113

Figure 5.6: a) The pollen tube enters the medium from the air, b) the growth rate drops by 30%

once enters air environment to the MEdIUIM. ........oooiiiiiiiiiiiiiiit e 115

Figure 5.7: The change of growth rate (%) respect to the normal growth in 8% concentration in

response to sucrose treatment though distal 1€@IoN. .......ccceeeiiiieiiiieiiieeeeee e, 116

Figure 5.8: The pollen tube bursting in treatment of distal region to 4% sucrose concentration.

The bursting occurs within a minute after treatment, Scale: 25 um. ......cccooeevieniininicncneennns 117

Figure 6.1: a) Scanning electron micrograph of pollen tube germinated from a pollen grain of
Camellia japonica, b) Schematic representation of the tip growth process illustrating the gradient
in material properties of the cell wall (soft at the apex) resulting in the formation of a cylinder

under the effect of the internal tUrgor PreSSUIE. ........ccveriiirieeiieiie ettt eree e eaeas 122

Figure 6.2: a) The fabricated microfluidic design optimized for pollen tube growth, b) The

FAbIICAtEd MICTOUEVICE ..o i e e, 127

Figure 6.3: a) Brightfield micrograph of Camellia pollen tube growing along microchannel
captured with 80X objective, b) The dark area representing the apical cell wall is the moving
region of interest, c) Time-series of growth rate for a Camellia pollen tube captured with
acquisition interval of 0.5s. Marked regions shows that a sampling frequency of 2 Hz is able to

detect both primary and secondary peak freqUENCIEs ..........cccueeeriiiieiiieeriieeiie e 130

Figure 6.4: The results of mean values and standard deviation values of growth rate for different
windowed samples of a several pollen tubes. The variation is confined in a limited range
reflecting the stationary pattern of pollen tube growth. The windows were equally spaced to

cover the 240s total period without overlap..........coocoeiiiiiiiiiiii e 131

Figure 6.5: a) FFT analysis on the time-series data of a sample Camellia pollen tube growth rate.
Two peak frequencies are seen around =20 mHz and =220 mHz, b) Windowed PSD analysis of
sampled Camellia POIIEN TUDC...........c.oiiiiiiiiiiie et e e eae e eaaeeen 133

xxi



Figure 6.6: a) Time series of pollen tube without strong primary frequency, b,c) FFT analysis of
pollen tube growth rate (sample rate = 1s). No strong primary peak frequency was detected. The
secondary frequency was detected at 280 mHz. Due to a leakage effect, three peaks are seen
around the frequency of 280 mHz, ¢) Windowed PSD analysis clearly detect the secondary
frequency at 280 MHZ. .......ooiiiiecee et anaeeaneas 134

Figure 6.7: STFT analysis of different pollen tube to detect the variation of primary and
secondary peaks in different time interval of normally growing pollen tube (n=4), Window size
is 50 seconds. The average variation of peak frequencies among the three windows is 13% for

primary frequency and 10 % for secondary freqUeNCY ..........cocveverrierienerienieneeiereeee e 136

Figure 6.8: a) Mean pollen tube growth rate , each over 100 data points before treatment (BT
region) and after administration (AT) of higher concentration of sucrose, sampling rate= 2Hz. b)
Time course of pollen tube growth rate before and after treatment. Pollen tube growth was
interrupted for about 1 min in region AT and resumed with a lower mean growth rate from
region AT2. Points A and B clearly show the oscillation with secondary frequency in stationary

growth region before medium change and in transient region after the change respectively..... 137

Figure 6.9: a) FFT analysis of pollen tube growing in 8% sucrose within the stationary regions
of growth (region BT1). The pollen tube displays oscillations with a primary frequency of 13
mHz and secondary frequency of 260 mHz. b) FFT analysis of the same pollen tube within the
stationary regions of growth after change of sucrose concentration (region AT3). The primary
frequency has shifted to 5 mHz and and the secondary frequency to 230 mHz, corresponding to a

shift of 8 mHz and 30 MHZ, 1€SpectiVely. .....cccoiiriiiiiiiiiiiiiiccet e 138

Figure 6.10: a) Primary peak frequencies before treatment (BT) and after treatment (AT) for the
analysed pollen tubes, b) Secondary peak frequencies before treatment (BT) and after treatment

(AT) for the same POlIEn tUDES. .......cc.eiiiiiiiiiieeie e 139

Figure 7.1: a) The scanning electron micrograph of Camellia pollen tube germinated from
pollen tube, b) Schematic of design, ¢) The fabricated microfluidic design optimized for the
purpose of toxicity testing using pollen tube growth, d) The growth of individual pollen tube

along microchannel, ) The fabricated MicrOdeVICE. ........c.cevueeriieiiiiniiiiieeieeeee e 154

xxii



Figure 7.2: Schematic variation of a) growth rate/length in presence of different concentrations
of friendly substances, b) growth rate/length in the presence of unfriendly (toxic) substances, c)
cell life in presence of different concentrations of friendly substances, d) cell life in the presence
of unfriendly (toxic) substances, €) Death rate (%) in presence of different concentrations of

friendly substances, f) Death rate (%) in the presence of unfriendly (toxic) substances............ 157

Figure 7.3: a) The effect of Al concentration on the time of bursting representing the cell life, b)
The percentage of cell bursting under toxic treatment, ¢) The busting within microchannel for the

cell exposed to 100 uM Al concentration. Scale Bar: 25 M ........cccoecveevieriienienieeiecieeieeee, 160

Figure 7.5: a) Experimental setup for toxicity detection by measuring the variation of higher and
lower mode oscillation frequencies of the cell growth, b) Six different images of pollen tube

growth with the time interval of 20s, Scale bar: 15 M. ....ccccevviiiiiiiiiinicecee 162

Figure 7.6: a,b) The FFT and filtered PSD analysis of cell growth rate for the pollen tube
growing in a) normal medium, c,d) under 20 uM Al concentration. The primary peak frequency

was not changed, while the secondary peak frequency was disrupted. ..........ccooeeeiieniinieennnne 165

Figure 7.7: The power spectral density (PSD) analysis on growth rate of pollen tube growing in

a) normal medium and b) under environment with 50 uM of Al concentration. ....................... 166

Figure 7.8: a) The normal variation of Pt for three different pollen tubes. For each pollen tube, Pt
was obtained for three subsequent time periods of 100s for pollen tubes growing in normal
medium, b) The change in Pr in presence of absence of toxic Al for three different pollen tubes

treated with concentrations of 20 pM, 35 uM and 50 pM, respectively. ......ccceevveriivcricnennnens 168

Figure 8.1: Scanning electron micrograph of a pollen tube emerging from a Camellia pollen

BTN 1ottt ettt ettt et h bt et sh e bttt e h bttt eh e e bttt eh e e bt e bt e ateeh e et e ateeb e e bt et nbeenbeenten 176

Figure 8.2: BLOC design, A) Schematic design of BLOC set-up with three inlets and two
outlets for bending test on the pollen tube. B) Details of the BLOC microfluidic network. The
design consists of the main chamber to introduce the pollen grain suspension, a growth
microchannel into which the elongating tube is guided, a control inlet to position the pollen tube

against the opposite side wall and the bending test chamber for the application of flow induced

xxiii



bending force. C) Close up view of pollen tube bending under fluid loading within the bending
EEST CRAIMIDIET. ..ottt ettt e ettt e et e bt e et e sbeesbeenaee e 180

Figure 8.3: Design architecture of fabricated device, A) Fabricated BLOC, B) Close up view of
microfluidic network. A straight growth microchannel connects the main chamber to the bending
test chamber. C) A kink was introduced into the growth microchannel to prevent any backward

movement of pollen by the flow occurring in the control channel or test chamber. .................. 182

Figure 8.4: Bending test on pollen tube. A) Experimental setup for bending test, B) Growth of
pollen tube along the growth microchannel toward the bending test chamber. Fluid flow through

the control inlet pushes the pollen tube to the sidewall. ............cccoeviieiiiiiiiiieceee e, 184
Figure 8.5: A) The non-deflected position of pollen tube within the bending test chamber. .... 185
B) The deflected pollen tube under flow loading for inlet flow velocity of 30 mmys. ............... 185

Figure 8.6: A) Schematic of the model for the combined bending and rotation of pollen tube
subjected to fluid loading. B) Superposition principle for combined bending-rotation of pollen

tUDE UNAET FIOW tESTINEZ...cuviiiiiieiieciii ettt ettt et et e et e e b e e staeesbeesteeenseensseensaessneenns 187

Figure 8.7: A) Image processing used to extract the pure bending component from the combined
movement resulting from rotation and bending. The rotational deflection (80) was determined by
tracing a line through key points E, F and G in the images. B) The comparison of pure bending

and non-deflected pollen tube shows the pure bending (8B) of pollen tube under fluid loading

Figure 8.8: Estimation of the pressure gradient and velocity field within bending test chamber
by 3D fluid flow analysis, A) Velocity field at different locations within the bending test
chamber, B) Velocity field at the cross section of 1 pm prior to the contact with the pollen tube,
C) Pressure distribution before the contact with the pollen tube, D) Pressure distribution after the

contact with the pollen tube. E) Side view of the test chamber.............cccccevveiiieniiiiniiiiieeen, 190

Figure 8.9: Numerical analysis of pollen tube deflection under fluid loading with the velocity of
30 mm/s, A) Close up of the 3D meshing of the pollen tube modeled as long cylindrical, hollow
tube, B) Deflected pollen tube under fluid loading with the velocity of 30 mm/s. Color coding

XXiv



shows the displacement in um from the original shape. C) Longitudinal (o) and circumferential

(o) tensile stresses in pollen tube cell wall due to internal turgor pressure (P) ........cccceevvennneen. 193

Figure 9.1: Pathway of pollen tube within Camellia pistil. The pistil of Camellia flower has a
length of approximately 30 mm. The pollen grain (green sphere) lands on stigma, and tube
invades the style to reach the ovary. In the Camellia pistil the style is hollow and does not pose a
mechanical obstacle. Mechanical impedance to pollen tube elongation is present at the transition
region between style and ovary, and at the entrance to the ovule in form of the micropylar

opening, the nucellus and the filiform apparatus of the synergids. .........ccccceevverciiiiienieeneennen. 203

Figure 9.2: Experimental setup for exposure of pollen tubes to microgaps (a) Lab-on-chip device
illustrating arrangements of inlet and outlets, (b) Micrograph showing the geometry of the

INICTOTTULAIC TIEEWOTK. ..ot e e e e e e e e et e e e e e e e e e e eee e aeeeeeeeeeeeaaaaaeeeeeeraen 207

Figure 9.3: (a) Dimensions of the microchannel with repeated narrow regions (microgaps).
Numbers are in um; the drawing does not reflect the aspect ratio. (b) Brightfield micrograph of
the geometry of a microchannel comprising the channel entrance with trapped pollen grain and

four subsequent gaps, (c) Detail of a microgap indicated in (D) showing opening angle 0........ 208

Figure 9.4: Simplified schematic view of interaction between elongating pollen tube and micro-
gap, (A) The pollen tube is in contact with both tapered side walls forming the micro-gap at point
S. (B) The passing pollen tube deforms the PDMS side walls of the gap to change their angles
from 0; to 0,. After passage of the gap, the original width of the pollen tube D; can be
reMPOTarily T€@AUCE t0 Diuueviiiiiiieiieeee et 209

Figure 9.5: Different types of pollen tube behavior during passage through micro-gap, (A) The
pollen tube deflects the side walls almost completely to maintain its diameter. (B) The pollen
tube becomes narrower in y-direction to pass the gap, (C) Following passage of the gap the
pollen tube bursts, (D) The pollen tube stalls and is unable to pass through the gap. The buckling

indicates that elongation proceded as long as possible. Scale: 5 m........cocceeevieviiiiienieenieennen. 211

Figure 9.6: Effect of the ratio between pollen tube diameter and gap width on pollen tube
DERAVIOT. ...ttt ettt e 212

XXV



Between ratio 1.0 and 1.20, the pollen tubes deform the gap to pass almost without narrowing
their diameter (green triangle). Below this ratio the pollen tube diameter is reduced (blue
diamond) and frequently the tubes burst upon returning to the original diameter following gap
passage (solid blue diamonds). At a ratio around 1.33 and below the tubes stall and are not able

t0 Pass the AP (TEA SQUATE).......veeeuiieeiiie ettt et e e e e e e et e e seaeesbaeesssee e sseeesseeenseas 212

Figure 9.7: Change growth rate during microgap passage. Upon encountering the narrow region
of the gap at point S, the tube slows down considerable. After exiting the narrow region at point

E it starts growing faster but bursts SO0N after...........ccceeviriiriiiiiiiiieeee e 213

Figure 9.8: Passage of the male germ unit through a micro-gap, Schematic representation of the
male germ unit consisting of vegetative nucleus and sperm cells with typical distances from the

tip of the pollen tube. Objects are NOt t0 SCALE. .......evuiiriiiiiiiiiiiieeeee e 214

Figure 9.9: Passage of the male germ unit through a micro-gap, Brightfield micrographs of
pollen tube passing a gap. The vegetative nucleus wiggles to pass the gap. .......ccccceeveevienienne 215

Figure 9.10: Finite element model for the simulation of force exertion by the pollen tube on the
side walls of the micro-gap, (a) 3D representation indicating the contact surface between pollen
tube and micro-gap when pollen tube is in full contact with the sidewall, (b) Position of four
reference points on the contact area starting with point S upon initial contact and ending with
point E, the exit of the gap. Points S; and E, are two sample points equally spaced between S and

B ettt sttt et e s e 216

Figure 9.11: Top view of the simulated geometry indicating the orientation of the force vectors

The simulations show that a deflection of 1.5 pm at point E (equal to the experimentally

observed deflection to 0, = 0) requires a constant pressure of 0.15 MPa (Fig. 9.13). ................ 219
Figure 9.13: Top view (E) and 3D view (F) of side wall deflection at F=0.15 MPa................ 219

Figure 9.14: Normal force F and normal pressure required for side wall deformation during

pollen tube passage through the Zap ........ccocviiiiiiieiiie e e 220

XXVi



Figure 9.15: Total energy required for side wall deflection during pollen tube passage through

Figure 9.16: The gamete cell does not pass the narrow gap even when the tube burst following

the successful passage 0f the AP ......cccvvviiiiiiiie e 224

XXVil



LIST OF TABLES

Table 3.1 Dimensions of initial deSIZN.........cecuieruiieiiiiiieeiiieiie ettt ere e e seneebeens 59

Table 3.2 Predicted velocity at the entrance of microchannels and outlet drain for various

proposed designs. Channel numbers correspond to those indicated in Fig. 3.1 ........ccceevnienneen. 63

Table 3.3 Numerical analysis to predict the channel trapping coefficient (t) for all the four sets

OF IMICTOCRANIIELS ..o et e e e e e e et e e e e e e e e e e e e e e e e e e e e eeeaaaaaeaeaeenenes 69

Table 3.4 Experimental evaluation of the trapping coefficients quantified by trap time of
individual microchannels. The time indicates the duration until a channel entrance is occupied by

at least one pollen grain. Two runs were carried out for both Designs 1 and 4...........ccccccceeneee. 72

Table 8.1 Experimental results of total pollen tube’s tip deflection (8T), the rotational deflection
(80) and the pure bending deflection (8B) for different flow velocities ..........cccceeevverreenennen. 188

Table 8.2 Estimation of Young’s modulus for different medium inlet velocity ........................ 192

XXviil



3D

Al
AlCls. 6H,O
AT
BioMEMS
BLOC
BT
C50
Ca
CCD
CFM
Cr(11D)
Cr(VD
DFT
DWL
FFT
FRAP
Gd+3
IP
H;BO;
La+3

LOC

NOMENCLATURE

3 Dimensional

Aluminum

Aluminum Chloride Hexahydrate
After Treatment
Bio-Micro-Electro-Mechanical System
Bending Lab-On-Chip

Before Treatment

Criterion of detecting growth rate reduction
Calcium

Charge-Coupled Device

Cellular Force Microscopy
Chromium-3

Chromium-6

Discrete Fourier Transform

Direct Writing Laser

Fast Fourier Transform

Fluorescence Recovery After Photobleaching
Gadolinium

Interface Point

Boric Acid

Lanthanum

Lab-On-chip

XX1X



MEMS
MgSO4
PEB
PDMS
PME
PMI
PSD
PTG
SEM
STFT
SuU8
uv

VSC

XXX

Micro-Electro-Mechanical Systems
Magnesium Sulfate
Post-Exposure Bake
Polydimethylsiloxane

Pectin Methyl-Esterase
Pollen-Medium Inlet

Power Spectral Density
Pollen Tube Growth

Scanning Electron Micrograph
Short-Time Fourier Transform
Negative Photoresist
UltraViolet

Vesicle Supply Centre



Cp

CAmax

X(f)

Kt

LIST OF SYMBOLS

Cross sectional area of particle
Drag coefficient

Maximum contact zone
Concentration

Diffusivity of the reagent
Young's modulus of pollen tube cell wall
Flow-induced bending force
Wedge force

Viscous drag force per unit area
Frequency domain signal
Translational stiffness
Rotational stiffness

Inlet velocity ratio

Power of growth

Power after treatment

Power before treatment

Reynolds number

Trap length

Main chamber width
Outlet drain width
Inlet width

Microchannels width

XXX1



Gr

Ox

Pp

Particle diameter

Frequency

Maximum desired frequency
Maximum frequency of signal
Sampling rate frequency
Fluid pressure

Fluid velocity

particle velocity

Time series signal

Toxicity level

Degree of toxicity

Deflection of pollen tube’s tip
Rotational deflection

Total tip deflection

Pure bending deflection
Circumferential tensile stresses
Longitudinal tensile stresses
Particle density

Fluid dynamic viscosity

Trapping coefficient

XXXi1



Chapter 1

Introduction to Bio-Micromechanical System (BioMEMS)

1.1 Introduction to Bio-Micromechanical System (BioMEMS)

In recent years, there has been an increasing interest in applying micro-electro-mechanical
systems (MEMS) technology for studying biological phenomena that led to the
development of a new area called BioMEMS. MEMS is a technology that can be defined
as miniaturized mechanical and electro-mechanical elements. BloMEMS basically deals
with miniaturization of conventional chemical and mechanical biosensors to the micro
level. Today, BIoOMEMS are extensively used in diagnostic, drug development, cellular
biology, biosensors and lab-on-chip (LOC) systems (Cheung et al., 2006b; Giouroudi et
al., 2008a; Nuxoll et al., 2009b). Cost effective and portable microfluidic platforms have
provided closed environment for in-vitro single cell analysis (Tatic-Lucic, 2007) and
characterizing the cell response to the chemical cues in growth environment (Grossmann et

al., 2011b; Takayama et al., 2001).

1.2 BioMEMS for cell studies

Application of BIoMEMS in cell analysis has been developed in order to study biological
systems, especially at the cellular level. BioMEMS is supporting cell biology research by
providing miniaturized platforms to study the cell to cell interaction and to analyze the
behavior of a cell in response to environmental reactions including mechanical or chemical
interaction. Biological procedures including cell counting, cell sorting using

electrophoresis and micromechanical structures have been used to develop our capability



for cell analysis. In addition, this application brings a new development in drug discovery,
diagnosis of medicine and foxicology' due to its capability in handling of cells, local
transferring of biological medium and integrating biosensors to detect the cell response to
various pharmacological® effects on the cell. Real time diagnosis of infection, allergies or

toxicity is the advantage of miniaturized bio-devices.

1.3 History of BioMEMS for cellular analysis

Developing a new technology with the main advantage of miniaturization comparable to
the size of the cell has been always desirable in order to provide controlled experimental
conditions in biology in order to answer fundamental questions involved in cell regulating
mechanisms and its interaction with other cells or tissues. One starting point to use
microenvironment for cellular analysis is the use of the patch clamp technique reported in
1980 by Neher and Sakmann (Sakmann ef al., 1980) [1] which later received a Nobel Prize
in 1991. This technique was based on micropipette technology (Hamill ez al., 1981) and
was used to study the cells at the single cell level to identify cell membrane ion channels.
Afterwards, the microelectronic technology area emerged to provide 3D structured silicon
chips. Gas chromatograph was carried out using integrated silicon-based microdevice
including an injection valve, a capillary separation column and a detector (Terry et al.,
1979). Microfluidics based lab-on-chip technology was then developed to provide simple

platforms to miniaturize the environment around the cells and to enable more detailed

' [Toxicology is a branch of biology, chemistry, and medicine concerned with the study of the adverse effects
of chemicals on living organisms] (https://en.wikipedia.org/wiki/Toxicology)

* [Pharmacology is the branch of medicine and biology concerned with the study of drug action]
(http://en.wikipedia.org/wiki/Pharmacology).



analysis of cellular biology. The controlled microenvironment enabled by microfluidic
chips provides suitable condition for experiments with single cells (Wheeler et al., 2003) or
single molecules (Spetzler et al., 2007). It should be noted that the key feature of lab-on-
chip technology for cell biology is the capability of microfluidics environment to introduce
precise spatial and temporal concentrations of compound around the cells (Haessler et al.,
2009) (Lin et al., 2004). This unique feature has been employed to study the response of
different cells to external signals such as cell response to chemotaxis of neutrophils in
medium gradients (Lin et al., 2005), bacteria in glycerol gradients (Diao et al., 2006) and
stem cells for next differentiation process (Flanagan et al., 2005). Fig 1.1 shows the
application of microfluidic device to apply diffusive gradient of chemoattractant to study
the cancer cell migration along the microchannel and to characterize the nucleus
deformation during the migration (Tong et al., 2012). This study has an application for

characterizing cancer cells and tumor diagnosis.

Figure 1.1: Microfluidic device for chemotaxis study of cancer cells (Tong et al., 2012)
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In addition to the application of lab-on-chip for single cell analysis, the microfluidics has
the power to handle array based cellular response. This has the application potential in
pharmaceutical development and drug screening (Dittrich et al., 2006). For this purpose,
the cells are captured at defined locations within the microfluidic environment using
different techniques such as localized surface modifications (Falconnet ef al., 2006) and
then the cells are exposed to the drugs or chemical agent to monitor the cells response.
However, for employing LOC devices for cell assays, cell capturing at defined locations is

required.

1.4 Pollen tube as the carrier of gamete cell

Among various cells, pollen tube as the main part of flowering plants are important for
humanity because of fertilization®, through which seeds are produced that are essential for
food supply and raw materials. The pollen tube is an excellent candidate for the study of
growth and morphogenesis of biological systems. It elongates dramatically up to few
centimeters and is one of the most fast growing plant cells. As an example, the growth of
pollen tube elongation reaches up to 1 cm/hr in maize species (Cheung & Wu, 2008). This
pattern of tube growth can be employed for developing toxicology and pharmacology
studies by analyzing the response of the cell growth to biological and pharmacological
change of culture medium surrounding the pollen tube. Fig 1.2 shows different shapes of

plant cells generated by heterotropic as well as the position of pollen tube growth. The

? Fertilization is the fusion of gametes to produce a new organism.
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orange and red colors indicate the expanding areas on the cellular surface (Geitmann,

2010a).
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Figure 1.2: Different shapes of plant cells generated by heterotropic growth. Orange and red

indicates expanding areas on the cellular surface (Geitmann, 2010a).

1.4.1 Pollen tube journey toward the ovule

Briefly, pollination starts by germinating the pollen grains on a receptive stigma followed
by growth of pollen tubes formed by grain through the pistil tissue toward ovule. The
function of the pollen tube is to decipher the guidance cues from the female tissue and to
elongate toward the ovule (Fig 1.3a). A Scanning Electron Micrograph (SEM) of a Camellia
pollen grain and germinated pollen tube are shown in Figure (1.3b) for lily pollen grain
(Geitmann, 2010a). Once the pollen tube is near the ovule, a set of signal transduction
events occur that guide the pollen tube towards its target, the femal gametophyte. Pollen

tubes stop growing and burst to deliver the sperm cells at this stage (Franklin-Tong, 1999).
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Figure 1.3: a) Scanning Electron Micrograph of germinated Lil/ium pollen grains (Geitmann,
2010a), b) The growth of pollen tube through the pistil tissue to deliver sperm cells to ovule.

1.4.2 Introduction to pollen tube growth

The pollen tube basically consists of semi-permeable membrane and cell wall surrounding
the cytoplasm®. Three different cytoplasmic regions characterize cyto-architecture of a
pollen tube (Fig 1.4). In the shank region, long actin’ filaments transport the organelles to
the subapical cytoplasm and recycle them back towards the rear of the pollen tube along
the central region (Chebli et al., 2013). The subapical region is identified by a collection of
shorter actin filaments and is free of large organelles. In the apical cytoplasm,
transmembrane trafficking (flow of proteins and other macromolecules with the aim of

transport to destinations inside and outside of the cell) have been observed as the apex is

* The cytoplasm is a gel-like substance located within the cell membrane and contain all substances within the cell
> Actin is rod-shaped polymeric protein that in plant cells serves as intracellular transport system
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the site of endocytosis® while exocytosis’ delivers new synthetic materials required for cell

elongation into the apical dome (Picton et al., 1983b).

Effective pressure
Cell wall t 1

Vesicle transport
on actin array

Figure 1.4: Schematic of pollen tube. Depending upon the species, the diameter of pollen tubes

varies between 6-30 um.

1.4.3 Characterizing polar growth of pollen tube

There were many attempts to characterize the tip growth of pollen tube. Although there are
species that grow in steady manner, the growth rate of pollen tube is typically pulsative or
oscillatory (Geitmann et al., 1998) (Pierson et al., 1995). Fig 1.5 shows the dynamic
growth of a sample pollen tube in the form of growth length and growth rate over time

(Geitmann and Cresti, 1998).

% [Endocytosis is a process by which cells absorb molecules (such as proteins) by engulfing them]

(http://en.wikipedia.org/wiki/Endocytosis)
7 [Exocytosis is the durable process by which a cell directs the contents of secretory vesicles out of the cell
membrane]. (http://en.wikipedia.org/wiki/Exocytosis).
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Figure 1.5: The dynamic pulsative or oscillatory growth behavior of pollen tube (Geitmann and
Cresti, 1998)

Three different elongation patterns have been reported to occur sequentially during the
growth. It can be informed that one cellular mechanism can generate different growth
patterns due to the effect of regulators governing the dynamics of growth. The oscillatory
growth rate is an important indicator for pollen tube to study the dynamic variation in

effective regulators.

Various factors have been identified as regulators of the growth (Geitmann et al., 2006a).
However, it is mostly believed that turgor pressure and cell wall material properties are the
main variables which control the cell growth. Hence, any other substance, ion or chemical
material within the cell or the medium will affect either turgor pressure or cell wall

mechanical properties.

Basically, in order to study the role of different growth regulators adjusting the turgor

pressure or cell wall mechanical properties, the concentration of targeted ion or substance



is altered within the growth medium and the response of the pollen tube in the form of the
change in 1) growth rate, 2) pattern of dynamic growth, 3) cell shape, 4) intracellular or
extracellular ions gradient, 5) cellular biomechanics or 6) turgor pressure is detected. Any

progress in detection techniques will help in understanding the growth regulators.

Turgor pressure as one of two main candidates of growth regulators is defined as the
hydrostatic pressure within the cell. In steady state, it is equal to osmotic pressure®
difference between inside and outside of the cell. A number of people have attempted to
measure the turgor pressure and assess its role in plant cell growth through direct or
indirect methods. The first direct measurement on turgor pressure was presented by
(Green, 1968) using a pressure probe on giant algal, Nitella’. They used an air-water filled
glass microcapillary to estimate turgor pressure. The compression of the air bubble allowed
the measurement of intracellular pressure. (Hiisken et al., 1978) developed the technique
by replacing air bubble with oil filled capillary attached to a pressure sensor (Fig 1.6).
They estimated turgor pressure for Nitella cell in the range of 0.1 to 0.6 MPa. Benkert et al.
(Benkert et al., 1997) used pressure probe apparatus to determine turgor pressure of lily
pollen tube as 0.1 to 0.4 MPa. Lew et al. (Lew, 2005) employed a pressure-probe system
for hyphal cell and the value of 0.4-0.5 MPa was estimated for turgor pressure. In all above
experiments, a micropipette was filled with silicone oil with one end inserted into the cell

and the other end connected to pressure sensor. Turgor pressure pushes the oil back into

¥ [Osmotic pressure is the pressure which needs to be applied to a solution to prevent the inward flow of water
across a semipermeable membrane]. (https://en.wikipedia.org/wiki/Osmotic_pressure)

’ [Algae is a large and diverse group of simple, typically autotrophic organisms, ranging from unicellular to
multicellular forms]. (http://simple.wikipedia.org/wiki/Algae)
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the pipette tip. By applying the pressure, the oil column is moved back to the tip position

and turgor pressure is then estimated.

Pressure sensor Glass microcapillary
tube

Metal plunger [

Micrometer screw

Plant
stem

Silicone
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Cell sap

Figure 1.6: Schematic of pressure probe for measuring turgor pressure Zimmermann et al. (1978)

Although the pressure probe method is the only practical method of directly measuring the
inside pressure, it requires a micropipette insertion into the cell which is considered as an
invasive method. Indirect techniques were also applied to estimate the turgor pressure in
which the cell is exposed to different known values of medium concentration. The method
is based on determining at what concentration the cell collapses. This technique was used

to measure the turgor pressure of about 0.8 MPa for fungal hyphae (Howard et al., 1996).

Regardless of measuring techniques, two different arguments have been reported about the
role of turgor pressure on the pollen tube growth. The primary approach proposed by a

number of researchers (Plyushch et al., 1995); (Messerli ef al., 2000a) introduced the local
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change of turgor pressure as the cause of growth and specifically the cause of oscillatory
pattern. Messerli et al. presented the evidence of increase on growth rate by sharp decrease
on osmolarity'’ of the medium (Messerli et al., 2000a). They introduced turgor pressure as
the main regulator of growth. The same result was also reported showing that the change
on turgor pressure through osmolarity variation affects the pollen tube growth rate
(Winship et al., 2010; Zerzour et al., 2009a). Other group showed that the increase on the
level of osmolarity in the culture medium inhibits pollen tube growth and it suggests that
turgor pressure is essential for cell elongation (Pierson et al., 1996). The change on turgor
pressure was measured by the pressure probe, but could not find an obvious relation
between turgor pressure and the growth rate oscillation in lily pollen tube (Benkert et al.,

1997). It was only argued that that turgor pressure is necessary for growth.

The effect of turgor pressure on the growth rate of the pollen tube was numerically
modeled (Fayant et al., 2010b). They attempted to model the cell wall deformation
resulting from hydrostatic pressure. They modeled the tip apex by considering the gradient
of Young’s modulus changing from 4000 MPa for the shank down to 12 MPa for the
pectin at the extreme apex. They showed that the change in turgor pressure results in the

increase in tube length per load cycle.

The other argument about the role of turgor pressure on cell growth was presented by a

number of researchers who claimed that turgor pressure is not the regulator for the growth

12 [Osmolarity is the measure of solute concentration, defined as the number of osmoles (Osm) of solute per litre (L)
of solution] (osmol/L or Osm/L). (http://en.wikipedia.org/wiki/Osmotic_concentration)
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(Harold et al., 1995); (Heath et al, 1999). To verify their claim, they reported the
observation of fungal hyphae growth without any measurable turgor pressure in some
species of fungal hyphae. Some species of hyphae also grow faster with zero or at most
very low value of turgor pressure (Davis et al., 2000). In addition, the idea is enforced
especially when growth rate of pollen tube growing in a gel type medium is comparable
with the rate of growth in liquid medium (Tomos, 1988). This group of researchers argued
that the growth is not because of increase in turgor pressure, but it is due to cell wall

relaxation.

Cell wall relaxation is a phenomenon in which the material strength of the cell wall reduces
either due to turgor pressure (Panovko et al., 1973) or enzymatic reaction at the apex
(Schopfer, 2006). In the latter case, relaxation seems to be the cause of temporal reduction
on turgor pressure, increasing the water influxes and then leading to the cell growth. It
means that any likely oscillation of the turgor pressure follows the cell wall relaxation at
the apex. But in the case of turgor pressure, it causes cell wall deflection as well as cell
wall relaxation due to opening for insertion of new materials through semi-permeable cell

wall.

In order to understand the role of cell wall relaxation on cell growth, two main strategies
are dominant. The first is the technique of manipulating the cell wall, named micro-
indentation, which has been used for various tip growing cells. Micro-indentation has also
been used to characterize the mechanical stiffness of the plant cell wall (Parre et al.,

2005c¢); (Zerzour et al., 2009a). This method uses a glass stylus actuated by a horizontal
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beam. By monitoring the cell wall deflection and measuring the reaction force applied to
glass stylus, the mechanical strength of the wall is estimated. It was successfully
implemented to estimate the stiffness of the cell wall at the distal and apical regions. It
showed that stiffness at the apex of pollen tube is significantly lower than stiffness at the

shank part of the cell (Parre and Geitmann, 2005¢).

The second technique refers to the bio-chemistry side to identify the material components
of cell apex. In the tip of the pollen tube, pectin appears to be the major component of the
cell wall. Pectin'’ exists at the apex esterified and is required to resist against turgor
pressure (Roggen & Stanley, 1969); (Holdaway-Clarke et al., 2003). Parre et al. (Parre and
Geitmann, 2005¢) argued that the amount of pectin and also the degree of its esterification
are essential in determining the cell wall stiffness. To demonstrate the effect of amount of
pectin, various concentrations of Pectinase’ were added to the medium. Pectinase has the
digesting enzyme activity on pectin and is considered as pectin inhibitor. They showed that
by moderately increasing the pectinase, the pectin reduces at the apex, cell wall stiffness
lowers and in consequence, the growth rate increases. They also observed cell bursting as a
result of higher amount of pectinase. This observation indicates the digestion of pectins at
the apex destabilizes the cell wall in such a way that it enables turgor pressure to expand

the cell wall until it bursts.

"' [Pectin is a structural heteropolysaccharide contained in the primary cell walls of terrestrial plants].
(https://en.wikipedia.org/wiki/Pectin)

12 [Pectinase is a general term for enzymes, such as pectolyase, pectozyme and polygalacturonase, commonly
referred in brewing as pectic enzymes. These break down pectin, a polysaccharide substrate that is found in the cell
walls of plants]. (http://en.wikipedia.org/wiki/Pectinase)
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In order to know the degree of esterification of pectin on material properties, the activity of
the enzyme pectin methyl-esterase (PME) has been evaluated (Geitmann, 1999). This
enzyme is supposed to de-esterify methyl-esterified pectin into acidic pectin. Ca** ion is
then cross-linked to acidic pectin and forming a semi rigid gel (Carpita et al., 1993). Parre
et al. (Parre and Geitmann, 2005¢) studied the effect of PME as growth inhibitor and
observed that after specific concentration of PME, the growth rate starts reducing. They
argued that the raise of de-esterification level of pectin increases the cell wall stiffness and

reduces the growth rate.

Based on what is reported in the literature, it is believed that both cell wall relaxation and
turgor pressure influence the growth and could be considered as the fundamental variables
of the growth. The effect of other intracellular ions can be interpreted as the regulator
processes on pollen tube growth likely mediated either by influencing turgor pressure or
cell wall material properties (for example for alteration in the exocytosis rate). This is
supported by the fact that many of the underlying events such as vesicle trafficking, actin
microfilament polymerization, and apical ion flux oscillate with the same period of growth
rate, but usually with different phases (Holdaway-Clarke et al., 2003),(Chebli et al.,

2007b).

The effect of Ca™ ion as the dominant ion at the apex has been already studied with
specific required concentration limit (Picton et al., 1983a). Increasing calcium
concentration from 10° M to 2.5%10° M raises the growth rate by 20%, but further

increase leads to reduction in growth. In addition, they used La™ and Gd™ as Ca ion
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inhibitors for lily pollen tube to study the behavior of pollen growth due to change in
conductance of Ca™ channels. They suggested that Ca* signal probably leads to sudden
liberation of vesicles to the wall and in consequence, the local cell wall relaxation occurs.
Oscillation of Ca™ magnitudes with the same period as that the growth rate was then

detected (Messerli et al., 2000a).

Modeling of tip growth has also been employed to understand the pollen tube growth. It is
introduced as the process in which only a highly confined area of surface expands and new
material is deposited at the tip. Many biological events such as vesicle transport, ion
concentration, cell wall extensibility and internal pressure have been considered as
effective elements on the cell growth, but presenting a comprehensive model covering the
effect of all these variables is still a challenge in cell modeling. Few theoretical models
have been developed to study the role of biological parameters such as vesicle supply
centre (VSC) (Bartnicki-Garcia ef al., 2000) or Ca ion concentration (Kroeger ef al., 2008),
but most of the models have focused on the turgor pressure and dynamic change of cell
wall material deposition as the fundamental variables (Dumais et al., 2006). In these
models, motion of plant cells is considered as turgor pressure driven event pushing against
a viscoelastic wall material. Although the recent biomechanical model predicts tip growth
of pollen tube (Chebli and Geitmann, 2007b), still there is the lack of experimental results

to verify the current models (Kroeger et al., 2012b).

Recently, a kind of interplay between turgor pressure and cell wall material was assessed

(Schopfer, 2006). The cell wall was presented as a viscoelastic composite with stress
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relaxation property which is activated at a specific time depending on the amount of
stretching. It was argued that both turgor pressure and cell wall relaxation have to be
considered as the regulators of growth. Later, it was argued that to affect cell growth, all
growth regulators within the cell ultimately have to take action on one of the two main
regulators of the growth: cell wall softening or turgor pressure (Zerzour et al., 2009b). It is
believed that the study of the change of biological events influencing turgor pressure or

cell wall relaxation will be valuable to better understand the polar growth phenomenon.

Mechanical sensing is an effective method that has recently been used to measure the
growth force as one of detectable parameters for studying pollen tube behavior. Geitmann
et al. (Geitmann, 2001) tried to formulate the force applied on the obstacle by considering
the role of both turgor pressure and wall material properties. They argued that there is a
difference between the value of turgor pressure and the pressure that pollen tube applies
against the mechanical barrier and this is because of resistance of cell wall against the
internal pressure. By controlling the material properties of the tube wall, the pollen tube
has the capability to transfer the force between zero to a maximum value against the

barrier.

Money et al. (Money et al., 2004) practically estimated the growth force of hyphae cell by
positioning strain gauge normal to the direction of growth at the apex of hyphal fungus to
approximately 0.2-0.8 MPa. Electrical signal from the strain gauge was calibrated to
measure the growth force (Fig 1.7). By knowing the cross section of the pollen tube and

measured value of the growth force, turgor pressure of cell was estimated. They noticed
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that there is indirect relation between the turgor pressure and the measured force, verifying

the result of Benkert et al. (Benkert et al., 1997).

Strain gauge
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Figure 1.7: Mechanical sensing of hyphae growth force against silicon beam (Money ef al., 2004),

a) Fungal hyphae senses the strain gauge, b) strain gauge response

Although mechanical sensing of hyphal cell (Money et al., 2004) looks as a significant
technique for detecting the biological events occuring within the cell and to see how the
interaction of pollen tube and mechanical structure affects on either turgor pressure or cell
wall mechanical properties, no other research has been reported to use the mechanical
sensing for characterizing the behavior of small plant cells. This might be because the
experiment with the strain gauge was difficult. There was no control on the direction of the
growth, so the normal contact against the strain gauge occurred by chance and the
interpretation of the data was not simple. They used a large silicon beam (100 pum
thickness and 10 mm width) compared to the size of the cell (10 pum). The comparison
between 10 um diameter of hyphal cell and the large size of silicon beam depicts the
complexity of detection. The silicon beam is not soft enough to be a good candidate for

sensing force variation at the level of cell force.
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1.4.4 Biological aspects about pollen tube

In spite of extensive research on pollen tube growth in order to detect various regulators of
the growth, many questions are still unknown and should be addressed. It is not still clear
what is the main regulator of the growth, or what extent the other regulators influence the
growth, or how the pollen tube adapts both turgor pressure and cell wall mechanical
properties in response to mechanical or chemical stimulation, or how it controls the growth
passage through different matrices with different mechanical stiffnesses, or how the
chemical or mechanical signals altogether cause pollen tube reorientation toward the ovule,
or how pollen tube can grow within the air during the way towards the ovule, or how the
pollen tube bursts once it approaches the ovule and passes the micropyle in order to deliver
the gamete cell to the ovule, or what kind of mechanical or chemical signals prevent

entering the second pollen tube into the ovule and reorient it away from the ovule.

Clearly, to answer these levels of biological questions, new external experimental
platforms more similar to in vivo environment (ex vivo environment) with the possibility of
local cell treatment and potential of applying more controllable mechanical and chemical
stimulation 1s promising. It is believed that more effort is still required to have a better

understanding of polar cell growth analysis.

1.4.5 Challenges in studying pollen tube in open assay

Up to now, there have been technical limitations to the manipulating of the pollen tube
apex during the cell growth. In addition, a unique growth platform with reliable detection

system has always been vital to make the experimental results comparable. So far, no
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micro-device has been used to study the pollen tube growth at the apex. It is believed that
micro-device will be an appropriate environment to characterize the pollen tube growth
and to study different aspects of tube growth towards the ovule since its size is compatible
with that of the pollen tube. It has the capability to locally apply biological and chemical
change on growth environment around the pollen tube tip and also to induce mechanical
signal during the cell growth. Application of micro-sensors inside the micro-device enables
a more comprehensive local characterizing of the pollen tube during the growth. Hence, the
purpose of the thesis is to present ex-vivo lab-on-chip * (LOCs) to provide
microenvironment more similar to pollen tube pathways from stigma to the ovule. The
platform helps to study the dynamics of pollen tube growth in response to mechanical and
chemical signals. Using these LOC devices, the interplay of the turgor pressure and cell
wall mechanical properties are studied in response to a mechanical signal and also the

pollen tube adaptation growing in different growth environment is evaluated.

1.4.6 Application of BioMEMS for plant cell studies

It is believed that micro-systems have high potential to overcome the constraints of
controlled mechanical or chemical stimulation of pollen tube. The first report on the
application of a micro-device for analyzing the pollen tube behavior was presented on
monitoring the pollen tube guidance in response to pistil tissues (Yetisen et al., 2011b) (Fig

1.8). The design involves a main central groove with side chambers. A schematic layout of

" A lab-on-a-chip (LOC) is a device that integrates one or several laboratory functions on a single chip of only
millimeters to a few square centimeters in size.
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the micro-device and the experimental results of growing pollen tube in microenvironment

is shown in Figure 1.7.

pistil w/ pollen tubes

a) b)

Figure 1.8: Schematic of microdevice for growing pollen tubes, a) schematic layout of
microfluidic chip designed to support pollen tube growth, b) Experimental testing of pollen tubes
growth within fabricated chip, scale bar: 200 pm (Yetisen et al., 2011b)

It was reported that the growth rate and length of pollen tube in microdevice was
comparable to those pollen tubes growing in plate assays. They fabricated microfluidic

environment that mimics the in-vivo micro-environment of ovule fertilization.

Although the earlier studies have attempted to present appropriate interpretation of polar
cell growth, the overall insight to the literature confirms that more research is required in

this field.

1.5 Rationale and scope of the thesis

The development of measuring techniques to obtain more experimental data related to the
growth behavior is obviously essential in order to approach comprehensive explanation of
the polar cell growth. In addition, due to the lack of common experimental setups for
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biological testing, the results are occasionally not comparable. Presenting a unique
platform will serve to have more convergence on the results of similar tests and to make

them more comparable.

In order to answer some unknown and fundamental aspects of pollen tube growth such as
1) Chemical attractor steering towards the ovule or 2) Growth behavior in air during the
journey towards the ovule or 3) Bursting of pollen tube at the vicinity of ovule and 4)
Understanding of its invasive life style, new experimental platforms identical ex vivo
growth environment is required. The study of pollen tube in open assay cannot provide

such a microenvironment for studying the pollen tube.

The dynamic growth in the form of pulsative or oscillatory growth is a unique property of
tip growing pollen tube which can be exploited to study the role of other ions in regulating
the tube growth. However, changing the growth environment in open assay is still
challenging for uniform alteration of medium. Developing new platforms with simpler and
stable control on growth environment is necessary to find the relation between the

dynamics of ion gradients around the tip and the dynamic of pollen tube growth.

No comprehensive study has been done to experimentally investigate the interplay role of
cell wall mechanics and turgor pressure on cell growth. Even though, the recent work on
studying the interaction between cell and mechanical beam has employed a mechanical
element to assess the response of the cell (Money, 2004), up to now, no study has been

reported that deals with the invasive behavior of pollen tube. Recently, microsystem assay
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has joined the biological area to provide a better platform for growing the pollen tube, but

still lack the ability to characterize the pollen tube growth at the apex area of the cell.

The contribution of proposed LOCs is to benefit the biological area of plant cell analysis
by providing a unique ex-vivo micro-environment compatible with the size of an individual
pollen tube. This environment will help analyze the effect of local chemical and
mechanical stimulation of pollen tube in order to characterize the static and dynamic
response of pollen tube growth. Study of bio-micromechanical interaction will develop
new methods of cell analysis to enhance our knowledge about fundamental biological
elements which control the pollen tube growth at the apex area that would help to
understand the interplay role between turgor pressure and cell wall mechanical properties.
The outcome resulting from this thesis will help understand some aspects of pollen tube
growth from stigma to the ovule and is used to estimate biological parameters such as cell

wall mechanics and invasive growth force.

1.6 Objectives of the thesis

In this research, the emerging microsystem technology is affiliated to cell biology,
especially morphogenesis area to study the behavior of pollen tube in a microenvironment
compatible with the size of pollen tube. The objective of the thesis is to improve the
understanding of plant cell growth during the growth from stigma to the ovule by studying

static and dynamic cell response to local mechanical-chemical stimulations.
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More specifically, the objectives of the thesis are the following:

1. Develop a LOC platform to characterize the behavior of individual pollen tubes in ex

vivo environment through design, fabrication and testing.

2. Studying of static and dynamic behavior of pollen tube in response to local chemical
and toxic treatment at the tip or distal region in order to find more accurately the role of
growth regulators and to understand the pollen tube biology. The study will help realize the

application of tip growing pollen tube for toxicity detection.

3. Characterizing the interaction of pollen tube with micromechanical structures or fluid
loading in order to answer biological questions regarding the role of mechanical signals on
pollen tube bursting in the vicinity of ovule, the regulation of growth during different
environment with different matrix stiffnesses and quantification of mechanical properties
of cell wall as essential parameters required for biomechanical and mathematical modeling

of plant developmental processes.

1.8 Layout of the thesis

This thesis has been organized as follows:

Chapter 1 introduces BioMEMS and its application for cellular biology, and the capability
of microfluidics for handling effective ex vivo microenvironment for monitoring cell

response to the chemical, biological influences. Pollen tube as the main part of plant cells

23



is introduced and its difference with other cells is explained. The presented review on
pollen tube growth behavior, different technical methods for cell characterizations and the
main challenges on studying pollen tube is detailed. The potential of microfluidic
environment for studying cell response to chemical and mechanical signals is presented.
The chapter also presents the rationale and the scope of the present thesis, layout and

contributions.

Chapters 2 and 3 describe the design, fabrication, testing and enhancement of microfluidic
platform for future cellular studies on pollen tube. The numerical and experimental
methods are employed to provide a stable and proper platform by which a series of pollen
tubes could grow within microfluidic chip under identical growth conditions which
facilitate the comparison of results of different pollen tubes growing in different

microchannels.

Chapter 2 introduces Micro-Electro-Mechanical Systems (MEMS)-based TipChip platform
with applications to simplify sophisticated functions such as chemical reactions, drug
development and bioassays by integrating them within a single micro-device, a Lab-on-
chip (LOC). This chapter describes the basic configuration of the microfluidic network
developed to allow for simultaneous observation of multiple pollen tubes. The fluid flow
conditions that are conducive for pollen grain positioning and pollen tube growth within
the microchannel network were determined experimentally. Several basic configurations

that can be included in the modular setup are described and tested experimentally. The
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potential of using pollen tube for characterizing cell response to local treatment is

evaluated by a case study.

Chapter 3 presents the challenges faced in studying the pollen tube within TipChip
microfluidic device including pollen grain accumulations and critical flow rate. This
chapter presents how to facilitate and enhance the positioning of pollen grains at the
entrances of the microchannels and to provide identical growth environments for growing
pollen tubes along each microchannel. The dimensions of the microfluidic network and the
inlet flow are properly calculated using theoretical analysis and experimental testing in
order to improve the performance of the microdevice. The criteria for an enhanced design
are established and used to compare the performance of various designs based on modeling
and experimental results. The enhanced design is chosen for the experiment in the next

chapters.

Chapters 4-7 present different LOC and microfluidic platforms to study the static and
dynamic response of pollen tube to the chemical, biological and toxic substances. Chapter
4 focuses on innovative methods for locally stimulating the pollen tube at the tip and at the
distal region using side injection testing and tip growth in air trap, respectively. The
Chapter 4 also explores more accurately the role of sucrose as the agent controlling the
turgor pressure and calcium ion as the candidate controlling the cell wall mechanical
properties on regulating the pollen tube growth rate and growth direction. Chapters 6,7
present LOC devices for characterizing dynamic response of pollen tube growth to the

change on growth regulators and also to toxic substances within growth medium. Since
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pollen tube has oscillatory growth, the change in dynamic oscillation frequencies is defined
as the dynamic response to the change of growth regulators or the presence of toxic

materials.

Chapter 4 addresses the local treatment of pollen tube tip through development of a new
LOC device with laminar flow based continuous administration of two different solutions
with a movable interface that allows to dynamically target Camellia japonica pollen tube.
Here, the calcium which is known as the agent affecting reorientation of pollen tube
growth was used as a test substance. A discussion about the role of calcium in mechanical
properties of cell wall and regulating the cell growth and direction is presented at the end

of the chapter.

Chapter 5 presents a new microfluidic platform for local treatment of pollen tube at the
distal region without any direct effect on the tip. In this chapter, the effect of different
calcium and sucrose concentrations on the growth behavior of pollen tube were studied
once the tip was growing in the air. At the end, the capability of this platform in presenting
new clues about the hypothesis on the existence of internal ca’* ion stores within the tube

and the hypothesis of the whole-cell pressure increase inside the tube are discussed

Chapter 6 addresses the dynamic growth of pollen tube within microfluidic environment.

This chapter explores the primary and secondary oscillation frequencies of pollen tube

which was not simply detectable on pollen tubes growing in open assays. In addition, the
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effect of growth regulators such as sucrose on dynamic growth of pollen tube through

characterizing the alteration of oscillation frequencies is studied.

Chapter 7 discusses the application of pollen tube as whole-plant cell sensor for toxicity
detection. It exploits the benefit of trapping pollen grain and growing pollen tubes along
microchannel in a directed manner in order to detect the pollen tube response to the
existence of environmental toxic substances within growth medium. Aluminum ion, as
toxic substance for animals and humans, was detected in concentration-based manner for a

wide range of concentration.

Chapters 8 and 9 present the potential of MEMS technology to study the response of pollen
tube to the mechanical stimulations through characterizing the interaction of pollen tube
with micromechanical structures and fluid loading. These chapters help answer several
biological questions regarding the quantification of the mechanical properties of cell wall,
invasive life style of the pollen tube, the role of mechanical signals on pollen tube bursting

and the regulation of growth during growth along different cellular matrix.

Chapter 8 explains the performance of a Bending Lab-on-chip (BLOC) approach to
quantitatively determine the Young’s modulus of the pollen tube cell wall as essential
parameter required for biomechanical and mathematical modeling of plant developmental
processes under fluid loading. Pollen grains are injected into the LOC and the pollen tube
is guided through the narrow microchannel to be subsequently bent by fluid flow orientated

perpendicular to the tube. Based on the observed flexural rigidity of the cell wall, the
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Young's modulus of the cell wall was estimated using a finite element model of the
experimented geometry. The validity of the measured value is discussed at the end of the

chapter.

In Chapter 9 the mechanical interaction of pollen tube with microgaps is studied. The
microgap structure provides a condition very similar to those cellular distances that pollen
tube penetrates through. The change of pollen tube diameter and the deflection of microgap
are presented as the result of coupled interaction in this chapter. This chapter addresses
several biological questions such as the role of mechanical signaling on pollen tube
bursting once the tube reaches the ovule and delivers the germ cell and the interplay role of
turgor pressure and cell wall mechanical properties on regulating the growth through
mechanical barriers. The growth force of pollen tube is estimated as the biological

parameter explaining the invasive life style of pollen tube.

Chapter 10 presents the conclusions of the present work. The work from the present thesis

has been published in several international journals, and also has been presented in national

and international conferences as listed in Chapter 10.
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Chapter 2

TipChip - A Modular, MEMS-Based Platform For Experimentation and
Phenotyping of Tip Growing Cells

2.1 TipChip

The Primary microfluidic platform for evaluating the feasibility of growing pollen tube
within microfludic environment and guidance along growth microchannel with the size of
slightly bigger than the pollen tube diameter is explained in this chapter. This work has
been published in two Journals papers of Journal of Micromechanics and
Microengineering, vol. 22, 115009, 2011, with my contribution as the second author and
The Plant Journal, vol: 73, pp:1057-1068, 2013, with my equal contribution as author. In

the results section, only my contribution to this work is presented.

Abstract

Large scale phenotyping of tip growing cells such as pollen tubes has hitherto been limited
to very crude parameters such as germination percentage and velocity of growth. To enable
efficient execution of more sophisticated assays, an experimental platform was developed
based on microfluidic and MEMS technology, the TipChip. The device allows positioning
of pollen grains or fungal spores at the entrances of serially arranged microchannels. The
tip growing cells, pollen tubes or fungal hyphae, can be exposed to chemical gradients,
microstructural features, integrated biosensors or directional triggers within the modular
microchannels. An optimization of fluid network geometry and an experimental proof of

concept for various channel configurations are illustrated. The platform will allow both,
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more efficient experimentation and large scale phenotyping under precisely controlled,

reproducible conditions.

2.2 Introduction

Tip growing plant and fungal cells have been widely used as model systems for the cellular
morphogenesis in walled cells (Geitmann et al., 2001; Geitmann et al., 2000). Growth in
walled cells occurs through the turgor driven expansion of the cell wall and simultaneous
assembly of new cell wall material. Tip growth is characterized by a spatial confinement of
this cellular expansion process to the very end of the cell (Geitmann et al., 2009b;
Geitmann et al., 2006b). The resulting structure is a perfectly cylindrical protuberance
capped by a hemisphere- or oval-shaped apex. Among the hallmarks of tip growing cells
are the speed of growth (up to 1 cm/h in pollen tubes and fungal hyphae) and the ability to
control the direction of growth. This later function allows tip growing cells to follow
external guidance cues, a crucial feature for the execution of their respective biological
functions: Root hairs have to grow away from the root to efficiently absorb water and
minerals, fungal and yeast hyphae have to invade hosts and find mating partners, and the
pollen tube needs to reach a receptive ovule nestled deeply within the pistillar tissues. How
tip growing cells focus their growth activity onto a single site on their cellular surface and
how they control growth dynamics through exerting temporal and spatial regulation has
been the subject of a substantial body of research (Feijo et al., 2001; Geitmann et al.,
2007b; Malho, 2006; Palanivelu et al., 2011b). Intriguingly, numerous genes have been
found to be expressed exclusively in tip growing cells (Honys et al., 2003; Honys et al.,

2004; Pina et al., 2005), but our understanding of the functions of many of the proteins

30



encoded by these genes warrants major efforts. These will require developing methods for
more sophisticated experimentation and for large scale phenotyping. Here we describe a
platform that has been developed to advance both experimentation and phenotyping in tip
growth research. The platform has been optimized for use with pollen, but can be adapted
easily to other tip growing cells produced from small cell bodies such as hyphae generated

by fungal spores and rhizoids produced by algal zygotes.

Large scale assessment of pollen tube performance in the past has largely been limited to
quantifying seed set (in vivo approach) and to determining the percentage of germination,
the average growth rate, and the morphology of the cell (in vitro approach). These
parameters can be determined microscopically in batch samples, and are based on simple
in vitro cell culture techniques (Bou Daher et al., 2008). However, tip growth is a complex
process and many other parameters have been studied using highly sophisticated methods
with the aim to investigate pollen tube biology. These include monitoring ion fluxes with a
vibrating probe (Feijo et al., 1995b; Feijo et al., 1995c; Messerli et al., 1997, 1998;
Messerli et al., 2003a), measuring the biomechanical properties with a micro-indenter
(Geitmann et al., 2004; Parre et al., 2005a; Parre and Geitmann, 2005c; Zerzour et al.,
2009b), assessing invasive and tropic growth in experimental setups exposing pollen tubes
to mechanical obstacles and directional triggers (Bou Daher ef al., 2011a; Gossot et al.,
2007; Malho et al., 1992b; Palanivelu et al., 2000; Palanivelu and Tsukamoto, 2011b), as
well as studying the dynamics of intracellular transport using FRAP (fluorescence recovery
after photobleaching) and advanced image analysis (Bove et al., 2008a; Malho et al., 2005;

Parton ef al., 2003) and triggering internal signaling processes using laser-mediated release
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of caged calcium (Malho et al.,, 1996). These experimental approaches have yielded
important information on the functioning of the pollen tube and many of them would be
extremely useful as assays to discriminate the characteristics of pollen tube phenotypes.
However, these approaches are typically extremely time-consuming (since only one cell
can be observed at any given time) and associated with high variability that makes them
unsuitable for the investigation of large numbers of cells and phenotyping. We therefore
designed an experimental platform that allows for the simultaneous investigation of
multiple tip growing cells, in a highly reproducible manner, under precisely controlled
conditions. Importantly, the platform enables the design of a panoply of different
experimental approaches including exposing pollen tubes to a microstructural feature
and/or chemical gradients, applying chemical and enzymatic agents locally and measuring
forces, currents and turgor pressure. The modular nature of this platform makes it ideally
suited both for phenotyping and for the development of new experimental approaches to

study the biology of tip growing cells.

The TipChip platform is based on Micro-Electro-Mechanical Systems (MEMS)
technology. This technology has been exploited in biological and medical applications to
simplify sophisticated functions such as chemical reactions, drug development and
bioassays by integrating them within a single micro-device, a Lab-on-chip (LOC) (Cheung
et al., 2006a; Giouroudi et al., 2008b; Nuxoll et al., 2009a). Here we describe the basic
configuration of the microfluidic network developed to allow for simultaneous observation
of multiple pollen tubes. The fluid flow conditions that are conducive for pollen grain

positioning and pollen tube growth within the microchannel network were determined
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experimentally. Biocompability testing was performed to determine which materials
generally used in MEMS fabrication are compatible with pollen tube growth. Several basic
configurations that can be included in the modular setup are described and tested

experimentally.

2.3 Overall Lab-On-Chip (LOC) design

In order to be able to manipulate individual tip growing cells, these need to grow through
narrow channels that are suitable for harboring the desired test geometry or experimental
test device. Conventional and commercially available microfluidic perfusion systems (Lee
et al., 2008a) are not suitable since they typically collect the cells in a central flow chamber
and would not force tip growing cells to grow in any particular direction. The TipChip is
specifically designed to enable investigation of longitudinally elongating cells. In addition
to being adapted to tip growing cells, the platform developed here was designed to respond
to a number of criteria that were considered essential: The LOC has to allow high
resolution brightfield and fluorescence imaging and should be possible to observe multiple
cells simultaneously. The setup was conceived to be modular to allow incorporation of

various structural, micro-mechanical and chemical testing methods.

Fabrication of the designs was done as explained in Materials and Methods (Section 2.7).
Tests using two different methods for photomask (transparent sheets and glass chromium
mask) production revealed that more expensive technology is required to fabricate
microchannels with surfaces that are sufficiently smooth compared to the dimensions of

the pollen tube (see Fig. 2.6 for examples for both techniques). In order to ensure the
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simultaneous observation of multiple cells, the setup was designed to comprise a serial
arrangement of microchannels through which the tip growing cells are supposed to
elongate. Contrary to macroscopic channel setups such as those used for Arabidopsis
seedlings (Grossmann et al., 2011a), the manual positioning of individual cells such as
pollen grains or fungal spores in front of microchannels would be highly unpractical if not
unfeasible because of their small size. We therefore designed the microfluidic network to
allow for fluid flow driven positioning of cells at the entrances of a series of
microchannels. The overall microfluidic network consists of an inlet, a distribution
chamber giving access to the entrances of numerous microchannels, and two types of
outlets (Fig. 2.1,a). One outlet allows for the evacuation of excess pollen from the
distribution chamber, the second type of outlet drains liquid from the ends of the
microchannels and thus allows for continuous liquid flow through the microchannels. The
configuration encloses the cells from all sides thus preventing the evaporation of the
growth medium, a phenomenon which has proved difficult to control in open assays

(Yetisen et al., 2011a).
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Figure 2.1: Overall design of the TipChip, (a) Image of the TipChip showing the PDMS layer
attached to a cover slip and the attached inlet and outlets, (b) General schematic design principle of
the microfluidic network in the TipChip. The pollen suspension is injected through the inlet and the

pollen grains move through the distribution chamber and either get trapped at the entrances of the
microchannels or evacuated through the distribution chamber outlet. There is a central barrier to
guide the pollens toward the microchannels.

The whole platform was conceived to be planar with a limited thickness in order to avoid
the accumulation of cells into stacks that would represent a mechanical impediment to fluid

flow and a visual obtrusion preventing microscopical observation. The height of the
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distribution chamber was therefore set to be between 1.2 and 1.5 times the diameter of the
cells to be distributed. Here and in the following, optimized dimensions for pollen grains of
the species Camellia are provided. The pollen tube of this species grows extremely straight
and rapidly thus making it an ideal model system for cytomechanical studies (Bou Daher
and Geitmann, 2011a) and suitable for a proof of concept experiments in the present
context. For pollen grains from other species or fungal spores, the dimensions can be
adjusted easily. Camellia pollen grains typically have a diameter of 60 um, therefore the
height of the microfluidic network was set to 80 pum, thus allowing the grains to move

freely within the distribution chamber but preventing accumulation in z-direction.

The principle of the setup is to inject a suspension of pollen or spores into the distribution
chamber through the inlet and to trap individual cells at the entrances of each
microchannel, similar to other setups developed in the past (Kobel et al., 2010; Tan et al.,
2007), but with the difference that the adjacent microchannels would have to be of
substantial length. One of the main challenges was to design the distribution chamber such
that most or ideally all entrances of the microchannels would be occupied by a single or
very few cells after simple injection of the cell suspension. Large accumulations of cells
were to be avoided, since preliminary experiments suggested that these hamper fluid flow
through the microchannels thus affecting the experimental conditions and reproducibility.
Two geometries for the distribution chamber were tested, by an oval shape with a central
barrier (Fig. 2.1,b). A combination of fluid flow simulation and iterative experimentation is
required in order to find the ideal dimension to prevent accumulation and increase the

number of trapped channels. We will do this comprehensive analysis in Chapter 4 to
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estimate the ideal dimensions. Briefly, the experimental testing showed that exactly one
pollen grain per microchannel entrance can be trapped in the setup with rectangular
distribution chamber (Sanati Nezhad et al., submitted-b). Trapping is achieved by pollen
grains moving along the streamlines created by the laminar flow imposed by slow injection
of the pollen suspension (Fig. 2.2a). To accomplish optimal trapping, the entrances were
designed as a curved notch, the narrow end of which is smaller in the x-y plane (30 pm)
than the size of the pollen grain (2.2b,c). The microchannels proper are narrow conduits
through which pollen tubes are expected to grow. In modular manner, these microchannels
can be equipped with the desired experimental setups such as mechanical obstacles,

microstructural features, chemical gradients, electric fields and biosensors.
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Figure 2.2: Geometry and fluid flow in the rectangular distribution chamber of the TipChip (a)
Fluid flow simulation showing the streamlines within the distribution chamber. (b) Detail of the
simulated streamlines (red) and experimentally observed pollen grain movement (blue) through the
distribution chamber. (¢) Micrographs of a pollen grain driven by fluid flow and trapped at the
entrance of a microchannel. The stitched images show the same pollen grain at three different

times. Bar = 100 um
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2.4 General design features of microchannel modules

For most of the envisaged applications, the microchannels would have to be only slightly
bigger than the diameter of the tip growing cell. In the case of Camellia, a typical
microchannel would measure 30 um in plane (80 um high), whereas the tube is 15 to 20
um large. This is very different from conventional in vitro setups used for pollen tube
culture, in which the elongating pollen tubes are surrounded by relatively large volumes of
medium. This includes micro-structured devices such as (Yetisen et al., 2011a), since the
pollen tube in that assay were surrounded by an amount of medium that was orders of

magnitude bigger than the volume of the cell.

2.5 Sensitivity of pollen tube to the fluid flow rate

For certain experimental approaches, continuous medium flow through the microchannel
may be desired (e.g. laminar flow gradient and toxicity testing), whereas for others, the
absence of any flow movement is a prerequisite (e.g. static gradient). The amount of flow
can be regulated by injecting medium via a motor-controlled syringe, and by strategically
blocking outlets. The parameter that can be modified by the experimenter is the inlet
velocity, whereas the fluid velocity experienced locally by individual pollen grains and
tubes depends on the geometry of the microfluidic network. This variation is much more
pronounced when the distribution chamber outlet is blocked and all fluid is evacuated
through the microchannels. When the distribution chamber outlet is open, fluid flow

through microchannels with different dimensions is less variable (Fig 2.3a,b).
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Figure 2.3: Fluid flow simulation within microchannel network, (a) Fluid velocity in the oval
shaped distribution chamber with distribution chamber outlet open, (b) Detail of A showing that
microchannels with different diameters have similar fluid velocities when the distribution chamber

outlet is open.

To test how pollen tubes respond to the absence and presence of fluid flow, different flow
velocities were applied. The absence of medium flow was conducive for pollen tube
growth for the duration of a typical experiment (1-2 hours). However, the presence of slow
fluid flow enhanced pollen tube growth, likely because the flow increased the supply of
oxygen and nutrients which were consumed by the elongating tube. On the other hand,
excessive flow rates were found to be damaging, likely due to shear forces. At inlet
velocities above 100 mm/sec, more than 50% of pollen tubes were observed to burst (Fig
2.4). The optimal inlet flow rate for the present configuration was therefore determined to
be between 10 to 30 mm/sec. A minimum inlet medium velocity of 10 mm/s during
injection of the pollen suspension was found necessary to ensure that most of the pollen

grains actually enter the distribution channel and do not remain at the bottom or top
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surfaces near the inlet, a phenomenon that occurred at very slow inlet velocity. From both
the experimental tests and fluid flow simulations it was clear that the geometry of the
overall design of the microfluidic network and the inlet velocity need to be tested on a
case-by-case basis to ensure that flow rates within the microchannels remain below the
critical value of approximately 30 mm/sec, but are sufficiently high to carry the grains

toward the microchannel entrances (Fig 2.4,c).
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Figure 2.4: a) The dependence of pollen tube bursting to the inlet velocity, The optimal inlet flow
rate for was determined to be between 10 to 30 mm/sec. b) pollen bursting under higher flow rate,

¢) Pollen tube bursting under high flow rate
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The pollen grains are transported to the microchannel entrances by fluid flow and in
experimental setups that allow for continuous flow, the fluid force keeps the grain at the
entrance. However, in experiments that require absence of flow or a reverse direction of
flow, or in experiments that expose elongating tubes to mechanical obstacles, the grain is
not held in place but can either drift away or be pushed backwards by the force generated
by the growing tube hitting an obstacle. Therefore we conceived an additional feature to
the microchannel design that prevents backward displacement. For this purpose a kink
consisting of three consecutive 90° angles was incorporated into the microchannel shape
(Fig. 2.5). Tests showed that this configuration was successful in preventing pushback of
the grain and that it allowed for experiments in which the elongating tube was forced to

negotiate mechanical obstacles.

a)

Kink

Figure 2.5: Microchannel feature preventing pushback . Incorporation of a kink in the
microchannel architecture enables fixing the pollen tube in place. Mechanical obstacles
encountered after passing this kink therefore do not cause a displacement of the grain and allow the

tube to exert a pushing force.
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Figure 2.6: Pollen tubes growing through a serpentine like microchannel grow straight until they
encounter an obstacle and deviate. A and B are microchannels fabricated using a transparency film
photomask prepared by high resolution digital printing (3600 dpi), whereas C was produced using

a high resolusion glass mask made by direct write lithography. The smoother surfaces of the
PDMS in A and B illustrates the need for this higher resolution technique for the present
application.

2.6 Examples for specific microchannel designs
We developed a series of LOC for very specific applications in pollen tube research. These
will be described elsewhere. Here we tested features that will be of general importance and

are common to most present and future applications of the TipChip.

2.6.1 Air-liquid interface
During the initial phase of pollen germination on the stigma surface, pollen tubes are able
to grow extended distances surrounded mostly by air. In the microfluidic setup, pollen

tubes were occasionally observed to enter air bubbles trapped in the microfluidic network,
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but more typically they avoided these bubbles. To be able to more systematically assess the
ability of pollen tubes to elongate in air, we devised a setup that would force pollen tubes
to grow into an air chamber (Fig. 2.7). The extremely narrow entrance of the air chamber
consists of two horizontal PDMS posts/rods that allow the pollen tube to penetrate into the
chamber, but prevent liquid to enter or gas to exit. In this configuration, the grain and distal
region of the tube are exposed to liquid medium, and the setup could also be used to test
nutrient and water uptake by the distal region of the tube which has been hypothesized to
be rather impermeable due to the presence of a callosic cell wall layer. Camellia pollen
tubes were found to be able to enter the air chamber and to grow for up to 1 mm, thus
demonstrating that water and nutrient uptake through the grain or distal region of the tube
was sufficient to sustain pollen tube growth. Alternatively, this setup can be used to expose
only the distal region of the pollen tube to an inhibitor or other growth affecting agent. We
will discuss in Chapter 5 about the potential of this LOC for answering some biological

questions.
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Figure 2.7: Pollen tube growth in air, An air chamber device consisting of two opposing PDMS
posts allows pollen tubes to penetrate into the chamber without gas exiting. This setup can also be
used to expose exclusively the distal portion of the tube to selected nutrients or inhibitors.

2.6.2 Exposure to chemical gradient

Pollen tubes are known to grow towards certain chemical attractants (Geitmann and
Palanivelu, 2007b), and recently, proteic factors have been identified to be involved in
pollen tube guidance (Palanivelu and Tsukamoto, 2011b). To fully understand the roles of
chemical and proteic signals in pollen tube guidance, in vitro exposure to various
combinations and concentrations of these agents will be indispensable. Two different
configurations were devised to allow pollen tubes to be exposed to reproducible and

quantifiable chemical gradients:

2.6.2.1 Diffusion based, static gradient:

Pollen tubes grow through a microchannel that enters into a larger, transverse channel fed

by two inlets. Administration of two different solutions through the two inlets is used to

44



establish a diffusion generated gradient over the distance of the transverse channel (Fig.
2.8). This configuration allows for shallow gradients to be established over extended
spatial distances. Its principal application would be the investigation of pollen tube

guidance.

2.6.2.2 Laminar flow based, steep gradient:

The microchannel is fed laterally through an additional inlet through which growth
medium complemented with the desired agent is administered (Fig. 2.8c). Flow
experiments with ink-stained solutions showed that laminar flow in the microchannel
creates a gradient across the channel that is sufficiently steep to expose the two sides of the
elongating tube to significantly different concentrations of the agent in question (Fig. 2.8d).
This gradient is maintained over the remainder of the microchannel. In proof of concept
experiments, Camellia pollen tubes exposed to growth medium containing 8% and 12%
displayed a clear directional growth response towards the medium with the higher sucrose
concentration (Fig. 2.8e). When faced with a choice between 2.5 and 5.1 mM calcium, the
Camellia pollen tubes opted for the lower concentration, consistent with batch tests
performed to optimize the growth medium for this species (Bou Daher and Geitmann,
2011a). In addition to assessing the pollen tube's response to a directional trigger, the
laminar flow based configuration can also be used to administer inhibitors or enzymes

specifically to one side of the pollen tube (Sanati Nezhad ef al., submitted-c).
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Figure 2.8: Exposure to chemical gradient, (A,B) Static, shallow gradient. A pollen tube guided by

a microchannel enters a larger transverse channel in which a chemical gradient is established
through two inlets. This configuration is ideal for the investigation of pollen tube guidance. Tests
with food color (B) confirm that the gradient can be established by injecting two different media

through the two inlets. (C,D) Laminar flow based, steep gradient. Side injection from an additional
inlet establishes a steep gradient within the microchannel that exposes the elongating pollen tube to
two different solutions. This setup can be used for the investigation of pollen tube guidance or to
administer inhibitors or enzymes to one side of the pollen tube. Ink was used to demonstrate that
the gradient is stable along the channel (D). (E) In a proof of concept experimental test, pollen
tubes were exposed to a gradient between 8 and 12% sucrose in growth medium and turned

towards the higher concentration.
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2.7 Materials and methods

2.7.1 Fabrication of LOC devices

The LOC was designed with Autocad 2011 software and reproduced onto a glass mask
using a DWL 66 machine to achieve high resolution. Molds were fabricated onto 10 cm
silicon wafers as described in detail in (Agudelo et al., submitted; Sanati Nezhad et al.,
submitted-b). Briefly, using a photolithographic technique a SU8 mold is fabricated as
negative photoresist (MicroChem Corp.) by employing the glass mask. To reach the
thickness of 80 pm, SU-8 2035 is spin coated on a silicon wafer. The SU-8 is baked for 5
min at 65°C and for 10 min at 95°C in a hotplate. After soft-baking, the resist is cooled
down at room temperature and exposed to UV light using a photo mask for 30 s. The post-
exposure bake step is then carried out by baking the resist for 5 min at 65°C and for 10 min
at 95°C in order to cross-link the SU-8. The SU-8 layer is then developed to obtain the SUS8
mold. The microfluidic device is next fabricated by curing PDMS on the SU8 mold. This
PDMS layer is peeled off from the mold and bonded to a cover slip to seal the fluidic

network.

2.7.2 Pollen culture and germination

Pollen of Camellia japonica was collected from a plant in the Montreal Botanical Garden,
dehydrated and stored on silica gel at -20°C until use. Prior to experimentation, a few
micrograms of the pollen were thawed and rehydrated in humid atmosphere for 1 hour and
subsequently immersed in 1 mL liquid growth medium optimized for this species (Bou

Daher and Geitmann, 2011a).
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2.7.3 Imaging

Brightfield imaging was done on an Olympus BX60M Brightfield microscope equipped
with a Nikon Coolpix 4500 camera and with a Nikon Eclipse 80i digital imaging

microscope system.

2.8 Summary and conclusions

The presented MEMS-based platform for tip growth research represents a novel and
extremely powerful tool for multiple applications in research on pollen tubes, fungal
hyphae and other polarly elongating cells. Its modular design allows for the incorporation
of various features and future models will be equipped with flow sensors (Sanati Nezhad ef
al., submitted-a), force sensors (Felekis et al., 2011), electric fields (Zou et al., 2006) and
other devices. Here we provided experimental evidence for a proof of concept and we
demonstrated the solutions to numerous technical problems associated with the
microfluidic setup at micrometer resolution. The design of the TipChip allows high
resolution and fluorescence imaging and it is conceived to allow parallel observation of

multiple cells making is suitable for large scale approaches such as phenotyping.
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Chapter 3

Flow Assisted Entrapment of Pollen Grains in a Microfluidic Platform
for In-Vitro Study of Plant Cell Growth

3.1 Enhancing microfluidic platform for chemical treatment of pollen tube

Although the TipChip platform explained in Chapter 2 was able to depict the potential of
microfludiic platform to simplify some complicated testing, the chip is not for applying
drug or chemical agent. Furthermore, the accumulation of pollen grains at the entrance of
microchannels or the outlet drain prevents simple flow passage toward the pollen tube,
increases the pressure inside the chip and causes pollen tube bursting. In addition, due to
sensitivity of pollen tube growth to medium flow, the results of different microchannels are
not comparable. To integrate some biosensors such as cantilever-based force sensors along
the growth channels, multilayer fluidic chips are required which cannot be simply handled
with the TipChip design due to difficulty in alignment of layers. Hence, more
modifications and fluidic enhancement is essential to provide a stable platform. This
chapter presents the enhancement of microfluidic platform by employing numerical
simulation and experimental testing. This work has been submitted to Journal of
Biomedical Microdevices (2012) with my contribution as the first author (Sanati Nezhad et

al., 2012a).

Abstract
A biocompatible polydimethylsiloxane (PDMS) biomicrofluidic platform is designed,

fabricated and tested to study protuberance growth of single plant cells in a micro-vitro
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environment. The design consists of one inlet to introduce suspension into the chip, three
outlets to conduct the medium or cells out of the chip, a main distribution chamber and
eight microchannels connected to the main chamber to guide the growth of tip growing
plant cells. The test cells used here were pollen grains which produce cylindrical
protrusions called pollen tubes. The goal is to facilitate and enhance the positioning of
pollen grains at the entrances of the microchannels and to provide identical growth
environments for growing pollen tubes along each microchannel. The dimensions of the
microchannels and the inlet flow rate are selected in order to improve the performance of
the microdevice. Computational fluid analysis is carried out to estimate the trapping
coefficient of pollen grain at the entrance of each microchannel. The criteria for an
enhanced design are established and used to compare the performance of various designs

based on modeling and experimental results.

3.2 Introduction

In recent years, there has been an increasing interest in applying micro-electro-mechanical
systems (MEMS) technology for studying biological phenomena that led to the
development of new area called BioMEMS. Today, BIoMEMS are extensively used in
diagnostic, drug development, biosensors and lab-on-chip (LOC) systems (Cheung and
Renaud, 2006b; Giouroudi et al., 2008a; Nuxoll and Siegel, 2009b). Cost effective and
portable microfluidic platforms have provided closed environment for in-vitro single cell
analysis (Tatic-Lucic, 2007) and characterizing the cell response to the chemical cues in

growth environment (Grossmann ef al., 2011b; Takayama et al., 2001).
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An important challenge for the application of BioMEMS devices for cell analysis is the
immobilization of single cells that is required to maintain them at a desired position while
continuous fluid flow is applied to provide nutrients or to administer drugs and other
agents influencing cell behavior. Cell immobilization has been achieved by growing cells
on a solid substrate or hydrogel (Braschler et al., 2005) or through trapping the cells
suspended in growth medium (Lee et al., 2008b). In order to immobilize the cells on a
solid surface, chemical surface modification has been employed using different techniques
such as microcontact printing (Kanea et al., 2007) and micromolding (Mrksich et al.,
1996). Alternatively, cell immobilization on hydrogel networks is achieved by preparing
cell-hydrogel scaffolds through injecting the cell and matrix into microfluidic device and

incubating the mixture for gelation (Tan et al., 2003).

To enable single cell analysis on cells suspended in a liquid medium, the cells typically
have to be handled, manipulated and trapped within the microfluidic device. Ultrasound
handling, optical tweezers and dielectrophoresis (DEP) have successfully been integrated
within the microdevice (Burgarella ef al., 2010; Kendrick et al., 2009; Yasuda, 2000) for
handling and manipulation of microscopic particles or single cells in microfluidic devices.
Trapping of red blood cell has been achieved by laser trapping (Bragheri et al., 2010),
dielectrophoretic trapping (Hughes et al., 1998) and flow assisted techniques (Wheeler et
al., 2003). The later is particularly promising as it does not require any high technological
approach and can be applied to multiple specimens simultaneously. In the case of
microflow assisted trapping, the microfluidic design needs to address the specific needs of

respective experimental setup. Flow assisted hydrodynamic based traps operate by trapping
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a particle or cell in a gap with a size smaller than the object to prevent it from passing
through while allowing the liquid to flow by. For the purpose of trapping single cells,
Wheeler et al (Wheeler et al., 2003) presented a microfluidic chip that allows separating
single cells from a bulk cell suspension using the fluid dynamics of a T junction. The cell
is trapped at the point of stagnation at the center of T junction at which a small drain
channel is added. However, the success of devices designed for single cell analysis is
largely based on trial and error. In order to capture high number of cells within a single
microfluidic device, flow assisted hydrodynamic based cell trapping has been developed
based on various geometries such as perpendicular and parallel dam structures (Yang et al.,
2002), or patch-clamp arrays (Seo et al., 2004) that use lateral cell trapping junctions. Tan
et al. (Tan and Takeuchi, 2007) presented a self-regulating technique in which one portion
of medium flow enters the gap and the rest is reconnected to the gap exit through a main
channel to produce a pressure gradient along the gap. The performance of this
hydrodynamic single cell trapping mechanism was optimized by Kobel et al (Kobel et al.,
2010) revealing that the trapping efficiency depends largely on the ratio of flows through

the trap and the main channel.

Recently, we designed a microfluidic device for the purpose of analyzing tip growing cells
(Agudelo, 2012). The portion of the cell to be exposed to experimental testing is a cellular
protuberance that is germinated from a spherical cell body, such as a hypha or a pollen tube
emerging from a fungal spore or a pollen grain, respectively. These protuberances can
become hundreds of um long and the microfluidic device has to be designed to guide the

individual protuberances through narrow microchannels into which experimental assay can
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be incorporated. However, to get the protuberances into the microchannels in the first
place, the spherical cell bodies have to be placed at their entrances, which in turn have to
function as traps. To make this setup suitable for large scale experiments, it must be
optimized to ensure that desired numbers of cells are trapped at each microchannel
entrance, and that all microchannels provide identical conditions for tube growth in terms
of flow nutrients. This second condition is critical since experimental tests have shown that
growth of pollen tube is sensitive to fluid velocities and that excess flow velocity can cause
growth arrest or cell bursting (Agudelo et al., 2012d). In terms of cell numbers to be
trapped, in the present application, acceptable device performance is defined as the

capacity of all traps in the chip to capture between one and three pollen grains.

Unoccupied traps in the device would reduce the usage capacity of the experiment,
whereas accumulations of more than three grains would block and affect fluid flow at the
individual trap, hence altering fluid velocity and nutrient conditions through the
microchannel. The aggregation of the cells in the perpendicular dam structure (Yang et al.,
2002), lack of identical growth conditions in patch clamp array design (Seo ef al., 2004)
and the self regulating technique (Tan and Takeuchi, 2007) make these designs unsuitable
for the present application. In the present chapter, we address both challenges by designing
a serial trap arrangement that ensures the trapping of an optimal number of cells and

identical flow rates in all microchannels.

The proposed microfluidic device is developed for and tested with pollen grains from the

species Camellia japonica. The pollen grain is the male gametophyte in the flowering

53



plants and it has the function of delivering the sperm cells from one flower to the other to
ensure successful reproduction. The pollen grain is typically spherical or oval shaped and

its species dependent size is typically between 20 and 100 pm.

The extremely fast growth and the easy in-vitro culture have made the pollen tube one of
the best investigated plant cells (Chebli and Geitmann, 2007b). There are many areas that
have to be addressed, such as mechanical principles governing the polar growth
mechanism (Fayant et al., 2010b; Geitmann et al., 2004; Zerzour et al., 2009a), temporal
regulation of the elongation process (Kroeger et al., 2011a; Kroeger et al., 2008), logistics
of intracellular transport processes (Bove et al., 2008b; Kroeger et al., 2009), and the
ability of the tube to follow directional cues (Bou Daher et al., 2011d). Even though
numerous modeling approaches have been developed based on experimental data (Kroeger
et al., 2011c), the technical challenges have limited many attempts to determine
quantitatively the mechanical properties of the cell. In this regard, microdevices will make
an important contribution to various research avenues addressing the biology of pollen

tube.

In this chapter, a simple flow assisted polydimethylsiloxane (PDMS) microfluidic platform
is designed, fabricated and tested for the study of individual pollen tubes in in-vitro
microfluidic environment. The design consists of the following, (i) one inlet to introduce
pollen grains suspended in the growth medium into the chip, (i1) three outlets to evacuate
medium or pollen grains from the chip, (iii) a main fluidic chamber and (iv) eight

microchannels connected to the main chamber through which pollen tube elongation is
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guided. The number of traps is chosen so as to overcome the constraints of the multi-layer
fabrication process on fabricating the maximum number of microchannels. In this study,
the dimensions of the main chamber and outlet drain as well as the inlet flow rate are
selected such as to ensure 1) positioning a single pollen grain at each microchannel
entrance, 2) providing identical nutrient flow conditions in all microchannels.
Computational fluid analysis and experimental testing were carried out in order to estimate
the performance of the device in terms of the desired number of pollen grains trapped at
the entrance of each microchannel. Upon understanding the parameters that influence the
trapping coefficient of individual microchannels, criteria for selecting an efficient design
are identified. The performance of the enhanced design is compared experimentally with

other proposed designs.

3.3 Materials and methods

3.3.1 Pollen germination

Camellia japonica pollen was dehydrated on anhydrous silica gel in gelatin capsules
overnight and stored at -20°C. Prior to use, pollen was rehydrated in humid atmosphere at
room temperature for at least 1 hr. Pollen was suspended in a growth medium made of 2.54
mM of Ca(NO;),-4H,0, 1.62 mM of H;BO;, 1| mM of KNOs3, 0.8 of mM MgSOy4-7H,0
and 8% sucrose (w/v) (Bou Daher and Geitmann, 2011d). Pollen germination was
monitored microscopically and upon initiation of germination, the pollen suspension was

introduced into the microdevice.
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3.3.2 Determination of the density of camellia pollen grains

The average density of individual, hydrated Camellia pollen grains was determined based
on the mass and the particle size. 5.3 mg of dry pollen grains were hydrated for 1 hr
resulting in an increase of 0.9 mg to 6.2 mg due to hydration. The pollen grains were
suspended in 10 ml liquid and the number of pollen grains in an aliquot of 20 pul was
determined microscopically to be 208. This allowed us to calculate the average mass of a
single pollen grain to be 56.9 ng. Hydrated Camellia pollen grains are spherical and have
an average diameter of 60 pm with a density of 492.6 kg/m’. This value is used in

modeling the flow of the pollen suspension (Section 3.5).

3.4. Design and fabrication

The microfluidic network is based on a main distribution chamber with inlet, eight
microchannels (CH1 through CHS8), a main outlet for distribution chamber and outlets
evacuating fluid from the microchannels (Fig. 3.1). The pollen grains are to be positioned
at the entrances of the microchannels CH1 to CHS8 (Fig 3.1a) as schematically shown in
Fig 2b, so that a single pollen tube grows in each microchannel where it can be subjected
to experimental analysis such as local application of inhibitors or enzymes, or mechanical
testing. Insertion of the pollen grains occurs by injection of a pollen suspension and any

positioning has therefore to be controlled by fluid flow.

The outlet drain serves to evacuate excess pollen grains from the main chamber and to
prevent their accumulation at the far end of the main chamber or at the entrances of the

microchannels. The other two medium outlets evacuate culture medium through the
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microchannels and serve to position the pollen grains at the entrances of the microchannels
as well as to allow continuous flow of growth medium along the microchannels harboring
the elongating pollen tubes as shown in Fig 3.1d.
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Figure 3.1: Initial design and fabricated microfluidic platform for pollen tube studies: a) design of
microfluidic network, b) close up of the network dimensions near the outlet drain, ¢) fabricated
chip, d) micrograph of the microfluidic network

The following geometrical constraints were considered in selecting the dimensions of the
device. Inlet, main chamber and outlet drain have to be sufficiently large to permit the

passing of the pollen grains. The hydrated grains of Camellia are spherical and have a
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diameter of approximately 50-60 um. The size of the main chamber (Wy,) has to be large
enough to allow excess pollen grains to be evacuated through the outlet drain after the
microchannel entrances are occupied. While the size of the outlet drain (W) should be
larger than the diameter of the pollen grains to permit their evacuation, excessive draining
through a large drain may result in the evacuation of all pollen grains and hence the
chamber may fail to retain pollen grains at the entrances of the microchannels. On the other
hand, accumulation of the pollen grains at the outlet drain would be expected to reduce the
medium flow through this drain which in turn would cause a pressure change within the
microchannels harboring the pollen tubes. In order to provide stable growth conditions, the
pressure inside the chip has to be maintained stable as continuous flow of medium is
required to ensure oxygen and nutrient supply for pollen tube growth. Consequently, the

size of outlet drain is a crucial parameter.

The width of the microchannels (W,) has to be smaller than the diameter of the pollen
grain to prevent it from entering into the microchannel and bigger than the diameter of the
pollen tube which is typically 13-19 um. Hence, a width of 20-40 pm has to be used. The
depth of the microfluidic network was selected larger than the diameter of the pollen
grains, but smaller than twice the diameter to allow the grains to move easily, but to

prevent them from stacking in vertical direction (Fig 3.1b).

The present microdevice shown in Fig 3.1c is fabricated using two layer fabrication
technique. It is also possible to extend this technology for developing multilayer PDMS

configurations. In this situation, the device will have another thin PDMS layer sandwiched
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between other covering PDMS layers. Complexity associated with peeling of the PDMS
layers (Mengying Zhang, 2010) imposes constraints on the maximum number of
microchannels that can be fabricated. Earlier experiments in fabricating thin PDMS layers
have demonstrated that a thin PDMS layer with eight integrated microchannels can
successfully be peeled off from the mold (Sanati Nezhad et al., 2013a). Based on the

geometrical constraints, the dimensions of the initial design are selected as seen in Table

3.1.
Table 3.1 Dimensions of initial design
Initial Inlet width Outlet drain Main chamber Microchannels Channels
design (W) width (Wou) width (W) width (W) depth
Size (um) 1200 200 1200 30 80

The initial design was fabricated using standard photolithography and soft lithography
methods for fabricating PDMS microfluidic devices (Ziaie et al., 2004). The device is
tested by injecting the pollen suspension using a syringe pump. Various inlet velocities
were used to inject the pollen suspension. For each inlet velocity, a new PDMS
microdevice was tested to ensure that no residual grains from previous experiments
blocked the microfluidic network. When using inlet velocities below 10 mm/s, most of the
pollen grains stuck to the top or bottom surface of the main fluidic chamber near the inlet
and did not enter the main portion of the chamber. This suggests that pollen grains tend to
stick to the PDMS material forming the channel and slightly higher inlet velocities need to
be applied to overcome this effect. Higher inlet velocities also improved the positioning of
pollen grains at the microchannel entrances. However, higher inlet flow rates also resulted
in the accumulation of several pollen grains at the microchannel entrances even when

diluted pollen suspensions were used. In addition, elongating pollen tubes were
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occasionally observed to burst at high flow rate (Agudelo ef al., 2012d). The optimal range
of inlet velocity that ensured correct and stable positioning while preventing the
accumulation of excess numbers of pollen grains and bursting was found to be

approximately 10 mm/s.

The ultimate goal of the present optimization procedure is to 1) optimize the geometry of
the microfluidic network in order to be able to position exactly one pollen grain at the
entrance of each microchannel and 2) to provide identical growth conditions and fluid flow
velocity within each microchannel. The performance of the initial design was assessed in
terms of the number of pollen grains trapped at the entrances. For an inlet velocity of 10
mm/s, the pollen grains were trapped at the entrances of microchannels located near the
outlet drain (CH5-CHS8) while the four entrances near the inlet could not capture any pollen
grains as shown in Fig 3.2a. At an increased inlet velocity of 100 mm/s the number of
microchannels occupied by pollen grains increased. However, several pollen grains
accumulated at each entrance thus potentially reducing the flow rate through the

microchannels (Fig 3.2b).
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(b)

Figure 3.2: Experimental testing of initial design, a) At inlet velocity of 10 mm/s several
microchannel entrances are unoccupied, b) At inlet velocity of 100 mm/s pollen grains accumulate

at the microchannel entrances

Since optimal performance could not be achieved with the initial design, modifications
were implemented. In addition to the previously stated objectives the new designs are also
supposed to ensure 1) long-term stability of pollen positioning even for experimental
designs that require absence of flow after the injection of the pollen suspension, 2)
prevention of accumulation of the pollen grains at the outlet drain that would result in a

blockage to the medium flow.

3.5 Design improvement

Since all of the design parameters such as Wi,, Wy, Wy, W, and the depth of
microchannels influence the fluid flow pattern, they potentially have great influence on the
probability of the individual microchannels to trap pollen grains (Fig 3.1b). In order to

improve the performance of the initial design, the effects of the dimensions of Wy, and Wy

61



were assessed through finite element analysis of fluid flow using COMSOL software. The
width of the microchannel (W,) was chosen to be 30 pm. The depth of microfluidic
network was chosen to be 80 um to allow pollen grains to move freely without stacking
vertically. The width of the inlet (Wj,) was selected equal to the width of main chamber
(Wp) to prevent any accumulation of pollens at the inlet before entering the main chamber.
The width of the main chamber (W,,) and the width of outlet drain (W) were varied as
indicated in Table 3.2 and the resulting inlet velocities at the entrances of the four sets of
microchannels were calculated. The inlet velocity into the main chamber was kept constant
at 10 mm/sec. Three criteria were assessed: 1) The absolute values of inlet velocity at the
entrances of the microchannels had to be below 30 mm/sec to avoid exposing pollen grains
to excessive flow rates that might cause bursting (Agudelo et al., 2012d). 2) The
differences in velocities through the four sets of microchannels located at the near and far
ends of the chamber have to be minimal to ensure identical conditions in all microchannels,
3) The pollen trapping coefficient of microchannel entrances has to be sufficiently high to
ensure that one or a few pollen grains are trapped at each entrance. The trapping
coefficients were calculated based on fluid flow analysis and tracing the trajectory of a

pollen grain along the main channel toward the microchannels.

3.5.1 Modeling of the flow behavior

Finite element analysis was carried out to estimate the fluid velocity and pressure gradient
within the microfluidic network. The fluid flow was modeled by incompressible Navier-

Stokes equations and continuity equations as given by the following Equations (3-1), (3-2):
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Jdu

prae = V-[=pl+n(Vu+ (VW] +p (0.V).u= F (3-1)

(3-2)

Where I is the unit diagonal matrix, u= (u,v) is the velocity field within the microfluidic
network, p is the fluid static pressure, p; is fluid density and F is the volume force affecting
the fluid. The volume force and also the effect of pollen grain movement on the fluid flow
are considered negligible. In modeling, the constant velocity of 10 mm/s was considered as
the inlet fluid velocity and atmospheric pressure was imposed at all the outlets. No-slip
boundary condition was applied for the channel walls. COMSOL Multiphysics 3.5
software was employed to solve the governing equations. The velocities that were
predicted at the entrance of each microchannel and the outlet drain are presented in Table

3.2. % variation of velocity in Table 3.2 is defined respect to the minimum value.

Table 3.2 Predicted velocity at the entrance of microchannels and outlet drain for various proposed
designs. Channel numbers correspond to those indicated in Fig. 3.1

Outlet
Design | Main chamber drain Velocity (mm/s) % Variation
number | width(W,=W,) width of velocity in
um (Wow) CHI1, | CH3, | CH5, | CH7, | Outlet | microchannel
um CH2 | CH4 | CH6 | CHS drain
1 1200 200 6.8 6.1 5.5 5.2 78 30.7
2 1200 100 17 16.8 | 16.2 16 134 6.25
3 700 200 10.3 6 3.2 2.5 48 312
4 700 100 12 11 10.5 9.8 86 22.4
5 300 200 10 8 5.6 3.5 16 185.7
6 300 150 8.2 5.8 4.1 2.3 22 256.5
7 300 100 9.5 6.8 5.5 4 30 137.5
8 300 80 12 10 8.5 7.5 24 60
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Table 3.2 clearly shows the effect of inlet width on the variation of velocities at the
entrances of the microchannels located near the inlet and outlet. The variation in velocity
for Design 1 was very low between 5.2-6.8 mm/s (30.7% variation of velocity) when
compared to the variation in velocities for Design 5 between 3.5-10 mm/s (185.7 %

variation of velocity). The corresponding simulated flow velocity is shown in Fig 3.3. a,b.
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Figure 3.3: Comparison of flow velocity field a) Design 1, b) Design 5. The velocity gradient at
the entrance of microchannels in Design 5 is much steeper than the gradient in Design 1

Among the designs proposed in Table 3.2, the least variation in fluid velocity at the four
sets of microchannel entrances was obtained for Design 2 (6.25%) and Design 4 (22.4%).
However, the microchannel velocities in Design 4 were also close to the inlet velocity of
10 mm/s (V,, = Vip). Designs 3, 5 and 6 performed less well, since they display high

variation in microchannel velocities depending on the distance of the microchannels from

the inlet.
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3.5.2 Simulation of pollen trajectories under fluid flow

In order to estimate the trapping behavior of the chip to trap at least one pollen grain at
each microchannel, finite element analysis is carried out to trace the trajectories of pollen
grains entering the main chamber. In this model, the pollen passes through a specific point
at the inlet, enters the main channel and is carried toward either the outlet drain or the
entrance of one of microchannels by fluid interaction. The concentration of pollen grains is
assumed to be low enough to neglect the interaction between them. If external gravitational
force is considered negligible, the motion of suspended particles is influenced only by the
particle diameter (dp), particle density (pp), fluid dynamic viscosity (u) and fluid density
(ptr)- The average mass and spherical radius of the particle are considered as 5.69¢-9 ng and
30 pum, respectively, based on the weight determined for Camellia pollens. The medium is
assumed to have properties similar to water with a density of 1000 kg/m’ and dynamic
viscosity of 0.001 Pa.s. The Lagrangian equation governing the in-plane motion of

particles is derived by the Equation (3-3) (Ma et al., 2009):

du, m (3-3)

where u,, is the particle velocity vector, Fp is the viscous drag force, p,is particle density

and p is fluid pressure. The drag force Fp is estimated by

1 3-4
FD = ECDppr(u — up)z ( )
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where A, is cross sectional area of particle, u is fluid velocity obtained by solving Navier-
Stokes and continuity equations and Cp is drag coefficient which is a function of particle

Reynolds number (Dinesh, 2009) defined as:

_ pf(lu - “pl)dp (3-5)
[

Rep

According to Stokes’s drag law, when the particle Reynolds number is less than unity, the
particle follows the streamline with acceptable accuracy (Melling, 1997). Considering the
maximum velocity of a pollen grain when entering the nudge shaped microchannel
entrance in the proposed designs (Table 3.2), the particle Reynolds number for pollen
grains moving toward the microchannels is less than 0.6. This confirms that for an inlet
velocity of 10 mm/s, the pollen grains follow the flow streamline with acceptable accuracy
in all the designs analyzed. The finite element analysis of microflow with pollen grains is
carried out using the commercial software COMSOL 3.5. The trajectories of pollen grains
are estimated for various entrance points located at the inlet. Since the pollen grain has the
radius of 30 pum, its center has to be located at least 30 um away from the sidewalls of the
main channel. Therefore, the possible locations of entry points are confined to a narrower
region across the inlet called trap length indicated by the region A in Fig 3.4a. Fig 3.4b,c
show the predicted streamlines and trajectories of pollen grains for Designs 1 and 4, given
an inlet velocity of 10 mm/s and initiating at various start points located at distances of 50,
100, 150, 200 um from the sidewall. The simulations predict that pollen grains follow the
streamlines to get trapped into the microchannels. One could note that a pollen grain

located at the distance of 50 pm from the sidewall will be trapped at CH1 for Design 4 and
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not for Design 1. Hence, each channel can have unique trap length (S,,) along the region
“A”. A pollen grain entering the input through the trap length (S,) of each channel will get

trapped at the corresponding channel. The trap CH1 has no trap length in Design 1.

r - Radius of pollen
W/2 - Half width of the main chamber
A= w/2-r
S,—Start width of pollen
bl | I | I I

A
Sw t A W/2
Outlet drain Inlet
«—

-0.011 -0.009 -0.007 -0.005 -0.003 -0.001
Length (m)
b)
CH7 CH5 CH3 CHI

-0.011 -0.009 -0.007 -0.005 -0.003 -0.001
Length (m)

c)
Figure 3.4: Model used for simulating pollen trajectories, a) geometry, b) predicted trajectories of
pollen grains for Design 1 for the start points of 50, 100, 150, 200 pm away from the sidewall, c)

predicted trajectories of pollen grains for Design 4 for the start points of 50, 100, 150, 200 pm
away from the sidewall.
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3.5.3 Prediction of trapping coefficient for each microchannel

Because of the laminar flow behavior in the main chamber, each microchannel receives
pollen grains from a precisely defined starting region located in the inlet cross section.
Assuming arbitrary positioning of pollen grains in the inlet, the trapping coefficient of a
pollen grain at the entrance of each microchannel (t) is therefore defined as ratio of the

trap length of a channel at the inlet to the total trap length of the trap zone, A, (Fig 3.4a):

Trap length of a channel, S,,
T =
Total length of trap zone, A

x 100 (3-6)

An efficient design with 8 microchannels would ensure an equal trapping coefficient of
25% for each of the four microchannels located on one side. However, this calculation
neglects the presence of the outlet drain which also captures pollen grains and hence
significantly reduces the trapping coefficient of the microchannels. The objective is to
select a design with the highest possible but approximately equal trapping coefficients for

all four sets of microchannels so that a pollen grain is trapped at each microchannel.

In order to determine the trap length and trapping coefficient for each microchannel, the
particle trajectory analysis described in Section 3.5.3 is employed. The simulations are
used to identify the inlet trap length for each microchannel and the trapping coefficient is

then calculated as the ratio between trap length and total trap zone (A) (Table 3.3).
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Table 3.3 Numerical analysis to predict the channel trapping coefficient (1) for all the four sets of

microchannels

Design wl\i/iliiln(i;lfa?a?r) Siuc;tlﬁt(%{faig CHI, | CH3 CHTS a CH7

number “mm n um out CHZJ CH A CH 6’ CH8’ Outlet drain
1 1200 200 0 0.52 2.45 2.1 94.9
2 1200 100 2.1 6.1 5.8 5.2 79.8
3 700 200 0 0 0.31 0.93 98.7
4 700 100 0.6 5.6 6.25 6.25 81.2
5 300 200 0 1.66 6.66 2.5 89.1
6 300 150 0 5 7.5 5.8 81
7 300 100 0 6.66 9.16 8.33 78.3
8 300 80 16 | 15 | 125 | 108 59.1

The results in Table 3.3 show that microchannels CH1 and CH2 have low trapping
coefficient irrespective of the dimensions of the main chamber and the outlet drain. By
contrast, microchannels CHS5-CH8 are predicted to have relatively higher trapping
coefficient. In all designs, the highest trapping coefficient is that of the outlet drain. This is

consistent with the purpose of this outlet to evacuate excess pollen grains.

The trapping coefficient in Table 3.3 indicates a chance of trapping a pollen at a
microchannel. The value of trapping coefficient also indicates the degree of trapping
effectiveness for a random distribution of pollen at the entry. The high value of trapping
coefficient indicates high degree of trapping resulting in less time taken to trap a pollen at
the microchannel when the pollens are distributed randomly at the inlet. Hence, the time
for trapping of a microchannel called, trap time, would be a measure of quantity for

trapping coefficient or trapping effectiveness.
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Comparison of the different designs shows that Designs 1, 3, 5, 6 and 7 are not efficient as
trapping coefficient for at least one set of microchannels is zero. In Designs 2, 4 and 8 all
four sets of microchannels have a trapping coefficient above zero. Among these, the best
performance was considered to be the one that shows the least variation among the four
sets of microchannels, both in terms of flow velocity (Table 3.2) and microchannel
trapping coefficient (Table 3.3). Considering above criteria, the Design 4 was chosen for

further experimental validation.

3.6 Experimental testing of the enhanced design

To validate the performance of Design 4 on cell trapping, it was fabricated and tested with
an inlet velocity of 10 mm/s and its performance was compared with the performance of
Design 1 which serves as reference. The trajectories of injected pollen grains were
monitored microscopically and trapping coefficients of individual microchannels were
evaluated by determining the time between injection and trapping of the first pollen grain.
Optical microscopy (Nikon 80i equipped with an Infinity 1 camera with a frame rate 10
Hz) was used for this purpose. Fig 3.5 shows the experimentally determined trajectories of
three pollen grains and superimposes the predictions made by the numerical analysis of
velocity field streamlines. The experimental results confirm the validity of the numerical

analysis and demonstrate that the particles follow the streamline with a high accuracy.
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Figure 3.5: Comparison of numerical simulation of velocity field streamline and experimental

testing on the trajectory of pollen for the Design 4

A close-up view of the pollen grain getting trapped at the entrance of a microchannel is
shown in Fig 3.6. In this case, the pollen grain is guided along the main chamber’s
sidewall. While it approaches the entrance, it detaches from the sidewall and is then

trapped at the entrance. The trajectory is very similar to the simulation results shown in Fig

3.4.

Figure 3.6: Close-up view of pollen grain entrapment at the entrance of the microchannel. The

pollen grain is guided tangent to the chamber’s sidewall toward the microchannel entrance

To evaluate the effectiveness of trapping of each microchannel, the time between injection

of pollen suspension and trapping of the first pollen grain at the entrance of each
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microchannel in Designs 1 and 4 was measured through observation under microscope as
shown in Table 3.4. In Design 4, at least one pollen grain was positioned at the entrances
of all eight microchannels within a few seconds, whereas in Design 1, several
microchannels remained unoccupied even after introducing a total of 2 ml pollen
suspension. The results also show that in Design 4, microchannels 5 and 7 capture pollen
grains quicker than microchannels 1 and 3, which is consistent with the predictions of

trapping coefficients given in Table 3.3.

Table 3.4 Experimental evaluation of the trapping coefficients quantified by trap time of individual
microchannels. The time indicates the duration until a channel entrance is occupied by at least one
pollen grain. Two runs were carried out for both Designs 1 and 4.

Trap time (s)
Design Testnumber CHI CH3 CHS CH7
Test 1 - - 1 5
Test 2 - - 4 3
Design 1 Test 3 - 7 2 5
Test 4 - 5 3 4
Average - - 25 425
Test 1 4 8 2 1
s | 12342
Test 4 5 6 4 1
Average 525 55 275 15

Fig 3.7 illustrates the performance of the Design 4. After injecting 2 ml of diluted pollen
suspension, exactly one pollen grain was trapped in each microchannel entrance. The
device was tested twice and in each test, no accumulation of pollen grains at the outlet

drain or any of the microchannels was observed. The pollen grains remained stably trapped
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at the entrances even after the fluid flow was stopped and bursting was not observed either

before or after the arrest of fluid flow.

Pollen grain

Figure 3.7: Brightfield micrograph of main chamber of Design 4 after injection of 2 ml of pollen

suspension. One pollen is seen trapped at each entrance of microchannel.

Therefore, the proposed enhanced design provides a unique platform including a series of
microchannels for single plant cell studies within a microfluidic environment. It satisfies
the main goals of the proposed design on 1) presenting similar growth environment along
the microchannels, 2) trapping only one pollen grain at the entrance of each microchannel.
In order to verify whether the presented designs are conducive for pollen germination and
growth, the trapped pollen grains were left to germinate as shown in Fig. 3.8. Camellia
pollen tubes grew at an average growth rate of 8.5 um/min through the microchannels,

consistent with results obtained in conventional in vitro culture (Agudelo, 2012).

q

Growth direction

Pollen grain

Microchannel
Pollen tube

100 pm

Figure 3.8: Growth of an individual pollen tube along a microchannel after 1 hr from germination

with the average growth rate of 8.5 pm/min
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Preliminary experiments demonstrate that pollen tubes are able to grow for more than 1
mm along the microchannels. This is a largely sufficient length for integrating various
biosensors along the microchannel that will allow characterizing mechanical, electrical or

biological aspects of an individual pollen tube within the microfluidic environment.

3.7 Summary and conclusions

An enhanced flow assisted microfluidic platform is designed and implemented for studying
individual cells positioned in sequentially arranged traps. The performance of the design in
terms of single cell entrapment is tested using pollen grains and improvements based both
on simulations and experimental testing was incorporated to augment the trapping
coefficient. The design is simple and has the potential for integration of various biosensors
along the microchannels to allow investigation of polarly elongating cells such as pollen
tubes, fungal hyphae and filamentous yeast. The design is also compatible with multilayer
PDMS fabrication technique which would be required for integrating electrodes or
microcantilevers for biosensors. The design positions single cells with high reliability in
the presence and absence of continuous fluid flow which is essential for facilitating easy
and rapid exchange of growth medium for various types of experimentation. It also
provides identical growth environment for growing pollen tubes along each microchannel

as growing pollen tubes are sensitive to fluid velocities.
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Chapter 4

Aiming at a Moving Target - Using Microfluidics to Locally Administer
Drugs to the Growing End of a Pollen Tube

4.1 Chemical treatment of pollen tube within microfluidic environment

There are basically two methods to expose the pollen tube to a drug, enzyme, molecular
target, chemical agent or toxic material: 1) Global treatment and, 2) local treatment. In
global treatment, the whole medium around the pollen tube is altered in order to observe
the cell response to the change of target agent in the culture medium. But in local
treatment, only one portion of the cell is exposed to the target agent and then its influence
to the other portion of the cell and also on the whole cell response is studied. Any of these
global or local treatments have their own benefits detailed in the next chapters. The
enhanced design presented in Chapter 3 is ready to be used for chemical treatment of
pollen tube in microfluidic environment. Although this design can be used for local and
global treatment, but in this chapter, a modified version of enhanced design is used to
apply local treatment to the growing tip. In Chapters 5-7 and 9, the enhanced design
presented in Chapter 3 is directly used to characterize pollen tube behavior in response to
mechanical-chemical signals. This work i1s to be submitted to Journal of Nature

Communications with my contribution as the first author.

Abstract
Local administration of pharmacological or other agents has become an important tool to

study cellular functioning such as the intracellular propagation of signals or control of the
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cell growth and morphogenesis. Local drug administration has successfully been carried
out using laminar flow in microfluidic devices, but in past typical applications of the
technique, the target was statically positioned in the device. The situation becomes much
more challenging when the target region constantly moves, even more so when the
movement occurs with two degrees of freedom (anywhere in the x-y plane). To address
this problem, we developed a laminar flow based microfluidic device that allows for
continuous administration of two different solutions with a movable interface that allows to
dynamically target a moving object. The device was tested on a growing plant cell, the
pollen tube of Camellia japonica. This polarized cell elongates rapidly and the expanding
tip region of the cell behaves in chemotropic manner providing an excellent test system
with immediate response. Calcium is known to orient pollen tube growth and was used as a
test substance. Although the geometry of the microfluidic prototype was adapted to the
cellular test system and chemical agent used here, the device can easily be adapted to other

growing or moving cells and other substances to be administrated locally.

4.2 Introduction

The administration of agents manipulating selected cellular processes is one of the
fundamental experimental tools to understand cellular functioning. This experimental
strategy includes the application of specific drugs interfering with cellular processes,
enzymes, ions and proteins. Typically, an agent is added to the medium surrounding the
cells (Andersson et al., 2003; Breslauer ef al., 2006), but such a global administration alters
the functioning of the entire cell. Much can be learned from administering agents to a

spatially confined region of the cell, since the unexposed cellular region serves as an

76



internal control. Also, local administration allows targeting a particular region of polarly
arranged cells or it allows studying the propagation of local effects to other cellular
regions. Various methods have been developed to administer agents at subcellular
resolution, most of which rely on the use of micromanipulation of micropipettes. Typically,
the agent of interest is injected to the medium close to the targeted cellular surface (Bradke
et al., 1999). However, micromanipulation requires precise handling of a manipulator and
even if the location of agent administration can be controlled exactly, the eventual local

concentration of the agent is difficult to regulate because of local diffusion and convection.

A much higher degree of precision in terms of the applied local concentration can be
achieved using microfluidics. Using the principle of laminar flow, different solutions can
be administered to different regions of a cell placed within the microfluidic network. As
the low flow rate within a microchannel has a small Reynolds number (Re) (Re<1), fluid
streams injected through different inlets and meeting in a common channel continue
flowing strictly in parallel. At the interface between the two streams no mixing takes place
except diffusion (Knight et al., 1998). The sharpness of the concentration gradient at the
interface depends on the diffusion coefficient of the agent of interest and the stability of the
width of the interface. The width of each stream, and the relative position of the interface
between adjacent streams (one containing and one lacking an agent) can be controlled by
adjusting the relative amounts of fluid flowing. This principle has been exploited to locally
disrupt cytoskeletal filaments (Takayama et al., 2001, 2003), to differentially label
subpopulations of mitochondria (Lucchetta et al., 2005), and to locally stimulate epidermal

growth factor signaling (Sawano ef al., 2002).
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In these experiments, the target cell was immobilized within a microfluidic network and
the area of the cell to be targeted by the agent delivered by parallel laminar flow remained
at a constant position. The situation becomes much more challenging when the target
region constantly moves, even more so when the movement occurs with two degrees of
freedom (anywhere in the x-y plane). To successfully and continuously aim at such a

moving target requires a novel design of the microfluidic network.

At least two cellular processes can be responsible for making a cellular region a moving
target: the displacement of the entire cell by crawling or migration, and the displacement of
a cellular region by growth or cellular shape change. In our cellular model system, the
pollen tube, cellular growth is the principal challenge. The pollen tube is a tubular
protrusion emitted from the male gametophyte in higher plants, the pollen grain. It grows
by tip growth, similar to fungal and yeast hyphae, root hairs, and neurons. The pollen tube
attains growth rates of up to lcm/h and it is able to change its growth direction either
spontaneously or as a result of a directional trigger (Cheung et al., 2008). Its function is the
delivery of the sperm cells - a prerequisite for fertilization, seed set and fruit formation in
higher plants (Franklin-Tong, 1999). The pollen tube has an axially symmetric, cylindrical
shape, capped by an approximately hemispherical dome. All growth activity is spatially
confined to this apical dome, which is why this cellular region has been the focus of a large
body of research on the spatial and temporal regulation of polar growth in walled cells
(Chebli and Geitmann, 2007b; Feijo et al., 1995a; Geitmann et al., 2009a; Hepler et al.,

2001) and on the intracellular transport and signaling mechanism that are responsible for
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maintaining polarity (Bove et al., 2008b). The axial symmetry of the growth process can be
broken by exposing pollen tubes to asymmetric triggers such as electrical fields (Bou
Daher and Geitmann, 2011d), chemical gradients (Geitmann et al., 2007a). However, how
the tube is able to actually redirect growth, and what composes the pathway of intracellular
signaling and response, is poorly understood. It would therefore be of immense importance
to be able to administer various agents, including cell wall modifying enzymes and
cytoskeletal inhibitors, as well as ions and ion channel blockers at precisely defined
concentrations and with exact timing to a portion of the apical dome only. Depending on
the species, the diameter of the pollen tube apex measures between 6 and 20 um. The
interface of a laminar flow based gradient must therefore be sufficiently sharp to expose
the two halves of the apex to significantly different concentrations of the chosen agent.
This can be achieved by applying a laminar flow based gradient in parallel to the growth
direction of the tube. The challenge arises through the rapid growth activity of the pollen
tube. Since the tip elongates continuously at rates of approximately 4 to 8 pm/min, an
interface between the laminar flow streams that is oriented in parallel to the growth
direction needs to be sufficiently steep over an extended distance to ensure that the
elongating tube at the location of moving tip is continuously exposed to the two fluids.
More importantly, the position of the center point of the pollen tube apex can change on
the axis perpendicular to the growth direction, either spontaneously or triggered by the
administered agent. To follow this displacement in real time, the position of the interface

needs to be easily adjustable in space.
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To address this challenge, we developed a laminar flow based microfluidic device that
allows for continuous administration of two different solutions with the interface
dynamically targeted at the pole of the pollen tube, even if this cellular region moves in xy
plane. Numerical diffusion analysis and experimental testing of parallel laminar flows with
adjustable interface were performed to prove the capability of the device to target the
motile tip both with growth induced increasing distance from the point of origin and
varying position in perpendicular direction. As a proof of concept, the device was tested
using Camellia japonica, whose pollen tubes grow extremely straight and have a large
diameter. The testing agent chosen is calcium, a main regulator of polarized growth in
pollen tubes. Ca*" ions play an important role in the signaling pathway controlling both
growth rate and growth direction (Geitmann and Palanivelu, 2007a; Malho et al., 1996;
Takeuchi ef al., 2011). Ca*" ions enter the apex of the pollen tube from the extracellular
medium (Kiihtreiber et al., 1990) resulting in a tip-focused gradient of the ion in the
cytosol (Feijo et al., 1995a; Pierson et al., 1994).Dissipation of the calcium gradient causes
the arrest of growth (Pierson et al., 1994) and the ion is supposed to be involved in
regulating the direction of growth likely by affecting actin polymerization and/or
exocytosis (Bou Daher and Geitmann, 2011d; Malho et al., 1992a). Although a specific
cell type and agent are tested here, the device can easily be adapted to other growing or

moving cells and other substances to be administrated locally.

4.3 Microfluidic design and fabrication
The design consists of a main chamber to trap the pollen grains, two microchannels into

which the pollen tubes elongate and side inlets for introducing different media. The main
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chamber has an inlet for the injection of the pollen suspension and an outlet to evacuate
excess pollen in order to prevent their accumulation at the microchannel entrance or at the
exit of the main chamber (Fig. 4.1a). Although only one microchannel will be used at any
given time, two are provided for redundancy offering the possibility to select the better or
faster growing between two cells or to perform two subsequent experiments. Once the
selected pollen tube has grown to the desired length, the pollen-medium inlet, the outlet
drain and the medium outlet of the unused microchannel are blocked to configure the

microfluidic network for laminar flow (Fig. 4.1b).
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Figure 4.1: (a) Schematic diagram of microfluidic device designed for testing local calcium
treatment of pollen tube. The pollen suspension is introduced to trap the pollen grains at the
entrance of microchannels and to grow the pollen tube along the growth microchannels. (b) The
configuration of proposed microdevice after blockage of outlet drain, the pollen-medium inlet and

the non-objective microchannel at the time of local treatment testing.

Two different media are then injected through side inlets using controlled flow of a

micropump to generate parallel laminar flow along the growing pollen tube, along its
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growth direction (Fig. 4.2). Overall flow rates are kept below a threshold of 50 mm/sec to
prevent tube bursting (Agudelo ef al., 2012d) and the relative flow rates are adjusted to

position the interface between the two media at the desired position (Section 4.4).
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Figure 4.2: (a) Two parallel streams carrying medium with different Ca™ ion concentration toward

the growing pollen tube tip (b) The close up of fabricated design at the location of pollen
entrapment and growth microchannels. Bar, 500 pm

The dimensions of the components of the microfluidic network are based on a previously
developed platform for pollen tubes, the TipChip (Agudelo ef al., 2012d). Briefly, the inlet
size has to be wide enough to provide enough space for entering few pollen grains. The
growth microchannel has the width of 30 um, slightly smaller than the diameter of 50-60
um of the Camellia pollen grain and bigger than the typical diameter of 12-19 um of the
pollen tube. This traps the pollen grains at the microchannel entrance and allows the pollen
tube to grow into the microchannel. The depth of the microfluidic network is set to 80 um,
slightly larger than the diameter of the pollen grains to let them freely pass along the

distribution chamber and reach the entrance of microchannels, but to prevent vertical
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stacking. Conventional methods are used to fabricate the microfluidic device as detailed in

Agudelo et al. (Agudelo et al., 2012d) and Agudelo et al (Agudelo, 2012) (Fig. 4.3).

Figure 4.3: Fabricated microfluidic device for local treatment testing on tube. Bar, 1000 um

The pollen-medium inlet (PMI) and two side medium inlets (1) and (2) are connected to
syringe pumps. Pollen tube growth is monitored using optical microscopy and quantified

by image analysis (Fig. 4.4).
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Figure 4.4: Overall design for drug administration at subcellular resolution on a moving target (a)

The schematic of experimental setup.

4.4 Modeling parallel laminar flows and molecular diffusion

In order to determine how the interface between the two different media is controlled
through adjusting the inlet flows, three-dimensional simulation of steady state fluid flow
and molecular diffusion within the microfluidic device is performed. A 3D model is
employed with the same dimensions as the fabricated microdevice. The model consists of
two side inlets for the two different media, one main chamber, the growth microchannel
and one medium outlet. The second microchannel is neglected as it is blocked during
experimentats. The flow within the microfluidic network is governed by Navier-Stokes and

the continuity equations (Wang et al., 2008) given in equations (4-1) and (4-2).

—Vp + V(uVu) = 0 (4-1)

Vu=0 (4-2)

where u is the velocity vector, p is the fluid pressure and p is the dynamic viscosity of the
medium. Both media are assumed to behave like water with the density of 1000 kg/m® and
dynamic viscosity of 0.001 Pa.s. The inlet velocity is defined as the boundary condition for
the medium inlets. The pressure at the main chamber outlet is set to atmospheric pressure.
At all other boundaries, no-slip condition is defined. COMSOL Multiphysics 3.5 software
is used to solve the governing equation of fluid flow. The result of spatial distribution of
fluid velocity for identical 1 mm/s inlet velocities for both side medium inlets is shown in

Fig. 4.5. Comparison of the streamline flows in presence and absence of a pollen grain at
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the microchannel entrance revealed slight differences in the first micrometers of the
microchannel since the grain represents an obstacle, but no significant effect was
noticeable in the remainder of the channel. Since pollen tubes burst when exposed to
excessive flow, the numerical fluid analysis also enables us to determine the inlet flow

rates necessary to remain within the critical limit of 50 mm/sec within the microchannel.

50

Figure 4.5: 3D simulation of fluid flow and molecular diffusion within fluidic network, The fluid
velocity at a few sections of growth microchannel away from trapping point in presence of pollen

grain.

To ensure that the tip of the elongating pollen tube is indeed exposed to two significantly
different concentrations of the administered agent despite diffusion occurring at the
interface, the effect of diffusion was assessed based on the governing convection—diffusion
transport equation (Wang et al., 2008) as seen in equation (4-3).

aC (4-3)

—+ (u.V).C=DV3C
>t @V
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where C and D are the concentration and diffusivity of the reagent within the medium. The
. ac .. .
system is assumed to be steady state as E=O. As the boundary condition for convection—
diffusion transport equation, the unit concentration is set for side inlet 1 and zero
. S .- . dc
concentration for side inlet 2. No-flux conditions are imposed at all channel walls, (ﬁ) =0.

The outlet of growth microchannel has the boundary condition of convective flux as there
is flow outward. The diffusion analysis is carried out for sample diffusion coefficient of
D=1 % 1071% m*s™" for a calcium ion (Donahue et al., 1987; Kamholz et al., 2001). Finite
element analysis is employed to solve the convection-diffusion transport equation using
COMSOL software 3.5. The element type of Lagrange Quadratic was chosen to mesh the
geometry. The results of concentration gradient at several cross sections of growth
microchannel away from the trapping point and in the presence of grain are depicted in
Fig. 4.6 in the case of identical 1 mm/s inlet velocities imposed at both side inlets. The
number of mesh elements are 23880. The steepness of the gradient that is maintained over
the extended length of the microchannel proves the feasibility of generating two
significantly different calcium ion concentrations along the two sides of the apical pollen
tube surface. The sensitivity of the results to the number of mesh elements was evaluated

considering 5% criterion error.
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Min: -0.900

Figure 4.6: 3D simulation of fluid flow and molecular diffusion within the fluidic network, The

concentration gradient at few cross sections of growth microchannel in the presence of pollen grain.

At the flow velocities used here, the steepness of this gradient does not change
significantly between the beginning and the end of the 1000 um long microchannel (Fig.
4.7). Higher flow velocities would be expected to generate even sharper concentration
gradients, because of the reduced time interval between the initial contact between the two
media in the main chamber and the arrival of the interface at the target. However,
excessive velocities cause shear stress and lead to pollen tube bursting (Agudelo et al.,
2012d) and, therefore, flow speeds have to remain below a threshold. At the flow velocities
used here, the calcium ion gradient across the microchannel is sufficiently steep to expose
the advancing apex to different concentrations of the ion even at a distance of 150 um (Fig

4.7a) and 500 pm (Fig 4.7b) from the trapped grain.
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Figure 4.7: The concentration distribution of calcium ion across the microchannel at a)150 pm and
b) 500 um away from the trapping point of pollen tube. The distribution is steep enough for local
treatment testing.

The exact position of the growing pollen tube tip relative to the side walls of the

microchannel is essentially arbitrary and can change either spontaneously (rare in Camellia
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tubes) or as a response to an asymmetric application of a growth influencing agent. To
continuously maintain the interface between the two parallel streams aligned with the pole
of the cell, the relative inlet velocities of the two side inlets are manipulated to adjust the
position of the interface. The velocity ratio K of the inlet velocities is calculated from

equation (4-4):

_ VSide inlet 2

K (4-4)

VSide inlet 1

On the right-side of the microchannel's centerline, the effect of the manipulation of ratio K
on the location of the interface respect to the centerline (D) is estimated by finite element
analysis. Once the inlet 1 and inlet 2 are switched in Fig. 4.8, similar relation between D
and K is obtained on the left side of the microchannel's centerline. Using the data in Fig.
4.8, the position of the interface between the two media can be continuously adjusted to be
aligned with the microscopically determined position of the pollen tube apex inside the
microchannel. Since most pharmacological agents are colorless and the two media can

therefore not be distinguished optically, this calibration is an essential tool.
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Figure 4.8: The effect of inlet velocity ratio (K) on the distance of the boundary line from the
center line of microchannel (D) obtained from FEM analysis of fluid dynamic and molecular

diffusion

4.4 Experimental testing of laminar flow pattern

To confirm the stability of the parallel laminar flow pattern and the effect of diffusion, the
device was tested using media complemented with a dye. When the outlet drain was open,
the flow carried medium 1 (containing dye) to microchannel 1 and towards the outlet drain.
Medium 2 (transparent) filled the other half of the distribution chamber, towards
microchannel 2 and to the other half of the outlet drain (Fig. 4.9a). Blocking the outlet
drain and one of the microchannels resulted in both media to be conducted to the open
microchannel (Fig. 4.9b). When imposing flow rates of 6 ul/min, the sharpness of the dye
gradient was maintained over the entire length of the microchannel and was stable over
extended periods of time. The effect of different media flow velocities on the position of
interface between two parallel streams relative to the center line was tested in absence of
pollen grains at the entrance (Fig. 4.9¢). Positioning of a pollen grain at the microchannel

entrance using K=1 only affected the laminar flow near the entrance of the microchannel
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without lasting effect on the remained of the microchannel (Fig. 4.9d) as predicted by the

simulation (Fig 4.5).

K=2

<4 Transparent
OP medium
Transpar
— medium

'_—A-q

=1

Pollen

Figure 4.9: Flow visualizing the parallel laminar flows along the microchannel in the presence and

the absence of pollen grain (a) The flow is distributed between the outlet drain and the growth

microchannel when the outlet drain is open. (b) The parallel flows along microchannel in the

absence of pollen grain when the outlet drain is closed and K=1. (¢) The parallel flows along the

microchannel in the absence of pollen grain when the outlet drain is closed and K=2. (d) Parallel

flows in the presence of pollen grain when the outlet drain is closed and K=1. Scale: 100 pm

4.5 The response of pollen tube to asymmetric administration of calcium

To assess the functionality of the device, we first conducted a control experiment to assess

the effect of different flow velocities on pollen tube growth. The design of Agudelo et al.

(Agudelo et al., 2012d) was exploited to expose pollen tubes growing along simple

microchannels to different flow velocities. No gradient was within the width of the

microchannel as the medium was applied in the entire microchannel. The experimental

results demonstrate that for about 65% of pollen tubes exposed to the fluid velocities less

than 20 mm/sec along the growth microchannel, increase of 20% fluid velocity led to up to

15% raise on the growth rate without any arbitrary change on growth direction. Above this
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range of fluid velocity and up to critical limit, the growth rate does not change
considerably or in a few cases the growth was arrested. This proves that below the fluid
velocity threshold, the growth direction of pollen tubes is independent of the amount of

fluid flow.

We then tested the effect of two media with different calcium concentrations. The optimal
calcium concentration for Camellia pollen tubes growing in bulk conditions is 2.54 mM
(Bou Daher and Geitmann, 2011d). Reducing this concentration to half (1.27 mM) or
doubling it (5.08 mM) causes a moderate reduction in average pollen tube length by 14%
and 19%, respectively (Bou Daher and Geitmann, 2011d). Outside of this concentration
range, growth rate is affected much more dramatically. To confirm that in the microfluidic
setup the pollen tube behaved similarly, we exposed elongating Camellia pollen tubes first
to a continuous, slow flow of medium containing the optimal calcium concentration of 2.54
mM calcium (no gradient within the width of the microchannel) and then changed the
medium with 5.08 mM or 1.27 mM calcium (applied in the entire microchannel). In both
cases, the growth rates of individual pollen tubes dropped by approximately 15%. Neither
globally applied concentration change caused the tube to change direction. As expected,
this confirms that Camellia pollen tubes do not change growth direction when exposed to a

global change in calcium concentration which is a non-direction trigger. (Figure 4.10)

92



Figure 4.10: The response of pollen tube to the medium change containing twice optimal calcium
concentration (5.08 mM), no arbitrary change of direction or growth arrest occurs. The growth rate
reduced by 20%, time=0 corresponds to 2.5 min before the moment of injecting the different

calcium ion concentration. Bar, 20 pm

Next, we let a Camellia pollen tube grow surrounded by optimal medium (2.54 mM
calcium) supplied through both side inlets and then switched side inlet 2 to 5.08 mM
calcium. After 35 sec residence time, the growth rate slowed down from 4.8 um/min to 1.3

pm/min, likely because the higher calcium concentration reached the apex of the tube at

this time (Fig. 4.11).
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Figure 4.11: The alteration of (a) growth rate and (b) growth length before and after the time point
(I) when gradient reaches the tube tip (Before and after treatment). Point S is the time a few
moments before applying the local treatment testing. Point I is dedicated to the time when we
introduce medium into the chip. Point B is the time point when the pollen tube responds to the local
treatment. The time in which the tube sense two different media a point between point I and point
B. Point E seems a point in which the pollen tube responds to the calcium concentration gradient

for the second time.

90 sec later, the tube showed a clear reorientation away from the higher calcium
concentration followed by an increase in growth rate (Fig. 4.12). Interestingly, 380 sec
following the first turn, the tube slowed down a second time and turned again. The angles
of both turns were similar with 16 ° and 21°, respectively, and correspond to turning angles

observed when Camellia pollen tubes are exposed to an electrical field (Bou Daher and
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Geitmann, 2011d). This biphasic behavior suggests that the size of an individual
chemotropic response event (i.e. the turning angle) is constant. If the directional trigger
persists, then the response is repeated after a lag period. In the present case, the tube did
not turn a third time but continued growing straight in its new growth direction until it hit
the side wall. This can be explained with the fact, that following the second turn the apex

was completely surrounded by the medium stream with lower calcium concentration.

Figure 4.12: (a) The experimental results of pollen tube reorientation in response to local treatment
of tip with two different calcium concentrations, The medium 1 has 2.54 mM calcium
concentration and the medium 2 has 5.08 mM. Two times reorientation occurs at points B and E
with reorientation angles of 16° and 21° respectively. The comparison of pollen tube tip and
calcium ion gradient across channel proves that the pollen tube sense different calcium ion
concentration on either sides of tip. (b) The pollen tube position after 17 min of local treatment

testing. No redirection occurred after pollen tube hit the sidewall.
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To test the capacity of aiming at a moving target at xy plane, the K ratio was manipulated
depending upon the position of the pollen tube tip. (Fig. 4.13a). The position of the apical
pole of a Camellia pollen tube growing surrounded from all sides by optimal medium (2.54

mM calcium) was about 8 um away from the centerline of microchannel.

To target the apex with an interface between two different calcium concentrations, the
medium at inlet 1 was changed to 5.08 mM calcium, whereas inlet 2 was maintained at
2.54 mM calcium, applying a K ratio of 3. After 95 sec, the tube showed a redirection of
the growth toward the lower calcium (Fig 4.13b). The pollen tube continued the growth
straight in its new growth direction, hit the sidewall and, forced by this mechanical
constraint, continued elongating along the wall. To induce a second directional trigger, the
media of the two inlets were switched and applied at ratio K=5 to target the pole of the cell
now situated at 16 pm from the centerline of microchannel. After 1 min, the tube
responded by reorienting away from the higher calcium concentration (Fig 4.13c).
Following the turn, the pollen tube continued straight in the new growth direction until it

hit the opposite sidewall.
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Figure 4.13: (a) The experimental results for aiming growing pollen tube in xy plane by local
treatment of moving tip with two different calcium concentrations. The local treatment is carried
out at two different position of pollen tube. In position 1, the treatment is done with K=3 where the
tube centerline is at the distance of 8 pm away from the centerline of the microchannel. In position
2, the tube tip is about 250 um after the first position treatment and the tube centerline is at the
distance of 16 um away from the centerline of the microchannel. In this case, K=5 was selected for
local treatment experiment. selected as K=5, Bar, 500 um, (b) The response of pollen tube
reorientation to the medium change containing twice optimal calcium concentration (5.08 mM) at
side inlet 1 and optimal calcium concentration (2.54 mM) at side inlet 2. The treatment is carried
out under the condition of K=3 as the tube centerline is at the distance of 8§ um away from the
centerline of the microchannel. The angle turn of 31° was detected. Bar, 15 um, (c) The response
of pollen tube reorientation to the medium change containing optimal calcium concentration (2.54
mM) at side inlet 1 and twice optimal calcium concentration (5.08 mM) at side inlet 2. The
treatment is carried out under the condition of K=5 as the tube centerline is at the distance of 16 pum

away from the centerline of the microchannel. The angle turn of 20° was detected. Bar, 15 um.

4.6 Methods

4.6.1 Chip fabrication

The fabrication starts with the formation of a SU8 mold as negative photoresist
(MicroChem Corp.) using a photolithographic technique. SU-8 2035 is spin coated on

silicon wafer to reach the thickness of 80 pm. The SU-8 is baked for 3 min at 65 °C and for
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7 min at 95°C in a hotplate. After soft-baking, the resist is cooled down at room
temperature and is exposed to UV light using a photo mask for 30 s. Post-exposure bake
step (PEB) is then carried out, baking the resist for 3 min at 65 °C and for 6 min at 95 °C in
order to cross-link the SU-8. The SU-8 layer is then developed to obtain the SU8 mold.
The microfluidic device is then fabricated pouring a layer (4 mm) of PDMS prepolymer
mixture with curing agent with a mass ratio of 10:1 on SU8 mold. This PDMS layer is
cured at 80 °C for 30 min in an oven, peeled off from the master mold and bonded to a
glass layer to seal the fluidic network. The inlet and outlet holes are then maded for
injection purposes. The PDMS layer is sealed with a glass layer to accomplish the

microfluidic device.

4.6.2 Pollen culture and germination

Camellia japonica pollen collected from a plant grown in the Montreal Botanical Garden
was dehydrated on anhydrous silica gel overnight and stored in gelatin capsules at -20°C.
Prior to experimentation, pollen was rehydrated in humid chamber at room temperature for
at least 30 min. Camellia pollen growth medium contains 2.54 mM Ca(NOs3),-4H,0, 1.62
mM H3;BOs, 1 mM KNOs, 0.8 mM MgSO4-7H,0 and 8% sucrose (w/v) (Bou Daher and
Geitmann, 2011d). After hydration, the pollen grains were suspended in the growth
medium and upon beginning of germination the suspension was inserted into the

microdevice.
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4.6.3 Imaging

Brightfield imaging was done on an Olympus BX60M Brightfield microscope
equipped with a Nikon Coolpix 357 4500 camera and with a Nikon Eclipse 801 digital
imaging microscope system. Scanning electron microscopy 358 was done on gold-

palladium coated samples with a FEI Quanta 200 3D operated at 15 kV.

4.7 Summary and conclusions

Administration of drugs or other agents influencing cellular behavior at subcellular level is
an important tool for cell biological strategies. To enable the use of this local drug
administration for moving targets, a dynamically adjustable application system was
developed based on LOC technology. The device was tested using the rapidly growing
pollen tube. The position of the target region of this cell moves constantly as the tube
grows, and a localized administration of a growth influencing agent requires a steep
concentration gradient over few micrometers. The present device was able to generate such
a gradient that remained stable in the general growth direction of the tube and that could be
repositioned to follow the position changes of the target region, the growing tip, on the
perpendicular axis. The present version of the proposed LOC is suitable and will be
extremely useful for testing attractants for pollen tube growth or agents causing repulsion
(Geitmann and Palanivelu, 2007a; Takeuchi and Higashiyama, 2011) (Palanivelu et al.,
2011a). Moreover, it can be used to apply specific agents interfering with cellular
functioning such as ion channel blockers, inhibitors of cytoskeletal polymerization or

enzymes modulating the mechanical properties of the cell wall (Holdaway-Clarke and
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Hepler, 2003). It can easily be adapted to be used for other cell types displaying target

regions that move due to growth or crawling.
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Chapter 5

Lab-On-Chip for Local Treatment of Pollen Tube in Distal Region

5.1 LOC for local treatment at distal region of pollen tube

In this chapter, the enhanced design presented in Chapter 3 is employed to manipulate a
series of pollen grains at the entrance of growth microchannels and to force the pollen tube
grow into the air trap. Once the tip is growing within the air without any contact with the
medium, the distal region of pollen tube is treated with different growth regulators. The
results will benefit in understanding some cues on pollen tube biology. The content of this
work is about to be submitted to the Nature Communication with my contribution as the

first author.

Abstract

The effect of tip-based water and ion fluxes on regulating the tip growing cells has been
widely studied through introducing growth inhibitors or change of biological reagents in
the growth medium. Due to the lack of local control of the medium change at either the
distal or the apex, any change on the medium influences on both the tip and the distal
region and makes it complex to distinguish the contribution of the tip or distal region on
the growth. To distinguish the role of nutrient uptake through the distal region, a novel
method of local treatment setup is presented in such a way that liquid medium is only
surrounds the distal region of pollen tube without any effect on the tip. The effect of
different calcium and sucrose concentrations on the growth behavior of Camellia pollen

tube were studied once the tip was growing in the air. The results proved that the water and
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nutrient uptake through the grain or distal region of the tube was sufficient to sustain pollen
tube growth. It also presented new clues on the existence of internal ca™ ion stores within
the tube and also about the hypothesis of the whole-cell pressure increase inside the tube.
The proposed design can be used to study the effect of other inhibitors of the growth,
affecting on the ion influxes at the tip and has applications on drug discovery and

pharmacology.

5.2 Introduction

For a few decades of studying tip growing cells such as pollen tube and hyphae, the
question has been always to know to what extent the water influx-based turgor pressure
and the ion fluxes at the tip are important for regulating the polar growth. Two different
arguments have been reported in the literature about the role of turgor pressure on
regulating the pollen tube growth. A number of researchers (Messerli et al., 2000a; Pierson
et al., 1996) believe that the localized change of turgor pressure at the tip is the cause of
growth. They presented the evidences on the dependence of the growth rate to the
osmolarity of the medium. Benkert et al. (Benkert et al., 1997) detected the change on
turgor pressure of lilium pollen tube, though they could not find an obvious relation
between turgor pressure and the growth rate oscillation. Recently Zonia et al. (Zonia, 2010;
Zonia et al., 2011) proposed hydrodynamic model confirming that the hydrodynamic
fluxes regulate the growth rate and the oscillation frequencies. They punctuated on the
prediction of localized pressure gradients by presenting the cues on localized electro-
osmotic water flux at the tip and argued that the rapid and localized water influx is the

cause of localized pressure change at the tip reasoning tube bursting within seconds.
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Meanwhile, another group of researchers denied not only the prediction of localized turgor
pressure gradients at the tip (Winship et al., 2010), but also the effect of turgor pressure on
regulating the tube growth (Harold ef al., 1995). In support of their claim, they observed
that some species of hyphae grow faster with zero or at least very low value of turgor
pressure (Davis ef al., 2000). In addition, the growth rate of pollen tube growing in a gel
type medium is comparable with the rate of growth in liquid medium (Tomos, 1988). This
group of researchers argued that the growth is not because of increase in turgor pressure,
but it is due to cell wall relaxation. It is a phenomenon in which the material strength of the
cell wall reduces due to enzymatic reaction at the apex leading to cell growth (Parre and
Geitmann, 2005¢). Winship et al. (Winship et al., 2010) recently focused on cell wall
model based on the experiment measuring turgor pressure at different distances from the
apex grown in different osmotic conditions and interpreted the results as the evidence
against the prediction of localized turgor pressure gradients at the tip. They proposed that
any likely changes in turgor pressure would be in fact the effect of whole-cell pressure
changes. Therefore, the regulatory effect of turgor pressure will remain a challenge until
developing new techniques and presenting new experimental data assisting to prove one

hypothesis.

The challenge also exists for ion fluxes at the tip especially in the case of calcium ion
(Ca”™) as the main ion for cell wall generation. It is clear that Ca®" ion gradient at the tip is
required to cross-link the pectin chains resulting in the raise of the cell wall rigidity. Both

intracellular Ca®" gradient (Pierson er al., 1996) and extracellular tip-based Ca”" influx
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(Messerli et al., 1999) were detected in growing pollen tubes (Holdaway-Clarke and
Hepler, 2003). The effect of inhibitors such as lanthanides, La’" and Gd®" on blocking Ca**
channels and attesting the tube growth verifies the effect of Ca®" ion influx on regulating
the growth (Malho et al., 1994). Although the intracellular ion gradient appears to be
resulting from the extracellular tip-based ion influx, the role of plausible internal Ca*"
sources cannot be easily excluded. Simple calculations on the amount of Ca®" ion influx
and the observed intracellular gradient displays that the magnitude of the tip-based Ca*"
influx is not sufficient to produce the observed Ca®" ion gradient at the tip
(Holdaway-Clarke and Hepler, 2003). In addition, the observation of Ca”"ion at the tip in
absence of tube growth (Messerli ef al., 2003b) and the delay of maximum extracellular
Ca’" influx respect to Ca’" ion peak at the tip intensify the hypothesis of existence of an
internal Ca®" store as one source of tip-focused calcium ion gradient. A few potential
candidates such as elements of the ER in the apical domain (Malho, 1998), the secretory
vesicles and the cell wall itself (Holdaway-Clarke and Hepler, 2003) have been proposed
as the internal Ca®" stores. However, new experimental methods are deserved to be
employed to identify the role of these Ca®" stored on generating Ca”" tip gradient even in

the lack of Ca*" tip influx.

Local treatment of either the distal or the tip region of pollen tube is believed to be a new
detection method to answer some of the unknown questions about tip growing cells. The
local treatment of living cells within microfluidic environment has been reported for
different mammalian cells to change a portion of the cell and to characterize the cell

response to local change of medium (Lin et al., 2001; Lucchetta et al., 2005; Sawano et al.,
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2002; Takayama et al., 2001, 2003; Thié¢baud et al., 2002). However, the difficulty of
performing local treatment on the cells clarifies the importance of developing new
techniques such as micro-electromechanical system (MEMS) enabling to perturb local
domains of single cell by applying different solutions to specific regions of cell. In the case
of tip growing cells, it should assist to identify the role of water or ion fluxes at the tip as
the main proposed regulators of the tube growth. The MEMS technology was formerly
used for characterizing the pollen tube behavior such as studying the tube attraction to the
in-chip positioned ovule by Yetisen et al (Yetisen et al., 2011b), individual pollen tube
growth characterization by Carlos et al (Agudelo, 2012) and growth force measurement by
Sanati et al (Agudelo et al.,, 2012d). The capability of microfluidic device was also
employed to carry out local treatment on growing pollen tube by applying parallel laminar
flows along either the sides of growing pollen tube to characterize the effect of calcium ion
on tube reorientation (Sanati Nezhad A, 2012). Two different mediums with different
calcium ion concentration were introduced into the either sides of pollen tube tip.

However, in that design, the mediums surround a whole the pollen tube body.

In this chapter, to distinguish the role of nutrient uptake through either tip or the distal
region, a new type of local treatment setup is presented in such a way that liquid medium is
only changed around the distal region of pollen tube without any effect on the medium
around the tip as the tip is growing along the air trap without any contact with the growth
medium. This behavior of pollen tube has been observed in in-vivo growth of pollen tube

in a part of journey toward the ovule. As it is shown in Fig 5.1, the pollen tube can leave

105



the funiculus and grows a portion of journey in the air and then enters the micropyles

(Johnson et al., 2002).

Pollen tube

Funiculus

Septum

Integuments

Figure 5.1: The growth of pollen tube in the air in a portion of its journey toward the ovule. The

pollen tube leave the funiculus, enters the air and growth toward the micrpyle .

To more systematically assess the ability of pollen tubes to elongate in air, a high aspect
ratio air trap consists of two horizontal PDMS posts/rods with the extremely narrow
entrance is devised so as to allow the pollen tube to penetrate into the trap, but prevent
liquid to enter or gas to exit. Camellia pollen tubes were found to be able to enter the air
trap and to grow for up to 1 mm, thus proving that water and nutrient uptake through the
grain or distal region of the tube was sufficient to sustain pollen tube growth. It is identical
to the initial phase of pollen germination on the stigma surface where pollen tubes are able
to grow distances surrounded mostly by air. This length of growth within air trap intensify

the hypothesis of presence of internal Ca*" ion store within the pollen tube generating the
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ca'” tip gradient required for cell wall generation. The effect of change of calcium
concentration around the distal region even in zero calcium concentration showed no
considerable effect of the growth rate. The setup also was used to test the effect of
changing osmotic pressure on the tip growth behaviour. The results demonstrated that the
fast rise of turgor pressure due to water uptake through the distal region causing cell
bursting within a minute without any change on properties of cell wall at the apex. It
verifies the hypothesis of the whole-cell pressure increase inside the tube with respect to
the localized pressure gradient hypothesis at the tip. The proposed design can present
experimental data to answer some unknown questions about the growth regulation, to study
the effect of other inhibitors of the growth affecting the ion influxes at the tip. It also has

applications on drug discovery and pharmacology.

5.3 Microfluidic device operation

The schematic of the air-trap design proposed to locally change the medium around the
distal region of pollen tube is shown in Fig 5.2a. The design consists of 1) fluidic network
to trap the pollen grain at the entrance of growth microchannel, 2) the PDMS rods/post to
provide an enclosed air trap that allow the pollen tube penetrating into the trap, 3) the air
trap enabling the growth of pollen tube tip within the air and applying local treatment
exclusive on the distal region. The air trap has the length of 1 mm and the width of 50 um
about twice the diameter of pollen tube. The extremely narrow entrance is devised so as to
allow the pollen tube to penetrate into the trap, but prevent liquid to enter or gas to exit.
The air trap is located at the end of growth microchannel about 100-200 um away from the

trapping point of pollen grain. It is considered as the primary length required to ensure
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stabilized growth before entering the tube into the air trap and to provide enough length of
distal region for local treatment of pollen tube. The SEM image of the design is shown in
Fig 5.2b. To increase the chance to grow pollen tube along the growth microchannel, the
enhanced design presented in chapter 3 is exploited to provide a few air-trap designs within
the microfluidic device. The architecture of microfluidic network and the geometrical
constraints have been chosen similar to that of the enhanced design proposed by Sanati et
al (Sanati Nezhad et al., 2012a). It consists of 1) medium-pollen inlet for introducing
pollen suspension into the device, 2) Outlets to conduct the extra pollen grains to the exit
or help to guide the pollens to the entrances of microchannels, 3) main distribution trap to
transfer to and trap the pollen grains at the entrance of growth microchannels, 4) growth
microchannels and extremely narrow entranced-air traps. The microfluidic device was
fabricated using conventional soft lithography technique detailed in Agudelo et al.

(Agudelo et al., 2012a).

Pollen tube

X

Air

ol

PDMS

Medium

a) b)
Figure 5.2: a) Schematic view of the design for local treatment of the distal region of pollen tube.

The pollen tube germinates from the trapping point, grows along the fluidic microchannel and
enters the air trap, b) The SEM image of the air trap design,
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The pollens suspension is introduced into the distribution chamber and the pollen grains
are trapped at the entrances of the growth microchannels. The proper flow rates are chosen
according to the practical range of flow rates required to prevent tube bursting (Agudelo et
al., 2012b). The extra pollens are transferred out to the outlet drain. The pollen tube starts
growing from pollen grain, grows along the growth microchannel towards the air trap,
enters the air environment and continues the growth until hitting the end wall of the air
trap. The air trap testing provides a suitable microstructure to enable the growth of pollen
tube tip into the air environment and to apply local treatment to the distal region of pollen

tube.

5.4 Air trap performance

The air cavities and air pockets embedded perpendicular or angled to a fluidic
microchannel have formerly been reported for acoustic micro-mixing and micro-pumping
applications (Ahmed et al., 2009; Tovar et al., 2011). The injection of fluid into the
microchannel resulted in trapped air bubbles in the sidewall cavities and the potential of air
cavity as the energy absorbance is activated by acoustic excitation generating acoustic
streaming for fluid pumping (Ahmed et al., 2009). In previous air cavity designs (Ahmed
et al., 2009; Tovar et al., 2011), a fully formed air bubble have been assumed inside the air
trap, though the interface of bubble-liquid depends on the surface tension and viscosity of
the liquid and determines the surface angle (Tovar ef al., 2011). However, the experiments
on air bubble showed if the medium flow exists beneath or top surface of the air bubble,

the colored ink or colored dye, is clearly observed under the bubble (Sung et al., 2009).
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Once the fluidic network is filled with the growth medium, the medium passes around the
air trap structure toward two exit channels and induces a bubble in the air trap due to the
surface tension (Ahmed et al., 2009). In order to characterize the air blocked in the air trap,
the colored liquid is introduced into the chip to ensure that the trap is only filled with the
air without any liquid underneath the trapped air bubble. The experiment proves that no
medium entering the air trap as no medium is observed underneath of air bubble (Fig 5.3a).
One of the exit channels is also blocked to compare the region A in which the air is trapped
within the exit chamber and region B with the air blocked in the air trap. Fig 5.3a clearly

shows the feasibility of local treatment on distal region of pollen tube.

Exit channel

Air trap
(Region B)

el

a) b)

Figure 5.3: a) Testing the air trap performance under colored fluid flow. The trap is filled only
with the air without any liquid underneath the trapped air bubble. One of exit channels is blocked to
compare the region of the picture in which the air is trapped in the exit channel (region A) and the
region of the air blocked in the air trap (region B), b) The successful growth of pollen tube along
the growth microchannel and within the air trap. The air-medium interface is clearly seen at the

narrow entrance of the air trap. Bar, 100 pm
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Once ensuring successful air blockage within the air trap, the growth of the pollen tube
within the air trap is studied. The experimental testing consist of 1) characterizing the
growth rate of pollen tube within air trap, 2) monitoring the pollen tube response to the
local change of sucrose at the medium around the distal region and 3) assessing the pollen

tube response exposed to the local calcium treatment at the distal region of tube.

The devised microfluidic device was tested in the presence of pollen grains. The pollen
tube germinates from the trapped pollen grain, grows along the growth microchannel,
passes the air-medium interface and continues the growth along the air trap to reach the
end wall. Once the pollen tube tip enters the air chamber, only the portion of the pollen
tube from the germinated point at the trapped pollen grain to the air-liquid interface is
surrounded by the medium. The part of tube from the interface point to the tip is only in
contact with the air (Fig 5.3b). The stable location of the air-liquid interface depends on the
strength of layer bonding and the pressure within the device. As the PDMS is permeable to
the air, under high pressure resulted from high inlet velocity, the blocked air gradually
vanishes through either the PDMS or the leakage at the bonding boundaries. The
experiments verify that under inlet velocity of 10 mm/s, the air-liquid interface remains

stable.

5.4 The growth behavior of pollen tube within air trap
The optical microscopy (Nikon 80i, 60X objective) was used to capture the pollen tube

growth with time intervals of 5s before and after entering the air trap. The sample
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measured growth rate at the vicinity of air-medium interface starting from point S at few
microns before interface to point E at a few microns after interface is shown in Fig 5.4.
Once pollen tube passes the air-liquid interface toward the air trap, the average growth rate
clearly rises from the average of 7 pum/min to the average of 11.5 um/min. The pollen tube

keeps the oscillatory growth behavior within the air trap.

S Interface E

Growth rate (

Time (min)

Figure 5.4. The growth rate of pollen tube before and after the air-liquid interface. The growth rate
raises from an average of 7 pm/min to the average of 11.5 um/min. The growth remain oscillatory.
Bar, 10 pm
The results of the growth rate for few pollen tubes growing along the air trap are shown in
Fig 5.5a. The dashed line starts from the measuring start point S and extends through the
interface point (IP). The slope of the dashed line for each case shows the average growth
rate before the pollen tube enters the air trap. The deviation of the growth rate from the
dashed line after point IP shows the raise of growth rate of pollen tube when it grows along
the air trap. It is concluded that in all cases, growth rate of the tip within the air is higher
than that of the tube growing in the medium. In some cases, not only the growth rate

increases, but the amplitude of oscillation increases inside the air trap (green line in Fig
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5.5a). The results of average growth rate before and after the air-liquid interface is seen in

Fig 5.5b for six different pollen tubes.
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Figure 5.5: a) The experimental results of pollen tube growth length before and after the air-liquid
interface for three different pollen tubes. The solid lines are the growth length of the pollen tube.
The dashed line starts from the measuring start point S to the air-liquid interface point IP. The slope
of the dashed line shows the average growth rate before the pollen tube enters the air trap. Point S
is the measuring start point before the air-liquid interface. b) The average growth rate before (blue)
and after (Red) the air-liquid interface for different pollen tubes

The results of Fig 5.5 show that in spite of reduction in the amount of nutrient around the

tube especially at the tip, the escalation of the growth rate was observed once the pollen
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tube passes the air-medium interface and enters the air trap. The plausible reason for the
raise of growth rate is the removal of the fluid resistance against the growth as the air
resistance is much less than the liquid resistance due to lower viscosity. The results present
some cues for biological principles governing the regulation of pollen tube by the ion or
water fluxes. The growth rate does not lessen along the trap even after the tube reaches the
far end wall of the air trap. It proves that the nutrients supplied by the medium around
distal region are sufficient even for the growth up to 1 mm along the air environment
which is identical to in-vivo growth of pollen tube in the air in a portion of tube journey
toward the ovule (Fig 5.1). The independence of the growth to the nutrient and ion fluxes
at the tip and sub-apical regions raises a big question about the contribution of the ion

influxes at the tip on the growth regulation.

The lack of intracellular ion influxes especially Ca*" ion influx at the tip proves the
existence of internal Ca®" ion stores either in the tube or the cell wall as the source of Ca*"
ion assumed essential for generating the Ca*" ion gradient at the tip for producing new cell
wall (Holdaway-Clarke and Hepler, 2003). The lack of water uptake through the tip region
proves that cell wall at the distal region is permeable enough for water uptake and it is
against the former hypothesis of exclusive tip-based water influx (Zonia and Munnik,
2011), though the current results is not against the presence of water uptake at the tip.
Nevertheless, it seems the portion of the distal region surrounded by the medium also
seems large enough (150 um) to provide sufficient water uptake. In some cases, the pollen
tube hit the far end wall of the air trap, turns back toward the entrance of air trap and

passes the interface for the second time (Fig 5.6a). In this case, the measurement of growth
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rate before and after the interface shows 25% drop on the growth rate when the pollen tube

tip penetrates from the air the medium (Fig 5.6b).

b)

Average growthrate in
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Average growth rate in

medium= 6.68 um/min
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Figure 5.6: a) The pollen tube enters the medium from the air, b) the growth rate drops by 30%

once enters air environment to the medium.

5.5 Local sucrose treatment on distal region of pollen tube

To investigate how the pollen tubes growing in the air trap respond to the change of
sucrose concentration, the growth rate of each pollen tube in the air trap is measured before
and after sucrose treatment and the change of growth rate is defined as the pollen tube
response (Fig 5.7). The results show that for the sucrose concentrations more than the
optimal value of 8% , the growth rate reduces. In this case, the osmotic pressure between
the outside and inside of the cell reduces and in consequence, the water uptake drops,
causes reduction in whole cell turgor pressure which lessens the growth rate. For the pollen
tubes exposed to the sucrose concentrations less than the normal 8%, the growth rate
slightly increases or under very low concentration, the pollen tube bursts. It seems the
water uptake through distal region in this case increases, resulting the rise of turgor

pressure and growth rate.
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Figure 5.7: The change of growth rate (%) respect to the normal growth in 8% concentration in

response to sucrose treatment though distal region.

The bursting under 4% sucrose concentration occurs seconds after the distal region is
treated. It strengthens the hypothesis of whole cell turgor pressure increase. As there is no
water uptake around the tip, the pressure should have been increased in whole the cell. This
is against the hypothesis of local increase of turgor pressure at the tip as the cause of pollen
tube bursting. We cannot simply expect the cell wall relaxation as the cause of bursting as
the pollen tube tip is not surrounded by any medium. However, more effort is required to
identify the ion concentration at the tip once the distal region is exposed to the medium

change and the tip is growing within the air.
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Figure 5.8: The pollen tube bursting in treatment of distal region to 4% sucrose concentration. The
bursting occurs within a minute after treatment, Scale: 30 um.

5.6 Calcium treatment on distal region of the pollen tube

Bou Daher and Geitmann (Bou Daher and Geitmann, 2011d) reported optimal calcium
concentration of 2.54 mM for Camellia pollen tube growing in open assays. For the pollen
tubes growing in the range of 1-5 mM calcium concentration, gentle reduction of 15% was
observed for the growth rate of pollen tube. Out of this range, dramatic change of growth
length was detected. The identical response was detected for the Camellia pollen tubes
growing along microchannels (Sanati Nezhad ef al., 2012b). However, in these two kinds
of experiments, the medium surrounds both the tip and distal region, and the change of
growth rate is assumed due to the effect of the extracellular calcium ion at the tip. To

explore the contribution of the tip-focused calcium influx on generating the calcium ion
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gradient at the tip, the response of pollen tube to the calcium treatment around the distal
region is studied. Once the tip enters the air trap the pollen tube is exposed to different
calcium concentrations varied in sequence among 0 mM, 1.27mM, 2.54 mM, 5.08. The
results show no significant change on growth rate even for zero calcium concentration of
the medium. It intensifies the hypothesis of existing internal calcium store as the source of
calcium ion gradient at the tip. It is also a clue for the hypothesis that the change of
calcium influx at the tip disturbs the optimal tip-focused calcium gradient generated by the
internal calcium stores and in consequence resulting the drop or arrest of the growth. As
under treatment of distal region, no sudden disturbance at the calcium ion gradient at the
tip and in consequence no change of cell wall mechanical properties is expected. This is
what has been observed with air trap experiment for treatment of distal region of pollen

tube to different calcium concentrations.

5.7 Summary and Conclusions

A lab-on-chip was designed, fabricated and successfully tested to study local treatment of
pollen tube at the distal region. The growth rate of pollen tube increased once the tip
entered the air trap and reduced once the tube penetrated from the air trap to the medium
environment. The response of pollen tube to local sucrose change at the distal region
showed that the whole-cell change of internal turgor pressure, in case of low sucrose
concentration of 4%, led to tube bursting. No detectable change of growth rate was
detected in response to the change of calcium concentration at the distal region even in
case of zero calcium concentration of the medium. The proposed microfluidic device

provided new clues to the influence of the whole cell turgor pressure with respect to the

118



localized tip-focused turgor pressure and to the role of internal calcium stores on

generating tip-focused calcium gradient.
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Chapter 6

In Vitro Characterization of Oscillatory Growth Dynamics of Camellia

Pollen Tube Using a Microfluidic Platform

6.1 Microfludic platform to study oscillatory dynamic growth of pollen tube

In this chapter, the oscillatory dynamic growth of pollen tube is characterized by capturing
the cell growth with high resolution image microscopy and waveform analysis. The change
of oscillation frequencies in response to growth regulators is detected. The enhanced
design presented in chapter 3 is exploited here to expose the pollen tube to different
concentrations of sucrose as growth regulator. The content of this chapter is accepted for

publication in the journal of /IEEE Ttransaction of Biomedical Engineering.

Abstract

A hallmark of tip growing cells such as pollen tubes and fungal hyphae is their oscillatory
growth dynamics. Multiple aspects of this behavior have been studied to identify the
regulatory mechanisms driving growth in walled cells. However, the limited temporal and
spatial resolution of data acquisition has hitherto prevented more detailed analysis of this
growth behavior. To meet this challenge, we employed a microfluidic device that is able to
trap pollen grains and to direct the growth of pollen tubes along microchannels filled with
liquid growth medium. This enabled us to observe the growth behavior of Camellia pollen
tubes without the use of the stabilizer agarose and without risking displacement of the cell
during time lapse imaging. Using an acquisition interval of 0.5s we demonstrate the

existence of primary and secondary peak frequencies in the growth dynamics. The effect of
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sucrose concentration on the growth dynamics was studied through the shift in these peak

frequencies indicating the pollen tube's ability to modulate its growth activity.

6.2 Introduction

The pollen tube is the carrier of sperm cells in the flowering plants. It is a cellular
protuberance formed by the pollen grain and elongates through the pistil of the receptive
flower to reach an ovule located deeply within the flower tissues (Krichevsky et al., 2007).
To reach the ovule the pollen tube elongates by expanding at its tip which is able to sense
the guidance signals emitted from the female tissues and orient its growth direction

accordingly.

Both growth velocity and growth direction in the pollen tube are tightly regulated by
complex internal controlling mechanisms. The shape of the cell is cylindrical with a
hemisphere shaped tip (Fig 6.1,a) and a typical diameter of 5 to 20 um. The driving force
for the cellular growth process is provided by the internal turgor pressure that results in cell
wall stretching at the tip since the material properties of the wall in this region are much
softer than in the cylindrical shank (Fayant et al., 2010b) (Zerzour et al., 2009a) (Fig
6.1,b). The growth process is sustained by a continuous supply of new cell wall and
membrane material delivered to the apical cellular envelope through exocytosis (vesicle

fusion to the apical plasma membrane).
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Figure 6.1: a) Scanning electron micrograph of pollen tube germinated from a pollen grain of

Camellia japonica, b) Schematic representation of the tip growth process illustrating the gradient in

material properties of the cell wall (soft at the apex) resulting in the formation of a cylinder under

the effect of the internal turgor pressure.

Similar to other tip growing cells such as fungal hyphae (Lopez-Franco et al., 1994) and

neurons (Betz ef al., 2006), pollen tubes do not elongate in steady manner but display a

complex growth dynamics that is subject to modulation in response to extracellular

conditions. The dynamics varies between plant species and has been categorized as 1)

sinusoidal oscillations in pollen tubes of Lilium longiflorum (Pierson et al., 1996), 2)

pulsatory oscillations in pollen tubes of Petunia hybrida and Nicotiana tabacum (Pierson et

al., 1995) (Geitmann and Cresti, 1998) (Geitmann et al., 1996) or 3) steady growth with

random small fluctuations around a trend line such as Hemerocallis (Feijo et al., 2001).
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The presence of some type of oscillatory change in the elongation rate is therefore
considered as the common feature of the extension of the pollen tube (Messerli and
Robinson, 2003b). The type of the growth dynamics is dependent on the plant species, but
it also varies with the age of tubes and the growth environment (Zerzour et al., 2009a). The
effect of growth regulators on the growth mechanism of the pollen tube has been widely
studied (Chebli et al., 2007a; Messerli and Robinson, 2003b; Wilsen et al., 2007). A
change in the ion concentration of the extracellular growth medium affects the complex
mechanism regulating the growth as evident from an altered pattern of the growth
dynamics, typically in form of an altered amplitude and/or frequency (Kroeger and
Geitmann, 2012b). Many physiological processes seem to be affected by or involved in
regulating the velocity of pollen tube growth. Cellular parameters such as intracellular ion
gradients, transmembrane ion fluxes, and the positioning of polarity markers display
oscillatory patterns whose period is identical to that of the growth rate but whose phase is
shifted relative to the maximum growth rate (Holdaway-Clarke and Hepler, 2003)

(McKenna et al., 2009).

To characterize the oscillatory behavior of pollen tubes, past studies have mostly focused
on the following parameters: average growth rate, oscillation period and oscillation
amplitude (Holdaway-Clarke and Hepler, 2003; McKenna et al., 2009; Pierson et al.,
1996). The time domain data show that the period of growth rate oscillation varies between
15-50s for lily pollen tubes (Holdaway-Clarke and Hepler, 2003) (Holdaway-Clarke et al.,
1997), and several minutes for Nicotiana tabacum and Petunia hybrida (Geitmann et al.,

1996) (Geitmann and Cresti, 1998) (McKenna et al., 2009; Pierson et al., 1996). The frame
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rate at which time lapse imaging was carried out in these studied depended on the species
used, on the spatial resolution of the microscope, and on the temporal resolution of the
camera, with typical rates being between one image per 1 sec (McKenna et al., 2009) and
one image per 5 sec (Michard et al., 2008). Oscillation periods in the tens of seconds are
easily detected in this manner, but the direct measurement of the time response may not
reveal all the details of the oscillatory behavior. Especially in pollen tube species that
change their behavior with the age of the cell (e.g. Lilium (Feijo et al., 2001)), important
characteristics of the different growth stages might be missed. Furthermore, while dramatic
changes in the growth conditions induce visible changes in oscillation frequency, more
subtle changes might be overlooked when using simple quantification of the time response.
One of the best investigated pollen tube systems is that of Lilium longiflorum, which has
tubes of a width of approximately 17 pum. In the majority of studies on this species, a
relatively long oscillation period with the time period of 30-50s (primary oscillation) has
been detected (Holdaway-Clarke and Hepler, 2003). However, no shorter periods were
reported for the growth rate lily pollen tubes even when image acquisition was carried out
at frame rates of 1/sec (McKenna et al., 2009). These examples show that time domain
analysis is not sufficient to comprehensively analyse the dynamic pattern of pollen tube

growth.

To provide a more detailed characterization of the oscillatory behavior of pollen tubes,
advanced wave function analysis including Fourier transforms, power spectra, wavelet
analysis and correlation analysis have been employed (Holdaway-Clarke et al., 1997;

Messerli et al., 1999; Michard et al., 2008). These methods were not only used to detect

124



the variation in oscillatory frequency due to a change in growth environment (Crutchfield
et al., 1980; Feijo et al., 2001), but also to establish the phase shift between cellular events
and the growth rate (Pierson et al., 1996). Any kind of medium change has the potential to
influence the spectral profile by inducing a shift in oscillation frequency. Minor changes in
the environmental conditions are likely to cause small frequency shifts, while major
changes cause the emergence of new peak frequencies. Reducing the sucrose concentration
of the medium was found to decrease the primary peak frequency and average growth rate
(Messerli and Robinson, 2003b). Reductions in frequency were also noticed as a
consequence of a change in medium pH (Messerli and Robinson, 2003b), increased
concentrations of boric acid (Holdaway-Clarke and Hepler, 2003) and inhibition of
calcium channels (Geitmann and Cresti, 1998). How these extracellular changes translate
into a biological response has been modeled theoretically (Kroeger et al., 2008). A
secondary oscillation frequency has been detected for transmembrane H™ fluxes using
wavelet time-frequency spectrum, but only for few pollen tubes within the sample set
based on the tobacco species (Michard et al., 2008). Importantly, for the growth rate no
secondary peak frequency has been detected due to lack of sufficient resolution imaging.
Higher resolution images and the higher effective sample rates are essential to achieve this.
Therefore, developing the techniques for capturing spatial imaging with high resolution
and employing software with the capability of tracking the pollen tube tip will be necessary
to assess putative secondary peak frequencies in the growth rate and hence characterize the

dynamics of pollen tube growth.
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In this study, the dynamic growth behavior of the Camellia japonica pollen tube is
characterized using an enhanced microfluidic device (Sanati Nezhad et al., 2013b). Pollen
grains are trapped at the entrances of microchannels and the pollen tube growth direction is
guided along the microchannel in a controlled micro-environment to capture high
resolution images. A frame rate of 2/sec was used to detect both primary and secondary
frequencies in the growth rate using FFT and PSD analysis. In order to assess the
significance of these peaks, the influence of a change of growth conditions was tested and

the frequency shift analyzed.

6.3 Materials and methods

6.3.1 Design and fabrication of microfluidic device

In order to capture images of the growing apex of the pollen tube in focus over extended
periods of time, the pollen grain should be fixed such that pollen tube elongates in a
controlled direction with minimum change in z-position during the growth. The enhanced
microfluidic platform previously developed for pollen tube studies satisfies the above
requirements (Sanati Nezhad et al., 2012a). The pollen grains are independently trapped at
the entrances of a series of microchannels and the design geometry was optimized to
provide 1) trapping of only a few pollen grains at each microchannel entrance to prevent
accumulation of pollen grains and 2) identical growth condition for all the growth
microchannels. The dimensions of microfluidic network were chosen similar to the
enhanced platform (Sanati Nezhad et al., 2012a). Conventional photolithography and
standard PDMS microfluidic techniques were used to fabricate the SU8 mold and the
microfluidic device (Sanati Nezhad et al., 2013b). Since the pollen grain is physically

trapped, applying medium flow or exchanging one medium for another does not displace
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the pollen grain or relocate the pollen tube. The PDMS layer forming the microfluidic
network is sealed with a glass cover slip with a thickness of 100 um, thus enabling us to
capture the growth using an 80X objective lens. Fig 6.2 shows the schematic design of the

enhanced design and the fabricated microfluidic device.
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Figure 6.2: a) The fabricated microfluidic design optimized for pollen tube growth, b) The

fabricated microdevice
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6.3.2 Pollen collection and germination

Pollen grains of Camellia japonica were collected from a plant in the Montreal Botanical
Garden. Pollen grains were dehydrated and stored in gelatin capsules at -20°C. Prior to use,
the pollen was rehydrated in a humid chamber for at least 30 min at room temperature. A
few milligrams of pollen were suspended in growth medium containing 2.54 mM
Ca(NO3),-4H,0, 1.62 mM H3;BO;3;, 1| mM KNO;, 0.8 mM MgSO4-7H,0 and 8% sucrose
(w/v). When the grains started germinating, the pollen suspension was introduced into the

microdevice.

6.3.3 Microscopy

Brightfield imaging of microfluidic chip and pollen tube was done on Nikon Eclipse 80i
digital imaging microscope system equipped with Infinity 1 digital CCD Camera and
Capture Analyze software. The pollen tubes growth was observed with 80X objective (0.65
NA). The time- intervals between successive images were 0.5s to 1s. The growth of pollen
tube at the tip is traced by MTrack2 tracking programs in NIH Imagel] software which

sequentially tracks the pollen tube tip among captured images sequence.

6.4 Results

6.4.1 Measurement of the growth rate

In order to study the dynamics of pollen tube growth, images were captured with a bright
field microscope using a 80X objective and incorporating Capture Analyze software. The

growing apex of the pollen tube was tracked at intervals of Is or 0.5s using Automatic
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Tracking in NIH ImagelJ software. Refocusing was rarely necessary since the pollen tube

usually stayed at the bottom of the channel.

In order to confirm whether the chosen frame rate was sufficient for monitoring the
primary and putative secondary peak frequencies, movies taken from several normally
growing pollen tubes were analyzed in detail and it was found that Camellia pollen tubes
typically display a primary oscillation frequency with a long time period in the range of 20-
40s as well as secondary oscillation frequency with shorter time period in the range of 3-
Ss, corresponding to frequencies of 0.01-0.05 Hz and 0.2-0.3 Hz, respectively. Following
the Nyquist-Shannon sampling theorem for choosing proper sample rate, for the maximum
real oscillation frequency of pollen tube of about 0.4 Hz, the sampling rate must be set to
be higher than 0.8 Hz. Hence, the primary sample rates of 1 Hz corresponding to the
sampling intervals of 1s would be sufficient for capturing the secondary frequency.
However, due to the limitations of the tracking software in tracing the tip and the resulting
noise on the time-series of growth rate, the maximum possible peak frequency obtained
from the time-series of growth rate signal can be higher than maximum expected secondary
frequency. In this case, by increasing the sample rate to 2 Hz and employing filtering
techniques, the effect of unwanted higher frequencies and the forced noise is eliminated. It
must be noted that there is a limit on selecting higher sample rate due to the spatial
resolution of the micrographs. Due to this limitation, the results of measuring the time-
series growth rate with a sample rate of 4 Hz deteriorate the detection of secondary
frequency due to emerging new peak frequencies beside the secondary peak frequency.

The time variation in the growth rate of a Camellia pollen tube growing along
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microchannel captured with 80X objective with sampling frequency of 2 Hz is shown in

Fig 6.3,c. The oscillations with both primary and secondary frequencies are clearly

observed.
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Figure 6.3: a) Brightfield micrograph of Camellia pollen tube growing along microchannel
captured with 80X objective, b) The dark area representing the apical cell wall is the moving region
of interest, c) Time-series of growth rate for a Camellia pollen tube captured with acquisition
interval of 0.5s. Marked regions shows that a sampling frequency of 2 Hz is able to detect both

primary and secondary peak frequencies
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6.4.2 Measurement of peak oscillation frequencies

Initially, the stationary nature of oscillatory growth rate signal was verified. A stationary
process is one in which statistical properties including the mean value and standard
deviations of the signal's amplitude do not change over time. In order to assess these
variations for each pollen tube, the statistical properties of several samples of identical
duration were calculated. The results of mean and standard deviations for different samples
of 60s duration are shown in Fig 6.4 for several pollen tubes captured with a sampling rate
of 2 Hz and with a total sampling length of 240s. For each pollen tube, the variation of
statistical properties between different windows was small indicating the stationary pattern

of pollen tube growth growing under microfluidic conditions.
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Figure 6.4: The results of mean values and standard deviation values of growth rate for different
windowed samples of a several pollen tubes. The variation is confined in a limited range reflecting
the stationary pattern of pollen tube growth. The windows were equally spaced to cover the 240s

total period without overlap.

It is difficult to identify the frequency components only by evaluating the original signal.
Therefore, to obtain discrete data, the time domain signal was converted to the frequency

domain using Discrete Fourier Transform (DFT) in order to detect the peak frequencies of
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oscillation. DFT of the signal is calculated using Fast Fourier Transform (FFT) algorithm
(Zerzour et al., 2009a). Prior to the transform, the average growth rate data were subtracted
from the time series in order to remove the non-oscillating component of the time series.
Power spectral density (PSD) was then used to obtain waveform analysis reflecting the

power of each frequency components associated with the oscillatory growth.

Assuming stationary growth, FFT and PSD were obtained for the growth rate signal. As
stated, if the sampling rate frequency (f;) is chosen at least twice the maximum frequency
of the signal (f;,)), no aliasing effect in the FFT analysis would be detected. However, due
to the limitation of the tracking software, the noise influenced the time-series growth rate
signal which led to the maximum frequency of interest in signal (f,,) to be significantly
higher than our maximum desired frequency (f;) (secondary frequency in the range of 0.2-
0.3 Hz). In this case, setting the sampling frequency to more than 2f;;, might be impractical
to prevent aliasing. Hence, it is preferred to use low-pass filter (antialiasing filter) which
attenuates the amplitude of the frequencies above f, (Wheeler ef al., 1996). The maximum
frequency of the filtered signal (f,) is now still higher than f;, but lower than the value
before filtering. In our analysis, we applied a low-pass Butterworth filter with a cut off
frequency in the range of 0.35-0.5 Hz and a filter order between 1 to 5 was applied to
eliminate the effect of aliasing frequencies generated by the noise in the time domain data.
For the chosen sampling time of 0.5s, the first order Butterworth filter with the cut off
frequency of 0.4 Hz was generally sufficient to detect both primary and secondary
frequencies. The FFT and PSD analysis of a sample pollen tube growth rate is shown in

Fig 6.5,a. Two dominant peak frequencies around =20 mHz and =220 mHz are shown
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corresponding to the primary and secondary peak frequencies of the growth rate
oscillations. The windowed PSD analysis also shows similar peak frequencies (Fig 6.5b)
where all three PSD graphs with three windowing functions, namely Hamming, Kaiser and
Chebyshev identified the peak frequencies at 20 mHz and 220 mHz.
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Figure 6.5: a) FFT analysis on the time-series data of a sample Camellia pollen tube growth rate.
Two peak frequencies are seen around f=20 mHz and =220 mHz, b) Windowed PSD analysis of

sampled Camellia pollen tube.

For most pollen tubes within the sample set (n=15), FFT and PSD detected both primary
and secondary frequencies. However, in two of these specimens only weak or no primary
oscillation frequency was detected, but the secondary frequency was clearly present (Fig.

6a). In addition, in several specimens, FFT analysis revealed unexpected peaks (around the
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frequency of 280 mHz, Fig 6.6,b). This is likely the result of a phenomenon called leakage,
caused by the fact that the sampled value of the particular frequency at the start of the
sampling interval was different from the value at the end of sampling (Wheeler and Ganji,
1996).
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Figure 6.6: a) Time series of pollen tube without strong primary frequency, b,c) FFT analysis of
pollen tube growth rate (sample rate = 1s). No strong primary peak frequency was detected. The
secondary frequency was detected at 280 mHz. Due to a leakage effect, three peaks are seen around
the frequency of 280 mHz, c¢) Windowed PSD analysis clearly detect the secondary frequency at
280 mHz.
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The common method to deal with this problem is the use of proper windowing function to
attenuate the signal at the beginning and the end of sampled range. Different types of
windowing functions were tested and all successfully removed the leakage effect (Fig 6.6,c
corresponding to the same data shown in Fig 6.6,b. This treatment confirms that there are
no two truly independent frequencies adjacent to each other around =280 mHz. Clearly,
the selection of proper windowing function is important to determine the true peak

frequencies of oscillation.

6.4.3 Stability of peak frequencies over time for pollen tube growing in normal

condition

The dynamic growth characterization shows that most of Camellia pollen tubes growing
under normal conditions oscillate with a primary frequency in the range of 20-50 mHz and
a secondary frequency in the range of 200-300 mHz (n=15). Next, we used Short-time
Fourier Transform (STFT) in order to be able to determine the variation trend of peak
frequencies of local sections of growth rate signal over time with respect to the peak
frequencies of the overall signal. To assess the baseline variations during undisturbed
growth, we analyzed four of the previously analysed samples. The results show that in the
absence of any change in growth conditions, the primary frequency shows up to 13%
variation, while the secondary frequency varies up to 10% between the windows of a single
sample (Fig 6.7). The peak frequencies did not vary significantly for different window
spans. Hence, FFT analysis over a long window covering all sub-windows can define the

overall peak frequencies of pollen tube growing under normal conditions.
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Figure 6.7: STFT analysis of different pollen tube to detect the variation of primary and secondary
peaks in different time interval of normally growing pollen tube (n=4), Window size is 50 seconds.
The average variation of peak frequencies among the three windows is 13% for primary frequency

and 10 % for secondary frequency

6.4.4 Effect of sucrose concentration on growth oscillation frequencies

In order to assess how the primary and secondary oscillation frequencies in the pollen tube
growth rate are affected by a change in growth conditions, the sucrose concentration in the
growth medium was modified. Sucrose is both taken up and metabolized, and it alters the
turgor pressure of the cell. The latter effect is caused by an osmotic shock and is transient.
The cell usually compensates for the change in osmotic conditions within few minutes.
Here we observed that changing the concentration of sucrose from 8% in normal medium
to 10% caused the pollen tubes to interrupt the normal growth in a transient manner

followed by an adjustment to a new stable condition. In order to identify the transient and
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stationary regions of the growth, the variation in the mean growth rate within 50s time
spans before change of the growth medium (BT) and after change (AT) was analyzed (Fig
6.8,a). The variations within the sub-regions at the moment of change of sucrose
concentration (from region BT2 to region AT2) are depicted in Fig 6.8,b. Region BT1
identifies normal growth of the pollen tube before treatment, region AT1 is the transient
period during which the growth is disrupted, region AT2 is the time period when the pollen
tube resumes growth under the new environmental condition and AT3 identifies the

stationary growth of pollen tube once it has adapted to the new condition.

a)
P BT . AT ~
12 BT1 ! 1 ! AT3
< ] i VAT2 ——————
10 ' &"‘Al’ +“—» '

Mean growthr rate (um/min)

o N M O ©

0 50 100 150 200 250 300 350 400 450 500 550 600 650
Time (s)

b)

N
[&]

BT2 AT1 AT2 N

T
1 1
»'e ¢
< (a »
1
1
1
1
1
1
1
1

A\ 4

N
o

A

\

R Y . R
) Sl s b | R B - ‘ W 3 |
¢l | ll ',“l‘ ! m,"" l""l' [! 'l’l‘l" ”hl;l ! lﬂ ] \ ll ( l"llll "J‘lwﬂ "Il’l H‘ x
H ".l”,’ T],, NP rl v"“"'l‘"' : | ‘

-
(4]

I

-
o

Growth rate (um/min)

il
"ll 14" |"l I | i

(¢}

o

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 6.8: a) Mean pollen tube growth rate , each over 100 data points before treatment (BT
region) and after administration (AT) of higher concentration of sucrose, sampling rate= 2Hz. b)
Time course of pollen tube growth rate before and after treatment. Pollen tube growth was
interrupted for about 1 min in region AT1 and resumed with a lower mean growth rate from region
AT?2. Points A and B clearly show the oscillation with secondary frequency in stationary growth

region before medium change and in transient region after the change respectively.
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In the case of a change from 8 to 10% sucrose concentration, the duration of the transient
interruption of pollen tube growth varied between 1-3 min (n=3). Once the pollen tube had
recovered from the osmotic shock it established a new stationary grow pattern (regions
AT2 and AT3). FFT analysis was applied to the stationary signal in region AT3 to identify
the new peak frequencies of the growth rate (Fig 6.9). In the pollen tube shown here, a shift
of 8 mHz for the primary frequency towards longer oscillation periods was detected. The

secondary peak frequency on the other hand was reduced by 30 mHz.
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Figure 6.9: a) FFT analysis of pollen tube growing in 8% sucrose within the stationary regions of
growth (region BT1). The pollen tube displays oscillations with a primary frequency of 13 mHz
and secondary frequency of 260 mHz. b) FFT analysis of the same pollen tube within the stationary
regions of growth after change of sucrose concentration (region AT3). The primary frequency has
shifted to 5 mHz and and the secondary frequency to 230 mHz, corresponding to a shift of 8§ mHz
and 30 mHz, respectively.
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Moreover, the mean growth rate was reduced by 25% compared to the value observed
before the increase in sucrose concentration (Fig 6.10). On average, for the three tested
Camellia pollen tubes the primary frequency was reduced by 68% and for the secondary
frequencies the frequency was reduced by 12%.
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Figure 6.10: a) Primary peak frequencies before treatment (BT) and after treatment (AT) for the
analysed pollen tubes, b) Secondary peak frequencies before treatment (BT) and after treatment
(AT) for the same pollen tubes.

The windowing function was used not only to remove the leakage phenomenon, but also to
detect more precise peak frequencies as seen in Fig. 6.9,a. In points A and C, all three
windows act similarly to detect a significant peak frequency. In the case of point B, the

Chebyshev windowing function did not clearly detect a peak at this point.
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6.5 Discussion

The oscillatory growth behavior in pollen tubes offers an extraordinary phenomenon that
can be used to understand the mechanisms that regulate cellular growth in plants both in
space and time. Our detailed analyses have shown that the pollen tube displays at least two
superimposed frequencies which are maintained constant over extended periods of time in
stable growth conditions. Hence, any stable shift in the peak frequencies that is larger than
the normal variations encountered during normal growth is a sign for a disturbance.
Frequency analysis thus provides us with a tool to detect and quantitatively assess the
effect of disturbances on cellular growth behavior. We demonstrated the use of this tool by
comparing pollen tube growth rate in stationary regions before and after the change of
growth medium revealing a clear shift in peak oscillation frequencies. During the transition
period the pollen tube lost its primary frequency peak and only displayed a secondary peak
frequency. After adapting to the new growth condition, the pollen tube recovered and
displayed again a primary and secondary oscillation frequency, but both were significantly
shifted compared to the original growth conditions. Analysis of the growth dynamics
therefore provides us with several independent parameters that can be measured to
quantitatively assess the effect of a pharmacological or other external agent on cellular
functioning: the duration of the transition period, and the shift in both primary and

secondary frequencies in the growth rate.

These quantitative parameters will not only enable the analysis of the pollen tube growth
rate upon external triggers, but they also provide a tool to understand the cellular feedback

mechanisms that regulate normal growth. The extracellular and intracellular concentrations
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and fluxes of various ions such as calcium (Pierson ef al., 1994) and protons, as well as the
dynamics of cellular features such as vesicles and the cytoskeleton are known to oscillate
with the same frequency as the growth rate (primary frequency) (Holdaway-Clarke and
Hepler, 2003; McKenna et al., 2009; Parton et al., 2001), but with a phase delay (Messerli
et al., 2000b). In the present study, we successfully detected a secondary oscillation peak
frequency in the growth rate and we should therefore expect to observe the corresponding
secondary peak frequencies in the dynamics of these cellular processes. Detecting these
will pose a challenge to the measuring techniques required such as the vibrating probe (for
ion flux) and the sensitivity of fluorescent markers (for ion concentrations and motion of
cytoplasmic structures such as vesicles and organelles), but future implementations of our
microfluidic device will be used to meet these challenges. A detailed analysis of secondary
oscillation frequencies may contribute to solving outstanding questions in this field such as
the controversy around the fundamental underpinnings of the change in growth rate
(Winship et al., 2010) (Winship et al., 2011b). Oscillations in turgor pressure were
suggested as the cause of the oscillatory changes in growth rate (Zonia et al., 2003)
(Messerli and Robinson, 2003b), but these were not confirmed experimentally either by
pressure probe (Benkert et al., 1997) or micro-indentation (Geitmann and Parre, 2004).
However, there might be oscillations in turgor pressure with an amplitude below the
resolution of measuring technique and more detailed analyses are warranted. On the other
hand, the presence of a complicated oscillation pattern with primary and secondary
frequencies i1s probably easier to explain with variations in the material properties of the
cell wall as postulated earlier (Geitmann, 1999; Holdaway-Clarke and Hepler, 2003). The

material properties are influenced by subtle changes in the ion flux pattern and exocytosis
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rate (Kroeger et al., 2008), but more research is warranted to clarify this issue. The

analyses of secondary frequencies offer a promising avenue to do so.

The frequency shifts can be considered as the dynamic response of pollen tube to the
change of growth conditions whereas the change of mean growth rate can considered as the
static response of the pollen tube. By incorporating static and dynamic response of pollen
tube to the change of growth environment, the proposed microfluidic platform reported in
this paper has application to be used as a point-of-care microdevices for detecting the

existence of biological or toxic agents in the growth medium.

6.6 Summary and conclusions

The present study demonstrates how the use of a microfluidic device combined with high
resolution imaging increases the precision of the analyses of cellular behavior. Unlike
earlier dynamic analyses of pollen tube growth, we were able to detect secondary
oscillation frequencies with higher frequency values superimposed on the previously
reported primary frequency. Our findings illustrate that even in the apparent absence of
low frequency oscillations - a phenomenon that is typical for young pollen tubes - there
always are secondary peak frequencies indicating that pollen tube growth is constantly
under dynamic control. Our finding that slight changes in the growth environment change
both frequencies offers a promising avenue for the investigation of the feedback

mechanisms governing cellular growth.
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Chapter 7

ToxChip: Whole cell microfluidic platform for toxicity detection
through dynamics of growth

7.1 LOC for toxicity detection using pollen tube as cell sensor

In this chapter, the application of pollen tube as whole-plant cell sensor for toxicity
detection is realized. The benefit of trapping pollen grain and growing pollen tubes along
microchannel in a directed manner presented by the enhanced design in chapter 3 helps to
detect more accurately the dynamic oscillatory growth of pollen tube in response to the
existence of environmental toxic substances within growth medium. The content of this

chapter is about to submitted to the journal of Lab on Chip.

Abstract

Since toxicity detection using real testing on human or animal is no longer an
appropriate technique, development of new technical methods for detecting toxic
materials is highly demanded. Fast response of living cells to the chemical signals makes
them a useful and reliable method for detecting toxic materials. This paper presents a
novel microfluidic-based whole cell lab-on-chip (LOC), called ToxChip, to enable
detection of environmental toxic substance through dynamics of oscillatory growth as
well as non-oscillatory growth behaviors of a whole cell. Pollen tube is used in this
paper as an example of whole cell for demonstration. The oscillatory dynamic growth
includes both fundamental and higher modes of oscillation frequencies associated with
growth. The non-oscillatory parameters include growth rate, growth length and cell life
time. ToxChip has many advantages over previous platforms such as high throughput,
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low sample volume, less expensive due to mass production, disposability and portability.
The proposed microfluidic-based sensor can represent rapid and reliable results for
detecting the existence of biological or toxic agents in the growth medium and to
distinguish friendly and non-friendly substances. The aluminum (Al) ion was used as
test substance for demonstration in order to evaluate the feasibility of using pollen tube

as whole-cell sensor system for toxicity detection.

7.2 Introduction

Toxicity detection using real testing on humans is no longer an appropriate technique.
Hence, new models of animal cells are widely used to detect the toxic materials.
Nevertheless, millions of animals are annually killed to test the toxic behavior of ions and
this rises the interest for non-animal based methods to detect toxicity (Bhanushali ef al.,
2011). A variety of non-animal methods which are available for toxicity detection consist
of in-vitro analysis of living cells and tissue cultures (Magrez et al., 2006) (Jin et al.,
2007), microarray technology (Waring et al., 2001) and computerized modeling (Greene,
2002). These methods can provide more reliable, faster and cheaper results (Bhanushali et
al., 2011). Fast response of living cells to the environmental signals makes them an ideal,
useful and reliable method for detecting toxic materials. Various cells such as bacterial,
mammalian and plant cells have been used as biosensor for the application in
pharmacology, toxicology and environmental measurements (Catroux et al., 1993)

(Qureshi et al., 1998) (Stammati ef al., 1981) (Bhogal et al., 2005) (Bentley et al., 2001).
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The cell is expected to respond differently to friendly and unfriendly substances. Under
treatment with friendly substance, continues and gradual change of cell behavior is
expected while due to presence of toxic material, discrete and sudden change in cell
behavior is predicted. In order to use a whole cell as sensor to identify the toxic substance
(non-friendly agent), it is necessary to characterize various aspects of the cell response to
both friendly and unfriendly substances and then discover appropriate aspect of cell
response which can effectively distinguish toxic and friendly agents and represent the cell
behavior for toxicity detection. The more ability of the cell behavior to distinguish the
friendly and unfriendly agents, the better is the suitability of the cell type for efficient

toxicity detection.

Among different cell types, pollen tube is extremely sensitive to the external signals which
and makes them suitable cellular models for characterizing cell response to the influence of
various chemicals involved in cellular metabolism as well as environmental chemicals
(KRISTEN et al., 2002; Kristen et al., 1995). Pollen tube is the fastest tip growing plant
cell that plays essential role in the life cycle of flowering plants. It germinates from the
pollen grain on stigma, senses multiple extracellular mechanical and chemical signals from
its floral environment and elongates in polarized shape toward the ovule in the interior of
the flower. It has the function to deliver the migrating sperm cells to the eggs for
fertilization purpose. Pollen tube grows through distinctive cellular matrix as tip growing
cells follow properly the guidance cues. Fig. 7.1a shows the scanning electron micrograph

of Camellia pollen grain and the pollen tube germinated from its grain.
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The pollen tube is an appropriate snesor for toxicity detection as it is inexpensive and
easily accessible. In addition, the results from the study of pollen tube have been verified
with the response of animals to toxic materials (Barile et al., 1994). This indicates that the
study of pollen tube behavior will have the potential of assessing the effect of toxicity even
on human. The effect of toxic substance on the cell growth was investigated by measuring
various parameters, such as, percentage of pollen grain germination, the change of growth
length and alteration of pollen tube morphology (Sawidis ef al., 1995). Using these criteria,
the pollen tube-based assay has been first reported as a toxic indicator of environmental
herbicides (Strube et al., 1991). It was then developed as an effective nominee to detect the
presence of various detergents (Paoletti, 1992) and pollutants (Xiong et al., 2001)
(Rezanejad, 2009) effective on plant reproduction and food health. Moreover, the pollen
tube was used to detect heavy metals consisting of aluminum ion as toxic metallic ion
(Blamey, 2001); chromium Cr(III) and Cr(VI) as dangerous environmental pollutant
(Shanker et al., 2005; Speranza et al., 2007), cadmium as toxic substance with relatively
high mobility into the plant system (Sawidis, 2008) and also other toxic chemicals such as
mercury and mouthwash irritating ingredients (Sawidis and Reiss, 1995) (Kristen et al.,
2006). Recently, the toxicity effect of lead on Picea wilsonii pollen tube development was

studied in a concentration-dependent manner (Sheng et al., 2012).

As stated, in all above experiments, the effect of different substance on the pollen tube
living cell was investigated by measuring the percentage of pollen grain germination,

change of growth length, growth rate or alteration of pollen tube morphology (Sawidis and
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Reiss, 1995). In order to provide common understanding for the degree of cytotoxic
potential of test substances, the Pollen Tube Growth (PTG) protocol introduced the C50
criterion (Zhang et al., 1999). This criterion is the concentration of the toxic substance in
which the growth length of pollen tube under toxicity testing reduces to half of the normal
growth length. Since measuring the growth length of large number of pollen tubes was
time consuming, photometric quantification method was developed to determine the mass
of pollen tube growth during the testing period. In this study, the concentration of test
substance that reduces the growth mass to 50% of the control test was used (Nye, 2006). In
addition to the PTG protocol, the alteration of the average growth rate of individual pollen
tubes was also used to study the toxicity degree of test substance where the alteration of
average growth rate against different concentrations of the test substance was defined as

typical way of illustrating the degree of toxicity (Sawidis, 2008).

Although the pollen tube was useful to detect the presence of various toxic substances as
unfriendly substances, the similar change in growth rate and cell death (tube bursting or
growth arrest) was detected when the cell was exposed to different concentrations of
friendly substances such as sucrose and calcium (Bou Daher ef al., 2011c¢). In addition, the
results also show that, despite possibility of reduction in the growth rate of pollen tube
under chemical treatment, the change in the oscillatory growth pattern to higher peaked
spike type growth may keep the average growth rate unaltered (Messerli and Robinson,
2003b). Hence, the growth rate criterion cannot reliably distinguish between friendly and
unfriendly (toxic) substances because in both cases, the growth rate may reduce. The static

cellular response to friendly and unfriendly materials through quantifying the change in
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average growth rate, growth length or the cell life may not solely define the influence of
toxins on the behavior of cells as the cell is expected to undergo stressful behavior which is

fundamentally dynamic in nature.

Despite use of diverse criteria in cellular systems for toxicity sensing, the question still at
large is to know which biological feature of a living cell would better represent its higher
level organism, the plant or animal. On this regard, application of scaling relationship
between the activity of the cells and the behavior of animals or plants will be an essential
help. It has been shown that the ratio metabolic rate of an organism to its body mass are
correlated based on the equation of allometric scaling on a logarithmic scale as "criteria of
similarity" (Lindstedt et al., 1981; West et al., 2002). It means that the scaling of
metabolism is extended down through all levels of organization from the intact organism to
the cell, mitochondrion, and eventually to its individual molecules. This theory which is
based on fractal-like distribution networks can explain variations in metabolic rate over an
amazing 27 orders of magnitude and present insights into the structure of metabolic
pathways within cells and organelles as well as within the higher level organism which is
an integration of these fundamental units. On the other hand, once an organism is
subdivided into hierarchical levels reflecting flow of energy, the overall system terminates
in a fundamental unit down to the cells and further down to the molecules which are the
final terminal units of the entire metabolic system. Thus, the entire animal or plant can be
viewed as a hierarchy of linked networks which proves that there should be a link between
the activity of the living organism and its fundamental units. For instance, self similarity as

a fundamental concept in nature can explain natural phenomena (West et al., 2002) and
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have been identified in material structures, biology and medicine (Lindstedt and Calder III,

1981).

Both structural and dynamical factors have been introduced as the origin of the self
similarity. Hence, dynamical nature of the system is one main nature of self similarity
(Desprat et al., 2005; Galdberger et al., 1990; Waliszewski et al., 2001a). This oscillation
generated from the metabolism is scaled up to higher level which assures survival and
stability of plant and animal during their life span. We do not expect to see identical
oscillation behavior among molecular level, cellular level and a higher level of organisms
because the system of each organism and its underlying network of fundamental unit is a
complex dynamics network. For instance, the results of screening molecular and cellular
activity have indicated a relationship between genotype in nano scale and phenotype of cell
in larger micro scale (Waliszewski and Konarski, 2001a). The similar phenomenon has
been reported for both space and time in microscale for a system of interacting cells, for
instance in tumor cells, so that every single cell of the tumor can restore the hierarchical
organization and dynamic features of the entire tumor (Waliszewski ef al., 2001b). In this
case, there is relationship between dynamics of gene expression in small size and dynamic
of a population of cell. Despite the existence of dynamic activity, the behavior at different
spatial scales varies. However, one would expect to see independent dynamic activity
among different organisms constrained in different environments. For instance, one does
not expect to see identical dynamic of gene expression in cancer cells existing in a
malignant tumor with the cells cultured in the monolayer system (Waliszewski et al.,

2001b).
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Knowing this, it is believed that the disease and aging that arise from stress relate to body's
periodic thythm meaning that decrease in periodicity is associated with disease. Similarly,
one can expect to see the effect of any stress to the cellular system can be expressed by
oscillatory and dynamic behavior of either cell growth or its underlying intracellular ionic
activities. Knowing the importance of dynamic activity of the cells as an indicator of the
organism property, any technique that assists to measure the dynamic oscillation of cell
growth or intracellular ionic activities is promising to characterize the influence of
environment on the health of the cell and to evaluate the potential of dynamic oscillatory

growth in distinguishing friendly and unfriendly (toxic) substances.

In this paper, the previously enhanced microfluidic device (Sanati Nezhad ef al., 2013d)
is employed to integrate tip growing plant cell, pollen tube, as a whole cell sensor for
detecting the toxicity of aluminum with the potential of poisoning for human, animal,
plant and microorganisms (Sawidis and Reiss, 1995) and was shown effective on
cellular malfunction (Zhang et al., 1999) (Pifieros et al., 1997). The device is used to
distinguish the cell response to friendly and unfriendly agents through both dynamics of
oscillatory growth as well as non-oscillatory growth behaviors. The Camellia species
were chosen for toxicity testing as it has large diameter, thus easier to be handled in
micro-environment (Agudelo et al., 2012c), has oscillatory growth in a long growth
length where its elongation within microfluidic has been earlier proved. The enhanced
design optimizes the growth condition of the pollen tube by providing stable

environment for changing the growth condition, trapping and confinement of pollen
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grains, conducting growth direction along growth microchannels. Using this enhanced
device, both fundamental and higher modes of dynamic oscillation of tip growth as a
biological feature representing the living organism has been detected (Sanati Nezhad et
al., 2013d). Here, the effect of stress from toxic substance on variation of the
fundamental and higher modes of dynamic oscillation of growth rate was detected and
compared with the dynamic response to the friendly sucrose concentration. Addition to
dynamic oscillation of growth rate, the change of growth rate and cell life (Holdaway-
Clarke et al., 1997; Messerli et al., 1999; Michard et al., 2008) was exploited to enable
detecting a wide range of toxic concentrations under the stress of toxic substance. This
microdevice reduced the time period of sensing to few orders less than the previous
assays through incorporating the dynamic response of the cell which make our design as
a low cost, rapid and reliable device for detecting toxicity of various chemical,
biological and environmental agents. The dynamic oscillatory response was able to
distinguish friendly agents by maintaining, but shifting the oscillation frequencies while

non-friendly substances by the disruption in oscillation frequencies.

7.3 Materials and methods

7.3.1 Preparation of pollen grains and germination

Pollen grains of Camellia japonica were collected from the newly opened flower in the

Montreal Botanical Garden. The pollen grains were dehydrated and stored in gelatin

capsules at -20°C in the dark. Prior to use, the pollen was rehydrated in a humid

environment for 1 hr at room temperature. Few micrograms of pollen were suspended in

culture medium containing 2.54 mM Ca(NOs),-4H,0, 1.62 mM H3;BO;3;, 1 mM KNO3, 0.8

mM MgSOy4-7H,0 and 8% sucrose (w/v). A pollen grain was considered germinated once
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the pollen tube length was more than twice the pollen diameter. When the grains start
germinating, the pollen suspension was introduced into the microdevice. To study toxicity
effect of Al, Aluminum Chloride Hexahydrate (AICI3. 6H20) with Molecular Weight of
241.43 g/mol (Baker Analyzed Reagent, from J.T. Baker company) was added to the
culture medium to provide specified concentration of aluminum toxic solution. During
toxicity testing, the regular medium was replaced with the toxic solution using the injection

of toxic solution with the flow rate of 5 pl/min by syringe pumping.

7.3.2 Microscopy

Nikon Eclipse 80i digital imaging microscope equipped with Infinity 1 digital CCD
Camera and Capture Analyzer software were used for bright-field imaging of microfluidic
network and pollen tubes. The pollen tubes were observed with a 80X objective (0.65 NA).
To measure pollen tubes growth rate, the time-series intervals between successive images
of pollen tubes was 0.5s which was sufficient to detect both primary and secondary peak
frequencies (Sanati Nezhad et al., 2013d). Tracing program of MTrack2 in NIH Imagel

software was used to track the pollen tube's tip during the growth.

7.3.3 Design and fabrication of microfluidic device

The microfluidic platform was designed from the previously enhanced microfluidic device
devised for chemical treatment of tip growing cells (Sanati Nezhad et al., 2013d). Briefly,

the design consists of main distribution chamber to introduce the pollen suspension into the
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main chamber through the pollen suspension inlet, a series of growth microchannels linked
to the distribution chamber along which the pollen tubes grow and three outlets to conduct
the pollen grains or medium out of the chip (Fig. 7.1b,c). The pollen grains were injected
into the chip, conducted through the main chamber toward the growth microchannels and
trapped at the entrance of microchannels. The individual pollen tubes grow along the
microchannels and were subjected to chemical treatment (Fig. 7.1d). The geometry and
dimensions of microfluidic network was chosen from the previously optimized device to
provide single pollen trapping at the entrance of growth channels and identical growth
environment for the growing pollen tube along the channel (Sanati Nezhad et al., 2013d).
The microfluidic device was fabricated using PDMS replica molding on SU8 molds where
the details are explained in Agudelo et al. (Agudelo ef al., 2012c) and Sanati et al. (Sanati
Nezhad et al., 2013c; Sanati Nezhad et al., 2013e¢). Fig. 7.1e shows the microfluidic device

fabricated for toxicity testing using pollen tube as whole cell sensor.
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Figure 7.1: a) The scanning electron micrograph of Camellia pollen tube germinated from pollen

Medium outlet

tube, b) Schematic of design, ¢) The fabricated microfluidic design optimized for the purpose of
toxicity testing using pollen tube growth, d) The growth of individual pollen tube along
microchannel, e) The fabricated microdevice.

7.4 Results

7.4.1 Static response of pollen tube to friendly and unfriendly substances

It is important to identify the difference in behavior of cells under friendly and hostile
environments before applying this principle for toxicity detection. Typical responses of
cells under both friendly and unfriendly environments are schematically represented in Fig.
7.2. In this figure, the responses to friendly environment are represented in Fig.7.2(a,c.e)

and to hostile environment are shown in Fig. 7.2(b,d,f).
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The growth rate/length and the cell life (time before bursting or growth arrest) are the main
parameters of cellular growth used to study cell response to the presence of chemical agent
in the growth medium. One can note from Fig. 7.2(a,c,e) is that there exists an optimum
range (active growth range) of concentration for friendly substances such as sucrose and
calcium (Bou Daher and Geitmann, 2011c). Outside of the active growth range, the cells
suffer in terms of reduced growth rate, increased death rate and reduced cell life. In
contrary, there is no optimum range of concentration for unfriendly or toxic environments.
Optimum condition corresponds to the minimum concentration of toxic substance. Toxic
environment would results in monotonic deterioration of performance measured in terms of

growth rate, death rate and cell life as seen in Fig. 7.2(b,d,f).

As seen in Fig. 7.2a, for a friendly environment such as sucrose or calcium, the growth rate
is high in the optimum range of concentration and acceptable in the active growth range.
When the concentration of friendly agent falls below a minimum value, the cell undergoes
sudden burst. This region is indicated as the region of burst in Fig. 7.2(a,b,c). In the case of
concentrations above the active growth range, called “growth arrest”, cells stop the growth
and the growth rate is negligible. Under toxic treatment, the growth rate decreases
monotonically with increase in concentration of toxic substance in environment. The best

growth condition corresponds to the absence of toxins.

If the cell life is considered, it is normal during the active growth region of friendly
environment and cell life decreases dramatically outside the active growth rate region as

shown in Fig. 7.2c. When the concentration reduces below the minimum concentration,
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cell undergoes death by bursting as indicated by the burst region. Finally, as seen in Fig.
7.2¢ when the concentration is above the maximum concentration of active growth region,
the cell drops growing and the time to stop the growth decreases with increase in
concentration beyond the maximum concentration. Thus, the life time of the cell decreases
rapidly when the concentration of friendly substance varies away from the growth region.
But, as shown in Fig. 7.2d, the cell life reduces when the concentration of toxic substance

increases in environment.

In the case of percentage of cells in a population that undergoes death or stop growth, it is
minimum in active growth region for friendly environment as seen in Fig. 7.2e. The
percentage of death/stopped growth increases when the concentration of friendly substance
is varied away from active growth region as shown in Fig. 7.2e. In the case of environment
with toxic substance, percentage of cell death increases monotonically with concentration
of toxic substance while all the cells undergoes death at a high concentration of toxic

substance as shown in Fig. 7.2f.

In summary, cells require definite amount of friendly substance as defined by active
growth region and the performance of the cell deteriorates when the concentration of
friendly substance deviates from the active growth region. In contrary, there exist no active
growth zone, for toxic environment and the presence of toxic substance deteriorates the
performance of the cell detected by the monotonic decrease of cell performance with the

concentration of toxic substance. These distinct behavior of cells under friendly and
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unfriendly environments will be used to identify the toxic substance and degree of toxicity

from the degree of performance deterioration.
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Figure 7.2: Schematic variation of a) growth rate/length in presence of different concentrations of

friendly substances, b) growth rate/length in the presence of unfriendly (toxic) substances, c) cell
life in presence of different concentrations of friendly substances, d) cell life in the presence of

unfriendly (toxic) substances, €) Death rate (%) in presence of different concentrations of friendly

substances, f) Death rate (%) in the presence of unfriendly (toxic) substances.
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7.4.2 ToxChip for studying the static response of pollen tube to toxic Al substances

Prior to toxicity testing on pollen tube, the microfluidic chip was tested as control
experiment in order to find the effect of medium flow and fluid stress on the cell growth or
bursting. Once the pollen tubes growth along microchannels were established, the medium
was continually injected into the chip for 45 min. Since no bursting were observed during
this 45 min, it confirms that the any cell bursting or stop of growth under toxicity testing is

due to the Al content of the medium not due to the effect of medium flow velocity.

Once the pollen tube growth along microchannels was established, the medium is then
continually injected into the chip for 45 min. Since no bursting were observed during this
45 min, it confirms that the tube bursting under toxicity testing is due to the Al content of

the medium not due to the effect of medium flow velocity.

In order to demonstrate ToxChip for toxicity detection, Aluminum was selected. The
fabricated ToxChip shown in Fig. 7.1d was used to study the pollen tube response to
aluminum (Al) toxicity. Once the growth of pollen tubes along growth microchannels were
established to a length of at least 300 um, a medium with particular concentration of Al
was passed through the ToxChip using syringe pump with the flow rate of 5 ml/min. Based
on the volume of microfluidic network and the flow rate of injection, it takes about 3
minutes to replace the regular medium with the toxic medium. After refreshing the medium
in microfluidic network, the flow is stopped. The growth of pollen tube were observed
under microscope before and after introducing the toxic medium. Growth rate, percentage

of cell death and time to burst or stop growth were calculated for each concentration of Al.
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The time of bursting which can represent the cell life has highest value in absence of toxic
Al as shown in Fig. 7.3a. This time, called residence time, corresponds to the period of
time starts with the time that the cell senses the toxic substance and finishes when the cell
burst. When Al concentration increases, the time of bursting reduces representing the
reduction in cell life. At 400 uM concentration and above, the pollen tube bursts
immediately within 2-3 minutes of residence time. Similarly, the percentage of bursted
pollen tubes against different Al concentrations can also represent the cell life parameter as
shown in Fig. 7.3b. The bursting was not observed for pollen tubes exposed to Al
concentration of 20 uM (Region A), while for the concentration of 200 uM and above, all
the cells were bursted in less than 8 min after sensing Al toxic (Region C). The
concentration of more than 400 uM was not tested, but based on the results of region C, all
the tubes is expected to burst. Two sample pollen tubes growing along microchannel and
busted under Al exposure are shown in Fig. 7.3c. However, the time of bursting under 200
uM was more than the time of bursting for pollen tubes treated with 400 uM Al
concentration. The range of AL concentrations in which entire or several pollen tubes still
have the growth is 20 uM-200 pM which is very small compare to the same for friendly
sucrose and calcium concentrations in the order of a few mM (Bou Daher and Geitmann,
2011c). This limited Al concentration range indicated as region B in Fig. 7.3 shows the
toxicity range of Al substance respect to friendly sucrose and calcium agents (Bou Daher

and Geitmann, 2011c).

159



v

A
\

A
\ 4

30
25
20
15

TTEETTTTTTA

10

Time of bursting (min)

=L
gl

0 20 50 100 200 300 400
Al concentration (uM)

v

<
<

v

120

1
1
n =

N
© O
o O

N
o

N
(=]
[ ]

Percentage of bursting (%)
(e}
o

| 4

o

100 200 300 400
Al concentration (M)

o
N
o
[$)]
o

Figure 7.3: a) The effect of Al concentration on the time of bursting representing the cell life, b)
The percentage of cell bursting under toxic treatment, ¢) The busting within microchannel for the

cell exposed to 100 uM Al concentration. Scale Bar: 25 um

Those cells that did not burst under Al treatment in region B of Fig. 7.3, were used to
estimate the growth rate under Al influence. Fig. 7.4 shows the reduction of growth rate
against the Al concentration ranging from 20 pM to 50 uM. In 20 uM Al concentration
and below (region A), the drop of growth rate was not simply detected, though the
variation or disruption of higher mode oscillation frequency in 20 pM was simply
detectable. In the range of Al concentration between 20-50 uM (region B), the growth rate

decreased monolithically with increase in Al concentration.
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Figure 7.4: The reduction in cell growth rate against different Al concentrations. Region A: no
bursting region, Region B: bursting region, Region C: full bursting region. The reduction in growth
rate was not easily detectable before 20 uM. After 200 uM Al concentrations, all the pollen tubes
burst (Region C). In region B, for non-bursted pollen tubes, the growth rate reduced. For 100 pM
Al concentration, the pollen tube neither bursted nor reduced the growth rate, but the growth was

arrested.

The percentage of bursting, time of bursting and change in growth rate are related to
average properties or static response of the pollen tube to Al treatment and can be used to
detect a wide range of Al concentrations. For Al concentrations below 20 uM, no pollen
tube bursting was observed and the growth rate was only slightly reduced and hence, the
detection of influence of Al concentration was challenging. Hence, 20 uM is considered as

the sensitivity of this ToxChip for Al detection using static behavior.

7.4.3 Disruption of dynamic oscillation frequencies under toxic Al treatment

Because of the limitation with static response such as limit of sensitivity, slow sensing
using PTG protocol (Few hours) and plausible reliability issue when average growth rate is

used as the detection criterion, it is important to find alternative methods to detect the
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effect of toxicity on cells. Since the pollen tube has dynamic nature of growth,
implementing dynamic study of pollen tube may provide a faster and more reliable
criterion for toxicity sensing. We previously characterized both fundamental mode and
higher mode oscillation frequencies of pollen tubes in response to friendly sucrose agent as
dynamic cell response (Sanati Nezhad et al., 2013d). Fig. 7.5a shows the experimental
setup used to characterize the variation of oscillation frequencies as the dynamic response

of pollen tube.
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Figure 7.5: a) Experimental setup for toxicity detection by measuring the variation of higher and
lower mode oscillation frequencies of the cell growth, b) Six different images of pollen tube growth

with the time interval of 20s, Scale bar: 15 pm.

Briefly, the pollen tube growth was observed with bright-field microscope using 80X
objectives. The straight growth of pollen tube along growth microchannels with time
interval of 20s is shown in Fig. 7.5b for several frames of growth. The images of pollen
tube growth were traced using NIH ImageJ software and the growth rate was measured

from the relative distance of pollen tube tip in successive images. The statistical analysis of
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pollen tube growth have shown that the growth of Camellia pollen tube in normal medium
has steady growth pattern as the variation of properties of mean and standard deviation
values of the growth rate were bounded within defined limits (Sanati Nezhad et al., 2013d).
The advanced waveform techniques of Fast Fourier transform (FFT) and Power Spectral
Density (PSD) as well as window filtering techniques were used to identify the primary
and secondary peak oscillation frequencies. In order to measure these two first oscillation
frequencies of the growth rate, the sample rate of 2 frame per second was required. The
normal Camellia pollen tubes growing in 8% sucrose concentration displayed oscillation
with primary frequency of 0.01-0.05 Hz and a secondary frequency of 0.2-0.3 Hz. The
pollen tube responded dynamically to the change of sucrose concentration from 8% to 10%
through the shift of both primary and secondary peak frequencies (Sanati Nezhad et al.,

2013d).

Here in this paper, for toxicity detection of unfriendly agent on growth behavior of pollen
tube, various concentrations of Al ranging from 20 uM to 400 pM were tested. Similar to
static testing, after establishment of the pollen tube growth along microchannels to at least
300 pm, the medium including toxic Al was introduced into the chip with the flow rate of
5 pl/min using syringe pumping. Once the medium was replaced, the medium flow is
stopped. For each concentration of Al toxic, one or few chips have been tested to find

statistical variation of growth rate.

A large number of pollen tubes burst under high Al concentrations (Fig. 7.3), and hence,
the toxicity detection using the dynamic of cell growth are carried out only under low Al

concentrations where limited or no cell bursting occurs. Under 20 uM Al concentration, no
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cell bursting was detected. Fast Fourier Transform (FFT) was used to extract the two first
fundamental oscillation frequencies of the growth rate signal before and after inducing
toxic agent. Because of difficulty of detecting peak frequencies from FFT analysis for
some pollen tubes and knowing the effective range of secondary frequency of 20-30 mHz
from statistical analysis (Sanati Nezhad et al., 2013d), the waveform analysis of low pass
filter with cutting frequency of 40 mHz, PSD analysis and Hamming and Chebychev
window filters were applied to the signal in order to better distinguish the value of peak
oscillation frequencies (Sanati Nezhad et al., 2013d). For a sample pollen tube tested under
20 uM Al concentration, the results of FFT analysis and filtered PSD graph are seen in Fig.
7.6. The results of Fig. 7.6a,b show that the pollen tube oscillates with primary and
secondary peak frequencies of 10 mHz and 270 mHz, respectively. The treatment with 20
uM Al solution did not alter the primary oscillation frequency while the secondary
frequency was disrupted showing the high sensitivity of higher mode dynamic oscillation

to the low concentration of toxic substance as shown in Fig. 7.6¢,d.
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Figure 7.6: a,b) The FFT and filtered PSD analysis of cell growth rate for the pollen tube growing
in a) normal medium, c¢,d) under 20 uM Al concentration. The primary peak frequency was not

changed, while the secondary peak frequency was disrupted.

Despite the rise of the percentage of the bursted pollen tubes treated with 50 uM Al
concentration, the effect of Al on the change of oscillation frequencies was studied using
non-bursted pollen tubes. For a pollen tube oscillating with the primary and secondary
peak frequencies of 43 mHz and 230 mHz, respectively before treatment, both primary and
secondary peak frequencies were disrupted after exposure to 50 uM Al concentration. The
primary peak frequency was disrupted as the new peak frequency was emerged at 110 mHz
in presence of primary peak of 43 mHz as shown in Fig. 7.7. The secondary peak
frequency (higher mode) was not detected with a strong peak after exposure which clearly
shows a degree of disruption. The peak frequencies after treatment were measured when

the pollen tube was subjected to the new growth environment. The results show that the
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toxicity of Al is detectable using the observation of disruption of higher mode oscillation
frequency under toxic stress. In several cases, the shift alteration of primary peak
frequency can support the existence of toxic material in the growth medium detected by

higher frequency modes.
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Figure 7.7: The power spectral density (PSD) analysis on growth rate of pollen tube growing in a)

normal medium and b) under environment with 50 uM of Al concentration.

The results of Figures 6,7 show that the effect of toxic Al on dynamic oscillation
frequencies cannot be simply detected in a concentration-based manner because the peak
frequencies for different Al concentrations were disrupted. When the cell is subjected to
toxic environment, the behavior of the pollen tube was altered at entire range of dynamic
growth and thus it important to study the response of the cell over entire range of dynamic

motion of the cell instead of studying only at discrete frequencies. The power associated
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with cell growth rate (spectral power) is used as a criterion of dynamic response in order to
quantify the cell behavior under different concentration of toxic Al. According to
Parseval's theorem, the power of a time series signal x(t) integrated across all of time t is
equal to the total power of its corresponding Fourier Transform X(f) integrated across all

of its frequency components (f) defined by Eqn (7.1):

1 t=+4w 1 f=+w ( )
—1; - 2 —— i _ 2 7.1
P = lim <2t ft=_w Ix(t)] dt) lim <2t f=_w IX(D] df)

Where f is the frequency, x(t) is the response at time t, X(f) is the amplitude of the
frequency response of growth rate signal and Py is spectral power. The integral of Fourier
Transform over entire frequency range can be used to quantify the power associated with
dynamic growth of the cell. Before using Pr as new parameter to detect the effect of toxic
substance, the normal variations of P over long period of growth (300s) were tested for
several pollen tubes growing in regular medium. For each pollen tube, the P¢ was
calculated for three subsequent time periods of growth, each period has the time span of
100s as shown in Fig. 8. The average variation of Py for these three pollen tubes is below

13%.
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Figure 7.8: a) The normal variation of Py for three different pollen tubes. For each pollen tube, Py
was obtained for three subsequent time periods of 100s for pollen tubes growing in normal
medium, b) The change in P;in presence of absence of toxic Al for three different pollen tubes
treated with concentrations of 20 pM, 35 uM and 50 pM, respectively.

Although under toxic Al treatment, the peak oscillation frequencies were disrupted ( Fig.
7.6,7.7) in compare to the shift of peak oscillation frequencies under friendly agents
(Sanati Nezhad et al., 2013d), Pr as a parameter associated with dynamic growth can
represent how pollen tube responds to the chemical change of growth environment.
Knowing the normal variation of P¢ for pollen tubes growing in regular medium, any
significant deviation of P¢ from the normal variation reflects the effect of toxic agent on
cell behavior. For different pollen tubes treated with Al concentration of 20 uM, 35 uM and
50 uM concentrations, Prwas calculated for before and after treatment of pollen tube with

Al toxic, each, in time series of 100s (Fig. 8b). The degree of toxicity (1) is defined based
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on the spectral power of normal growth (P{") of pollen tube and spectral power of tube after

treatment with Al toxic (Pf) such that:

(7.2)

Since maximum normal spectral power variation of 13% is expected for pollen tubes, the
same deviation is expected for the t value for each concentration (Fig. 7.8b). The
comparison of t value calculated for each pollen tube treated with Al toxic in Fig. 8b with
the normal variation of spectral power for regular pollen tubes (13% variation) proves that
T value can effectively be used for detection of toxicity in a concentration-based manner.
For Al concentrations of 100 uM and 200 uM, the pollen tubes stop the growth or busted,
respectively which means Pf=0 and corresponding T = 1. The variation trend of degree of
toxicity over Al concentrations was estimated by a polynomial of degree 3 as shown in Fig.
7.8b. Similar trend of variation is expected for other toxic agents on pollen tube behavior.
The degree of toxicity (1) can be defined as a function of concentration (C) and the toxicity
level of agent (a) as t = f(C, a). In the case of a more toxic substance with higher toxicity
level of a, the trend varies sharper, but it will have slower trend for less toxic agents as

schematically shown in Fig. 7.8c.

7.5 Discussion
Comparing the response of Camellia pollen tubes exposed to the change of friendly
sucrose concentration (Sanati Nezhad et al., 2013d) or toxic Al reveals that although in

both cases, the average growth rate/length reduces under treatment, but the dynamic

169



response of pollen tube behaves in different ways. In treatment with friendly sucrose
concentrations, the pollen tubes were able to adapt with the new growth environment.
Hence both primary and secondary peak frequencies were shifted to new condition without
any disruption of oscillation or emerging new peaks (Sanati Nezhad et al., 2013d) even
against 2 mM variation on sucrose concentration. But in the case of Al treatment, even
under very low concentrations, the peak frequencies were either disappeared or weakened
through emerging new peaks which indicates the presence of stress in cell induced by
toxicity. This difference of dynamic behavior in response to friendly sucrose and toxic Al
shows the potential of pollen tube to distinguish friendly and non-friendly substances and

to detect the combinatory effect of different substances.

Compared to agarose-based assays for pollen tube studies and regular assays in toxicity
detection, the chemical treatment of pollen tube within microfluidic platform simplify the
change of growth environment and provide reproducible and identical growth conditions.
In addition, since the pollen grain is fixed at the entrance of microchannel and the growth
direction is confined along the channel with slight height change, the growth rate can be
measured with a high sample rate of 2 frames per seconds sufficient enough to easily detect
higher mode oscillation frequency. Moreover, toxicity diagnosis using characterization of
static and dynamic response of pollen tube within microfluidic environment is simpler in
handling and measurement, more accurate and also is carried out in 2-3 hr considerably

shorter than the previous techniques (Sheng ef al., 2012).
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From cellular mechanism point of view, in normal plant cell wall, pectin reacting with
calcium ions causes the gelation of the pectins and generates relatively soft cell wall at
apical region. Under large concentrations of Al treatment, the Al effectively interferes the
binding of pectin-calcium and reduces the cell wall elasticity resulted in inhibition of
normal growth and eventually busting. Under low Al concentration, this interference is
limited and only interrupts the feedback loops responsible for controlling the oscillatory

growth (Sawidis and Reiss, 1995) (Sheng et al., 2012) (Zonia, 2010; Zonia et al., 2006).

The effect of toxic Al substance on pollen tube growth or its oscillation pattern was
concentration-dependent so that the time of bursting and degree of oscillation disruption
could be related to the substance concentration. Similarly, the toxicity testing of other toxic
materials such as various heavy metals and mercury using current technique within

microfluidic platform can be carried with the same ToxChip.

7.6 Conclusions

The parameters of time of bursting, percentage of bursting and change of growth rate were
used as complementary criteria to detect wide range of Al concentrations using pollen tube
as whole cell sensor. The variation of both lower and higher mode dynamic oscillation of
cell growth rate under different toxic Al concentrations was complementarily detected as
dynamic cell response. This work presents an application of pollen tube as single cell
sensor for toxicity testing and can be extended to detect other toxic substances and eco-

friendly ions. Replacing the microscopy detection with integration of optical detection or
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pressure sensors within microchannels would be beneficial to change the proposed device

to a point-of-care (POC) microdevice for toxicity detection.
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Chapter 8

Quantification of the Young's Modulus of the Pollen Tube Cell Wall
Through Cell Bending Using Lab-on-Chip Technology

8.1 LOC for measuring elastic modulus of pollen tube cell wall

Addition to the interesting potential of microfluidic environment in characterizing the static
and dynamic response of pollen tube to global and local chemical treatments (explained in
chapters 4-7), the microfludic platform is able to study the biomechanics of pollen tube and
provide ex vivo environment for studying invasive life style of pollen tube. This chapter
presents a Bending LOC (BLOC) for measuring the elastic modulus of pollen tube cell
wall which is not measurable using conventional methods. This work has been published in

Lab on a chip journal, DOI: 10.1039/¢31c00012e.

Abstract

Biomechanical and mathematical modeling of plant developmental processes requires
quantitative information about the structural and mechanical properties of living cells,
tissues and cellular components. A crucial mechanical property of plant cells is the
mechanical stiffness or Young's modulus of its cell wall. Measuring this property in situ at
single cell wall level is technically challenging. Here, a bending test is implemented in a
chip, called Bending-Lab-on-chip (BLOC), to quantify this biomechanical property for a
widely investigated cellular model system, the pollen tube. Pollen along with culture
medium is introduced into a microfluidic chip and the growing pollen tube is exposed to a
bending force created through fluid loading. The flexural rigidity of the pollen tube and the
Young’s modulus of the cell wall are estimated through finite element modeling of the

173



observed fluid-structure interaction. An average value of 350 MPa was experimentally
estimated for the Young’s modulus in longitudinal direction of the cell wall of Camellia
pollen tubes. This value is in agreement with the result of an independent method based on
cellular shrinkage after plasmolysis and with the mechanical properties of in vitro

reconstituted cellulose-callose material.

8.2 Introduction

Plant cells are surrounded by a stiff extracellular matrix, the cell wall. This structural
feature consists mostly of polysaccharides and is crucially important both for plant
development and for the mechanical behavior of plant tissues under external loading.
Modeling mechanical aspects of plant cell functioning therefore requires quantitative
information on the mechanical properties of this structure. Plant cell walls are formed in
two stages. The primary cell wall is the only layer surrounding young undifferentiated cells
and parenchymatic cells. Its mechanical properties determine when and how plant cells
grow, a process that is driven by the internal turgor pressure but controlled in space and
time by the cell wall (Geitmann et al., 2009c). The secondary cell wall is formed in certain
cell types during the final steps of differentiation and it rigidifies the wall significantly. The
mechanical properties of both the primary and secondary plant cell walls have traditionally
been measured using tensile tests such as instron measurements for which macroscopic
pieces of tissue are used (Cosgrove, 1993). Mechanical measurements on individual, living
plant cells are technically more challenging, due to the small size of the objects (Geitmann,
2006b, c). One of the techniques used is based on the pressure probe, an invasive method

that requires injecting a microscopic needle into the cell (Tomos et al, 1999). By
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increasing the internal pressure through injection of oil and measuring the resulting
increase in cell size, the volumetric Young's modulus of the cell wall can be determined. A
less invasive technique, cell compression, has been used to assess the fracture force
necessary to rupture the cell wall (Wang et al., 2006). However, both of these techniques
assume that the cell wall mechanical properties are distributed relatively uniformly around
the measured cell. They are unsuitable for cells with non-uniform distribution of
mechanical properties since the weakest region within the cellular envelope would
dominate the overall behavior. Subcellular resolution of cell wall mechanical
characterization has been achieved with micro-indentation and atomic force microscopy.
These have been employed to with the aim to assess the mechanical properties of living
plant (Routier-Kierzkowska et al., 2012) and fungal (Zhao et al., 2005) cell walls. Local
compression or penetration forces are applied on a material and can serve to assess the
Young's modulus, based on the assumption that the material is isotropic and homogeneous.
However, the plant cell wall is not a homogenous material, considering its complex
composition of multiple types of polysaccharides, various types of molecular linkages and
highly anisotropic mechanical behavior (Baskin, 2005; Cosgrove, 2005; Geitmann, 2010b).
Therefore, the local stiffness value obtained by an invasive or compression based technique
such as atomic force microscopy does not necessarily correspond to the overall tensile
behavior of the cell wall material, the crucial property that determines the relationship
between the cell wall and the turgor pressure. To obtain information about the tensile
strength of the cell wall, the method of choice, therefore, needs to be the application of a
tensile stress. This is not trivial when a single cell is to be measured. Excision of the wall

of a single plant cell has been accomplished for such tensile testing(Wei et al., 2006), but
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was only feasible due to the enormous size of the test cell in question, a Chara algae

(diameter approximately 1 mm).

Tip growing cells such as fungal hyphae, root hairs and pollen tubes (Fig 8.1) are much
smaller in diameter than Chara algae but display significant subcellular variations in
biochemical composition of the cell wall in the growing region of the cell (Deacon, 1997,
Geitmann and Steer, 2006b) that are reflected in spatial differences in mechanical cell wall
behavior (Geitmann et al., 2004; Zerzour et al., 2009b). Among these cell types, the pollen
tube is the best investigated in terms of the spatial distribution of cell wall components
(Chebli et al., 2012) and the mechanical principles governing the growth process (Fayant et
al., 2010b; Kroeger et al., 2011b). The pollen tube is a cylindrical protuberance formed
from the pollen grain, the male gametophyte in the flowering plants, upon contact with a
receptive pistil, and it has the function to deliver the sperm cells to the ovule for

fertilization.

Pollen tube

Pollen grain

Figure 8.1: Scanning electron micrograph of a pollen tube emerging from a Camellia pollen grain.

Modeling based on finite element analysis predicts that pollen tubes have a relatively soft
cell wall at the apex, whereas the wall forming the large cylindrical portion of the cell is

expected to be more rigid (Fayant et al., 2010c). Pressure based methods (Tomos and
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Leigh, 1999) may therefore not allow to determine the mechanical properties of the
cylindrical region of the cell wall since the apical region might yield and rupture before the
cylindrical region is sufficiently stretched for its deformation to be measurable.
Comparative studies using micro-indentation have allowed to monitor temporal changes to
the cell wall in space and time (Geitmann and Parre, 2004; Zerzour et al., 2009b), but this
technique was not suitable to determine absolute values of the mechanical properties of the
tube wall, since the geometry of the cell-indenter interface critically influences the
measured values (Bolduc et al., 2006). Recently, Vogler et al (Vogler et al., 2012) used
cellular force microscopy (CFM), a local compression technique similar to micro-
indentation and atomic force microscopy, to quantify the local apparent stiffness of the
pollen tube and to estimate the Young's modulus of the cell wall through numerical
analysis. This method provided a first experimental estimation for the Young's modulus of
the pollen tube cell wall. However, given that in this method the turgor pressure
significantly influences the measured values for apparent cellular stiffness, the deduced
values for the Young's modulus and tensile properties of the cell wall strongly depend on a
number of assumptions such as cell wall thickness, fully compressible cell wall material
and frictionless contact between pollen tube and CFM tip, thus introducing several
potential sources for imprecision. The pollen tube has become an important cellular model
system (Cheung and Wu, 2008), whose growth behavior has been the subject of numerous
modeling attempts (Kroeger and Geitmann, 2011b; Kroeger ef al., 2012a). Hitherto, those
models that include the mechanical properties as a parameter, used values obtained from in
vitro reconstituted plant cell wall material (Fayant et al., 2010c), for example those for

pectin or cellulose (Edge et al., 2000; Endress et al., 1996). Given that living cell walls
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comprise a complex network of several types of polymers the composition and
stoichiometry of which vary between cell types and plant species, relying on information
obtained from in vitro reconstituted, individual cell wall components is unsatisfactory at
best. Therefore, the quantitative determination of the mechanical properties of the pollen
tube cell wall represents a fundamental piece of information required for future
biomechanical modeling of this cell type in particular, and it represents a proof of concept
for other walled cells of cylindrical shape. Furthermore, a quantitative experimental assay
will allow phenotyping of mutants and assessing the effect of pharmacological and

enzymatic treatments in more reliable manner.

In this chapter, we present a Lab-on-chip (LOC) approach to quantitatively determine the
Young’s modulus of the Camellia pollen tube cell wall based on a whole cell bending test.
For this purpose we used an implementation of the TipChip, a microfluidic based platform
recently developed for the analysis of tip growing cells (Agudelo et al., 2012¢). Similar to
other Bio-MEMS devices that are used for diagnostic use, drug development and biosensor
assays (Cheung and Renaud, 2006b; Giouroudi et al., 2008a; Nuxoll and Siegel, 2009b),
the closed microenvironment allows for cellular analysis (Tatic-Lucic, 2007) within the
microfluidic environment in order to characterize the cellular response to the external
signals.(Grossmann ef al., 2011b; Takayama et al., 2001) The particular adaptation of the
TipChip consists in the fact that spherical cell bodies such as pollen grains are injected into
the LOC, positioned in front of narrow microchannels by fluid flow and that only after
positioning the actual cellular protuberance to be studied, the pollen tube, is formed. In the

present set-up the pollen tube is first guided to grow through a short microchannel and
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subsequently into a larger bending test chamber where it is exposed to a bending force
applied by fluid flow orientated perpendicular to the tube. Based on the observed flexural
rigidity of the cell, the Young's modulus of the cell wall in longitudinal direction is

estimated using finite element analysis of the experimental geometry.

8.3 Materials and methods

8.3.1 LOC design

The Bending-Lab-On-Chip (BLOC) employs fluid loading on a trapped and elongated
pollen tube with the aim to apply a bending load. The overall design consists of a main
chamber to deliver and trap a single pollen grain, a growth microchannel through which the
growing tube is guided into the bending test chamber where it is exposed to the fluid
loading (Fig. 8.2,A). The main chamber consists of an inlet to introduce the pollen grain
suspension, the entry of a single microchannel at which a pollen grain is to be trapped, and
an outlet to remove any excess accumulation of pollen grains. Positioning of the pollen
grain is achieved by injection of the pollen suspension into the pollen inlet by a syringe
pump and by hydrodynamic force that transports one or two pollen grains into the entrance
of the growth microchannel. The growth microchannel is fed by an additional channel, the
control channel, that allows to position the pollen tube against the opposite side wall of the
growth microchannel. The test chamber includes an inlet and outlet for introducing fluid
flow in a direction perpendicular to the elongating pollen. This design ensures the
application of nearly uniform fluid loading on the pollen tube with the aim to cause

bending (Figs. 2,B,C).
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Figure 8.2: BLOC design, A) Schematic design of BLOC set-up with three inlets and two outlets
for bending test on the pollen tube. B) Details of the BLOC microfluidic network. The design
consists of the main chamber to introduce the pollen grain suspension, a growth microchannel into
which the elongating tube is guided, a control inlet to position the pollen tube against the opposite
side wall and the bending test chamber for the application of flow induced bending force. C) Close
up view of pollen tube bending under fluid loading within the bending test chamber.

The dimensions of the different components of the microfluidic network were chosen to fit

the dimensions of pollen grains and tubes from Camellia japonica. The microchannel was

set to be 30 um wide to accommodate the pollen tube (typical diameter: 12-19 um) and to

prevent the grain (typical diameter 60 um) from entering. The depth of the entire network

was 80 um to enable pollen grains to move freely without stacking vertically. The width of

the testing chamber was set to 300 pm. The pollen tube was allowed to grow along the
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growth microchannel and then to enter and grow into the test chamber. The bending tests
were executed when the length of pollen tube portion reaching into the bending test

chamber was at least 150 pm.

8.3.2 LOC fabrication

The fabrication follows conventional procedures and starts with the fabrication of a mold
on SU8 negative photoresist (MicroChem Corp.) using standard photolithographic
technique. To reach the thickness of 80 um, SU-8 2035 is spin coated on silicon wafer. The
SU-8 is baked for 3 min at 65°C and for 7 min at 95°C on a hotplate. After soft-baking, the
resist is cooled down at room temperature and exposed to UV light using a photo mask for
30s. Post-exposure bake step is then carried out by baking the resist for 3 min at 65°C and
for 6 min at 95°C in order to cross-link the SU-8. The SU-8 layer is then developed to
obtain the SU-8 mold. The microfluidic device is then made by soft lithography of
Polydimethylsiloxane (PDMS) compound on SU8 mold. The cured PDMS layer is peeled
off from the mold and bonded to a glass cover slip to seal the microfluidic network. Fig 8.3
shows the design architecture of the fabricated device. It was noticed repeatedly that the
pollen grain and tube is pushed backward when the elongating tube encounters a
mechanical obstacle or when the fluid flow is applied in the direction opposite to the
growth direction. This made straight growth microchannels unsuitable for the bending test.
Hence, a kink had to be introduced into the growth microchannel to immobilize the tube
and to prevent any backward movement potentially induced due to the fluid pressure in the

control channel or in the bending test chamber (Figs. 8.3B,C).
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Figure 8.3: Design architecture of fabricated device, A) Fabricated BLOC, B) Close up view of
microfluidic network. A straight growth microchannel connects the main chamber to the bending
test chamber. C) A kink was introduced into the growth microchannel to prevent any backward
movement of pollen by the flow occurring in the control channel or test chamber.

8.3.3 Pollen collection and germination

Camellia japonica pollen collected from a plant in the Montreal Botanical Garden was
dehydrated on anhydrous silica gel overnight and stored in gelatin capsules at -20°C.
Before use, the pollen was rehydrated in a humid chamber at room temperature for at least
30 min. The pollen was then suspended in growth medium containing 2.54 mM
Ca(NO3),-4H,0, 1.62 mM H3;BO;3;, 1 mM KNOs;, 0.8 mM MgSO4-7H,0 and 8% sucrose
(w/v) (Bou Daher and Geitmann, 2011d) and a drop of the suspension is placed on a

microscope slide to monitor the beginning of germination. When the pollen started
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germinating (approximately 30 minutes after contact with the growth medium) the

suspension was introduced into the microdevice.

8.3.4 Optical microscopy

Micrographs of pollen tube bending under fluid force were taken with a 20X objective, 0.4
NA, and an inverted optical microscope Nikon Eclipse 80i equipped with Infinity 1

camera. Micrographs of pollen tube bursting were taken with a 40X objective, 0.65 NA.

8.4 Results

8.4.1 Bending of the pollen tube through fluid loading

To perform the bending test, a suspension of germinated Camellia pollen grains in growth
medium was injected into the main chamber of the LOC using a syringe pump. The
elongation of the growing tube was monitored microscopically until it had grown through
the microchannel into the bending test chamber with at least 150 pm of tube length
protruding into the test chamber (Fig 8.4B). In the particular LOC used for this bending
test, three different types of inlets were connected to motor controlled syringes to enable
controlled fluid flow (Fig 8.4A). Syringe 1 and inlet 1 enabled positioning of the pollen
grains in the main chamber. Fluid flow through this inlet and through the outlet of the main
chamber was blocked once a pollen grain was positioned at the entrance of growth
microchannel. Inlet 2 supplied by syringe 2 fed the control microchannel and enabled fluid
flow to mechanically position the pollen tube against the opposite wall of the
microchannel. The fluid from inlet 2 was collected from the outlet of the bending test
chamber. Once the pollen tube was positioned against the microchannel sidewall, the flow

through the control channel was stopped. Subsequently, syringe 3 and inlet 3 were used to
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supply the fluid flow used to exert a bending load on the portion of the pollen tube
protruding into this chamber (Fig. 8.4A,B). The fluid from inlets 3 was collected through

the outlet of the bending test chamber.

B ‘ Fluid Control
loading

inlet

Bending test

chamber
- R o= —
/ P -
Pollen tube Growth direction

oS oloo)

100 um

Syringe pump

Figure 8.4: Bending test on pollen tube. A) Experimental setup for bending test, B) Growth of
pollen tube along the growth microchannel toward the bending test chamber. Fluid flow through
the control inlet pushes the pollen tube to the sidewall.

In order to perform a bending test, fluid flow through inlet 3 was initiated with varying
inlet flow velocities and the resulting deflection of pollen tube at an equilibrium position
was recorded by optical microscopy (Fig. 8.5). Upon suspending this flow, the pollen tube

returned to the original shape.
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Figure 8.5: A) The non-deflected position of pollen tube within the bending test chamber.
B) The deflected pollen tube under flow loading for inlet flow velocity of 30 mm/s.

Three different flow velocities through the test chamber were tested: 20, 30 and 40 mm/s.
Since despite the microchannel kink and positioning against the microchannel side wall,
the portion of pollen tube protruding into the test chamber was not fully supported at the
exit point P of the microchannel (Fig. 8.5,A), the induced deflection of the pollen tube
included both bending and rotation terms. Based on the free body diagram of this portion,
the net rotational stiffness, Kg, includes the rotation term resulting from the separation of
this portion from the distal portion of the tube located within the growth microchannel and
the moment created by friction force. For lower fluid velocities, this was taken into account
in the analysis. Higher fluid velocities were not used for calculation, since the pollen tube
rotation around pivot point P became too large to quantify the bending component of the

motion.

8.4.2 Determination of bending and rotation

In order to be able to estimate the material properties of the pollen tube cell wall from the
bending experiment, only the deflection of the cell due to bending has to be considered.

Since the observed fluid flow driven deflection of the pollen tube is the result of a
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combination of rotation and bending, we modeled the experimental geometry to
differentiate between the two movements (Fig 8.6A). Kr is the translational stiffness, Ky is
the rotational stiffness, L is the length of the pollen tube suspended within the testing
chamber and q is the flow-induced distributed force on the pollen tube. As the pollen tube
portion located within the growth microchannel is supported by the channel sidewall, the
translational stiffness (Kr) in this portion of the tube is approximated to infinity (Fig 8.6A).
This means that the translational displacement of the pollen tube at pivot point P is close to
zero and the tip deflection is a function of rotational and bending stiffness. Since the flow
through the control channel toward the outlet of bending test chamber was stopped before
performing the bending test, the pollen tube on protrusion portion was not affected by the
force from the flow through the control channel . To extract the bending component from
the combination of bending-rotation movement, the superposition principle was employed
as shown in Fig 8.6,B. Based on the total deflection of pollen tube’s tip (d1) and the
rotational deflection (8y) from image analysis, the pure bending deflection (6g) is obtained

by subtraction (Fig 8.6, B).
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Figure 8.6: A) Schematic of the model for the combined bending and rotation of pollen tube
subjected to fluid loading. B) Superposition principle for combined bending-rotation of pollen tube

under flow testing.

The amount of rotation and, in consequence, the deflection due to rotation (dy) was
determined by tracing a line through key points E, F and G in the images of both the
undeflected and the deflected tube (Fig 8.7). The difference between the total deflection
and deflection due to rotation was estimated for three different medium flow velocities
(Table 8.1). Finite element analysis was then used to solve the fluid structure interaction
and to determine the Young’s modulus of pollen tube cell wall subjected to pure bending

fluid force.
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Figure 8.7: A) Image processing used to extract the pure bending component from the combined

movement resulting from rotation and bending. The rotational deflection (8¢) was determined by

tracing a line through key points E, F and G in the images. B) The comparison of pure bending and

non-deflected pollen tube shows the pure bending (8g) of pollen tube under fluid loading

Table 8.1 Experimental results of total pollen tube’s tip deflection (&), the rotational deflection
(8¢) and the pure bending deflection (8g) for different flow velocities

Fluid Total tip Rotational Pure bending
velocity deflection deflection deflection
(mmy/s) (87) (um) (8¢) (um) (8g = 81 — 8¢)

(um)
20 8.1 7.2 0.9
30 10.8 9.3 1.5
40 14.7 12.6 2.1

188



8.4.3 Modeling 3D fluid flow for calculation of bending force

The bending deflection (8g), was used to model the interaction between pollen tube and
fluid flow using finite element methods. For this purpose, only the test chamber with one
inlet, one outlet and the suspended pollen tube subjected to fluid flow were considered,
whereas the remainder of the microfluidic network was neglected (Fig 8.8,A). For
simplification, the flow analysis was first solved to establish the velocity field and pressure
gradient in the vicinity of the pollen tube. The flow-induced bending force, the sum of flow
induced viscous drag force and pressure gradient over the pollen tube, were then extracted
and applied to the thin-walled, pressurized cylindrical pollen tube to estimate the pollen
tube deflection.

For the numerical analysis of the fluid domain, the pollen tube was modeled as a rigid rod,
which means it has no deflection under fluid flow. The pollen tube was suspended within
the test chamber (300 pm width, 80 pm height). The length and average diameter of the
pollen tube were set to be 190 um and 13.7 pm, respectively. The fluid properties were
based on water with a density of 1000 kg/m’ and dynamic viscosity of 0.001 Pa.s. As the
distribution chamber outlet was blocked during the bending test, backward flow along the
microchannel from the test chamber towards the distribution chamber was neglected.
Microscopic observation showed that pollen tubes were typically positioned about 20 pm
above the bottom surface of the test chamber. The flow was governed by Navier-Stokes
and continuity equations. As boundary condition, the fluid velocities listed in Table 8.1
were used for inlet fluid velocity. The pressure at the outlet was set to atmospheric

pressure. For all other boundaries, no-slip conditions were defined. COMSOL multiphysics
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3.5 software was employed to solve the fluid domain governing equations. The element
type of Lagrange Quadratic was chosen to mesh the design. The number of mesh elements
for this simulation is 15480 with 84350 degrees of freedom. The results of the fluid
analysis were calculated for the three inlet fluid velocities. Fig 8.8B illustrates the flow

field for the inlet velocity of 30 mm/s.
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Figure 8.8: Estimation of the pressure gradient and velocity field within bending test chamber by
3D fluid flow analysis, A) Velocity field at different locations within the bending test chamber, B)
Velocity field at the cross section of 1 um prior to the contact with the pollen tube, C) Pressure
distribution before the contact with the pollen tube, D) Pressure distribution after the contact with
the pollen tube. E) Side view of the test chamber
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The flow-induced bending force (Fpr) acting on the pollen tube consists of two
components, the viscous drag force and the pressure component which can be determined
by employing the drag coefficient(Janson et al., 2004; Lien et al., 2007) (Fig 8.8). Based

on the drag coefficient, the viscous drag force per unit area (Fp) is obtained by equation

(8.1).

F _1 CpU?
D_EPD (8-1)

where Cp is the drag coefficient, p is the fluid density and U is the fluid velocity. The flow
pattern around a cylinder depends on the Reynolds number. For very low Reynolds number
(Re <0.5), the viscous drag is dominant and the Stoke’s law is valid(Kundu, 1990) to
obtain the Cp as Cp =24/Re, where Re=Ud/v and v=p/p is the dynamic viscosity of the
fluid and d is the diameter of tube. Due to non-slip boundary conditions at the chamber
sidewall, the velocity profile follows the parabolic equation (Fig. 8.8E). Since the pollen
tube axis is not at the vertical center of the chamber (h/2), the fluid velocity corresponding

to the center axis of pollen tube is considered as U within equations (8.1).

The results of Fig 8.8,C,D indicate that the pressure difference along the pollen tube length
is negligible. This means that the pressure component of the flow-induced force (FrL) can
be modeled as an evenly distributed force on the boundaries of the pollen tube. The total
bending force on the pollen tube is obtained by adding the pressure loading and the viscous

drag force.
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8.4.4 Reverse engineering of the Young's modulus of the cell wall

For 3D structural analysis, the pollen tube was modeled as a long, isotropic thin-walled
cylindrical tube (Fig 8.9A). The geometry of pollen tube was extracted from microscopic
data. The thickness of the cell wall of the Camellia pollen tube was set to be 250 nm based
on the estimate from brightfield micrographs taken with a 60X objective (NA 1.4) and
transmission electron micrographs.(Hasegawa et al., 1996; Nakamura et al., 1982) The
Poisson ratio was set to 0.3 (Bolduc et al., 2006). Fixed boundary conditions were set for
the fixed end of pollen tube. Using COMSOL Multyphysics 3.5 software, the flow-induced
bending force (Fpr= Fp) was then applied to the cylindrical structure representing the
pollen tube and used to extract the Young’s modulus of the pollen tube cell wall in
longitudinal direction using iterative fitting (Fig. 8.9B, Table 8.2). The element type of
Lagrange Quadratic was chosen to mesh the pollen tube. The number of mesh elements for
this simulation is 89756 elements with 1340987 degrees of freedom. The sensitivity of the
results to the number of mesh elements was evaluated considering 5% criterion error.
Identical values for the compression and tension elastic moduli of pollen tube cell wall in
longitudinal direction were assumed. The average of the estimated values based on

measurements taken at different fluid velocities was approximately E=350 MPa.

Table 8.2 Estimation of Young’s modulus for different medium inlet velocity

Inlet velocity (mm/s) Pollen tube deflection (um) Estimated E (MPa)
20 0.9 340
30 1.5 315
40 2.4 390

Average = 350
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Figure 8.9: Numerical analysis of pollen tube deflection under fluid loading with the velocity of 30

mmy/s, A) Close up of the 3D meshing of the pollen tube modeled as long cylindrical, hollow tube,

B) Deflected pollen tube under fluid loading with the velocity of 30 mm/s. Color coding shows the
displacement in um from the original shape. C) Longitudinal (o) and circumferential (o,) tensile

stresses in pollen tube cell wall due to internal turgor pressure (P)

The pollen tube is a turgid cell with an internal turgor pressure P that supplies the driving
force for elongation, but also ensures the erectile stability of the tube (Fig 8.9,C). This
pressure causes longitudinal (ox) and circumferential (o;) tensile stresses in the tube cell
wall (Fig 8.9,C). Our first calculation above did not take the internal pressure into
consideration. To determine the contribution of the potential erectile effect of the turgor
pressure on the estimated Young’s modulus, the pressure was applied as distributed force

on the internal surface of the tube. The result of the finite element analysis does not show a
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significant effect of the 0.4 MPa turgor pressure on the estimated modulus. Next, the effect
of the presence of the incompressible aqueous cytoplasm within the pollen tube was
modeled as a solid with small resistance to shear and elongation. A Young’s modulus of 1
Pa and a Poisson’s ratio of 0.49 were used for the cytoplasm core. The numerical results
show that at the small deflections simulated here, the presence of this liquid core changes

the Young's modulus by less than 1%.

Based on microscopic measurements, we had assumed a cell wall thickness (t) of 250 nm
for Camellia pollen tubes. To assess the possible error associated with the inaccuracy of
the microscopic measurement of cell wall thickness, the effect of different cell wall
thicknesses on the Young’s modulus of the cell wall was estimated by iterative fitting. In
these simulations, the pollen tube was subjected to 20 mm/s fluid loading. The numerical
results show that for a wall thickness of 200 nm the Young's modulus would be 420 MPa
whereas for a wall thickness of 300 nm it would be 280 MPa. This indicates that while
knowing the exact wall thickness of the tested tube would be ideal for the calculation, the
values of the Young's modulus remain within the same order of magnitude within a

biologically relevant range of wall thickness values.

8.4.5 Assessment of Young's modulus from cell wall relaxation

To corroborate the value for the Young's modulus of the pollen tube cell wall obtained by
the bending test, we employed a second experimental test. Upon bursting, and hence
removal of the internal turgor pressure (P), the longitudinal (o) and circumferential (c;)

stresses on the tube cell wall are removed and the pollen tube shrinks in size, both
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longitudinally and in girth (Fig 8.9,C). Pollen tube bursting can be induced experimentally
or it occasionally occurs without obvious external trigger. We exploited such events to
determine the length and girth of pollen tubes before and after bursting. In one case, the
diameter of a Camellia pollen tube (d) was reduced from 15 pm before bursting to 14.55
um after bursting. Assuming a turgor pressure of 0.4 MPa (Benkert ef al., 1997) and using
Ad=2PR*/tE, this yields E= 400 MPa for the Young's modulus in transverse direction (Fig
8.9,C). Considering that the length of the tube (L) was reduced from 370 um to 362.7 um
and using longitudinal strain equation of AL=P(RL)/2Et, E= 305 MPa is estimated for the

Young's modulus in longitudinal direction.

8.5 Discussion

The primary plant cell wall is an intriguing material that has both elastic and plastic
properties both of which can be modified by the cell to regulate plant developmental
processes (Taiz, 1984). The cell wall has been compared to a composite material, although
this analogy has its limitations. However, it is crucial to note that the material properties of
the cell wall have the potential to be anisotropic in-plane, a characteristic that determines
cellular geometry resulting from morphogenetic growth processes. Most values for the
Young's modulus of primary plant cell wall material stem either from studies of in vitro
reconstituted wall material (Chanliaud ef al., 2002) or bulk measurements of multicellular
tissue samples. Published values for the Young’s modulus vary from 30-110 MPa for the
cell wall of the inner pericarp tissue of tomato and fungal hyphae (Wang et al., 2006; Zhao
et al.) to 3 GPa for the cell walls of potato tuber parenchyma tissue cells (Hiller et al.,

1996). A single cell study on Chara corallina algae yielded 300-400 MPa (Wei et al.,
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2007). The accuracy of the estimated value depends on the precision of the measuring
instrument, the assumptions for unknown parameters, and the power of modeling used to

calculate these values (Dintwa et al., 2011).

The estimated value of the Young’s modulus reported here for the cylindrical cell wall of
the Camellia pollen tube is comparable with the value of 120-250 MPa obtained for in
vitro reconstituted cell wall material with similar molecular composition (Chanliaud ef al.,
2002). More importantly, the mechanical model used here to extract the Young's modulus
values from the bending experiments is relatively simple and straightforward thus reducing
the influence of unknown or difficult to determine parameters. This distinguishes our
method from measurements based on micro-penetration (Hiller et al., 1996), compression
(Blewett et al., 2000),(Wang et al., 2006) and micro-indentation (Zhao et al.) which
necessitate modeling the complicated interaction between cell and indenter, requiring
assumptions such as perfectly vertical loading and frictionless contact between cell and
indenter, and where the turgor pressure critically influences the measured apparent
stiffness values. Our calculations show that for a long rigid tube subjected to a small
bending angle, the effect of turgor pressure on the calculated Young's modulus is
negligible. The bending test thus allows for the quantification of the overall tensile
properties of the cell wall, but on the other hand, it does not allow to measure subcellular
variations such as the mechanical properties of the cell wall at the growing apex although
these could be calculated based on prior modeling (Fayant et al., 2010a). Our method is

therefore complementary to those developed in the past.
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The Young's modulus we established for Camellia pollen tubes is in the same order of
magnitude but significantly higher than that measured by Vogler et al (Vogler et al., 2012)
for lily pollen tubes. Whether this difference is due to the use of different plant species, or
whether this reflects the different measuring methods is unclear. However, the value
determined in our bending test corresponds extremely well to the value determined in the
conceptually completely different shrinkage test done on the same cell type (350 MPa in
the bending test, 305 MPa for the longitudinal Young's modulus in the shrinkage test).
Intriguingly, the shrinkage test also allowed us to calculate the transverse Young's modulus
which was higher than the longitudinal Young's modulus with 400 MPa. This apparent
anisotropy is consistent with a putatively necessary higher stiffness that is needed to
counteract the higher tensile stress in circumferential direction in a tubular cell.(Geitmann
and Steer, 2006a) However, it is unclear how this anisotropy can be explained structurally
since in pollen tubes the cell wall components known to bear the main tensile stress,
cellulose microfibrils, are known to be oriented helically with relatively low pitch, or even
parallel to the long axis (Aouar ef al., 2010; Chebli et al., 2012). Whether or not the other
cell wall components, namely pectin or callose, contribute to any anisotropy therefore
warrants further research (Parre et al., 2005b; Parre and Geitmann, 2005¢). In this context
it is interesting to note that xyluglucans seem to play a role in determining the tube
diameter and hence may influence the material properties in circumferential direction by

crosslinking cellulose microfibrils (Chebli et al., 2012).

The experimentally determined values for the Young's modulus of the pollen tube cell wall

enable us to inform mechanical models of these cells (Fayant et al., 2010c) and thus will
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contribute to our understanding of cellular morphogenesis and plant developmental
processes in much more accurate manner. Similarly, the effect of mutations or enzymatic
treatments on cell wall structure and thus on the mechanical behavior of this cellular
component can be assessed in quantitative fashion and by assessing overall cell wall
properties. Our method is therefore complementary to previously used tests that are based

on the application of highly localized deformations.

8.6 Summary and conclusions

In this paper, a novel experimental approach is presented to estimate the Young’s modulus
of the cell wall of Camellia pollen tubes. The deflection of the pollen tube is measured
under flow-induced bending allowing for straightforward calculation of the Young’s
modulus of the cell wall material. This method can easily be adapted to pollen tubes of
other plant species, to other tip growing cells (fungal hyphae, root hairs), but also to abiotic
objects. The testing platform can be modified to perform sequential bending tests on
different length portions of an individual tip growing cell and the effects of enzymes,
inhibitors or mutation induced changes to the cell wall structure can be quantified in highly

reproducible manner making the present BLOC platform an important tool for cell biology.
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Chapter 9

Quantification of Cellular Penetrative Forces Using Lab-on-Chip

Technology

9.1 Mechanical interaction of pollen tube and microgaps

In this chapter, the pollen tube response to the mechanical signals is explored through
characterizing the interaction of pollen tube and micromechanical gap. The results help in
understanding the pollen tube growth through different tissues toward the ovule and the
tube bursting once it reaches the ovule. It also helps to understand the interplay of the
turgor pressure and cell wall mechanical properties in regulating the growth. The content
of this chapter has been published in Proceedings of National Academy of Science (PNAS),

Doi:10.1073/pnas. 1221677110 with my contribution as the first author..

Abstract

Tip growing cells have the unique property to invade living tissues and abiotic growth
matrices. To do so, they exert significant penetrative forces. In plant and fungal cells, these
forces are generated by the hydrostatic turgor pressure. Using the TipChip, a microfluidic
device developed for tip growing cells, we tested the ability to exert penetrative forces
generated in pollen tubes, the fastest growing plant cells. The tubes were guided to grow
through microscopic gaps made of elastic polydimethylsiloxane (PDMS) material. Based
on the deformation of the gaps, the wedge force exerted by the elongating tubes was
determined using finite element methods. The data revealed that increasing mechanical
impedance was met by the pollen tubes through modulation of the cell wall compliance

and thus a change in the force acting on the obstacle. Tubes that successfully passed a
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narrow gap frequently burst raising questions about the sperm discharge mechanism in the

flowering plants.

9.2 Introduction

Tip growing cells such as neurons, fungal hyphae, root hairs and pollen tubes have the
remarkable ability to follow external guidance cues and to penetrate surrounding living
tissues or abiotic matrices. The purpose of this invasive growth activity depends on the cell
type and ranges from exploring the environment with the goal to procure nutrients and
water (fungi, root hairs) to the establishment of contact between remote locations in the
organism (neurons) and the delivery of gametes (pollen tubes). The common challenge
encountered by tip growing cells is the necessity to overcome the mechanical impedance of
the tissue or matrix to be penetrated. Two complementary strategies are generally
employed, typically in combination: the cell produces enzymes or other agents to soften or
dissolve the mechanical obstacle in its path, and/or the cell uses mechanical force to
penetrate or displace the substrate. Whereas in animal cells the force required for a cell to
migrate and invade is generated by the cytoskeleton either by way of motor proteins
(Ishijima et al., 1991) or by polymerization of the cytoskeletal filaments proper (Cojoc et
al., 2007; Theriot, 2000), in plant and fungal cells any pushing force is generated by the
internal turgor pressure. This difference is consistent with the fundamentally different
mechanics of the growth process in walled cells. Fungal hyphae and plant cells are
surrounded by a polysaccharidic cell wall and all morphogenetic processes necessitate a
mechanical deformation of this stiff extracellular matrix. The driving force for this process

is supplied by the turgor pressure (Schopfer, 2006) and only if the cell's own wall is pliable
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enough to yield to the turgor pressure can force be exerted onto the surrounding substrate.
In tip growing cells, the turgor pressure has been determined to be between 0.4 and 0.8
MPa for fungal hyphae (Howard and Valent, 1996; Lew, 2005) and 0.1 to 0.4 MPa for
pollen tubes (Benkert et al., 1997). Although the cytoskeleton plays an important role in
plant and fungal cell morphogenesis by regulating where and when cell wall components
are deposited (Smith ef al., 2005), cytoskeletal polymerization activity is not directly
involved in the force generation required for cellular growth or invasive activities (Money,

1997).

Because of the predominantly invasive life style of fungi and oomycetes, and the direct
correlation between the efficiency of this behavior and pathogenicity, the mechanism of
invasive growth in these organisms has been studied in detail (Bastmeyer et al., 2002;
Bechinger et al., 1999; Money, 1997; Money, 2004a; Money, 2007b). Already more than a
century ago, the invasive force of fungal hyphae has been measured using a gold
membrane as mechanical resistance (Miyoshi, 1895), and more recently a strain gauge
(Money, 2001), an optical wave guide (Bechinger et al., 1999; Geitmann, 2006a), and
optical tweezers (Wright et al., 2005) have been employed for this purpose. The invasive
ability of tip growing cells in plants on the other hand remains largely unexplored. Pollen
tubes have been investigated using different concentrations of an agarose-stiffened growth
matrix (Gossot and Geitmann, 2007), but no quantitative values for invasive force
generation by this or other tip growing plant cells have been reported hitherto. Our goal
was to address this lack of knowledge for the pollen tube, the fastest growing cell in the
plant body, whose invasive life style is the fundamental underpinning of sexual
reproduction in flowering plants.
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The pollen tube is a tubular protrusion formed by the pollen grain upon landing on a
receptive stigma. Its function is the delivery of the male gametes from the pollen grain
(male gametophyte) to the female gametophyte located in the ovules of the flower. The
pollen tube is, therefore, the crucial link between the sexual partners during the
reproduction process in higher plants and its successful elongation growth is pivotal for
fertilization and seed set. The distance the pollen tube has to cover is species-dependent
and can be several tens of centimeters. Given that speed is a direct competitive selection
factor for fertilization success, pollen tube growth rates are rather impressive with up to 1
cm/h (Taylor et al., 1997; Williams, 2008). Albeit with somewhat reduced growth rates,
pollen tube growth can easily be triggered in an in vitro set-up and the resulting cellular
shape and morphogenesis are virtually identical to the in situ situation (Bou Daher ef al.,

2008).

In order to find its path to the ovule, the pollen tube has to invade a series of tissues
composing the pistil of the receptive flower (Palanivelu and Tsukamoto, 2011b). Starting
from the stigmatic tissue on which it lands, it has to subsequently penetrate through the
transmitting tissue, a cellular mass located within the central canal of the style that
connects the stigma with the ovary (Erbar, 2003). Upon reaching the ovary, the pollen tube
passes onto the internal surface of the placenta. It follows guidance cues emitted by the
female gametophyte to embark on the funiculus, a stalk attaching the ovule to the placenta,

and then targets the micropyle, an opening in the teguments enveloping the ovule (Fig 9.1).
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Figure 9.1: Pathway of pollen tube within Camellia pistil. The pistil of Camellia flower has a
length of approximately 30 mm. The pollen grain (green sphere) lands on stigma, and tube invades
the style to reach the ovary. In the Camellia pistil the style is hollow and does not pose a
mechanical obstacle. Mechanical impedance to pollen tube elongation is present at the transition
region between style and ovary, and at the entrance to the ovule in form of the micropylar opening,

the nucellus and the filiform apparatus of the synergids.
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Upon invading the micropyle, the pollen tube has to cross the nucellus, a tissue layer
surrounding the female gametophyte, and then enter in contact with the synergids, two
cells located adjacent to the egg cell. Here, the tube penetrates the filiform apparatus of one
of the synergids and bursts open at its apex and releases the two sperm cells, one of which
moves towards the egg cell, and fertilizes it to yield the zygote and future embryo (Berger
et al., 2008). The other sperm cell fuses with the diploid central cell of the female
gametophyte to form an accessory zygote that subsequently develops into the endosperm, a

tissue that nourishes the growing embryo during its development.

As the pollen tube grows, the most mechanically challenging situations are likely to be the
entry through the cuticle covering the stigmatic papillae (if present), the passage through
the transmitting tissue, the entry into the micropyle, and the penetration of the synergids.
Depending on the species, the transmitting tissue can either be a lining surrounding a
hollow canal, leaving ample, mucous filled space for the tube to elongate in. In many
species, however, this canal is completely filled with the transmitting tissue and the tube
has to invade the apoplastic space between the cells composing this tissue (Erbar, 2003).
Transmission electron microscopy has shown that the space between the cells is typically
narrower than what would be required for the tube to pass unhindered (Lennon ef al., 1998;
Uwate et al., 1980). Depending on the plant species, pollen tube invasion is facilitated by
digestive enzymes that soften the apoplast and that are secreted either by the pollen tube
(Raghavan, 1997) or by the pistillar cells themselves (Gasser et al., 1993) or the
transmitting tissue is triggered to undergo programmed cell death (Wang et al., 1996).

However, neither of these processes is likely to completely liquefy the matrix to be
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invaded. Therefore, it is reasonable to assume that the pollen tube exerts an invasive force.
From a mechanical point of view, the process of elongation of the pollen tube when forcing
through the apoplast is similar to that of a balloon catheter used for angioplasty - the

widening of a narrow blood vessel to prevent heart infarct.

To quantitatively assess the invasive ability of the pollen tube, we adapted a previously
developed microfluidic platform, the TipChip (Agudelo ef al., in press-a; Agudelo et al., in
press-b; Agudelo et al., 2012¢). In this device, pollen tubes are guided to elongate through
narrow microchannels specifically designed to accommodate testing devices such as
mechanical obstacles, along its path. Although technically possible, we did not opt for a
conventional strain gauge in the present setup, since a perpendicularly placed force sensor
is known to underestimate the invasive force of tip growing cells because of a cellular
shape change upon orthogonal contact of the elongating cell with the flat surface of the
strain gauge (Money, 2007b). Even more importantly, rather than presenting flat,
perpendicular obstacles, the apoplast of the transmissing tissue consists of narrow gaps.
Therefore, we designed the microchannels with a series of narrow gaps through which the
pollen tubes had to squeeze in order to continue their elongation. This geometry more
accurately represents the microstructure of the in vivo growth environment within the stylar
tissue and the physical constraints in the path of pollen tube elongation (Fig 9.1). The
deformation of the sidewalls forming the microscopic gaps, together with the physical
properties of the PDMS (polydimethylsiloxane) material used, allowed us to determine the

wedge force that is exerted by the penetrating pollen tube in the direction normal to the
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contact surface with the microgap sidewall. Different gap sizes were employed to test the

pollen tube behavior and its limitations in terms of gap navigation.

9.3 Design of microfluidic device and quantification of pollen tube behavior in

microgap features

In order to challenge elongating pollen tubes with a precisely calibrated microstructured
feature resembling the mechanical obstacles of the pistillar tissue, a modular LOC device
developed earlier, the TipChip (Agudelo et al., 2012b) was adapted to expose pollen tubes
of Camellia japonica to microscopic gaps. The microfluidic network of the TipChip
consists of a distribution chamber into which pollen grains are injected and serially
arranged microchannels along which the pollen tubes grow (Fig 9.2). The entire network
has a depth of 80 um to allow the pollen grains (diameter 60 pm) to move freely but to
prevent their stacking in z-direction. Laminar flow within the distribution chamber
transports the pollen grains to the entrances of the microchannels where the grains are
trapped. Excess pollen grains are evacuated through an outlet at the far end of the

distribution chamber.
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Figure 9.2: Experimental setup for exposure of pollen tubes to microgaps (a) Lab-on-chip device
illustrating arrangements of inlet and outlets, (b) Micrograph showing the geometry of the

microfluidic network.

Upon germination, the elongating pollen tubes are guided through the microchannel (width
50 um) and can thus be exposed to mechanical obstacles. These obstacles are positioned at
least 100 um from the microchannel entrance to ensure normal and unimpeded germination
of the grain and initial tube growth. In the present setup, the microchannels were designed
to feature four narrow gaps alternating with normal microchannel width of 50 pm (Fig
9.3). These micro-gaps were shaped as vertical slits with tapered sidewalls leaving a
limited width (W) at the smallest end section. W was set to be slightly below the size of the
average Camellia pollen tube diameter (D,) for the first gap and increasingly smaller for
the three subsequent gaps. Each subsequent gap was set to be 2 um narrower than the
previous. The two designs used here started either at a gap size of W = 17 pm or 16 pm

ending with W =11 pum or 10 um, respectively, for the fourth gap.
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Figure 9.3: (a) Dimensions of the microchannel with repeated narrow regions (microgaps).

Numbers are in pm; the drawing does not reflect the aspect ratio. (b) Brightfield micrograph of the
geometry of a microchannel comprising the channel entrance with trapped pollen grain and four

subsequent gaps, (c) Detail of a microgap indicated in (D) showing opening angle 6

A pollen tube growing toward a micro-gap hit the sidewall at the start point S (Fig 9.4,a).
To continue growing, the tube was forced to either apply an extrusive force on the
sidewalls and deform these or to form a narrower tube (constriction in y direction). The
micro-gaps had limited lengths in x-direction (50 um) and the pollen tubes left the micro-
gap at end point E to return into the standard microchannel width with 50 pm (Fig 9.3a,b).
The interaction between the pollen tube and the sidewalls resulted either in the deformation
of the sidewalls or in a reduction in pollen tube diameter to D, (Fig 9.4,b) or in a
combination of both. 6, was the angle between the growth direction and the sidewall before
deformation. Depending upon the response of pollen tube, the angle between the growth

direction and the sidewall after interaction (0;) could vary between 0; (undeflected
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sidewall, pollen tube shape adapted to gap shape) and 0 (completely deflected sidewall, no

reduction of the pollen tube diameter).

Deformed
sidewall

PDMS PDMS

Figure 9.4: Simplified schematic view of interaction between elongating pollen tube and micro-
gap, (A) The pollen tube is in contact with both tapered side walls forming the micro-gap at point
S. (B) The passing pollen tube deforms the PDMS side walls of the gap to change their angles from
0; to 0,. After passage of the gap, the original width of the pollen tube D, can be remporarily
reduced to D,.

The tapered shape of the micro-gap ensured that the pollen tube did not change growth
direction to avoid the obstacle, a phenomenon that is commonly observed with obstacles
presented perpendicular to the growth direction (Gossot and Geitmann, 2007). The
interaction between pollen tube and micro-gap was quantified by determining the change

in the pollen tube diameter and the deflection of the PDMS sidewall forming the gap.
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9.4 Pollen tubes navigate through micro-gaps by exerting an extrusive force

and adapting cell shape

The unimpeded growth rate of Camellia pollen tubes along the microchannels varied
between 4 and 11 pm/min. The diameter of the unchallenged pollen tubes ranged from 13
to 21 um, and depending on the individual diameter, the first and/or second micro-gap did
not pose a mechanical obstacle for the respective tube. Four different types of behavior
were observed upon the encounter of the pollen tubes with narrower gaps: a) The pollen
tube passed through the gap without being deformed visibly, but by deforming the PDMS
side walls (n=20) (Fig 9.5,A). b) The pollen tube passed through the gap by changing cell
shape (n=5). The reduction of the tube diameter observed microscopically could be either a
true reduction in the diameter of the circular cross-section or a transition from round to
oval. The apparent reduction in diameter was temporary and upon emerging into a wide
portion of the microchannel it typically returned to the original cell diameter (Fig 9.5,B) or
became significantly wider than the original tube (Fig 9.5,C). This widening was
temporary and the tube eventually returned to its original diameter. ¢) The pollen tube
passed the gap and upon entering the wider portion of the channel it burst (n=8) (Fig
9.5,D). d) The pollen tube stalled in the gap (n=5) (Fig 9.5,E). The fact that individual
pollen tubes behaved differently during gap passage demonstrates that the material
properties of the PDMS used here were appropriate to assess the mechanical force
generation of Camellia pollen tubes. If all tubes had passed the gaps without effect on tube
shape, this would have been indicative of the PDMS material being too soft to represent an
obstacle. If the gap walls would never be deformed by the passing tubes, the PDMS
material would have been too hard. Both situations would have prevented the calculation

of the wedge force.
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Figure 9.5: Different types of pollen tube behavior during passage through micro-gap, (A) The
pollen tube deflects the side walls almost completely to maintain its diameter. (B) The pollen tube
becomes narrower in y-direction to pass the gap, (C) Following passage of the gap the pollen tube
bursts, (D) The pollen tube stalls and is unable to pass through the gap. The buckling indicates that

elongation proceded as long as possible. Scale: 5 um
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To determine whether these different types of behavior could be correlated with a
particular ratio between pollen tube diameter and gap size, these parameters were plotted
(Fig 9.6). The plot clearly indicates that at a ratio of pollen tube diameter/gap size of 1.20
or below, the pollen tube was able to pass without lasting effect on its shape or growth rate.
At a ratio between 1.20 and 1.33 the pollen tube passed, but it either burst after emerging
from the gap or its diameter was temporarily reduced. A ratio above 1.33 prevented the

pollen tube from passing and caused it to stall.
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Figure 9.6: Effect of the ratio between pollen tube diameter and gap width on pollen tube behavior.
Between ratio 1.0 and 1.20, the pollen tubes deform the gap to pass almost without narrowing their
diameter (green triangle). Below this ratio the pollen tube diameter is reduced (blue diamond) and
frequently the tubes burst upon returning to the original diameter following gap passage (solid blue
diamonds). At a ratio around 1.33 and below the tubes stall and are not able to pass the gap (red

square).
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The pollen tubes that successfully navigated the gap, generally displayed a reduced growth
rate while passing through the narrow portion (Fig. 9.7). The growth rate sped up again
after emerging from the gap, but within the critical ratio range of 1.20 to 1.33, this

frequently led to bursting (Fig 9.6,9.7).
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Figure 9.7: Change growth rate during microgap passage. Upon encountering the narrow region of
the gap at point S, the tube slows down considerable. After exiting the narrow region at point E it

starts growing faster but bursts soon after.

9.5 Male germ unit

The male germ unit of the pollen tube consists of the vegetative nucleus and the two sperm
cells surrounded by a double membrane (Fig 9.8). These structures are physically
connected to each other (McCue ef al., 2011) and move forward in the elongating tube
guided by the microtubule cytoskeleton of the vegetative cell (Astrom et al., 1995). Our
observations showed that in Camellia pollen tubes the vegetative nucleus is the closer to
the tip than the sperm cells, with a distance of approximately 60 to 80 um from the apex,

whereas the sperm cells were located immediately adjacent in distal direction with their
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nuclei at approximately 120 pm and 155 pm away from the tip. During normal growth,

these distances were maintained very stably.

70 ym
Vegetative
nucleus
= 120 ym
Spermcell
155 um
Spermcell ¢+ . 4

Figure 9.8: Passage of the male germ unit through a micro-gap, Schematic representation of the
male germ unit consisting of vegetative nucleus and sperm cells with typical distances from the tip

of the pollen tube. Objects are not to scale.

During passage through a narrow gap, the vegetative nucleus occasionally had difficulties
passing the narrow passage after the pollen tube tip had successfully grown through (Fig.
9.9). The nucleus was able to turn or twist to pass the gap, but this could entail a delay in
forward movement compared to the speed of the growing tip. In these cases, once having
cleared the gap, the vegetative nucleus then usually sped up its forward movement to
regain its normal distance from the tip. Importantly, when pollen tube bursting was induced
by passage through a narrow gap, the male germ unit could be stuck behind the gap instead

of being ejected (Fig. 9.9).
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Figure 9.9: Passage of the male germ unit through a micro-gap, Brightfield micrographs of pollen
tube passing a gap. The vegetative nucleus wiggles to pass the gap.

9.6 Finite element simulation of interaction between pollen tube and sidewalls

While tubes with a size ratio of 1.2 or higher coped with the slit-shaped micro-gap by
changing their shape, those with ratios between 1.0 and 1.2 were able to penetrate the gap
without significant changes to their shape, deforming the tapered PDMS side walls instead
(Fig 9.10,A). This demonstrates that pollen tubes are able to exert a wedge force in the
lateral direction that ensures maintenance of the cell shape against forces exerted by the
surrounding pistillar tissue. In order to quantify this wedge force, we modeled the

interaction between pollen tube and micro-gap using finite element analysis.

First, the actual contact area between the pollen tube and the micro-gap during growth was

established. This was based on the geometry observed when pollen tubes passed a gap
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without detectable change in tube diameter. It was assumed that the maximum contact area
is achieved when the hemisphere shaped tip has passed the gap and the cylindrical tubular
portion is in contact with the gap wall. The tube was therefore represented as a cylinder
with a constant diameter of 17 um (Fig 9.10,B). The micro-gap is modeled as a three
dimensional structure with tapered sidewalls with a starting width of 20 um that narrows
down to 14 um (Fig. 9.10). The intersection of the cylindrical tube and the tapered sidewall
of the micro-gap is determined using a CAD design software (AutoCad 2007). Projection
of the contact surface on the sidewall plane (area labeled as CA in Fig. 9.10A,B) when the

dome has completely passed through micro-gap is shown in Fig. 9.10,B.

b)

Growth direction

Contact area (A)

Figure 9.10: Finite element model for the simulation of force exertion by the pollen tube on the
side walls of the micro-gap, (a) 3D representation indicating the contact surface between pollen
tube and micro-gap when pollen tube is in full contact with the sidewall, (b) Position of four
reference points on the contact area starting with point S upon initial contact and ending with point

E, the exit of the gap. Points S; and E; are two sample points equally spaced between S and E.

In order to model the effect of the lateral force exerted by the pollen tube on the PDMS
sidewall, a constant pressure is applied on the contact area (Fig. 9.11). During pollen tube

growth into the narrow region of the gap, the contact zone increases from zero to the
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maximum value CAp,x at which the PDMS deformation satisfies the deflection required
for passing the tube fully through the micro-gap. Based on the Young’s modulus of PDMS
material (Armani et al., 1999) and the measured sidewall deformation required to permit
pollen tube passage, the normal pressure exerted on the sidewall and the resulting normal
force are calculated. The induced normal force, or wedge force (F) changes from zero at
initial contact to a maximum value of Fy,,x corresponding to the maximum contact area

CApax When the tip leaves the gap at point E.

PDMS PDMS

I//////////////

F, = 2F sin(6,) M
Figure 9.11: Top view of the simulated geometry indicating the orientation of the force vectors
Stress strain relations are used to extract the wedge force from the interaction between the
pollen tube and the sidewalls. Assuming small deflections, Navier’s equation for static

analysis is obtained as follows:

LTcLu+F=0 9-1)
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where ¢ is matrix of material constants, F is the volume force extracted from the applied

normal pressure P to the contact surface, u is the vector of deformations, L is the

differential operator given by (Liu, 2003):
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solve the governing Navier’s equation for the presented interaction model, finite

element analysis is implemented using COMSOL Multiphysics 3.5 software. The element

type of Lagrange Quadratic was chosen to mesh the design. The number of mesh elements

for this simulation is 105367 with 458796 degrees of freedom. The sensitivity of the results

to the number of mesh elements was evaluated considering 5% criterion error. As the

boundary condition for FEM analysis, the micro-gap along the MN line is the fixed support

(Fig. 9.11). The normal pressure P is applied to the contact zone. A Young’s modulus of

E=1 MPa and a Poisson’s ratio of v=0.4 are chosen for the PDMS material (Armani ef al.,

1999). In order to determine the pressure that satisfies the required deflection allowing

pollen tube passage, the deflection of the PDMS micro-gap at point E is estimated for

various normal pressures P (Fig. 9.12).
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Figure 9.12: Effect of varying turgor pressure on side wall Top view of the simulated geometry
indicating the orientation of the force vectors deflection at point E as simulated by the FE model
The simulations show that a deflection of 1.5 um at point E (equal to the experimentally observed

deflection to 6, = 0) requires a constant pressure of 0.15 MPa (Fig. 9.13).
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Figure 9.13: Top view (E) and 3D view (F) of side wall deflection at F= 0.15 MPa

Based on the estimated pressure, wedge force F is extracted. At the moment of maximum

contact, when the tube reached the narrowest region of the gap, the total contact area

219



between tube and gap wall is 98 pum?®. At this point F is predicted to be 14.7 uN. (Fig.
9.11). The simulations show that prior to the moment of maximal contact, the wedge
pressure P increases almost linearly due to the linearly narrowing gap toward the end,
while the wedge force F increases non-linearly as the wedge pressure linearly and the

contact area nonlinearly increases (Fig. 9.14).
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Figure 9.14: Normal force F and normal pressure required for side wall deformation during pollen

tube passage through the gap

In addition, based on the wedge force and the deflection of the wall, the corresponding
total energy required to deflect the micro-gap with a contact area of CA can be calculated

using the following Equation (8-3) (Beer et al., 1974).

U= JSSTO'dV (9-3)
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where U is the energy and dV is the volume element. Similarly to the wedge force, the total
predicted energy required to let the pollen tube overcome the resistance of one sidewall

during gap passage increases in non-linear manner (Fig. 9.15).
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Figure 9.15: Total energy required for side wall deflection during pollen tube passage through gap

9.7 Discussion and conclusions

Tip growing cells such as neurons, fungal hyphae, root hairs and pollen tubes, have the
formidable task to invade surrounding tissues or other substrates. The purpose of this
invasive activity differs between the cell types, but the common challenge for all of these
cells is the necessity to navigate mechanical obstacles and exert force to displace and
invade the surrounding matrix. In the case of the pollen tube, this invasive behavior serves
to deliver the gametes to their destination, and therefore, unlike the other tip growing cell
types, the pollen tube has the function of a catheter-like delivery system. This requires not
only invasive force, but also the protection of the contents that is to be transported, the
male germ unit. It is crucial that the pollen tube remains tubular, since a kink or collapse in
the cylindrical tube shape would prevent the passage of the sperm cells. This requires the
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exertion of pressure perpendicular the growth direction. Therefore, rather than comparing
the invading pollen tube to a solid object such as a needle, the mechanical analog of a
pollen tube is a balloon catheter that is conventionally used to widen blocked arteries
during angioplasty. To assess the behavior of the pollen tube when faced with an obstacle
we presented elongating tubes with a structural feature that resembles those it encounters in
planta - the apoplast and narrow intercellular spaces of the transmitting tissue. Our
observations demonstrate that the tube does not avoid a narrow opening but proceeds by
invading it. An elastic opening causing moderate size constraint was completely deformed
during the passage, but narrower slits caused a change in pollen tube shape. If this
constriction was too narrow, the passage of the germ cells was indeed jeopardized and, if
not blocked, was at least temporarily slowed down. In this context it is intriguing to note
that the tubular diameter of the pollen tube seems to be hardwired into the pollen tubes of a
particular species, illustrated by the fact that tube diameter varies significantly between
species (with 5 um in Arabidopsis and 17 pum in Camellia) but only insignificantly within a
given species. The return of the Camellia pollen tube to its previous diameter after gap
passage indicates the endogenous control of cell shape that ensures the successful transport
of the male germ unit without it getting stuck. The precise mechanism controlling pollen
tube diameter is subject to numerous biological and modeling approaches (Fayant et al.,
2010b) (Kroeger and Geitmann, 2012b), but how species-specific differences can be

explained warrants further research.

The observed bursting events after micro-gap passage open an intriguing avenue to a

possible mechanism for sperm cell release. The two immotile sperm cells carried by the
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pollen tube are released by bursting once the pollen tube enters the female gametophyte.
Several agents involved in inter-gametophyte signaling and attraction of pollen tubes have
been recently identified (Amien et al., 2010). However, the physiological mechanisms
leading to pollen tube burst and thus sperm discharge remain elusive. Based on our
observations one could propose that simple mechanical signal, an opening that is narrower
than the tube diameter, could represent a trigger mechanism. However, several of our
findings speak against this hypothesis. The range in size ratios that seems to be conducive
to bursting is very narrow - between 1.20 and 1.33. At ratios lower than 1.20, the tube
simply grows through the gap and beyond without bursting, and at ratios higher than 1.33
the tube stalls. Given the variability of pollen tube diameter within a single pollen batch, a
particular gap size in the micropyle would only allow successful delivery of sperm cells by
a subset of pollen tubes that have the correct diameter relative to the gap size. Since there
is no obvious interest for an ovule to practice exclusion based on pollen tube size, this
method does therefore not seem to be biologically relevant and the search for chemical or
proteic triggers remains an urgent topic (Amien et al., 2010). Secondly, even if the tube
bursts following the successful passage of a narrow gap with the appropriate size ratio, the
male germ unit does not necessarily pass the narrow gap and might not leave the tube, as
shown in Fig. 9.16. This further confirms that a mechanical constraint is unlikely to be

involved in sperm discharge in plants.
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Figure 9.16: The gamete cell does not pass the narrow gap even when the tube burst following the
successful passage of the gap

The precisely defined geometry and known mechanical properties of the material used for
the micro-gaps in the microfluidic device allowed us to calculate the wedge force of the
pollen tubes using finite element methods. We determined that a maximum pressure

of 0.15 MPa is exerted on the gap walls at point E, when the tube has reached the
narrowest point of the gap. The turgor pressure of Camellia pollen tubes is not known, but
in lily pollen tubes an average turgor pressure of 0.2 MPa has been determined (Benkert ef
al., 1997). Our estimated wedge pressure is thus in the same order of magnitude but clearly
below this value. In this context, it is important to point out that while the hydrostatic
turgor pressure provides an upper limit to the force exerted by the pollen tube, the force
transmitted to the outside of the cell is generally far below this value. In fungal hyphae the
invasive force typically amounts to only 10% of the turgor pressure (Money, 2004b). The
reason for this is the fact that none of the hydrostatic turgor pressure in the cell is exerted

against the external growth matrix unless the wall relaxes and has some freedom to expand.
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Only some environmental conditions this fraction was found to increase up to 54% in

fungal hyphae (Money, 2004b).

During elongation growth the cell wall material at the pollen tube apex yields constantly,
but in controlled manner to the turgor that serves as a driving force for its stretching (Rojas
etal.,2011). It is thought that tip growing cells are able to modulate their invasive force by
changing the compliance of the cell wall, but experimental evidence for this has been
elusive. Intriguingly, a detailed analysis of the behavior of the Camellia pollen tube during
gap passage provides evidence for this notion. The FE simulations showed that during the
interaction between advancing pollen tube tip and gap walls, the total energy required to
overcome the sidewall resistance increases nonlinearly with the contact area. Assuming
constant potential energy of the pollen tube for the growth, a gradual decrease of growth
rate would be expected as increasingly more energy is dissipated during passage through
the narrowing gap. However, the time course plots of the growth rate did not indicate a
significant drop in the growth rate between the initial contact with the gap walls and the
narrowest part (Fig. 9.7). This observation suggests that the pollen tube is able adapt to the
continuously increasing mechanical impedance. In principle, this could occur either by
increasing the turgor or reducing the tensile resistance in the cell wall. Based on our data
we are unable to distinguish between the two alternatives, although the latter would be
more in line with widely accepted principles of pollen tube functioning and growth
regulation (Winship et al., 2010; Winship et al., 2011a). The notion that during gap
passage the equilibrium between cell wall compliance and turgor changes is further

confirmed by the finding that tubes emerging from a very narrow gap have the tendency to
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burst when emerging into the wider part of the channel. This behavior is akin to bursting of
hyphae that are exposed to a temperature shock. This failure was purported to occur as a
result of a sudden change in the relationship between cell wall properties and turgor

pressure (Money, 2007a).
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Chapter 10

Conclusions and suggestions for future work

10.1 Conclusions

Biomechanical aspects of pollen tube growth includes 1) the role of turgor pressure as
driving force, 2) the role of cytoplasm in providing raw materials for generation of new
cell wall and 3) the contribution of ionic fluxes in adjusting mechanical properties of cell
wall and morphogenesis. As the overall regulatory mechanism of pollen tube growth is
controlled by a combinatory effects of these elements, the research to study the effect of

any of these parameters on growth regulation and their interplay relation is highly valuable.

The questions in this context are: 1) Is the turgor pressure constant and the dynamic
oscillation of tip growth is only due to oscillation of mechanical properties of cell wall, 2)
Does turgor pressure alter locally at the tip or vary globally within the cell, 3) What would
be the interplay of turgor pressure and cell wall mechanical properties to regulate the
dynamic growth and its self similarity, 4) How the water and nutrient are absorbed into the
cell either through the cell wall at the tip or distal region, 5) How ionic influxes change the
mechanical properties of cell wall and alter the growth rate and growth direction, 6) Which
one of chemical agents in culture medium regulates the mechanical properties of cell wall,
and 7) How would be the growth of pollen tube in absence of intracellular flux at the tip

and only due to its cytoplasmic contents.
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Despite extensive biological experiments on characterizing biomechanics of pollen tube to
find out the role of these elements and to answer above questions, there are still many
technical challenges to detect the influence of these agents. Response to any of these
questions will assist to clarify one aspect of complicated growth mechanism of pollen tube.
The technical challenges in the context of cell biomechanics of pollen tube and limitations

of current technology are as following.

1) How to quantify the turgor pressure and its variation within pollen tube at both distal
and tip regions: Answering this question will help to find out the contribution of pressure
on dynamic oscillatory growth of pollen tube and to know whether the turgor pressure is a
prerequisite for the growth. Pressure probes are still the only direct method to measure the
pressure within the cell. It has been able to detect turgor pressure within several species of
pollen tubes and fungal hyphae, though no detectable turgor pressure was reported for
some species of growing tubes either due to lack of pressure or because of the limit in
sensitivity of probe. The indirect methods estimate turgor pressure through quantification
of cell growth force at the tip, micro-indentation of cell wall at different region and
modeling the manipulation. These two different methods have been able to estimate turgor
pressure, but they lack the ability to detect the oscillation in turgor pressure because these
methods do indirect detection of turgor pressure through manipulating cell wall which need
a modeling step further to correlate the measured force at the tip and turgor pressure. Since
the true mechanical properties of cell wall and its gradient are not still quantified, the
correlation of growth force and turgor pressure need extensive modeling steps. In the case

of micro-indentation, the geometry of indenter is involved in modeling which prevent
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simple detection in oscillation of turgor pressure due to addition of several unknown

parameters to the model.

2) What are the mechanical properties of cell wall at either distal or apical region and how
they can be quantified: The mechanical properties of cell wall include elastic modulus of
cell wall, the degree of visco-elasticity or visco-plasticity, stress relaxation limit, stiffness,
the degree of anisotropy and gradient of mechanical properties from distal region to the
apical region. The techniques with the ability of measuring any of these parameters will
have contribution in our understanding from the role of cell wall in the growth mechanism.
Since the cell wall is involved in oscillatory dynamic growth of pollen tube, it is important
to know how the oscillation in mechanical properties of cell wall is correlated with the
oscillation of growth rate and oscillation in turgor pressure. Micro-indentation has been
used to measure the stiffness and elastic modulus of cell wall at both distal and apical
region, however it was not successful to measure the variation of cell wall mechanical
properties during the growth. Moreover, the measured values are extracted from local
micro-manipulation of the cell wall and may not reflect the real quantity of fully composite
and anisotropic cell wall of pollen tube. Development of techniques to quantify the level of
anisotropy in mechanical properties of cell wall with the ability to measure a more realistic

value for elastic modulus of cell wall instead of local values is beneficial.

3) Modeling is an effective tool to correlate turgor pressure and cell wall mechanical
properties in order to find out the interplay of these two major parameters in regulating the

oscillatory dynamic of growth and biomechanics of cell wall: Although both theoretical

229



and experimental models have been exploited to do this correlation, they all lack sufficient
and accurate experimental data for the turgor pressure, mechanical properties of cell wall
and their variation. The models have based a series of assumptions without validation by
experimental results. The techniques with the capability of quantifying the biomechanical

parameters of pollen tube growth will also benefit the modeling aspects.

4) The role of ionic influx in regulation of tip growth is the other major question in context
of cell biomechanics: Endocytosis is believed to be involved in change of mechanical
properties of cell wall and effective on oscillatory dynamic of growth. Although the
variation of ions flux and its gradient along the tube can be detected at the location of cell
wall using ion probes, the role of these ions in cell morphogenesis, control of mechanical
properties of cell wall and eventually on regulating growth direction is still under question.
To approach this target, the lack of local chemical treatment of cell wall has been always a
limitation. The global treatment of cell wall is not able to locally change the properties of
cell wall, so it is not able to give more information about the role of ionic flux in cell wall
mechanical properties and growth direction in biomechanical context. The development of
new methods with the ability of local treatment at the tip will enable the local change of
ionic flux at one side of the tip and in consequence change the mechanical properties of
cell wall at that side. This will result in the change of cell morphogenesis and cell wall
reorientation which is a valuable piece of information in characterizing biomechanics of

pollen tube.
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Knowing the questions in context with the pollen tube biomechanics and the limitations of
current detection techniques, we believe that microdevice and microfluidic environment is
an effective platform to serve biology of tip growing plant cells. Hence, our main objective
in this thesis was to develop different microfluidic platforms in order to target several of
previous questions and to argue about the role of turgor pressure, cell wall mechanical

properties of cell wall and ionic flux on biomechanics of pollen tube.

Prior targeting these questions, we developed a microfluidic platform to overcome the
general challenges of trapping individual pollen tube in order to chemically or
mechanically stimulate the cell. In addition, since there was no control on the presence of
identical growth environment for pollen tubes growing in open assays, the results were not
simply comparable. The lack of these two requirements has led to even contradictory
results about behavior of pollen tube growth. In first step, we developed a flexible
microfluidic platform, TipChip, which meets the two above requirements of single cell
trapping and identical growth condition for a series of pollen tubes. The main components
of this microfluidic chip included the microfluidic network for cell manipulation and
trapping, growth microchannels for trapping individual pollen grains and growing one
pollen tube along them. The configuration of the microfluidic network was developed in a
way that allows simultaneous observation and chemical or mechanical manipulation of

multiple pollen tubes.

Since the biologists believe that the major regulation of growth occurs at the tip through

interaction of internal turgor pressure, cell wall and ionic flux at the tip, it would be
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valuable to have an ex-vivo environment with the possibility of growing pollen tube in the
air. The enhanced versions of TipChip were used to locally treat the pollen tube at the tip
or the distal region of cell wall. This has overcome the limitation of open assays to
stimulate distal region of pollen tube without any influence on the tip. The pollen tube was
able to elongate within the air while the distal region of pollen tube was in contact with the
culture medium similar to in-vivo growth of pollen tube in air when it was approaching the
micropyle. We detected the increase of growth rate of pollen tube when it entered the air
and the drop of growth rate once the tube penetrated from the air trap to the culture
medium. Within the air trap, pollen tube tip is not in contact with the culture medium
meaning absence of any intracellular ionic flux at the tip. Hence, this platform argues about
the questions that to what extent the water uptake occurs at either the distal or apical
regions and how ionic flux such as calcium flux at the tip is essential for the growth. To
know whether the pollen tube is able to absorb water through its distal region and not only
through its tip, we changed the sucrose concentration of medium around the distal region
of pollen tube. Interestingly, pollen tubes responded to the change of sucrose concentration
through change of their growth rate. Under low concentration of sucrose (4%), pollen tubes
growing in air burst in a minute showing that the turgor pressure has increased through
water uptake at distal region. However, when we changed the Ca™ in the medium, no
detectable change of growth rate was detected even in case of zero calcium concentration
of the medium. This helps to verify the hypothesize that there might be internal source of
Ca™ ions within the cell wall or cytoplasm as there is no external source of Ca™ ions when
the tip was growing in the air. Similar experiments can be done to study how important are

the flux of other ions on the growth behavior.
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TipChip also assisted to argue on the question of how ionic flux change the cell wall
morphogenesis and mechanical properties of cell wall. The prerequisite for this
understanding is to develop a technique with the capability of local treatment of cell wall.
TipChip platform provided this environment to locally stimulate the tip in order to study
the effect of ionic flux on cell morphogenesis and particularly the electrotropism. For local
chemical treatment, a laminar flow based microfluidic device was developed that allows
for continuous administration of two different solutions with a movable interface that
allows to dynamically target the moving tip. Calcium as known to orient pollen tube
growth was used as a test substance. We could develop microfluidic chip to locally
introduce two different Ca™ ion concentrations (2.54 mM and 5.08 mM) toward the tip.
Continuous flow prevents the build-up of cell-generated and overlaying gradients that
render the situation complex. Interestingly, the tube turned to the concentration that had
previously been established to be optimal for pollen tube growth, rather than to the higher
concentration of the ion. This illustrates that rather than growing towards a source of high
calcium, the tube will search for an optimum calcium concentration. Furthermore, rather
than turning 90° towards the preferred solution, the tube turned forming an obtuse angle
(deviation of approximately 20° from the original growth direction), but the turn was
repeated after a lag time. This turning angle was identical to the angle measured in the
same species (Camellia) following a very different type of directional trigger - an electrical
field (Bou Dabher et al., 2011b). Pollen tubes of other species were shown to perform much
more dramatic turns as illustrated in a variety of experimental set-ups (Higashiyama et al.,

2008; Prado et al., 2004). However, these dramatic turns were typically preceded by a
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temporary arrest of pollen tube growth. Inversely, turns with angles up to 90° can also be
achieved in the absence of directional trigger, but by temporarily arresting growth (Zerzour
et al., 2009b). The microfluidic set-up was suitable and will be extremely useful for a
variety of conceptually very different experimental strategies: 1) Testing attractants for tip
growth or agents causing repulsion, 2) Establishing sensitivity thresholds and 3) Local
administration of specific agents interfering with cellular functioning, all to study the

biomechanics of cell wall.

Tip growing cells is thought to be able to modulate their invasive force by changing the
compliance of the cell wall, but experimental evidence for this has been elusive. The
detailed analysis of the behavior of the pollen tube during gap passage provided evidence
for this thought. In this regard, we devised microgap structures to provide mechanical
stimulation to the growing pollen tube and we used FE analysis to study this interaction.
The FE simulations showed that during the interaction between advancing pollen tube tip
and gap walls, the total energy required to overcome the sidewall resistance increases
nonlinearly with the contact area. Assuming constant energy of the pollen tube for the
growth, a gradual decrease of growth rate would be expected as increasingly more energy
is dissipated during passage through the narrowing gap. Since the time course plots of the
growth rate did not indicate a significant drop in the growth rate between the initial contact
with the gap walls and the narrowest part, it suggests that the pollen tube is able to adapt to
the continuously increasing mechanical impedance. This could occur either by increasing
the turgor or reducing the tensile resistance in the cell wall showing the interplay roles of

these two parameters in regulating growth in response to external cues. We are still unable
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to distinguish between the two alternatives, although the later would be more in line with
widely accepted principles of pollen tube functioning and growth regulation (Winship et
al., 2010; Winship et al., 2011a). The notion that during gap passage the equilibrium
between cell wall compliance and turgor changes is further confirmed by the finding that
tubes emerging from a very narrow gap have the tendency to burst when emerging into the

wider part of the channel.

The other method to study the interplay of turgor pressure and cell wall mechanical
properties is to exploit the power of modeling, though it needs better estimation of cell wall
mechanical properties. Here in this thesis, in order to quantify the mechanical properties of
cell wall not through local manipulation of cell wall, but through bending test on growing
pollen tube, we developed BLOC chip. The deflection of the pollen tube is measured under
flow-induced bending allowing for straightforward calculation of the Young’s modulus of
the cell wall material. We quantified the value of 350 MPa for the Young's modulus of
pollen tube cell wall at distal region. This technique lacks the deficiency of local
manipulations and gives us a more realistic value of mechanical properties of cell wall.
Although this bending technique is not able to measure the Young's modulus of cell wall at
the tip, it will be a significant number which can be used for modeling the gradient of
elastic modulus from the distal region to the apical region. This quantity can also be used
to calibrate the micro-indentation technique in order to measure the oscillation of cell wall

mechanical properties at the tip.
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Technical challenges exist for the study of dynamic oscillation of growth. To know how
the turgor pressure or ionic flux can change the dynamic pattern of growth rate, we should
be able to change the growth environment and meanwhile we need to accurately take
images of the growing tip in order to measure the growth force. The change of culture
medium around pollen tube in open assays will move pollen grains and complicate the
imaging from tube growth. Hence, there has been high demand to position the grain at a
position which has not been accessible using conventional techniques. TipChip enabled us
to trap individual pollen grains at the entrance of a microchannel. Since the pollen is
positioned, we can stably change the medium and measure the growth rate while it
elongates in a confined environment of a microchannel within a size of slightly bigger than

tube diameter.

Unlike earlier dynamic analyses of pollen tube growth, we were able to detect secondary
oscillation frequencies with higher frequency values superimposed on the previously
reported primary frequency. Our findings illustrate that even in the apparent absence of
low frequency oscillations - a phenomenon that is typical for young pollen tubes - there
always are secondary peak frequencies indicating that pollen tube growth is constantly
under dynamic motion. Our finding that slight changes in the growth environment change
both frequencies offers a promising avenue for the investigation of the feedback
mechanisms governing cellular growth. In addition, the accurate study of dynamic growth
of pollen tube was used to distinguish the effect of toxic (growth inhibitive) or growth
inhibitors on the dynamic growth. The variation of both lower and higher mode dynamic

oscillation of cell growth rate under different toxic Al concentrations was complementarily
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detected as dynamic cell response. Although pollen tube responded to the growth
promoting agents such as sucrose in the form of shift on oscillation frequencies of growth
rate, in case of toxic agent, the peak frequencies were disrupted without any shift on
frequencies. This criterion was used to distinguish the presence of toxic chemical agents in

the culture medium.

In meeting defined objectives, the thesis was successful in designing, fabricating and
testing microfluidic platforms for studying biology of tip growing plant cell under
chemical and mechanical interaction. The platforms provided ex-vivo environment for
answering questions regarding the invasive behavior of pollen tube growth through

different growth tissues and to study different aspects of biomechanics of pollen tube.

10.2 Scope for further research and development

Several interesting and important results have been obtained from the present thesis.
Diverse microfluidic platforms were employed which provided wide variety of studies for
characterizing biology of pollen tube. Based on the present work, several potential
researches have been identified for further development. The following list is not

exhaustive, but it contains proposals for research that could improve the present design.

- TipChip, a microfluidic platform for various tip growing cells: The presented MEMS-
based platform for pollen tube research represents a novel and extremely powerful tool
which can be used for multiple applications in research on other tip growing cells such as

fungal hyphae, root hairs and filamentous yeast. Its modular design allows for the
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incorporation of various features and can be equipped with different integrated sensors.
The design is compatible with multilayer PDMS fabrication technique which will facilitate
integrating electrodes or microcantilevers for biosensors. The thesis provided sufficient
experimental evidences for a proof of concept and it can provide solutions to numerous
biological problems for other tip growing cells. The design of the TipChip allowed high
resolution and fluorescence imaging and was conceived to allow parallel observation of

multiple cells making it suitable for large scale approaches such as phenotyping.

- Detecting agents involved in pollen tube reorientation: The modified version of TipChip
proposed for local chemical treatment of the pollen tube’s tip is suitable and will be
extremely useful for testing other attractants for pollen tube growth or agents causing
repulsion. Moreover, it can be used to apply specific agents interfering with cellular
functioning such as ion channel blockers, inhibitors of cytoskeletal polymerization or
enzymes modulating the mechanical properties of the cell wall. It can easily be adapted to

be used for other cell types displaying target regions that move due to growth or crawling.

- Characterizing the interplay of turgor pressure and cell wall mechanical properties: The
growth of pollen tube’s tip within air trap was successfully tested to study local treatment
of pollen tube at the distal region. This air trap-based microfluidic platform can be used for
other growth regulators or inhibitors to identify more accurately the role of tip fluxes in

regulating the growth.

- Detecting higher modes of oscillatory growth as new window to detect higher mode

oscillation of underlying cellular processes: In the present work, the secondary oscillation
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peak frequency in the growth rate was successfully detected. Hence, it is expected to
observe the corresponding secondary peak frequencies in the dynamics of underlying
cellular processes (Zerzour et al., 2009a). Detecting these will pose a challenge to the
measuring techniques required such as the vibrating probe (for ion flux) and the sensitivity
of fluorescent markers (for ion concentrations and motion of cytoplasmic structures such as
vesicles and organelles), but future implementations of our microfluidic device will be
used to meet these challenges. A detailed analysis of secondary oscillation frequencies may
contribute to solving outstanding questions in this field such as the controversy around the
fundamental underpinnings of the change in growth rate. Oscillations in turgor pressure
were suggested as the cause of the oscillatory changes in growth rate, but these were not
confirmed experimentally either by pressure probe or micro-indentation. However, there
might be oscillations in turgor pressure with an amplitude below the resolution of
measuring technique and more detailed analyses are warranted. On the other hand, the
presence of a complicated oscillation pattern with primary and secondary frequencies is
probably easier to explain with variations in the material properties of the cell wall as
postulated earlier. The material properties are influenced by subtle changes in the ion flux
pattern and exocytosis rate, but more research is warranted to clarify this issue. The

analyses of secondary frequencies offer a promising avenue to do so.

Whole cell toxicity sensing: The effect of toxic Al substance on pollen tube growth was
concentration-dependent so that the time of bursting and degree of oscillation disruption
were correlated to the substance concentration. The toxicity testing of other toxic materials

such as various heavy metals and mercury using current technique within microfluidic
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platform would be interested to know whether the response is concentration-dependent or

not related.

- Detecting anisotropy of mechanical properties of cell wall using BLOC chip: The
experimentally determined values for the Young's modulus of the pollen tube cell wall in
present work enabled us to support mechanical models of these cells and thus will
contribute to our understanding of cellular morphogenesis and plant developmental
processes in much more accurate manner. This method can easily be adapted to pollen
tubes of other plant species, to other tip growing cells (fungal hyphae, root hairs).
Regarding anisotropy of cell wall, it is unclear how this anisotropy can be explained
structurally, since in pollen tubes, the cell wall components are known to bear the main
tensile stress, while cellulose microfibrils, are known to be oriented helically with
relatively low pitch, or even parallel to the long axis (Aouar et al., 2010; Chebli et al.,
2012). Whether or not the other cell wall components, namely, pectin or callose, contribute
to any anisotropy therefore warrants further research (Parre and Geitmann, 2005b, c). In
this context it is interesting to note that xyluglucans seem to play a role in determining the
tube diameter and hence may influence the material properties in circumferential direction
by crosslinking cellulose microfibrils (Chebli et al., 2012). The testing platform can be
modified to perform sequential bending tests on different length portions of an individual
tip growing cell and the effects of enzymes, inhibitors or mutation induced changes to the
cell wall structure can be quantified in highly reproducible manner making the present

BLOC platform an important tool for cell biology.
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10.3 Contributions of the present work
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