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Abstract 

Electrical Lab-on-a-Chip for Ex Vivo Study on the Influence of Electric Fields on 

Pollen Cells 

 

Carlos G. Agudelo, Ph.D. 

Concordia University, 2015 

 

Pollen tubes are polarly growing plant cells that are able to respond to a combination 

of chemical, mechanical, and electrical cues during their journey through the flower pistil 

in order to accomplish fertilization. How signals are perceived and processed in the 

pollen tube is still poorly understood and evidence for electrical guidance, in particular, is 

vague and highly contradictory. To generate reproducible experimental conditions for ex 

vivo pollen cell cultures, here we present a low-cost, reusable Electrical Lab-on-a-Chip 

(ELoC) for investigating the influence of electric fields on growing cells. Viability of 

pollen growth using a structured microfluidic network is first investigated and validated. 

Then the integration of microelectrodes into the device is addressed in detail. 

Characterization of the pollen growth medium conductivity and simulation of the ELoC 

electrical configuration were carried out to define the experimental conditions. 

Reusability of the microdevice is achieved by structuring the design into two separate 

rebondable modules: a microfluidic module and a microelectrode module. Two 

experimental approaches were realized: a batch design for exposing simultaneously a 

large number of cells to a global electric field, and a single-cell design in which a 

localized electric field is applied to individual cells. Extensive batch results indicate that 

DC fields were inhibitory above 6 V/cm. However, switching to AC fields re-established 

pollen tube growth at frequencies above 100 mHz, suggesting a significant role of the 
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medium conductivity in controlling the cellular response. Unlike macroscopic open-assay 

experimental setups, single-cell tests further indicate no reorientation of pollen tube 

growth, suggesting that previously reported tropic behavior was caused by ion movement 

in the substrate rather than by a direct effect of the electric field on the cell.  
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Chapter 1 - Introduction 

 1.1 Introduction to Pollen 

Reproduction in plants has been a topic of most interest ever since humankind began 

to grasp how intimate and involved the relationships between every living being on 

planet earth are. Sexual reproduction, in particular, is only one of the many traits humans 

share with our far evolutionary cousins, the plants. Since many components and 

processes at the cellular level are similar across the borders of biological kingdoms, it is 

clear that any insight into the intricacies of plant cellular behavior is not only an advance 

of knowledge but a further step into the understanding of our own human complexity.  

Flowering plants reproduction is a convoluted process that requires a series of 

precisely choreographed steps, the details of which vary among species (Geitmann and 

Palanivelu, 2007). The reproduction cycle of angiosperms
1
 starts with the production of 

pollen by the stamen, the male reproductive organ of the flower (see Figure 1.1). Each 

pollen grain represents a male gametophyte and consists of a vegetative cell
2
 and a 

generative cell. The latter divides to form two sperm cells, the male gametes
3
. The pollen 

is released by the opening of the anther, the pollen producing part of the stamen, and 

transferred to the pistil, the female reproductive structure, either by animals (insects, 

birds, small mammals) or by wind. The pistil of the pollinated flower holds in its ovary 

                                                 

1
 Angiosperms (flowering plants) are the most dominant group of land plants. 

2
 Cell: the structural and functional basic unit of life. 

3
 A gamete is a cell that fuses with another cell during fertilization in organisms that reproduce sexually. 
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the ovules that produce the female gametophyte, a multicellular structure that comprises 

the egg cell.  

 

Figure 1.1 Angiosperm life cycle
4
. 

 

                                                 

4
 Figure taken from the Wikimedia Commons. 
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Once a pollen grain lands on a compatible pistil, it germinates in response to a sugary 

fluid secreted by the mature stigma. The vegetative cell then produces the pollen tube 

(Figure 1.2), which carries the sperm cells within its cytoplasm
5
. This tube is the 

transportation medium of the immobile male gametes to reach the ovule. To attain the 

ovule, which is nestled deep within the pistil, the pollen tube must drill its way through a 

series of tissues all the while following guidance cues emitted by the pistil tissues and by 

the female gametophyte. Once the pollen tube successfully penetrates an ovule, it injects 

the two sperm cells by bursting its tip. One of the male gametes fertilizes the egg cell to 

form an embryo (the future plant), and the other one fuses with both polar nuclei of the 

central cell to form the endosperm, which serves as the embryo's food supply. Following 

this double fertilization, the ovary develops into a fruit and the ovules into seeds. 

 

Figure 1.2 Scanning electron microscope (SEM) image of pollen tubes growing from lily pollen 

grains. 

 

                                                 

5
 The cytoplasm is the aqueous contents of a cell, enveloped by the plasma membrane. It contains the 

cell organelles, structural proteins, and surrounds the nucleus and the vacuole. 
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Pollen tubes are an excellent experimental model for the understanding of plant cell 

behavior (Malhó, 1998). They are easily cultured in vitro
6
 and have a very dynamic 

cytoskeleton
7
 that polymerizes

8
 at very high rates, providing the pollen tube with 

interesting growth properties (Gossot and Geitmann, 2007). Unlike most other plant cells, 

the pollen tube focuses its cellular growth activity on a very small surface at the 

extremity of the cell. Interestingly, this kind of tip growth is analogous to the apical 

extension of axons in animal neuron cells which has the purpose of forming synaptic 

connections. Both pollen tubes and axons share striking similarities in their quest for 

reaching remote targets with remarkable reproducible precision (Palanivelu and Preuss, 

2000).  

The pollen tube accomplishes this tip growth through a coordinated transport process 

that transfers material from distributed sites of synthesis (numerous Golgi
9
 located over 

the entire cytoplasm) to the site of release at the localized growing apex. The 

                                                 

6
 A procedure performed in vitro (latin: within the glass) is performed in a laboratory environment, such 

as in a test tube or Petri dish, on a partial or dead organism, in contrast with a process that occurs in vivo, 

which takes place in a whole living organism. 

7
 The cytoskeleton is a cellular skeleton contained within the cytoplasm that provides the cell with 

structure and shape. In plant cells the cytoskeleton is composed of microfilaments (or actin filaments) and 

microtubules.  

8
 Polymerization is a process that binds monomer molecules together in a chemical reaction to form 

three-dimensional networks or polymer chains. 

9
 The Golgi apparatus is an organelle composed of stacks of membrane-bound structures that specializes 

in modifying, sorting, and packaging macromolecules for cell secretion (exocytosis) or use within the cell. 

Important for plant cells, the Golgi apparatus is the site of polysaccharide synthesis. 
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microfilaments are used as railways by secretory vesicles
10

 dispatched and filled with 

precursor material. These secretory vesicles carry the precursor molecules that are added 

to the cell wall
11

, whereas the vesicle membrane itself is inserted into the expanding 

plasma membrane. Growth is sustained by the continuous delivery of secretory vesicles 

along the periphery of the tube (in the forward direction) into an annulus-shaped region at 

the shoulder of the apex (Bove et al., 2008). Excess secretory vesicles and endocytotic
12

 

vesicles coming from the extreme apex are circulated backwards by a rearward flow 

mediated by microfilaments in the center of the tube. This vesicle flow pattern creates a 

cone-shaped vesicle pool in the apical region (Figure 1.3). A change in growth direction 

is preceded by a re-orientation of the cone-shaped vesicle pool which in turn is governed 

by differential polymerization within the actin array (Bou Daher and Geitmann, 2011). 

                                                 

10
 A vesicle is a small organelle consisting of a lipid bilayer membrane that is able to enclose a variety 

of cell materials. 

11
 The cell wall is the tough layer that surrounds the plasma membrane in plant cells. It provides 

structural support and protection, and acts as a filtering mechanism. It also acts as a pressure vessel, 

preventing over-expansion when water enters the cell. It is mainly composed of cellulose, pectin, and, in 

the case of the pollen, callose. Animal cells do not have cell walls.  

12
 Endocytosis is a process by which cells absorb large molecules that cannot pass through the plasma 

membrane by engulfing them. The opposite process is exocytosis.  
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Figure 1.3 Schematic illustrating the principal directions of vesicle flow in the apical region of a 

pollen tube
13

. Secretory vesicles (dark gray) carry material to the apex, whereas endocytotic 

vesicles (light gray) carry materials from the apex.  

 

This tip growth mechanism allows the cell to perform two important functions: 

mechanical invasion of a substrate and tropism (response to directional guidance cues). 

The invasive force of the pollen tube is generated by the high internal hydrostatic 

pressure (or turgor pressure, typically in the range of a few standard atmospheres) which 

is allowed by the presence of the tough cell wall (Benkert et al., 1997). Only at the apex, 

the cell wall is compliant and yields to internal pressure, therefore exerting an effective 

force against the invaded substrate. Pectin plays an important role in producing a soft tip 

                                                 

13
 Figure modified from (Bove et al., 2008). 
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and the later stiffening of the cell wall below the apical dome (Parre and Geitmann, 2005; 

Fayant et al., 2010). The combined effect of stretching the cell wall by turgor pressure 

and the assembly of new soft wall material enables pollen tip growth. Additionally, by 

extending the cell wall only at the tip, the friction between the tube and the invaded tissue 

is minimized (Sanati Nezhad and Geitmann, 2013). 

The target towards which the pollen tube grows can be tens of centimeters away from 

the location of the pollen grain when the latter adheres to the stigma (Malhó, 1998). 

Therefore the precision with which the cellular elongation occurs requires a complex 

guidance process and continuous communication between the male and female partners 

(Geitmann and Palanivelu, 2007). On the other hand, as growth rate is a direct selection 

factor for fertilization success, the pollen tube is also the fastest growing plant cell with 

up to 2 cmĀh
-1

 in some species. Remarkably, the pollen tubeôs journey through the style 

can result in depth-to-diameter ratios above 100:1 and up to 1000:1 in certain species, 

whereas classic mechanical drilling is often only effective up to 15:1 ratios. This extreme 

growth and the ability to follow guidance cues make the pollen tube an extraordinary 

model system for investigating growth behaviour (Malhó, 2006). 

Extensive work has been dedicated to comprehend how the pollen tube responds to 

extracellular guidance signals to achieve fertilization (Geitmann and Palanivelu, 2007; 

Malhó, 2006; Okuda and Higashiyama, 2010). It is believed that pollen tubes react to a 

combination of chemical, mechanical, and electrical cues during its journey through the 

pistil (Chebli and Geitmann, 2007; Mascarenhas and Machlis, 1964; Robinson, 1985). 

However, it is not clear how these external cues work or how they are processed 

internally. Moreover, sensory receptors for any external cue have not been identified yet. 
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Nevertheless, several aspects have already been identified as central in the process of 

pollen tube guidance.  

Chemical cues have been studied in detail (Cheung et al., 1995; Lush, 1999; Malhó, 

1998; Mascarenhas and Machlis, 1964; Palanivelu and Preuss, 2000), and calcium, for 

example, is known to act as a chemotropic agent for pollen tubes (Mascarenhas and 

Machlis, 1964), whereas nitric oxide (NO) is a repulsive agent (Prado, 2004). Proteic 

signals emitted by the pistil or female gametophyte have been identified to guide the 

pollen tube in situ (Okuda and Higashiyama, 2010). Mechanically, the actin
14

 filaments 

in the cytoskeleton, the peculiar cell wall, and secretory vesicle dynamics, to name a few, 

are some of the fundamental features readily identified as crucial, but whose role has not 

yet been completely elucidated (Chebli and Geitmann, 2007; Geitmann and Palanivelu, 

2007). The potential role of electrical stimuli for pollen tube growth or guidance, on the 

other hand, is poorly understood. It is clear that the presence and transfer of ions
15

 to and 

from the cell are important to sustain a healthy cell and particularly to control pollen tube 

growth (Holdaway-Clarke and Hepler, 2003). However, the very nature of the interaction 

between pollen tube and electrical charges is unknown, which brings forward the 

fundamental question on the general effect of electric fields on pollen tube growth. 

 

                                                 

14
 Actin is the monomeric unit of the microfilaments, one of the major components of the cytoskeleton. 

15
 An ion is an atom or molecule in which the total number of electrons is not equal to the total number 

of protons, giving rise to a net positive or negative electrical charge. 
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 1.2 Literature Review 

A turning point in pollen research was the work of Brewbaker and Kwack (1963). 

Almost every subsequent in vitro study on pollen tube growth employs a culture medium 

based on the one described in this work. Brewbaker and Kwack (1963) also stressed the 

importance of calcium ions in pollen tube growth, which has been consistently confirmed 

in the literature ever since. 

Investigation of the electrical phenomena in pollen tubes started with the work of 

Weisenseel et al. (1975). They explored the endogenous electric fields
16

 around lily 

pollen tubes growing in vitro with a vibrating electrode interfaced by a lock-in amplifier. 

Based on Ohmôs law, the developed probe enabled them to measure current densities as 

low as a few nanoamperes per square centimeter near individual cells. They found that 

there exists a steady flow of ions that enters the growing end of the pollen tube with a 

peak of approximately 500 nA/cm
2
, and leaves through the grain with a maximum value 

of 350 nA/cm
2
. This phenomenon was found to occur in pollen grains even before 

germination and persisted as long as the tube grows. The authors suggest that the electric 

behavior observed around the pollen tube may be compared with a ñcurrent dipoleò 

(which might be a misnomer since it is not a standard term in electromagnetics 

phenomena
17

). Finally, a train of discrete current pulses were found in some of the pollen 

tubes that were about to die.  

                                                 

16
 Endogenous refers to electric fields produced within the cell, as opposed to exogenous electric fields 

which are externally applied to the cell. 

17
 Incidentally, Weisenseel et al. (1975) mentions in the discussion section: ñIt is therefore difficult to 

imagine how the field produced by this current density could have much effect on the cellôs growthéò. 
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To perform these experiments, Weisenseel et al. (1975) reported the use of a standard 

growth medium, with an average resistivity of 1600 Ý-cm (625 uS/cm), on top of an ion-

permeable 3-µm thick cellulose membrane employed to hold the pollen tubes underneath. 

No further details are given about the conductivity of the growth medium, which is 

considered constant. The electrode was set to vibrate at 200 Hz in a horizontal plane 

between two extracellular points 30 µm apart. The voltage drop measured was in the 

order of 150 nV. The reference electrode was typically positioned 400 µm away from the 

vibrating electrode. Figure 1.4 shows a sketch of the setup used by the authors. 

 

Figure 1.4  Setup used by Weisenseel et al. (1975). (1) Vibrating test electrode. (2) Reference 

electrode. (3) Ion-permeable cellulose membrane. (4) Nickel frame with 1.4 mm diameter holes. 

(5) Cover slip which closes air-filled space. (6) Inverted microscope
18

. 

 

                                                                                                                                                 

Most likely the authors mean ñelectricò field since no mention of any magnetic phenomena is done 

throughout the paper. A current density does not produce an electric field (technically speaking a varying 

magnetic field does). This incorrect (and confusing) use of electromagnetic terminology has been found 

common in the literature.  

18
 Figure taken from Weisenseel et al. (1975). 
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So far the work of Weisenseel et al. (1975) has been the most sophisticated approach 

to study the electrical behavior of pollen tubes at the micro scale. It comprises the 

development of a specialized device to measure electric potential in the neighborhood of 

individual pollen tubes. Still, this approach has several limitations. The main difficulty is 

the supporting and alignment of the growing pollen tubes so that they would grow 

horizontally and straight and not be displaced by the flow generated by the movements of 

the vibrating electrode. The authors somewhat alleviate this issue with the use of a 

cumbersome setup comprising a nickel frame to support an ion-permeable cellulose 

membrane. This is indeed a significant problem since flow, especially at the micro scale, 

would undoubtedly affect the measurements substantially. Another issue is the fact that 

the membrane has to be ion-permeable since electrical measurements are to be taken. No 

further discussion was made by the authors to assess the reliability of this membrane. 

Unfortunately, the membrane prevents measurements to be taken in any other plane or 

close to the pollen tube. As the authors noted, some uncertainties exist in the 

measurements, particularly in the vicinity of the grain. 

What specific ions constitute the current around the pollen tube and how they affect its 

growth is still uncertain. However, using a variation of the vibrating electrode with a 

calcium-specific tip, Kühtreiber and Jaffe (1990) were able to determine that most of the 

entering current was made of calcium ions (Ca
2+

), whereas the outward current contained 

no calcium. This active role of Ca
2+

 in the tip growth of pollen tubes was ratified by 

Malhó et al. (1992) and later by Pierson et al. (1994), who found a steep, tip-focused 

intracellular Ca
2+

 gradient from 3.0 µM at the apex to less than 0.2 µM at 20 µm from the 
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tip. Furthermore, the calcium influx at the tip becomes inactive in non-growing pollen 

tubes.  

More recently, Feijó et al. (1999) employed a proton (H
+
) selective vibrating electrode 

to assert the existence of a proton influx at the extreme apex of the pollen tube and an 

efflux at the base of the clear zone. The clear zone corresponds to the tip portion of the 

pollen tube cytoplasm in which large organelles
19

 are excluded due to actin 

reorganization and high vesicle concentration. The extracellular proton flux pattern 

results in an intracellular pH gradient with an acidic domain at the tip where the protons 

enter the pollen tube and a constitutive
20

 alkaline band at the base of the clear zone. 

Inhibition of pollen tube growth eliminates the acidic tip but the alkaline band persists, 

indicating a correlation between the proton flux and pollen tube growth. Potassium ions 

(K
+
) have also been found to enter the apex of the pollen tube in significant amounts and 

to exit through the grain (Weisenseel and Jaffe, 1976). However, the role of potassium 

has barely been studied because of the poor performance exhibited by K
+
-selective 

electrodes (Messerli et al., 1999). Chloride ions (Cl
-
) have also been observed to exhibit 

an efflux at the tip and an influx along the shank (Zonia et al., 2002). Currently, the 

nature of the electric current measured around the pollen tube and the role of the different 

ions in pollen tube growth or guidance is still under research (Holdaway-Clarke and 

Hepler, 2003; Michard et al., 2009). 

Remarkably, no further work has been performed regarding the study of endogenous 

electrical phenomena in pollen tubes even though considerable electric fields have been 

                                                 

19
 An organelle is a specialized membrane-bound subunit within a cell that has a specific function. 

20
 Constitutive refers to a constant activity. 
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reported to be present in tissues of plants (Jaffe and Nuccitelli, 1977; McCaig et al., 2005; 

Robinson and Messerli, 2003). For instance, DC Electric fields up to 1 V/cm have been 

found in plants, mostly locally (e.g., close to wounds), and long-distance (global) 

bioelectric potentials have been reported to traverse the style of pollinated plants 

(Spanjers, 1981). Since these bioelectric potentials have the shape of action potentials 

(Stahlberg, 2006), one could argue that actual in vivo signals can have DC or AC 

components. Given these facts, it is reasonable to hypothesize that electric fields are 

involved in pollen tube growth and guidance.  

Efforts have already been made to clarify the mechanisms of extracellular electrical 

signaling in pollen tubes by studying the effects of exogenous electric fields. These 

studies have mostly been in the form of electrotropism
21

, which has rather limited the 

scope of the analysis of the influence of electric fields on pollen cells since the 

experiments and results are only weighed in terms of growth direction instead of the 

overall response of the cell as a living interacting entity. 

Electrotropism was first studied by Wulff  (1935), who reported that Impatiens pollen 

grew toward the anode. Later Marsh and Beams (1945) reported that Vinca pollen 

oriented toward the cathode as did Zeijlemaker (1956) for Narcissus pollen. However 

these reports were contradictory or unclear at best, which is why Wang et al. (1989) set 

out to reinvestigate the response of pollen to applied electric fields. Wang et al. (1989) 

cultured tomato and tobacco pollen tubes in a standard Brewbaker-Kwack medium with 

                                                 

21
 Tropism is a biological phenomenon that indicates growth or directed movement of an organism in 

response to an environmental stimulus. Electrotropism refers to an electrical stimulus in particular. 

http://en.wikipedia.org/wiki/Stimulus_(physiology)


14 

 

agar
22

, which is a common method in previous works to obtain a solidified medium in 

open assays. A constant electric current was provided to the mixture, which was 

contained in a chamber made with three cover slips on a Petri dish connected to Ag-AgCl 

electrodes through agar-medium bridges. The authors observed that, for electric fields 

higher than 0.2 V/cm, the direction of growth changed toward the positive electrode for 

both tomato and tobacco pollen tubes after 1 h. They also reported that tobacco grains, 

which have three possible germination apertures, showed a tendency to germinate on the 

side facing the positive electrode. The tube response increased with increasing electric 

field strengths until 2.3 V/cm. The authors were surprised to find that the growth rate was 

equally decreased for tubes growing towards the negative electrode as for those growing 

towards the positive electrode (20% for an electric field of 0.7 V/cm).  

The authors suggested that it is the voltage drop across the tube (about 0.2 mV for 5 

µm diameter pollen tube) that produces the effect. It is argued that the voltage drop most 

certainly acts mainly on the membrane, probably by redistributing the ion channels 

electrophoretically, especially those for calcium, which is considered the most important 

chemotropic agent for pollen tubes (Mascarenhas and Machlis, 1964). In any case, the 

authors conclude that the understanding of electrotropism in pollen tubes will remain 

elusive until more detailed processes are identified.  

Even though the work of Wang et al. (1989) has been central in the subject of pollen 

electrotropism, the experimental conditions are not clearly defined. For instance, the 

turning response is measured as the difference of the tubeôs final direction (at the end of 

                                                 

22
 Agar is a sugar-based polymer mostly used in desserts and microbiological work to provide a solid 

substrate. 
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the experiment) and its initial direction (upon germination), but only angles from 0° to 

180° are used (the lower limit 0° is inferred since the exact range is never mentioned). 

How the authors interpreted the turning response is difficult to assess since their angle 

method already introduces a bias with respect to the electrodes. For instance, if all tubes 

initially emerged perpendicularly aligned to the electrodes (90° and 270°) and they all 

reoriented towards the cathode (180°) then the difference method would yield zero, a 

value that is supposed to be reserved for random growth. Perhaps the authors assumed 

some symmetry and only tested pollen tubes whose both initial and final angles remained 

between 0° to 180°, but such assumptions and methods were not clearly stated. Obviously 

this adds a bias to the measurements. On the other hand, the measured response is 

described as ñstatistically significantò, but there is no clear figure of a significant amount 

of tubes in a batch turning, only a picture of 5 pollen tubes. No mention of the effect on 

the final tube length was done. Electrical parameters, such as the input constant current or 

the conductivity of the mixture, are neither provided nor discussed. There is no sketch of 

the setup that was employed. Moreover, since a current source is used instead of a 

voltage source, no discussion is provided on the electric field measurement. Verification 

of the homogeneity of electrical variables within the long chamber and the electrical 

bridges is not considered. The possible effect of the electrodes configuration is not 

considered either. Discussion of possible different behaviors of pollen tubes in different 

locations along the chamber is not done. This last issue is particularly important when the 

electric field is applied to a whole population of pollen tubes at once
23

, that is, in a batch 

mode. Uncertainties about measurements or inferred values of variables are not 

                                                 

23
 Pollen tubes have been reported to behave differently when close to electrodes (Malhó et al., 1992). 
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addressed, especially those concerning individual pollen tubes. For instance, the actual 

voltage drop across a pollen tube is by no means measured, only inferred. Moreover, the 

voltage does not drop only along the tube diameter. Actually, if the pollen tube is aligned 

with the electric field, the voltage drops solely along the growth axis. Furthermore, since 

there is no control on the initial pollen grain position or initial pollen tube orientation, the 

initial voltage drop along the diameter varies among the different pollen tubes, hence the 

initial tropic response should vary as well. This is not considered either.  

It is also noted that the chamber dimensions are larger than the studied object, namely 

the pollen tube, by orders of magnitude. Accuracy in the description of pollen tube 

dynamics is seriously limited if measurements are not taken in a proper spatial resolution 

and focal plane. Even if global tropic behavior is just an extension of individual pollen 

tube behavior at the micro scale, it still remains to be verified. This point is generally 

overlooked in the literature. It should be noted that explorations at the micro scale in 

almost every other discipline has either revealed phenomena otherwise unknown or, at 

least, permitted a deeper insight or understanding.  

Intriguingly, the response of pollen tubes to magnetic fields was among the initial 

reports. Sperber et al. (1981) exposed growing lily pollen tubes to the strong magnetic 

field generated by a Bitter magnet
24

. The pollen tubes grew strongly oriented and almost 

parallel to a 14 Tesla homogeneous magnetic field, with equal tendency to grow toward 

the north or south pole. The effect diminished with decreasing fields and became 

unnoticeable at 3 Tesla. When exposed to a non-uniform magnetic field, the pollen tubes 

                                                 

24
 A Bitter magnet is a magnet made of circular metal plates and insulating spacers stacked in a helical 

configuration, rather than coils of wire. Invented in 1933 by the American physicist Francis Bitter. 
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grew preferentially toward the region of decreasing field strength. Although the 

physiological process is not addressed by the authors, they suggest that magnetic fields 

may act like other stimuli that can affect local growth. However, a 3 Tesla magnetic field 

is a very strong field not readily found in living organisms. Therefore whether the 

reorientation of pollen tube exposed to these conditions is due to true tropism or to 

material magnetic properties is still unclear. Worthy of note, the behavior in non-uniform 

fields described by Sperber et al. (1981) resembles the properties of dielectrophoresis 

(Jones, 1995; Morgan and Green, 2003), which is a well-known phenomenon in cells 

(Wang and Liu, 2010). Later, Sperber (1984) reported that under an electric field 

elongating pollen tubes grew towards an electrode, parallel to the applied field, but 

showed no preference to either the positive or the negative electrode, similarly to those 

grown in a magnetic field. 

Later, Nakamura et al. (1991) reported that pollen tubes of Camellia japonica, 

Erythrina and tulip grew toward the negative electrode when exposed to a constant 

electric field. On the other hand, Lycoris, Hedychium and Eriobotrya pollen tubes grew 

towards the positive electrode. However, other species such as Lilium and Gladiolus did 

not exhibit electrotropism. The authors attribute this contradiction to the probable 

ñunsuitableness of various experimental conditionsò. Nakamura et al. (1991) reported that 

the electrotropism effect increased with the applied electric field, with a maximum effect 

at 1 to 2 V/cm. A field strength of 0.13 V/cm provided the first detectable response. The 

tube extension of all tested species decreased as the intensity of the electric fields 

increased, consistent with Wang et al. (1989), who reported a decrease in growth rate. 

The tube response was measured as the inclination angle from a pollen-grain line, which 
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the authors call ñcurvatureò even though it does not include any information on the radius 

of curvature. The percentage of pollen tubes that actually turn in response to the electric 

field is not quantified, but from the pictures shown it is inferred that more than 50% of 

the population, especially the longer tubes, showed a response. The final length of pollen 

tubes is plotted; however the values often exceed the dimensions of the setup (10mm), 

which is not discussed in the text. The authors also mention a difference in behavior 

between tubes located within the medium from those on the surface of the medium. In 

general the report is based on the tubes that grow within the medium since tubes on the 

surface did not exhibit an appreciable response.   

Pertinently, the authors verified the inversion of direction of growth when the polarity 

of the electric field was changed. Nakamura et al. (1991) also showed that there is an 

optimum calcium concentration in the growth medium for pollen tubes, which was found 

to be around 3 to 4 mM. Not surprisingly, the authors state concerns about the 

experimental conditions to properly place, control, and measure pollen tube response. 

This is supported by the fact that the chamber is considerably long (approximately 20 

cm), hence individual response is difficult to assess quantitatively. The electrical setup is 

barely described and electrical parameters, such as the medium conductivity, are not 

reported. Additionally, the use of four additional vessels besides the pollen chamber is 

not explained nor justified (Figure 1.5). Homogeneity of the agar medium as an electrical 

conductor was conjectured by Nakamura et al. (1991) to explain the difference between 

pollen growing within the medium from those on the surface; however no sound 

explanation is advanced. Misuse of terms like ñcurrent intensityò instead of ñcurrent 

densityò or ñvoltageò instead of ñvoltage per meterò is often misleading. It is noted that if 
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electric field strengths of 1 V/cm were used, then the applied voltage was at least 20 V. 

Even though the electric field value is within the biological range, the voltage level is far 

from being physiologically relevant, which raises concern about the aptness or relevance 

of the results. This caveat, in particular, applies to most works in the area.  

 

Figure 1.5  Apparatus for growing pollen tubes employed by Nakamura et al. (1991). 

 

There is one particular interesting detail in Nakamura et al. (1991) that the authors 

failed to comment upon: the maximum curvature effect around 1.5 V/cm (Figure 1.6). 

According to Nakamura et al. (1991), the electrotropism response decreases at higher 

field strengths, while the tube length markedly plummets. This raises the question: to 

what extent does the measured curvature depend on tube length? How could they be 

related? This remains an open question. 
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Figure 1.6  Effect of electric field on Camellia japonica pollen tubes curvature.
25

 

 

The authors argue that, if the mechanism for pollen tube electrotropism is the 

redistribution of calcium in the growing tip due to an external electric field, then how to 

explain the fact that different species grow toward different electrodes. Thus, further 

work is required. Despite the shortcomings, Nakamura et al. (1991) presented more 

accurate information on the electrotropism of pollen tubes than previously available. 

The question of the direction of pollen tube growth in the presence of electric fields 

became even more unsettled when Malhó et al. (1992) reported that Agapanthus 

umbelatus pollen tubes grew towards the nearest electrode under a constant electric field 

                                                 

25
 Figure taken from Nakamura et al. (1991). 
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of 7.5 V/cm, resembling the description given by Sperber (1984). However, when the 

pollen grains were placed at an equidistant position the authors described a random 

growth, as opposed to an aligned growth. 82% of the pollen germinating near the cathode 

presented an orientation alignment with the electric field whereas only 55% of the pollen 

germinating near the anode did. The experiments were done in batch mode for one hour 

in a 15 cm long electrophoresis plate and pollen was sown at three equidistant points: 

near the anode, in the center, and near cathode. Since the electric field has just one 

homogeneous direction, the reported growth pattern cannot be explained only by the 

electric field polarity. The authors advance then ñthat the electric field effect is mediated 

by ionic currents, resulting in an asymmetric ionic distribution throughout the 

germination plate.ò The authors suggest that electrotropism could indeed be caused by a 

cell membrane electrophoresis induced by exogenous ionic currents and gradients (in 

relative influences as Cl
-
 < Mg

2+
 < K

+
 < Ca

2+
) that affect the internal gradients along the 

tube. The authors report that pH (H
+
 concentration) and sucrose concentration do not 

change any result, hence it is argued that these charged molecules are not the main actors. 

Still, the physiological connection of the facts is still unclear since the concentrations of 

the same ions along the actual plant style are likely to be significantly higher than those 

in the experiments.  

Once again the description of the electrical setup was limited as much information is 

not available. A large electrophoresis plate (15 x 5 cm
2
), and hence high total voltages 

(greater than 70 V), are used. Descriptions like ñstabilized in potential and currentò are 

confusing as to what electrical variable was indeed regulated in the test. Although the 

duration of the test (one hour, less than any other work) is given, no mention of pollen 
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tube length or growth rate is reported, not even in the form of figures. The authors 

mention a water flow monitored by neutral dyes but it is not clear if they refer to water in 

the medium or buffers or how it is physically transported. Conductivity is not mentioned 

nor measured. The role of bridges and buffers (along with their ions: Na
+
 and Cl

-
) are not 

discussed. From the pictures, it is evident that tube-tube interaction was neglected. Their 

tests show that ion composition in the medium and buffers affect the orientation results 

(experiments 14-17 in the report) to the extent of reversing orientation (experiments 8 

and 9), supporting the role of ion currents in electrotropism. The order of influence of 

ions albeit very relevant is not explained.  

Not so long afterwards Nozue and Wada (1993) reported the exposure of tobacco 

pollen to a constant current. After stating the lack of study in the polarity of plant cells in 

contrast to animal cells, the authors set out to report the electrotropic response of 

Nicotiana tabacum pollen to electric fields. The pollen grains were suspended in a 

Brewbaker-Kwack medium and placed in a groove. Although not fully explained, the 

groove was ñgeneratedò using a silicon sheet and then topped with a cover slip to allow 

for planar visualization with the microscope. Then, a constant electrical voltage is applied 

to the culture with an electrophoresis power supply in a batch mode. Dimensions or 

relative positions are not given. Once again, details in the electrical parameters and 

measurements are limited. The measurement of pollen tube direction involved the 

average of a cosine function, which in theory should yield zero for random orientation, 

+1 for a population perfectly aligned towards the positive electrode and -1 for a 

population perfectly aligned towards the negative electrode. However, technically 

speaking it would also yield zero for a population uniformly aligned perpendicular to the 
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electrodes (90° or 270°), which again is biased and difficult to interpret. The average 

growth rate of pollen tubes was measured as 1.47 ± 0.14 µm/min with no significant 

difference towards any electrode. The authors reported an average polarization of 0.4 

towards the positive electrode when an electric field of 3.8 V/m was applied. The tropic 

response increased with increasing electric fields, from appreciable at approximately 0.2 

V/cm to saturated at 1.8 V/cm. For electric fields greater than 7 V/cm, pollen tubes 

showed a tendency to burst. The authors report that the tropic response gradually 

increased with increasing duration to exposure. It is noted that no distinction was made 

for different initial directions of different pollen tubes and that the measurement of the 

response is difficult to assess in general because the polarization is measured in a batch 

mode, that is, an increased effect in tropic response is deduced from the fact that more 

pollen tubes turn in a given direction, not because one pollen tube is turning more 

rapidly. This distinction, for instance, could be better studied in a micro environment.  

Nozue and Wada (1993) pursued the suggestion made by Malhó et al. (1992) and 

tested the response of pollen tubes when the electric field was turned off after exposure. 

The authors did not observe any increase or decrease in the average polarization and the 

direction of growth was fairly constant. However, no further test for inversion of polarity 

was done, which might have showed a preferential behavior according to the polarity of 

the electric field. The authors indicated that the tropic response is due to the electric field 

and not to a field-induced gradient in constituents of the medium. However, due to the 

use of agarose blocks in their experiments this issue is not settled. Finally, they suggest 

that even though it is not known how a pollen tube senses an electric field, the 

electrotropism in pollen tubes might be explained by an electrophoretic redistribution of 
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membrane proteins, such as calcium channels, or by a forced intracellular electrophoresis 

of secretory vesicles that contain wall materials. Worth mentioning is that no picture of 

the setup is shown and no batch picture of the pollen is provided. The only picture of 

pollen is that of a couple of pollen tubes turning, which as an individual event is a 

common occurrence in pollen cultures even when they are not exposed to any stimulus. 

No control image was shown to demonstrate the significance of the phenomenon in the 

exposed samples. 

The external electrical signal for electrotropism has usually been considered as 

constant (DC) in the literature. Alternatively, Platzer et al. (1997) applied an AC electric 

field of low frequency and low amplitude to Lilium longiflorum pollen tubes. It was 

found that the growth rate of pollen tubes was affected by both frequency and amplitude 

of the AC field. The growth rate incremented by a factor of 1.58 in a narrow window 

with a maximum at 10 Hz and 20 mV/cm and decreased for higher frequencies and 

higher field strengths. It was observed that pollen tubes tended to burst at field strengths 

greater than 50 mV/cm. The range of frequencies and electric fields tested in the 

experiments was from 1 to 100 Hz and 1.75 to 100 mV/cm (peak to peak) respectively. 

The effect was found to be independent of the initial orientation of the pollen tubes. The 

growth direction of pollen tubes was not influenced by the AC electric field.  

The work of Platzer et al. (1997) shows, at least, that different electrical stimuli might 

cause different responses. DC and AC signals are just two of the many types of signals 

that may exist in nature. It is surprising that AC signals had not been used in 

experimental assays before. However, it is noted that the field strengths reported were 

very low in comparison to the typical values found in the literature, although the authors 
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claim that the strengths are well above the thermal noise limit (Weaver & Astumian, 

1990). Platzer et al. (1997) barely mention the setup employed and no description or 

sketch was provided. Although the authors mention the use of video imaging, there is not 

a single picture of a pollen tube to illustrate the described response under electric fields. 

Almost no details of the culture chamber were given, although platinum electrodes were 

mentioned to be 1 cm apart in a Perspex chamber. Electrical parameters were not 

mentioned except for the conductivity of the medium, which was reported to be 119 

µS/cm. It is also noted that the window where the pollen tube growth is found to increase 

is considerably narrow in frequency and field strength (approximately ±10 Hz and ±10 

mV/cm respectively), which makes it difficult to assess if this increment is really due to 

the AC electric field or to a random deviation caused by experimental or statistical 

inaccuracy. Unfortunately, there is no other work in the literature to compare with.  

More recently, Bou Daher and Geitmann (2011) used electric fields as a directional 

trigger to study the internal workings of pollen tube growth in Camellia japonica. The 

authors found a significant reduction in the percentage of pollen tubes responding to an 

electrical trigger when polymerization of the actin cytoskeleton is partially inhibited. The 

study also details the important role of calcium in pollen tube growth and redirection. It 

was found that the target site of secretory vesicles tilts before tube redirection, indicating 

that a redirection of exocytosis activity is responsible for a reorientation of growth. It is 

argued that the reorientation under electric fields may be due to different types of voltage 

activated calcium channels at the tip. A constant electric field of 1.5 V/cm was used to 

make the pollen tubes turn towards the negative electrode. Lower field strengths did not 

trigger any appreciable effect and higher field strengths caused the pollen tubes to burst. 
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Description of the electrical setup was minimal and tube response was limited. Only a 

very small range of redirection was observed (19.95±4.15°) and few tubes (35%) actually 

changed direction when the electric field was applied. It is noticed that the average 

response time was found to be 209 seconds, a parameter not measured before in the 

literature. Also, growth rate (control average was 12 µm/min) was found to be 

independent of the electric field, contrary to previous works where the growth rate tends 

to decrease.  

Further work on electrotropism or any kind of effect of exogenous electric fields on 

pollen cell growth has been rare even though most works in the field emphasize the lack 

of understanding and strongly recommend additional work. This might be explained by 

the lack of techniques at the micro scale, which might have encouraged the extensive use 

of fluorescent microscopy in the study of pollen tubes in the last decade. This technique 

has proved to be very successful in life science, and particularly in pollen tubes, in 

providing the possibility of labeling specific cell components while observing their 

dynamics with high resolution images. Several internal processes of the pollen tube have 

been revealed using this technique such as the pulsating growth of the tip (Messerli et al., 

2000) and the secretory vesicle trafficking (Bove et al., 2008), among others. 

Despite the fact microfluidics has proved to be a functional tool for cell research at the 

micro scale (Nahmias, 2009; Vanapalli et al., 2009), it was not until recently that Cooper 

et al. (2009) and Yetisen et al. (2011) demonstrated how microfabrication techniques can 

offer more realistic environments for pollen. Cooper et al. (2009) developed a 

microsystem-based open assay for testing the attraction of pollen tubes by ovules. Such 

test cannot be properly done in usual isotropic plate essays where there is no control over 
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growth direction or placement of physical microbarriers. The device consists of a 

microgroove and two opposite chambers (hence offering an anisotropic configuration) 

formed in a polymer-based substrate using a SU-8 mold. The minimum feature size 

reported was 250 µm. A cut pistil with a cluster of pollen tubes fanning out is manually 

placed and aligned in the microgroove as shown in Figure 1.7. By placing ovules in one 

chamber and leaving the opposite chamber empty, the authors found that approximately 

67% of pollen tubes oriented their growth towards the chamber with ovules.  

 

Figure 1.7  Microdevice developed in Cooper et al. (2009). Most pollen tubes grow towards the 

ovule-containing chamber
26

. 

 

Even though the device manufactured by Cooper et al. (2009) fulfills its purpose in 

showing the efficiency of ovule attraction in vitro, the accurate manipulation of 

individual pollen tubes with microfabrication techniques requires further development. 

For instance, the placement of the pollen tubes by means of a cut pistil is completely 

manual. In addition, the fixing and alignment of pollen tubes require delicate handling 
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 Figure taken from Cooper et al. (2009). 
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which might compromise the reproducibility and accuracy of the experiments. 

Furthermore, germination of the placed pollen tubes fanning from the pistil occurs at a 

different focal plane, which complicates the imaging system. Also, since the micro 

groove is essentially an open channel with a width of 500 µm, their device has to be 

placed in a Petri dish in order to be covered by growth medium so as to keep the device 

from drying out, making the microsystem dependent on the larger plate assay. On the 

other hand, the minimum feature size is still orders of magnitude above the size of the 

cell and would have to be considerably reduced in order to achieve single pollen tube 

growth in a controlled manner. Finally, no specific features such as mechanical or 

electrical components are considered for further testing.  

Most importantly, in order to realistically replicate the confined, resource-limited 

milieu in which pollen tubes actually perform growth to achieve fertilization, an enclosed 

environment must be offered by the testing microdevice. A limitation shared by every 

previous work. Nevertheless, the work by Cooper et al. (2009) has been an essential 

intermediate step towards realizing a targeted device for pollen tube growth research 

using a Lab-on-a-chip (LoC)
27

 platform. 

 1.3 Statement of the Problem 

The fact that cells respond to exogenous electric fields has important implications for 

developmental processes involved in embryogenesis, wound healing, polarity, 

differentiation, and motility (McCaig et al., 2005; Jaffe and Nuccitelli, 1977; Li and Lin, 

                                                 

27
 A lab-on-a-chip is a device that integrates laboratory functions on a single chip. Lab-on-a-chip 

devices are a subset of microelectromechanical systems (MEMS) or microsystems. 
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2011; Campetelli et al., 2012). In particular for pollen cells, in vitro experimentation in 

open assays has led to numerous insights. However, how the electrical stimulus is 

perceived and translated into a cellular response is poorly understood in most cellular 

systems. There is a general lack of understanding of the electrical phenomena in pollen 

tubes. There is no consensus in the literature on how pollen tubes behave under electric 

fields and most works in the field emphasize the lack of understanding and strongly 

recommend further work.  

On the other hand, most works have focused solely in pollen tube electrotropism 

instead of tackling the more general question of the influence of electric fields on pollen 

tube growth. No systematic application of different types of electric fields has been 

carried out. For instance, no comprehensive description of pollen tube growth under DC 

and AC electric fields has been reported for the same pollen species. Furthermore, no 

single pollen tube approach has been advanced, which could readily assist the 

investigation of the electrical cue on pollen tube growth as a guidance signal. 

A critical constraint has been the difficulty in providing a testing environment that 

mimics key aspects of the in vivo growth environment of the pollen tube. In all studies 

reported above the application of electric fields has always been done using an open 

essay configuration. An ex vivo
28

 approach in which the pollen cell is provided an 

environment that realistically resembles its natural milieu can yield more relevant results. 

So far no microdevice for the electrical testing of pollen tubes has been considered in the 

                                                 

28
 Ex vivo refers to experimentation with cells from an organism under a minimum alteration of natural 

conditions, which offers more controlled conditions than is possible in in vivo experiments and more 

realistic results than experiments performed in vitro.  
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literature even though sophisticated microsystems such as LoC are now available. Such 

technology has already proved useful in biological applications (Vanapalli et al., 2009; 

Velve-Casquillas et al., 2010). It is therefore of fundamental importance to establish 

consistent experimental design specifications including a description of the electrical 

conditions, and the geometry of the setup. 

Additionally, the literature review shows that one major issue in previous studies is 

related to the reported experimental conditions, which raises concerns on the conclusions 

drawn from the tests. Setup descriptions are often poorly detailed or justified, which 

seriously affects the repeatability of the tests, especially given the little knowledge of the 

phenomenon and the vast amount of variables involved. Actual designs or pictures of the 

experimental setup are rarely provided and sometimes even sketches are missing all 

together. Moreover, concerns about the suitability of the experimental conditions for 

controlled pollen tube growth have been reported (Nakamura et al., 1991). Also, 

quantification of the pollen tube response is often obscure or subjective. For instance, the 

use of difference angles (Wang et al., 1989) or curvature with no radius information 

(Nakamura et al., 1991) might be misleading. In addition, the electrical parameters are 

usually overlooked in the literature and loose terminology is often used, which further 

obscures the discussion. Moreover, most results have not been confirmed by others. A 

better elaboration on the design, the electrical conditions, and the setup used to carry out 

the experiments will ensure improved reproducibility and has the potential to shed more 

light on the actual influence of electric fields on pollen tube growth.  

Since statistical determination of behaviour in biology requires numerous repeats of an 

experiment, the ability to easily and reliably reproduce test conditions is highly 
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important. Yet, most compact microdevices do not address the issue of reusability 

directly; instead the device is usually disposed of after a single use (Nahmias, 2009). 

Although a single-use approach may be inevitable when toxic compounds are involved, a 

reusable approach helps save time and resources while reducing costs. If the LoC (or at 

least part of it) can be reused, the device can be employed in a more efficient way, which, 

albeit a design challenge, makes the LoC more versatile. 

 1.4 Thesis Objectives 

This work aims to elucidate the role of electric fields on pollen tube growth by 

systematically exposing pollen to controlled electric fields in a LoC environment that is 

simple, yet properly defined and reproducible in design.  

More specifically, the objectives of this work are:  

1. To design, fabricate, and test a LoC that enables the growth of pollen tubes in a 

structured microenvironment. 

2. To design, fabricate, and test a LoC with integrated microelectrodes that enables 

the systematic application of electric fields to pollen tubes.  

3. To characterize the behavior of pollen tubes under global DC and AC electric 

fields. 

4. To apply and assess the effect of localized DC electric fields to individual pollen 

tubes. 
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 1.5 Thesis Contribution  

This work will contribute to the understanding of the influence of electric fields on 

pollen cells growth. The proposed LoC will assist to the development of pollen cell 

analysis by offering a specific platform capable of manipulating either populations of 

cells or single pollen tubes. By providing a controlled ex vivo environment that has 

features similar to the one in vivo, the responses of the pollen tube to external signals can 

be better studied. On the other hand, implementation of the reusability aspect directly in 

the fabrication will certainly promote wide-spread use of LoC technology in day-to-day 

applications (Whitesides, 2011), particularly in out-of-the-lab instances. This will offer 

an efficient platform for experimentally studying and manipulating the growth behavior 

of pollen tubes for various applications such as cytomechanics, toxicology, drug 

development, drug diagnosis, drug discovery, among others.  

A comprehensive study of the influence of electric fields on pollen tubes at the micro 

scale will help bring consensus in the literature on how pollen tubes behave under 

electrical stimulus. Furthermore, the application of localized electric fields to individual 

pollen tubes will clarify aspects of the dynamics of their growth not possible before. Until 

now, the use of a microsystem to study individual pollen tubes during electric field 

exposure has not been reported. The development of such a systematic approach to 

experimentation will also benefit research on other cell types reported to respond to 

electric fields (Chen and Jaffe, 1979; Ishikawa and Evans, 1990; McGillivray and Gow, 

1986; Peng and Jaffe, 1976; Robinson, 1985; Stenz and Weisenseel, 1993). This can 

enable the development of methodologies for prevention or treatment of many disorders 
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and diseases which could potentially benefit areas such as agriculture and medicine, 

among others. 

 1.5.1 Publications  

Publications stemmed from this Ph.D. research are listed below: 

Published articles: 

1. Agudelo, C.G., Sanati Nezhad, A., Ghanbari, M., Packirisamy, M., and Geitmann, 

A. (2012). A microfluidic platform for the investigation of elongation growth in 

pollen tubes. Journal of Micromechanics and Microengineering. 22, 

doi:10.1088/0960-1317/22/11/115009. 

Contribution: Concept. Experimentation. Writing (All sections). Editing. Material 

from this article is included in chapters 2. 

2. Agudelo, C.G., Sanati Nezhad, A., Ghanbari, M., Naghavi, M., Packirisamy, M., 

and Geitmann, A. (2013). TipChip: a modular, MEMS-based platform for 

experimentation and phenotyping of tip-growing cells. Plant Journal for Cell and 

Molecular Biology. 73, 1057ï1068. 

Contribution: Concept, Sections: Design, Metal Biocompatibility. Editing. The 

Metal biocompatibility section is included in chapter 3. 

3. Agudelo, C.G., Packirisamy, M., and Geitmann, A. (2013). Lab-on-a-Chip for 

studying growing pollen tubes. In: Plant Cell Morphogenesis: Methods and 

Protocols, Series "Methods in Molecular Biology", eds. Ģ§rskĨ V, Cvrļkov§ F, 

Springer, pp 237-248. 

Contribution: Concept. Experimentation. Writing (All sections). Editing. Material 

from this book section is included in chapters 2 and 3. 

4. Sanati Nezhad, A., Ghanbari, M., Agudelo, C.G., Packirisamy, M., Bhat, R.B., 

and Geitmann, A. (2013). PDMS microcantilever-based flow sensor integration 

for Lab-on-a-Chip. IEEE Sens J. 13, 601ï609. 

Contribution: Concept, Editing, Lab support. This article is only cited. No 

material is included in the thesis. 

5. Sanati Nezhad, A., Ghanbari, M., Agudelo, C.G., Naghavi, M., Packirisamy, M., 

Bhat, R.B., and Geitmann, A. (2013). Optimization of flow assisted entrapment of 

pollen grains in a microfluidic platform for tip growth analysis. Biomed 

Microdevices. 16, 23ï33. 
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Contribution: Concept, Editing. This article is only cited. No material is included 

in the thesis. 

6. Ghanbari, M., Sanati Nezhad, A., Agudelo, C.G., Packirisamy, M., and Geitmann, 

A. (2014). Microfluidic positioning of pollen grains in lab-on-a-chip for single 

cell analysis. Journal of Bioscience and Bioengineering. 117, 504ï511. 

Contribution: Concept, Editing. This article is only cited. No material is included 

in the thesis. 

 

Articles in review: 

7. Agudelo, C.G., Geitmann, A., and Packirisamy, M. (2015). Influence of electric 

fields and conductivity on pollen tube growth assessed via Electrical Lab-on-

Chip. 

Contribution: Concept. Experimentation. Writing (all sections). Editing. Material 

from this article is included in chapters 4, 5, and 6. 

 

Conference papers: 

8. Agudelo, C.G., Sanati Nezhad, A., Ghanbari, M., Naghavi, M. Packirisamy, M., 

and Geitmann, A. (2013). Combining live cell imaging and MEMS technology. 

Meeting of the Microscopical Society of Canada, Victoria, Jun 18-20. 

9. Agudelo, C.G., Packirisamy, M., and Geitmann, A. (2014). Assessing the 

influence of electric cues and conductivity on pollen tube growth via Lab-on-a-

Chip technology. Biophysical Society 58th Annual Meeting, San Francisco, 

California, Feb 15-19. 

10. Chebli, Y., Agudelo, C.G., Sanati Nezhad, A., Ghanbari, M., Naghavi, M. 

Packirisamy, M., and Geitmann, A. (2014). Tipchip or MEMS-based platform for 

experimentation with tip growing cells. Nagoya, Japan. Sep 10-11. 

11. Agudelo, C.G., Sanati Nezhad, A., Ghanbari, M., Naghavi, M. Packirisamy, M., 

and Geitmann, A. (2013). MEMS technology in combination with high resolution 

live cell imaging. 18th International Microscopy Congress. Prague, Sep 7-12. 

12. Agudelo, C.G., Sanati Nezhad, A., Ghanbari, M., Packirisamy, M., and Geitmann, 

A. (2015). Navigating a Maze - Sensing and Responding to Mechanical Obstacles 

during Cellular Invasive Growth. Biophysical Journal. Volume 108, Issue 2, 

Supplement 1, 27 January 2015. 
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 1.6 Description of the Work 

The proposed LoC is based on an ex vivo microfluidic platform that offers individual 

pollen tubes a microenvironment where their growth can be monitored microscopically 

and experimentally studied. The device was designed for Camellia japonica pollen tubes 

but it can be adapted to any other species in a straightforward manner. Chapter 2 

introduces the LoC architectural design and describes the microfluidic approach. It also 

presents microfluidics simulations and details the LoC fabrication. The LoC is 

exemplified with a simple collision test. 

Next, microelectrodes are integrated into the LoC. Chapter 3 describes the Electrical 

LoC (ELoC). Design considerations such as reusability are discussed. Fabrication is also 

presented in detail. In order to apply global and local electric fields, two variants of the 

ELoC are introduced: Batch and Single-cell. Electrical characterization of the ELoC in 

the presence of growth medium (an electrolyte) is also addressed. 

The effects of global DC and AC electric fields on pollen tube growth are covered in 

Chapter 4 and 5 respectively.  Data are systematically collected on pollen tube length, 

growth rate, germination, and bursting. Pollen tube orientation is also measured and 

discussed. Chapter 5 further investigates the effect of electric field frequency and 

electrode material on pollen growth. 

The application of subcellular electric fields using the single-cell ELoC is presented in 

Chapter 6. The role of electric fields as a potential guidance cue is also covered therein. 

Finally, Chapter 7 presents the conclusions and future work. 
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Chapter 2 - Growing Pollen Tubes by Means of a Microfluidic 

Platform   

In the present chapter, a LoC based on an autonomous microfluidic platform is 

developed with the aim to expose individual pollen tubes to a growth environment that is 

able to test their response to various mechanical challenges. A published presentation of 

this chapter can be found in Agudelo et al. (2012). A detailed fabrication procedure with 

materials, methods, annotations and lab tips can be consulted in Agudelo et al. (2013a). 

The design of the LoC had to meet several criteria: 1) The microchannel setup was to 

be designed to allow for several single pollen tubes to grow simultaneously in individual 

channels; 2) Ungerminated pollen grains had to be injected in such a manner that they 

would be positioned in front of microchannels into which the pollen tubes could grow; 3) 

The device would have to allow culture medium to flow through continuously to supply 

the growing pollen tubes with fresh nutrients and oxygen; and 4) Optical compatibility 

needed to be ensured in order to measure pollen tube growth by image analysis. 

 2.1 LoC Design 

The proposed LoC design is based on a microfluidic network that permits the 

controlled manipulation of pollen grains suspended in a liquid growth medium. It is 

composed of an inlet, a linear distribution chamber, two series of symmetrical 

microchannels (top and bottom), and two outlets. Figure 2.1a shows a schematic of the 

proposed LoC. The diameter of a pollen tube is species dependent with typical values in 

the order of a few micrometers. Here, the device is designed for pollen tubes from species 

with relatively large tubes such as Lilium longiflorum or Camellia japonica. The tubes 
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from these species grow rapidly with a large diameter (typically between 10 to 20 µm) 

and relatively straight, making them an ideal model system for the investigation of 

biomechanical behaviour (Bou Daher and Geitmann, 2011). 

 

Figure 2.1 Overall design of the LoC. (a) Schematic. (b) Detailed layout of the microchannels. 

Curved notch at the entrance of a microchannel is zoomed in. (c) Velocity field simulation of the 

microfluidic platform. (d) Flow simulation for half of the microfluidic network. 

 

The whole platform is conceived to be planar with a limited thickness in order to avoid 

the accumulation of pollen grains into stacks that would represent a mechanical 

impediment to germination and a visual obtrusion preventing microscopical observation. 

The limited thickness also restrains the pollen grain interactions to a two-dimensional 

space and ensures that all growth occurs in the same focal plane. Considering that 


























































































































































































