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“What I want to talk about is the problem of manipulating and controlling things on a 

small scale.”  

-Richard Feynman, 1959, from “There’s plenty of room at the bottom.”
1
 

 

“Microfluidics has the potential to influence subject areas from chemical synthesis and 

biological analysis to optics and information technology.”  

-George M. Whitesides, 2006, from “The origins and the future of microfluidics”
2
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Summary 

 Microfluidics has seen an explosion in growth in the past few years, providing 

researchers with new and exciting lab-on-chip platforms with which to perform a wide 

variety of biological and biochemical experiments. In this work, a volume quantification 

tool is developed, demonstrating the ability to measure the volume of individual cells at 

high resolution and while enabling microfluidic sample manipulations. Care is taken to 

maximise measurement sensitivity, range and accuracy, though novel use of buoyancy and 

dynamically tunable microchannels. This first demonstrat                              

                                                                                        1 

µm
3
 E.coli that would otherwise go undetected. Software was written that enables pressure-

driven flow control on the scale of individual cells, which is used to great success in (a) 

sorting cells based on size measurement and (b) monitoring the growth of cells. While there 

are a number of macroscopic techniques capable of sorting cells, microscopic lab-on-chip 

equivalents have only recently started to emerge. In this work, a label-free, volume sensor 

operating at high resolution is used in conjunction with pressure-driven flow control to 

actively extract particle/cell subpopulations. Next, a microfluidic growth monitoring device 

is demonstrated, whereby a cell is flowed back and forth through a volume sensor. The 

integration of sieve valves allows cell media to be quickly exchanged. The combination of 

dynamic trapping and rapid media exchange is an important technological contribution to 

the field, one that opens the door to studies focusing on cell volumetric response to drugs 

and environmental stimuli. This technology was designed and fabricated in-house using 

soft lithography techniques readily available in most biotechnology labs. The main thesis 

body contains four scientific articles that detail this work (Chapters 2-5), all published in 
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peer-reviewed scientific journals. These are preceded by an introductory chapter which 

provides an overview to the theory underlying this work, in particular the non-intuitive 

physics at the microscale and the Coulter principle.  
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Sommaire 

 La popularité de la microfluidique a subit une croissance remarquable ces dernières 

années, offrant aux chercheurs (chercheuses) une variété de nouvelles « laboratoires sur 

puce » pouvant performer une grande variété de fonctions analytiques et biochimiques. 

Dans ce travail, un outil capable de mesurer le volume de cellules individuelles à haute 

résolution est développé en paire avec un système microfluidique pour manipuler les 

échantillons. La sensibilité, précision et  ’é                 sont optimisé   à  ’     

 ’                     q            q    ’                          é  ’é            et de canaux 

microfluidiques dynamiques à dimensions ajustables. Ce    p    è    é             ’   

                   q    j                       é    é  ’é                  p             

détection de E.coli   1µm
3
) qui, autrement, passerait inaperçus. Un logiciel fut créé qui 

p              ô         x à  ’         é          à p        à  ’é                   

individuelles; ceci a permis (a) la séparation de cellules selon leur volume et (b) la mesure 

continue du volume pendant la croissance de cellules. B    q ’    x                      

macroscopiques capables de séparer des cellules, des équivalents sur puce représentent un 

dévelopement récent. Dans ce travail, un senseur à volume sans étiquette et opérant à haute-

résolution est intégré avec un système de contrôle de flux avec pressions, de sorte à extraire 

des sous-populations de particules/cellules. Ensuite, un système microfluidique capable de 

mesurer la croissance de cellules est démontré, où une cellule est envoyée périodiquement à 

travers un sen     à       . L’   é                            permet  ’é         p       

fluides. Cette combinaison de piège à cellule dynamique et     ’échange rapide du milieu 

de culture représente une contribution scientifique importante, une contribution 

technologique qui ouvre la porte à de nouvelles expériences portant sur la réponse 



 

vi 

 

volumétrique cellulaire aux stimuli environnementaux et aux drogues. Cette technologie fut 

   ç           q é                      à  ’                   p  e molle, une technique 

généralement disponible dans les laboratoires biochimiques. Le corps de cette thèse est 

formé de quatre articles scientifiques qui détaillent ces travaux (Chapitres 2-5), tous publiés 

dans des journaux scientifiques avec évaluation par les pairs. Ceux-ci sont précédés par un 

   p      ’             q   p é          p  ç          é              p        è       à    

physique non-          à  ’é             é   q         p     p     C      .  
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1 INTRODUCTION 

Sizing and manipulating small, very small, living organisms: this is what defines this work. 

How small? E. coli cells measure roughly 1 µm
3
 (1fL). To put this in perspective, the 

volume of an E. coli cell is to the volume of a male elephant what this same elephant is to 

E    ’  Moon. How does one even go about manipulating and analyzing something so 

small? In contrast, at the macroscale, if one were to measure the volume of a reasonably 

sized object/creature, there are a number of options. One could use back-of-envelope 

calculations, along with some measuring tape and obtain a good approximation. If one were 

more rigorous, and had a cooperative elephant, one could do as Archimedes once did, and 

measure displaced volume as the creature is submersed in a body of water. Such a 

measurement would lead to an accurate measurement of volume. 

At the micro-/nano- scale, volume measurements become more challenging. Since 

its introduction in 1956, the Coulter counter has been the tool of choice for sizing cells in a 

population.
3
 Traditional Coulter counters operate as follows: a current is applied between 

two chambers separated by a narrow aperture and filled with target microparticles or cells 

suspended in a conducting electrolyte. In a manner analogous to the previous example, 

where an object displaces its own volume in liquid by virtue of A         ’ p     p    

microfluidic objects flowing through the aperture displace their own volume in ions, 

causing a current pulse (decrease) proportional to their volume. This simple but powerful 

technology allows colloidal solutions or populations of cells to be analyzed serially at high-

throughput. Unfortunately, these devices are expensive, bulky, and generally confined to 

hospital or laboratory use.
4,5

 The immergence of microfluidics and soft lithography in the 

mid-90s and 00s has opened the door to lab-on-chip equivalents to such systems, devices 
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that are low cost and relatively simple to fabricate. Further, microfluidics makes it possible 

to manipulate cells in new and exciting ways. 

 This thesis is focused on measuring the volume of individual cells, and exploring 

microfluidic technologies capable of using this information to (a) sort cells and (b) measure 

cellular growth rate. Cells are the building blocks of life, the very foundation of living 

organisms. Of the many fundamental parameters one can measure – mass, dimensions, 

coloration, etc. – volume stands out as being of particular interest. It can be used to 

differentiate cell types within a mixed population
6
, identify cell cycle stage

7
, or study cell 

response to external stimuli, such as media osmolarity.
8
 Of particular importance, volume 

can be ascertained without requiring any cell modification (label-free), making it 

particularly attractive to researchers in the field worried about influencing the cell being 

studied. 

In terms of measuring cellular growth, obtaining information on mass, density and 

volume is essential to obtain a full picture. For example, the mass of budding yeast cells 

during the cell cycle has been shown to follow linear
9
 or exponential

10–13
 growth curves. 

Volume, on the other hand, displays a sigmoidal pattern, with periods of slower volume 

increase corresponding to a time before daughter bud emergence and at daughter cell 

maturity.
9,14

 T   “p      ”                                                               

mother cell at bud initiation.
15

 Thus, volume sensing provides a useful tool with which to 

quantify such behaviour. 

Recently, efforts have been made to miniaturize volume sensing technology, and 

integrate sensors on lab-on-chip platforms. In the devices developed in this work, two 
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coplanar electrodes, located at the bottom of a microfluidic channel, are utilised. This 

microfluidic version of the Coulter counter operates in much the same way (Fig. 1-1). A 

current is drawn between two neighbouring electrodes by applying an AC potential. Cells 

flowing through the microfluidic sensing channel will displace ions, causing a current 

pulse. Microfluidic devices show great promise since they have the advantages of lower 

cost, less sample required and small form factor. Such a platform also allows for the easy 

integration of microfluidic PDMS valves, capable of dynamically altering a microfluidic 

flow channel. The first part of this thesis is focused on developing and improving upon 

volume sensing technology, based upon the Coulter principle (Chapters 2-3); the second 

part of this thesis explores direct applications of this technology, in cell sorting (Chapter 4) 

and cell growth monitoring (Chapter 5). 

 

Figure 1-1 Microfluidic volume sensor with embedded, coplanar electrodes. As microtargets 

traverse the sensing volume, a pulse of amplitude proportional to target volume is measured. 

In a publication in Lab on a Chip
16

, the first fully tunable microfluidic volume 

sensor is described and characterized. This work will be detailed in Chapter 2. This 

innovation demonstrated an ability to not only size target cells over a wide range, but also 
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render a device capable of detecting particles that would otherwise go undetected in sensing 

channels of large cross-section, such as E.coli.  

In Chapter 3, the effect of particle trajectory through the sensor is analyzed in the 

context of further improving device accuracy and sensitivity. This work, featured in 

Applied Physics Letters,
17

 was presented in two parts. First, finite element modelling was 

performed to quantify the effect of particle trajectory through the sensor. As had been 

p        y p                      ’          y     y                       p           

target position.
18

 However, rather than decrease signal reproducibility, this work 

demonstrates how this effect can be utilised to further enhance the signal. By guiding 

buoyant particles through the sensor by finely adjusting media density, one can precisely 

control particle trajectories over the sensing electrodes, resulting in improvements in signal 

strength, accuracy and reproducibility. 

In Chapter 4, there is demonstration of a cell sorter developed utilizing the 

previously described on-chip volume sensor. The manuscript was published in 

Microelectronic Engineering on February 13
th

 2014.
19

 This device was shown fully capable 

of sorting a population of particles or cells purely based on volume. In addition, integrated 

PDMS valves were not only used to tune the sensor, but also allowed extracted cells to be 

visually inspected through sieving. Volume-based sorting at high-resolution was achieved, 

capable of distinguishing cells at various stage of the cell cycle. 

Finally, in Chapter 5, a device capable of trapping and sizing individual cells is 

demonstrated. The manuscript was published as a Fast Track article in Biomicrofluidics on 

February 28
th

 2014.
20

 An individual cell can be rapidly flown back and forth across a 
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sensor, confined in a dynamic trap. This technology allowed for continual growth statistics 

on individual cells, accompanied by real-time optical analysis. Most technologies to date 

have focused on measuring the behaviour of cell colonies as a whole. For example, cell 

growth rate can be ascertained by monitoring the optical transmittance of a cell suspension 

with the Beer-Lambert Law.
21,22

 As cells multiply and divide, culture opacity increases. 

The disadvantage herein is that the behaviour of rare cell events are easily lost in the 

statistics. In addition, to obtain information on growth rate changes within the cell cycle, 

cells in a culture need to be synchronized,
23

 which is not trivial. In this work, the cell cycle 

stage of individual cells was visually correlated with cell volume. Further, it is 

demonstrated that integrated PDMS valves can be used to physically trap a cell within a 

microfluidic channel, and enable media to be rapidly exchanged. This new functionality 

opens the door to cytotoxicity assays, where the effects of drugs on volumetric growth rate 

can be studied. 

These four scientific articles represent the heart of this thesis. In these works, each 

individual innovation is fully motivated as a true step forward with respect to current 

technology. That being said, the compressed article format is not always amiable to lengthy 

descriptions of state-of-the-art alternative methods. For this reason, Section 1.4 will provide 

an overview of recent developments in the field, and highlight the advantages and 

disadvantages of these technologies. The introductory chapter (Chapter 1) will introduce 

the key concepts that underline the physics behind these technological achievements and 

breakthroughs. These include not only the principles behind the volume sensing mechanics, 

but also physics at the microscale, the sensing physics as well as technical information 
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underlying device fabrication. Though these topics are briefly mentioned in the 

aforementioned articles, they are here presented in a comprehensive fashion. 

1.1 Microfluidics 

1.1.1 Introduction 

Microfluidics has seen a surge of interest recently, and holds great potential in 

revolutionizing both chemistry and biochemistry processes. Lab-on-chip devices, such as 

the one depicted in Fig. 1-2, hold many advantages over conventional counterparts, 

including:
2
 

 Less reagents: Fluid manipulation on the microscale means fewer reagents are 

required. This is both cost effective, and preferential in terms of rare samples. 

 Multiplexing: Microfluidic manipulation of fluids means individual sensors can be 

easily parallelized, multiplying the throughput of such devices. 

 Small form factor: Lab-on-Chip microfluidic systems are small, often no larger than 

a small coin. This makes them portable, and ready to use in point-of-care 

applications. 

 Cost: Microfluidic chips can be batch-fabricated, substantially reducing the cost 

compared to conventional systems. 

On the other hand, the novelty of these lab-on-chip systems can be a disadvantage from 

a developmental perspective: many of the devices described in this work and others are at a 

prototype stage, and work remains to be done before commercialization. Ghallab and 

Badawy list the following disadvantages:
24

 

 Novelty: New, yet to be fully developed technology. 
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 Signal-to-noise ratio: Detection capabilities do not always scale-down. 

 Accuracy/Precision: Engineering features of precise, reproducible geometries can 

be a challenge. 

Scaling systems down to the microscale allows these devices to exploit microscale 

physics. This often non-intuitive microworld, where diffusion dominates over momentum, 

and where capillary forces, wetting and adhesion dominate over gravity, will be the focus 

of this section. 

1.1.2 Reynolds Number and laminar flow 

A handful of dimensionless numbers help to quantify the dominant effects in microfluidic 

regimes under different conditions, i.e. different flow rates, particle size, density, channel 

configurations and so forth. It becomes important to understand and exploit the physics and 

design your system in consequence. Among these numbers, the Reynolds number Re stands 

out as being of particular importance. It is the ratio of inertial to viscous forces.
25
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where ρ is the fluid density, U0 the fluid velocity at  the centre of the channel, L0 a 

characteristic length scale such as channel width and η the kinematic viscosity. At a low 

Reynolds numbers (Re < 1000), flow is laminar, while at high Reynolds number (Re > 

2000), there is turbulent flow. In the pressure-driven flow conditions of this work, the 

velocity will scale with channel width: 

 
   

    

 
 

1-2 

 

with µ the dynamic viscosity. We thus have: 
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In all but extreme cases, the flow will always be laminar in microfluidic systems (Fig. 1-2). 

For example, if microchannel width is on the order of 10 µm, and flow velocity on the 

order of 1 mm/s, one obtains Re ~ 10
-2

. In the case of the microfluidic volume sensors 

developed in this work, this result guarantees flow conditions necessary for controlling 

cells and particles on the micron scale. In Chapter 3, where buoyancy is used to finely 

adjust trajectories within a sensor, or in Chapter 5, where a dynamic cell trap uses 

completely reversible flow, maintaining laminar flow conditions is of utmost importance. 

 

Figure 1-2 PDMS device fabricated to demonstrate the laminar flow conditions at the microscale. 

Solutions dyed with food coloring flow in parallel with minimal mixing. 

1.1.3 Péclet Number and mixing 

Another useful number in microfluidic systems, one that quantifies the transport and 

mixing of fluids, is the Péclet number; it is the ratio of the rate of convection to the rate of 

diffusion. 
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where D is the diffusion constant. Diffusion can be estimated using the Stokes-Einstein 

law, where it can be represented by the random walk of small spherical particles immersed 

in a viscous fluid. Following a procedure described by Tabeling, we first use the Langevin 

equation to describe the behavior of a particle:
26
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where u is a velocity component (along x, y or z), and β is a friction coefficient. S  k  ’     

states that the drag force FD will be: 
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with V the particle velocity, r the radius of the diffusing spherical particle and η the 

viscosity. Brownian-type motion will have diffusion: 

 
  

〈  〉
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The energy equipartition theorem states: 

  

 
 〈  〉  
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Combining 1.6, 1.7 and 1.8, we obtain the Stokes-Einstein relation: 
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Why is this important? A low diffusion constant allows a user to manipulate cells and 

microspheres without worrying about them diffusing too far in either direction. These 

concepts of diffusion and mixing play a large role in the case of the cell growth monitoring 
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device described in Chapter 5. Such a device operates on the principle of a reversible flow, 

whereby a living cell is being shuffled back and forth within a microchannel. Every time it 

passes through a sensor, flow is reversed. While this dynamic trap principle will be further 

explained in Chapter 5, it is here mentioned as an example of a system where diffusion and 

mixing plays an important role. Ideally one would want a trapped cell to NOT diffuse, and 

small molecules (glucose, proteins, nutrients) to diffuse very rapidly, constantly 

replenishing a cell held in a trap. A steady nutrient supply is essential to maintaining 

normal growth conditions. For a cell suspended in aqueous solution at 30 ºC, this equates to 

a very manageable 0.1 µm
2
/s.  The diffusion of glucose is about 5000 times larger, 

guaranteeing a steady nutrient supply. 

Mixing is further enhanced by Taylor dispersion in situations where Pe >> 1. Taylor 

dispersion is a microfluidic effect whereby an uneven flow profile, a Poiseuille flow, causes 

liquid to disperse faster than through diffusion alone. Poiseuille flow is a direct result of the 

no-slip condition on the edges of a pipe or channel.  This effect is described visually in Fig. 

1-3. This leads to an effective, axial diffusivity
25

: 
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Figure 1-3 (a) Thin liquid plug. (b) Poiseuille flow stretches out the liquid plug through convection. 

(c) Liquid diffuses within the channel, leading to a Gaussian spreading profile. 



 

11 

 

Or analytically, in the case of rectangular microchannels: 

   
 ̅   
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where h is the channel height and  ̅ the average velocity. As pointed out by Squires and 

Quake
25

, it should be noted that this is only valid for a time scale: 
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since it is necessary for diffusion along the width of the channel to occur. Mixing of fluids 

occurs on shorter time scales purely from convection. 

To provide an idea as to how fluids behave in the compressed channels discussed in 

Chapter 2 (specifically, Fig. 2-1), FEM modeling (numerical simulations) was performed 

using Comsol software (Fig. 1-4). Poiseuille flow is observed in all configurations. 

 

Figure 1-4: a) Typical valve and flow channel configuration in a multilayered PDMS system. b-e) 

A 20 µm tall x 50 µm wide flow channel is compressed as the valve is pressurized. Pressures can be 
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set to obtain a flow rate of approximately 100 µm/s in each case. Although the valve/flow channel 

mechanism is highlighted in Chapter 2, it is here included to highlight Poiseuille flow behavior. 

1.1.4 Buoyancy 

While         ’                          y        greatly reduced due to a low Reynolds 

number, it nonetheless has an impact at longer time scales. This was put to the test in 

Chapter 3, where particle buoyancy was used to guide microparticles along different flow 

trajectories. Gravity will act upon a microparticle/cell with a force: 

   
 

 
   (     )  
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where    and    are the densities of the solid particle/cell and fluid, respectively. 

Combining (1-13)      S  k  ’  q        1-6), one obtains a terminal velocity: 

 

   
 

 

  (     )
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Thus, if one wants particles to settle either at the top or the bottom of a 

microchannel using buoyancy, Equation 1-14 allows for an estimate of terminal 

velocity and settling times. For the channels described in Chapter 3, this equation 

lead to a vertical velocity of 0.3 µm/s, and provided an upper flow limit of 240 

µm/s on channel flow velocity. This permitted particles to reach their final 

position within the channel prior to reaching the sensor.  

 

1.1.5 Studying cells using microfluidics 

1.1.5.1 Types of cells 

Microfluidics lends itself well to studying a large variety of cells, including red blood 

cells
27

, Madin-Darby Canine Kidney (MDCK) cells
8
, Saccharomyces cerevisiae (yeast)

14
 

and Escherichia coli.
27,28

 In terms of test organisms for a growth sensor, E.coli and yeast 
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are particularly interesting because of their short cell cycle (rapid growth). These organisms 

have doubling times of 15-20 min and 1.5-2 hrs, respectively. Yeast is also of ideal size 

(diameter ~ 5 µm) to be easily measured by the microfluidic volume sensors developed in 

this work. For these reasons, yeast is featured in Chapters 4-5, whereas E.coli is used to 

demonstrate the limits of a tunable sensor in Chapter 2. 

1.1.5.2 Tailoring cellular microenvironment 

T                                                         y p             ’  

microenvironment. Laminar flow can be used to create finely adjustable gradients, at 

subcellular resolution.
29,30

 The chemical microenvironment can be adjusted to mimic what 

a cell would encounter in-vivo: pH, temperature, osmolality and oxygen content can all be 

controlled.
31

 In addition, temperatures can be changed much more quickly than for 

macroscopic systems. 

 The cell itself should also be a major consideration when designing a microfluidic 

environment. Not all cells will grow properly in suspension; certain cells, such as 3T3 

fibroblasts, HeLa (transformed epithelial) and primary human umbilical artery endothelial 

cells (HUAECs) require surfaces with which to adhere in order to thrive.
32

 For such 

adherent cells, surface properties should be taken into consideration. 

The act of restricting a cell to a physically confined environment can also affect 

cellular behaviour. This has been documented in several studies, where micro- and nano-

environments directly influenced cellular growth. In one experiment performed by 

Arneborg et al., individual yeast cells were grown in environments with either zero or 

multiple yeast cell neighbours using optical traps.
33

 It was found that a cell that was heavily 
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confined had a 15% longer growth cycle. Huang et al. created transparent microtubes to 

function as 2D culture scaffolds, some of diameter as small as 5 µm.
34

 In wider tubes, yeast 

cells cultured within this confining environment rotated as they grew. For the smallest 

tubes, cells became elongated, stretching out along the length of the tube. In another work, 

Minc et al. created femtoliter chambers and forced rod-shaped fission yeast cells inside
35

. 

They then observed how this confinement affected factors, specifically those affecting 

microtubules. In each of these cases, cells were confined so tightly that they were in direct 

contact with channel walls. In the growth measurements detailed in Chapter 5, this is not 

the case; cells are suspended in solution in channels several times larger than their 

dimensions. Geometrical considerations should always be taken into account when 

designing microfluidic systems. 

1.1.5.3 PDMS 

A number of materials can be used to create this microenvironment, but none have 

gained as much widespread use as Polydimethylsiloxane (PDMS). PDMS is an organic 

polymer that holds many advantages when dealing with live cells (Fig. 1-5). PDMS is 

transparent, which allows for simple optical monitoring of cells. It is also non-toxic and air 

permeable, allowing cells to breathe while confined within microchannels.
36

 PDMS has a 

low autofluorescence,
37

 providing an ideal background for fluorescence measurements. 

PDMS is autoclavable, an added benefit when dealing with biological materials. The easy 

integration of multiple layers opens the door to PDMS being used for more than a simple 

cell cultivation tool; it can also be used to measure mechanical forces on cells. PDMS pillar 

deflection has been used to monitor traction forces on epithelial cells.
38
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Figure 1-5 Typical dimensions of a microfluidic lab-on-chip device. Left: tunable volume sensor 

detailed in Chapter 2, fabricated through PDMS moulding (soft lithography). 

 However, PDMS is not without its flaws. In fact, some of its greatest assets can 

become a liability. The air permeability may help cells breathe, but it can also allow water 

vapors to escape, causing concentration and osmolarity changes in the cell media. This not 

only affects the cell, but also the baseline conductivity in impedance-based volume sensors. 

Given enough time, these channels can completely dry up, killing the cell culture. PDMS 

has also demonstrated an affinity for small hydrophobic molecules, such as proteins and 

drugs.
39

 The reverse effect can also be a challenge: uncrosslinked oligomers can leach out 

and bind to cells.
31

 These effects should be considered when using PDMS to construct 

microfluidic systems. Despite these challenges, PDMS remains widely used in microfluidic 

systems. 

1.1.5.4 Shear stress 

Another aspect of cell detection and manipulation is making sure a cell is not subjected to 

excessive shear stress. The cells used in this work, E. coli and S. cerevisiae, are both 

studied in suspension, where they can freely rotate. In cases where cells are held in place, 

such as in Chapter 5, shear stress is worth considering. The microchannels in this work are 

rectangular, with some rounded features depending on the choice of photoresist mould (see 
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Section 1.3). When valves are used to compress a channel, the shape changes considerably 

(Figure 2-2, 1-4). This makes it difficult to ascertain flow profiles in this region, without 

the help of numerical techniques. However, the shear stress τ of a cylindrical microchannel 

can be expressed through the Poiseuille formula:
40
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with µ the viscosity, Q the flow rate and r the channel radius. A cell stuck in place at the 

                 p                           C  p                        2 mm/s through a 

channel section of cross section diameter 3 µm, will be subject to a shear stress on the order 

of         Pa. How substantial is this? Yeast cells are generally considered to be quite 

resilient; in tests with a shear stress of 17 kPa, no ill-effects were observed.
41

 In the work 

performed in Chapter 5, growth appeared unperturbed by the short-term exposure to the 

elevated shear stresses during cell media exchange. 

1.1.5.5 Manipulating and analyzing cells 

In the works presented herein, a number of techniques are adopted to manipulate and 

analyze cells within microfluidic environments. Control techniques include buoyancy, 

pressure-driven flow focusing and redirection and dynamic tuning of microchannel height. 

In each case, these techniques are paired with a microfluidic volume sensor (Chapters 2-5). 

In section 1.4, state of the art biosensing platforms are described, and compared to the work 

developed in this thesis. 
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1.2 Sensing physics 

1.2.1 Coulter principle 

The Coulter principle lies at the very heart of the microfluidic volume sensor. Simply 

stated, a particle or cell passing through a small aperture in an electrolytic solution through 

which a current is drawn shall produce an impedance change proportional to its volume. 

This effect is due to electrolyte being displaced by nonconductive objects. This concept 

was first developed by Wallace H. Coulter in the 1940s and 50s, as a means of counting red 

blood cells.
3,42

 At the time, technologies capable of performing complete blood counts 

(CBCs) were based on optical detection. Today, lab-on-chip equivalents of such systems 

function in the same fashion, with a microfluidic channel playing the role of the aperture. A 

number of designs have been studied, including external electrodes
43

 (wires) and embedded 

thin film electrodes, of either coplanar
44

 or parallel
28

 configurations. As discussed by 

Cheung et. al. in a recent review article,
45

 there are three key parameters one can use to 

improve sensitivity: cell volume fraction, cell positioning in the flow and the electrical 

double layer. 

1.2.1.1 Cell volume fraction 

Sensitivity is directly proportional to cell volume fraction, as defined by Sun et al.:
46
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with   ̃ the impedance change in the channel due to the presence of a single particle/cell, 

and  ̃  the impedance of the sensing volume. Further, at low frequencies where the cell 

membrane capacitance renders the cell nonconductive, the conductivity of the detection 

volume k0 can be written:
45,47
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with ks the media conductivity and p the ratio of particle volume to detection volume. Thus, 

a number of recent innovations have targeted sensitivity improvements by simply altering 

the size of this sensing volume. Recently, this has been accomplished by using side streams 

of nonconductive fluid to squeeze a central conductive stream of liquid containing target 

microparticles.
4,44,48

 Thus, the effective sensing volume is decreased, improving sensitivity. 

In Chapter 2, a dynamic, mechanical means of reducing sensing volume will be discussed. 

1.2.1.2 Cell Positioning 

Another method to enhance sensitivity is through adjusting the trajectories of particles 

traversing the sensor. This has generally been performed by flow focusing, but without 

using nonconductive fluids. In positioning particles nearest to sensing electrodes, the 

current pulse signal is enhanced dramatically
18,46

. Planar electrodes, commonly used in 

microfluidic volume sensors for their simplicity of fabrication, create an asymmetric 

fringing electric field. A method describing an alternative, buoyancy-based technique is 

presented in Chapter 3, along with finite element method (FEM) modeling of the electric 

field. 

1.2.2 Electrical Double Layer 

The third method used to increase sensitivity has been to minimize the effect of the 

electrical double layer (EDL) on the electrode surface. This layer, depicted in Fig. 1-6, is 

formed at the interface between a metal and an aqueous solution.
49

 A first layer (Inner 

Helmholtz plane, IHP) is formed by anions, chemically adsorbed to the metallic surface. A 

         y    O     H       z p      OHP                              . P   S    ’  
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modification to EDL theory, these are hydrated, and thus separated by the first layer by a 

distance δ
49,50

. These ions are drawn by Coulomb forces, and electrostatically screen the 

inner Helmholtz layer. Beyond that lies the diffuse layer, which in turn screens the 

remainder of the charge. It is these two layers, the Stern layer (OHP) and the diffuse layer, 

that act in series to create an EDL capacitance:
51,52
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The EDL capacitance makes it difficult to make accurate measurements at DC and low 

frequencies. In the works described in Chapters 2-5, a 50 kHz probing signal was chosen, 

since it lies in a frequency range that  is high enough to be only minimally affected by the 

EDL, and low enough that the biological cell membrane remains fully nonconductive.
44

 At 

higher frequencies (MHz), the cell membrane can be probed, where measurement of cell 

internal cytoplasm conductance is performed.
18

 

1.2.3 Cellular response to the electric field 

Keeping cells alive during the measurement process is a major concern in microfluidic 

volume sensors. A number of factors come into play that can have an impact on cell 

viability. The nature of the Coulter-based detection mechanism is such that a cell will be 

exposed to an electric field; this exposure can directly affect the cell. In addition, the power 

dissipated by the electric field will heat up the media and the cell (Joule heating). Finally, 

the confinement process itself, whereby a cell is exposed to a confined, microfluidic 

environment can also have an impact. These will be discussed in the following sections. 
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1.2.3.1 Electric field effect on cell viability 

Electric fields can have a direct impact on cell viability; the most probable way through 

which this takes place is the cell membrane,
53

 where electric fields can affect proteins and 

ion channels. The transmembrane voltage applied by an external electric field can be 

written:
54
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with ω the frequency of the applied field (rad/s), r the cell radius and τ a time constant: 

 

Figure 1-6 Electrical double layer according to the Gouy-Chapman-Stern model, which exists at 

the interface between a metal and an aqueous solution. The inner Helmholtz layer contains adsorbed 

anions along with water molecules. The outer Helmholtz plane contains non-specifically adsorbed 

solvated cations. Beyond these planes lies the diffuse layer. 
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with       and      the resistivity of the cytoplasm and medium,    the specific 

capacitance (F/m
2
) and    the conductance (S/m

2
). In combining these known 

parameters
55–57

 with values consistent with experiments performed in this work, for 

example a d = 5 µm yeast cell suspended in 0.2 M KCl being probed with a V = 210 mV 

potential at 50 kHz, we have that           and | |   30 mV. In the growth 

measurement experiments described in Chapter 5, cell exposure is limited to 200 ms per 

cycle, with 30 cycles per minute. This is much less than the breakdown voltage (500 mV-

1V)
58

, and significantly less than the endogenous transmembrane potential of plants and 

fungi, between -120 and -250 mV.
43,59

 In general, for electric fields producing drops in 

potential across the cell less than these critical values, there appears to be little effect on 

cellular growth.
53

 For example, fibroblasts can tolerate exposure to double the endogenous 

trans-membrane potential over several days.
58

 As will be discussed in Chapter 5, trapped 

yeast cells demonstrated a growth cycle comparable to that found under normal incubation 

conditions. 

1.2.3.2 Joule heating 

Another concern in microfluidic devices operating electric fields is that of Joule heating. 

Power is dissipated within the channel, causing a rise in temperature. This is an important 

concern since even small temperature shifts can reduce cell viability,
60,61

 particularly in 

mammalian cells. Temperature shifts above the mean of  >4º C quickly kill mammalian 

cells.
53

 Bacteria are far more robust, but temperature remains nonetheless a concern. Joule 

heating is a major challenge in microfluidic systems that use dielectrophoresis
43

 or 
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electrokinesis
62

 to drive particle flow, since applied voltages can reach as high as 1 kV. 

However, in devices that use embedded electrodes, where electric fields are highly 

localized and used uniquely as a probing mechanism, dissipated power is low. In the 

growth sensor in Chapter 5, the dissipated power can be estimated at 0.4 µW, based on the 

potential drop between the electrodes (0.22V RMS), where an AC current of 1.8 µA is 

drawn. This is easily dealt with through a combination of constant flushing with fresh 

media, and external temperature control. 

1.3 Microfabrication 

1.3.1 Introduction 

Over the course of this work, a number of different microfabrication techniques have been 

developed and fine-tuned to create the devices described in this work. Detailed protocols 

are presented in the Appendix and are also available online through the Godin lab wiki. 

These processes are summarized along with a description of how these processes evolved 

over the course of this work, and how designs were adapted to each of the individual 

manuscripts presented in Chapters 2-5. First, there is a primer on photolithography and 

multilayer soft lithography. 

1.3.2 Photolithography 

Photolithography is a patterning technique whereby UV light is illuminated through a 

photomask, and used to transfer a pattern onto a substrate coated with light-sensitive 

photoresist. In positive photoresists, exposed regions become soluble to the chemical 

developer; for negative photoresists, exposed regions become insoluble in the chemical 

developer. Both types of resists are used for this work. SU-8 10 and SU-8 2050, negative 

photoresists, are used in situations where high-resolution (5 µm) features are required. AZ 

http://openwetware.org/wiki/Godin:Protocols
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P4620, a positive photoresist, was used as part of an alternate fabrication process, whereby 

the photoresist is reflowed through an additional heating step to create rounded channels 

(Fig. 1-7). These rounded channels make it simpler to fully compress channels with a 

control layer.
63

 

 

Figure 1-7 Demonstration of the photoresist reflow process for AZ P4620. (a) Rectangular channels 

of untreated photoresist. (b) Reflowed photoresist. (c) Angled view with rounded features visible. 

1.3.3 Soft lithography 

1.3.3.1 Summary 

In soft lithography, these patterned substrates are used to transfer patterns onto a “    ” 

silicone elastomer, such as PDMS.
64

 Its mechanical viscoelastic properties can be altered 

during fabrication by modifying the base to curing agent ratio. In this work, ratios of 7:1 

(stiff), 10:1, and 20:1 (soft) are used. In fact, multiple layers of this soft material can be 
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deposited on top of one another,
63

 creating structures of increasing complexity. These 

layers are bonded to each other through an oxygen plasma treatment and additional 

polymer crosslinking. The plasma treatment is used to create polar functional groups, in 

particular silanol (SiOH).
65,66

 The surface, originally hydrophobic, becomes hydrophilic. 

When two PDMS layers are brought together (or a PDMS layer with glass), these layers 

form a covalent siloxane bond (Si-O-Si).
67,68

 

1.3.3.2 Designs 

Over the course of this work, many designs were used for different purposes, and with 

varying degrees of success. M                           PDMS   y          x     “     

       ”   y               20:1 PDMS              7:1 PDMS         y  . T              

use a valve layer to mechanically alter the flow channels directly adjacent. By pressurizing 

the valve layer, the flexible PDMS surrounding the flow channel is compressed, drastically 

altering the channel geometry. This was used to great effect in Chapter 2, to create a 

tunable volume sensor, and again in Chapters 4 and 5 to create sieve valves capable of 

holding cells in place. Photomasks are comprehensively listed in section 9.1.2 and 9.1.3, for 

flow channels and control valves, respectively. Not all of these patterns lead to successful 

devices; others were used to fabricate prototypes and explore microfluidic capabilities in 

prototypes. 

1.3.4 Electrode Fabrication 

The electrodes used throughout this work were all fabricated using a lift-off process 

detailed in section 9.2.1.2 of the appendix. As shown in Fig. 1-8, electrodes lie at the base 

of the volume sensing devices, adhered to microscope slides and tightly bonded to PDMS. 

In summary, Shipley S1813 photoresist is coated onto glass microscope slides, and then 
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patterned using a positive photomask. This leaves photoresist everywhere on the slide, 

except for areas to be occupied by the electrodes. These slides are then coated with a thin 

metallic film, through either thermal deposition or e-beam evaporation. The photoresist is 

then removed chemically with an etchant, leaving only metallic electrodes. 

1.3.4.1 Material 

For the devices featured in Chapter 2, Ag electrodes were used; all other chapters feature 

Au electrodes. The advantage of Au is that it in addition to being highly conductive and 

simple to deposit, it is also chemically inert. For this reason, Au quickly became a 

favourite.  

 

 

Figure 1-8 Microfluidic chip with PDMS and electrodes on a glass microscope slide. 

1.3.4.2 Designs 

In terms of designs, these were adjusted in response to the demands of the particular 

project. Section 9.1.1 lists the various photomasks used for electrode fabrication. The 

design E2 was the first configuration tested, and was used in Chapters 2-4. It featured 
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designs with multiple contact points within the sensing channel. This redundancy proved 

useful, since devices with a few damaged tips could still be used. However, the large 

number of contact points with the fluid also lead to leaking. The minimalist E5 pattern was 

thus designed, and was featured in the cell trapping device of Chapter 5. The other listed 

designs E1, E3 and E4 were developed for PDMS devices that were not pursued, but are 

listed nonetheless for completeness. 

1.4 State of the Art 

1.4.1 Introduction 

It is important to highlight the importance of the contributions described in this thesis 

(Chapters 2-5) in the context of state of the art developments in the field, as well as 

commercially available systems. This section will review the pros and cons of some of the 

technologies being developed for volume sensing, cell sorting and growth monitoring. 

1.4.2 Volume sensing 

1.4.2.1 Commercial systems 

1.4.2.1.1 Flow Cytometers 

Flow cytometers are instruments that can interrogate particle/cell samples by optical means, 

often in conjunction with fluorescent probes. Scattered and emitted light is collected and 

analyzed, at rates up to 25,000 cells s
-1

.
69

 Flow cytometers provide an indirect means of 

measuring volume, since light scattering does not always correlate with volume.
70

  

1.4.2.1.2 Coulter Counters 

As discussed in Section 1.2.1, Coulter counters provide powerful means of ascertaining the 

volume distribution of particles/cells in suspension. There are a few companies that sell 
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Coulter-based particle sizing and counting systems, including Beckman Coulter and EMD 

Millipore. Coulter counters are produced for a variety of uses, such as examining the size 

distribution of particles in paint or obtaining complete blood cell counts.
71

 For example, 

Beckman Coulter states its Multisizer
TM

 4 Coulter Counter® is capable of sizing 

particles/cells in an overall range of 400 nm to 1.6 mm diameter, at a rate of 10,000 

particles per second. Apertures are changed depending on the size of the particles being 

sized, reducing the measurement range to, for example, 400 nm - 16 µm diameter particles. 

Accuracy on volume is about 3%. As discussed previously, the high cost and shear size of 

                            ’          y                               environments.
4,5

 The 

EMD Millipore Scepter is a handheld device available at a lower price point, but lacks the 

accuracy and precision of the Multisizer
TM

 4 Coulter Counter®. 

1.4.2.2 Microfluidic volume sensing 

The Coulter principle can also be applied to microfluidic systems, where it can be 

combined to a host of cell/particle manipulation tools as a lab-on-chip. For example, 

Cheung et al. used an impedance spectroscopy flow cytometer to size red blood cells at 

1,000 cells/min. In designing these devices, consideration must be given to particle 

trajectories as they traverse the sensing volume.
18,46

 A number of innovative approaches 

have been explored with the aim of regulating target paths. 

1.4.2.2.1  Hydrodynamic flow focusing (multiple streams) 

Hydrodynamic flow focusing is a process whereby a central, conductive stream containing 

particles/cells is focused between multiple nonconductive streams. Bernabini et al. showed 

how in a parallel electrode device, flow in a 200 µ                                    10 

https://www.beckmancoulter.com/wsrportal/wsr/industrial/products/coulter-counter-analyzers/index.htm
http://www.millipore.com/life_sciences/flx4/scepter_automated_cell_counter#tab1=2
http://www.millipore.com/life_sciences/flx4/scepter_automated_cell_counter#tab1=2
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µm, leading to the detection of E.coli.
28

 Nieuwenhuis et al. demonstrated a device capable 

of focusing a flow stream on three sides using a 2-dimensional liquid aperture control.
44

 

They found that flow velocity had to be precisely controlled: at flow rates below 0.5 µL/s, 

diffusion becomes problematic whereas at flow rates above 10 µL/s, flow becomes 

unstable. Scott et al. developed a three-dimensional focusing system, and found that 

sensitivity was improved by a factor of 2.5 compared to two-dimensional focusing.
4
 

Hydrodynamic flow focusing is a versatile tool capable of greatly enhancing sensitivity, but 

care must be taken in manipulating flow conditions. 

1.4.2.2.2  Dielectrophoresis (DEP) 

Dielectrophoresis is a technique whereby a non-uniform electric field exerts a force on a 

dielectric particle/cell. Such a force can be used to direct particles towards the center of a 

channel. Zhu et al. demonstrated how applying a DC potential between both ends of a 

serpentine channel could be used to focus particles.
72

 The cross-stream DEP force housed 

inside each of the turns, made particles drift towards the central stream. However, this 

process required fields up to 500 kV/m, which is rarely used in microfluidic systems.
72

 

Joule heating, as well as the direct impact of the high electric field on the cell, become a 

concern (see 1.2.2). Lagally et al. fabricated a system that used AC DEP to concentrate a 

stream of E.coli by a factor of 160.
73

 Interdigitated electrodes were used to apply the field. 

As discussed by Cheung et al. in a recent review article, a disadvantage of DEP is that the 

applied force decays rather rapidly with distance from the electrodes.
45

  

1.4.2.2.3 Flow effects 

Various microfluidic flow phenomena can be harnessed to focus particles within 

microchannels. These techniques often make use of the microscale physics discussed in 
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Section 1.1, in new and innovative ways. For example, Lee et al. constructed a 

microchannel that would expand and contract, effectively building a contraction-expansion 

array: at each contraction region, centrifugal forces act to envelop the sample flow on all 

sides.
74

 They demonstrate three-dimensional focusing of RBCs using an easy to fabricate, 

single-layered PDMS structure. Golden et al. were able to integrate chevron structures 

within a microfluidic channel that converted a two-dimensional focused sample stream into 

a stream surrounded in three-dimensions.
75

 The chevrons effectively transfer fluid from the 

side streams above and below the central core, surrounding it with a tight focus. Such 

passive techniques are elegant and simple. However, they generally only function properly 

within a defined flow speed range, which may not be suitable for all applications. 

Method Advantages Disadvantages 

Multiple 

streams 

● Simultaneous particle focus 

and sensor volume reduction 

● Prevents channel blocking 

● R q           y      

● D        -limited 

DEP ● F            adjusted 

● Tolerance in flow velocity 

● High E-Field 

● Joule heating 

Flow effects ● L        

● S  p               

● R q           y      

● F    velocity restrictions 

Table 1-1 Advantages and disadvantages of particle focusing methods in microfluidic volume 

sensors 

 

1.4.2.3  Microfluidic Tunable volume sensor + Using Buoyancy 

As will be discussed in Chapters 2-3, this thesis explores two different approaches to 

improving cell volume sensitivity, accuracy and volume resolution. Chapter 2 outlines the 

fabrication and analysis of the very first microfluidic tunable volume sensor, where a valve 
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positioned directly above the sensing electrodes can be adjusted, dynamically altering the 

sensing volume and thus dynamic range. This not only helps guide the particles along 

controlled flow lines, but also reduces the overall volume of the channel, increasing 

sensitivity.
16

 It is a method that is simple to implement, requiring no flow constraints like 

there are for hydrodynamic techniques, or high electric fields as there are to induce DEP 

(Table 1-1). In addition, the dynamic nature of this valve-based approach makes it simple 

to release obstructions in the channel by depressurizing the valve. In Chapter 3, a 

buoyancy-based approach is outlined, where particles are flowed near planar electrodes, 

vertically confined by gravity, demonstrating improvements in volume measurement 

sensitivity and accuracy.  

1.4.3 Sorting cells by volume 

1.4.3.1 Commercial systems 

1.4.3.1.1 Fluorescence-activated cell sorting (FACS) 

Fluorescence-activated cell sorting (FACS) was invented in the 1960s, and continues to this 

day to play a vital role in cell sorting applications.
76

 Light scattering and/or fluorescence is 

used to identify cells, and then deflect electrostatically, at rates between 10,000-20,000 

cells /s.
77 

FACS remains in many ways the gold standard in cell sorting, and is the 

instrument with which microfluidic equivalents are compared. FACS is commonly used in 

medical diagnostics,
78

 cell purification
79

 and cell therapy.
80

 However, as with other flow 

cytometers based on optical methods, it does not measure volume, at least not directly. 
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1.4.3.2 Microfluidic cell sorting 

1.4.3.2.1 Microfluidic FACS 

Microfluidic equivalents to FACS, aiming to combine sorting with other lab-on-chip 

functionalities have been proposed.
81–83

 Studer et al. developed a microfluidic cell sorter 

out of multi-layered PDMS, with valves capable of sealing off a detection chamber, and 

cycling liquid through peristaltic action.
84

 Other designs have reached commercialization: 

Owl Biomedical claims to have developed a microfluidic system capable of sorting cells 

based on FACS readings, using a valve operating at an astounding 30 µs/cycle. Again, 

FACS-based systems do not separate based on volume.  

1.4.3.2.2 Optical tweezers 

Optical tweezers can be used to manipulate dielectric particles and cells using a focused 

laser beam. A microscope is used to tightly focus a laser beam within a microfluidic 

channel, causing an optical trap: particles are drawn toward the region of strongest electric 

field.
85,86

 Applegate et al. demonstrated a version of this mechanism that utilises a much 

wider trapping zone, capable of deflecting suspended colloids or red blood cells flowing in 

a microchannel into one of several outlet ports.
87

 Optical methods offer unparalleled 

precision in manipulating individual cells, but these require external expensive optics, not 

always suitable for lab-on-chip applications. 

1.4.3.2.3 Acoustics 

Acoustic forces can be used to separate particles in a flow.
88

 Petersson et al. used a free 

flow acoustophoresis technique to separate platelets, red blood cells and leukocytes in a 

continuous flow.
89

 A piezo ceramic actuator creates an ultrasonic standing wave, forcing 

cells to migrate laterally across the channel width, into one of three outlets. This acoustic 

http://owlbiomedical.com/technology.html
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force is proportional to the volume of the particle/cell, but also to its density and 

compressibility compared to that of the medium.
90

 These targets, denser than the medium, 

will be displaced toward a wave node. Particles need to be tightly focused, since the 

parabolic flow profile causes cells at different positions to experience different levels of 

exposure to the wave.  

1.4.3.2.4 Passive separation 

There exists a wealth of techniques available that use passive methods to sort particles, 

including methods based on lateral displacement,
91

 pinched flow fractionation,
92,93

 and both 

hydrophoretic
94

 and diffusive filtering 
95

. Field flow fractionation techniques in general rely 

on a transverse force, usually gravity, across a channel.
96

 The competition between thermal 

energy and the potential energy drop through the field cause a concentration gradient to 

form. Yamada et al. demonstrated pinched flow fractionation, where particles are flowed 

          “p      ”                              p                             .
92

 As 

the particles emerge, the broadening flow profile will cause particles of different sizes to 

follow different trajectories, enabling size-based lateral separation. These can then be 

collected into any of multiple outlet channels. Through improvements in outlet channel 

dimensions, Takagi et al. developed an asymmetric version of pinched flow fractionation, 

where the separation of microspheres 1.0, 2.1, 3.0 and 5.0 µm in diameter were separated.
93

 

Hydrophoresis is a separation method that relies on the pressure field induced by 

microstructures within a microchannel.
97

 Song and Choi show that microspheres can be 

deflected based on size, allowing the separation of particles with diameter 12 µm, 15 µm 

and 20 µm.
98

 Diffusive filtering techniques use obstacles to prevent the passage of larger 

cells, and achieve sorting of a blood sample. Sethu et al. designed such a microfluidic 
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system, where sieves allow erythrocytes to pass, while physically blocking larger 

leukocytes.
95

 Huang et al. demonstrated a lateral displacement technique, whereby 

microspheres of 0.8 µm, 0.9 µm and 1.03 µm diameter were separated as they were flowed 

through an array of obstacles.
91

 Rectangular obstacles separated by a gap distance are 

positioned in an array, each row shifted from the previous. Unlike the previous diffusive 

filtering technique, this lateral displacement method does not physically block the passage 

of particles, thus preventing clogging issues. Particles of different size will flow with 

varying degrees of ease laterally, causing each to follow a very distinct path and subsequent 

separation. The above examples are but a sampling of the vast amount of passive 

techniques being researched. Of particular appeal, these techniques do not require active 

manipulation of fields, thus making them simple to implement at lower cost. The 

disadvantage lies in the fact that these techniques often sort based on multiple parameters at 

once, often being dependent on cell shape as well as size.
95

 In addition, these devices 

generally require precise flow controls, and volume calibration by external methods, such 

as commercial Coulter counters.
99

  

1.4.3.2.5 Dielectrophoresis (DEP) 

DEP has been used effectively in a number of microfluidic systems.
63,100

 DEP makes use of 

a non-uniform electric field to push/pull on cells, enabling cell sorting based on size
6
 or 

internal properties.
101

 The nonuniform electric field induces a dipole in polarisable 

particles, causing them to migrate.
102

 It is of note that DEP is just as well suited to 

manipulate neutral particles as they are charged particles. Green et al. used an interdigitated 

electrode design  to separate colloidal particles of diameter 2 µm, 1 µm  and 0.5 µm at 

99.9% efficiency.
102

 Sun et al. demonstrated how 4T1 tumour cells and murine bone 
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marrow cells could be separated through DEP.
103

 However, in their approach, they 

integrated two microfluidic volume sensors as a means of verifying sorting efficiency in 

each of the collection branches. 

1.4.3.2.6 Combining volume sensing with electrokinetic flow sorting 

As discussed previously, microfluidic volume sensors provide high resolution volume 

measurements. Combining these powerful systems with a means of manipulating particles 

after detection becomes particularly attractive. Song et al. demonstrated such a device, 

where particles were actively sorted after a volume measurement was performed.
104

 In this 

case, a single channel with a sensor branched off into two outlet channels, and particles 

could be deflected into either through electrokinetic flow (EF) through feedback with the 

measurement. Particles suspended in a charged solution are driven by an external field. 

This phenomenon requires a charged double-layer at the channel walls (see 1.2.1.3), as is 

almost always the case.
105

 At a rate of 30-40 cells/min, 5 µm diameter particles were sorted 

from 4 µm diameter particles at near-100% efficiency. As with DEP methods, driving the 

flow of particles with EF requires relatively high voltages (~ 50V). 

1.4.3.3 Microfluidic flow focusing based on volume sensing 

In Chapter 4, high-resolution microfluidic volume sensing (~3 µm
3
) is combined with 

hydrodynamic flow focusing. This label-free, purely volume-based separation method 

demonstrates a 100% efficiency, successfully isolating a subpopulation of yeast. 

Multilayered soft lithography is used to integrate valves, used for both the collection of 

extracted sample, as well as sensor tuning. Unlike DEP or EF methods which require 

voltages to drive particles/flow (Table 1-2), sorting is controlled through cell-friendly 

pressure-driven flow manipulation. 
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1.4.4 Measuring cell growth 

1.4.4.1 Culture methods 

1.4.4.1.1 Optical density and cell synchronization 

In general, the optical density (OD) of bacterial cultures is proportional to bacterial 

density.
106

 The simplicity of simply shining a laser through a cell suspension and measuring 

transmittance make this technique particularly appealing. Through the Beer-Lambert Law, 

the attenuation over a path length L is obtained:
107
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With µ the absorption coefficient, I and I0 the detected and incident light intensity, C the 

concentration of the bacteria and ε the extinction coefficient. The downside of this 

technique is that it averaging can hide the behaviour of rare individual cells. To study the 

cell division cycle, cells must be synchronized. In a 1999 review paper, Walker discusses 

the synchronization techniques available, which include induction methods (physical, 

chemical stress) and elutriation (separation by size) techniques.
23

 Centrifugal elutriation is a 

widely-used method, where cells are separated based on size and sedimentation rate. These 

cells are then used as a new, synchronous culture. However, culture synchronicity decays 

over 2-3 cycles, and elutriation requires highly trained personnel.
23

 

1.4.4.2 Cell-by-cell methods 

1.4.4.2.1 Microscopy 

When  asked how to measure the volume of an individual cell, perhaps the first method that 

comes to mind is simply looking at it. Such techniques are among the first to study cell 
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growth , and began in the 1930s.
108

 Woldringh et al. used an image cytometry technique to 

study the volume growth of S.Cerevisiae.
109

 They measured the volume of emerging buds, 

and compared them to mother cells. They were also able to estimate how many daughter 

cells a mother had produced by counting scars on the cell surface. Interestingly, they found 

                         10% during budding, and second and third generation mother cells 

display a lower volume growth rate, and faster budding than first generation cells. 

However, as with all optical methods, certain geometric assumptions must be made to 

measure volume.  

1.4.4.2.2 Suspended microchannel resonator (SMR) 

This technique uses a hollow cantilever to weigh cells at high resolution.
13,110

 Godin et al. 

developed a suspended microchannel resonator (SMR), a cantilever with an embedded 

fluidic microchannel.
13

 In this work, the instantaneous growth rates of individual cells, such 

as S. cerevisiae was measured. Cell trapping was accomplished dynamically, by 

periodically cycling a cell back and forth through the sensor. A computer-controlled 

pressure regulator operated on feedback, enabling this periodic redirection of flow through 

the sensor. They found a size dependence on growth rate, where larger cells grew faster 

than smaller ones. This device is capable of high-resolution mass measurements, 0.1% for 

yeast.
111

 This technology is also used to obtain density information on carrier solutions in 

Chapter 3. 

1.4.4.2.3  Continuous volume sensing – static trap 

Two works in particular have recently examined long-term volume measurements using a 

volume sensor. The first method, developed by Hua and Pennell., establishes a static trap, 

whereby a cell is caught in a microstructure within a sensor, and volume measured over 
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extended periods.
8
 This method was used to measure the cellular response of MDCK cells 

to osmotic stress. The cellular media could be quickly and easily exchanged. However, 

channel impedance changes with time, due to effects such as electrochemical reactions at 

electrodes and evaporation. This causes a baseline shift, which can obscure cell volume 

changes. 

1.4.4.2.4  Continuous volume sensing – dynamic trap 

A volumetric approach proposed by Sun et al. uses a dynamic trap
43

, where cells are cycled 

back and forth across the sensor, similar to the trapping scheme for the SMR (Section 

1.4.4.2.2). In this work, an applied electric bias is reversed every 15 min, enabling periodic 

measurement of volume of S.cerevisiae. This relatively long delay between measurements 

was chosen to prevent electric field effects on the cell and Joule heating. This technique 

inherently corrects for baseline drift, by continuously acquiring a new baseline. 

1.4.4.3 Continuous volume sensing with a dynamic trap and media exchange 

In Chapter 5, a method that combines the best attributes of the abovementioned techniques 

(Table 2-2) is described, enabling dynamic trapping with media exchange. The device 

operates through pressure-driven flow manipulation, where a cell is kept in a dynamic trap. 

Multilayered PDMS is used to integrate microfluidic sieve valves, which act as physical 

barriers during media exchange, keeping a cell firmly in place. The volume of S. cerevisiae 

can be monitored for entire growth cycles, and cellular response to media exchange 

measured. 
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Type Method Advantages Disadvantages 

C
el

l 
so

rt
in

g
 

C
o
m

m
e
rc

ia
l FACS ● High throughput 

● Commercially 
available 

● Not a volume 
measurement 
● Cell labeling 
● No microfluidic 
integration 

M
ic

ro
fl

u
id

ic
 

Microfluidic FACS ● High throughput ● Not a volume 
measurement 
● Cell labeling 

Optical tweezers ● High-precision cell 
manipulation 

● Expensive optics 
● Alignment 

Acoustics ● Adjustable force 
● Non-contact 

● Force also dependent 
on other parameters 

Passive separation ● Ease of fabrication 
● Requires no ext. 
fields 

● Measures volume and 
other parameters 
● Requires steady flows 

DEP ● Adjustable force ● High E-Field 
● Joule heating 

Volume sensing + EF 

sorting 
● High resolution ● High voltage 

G
ro

w
th

 M
o
n
it

o
ri

n
g

 

C
u

lt
u

re
 OD + cell 

synchronicity 
● Ease of 
measurement 

● Obscures individual 
cell information 
● Synchronicity a 
challenge 

C
el

l-
b

y
-c

el
l 

Microscopy ● Simple observation 
● Combined with 
fluorescence, visual 
clues 

● Volume requires 
geometric assumptions 
 

SMR ● High-precision 
buoyant mass 
measurement 

● No information on 
volume 

Cont. volume sensing 

– static trap 
● Cell media easily 
exchanged while 
trapping 

● Baseline drift 

Cont. volume sensing 

– dynamic trap 
● Baseline correction ● Cell media cannot be 

exchanged while 
trapping 

Table 1-2 Advantages and disadvantages of cell sorting and growth monitoring methods 
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Manuscript: Microfluidic cell volume sensor with tunable 

sensitivity 

 This work was submitted April 13
th

 2012, and accepted June 6
th

 2012 as a Lab on a 

Chip Communication. 

 I, Jason Riordon, contributed the large majority of the work presented in this 

scientific article: this includes device design, microfabrication (photolithography, 

lift-off, PDMS moulding), electrical setup, software design, pressure control, cell 

culturing, data acquisition and all analysis presented herein. I wrote the first draft, 

and completed revisions thereafter. 

 Dr. Maryam Mirzaei, a postdoctoral researcher, contributed to the microchannel 

design and aided in microfabrication.  

 Ian Jardine, Jeff Salvail, Dominique Laniel and Eric Hoogkamp made minor 

contributions with preliminary work in modelling and microfabrication. 

 This manuscript has been modified from the original, in order to match the 

formatting style of this thesis. Section titles were added to guide the reader through 

the work. References are consolidated at the end of the thesis. 

 The supplementary material presented in section 2.7 was published with this work. 
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2 Microfluidic cell volume sensor with tunable sensitivity 

 

Reproduced by permission of The Royal Society of Chemistry from: 

Riordon, J., Mirzaei, M. & Godin, M. Microfluidic cell volume sensor with tunable 

sensitivity. Lab on a Chip 12, 3016 (2012). doi: 10.1039/c2lc40357a. 

 

2.1 Abstract 

We report the fabrication and validation of a microfluidic cell volume sensor integrated on 

a multi-layered polydimethylsiloxane (PDMS) microchip with a tunable detection volume 

for dynamic control of sensitivity, enabling the detection of individual Escherichia coli and 

microparticles. 

2.2 Introduction 

The development of microfluidic cell volume sensors has been fuelled by a need for 

biological detection capabilities in a low-cost, portable and energy efficient format. 

Impedance-based volume sensors
27

 and micro-Coulter counters
3,112

 monitor the variation in 

ionic current through a narrow sensing region as individual micro-sized particles transit 

through. Prototypes have been developed to measure the size of a number of biological 

targets including individual red blood cells
27

, yeast
43

 and Escherichia coli.
28

 Maximum 

sensitivity is attained by fabricating a sensing channel similar to the dimensions of the 

target particle. Unfortunately, this both limits the device to targets of a narrow size range, 

and increases the chance of clogging. 

In an effort to increase the dynamic range, some have used hydrodynamic focusing
4,28,44,113

 

to accommodate a broader range in target sizes. By flowing a conductive sheath of liquid 

between parallel nonconductive sheaths in a low-Reynolds number microfluidic 

http://pubs.rsc.org/en/content/articlehtml/2012/lc/c2lc40357a
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environment, the electrolytic volume is reduced and sensitivity increased. Thus, effective 

sensing volume can be optimised, without risk of obstruction. However, diffusion between 

sheaths could pose issues during experiments requiring much reduced or stopped flows, or 

in long-term trapping experiments requiring the introduction of various drugs.
13,43

 

 Another approach to increasing dynamic range while mitigating these issues is to 

integrate a tunable valve above the sensing channel. Multilayer soft lithography allows for 

the integration of valves and pumps into PDMS-based microfluidic devices.
63,114

 

Pressurizing a valve chamber above a microfluidic channel enables dynamic control of the 

channel height (Fig. 2-1a). By measuring electrical conductance in electrolytic media, 

channel volume is accurately characterized.
115

 The sensing volume becomes tunable over a 

wide range (0.5pL to 23pL in the following examples), and can not only heighten 

sensitivity, but allow the detection of smaller diameter microspheres (~1µm) that would 

otherwise pass undetected. The molded PDMS is bonded to a glass slide patterned with 

80nm thick Ag electrodes (deposited by electron beam physical vapor deposition with a 

5nm Cr adhesion layer). By pressurizing the valve, the PDMS membrane separating the 

fluidic and the pneumatic valve layers is adjusted to alter the volume of electrolytic 

solution separating the electrodes (Fig.2-1c,d). The resistance of the sensing volume is that 

of a conductor of uniform cross section A and length l (electrode separation): R=αρl/A, 

      ρ                  y             y       α                                           

planar electrodes.
48

  A micro-sized target in transit through the detection volume will cause 

a momentary increase in resistance as the electrolyte is displaced. 
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Figure 2-1 (a) Device schematic illustrating the valve, flow channel, electrodes, and targets. Only 

the two leftmost electrodes are utilized, labelled VA and VB. (b) Volume sensor with flow channels 

(blue), valve (red) and electrodes (black). A central sensing channel links two wider channels, 

which serve as inlet and outlet. (c) Cross-section of device illustrating the PDMS channel layer 

(light grey) and valve layer (dark grey). As targets flow between sensing electrodes, electrolytes are 

displaced resulting in a drop in conductance proportional to target volume. (d) In pressurizing the 

valve, sensing volume is reduced and sensitivity increased. 

2.3 Materials and Methods 

The device consists of two parallel 80 µm wide bypass microchannels connected by a 

narrow sensing channel, as depicted in Fig. 2-1b. Multiple designs were evaluated, with 

sensing channel widths ranging from 10 µm to 50 µm, and having 10 µm to 20 µm heights. 

Electrode width/separation varied between 15 μ      2  μ . T   p                        

as moulds for PDMS channels, SU-8 10 (MicroChem) and P4620 (AZ Electronic 

Materials). SU-8 was used to create channels of 10µm and 20µm width, whereas P4620 
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was used to make 30µm and 50µm flow channels. The fabrication protocol for P4620 lead 

to channels with rounded features, meant to facilitate channel compression during valve 

pressurization.
63

 Complete fabrication details are presented as supplementary material 

(2.8.1). 

 The volume sensor operates by applying an AC potential between a pair of sensing 

electrodes and monitoring changes in current as transiting target microspheres disrupt ionic 

current. A function generator (Stanford Research Systems DS345) provides a 50 kHz, 

30mV signal to a low-noise preamplifier operating at unity gain (Stanford Research 

Systems SR560). The output voltage is applied to a first electrode VA with respect to 

ground. The current collected by the other electrode is sent to a current amplifier (Keithley 

428) which converts the ~5µA signal to 0-10V, which is monitored by a lock-in amplifier 

(Stanford Research Systems SR830 DSP). The lock-in signal is acquired at 200 kHz with a 

16-bit DAQ card (NI USB-6353) and monitored via a LabView script. Each data set is 

subjected to a filtering algorithm using a combination of point-by-point averaging, 

Savitzky-Golay and lowpass filtering. Briefly, the Savitzky-Golay filter fits a polynomial 

(linear least squares approach) to a subset of data, and evaluates it at a single point. It does 

this in succession over the entire data set. The attractiveness of such a filter is that it does a 

good job of preserving peak shape, which is of primary importance in this work.
116

 Flow 

through the flow channel was controlled using pressure regulators (Bellofram Type 10). 

The pneumatic valve was also controlled by a pressure regulator (SMC IR2010-N02-R), 

and filled with deionized water to prevent air bubble formation in the flow channel during 

pressurization. A flow control diagram is presented in Supplementary Material (2.8.2). 
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2.4 Results and Discussion 

The channel cross-section was calibrated during valve activation by fluorescence 

imaging;
63

 intensity counts were converted to a channel height by combining them with 

profilometer measurements of the corresponding master mould. Fig.2-2a and 2-2b show 

typical cross sections of two channels of different height and width. Channel cross-section 

is altered symmetrically as valve pressure is ramped up. The shape of the channel prior to 

valve activation determines how the collapse will progress: a square channel will show 

increased depression at the center, where it is structurally weakest, whereas round channels 

display a more uniform compression. In the case of a square channel, high valve pressure 

(>15psi) causes the sensing channel to split axially into two parallel channels. Fig. 2-2c and 

2-2d show optical microscope images of the sensing volume with an uncompressed and 

fully compressed valve, respectively. At a valve pressure of 28 psi, the channel is reduced 

to 2% of its original volume. 
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Figure 2-2 Cross-section profile for different valve pressures obtained through fluorescence 

imaging and profilometer measurement of the P4620 mould for (a) 20 µm high by 50 µm wide 

channel and (b) 10 µm high by 30 µm wide channel. c) and d) are optical microscope images of an 

uncompressed and compressed valve, respectively, operating on the 20 µm high by 50 µm wide 

channel. Channel pressure is 3 psi; valve pressure switches from 0 to 28 psi. 

Polystyrene microspheres of different sizes were used to evaluate device performance over 

its entire range: d = 1.51 ± 0.05µm, 3.9 ± 0.3 µm, 6.0 ± 0.4 µm and 7.3 ± 0.5µm (Bangs 

Labs). Microsphere solutions were stripped of their buffer through multiple 

centrifugation/dilution steps, and then resuspended in an aqueous solution containing 0.1M 

KCl, 1 % bovine serum albumin (BSA) and 13% glycerol to a concentration between 105 

and 107 particles/mL; BSA helps prevent microsphere agglomeration and glycerol ensures 

neutral buoyancy. A 0.1M KCl solution was chosen to mimic conditions necessary to 

sustain living cells.  Fig. 2-3a illustrates a typical current change observed during the 
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transit of d = 7.3 µm microspheres through the sensing region at different valve pressures 

for a 20µm high by 50 µm wide channel (P4620 mould). Relative changes in current 

become stronger as channel is compressed. Fig. 2-3b illustrates histograms obtained at four 

valve pressures for the d = 1.51µm microspheres for a 20µm high by 10µm wide channel 

(SU-8 mould). Current drops corresponding to microbead pairs were removed for clarity. 

 These small microspheres were not detected until a 22.5 psi pressure was applied to 

the valve. Gaussian fits were taken for each data set, and show a clear widening effect 

associated with smaller detection volumes. Since the measurement is limited by sample 

polydispersity, Gaussian width will increase for smaller detection volumes. 

Fig.2-3c illustrates a compilation of current variations for various microspheres and 

valve configurations for the same device as for Fig. 2-3a. The valve was pressurized to 0 

psi, 4 psi and 8 psi. Linearity is demonstrated for each valve setting, with slopes of 2.31 ± 

0.06, 3.40 ± 0.04 and 5.6 ± 0.2 (%/aL) for the d = 3.9 μ   d = 6.0 μ      d = 7.3 μ  

targets, respectively. The slope represents the sensitivity of the device operating at a given 

valve pressure, which reflects the geometry of the system as well as the preferred path 

taken by the target through the sensor. A sharper slope at increased valve pressure signifies 

a heightened sensitivity. Moreover, in collapsing the channel, microspheres are forced to 

follow an alternate route through the sensing region. Finite element method (FEM) 

modeling with a FEMLAB toolkit (Comsol Ltd) shows a high dependence on vertical 

positioning: targets flowing near the electrodes alter electric field lines more significantly, 

thus further enhancing sensitivity. This impedance sensitivity height dependence has been 

previously reported.
117,118

 Standard deviations obtained from current change histograms 

were converted to standard deviations on volume, and compared to that provided by the  
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Figure 2-3 (a) Typical signal obtained by monitoring current as a d = 7.3µm microsphere traverses 

the sensing region in a 20 µm high by 50 µ              . S                              ΔI 

relative to baseline current I0. (b) Histograms depicting relative change in current obtained from 

2046 counts for d = 1.51 µm microspheres at variable valve height for a 20µm high by 10µm wide 

channel. (c) Current change as a function of microsphere volume for d=3.9, 6.0 and 7.3µm 

microspheres on 20 µm high by 50 µm wide channel. A linear relation is observed at all 

configurations, showing increased sensitivity for a compressed channel. Flow channel pressure is 

kept constant at ~3 psi, with bypass channels at slightly offset pressures to induce a net flow 

through the sensor. 
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manufacturer. For most datasets, these matched quite well. However, for the d = 7.3 µm 

microbeads it was found to be about half of that indicated by the manufacturer through a 

commercial Coulter counter. A reduced standard deviation was also reported by Sridhar et 

al.
112

 for d = 9.8µm microsphere population (Bangs Labs), and remains puzzling. Table 2-1 

lists the signal-to-noise ratio (SNR) measured for various microspheres under different 

valve configuration on this same device. While valve pressurization leads to improved 

SNR, the ratio of standard deviation to mean value in population measurements is not 

always improved. In effect, microspheres become easier to detect, but also show greater 

population variability. This could be improved by using an alternate electrode geometry, 

which would produce a more uniform electric field through the sensing volume. 

  Valve Pressure (psi) 

  0 4 8 12 16 

D
ia

m
et

er
 

(µ
m

) 

1.51 a a a 1.7 4.1 

3.9 10 11 16 40 b 

6.0 56 85 130 b b 

7.3 69 110 190 b b 

a) SNR at sub-detection threshold. b) Microspheres obstructed. 

Table 2-1 Signal-to-Noise Ratio (SNR) 

T                        ’              y                   p       p p               -type 

E. coli K12 was analyzed with a 20 µm high by 50 µm wide sensing channel (Fig. 2-4). 

Cells were suspended in LB broth at 10
8 

cells/mL, and flowed through the sensor at a valve 

pressure of 20 psi (4psi channel pressure). The valve pressure was chosen so as to be at the 

threshold where targets can pass, but only just. The size distribution is log-normal.
119
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Figure 2-4 Histogram depicting relative change in current for a population of K12 Wild-type E. 

coli, fitted to a log-normal function. Calibration with d = 1.51µm microspheres indicates an E. coli 

cell volume of 1.3 ± 0.3µm
3
. Inset graph shows current variation during a typical detection event. 

In addition to heightened sensitivity, a volume sensor with a compressible sensing region 

provides the user with a means to easily dislodge a clog in the sensing volume. If there is a 

clog, a reduction in valve pressure quickly liberates the device. This flexibility allows the 

device to be used to study large particles that run the risk of damaging a static device. It is 

believed that cell volume sensor sensitivity could be further increased by improved 

electrical shielding through use of a Faraday cage. Long-term signal drift, while not crucial 

to transient current shift measurements, could be limited through the use of a temperature 

controller, since electrolytic conductivity is temperature dependent. 

2.5 Conclusions 

The microfluidic cell volume sensor enhanced with a pneumatic valve provides heightened 

sensitivity and dynamic range, allowing for the detection of live E. coli and smaller 

diameter microspheres (~1 µm) that would otherwise go undetected. Future work will focus 
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on trapping cells for growth measurement, and automating valve compression to 

dynamically adjust channel height based on target volume. 
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2.7 Supplementary Material 

2.7.1 Fabrication Details 

2.7.1.1 Ag Electrodes 

Ag electrodes were fabricated on glass using a common lift-off process. Electrodes were 

fabricated so as to have multiple independent leads into the fluidic channel, with a width 

and separation chosen to be similar to channel diameter (15-2  μ  . W        y         

required for current measurement, the others allow flexibility in measurement technique (4 

point measurement), as well as backups in the case of damage. A separate grounding 

electrode provides electromagnetic shielding along the edges of the device. 1" x 3" x 1mm 

glass microscope slides were thoroughly rinsed with acetone, isopropanol and ethanol, then 

heated to 110°C for 10min and cooled for 2 min. They were then spin-coated with Shipley 

S1813 photoresist for 30s at 4000 rpm, for a final thickness of 1.4 μ . S           

prebaked 60s at 90°C, UV exposed 60s, toluene soaked 60s, and postbaked at 90°C for 15s. 

Development was done in tetramethylammonium hydroxide (TMAH). 5nm Cr / 80nm Ag 

was deposited by sputter deposition, and lift-off was completed in 1-methyl-2-

pyrrolidinone (NMP). Electrodes were rinsed with acetone, isopropanol and ethanol prior to 

bonding to PDMS (Sylgard 184 silicone elastomer kit). 

2.7.1.2 Photoresist Moulds 

For the flow channel mould, two protocols were followed, one for rounded channels 

(P4620 photoresist – AZ Electronic Materials), a second for straight-walled rectangular 

channels (SU8-10 - MicroChem). A silicon wafer was cleaned using piranha etch, then 

baked at 200°C for 30 min, and let cool for 5 min. For the rounded P4620 channel mould, 

an adhesion layer of hexamethyldisilizane (HMDS) is first spin-coated. Two P4620 layers 
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are deposited in turn. Spin speed and time were chosen depending on final thickness 

  q         . F    x  p      20μ    y     q                     p            (Table 2-2): 

Layer 1 Layer 2 

4s@500rpm 4s@500rpm 

5s @ 0rpm 5s @ 0rpm 

5s @ 500rpm 5s @ 500rpm 

40s @ 1800rpm 40s @ 1150rpm 

40s @ 400rpm 40s @ 400rpm 

10s @ 900rpm 10s @ 900rpm 

Table 2-2 Spin settings P4620 

 After each spin-coated layer, the wafer is prebaked at 90°C for 1 min, then 115°C 

for 1.5 min. The wafer is then exposed to UV for 60s, and immersed in AZ400K developer 

as required. The wafer is postbaked at 75 °C, 95 °C, 115 °C and 200 °C for 5 min each. For 

the SU-8 mould, photoresist is spin coated to required thickness. The wafer is then 

prebaked at 65°C for 2 min, then 95°C for 6 min, and exposed to UV for 45s. The wafer is 

postbaked at 65°C for 1 min, and 95°C for 3 min. SU-8 developer is then used to remove 

the photoresist. For the valve layer, a similar protocol is used. 

2.7.1.3 PDMS multilayer 

All wafers are then coated with aminosilane to facilitate PDMS removal. PDMS for the 

flow layer was prepared with 7:1 base to curing agent ratio, and baked at 80 °C for 24 min. 

Devices were cut out, inlet holes were punched, and devices were rinsed with soapy water, 

deionised water, ethanol and isopropanol, in that order. Fluidic layer PDMS was mixed at a 

20:1 base to curing agent ratio. Using two PDMS ratios, one with a higher percentage of 

base, one with a higher percentage of curing agent, allows for cross-linking of both layers, 

and thus helps strengthen the bond. Further, a 20:1 ratio leads to more flexible PDMS to 
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make the channel layer more elastic. The mixture was degassed, spin coated to required 

thickness, and baked for 20 min at 80°C. PDMS thickness was chosen to be above the 

height of the channel. For example, for a 20 μ                 k        2 μ               

requiring the following spin settings (Table 2-3): 

Layer 1 

10s@1000rpm 

30s@3000rpm 

Table 2-3 Spin settings PDMS 

Both PDMS pieces were exposed to oxygen plasma (Glow Research AutoGlow) at 

30W for 30s, bonded using a mask aligner, and baked at 80°C for >12hrs. Devices are cut 

out, and flow channel inlets are punched. Devices were again cleaned using soap and water, 

deionised water, methanol and isopropanol. Electrodes and PDMS devices were exposed to 

oxygen plasma (30 W, 30s), and aligned using a mask aligner. Devices were then baked at 

80°C for 12 hrs. Completed devices are then glued to PCB boards, where leads are 

connected with a wire-bonder to bonding pads leading to external electronics. 

2.7.2 Flow Control 

Fig. 2-5 illustrates our pressure control scheme, used for most measurements featured in 

this work.  
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Figure 2-5 Flow control diagram. Pressures at I1, I2, O1 and O2 are set to about 3 psi, with I1 

slightly higher. This drives a flow from I1 to I2, and from left to right through the sensor. Solution 

is driven through the device by pressurizing the corresponding vial with a regulator. The valve is 

filled with water, and controlled via a separate regulator. Green: Air Tube. Red: Flow Tube. 
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3 Using the fringing electric field in microfluidic volume sensors 

to enhance sensitivity and accuracy 

Reproduced with permission from:  

Riordon, J., M. -Catafard, N. & Godin, M. Using the fringing electric field in microfluidic 

volume sensors to enhance sensitivity and accuracy. Applied Physics Letters 101, 154105–

154105–4 (2012). doi:10.1063/1.4759033. 

Copyright 2012, AIP Publishing LLC. 

 

3.1 Abstract 

The particle trajectory above impedance-monitoring coplanar electrodes in a microfluidic 

channel dramatically influences the measured electric current change. We use finite 

element modeling to predict changes in ionic current for microspheres flowing in highly 

fringing fields, and validate these results by introducing a buoyancy-based particle focusing 

technique.  Using 6 µm polystyrene particles in solutions of varying density, we control the 

height of the particle trajectories near the sensing electrodes and show that sensitivity can 

be increased by up to 3.5× when particles flow close to the electrodes compared to particles 

flowing further away, while simultaneously improving accuracy.  

3.2 Introduction 

The use of microfluidic impedance-based flow cytometers has seen a great deal of growth 

in the past decade, providing an inexpensive means for detection of micron-sized particles 

with low sample consumption. Impedance-based volume sensors and micro-Coulter 

counters measure the change in ionic current as individual microtargets transit through a 

narrow sensing channel
3
. Sensors have been developed to measure the volume of synthetic 

particles as well as a number of biotargets, such as red blood cells
18

, yeast
43

, kidney cells
8
 

and Escherichia coli.
28

 Multiple electrode configurations have been demonstrated, 

http://scitation.aip.org/content/aip/journal/apl/101/15/10.1063/1.4759033
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including parallel
28

 and planar
44

 electrode designs. While the latter is advantageous for ease 

of fabrication, it suffers from sensitivity to particle height, due to the electric field 

gradient.
46

 Consequently, microparticles that flow through the sensor along a path far from 

the electrodes induce a smaller change in resistance than those flowing nearest to the 

electrodes.
18

 This adds uncertainty to the determination of particle volume, limiting the 

usefulness of coplanar electrode geometries in comparison with parallel electrodes. In this 

Letter, we use finite element method (FEM) modelling to study the current response of 

microspheres flowing along trajectories at different heights within the sensor, and obtain a 

volume-dependent enhancement factor. To validate results experimentally, we introduce a 

buoyancy-based technique capable of focusing particles along trajectories at different 

vertical distances from the coplanar electrodes. 

3.3 Materials and Methods 

FEM modelling was performed using the COMSOL MULTIPHYSICS Conductive Media DC 

module. A 20 µm microchannel of square cross section was modelled, with a pair of 20 µm 

wide coplanar electrodes separated by a 20 µm gap located on the top surface of the 

microchannel. A 30 mV DC potential was simulated between both electrodes, drawing a 

420  A                                   σ=1.3 Ω
-1

m
-1

). Current change was computed by 

positioning a nonconductive microsphere at fixed coordinates within the channel, and 

iterating over multiple configurations (Fig. 3-1). Every iteration required a separate FEM 

calculation using 169 000 mesh elements. Electric current was obtained by integrating the 

normal electric field over the entire channel cross-section at a given position between the 

electrodes. To provide an estimate on uncertainty, four such cross sections were integrated. 

Error bars were smaller than the symbols in Fig.3-1 and thus were omitted.  
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Figure 3-1(a) Current change for d = 6 µm microspheres transiting a 20 µm by 20 µm sensing 

channel at different heights: Bottom z = 3.1 µm, Middle z = 10 µm and Top z = 16.815 µm, each 

measured from the channel floor to the center of the microsphere. These positions were chosen so 

as to be at no more than 100 nm from the electrodes, which are positioned at the very top of the 

channel. The x-axis represents the position of the bead along the length of the channel, starting from 

the mid-point between the electrodes. For microspheres passing closest to the electrodes, the 

maximum current change occurs near the inner electrode edges (x = ± 10 µm). (b) Enhancement 

factor between Top and Bottom configurations for different microsphere volumes. (c) and (d) 

illustrate the electric field density in a 2D slice of the device (log plot) for a 6 µm diameter 

microsphere in Top and Bottom configurations, respectively. The horizontal black bars illustrate 

electrode positioning. 

Fig. 3-1a illustrates how the current pulse differs for microspheres flowing at different 

heights. The x-axis shows the position with respect to the center of the electrode pair.  For a 

microsphere flowing near the electrodes (Top), the maximum current change occurs as it 
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goes by the electrode edge; for microspheres in the middle or at the bottom of the channel, 

maximum current change occurs at the center of the electrode pair. Fig. 3-1b maps the 

enhancement factor between the Bottom and Top configurations as a function of target 

volume (diameter on top axis). As shown in Fig. 3-1a, this position of maximum change is 

different for each trajectory. The enhancement factor is greater for smaller microtargets 

than for larger ones: in the case of 6 µm diameter microspheres, this corresponds to a 3.3× 

enhancement in signal.  

A       ’                                                                    F  s. 3-1c 

and 3.1d, where a logarithmic plot of the electric field density is shown for a 2D slice of the 

system in the Top and Bottom configurations. As the nonconductive microsphere nears the 

inner corners of the electrodes (Fig. 3-1c), electric field perturbation is maximized leading 

to a larger change in current. A similar electric field fringing effect was also described in 

FEM simulations done by Gawad et al. with respect to parallel facing electrodes.
117

  

To validate these simulations experimentally, 6 µm diameter microspheres were 

flowed through a microfluidic volume sensor at different heights. This particle size was 

chosen so as to be small enough to see a significant enhancement between flow paths, and 

large enough to produce a large current change pulse. Flow height control was 

accomplished by altering glycerol concentration in the carrier buffer to control density, and 

thus generate a negative or positive buoyant force on the microparticles. The microfluidic 

volume sensor chip was fabricated by polydimethylsiloxane (PDMS) molding using 

photolithography.
16

 SU-8 10 photoresist (Microchem) was patterned on a silicon wafer to 

create a 20 µm wide sensing channel of square cross-section. PDMS of 10:1 base:curing 

agent ratio was then molded, and bonded to a glass substrate with Au/Ti electrodes (80 nm / 
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5 nm). The electrodes were fabricated using a lift-off technique described elsewhere.
16

 The 

device is positioned under an upright microscope with the electrodes on glass at the top. 

The sensing channel connects two parallel bypass channels (Fig. 3-2a), and is designed to 

be of sufficient length to allow for targets to settle before transiting the sensor (~12 mm 

                     . F    S  k ’  L           minal velocity, vs, of suspended 

microspheres is proportional to the difference between the particle mass density ρp and 

fluidic mass density ρf: 

 
 

2

9

2
gRv

fp

s

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  (3.1) 

where µ is the dynamic viscosity, g the gravitational acceleration and R the microsphere 

radius. For 6 µm diameter polystyrene microspheres (Bangs Labs) in a solution of glycerol 

of concentration up to 42%, this leads to an upward velocity of v ≈ 0.3µm/s. For the device 

depicted in Fig. 3-2, this means maintaining a flow rate below 240 µm/s to insure complete 

microsphere migration to the electrodes. This serves as an upper estimate, since settling 

time is slightly increased due to wall effects. 

Ionic current was monitored by applying a 50 kHz signal (Vpp = 620 mV) between the 

pair of sensing electrodes, and measuring current in series via a current amplifier (Keithley 

428) and lock-in amplifier (Stanford Research Systems SR830 DSP). The probe signal is 

applied via a function generator (Stanford Research Systems DS345) and a low-noise 

preamplifier (Stanford Research Systems SR560) operating at unity gain. Lock-in 

amplitude is measured through a 200 kHz 16-bit DAQ card (NI-USB 6353) using a 

LabView script. Data is filtered using a combination of point-by-point averaging and low 

pass filtering. Flow through the channels was controlled by using pressure regulators (SMC 
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IR2000-N02-R and SMC IR2010-N02-R) to establish the flow pattern in Fig.3-2 (a) as 

previously described.
16

 Three solutions with suspended 6 µm polystyrene microspheres 

were prepared at an approximate concentration between 1×10
5
 and 1×10

6 
microspheres/ml. 

Solution densities were chosen to affect particle buoyancy, such as to draw microspheres 

up towards the sensing electrodes or down away from the electrodes. The difference in 

densities between that of the particle and of the carrier fluid was varied to control 

gravitational settling times. Each buffer contained 0.1% bovine serum albumin (BSA), 

0.1M KCl and varying concentrations of glycerol (0%, 21% or 42%). Carrier fluid densities 

were quantified with a suspended microchannel resonator (SMR):
13

 1.004 ± 0.001 g/cm
3
 , 

1.065 ± 0.001 g/cm
3
 and 1.121 ± 0.001 g/cm

3
 for 0%, 21% and 42% glycerol solutions, 

respectively. To prevent beads from non-specifically interacting with microchannel 

surfaces, 0.1% g/ml of detergent (Contrex, Decon Labs Inc.) was added prior to 

experimentation to both the water and glycerol heavy solutions. 

3.4 Results and Discussion 

For each solution, microspheres were flowed through the volume sensor at ~100 µm/s, and 

current changes were recorded. This speed was chosen to insure that transiting particles 

have enough time to settle by gravity as dictated by equation (1). Typical events are 

presented in Fig. 3-3a. Microspheres flowing near the bottom of the channel (A – away 

from the sensing electrodes) cause a much lower change in current than those flowing at the 

top (D – near the sensing electrodes). Events shown in B and C are for particles suspended 

in a 21% glycerol solution, making them practically neutrally buoyant.  The 21% glycerol 

solution has a density of 1.065 g/ cm
3
, which only slightly differs from that of the 

microspheres (1.062 g/ cm
3
). This small difference in densities is sufficient to cause a slight 
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Figure 3-2 (a) Microfluidic volume sensor with meandering channel connecting two parallel bypass 

channels. Au electrodes are positioned at the top of the channel. Arrows denote flow direction. (b) 

Enlarged view of sensing volume framed by two electrodes, where an AC potential is applied at VA 

and VB is grounded. Only the lower two electrodes are utilized in the experiments described here. 

settling along the vertical axis in the timeframe of the experiment. In turning the device 

upside down, this shift is reversed (experiment B in Fig. 3-3a). Population histograms for 

respective samples are presented in Fig. 3-3b. Current changes of 0.16 ± 0.01%, 0.26 ± 

0.01%, 0.35 ± 0.03% and 0.55 ± 0.05% were measured for experiments A, B, C and D, 
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respectively. There is a nearly 3.5-fold increase in sensitivity when the particles assume a 

trajectory near the electrodes compared to when they flow near the bottom of the 

microchannel, as predicted from Fig. 3-1b. One would expect beads flowing in a near-

neutrally buoyant solution to follow a Poiseuille distribution, creating a histogram that 

       p                                        A     D       ΔI/I0 = 0.16 to 0.55). This 

is not the case, as the B and C distributions in Fig. 3-3b are too narrow. This suggests that 

targets are predisposed to follow a certain trajectory, likely due to the geometry of the 

device, and how microtargets are flowed into the sensor. Though experiments B and C 

produced a mean current change of similar uncertainty to experiments A and D, their 

accuracy differs greatly. 

The current profile for individual transit events also reveals striking differences 

depending on particle trajectory.  For particles suspended in the 42% glycerol solution 

(buoyant) the current profiles show a clear M-shaped peak, similar to that observed in Fig. 

3-1a. This effect is present in most events for this data set, and can be postulated a direct 

result of increased proximity to electrodes. As particles flow over the inner corners of the 

electrodes, the fringing electric field causes an even greater current change than at the 

center. These M-shaped pulses are similar to those observed in traditional Coulter counters, 

present when targets flow too close to the edges of the sensing aperture.
120

  

To date, there have been several demonstrations of microfluidic focusing 

techniques
72,75,121,122

 aimed at centering particles within microchannels. In the case of 

impedance-based volume sensors with coplanar electrodes, the idea is to focus them next to 

the electrodes. Some examples use focusing techniques to improve sensitivity by reducing 

the sensing volume. One approach is to use sheath flow focusing with an adjustable  
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Figure 3-3 (a) Typical current change for a 6 µm diameter polystyrene microsphere flowing 

through a 20 µm wide square channel for 4 experiments with three different solutions of varying 

density: A = 0%, B = 21%, C = 21% and D = 42%. For experiment B, the device was turned upside 

down to have particles migrate in the opposite direction compared to C. Data suggest not only an 

amplitude enhancement, but also an expected M-shaped feature present in D. (b) Normalised 

histograms representing a total of 1084 events demonstrating a near 3.5 times enhancement in 

signal from A to D. 

aperture,
5
 where multiple nonconductive sheaths are used to direct flow of microtargets in 

conductive media next to a pair of coplanar electrodes in a µ-Coulter counter. Another uses 

a tunable pneumatic valve to mechanically direct microtargets next to the electrodes.
16

 

These approaches allow for increased sensitivities by reducing sensing volumes, but there 
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remains some uncertainty related to variability in particle trajectories above the electrodes. 

While we demonstrate a simple device that simultaneously enhanced sensitivity and 

accuracy, we submit that combining buoyancy-based settling (focusing) with these other 

schemes would further improve on measurement accuracy by confining particles to 

trajectories that are as close to the coplanar sensing electrodes as possible.   

3.5 Conclusions 

As shown both through FEM modelling and experimental work, focusing 

microtargets next to the electrodes allows for heightened accuracy and up to a 3.5-fold 

signal enhancement. The introduced buoyancy-based method is simple to implement and 

readily combined with current volume sensing technologies. Future work will explore using 

the M-shaped current pulse to automatically compensate for target height effect on volume 

measurement, and thus increase the sensitivity of volume sensors using coplanar electrodes. 

To increase throughput in future devices, a lengthened meandering channel will allow for 

beads to flow longer, allowing them to settle more efficiently in rapid flow systems. 
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4 Using active microfluidic flow focusing to sort particles and 

cells based on high-resolution volume measurements 

Reproduced with permission by Elsevier from: 

Riordon, J., Nash, M., Calderini, M. & Godin, M. Using active microfluidic flow focusing 

to sort particles and cells based on high-resolution volume measurements. Microelectronic 

Engineering 118, 35–40 (2014). doi:10.1016/j.mee.2014.02.003. 

 

4.1 Abstract 

We demonstrate a microfluidic device that integrates high-sensitivity volume sensing with 

active pressure-driven flow sorting. Label-free size-based sorting of microparticles and 

cells is achieved using hydrodynamic flow focusing combined with a resistive pulse sensor 

with tunable sensitivity that utilizes the Coulter principle. Measurements are performed in 

real time, and pressure-driven flows are automatically adjusted in feedback to direct 

microparticles into one of multiple outlet sorting channels at 97.3% efficiency and with a 

resolution of ~3 µm
3
. In a subsequent test, cells were sorted by volume from a single 

culture of Saccharomyces cerevisiae (yeast) at 100% efficiency. Next, we demonstrate the 

      ’        y      z    p p                        -throughput and identify features of 

interest prior to sorting. Subpopulations of arrested G1 and M-phase cells were successfully 

resolved from a single yeast culture. This integrated on-chip sizing and sorting method is 

ideal for sorting small numbers of particles/cells at very high resolution. 

4.2 Introduction 

 Fluorescence-activated cell sorting (FACS) has long since been the method of 

choice for high-throughput sorting of cells, critical to applications such as medical 

diagnostics,
78

 cell therapy
80

 and purification.
79

 Herein, light scattering and fluorescence 

signals are used to quickly identify cells and sort them downstream through electrostatic 

http://www.sciencedirect.com/science/article/pii/S0167931714000355
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deflection. Attempts to miniaturize this technology have produced lab-on-chip, low-cost, 

disposable devices suitable for point of care diagnostics.
81–84

 Fluorescence-based 

techniques require cell-specific markers, which exist for many cell types but can be 

unsuitable in some applications such as stem cell isolation.
123

 Many alternative microfluidic 

label-free sorting techniques have been proposed: these include passive methods, such as 

pinched flow fractionation,
92,93

  lateral displacement,
91

 hydrophoretic
94

 or diffusive 

filtering,
95

 and active sorting mechanisms, such as optical tweezers,
124,125

 magnets,
126

 

acoustics
88,89

 and dielectrophoresis (DEP).
6,100,127

 For example, Song and Choi 

demonstrated a hydrophoretic system capable of sorting particles of diameter 12 µm, 15 µm 

and 20 µm.
98

 Takagi et al. demonstrated sorting of particles of 1.0, 2.1, 3.0 and 5.0 µm in 

diameter using an asymmetric pinched flow fractionation technique.
93

 External commercial 

Coulter-based systems are often used to characterize sorting efficiency.
99

 On-chip Coulter-

based systems, microfluidic volume sensors,
3–5,17,112

 monitor the change in ionic current as 

cells/microparticles traverse a sensing volume. The displaced ions cause a resistive pulse 

p  p                  j   ’  volume, thus enabling the real-time volume sizing of individual 

cells. Volume sensors have been shown effective at sizing a variety of biological targets, 

including Madin-Darby Canine Kidney (MDCK) cells
8
, red blood cells

18
 and Escherichia 

coli.
28

 These sensors exhibit very high resolution:
128

 Saleh and Sohn. demonstrated the 

volume measurement of ~500 nm diameter colloidal particles at a resolution of ±5 nm.
129

 In 

order to achieve sorting at high resolution, combining on-chip sorting methods in feedback 

with these high-sensitivity microfluidic volume sensors becomes attractive. Recently, Song 

et al. reported such a sorting device where cells were sorted one at a time through 

electrokinetic flow manipulation, redirecting each cell based on individual volume sensor 

measurements.
104

 In such combinatory systems, a user benefits from the high-resolution 
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offered by volume sensors, combined with the sorting capabilities of DEP or 

electrokinetics. 

 In this paper, we report a microfluidic system that combines high-resolution volume 

sensing with hydrodynamic flow sorting, where output into one of several collection ports 

is achieved through pressure-driven flow focusing and redirection (Fig. 4-1a). The sorting 

device is fabricated using multilayered polydimethylsiloxane (PDMS), so as to integrate 

on-chip valves.
63

 In pressurizing a separate control layer, adjacent flow channels can be 

compressed to achieve useful geometric features. Here, these valves serve two distinct 

purposes: sensor tuning and particle sieving. As reported in an earlier work,
16

 a tuning 

valve can be used to adjust the height of the sensing channel itself, above the electrodes. 

Since sensitivity scales with sensing volume, this technology allows a user to optimally size 

the sensor for a chosen range of target particles. A sieve valve is used to compress a 

channel to a height sufficient to obstruct and collect particles, without blocking fluid 

flow.
130

 This application is useful to collect and concentrate sorted samples, and optically 

verify sorting efficiency and purity. Sorting by hydrodynamic focusing is achieved by 

squeezing a central stream of liquid flowing from the sensing channel between two side 

streams. In finely adjusting pressures, the sample stream can be reduced in width, and 

actively manipulated into a selected output channel by altering pressure conditions in these 

two side channels. This is accomplished through two computer-controlled regulators 

operating in feedback. This technology allows the isolation of a subpopulation of 

microtargets satisfying pre-set volume thresholds from a highly heterogeneous sample, 

while providing immediate population volume statistics. We demonstrate device 

functionality by extracting 5.6 µm diameter polystyrene microspheres from a solution also 
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containing both larger 8.3 µm and smaller 3.9 µm particles. Sorting efficiency is quantified 

using complementary video microscopy. Optionally, on-chip sieve valves are integrated to 

collect and concentrate the extracted sample, permitting on-chip observation. To 

                              ’        y                Saccharomyces cerevisiae (yeast) 

satisfying a preset volume range were extracted from a continuous population distribution. 

Further, a high-throughput detection-only mode of operation can be used to rapidly size a 

population, and identify sub-populations of interest prior to sorting. This capability was 

demonstrated by sizing a heterogeneous population of arrested yeast cells at high-

throughput, which through cell arrest were induced to display subpopulation modes. These 

modes are easily resolvable, allowing subsequent sorting. The use of localised, internal 

electrodes practically eliminates Joule heating, and limits electric field sample exposure to 

<100 ms, which are often cited as concerns relative to biological cell viability.
61

 To our 

knowledge, this work is the first to combine pressure-driven flow with resistive pulse 

sensing, and we believe this chip ideal for applications where a small quantity of cells are 

to be extracted at high resolution and high efficiency. 

4.3 Material and methods 

4.3.1 Microfabrication 

The sorting device is fabricated using multilayered soft lithography
16,63

 with SU-8 10 

(MicroChem), SU-8 2050 (MicroChem) and P4620 (AZ Electronic Materials) photoresists 

through PDMS moulding (Sylgard 184 Silicone Elastomer Kit). The valve mould was 

created through photolithographic patterning of 50 µm thick SU-8 2050 on a silicon wafer. 

The mould was then silanized with (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane  

(Sigma Aldrich), and 7:1 base:curing agent ratio PDMS was poured to a thickness of 4 mm. 
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Figure 4-1 (a) Resistive pulse sensor (Coulter counter) with pressure-based flow sorting. 

Microspheres or cells are pressure-driven through the bypass channel (left), and drawn through the 

sensor where electrical pulse amplitude is acquired. Custom LabView® software analyzes the 

signal and automatically redirects the central flow stream into one of three outlets (b-d) through 

pressure adjustment in the Top and Bottom control channels. Blue arrows denote flow direction. 

Food colouring is used to highlight flow direction and PDMS layers. e) Schematic view of each 

layer of the device. 
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The fluidic layer mould is created by first preparing a 10 µm SU-8 10 adhesion layer on a 

silicon wafer; a 24 µm thick P4620 layer is then prepared and reflowed at 200 ºC to permit 

the moulding of rounded microchannels. After silanization, 20:1 PDMS was spin-coated on 

the fluidic layer mould to a thickness of 40 µm. Gold electrodes were micro-patterned onto 

a glass microscope slide by e-beam evaporation to a thickness of 70 nm (with 5 nm Ti 

adhesion layer) using a lift-off process described elsewhere.
16

 The fluidic and valves layers 

were then bonded together using an oxygen plasma treatment, followed by a 1 hour oven 

bake. The composite PDMS structure and the electrode layer are then bonded to one 

another following another plasma treatment. Device layers are shown in Fig.4-1e. Detailed 

device specifications are presented as supplementary material, section 4.8.1. 

4.3.2 Signal acquisition and setup 

The volume sensor operates on the Coulter principle, whereby cells/microparticles are sized 

by monitoring the change in ionic current between the two planar electrodes. A 50 kHz, 

220 mV RMS potential is applied by a function generator (Stanford Research Systems 

DS345) and sent to a low-noise preamplifier operating at unity gain (Stanford Research 

Systems SR560), which serves to isolate the function generator from the rest of the circuit. 

This frequency was chosen so as to be sufficiently high to avoid electrical double layer 

effects,
44

 but low enough so pulse amplitude becomes purely a function of target volume 

(<100kHz).
117

 The preamplifier connects to a first electrode; the second electrode is 

grounded. Only two electrodes are utilised in this detection scheme. A current amplifier 

(Keithley 428) measures the current in series, and outputs 10
5
 V/A to a lock-in amplifier 

(Stanford Research Systems SR830 DSP). A data acquisition (DAQ) card (NI USB-6353; 

National Instruments) acquires the lock-in signal, which is then monitored in real-time 
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using custom LabView® software. A pulse detector algorithm scans through the data, and 

extracts the amplitude and peak width of measured particle detection events. The DAQ card 

operates in feedback, outputting a voltage to two digital precision pressure regulators (ITV-

1011 SMC), which control pressure-driven flow along the top and bottom control 

microchannels, visible in Fig.4-1a. All other pressures, including the tuning and sieve 

valves, are kept constant using manual precision pressure regulators (SMC IR2000-N02-R 

and SMC IR2010-N02-R). These regulators apply pressure to glass vials, which are 

connected to tubing that lead into the PDMS chip, as described elsewhere.
16

 The device is 

housed in a temperature-controlled aluminium enclosure under an upright microscope 

(pictured in supplementary material, section 4.8.2). It should be noted that the electronic 

equipment described in this section was used at the prototype state and may not be suitable 

for most point-of-care technologies due to bulk and cost. However, electronic chip-based 

alternatives that perform these basic functions exist, and can be substituted to reduce size 

and cost.
131

 

4.3.3 Device operation 

Fig. 4-1              ’   y                             q                      C    

House) is used to highlight flows and channels. Cells/particles flow through the bypass 

channel (top to bottom), and are drawn through the central sensing channel via a pressure 

gradient. PDMS pillars fence the channel entrance, preventing agglomerations of 

particles/cells from obstructing the sensor. Individual cells/particles sequentially flow over 

a pair of planar electrodes, where volume is measured. A tuning valve, housed on a 

separate, adjacent PDMS layer is used to adjust the channel height locally over the 

electrodes to maximise sensitivity for a given experiment.
16

 Care was taken to minimise 
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sensing channel volume, while maintaining sufficient height so as to prevent particles/cells 

from becoming obstructed at the entrance. Immediately after measurement, flow along the 

Top and Bottom control channels is adjusted, enabling redirection of the focalised central 

flow containing particles/cells into any of the three outlet channels. This process is visible 

in Fig. 4-1b-d. A low R y             R  ≤ 0.1                                        

microchannels, permitting reliable control of the sorting outlet. Sieve valves
132

 are 

positioned downstream (not visible in Fig. 4-1a) along the output channels and allow the 

collection and concentration of the extracted sample. 

4.4 Results and discussion 

4.4.1 Polystyrene microspheres 

P  y  y           p       B     L                                y    ’  p          . A 

sample solution was prepared so as to have ~10
6
 particles mL

-1
 in an aqueous solution of 

0.08 % bovine serum albumin (BSA), 16 % glycerol, and 0.015 % Tween 20, while 

maintaining a 0.08 M concentration of KCl. Glycerol is used to minimize microsphere 

sedimentation, whereas the detergent and BSA prevent potential bead agglomeration and 

wall adhesion. Deionised water was used in the Top and Bottom control channels. Data was 

acquired over 5 hours, allowing the detection and sorting of a total of 1818 microspheres. 

Pressure settings are discussed in supplementary material, section 4.8.3. Temperature was 

maintained at 20ºC. Fig. 4-2a shows typical current change pulses detected for each of the 

three microspheres in solution. The bypass channel was filled with a sample containing 

polystyrene particles (size standards) of three different diameters:  3.9 ± 0.3 µm, 5.6 ± 0.2 

µm and 8.3 ± 0.7 µm.   The concentrations of all three particle sizes were kept similar as to 

permit the acquisition of a sufficient number of data points for each size to produce quality  
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Figure 4-2 (a) Typical current pulses observed for polystyrene microspheres measuring 3.9 µm, 5.6 

µm and 8.3 µm in diameter. Inset schema shows the feedback-based flow redirection scheme. Two 

of the three channels shown in Fig. 4-1 were used. (b) Histogram of 1818 events, with Gaussian fits. 

Coloration was added to highlight these subpopulations, as confirmed by optical microscopy. 

Vertical dashed lines indicate how volume thresholds can be adjusted to extract a subpopulation of 

particles. Extracted 5.6 µm particles were sent to Outlet A. Inset graphic shows the expected linear 

relationship between mean current change amplitude from each microsphere and manufacturer-

supplied microsphere volume. Error bars are too small to be visible. 
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histograms. In addition to demonstrating sorting, these histograms can then be used to 

ascertain subpopulation statistics, and verify the linearity of the sensor. The inset graphic 

describes the flow redirection scheme used for this experiment. Microspheres were sent by 

           O      B                                                        ΔI/I0 ≥ 0.4 %     

ΔI/I0 < 1.0 % were redirected to Outlet A. The goal being the extraction of the medium 

sized particles from the heterogeneous sample, microspheres satisfying this condition were 

only redirected if separated from non-triggering events by a sufficient time interval. 

4.4.2 Sorting sensitivity 

Fig. 4-2b depicts a histogram for the entire dataset. Events belonging to each of the three 

microsphere sizes were independently fitted to Gaussian functions. Events that registered 

between 55 µm
3
 and 68 µm

3
 were in fact doublet events, pairs of smaller 3.9 µm diameter 

microspheres, and were not considered in the fit. Neither were events below 0.15 %, which 

were flagged as noise fluctuations. From curve fitting each Gaussian distribution, we obtain 

standard deviations of 0.1 µm, 0.2 µm and 0.3 µm (relative standard deviations of 8%, 11% 

and 11%) for the 3.9 µm, 5.6 µm and 8.3 µm diameter microsphere subpopulations, 

respectively. For each microsphere size, standard deviations on subpopulations were 

similar or significantly less than polydispersity information provided by the manufacturer 

through Coulter counter/sizing measurement. This result is consistent with other 

findings.
16,128

  Evidently, these inherent sample polydispersities overshadow potential 

variations caused by other factors, such as variable sample trajectories through the sensor
46

 

or pressure instabilities. In another work,
17

 it was found that trajectories could be finely 

controlled by adjusting buoyancy: in maintaining stable flow conditions and constant 

buoyancy, targets travel through the sensor following similar flow trajectories, 
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guaranteeing strong signal reproducibility. Pressure variations are also a concern, as these 

will cause the flexible PDMS walls to contract/expand, and thus affect the resistive pulse 

calibration. For this reason, flow and pressure conditions were kept constant throughout the 

sorting experiment. The inset in Fig. 4-2b highlights the linearity of the current changes as 

a function of microsphere volume, and provides a current change – to – volume calibration 

of 0.00717 ± 0.00002 %/µm
3
 (R squared of 0.99941). In our separation scheme, sorting 

resolution is intrinsically linked to detection sensitivity, and can be estimated by measuring 

peak to peak baseline noise: ~ 150 pA, or 3 µm
3
. This means individual pulses are said to 

be accurate to within 3 µm
3
. It should be notes that this estimate does not account for 

variability between pulses due to sample polydispersity or trajectory changes, for example. 

4.4.3 Sorting purity and throughput 

Sorting purity was analysed by complementing the electrical signal measurements with 

video microscopy. In this experiment, 97.3 % of the extracted particles were properly 

sorted based on the desired selection volume thresholds, with 0.5 % of events 

corresponding to improperly sorted 8.3 µm particles and 2.2 % being smaller 3.9 µm ones.  

The improperly sorted particles were redirected in error, either because two particles of 

different sizes went through the sensing volume in quick succession, or due to a poor 

signal.  In such cases, our peak detection algorithm occasionally failed to identify the target 

particle. These events were rare, but these undetected particles were sometimes binned 

incorrectly. However, these detection algorithm challenges required operating at a particle 

density that was relatively low, and that higher concentrations would likely lead to lower 

purity. 
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Fig. 4-2b also shows that the sample contained doublets of the smaller 3.9 µm 

particles that have similar but slightly smaller volumes than the single medium sized 

particles. Fortunately, the system has enough resolution to mitigate these issues by allowing 

tighter thresholds if desired. Fig. 4-2b shows two sets of thresholds, where the doublets can 

be discarded as well. This ability to tighten the extraction threshold makes this device 

equally well suited to isolate rare events corresponding to a narrow size range. While the 

device is capable of high-resolution volume measurement, sorting speed is limited by 

actuation and stabilization time. The time interval between event detection, pressure 

actuation, and achieving stable flow conditions is about 400 ms. This delay is due to the 

response time of the SMC ITV1011 regulators, as well as the volume over which pressure 

is applied, including the vial, tubing and microchannels. This delay, combined with the 

distance between electrodes and outlet channel trifurcation (~800 µm), limits throughput to 

~30 cells/min with this current configuration, or a cell density of ~5 x 10
6
 cells/ml. This 

throughput is comparable to other automatic electrokinetic feedback-based systems,
104

 but 

is much lower than typical passive sorting techniques 
90

 and conventional FACS (10,000-

20,000 cells s
-1 77

) that does not measure volume.  

4.4.4 Sieve valve 

Sieve valves were positioned along each of the outlet channels to optionally collect and 

concentrate sorted microspheres, as shown in Fig. 4-3b. These valves were kept partially 

closed, so as to collect microspheres in transit without interrupting flow. In the microsphere 

separation experiment, ~180 microspheres of diameter 5.6 µm were concentrated from a 

volume of ~100 µL (sample volume processed during the experiment) down to ~100 fL. 
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This also helped confirm extracted sample purity. Sieve valves provide a useful means of 

verifying sorting purity at a glance and to concentrate diluted samples. 

4.4.5 Application: sorting cells 

To demonstrate live cell sorting capabilities, a population of Saccharomyces cerevisiae 

(yeast) was sorted according to preset volume conditions. Yeast provides an excellent 

opportunity to test device functionality for a continuous population of non-spherical, often 

oddly shaped budding cells. Cells were prepared following a procedure described in 

 

Figure 4-3 (a) Microfluidic sieve valve positioned along Outlet A. Microspheres 5.6 µm in 

diameter  (b) or Saccharomyces cerevisiae cells (c) can be captured during sorting. The sieve valve 

presses down on the microchannel, enabling the immobilization of microspheres in transit without 

interrupting flow. Trapped particles or cells are released by deactivating the valve. 

supplementary material, section 4.8.4, and introduced into the sorting chip. Sensor 

calibration was performed using polystyrene size standards prior to processing cells. The 

validity of using spherical microparticles to calibrate microfluidic volume sensors used to 

size non-spherical cells has been discussed elsewhere,
103

 where estimates predict an added 

3 % uncertainty in volume measurement. The sorting process was just as effective for live 

cells as it was for microspheres, and a similar sizing resolution was achieved (3 µm
3
). The 

hydrodynamic flow redirection mechanism behaves identically, irrespective of the sample 

to be sorted. Fig. 4-4a shows the result of a 45 minute sorting experiment, where 42 cells of 
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volume satisfying 100 µm
3
 ≤ V < 140 µm

3
 were extracted from a bulk population (176 

cells). In this experiment, video microscopy was used to confirm that the sorting device 

performed perfectly with a sorting purity of 100 %. 

Unlike other dedicated sorting chips that require prior knowledge of a sample size 

distribution, our chip can also be operated in a high-speed mode to rapidly analyse a 

population prior to sorting. This is particularly useful for previously uncharacterized and 

                            p   . T        y            p  ’      me distribution can 

afterward be used to set proper sorting thresholds to extract a subpopulation of interest, 

albeit at lower speed. To demonstrate this ability, we rapidly analysed a population of live 

but arrested yeast cells. In this experiment, a single yeast culture was prepared in such a 

way so as to force the emergence of subpopulations within a volume distribution histogram. 

A kinase inhibitor (1-NM-PP1, Cedarlane) was added to the yeast culture to arrest the cells 

in the G1 and M cell stages.
133

 following a procedure similar to that of Bryan et al.
7
 and 

summarized in supplementary material, section 4.8.4. The arrested culture reveals distinct 

subpopulations after 4 hours of incubation at 30 ºC, corresponding to different stages in the 

cell cycle. The device was operated in a high-throughput (900 cells/min) non-sorting mode 

of operation to rapidly size 43,000 cells, as shown in Fig. 4.4b. To accommodate larger 

cells, the tuning valve had to be released to a greater extent, reducing sensitivity. A separate 

calibration was performed. Our noise level was about 0.2 % of baseline, granting a 40 µm
3
 

resolution. Although this is larger than what was achieved during sorting, this is largely 

sufficient to rapidly analyze a population. Events below 100 µm
3
 lie below our confidence 

level (S/N <2), whereas peaks located >600 µm
3
 are the result of multiple cells passing at 

once. Figure 4-4b clearly shows the emerging sub-populations and modes corresponding to  
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Figure 4-4 (a) Individual cells satisfying pre-set volume conditions are extracted into a separate 

outlet. Dotted lines represent subsample that was extracted, confirmed through video microscopy. 

(b) Histogram showing the volume distribution of a single culture of arrested Saccharomyces 

cerevisiae. The growth of G1-arrested and M-arrested cells causes volume subpopulation modes to 

emerge. By setting appropriate thresholds, cells belonging to specific subpopulations can later be 

extracted at high-resolution. 
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G1 and M phase cells are easily distinguished. The dotted lines highlight the thresholds to 

be used for sorting/extracting these sub-populations. 

Fig. 4-3c highlights the capture and subsequent release of sorted yeast cells using on-

chip sieve valves. While cell growth studies are not the focus of this work, sizing/extracting 

such samples demonstrates our ability to extract a (i) heterogeneous, (ii) oddly shaped 

population of cells from a single cell culture. 

4.5 Conclusions 

In this work, we demonstrated the high-efficiency sorting of microparticles and cells based 

on high-resolution volume measurements using hydrodynamic flow focusing. Microspheres 

and cells were collected and observed on-chip using sieve valves. Sorting purities of 97.3 

% and 100 % were achieved for sorting particles and cells, respectively. A sizing resolution 

of 3 µm
3
 was demonstrated, a value exceeding that of passive cell sorting devices for this 

range of sizes. Biological cells exhibit continuous size distributions, requiring sorting 

systems that can resolve volume at high-resolution. Future work will examine sorting 

mammalian cells based on volume. 
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4.7 Supplementary Material 

4.7.1 Device specifications 

Fig. 4-5 shows a schematic view of the device used for all data presented in this work. 

Multiple devices were used for preliminary experiments, such as the one pictured in Fig.4-

1a, and used different electrode configurations. Only the two rightmost electrodes are used 

for the resistive pulse measurement. 

 

Figure 4-5 Schematic view of the microfluidic cell sorter with fluidic layer (grey), valve layer 

(green) and electrode layer (purple). The view in (a) is presented without electrodes for clarity. (b) 

Enlarged view of the center of the device. 
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4.7.2 Temperature-controlled aluminum enclosure 

 

Figure 4-6 Custom aluminum enclosure that houses the cell sorting chip. The enclosure is 

temperature-controlled using a recirculating water bath. 

4.7.3 Pressure considerations 

Each pressure was precisely adjusted to maximise device efficiency. The pressure 

controlling the sensing channel height was set to reduce the sensing volume as much as 

possible without obstructing the flow of microspheres (0.2 MPa), and to render the volume 

sensor as sensitive as possible. Sieve valves were set to reduce the channel cross-section as 

little as possible (0.18 MPa), so as to not limit flow, while keeping the channels narrow 

enough to trap the smallest microspheres. Pressures at each end of the bypass channel were 

set to create a top-down particle velocity of ~50 µm/s (0.015 MPa, 0.010 MPa). Outlet 

pressures were identical (0.03 MPa), and chosen to draw microspheres through the sensing 

channel at ~1 mm/s. Top/Bottom control channel pressures were set sufficiently high to 

focus the particle stream, and alternated between values meant to steer the stream into each 

of the three outlets. For the experiments detailed in this work where a single sub-population 
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is extracted, only two settings were used (redirect to Outlet A: Top = 0.040 MPa, Bottom = 

0.020 MPa; redirect to Outlet B: Top = 0.032 MPa, Bottom = 0.021 MPa). 

4.7.4 Saccharomyces cerevisiae sample preparation 

4.7.4.1 Sorting Experiment 

Saccharomyces cerevisiae (MATa, Cdc28-as1) was cultured overnight, (30º C, 300 RPM) 

in yeast bacto-peptone (YPD) with 2% w/v glucose and 1X adenine. Cells were 

resuspended in 1X PBS through centrifugation, then added to a solution containing Percoll 

(Sigma Aldrich), Final concentrations were 73% Percoll, 0.01% BSA, 0.25X PBS and 

~1E7 cells/ml. 

4.7.4.2 Arrest Experiment 

Saccharomyces cerevisiae (MATa, Cdc28-as1) was cultured in an incubating shaker to 

OD600 < 0.7 (30º C, 300 RPM) in yeast bacto-peptone (YPD) with 2% w/v glucose. Cells 

were then arrested via Cdc-28 inactivation
133

 through addition of a kinase inhibitor: 40 µM 

of 1-NM-PP1 (Cedarlane) in DMSO.  The culture was incubated at 30º C for 4 hours. A 

cell suspension was washed with 1X PBS through centrifugation, then added to a solution 

containing 73% Percoll (Sigma Aldrich), 0.1% BSA and 0.25X PBS (~10
6
 particles mL

-1
). 

Percoll was used to make the cells neutrally buoyant, thus preventing sedimentation. The 

suspension was then cooled to 5º C to halt growth, and introduced into the microfluidic 

sorting chip. For sorting, a 1X PBS solution was used for top/bottom control channels, 

instead of deionised water.  
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4.8 Additional notes 

It is worth mentioning that the sorting method used in this article was the last in a long line 

of less successful sorting attempts, using various other microfluidic schemes. The first 

attempt consisted of utilizing simple valve actuation to redirect flow into one of multiple 

channels. In this method, flow control was completely controlled by valves, so computer 

controlled regulators were not necessary. While this method lead to cell-by-cell sorting, it 

was deemed too slow to be of practical use. In addition, in systems with multiple such 

valves, obtaining a strong seal in closed valves became an issue. Measures were taken to 

                             p             p xy    “p    ”                k          ,
134

 

but to no avail. Another redirection scheme invo       “          ”                    y 

valves would simply redirect flow into different channels without requiring a full seal. This 

method also suffered from high-actuation times, and was rejected in favor of the work 

published in this Chapter. 

It should also be noted that the temperature control system pictured in Section 4.7.2 

was fully customized for this particular application. The control chamber was built to fit 

easily under an upright microscope, guaranteeing proper focal distance to the sample and 

sufficient illumination. A thermistor was calibrated, and installed to monitor the 

temperature at the chip. A temperature control system (Isotemp 3016, Fisher Scientific) 

was used to circulate water through the aluminum enclosure. A PCB chip was designed to 

fit within the chamber, and attach to a second PCB located on individual microfluidic 

chips, which are wire-bonded to the electrodes. External electronics are connected via BNC 

connectors on the side of the enclosure, or a D-Sub connector at the front (Figure 4-7). 
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Finally, the cells used in this study were carefully cultured to exponential phase by 

first performing a number of control tests with an OD measurement system (GeneQuant 

III). Prior to performing an experiment, cell cultures were diluted to sufficient 

concentration that morning, or the previous evening (generally 1E6 cells/ml. 

 

Figure 4-7: Customized temperature-controlled enclosure. 
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Manuscript: Quantifying the volume of single cells continuously 

using a microfluidic pressure-driven trap with media exchange 

 This work was submitted to Biomicrofluidics on January 31
st
 2014, accepted 

February 15
th

 2014 and published online February 28
th

 2014. 

 I, Jason Riordon, contributed the large majority of the work presented in this 

scientific article: this includes all computer modelling, device design, 

microfabrication (photolithography, lift-off, PDMS moulding), electrical setup, 

software design, pressure control, cell culturing, data acquisition and all analysis 

presented herein. I wrote the first draft. 

 Mike Nash, an undergraduate student, assisted with some of the coding algorithms, 

and helped perform initial trapping experiments. 

 Wenyang Jing, a masters student, helped fabricate the devices used in this work. 

 Dr. Benjamin Watts, a postdoctoral researcher, helped fabricate the electrodes. 

 Hilary Phenix, doctoral student, and Dr. Mads Kaern provided the initial yeast 

samples used for this work.  

 Lukasz Andrzejewski, research technologist, assisted with detection and sorting 

algorithms and video capture software. 

 This manuscript has been modified from the original, in order to match the 

formatting style of this thesis. Section titles were added to guide the reader through 

the work. References are consolidated at the end of the thesis. 

 The supplementary material presented in section 5.7 was published with this work. 
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5 Quantifying the volume of single cells continuously using a 

microfluidic pressure-driven trap with media exchange 

Reproduced with permission from:  

Riordon, J., Nash, M., Jing, W. & Godin, M. Quantifying the volume of single cells 

continuously using a microfluidic pressure-driven trap with media exchange. 

Biomicrofluidics 8, 011101 (2014). doi: 10.1063/1.4867035. 

Copyright 2014, AIP Publishing LLC. 

 

5.1 Abstract 

We demonstrate a microfluidic device capable of tracking the volume of individual cells by 

integrating an on-chip volume sensor with pressure-activated cell trapping capabilities. The 

device creates a dynamic trap by operating in feedback; a cell is periodically redirected 

back and forth through a resistive pulse sensor (Coulter principle). Sieve valves are 

positioned on both ends of the sensing channel, creating a physical barrier which enables 

media to be quickly exchanged while keeping a cell firmly in place. The volume of 

individual Saccharomyces cerevisiae cells was tracked over entire growth cycles, and the 

ability to quickly exchange media was demonstrated. 

5.2 Introduction 

Measuring cell growth is of primary interest to researchers who seek to study the effects of 

drugs, nutrients, disease, and environmental stress. This has traditionally been 

accomplished by monitoring the optical transmittance of large ensembles of cells and 

applying the Beer-Lambert Law.
21,22

 Such population-scale measurements provide 

important culture statistics, but averaging obscures the behaviour of individual cells. In 

addition, these techniques often require cell synchronicity in order to correlate growth with 

specific points in the cell cycle, but synchronicity typically decays rapidly in many cell 

lines including Saccharomyces cerevisiae (yeast) cultures.
23

 Researchers have thus adopted 

methods that study the growth of individual cells. Quantifying cellular growth is especially 

http://scitation.aip.org/content/aip/journal/bmf/8/1/10.1063/1.4867035
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challenging since proliferating cells such as yeast or E. coli are irregularly shaped, and will 

only increase in size by a factor of two.
13

 Growth will affect the mass, volume and density 

of the cell; having access to each of these characteristics is important in obtaining a 

complete picture of this process. Time-lapse fluorescence microscopy can provide valuable 

information as to the cell cycle progression of individual cells,
135

 but 2D optics requires 

geometric assumptions, and thus provide an incomplete picture of growth.
10,14

  

Microfluidic lab-on-chip devices with integrated sensors can provide high-

resolution growth tracking of individual cells, either through mass, volume or density 

monitoring.
13,14,110

 Recently, a microfluidic mass sensor was used to track the buoyant mass 

of individual cells using a suspended microchannel resonator (SMR).
13,111

 Monitoring 

growth can also be accomplished by tracking volume using microfluidic volume sensors,
14

 

or resistive pulse sensors (RPS) operating on the Coulter principle.
3
 Trapping can be 

achieved by either (1) cycling the target back and forth through the sensor (pressure-

driven
13

, electrokinetic
14

) or (2) holding a cell in place (posts
136

, chevron structure
8
, E-

Field
137

). The former, dynamic approach, allows a single cell to be sampled periodically by 

reversing flow directions after a cell is detected. Simple in its implementation, this 

technique also has the ability to compensate for a drifting baseline current resulting from 

parasitic ionic changes within the sensing channel or other sources of noise. On the other 

hand, static traps allow cells to be held in place while the buffer is rapidly exchanged.
8
 The 

ability to dynamically change cellular growth conditions during an experiment can lead to 

significant insight into the behaviour of cells in environments of varying salinity, oxidative 

or osmotic conditions, as well as the effect of nutrients and drugs.  
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In this work, we propose a device capable of tracking growth using high-resolution 

volume measurements, combining the best attributes of both types of measurement 

systems; continuous baseline correction and the ability to rapidly exchange cell media. This 

is accomplished by using a pressure-driven, feedback-based dynamic trap, whereby a cell is 

cycled back and forth through the sensor within a microfluidic channel. On-chip sieve 

valves positioned at both ends of the sensing channel are able to selectively capture a cell 

while the solution is being replaced. As proof of principle, the volume of several individual 

yeast cells was monitored over the course of their respective growth cycles, and the ability 

to quantify growth response to media exchange was demonstrated.  

5.3 Experimental details 

Devices were fabricated using multilayered soft lithography with polydimethylsiloxane 

(PDMS) moulding.
63

 The completed device is pictured in Figure 5-1a; full fabrication 

protocols are presented as supplementary material. Resistive pulses were acquired by 

applying a 50 kHz, 220 mV AC voltage between a pair of electrodes, and measuring the 

drawn current. This frequency is sufficiently elevated to avoid the electrical double layer 

capacitance at the electrode-electrolyte interface,
44

 but low enough to avoid sensitivity to 

cell impedance.
117

 The electrical setup used for these experiments has been described 

previously.
16

 A temperature controller maintains the device at 30 ºC. Inlet pressures I1 and 

I2, and valve pressures V1 and V2 are controlled with manual regulators (SMC IR2000-

N02-R and SMC IR2010-N02-R); outlet pressures are computer-controlled (SMC ITV-

1011). A cell suspension is loaded into the bypass channel, and made to flow through the 

central channel through a pressure gradient. Once a cell of interest is detected, valves are 

sealed (V1=V2=35 psi), and bypasses are flushed and replaced with fresh media. After 2 



 

92 

 

min, valves are pressurized to 24 psi where they compress the channel to a sufficient height 

to restrict the passage of yeast cells, while allowing the media to flow through the central 

channel. In trapping mode, when a pulse is detected, the pressure settings at O1 and O2 are 

adjusted to redirect the cell back and forth through the sensor. Through custom LabView® 

software, these outlet pressure settings are feedback-adjusted to maintain a speed of 250 

µm/s in both directions at a detection frequency of 30 cells/min (Figure 5-1d). To minimize 

the effects of channel stretching/shrinking, the sum of pressures at O1 and O2 is held 

constant. This precaution was taken since the sensing channel structured within the flexible 

PDMS polymer will alter its geometry based on internal pressure.
138

 The short central 

channel ensures steady nutrient replenishment from the bypasses. For example, a glucose 

molecule takes ~4 min to diffuse from the bypass to the electrodes. In practice, Taylor-Aris 

dispersion will reduce this replenishment time considerably. Based on video analysis, 25% 

                      ’            eplenished every pressure reversal (video presented as 

supplementary material on publisher website). Polystyrene microspheres of 3.9 ± 0.3 µm, 

5.6 ± 0.2 µm and 8.3 ± 0.7 µm (NIST size standards) were used to calibrate the sensor, and 

obtain the current pulse-to-volume calibration for every solution (supplementary material). 

The validity of this calibration method is discussed elsewhere.
103

 Care was taken to limit 

trajectory-based variations in signal: the device is positioned with electrodes at the top of 

the sensing channel, and with the negatively buoyant cells/particles flowing along the 

bottom. 

http://scitation.aip.org/content/aip/journal/bmf/8/1/10.1063/1.4867035
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Figure 5-1 (a) Micrograph of the microfluidic device. Two parallel bypass channels are connected 

by a sensing channel with sensing electrodes. Pressure is applied at inlets (I1, I2) and outlets (O1, 

O2) to control flow conditions. Valves (V1, V2) are positioned over each end of the sensing 

channel. Food coloring is used to highlight the valve (red) and fluidic layers (blue). (b) Flow mode: 

valves are unpressurized, and cells flow freely through the device. (c) Trapping mode: valves are 

pressurized to capture a cell within the central channel. Pressure-driven flow cycles the cell back 

and forth across the sensor. (d) Typical current pulses measured for a yeast cell. 
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5.4 Results and discussion 

5.4.1 Cell growth 

Saccharomyces cerevisiae
a
 was cultured to exponential phase at 30°C in an 

incubator/shaker in yeast bacto-peptone (YPD) with 2% w/v glucose, supplemented with 

0.2M NaCl, 0.05% bovine serum albumin (BSA) and 42 mg/L adenine. Sodium chloride 

was added to enable the resistive pulse measurement, at a concentration where cells are 

viable;
139

 BSA was used to prevent cell agglomeration; adenine was supplemented since 

this particular yeast mutant does not produce its own supply. A cell suspension was 

introduced into the device, from which a cell at the early stages of its cell cycle was 

captured, and dynamically trapped for 100 min. Three typical cell growth results are shown 

in Figure 5-2a. Since the culture was not synchronized, this leads to variability between 

‘       ’             :            27%                                                

identified by red squares and green triangles. This is caused by (1) optical limits, whereby 

cells chosen for study are not all at the exact same cell cycle stage and (2) differences in the 

age of the mother cell: the more buds a mother cell has produced, the larger it becomes.
140

 

On average, captured yeast cell demonstrated a doubling time consistent with growth rates 

under ideal incubator/shaker conditions; nutrient depletion, electric field and shear stresses 

are not affecting growth. Optical inspection of budding cells confirms that most growth is 

occurring at the daughter cell, as expected.
140

 A strong signal-to-noise allows for high 

resolution volumetric measurements (4 µm
3
); cell asymmetry

14
 and trajectory 

                                                 
a
 Full name: BY4743 M    /  p         yp :    3Δ1/   3Δ1    2Δ0/   2Δ0 LYS2/ y 2Δ0 

   1 Δ0/MET1     3Δ0/   3Δ0    2::LEU2/   2::URA3 
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variability
17,18,46

 lead to a relative standard deviation of 6% for cells and 4% for 

microspheres of similar size. While mass or protein synthesis methods have indicated 

linear
9
 or exponential

10–13
 growth curves, volume-based methods have suggested sigmoidal 

patterns.
14,141

 Prior to daughter cell emergence, and later in the cycle as the daughter cell 

emerges, volumetric growth rate declines.
108

 In this work, it is difficult to ascertain with 

mathematical rigor the shape of the growth profile; however, for each cell, volume 

increases steadily throughout the growth cycle before declining near the end of the cycle. 

5.4.2 Media exchange 

To demonstrate our ability to easily exchange media while maintaining a trap, the solution 

was exchanged 40 mins into a yeast growth cycle; culture media was replaced with a pure 

saline solution 0.2M NaCl + 0.05% BSA, and then replaced again with culture media at 80 

mins (Figure 5-2b). Cell growth is halted temporarily while in saline solution, before 

resuming normal growth thereafter. The cell cycle time is extended by this period. The cell 

volume drifts downward after the initial solution change at 40 mins. Though this drift lies 

within our uncertainty bounds, cellular responses to osmotic shock on similar timescales 

have been documented elsewhere.
142

 This result demonstrates an ability to quickly 

exchange cell media, and observe cellular response. 

5.5 Conclusions 

In conclusion, we have demonstrated a microfluidic device capable of maintaining a 

dynamic, pressure-driven cell trap, which can monitor cellular volume over the cell cycle. 

Concurrent optical microscopy allows for real-time visual inspection of the cells. In 

addition, sieve valve integration provides for the exchange of media or the addition of  
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Figure 5-2 (a) Growth curves for 3 cells trapped in succession. Simultaneous optical and electrical 

measurements allow cell cycle stage to be correlated with volume. Pictures of cell corresponding to 

the red squares are presented in 15 minute increments.  A cell is cycled through the sensor every 2 

s. For clarity, each data point for yeast volume represents the average of data points over a period of 

5 min, with standard deviation. (b) Demonstration of an interrupted growth cycle, where 

YPD+0.2M NaCl was replaced with 0.2M NaCl at 40 min, and then again returned to YPD+0.2M 

NaCl at 80 min. The media exchange process takes 4 min. 
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drugs. Such a platform could also be key in cancer cell cytotoxicity assays,
143

 where growth 

response to anticancer drugs could be monitored. 

5.6 Acknowledgements 

The authors thank Hilary Phenix and Mads Kaern for useful discussions and for supplying 

initial yeast cultures, Lukasz Andrzejewski for assistance in scripting, and Benjamin Watts 

for microfabrication help. This work is supported by the Natural Sciences and Engineering 

Research Council of Canada (NSERC) and the Canadian Foundation for Innovation (CFI). 

5.7 Supplementary Material 

5.7.1 Fabrication 

A fluidic flow layer mold was constructed through photolithographic patterning of P4620 

photoresist (AZ Electronic Materials) on a silicon wafer. This layer was reflowed at 200 ºC 

to create rounded channels, 20 µm thick at the narrow part of the central channel and 28 µm 

thick at the bypass/wider part of the central channel. A 10 µm SU8-10 (Microchem) layer 

was used to enhance adhesion to the substrate. Silanization treatment with (tridecafluoro-

1,1,2,2-tetrahydrooctyl)trichlorosilane (Sigma Aldrich) was performed to facilitate the 

removal of the moulded polydimethylsiloxane (PDMS) (Sylgard 184). PDMS of 20:1 

base:curing agent ratio was spin-coated to a thickness of 35 µm. The control channel mould 

was fabricated using 50 µm thick SU-8 2050 (Microchem), followed by a similar 

silanization treatment. The PDMS control layer (sieve valves) was moulded to a thickness 

of 4 mm. Gold electrodes were deposited on glass microscope slides by E-beam deposition 

to a thickness of 50 nm (5 nm Ti adhesion layer),  and patterned using a lift-off technique 

described elsewhere.
16

 The fluidic layer and the valve layer were aligned with a mask 
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aligner, bonded with an oxygen plasma treatment, and cured in an oven at 80ºC. These 

combined layers were then bonded to the electrode layer following the same procedure.   

5.7.2 Video 

 

 

Figure 5-3: Screen capture of a yeast cell caught in a dynamic trap. 

Caption: Demonstration of a yeast cell caught in a dynamic, pressure-driven trap. 

5.7.3 Calibration curves 

 

Figure 5-4: Calibration curves for both solutions. Polystyrene microspheres of diameter 3.9 ± 0.3 

µm, 5.6 ± 0.2 µm and 8.3 ± 0.7 µm (NIST size standards) were used. (a) Solution of yeast bacto-

peptone (YPD) with 2% w/v glucose, supplemented with 0.2M NaCl, 0.05% bovine serum albumin 

(BSA) and 42 mg/L adenine. (b) Solution of 0.2M NaCl, 0.05% bovine serum albumin (BSA). 

Slope calibrations of 1.49E-3 ± 2E-5  %/µm3 and 1.97E-3 ± 4E-5 %/µm3 were measured from 

linear fits for (a) and (b), respectively. 

These curves represent current pulse-to-volume calibration curves for the two solutions 

discussed in this work (Figure 5-4). The calibration slope changes by 32 % between 

solutions, and could be an indication that particle trajectory is solution-dependant. The 
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baseline conductivity was identical for each solution (1.8 µA), indicating that the geometry 

of the channel does not change due to swelling or small pressure changes. Relative standard 

deviation (RSD) was found to be approximately 6% for cells, but varied considerably for 

microspheres based on volume. As mentioned in the main text, similarly-sized 

microspheres (d = 5.6 µm) have a 4% RSD. Larger microspheres have a stronger signal-to-

noise, leading to better fitting accuracy (2% RSD for d = 8.3 µm microspheres). 
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5.8 Additional notes 

It is worth mentioning that other trapping designs were explored before achieving this 

finalized design. These generally featured longer sensing channels, similar to the design 

used for the buoyancy experiments in Chapter 3 (Figure 3-2). Trapping in these long 

channels was much easier, since there was plenty time to catch cells in the trap, without 

risk of losing them in the bypass channels. However, the fear was that these cells were 

suffering from nutrient depletion. Thus, once the trapping algorithm was improved and 

valves used consistently, this long channel design was put aside in favor of a short sensing 

channel. In terms of channel dimensions, preliminary testing suggested that channels of 

lower height lead to a stronger signal-to-noise (sensitivity increase), but at the cost of an 

increased dependence on yeast orientation during transit. A 20 µm height for channels was 

chosen as a compromise. Also, particles were made to sink through negative buoyancy 

away from the sensor. This helped ensure high accuracy and reproducibility, without 

exposing the cells to higher electric fields at electrode edges.  

The trapping algorithm itself has a number of parameters that can be tuned/adjusted to 

trap in different ways. For example, the delay between switching in either direction can be 

extended, to change the number of measurements per minute. Pulse width was set to 200 

µs, but for certain applications higher/lower pulses might be preferable. These parameters 

and many more can be easily configured to suit trapping requirements. 
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6 Other Contributions 

In addition to the primary work listed in Chapters 2-5, I have also contributed to other 

projects over the course of this work. In 2013, I co-           p p   “Hollow core photonic 

crystal fiber as a reusable Raman biosensor”                         D . H     A   ’ 

engineering group at the University of Ottawa.
144

 In this project, I worked closely with 

Ph.D. student Altaf Khetani in developing a system for rapid microfluidic exchange within 

hollow core photonic crystal fibers (HC-PCF). A reliable, reproducible method to reuse 

HC-PCF biosensors was developed, paving the way towards point-of-care applications. 

Preliminary work was also presented and published at the 2013 SPIE BiOS conference.
145

 

 

 Khetani, J. Riordon  V. T       A. M    p     M. G          H. A     “H      

     p          y                         R               ” Opt. Express, vol. 21, 

no. 10, pp. 12340–12350, May 2013. 

 A. Khetani, A. Momenpour T. Monfared, V. S. Tiwari, H. Anis, J. Riordon, and 

M. G      “H           p          y                       R               ” 

2013, Optical Fibers & Sensors for Medical Diagnostics & Treatment App. XIII, 

vol. 8576, p. 85760F–85760F–6.  

 

I have also contributed to other projects currently in development, in particular work on a 

cell concentrator for water and food safety applications.  
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7 Conclusion 

In conclusion, this work successfully demonstrated systematic improvements in 

microfluidic volume sensor accuracy, sensitivity and detection range, using tunable sensing 

channels and novel use of buoyancy-based trajectory control. In compressing the sensing 

volume, increased sensitivity was achieved, and ~1 µm
3
 E.coli cells that would have been 

undetected by larger channels were successfully measured. FEM modelling was used to 

validate experimental data. Microfluidic volume sensors functionality was then combined 

with feedback-based pressure driven flow controls to achieve (a) volume-based label-free 

cell separation and (b) long-term growth measurements of budding yeast. For cell-sorting, 

near 100% sorting efficiency was demonstrated for both a mix of polystyrene microspheres 

and live yeast cells. Further, sufficient resolution to identify subpopulations of yeast cells 

based on cell cycle stage was demonstrated. In cell growth experiments, a dynamic cell trap 

was maintained for extended periods, successfully mapping the growth of individual cells. 

Sieve valves enabled cell media to be quickly and easily exchanged while keeping the 

target cell firmly in place. Fast flowing bypass channels supplied a fresh supply of cell 

culture media to the trapped cell, while a temperature control system maintained 

temperature at constant and optimal 30 ºC. 

 In designing and fabricating these volume sensing devices, care has been taken to 

use materials and equipment readily available in many biochemistry labs. This is a major 

advantage of soft lithography. Simple to implement techniques, such as buoyancy or 

pressure-driven flow control, also make this work of general interest to the field. The hope 

is that the technological innovations presented herein will inspire researchers to integrate 

some of these in their own work. To some extent, this has already started to occur, 
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particularly with respect to the tunable volume sensor Lab on a Chip article. In just over a 

year, this work has garnered 8 citations, in varied fields.  

 In the Godin Biosensing lab, the work presented herein will continue with an eye 

towards (1) studying more biologically relevant targets, and (2) expanding on technological 

applications. This work has established microfluidic technological tools, which can now be 

applied towards a variety of exciting projects. For cell sorting, the goal will be to 

demonstrate the isolation of proliferating chondrocytes for applications in regenerative 

medicine. The low-electric field, PDMS biocompatibility and overall cell-friendly nature of 

the developed hydrodynamic cell sorting mechanism is compatible with mammalian cells. 

For the growth sensor, there is interest in studying the effect of drugs on cellular growth 

cycles and on using fluorescent tags as cell stage indicators. The fact that drugs can easily 

be infused into the sensing region, and direct cellular growth response observed, opens the 

door to new and exciting cell assays. This extends not only to yeast, but also to other cell 

types, such as cancer cells. The volumetric response of cancer cells to various anticancer 

drugs such as cytarabine or carboplatin could be studied. Technological innovations are 

also being pursued. One avenue of research is multiplexing of growth measurements. In 

using a longer sensing channel, similar to the one used in Chapter 3 (Figure 3-2), multiple 

targets could be monitored at once. The periodic, serialized measurement of multiple 

targets could allow the volume sensing chip to process volume changes in a large number 

of targets at once. As mentioned in Chapter 6, the development of multilayered PDMS 

sieve valves lead to ongoing research on an E.coli concentrator chip, for applications in 

food and water safety. These are but a few of the promising research veins that will be 

explored in years to come, each directly stemming from this work. 
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9 Appendix 

9.1 List of Photomasks 

9.1.1 Electrodes 

Designation/Date/

Project/Notes 

Full View Close View 

E1/Aug 2009 

(Jeff Salvail) 

 

 

E2/May 2011 

Project: Tunable 

volume sensor 

Polarity: 

Positive** 

PR: S1813 
 

 

E3/Dec 2011 

Project: Cell 

Sorting 

Polarity: Positive* 

PR: S1813 

 

 

E4/Jan 2013 

Project: Cell 

Sorting 

Polarity: Negative 

PR: S1813 

 

 

E5/Nov 2013 

Project: Cell 

Trapping 

Polarity: Negative 

PR: S1813 

  

   

**Emulsion down 
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9.1.2 Channels 

C2/Sep 2010 

(Maryam Mirzaei) 

Project: Tunable volume sensor 

Polarity: Positive 

PR: AZ P4620 

 

 

C3/May 2011 

Project: Fringing E-Field 

Polarity: Negative* 

PR: SU-8 10 

 

 

C4/Aug 2011 

Project: Tunable volume sensor 

Polarity: Positive 

PR: AZ P4620 

 

 

C5/Dec 2011 

Project: Cell Sorter 

Polarity: Positive 

PR: AZ P4620 

 

 

C6/June 2012 

Project: Cell Sorter 

Polarity: Positive 

PR: AZ P4620 

 

 

C7/June 2012 

Project: Cell trapping 

Polarity: Positive 

PR: AZ 50XT 

 

 

C8/June 2012 

Project: Cell Sorter 

Polarity: Negative* 

PR: SU-8 10 
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C9 

Jan 2013 

Project: Cell Sorter 

Polarity: Negative* 

PR: SU-8 2050 
 

 

C10 

Project: Cell Sorter 

Polarity: Positive 

PR: AZ 50X 

 

 

C11 

Project: Cell Sorter 

Polarity: Positive 

PR: AZ P4620 

  

C12 

Project: Concentrator 

Polarity: Positive 

PR: AZ P4620 

 

 

C13 

October 2013 

Project: Cell trapping 

Polarity: Positive 

PR: AZ P4620 

 

 

C14/October 2013 

Polarity: Positive 

PR: AZ P4620 

 

 

C15/October 2013 

Polarity: Positive 

PR: AZ P4620 

 

 

   

*Inverted 
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9.1.3 Valves 

V1/Sep 2010  

(Maryam Mirzaei) 

Project: Tunable volume sensor 

Polarity: Negative* 

PR: SU-8 10   

V2/May 2011 

Project: Tunable volume sensor 

Polarity: Negative* 

PR: SU-8 10 

  

V3 

Dec 2011 

Project: Cell sorter 

Polarity: Negative* 

PR: SU-8 10 
 

 

V4 

June 2012 

Project: Cell Sorter 

Polarity: Negative* 

PR: AZ P4620  

 

V5 

June 2012 

Project: Cell Trapping 

Polarity: Negative* 

PR: SU-8 10 
 

 

V6 

Jan 2013 

Project: Cell Sorting 

Polarity: Negative* 

PR: SU-8 2050  

 

V7 

March 2013 

Project: Cell Sorting 

Polarity: Negative* 

PR: SU-8 2050 
 

 

V8 

March 2013 

Project: Concentrator 

Polarity: Negative* 

PR: SU-8 2050 
 

 

V9 

October 2013 

Project: Cell trapping 

Polarity: Negative* 

PR: SU-8 10  
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* Inverted 

9.2 Detailed Protocols 

9.2.1 Fabrication 

9.2.1.1 Piranha Clean 

9.2.1.1.1 Summary 

Piranha is a powerful mix of sulfuric acid and hydrogen peroxide, used to clean 

microfluidic channels and render surfaces highly hydrophilic. Since it acts as an oxidizer, it 

is particularly useful against organics. The idea is to mix 1 part hydrogen peroxide into 3 

parts sulfuric acid. For cleaning wafers or glass slides, mix 10 ml of hydrogen peroxide 

with 30 ml sulfuric acid. 

9.2.1.1.2 Safety 

 Safety goggles 

 Nitrile gloves and rubber gloves 

 Face shield 

 Lab coat 

 Lab apron 

 Fume hood 

9.2.1.1.3 Materials 

 Sulfuric acid 

 Hydrogen peroxide 

 Glass spill dish 

 Small beaker 

 Flat-end tweezers 

 Graduated cylinder 

 Bluesorb wipes 

 Two glass dishes 
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9.2.1.1.4 Protocol 

1. Lay out a few Bluesorb wipes around your work area in the fume hood, especially in 

areas prone to spillage. Place your distilled water beaker, glass dishes and in the spill 

dish. Fill one of the dishes with deionised water; the other will be the main reaction 

dish. 

2. Take out the small sulfuric acid bottle from the acid safety cupboard, and place inside 

the spill dish. Using the graduated cylinder, carefully transfer 30 ml into the reaction 

dish. For added safety, do so with body behind the fume hood's window. 

3. Clean up any drops and replace sulfuric acid bottle in the acid safety cupboard. 

4. Take out the hydrogen peroxide from the refrigerator, and place inside the spill dish. 

Using the (rinsed out) graduated cylinder, carefully transfer 10 ml into the reaction vial. 

5. Shuffle the dish, allowing the solution to mix well. Add a wafer or glass slides, 

depending on what is to be cleaned. Be sure to blow off any dust with nitrogen prior to 

immersion. 

6. Clean up any drops and replace hydrogen peroxide in the refrigerator. 

7. Let the piranha solution sit for 30 min. 

8. Transfer the wafer/slides to the second dish with deionised water; dump the acid into a 

waste beaker with water (dilute). Be sure to label this waste, and dispose of it in acid 

waste once it has finished reacting. 

9. Let the wafer/slides stay immersed in water for 5 min, then transfer to another glass 

dish with deionised water for another 5 min. Replace the water twice more, then 

transfer to the clean room. Blow dry with nitrogen.  
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9.2.1.2 Electrodes 

9.2.1.2.1 Summary 

Lift-off is a technique used to pattern metallic films using photolithography. In this 

procedure, Shipley S1813 photoresist is used in conjunction with toluene to create micro-

sized features on glass slides. A negative mask is used, so as to expose the glass where 

electrodes are to be placed. These steps are prior to depositing a metallic layer. This 

procedure in particular has seen many changes and optimizations over the last 4 years; this 

protocol represents the current up-to-date iteration. This protocol should be followed once 

the glass slides are thoroughly cleaned using piranha. Thank you to Benjamin Watts and 

Matias Calderini for helping perfect the protocol. 

9.2.1.2.2 Safety 

 Safety goggles 

 Nitrile Gloves 

 Lab coat 

 Fume hood 

9.2.1.2.3 Materials 

 Cleaned microscope slides 

 2 glass dishes 

 Flat tweezers 

 Tetramethylammonium hydroxide (TMAH) 

 Toluene 

 Shipley S1813 Photoresist 

 Hot plate 

 Magnetic stirrer, 2 cm 

 Aluminum foil 

 Positive photomask 

 Spin coater 

 Mask aligner 

 Pasteur pipette + bulb 

 N-Methyl-2-pyrrolidone (NMP) 

 Isopropanol (IPA) 
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9.2.1.2.4 Protocol 

1. Setup Wrap a hot plate with aluminum foil. Program the spin coater:  

a. 10s @ 500 RPM, ACL = 015 

b. 30s @ 4000 RPM, ACL = 010 

c. 20s @ 200 RPM, ACL = 005 

Set the mask aligner timer to 10 seconds, and position your mask. 

2. 10 min @ 200ºC Place slides on hot plate at 200°C for 10 minutes, then let cool 2 min. 

This step removes any adsorbed humidity from the surface of the slides. 

3. Spin coat Place a slide on the spin coater (slide attachment) and vacuum in place. Use 

the Pasteur pipette to dispense ~1 mL of S1813 photoresist. Running the program will 

create a film of about 1.4 micron thickness. 

4. Prebake 60s @ 90ºC Place slide on hot plate for 60s at 90ºC.  

5. UV Expose 10s Place slide on silicon wafer using tape alignment previously 

determined. Close lid, make final positioning adjustments, then slide into the light. 

Make sure you have eyewear protection. 

6. Toluene soak 60s + N2 dry Place slide in toluene dish for 1 minute. In this step, the top 

of the PR is being chemically modified to develop slower than resist underneath (top is 

less soluble). This leads to undercut features favorable to lift-off. Dry with high-purity 

nitrogen. 

7. Postbake 15s @ 115ºC Place slide on hot plate, and bake for 15s. Remove with 

tweezers, place on aluminum foil for 1 min cooling. 

8. Develop in diluted TMAH + N2 dry Create a solution of diluted TMAH: 8 mL TMAH 

in 76 mL of deionized water in the glass dish, and place above a (cool) hot plate with 

the spinning tool. Set to spin at 400 RPM. Note that this solution behaves differently for 
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the first slide compared to later slides. The first slide that is immersed will likely be 

wasted, as the solution is initially aggressive. As more and more slides are exposed, the 

solution slowly loses its potency. TMAH should be partially replenished every few 

slides, so as to have a development time of 20-30s. It is very important not to 

overdevelop. After development, use the tweezers to transfer a slide to a second glass 

dish with deionized water. N2 dry. 

9. Microscope verification Use the microscope to verify slide quality, and adjust 

procedure as necessary. 

10. Metal deposition Once 12-20 slides are complete, deposit a thin, 40 nm Au layer with 

5 nm Ti adhesion layer. This can be performed at the Carleton University 

MicroFabrication Facility, either by thermal deposition or e-beam evaporation. 

11. Lift-off with NMP Use NMP to etch the photoresist, leaving only the metal-on-glass 

electrodes. The etchant should be heated to 70ºC to accelerate the process. This process 

will take longer than development times, generally between 5-2 20 mins. 
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9.2.1.3 SU8 / AZ P4620 Mould 

9.2.1.3.1 Summary 

A master (mould) is used in soft lithography to create PDMS microchannels. A number of 

photoresists exist; this section will describe the procedure for the three most popular types 

used in this work. A wafer is first cleaned using a piranha etch, then, in a cleanroom 

environment, photoresist is spin-coated to the desired thickness. SU8 10 is used primarily 

for thin films up to 10 µm thick, whereas SU8 2050 is generally for samples requiring a 10-

50 µm thickness. Both are negative photoresists, and so are used in conjunction with a 

negative photomask. AZ P4620 is a positive photoresist, used to make layers 10-25 µm in 

thickness. AZ P4620 does not bond well to bare silicon wafers, and as such requires a 

primary layer of SU8 10. AZ P4620 can be reflowed via an additional heating step, 

allowing channels to assume a rounded shape. The fabrication parameters will vary 

according to the type of photoresist chosen, as well as desired thickness. Optimized 

parameters can be found in manufacturer documentation. As an example, the procedure to 

fabricate a mould for rounded AZ P4620 with narrow sensing channels ~20 µm thick will 

be described. It will be prepared with an SU-8 10 adehsion layer, followed by two thin AZ 

P4620 layers. Here, it is understood that the narrowest features assume a height of 20 µm, 

while wider features will reflow to a taller height (reflow is uneven). 

9.2.1.3.2 Safety 

 Safety goggles 

 Nitrile Gloves 

 Lab coat 

 Fume hood 

9.2.1.3.3 Materials 

 Aluminum foil 
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 Glass dish 

 Photoresist: SU-8 10 / SU-8 2050 / AZ P4620 

 2 glass dishes 

 Developer: SU-8 / AZ 400K 

 Flat tweezers 

 Photomask 

 2 hot plates 

 Spin coater 

 Mask aligner 

9.2.1.3.4 Protocol 

 Setup Wrap a hot plate with aluminum foil. Turn on the mask aligner and lamp. 

 10 min @ 200ºC Place the wafer on the hot plate for 10 mins at 200 ºC. This steps 

removes any adsorbed humidity from the wafer surface. Let cool 2 min. 

 Spin coat Program the spin coater: 

a. 10s @ 500 RPM, ACL = 100 

b. 60s @ 3000 RPM, ACL = 500 

c. 10s @ 0 RPM, ACL = 300 

 

Pour SU-8 10 so as to cover most of the wafer. Use the wafer alignment tool to 

center the wafer.  

 Prebake 2 min @ 75 ºC + 5 min @ 105 ºC Bake at selected settings, then let the 

wafer cool for 2 min. 

 UV Expose 20s Expose the wafer without any mask. 

 Postbake 1 min @ 75 ºC + 2 min @ 105 ºC Bake at these settings, then let the 

wafer cool for  2 min. 

 Develop 2 min Develop the wafer for 2 min, then rinse in IPA and dry with N2. 

 Spin coat Program the spin coater: 

a. 3s @ 300 RPM, ACL = 100 

b. 60s @ 2100 RPM, ACL = 600 

c. 10s @ 500 RPM, ACL = 400 
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d. 10s @ 10000 RPM, ACL = 250 

e. 5s @ 0 RPM, ACL = 200 

 

Pour on the AZ P4620, and run the program.  

 Prebake 85s @ 110 ºC Bake at selected settings, then let the wafer cool for 2 min. 

 Spin coat Program the spin coater: 

a. 3s @ 300 RPM, ACL = 100 

b. 60s @ 1600 RPM, ACL = 600 

c. 10s @ 500 RPM, ACL = 400 

d. 10s @ 10000 RPM, ACL = 250 

e. 5s @ 0 RPM, ACL = 200 

 

Pour on the AZ P4620, and run the program.  

 Prebake 165s @ 110 ºC Bake at selected settings, then let the wafer cool for 2 min. 

 2 hr wait Wait at least an hour before exposure. It is very important that the film be 

allowed to reabsorb moisture prior to UV exposure. Thicker layers require longer 

wait times. 

 UV expose 80s UV expose the wafer for 80s. If this exposure leaves parts of the 

        k    “    py”, shorten exposure time for the next wafer. 

 Develop Submerge the film in AZ 400K (diluted 4:1 in water) for about 5 min, or 

until all the features appear fully developed. Rinse in deionized water and N2 dry. 

 Reflow 5 min @ 75°C + 5 min @ 95°C + 5 min @ 150°C + 5 min @ 200°C Bake 

as described. It is important that the ramping of temperature be as slow/smooth as 

possible. Use the dektak to measure heights before and after reflow. 
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9.2.1.4 Multilayered PDMS 

9.2.1.4.1 Summary 

This protocol details the fabrication of a 2 layer PDMS device, consisting of a valve layer 

(top) and channel layer (below). It is assumed that masters for respective layers have 

already been fabricated. The idea is to modify the silicone elastomer base to curing agent 

ratio, thereby modifying PDMS elasticity. This allows the fabrication of a multilayered 

                             y                      y  . T                       “p   -    ” 

style valves. As an example, a 30 µm channel will be created with a 5 mm valve layer. 

9.2.1.4.2 Safety 

 Safety goggles 

 Nitrile Gloves 

 Lab coat 

 Fume hood 

9.2.1.4.3 Materials 

 Valve and microchannel moulds 

 Tape 

 Stereo microscope 

 Tweezers 

 Scale 

 Spin coater 

 Mask aligner 

 Sonicator 

 Oxygen Plasma 

 Ethanol 

 Isopropanol (IPA) 

9.2.1.4.4 Protocol 

 Aminosilane treatment P                                             1μL    p    

trichlorosilane a petri dish. Vacuum for 5 min, then wait 1 hour for it to coat the 

master. Full name: (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane This 
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treatment is required every few times the wafer is used as a mould. It acts as a non-

adhesion layer, allowing for easy removal of the cured PDMS. 

 Mix PDMS 7:1 Mix enough PDMS so as to have a thickness of about 5 mm 

throughout the dish. Make sure to maintain the 7:1 ratio; if too much is added, add 

more base as required. Use a pipette tip to mix the solution for over 5 min under the 

fume hood. Dry the valve master with nitrogen, and place in a polystyrene dish. Use 

Scotch tape to fix the wafer at the center of the dish by taping all sides. We want to 

prevent the wafer from floating up, or PDMS from getting under the wafer once the 

liquid PDMS is poured in. 

 Mix PDMS 20:1 Prepare the PDMS as before, but with 10 g of base and 0.5 g of 

curing agent. 

 30 min degass Place both PDMS mixtures in the vacuum chamber, both covered. 

Let it degass until bubbles are removed (~20 min). Note that sometimes residual 

surface bubbles remain; use N2 to break these, or at least blow these away from 

crucial areas. 

 Spin coat Spin coat the PDMS on the channel master mould, with the following 

settings: 

 10 min @ 200ºC Place the wafer on the hot plate for 10 mins at 200 ºC. This step 

removes any adsorbed humidity from the wafer surface. Let cool 2 min. 

 Spin coat Program the spin coater: 

a. 10s @ 500 RPM, ACL = 100 

b. 60s @ 2000 RPM, ACL = 300 

c. 10s @ 0 RPM, ACL = 200 

and coat the 20:1 PDMS. 
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 Bake Bake the valve layer for 24 mins; bake the channel layer for 20 mins. Let cool 

5 mins. 

 Cut out devices Cut out the valves, and punch holes using the 750 µm hole-punch. 

Punched holes should be straight and smooth. Faulty punches have caused leaks in 

the past, so be sure holes are being punched correctly. When punching, position a 

secondary PDMS under the main one so as to not damage the puncher, and improve 

punching quality. Use the tape to clean the devices, paying close attention to 

picking up the small PDMS pieces leftover from the punching process. 

 PDMS:PDMS Alignment and bonding Use the mask aligner to carefully align the 

channels to the valves. This step involves exposing both PDMS layers with a 30 W 

oxygen plasma for 30s prior to bonding. Since the oxygen treatment does not last 

very long (<5 min), it is important to quickly align the layers after this treatment, 

and press them together. To perform the alignment, place the wafer and turn on 

vacuum in soft contact mode. Place a blank clean slide on the slide holder 

accessory, and vacuum it in place. Place your first device channels facing down 

beneath the glass slide. It should still be sticky enough to stay in place. Close the 

aligner lid, and adjust the channel position to correspond to the valve. You may do 

so first by eye, then by using the microscope. When all is in place, turn the elevation 

knob to lift the channels into the valves. This may require multiple XY adjustments 

to get it just right. When there is contact, turn the knob a bit further so as to make 

contact over the viewing area. Next, remove the sample vacuum to release the slide, 

and lift the lid. The slide should stay in place during plate lift. Peel off the glass 

slide, and put it back in position with vacuum. Continue as such until all valve 
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PDMS pieces are positioned on the wafer. Be careful to lower the Z stage between 

devices, so as to not damage anything. Also note that the lid lifts in an arc, so move 

your wafer out of the way as necessary to prevent contact between PDMS devices. 

 1 hr Bake Bake the bonded devices for an hour in the oven. This treatment should 

be at least 30 min in duration. Let cool 5 min. 

 PDMS:Electrode Alignment and bonding First, prepare the electrodes by 

cleaning them with consecutive 5 min long sonication treatments, with soap water, 

deionised water, ethanol and IPA. Dry with N2. Cut out the PDMS devices, which 

now contain both the valve and flow channel layers. Punch them as before, and 

again use the tape to clean the surface. Alignment and bonding can be performed as 

before. However, it is simplest to attach the electrode slide to a glass slide with tape, 

and vaccum-fix that slide to the top of the aligner. The PDMS part is positioned at 

the bottom.  

 1 hr Bake Bake the bonded devices for an hour in the oven. This treatment should 

be at least 30 min in duration. Let cool 5 min. 
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9.2.2 Yeast cultures and YPD Broth 

9.2.2.1 Summary 

Yeast strains used in these studies were acquired from the Kaern lab, with the assistance of 

Hilary Phenix. Strain (b) was used in the trapping experiments described in Chapter 5, 

while strain (c) was used in the sorting experiments in Chapter 4. 

9.2.2.2 Strain descriptions 

Yeast strains used in these studies were acquired from the Kaern lab, with the assistance of 

Hilary Phenix. 

a) BY4742 Mat alpha, genotype: his3Δ1 leu2Δ0 lys2Δ0 MET15 ura3Δ0 (haploid, 

smaller) 

b) BY4743 Mat a/alpha, genotype: his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 

met15Δ0/MET15 ura3Δ0/ura3Δ0 ade2::LEU2/ade3::URA3 (diploid, larger) 

c) cdc28::cdc28::CDC28(F88G)-HIS6 (haploid) 

BY4742 and BY4743 mutant strains do not produce their own supply of adenine. Adenine 

serves a variety of purposes within the cell, in particular respiration
146

. For example, it 

forms adenosine triphosphate (ATP) and adenosine diphosphate (ADP) and is a basic 

building block of RNA and DNA. There is evidence that adenine deprivation may impede 

growth.
147,148

 Thus, in the experiments described in Chapters 4 and 5, adenine was 

supplemented. 
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9.2.2.3 Recipe for YPD-based culture media 

This recipe is modified from standard YPD (yeast bacto-peptone). Salt was added to permit 

volume sensing, and BSA was added to minimize cell adhesion to channel walls. To make 

100 mL of solution: 

a. 2 g bacto peptone 

b. 1 g yeast extract 

c. 8 mL of concentrated (25%) glucose 

d. 1.17 g NaCl 

e. 91 mL deionised water 

f. 1 mL of 100X adenine 

Final concentrations are 2% glucose, 0.05% BSA, 42.2 mg/L adenine and 0.2 M NaCl. To 

make standard YPD, simply remove the NACl and BSA. Be sure to prepare the solution 

under sterile conditions (use ethanol to sterilize all glassware). As a final sterilization step, 

use either the autoclave or a filter. 

9.2.2.4 Culturing cells 

Yeast cells multiply every 1:45-2:00 hours. To have a culture of cells of optical density 

(OD) < 0.7 ready by 10 am the following morning, a saturated culture would be serially 

diluted by a factor of 5E6 at 6 pm. Usually, a few cultures would be made at higher and 

lower concentrations, so as to guarantee a concentration in the correct range the following 

morning. Incubation is at 30 ºC at 300 RPM. Use the 100 mL vials so as encourage the 

solution to fully aerate, and use the parafilm to seal the cover. 

 The following morning, place a drop of the culture on a glass slide, and observe 

under the microscope. Budding cells should be clearly visible. 
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9.2.3 E.coli cultures and LB broth 

9.2.3.1.1 Summary 

E.coli was used to demonstrate biodetection in the tunable volume sensor work described in 

Chapter 2.  

9.2.3.1.2 Strain descriptions 

A single wild-type E.coli strain was used in this study: 

9.2.3.1.3 Recipe for LB culture media 

Lysogeny borth (LB) is prepared according to manufacturer specifications. 25 g of powder 

is added to 1 L of deionised water, and autoclaved. 
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9.3 LabVIEW 

9.3.1 Summary 

A large numbers of LabVIEW© programs were created specifically for this work. These 

programs perform a variety of functions, from sorting or trapping cells to analysing large 

data files for peak events. The main programs developed for this work are here 

summarized. Thank you to Lukasz Andrzejewski and Mike Nash for assistance in 

developing these programs. 

9.3.2 Peak detection (Peak_detector_window.vi) 

A single peak detection algorithm is used as a SubVI to analyse short segments of data, and 

return information with respect to peak width, amplitude and baseline. This piece of 

software makes use of Peak Detector VI, a LabVIEW VI designed to output the amplitude 

and position of multiple peaks or valleys within an array, with respect to a given expected 

width and threshold. In the Peak_detector_window.vi SubVI, this functionality is combined 

with a baseline calculation.  

9.3.3 Detecting peaks in .DAT files (Cell_detection_manual.vi and 

Cell_detection_auto.vi) 

The Cell_detection_manual.vi and Cell_detection_auto.vi programs are used to read 

through a binary file, and extract peaks according to chosen filtering, width and threshold 

settings. These programs are used to analyse files after they have been recorded, and check 

for peaks with alternate settings. An identical Peak_detector_window.vi SubVI is used. 

This program can also be used to troubleshoot detection settings (optimization) prior to 

attempting to trap or sort cells and particles. The manual version of this program allows a 
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user to select whether or not individual peaks are to be recorded. Althoug time-consuming, 

this functionality can be useful for smaller files where accuracy is of increased importance. 

9.3.4 Filtering .DAT files (Signal_analyzer.vi) 

This program allows a user to quickly filter segments of data from a binary file. The effect 

of this filtering can be examined in real-time. Once filtering parameters are set, the Save 

button enables the entire file to be converted to a second filtered .DAT file. If a simple 

graph in .CSV format is desired, the Export graph button serves this purpose. 

9.3.5 Real-time cell trapping (Cell_trapping.vi) 

Cell_trapping.vi is a trapping program aimed at keeping cell within a dynamic, pressure-

driven trap (Fig. 9-1). A number of pa                       j         p          ’  

specifications. Target Width (ms) is used to have pressures increment so as to maintain a 

selected peak width, generally around 200 ms. P Inc is the increment by which pressures 

will adjust after every detection cycle (default = 0.005 psi). The software operates by first 

defining starting pressures for the outputs of the left and right bypasses, Mid Left and Mid 

Right. Left Inc and Right Inc are pressure increments by which the pressures will change 

around the starting pressures to initiate flow in either the left or right direction (in units of 

0.004 psi). For example, in setting Mid Left and Mid Right to 3.0001 psi, Left Inc to 36 and 

Right Inc to -6, we have the following settings: pressures at O1 and O2 will be at 

PL=2.9761 (pressure at O1) and PR=3.0241 (pressure at O2) for right flow or PL=2.8561 

and  PR=3.1441 for left flow. Either way, pressure average is maintained at 3.0001 psi, 

reducing PDMS pressure-based swelling. In the above example, the pressure gradient is in 

the same direction, but changes in magnitude. In most devices, there exists a pressure bias 

already driving cells in a given direction, so pressure requirements to drive flow in either 
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direction will vary accordingly. To facilitate the trapping process, these key functions have 

been keyboard mapped to the Insert, Home, Page Up, Delete, End and Page Down keys. 

Once the Adjust key has been pressed, this functionality allows a user to station himself at 

the microscope with the keyboard, and adjust these settings while observing 

cell/microparticles movements. Once settings have been set to drive cells in either 

direction, hitting the F12 key initiates the automatic trap. The software takes over, and will 

increment pressures to obtain and maintain the peak width that was selected. Other 

parameters of note are the Reverse-Time(s) and Rev Kick-Threshold(s). The former acts as a 

delay, and prevents a single event from triggering twice. The latter is a time-based pressure 

reversal, whereby if a peak is not detected in a certain interval, pressures will automatically 

reverse. This serves to restart the trap in the event that a peak goes undetected. 

 

Figure 9-1 Screenshot of the Cell_trapping.vi cell trapping program. 
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9.3.6 Real-time cell sorting (CellSorter_TwoChannels.vi and 

CellSorter_ThreeChannels.vi) 

CellSorter_TwoChannels.vi and CellSorter_ThreeChannels.vi are programs designed to 

sort cells into 2 or 3 channels, respectively. A user selects a certain pulse amplitude range 

(Lower (%) and  Upper (%)), and cells satisfying this condition are selectively isolated 

from the main stream. Redirect time (s) (default = 8s) controls for how long flow is 

redirected, before defaulting back to the original setting. 

 


