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Abstract

This thesis presents novel techniques towards biological cell separations on microfluidic 

chips. Specifically, the feasibility o f the separation o f single biological cells solely based 

on their difference o f  electrophoretic mobilities was demonstrated on microfluidic chips 

using red blood cells, yeast cells, and microspheres. This work also demonstrated a “true” 

electrophoretic separation o f cells on microfluidic chips for the first time. The 

identification o f bacterial cells (e.g., E. coli 0157) based on immuno-fluorescence 

labeling and CE was also studied. We also developed methods for microchip 

performance assessment and microchip rejuvenation that were useful for all glass chip- 

based research on microfluidics. We are among the first to demonstrate these techniques 

on microfluidic devices, and these increase the potential for the development o f low cost, 

high efficiency, and portable devices in the field o f the life sciences and environmental 

monitoring.
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Chapter 1

Introduction
In the past years, microchips as applied to M iniaturized Total Analysis Systems [1], or 

/xTAS, have benefited from the well-established fabrication technology o f 

microelectronics and been applied to analysis in many different biological areas (e.g., [2 -

4])-

Since an impressive demonstration o f cell manipulations on microchips by Li and 

Harrison [5], microchip devices have become increasingly attractive for cellular analysis. 

As it is feasible to manipulate cells in microchannels, the sample preparation step 

coupling to other processing steps for molecular diagnostics [6 ] could be integrated into a 

single platform. The potential benefits o f this integration include not only improved 

efficiency, but also reduced risk o f sample contamination, and therefore improved 

sensitivity and accuracy o f the analysis. Additionally, microchip-based techniques for the 

separation and identification o f cells o f  interest (e.g., bacterial cells, or cancer cells) have 

great potential to improve analysis time, system automation and cost. This is o f 

significant importance for many fields, especially medical diagnostics, food monitoring, 

and environmental water testing.

This thesis presents a study o f the separation o f biological cells on microchips. In 

this work, we demonstrated on-chip manipulations and separation o f a variety o f 

biological cells, including saccharomyces cerevisiae, red blood cells (RBC), and 

Escherichia coli cells, at the single cell level on glass microchips. We have proved that 

the selection o f particular cells o f interest on a microchip, based solely on the difference 

o f their electrophoretic mobilities, is feasible and promising.

This chapter commences with a brief description o f some major concepts in the field 

o f microfluidics. Then we give an overview o f the state-of-art techniques for cell 

separations based on microdevices. As the central technology, microchip-based capillary 

electrophoresis (MCE) is specifically introduced in the next section. At the end o f the 

chapter, we give a general description o f the following chapters in this thesis.

1
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1.1 Microfluidics

1.1.1 Shrinking of Channel Dimensions

As summarized in [7], besides the practical advantages such as portability and reduced 

reagents, the principle advantages o f  microfluidic devices relate to improved analytical 

performance. First, the shrinking o f the channel dimensions results in significant 

reduction of both molecular and thermal diffusion times. Additionally, since small 

channels have larger surface to volume ratio, better heat dissipation is obtained, and this 

makes it possible to apply higher voltages. M oreover, since the fluid flow is laminar in 

small channels, band broadening from turbulence is avoided. All these features o f 

microchips result in potentially improved efficiencies o f the analysis.

On the other hand, shrinking o f channel dimensions also gives rise to some 

problems. For instance, the interface between the microchannel and outside world 

become difficult as the cross-sectional dimensions shrink. Additionally, the interactions 

between the channel wall and samples under analysis become more significant [8 ]. 

Therefore, surface modifications become more critical for microfluidic devices.

1.1.2 Electrokinetic Phenomena in Microchannels

Microfluidic flows are readily manipulated by many kinds o f  external forces such as 

pressure, electric, magnetic, and capillary force [9]. The common method for moving 

reagents in the channels o f microchips is electrokinetic transport. This involves two 

important phenomena: electroosmosic flow (EOF) and electrophoresis.

Electroosmosis refers to the bulk movement o f an aqueous solution passing a 

stationary solid surface due to an externally applied electric field. At the interface 

between a glass surface and aqueous solution, silanol molecules (SiOH) on the glass 

surface react with free hydroxyl ions (OFT) in the aqueous solution, forming Si(OH)2' and 

leaving the glass surface negatively charged. Free FI+ ions in the water are attracted by 

the negatively charged surface o f glass and therefore accumulate near the surface. As a 

result, an electrical potential gradient arises near the interface, although the interiors of 

both the glass and the liquid remain electrically neutral. The region containing this 

electrical potential gradient is called the electric double layer (EDL) [10]. An imaginary
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surface separating the thin layer o f  the liquid bound to the solid surface and showing 

elastic behavior from the rest o f liquid showing normal viscous behavior is called the 

shear plane (slipping plane). The electric potential at the shear plane is called zeta 

potential. Similar electrochemical reactions occur at most liquid-solid interfaces as well 

as at other phase interfaces (e.g., solid-gas). W hen an electric field is applied along the 

channel, the ions in the double layer move towards the electrode o f  opposite polarity. 

This creates motion o f  the fluid near the walls and transfers via viscous forces into 

convective motion o f  the bulk fluid. I f  the channel is open at the electrodes, the velocity 

profile is uniform across the entire width o f the channel. I f  the electric field is applied 

across a closed channel (or a backpressure exists that ju st counters that produced by the 

pump), a recirculation pattern forms in which fluid along the center o f the channel moves 

in a direction opposite to that at the walls [9].

Another electrokinetic phenomenon known as "electrophoresis" also occurs in the 

channels upon application o f an electric field. Electrophoresis is the movement o f 

charged molecules or particles in a stationary solution under an electrical field. It can be 

used to move molecules/particles in solution or to separate molecules with very subtle 

difference in mobilities. The velocity o f a particle per unit o f the applied electric field is 

its electrophoretic mobility fi (cm 2  V'V1), which is a characteristic o f individual particles 

and can be used as a basis o f separation and purification. The electrophoretic mobility is 

given by [1 1 ],

H =  v /  E (1)

where v is the apparent velocity o f the particle (cm .s'1), E is the electric field (V .cm '1).

W ithout effective suppression, EOF and electrophoresis generally occur at the same 

time in channels. Since EOF generates an essentially uniform velocity profile across the 

entire width o f the open-ended channel, as compared to the parabolic profile seen in 

pressure-driven flow, the leading and trailing edge o f  an injected sample plug, and 

subsequently separated analyte zones, are flat [7, 12], Therefore, EOF pumping was 

utilized as one o f major approaches for cell transport in the literature [5, 13]. However, 

when the EOF flow is constrained at the ends o f a channel, a pressure drop builds up 

along the channel so as to recirculate part o f the fluid through the channel [9 ]. 

Additionally, bare capillary walls may show electrical heterogeneities because o f defects
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in the surface treatment, or by adsorption o f some chemical species. When an electric 

current runs through a heterogeneous channel, the EOF mobility varies along the channel, 

triggering pressure gradients and nonuniform flows, such as recirculating rolls and 

multidirectional flows, within the bulk fluid [14]. As mentioned above, the effects o f 

EOF could be more serious in microchannels due to the shrinkage o f the channel 

dimensions. In Chapter 2, we will demonstrate a technique to monitor the flow during 

electrophoresis.

1.1.3 Coating of Microchannels

As discussed above, the surface modification o f  the microchannel is critical for microchip 

electrophoresis in terms o f controlling electro-osmotic flow (EOF) and reducing reagent- 

wall interactions [15]. As summarized in [16], a variety o f  approaches and techniques for 

microchannel coating have been developed. These surface modification methods can be 

generally divided into two groups, ( 1 ) permanent coatings o f the microchannel surface 

with a covalently bonded polymer layer, and (2 ) dynamic coatings by adsorption o f  a 

hydrophilic polymer coating to the microchannel wall. The covalent modification o f 

microchannel surface is laborious and time-consuming [17]. In contrast, dynamic coating 

is much simpler. Moreover, some dynamic coating polymers [18, 19], GeneScan® 

polymer for instance, also serve as a sieving matrix for electrophoretic separations.

Flowever, the dynamic coatings require regeneration after a number o f consecutive 

runs due to unavoidable degradations o f the coating during electrophoresis [20]. Fung 

and Yeung were the first who reported that the polymer coating on the surface o f  fused 

silica CE columns could be regenerated for DNA separation through 0.1M HC1 flushing 

after each run [21]. Chiari et al. reported another coating regeneration process involving a 

10-minute flushing with 0.1M NaOH [22], after which 50 reproducible runs were 

achieved. Despite the existence o f such methods, a standard practice in the life sciences is 

to discard the capillary after a certain number o f runs (e.g., 100 runs, ABI [23]). 

However, this lifetime is dictated by the samples being run - i.e. contamination can 

greatly shorten the lifetime. This “aging” o f microchip can introduce artifacts in 

electrophoretic analyses. The assessment o f  microchip performance and rejuvenation o f 

“aged” microchip are two major topics that must be addressed in order to achieve
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repeatable electrophoresis. In Chapter 3, we will introduce a rejuvenation method for 

microchips.

1.2 Cell Separation Techniques on Micron Scale Devices

The separation o f  cells would enable the identification o f rare, abnormal cells in large 

populations, thus potentially providing early disease detection and prevention. Besides its 

importance in life sciences, cell separation techniques are also o f vital importance in 

environmental m onitoring (e.g., bacteria in freshwater). In the past, the separation o f cells 

has involved two general approaches, single cell methods and fractionation methods. 

Single-cell techniques, such as flow cytometry [24], rely on spatially isolating 

microorganisms from  mixed populations. Fractionation techniques, such as selective 

culture, differential centrifugation, filtration, and adsorption methods, operate at the 

population level and separate mixtures into subpopulations based on biological, chemical, 

and/or physical differences between individual groups o f cells. Both conventional single­

cell techniques and fractionation techniques employ expensive equipment, or are labor 

intensive. An efficient, convenient, and cost effective technique is required.

There are several reasons making microfluidic devices and systems attractive for 

analysis o f single cells [25], including the possibility o f easy integration o f analytical 

protocols into a single platform, the availability o f multiple methods for cell 

manipulations, and the potential o f high efficiencies. Several concepts or techniques for 

the separation o f  cells on micro devices have been reported in the literature. Among those 

techniques, dielectrophoresis, micro-filtration, and microchip-based flow cytometry are 

popular and are briefly described below.

1.2.1 Dielectrophoresis (DEP)

All types o f cells exhibit exclusive physiological and morphological states which give 

them particular dielectric fingerprints [26]. The dielectric properties o f  cells vary in 

accordance to the magnitude and frequency o f the applied electric voltage, the dielectric 

characteristic o f  the suspending medium and the geometry o f the electrodes. Under the 

appropriate set o f  conditions, any bio-particle will react in one o f two opposite ways, 

either migrate into strong electric fields or move into weak electric fields. DEP, which
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utilizes the interaction o f  intrinsic dielectric properties o f  the cells and the applied 

inhomogeneous electric filed, has become an active cell separation and sorting technique.

Studies on DEP techniques have been reported in the literature attempting to 

distinguish cells by their age, anomalies, history in culture media, or hemophilic traits 

[27, 28]. Although the DEP technique is not limited to differentiating based on cell sizes 

and it does not require cell staining for detection, it requires buffers with specific low 

conductivity, and therefore, the original sample has to be pre-treated or diluted with 

appropriate chemicals to obtain the desired conductivity. M oreover, the sensitivity and 

efficiency o f DEP are affected by electro-dynamic flow and cell-cell interactions in the 

presence o f inhomogeneous fields [29], These limitations make it challenging for the 

future integration o f cell analysis on a Lab-on-a-chip device.

1.2.2 Microfiltration

Cell filtration techniques are based on using the size difference o f  cells to separate them 

by means o f physical barriers. The physical barriers are usually porous membranes or 

hollow fibers [30], For instance, porous membranes can retain cells bigger than their pore 

sizes but let smaller cells go through. Micro-filtration [31, 32] relies on microfabricated 

structures such as arrays o f posts, tortuous channels, comb-shaped filters, etc.

An advantage o f this technique is that it does not require specific buffer conditions. 

However, it does require a size difference between desirable and undesirable cell types. 

Besides, the success o f the separation often depends on other factors like the cell 

deformability, cell concentration, viscosity o f the medium, and the driving force [33]. 

Moreover, fouling and clogging problems also hinder the application o f this technique.

1.2.3 Microchip-Based Flow Cytometry

Flow cytometry is used to measure certain physical or chemical properties o f cells as they 

pass by in single file. Commercialized flow cytometers have been available in the market 

for years. They realize cell sorting through measuring differences in fluorescence with 

high accuracy. In order to generate single file o f  cells, hydrodynamic focusing in a sheath 

fluid is employed in flow cytometers. Optical signals are collected as the particles (e.g., 

cells) pass the detector. To sort, the je t is broken into droplets by a nozzle, and droplets
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containing chosen particles are electrostatically deflected. A throughput on the order o f 

104  cells/s is common with available instruments. Using several antibodies tagged with 

different fluorescent labels, scientists can measure several variables in a cell population 

simultaneously. This multiparametric method eliminates several separate runs to measure 

more than one parameter. Coupling the fluorescence staining to flow cytometry, 

Fluorescence-Activated Cell Sorting (FACS) has become a powerful technique for cell 

sorting.

M icrofabricated cytometers have been reported in the literature in recent years. For 

instance, Fu et al. reported a microfabricated FACS device [34], which was demonstrated 

with sorting o f microbeads and E. coli cells using electrokinetic flow. The disposable 

sorting device is fabricated using soft lithography, which enables the design and 

fabrication to be inexpensive and flexible. However, the throughput o f the device is only 

about 20 cells/s. Another microfluidic device for cytometry o f fluorescently labeled E. 

coli samples was reported by McClain et al. [35]. The channels o f  the device were coated 

in order to reduce cell adhesion and suppress the electroosmotic flow. The throughput o f 

the device was about 30-80  cells/s. An impressive electrokinetic focusing technique that 

confines cells spatially by application suitable voltages was introduced by M cClain et al. 

in the report. Similarly, the sheath flow concept o f conventional flow cytometry is also 

accomplished in the LabChip (Caliper Life Science, Hopkinton, MA, USA) by using 

buffer flows moving from side channels into the cell-transporting channel. This flow- 

pinching method facilitates single file particle detection without the worry o f channel 

clogging, a complication associated with the alternative method o f  focusing by narrowing 

the channel dimension.

1.3 Capillary Electrophoresis of Cells

1.3.1 Basics of Cell CE

The surface of biological cells (e.g., bacteria) contain a variety o f charged polymers, such 

as sialic acid, polysaccharides, lipopolysaccharides, and proteins, and these contain an 

array o f ionizable groups such as carboxyl, phosphate, sulfate, and amino moieties [36]. 

M ost cell surfaces contain both positively and negatively charged groups and tend to be
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amphoteric, with a net positive charge at low pH and a net negative charge at high pH. In 

liquid media, the charged surface polymers interact with counter ions from the 

surrounding media to produce an electric double layer, which determines the zeta 

potential o f the cell [37]. The zeta potential is influenced by many factors, such as the cell

type, age, and properties o f the surrounding media including the pH, ionic strength, and

chemical composition [37, 38],

According to the principles o f electrophoresis [39], when DC electric field (E) is 

applied along the separation channel, a force equal to QE  (where Q  is the net charge o f 

the cell) will act on the cell. When the cell is set to move from rest, a frictional force 

f(dx/dt) (w h e re /is  the frictional coefficient and dx/dt is the velocity o f the cell) will act in 

the opposite direction (Stokes’ law [39]). According to N ew ton’s second law, the 

following equation will hold for an isolated particle in a perfect insulator [39]:

d 2x dx
m - - T = Q E - f —  (2)

dt dt

where m is the mass o f  the particle, Q  is the net charge o f the particle, E  is the electric 

field applied, /  is the frictional coefficient, dx/dt is the velocity o f the particle. The 

equation ( 1 ) can be solved as:

, T 'dx _  QE
1 - e x p (3)

dt f

For spherical particles /  is equal to 6to]R, where R  is the particle radius and rj is the 

viscosity. For instance, a 4-jiim polystyrene microsphere has the frictional coefficient 

f =  6irr}R -  3.35 x 10' 5 gram/s, where rj is assumed 0.89 cP (centi-Poise, 1 cP = 10‘ 2  

gram, c m s  "'), the rj o f water at 25 °C [40], Refer to Table 1.1 for the viscosity data o f 

some materials.

m = p(4/3) 7tR 3 = 3.5x 10‘n g, where p is assumed 1.055 gram/cm 3 [41].

Since the value o f f / m  « l x  106, the value o f exp (- fm )t  decreases to 1/e in about 10' 6  

sec., and therefore for periods longer than about 1 0 ‘ 5 sec., equation (2 ) reduced to

^ = 31 (4)
dt f

Therefore, the migration velocity o f cells is proportional to the charge-to-size ratio in a 

certain electrophoretic medium. The cell accelerates rapidly until the electric force is
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balanced by the frictional force in a very short time (e.g., < ~10 "5 seconds for a 4 jam latex 

bead).

The electrophoresis o f  cells is one o f the earliest techniques to separate cells and 

study events at the level o f  the membranes o f single cells. The intensity o f  this surface 

charge varies with the type o f cell, and this allows separation o f cells based on migration 

mobility in an electric field in large-scale systems. Since the 1920s [42], generations o f 

scientists have been trying to improve the techniques o f cell CE by introducing new 

instruments and developing new protocols. Using this approach, the separation o f  one 

population o f  cells from others is on the basis o f  difference o f  their electrophoretic 

mobilities, no matter if  there is distinct size or density range from others [43, 44]. 

However, these conventional separation techniques require expensive equipment and are 

labor intensive, which results in the failure o f these electrophoresis techniques to be 

widely used.

•  •  _ 
• • •

Cell type A •  Cell type B

Figure 1.1 Schematic description o f cell separations. A) True separation o f two populations of cells in the 

channel; B), C) false separations of cells in the channel

1.3.2 Definition of “True” Separations

A mixture o f different types o f cells may be separated into fractions in the separation 

channel. An apparent separation may be suggested by the separated peaks in the 

electropherogram (a plot o f signal (e.g., fluorescence) intensity over time). Unfortunately, 

the apparent separation based on the electropherogram may be a false separation in terms 

o f the purity and the repeatability o f the mobility o f cells in each fraction. As shown in 

Figure 1.1 A, if  each fraction o f the separation is reliably composed o f only one type of
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cells (without clumping), we consider the separation to be a true separation {i.e., it could 

be used to provide meaningful information). The “true separation” has been clearly 

established in macroscopic CE (but not on microchips) [36]. I f  each fraction o f  the 

separation is an agglomeration o f different type o f  cells (as shown in Figure 1.1B), we 

consider the separation to be a false separation {i.e., any peaks are likely the result o f 

random clumping events and provide little if  any information on the cells themselves). In 

case that each fraction is an agglomeration o f only one type o f cells (as shown in Figure 

1.1C), the apparent mobility o f each fraction is not repeatable due to the size o f  the 

agglomeration may change with the cell numbers in the clump. We consider the 

separation in Figure 1.1C to be another type o f false separation.

In recent years, laser-induced fluorescence (LIF) coupling with capillary 

electrophoresis has been employed for the detection and separation o f  cells. Armstrong 

and coworkers have applied CE to separate bacterial cells [13]. The apparent separation 

o f M. luteus, E. aerogenes, P. fluorescens, and S. cerevisiae was achieved in less than 10 

min, using a capillary having dimensions o f 100-jum i.d. and 27 cm length. According to 

the author, by properly using a polymer additive {i.e., polyethylene oxide (PEO)) in the 

running buffer, the electropherogram o f microbes could be transformed from broad peaks 

into sharp peaks that increased the separation efficiency. It was subsequently found in 

other works by Armstrong et al. that aggregation played a significant role in obtaining 

single sharp peaks during the CE separation o f cell mixtures [45-47], According to 

Armstrong et al. [47], the agglomeration o f cells require a dilute polymer solution {i.e., 

polyethylene oxide (PEO)) in the separation medium, electroosmotic flow, and a DC 

electric field. In their report [47], three possible mechanisms o f the aggregation o f 

colloidal particles were outlined, including “Field-Induced Aggregation Model”, “Hairy 

Particle M odel” and “Shape-Induced Differential M obility M odel” . However, the study 

of the described agglomeration o f microorganisms in A rm strong’s report is in its infancy.

It is apparent that the aggregation o f cells during the CE could result in poor 

repeatability o f the migration time due to the random sizes o f the agglomerations. 

Although the correlation between the peak height, or mobility and the number o f cells in 

the cluster may be found, the identification o f cells based on the electrophoretic mobility 

is difficult. Additionally, since the purification o f cells in each fraction o f the separation
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was not clearly shown in Armstrong et a l ’s reports, the separations were false 

separations based on our definition. The question remains: is the microchip-based 

identification o f single cells based solely on their apparent electrophoretic mobility truly 

feasible?

1.3.3 Opportunities and Challenges for On-chip Separations

M icrochip-based CE has been successfully used in the separation o f biomolecules [48- 

51]. It has several advantages over conventional large-scale counterparts, which have 

been discussed earlier. As for biological cells, CE on microchips remains a new area for 

researchers. Besides these practical advantages o f microchips over conventional 

capillaries, a couple o f advantages may be available for the separation o f cells on 

microchips. According to Pfetsch and W elsh, thermal field-flow fractionation (TFFF) 

type effects might be one o f the causes o f the poor resolutions o f cell CE on capillaries 

[52], TFFF itself is an elution separation technique similar to chromatography except the 

separation field is normal to the sample flow [53]. Due to the use o f relatively large inner 

diameter capillaries, the thermal gradient in the direction normal to the sample flow in the 

capillary may be involved as the separation field o f the TFFF. Using microchips, this type 

o f  effect could be effectively minimized due to a better heat dissipation o f the 

microchannels as discussed earlier in this chapter. Uncoated capillaries were employed 

for the CE o f cells in most capillary-based publications. The apparent mobility o f cells 

was thus the result o f both their electrophoretic mobility and the electroosmotic mobility 

o f the bulk fluid. For instance, in the report from Armstrong et al. [13], negative-charged 

cells migrated towards -v e  electrode due to a significant EOF. Since the bulk fluid flow 

o f EOF may result in hydrodynamic effects, especially on microchips as discussed above, 

the suppression o f EOF may improve the separation o f cells. In our lab, dynamic coatings 

are being successfully used in DNA separations on microchips for the suppression o f 

EOF. The application o f those dynamic coatings in cell CE on microchips may unveil 

true differences o f  mobilities among various types o f cells.

On the other hand, the CE o f cells on microchip is challenging in some aspects. For 

instance, the CE o f cells in earlier reports often employed very low concentration buffers 

[13, 36, 52], which may not be suitable for CE on microchips because the small
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reservoirs on microchips have low buffering capability (i.e., pH readily changed by 

current-induced electrolysis). This topic will be addressed in Chapter 4 and 5.

1.4 Scope of This Thesis

Focusing on the CE separation o f cells on microchips, the thesis is summarized in seven 

chapters. Concepts and a general discussion o f the thesis are introduced in this chapter. 

The next two chapters introduce two important techniques, the flow check and microchip 

rejuvenation techniques. The following chapter explores the long-term stability o f 

electrophoresis, in terms o f the change o f the electric current. The observations and 

discussions in that chapter provide useful information on the repeatability o f cell 

electrophoresis. In Chapter 5, separations o f biological cells are demonstrated on 

microchips. Chapter 6  presents some preliminary work towards identification o f bacteria 

cell based-on immuno-fluorescence binding and CE. The conclusion and future work is 

summarized in Chapter 7.

Table 1 .1  Viscosity Data

Liquid at 25 °C Viscosity (cP)
W ater 0.89

Methanol 0.0547
Ethylene glycol -16

PDM A (25 kD a)a) 25
a) A mixture of 6.5 % PDMA, 8 M urea, 100 mM TAPS (pH 8). Viscosity was measured at 30°C [54]
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Chapter 2

A Rapid Performance Assessment 

Method for Microfluidic Chips

2.1 Introduction

In this chapter, we present a method to assess microchip performance for on-chip 

electrophoretic separations. The assessment is realized through electrophoretic 

manipulation o f a DNA size standard using specially designed electric voltage programs. 

Results achieved from the assessment could be used as an indicator o f microchip “aging” 

in terms o f lowered resolutions and fluctuations in electro-osmotic flow (EOF).

As the size shrinks, the surface modifications o f  the microchannel become more 

critical for microchip electrophoresis in terms o f controlling electro-osmotic flow (EOF) 

and reducing reagent-wall interactions [1, 2]. We have employed dynamic coating for 

microchannels in our work, because it is much simpler than other approaches [2 ], 

However, the dynamic coatings require regeneration after a number o f consecutive runs 

[3], because “aging” o f the coating can introduce artifacts in electrophoretic analyses.

It is well known that the onset o f EOF is one o f the key indicators o f microchip 

“aging”. In 1996, Williams et al. reported an EOF measurement method that is cited 

frequently in the literature [4], In that method, a neutral dye is used as an EOF marker 

whose movement indicates the presence o f EOF. The Williams method requires precisely 

controlled pressure for the placement o f the neutral dye band. For applications on a 

microchip the use o f an accurate pressure driven injection is far more difficult than 

electrical injection, but since the dye is neutral only the pressure driven injection is 

feasible. Munro et al. described a method o f degradation-analysis for a coated capillary 

[5], and this method involved EOF measurement (also using a neutral dye) with the 

analysis o f a DNA size standard before and after exposing the capillary to a lxTBE/PCR 

mixture for extended periods o f time.
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The method we present in this chapter can be easily integrated into analysis procedures 

without the requirement o f special samples. This method o f microchip performance 

assessment (MPA) for on-chip electrophoresis provides information upon resolution and 

EOF. It is quantitative and can warn o f performance loss. In our work on cell 

manipulations on-chip, those moving micro-scale particles which may often physically 

contact or scratch the surface o f  channel wall, may easily destroy the coatings o f the 

channel. Therefore, the monitoring o f chip performance is even more frequently 

performed.

This chapter is based on a published conference paper by Ma et al.[6 ],

2.2 Materials and Methods

2.2.1 Reagents

GeneScan® polymer (7%, P/N: 401885) was obtained from PE Biosystems (Foster City, 

CA, USA). The DNA size standard, GeneScan® 500 was obtained from Applied 

Biosystems (Streetsville, ON, Canada). The sieving matrix for DNA fragment separation 

was 5% GeneScan® polymer and 10% Glycerol (“5GS10G”). Glycerol (SigmaUltra, lot 

No.: 121K0121) was obtained from Sigma-Aldrich (St Louis, MO, USA). Trizma base 

and Boric Acid were obtained from Fisher Scientific. EDTA was obtained from M erck 

(KGaA, Darmstadt, Germany). Genetic Analyzer Buffer with EDTA (“GABE”, part 

#402824) was obtained from Applied Biosystems. Depending on the application, 

“ 1TBE10G” (lxT B E  and 10% glycerol) or GABE was selected as running buffer. We 

assess chip performance using the same buffer as in the application o f interest. The 

formulation o f sieving matrix and buffer was based on the protocol published in 

“GeneScan® Reference Guide -  Chemistry Reference for the A BB 10, Applied 

Biosystems, 2000” [7],
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2.2.2 Microchips and Microfluidic Tool Kit

Sample Waste 
Well

Buffer Waste 
Well

Well \Sample Well

Figure 2.1 Diagram o f a double cross microchip and the schematic drawing o f sample manipulation: a) 

injection; b) separation.

Figure 2.1 shows a double cross microchip (Micralyne Inc., Edmonton, AB) consisting o f 

4 wells (or reservoirs) linked by two microchannels, one o f which serves as a separation 

channel approximately 80 mm in length, the other one serves as an injection channel 

approximately 8  mm in length. The channels are nominally 50 pm  wide and 20 pm  deep. 

Both double cross (Figure 2.1) and single cross (two channels intersecting at right angles) 

microchips were used in this work. Their electrophoretic behavior was indistinguishable.

The M icrofluidic Tool Kit (pTK, Micralyne) was used to manipulate reagents and 

DNA samples. The pTK is designed to facilitate the operation o f electrophoretically 

based protocols upon microchips by providing the necessary high voltages and a laser 

induced fluorescence (LIF) excitation and detection system. In this work we used a LIF 

system that provides excitation at a wavelength o f 532 nm  and detection at 578 nm. A 

compiled Lab VIEW ® interface supplied by Micralyne was used to record the LIF signal 

at 200 Hz. Analysis o f the fluorescence data proceeded by means o f a C program 

programmed in our lab. The microchips and the pTK were described in more detail 

elsewhere [8 ].

2.2.3 Microchip Loading

Before loading any reagents, the microchip has to be cleaned thoroughly. All reservoirs 

are rinsed with water, followed by a pressure-driven rinsing o f  the channels using a 1 mL 

syringe (fitted with a 0.45 pm filter). At least 3 pi water is pumped through the channels
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from the “buffer waste well”. A flow o f air is then maintained through the chip until dry. 

The channels and wells o f the chip are examined under a microscope and if  particles or 

agglomerations are seen (e.g. dried polym er or contaminating particles), then the rinsing 

and drying is repeated. After microchip cleaning, the sieving matrix (“5GS10G” solution) 

is forced into the channel from the “buffer waste well” using a syringe. Then each 

reservoir is loaded according to Table 2.1.

Table 2.1 Reagents in each well o f the microchip for MPA

Reagent
Sample

well

Buffer

well

Sample 

waste well

Buffer 

waste well

1TBE10G - 3 ix L 3 f i L 3 f i  L

1:10 Dilution of 

1TBE10G
2 .7 /tL - - -

GeneScan 500 0.3 /tL - - -

2.2.4 DNA Sample Injection and Separation

Following the loading o f reagents, the chip is immediately mounted into the pTK. The 

LIF detection point is located 76 mm downstream from the intersection o f channels to the 

“buffer waste well” . The injection/separation voltage program o f the pTK  involves 

applying 500V/cm electric field between the “sample well” and the “sample waste w ell” 

for 60s (the 1st time injection/separation), and consequent 705 V/cm between the “buffer 

well” and the “buffer waste well” for 180s. As the electric potential is applied along 

injection channel (400V at the “sample waste well”, the “sample well” ground), the 

negatively charged DNA fragments move toward the “sample waste well” . After several 

seconds the sample DNA fills the injection channel. I f  a voltage is then applied at the 

“buffer waste well” ( 6  kV) with the “buffer well” held at ground (all other wells 

disconnected), the sample contained in the intersection (the sample plug) is separated into 

its constituents along the separation channel. The arrival time o f each strand o f DNA at 

the LIF detection point will be determined by its mobility, a function o f its length.

To verify repeatability, a second injection/separation is conducted. Because the 

“sample well” arm o f injection channel has now been filled with the sample, the second
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injection can be much shorter, i.e. 1 0  s and this is the only difference between the 2 nd 

injection/separation and the 1 st.

During the process o f  injection/separation, all the data is recorded and then analyzed 

by the software programmed in our lab. The migration time, peak amplitude, FW HM 

(full width at ha lf maximum) and migration velocity o f the peaks are generated 

automatically. We first calculated a term (Rs) as in [7]:

Rs = |P , -P 2 |/(0.5x(W j + W  2)),

Where P ,and  P 2are the peak arrival times during separation, W , and W 2 are the full- 

widths at half maximum o f the peaks. The resolution we used was the product o f the 

difference in the fragment length between a given peak and the next peak divided by Rs. 

Resolutions o f the peaks 200bp and 250bp were used for the resolution assessments in 

this work.

2.2.5 Flow Check Method

The flow check starts after the second injection/separation. The LIF detection point is 

relocated to 125 pm  from channel intersection toward the “sample well” . The electric 

voltage and polarity settings o f the pTK for the flow check are listed in Table 2.2.

The flow check includes three stages. Each stage starts by applying a separation 

voltage for 5 s to remove the sample plug from the channel intersection and move it 

towards the LIF detection point (steps 2, 5 and 9 in Table 2.2). An extra 40s injection is 

added before the 5 seconds separation in the 1st stage (step 1 in Table 2.2). Then the 

sample in the injection channel is pulled back toward the “sample w ell” and the “sample 

waste well” respectively (steps 3, 6 , and 10 in Table 2.2). After that, the separation 

voltage is applied between the “buffer well” and the “buffer waste well” for various 

durations (Os, 30s and 60s for each stage respectively). After each such separation, the 

sample is again moved toward the intersection (step 4, 8  and 12 in Table 2.2). Each such 

re-injection stage tests how long it takes for the DNA sample to return to the detection 

point after different separation intervals (each o f which may have produced an EOF- 

induced movement).
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Table 2.2 Voltage Program for Flow Check

Step Time Sample w aste 
well

Buffer w aste well Sample well Buffer well

1 40s 0.40 kV Float Ground Float

2 5s Float 6.00 kV Float Ground

3 15s 0.20 kV Float 0.20 kV Ground

4 10s 0.40 kV Float Ground Float

5 5s Float 6.00 kV Float Ground

6 15s 0.20 kV Float 0.20 kV Ground

7 30s Float 6.00 kV Float Ground

8 10s 0.40 kV Float Ground Float

9 5s Float 6.00 kV Float Ground

10 15s 0.20 kV Float 0.20 kV Ground

11 60s Float 6.00 kV Float Ground

12 10s 0.40 kV Float Ground Float

When present, the EOF typically flows towards the cathode in a bare microchannel. 

This physical movement o f fluid will lead to pressure variations in the channel, resulting 

in movement. W ith the effects o f any EOF during the various periods o f separation (Os, 

30s or 60s) the DNA should take shorter or longer times (depending on the direction o f 

flow) to return to the detection point. Otherwise the time interval for the DNA to return to 

the detection point should be consistent, assuming other pressure-driven flow is 

negligible.

We have found that other sources o f flow (e.g. pressure-driven flow) are generally 

negligible unless a microchip is loaded with greatly different levels o f reagents in the 

various reservoirs. Such effects could be tested by adding a 4th flow-test stage, in where 

the separation step is conducted without an applied voltage (i.e. no electrophoresis). This 

would test for pressure driven flow rather than EOF.

As one o f  key indicators o f EOF, the sample’s returning time in each flow check 

stage (named t ,, 1 2 , 1 3 for each stage respectively) is determined based on data derived

from electropherograms o f the flow check. First, the average and standard deviation are 

calculated for the LIF data in the last portion o f the preceding pullback step (when no 

DNA is present). Upon the return o f the sample, the time when the signal is equal to the 

average plus 1 0 0  times the standard deviation is defined as the sample returning time. 

The difference between the 2nd re-injection and the 1st re-injection is defined as d ,=  t 2 -
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t j . The difference between the 3rd re-injection and the 1st re-injection was defined as d 2 =

t  3 “ 11 -

2.3 Results and Discussions

The microchip performance assessment (MPA) method is based on the electrophoretic 

separations o f DNA fragments and an electro-osmotic flow (EOF) check. All such tests 

are done using the same load o f reagents and require less than 10 minutes. The resolution 

o f the electrophoretic separations was assessed with a DNA size standard commonly used 

in sequencing applications (GeneScan 500). Near-single-base-pair resolution could be 

achieved from a very rapid separation on a simple cross microchip [9]. The resolution is 

sufficient for many genetic analysis applications, including heteroduplex analysis o f  

single nucleotide polymorphisms (SNPs) [10, 11]. In addition, Backhouse et al. have 

developed a microchip-based method o f attaining the resolution characteristics o f a very 

large separation distance through a series o f electrophoretic operations in a channel that is 

only a few mm long [8 ],

Figure 2.2A shows the arrival o f a broad and incompletely resolved set o f peaks 

(near 90s) followed by a series o f peaks, each representing the passage o f a set o f 

progressively longer strands o f DNA at the detection point at 76 mm, near the buffer 

waste well. Such a set o f DNA strands o f varying lengths is known as a ‘DNA ladder’. 

Figure 2.2A is this electrophoretic run with a repetition. Figure 2.2B represents the three 

successive electropherograms produced in the flow check phases o f Table 2.2: steps 4, 8  

and 12. In each o f these the fluorescence signal indicates the presence o f DNA returning 

to the intersection after a pullback step. (Similarly for Figure 2.3B, 2.4B and 2.5B) 

Variations in this return time are often an indicator o f the presence o f EOF.

Based on our MPA results, microchips could be divided into four categories: a) those 

with good resolution and di«d 2 ~(approx) 0.5s (Figure 2.2); b) those showing poor 

resolution (or no DNA peak) and t3 > t2  > h (Figure 2.3); c) those showing poor 

resolution and di«d 2 «(approx) 0.5s (Figure 2.4); d) those showing rising baseline and t3 

< t2  < ti (Figure 2.5).
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Figure 2.2 Microchips with good resolution in reproducible injection/separations (A) and consistent re­

injection returning times (B): ti=2.69s, t2=3.04s, t3=3.13s. Y-axis is in relative fluorescence intensity units 

(RFU).
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Figure 2.3 Microchips showing low signal intensity (A) and progressive increasing o f re-injection returning 

times (B): ti=3.94s, t2=5.92s, t3=9.33s

In the electropherogram o f each injection/separation, microchips of type a) (Figure 

2.2A) show a very strong initial peak followed by uniform DNA ladder peaks o f equally 

strong intensity. In the electropherogram o f each re-injection in the flow check (Figure 

2.2B), a very low signal is present for several seconds as the DNA approaching the 

detection point. Upon the arrival o f  the returning DNA, a strong signal peak is first 

present, followed by minor signal variations.

Microchips o f type a) have resolution o f (approx.) 5 bp on average at the DNA 

fragment peak o f 200 bp. We define good microchips as those having resolution better 

than 8  bp at the peak o f 200 bp. Surprisingly, the resolution o f brand new microchips at 

the peak 200 bp is, on average, 6.2 bp (based on 3 microchips), worse than the average o f 

type a). The relatively poor resolution o f brand new microchips may be related to the 

time needed to fully form the polymer coating o f the wall - the adsorption kinetics o f 

polymer coatings requires a certain period o f time to allow polymer to reach its 

adsorption plateaus [1 ], brand new microchips may need longer time for the formation o f 

a stable polymer layer compared with used microchips.

For microchips o f type b), the intensity o f peak signals is greatly reduced (Figure 

2.3A). The progressive increasing o f the time interval for the return o f the sample plug 

(Figure 2.3B) indicates that the sample was significantly influenced by EOF.

Microchips o f type c) show poor resolution o f the DNA fragment separation (Figure 

2.4A). However, the consistency o f the DNA return times (Figure 2.4B) suggests that the 

poor resolution is not due to EOF.

(A)

I I |  1st separation

>U JJjV/VNyvAjMk.
2nd separation

85 95 105 115 125 135
Migration Time (second)
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Figure 2.4 Microchips with poor resolution (A) and consistent re-injection returning times (B): ti=2.93s, 

t2=3.33s, t3=3.42s

For microchip type d), the rising baseline (Figure 2.5A, the typical baseline o f 

electropherogram achieved using our pTK system is less than 0.15 V.) indicates the 

sample “leakage” during the second injection/separation run. The progressive shortening 

of the time interval for the return o f the sample plug (Figure 2.5B) indicates that the 

sample was drawn toward the intersection by the separation being performed in a 

neighboring channel. Longer separation times led to more movement o f the sample 

toward the intersection. This would be consistent with movement under EOF. For 

eliminating the sample “leakage”, applying the “pullback” voltage during separation was 

suggested in [8 ]. We prefer not to apply the pullback voltage in electrophoretic analysis 

because we need to be able to detect the onset o f EOF as it may affect our peak arrival 

time.

An interesting observation is that even in good microchips there is a significant 

difference between t3 and t2  on the one hand, and ti on the other. This suggests that there 

is another mechanism at work that affects ti differently than t2  and t3 -  i.e. that EOF is not 

playing a role in this difference in arrival times. Since the flow check involves multiple 

steps o f injection and pullback in the relatively short injection channel, space charges in 

the channel may vary with time and so does the current. The variance o f the current 

probably resulted in the difference between t3 and t2  on the one hand, and ti on the other. 

In Chapter 4, we will address the topic o f space charge limited current in more detail.
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Figure 2.5 Microchips with rising baseline (A) and progressive reducing re-injection returning times (B): 

ti==2.0s, t2=1.3s, t3=1.0s
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Figure 2.6 Re-injection profile (unit of Y axis is relative fluorescence unit, RFU): All wells were 

disconnected in steps 7 and 11 of Table 2.2. The re-injection returning times were ti=3.14s, t2=3.5s, 

t3=3.665s, similar behavior to that when electrophoretic separations were done (e.g. Figure 2.4B). Since no 

electrophoresis actually took place during the ‘separation stage’ there was no EOF and the consistent shift 

in return time for all but the first re-injection suggests that EOF did not play a role.

In order to corroborate this, we performed a second set o f measurements o f  a 

microchip with a revised program in which all four wells were disconnected for steps 7 

and 11 (o f the sequence shown in Table 2.2). This means that there were no separation
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steps and hence there could be no production o f EOF from the separation. As shown in 

Figure 2.6, our results were essentially identical to the result in regular EOF check. The 

same behavior was found in other “good microchips” . This surprising result suggests that 

the act of injecting and separation has introduced a perturbation that “relaxes” on a time 

scale o f 30s or so. We propose that this perturbation is an alteration o f the ionic 

distribution within the injection arm, a perturbation that is affected by sequence and 

timing of the injection and pullback steps. This is consistent with our observation o f  

sample stacking effects leading to a transient increase in the fluorescence intensity by a 

factor o f approximately 3 in the first analysis, and 2 in the following two analyses (e.g. 

Figure 2.6). This increase is obviously associated with a localized higher concentration o f 

(charged) fluorescently tagged DNA. Such a concentration could easily give rise to a 

localized high-field region that would dissipate once the applied voltages were removed. 

The time required for such dissipation could readily be on the time scales we have 

observed. This effect is analogous to the high field domain seen in the Gunn effect [12] 

observed in III-V  semiconductors. In the present work we are using sample “stacking 

effects” to better inject sample, this being done by using a O.lxTBE in the “sample well” . 

However, we have found much the same behavior when using exactly the same buffers in 

the “sample well” as used in the other wells. We are studying this phenomenon further 

but note that it could significantly affect the performance (e.g. resolution) o f microchip 

applications.

2.4 Conclusions

The microchip performance assessment method presented in this chapter is capable o f 

monitoring the performance o f microchips in a manner that does not require special 

equipment, requires little time, and could make use o f virtually any sample (e.g. PCR 

product) for the assessment o f EOF. This monitoring is quantitative and may allow the 

provision o f warnings about imminent performance loss o f the microchip.
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Chapter 3

Microchip Rejuvenation

3.1 Introduction

In Chapter 2, a rapid microchip assessment method was presented. In case that an “aged” 

microchip was found, rejuvenation o f the chip had to be performed. In this chapter, we 

present a method to rejuvenate glass microchips that had been used for capillary 

electrophoresis (CE) to the extent that their performance was degraded. This degradation 

was due to one o f two mechanisms, ( 1 ) a deterioration o f  the polymer coating on the 

inner surface o f the microchannel, or (2 ) an aging o f the glass substrate.

Since the introduction o f microfluidic devices in the early 1990s [1, 2], glass has 

been the dominant fabrication material. This is primarily because the fabrication methods 

in glass have been well established by the semiconductor industry, the surface properties 

o f glass have been well characterized by the chromatography industry among others, and 

that many properties o f glass, such as optical transparency, chemical inertness and the 

lack o f electrical conductivity are very suitable for use in microfluidic systems. However, 

glass microchips have possibly limited lifetime and relatively complex fabrication 

procedures, and these result in high cost. Principally due to the higher manufacturing 

costs o f glass devices, much effort is being invested in the development o f polymer-based 

microfluidic devices (PDMS [3, 4], PMMA[5, 6 ], etc.). However, glass has several 

advantages over polymers as a material for microfabrication. In particular, its rigidity 

and flatness facilitate alignment in multi-layer structures [4, 7]. I f  glass microchips can be 

rejuvenated and thereby be given a long lifetime, then it is feasible to explore higher 

levels o f integration and functionality on glass microchips even in applications requiring 

a low cost-per-test. Although the glass chips may be costly, their benefits, coupled with 

their long lifetimes, will allow the manufacturing cost to be recouped. For this reason it is 

critically important for the glass microfabrication technology to ascertain whether it is
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feasible to improve the longevity o f glass microchips through surface modification and 

regeneration.

As aforementioned, it is unavoidable that the dynamic polym er coatings degrade 

during electrophoresis [8 ] and this deterioration o f  the capillary wall coating results in a 

loss o f  resolution. The degradation is due to a variety o f factors such as adsorption o f 

ionic compounds [9] and alkaline hydrolysis [10]. To extend the useful lifetime o f a 

microchip, regenerations o f the dynamic coating must be performed after a number o f 

consecutive runs. The regeneration process typically involves chemical treatments o f the 

capillary and refilling with polymer solution. In 1995, Fung and Yueng introduced a 

regeneration method for poly(ethylene oxide) (PEO) coated fused silica columns in the 

application o f DNA sequencing [11]. This method extended the capillary lifetime for 

more than 30 runs through flushing with 0.1M HC1 for 10-15 minutes after each run 

(otherwise, the capillary had to be replaced after one or two runs due to a dramatic 

degradation o f separation resolution). HC1 was also used in the dynamic coating 

regeneration processes demonstrated by Iki et al. for PEO coatings [12] and Yan et al. for 

poly(vinylpyrrolidone) (PVP) coating [13]. Sodium hydroxide (NaOH) was also reported 

as a common chemical for capillary regeneration (e.g. [14, 15]). Shihabi reported another 

procedure for hydroxypropylmethylcellulose (HPMC) coating regeneration: the capillary 

was washed between samples with 0.2 M NaOEl for 0.5 min and with 0.2M HC1 for 0.5 

min [16]. M ost o f the aforementioned regeneration processes [11-13, 16] were used on 

fused silica capillaries and had to be performed after each run in order to restore the 

original performance in CE. More recently, Chiari et al. reported that 50 DNA separation 

runs were achievable with the same capillary after each regeneration o f  the 

poly(dimethylacrylamide-co-allyl glycidyl ether) coating by 1 0  minutes o f flushing with 

0.1 M NaOEl [17]. Tian and Landers also reported that HC1 flushing was performed on 

microchips as the key step o f the regeneration o f  their hydroxyethylcellulose (HEC) 

coating and a slight decrease in resolution and an increase in migration time in DNA 

separations were observed after approximately 100 runs [18]. Often the approach taken is 

similar to that proposed by [19], i.e. that the capillary or microchip be replaced after ~100 

runs.
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In our lab, GeneScan® polym er (Applied Biosystems Inc., Foster City, CA, USA), a 

PDMA-based polymer for dynamic coating [20], is being extensively used for CE on 

microchips. The proposed mechanisms for the dynamic wall coating o f PDM A includes 

hydrogen bonding o f  the polym er with silanol groups on the silica surface [2 1 ], and 

hydrophobic interactions between polym er segments and the hydrophobic siloxane 

groups on the silica surface [8 , 22], M adabhushi et al. reported a regeneration method for 

PDMA coating that consisted o f  consecutive washings with water, tetrahydrofuran, and 

1M HC1 [8 ]; Ren et al. reported another method involving 30 minutes o f  flushing with 

1M HC1 and 5 minutes o f water rinsing. However, with either method the number o f  CE 

runs with comparable resolution decreased dramatically after regenerations.

It is common for the regeneration procedures reported in the literature to 

incompletely rejuvenate the microchip -  the subsequent performance is limited in terms 

o f resolution and/or the number o f  runs that can be performed before deterioration again 

sets in. Hence, it is common to discard the capillary or microchip rather than to attempt 

regeneration. It is unclear as to whether the incomplete rejuvenation is due to insufficient 

removal o f degraded polym er or to an ongoing degradation o f the glass itself. Therefore, 

the aging effects o f glass substrates have to be studied and minimized in order to extend 

microchip lifetime and determine if  a regeneration process can work “forever” . The 

possible mechanisms o f glass aging include glass corrosion [23] and ion migration [24- 

26]. According to Kaupp et al. [23], during the long-term storage o f a capillary the 

surface corrosion is steady and continuous. However, they found that this “storage effect” 

could be minimized by filling the capillary with dry air o f low relative humidity and 

sealing it afterwards. As discussed by Verzele et al., chromatographic grade silica may 

contain a variety o f metals: Na, Ca, Fe, Mg, Al, and Ti [27] that are present at significant 

concentrations (e.g. several hundred ppm  [28 ]) and influence the surface properties [29], 

It is also well known that alkali ions such as sodium are leached out from the glass to an 

aqueous solution in contact with the glass (in a process o f ion exchange) [24-26], To our 

knowledge, the glass aging effect due to ion migration within the glass, and ion 

movement from glass to buffer has yet to be investigated in microfluidic devices. 

Generally, investigations into adsorbates on glass or the migration o f ions into glass 

requires complex equipment such as SIMS [30]. Moreover, many o f these surface
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characterization techniques do not readily lend themselves to the analysis o f the interior 

o f microfluidic channels. In this work, we introduce a simple method for investigating 

glass-aging effects by assessing the CE performance o f  microchips before and after 

various methods o f  rejuvenation (including glass annealing).

We have compared different chemical treatments on microchips and developed a 

rejuvenation protocol with simple processing steps that can completely rejuvenate 

microchips even after extensive use. Following the protocol presented here, more than 

50 “aged” microchips in our lab were effectively rejuvenated and reused with 

performance equal to that o f brand new chips and this suggests that the “aging effect” o f 

the glass substrate is negligible. We believe that, through rejuvenation, glass microchips 

can be used indefinitely; we suggest that this finding makes feasible the exploration o f 

high levels o f integration and functionality on glass microchips.

This chapter is based on a recently published journal paper by M a et al. [31].

3.2 Materials and Methods

3.2.1 Reagents and Solutions

GeneScan® polymer (7%, P/N: 401885) and GeneScan® 500 (a DNA ladder) were 

obtained from Applied Biosystems (Foster City, CA, USA). . A  Tris-borate with EDTA 

buffer (TBE) was made with Tris base and boric acid from Fisher Scientific (Fair Lawn, 

NJ, USA) and EDTA from M erck (Darmstadt, Germany). The running buffer, referred to 

as “ 1TBE10G”, was made with glycerol (SigmaUltra, lot No.: 121K0121) from Sigma- 

Aldrich (St Louis, MO, USA) and TBE buffer so that the final concentration o f  glycerol 

was 10% w/w, and the TBE was 1*TBE (pH: -8 .4 ). The sieving matrix for DNA 

fragment separation was 5% (w/w) GeneScan® polymer and 10% (w/w) Glycerol in 

lxT B E buffer (referred to as “5GS10G”). The formulation o f  sieving matrix and buffer 

was based on the protocol published in the “GeneScan® Reference Guide -  Chemistry 

Reference for the A BB 10, Applied Biosystems, 2000” [19]. Concentrated Sulfuric Acid 

(H 2 SO4 , c.a. 96%) was obtained from Anachemia (Montreal, QC, CA). 5 M sodium 

hydroxide (Fisher Scientific, Nepean, Ontario, Canada) was diluted to 1 M
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concentrations. 1M HC1 solution was diluted from c.a. 37% HC1, which was obtained 

from Anachemia (Montreal, QC, Canada).

3.2.2 Microchip and Microfluidic Tool Kit

Standard microchips were used in this work. Refer to Chapter 2 for descriptions o f  

microchips and the pTK.

3.2.3 Microchip Treatments

The microchips were prepared with one or more o f  the following treatment procedures.

In the “hot H 2 SO4  process” a hot plate (Coming PC 351) was preheated to -3 5 0  °C 

under a fame hood. All wells o f the microchip were rinsed with distilled w ater followed 

by a pressure-driven rinsing o f the channels using a 1 ml syringe (fitted with a 0.45 pm  

filter). At least 3 pi o f distilled water was pumped through the channels from the buffer 

waste well. Air was subsequently pumped through the microchannel by syringe until no 

water droplets were found in the wells and channels (as seen under inspection by 

microscope). About 3 pi o f concentrated sulfuric acid was added into the buffer waste 

well and allowed to fill the microchannels via capillary forces. All wells were then filled 

with 3 pi o f H 2 SO4 . The microchip was then placed on top o f the preheated hotplate for 

about 1 minute until the H 2 SO4  acid boiled out. The microchip was left in the air for 

about 5 minutes to allow it to cool gently down to room temperature. Finally, the chip 

was rinsed with distilled water for about 3 minutes and dried by syringe-pumped air for 2 

minutes.

Microchip flushing: The microchip flushing was performed using an in-house 

manufactured unit that can accommodate 3 microchips at once. A 100 pi volume o f HC1 

or NaOH solution was forced through from the buffer waste well to the other wells by 

applying nitrogen at 45 psi. It took about 30 minutes for the chemical solution to pass 

through the channels completely. After flushing with the chemical solutions, the 

microchannels and reservoirs o f the microchips were rinsed for 3 minutes and dried for 2 

minutes (as described above).

Microchip annealing: Before annealing, the microchip was rinsed and dried (as 

described above in the flushing procedure). The channels and wells o f the microchips
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were then examined under a microscope. The rinsing and drying was repeated if  particles 

or agglomerations (e.g. dried polym er or contaminating particles) were seen. The 

microchip was placed in a glass-annealing oven for an overnight cycle, in which the oven 

temperature was gradually raised to its highest point (-560  °C) and cooled slowly to 

allow the release o f stress. After annealing, the microchip was rinsed and dried again.

3.2.4 Microchip Evaluation

The microchip evaluation employed in this work involved the separation o f a DNA size 

standard, GeneScan® 500, in “5GS10G”. The LIF detection point is located 76 mm 

downstream (from the intersection o f channels to the buffer waste well). The 

injection/separation process involves applying a 500V/cm electric field between the 

sample well and the sample waste well for 60s, and consequently 705 V/cm between the 

buffer well and the buffer waste well for 180s. Data derived from the electropherogram 

was analyzed with a C++ computer program. As a measure o f  resolution, we compute the 

smallest difference in DNA size that could be resolved, based on the method 

recommended by Heller et al.[32].

Rs = (w) + W2) / (Atm /AM) (1)

W here Rs is the resolution (with units o f base pairs, or bp), Atm is the difference in 

migration time between the two adjacent peaks (in seconds), w\ and W2 are the peak half- 

widths (FWHM, in seconds), and AM is the difference in length (in base pairs) between 

the two fragments.

I f  the resolution o f a rejuvenated chip was comparable with that o f a brand new chip, 

a test for EOF was performed to assess its performance further (previously described in 

[33]). In brief, this method is based on the use o f LIF detection to measure EOF-based 

movement o f the sample in the injection arm during separation runs.

3.2.5 Accelerated Microchip Aging

W e followed a similar approach to that described by Munro et al. [15], who assessed the 

coating longevity o f  covalently coated capillaries. The microchips were loaded with 

reagents, as in the DNA separations described above and an electrical field was applied 

for an extended period o f time; the buffer waste well was set to 6 kV, the buffer well was
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set to ground, and the other two wells were disconnected. The electric field was applied 

for 20 or 40 minutes, and then one set o f  microchip performance data was obtained. I f  no 

apparent degradation was found, new reagent was added into wells and the aging test was 

continued. To avoid the drying out o f reagents or the requirement for frequently 

replenishing reagents during a long time run, sections o f micropipette tips were cut and 

fitted into microchip wells to increase the running buffer volume from 3 pi to 9 pi in each 

well.

3.3 Results and Discussions

3.3.1 Establishment of the Microchip Rejuvenation Protocol

The objective o f the rejuvenation protocol is to restore the surface state o f  the 

microchannels and recover the microchip performance in CE. In this work, we assessed 

the effectiveness o f a rejuvenation protocol by comparing the performance o f a 

“rejuvenated” microchip with that o f new microchips in terms o f  the resolution in DNA 

separations. EOF values were not used as a primary evaluation tool since EOF flow was 

not detectable unless the chip was severely degraded. The severe degradation was more 

easily detected by monitoring the ongoing loss o f resolution. To investigate the effect o f 

each single chemical treatment, a microchip performance assessment was performed after 

each step.
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Figure 3.1 Series o f electropherograms o f a representative microchip showing the effectiveness of chemical 

treatments, (a) A typical aged chip before chemical treatments; (b) the chip was treated with the hot H2S 0 4 

process, refilled with new polymer solution and evaluated; (c) the chip from (b) was rinsed with 1 M 

NaOH, filled with new polymerand evaluated; (d) the chip from (c) was rinsed with 1 M HC1, filled with 

new polymer and evaluated; (e) the chip from (d) was treated with hot H2S 0 4, 1 M HC1 rinsing, filled with 

new polymer and evaluated.

Figure 3.1a shows the electropherogram o f a typical aged microchip before 

treatment. This chip gave unresolved peaks due to serious peak tailing and signal loss.
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After treatment with the hot H 2 SO4  process, a new solution o f GeneScan® polym er 

(“5GS10G”) was introduced into the micro-channels. DNA (GeneScan® 500) analysis 

was performed subsequently and, as shown in Figure 3.1b, a significant improvement in 

peak profile was achieved. Peak resolutions were restored to their normal levels (-3 .6  bp 

for 250/300 bp). Statistically, the microchips treated with only the hot H 2 SO4  process 

achieved comparable resolution (on average) to brand new microchips that had had no 

chemical treatment in advance at all, and both groups had large relative standard 

deviations (RSDs) associated with peak resolution (Table 3.1, and discussed below). The 

large variation in the performance o f brand new microchips may be due to factors such as 

the surface roughness o f different fabrication batches [34-36] and to the non-optimal 

surface conditions resulting from the last stages o f their micro fabrication. We have noted 

that the resolution o f a new microchip often improves for the first several uses and we 

attribute this to the gradual removal o f residual contamination from the fabrication 

process. W e occasionally found debris or particles in the channel under a 1 0 0 x 

magnification after the microchip was treated with the hot H 2 SO4  process. (These were 

readily removed by subsequent HC1 or NaOH rinsing.) This indicates the cleanliness o f 

the channel varies after the hot H 2 SO4  process due to debris and particles, and this 

variation results in high RSD in the resolution. W e also tried a number o f rejuvenations 

with the hot plate temperature reduced from -3 5 0  °C to -200  °C and found that the 

resulting chip performance was equivalent to that with the hot plate at -3 5 0  °C. Since 

much longer processing times were required to boil out the acid when the temperature 

was lower, we set the hotplate temperature to be -3 5 0  °C for all the remaining tests.

Following directly its H2 SO4  treatment for Fig 2b, the same chip was flushed with 1 

M NaOH, rinsed with distilled water and dried, filled with new polymer and evaluated. 

The resultant electropherogram is shown in Figure 3.1c. The same chip was then flushed 

with 1M HC1, rinsed with distilled water and dried, filled with new polymer and 

evaluated. The resultant electropherogram is shown in Figure 3. Id. I f  the HC1 or NaOH 

solutions were able to completely remove the polymer from the channel wall we might 

expect to see comparable resolution between Figure 3.1b on the one hand, and 3.1c and 

3 .Id  on the other. Surprisingly, the microchip performance shown in Figure 3.1c and 3 .Id  

has deteriorated dramatically. Lastly, the same chip was given the hot H 2 SO4  process,
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rinsed with HC1, rinsed with distilled w ater and dried, filled with polymer and evaluated. 

The resultant electropherogram is shown in Figure 3.1e. This dramatic degradation 

suggests that the NaOH or HC1 flushing were unable to remove the polymer, and instead 

degraded the performance o f the coating.

Since water is a poor solvent for PDMA, the desorption o f  PDM A only by water has 

an extremely high energy o f activation [8 ]. According to M adabhushi et al. [8 ], 

consecutive washings with water, tetrahydrofuran, and 1M HC1 were not effective in 

removing all the adsorbates on the inner surface o f  capillary channels in DNA analysis. 

In order to completely remove polym er adsorbed on microchannel walls, we tried a 

variety o f solvents including methanol [37, 38], ethanol, dioxane [39] and N,N- 

dimethylformamide (DMF) [39, 40], Among those solvents, DMF worked better than 

others in a 6 -hour-long flushing process, which generated equivalent results to the hot 

H 2 SO4  process. However, those treatments were time consuming and the need to avoid 

the dissolution o f  equipment (e.g. seals) by those organic solvents made the processing 

difficult and cumbersome.

Table 3.1 Chemical Treatment Comparisons

Resolution

Group 1 Group 2 Group 3 Group 4 Group 5

Ave.

(bp)
RSD

Ave.

(bp)
RSD

Ave.

(bp)
RSD

Ave.

(bp)
RSD

Ave.

(bp)
RSD

250/300

bp
4.1 13.5% 3.5 14.5% 7.4 21.5% 3.3 6.0% 3.3 6.2%

Group 1 (5 microchips tested): brand new microchips without chemical treatment before performance assessment; 

Group 2 (9 microchips tested): treated with the hot H2S 0 4 process only; Group 3 (4 microchip tested): treated with 1M 

NaOH or 1M HC1 alone; Group 4 (9 microchips tested): treated with the hot H2S 0 4 process, 1M NaOH flushing and 

1M HC1 flushing (resolution data for 2 chips in 9 were not available due to failure o f assessments); Group 5 (9 

microchips tested): treated with the hot H2S 0 4 process, and 1M HC1 flushing.

In the literature, the proposed mechanisms for the adsorption o f polymer onto a silica 

surface include hydrogen bonding o f the polymer with silanol groups [2 1 ], and
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hydrophobic interactions between polymer segments and the hydrophobic siloxane 

groups on the silica surface [8 , 9, 22]. According to these mechanisms, the weakly 

bonded polymer coating can be easily removed by water rinsing and renewed by refilling. 

However, based on our observations, it appears that GeneScan® polymer cannot be 

completely removed by water rinsing, nor with mild chemicals. This indicates that 

covalent linkages between channel wall silanols and GeneScan® polymer may be 

involved in the formation o f the polymer coating. I f  that is the case, harsh processing 

conditions may be needed for the cleaning o f channel walls coated with GeneScan® 

polymer. Table 3.1 shows the statistical resolution data for 5 groups o f chips: 1) brand 

new chips, 2) chips treated with the hot H 2 SO4  only, 3) chips treated with HC1 or NaOH 

alone, 4) chips subjected to HC1 and NaOH flushes immediately after the hot H 2 SO4  

process, and 5) chips subjected to HC1 flushes immediately after the hot H 2 SO4  process. 

Microchips treated with the hot H 2 SO4  process and 1M HC1 showed the best results, in 

terms o f average resolution and RSD data, with results even better than that o f brand new 

chips. The experimental data in Table 3.1, Figures 3.1b and 3.1e indicate that the hot 

H 2 SO4  process is capable o f removing the polymer coating completely.

The statistical data o f Table 3.1 and Figure 3.1e also show that microchips treated 

with the hot H 2 SO4  process and HC1 flushing have better performance than chips treated 

only with the hot H 2 SO4  process. This may suggest that the bare silica surface treated 

with HC1 is favorable for the adsorption o f polymer. The number o f  non-reactive sites 

[28] must have been reduced by the mild HC1 flushing (conditioning), and therefore an 

ample fraction o f the inner surface was coated by the adsorption o f polymer molecules. 

Fung and Yeung attributed the effect o f HC1 to the titration o f silanol groups to their 

original protonated state, which was ionized at pH 8.2 in buffer solutions [11]. Ren et al. 

made the assumption that hydrogen bonding was the main force driving the interactions 

between the polymer and the glass surface, making HC1 a suitable glass surface 

conditioner. We think the improvement after HC1 conditioning may also be explained by 

the leaching o f metal ions from the surface o f glass. It was claimed by Nawrocki [28] that 

trace metallic impurities are probably a source o f additional adsorption sites on silica and 

that they increase the activity o f neighboring silanols. Those additional adsorption sites 

make the glass surface more heterogenous and affect its coating properties. About two
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thirds o f  these trace metals can be removed from the silica surface by HC1 washing [28, 

41]. NaOH is not our recommended chemical for conditioning, although the etching o f  

the inner surface o f capillaries by NaOH could reduce capillary performance variation 

among batches and manufacturers (according to Cifuentes [14]). It has been demonstrated 

[42] that the use o f capillary wall conditioning methods based on flushing with NaOH, 

followed by HC1 (or vice versa) can leave the silica surface in a state of chaos — it was 

found there that the silanol groups undergo a profound hysteresis loop before returning to 

their original ionization state two weeks later. Our experimental result was in agreement 

with those earlier findings: the microchip treatment with the hot H 2 SO4  process, NaOH 

flushing and HC1 flushing often achieved comparable results to those from the method 

involving the hot H 2 SO4  process and HC1 flushing only, however, the former method (the 

combination o f the hot H 2 SO4  process, NaOH flushing and HC1 flushing) was not always 

successful (2 in 9 chips failed the evaluation after treatment with electropherograms 

resembling Figure 3.1a, and no resolution data was available). Hence, the final 

established rejuvenation protocol was: the aged microchips were treated with the hot 

H 2 SO4  process, rinsed with distilled water for 3 minutes, dried by air for 2  minutes, and 

flushed for 30 minutes with 100 /d 1 M HC1 (flow induced by 45 psi o f nitrogen applied 

at the HC1 reservoir). W e speculate that the effectiveness o f  the sulfuric acid in cleaning 

the surface (over HC1) is due to the increased reactivity o f the sulfuric acid with the 

polymeric wall coating and we note that sulfuric acid has been used by others as a 

channel cleaning procedure. A particular advantage o f using concentrated sulfuric acid is 

that it has an elevated boiling point, allowing us to greatly increase its reactivity by 

heating the acid-filled channel. It is possible that the use o f elevated temperatures may 

not be necessary for other polymers.

3.3.2 Long-term Use and Stability of Microchips

Both Table 3.1 and Figure 3.1 show only the short-term effectiveness o f the rejuvenation 

protocol. According to Madabhushi [8 ], the number o f successful runs that could be 

performed before capillary regeneration was required decreased dramatically from 1 0 0  

runs initially to around 35 after successive regenerations. According to the author, this 

poor stability was a result o f the incomplete removal o f surface-bound DNA and enzymes
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in the sample. In order to investigate long-term stability, we implemented continuous 

aging tests on rejuvenated microchips. A  typical aging period was 300 minutes. After 300 

minutes o f aging (as one normal separation run takes about 3 minutes, this is the runtime 

equivalent o f  about 1 0 0  runs), no significant degradation in resolution was observed 

(Figure 3.2). This suggests that the rejuvenated microchips have very good stability. 

Although the rejuvenated microchips were very stable for a time comparable to the length 

o f time taken from being a new chip to needing its first rejuvenation, the number o f times 

rejuvenation can be implemented on the microchip remains unknown.
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Figure 3.2 Resolution (250/300 bp) change following accelerated microchip aging.

Metal atoms in silica have been described as being either at the surface, internal or

secluded [43]. Surface atoms and a proportion o f the internal atoms can be removed by

washing w ith HC1 [27] or EDTA [44], but the secluded metal atoms are inaccessible.

Additionally, it is well known that when a glass surface is exposed to water, alkali ions

such as sodium are leached out from the glass to the aqueous solution in a process o f ion

exchange [24-26]. Since the annealing o f glass can redistribute metal atoms and ions in

the bulk silica and on its surface, any CE performance change o f a microchip upon

thermal treatment may indicate the existence o f glass aging due to ion migration. In order

to study the effect, we annealed a group o f microchips in a standard glass annealing

procedure, in which the temperature was slowly raised, in an overnight process, to 560 °C

and then slowly lowered. The DNA separation performance o f these microchips was then

compared w ith the performance before annealing. There was no significant difference in

resolution between these two groups, suggesting that the effect o f ion migration in bulk

glass material is negligible under the experimental and regenerative conditions used. This

indicates that the effects o f glass aging on microchip performance are negligible. More
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than 50 microchips in our lab, used with GeneScan® polymer, POP4® and POP 6 ® 

(Applied Biosystems, Foster City, CA, USA), have been reproducibly rejuvenated 

following the aforementioned protocol. We have been using some chips on an ongoing 

basis for several years without any apparent ongoing degradation. I f  there is any ongoing 

degradation (e.g. due to glass aging) the effects are not discemable on this time scale. So 

far, no microchip has been incapable o f  rejuvenation and all have been returned to a level 

o f performance equivalent to (or better than) that o f new chips. W e have seen no 

evidence o f surface non-uniformity with the method o f rejuvenation and no increase in 

surface roughness was evident (this is not surprising since both the overnight anneal and 

the reagents used are components o f the microchip fabrication process.

We estimate that this rejuvenation process will require about one hour o f labour 

(with negligible reagent costs) for a set o f three microchips (if processed manually). This 

corresponds to a small fraction (perhaps 5%) o f the amount o f time needed to fabricate 

the chips. W hile this may not be cost effective as compared with the cost o f  a new 

polymeric microchip (the authors note that many polymeric microchips are comparable in 

price to those o f glass), higher levels o f  integration that require layer-to-layer registration 

are very likely to be fabricated only in glass.

3.4 Conclusions

GeneScan® polymer adsorbs rapidly onto the inner surface o f micro-channel from an 

aqueous solution, leading to the formation o f a polymer coating that is stable for 

hundreds o f  electrophoretic runs (pH ~ 8.5). To extend the lifetime o f a microchip, a 

rejuvenation protocol has been developed in which the old coating is removed by a hot 

acid process and the bare microchannel surfaces are then conditioned by HC1. Similar 

results were achieved for microchips used with other polymer matrices such as POP4® 

and POP 6 ®. We believe that these results would apply in general to electrophoretic 

separations based on the use o f dynamic coatings. We have found that the effects o f glass 

aging on the performance o f microchips are negligible. It therefore appears to be possible 

to use a glass microchip “forever” through this effective rejuvenation process.
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Chapter 4

Stability Study of CE on Microchips

4.1 Introduction

The reagent reservoirs on microfluidic devices typically contain only a few microliters or 

less. Such small volumes do not have bulk solution properties and can rapidly change 

composition electrochemically. It is relatively easy to produce pH gradients and zeta 

potential changes in the microchannel [ 1 ],

During electrophoresis, several factors will play a role to affect the stability o f  the 

sample mobility. As one o f those factors, it has been reported that if  buffer reservoirs 

were not sealed, the evaporation o f  reagents had an impact on the sample mobility after 

consecutive runs o f injection and separations [2], Besides evaporation, an increasing 

electrolyte concentration also resulted from the electrolysis o f water, which occurs at the 

electrodes via oxidation/reduction reactions [3]. The oxidation reaction at the anode 

electrode results in O2  gas formation and an accumulation o f H+ions. The complementary 

reduction in the cathode reservoir utilizes two electrons to break apart water. This results 

in H 2  gas evolution and an increase in OH“ ions within the reservoir. The net result is an 

accumulation o f H+ ions in the anode reservoir and OHT ions in the cathode reservoir. 

The accumulation o f  H+ and OH“ ions will eventually result in pH change in reservoirs. 

The change o f the electrolyte composition in the reservoirs will eventually propagate into 

the microchannel, and gradually affect performance o f the electrophoresis. The pH 

changes in electrode buffers during capillary electrophoresis (CE) has been noted 

experimentally as previously reported by M acka et al.[4], Oki et al [5], Bello [6 ] and 

M inerick et al. [1], For instance, M inerick et al. reported a substantial pH gradient across 

the capillary (20 /an  i.d.) developed from a neutral 7.4 to as high as 12 in the cathode 

reservoir and as low as 2 in the anode well when an electric field (-37.5 V/cm) was 

present for a period o f 30 minutes in a PBS buffer (140 mM NaCl, 22 mM KH 2 PO 4 , 9.1
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mM K 2 H P O 4 )  [1]. The effects o f pH change on the reproducibility o f  CE have also been 

addressed in previous reports [1, 7, 8 ].

In particular, cell manipulations on microchips may involve multiple steps or 

processes such as transport [9], sorting [10], and capture [11]. These steps may take 

longer time than a simple CE separation. Additionally, reversing o f  voltage polarity may 

complicate the ion migration in the channels. Therefore, changes in the electrolytes (e.g., 

pH) can greatly affect the repeatability o f cell migration. On the other hand, the effective 

charge o f the cell is greatly affected by the presence o f ions in the solution, these form a 

layer o f opposite charge around the cell [12-14]. (See Chapter 1 for the description o f 

electric double layer and zeta potential). The electrophoretic mobility o f a cell is 

dependent on the zeta potential. Since the ionic strength o f the separation medium, which 

in practice is usually monitored by the conductivity, has a direct effect on the layer o f 

ions around the cell, and therefore on the zeta potential, the change o f the ion strength 

during CE affects the mobility o f the cells. According to Shortman [13], the effect o f the 

conductivity on the mobility o f a cell can be calculated from an empirical relationship:

M i/ M2 =  [0 7 J  o  1 ] 1/2 ( 1 )

where Mu M2  are the cell mobilities before and after the change o f the conductivity (ionic 

strength) o f the medium, 0 \, 0 2  are the corresponding conductivity o f the medium. 

According to the equation (1), the higher conductivity (or ionic strength) o f the medium 

results in the lower cell mobility.

Studies o f the stability o f CE, in terms o f  change o f electric current, are beneficial 

for the development o f  methods to minimize those unexpected effects discussed above. In 

this chapter, we present our observations on change o f the electric current during CE. We 

want to determine the relative importance o f  electrode effects and ionic movements. 

Additionally, the stability o f CE for microparticles, in terms o f mobilities, was studied. 

Understanding those effects will be critical for the development o f  microchip protocols 

for cell manipulations, where small shifts in mobilities are used to identify cells.
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4.2 Materials and Methods

4.2.1 Reagents

GeneScan® polymer (7%, P/N: 401885) was obtained from A pplied Biosystems (Foster 

City, CA, USA). A  Tris-borate with EDTA buffer (TBE) was made with Tris base and 

boric acid from Fisher Scientific (Fair Lawn, NJ, USA) and EDTA from M erck 

(Darmstadt, Germany). The running buffer, referred to as “ 1TBE10G”, was made with 

glycerol (SigmaUltra, lot No.: 121K0121) from Sigma-Aldrich (St Louis, MO, USA) and 

the TBE buffer so that the final concentration o f the glycerol was 10% (w/w) the TBE 

was U T B E  (pH: ~8.3). The 1TBE10G and the lxT B E  were diluted lOx (unless 

otherwise specified) using distilled water. The separation medium was 5% (w/w) 

GeneScan® polymer and 10% (w/w) Glycerol in the lxT B E  buffer (referred to as 

“5GS10G”).

Surfactant-free sulfate white polystyrene latex beads with a diameter o f 9.6 pm 

(Product No. 1-10000) were purchased from Interfacial Dynamics Corporation (Portland, 

OR, USA). The latex beads are suspended in distilled de-ionized water from the 

manufacturer. The particle number per milliliter the suspension is 8.6x107. The 

coefficient o f variance (CV) o f the diameter is 7.4% (from the manufacturer). An aliquot 

o f the stock bead suspension (e.g., 1 0  pi) was mixed with a running buffer (e.g., 1 0 x 

dilution o f the lxTB E) in a 200-pl PCR tube so that the concentration o f the beads was 

8 .6x l0 5 ea. per milliliter. The separation medium for the latex beads was 5% (w/w) 

GeneScan® polymer in a 0.5xTBE buffer (unless otherwise specified). In order to inject 

beads, the sample waste well was connected to 200 V; the sample well was connected to 

ground, while the other two wells were electrically disconnected. The transport o f cells in 

the separation channel was obtained by connecting the buffer waste well to 2 kV 

(otherwise specified) and the buffer well to ground. For transport o f  the beads in reverse 

direction, the electrical connection was reversed.
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4.2.2 Microchips and Microfluidic Tool Kit

Standard microchips were used in this work. As detailed in section 2.2.2 o f Chapter 2, 

microchip performance assessment and microchip rejuvenation were performed when a 

microchip was taken out o f  storage for experiments.

4.2.3 Voltage Programs and Positioning of the Electrodes

The microchip was loaded with 5GS10G in the channels and all wells (3 uL for each 

well). Refer to section 2.2.3 o f Chapter 2 for the procedure o f microchip loading. A 

typical voltage program used in this work is shown in Table 4.1. It consists o f two steps. 

In the first step, the buffer waste well was connected to 6 kV; the buffer well was 

connected to ground, while the other two wells were electrically disconnected. In the 

second step, the electric field polarity was reversed. In this report, only the electric 

current measured at the ground side was analyzed due to a better accuracy o f the 

measurement at the ground side (according to the manufacturer).

Table 4.1 Voltage Program for Current Stability Study

Step Time
(sec.)

Sample waste 
well

Buffer waste 
well

Sample
well

Buffer
well

i 600 Float 6.00 kV Float Ground

2 600 Float Ground Float 6.00 kV

Electrode 
Position A

Electrode 
Position B

Electrode 
Position C

Figure 4.1 Positioning o f the electrodes in wells (top view) for the study o f electrode position effect on 

electrophoresis stability

The effect o f electrode position on current stability was studied using nickel 

electrodes. Cylindrical nickel electrodes have diameter o f ~0.5 mm. Wells on the
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microchip have diameter o f ~2 mm. The tip o f  inserted electrodes reached the bottom o f 

each well. Various horizontal positions o f electrodes were tested (shown in Figure 4.1). 

Experiments were performed in such a way that only the position o f the electrode was 

changed. The microchip was loaded with fresh reagent for each test. The voltage program 

in Table 4.1 was used.

4.2.4 Chemical Treatments of Platinum Electrodes

In addition to the work with Ni, the chemical stability o f Pt electrodes was investigated. 

Two chemical treatments o f platinum electrodes were performed in order to find out if  

the electrode surface conditions (e.g., surface oxidation) could affect the current stability. 

In treatment A, the two electrodes were first rinsed with distilled w ater thoroughly, 

followed by a 1 0  minute immersion in 1 M nitric acid, and a 2  minute rinse with distilled 

water. This treatment was supposed to be able to remove all organic adsorbents on the 

surface o f the electrode and oxidize the surface [15]. In treatment B, the electrodes were 

placed into a 2M ferrous sulfate solution for 30 minutes followed by a 2-minute rinsing 

with distilled water. Treatment B was supposed to be able to remove the oxide layer on 

the electrode surface [3]. Fresh reagent and buffer were used in each CE test.

4.2.5 Stability of Mobilities of Single Microparticles

Latex beads (9.6 fxm) were selected for the study o f electrophoresis stability, because 

their size and color were suitable for direct observations using the eyepiece o f  the [iTK. It 

was found that the beads migrated towards the +ve electrode in the specified CE 

conditions. Since the EOF was negligible in 5GS10G (refer to Chapter 3), the migration 

direction indicated that the latex beads were negatively charged. In order to capture one 

bead each time in the intersection o f the channels, the bead concentration in the sample 

well was kept low (i.e., ~106  ea. per milliliter). Upon application o f the injection voltage, 

beads migrated from the sample reservoir towards the sample waste reservoir. A bead 

was selected at the intersection o f channels by turning off the injection voltage at the 

appropriate time. The bead was then transported 5 mm away from the intersection in the 

separation channel by applying a voltage along the channel. The selected bead was 

moved back and forth between two fixed spots (5 mm apart) in the channel by switching
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voltage polarities. The voltage was turned o ff manually when the bead reached either o f 

the specified spots. The migration time o f the bead, in each one-way trip from one spot to 

another during those successive reversals, was recorded by the control software o f  the 

/xTK and was read out from the screen. The average velocity o f  each single bead was 

calculated by dividing the distance {i.e., 5 mm) by the migration time o f each one-way 

trip. The voltages applied along the channel (-8 .2  cm) were kept at 4 kV. The velocity o f 

beads was used for the analysis o f migration stability o f the beads.

4.3 Results and Discussions

4.3.1 Typical Current Changing Patterns

9.4

3  9.2

9

8.8

8.6
0 600 1200

time (sec.)

Figure 4.2 A typical pattern o f electric current change with time. Platinum electrodes were used. Refer to 

section 4.2.2 for electrophoresis conditions. Current data acquisition frequency was 25 Hz. Data smoothing 

was performed using DPlot (version 2.0.1.4, HydeSoft computing, Vicksburg, MS, USA). Smoothing 

window was 100. The current measurement quantization was 100 nA (Quantized by resolution o f ADC).

As shown in Figure 4.2, in a 600s electrophoresis, a typical current changing pattern 

showed a minor increase o f the current (-2% ) within -5 0  s in the beginning o f  the 

electrophoresis run, and then became stable for a period o f about 250s, followed by a 

stepped decrease until the end o f the step. In the second step, in which the voltage 

polarity was reversed, the measured current initially increased upon the application o f the 

voltage. It reached its maximum after about 250s, and kept stable for a short time 

(~ 1 0 0 s), followed by a decrease until the end o f the voltage program.

In order to understand the current changing pattern, further experiments were 

performed, as described below.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.2 Start Point of Electrode Surface Conditions

It is well known that all noble metal electrodes, including platinum, are not as chemically 

inert as might be assumed. The oxidation o f Pt to PtO, and the adsorption o f organics are 

the reaction pathways that compete with the desired Faradaic reactions at the platinum 

electrode [3, 15]. First, a surface oxide layer o f platinum will be formed if  the electrode 

has been subjected to anodic potentials for sufficient times [3]. On the other hand, the 

oxidized platinum can be converted to a reduced platinum electrode by cathodic 

conditions [3], Besides the oxidation and reduction reactions on the platinum electrodes, 

the adsorption o f  organic compounds on electrode has also been frequently reported [lb - 

21], and is referred to as “electrode fouling” [19, 21-24].

8 ..8

8.6

8.4 Ferrous Sulfate

8.2

8

7.8

7.6
0 100 200 300 400 500 600

time (sec .)

Figure 4.3 Current changing patterns after two different chemical treatments to platinum electrodes. Data 

smoothing was performed using DPlot (version 2.0.1.4, HydeSoft computing, Vicksburg, MS, USA). 

Smoothing window was 100. The current measurement was quantized by resolution of ADC (100 nA).

If  the aforementioned reactions on the electrode surface were significant in changing 

the electrode surface, the CE runs might have started from a different starting point o f the 

electrode conditions without any treatments o f the electrodes. To find out how a different 

starting point affects the current pattern, we treated the electrodes chemically using 

various methods as described in section 4.2.4. Treatment A was first performed on two 

platinum electrodes. Those two electrodes were then used in a CE test using a voltage 

program (step one in Table 4.1). After that, the two electrodes were treated with method 

B, followed by the same CE test. As shown in Figure 4.3, after treatment with HNO 3 

(treatment A), a relatively low current was obtained during the CE, as compared to the 

current obtained after the treatment with ferrous sulfate (treatment B). The low current
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was probably due to the oxidation o f  the surface o f the electrodes after the treatment with 

the H N O 3 .  In contrast, the treatment w ith ferrous sulfate resulted in a less oxidized 

surface o f the electrode and therefore the electrodes had higher conductivity. However, 

although the current levels were different after those treatments, the current changing 

patterns were essentially identical. This observation suggests that the oxidation status o f 

the electrodes may vary among the electrophoresis runs but it is not associated w ith the 

current changing patterns.

4.3.3 Effect of Electrode Positions

To study the effect o f positions o f electrodes in the electrophoresis, all experiments were 

performed in such a way that only the position o f the electrodes changed. Since the 

analysis time o f each CE test was relatively short, we assumed that the oxidation and 

reduction reactions on the electrodes were negligible. Therefore, the only variable o f 

those experiments was the position o f  electrodes in wells.

9.4
Ftosition A_  9.2
Position B

Position C

100 200 300 400 5000 600

Time (Sec.)

Figure 4.4 Electric current changes with electrophoresis time. The reagent was 5GS10G. The electric field 

was 760 V/cm. The electrode material was nickel. Data smoothing was performed using DPlot (version 

2.0.1.4, HydeSoft computing, Vicksburg, MS, USA). Smoothing window was 100. The current 

measurement quantization was 100 nA (Quantized by resolution of ADC).

As shown in Figure 4.4, the pattern o f electric current’s changing with time was 

found to be dependent on the lateral positions o f the electrodes in the wells. W hen the 

electrodes were placed near the inlet o f the channels (position C in Figure 4.1), the 

current started to decrease almost immediately upon application o f the voltage. W hen the 

electrodes were placed in position B (the middle o f the wells), the electric current started 

to increase upon application o f the voltage, then the current was stable for ~180 seconds,
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followed by decreasing value. W hen the electrodes were placed in position A  (the 

furthest position from the inlet), the electric current started to increase upon application 

o f the voltage, then the current was stable for ~300 seconds, followed by decreasing 

value. The closer the electrodes were placed to the inlet o f  the channels, the earlier the 

current started to decrease, and the lower the final current level was. The result was 

repeatable and order independent.

Macka et al. has reported the relative positions o f electrode and capillary had effects 

on the reproducibility o f  migration times and peak area in a CZE separations [4]. It was 

found that good reproducibility and stable baseline were obtained when the capillary end 

was positioned below the electrode tip and with a certain lateral distance (1 mm). Instead, 

when the electrode and capillary were touching and capillary end was higher than the 

electrode, poor reproducibility and baseline instability were evident. The poor 

reproducibility was explained as the result o f pH change inside the capillary: the closer 

the electrode to the capillary inlet, the easier the access o f H+ and OH' to the capillary. 

Our observation o f the dependence o f current stability on the electrode positions was in 

agreement with those earlier findings.

Since lxT B E  buffer was used in our experiments, the pH change might not be 

significant during the CE. We believe that the aforementioned observations o f current 

changes during CE could be explained by space charge distributions. Due to the geometry 

o f the channel network and wells, the electric field intensity in the channels is much 

higher than it is in the wells. Meanwhile, a gradient o f the electric field exists in those 

wells (simulation o f the electric field distribution will be discussed in Chapter 5 in detail). 

Ions in different locations experience different electric forces and therefore have different 

migration velocities. The redistribution o f  the space charges under an electric field results 

in a change o f  current with time. The minor increase at beginning o f  a CE run (when 

electrodes were at position A or B) was probably caused by the migration o f ions from 

the wells to the channel and the resulting enrichment o f space charges. The decrease o f 

current probably resulted from the decrease o f ion concentrations within the network o f 

channels. As more and more anions migrate into the anode reservoir while cations 

migrate into the cathode reservoir (and each exchange their charges with electrodes), the 

concentration o f charged ions will decrease and result in eventual decrease o f  the current.
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The switching o f the polarities results in reversed migration o f  ions, and reversed current 

changing direction. Because the electric field lines mainly distribute between those two 

electrodes, space charges between those two electrodes contributed most to the current, 

provided diffusion and convention mass-transfer are negligible [25]. Therefore, m inor 

variation o f the electrode position in the well will result in a big difference in ion 

numbers involved into the electromigration. The closer the electrode is to the inlet o f the 

channel, the fewer ions in the wells are involved, and the shorter the time before the ion 

concentration is affected; the further the electrode is to the inlet o f the channel, the more 

ions in the wells are involved, and the longer the time w ith relatively stable ion 

concentrations.

4.3.4 Effect of Electrode Materials

Using platinum and nickel electrodes, a total o f 13 current changing curves were obtained 

in such a way that reagent composition, reagent volume and voltage program were 

identical for each run (however, the electrode position in wells was unknown). It was 

found that the current increasing pattern in the first step o f the voltage program (Table 

4.1) was associated with the decreasing pattern in the second step o f  the voltage program. 

A  typical electropherogram obtained using the platinum electrodes and a typical 

electropherogram obtained using the nickel electrodes are shown in Figure 4.5. As shown 

in Figure 4.5A, we defined a triangle with area A = 0.5 * At * Ai, where At is the duration 

from the point that current starts to decrease to the end o f  the 1st step o f the voltage 

program (600s), Ai is the total decrease in current in the 1st step. In the second step, the 

rate o f  increase o f  the current was defined as R = h / w, where h is the difference between 

the maximum current and the minimum current in the 2nd step; w is the duration o f  the 

current increasing in the second step. R was plotted against A. It was found that the R had 

a roughly linear correlation with A (see Figure 4.6).

The data o f R and A obtained using two types o f electrodes, platinum and nickel, 

were plotted in the same graph. As shown in Figure 4.6, data obtained using nickel 

electrodes were significantly different from those obtained using the platinum electrodes. 

The observation indicates that electrode reactions played a key role for the current 

stability in CE. It is believed that the mass transfer will accompany the electron exchange
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between ions and electrodes [25]. For instance, positively charged ions receive electrons 

from the electrode and then become neutral particles. W hen the polarity o f electric field 

is reversed, some neutralized particles on the surface o f  those electrodes become charged 

again and become involved in ion migration, resulting in the increase o f space charge and 

current. The net effect o f the exchange o f electrons is the consumption o f buffer ions. The 

rate o f the increase o f the current, after the polarity o f  electric field is reversed, is 

determined by the number o f  the released ions. The fewer the released ions from the 

electrode surface, the slower increase o f the current in the second step, and vice versa. As 

a relatively more active metal, the releases o f previously deposited ions from the surface 

o f  the nickel tend to be less significant than those on the platinum electrodes. According 

to the graph in Figure 4.6, for a specified value o f A, the h/w value on the curve for the 

nickel electrodes was smaller than that on the curve for the platinum electrodes, 

indicating a relatively lower increase rate o f current in the second step o f the CE using 

nickel electrodes. This was in agreement with current curves in Figure 4.5.

10
A) Pt

9..8

9.6

9.4

9.2

9
t0 600 1200

Time (sec.)
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Figure 4.5 A) Electropherogram obtained using platinum electrodes and definition of the curve features; B) 

Electropherogram obtained using nickel electrodes. Data smoothing was performed using DPlot (version
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2.0.1.4, HydeSoft computing, Vicksburg, MS, USA). Smoothing window was 100. The current 

measurement quantization was 100 nA (Quantized by resolution o f ADC).

0.006
Platinum Electrode

0.005

— 0.004 (0
3 ,  0.003  
i
■C 0 .0 0 2

Nickel Electrode

0.001

0 50 100 150 200

A (//C )

Figure 4.6 Derived data from current changing curves: electric current increasing rate (h/w) against triangle 

area (A)

Both the effect o f the electrode positions and the effect o f the electrode materials are 

associated with the change o f space charges with time. In a summary, the electric current 

during CE is determined by the concentration o f  space charges in the channels, which 

change with time due to electrochemical reactions. The mechanism o f those 

electrochemical reactions is not the focus o f  this work. However, the awareness o f  those 

effects and relative variables is critical to obtain repeatable CE analysis.

4.3.5 Stability of CE of Single Microparticles

Using the method described in the section 4.2.5, it was found that the migration velocity 

o f  a single bead changed with time during CE. We found that the changing pattern o f the 

migration velocity o f latex beads was associated with the concentration o f the running 

buffer o f the electrophoresis. Figure 4.7 shows the typical velocity changing patterns o f 

single 9.6 /xm beads in various buffer concentrations. In 0.5xTBE (and 5% GeneScan 

polym er addition), the migration velocity o f one latex bead decreases progressively until 

roughly stable (<5% variation) after ~6 minutes. In lxTB E (and 5% GeneScan polymer 

addition), the migration velocity o f one latex bead increased in the first 2 minutes and 

then became stable. In 2xTBE (and 5% GeneScan polymer addition), the migration 

velocity o f one latex bead increased in the first 5 minutes and then became stable. Due to
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the heterogeneity o f the latex bead population on electrophoretic mobility in a certain CE 

condition, the pattern o f  the velocity change o f latex beads varies. However, the 

dependence o f the velocity pattern o f  beads on the buffer concentration was consistent.

During our investigations o f  the instability o f the bead velocity, it was also found 

that buffer replenishment could result in a sudden change o f the velocity o f a bead. 

Figure 4.8 shows a typical changing pattern o f  a 9.6 [im bead. The velocity was about 300 

ju.m/s at the beginning o f the test. W hen the velocity decreased to about 150 /am/s after 

about 600 seconds, the buffers in the wells were replenished. After the buffer 

replenishment, the velocity started to increase until roughly stable again after about 1000 

seconds o f elapsed time. The observation indicated that the reagents in the reservoirs 

changed with time and affected the migration o f beads significantly.

Since the changes in the reagents are inevitable during CE, we believe that 

microparticle velocity changes with time during electrophoresis are unavoidable. 

However, this should not be a concern for cell separations, because all cells in a mixture 

will migrate in the same ionic environment during the separation. As long as the cell 

mixture is separated in identical CE conditions, the repeatability o f the cell separations 

will not be a problem. Alternatively, a standard (e.g., latex beads) that has a known 

electrophoretic mobility in certain electrophoresis conditions may be used for the 

differentiation o f cells.
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Figure 4.7 Typical patterns o f the velocity changes of 9.6 /tm single beads. Electric field was 470 V/cm. ▲ 

represents the data point o f a bead in 0.5><TBE and 5% GeneScan polymer; •  a bead in 1 *TBE and 5% 

GeneScan polymer; ■ a bead in 2><TBE and 5% GeneScan polymer. Platinum electrodes were used.
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Figure 4.8 Velocity change with time of a latex bead when the buffer was replenished. Reagent in the 

channel was 0.5XTBE and 5% GeneScan polymer. Electric field was 470 V/cm. Platinum electrodes were 

used.
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4.4 Conclusions

A small volumed reagents and reduced sample consumption are major advantages o f  the 

size shrinkage o f microchips. However, the small volumes o f reagents result in ionic 

limitations in the sense that relatively a small number o f ions are available to prevent the 

change of pH, and the change o f electric current.

Our observations o f the effect o f  electrode positions and the effect o f electrode 

materials were believed to be the results o f the electrode electrochemistry and the change 

o f space charge distribution with time. These effects will eventually affect the mobility o f 

the sample during CE analysis. To obtain a repeatable electrophoresis, the awareness o f 

those effects and the control o f related variables are critical.

The CE stability was also evaluated using microparticles in various buffer 

concentrations. Our observations suggested that the microparticle mobility changes with 

time during the electrophoresis were unavoidable, independent on the buffer 

concentration. Cells in the same population have heterogeneous properties. Their 

responses to the change o f CE medium m ay vary. However, as long as the mobility 

distributions o f cell populations do not overlap in a specified time, the separation o f cell 

mixtures by CE is still feasible.
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Chapter 5

Electrophoretic Separation of Biological 

Cells on Microfluidic Chips

5.1 Introduction

The feasibility o f  handling biological cells in microfluidic devices using various physical 

forces has already been demonstrated in the literature [1-4]. For example, Li and Harrison 

used electroosmotic pumping to transport biological cells within a network o f channels 

on glass microchips [1]. Other methods for manipulating cells on microfluidic devices 

have included using off-chip pumps for cell transport [5], using optical or 

dielectrophoretic traps for cell sorting [6], and using specially-designed microstructures 

for cell docking [7]. Besides the techniques for cell manipulation, the integration o f 

multi-step cellular analysis has also been demonstrated in recent reports [2, 3]. For 

instance, according to Waters et al.[2], cell lysis, PCR amplification, and electrophoretic 

analysis o f the genetic amplicons were performed successfully on a monolithic 

microchip. However, in all those reported Micro Total Analysis Systems (/xTAS), the 

separations o f particular cells o f interest from mixed populations were performed off-chip 

to reduce the complexity o f the design. For achieving effective levels o f integration o f 

jttTAS, on-chip separation or sorting o f cells is o f vital importance. Besides the demand 

for the integration o f the pCTAS, chip-based techniques for bacterial cell separation and

detection are also required for applications in many other fields, such as food and
/

environmental water monitoring, to replace the conventional methods that are extremely 

costly and labor extensive.

As summarized in Chapter 1, biological cells can be separated by various techniques 

on micron scale devices. Among those techniques, dielectrophoresis (DEP) is one o f the 

most popular approaches for on-microchip cell sorting [6, 8], DEP separation is based on 

the principle that dielectric particles placed in an AC electric field are polarized and
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experience a variable translation force, which depends on the applied frequency and the 

properties o f the medium. Thus, by manipulation o f the medium conductivity and applied 

frequency one can separate biological cells based on their dielectric properties. However, 

this approach has its limitations (see Chapter 1).

Capillary electrophoresis (CE) has been successfully used to separate a wide variety 

o f biomolecules such as proteins [9-11] and DNAs [12-14], whose sizes are usually 

expressed in terms o f  angstroms. As for cells, which typically have sizes o f microns and 

possess a broad distribution o f the electrophoretic properties (so-called electrophoretic 

heterogeneity [15]), the separation o f  cells by CE is challenging. Ebersole and 

McCormick were among the first to demonstrate the feasibility o f preparative separations 

o f biological cells by conventional CE [16]. According to their report, artificial mixtures 

o f two types o f bacterial cells, S. pyogenes and S. pneumoniae, were separated in 0.05 

xTBE (pH 9.5) using 250 cm long, 100 pm  i.d. capillaries over periods longer than one 

hour (in an electric field o f -1 2 0  V/cm). Analysis o f the fractions of the separation 

indicated that the cells were quantitatively resolved and could be recovered at purities 

greater than 98%. Microscopic examination showed that the peaks were composed o f 

single cells (each o f a single type for each peak), indicating that those separations were 

true separations. Pfetsch and W elsch reported the separation o f four different types o f 

bacterial cells by CE under similar conditions (using 250 pm  i.d., 250 cm long 

capillaries; in a TBE buffer with ion strength o f 0.0015 mol/L (pH 9.6)*; in an electric 

field o f 120 V/cm) in a period o f about 40 minutes [17]. Besides the CE analysis o f 

bacterial cells, many publications on CE separations were focused on mammalian cells, 

especially red blood cells (RBC). Tsuda et al. reported the separation o f RBCs at the 

single cell level by CE in saline containing 1% bovine serum albumin [18]. It was found 

that the intensities o f  the scattered light signals o f single RBCs in the electropherograms 

corresponded to the distribution o f their electrophoretic mobilities. Zhu and Chen 

analyzed the electrophoretic mobilities o f a variety o f RBCs (human, chicken, pig and 

rabbit) using fluorinated ethylene-propylene (FEP) capillaries (0.45 mm i.d.) [19].

* According to the authors, the ion strength of the TBE buffer was calculated by assuming the presence of 
the following ions: Tris+, OH', EDTA4', 5Na+, B(OH)4\
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Significant differences in the electrophoretic mobilities among different types o f cells 

were observed (discussed in detail later in this section).

The aforementioned separations were always accomplished in a relatively long time 

(e.g., longer than one hour for the separation o f  two types o f bacterial cells, S. pyogenes 

and S. pneumoniae in [16]) and long distance (e.g., ~  lm  in [16]). Additionally, using any 

o f the aforementioned techniques, the broad distributions o f cell mobilities always 

resulted in broad peaks in the electropherograms (e.g., the FW HM of bacterial peaks was 

at the level o f minutes according to [16]).

In recent years, a few groups have reported the separation o f bacterial cells at the 

population level with relative short analysis times and sharp peaks. According to 

Armstrong et al. [20], the separations o f M. luteus, E. aerogenes, P. fluorescens, and  

S.cerevisiae were achieved in less than 10 minutes, using 100-/xm i.d. and 27 cm long 

capillaries. Those high efficiency separations were attributed to the use o f a polym er 

additive (0.025% (w/w) polyethyleneoxide) in a running buffer (0.5 mM TRIS, 0.5 mM 

boric acid, and 0.011 mM EDTA, pH 8.4 [20]). The exact mechanism for the resulting 

separations was not completely understood in their early reports [21-23]. It was 

subsequently shown in other works by Armstrong et al. that aggregation o f cells played a 

significant role in obtaining the single sharp peaks during the CE separations o f  the cell 

mixtures [24-26]. It remains unknown whether a small number o f cells (e.g., less than 10 

ea) will aggregate together using the technique described in [21-23]. Moreover, since the 

number o f cells in the agglomerate cannot be determined beforehand in a real world 

application (unless counting the cell numbers in each fraction afterwards [21]), and cell 

agglomerates with various sizes have different mobilities, the repeatable migrations o f 

each cell subpopulation are not achievable. In other words, the identification o f  cells 

based solely on their mobilities is not feasible if  aggregation takes place in the CE. 

Therefore, the separations in the reports o f Armstrong et al. [21-23] were false 

separations. In another report by Shintani et al. [27], single sharp peaks of cell populations 

were obtained in the separation o f Salmonella enteritidis and Salmonella typhimurium  by 

adding 0.01% sodium alginate in the CE running buffer o f TBE. However, the purity o f 

cells (or contamination rate) in each fraction and the mechanism o f the sharp-peak
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separations in their publication were not clarified, and therefore the separations could be 

false separations.

As described above, some work has been done towards the separation o f biological 

cells by CE. Unfortunately, many o f  those results were controversial. Additionally, the 

CE separations o f different cell populations are possible only when sufficiently large 

differences exist in their electrophoretic mobilities (/xEP). The question remains: is the 

identification o f single cells based solely on their apparent electrophoretic mobility truly 

feasible [25, 26]?

Electrophoretic mobility values o f some cells have already been obtained using 

conventional CE. For instance, according to Zhu and Chen [19], under identical CE 

conditions, the average retention time (the migration time from the injection point to the 

detector [19]) o f human RBCs was 14 minutes, while the average retention time o f rabbit 

RBCs was 26.6 minutes (see Table 5.1). Since the mobility difference from the human 

RBC to the rabbit RBC is far larger than the variation o f cell mobilities in each 

population (e.g., 9.2% for the human RBC), it suggests that the CE has the ability to 

separate those two cell populations. Silvinsky et al. collected the electrophoretic mobility 

o f eukaryotic cells from the literature published worldwide during the past about 40 years 

[28]. The mobility differences among some o f those cells were significant (see Table 5.1 

for some examples). Although those electrophoretic mobility values were obtained by 

different people under different CE conditions, the information unveiled from those data 

was apparent: mobility differences exist among a wide variety o f  cells, and CE has the 

ability to separate cells in many applications. As discussed in Chapter 1, CE on 

microchips offers many advantages over its conventional counterpart. It may also provide 

opportunities for improving the efficiency and accuracy o f cell separations.

Table 5.1 Electrophoretic Mobilities o f Various Cells

Cell type H (pm .cm .v1 
•s'1)

Electric field 
or voltage

Additives or ions in 
medium Ref.

Rabbit RBC 1.64
-243 V/cm 0.1% HPMC, pH 7.18 [19]Human RBC 3.55

Human T-cells, CD4+ 1.18 5-15 V/cm 145 mM NaCl T291
Human B-cells 0.78 5-15 V/cm 145 mM NaCl T291

Human nasopharyngeal 
cells, CNE 2L2 1.37 20 V 145 mM NaCl [28]

* HPMC is the abbreviation o f hydroxypropylmethylcellulose
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The goal o f  the w ork presented herein was to investigate the feasibility o f the 

electrophoretic separations o f  biological cells on microfluidic devices. Based on the 

characterization o f the electrokinetic transport properties o f  cells in microchannels, we 

developed protocols for the on-chip injection and separation o f  cells. On-chip separations 

o f mixtures o f  cells were also demonstrated. It has been proved that the selection o f 

particular cells o f  interest on a microchip, based solely on their electrophoretic mobility, 

is feasible and promising.

5.2 Materials and Methods

5.2.1 Reagents

GeneScan® polym er (7%, P/N: 401885) was obtained from Applied Biosystems (Foster 

City, CA, USA). A Tris-borate with EDTA buffer was made with Tris base and boric 

acid from Fisher Scientific (Fair Lawn, NJ, USA) and EDTA from M erck (Darmstadt, 

Germany) (10><TBE, 890 mM  Tris, 890 mM  boric acid, and 20 mM  EDTA, pH: ~8.3). 

The running buffer, referred to as “ 1TBE10G”, was made with glycerol (SigmaUltra, lot 

No. 121K0121) from Sigma-Aldrich (St Louis, MO, USA) and the TBE buffer so that the 

final concentration o f the glycerol was 10% (w/w), and the TBE was 1XTBE. The 

separation medium was 5% (w/w) GeneScan® polymer and 10% (w/w) Glycerol in 

lxTB E buffer (referred to as “5GS10G”). M illiQ water was made by filtering distilled 

water through a Millipore Ultra-Pure W ater System, and it was kindly supplied by Dr. 

Glerum, Department o f Medical Genetics, University o f  Alberta. In some experiments in 

this work, glycerol was not used in the separation medium. GeneScan polymer was added 

into the TBE buffer so that the final concentration o f the polym er was 5% (w/w), and the 

TBE concentration was lxT B E  (referred to as 5GS1TBE). Except a reduced viscosity, 

we found the performance o f the 5GS1TBE in the separation experiments was identical 

to the 5GS10G.

To-Pro-3 iodide solution in DMSO, a monomeric cyanine nucleic acid stain, was 

obtained from M olecular Probes (Eugene, OR, USA).

A modified Alsever’s solution was obtained from Canadian Blood Services (CBS, 

1800 Alta Vista, Ottawa, ON). The solution was used as a red blood cell preservation
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solution. According to the CBS [30], this reagent is a solution o f trisodium citrate, 

sodium chloride, inosine, glucose, citric acid, neomycin sulphate, chloramphenicol, 

adenine and sodium hydroxide.

5.2.2 Latex Beads and Cells

Latex beads were used in some experiments in this work due to their similarity to cells in 

terms o f size and shape, and their ease o f use. W hite sulfate beads with diameter o f 4 pm  

(Product No. 1-4000) were purchased from Interfacial Dynamics Corporation (Portland, 

OR, USA). The latex beads are suspended in distilled de-ionized water from the 

manufacturer. The particle number per milliliter o f the 4pm  latex is 1.2xlO9. The 

coefficient o f variance o f the diameter is 5.1%. An aliquot o f  the stock bead suspension 

(e.g., 10 pi) was mixed with a running buffer in a 200-pl PCR tube so that the
o

concentration o f the beads was 1.2x10 ea. per milliliter, followed by centrifugation 

(Eppendorf centrifuge Model 5415D) at 3600 rpm  (-1200 g) for 2 minutes to form a 

pellet o f the beads. The supernatant was carefully removed using a micropipette. The 

pellet o f the beads was then resuspended into the running buffer and the concentration o f 

the beads was maintained to the original level (i.e., 1 .2x l08 ea. per milliliter). After a 30 

second vortex step, this process (including the centrifugation and resuspension) was 

repeated two times.

Saccharomyces cerevisiae (baker’s yeast), purchased as dry powder, was a product 

o f Fleischmann’s (Lasalle, QC, Canada). Before the CE experiments, the yeast powder 

was suspended in a running buffer to obtain a final concentration o f 20 mg/ml (w/v) 

(otherwise specified). The yeast cell suspension was washed twice following the same 

procedure as the latex described earlier in the section.

Reagent red blood cells (Panoscreen®) were obtained from Immucor Gamma 

(Norcross, GA, USA). The cells were spun down by centrifuging at 4000 rpm (-1333 g, 

Eppendorf 5415D) for 10 minutes and resuspended in a modified Alsever’s solution. 

Before CE, an aliquot o f the RBC suspension (e.g., 50pl) was transferred into 1TBE10G 

to obtain a final concentration o f 2% RBC in the suspension (packed cell volume: buffer 

volume = 2: 100). The RBC suspension in 1TBE10G was washed 2 times following a
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similar procedure to the latex beads except using different centrifuge parameters (4000 

rpm, 2 minutes) and using hand-shaking instead o f  vortexing to disperse cells.

Bio-safety precautions were as follows: all the cell suspensions were transferred into 

a 10% bleach solution (less than 8 hours old) using a micropipette. The bleach solution 

was disposed o f  down the drain after 12 hours. The work area was wiped using 

TechniCloth® wipe and 70% ethanol. All solid waste, such as used pipette tips and 

contaminated TechniCloth, was put into a small plastic bag and disposed into a biohazard 

waste container.

5.2.3 Staining of Cells

In order to detect cells using laser induced fluorescence (LIF) or fluorescence 

microscopy, some cells and beads were incubated with To-Pro-3 (excitation 642 nm, 

emission 661 nm, M olecular Probes) before CE in some experiments. Cells were first 

suspended into a running buffer following the procedures described in section 5.2.2. An 

aliquot o f the stock To-Pro-3 solution was added into the cell suspension to obtain a final 

concentration o f the To-Pro-3 o f 10 gM (otherwise specified). The dye was mixed with 

the cell suspension immediately by shaking the container by hand. Vortexing was 

avoided for RBCs to prevent possible damage o f the intact cells. The mixture o f cells and 

the dye was incubated at room temperature in the dark (e.g., container was covered by an 

aluminum foil) for 10 minutes. After the incubation, two cycles o f the washing process 

were performed in order to remove the free dye from the cell suspension.

According to Sakamoto et al. [31], the To-Pro-3 was used for the staining of fixed E. 

coli 0157:H 7, and bright fluorescence from the cells was detected under an 

epifluorescence microscope. In our work, the cell staining method was modified from the 

one reported by Sakamoto et al. in [31]. The staining and the fluorescence detection o f 

cells will be discussed in section 5.3 in detail.

5.2.4 Microchip and Microfluidic Tool Kits (ptTK)

Figure 5.1 shows a single cross microchip (Micralyne Inc., Edmonton, AB) consisting o f 

4 wells (or reservoirs) linked by two microchannels, one o f which serves as a separation 

channel approximately 92 mm in length, the other one serves as an injection channel
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approximately 10 mm in length. The channels are nominally 140 pm  wide and 60 pm  

deep. This type o f  chips (referred to as Type A) was used for the separation o f RBCs and 

yeast cells. Standard double cross microchips (refereed to as Type B in this chapter, refer 

to the section 2.2 o f Chapter 2 for the description in detail) were also used in some 

experiments, especially for the separations o f yeast and latex beads. Microchips were 

rejuvenated (following the procedure described in Chapter 3) before each run o f  cell 

electrophoresis.

Please refer to the section 2.2 o f  Chapter 2 for the description o f the M icrofluidic 

Tool Kits (pTK). In this work, we used a LIF system that provides excitation at a 

wavelength o f 630 nm and detection at 670 nm. The excitation laser was focused at the 

center o f the channel on microchips. The position o f the detection point varied according 

to the purpose o f the experiment.

I ^10 mm ^  t  76.5 mm

J (J)Buffer Sample waste o  o

I :
' 1

Sample Q  . o  i

Buffer waste

Figure 5. 1 Diagram o f a single cross microchip (Type A)

5.2.5 Injection and Separation of Cells on Microchips

Prior to loading, the microchip was rejuvenated following the protocol described in 

Chapter 3. The reagents in wells and channels used in different experiments were listed in 

Table 5.2. The separation medium was first forced into the channels from the buffer 

waste well using a syringe. The buffer waste well, the sample waste well, and the buffer 

well were loaded with 3 /xl running buffer respectively. Finally the sample well was 

loaded with a 3-/d cell suspension. In the experiments o f the separations o f latex beads 

and yeast cells, a 1.5 /d latex bead suspension mixed with a 1.5 /d yeast cell suspension 

was added into the sample well, followed by stirring using the tip o f the micropipette to
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mix the cells. In the experiments involving the separations o f  RBC and yeast cells, 1.5 /xl 

RBC suspension and 1.5 /xl yeast cell suspension were added into the sample well, 

followed by stirring using the tip o f the micropipette to mix the cells.

Table 5.2 Reagents in wells and channels for experiments

Experiments Microchip Channels Sample well
Sample
waste
well

Buffer
well

Buffer
waste
well

RBC involved 
experiments

Type A 5GS10G 3 /xl cell suspension 
in 1TBE10G

3 /xl 
1TBE10G

3 /xl 
1TBE10G

3 /xl 
1TBE10G

Others Type B 5GS1TBE 3 /xl cell suspension 
in 1TBE

3 /xl 
1TBE

3 /xl 
1TBE

3 /xl 
1TBE

Table 5.3 A Typical Voltage Program for Cell Separation

Step Time Sample 
waste well

Buffer waste 
well Sample well Buffer well Function

1 60s 0.20 kV Float Ground Float Injection
2 0.5s Float 2 kV Ground Float Plug formation
3 30s 0.4 kV 2 kV 0.4 kV Ground Separation

Table 5.3 shows a typical voltage program for the injection and separation o f cells. 

Upon application o f  the injection voltage, a stream o f cells migrated from the sample well 

towards the sample waste well. Upon arrival o f the main stream o f cells to the 

intersection, a b rief injection o f the cells into the separation channel was performed by 

the application o f  an electric field between the sample well and the buffer waste well. 

This brief injection was designed to achieve a larger sample plug for the subsequent 

separation. Pullback voltages (as discussed in section 5.3.2) were applied during 

separations to prevent possible leakage o f cells (unless otherwise specified).

5.2.6 Fluorescence Microscopy

Fluorescence M icroscopy was performed using a Zeiss AxioVert 200 inverted 

microscope (Carl Zeiss) equipped with a fluorescence filter set (Chroma 41008) and a 

camera (Hamamatsu EM-CCD C9100) for image acquisition. A custom-made microchip 

holder was used in order to acquire images or videos during the application o f /xTK 

voltage program.
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Some images o f cells were acquired using a digital camera (Nikon Coolpix 995) 

mounted on a microscope (Fisher M icromaster, magnification 100x).

5.3 Results and Discussions

As an additive to the separation medium, GeneScan polym er was used in our CE work 

on-chips. Using this polymer had 3 advantages. 1) The EOF was effectively suppressed 

because the polymer served as a dynamic coating o f the channel wall [32], Since the EOF 

was negligible, we considered that the cells were transported solely by electrophoretic 

forces. 2) The polymer coating also eliminated the adhesion o f cells, which have 

tendency to adhere to native glass surfaces [33]. 3) The increased viscosity due to the 

polymer additive minimized the pressure-driven flow in the channel, which resulted from 

factors such as minor difference o f liquid level in reservoirs.

Under the specified CE conditions described in section 5.2, all types o f cells studied 

in this work migrated towards the +ve electrode under a DC electric field (i.e., they were 

negatively charged in the aqueous solution).

5.3.1 Injection of Cells

In the literature, cell injections were often realized by using pressures [20, 27, 34]. In our 

work, an electrokinetic approach was employed for the injection o f cells. Using voltage 

programs, the injection and separations could be performed automatically. In order to 

monitor the movements o f cells under an electric field during injections, direct 

observations through the eyepiece o f the ju,TK were performed. Initially, the migration 

behavior o f  cells during injections was studied using latex beads. Information obtained in 

experiments o f cell injection and separations suggested that the migration behavior o f 

other cells during injections was similar to the latex beads.

Upon application o f an injection voltage, cells in the sample well moved slowly as 

they approached the inlet o f the injection channel. Once cells moved into the channel, 

their migration speed showed a sudden increase. This increase o f velocity was observed 

when the buffer concentration and reagent viscosity in the sample well were the same as 

that in the channel. The geometry o f the sample well results in relatively lower electric 

field intensity in the well, and therefore smaller electrophoretic forces on cells. I f  the
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concentration o f  buffer in the sample well was lower than that in the channel (e.g. 

O.lxTBE in the sample well, but 1 xTBE in the channel), the difference o f the velocity o f 

a cell at different locations between the sample well and the channel was minimized. 

That allowed movement o f  more cells into the channel in a given time, and therefore the 

cell concentration in the channel was increased. However, the low concentration o f the 

buffer in the sample well could result in other problems such as flow anomalies. For 

instance, we found that RBC cells in a diluted suspension* first migrated 

electrophoretically towards the sample waste well (+ve electrode), but headed in the other 

direction after a brief period (e.g., ~30s) under an electric field o f ~250 V/cm. Increasing 

the electric field made the situation worse. This was probably caused by the low 

buffering capacity o f the diluted buffer and the resulting pH gradient. A similar 

observation was also reported by M inerick et al.[35], who attributed the flow reversal o f 

red blood cells (RBC) to the formation o f a pH gradient that resulted from an electrolysis 

reaction at the electrodes. W e also observed that cells tend to aggregate around the inlet 

o f the injection channel after a period (e.g., ~30s) when the buffer concentration in the 

sample well was low (e.g., O.lxTBE). A t the beginning o f the electrokinetic injection, 

cells moved into the channel rapidly. As time passed, cells around the inlet slowed down 

and halted around the comers. Cells coming later started to aggregate at those locations. 

Eventually, those cells aggregated into clumps and plugged the inlet o f  the injection 

channel. The phenomenon was probably in part a result o f pH change due to the 

consumption o f buffers. According to M inerick et al.[35], a similar phenomenon was also 

observed around the entrance o f capillaries when no buffer was used.

Based on a FEMLAB simulation o f  the electric field around the inlet o f the injection 

channel (see Figure 5.2), the electric field intensity in the channel is much higher than 

that in the sample well. There is also a gradient o f electric field intensity in the well. 

Additionally, the field singularities are shown around the comers o f the channel inlet. 

The experimental observations o f the electrophoretic mobility o f cells at different 

locations were in agreement with the simulation. According to M inerick et al., the

* The phenomenon was observed when cells were suspended in 10* dilution o f a 1* PBS buffer, while the 
channels were filled with the 1 x PBS and 5% GeneScan polymer. No test was performed in diluted TBE 
buffer because it was found that most RBC cells were damaged in a short time in 10x dilution o f the lx  
TBE buffer.
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comers of the channel tend to have large zeta potentials due to the field singularities, 

which can also be derived from the electrostatic Laplace equation [35]. Cells having the 

opposite zeta potentials are likely to be attracted to those corners. On the other hand, the 

pH o f the electrolyte in the cathode reservoir (the sample well) tends to increase due to 

the generation o f  OH' ions [36]. The pH change will also alter the surface properties o f  

both the glass and the cells, and therefore the migration behavior o f  the cells in the 

sample reservoir will change accordingly. Those observations o f the injection o f cells 

suggest that the geometrical design o f microchips is critical for cell injections.

Contcutr Electric fie ld .Surface Eh

Injection Channel

Sample well

Injection Channel

Figure 5.2 FEMLAB simulation of the electric field in the sample well and around inlet o f  the injection 

channel. The sample well was connected to ground; the sample waste well was connected to 0.4 kV. The
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conductivity o f the fluid in the channel and well was assumed to be 0.1 S; its relative permittivity was 

assumed to be 80. A) 2D simulation, B) 3D simulation.

S u r f a c e .  E le c tr ic  f ie ld , n o r m  C o n to u r .  E le c tr ic  f ie ld , n o rm  A rro w . E le c tr ic  f ie ld  M ax: 3 . 0 4 8  M ax : 2 .9 3
x i t f  x i #

To the sam ple 
waste well

To the buffer 
w aste well

To the 
buffer well

T o the 
sam ple well

Min 9 . 3 1 3 e  Min:  7 5 1  '

S u r f a c e :  E le c tr ic  f ie ld , n o rm  C o n to u r : E le c tr ic  f ie ld , n o rm  A rro w : E le c tric  f ie ld  M ax: 4 . 1 2 5  M a x . 3 .9 6 2
X l#  51#

Figure 5.3 FEMLAB simulation of the electric field at the intersection of the channels. Arrows show the 

current direction, which is opposite to the direction o f the cell migration. The buffer well was connected to 

ground; the buffer waste well was connected to 2.5 kV. A) the sample well and the sample waste well were 

floating; B) the sample well and the sample waste well were connected to 220 V. The conductivity o f the 

buffer in the channel was assumed to be 0.1 S, the relative permittivity 80.
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5.3.2 Forming of Sample Plugs

It is apparent that the concentration o f the injected cells has to be high enough to ensure 

that there are a sufficient number o f  cells in the intersection o f channels to form a sample 

plug. By lowering the buffer concentration and reagent viscosity in the sample well (e.g., 

0.05xTBE in the sample well and 5GS1TBE in the channel), and therefore increasing the 

velocity o f cells in the well, we were able to increase the concentration o f injected latex 

beads in the injection channel. However, as discussed earlier, lower concentration o f  the 

buffer may lead to change o f pH. Additionally, it is not feasible for a biological cell (e.g ., 

RBC) because the low buffer concentration in the sample well caused cells to lyse (i.e., 

burst).

One solution to form a large plug is to redesign the layout o f the chip to obtain a 

large Twin-T intersection [37] (also refer to Figure 2.1). However, the dimension o f the 

Twin-T intersection must be altered for different cell types that may have different 

concentrations and sizes. Another method to obtain a large sample plug was employed in 

our experiments. The method was based on the modification o f voltage programs. Upon 

the arrival o f the main stream o f injected cells at the intersection o f  the channels, a brief 

injection (e.g., 0.5 s) from the sample well to the buffer waste well o f a single-cross chip 

was performed to transport some cells into the separation channel. The separation voltage 

was applied between the buffer well and the buffer waste well subsequently. The 

advantage o f this approach was that the brief injection time could be easily modified in 

order to form a sample plug with a suitable size.

A  simulation by FEMLAB showed that the electric field in the separation channel is 

uniform and has a high intensity (Figure 5.3A). The geometry determines a distorted 

distribution o f the electric field around the intersection o f channels. Under the electric 

field, some cells around the intersection will move latterly into the separation channel 

under a relatively weak electric field long after the sample plug has left. Those later cells 

will result in the broadening o f the cell bands. Furthermore, a minor flow o f the fluid in 

the injection channel may result in a constant leakage o f the cells from the injection arm 

to the separation channel and degrade the separation.

There are several possible causes o f leakage flow o f the fluid, a) Due to factors such 

as the unbalanced pressure o f the reagents in wells or capillary action, a pressure-driven
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flow may be generated in the injection arms, b) Experiments in the literature have shown 

that the EOF through the separation channel could induce a leakage flow from the side 

injection channels to the separation channel, even without an electric field within the side 

channels [38, 39], c) The leakage may arise from the Venturi effect [40], which is used 

commonly in water aspirators to create a vacuum in a side channels [41]. The leakage o f 

cells was suppressed in our experiments by applying bias voltages to all reservoirs during 

the separation step to pull cells in the side channels back towards the sample well and the 

sample waste well simultaneously. By treating each segment o f the channel as a resistor, 

the electric potential at the intersection can be easily estimated for the determination o f 

the bias voltages (pullback voltages). As shown in Figure 5.3B, a FEM LAB simulation o f 

the electric field can show the expected migration direction o f  cells when the pullback 

voltages are applied. In the simulation, the buffer well was grounded; the buffer waste 

well was connected to 2.5 kV; the sample well and the sample waste well all were 

connected to 220 V. Cells in the separation channel migrated towards the buffer waste 

well, while cells in the injection arms migrated towards the sample well and the sample 

waste well with a smaller velocity.

The experimental injection o f cells was demonstrated in Figure 5.4. Cells (RBCs) 

migrated from the sample well towards the sample waste well when the injection voltage 

(100 V) was applied. Injected cells passed through the intersection and dispersed slightly 

around the intersection due to the field distribution (Figure 5.4A). W hen an electric field 

(-298 V/cm) was applied between the sample well and the buffer waste well, cells in the 

lower injection arm moved to the separation channel for a specified period (one second in 

this case, Figure 5.4B). After the brief injection, an electric field (-272 V/cm) was 

applied between the buffer well and the buffer waste well, while the sample well and the 

sample waste well were electrically disconnected. Cells in the separation channel 

migrated towards the buffer waste well (Figure 5.4C and 5.4D). Since cells were 

migrating quite quickly, only some traces o f cells were captured in the separation channel 

by the camera. Figure 5.4D shows a worst-case scenario — a few cells were leaking into 

the separation channel, which resulted from a physical flow o f the fluid in the injection 

channel.
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Figure 5.4 Images of cells during the injection and separation. A) Cells were injected from the sample well 

to the sample waste well under an electric field of 100 V/cm. B) One second later, cells were moved from
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the sample well to the buffer waste well to form a sample plug under an electric field o f 298 V/cm. C) 

Another second later, a plug o f cells migrated from the buffer well towards the buffer waste well under an 

electric field o f 272 V/cm. D) Cells in the channels after one more second o f the separation. No pullback 

voltage applied. Microscope objective magnification: 20x; halogen lamp voltage: 1.5 V.

In Figure 5.4D, the leakage was found from only one side-channel, indicating that 

the Venturi effect was not significant (because the Venturi effect should be symmetric on 

two side-channels). The leakage shown in Figure 5.4D was probably due to unbalanced 

pressure in wells.

5.3.3 LIF Detections of Cells

According to the operating manual o f the jiTK, reflected light cannot be filtered out 

completely by the optical system. In some o f our experiments, the reflected light was 

utilized for the detection o f non-stained cells. Figure 5.5 shows the electropherograms o f 

the RBCs in three CE separations, in which the x-axis is the separation time, and the y- 

axis is the reflected light signal intensities collected by the LIF system o f the /tTK. In 

each o f those CE separations o f the RBCs alone, a group o f  spikes was detected at the 

detection point in the separation channel (5 mm downstream from the intersection). As 

shown in Figure 5.5, the mobilities o f those spikes showed excellent repeatabilities. It 

was confirmed by direct observations using a microscope that those spikes represented 

the passage o f RBCs through the detection point. Figure 5.6 shows a picture o f the RBC 

band in the separation channel after a 50-second separation, which was taken by the 

Nikon camera attached to a microscope (magnification: 100x). It was found that the 

band o f  RBC in Figure 5.6 was composed o f only single cells. According to Tsuda et al. 

[18], the distribution o f  spikes in the electropherogram corresponded to the distribution o f 

the electrophoretic mobilities o f the RBCs. Our observation was in agreement with their 

report.
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Figure 5.5 Electropherograms o f RBCs in 3 separation runs. The reflected light signal of RBCs (near 37 s) 

was detected by the optical system o f the juTK. Separation electric field was 217 V/cm, with pullback 

voltages o f 0.4 kV. Detected at 5 mm from the intersection. PMT gain was 0.8 V.

magnification was 100x.

Although the reflected light signal for RBCs was detectable, as shown in Figure 5.5, 

the signal to noise ratio was low. We found that the reflected light signals for yeast cells 

were even weaker. In order to demonstrate the separation o f cells by the LIF detection, 

cells were incubated with a nucleic acid stain, To-Pro-3, for a short time (see section 

5.2.3 for detail). It was found that much stronger signal intensities were obtained after the 

staining. Figure 5.7 shows the detected peaks o f RBCs, which were incubated with 10

I

6.7 mm to the 
intersection

6.2 mm

Figure 5.6 RBC band after a 50s separation o f the run #3 in Figure 5.5. The estimated mobilities o f the 

RBCs were 6.2+/-0.5 x 10‘5 c m lv '.s '1. Picture was taken by a Nikon Coolpix 995 camera. Microscope
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IXM To-Pro-3 for 10 minutes prior to the CE. It was known that the relatively high signal 

intensities were not caused from a true fluorescence staining o f  the RBCs because the To- 

Pro-3 was a nucleic acid stain and the RBCs were devoid o f nuclei. A hypothesis for the 

mechanism behind the observation was that because the To-Pro-3 molecules were 

positively charged [42] and the RBCs were negatively charged in 1TBE10G, To-Pro-3 

molecules might attach on the surface o f  the RBCs due to electrostatic attraction. 

Probably the emission o f the To-Pro-3 on the surface o f  the RBCs due to the “pseudo 

staining” resulted in the high intensities o f the detected RBC spikes. Comparison between 

Figure 5.5 and 5.7 showed that the mobility o f the RBCs after incubation with the To- 

Pro-3 decreased a negligible amount.

In the same manner of the RBCs, the staining o f yeast cells and latex beads was 

performed. It was found that the stained yeast cells showed much higher peaks in the 

electropherograms than the latex beads and the RBCs (Figure 5.8). The mechanism o f the 

“staining” was not completely understood. As for the demonstration o f cell separations, 

we assumed that the effect o f the “staining” on cell mobilities were negligible.

Run #1

Run #2

Run #3
JL

10 20 30 40 500
Separation time (sec.)

Figure 5.7 Electropherograms of RBCs in 3 separation runs. RBCs were incubated with To-Pro-3 prior to 

CE. Separation electric field was 217 V/cm, with pullback voltages o f 0.4 kV. Detected at 5 mm from the 

intersection. PMT gain was 0.8 V.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3

2.5 - A clump of 
yeast cells

2 I
0.5

0
0 20 40 60 80 100

Separation time (sec.)

Figure 5.8 Electropherograms o f yeast cells. Cells were stained by 5 juM To-Pro-3 iodide prior to CE. 

Separation electric field was 235 V/cm (with pullback voltage of 0.2 kV). PMT gain was 0.6 V. Detected at 

5 mm from the intersection.

According to the operating manual o f the juTK, the diameter o f the red laser beam  is 

~10 /tm, and the confocal ellipsoid is ~ 40 jam x 20 jam (height xwidth). Since the cross- 

sectional dimension o f the separation channel is much larger than the diameter o f  the 

laser beam, many cells were missed by the detection. This was roughly confirmed by the 

observation that the number o f  the cells in the channel in Figure 5.6 was much larger than 

the numbers o f spikes in the electropherogram in Figure 5.5. As shown in Figure 5.7, a 

group o f peaks for the RBC population was detected, indicating that the cells were 

dispersed when they passed through the laser beam. In recent publications [20, 22], single 

peaks o f  cell populations were obtained in the separations o f mixed bacterial cells using 

conventional CE. As discussed in section 5.1, the authors later reported that those single 

peaks o f cell subpopulations in the electropherograms were the result o f  cell aggregations 

(i.e., false separations). Single peaks o f  the cell populations may be achieved by 

redesigning the optical system, and/or minimizing the electrophoretic heterogeneity o f 

the cells. Using the described optical system, we were still able to demonstrate the 

separation o f  cells.

5.3.4 Separation of Cells

It has already been known that the large variation o f the electrophoretic behavior o f cells 

in the same population will give rise to a broad distribution o f cells [43]. However, as 

long as the two (or more) groups o f fluorescence peaks o f the two (or more) cell
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populations do not overlap, the differentiation or separation is still feasible. In our work, 

the feasibility o f cell separations was demonstrated using various cell mixtures, as 

described below.

5.3.4.1 Separation of Latex Beads and Yeast Cells

Latex beads and yeast cells were similar in size. However, their apparent CE mobilities 

were very different according to our observations. Figure 5.9 shows a separation o f a few 

cells on a Twin-T chip (Type B). Under an electric field o f -2 5 0  V/cm, the mixture o f 

beads and yeast cells (non-stained) arrived at the intersection after -4 0  seconds. Two 

yeast cells and eight beads were in the geometrical plug o f  the chip when the separation 

step was started. Those particles started to move towards the buffer waste well upon 

application o f the separation voltage. The separation was paused after every second to 

allow the images o f  the particles in the channel to be captured by a camera mounted on a 

microscope. As shown in Figure 5.9, 2 yeast cells were separated from 8 latex beads 

within a couple o f seconds in 5GS1TBE under a separation electric field o f  -235  V/cm. 

As the separation time was increased, the distance between those two groups o f cells was 

increased progressively. Meanwhile, the space among individual cells within the same 

subpopulations was increased also. However, this increase was almost negligible 

compared to the space between those two groups after a 5-second separation, indicating 

that the difference o f the electrophoretic mobilities between those two populations o f 

cells were significant. For instance, based on the image o f the particles after the “3 s 

separation”, the mobility o f one yeast cell was -4 .5  xlO '5 cm2. v 'A 1, the mobility o f the
c 9 1 1

other yeast cell was -5 .0  xlO’ cm .v" .s’ , the mobility o f  the slowest beads was -6 .9  

xlO’5 crrf.v’Vs"1, and the mobility o f the fastest beads was -10 .3  xlO '5 cm2.v '1.s’1.

The separation o f the mixture o f yeast cells and latex beads was also demonstrated 

by the LIF detection o f the fiTK. As shown in Figure 5.10, the band o f latex beads arrived 

at the detection point much earlier than the yeast cells. Clumps o f the yeast cells moved 

even slower than single yeast cells. The identification o f each band o f  cells was 

confirmed through a direct observation under a microscope (100x magnification) based 

on the color difference o f the cells.
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5s separation

Figure 5.9 Image of yeast cells (non-stained) and 4 jam latex beads (non-stained) during a 5s electrophoretic 

separation. The 8 dark dots in the channel are 4 jam latex beads; the 2 bright dots in the channel are yeast 

cells. The separation medium was 5GS1TBE; the separation electric field was 117 V/cm, with pullback of 

120 V. Yeast concentration in the sample well was 10 mg/ml initially; latex beads concentration in the 

sample well was 6 x 107 ea per milliliter. Pictures were taken by a Nikon Coolpix 995 camera mounted on a 

microscope (magnification, 100x).
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Figure 5.10 Electropherograms of yeast cells and 4 /mi beads. Cells and beads were incubated with 5 /zM 

To-Pro-3 iodide for 10 minutes; the separation medium was 5GS1TBE; the separation voltage was 2 kV 

(with pullback 0.2 kV); PMT gain was 0.6 V; detected at 5 mm from the intersection.

5.3.4.2 Separation  o f  R B C s and  Y east Cells

Figure 5.11 shows the microscope observations o f a mixture o f the RBCs and yeast cells 

under a bright field during a separation. A brief injection (0.5 s) o f  the mixture from the 

injection arm to the separation channel is partially shown in Figure 5.11 A. Another 3 

pictures were taken each following second (Figure 5.11B ,5.11C  and 5.1 ID), which show 

the separation o f  the mixture with time. Judging from the image captured in Figure 

5.1 ID , a complete separation o f the RBCs and the yeast cells was achieved within 3 

seconds after the application o f an electric field (i.e., 217 V/cm) in the separation 

channel. Figure 5.12A shows two bands o f the cells in the separation channel under a 

bright field after a 25-second separation. Figure 5.12B shows the corresponding 

fluorescence images o f  the cells. Only cells in the band near the intersection showed 

bright images. As discussed in section 5.3.3, the yeast cells showed much higher 

fluorescence intensity than RBCs after the incubation with To-Pro-3. It is reasonable to 

believe that the band o f cells showing bright fluorescence is o f yeast cells. This was in 

agreement with those earlier observations that the yeast cells moved slower than RBCs. 

The clumps o f  RBC (in Figure 5.1 ID) were found only at beginning o f the separation. 

These clumps were dispersed several seconds later (e.g., ~5s) and had no effect on the 

repeatability o f the mobility o f the RBC band.
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Figure 5.11 Images of RBCs and yeast cells during a separation run. Separation electric field was 217 V/cm 

with pull back voltage o f 0.8 kV. Microscope objective magnification: 20x; halogen lamp voltage: ~1.5 V.
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Figure 5.12 RBCs and yeast cells in the separation channel after a 25-second separation under an electric 

field o f 217 V/cm. A) Images of the cells under a bright field; B) fluorescent images of the cells. 

Microscope objective magnification: 20x; reflector for the fluorescent image: Cy5, T 0P R 03; exposure 

time for the fluorescent image: 1 s.

Some yeast cells clumped in the 1TBE10G (or lxT B E  alone) suspension (prior to 

the CE) and were injected into the channel from the sample well. Some o f the clumps in 

the channel were dispersed due to the interactions between cells (e.g., bombardment). As 

shown in Figure 5.12A, the clumps in the band o f the yeast cells had relatively smaller 

mobilities. In order to narrow the band o f the yeast cells, the clumping o f the cells must 

be avoided in future work. In contrast, the RBCs migrated at single cell level. As shown 

in Figure 5.12A, the RBC band was narrower than the yeast cell band.

Veast Cells

RBC

Run# 1

Yeast Cells

RBC
ZD

Run# 2

Yeast Cells

RBC

Run# 3
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Figure 5.13 Electropherograms of the separations o f RBCs and yeast cells. Yeast cells and RBCs were 

incubated with 10 /xM To-Pro-3 iodide for 10 minutes before the CE. The separation medium was 5GS10G; 

the separation voltage was 2 kV; PMT gain was 0.8 V; detected at -300  /xm from the intersection.
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The separation o f  the mixture o f yeast cells and RBC was also demonstrated by the 

LIF detection o f the /xTK. Based on the observations in Figure 5.11, the mixture o f  cells 

could be completely separated within 3 seconds in a very short length o f the separation 

channel (<500 /mi). Therefore, the detected point was placed at -300  /xm from the 

intersection. After a migration o f 300 /tm from the intersection, the band o f the RBCs was 

still compact. It showed single peaks in 2 o f the 3 electropherograms in Figure 5.13. The 

separation run # 3 was performed after two injections and pullbacks on the same chip. 

The traveling o f the RBCs in the injection channel may have resulted in the loss o f  To- 

Pro-3 molecules from the surface o f the RBCs due to weak binding (based on the 

hypothesis discussed in section 5.3.3), therefore, the peak(s) o f the RBC became very 

low. In contrast, the fluorescence from the yeast cells showed very high intensities 

including in the run #3, likely due to the nucleic acid staining by the To-Pro-3. The 

electropherograms in Figure 5.13 showed multiple peaks for the yeast cells, indicating 

that some yeast cells were dispersed but some were still clumps after a migration o f  -300  

/mi. Because we knew that the fluorescence signal intensity o f the yeast cells was higher 

than that o f the RBCs, we could recognize the peaks o f different cell types on the 

electropherogram. The identification o f  the cell types was also verified by direct 

observations in extra control runs. In one control run, a 2-second separation o f the RBCs 

alone showed a narrow band at around 300 /xm from the intersection; in another control 

run, a 10-second separation o f the yeast cells alone showed a dispersed band o f the cells 

at around 300 /xm from the intersection. Those direct observations were in agreement 

w ith the electropherograms.

The separations o f the mixture o f RBCs and yeast cells were performed on 

microchips with large channels (-60  /xm deep, -140  /xm wide). A physical flow o f the 

fluid from the sample well to the sample waste well was often found during our 

experiments (despite the exist o f GeneScan polymer). Since the average density o f the 

reagent in the sample well (cell suspension in 1TBE10G) was higher than that 

(1TBE10G) in the sample waste well, the physical flow was probably due to a resulting 

pressure difference between those two wells. Pullback voltages (up to -5 0 0  V) were 

applied in those separation experiments. The cell leakage during the injection and 

separation was suppressed. However, a minor cell flow was still found moving from the
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sample well towards the sample waste well (but not in the separation channel) after the 

voltage program was stopped.

Table 5.4 Cell mobilities comparison

Cell Type Separation Medium Mobility (x l0 ‘5 cm^v'^s'1)

Latex Beads 5GS1TBE -8.4+/-1.8

Yeast Cells 5GS1TBE -3.7+/-0.7

Yeast Cells 5GS10G -2.2+/-0.3

RBC 5GS10G -6.2+/-0.6

*A11 cells were incubated with 10 /xM To-Pro-3 for 10 minutes before CE

In summary, the mobilities o f latex beads, RBCs, and yeast cells in some specified 

CE conditions were listed in Table 5.4. Those mobility data were calculated based on the 

method described in Chapter 1. Compared to the RBCs, the mobilities o f yeast cells and 

the latex beads have relatively broad distributions. However, their average mobilities 

were very different. The band o f  the RBCs and the yeast cells, the latex beads and the 

yeast cells do not overlap. This was in agreement with what we observed under the 

microscope.

5.3.4.3 CE B uffer S election  fo r H um an  B lood  C ell Separation

The buffer chosen for CE o f human cells should preserve cell viability, have a high 

buffering capacity at physiological pH, and should suppress cell aggregation effects. In 

the literature, isotonic PBS buffers at the physiological pH level were often used for the 

CE o f the blood cells in order to maintain the integrity and viability o f the cells [1, 35, 

44], In our experiments with human RBCs, because the CE analysis was completed in a 

short time (e.g., less than several hours including the storage time), any effects o f the 

lxT B E  buffers (or 1TBE10G) on cell properties was not noticed. However, when human 

white blood cells were suspended in the TBE buffer, it was found many cells were 

damaged in a short time (e.g., less than a couple o f hours). Debris and damaged cells 

aggregated together during the CE. Using a 1XPBS buffer with a pH level o f  7.4, the 

white blood cells could be maintained intact for one or two days. However, there were 

two problems when the PBS was used as the CE buffer. First, since the size o f the white
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blood cells is relatively large (e.g., monocyte -1 5  fim), microchips with large channels 

(e.g., -6 0  /xm x -1 4 0  /xm cross section) have to be employed for the CE analysis. As the 

conductivity o f the PBS buffer was much higher than the TBE buffer (according to our 

experimental data, the estimated conductivity o f the 1 xPBS buffer was about 1.5 S, the 

estimated conductivity o f the lxT B E buffer was about 0.1 S), the electric field had to be 

very low (e.g., 85 V/cm) to avoid the current overshooting its upper limit o f the /xTK. 

Second, the relatively high ionic strength (or conductivity) o f the lxPB S buffer resulted 

in low mobility o f  the white blood cells (discussed in Chapter 4). Using a PBS buffered 

separation medium (5% GenScan polymer in lxPB S), we observed that no white blood 

cells were injected into the channel from the sample well under an electric field o f 85 

V/cm within -2 0  seconds. Vincent Sieben from our laboratory was able to inject a few 

white blood cells in PBS into a funnel-shape channel and transport the cell in 5GS10G 

within the channels. An electric field o f 400 V/cm  was applied to transport the cells in the 

channel. However, it was not clear how the cell population was affected, in term o f 

integrity and mobility. According to Silvinsky et al. [28], 145 mM NaCl was often used 

in the CE separation o f human cells in the literature (see Table 5.1). Unfortunately, the 

optimization o f  the buffered medium is beyond the scope and time period o f this work.

5.4 Conclusions

In this work, we developed techniques o f cell manipulation on microchips. The 

employment o f a dynamic coating polymer effectively suppressed the EOF and 

eliminated possible adhesion o f cells to the channel walls. Cells were electrophoretically 

transported in a network o f channels on microchips. Using the planar glass microchips 

and automatic voltage programs, the sample plug formation and separation were realized 

accurately in a simple way.

Because separation is possible only when the mobility distribution o f one cell 

population does not overlap with the others, it is critical to find out the electrophoretic 

mobilities o f  cells o f  interest under identical CE conditions. Unfortunately, little 

electrophoretic mobility data o f cells on microchip is available in the literature. Silvinsky 

et al. made a summary o f the cellular electrophoretic mobility data [28] that was obtained 

by different people who employed a variety o f conventional techniques. From the limited
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data collection by Silvinsky et al., a wide range from 0.75 to 1.37 /xm.cm.v"l.s"1 o f  human 

cell mobilities was still observed. According to our experiment, the mobility o f human 

RBC had variations (due to cell variability) o f about 10%. Since the difference o f average 

mobility between two type o f cells may be far larger than this variation, this suggests 

that CE has the ability to separate cells in many applications.

Although some cells o f interest may have similar mobilities to others under one 

series o f  CE conditions, resulting in mobility distributions that overlap, it is still possible 

to change the distribution o f their mobilities by altering the CE conditions (e.g., pH)[16, 

17, 20],

W e are among the first to demonstrate the separation o f mixtures o f different cell 

populations (e.g., human RBCs and yeast cells) on microchips. Our microscopy 

observations showed that the “true” separation o f biological cells on-chips based solely 

on the difference o f their electrophoretic mobilities was feasible. The LIF detection o f  the 

CE separation o f cells was also performed, and it showed results consistent with the 

microscopy observations. During the writing o f  the thesis, Shintani et al. reported the 

separation o f pure cultures o f lactic acid bacteria and saccharomyces cerevisiae on 

microchips [37]. However, the apparent mobility o f cells was the result o f  both 

electrophoretic force and the EOF. Additionally, it was not clear whether or not cell 

aggregation existed during the separation. According to our definition in Chapter 1, those 

separations in [37] could be false separations.

We believe that the CE separation technique on microchips we demonstrated in this 

chapter could be further developed towards the selective introduction o f cells o f interest 

for further cellular analysis (e.g., genetic analysis o f cancer cells), and will provide a 

powerful tool for applications in the fields o f life sciences and environmental monitoring.
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Chapter 6

Preliminary Work Towards Selective 

Identification of Bacterial Cells on 

Microfluidic Chips

6.1 Introduction

A growing number o f  bacteria have been identified as important food- and waterborne 

pathogens [1]. Today, the possibility o f bioterrorist attacks with pathogenic bacteria is 

also a major concern o f  public safety agencies [2], Among those pathogens, Escherichia 

coli 0157:H 7 is considered to be one o f the most dangerous food-bome pathogens, one 

that can easily contaminate ground beef, raw milk and chicken [3], Recently, distribution 

o f  this pathogen in the freshwater environment has also been reported [4, 5]. Outbreaks of 

E. coli 0157:H 7 have led to death, especially in cases involving children and the elderly 

[6, 7]. Detection and monitoring o f the pathogens is not only critical to prevent outbreaks 

o f related diseases but also important to determine the physiological activities o f the 

pathogenic bacteria in the natural environment [5]. Researchers are continuously 

searching for tools that are fast, accurate, and sensitive for detecting pathogenic 

microorganisms.

Traditionally, a culturing methodology is the gold standard for food-bome 

pathogens, but it is time consuming and less accurate for certain types o f pathogens (e.g., 

E. coli 0157:H 7) [8], Along with the culturing method, antibody-based methods are often 

used for the identification o f specific microorganisms. The basic principle o f the 

antibody-based detection (immunoassay) is the binding o f  antibodies to a target antigen, 

followed by the detection o f  the antigen-antibody complexes. The most important 

characteristic o f an antibody is the ability to recognize only the target antigen in the 

presence o f other microorganisms. This is critical for the selective identification o f
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specific bacterial cells because there are many situations where a small number o f 

pathogenic cells coexist with large numbers o f non-pathogenic microorganisms in a 

complex biological environment. O f antibody-based methods, the enzyme-linked 

immunosorbent assay (ELISA) is one popular tool that based on amplification o f 

fluorescent product by an enzymatic reaction between a substrate and an enzyme-labeled 

antibody conjugate [9-11]. However, this technique often involves lengthy fluid handling 

steps [12],

Towards the selective identification o f cells, another technique, Fluorescence- 

Activated Cell Sorting (FACS) has been developed and is frequently used when 

appropriate fluorescently labeled antibodies (FAbs) exist [13-16]. In this technique, FAbs 

are introduced as a reagent for the immuno-conjugation with cells. The high specificity o f 

the FAbs ideally ensures that only the target cells are fluorescently labeled. Coupling to 

the LIF detection, the cells o f interest can be identified and sorted by a sorting device 

(e.g., flow cytometer). In recent years, microchip-based FACS techniques for the 

analysis o f cells have been developed [17], For instance, according to McClain et al. [18], 

the flow cytometry o f E. coli cells labeled with nucleic acid stains or fluorescein-labeled 

antibody was performed on microfluidic devices. The labeled cells were counted at rate 

from 30 to 85 Hz using that microfabricated flow cytometer. According to Fu et a/.[14, 

19], disposable cell sorters were micro fabricated using the soft lithography technique 

[20], A  throughput o f 20 cell/s was obtained using the microfabricated flow cytometry, 

which was considerably slower than conventional FACS. Both conventional FACS and 

microfabricated FACS are single-cell techniques, which means those techniques rely on 

spatially isolating single target cells from mixed population and therefore tend to be time- 

consuming.

As discussed in Chapter 5, capillary electrophoresis equipped with UV detection [21, 

22] or LIF detection [23-25] has been utilized in recent years for bacterial cell separations 

at the population level. However, the CE separations o f different bacterial populations are 

possible only when sufficiently large differences exist in their electrophoretic mobilities 

(lxEp). Since cells typically exhibit a wide distribution o f charge, size, and shape, all o f 

which can vary with experimental conditions and time, a broad and irregular peak shape 

is often obtained for a single sample. Some reports in the recent literature demonstrated
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sharp-peak separations o f bacterial cells by CE [23-25]. As discussed in Chapter 5, 

however, they were false separations. Additionally, in real food, environmental water or 

clinical samples, various kinds o f  bacteria cells co-exist. Using the CE-based cell 

separation techniques, an excessive number o f peaks o f interfering bacteria, residual fats, 

proteins, and carbohydrates may be observed in the same run [8], In such cases, the 

selective identification o f target cells will be difficult because o f possible overlapping of 

peaks.

Another technique that couples the immunoassay to the CE separation for the 

identification and quantification o f certain types o f cells has been reported. Based upon a 

combination o f immunofluorescent staining and capillary electrophoresis, Kourkine et al. 

reported two approaches for the detection o f E. coli 0157:H 7 by CE [8]. The CE was 

performed in fused silica capillaries (75 jim  ID; total length, 27 cm; effective length, 22 

cm) filled with 0.1% (w/v) solution o f poly-Duramide in a 10 mM TBE buffer. The 

electric field for separation was 370 V/cm. In the direct approach, a peak o f  E. coli 

0157:H 7 labeled with fluorescein-tagged specific antibodies were detected on the 

electropherogram o f the CE, while in the indirect approach fluorescein-tagged specific 

antibodies were first captured by E. coli 0157:H 7 bacteria and then released and detected 

by CE, indicating the existence o f the bacterial cells in the original samples. According to 

Shintani et al. [26], the selective identification o f Salmonella enteritidis was 

demonstrated using a fluorescence-tagged antibody by a CE-LIF system. The CE was 

performed in fused-silica capillaries (75 /mi ID; total length, 31 cm; effective length, 21 

cm) filled with a TBE buffer (100 mM Tris, 100 mM boric acid, and 2 mM EDTA, pH 

8.4) containing 0.01% sodium alginate and 0.2% NaCl. The electric field for the 

separation was 320 V/cm. On the electropherogram o f the reaction mixture o f  the 

antibody (Anti-5h/-C&4-l) and Salmonella enteritidis, two peaks were detected within 10 

minutes o f the electrophoresis, representing the free antibody and the labeled bacterial 

cells respectively.

The aforementioned technique that couples immunofluorescent staining to CE has 

showed promise for selective cell identifications at population level. However, we have 

not seen any reports o f this technique for the identification o f cells on microchips in the 

literature. In the previous chapter, we demonstrated the separation o f biological cells on
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microchips solely based on the difference o f their electrophoretic mobilities. Coupling 

CE to immunofluorescent staining on microchips may offer better selectivity and 

accuracy for the identifications o f cells o f interest. Since the microchip-based system may 

enable us to accurately detect a small quantity o f  bacterial cells on a compact device 

within a short time, it could be a powerful tool for clinical, environmental and industrial 

microbiology. In this chapter, we will present preliminary work towards rapid and simple 

bacterial cell identification based on immunofluorescent labeling and CE separation on 

microchips.

6.2 Materials and Methods

6.2.1 Reagents

GeneScan® polymer (7%, P/N: 401885) was obtained from Applied Biosystems (Foster 

City, CA, USA). A Tris-borate with EDTA buffer (TBE) was made with Tris base and 

boric acid from Fisher Scientific (Fair Lawn, NJ, USA) and EDTA from M erck 

(Darmstadt, Germany). The running buffer, referred to as “ 1TBE10G”, was made with 

the glycerol from Sigma-Aldrich (St Louis, MO, USA) and the TBE buffer so that the 

final concentration o f glycerol was 10% (w/w), and the TBE was 1XTBE (pH: ~8.3). A 

10x dilution o f the 1TBE10G was made by adding MilliQ water into the 1TBE10G. The 

separation medium was 5% (w/w) GeneScan® polymer and 10% (w/w) Glycerol in 

lxT B E buffer (referred to as “5GS10G”).

6.2.2 Bacteria Washing and Labeling

Escherichia coli 0157:H 7 (heat-killed, 106 ea//xl, suspended in 1XPBS) and Cy5-tagged 

anti-is. coli monoclonal antibody (FAb*, 0.125 /rg//xl, suspended in lxPB S) were kindly 

supplied by Dr. M. Suresh (Pharmacy and Pharmaceutical Science, University o f 

Alberta). Upon receipt, aliquots were made o f the E. coli 0157  sample and the FAb 

sample into autoclaved 0.2-ml PCR tubes using a micropipette mounted with top-line 

filtered (aerosol resistant) tips. After the aliquoting, the E. coli sample was stored in the

In this chapter, the abbreviation o f fluorescence-tagged antibody is “FAb”; “Fab” is a fragment of 
antibody described in page 104.
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refrigerator (~ 4 °C) for biohazard materials. The antibody tubes were covered w ith foil 

and stored in a freezer (~ -20 °C). Once a tube o f the frozen FAb sample was thawed to 

the room temperature, it was discarded after being used for the day.

Dilutions o f  the FAb suspension were made by adding suitable volume MilliQ w ater 

into the stock FAb suspension. An aliquot o f E. coli was centrifuged at 7600 rpm  

(Eppendorf Centrifuge, Model 5415D) for 5 minutes. The supernatant was carefully 

removed using a micropipette, and the pellet o f cells was resuspended in 1*TBE, 

followed by a 30 second vortex step. This washing process for non-labeled cells was then 

repeated 2 times. After the washing, the suspension o f is. coli (106 ea//xl) was then added 

into a volume o f the stock FAb suspension (0.125 ju.g//ttl) to obtain a final ratio o f  0.25 fig 

o f the antibody per 106 cells (otherwise unless specified). The resulting mixture was 

incubated in the dark at room temperature for 2 hours. Prior to CE, the mixture was 

centrifuged at 7600 rpm for 5 minutes. The supernatant was removed and discarded into a 

biohazard liquid waste. The pellet o f cells was resuspended in 1 xTBE. This washing 

process (including centrifugation and resuspension) for labeled cells was repeated 2 

times.

After experiments, all the used suspensions o f cells and FAbs were transferred into a 

10% bleach solution (less than 8 hours old) using a micropipette. The bleach solution 

was disposed o f  down the drain after 12 hours or more. M icrochips exposed to the cell or 

FAb suspensions were stored in 70% ethanol in plastic tubes overnight. Before the next 

use, the chip was rinsed with distilled water.

6.2.3 Microchips and Microfluidic Tool Kit

Standard microchips were used in this work. Refer to section 2.2.2 o f Chapter 2 for the 

descriptions o f  the standard microchips and the M icrofluidic Tool Kit. Microchip 

performance assessment (Chapter 2) was performed after 3 -5  CE runs o f the samples 

containing FAbs (otherwise specified). Microchip rejuvenation was performed once 

performance degradation found (Chapter 3).
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6.2.4 Microchip Loading

Refer to section 2.2.3 o f Chapter 2 for the microchip loading procedure. The reagent in 

the sample waste well, the buffer well and the buffer waste well were loaded with 

1TBE10G (3 /il). The sample well was loaded with 10x dilutions o f the 1TBE10G (2.7 gl) 

and a FAb suspension (0.3 ju.1) in experiments for the FAbs separations. The sample well 

was loaded with labeled cell suspension (3 /d) in experiments o f labeled cell separations.

6.2.5 Fluorescence Microscopy

Fluorescence M icroscopy was performed using a Zeiss AxioVert 200 inverted 

microscope (Carl Zeiss) equipped with a fluorescence filter set (Chroma 41008) and a 

camera (Flamamatsu EM-CCD C9100) for image acquisition.

6.3 Results and Discussions

6.3.1 Separation of FAbs

As aforementioned in Chapter 2 and 3, the microchannel was dynamically coated with 

GeneScan polymer and the EOF was negligible (refer to discussions in Chapter 2 and 3). 

Therefore, the apparent migration direction o f  the FAbs during the electrophoresis was 

determined by their surface charges only. In a preliminary injection experiment, the 

detection point was placed at the intersection o f the channels. The sample waste well was 

connected to 200 V and the sample well was connected to ground, while the other two 

wells were electrically disconnected. Upon application o f the electric field in the injection 

channel, the fluorescence signal was detected after -2 0  seconds, indicating the arrival o f 

the front o f the FAb stream. The observation suggested that FAbs were negatively 

charged under the specified CE conditions. Since the injection o f the sample was in itself 

a type o f separation [27], the constituent having highest mobility in the FAb sample 

reached the intersection first; the constituents having relatively lower mobilities reached 

the intersection later. In order to ensure that all constituents o f the sample reach the 

intersection and participate the consequent separation, the injection time was set to 60 

seconds under an electric field o f 250 V/cm.
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In the subsequent separation step, the buffer waste well was connected to 6 kV, and 

the buffer well was connected to ground, while the other two wells were electrically 

disconnected. Upon application o f the electric field (706 Y/cm) in the separation channel, 

FAbs confined in the intersection during the injection started to migrate towards the 

buffer waste well. As shown in Figure 6.1, the electropherogram of the FAb separation 

showed multiple peaks with various intensities (the relative fluorescence unit (RFU) o f 

the highest was ~3 V when the concentration o f the FAb was 0.125 /xg/ml and PMT gain 

was 0.8 V). The first peak arrived at the detection point (4 cm downstream from the 

intersection) after -5 0  seconds under an electric field o f -7 0 6  V/cm. It took the last peak 

-1 5 0  seconds to reach the detection point (see Figure 6.1).

2.5

LL

0.5

40 60 80 100 120 140 160 180

Migration time (sec .)

Figure 6.1 Electropherogram o f the FAbs separations on a microchip. The concentration o f the FAbs was 

0.125 /xg/ml (lOOOx dilution o f the stock suspension). PMT gain was 0.8 V. Separation DC field was 706 

V/cm. Detection point was 4 cm from the intersection.

A series o f injections and separations o f the FAbs with various concentrations 

(including 10x , 100x , and 1000x dilution o f the stock FAbs) was performed on 

microchips. The peak profiles obtained were almost identical (except the signal 

intensities due to the change o f concentration o f the FAbs). It was found that if  the 

sample concentration was higher than 12.5 /xg/ml the peaks after 120s in Figure 6.1 could 

not be resolved completely. Additionally, the microchip had to be rejuvenated (following 

the procedure described in Chapter 3) after each CE run in order to achieve repeatable 

peak profiles. Figure 6.2 shows the electropherograms o f 3 consecutive runs on the same 

chip without change o f the separation medium. Progressively raised baselines and shifted 

migration times o f the peaks were observed in those electropherograms. (For instance, the
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signal intensity at 40s in the electropherogram o f the 1st run was -0 .1  V; it was -0 .4  V in 

the 2nd run; it became -1  V in the 3rd run.) The last 2 peaks in each run also showed 

significant tailing. Those anomalies (including rising baseline, tailing and shift o f 

migration velocities) probably resulted from the adsorption o f  the FAbs on the inner wall 

o f the microchannel. Using the rejuvenation protocol described in chapter 3, the chip 

performance was fully recovered and repeatable FAb profiles were obtained (for lower 

concentrations o f  FAb, see Figure 6.3).
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Figure 6.2 Electropherograms of the separation of the FAbs in 3 consecutive runs. A) The 1st run; B) the 2nd 

run; C) the 3rd run. The concentration o f the FAbs was 12.5 jug/ml. PMT gain was 0.6 V. Separation DC 

field was 706 V/cm. Detection point was 4 cm from the intersection.
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Figure 6.3 Electropherograms o f the separation o f the FAbs in 3 consecutive runs. A) The 1st run; B) the 2nd 

run; C) the 3rd run. The concentration o f the FAbs was 0.125 /xg/ml. PMT gain was 0.8 V. Separation DC 

field was 706 V/cm. Detection point was 4 cm from the intersection. The chip was not rejuvenated after 

the runs.

The peak profiles o f the FAbs under various intensities o f the electric fields were 

also studied. In a number o f  CE runs o f the FAbs, the separation voltage connected to the 

buffer waste well was set to 6 kY, 4.5 kV, and 3 kV respectively. As shown in Figure 6.4, 

the velocities o f the peaks in each run decreased with the separation voltage. However, 

the number and shape o f the peaks among those runs were almost identical, indicating the 

multiple-peak separations were not associated with the application o f high voltages 

causing disassociations o f  the FAbs.

Z>
Li.
QZ

0 10 20 30 40 50 60 70 80 90

Migration time (sec.)

Figure 6.4 Electropherograms o f the FAbs under various DC field intensities. The concentration of the 

antibody was 0.125 /xg/ml. PMT gain was 0.8 V. Detection point was 1 cm from the intersection. 

Separation DC fields were 706, 529 and 353 V/cm.
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As shown in Figure 6.1, the apparent migration time (and so the velocity) o f those 

peaks in the electropherogram varied widely from ~50 s to ~ 150s. In order to prove that 

all those peaks represent active FAbs, the FAbs were incubated with is. coli cells (-1 .25 x 

10'9 /zg FAb per cell) for more than 3 hours in an experiment. After the incubation, the 

mixture was centrifuged at 7600 rpm for 5 minutes to spin down the cells. An aliquot o f 

the supernatant was then analyzed by CE under identical conditions to the FAbs before 

incubation. It was found that the intensity o f all peaks decreased -  40% after the FAbs 

were incubated with the E. coli cells (data not shown), suggesting that all the peaks were 

involved in the immuno-reactions with the E. coli cells.

According to Yeung et al. [28], each antibody molecule usually contains more than 

one site that can be labeled with a fluorescence probe. Different antibody molecules may 

be bonded with various number o f  the probes [28]. The fluorescence-labeled FAb 

molecules may have different charges and therefore different mobilities in CE. Due to the 

heterogeneity o f antibodies, even highly purified monoclonal antibodies would yield a 

broad or multiple peaks representing labeled antibody molecules [29-32], For instance, 

Hunt and Nashabeh utilized the CE to separate recombinant humanized monoclonal 

antibodies (rMAbs) that were labeled with 5-TAMRA under an electric field o f -625  

V/cm in capillaries (50 [im ID x 19.4 cm) filled with a sodium dodecyl sulfate sieving 

medium [30]. Multiple peaks were observed in the electropherograms o f the CE. Our 

observations in CE o f the FAbs were in agreement to those previous reports. Attiya et al. 

developed an affinity protection chromatography (APC) procedure and demonstrated the 

CE o f Cy5 labeled monoclonal anti-ovalbumin antibody on microchips [33], In the APC 

procedure, the binding sites o f antibody were protected by binding to ovalbumin-coupled 

sepharose beads before labeling. A single peak o f the FAb was obtained using the 

microchip CE.

Since the multiple peaks o f the heterogeneous FAbs may interfere with the peak(s) 

o f the target cells and therefore make identification difficult, homogeneous FAbs are 

required. To eliminate the heterogeneity o f antibodies, Fab and Fab’ fragment o f 

monoclonal antibodies have been used for capillary electrophoresis-based immunoassays 

[34, 35]. The antibody molecule in monomeric form is a glycoprotein with a molecular 

weight o f approximately 150 kDa that is shaped like a Y [28]. As shown in Figure 6.5,
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basic structure o f the monomer consists o f two identical halves connected by two 

disulfide bonds. Each half is made up o f a heavy chain o f approximately 50 kDa and a 

light chain o f approximately 25 kDa, joined together by a disulfide bond. The heavy 

chain is divided into an Fc portion and a Fab portion. The Fc fragment o f  the antibody 

molecule is composed only o f  heavy chains. The Fab fragment and Fab’ fragment o f the 

antibody molecule contains both heavy and light chains joined together by a single 

disulfide bond. Antibody fragments, Fab and Fab’ can be generated by papain and pepsin 

digestion o f the intact antibody respectively (Figure 6.5) [28], It was reported that those 

fragments o f monoclonal antibodies produced superior results as compared to those 

obtained using whole antibodies [34, 35].

In the Suresh lab, the purity o f the fluorescence-tagged antibody was verified using 

SDS-PAGE (Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis) analysis. 

In the SDS-PAGE system, a large pore polyacrylamide gel, called a stacking gel, is 

layered on top o f a separating polyacrylamide gel called a resolving gel. Each gel is made 

with a different buffer, and the tank buffers are different from the gel buffers (this system 

is called discontinuous buffer system). The discontinuous buffer system is able to 

concentrate the protein sample and therefore increases the resolution o f the SDS-PAGE 

[36]. The protocol o f the SDS-PAGE involves denaturing the protein sample by heating it 

in the presence o f  SDS and a reducing agent. SDS will bind to the protein causing it to

A / '
>  1 — I  W  F(ab) 

■ ■

Y

Papain

Fab

HFc subfragment

Mercaptoethylamine

Fc

Figure 6.5 Schematic diagram of preparation of antibody fragments, redrawn from [28],
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unfold, whereas the reducing agent will reduce the intramolecular and intermolecular 

disulfide bonds [36]. The separation o f the denatured proteins is a separation o f 

individual polypeptide subunit (i.e., heavy chain and light chain) o f the proteins. Figure 

6.6 shows electropherograms o f the SDS-PAGE that were performed in the Suresh lab. In 

Figure 6.6, the left lane is the markers o f  known molecular weight. Lane 2 shows the 

bands o f denatured proteins. Two major bands were seen at -5 0  kD and -2 5  kD (one 

more band at -2 5  kD, it may due to artifacts during the analysis according to the Suresh 

lab) in the electropherogram, indicating that the heavy chain and the light chain o f  the 

monomer were cleaved by the reducing agent and separated based on their size. Lane 1 

shows the band o f non-denatured proteins in the same electrophoresis system. Since the 

proteins (i.e., anti-L. coli 0157, 150 kD) were not dissociated, they could not penetrate 

the resolving gel, and no complete band was seen in the lane 1. Previous SDS-PAGE 

analysis o f the same antibody (non-fluorescence-tagged) in the Suresh lab showed similar 

electropherograms (not shown). Those electropherograms suggested that the 

fluorescence-tagged antibody was pure. In denaturing SDS-PAGE separations, protein 

migration is determined by molecular weight only [36]. In our CE separation o f  the 

antibodies on microchips, the proteins were not denatured. Since the non-denatured 

proteins migrated through the sieving matrix according to their molecular mass, structural 

conformation and net charge, the migration behavior o f  the proteins in the CE on 

microchips should be more heterogeneous. That probably was the reason why the 

multiple peaks were detected using the microchip CE for the fluorescence-tagged 

antibody. Based on this point, the microchip CE may have great potential for high- 

sensitivity analysis o f antibodies.

To fully understand the migration behavior o f the fluorescence-tagged antibodies on 

microchips, more experiments need to be performed in future. For instance, the 

fluorescence-tagged antibody was suspended in a PBS buffer originally, but the 

microchip CE o f the antibody was performed in lxTBE. Since the impact from the 

change o f buffer upon the electrophoretic behavior o f the antibody is unknown, the 

microchip CE o f the antibody in a PBS buffer needs to be performed in future work.
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Figure 6.6 SDS-PAGE analysis o f purified monoclonal antibody (anti- E.coli). Lane 1, non-denatured 

protein sample; lane 2, denatured protein sample (the reducing agent was 100 mM dithiothreitol). The 

resolving gel contains 12% (v/v) acrylamide, 0.39 M Tris (pH 8.8), 0.1% (v/v) SDS, 0.1% (v/v) ammonium 

persulfate, and 0.04% (v/v) TEMED (N,N,N’,N’-tetramethylethylenediamine). The stacking gel contains 

5% (v/v) acrylamide, 0.13 M Tris, 0.1% (v/v) SDS, 0.1% (v/v) ammonium persulfate, and 0.1% (v/v) 

TEMED. The electrophoresis buffer contains 0.025 M Tris, 0.25 M glycine (pH 8.3), and 0.1% (v/v) SDS. 

(Picture courtesy o f the Suresh lab)

6.3.2 Detection o fii. coli-FAb Conjugates

The electrokinetic injection o f  the labeled E. coli cells (E. co li-?kb  conjugates) was first 

attempted following a similar procedure to the FAb injections described in section 6.3.1. 

The detection point was placed at -150  /xm from the sample well in the middle o f the 

injection channel in order to shorten the test time (see Figure 6.7A). The sample waste 

well was connected to 200 V, and the sample well was connected to ground, while the 

other two wells were electrically disconnected. As shown in Figure 6.7B, the baseline o f 

the electropherogram rose from -0 .5  V to -2 .5V  within a couple o f seconds upon 

application o f the electric field along the injection channel. The rising baseline was 

believed to result from free FAbs in the suspension, which had not bound the cells. (In
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the separation step, which will be discussed in the rest o f this section, those free FAbs 

showed separated peaks.) Riding on top o f  the raised baseline, a series o f small peaks 

were also detected after several seconds. Those small peaks were believed to be the E. 

coli-FAb conjugates. This was supported by microscopic images obtained after the run. 

After a 20 second injection, the microchip was placed under the fluorescence microscope. 

The microscope was first focused on a part o f  the injection channel under a bright field. 

After the fluorescence excitation light was switched on, the exposure time was adjusted 

to ~1 second. As shown in Figure 6.7C, bright particles were detected in the injection 

channel using the fluorescence microscope, indicating that labeled cells had been injected 

into the channel. The diversity o f the intensities in Figure 6.7C indicated that cell clumps 

might be injected into the channel also, which had a large size and bright fluorescence in 

the image. The existence o f cell clumps was not confirmed by direct observations due to 

the limited magnification o f the microscope and small size o f  the cells (-0.5 /xm).

Sample Waste Well 
200 V

A)

Buffer Weir 
Float —

II ‘ Buffer Waste Well 
Float

Detection
Point

Sample Well 
Ground

c) I ;

Electrophoresis time (sec.)
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Figure 6.7 A) Schematic description of the microchip during injection o f the labeled cells. Arrow in the 

channel indicates the cell migration direction. B) Electropherogram o f the injection. PMT gain was 0.8 V. 

Detection point was at 150 fxm from the sample well. C) Fluorescence images o f the labeled cells in the 

injection channel under the fluorescence microscope. Microscope objective magnification: 40x; reflector 

for the fluorescent image: Cy5, T 0PR 03; exposure time for the fluorescent image: 1 s.

Since the labeled E. coli cells were observed migrating towards +ve electrode, they 

were believed to be negatively charged under the specified CE conditions. In the 

experiments o f labeled cell separations, the detection point was placed at 5 mm from the 

intersection in the middle o f the separation channel. During the separation, the buffer 

waste well was connected to 2 kV, the buffer well was connected to ground, while the 

sample well and the sample waste well were connected to 220 V (see Figure 6.8A). As 

shown on the electropherogram in Figure 6.8B, two bumps were detected at ~22s and 

~35s on the electropherogram. By comparing to the electropherogram o f the FAb alone in 

another CE run under the same electrophoresis conditions (data not shown), these two 

bumps were confirmed to be the free FAb in the sample. It was noticed that the peak 

profile o f the FAb in this experiment was different from that described in section 6.3.1. 

That probably indicates that the separation length in this experiment (5 mm) was too 

short to allow the FAbs to separate effectively into more peaks as the separations 

described in section 6.3.1 (which were detected at 4 cm from the intersection). W e found 

that the signal intensity o f the free FAbs in the electropherogram was strong. According 

to Kourkine et al. [8], the free FAb was still detectable even after 7 washes, and more 

washes resulted in the loss o f signal intensities o f  the labeled cells. They attributed the

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



incomplete removal o f the free FAbs from the bacterial sample to the breakage o f some 

cells during vortexing and the release o f a small amount o f FAbs [8].

Sample Waste Well
220 V A )

Buffer Well- 
Ground - f

Detection 
Point

Sample Well 
220 V

■ Buffer Waste Well 
2 kV

0.5 

0.4 

0.3
3LL
CC.

0.2 

0.1 

0
0 10 20 30 40 50 60 70

Migration time (sec.)

Figure 6.8 A) Schematic description o f the microchip during the separation o f the FAb labeled E. coli. The 

arrow indicates the direction of the cell migration. B) Electropherogram o f the separation of the labeled E. 

coli. Separation medium was 5GS1TBE; the separation DC field was 235 V/cm, with pullback voltages of 

220V; PMT gain was 0.8 V; detection point was 5 mm from the intersection.

On the same electropherogram o f Figure 6.8B, some small peaks with various 

intensities were also detected after ~25s. Those small peaks were believed to be the E. 

coli-FAb conjugates. This was confirmed by the images o f the conjugates in the 

separation channel subsequently obtained using a fluorescence microscope. After a 30s 

separation under an electric field o f 235 V/cm, the microchip was placed under the 

fluorescence microscope. A band o f bright particles in the separation channel was 

detected using the fluorescence microscope (data not shown). Both the fluorescent 

images and the peaks o f labeled cells in the electropherogram showed wide distributions.
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In another experiment, E. coli cells were incubated with 10 fxM To-Pro-3 for 5-minute 

followed by washings (as described in section 6.2.2). The To-Pro-3 stained E. coli cells 

were separated in 5GS1TBE by CE. After a 10 second separation under an electric field 

o f  235 V/cm, the microchip was placed under the fluorescence microscope. As shown in 

Figure 6.8, a wide distribution o f bright fluorescent particles in the separation channel 

after the 10-second separation was detected under the microscope. W e had no quantified 

comparison o f the mobilities between the FAb labeled and To-Pro-3 labeled cells, but 

both o f them showed a broad distribution, indicating the broad distribution o f the E. coli 

cells was associated not with the labeling method but with the intrinsic heterogeneity in 

cell mobility.

Figure 6.9 Images o f To-Pro-3 stained E. coli cells in the separation channel after a 10-second separation. 

Separation medium was 5GS1TBE. Separation voltage was 2.5 kV with pullback 250 V. E. coli cells were 

incubated with 10 /iM To-Pro-3 for 5 minutes. Microscope objective magnification: 40x; reflector for the 

fluorescent image: Cy5, T 0P R 03; exposure time for the fluorescent image: 1 s.

According to Pfetsch et al. [21], the mobility variation o f bacteria is influenced by 

the ionic strength o f the separation medium o f the CE. They obtained the narrowest bands 

o f bacterial cells at low ionic strength. They also found that with increasing ionic 

strength, more and more cells were destroyed giving widened bands with small peaks 

riding on the main peak. Similar discussions on this topic were also given in [21, 37, 38].

Since the cells had been stored for a long time (> 3 months at ~ 4 °C), the wide 

distribution o f the cell band in the CE was probably due to the existence o f cell fragment 

and debris. Unfortunately, we were not able to confirm the integrity o f  the cells under the 

microscope due to the limited microscope magnification.
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6.3.3 Specificity of the FAbs

The bright images o f  the E. coli-FAb conjugates (in Figure 6.7C) indicated that the FAbs 

had high affinity for the E. coli cells. (They were not FAb clumps because the FAb bands 

were narrow as shown in Figure 6.1.) This high affinity will provide a highly sensitive 

detection o f the target cells and eliminate possible false-negative results. However, unless 

specific enough, the antibodies may bind to other cells well enough to create false- 

positive results. Therefore, the specificity o f the FAbs has to be evaluated.

Yeast cells were used as the control sample in our experiments to evaluate the 

specificity o f the FAbs. 1 mg baker’s yeast was dispersed into 1 ml lxTBE. About 30 

minutes later, an aliquot o f  the yeast suspension (5 /x 1) was added into 5 /d o f the stock 

FAb suspension. After a one-hour incubation in the dark at room temperature, the 

mixture was centrifuged at 3600 rpm for 2 minutes. The pellets o f the yeast cells were 

resuspended in 10 /d lxTBE. The washing process was repeated 2 times before an 

aliquot (~3 /d) o f the yeast cells was transferred onto a microscope slide using a 

micropipette. The yeast cells were then inspected under a fluorescence microscope. A 

picture o f the yeast cells in the droplet under a bright field was taken (Figure 6.10B). The 

fluorescence image o f  the cells in the same location was then taken (Figure 6.10A). As 

shown in Figure 6.10A, bright fluorescence was detected from the yeast cells, indicating 

that the FAbs had bound to the cells.

Figure 6.10 Figure 6.10 A) Fluorescence of yeast cells after incubation with the stock FAbs. B) Image of 

the yeast cells in a bright field. Microscope objective magnification: 20x ; reflector for fluorescent image:
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Cy5, T 0PR 03; exposure time for fluorescent image: 1 s; halogen lamp voltage for bright field image: 1.5 

V.

In Chapter 5, we mentioned that positive-charged dye molecules might be attracted to 

the surface o f the negative-charged cells and therefore a weak fluorescence was detected 

from the cells (e.g., RBC). In this experiment, yeast cells were negatively charged in the 

lxT B E  (as discussed in Chapter 5). As aforementioned in the section 6.2.1, the FAbs 

were negatively charged also. Therefore, the fluorescence detected from the yeast cells 

did not result from an electrostatic association o f the FAbs in this case. According to the 

Suresh lab, this non-specific binding is common unless prevented by the use o f a 

procedure that absorbs any weakly binding antibody on a sacrificial substrate such as 

m ilk or BSA. A  procedure suggested by the Suresh lab is:

1) Suspend 1 mg dry yeast in 1 ml 2% milk, or in a solution o f 1% BSA and 1 xTBE.

2) Add 5 /rg antibody sample into the yeast suspension and then vortex the mixture for

30 seconds.

3) Cover the container with an aluminum foil and incubate the mixture 3 hours at room 

temperature.

4) W ash the yeast cells 2 times with distilled water following the procedure described in 

section 5.2.2 in Chapter 5.

5) Suspend the yeast cells in water

6) Inspect the cells on a microscope slide under a fluorescence microscope. The

detection o f  fluorescence on the yeast cells could indicate the specificity o f the 

antibody.

Due to limited time, the proposed test was not performed.

6.4 Conclusions

The injections and separations o f  the FAbs were demonstrated on microchips. An 

excellent repeatability was achieved. Peak profiles showed clearly the electrophoretic 

heterogeneity o f the FAbs. To make the identification o f target cells easier, FAbs that are 

more homogeneous are desirable. Besides the homogeneity o f the FAb, the binding 

specificity was also evaluated. Unfortunately, we found that FAbs binding was non-

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



specific, which was probably due to degradation o f FAb performance by prolonged 

storage.

Preliminary injection and separation protocols have been established for the 

manipulations and labeling o f cells. The FAb-labeled E. coli cells were detected by both 

the CE-LIF system and the fluorescence microscopy, and these showed a wide 

distribution o f cell mobilities. Since the integrity o f the cells was not clearly verified due 

to the limitations o f instrument, and debris and damaged cells may exist in our cell 

samples, experiments with conformed intact cells and fresh FAb samples need to be 

conducted in future work to confirm our results.

The technique that couples the immunofluorescent staining to CE is a novel 

technique for the cell identification. Further development o f this technique from the 

conventional capillaries to microchips will make it a powerful tool for clinical, 

environmental and industrial microbiology.
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Summary

The research projects undertaken as part o f  this thesis have resulted in the development o f 

several techniques that focused on the reliable separation and identification o f biological 

cells on microchips. Those techniques and achievements are briefly summarized below.

A novel technique for microchip performance assessment was developed (Chapter

2). This technique is capable o f monitoring the performance o f  microchips in a manner 

that does not require special equipment, requires little time, and could make use o f 

virtually any sample for the assessment o f electroosmosis flow.

We also developed a method for microchip rejuvenation (Chapter 3). It was found 

that the effects o f glass aging on the performance o f microchips were negligible. Since 

glass microchips can be rejuvenated and thereby be given a long lifetime, it is feasible to 

explore higher levels o f  integration and functionality on glass microchips even in 

applications requiring a low cost-per-test.

In chapter 4 o f this thesis, we studied the stability o f  capillary electrophoresis on 

microchips. Observations presented in the chapter revealed the limitations o f  the 

geometry o f microchips and provided a basis for the future design o f microchips and 

microchip operational protocols for cell manipulations.

We successfully demonstrated the separation o f biological cells on microchips solely 

based on electrophoresis (Chapter 5). It was proved that the electrophoretic separation o f 

and selective introduction cells on microchips was feasible and promising. Some 

preliminary studies towards selective identification o f cells based on the specific binding 

o f fluorescence-tagged antibody were also conducted (Chapter 6). We are among the first 

to demonstrate those techniques on microfluidic devices, and these have tremendous 

potential for the development o f low-cost, high-efficiency, and portable devices in the 

field o f life science and environmental monitoring.
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