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ABSTRACT 

Infectious diseases resulting from bacterial pathogens are the most common 

causes of patient morbidity and mortality worldwide.  The rapid identification of the 

pathogens and their antibiotic resistances is crucial for proper clinical management.  

However, the standard culture-based diagnostic approach requires a minimum of two 

days from the initial specimen collection to result reporting.  As a consequence, broad-

spectrum antibiotics are often prescribed under the worst-case assumption without 

knowledge of the pathogens or their resistances.  The current clinical practice results in 

improper treatment of the patient and causes the rapid emergence of multi-drug resistant 

pathogens. A rapid diagnostics system has therefore been developed which performs 

hybrid electrokinetic sample preparation and volume reduction, for single-cell 

antimicrobial susceptibility testing (AST).  The system combines multiple electrokinetic 

forces for sample preparation, which reduces the sample volume for over 3 orders of 

magnitude and minimizes the matrix effects of physiological samples for enhanced 

sensitivity.  The device is integrated with a single-cell AST system with microfluidic 

confinement and electrokinetic loading to phenotypically determine the bacterial 

antibiotic resistance at the single-cell level. The applicability of the system has been 

demonstrated for performing direct AST with urine and blood samples within one hour, 

enabling rapid infectious disease diagnostics in non-traditional healthcare settings. 



20 
 

CHAPTER 1 

INTRODUCTION 

 

1.1 The threat of antibiotic resistance 

In the past decade, our lives have been transformed by numerous medical 

innovations.  However, as a global community, we cannot escape the fact that infectious 

diseases, resulted from antibiotic-resistant bacterial pathogens, are still a major global 

healthcare challenge (Figure 1).  According to the annual assessment by the Centers for 

Disease Control and Prevention (CDC), antibiotic-resistant bacteria caused  more than 

two million illnesses and 23,000 deaths in the United States alone.[1]  Furthermore, 

antibiotic-resistant infections add considerable and avoidable costs to the U.S. healthcare 

system which is already overburdened.  As far as we are aware of from multiple sources, 

it has ranged as high as $20 billion in excess direct healthcare costs, as well as the costs 

outside the medical system such as lost productivity, which is as high as $35 billion a 

year.[1]  The use of antibiotics is the most important factor leading to antibiotic 

resistance in our life.  Antibiotics are the most common drugs prescribed in the 

pharmacy. However, about half of all the antibiotics prescribed for people are not 

necessary or are not optimally effective as prescribed.  Consequently, antibiotics have 

become less effective or even ineffective, which directly lead to an accelerating global 

health security crisis that is rapidly outpacing available treatment options.  From an 

industry perspective, since the multidrug-resistant pathogens emerge faster than the new 
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antibiotics are being developed and released to the market, the development of antibiotics 

has been increasingly challenging in recent years.  Sometimes antibacterial products are 

often abandoned after a few years because of resistance before the R&D investment can 

be pay back.  In figure 2, it shows the dates of discovery of distinct classes of 

antibacterial drugs.  No new families of antibiotics have been uncovered in the past 20 

years.[2]  

 

 

Figure 1. Antibiotic-resistant bacterial pathogens, are still a major global healthcare 

challenge. It happens in both developed and developing country.[1] 
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Figure 2. Dates of discovery of distinct classes of antibacterial drugs. Illustration of the 

“discovery void.” Dates indicated are those of reported initial discovery or patent.[2]   

 

To slow the development of resistance, using antibiotics wisely is important, which is 

also essential to prevent outbreaks of untreatable infections, and extend the effective time 

of our last resorted antibiotics. However, nowadays most diagnostic test take 48 to 72 

hours from specimen collection to results, with culture-based tests to determine antibiotic 

susceptibility adding additional days to weeks. Thus, treatment decisions are typically 

required and made before laboratory results are available. As a consequence, patients 

may be initially treated with inappropriate antibiotics, or treated with multiple antibiotics 

when a single antibiotic would have been effective. 
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Improved diagnostics for identification of antibiotic resistant bacteria and 

characterization of their resistance profile will help doctors make optimal treatment 

decisions and help to reduce the overall societal and personal costs of antibiotic-resistant 

infections. 

The technological landscape is changing at a rapid pace. The current trend is moving 

towards clinical presentation or point-of-care diagnostic tests suitable for use during a 

hospital visit because they only require few minutes, such as using the micro total 

analysis systems (µ-TAS) in the physician office. In the future, widespread availability of 

point-of-care tests that rapidly identify infecting pathogen and its antibiotic-resistance 

profile will significantly reduce unnecessary antibiotic use.   

 

1.2 Fundamental issues in current micro total analysis systems (µ-TAS) 

In the past decades, micro total analysis systems (µ-TAS) have been widely studied 

for various biological and medical applications.[3, 4]  A prominent advantage of µ-TAS 

is the ability to integrate multiple components, such as liquid handling, cell and molecule 

manipulation, and detection into an automated, sample-in-answer-out system.  Despite 

intensive efforts, most developed microfluidic systems have limited applications as 

automated biomedical analysis tools.  Developing µ-TAS for laboratory automation is 

often constrained by complex sample preparation procedures and the inability to resolve 

full system integration.[5, 6]  Numerous microfluidic approaches, such as paper-based 

microfluidics, lab-on-a-CD, electrowetting-on-dielectric and multiphase flow [6, 7], are 

therefore being developed to address these challenges.   
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Among various microfluidic techniques alternating current (AC) electrokinetics 

represents a promising approach towards the development of a fully integrated µ-TAS.  

The advantages of AC electrokinetics include rigorous micro and nano manipulation 

methods, low power consumption, cost-effectiveness, simplicity in microelectrode 

fabrication, and advancement in portable electronics.[8, 9]  AC electrokinetic phenomena 

include dielectrophoresis (DEP), AC electroosmosis (ACEO), and AC electrothermal 

flow (ACEF).  These techniques are capable of performing most fundamental 

microfluidic operations, such as sample pumping, mixing, concentration, and separation, 

to develop automated biomedical analysis systems. 

Biomedical applications often require manipulation of physiological samples and 

biological buffers with high conductivity.  Table 1 summarizes the conductivities of 

typical physiological fluids and media.  Nevertheless, most conventional electrokinetic 

studies were performed in low conductivity buffers to avoid unwanted side effects, such 

as electrolysis and heating.  To design electrokinetics based µ-TAS for laboratory 

automation applications, proper electrokinetic phenomena for manipulating conductive 

fluids should be considered.  For example, ACEO is most effective in low conductivity 

solution (< 0.1 S/m) and has limited applicability in conductive biological buffers and 

physiological fluids.  In contrast, ACEF is effective in a wide range of conductivities, and 

it is commonly used at frequencies greater than 100 kHz.[10, 11]  Understanding the 

dominant electrokinetic phenomena and their limitations throughout a wide range of 

conductivities is essential in the design of electrokinetics based µ-TAS. 
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AC electrokinetics has been demonstrated as a promising technique for fluid and 

particle manipulation, including pumping, mixing, concentration, and separation, in 

microfluidic systems.  Although the potential of AC electrokinetics is established in 

numerous biomedical applications, little work has been done to integrate multiple 

electrokinetic sample preparation and sensing modules for laboratory automation.  Since 

only microelectrodes and electronic interfaces are required, systems integration with AC 

electrokinetics can potentially cost-effective.  The development of fully integrated 

electrokinetic systems is an important step to realize the potential of electrokinetics based 

µ-TAS for infectious disease diagnostics, early stage cancer detection, cell biology and 

other applications. 

ACET often occurs in electrokinetic manipulation of high conductivity media.  By 

properly applying knowledge of the phenomenon, ACET could be an effective AC 

electrokinetic technique for system integration leading towards point-of-care diagnostics 

because of its effectiveness at physiological conductivity.[12]  The technique is further 

applicable to various types of samples and applications.  Since molecular advection and 

molecular binding efficiency are the fundamental barriers that are commonly observed in 

various biomedical assays, ACET enhancement has a great potential to benefit other 

sensing platforms found in clinical and biochemical applications. 

Another challenge for current electrokinetics-based μTAS is the volume mismatch 

between the microfluidic system and the physiological sample.  For infectious disease 

diagnostics, samples from microliter to tens of milliliters are collected from patients.  

However present microfluidic system can typically handle on the order of ten to one 
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hundred microliter solution.  It is a fundamental obstacle that is necessary to surpass in 

order to move the technology toward clinical applications. It is important to develop a 

better strategy to handle a large volume of physiological sample within a short period of 

time.  

Efforts should also be devoted to the fundamental understanding of 

electrokinetics.  Most of the classical theories of electrokinetics are derived based on 

simplified assumptions, such as small temperature elevation and constant electrical 

properties of the fluids and the bio-particles.  As the techniques and applications are 

expanding, these classical assumptions may not be valid and should be reconsidered.  For 

instance, as the length scale of the system increases, natural convection, such as 

buoyancy, should be considered in ACET design.  Furthermore, heat convection has to be 

considered in systems handling a large volume.  The effects of DC bias and hybrid 

electrokinetics should also be studied systematically.   
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Table 1: Conductivity (S/m) of common physiological fluids and media.[13, 14] 

Physiological fluid  Cell culture medium and buffer solution 

Urine 1.1 to 2.5  Lysogeny broth (LB) 1.0 to 1.2 

Cerebrospinal fluid (CSF) 1.4 to 1.8  Mueller Hinton Broth 1.0 to 1.2 

Bile 1.1 to 1.4  Phosphate buffered saline (PBS 
1X) 

1.3 to 1.6 

Blood 0.4 to 0.8  Dulbecco's Modified Eagle 
Medium (DMEM)  

1.4 to 1.5 

Saliva 0.4 to 0.6  Sodium phosphate buffer (1M) 5.0 to 6.0 
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1.3 Scope of dissertation 

Improved diagnostics for detection of resistant bacteria and characterization of their 

resistance patterns will help physicians make optimal treatment decisions and help public 

health officials take action to prevent and control disease. The technological landscape is 

changing at a rapid pace. The current trend is moving towards clinical presentation or 

point-of-care diagnostic tests suitable for use during a healthcare visit because they 

require only minutes.  The main goal of the study here is to investigate the possibility of 

transforming single cell AST from laboratory research into point-of-care diagnostics.  

There are four main objectives of this project: 

1. Develop a microfluidic device to characterize the long-range fluid motion induced 

by AC electrothermal flow.  

2. Using the new AC electrothermal flow model to develop a microfluidic device 

which can concentrate and purify bacteria from a complex matrix environment. 

3. Fabricated a microchannel to perform the antimicrobial susceptibility test in the 

single cell level. 

4. Develop an integrated hybrid electrokinetic bioprocessor towards a point-of-care 

device which can rapid diagnosis of infectious diseases in ~1 hour. 
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1.4 Outline of dissertation 

The dissertation starts with the motivation for the present studies in Chapter 1, 

discussing threat of antibiotic resistance.  The scope of the dissertation outlines the 

directions studied and approaches used. Four objectives are defined to meet the goal of 

this research work.  Background material is presented in Chapter 2 where fundamental 

concepts related to AC electrothermal flow, Dielectrophoresis and microfluidic 

operations.  The process to fabricate a microelectrode and microchannel are detailed in 

Chapter 3. In addition, the experimental techniques utilized in this study are described. In 

Chapter 4, Long-range electrothermal fluid motion in microfluidic systems is 

characterized including fundamental issues in classical ACEF model, extended 

computational model of ACEF.  The core of the dissertation is presented in Chapters 5, 6, 

and 7.  Electrokinetic sample preparation and volume reduction, and single cell 

antimicrobial susceptibility testing.  Chapter 7 then details development of an integrated 

hybrid electrokinetic bioprocessor.  Finally, the dissertation is summarized and concluded 

in Chapter 8. 
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CHAPTER 2 

BACKGROUND 

2.1 AC Electrothermal Flow 

ACEF arises from temperature gradients developed within a fluid when an 

external electric field is applied.  The local temperature gradients create conductivity, 

permittivity, viscosity, and density gradients in the solution.  These gradients and their 

interactions with the electric field, in turn, create bulk fluid forces and fluid motion 

(Figure 3 (a)).  For instance, the interaction between the conductive gradient and the non-

uniform electric field induces the Coulomb force.  The vertical density gradient generates 

the buoyancy force.  A theoretical model has been developed for estimating the 

electrothermal force.[8, 15, 16]  In this model, the charge density and the electric field are 

described by Gauss’s law (1) and the charge conservation equation (2): 

                                                              (1)                                                           

                                   (2) 

where ε, ρq, σ and u are the electrical permittivity, the charge density, the solution 

conductivity and the fluid velocity.  E is the electric field.  By using perturbation analysis, 

the electrical potential  in the medium can be estimated by: 

                                             (3) 

Joule heating is induced by the electrical field according to the Ohm’s Law and the 

temperature field can be determined by considering the energy equation: 

                                (4) 
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Figure 3. (A)  Schematic of AC electrothermal flow.  Arrows induced the direction of the 

bulk fluid force and fluid circulation.  (B) The frequency dependence of the 

electrothermal force, M(ω,T), at different fluid conductivities. 
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where k, , and c are the thermal conductivity, density, and specific heat of the fluid, 

respectively.  In a typical microfluidic device, the Péclet number is small 

( , where  is the heat capacity and L the characteristic length).  

The thermal convection can be neglected, and the energy equation is simplified to: 

                                                   (5) 

The temperature field can then be determined to estimate the time averaged 

electrothermal force: 

                          (6) 

where ,  for water, and f is the 

applied frequency.  The first term of equation (6) is the Coulomb force due to the 

conductivity gradient and the second term is the dielectric forces due to the permittivity 

gradient.  From equation (6), the electrothermal force depends on the applied frequency.  

In particular, the Coulomb force will dominate at low frequencies while the dielectric 

force will dominate at high frequencies with a crossover frequency ( ) depending on the 

charge relaxation time ( ).  The crossover frequency  is given by:  

                                                              (7) 

The charge relaxation time of the liquid is given by .  

For a parallel electrode with a small gap, the gradient of temperature can be 

estimated by: 

                                                          (8)  

The time-averaged force with an applied alternating potential is: 
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                                                           (9) 

where  is the angular coordinate and 

                                           (10) 

is a dimensionless factor describing the frequency dependence.  

 ACEF creates fluid motion in samples with a wide range of conductivity.[10]  

Figure 3 (B) shows the frequency dependence of the electrothermal force in different 

conductivities.  For physiological conductivities (~1 S/m), the ACEF velocities is 

constant and effective at high frequency range (~1MHz),[15, 16] which can minimize 

electrolysis of the fluid.  This presents a great advantage of ACEF flow.  From equation 

(9), the ACEF is proportional to V4.  For a sample with a higher conductivity, only a low 

voltage is required for biomedical applications.  By properly designing the electrode and 

microchannel structures, ACEF can be applied to perform necessary microfluidic 

operations. 

 

2.2 Dielectrophoresis 

 DEP arises from the interaction between a non-uniform electric field and the 

induced dipole of a polarizable object (Figure 4.A).  The dielectrophoretic force can 

move the object toward the high electric field region or low electric field region 

depending on the effective polarization between the object and the medium.  If the object 

has a higher polarizability, the force will push the object toward the high electric field 

strength region (positive DEP); otherwise, the force will point toward the low electric 
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field strength region (negative DEP).  DEP has been demonstrated to effectively 

manipulate various types of molecules, particles and cells.[9, 17] 

 The time-averaged dielectrophoretic force on a spherical object is given by:[18] 

                               (11) 

where R is the particle radius, Erms is the root mean square electric field, ω is the angular 

frequency, and K(ω) is the Clausius-Mossotti factor, which describes the frequency 

variation of the effective polarizability of the particle in the medium.  The Clausius-

Mossotti factor is defined by:  

                                                  (12) 

where  and  are the complex permittivities of the particle and medium, respectively. 

For a homogenous material, the complex permittivity is given by:   

                                                      (13) 

where ε is the permittivity and σ is the conductivity of the particle and medium.  

 Several major characteristics of DEP should be noticed.  First, DEP is most 

effective near the edge of the electrode, where the gradient of the electric field is 

strongest (F ~ ).  The force rapidly decays with distance away from the 

electrode.  Second, DEP depends on the applied frequency (F ~ ).  For biological 

cells, the effective polarization of the cells (i.e., the frequency dependence) is determined 

by the cellular structures and their electrical properties.  Distinct DEP spectra are 

observed for different cell types.  Figure 4.B shows the dielectric responses of 
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mammalian cells and bacteria in different conductive conditions.[19]  Furthermore, DEP 

force is sensitive to the particle dimension (F ~ ).    

 

Figure 4. (A)  Principle of dielectrophoresis.  B) Modeling of dielectric responses of red 

blood cells (RBC) and E. coli in media of different conductivities. 
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2.3 Microfluidic Operations 

 Using AC electrokinetics, multiple microfluidic operations, such as pumping, 

mixing, and particle manipulation, can potentially be implemented within a single system 

with the proper microelectrode design and electronic interface.[10, 20]  This renders AC 

electrokinetics a promising strategy for microfluidic system integration.  Recent 

advancements in microfluidic operations utilizing AC electrokinetics for physiological 

fluids are summarized in this section. 

Pumping.  Existing microfluidic systems often require external driving 

mechanisms (e.g., pumps or pressure sources) to accomplish transportation of reagents or 

samples within the devices.  Incorporation of such mechanisms, however, greatly reduces 

the portability of the device for point-of-care applications.[12, 21]  This represents a 

fundamental hurdle for implementing μ-TAS in point-of-care diagnostic applications.  

Electrokinetic pumps, which do not involve any mechanical moving parts, can be 

fabricated easily and resolve the need of external driving mechanisms necessary for 

microfluidic system integration.[22]  Various electrokinetic pump designs have been 

proposed.[23, 24]  The electrolysis pump, for instance, can be applied to generate fluid 

motion in a microchannel.[21]  ACET flow represents another promising method for 

fluid pumping in microchannels.[25, 26]  Recently, various ACET pumps have been 

designed.   

With a proper electrode design, an imbalance of the temperature and electric 

fields is created to break the symmetric competitive vortices and create a net fluid flow 

(Figure 5.A).  ACET pump with an array of asymmetric microelectrode pairs has been 
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demonstrated.[27, 28]  The study reported an asymmetric electrode design with low 

voltages (<15 Vrms) for driving fluids with conductivities between 0.02 and 1 S/m.  Fluid 

velocities of 100 - 1,000 µm/s were reported.  Furthermore, an asymmetric electrode 

array with biased AC signals has been reported (Figure 5.B).[29]  Compared to pure AC 

signals, the DC bias increased the local ionic strength near the electrodes leading to a 

substantial conductivity gradient.  This gradient could in turn induce a stronger ACET.  

The design reached a linear velocity of 2.5 mm/s with 4.42 Vrms AC signal and 1.0 V DC 

bias.  The volumetric flow rate or pumping pressure, however, was not specified in these 

studies.   

An important consideration for ACET pumps is the creation of the temperature 

gradient by Joule heating, which depends on the sample conductivity.  For a relatively 

low conductive medium (< 0.1 S/m), a high voltage is required to generate a large 

temperature gradient.  This can be resolved via two approaches: 1) external heat source or 

2) ACET pump with voltage phase change.  Inclusion of an external heat source can 

create a longitudinal temperature gradient and allows independent control of the 

temperature gradient and the electric field.  For instance, Gimsa et al incorporated a 

separate heating electrode, in addition to the asymmetric electrode, in the microchannel 

(Figure 5.C).[30]  The pump velocity was measured at conductivities varying from 0.1 

S/m to 1.3 S/m and reached 20 µm/s with a voltage of 30 V peak-to-peak (Vpp). The 

velocities were shown to be relatively independent of the medium conductivity.  Another 

approach of ACET pump with external heating was also proposed.[31]  For this design, 

the heating element was embedded in the glass substrate (Figure 5.D).  Numerical 
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simulation showed that the design provided over two times higher volumetric flow than 

Joule heating alone for the same input power.  

The second type of ACET pump designed involves a phase change of the 

electrical signal.  A two-phase AC voltage was applied to the asymmetric electrode array 

in a high conductivity solution (0.224 S/m).[32]  The major advantage of the two-phase 

ACET pump, as compared to the single phase pump, is enhanced electric field magnitude 

due to superposition of the electric fields produced by the different-phased electrodes.  

Numerically, the two-phase ACET pump achieved at least 25% faster fluid flow rates 

than the single phase ACET pump.  Recently, a multi-phase ACET pump with improved 

performance shown by theoretical and numerical simulation is also studied (Figure 

5.E).[33]  These results suggest design information necessary to build micro-pump 

systems for lab-on-chip applications. However, these concepts have not been verified 

experimentally. 

Theoretically, a net pumping action can be generated as long as the design breaks 

the symmetric competitive vortices over the electrodes.  In the asymmetric electrode 

design, the large effective vortices provide the major force pumping the fluid forward.  

However, the existence of small reversal vortices can greatly reduce the overall pumping 

capacity.[34]  Channel geometry modification has proven effective in addressing this 

issue.  This concept was first demonstrated by Du et al via incorporation of microgrooved 

channels in the asymmetric electrode array design (Figure 5.F).[34]  The microgrooves 

on the channel floor significantly reduced the effects of the reversal flows, which 

enhanced the overall pumping efficiency.  In the study, the fluid conductivity was 0.1 
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S/m.  The microgrooved structure increased the pumping capacity by five to six-fold as 

compared to a simple asymmetric electrode arrangement with the same effective 

dimensions.[34, 35] 
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Figure 5. Schematic illustration of six AC electrothermal pump designs.  (A) Asymmetric 

electrodes design, (B) DC-biased AC electrothermal pump, (C) AC electrothermal pump 

with an external heating element, (D) enhanced AC electrothermal pumping with thin 

film resistive heaters embedded, (E) traveling-wave AC electrothermal pump, and (F) AC 

electrothermal fluidic pumping in micro-grooved channels 
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Mixing.  Mixing is essential in most biochemical assays.  It is especially 

important for µ-TAS due to the laminar nature of microfluidic flows.  The small 

characteristic length of a microchannel typically leads to a low Reynolds number (Re < 

1), indicative of laminar flow.  Without turbulent mixing, molecular advection in the 

microscale only relies on diffusion.  The diffusion time scale can be estimated by 

T=L2/D, where L is the diffusion length and D is the mass diffusion coefficient.  In a 

biochemical assay, e.g. protein or nucleic acid detection, the reaction time can be greatly 

limited by the low mass diffusion coefficient of the macromolecules.  Therefore, effective 

mixing in microfluidic devices represents a key component towards the development of 

µ-TAS.[7]   

Several methods have been developed for microfluidic mixing and can be 

categorized to two types: passive or active mixers.  For passive mixers an external 

actuation mechanism other than fluid pumping is not required.  Mixing can be enhanced 

by split-and-recombine, multi-laminating, Dean vortex, or 3D channel geometry 

dependent on the Reynolds number regime.  For active mixers, external driving forces, 

such as pressure, ultrasound, magnetism, and electrohydrodynamics, are required.[36]  

However, advantages of active mixers include shorter mixing time and simpler 

microchannel design.  Numerous electrokinetic micromixers have been designed due to 

the effectiveness of electrokinetic mixing and the simplicity of the microelectrode 

fabrication compared to other active mixing approaches.[37, 38]  ACET mixing, in 

particular, has received extensive attention for biomedical applications.  Various ACET 

mixers have been studied extensively using numerical approaches, and effective mixing 
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can be accomplished in a shorter period of time compared to diffusion.  Two ACET 

mixer designs for reagent mixing are shown in Figure 6.A and B.   The mixer in Figure 

6.A consists of a pair of coplanar electrodes under two fluid streams.  By applying a DC-

biased AC voltage, an electrokinetic flow is induced with a flow profile perpendicular to 

that of incoming laminar streams of liquids to be mixed.[39]  An improved design has 

also been reported recently (Figure 6.B).[40]  In this design, a pair of coplanar electrodes 

with a sinusoidal interelectrode gap was used to enhance the mixing in a microchannel.  

In addition to reagent mixing, ACET can be incorporated for assay enhancement.  

There are several advantages of ACET for enhancement of biochemical assays, 

particularly for electrochemical assays.  First, ACET can be generated by the application 

of an AC potential to sensing electrodes, which can be easily integrated into the sensing 

platform.[41, 42]  Second, ACET can apply on-chip stirring and heating, both of which 

enhance the sensor signal.  Lastly, the ACET can also reduce the background noise and 

enhance the specificity of the assay.  

The biomedical applications for ACET assay enhancement have been 

demonstrated.[41, 43-46]  Electrothermal assay enhancement was first demonstrated with 

biotin-streptavidin binding by optical detection (Figure 6.C).[43]  More recently, an 

ACET enhanced electrochemical biosensor was confirmed for pathogen identification 

and antimicrobial susceptibility testing.[41, 47]  In this design, ACET enhancement was 

directly performed on a self-assembled-monolayer-based electrochemical sensor.  The 

same set of electrodes was used for both electrochemical signal enhancement and 

electrochemical sensing leading to enhanced results.  In particular, the sensitivity of the 



43 
 

bacterial 16S rRNA hybridization assay was improved at least one order of magnitude 

and the incubation time was reduced 6-fold.  The ACET enhanced biosensor can be 

implemented within an enclosed microfluidic system leading to automated molecular 

diagnostics at the point of care (Figure 6.D).[21, 42]   

Another challenge of clinical diagnostics is the matrix effects of the physiological 

fluids, which can affect the assay performance.[48]  ACET was shown to mitigate the 

matrix effect in an electrochemical biosensor.[47, 49]  ACET enhancement was able to 

not only increase the specific bonding efficiency, but also reduce the background noise 

due to the matrix effect in clinical urine and blood samples.  The study also showed 

multiplex detection of three uropathogenic clinical isolates with similar 16S rRNA 

sequences, illustrating the enhanced specificity of the assay.  These results demonstrated 

that ACET can significantly improve the signal-to-noise ratio of the biosensor for 

multiplex urinary tract infection diagnosis.  
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Figure 6. Schematic illustrations of electrode configurations for fluid mixing by AC 

electrothermal effect with (A) symmetric electrodes with AC voltage and DC bias, and 

(B) asymmetric meandering electrodes with AC voltage.  Schematic illustrations of (C) 

AC electrothermal enhancement of heterogeneous assays, and (D) AC electrothermal 

enhancement of an electrochemical pathogen sensor. 
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Bio-particles manipulation. The ability to selectively manipulate bio-particles, 

such as cells, DNA, and proteins, is important for various biological applications.  

Physical positioning of bio particles through techniques, such as trapping, focusing and 

isolation, is required to perform the biomedical analysis.  Various manipulation 

techniques, such as optical tweezers,[50] acoustic forces,[51] and surface 

modification,[52] have been reported.  For clinical diagnostics at the point of care, the 

advantages of electrokinetics include simple system requirements, label-free 

manipulation and cost effectiveness. Particle manipulation can be applied to a wide 

spectrum of biomedical applications such as: rapid bacteria separation for antimicrobial 

susceptibility testing[53], DNA extraction for pathogen identification[54], and proteins 

concentration for biomarker discovery[55], to name a few.   

Dielectrophoresis (DEP) is one effective strategy for manipulation of bio-

particles, such as mammalian cells, bacteria, yeast, DNA, and proteins.  DEP-based cell 

manipulation has been demonstrated for different applications.[53, 56-58]  Figure 7.A 

shows a schematic of using positive DEP to concentrate bacteria.[59, 60]  Positive DEP is 

typically performed in media with low conductivity in order to assure that the cells are 

more polarizable than the media.  In contrast, negative DEP is more commonly observed 

in media with high conductivity.  For instance, negative DEP force has been shown for 

cell manipulation, such as separation,[19, 61, 62] concentration,[19, 63] and 

patterning.[64, 65]  One of the designs of negative DEP patterning was proposed by 

Mittal et al (Figure 7.B).[64]  The device was demonstrated to effectively position HeLa 

cells and 3T3 fibroblasts in conductive media by using negative DEP.  The 
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biocompatibility of their method was demonstrated by showing the patterned cells could 

proliferate and express a normal morphology.  Cell separation can also be achieved by 

negative DEP.[19, 61]  One example is using DEP continuously to separate and to 

concentrate bacteria in physiological samples (Figure 7.C,D).[19]  The device separates 

bacteria from diluted blood and cerebrospinal fluid.  The separation efficiency of the 

device reached 90% at 30 µL/h.  The bacteria were further captured and concentrated into 

a collection chamber using positive DEP.  The bacteria capture efficiency was around 

95% at 800 µL/h. 

During DEP manipulation, electrokinetics induced fluid motion should be 

considered as it can change the efficiency of DEP.  The fluid motion introduces 

hydrodynamic drag force that washes away the DEP trapped particles or on the other 

hand, the fluid motion could enhance the performance of the DEP manipulation by 

introducing long range fluid motion.  A hybrid electrokinetic manipulation system was 

proposed by Sin et al.[38]  In this hybrid electrokinetic device, the combination of DEP 

and ACET flow allows separation, mixing, and concentration of colloidal particles 

ranging from nanometers to micrometers.  Furthermore, Gao et al. demonstrated a 3-

parallel-electrode configuration for continuous isolation of various bacteria and 

mammalian cells (Figure 7.E, F).[66, 67]  By properly designing the channel and 

operating condition, they demonstrated ACET constrains target cells (E. coli) far away 

from the bulk solution toward the electrode surface, where DEP is most effective.  Target 

cells can further trapped on the edges of the central electrode by DEP and EP (Figure 

7.E).[66]  Using a similar electrode design, the combination of DEP and ACET resulted 
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in different equilibrium positions of cancer cells and white blood cells in the flow 

channel, effectively separating the cells (Figure 7.F).  
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Figure 7. Bioparticle manipulation: Schematic illustrations of (A) nanoscale bioparticle 

trapping, (B) DEP-based single-cell patterning for patterning, proliferating, and/or 

migrating cells, continuous cell (C) separation and (D) concentration, hybrid 

electrokinetic device for manipulating (E) bacteria and (F) cancer cells (focusing and 

separation). 
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CHAPTER 3 

METHODS 

 

3.1 Microfabrication 

3.1.1 Microelectrode fabrication 

The microfluidic device consisted of a pair of parallel electrodes in a 

polydimethylsiloxane (PDMS) microchannel.  The length, width and distance of the 

electrodes may vary by different experiment, but all the electrodes were fabricated by 

evaporation and lift-off on glass microscope slides (Thermo scientific, Portsmouth, NH).  

The fabrication procedures are shown in Figure 8.  Briefly, the glass slides were cleaned 

by acetone and isoamyl alcohol, dried with nitrogen, and baked for 15 min at 125 ºC.  

The Bis(trimethylsilyl)amine (HMDS) was firstly spun coat on the glass substrate using 

the spin coater (Solitec Wafer Processing, Inc.) at the spinning speed of 1000 rpm for 30 

seconds followed by spun coat AZ-3312 photoresist (AZ Electronic Material, 

Branchburg, NJ) at the same spinning speed of 1000 rpm for 30 seconds. The coated 

photoresist was then soft-baked at 90 ºC for 90 seconds. The electrode pattern was 

defined by photolithographic patterning under a UV mask aligner (ABM Mask 

Alignment Systems) for 12 seconds. The patterned electrodes were subsequently 

deposited by evaporating 50 nm of titanium, 150 nm of gold, and 50 nm of titanium onto 

the glass slides followed by the lift-off process with acetone.  The components used in 

manufacturing micro-electrodes are listed in Table 2, below. 
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Figure 8. The fabrication process of microelectrodes 
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Table 2.  Mold making materials for microelectrodes. 

Material Manufacturer 
Part 

Number 
25 x 75 mm glass slides 
(substrates for resist patterning) Thermo Scientific 02-678-1 

Positive photoresist AZ Electronic Materials AZ3312 

Bis(trimethylsilyl)amine 
(HMDS) Sigma-aldrich 440191 

E-beam Evaporator Edwards Auto 306 

 

 

3.1.2 Microchannel fabrication 

The microchannels were fabricated by PDMS molding.  For the experiment of 

single cell antimicrobial susceptibility testing, the channel widths from 100 nm to 2 µm 

were created via electron beam lithography, as shown in the SEM figure 9A. All PDMS 

used for making molds was degassed for at least five minutes to remove bubbles which 

could interfere with pattern replication. In the integrated system, three different height 

channels, 0.5 nm, 1 µm and 1.5 µm, are also made by etching silicon wafer. 

In order to extend the useful life of the original master pattern, Additional steps 

were also used when creating final working PDMS molds to either transfer a mold image 

from “positive” to “negative”.  For the 100 nm to 2 µm patterned microchannel surfaces, 

a transfer molding process was carried out in order to prolong the life of the patterns over 

many casting cycles.  This was done as repeatedly casting PDMS off of resist patterned 

surfaces damages the resist by ripping it off the surface.  This process entails a single, 
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initial casting of PDMS off of the resist structures.   Epoxy is then cast off of the first 

PDMS mold to make a mold that is more durable under multiple castings than 

photoresist.  This epoxy structure serves as the mold upon which repeated PDMS molds 

used for patterning are cast.  The epoxy, when properly degassed, allows for accurate 

dimensions to be maintained and did not suffer from degradation as would the photoresist 

if PDMS were repeatedly cast from it.  For the e-beam patterned surfaces, PDMS was 

directly cast off of the silicon surfaces after they had been passivated.  The passivation 

involved spin coating several drops of a passivator on the wafer and then baking at 200ºC 

on a hotplate for one minute.  Without passivation, PDMS could not be removed from the 

wafer after curing.  The components used in manufacturing molds are listed in Table 3, 

below. 

For the experiment of long range fluid motion characterization and Electrokinetic 

sample preparation, the mold was created by a rapid prototyping process based on a 

computer numerical control system with micrometer precision (HAAS automation Inc., 

Oxnard, CA).  The length and width of the microchannel were 5 cm and 5 mm 

respectively.  The depth of the microchannel varied from 100 µm to 1000 µm for the 

theoretical and experimental study of ACEF (Figure 9B).  PDMS was mixed at 1:10 

curing agent to elastomer base ratio and incubated at 65 ºC for 5 hours.  Inlets and outlets 

were punched into the PDMS chamber by a 0.7 mm Harris Uni-Core punch tool (Ted 

Pella, Inc., Redding, CA).  
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Figure 9. (a) SEM of substrates produced by e-beam lithography used as master pattern 

surface. (b) PDMS mold created by a rapid prototyping process based on a computer 

numerical control system.  (Scale bar = 10 mm) 

 

Table 3.  Mold making materials for microchannels. 

Material Manufacturer 
Part 

Number 

Surface passivator Microchem OmniCoat 

E-beam patterned substrates 

Manufactured at Arizona State 
University’s Center for Solid 
State Electronics Research for 
technical assistance in 
nanofabrication 

NA 

Epoxy Devcon 2 Ton Clear 
Epoxy 

Polydimethylsiloxane (PDMS) Dow Corning Sylgard 184 

Laminar flow hood Clean-Ceil Clean Flow 
Hood 
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3.2 Pathogens and physiological samples.   

For the experiment of single cell antimicrobial susceptibility testing and 

electrokinetic sample preparation, two uropathogenic E. coli clinical isolates (EC137 and 

EC132) were chosen in this study.  Both of the isolates were obtained from the Veterans 

Affairs Palo Alto Health Care System (VAPAHCS).  The uropathogenic clinical samples 

were isolated from patients with procedures approved by the Stanford University 

Institutional Review Board.  The antimicrobial resistance profiles for EC132 and EC137 

were previously determined by the clinical microbiology laboratory at VAPAHCS.  

EC137 and EC132 are both sensitive to antibiotics trimethoprim-sulfamethoxazole 

(SXTS); however EC137 is also sensitive to the antibiotics, ampicillin and ciprofloxacin 

(AMPS, CIPS).  EC132 is resistant to ampicillin and ciprofloxacin (AMPR, CIPR).  The 

superscripts “S” and “R” stand for sensitive and resistant, respectively. 

 

3.3 Experimental setup 

 The microfluidic devices for single cell AST are shown in Figure 10.  The 

microfluidic chip was loaded on a Leica DMI-4000B inverted epi-fluorescence 

microscope (Leica Microsystems, Wetzlar, Germany).  For the experiment of long range 

fluid motion characterization and electrokinetic sample preparation, a Nikon Eclipse 

E800 upright epi-fluorescence microscope (Nikon Instruments INC., Melville, NY) was 

also used to observe the fluid motion on the electrode.  Images and videos were captured 

using a Cooke SensiCAM QE CCD camera (PCO-TECH Inc., Romulus, MI).  A 5 mm 
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prism (PS609, Thorlabs, Newton, NJ) was setup on the inverted microscope to monitor 

the fluid motion from the side (Figure 11).  A function generator (33220A, Agilent, 

Englewood, CO) was used for generating the AC potential.  The AC potential was 

monitored by a digital oscilloscope (DSOX2012A, Agilent, Englewood, CO) during the 

experiment. For the high volume reduction experiment, a power amplifier (LZY-22+, 

Minicircuits, Brooklyn, NY) was used to amplify the single from the function generator. 

The components used for imaging are listed in Table 4, below. 

 

 

Figure 10. Schematic diagrams of bacteria trapped in confined microchannels for single 

cell AST with and without electrokinetic loading.  
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Figure 11. Schematic illustration of the experimental setup for measuring the flow 

motion in the channel cross section.  The dotted line indicates the focal plane.   
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Table 4.  Imaging equipment 

Instrument Manufacturer 
Part 

Number 
Inverted epifluorescence 
microscope Leica Microsystems DMI 4000B 

Upright phase contrast 
microscope Nikon ECLIPSE E800 

Digital camera Cooke SensiCam 

Digital camera Imaging source DMK41AU02 

Silica Right-Angle Prism 5 mm Thorlabs PS609 

Slide warmer AmScope Model Model TCS-100 

Force probe Nanoscience Instruments FT-S540-NOC-
10 

SEM (Field emission) Hitachi S-4500 

AFM (Operated in tapping 
mode) Veeco Instruments Multimode 

AFM cantilever MikroMasch NSC15 
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3.4 Measurement method 

3.4.1 Image processing and particle image velocimetry   

Fluorescent microspheres (F8810, Invitrogen, Carlsbad, CA) with a diameter of 

200 nm were applied for particle image velocimetry from top and bottom view. 

Fluorescent microspheres (G0100, Thermo, Waltham, MA) with a diameter of 1 µm were 

also used to directly measure the fluid motion from the cross section.   The particles were 

diluted using Mueller Hinton (MH) broth with an electrical conductivity ~1.1 S/m (at 

21°C).  The images and videos were taken by a 10x objective (Leica HC PL FL, NA = 

0.3) and processed using the NIH ImageJ software.  The velocity field was calculated 

using the open source JPIV software package.  The depth of focus for PIV measurement 

was approximately 8 µm.  The CCD pixel size was 6.4 µm.  The measurement 

uncertainty can be calculated applying the following formula δx ≈ de/10M = 20nm, where 

de is the effective particle diameter [68, 69].  In the experiment, the particle density was 6 

- 8 particles in each 128×128 pixel interrogation window.  All velocity measurements 

were performed 100 µm above the bottom of the channel surface and 500 µm away from 

the electrode (Figure 12.a-b).  The setting was optimized for electrohydrodynamic 

measurement with minimal influence of dielectrophoresis [17, 70].   

 

3.4.2 Temperature measurement 

The temperature profiles were measured by infrared thermometry and calibrated 

by fine gage thermocouples.  An infrared camera system SC6700 (FLIR, Boston, MA) 
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was applied for measuring the temperature distribution inside the microchannel.  The 

infrared camera measured the mid-wavelength infrared (MWIR), covering 3 µm to 5 µm.  

For a 1 mm thick soda-lime-silica glass, the transmittance is approximately ~70% for 2.5 

µm to 4 µm wavelength and the value drops to ~0% for 5 µm or larger wavelength.  

Unlike long-wavelength infrared cameras that detect only the surface temperature, the 

MWIR camera measures the temperature inside the microchannel.  The temperature 

measurement was calibrated using fine gage thermocouples (Omega Engineering, INC., 

Stamford, Connecticut).  The thermocouples, which can be as small as 13 µm, were 

embedded in the PDMS microchannel.  The small size of the thermocouple allowed a 

good spatial resolution with a small loading effect for the measurement.   
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Figure 12. Long-range fluid motion induced by ACEF. Schematic of the (a) cross 

sectional view and (b) top view of the microchannel integrated with a pair of parallel 

electrodes.  Arrows indicate the direction of the flow.  Black spots represent the location 

of velocity measurement.  
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3.5 Computation simulation 

The computational model of ACEF was implemented in COMSOL Multiphysics v4.4 

(COMSOL Inc., Los Angeles, CA).  A 2D simulation including the PDMS chamber and 

glass substrate was implemented (Figure 12.a-b).  The entire domain was mashed by free 

triangular method with total number of 53,087 elements (Figure 13).  The convection-

diffusion and heat transfer modules were applied for calculating the electric field and 

temperature distributions in the model.  The velocity field was determined using the 

laminar flow module.  The two body forces, electrothermal force and buoyancy force, 

were incorporated in the calculation.  The temperature-dependent physical properties 

used in the calculation are listed in Table 5.  Finally, the velocity and temperature results 

of the whole domain can be plotted as Figure 14. 

 

Table 5 
Physical properties and operation parameters 

Symbol Value Units Notes 

σ 0.02425*(T-273.15)+0.6883 [S/m] Electrical conductivity (0.1m 

KCL) 

ε 5321T-1+233.76-0.9297T+0.1417×10-2 T2-0.829×10-6 T3 [Farad/m] Relative permittivity (water) 

k -0.869+0.00895T-1.5837×10-5T2+7.975×10-9T3 [W/(m∙K)] Thermal conductivity (water) 

ω 1,000,000 [Hz] Frequency 

g 9.832 [m/s2] Gravitational acceleration 

ρm 838.466135+1.4005T-0.00301T2+3.71822313E-7*T3 [kg/m3] Density (water) 

C 12010.1471-80.4T+0.31T2-5.38×10-4T3+3.625×10-7T4 [J/(kg∙K)] Specific heat capacity (water) 

μ 1.38-0.02T+1.36×10-4T2-4.65×10-7T3+8.9×10-10*T4-9.08×10-

13T5+3.85×10-16T6 

[Pa∙s] Dynamic viscosity (water) 
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Figure 13. The entire domain was mashed by free triangular. Total number of elements: 

53,087. The number of element for fluid dynamic simulation: 27,117.  
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Figure 14. Velocity and temperature profiles in an 800 μm channel with 1 MHz square 

wave with 7 V peak-to-peak. The units of fluid velocity and temperature are μm/s and °C. 
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CHAPTER 4 

LONG-RANGE ELECTROTHERMAL FLUID MOTION IN MICROFLUIDIC 
SYSTEMS 

 

4.1 Fundamental issues in classical ACEF model 

Ac electrothermal flow (ACEF) have been introduced in the background section.  

The theoretical model of ACEF has been developed for parallel electrodes with a small 

gap in the previous study [8].  In this classical model, the equilibrium temperature 

distribution was determined by considering the energy balance equation.  The effect of 

fluid motion on the temperature distribution was ignored due to the low velocity.  The 

gradients in permittivity and electrical conductivity, which interact with the electric field 

to generate the bulk fluid force, were approximated based on their linear temperature 

sensitivity.  The buoyancy effect was not considered due to the small length scale of 

microfluidics.  This classical model forms the basis of numerous ACEF studies and 

facilitates the design of various bioanalytical devices.  With the rapidly expanding 

applications of ACEF, the classical model, however, does not fully describe the diverse 

behaviors of ACEF observed in microfluidic systems.  Discrepancies between the fluid 

motion and the classical model were reported at high voltages and conductivities [28, 71, 

72].  Several modifications of the classical model, including buoyancy effects, 

temperature-dependent parameters and convective heat transfer, have been proposed.  

Nevertheless, the effects of these modifications and the diverse behaviors of ACEF are 

only partially understood.  A systematic experimental investigation along with modeling 
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and simulation is required to decipher the diverse behaviors of ACEF and provide 

guidelines on the design of ACEF based bioanalytical devices.    

An uncharacterized long-range fluid motion induced by ACEF, which creates 

centimeter scale vortices, would be investigated in this study.  The long-range fluid 

motion is studied under various channel dimensions, sample properties, and operating 

parameters.  Microfluidic channels with characteristic lengths from 100 µm to 1 mm are 

designed to investigate the temperature and velocity profiles.  Figure 12.a-b shows the 

cross-sectional and top views of the microchannel.  The fluid motion and the temperature 

profile in the microchannel are experimentally characterized by particle image velocity 

and infrared thermometry.  The effects of sample electrical conductivity, voltage, and 

frequency, are investigated systematically.  An extended computational model of ACEF, 

which describes the effects of the density gradient and temperature-dependent 

parameters, is also developed to compare with the experimental results.  Using the 

combined experiment and computation approach, it elucidate the effects of buoyancy, 

convective heat transfer, boundary conditions, and temperature-dependent parameters on 

the long-range electrothermal fluid motion.   
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4.2 Long-range fluid motion induced by ACEF 

The fluid motion was monitored at the top and bottom planes of the microchannel.  

A prism was also used to directly measure the fluid motion from the cross section.  

Figure 15 shows stacking of fluorescence images to illustrate the trajectories of the 

microspheres.  In agreement with previous ACEF studies [8], a pair of counter vortices 

driving from the gap to the electrode surface was observed near the electrode.  

Interestingly, a long-range fluid motion moving from the channel surface to the gap 

forming two centimeter-scale counter vortices was also observed in the microchannel.  

To characterize this long-range ACEF induced fluid motion, the voltage and frequency 

were studied systematically (Figure 16 and 17).  The experiments were performed using 

samples with conductivities from 0.6 to 2.4 S/m, which covers the electrical conductivity 

of most physiological fluids and biological buffers.  In our experiment, the velocity of the 

fluid motion increased with the applied voltage and electrical conductivity (Figure 16.a).  

In contrast, the velocity showed weak dependence with the applied frequency (Figure 

16.b).  The velocity profiles in the horizontal and vertical directions are shown in Figure 

17.a and b, confirming the formation of the large counter vortices in the microchannel.  

The classical model predicts ACEF increases linearly with the electrical conductivity and 

to the fourth power of the voltage, i.e. .  The data, however, did not fit into the 

power function and the discrepancy was particularly significant at high voltage and 

electrical conductivity values.   
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Figure 15. Formation of two pairs of counter vortices in the microchannel.  Fluorescence 

images were stacked together to illustrate the trajectories of the microspheres.  Scale bar, 

100 μm. 
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Figure 16. Characterization of the long-range fluid motion. (a)The voltage dependence of 

the fluid velocity. (b)The frequency dependence of the fluid velocity for different 

conductivities.  The experiments were performed in samples with different conductivities.  
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Figure 17. Fluid velocity profiles of the (a) horizontal and (b) vertical directions.  

Experiments were performed using 800 µm height channels. 
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4.3 Extended computational model of ACEF 

To investigate the discrepancy, an extended computational model of ACEF was 

proposed by modifying the theoretical model which was developed by Ramos et al. [8].  

The mathematical formulation involves a set of coupled equations describing the electric 

field, energy balance, and fluid motion [11].  The electrical problem considers the 

Gauss’s law, charge conservation, and Faraday’s Law (equations 1-3). 

                                                         (14) 

                                                       (15) 

                                                           (16) 

where ε is the solution permittivity, ρq is the local charge density, and J is the current 

density.  The current density is defined by the Ohm’s law: , where σ is the 

electrical conductivity of the solution and E is the electric field.  By using perturbation 

analysis, the electrical potential  in the medium is estimated by equation 17. 

                                               (17) 

When an electrical field is applied, Joule heating is induced in the solution.  The 

heat generation per unit volume and the energy equation for determining the temperature 

distribution are given by equations 18-19.  

                                                        (18) 
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                                          (19) 

where , k, and c are the density, thermal conductivity, and specific heat of the fluid, 

respectively.  Once the electric field and the temperature field are determined, the time 

averaged electrothermal force can also be estimated.  A general expression for the 

electrostatic force on a bulk fluid is given by equation 20.  

                                        (20) 

The first and second terms of equation 7 describe the Coulomb force and the 

dielectric force.  The third term represents electrostriction, which is omitted for 

incompressible fluid.  The time-averaged force per unit volume is given by equation 21. 

                               (21) 

where  is the angular frequency of the AC potential, the gradients in permittivity 

and electrical conductivity can be present as  and  

respectively.  The model predicts a transition of the dominance between the Coulomb 

force and the dielectric force when ωε/σ is approximately 1. 

A temperature gradient also gives rise to a change in fluid density.  In the 

extended model, the effects of density gradient and buoyancy force is considered.  The 

buoyancy force is described by equation 22. 
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                                                      (22) 

The velocity vector field, u, of the system is estimated by incorporating the two 

body forces to the fluid mechanics equations.  The velocity field is modeled by the 

continuity and Navier-Stokes equations at low Reynolds number (equations 23-24). 

                                                                 (23) 

                             (24) 

where p is the pressure and μ the viscosity of the fluid.   

For samples with a low electrical conductivity, the temperature rise is typically 

small.  For instance, applying an AC potential of 20 Vpp to a 0.01 S/m solution results in 

a temperature rise of only ~1°C.  However, the temperature can be significantly higher 

for samples with a high electrical conductivity.  When an AC potential of 10 Vpp is 

applied to a 0.1 M KCl solution (σ = 1.16 S/m at 20°C), the temperature rise can reach 

over 20°C.  For such a large temperature rise, the electrical conductivity itself increases 

for ~40% (σ =1.66 at 40°C), which in turn significantly enhances the Joule heating effect.  

Therefore, the temperature dependent properties, such as permittivity, thermal 

conductivity, dynamic viscosity, density and specific heat capacity, are considered.  

Therefore, the equations are modified to incorporate the temperature-dependent 

parameters.  The heat generation in equation 28 and the conservation of energy in 

equation 19 are modified to: 

                                                    (25) 
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                       (26) 

Furthermore, the classical model of the ACEF assumes that the permittivity and 

electrical conductivity changes with temperature are small.  For a small temperature rise, 

the temperature sensitivities of permittivity and electrical conductivity can be estimated 

by , where α ≈-0.0046K-1, β ≈ 

0.020 K-1 at 20°C [8, 11].  In the extended model, the time-averaged electrothermal force, 

continuity and the Navier-Stokes equations are modified to include temperature 

dependent parameters (equations 27-29).  

             (27) 

       (28) 

                             (29) 

where ,  is identity matrix. 

In existing models of ACEF, the boundary conditions are often considered to be 

the ambient temperature.  The fixed boundary condition, however, does not represent the 

large temperature rise observed in our experiment.  To determine the appropriate 

boundary condition, the surface temperature of the PDMS chip was measured by infrared 

thermometry (Figure 18).  A high temperature was observed on the surface of PDMS.  To 

reflect this observation, the third type boundary conditions (convective heat flux) were 

applied to the PDMS and glass surfaces in the simulation (equation 30).  

                                                  (30) 
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Figure 18. The surface temperature of the PDMS channel measured by infrared 

thermometry. The channel height was 800 μm. The voltage applied to the parallel 

electrode was 7V peak-to-peak voltage with 1MHz square wave.   
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4.4 Temperature profiles in the microchannel 

To evaluate the extended computational model, the temperature profiles were 

computed and compared with the experimental data using an 800 μm height channel.  

The temperature distributions with 7 V peak to peak were calculated in three different 

scenarios: the classical model, the classical model with temperature dependent 

parameters (w/T) and the extended model with temperature dependent parameters and the 

third type boundary condition (w/T + w/B.C.).  Compared to the classical model, the 

extended model significantly expanded the temperature gradient and increased the 

temperature rise (Figure 19.a).  Figure 19.b shows the temperature profile measured by 

infrared thermometry under the same condition.  The extended model matched perfectly 

with the experimental data (R2 > 0.99).  The voltage dependence of the temperature rise 

was also compared quantitatively in different scenarios (Figure 20.).  For small voltages 

(e.g., small temperature rise), all three models were in reasonable agreement with the 

experimental data.  For a large voltage, a large discrepancy was observed in the classical 

model and classical model with temperature dependent parameters.  In contrast, the 

extended model of ACEF captured the voltage dependence on the temperature rise.  The 

data demonstrate the importance of the boundary condition and support the applicability 

of the extended model for studying ACEF.  
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Figure 19. Temperature profiles in the microchannel.  (a) The temperature profile 

calculated using the classical model of ACEF (classic), classical model with temperature 

dependent parameters (w/T), and the extended model with temperature parameters and 

third type boundary condition (w/T+W/B.C.).  (b) The temperature profile measured by 

infrared thermometry near the bottom of the channel.  Scale bar, 2 mm.  



77 
 

 

 

Figure 20. Voltage dependence of the temperature rise determined experimentally and 

computationally. The coefficient of determination of different model were calculated 

respectively, R2 = 0.995754 (for ACEF w/T + w/B.C.), R2 = 0.676707 (for ACEF w/T) 

and R2 = 0.495894 (for ACEF classic).  
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4.5 Transition length of the long-range fluid motion 

In the classical model of ACEF, the length scale of the microchannel is assumed 

to be small.  For practical applications, the characteristic length of the microchannel can 

often be over 100 μm which may affect the significance of heat convection and 

buoyancy.  The effects of the characteristic length were investigated by adjusting the 

channel height in the extended model.  Figure 21 shows the velocity fields in channels 

with four different heights: 100, 200, 300, and 800 μm.  Only the small counter vortices 

near the electrodes were observed in small channels (e.g., 100 µm and 200 µm).  The 

small vortices showed weak dependence on the channel dimension.  Long-range fluid 

motion and large vortices were observed in larger channels.  The long-range fluid motion 

was observed only for channels with a height of 300 µm or higher.  In other words, a 

transition length scale between 200 µm and 300 µm exists for the long-range fluid 

motion.  The size of the vortices and velocity generally increased with the height of the 

channel.  Remarkably, the same effect of the characteristic length was observed in the 

experiments.  Figure 22 compares the velocity profiles from computational simulation 

and particle image velocimetry in a 300 µm height channel.  Figure 22.a shows the 

velocity profile in the cross-sectional plane calculated by the extended model.  Figure 

22.b shows the PIV measurement of the velocity at the bottom layer and top layer in the 

channel.  The computational model matched the velocity profile quantitatively.  In 

general, the extended model was capable of predicting the long-range fluid motion 

observed in the experiment and was applied for studying the factors controlling the 

centimeter-scale vortices.   
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Figure 21. The velocity profiles in channels with different heights: 100 µm, 200 µm, 300 

µm and 800 µm. Unit: µm/s. 
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Figure 22. (a) The velocity profile in the 300 µm height channel calculated using the 

extended model.  (b) Particle image velocimetry measurement of the velocity profiles at 

the top and bottom plane of the microchannel. 
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4.6 Regulation of the long-range fluid motion 

The factors that regulate the long-range fluid motion were further investigated by 

using the extended computational model and experimental measurements.  The voltage 

dependencies of long-range fluid motion in an 800 µm channel were calculated in four 

different scenarios: the classical model, classical model with buoyancy, classical model 

with buoyancy and temperature dependent parameters, and the extended model (Figure 

23. a).  In the extended model, the buoyancy, the temperature-dependent parameters, and 

the third type boundary condition were incorporated.  The velocity was measured in a 

region far from the electrode (Figure 12).  The velocity calculated in the classical model 

of ACEF is significantly lower that the measured values, showing the inability of the 

classical model in describing the long-range fluid motion.  By incorporating buoyancy, 

the model resulted in reasonable agreement with the data up to 4 V.  However, the model 

underestimated the velocity at higher voltage, which suggests that additional factors 

affected the long-range fluid motion.  Therefore temperature dependent parameters were 

incorporated in the model to capture the influence of the large temperature rise, which 

reduced the discrepancy between the model and the data.  The model was further 

modified by using the third type boundary condition, resulting in the extended 

computational model of ACEF.   There is an excellent agreement between the 

experimental data and the extended models (R2 > 0.99).  The extended model also 

captures the fluid velocity in channels with different heights (Figure 23. b).  
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.  

Figure 23. The velocity profiles measured by particle image velocimetry (experimental) 

and calculated using the classical model of ACEF (classic), classical model with 

buoyancy (w/Buoyancy), classical model with buoyancy and temperature dependent 

parameters (w/Buoyancy + w/T), and the extended model with buoyancy, temperature 
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parameters and third type boundary condition (w/buoyancy + w/T + w/B.C.).  The 

coefficient of determination were calculated respectively, R2 = 0.70719 (for ACEF 

w/Buoyancy), R2 = 0.822703 (for ACEF w/Buoyancy + w/T), and R2 = 0.999201 (for 

ACEF w/Buoyancy + w/T + w/B.C).  (b) The velocity profiles in channels with different 

heights.  Data represent mean ± standard deviation. The coefficient of determination of 

the fitting are R2 = 0. 9662 (300 μm), 0.9814 (400 μm), 0.9935 (600 μm), 0.9986 (800 

μm), respectively. 
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CHAPTER 5 

ELECTROKINETIC SAMPLE PREPARATION AND VOLUME REDUCTION 

 

5.1 Fundamental obstacle for current microfluidic device 

As discussed in chapter 4, the ability to create the long-range fluid motion will 

have important implications in the design of ACEF-based analytical devices.  The 

miniaturization of diagnostic test platforms offers many advantages over centralized 

laboratory testing, such as reduced reagent volumes, rapid analysis, small size, low power 

consumption, parallel analysis, and functional integration of multiple devices.  However, 

microfluidic systems are often limited by the volume mismatch between the microfluidics 

and the sample size in practical applications.  It is a fundamental obstacle that is 

necessary to address in order to move the technology toward clinical applications. The 

long-range fluid motion may enable novel techniques for manipulating the sample.  

Hybrid electrokinetics, i.e., combinations of different electrokinetic phenomena, can also 

be implemented to take advantages of electrokinetic techniques that are effective in 

different length scales.    

Microfluidics represents a promising approach to develop point-of-care systems 

toward rapid diagnostics of infectious diseases.  However, microfluidics based point-of-

care diagnostic systems are often limited by i) the volume mismatch between the 

microfluidic system and the sample. For infectious disease diagnostics, samples from 

microliter to tens of milliliters are collected from patients.  However present microfluidic 
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system can typically handle on the order of ten to one hundred microliter solution.  It is a 

fundamental obstacle that is necessary to surpass in order to move the technology toward 

clinical applications. In future research, it is important to develop a better strategy to 

handle a large volume of physiological sample within a short period of time.  ii) The 

matrix effect of physiological fluids, matrix components present in biological samples 

can affect the response of the analyte of interest. These phenomena, termed generally as 

matrix effects, can lead to inaccurate quantitation and are, therefore, important to be 

addressed in bioanalytical method development and validation [73, 74].  Appropriate 

matrix management geared toward minimizing or correcting these effects is essential in 

developing any reliable method. Some sample preparation procedures have been of 

tremendous significance in reducing matrix effects. However, as the demand for assay 

sensitivity rises because of the evaluation of increasingly potent drugs and the detection 

of extremely low-concentration biomarkers, the need for more effective sample 

preparation methods becomes more pressing.  

 

5.2 Volume reduction 

Since a long-range fluid motion have identified in last chapter. In this study, a 

hybrid electrokinetic technique is reported for concentrating and isolating bacterial 

pathogens from raw patient samples, including urine and blood.  The technique combines 

long-range ACET flow and dielectrophoresis (DEP) to concentrate bacterial pathogens. 

The long-range fluid motion generated by ACET is driven by a pair of parallel electrodes.  

In our experiment, the Mueller-Hinton (MH) broth was used to evaluate the performance 
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of the electrokinetic concentrator. The conductivity of the MH broth is approximately 1.3 

S/m at 20 °C.  The fluid motion and temperature profile has been studied in the previous 

chapter to ensure the pathogens were not affected by the heat.  In addition to optimize the 

concentration process, the voltage dependence, the frequency dependence, and the 

influence of the dimension of the channel were characterized systematically (Fig. 16).  

Stained E. coli clinical isolates spiked in high conductivity media, including blood 

and MH broth, were applied for studying the performance of hybrid electrokinetic 

bacterial concentration.  In this experiment, the long-range fluid motion generated by 

ACET constrained the bacteria to the region near the electrode, where DEP was effective 

for trapping the bacteria.  Target bacteria could then be rapidly focused on the inner 

edges of the electrodes by DEP and continued to aggregate at the central region due to the 

hydrodynamic flow.  For studying the voltage dependence of the bacterial concentration 

efficiency, an AC square waveform from 5 Vpp to 8 Vpp at 1 MHz was applied to the 

parallel electrode respectively.  Fluorescence microscopy verified that all of the bacteria 

were captured on the center of the parallel electrode (Figure 24.a). Optimum voltage was 

also determined by analyzing the fluorescence images (Figure 24.b). The bacteria can be 

concentrated from all the voltage from 5Vpp to 8Vpp. However for a higher voltage, the 

long-rang fluid motion will be much greater than the DEP force, only a few bacteria will 

be trapped in the middle region. If the voltage is too low, it will take much longer time to 

concentrate the bacteria. In the current setup, the best efficiency is at 7Vpp (Figure 24.c). 

Overall, the long range fluid flow allowed DEP to be effective in high conductivity 

buffers and dramatically enhanced the effective range of target manipulation.   
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Figure 24. Characterization of bacterial concentration efficiency: (a) Time lapse images 

of E. coli concentrating in a microchannel for 20 minutes. (b) Voltage dependency of 

concentration.  (c) Intensity plotting from time point at 15 min. 
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In order to further evaluate the efficiency, the numbers of bacteria were counted 

by analyzing images to estimate the capture efficiency. Bacteria were diluted to ~10 cfu 

in 200 µL MH broth.  An AC square waveform 7 Vpp at 1 MHz was applied to the 

parallel electrode. Using the upright microscope, the bacteria was counted at different 

Time point. It shows our device could be concentrated into a few microliters in 15 min 

with over 95% recovery rate (Figure 25).    

 

Figure 25. Characterization of bacterial concentration efficiency in 200 μl MHB 
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5.3 Sample preparation  

Remarkably, this device not only can concentrate bacteria from a urine samples, 

but also separate bacteria from even complex matrix condition, such as blood cells (e.g., 

in wound swab or patients with sepsis, pyuria or hematuria) (Figure 26.a).  Since the 

blood cells experienced negative DEP (Figure 4. b) at 1M and 1 S/m condition, it will be 

repelled away from the electrode under the same electrokinetic condition, allowing 

purification of the target bacteria (Figure 26).  In this experiment, blood were diluted to 

1:100 with PBS, because the blood has a large viscosity.  Later, E. coli clinical isolates 

were stained and spiked to the diluted blood solution. Bright field microscope showed the 

blood cells were repelled from electrodes by negative DEP (Figure 26.b). Fluorescence 

microscopy verified that only bacteria were captured on the center of the parallel 

electrode.  Overall, the long range fluid flow with DEP force can be effective in high 

conductivity buffers and dramatically concentrate bacteria from a complex matrix 

condition.  In the recent experiment, the concentrator was further improved to directly 

handle blood without a large dilution. By using RBC lysis buffer (Roche), the dilution 

ratio can improved to 1:2.  
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Figure 26. Selective isolation of E. coli (stained) from blood cells at two time point (0 

minute and 15 minute). (a) A schematic diagram of the separation theory. (b)Bright field 

microscopy image (c) Fluorescence microscopy image. Scale bars: 50µm 
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5.4 Other applications 

In addition to pathogenic E. coli, the device was capable of other pathogens, for 

example, diagnosing fungal infection without additional modification.  Figure 27 shows 

C. albicans was concentrated from Yeast Mold Broth. The C. albicans can be effectively 

concentrated in high conductivity media. 

Also the concentrated solution can be directly applied to the polymerase chain 

reaction using direct bacteria PCR kit (Figure 28.). It has a great potential to adapt other 

microfluidic device towards a fully integrated point-of-care device to solve the antibiotic 

resistance problem. 

 

Figure 27. Selective isolation of C. albicans (stained) from yeast mold broth (15 minute). 

Bright field microscopy image and fluorescence microscopy image. Scale bars: 50µm 
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Figure 28. PCR result, the concentrated bacteria directly run in the PCR.  
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CHAPTER 6 

SINGLE CELL ANTIMICROBIAL SUSCEPTIBILITY TESTING 

 

6.1 The Concept of Single Cell Antimicrobial Susceptibility testing 

In this study, a single cell AST approach with confined microchannels and 

electrokinetic loading was reported.  Escherichia coli (E. coli) clinical isolates from 

patients with urinary tract infection, which is the most common bacterial infection, are 

applied as the model pathogens in this study.  By confining uropathogenic E. coli in gas 

permeable microchannels with dimensions compatible to a single bacterium, the growth 

of individual bacteria can be monitored at the single cell level.  Furthermore, 

microelectrodes are integrated in the confinement channels to position the bacteria with 

DEP for facilitating the observation of bacterial growth in defined locations.  DEP is 

highly effective in our configuration due to the close proximity between the electrode 

edge and the pathogens.  The effect of the applied voltage is investigated to maximize the 

loading rate while minimizing the harmful electrothermal effect on bacterial growth.  The 

kinetics of the bacterial growth rates among the bacterial population is also characterized 

to determine the proper assay time required for AST.  The applicability of single cell 

AST is demonstrated by determining the antibiotic resistance profiles of uropathogenic 

clinical isolates in culture media and in urine samples in one hour. 
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6.2 Microfluidic confinement of individual bacteria   

The effects of the channel width on bacteria loading and confinement were first 

evaluated.  The bacterial samples were loaded into confinement channels from 500 nm to 

10 µm by capillary force.  For confinement channels with a small width (≤ 1 µm), most 

bacteria were blocked at the entrance of the channel and only a small portion of bacteria 

could be loaded into the confinement channel.  For large channels (≥ 3 µm), bacteria 

were loaded into the channel; however, most bacteria were not confined, which could 

introduce uncertainty in the growth rate measurement.  Therefore, 2 µm channel, which is 

optimized for both loading and confinement, was chosen for the single cell AST 

experiment.  A typical E. coli loading experiment with 2 µm channels is shown in Figure 

29a.  Bacteria were loaded into different locations of the channels.  Due to the small size 

of the confinement channel, the bacteria were physically trapped and the growth of the 

bacteria could be monitored continuously.  Figure 29b shows time-lapse images of 

bacteria growing inside the confinement channels.  The bacteria were observed to grow in 

length and divide into two daughter cells, and the daughter cells continuing to grow and 

divide.  The total length increased exponentially and the doubling time of the bacteria 

could be extracted from the images.  For the E. coli clinical isolates used in this 

experiment, the average doubling time was determined to be ~36 min.  This value is in 

reasonable agreement with the doubling time of typical pathogenic E. coli, which is 

between 20 min to 60 min.[75]  These results demonstrate the applicability of 

confinement microchannels for monitoring the bacterial growth at the single cell level.   
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Figure 29 (a) Uropathogenic E. coli loaded at different locations in confined 

microchannels.  White arrows indicate the position of the bacteria trapped in the 

channels.  Scale bar is 10 µm.  (b) Time lapse images of E. coli growing in a 

microchannel for 2 hour. 
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6.3 Electrokinetics-assisted pathogen loading.   

In the microfluidic confinement experiment, the location and the number of 

bacteria in the channels are generally random and are difficult to control for AST.  To 

facilitate the active loading of bacteria into defined locations inside the channel, 

electrokinetic loading is applied via microelectrodes integrated perpendicularly to the 

channel.[9, 11]   Figure 30.a illustrates the design of the device.  The ability to position 

bacteria could also simplify and automate the observation procedure, since multiple 

bacteria can be located in defined locations in the same field of view.  In our design, 

microelectrodes are aligned near the inlet (~ 400 µm) to reduce the probability that a 

bacterium is physically trapped in the channel before reaching the electrode region.  It 

should be noted that DEP is typically operated in low conductivity buffers to maximize 

the effective polarization and to avoid electrolysis.[17, 38, 76]  These issues can be 

overcome by using a Ti–Au–Ti sandwich electrode configuration, which has high 

stability for electrokinetic operation and can endure high voltages for an extended period 

of time without observable degradation.[66]   This configuration allows us to manipulate 

E. coli in standard high conductivity AST media (MH broth) without media dilution or 

replacement.  Furthermore, the bacteria are in close proximity with the electrode edge; 

therefore, only a small applied voltage is required to trap the bacteria.   

In the electrokinetic loading experiment, the sample solution is pipetted to the 

entrance of the microchannels.  The capillary driven fluid motion entrains the bacteria to 

regions near the electrode edge and the bacteria are trapped on the edge by DEP.  In the 

experiment (Figure 30.b-c), an AC potential of 5V peak to peak at 1MHz was applied.  E. 
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coli bacteria were observed to experience positive DEP and were trapped at the edges of 

the electrode.  The bacteria can be trapped at both the outer edges and inner edges 

between the electrodes (Figure 30.b-c).  For a larger channel such as a 6 µm channel 

(Figure 30.b), bacteria can be trapped at the inner edges.  However, for a 2 µm channel 

(Figure 30.c-d), bacteria were generally trapped at the outer edges before they reach the 

inner edges.  Since the bacteria reach the outer edge first, the operating parameters was 

optimized for trapping bacteria at the outer edges.  Upon loading, the electric field can be 

removed and the bacteria remain confined in the 2 µm channels.  On the electrode edge, 

the bacteria grew normally with a growth rate similar to the condition without 

electrokinetic loading (Figure 30.d).  To optimize the loading efficiency, which is the 

percentage of channels loaded with one or more bacteria, the applied voltage was 

adjusted from 0 to 8 V systematically (Figure 31.a).  Without an external electric 

potential (i.e., 0 V), the loading efficiency is slightly above 30%.  The high value is likely 

due to physical blockage by the electrode, which has a height of 250 nm.  The loading 

efficiency generally increases with the voltage from 0 V to 5 V and reaches a plateau of 

~75% at 5 V.   

A high applied voltage could potentially introduce unwanted effects that affect the 

bacterial growth rate.  The effect of the applied voltage on the bacterial growth rate is 

therefore characterized (Figure 31.b). In the experiment, the bacteria growth rates are not 

affected at or below 5V.  With a higher voltage (e.g., 8 V), a reduction of the bacterial 

growth rate was observed.  The reduction in growth rate could be explained by the heat 

generated (Joule heating) during electrokinetic operation.  The importance of the 
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electrothermal effect is supported by the fact that the proper operating voltage range can 

be affected by the temperature of the heating stage.  For parallel electrodes, the maximum 

temperature rise due to electrokinetic operation can be approximated by ΔT = 

σV2rms/(8k).[8]  For water (thermal conductivity k = 0.6 J/(msK) and electrical 

conductivity σ = 1.3 S/m) with an applied voltage Vrms = 8 V, the temperature rise is 

estimated to be ΔT = 17.3°C resulting a maximum temperature of 54°C.  The high 

temperature could reduce the bacterial growth rate.[77]  For 5 V, the maximum 

temperature rise is approximately 6.8°C.  It should also be noted the temperature 

experienced by the bacteria is lower than the maximum temperature calculated since the 

electrode is serving as a thermal heat sink and creates a local temperature distribution.  In 

our experiment, 5 V is able to achieve over 75% loading efficiency without affecting the 

bacterial growth rate and is, therefore, optimized for the single AST experiment. 
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Figure 30 (a) A schematic diagram (cross-section view) of a pair of parallel electrodes 

with the bacteria positioned by DEP force and trapped in the microchannel.  (b-c) E. coli 

trapped by AC electrokinetic force.  E. coli bacteria were trapped at (b) the inner edge 

and (c) the outer edge.  (d) Time lapse images of the bacterium in (c) with 1 hour 

inoculation.  Scale bars are 10µm. 
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Figure 31. Electrokinetic loading of bacteria.  (a) Dependence of the loading efficiency 

on the applied voltage.  (b) Dependence of the growth rate on the applied voltage. (*p 

<0.05).  Data represent mean ± standard error. 
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6.4 Kinetics and distribution of individual bacterial growth rates in confined channels  

The kinetics and the distribution of the bacterial growth were then evaluated at the 

single bacterium level.  The information will be useful to understand the growth behavior 

of individual bacteria and to determine the optimal conditions for single cell AST for 

statistical analysis.  Furthermore, little is known on the individual response of bacteria 

with antibiotic below the minimum inhibitory concentration.  Figure 32.a illustrates 

typical growth curves of individual bacteria in MH broth without antibiotic.  The length 

of the bacteria increases exponentially in the confined channel.  A large variation of 

growth rates were observed among the bacteria; nevertheless, the data can generally be 

fitted by exponential curves.  The growth could be easily observed with bright field or 

phase contrast microscopy.  With the application of an antibiotic (e.g., ciprofloxacin), the 

bacteria did not display an observable growth (data not shown).  As a result, the bacterial 

growth rates with and without antibiotic can be clearly distinguished in as short as 30 min 

(Figure 32.b).  The bacterial growth rate is found to be a more reliable parameter for 

judging bacterial growth than the absolute length due to uncertainty in optical resolution.  

These results indicate that phenotypic AST with confinement microchannels and optical 

microscopy can be finished with a time comparable to the doubling time of the bacteria.  

The distribution of the bacterial growth rate among the population is further 

investigated.  Figure 33.a shows the histograms of the E. coli growth rate under different 

concentrations of ciprofloxacin.  Without antibiotic, the bacterial growth rates show a 

Gaussian distribution and have an average value of ~0.02 min-1.  At a ciprofloxacin 

concentration below the minimum inhibitory concentration (e.g., 0.8 or 1.6 μg/ml), the 
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distribution remains Gaussian and the mean growth rate decreases as the antibiotic 

concentration increases (Figure 33.a).  Total inhibition of the bacterial growth was 

observed at 32 μg/ml.[78]  The variation in the growth rate generally increases linearly as 

the growth rate increases (Figure 33.b).  Interestingly, our results also suggest that the 

distribution shifts smoothly with the drug concentration indicating an analog response of 

the antimicrobial effect on the bacterial growth rate.  The mechanistic reason of why the 

distribution shifts in a continuous manner could be understood by the mechanism of 

action of ciprofloxacin, which inhibits DNA gyrase and stops division.[79]  Therefore, a 

small amount of ciprofloxacin could partially slow down the growth rate.    
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Figure 32. Single cell AST.  (a) Growth of individual E. coli in confined microchannels. 

b) Bacterial growth rates with and without antibiotic. (*p <0.01; CIP = ciprofloxacin). 

 

 

Figure 33. (a) Distribution of growth rates of EC137 with different ciprofloxacin 

concentrations.  (b) Relationship between the mean and standard deviation of the 

bacterial growth rate. 
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6.5 Antimicrobial resistance profiling of uropathogenic clinical isolates 

The confinement channel was then applied for single cell AST.  Two 

uropathogenic E. coli clinical isolates (EC132 and EC137) was chosen with four different 

conditions (control, AMP, CIP, and SXT) to evaluate the applicability of confined 

microchannels for rapid antibiotic resistance profiling.  The assay time was chosen to be 

one hour.  From clinical microbiology analysis [80], it was previously determined EC137 

is sensitive to all three antibiotics, and EC132 is resistant to ampicillin and ciprofloxacin 

but not trimethoprim/sulfamethoxazole.  The growth rate without antibiotics for the 

EC137 strain is observed to be around 0.02 min-1, which is at least 25 times higher than 

the conditions with antibiotics (Figure 34.a).  Compared to the control, EC132 shows a 

comparable growth rate with ampicillin and ciprofloxacin, and displays a significant 

lower value with trimethoprim/sulfamethoxazole (Figure 34.b). In order to explore the 

feasibility and applicability of single cell AST for physiological fluids, the AST 

experiments were performed with uropathogens spiked in urine (Figure 34.c-d).  

Interestingly, the uropathogen EC 132 has a higher growth when cultured in urine, as also 

observed in our previous study[81].  Nevertheless, the AST results and time required are 

consistent with the data in MH broth only and in clinical microbiology laboratory.  These 

results suggest that antibiotic resistance profiling can be finished in one hour using the 

single cell AST approach. 

In this study, confinement microchannels for single cell AST was demonstrated.  

AC electrokinetics is also shown to enhance the loading rate of bacteria to desired 

locations inside the channel.[38]  While most electrokinetic techniques only function 
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effectively in low conductivity DEP buffers, our device allows effective operation in high 

conductivity samples, such as AST buffers (~1 S/m) that is required for AST.  These 

results demonstrate an effective approach for rapid AST.  The major advantages of the 

device are that single cell AST can be finished in less than one hour and that the device 

requires only a small sample volume (~5 µL) for each test.  Compared to previous works 

using stochastic confinement with fluorescence indicators,[82] the microfluidic 

confinement approach allows direct observation of the bacterial growth with standard 

bright field microscopy, which reduces the total assay time.  Furthermore, on-chip 

monitoring of the activity of individual bacteria may provide a useful technique to 

investigate the bacteria-antibiotic interaction at the single cell level.  In addition, the 

microfluidic platform can be easily integrated with other detection systems or post-

analysis systems in the future.  For example, impedimetric sensing could potentially be 

incorporated into the system for quantifying the growth rate without optical 

microscopy.[83]  Alternatively, cell-phone based detection systems with image analysis 

algorithms could also be applied to automate the process, which may facilitate the 

implementation in resource-limited settings.   
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Figure 34. Single cell AST for antibiotic resistance profiling.  (a) Uropathogenic clinical 

isolates EC137 and EC132 in Mueller-Hinton media were tested with different 

antibiotics.  (b) The clinical isolates in urine were tested with different antibiotics.  The 

urine samples were mixed with Mueller-Hinton media at a 1:1 ratio.  Ampicillin (AMP); 

ciprofloxacin (CIP); trimethoprim/sulfamethoxazole (SXT).  The superscripts “S” and 

“R” refer to sensitive and resistant to the antibiotics. 
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CHAPTER 7 

INTEGRATED HYBRID ELECTROKINETIC BIOPROCESSOR 

 

Developing µ-TAS for laboratory automation is often constrained by complex 

sample preparation procedures and the inability to resolve full system integration.  There 

are a large number of publications and patents of microfluidic devices functioning as 

pumps [23, 24], mixers [37, 38], concentrators [66], and valves [84, 85], which are the 

building blocks for creating functional bioreactors and lab-on-a-chip systems. 

Nevertheless, a major hurdle for transforming microfluidics into practical applications is 

the integration of these components into a fully automated platform that can be 

conveniently accessed by the end users. This is primarily due to the complexity of 

combining various components including bulky supporting equipment (e.g., pressure 

sources and cell culture modules), detection components (e.g., optics and engineering 

interfaces), and sample preparation modules (e.g., mixers and concentrators) into a single 

platform 

An integrated system for running the single cell AST has also been proposed. It 

was built based on the multiple layer microfluidic system. The main goal of the study 

here is to investigate the possibility of transforming single cell AST from laboratory 

research into point-of-care diagnostics. The design of the chip includes two main 

modules, which are the sample preparation (bacteria concentrator) and the detection 

(single cell AST) modules. There are ten micro-tunnels which connect the concentrator to 
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the single cell AST. It can transfer the concentrate bacteria from bottom layer to the 

confined microchannel in the top layer. 

 

7.1 The design of a large volume reduction device 

 The design of a large volume reduction device is based on the 200 μl concentrator 

which described in the chapter 5.  The idea is multiplexing the 200 μl concentrator in to a 

single device which can hold 1ml solution.  A long parallel electrode was designed for 

this device (Figure 35a). The electrodes assembled with PDMS is shown in figure 35b. 

The challenge for a large volume reduction is the power supply.  Since the solution is 

high conductivity medium, the impedance of the large volume reduction system will only 

be couple of ohm.  It’s impossible to drive the system by function generator alone.  A 

proper power gain amplifier have to be chosen in this experiment (Figure 35c).  A high 

frequency with a large power in electric engineering field is also a big challenge. Several 

amplifier was tested in this experiment. The advantage and disadvantage is listed in the 

Table 6, below. 

Table 6 amplifier comparison 

 Advantage Disadvantage 

Krohn-Hite 7502M Stable, High precision, 
high power 

Small bandwidth < 1MHz 

Texas Instruments THS3091 Current feedback, wide 
bandwidth, large gain 

Opamp low power, 500 mA 

Minicircuits ZHL-32A+ Power gain, small size, 
medium high power 

Large waveform distortion 

Minicircuits LZY-22+ Power gain, High power 
output, 30W 

Large waveform distortion 
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Figure 35. (a) Electrode design by AutoCAD. (b)An assembled PDMS microchannel 

with integrated parallel electrodes for large volume reduction. (c) Power amplifier LZY-

22+ 
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Since the geometry of the large channel was quite different with the old 200 μl 

concentrator. The first thing is test the temperature distribution in the new channel to 

characterize the long range flow motion and make sure the bacteria can survive in the 

new environment.  As shown in the figure 36, the max temperature of the large channel 

can reach to 45.5 °C at 7 Vpp which is much higher than the old 200 μl concentrator. 

Several test indicated that E. coli can still maintain its viability at this temperature. At 7 

Vpp, most of the bacteria will still be trapped along the parallel electrode.  However, the 

bacteria concentrated point will be no long in one spot. It will distribute at several 

different locations in the large volume concentrator (Figure 37).  The locations of the 

concentrated area are relatively fixed. It usually located at the connection area of the 

parallel electrode. It might due to the electrical potential is higher in those areas. Also, the 

efficiency of the large volume concentrator is close to 50%. The limitation of the current 

device is around 103 CFU/ml.   
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Figure 36. (a) A schematic diagram of the measured location. (b)The temperature profile 

measured by infrared thermometry near the bottom of the channel. (c) The vertical and 

horizontal temperature plot from middle area of the infrared image b. Scale bar: 2 mm. 
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Figure 37. The concentrated bacteria spot will be located in different area along the 

parallel electrode.  
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7.2 The design of the integrated system 

The main goal of the study here is to investigate the possibility of transforming 

single cell AST from laboratory research into point-of-care diagnostics.  The design of 

the integrated system consisted of the single cell AST chip and the bacteria concentrator 

were illustrated in Figure 38a.  There are three layers in this system. The bottom layer is 

the large volume reduction system which is made by a long parallel electrode and a large 

chamber to hold 1 ml solution. The second layer is the single cell AST chip embedded in 

a long microchannel.  The top layer is the pogo pin and PCB which is designed for 

connect the electrode to the power supply. A clamping system surrounds the three layer.  

The key of the whole system is the ten micro-tunnels which connect the concentrator to 

the single cell AST. As shown in the figure 38b, it can transfer the concentrate bacteria 

from bottom layer to the confined microchannel in the top layer.  The working principle 

of the whole system is: 

1) Pathogen solution will load into the concentrator. 

2) After 15 minutes, the bacteria will be concentrated in the central of the two 

parallel electrode. 

3) The concentrated bacteria will be pushed to the upper layer, single cell AST 

chips. 

4) After the bacteria loaded in the single cell AST chip, the culture medium with 

or without antibiotic will be loaded to the culture channel which surround the 

single cell AST chip. 

5) Put the whole system in a 37 °C incubator for 30 min. 
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6)  Calculating the growth rate of the single cell bacteria. 

 

 

 

Figure 38 (a) A schematic diagram of the integrated system.  (b) Demonstrate the two 

layer system.  
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 The result from current study has shown in figure 39. The uropathogenic clinical 

isolates E. Coli EC137 was chosen with two different conditions (control and CIP 4 

μg/ml) in this experiment.  The initial concentration of the sample is 104 CFU/ml. The 

sample was first load in the concentrator for 30 minutes, then the concentrated sample 

was pushed to the single cell AST chip for culturing for another 30minutes.   The growth 

could be easily observed with bright field or phase contrast microscopy.  With the 

application of an antibiotic (e.g., ciprofloxacin), the bacteria did not display an 

observable growth (data not shown).  As a result, the bacterial growth rates with and 

without antibiotic can be clearly distinguished in 30 min.  The growth rate without 

antibiotics for the EC137 strain is observed to be around 0.01 min-1, which is at least 20 

times higher than the conditions with antibiotics (Figure 39).   
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Figure 39. EC137 growth rates with and without antibiotic from the integrated hybrid 

electrokinetic bioprocessor. (*p <0.01; CIP = ciprofloxacin). 
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CHAPTER 8 

CONCLUSIONS 

 

In this dissertation, we developed an integrated point-of-care device that combines 

AC electrokinetic, nano- and micro- fabrication, and bio-imaging technologies for 

addressing fundamental issues in rapid infectious disease diagnostics. These issues 

include i) directly handle physiological samples and biological buffers with high 

conductivity (chapter 2); ii) improved understanding of AC electrokinetic phenomena 

(chapter 4); iii) the volume mismatch between the microfluidic system and the 

physiological sample in current electrokinetics-based μTAS (chapter 5); iii) a novel 

electrokinetic platform to implement (chapter 6 and 7).  

 Fusion of these technologies allows us to create a rapid diagnostics system. The 

system combines multiple electrokinetic forces for sample preparation, which reduces the 

sample volume for over 3 orders of magnitude and minimizes the matrix effects of 

physiological samples for enhanced sensitivity.  The device is also integrated with a 

single-cell AST system with microfluidic confinement and electrokinetic loading to 

phenotypically determine the bacterial antibiotic resistance at the single-cell level.  As 

many infectious diseases are result of bacterial pathogens, as a worldwide challenge, the 

antibiotic-resistant bacterial pathogens are the most common causes of patient morbidity 

and mortality. Rapid identification of the pathogens and their resistances in patient 

samples is crucial for proper clinical management.  Our device is fundamentally different 

from the traditional diagnostic test in the central laboratory which take 48 to 72 hours 
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from specimen collection to results. The applicability of the system has been 

demonstrated for performing direct AST with urine samples, enabling rapid infectious 

disease diagnostics in non-traditional healthcare settings.  

 By combining with single cell AST and electrokinetic concentrator, rapid 

diagnosis of infectious diseases can be finished in ~1 hour.  The promising results will 

form the foundation for using hybrid AC electrokinetics sample preparation and confined 

single cell microchannels for addressing the technical challenges in rapid AST at the 

point of care. With further development, the multifunctional electrode approach should 

focus on several aspects. 1) The device should be tested in different physiological sample 

solution (Table 1).  2) In this study, E. coli was used as the model study. Nevertheless, it 

should be noted the system can potentially be applied for diagnosis of other bacteria or 

diseases. 3) In order to have a rapid diagnostic system, a better control system may be 

needed for shorter diagnostic time. 4) The approach can also be compatible to other 

detection method, such as PCR, electrochemical sensor, and ELISA.  The major 

challenge in the future relies on the system integration of all these functions. Although a 

fully integrated and rapid diagnostic system may be challenging, it is foreseeable that 

such system will revolutionize the landscape of the current healthcare system we have 

today. 
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