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Abstract  
 
Rapid diagnosis of infectious disease and timely initiation of proper clinical antibiotic 

treatment is the determinant in obtaining the optimal clinical outcomes and reducing 

emergences of multidrug-resistant organisms. In particular, acute infections require the 

detection to be accomplished in limited time with high sensitivity due to the low 

concentration of organisms causing the infections. Real-time Polymerase Chain Reaction 

can provide quantitative identification of specific genetic materials and has 

revolutionized clinical microbiology laboratory diagnosis. It is becoming a standard for 

infectious disease detection. However, most real-time PCR instruments on the market are 

bulky, fragile and costly due to their delicate optical components, which restricted their 

use to point-of-care application. Modern microfluidic and sensing technology provide a 

transition from benchtop real-time PCR to miniaturizable, robust, and portable real-time 

PCR devices to achieve rapid, low-cost, and efficient point-of-care diagnosis. In this 

work, an innovative electrokinetic PCR (EK-PCR) platform that combines AC 

electrothermal flow (ACEF) and Joule heating induced temperature gradient to 

implement thermal cycling for DNA amplification is discussed. In addition, in situ 

electrochemical sensing is incorporated in the EK-PCR chamber for real-time monitoring 

of the DNA concentration toward quantification of the initial copies of the DNA 

template. EK-PCR can improve the energy efficiency with minimized total thermal mass 

and remain high amplification efficiency. More importantly, it represents an highly 

integrated strategy for portable point-of-care devices. 

 



20 
 

CHAPTER 1 INTRODUCTION 

1.1.  Diagnostics of Infectious Disease  
 

Infectious diseases and multi-drug resistance represent a significant burden of the 

healthcare system [1, 2]. In particular, acute infections, such as sepsis and wound 

infections, are a major cause of patient morbidity that may be severe and even life-

threatening [3-6]. Pathogen detection and antimicrobial susceptibility testing (AST) are 

performed on patient samples to provide pathogen identification and their resistances [7, 

8]. However, conventional culture-based approach requires at least 2 to 3 days for 

bacterial growth and could be much longer for slow growing pathogens [9-11]. Without 

microbiological diagnosis of the pathogens and their resistance mechanisms, 

antimicrobial therapy is often initiated empirically, which drives the overuse of broad-

spectrum antibiotics [12]. It is reported by the World Health Organization (WHO) on the 

global surveillance of antimicrobial resistance, no major new types of antibiotics have 

been developed over the past 30 years (Figure 1) [13]. Therefore, rapidly demonstrating 

the presence of the infecting organisms is often crucial for effective clinical management 

and preventing the emergence of multidrug-resistant organisms [14].  

 

 

Figure 1. New types of antibiotics are absent over the past 30 years.  
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Such rapid diagnostics can be achieved by analyzing the genetic materials (DNA 

or RNA) of an organism through molecular genetics methods. Nucleic acid testing 

generally includes nonamplified and amplified methods [15]. Nonamplified methods 

consist of DNA or RNA probes labeled with reporters such as fluorescent, enzymatic, or 

chemiluminescent molecules. These probes hybridize to the target nucleic acids and 

generate a signal from the attached reporter molecule. The advantages of nonamplified 

methods over amplified methods are no contamination risk from subsequent samples with 

amplified material and it provides rapid detection from direct specimens such as blood 

and colony isolates [16]. Due to the limited sensitivity of most nonamplified methods, 

infections with extremely low organism concentration and low sample volume, such as 

sepsis (1 to 100 CFU/ml in adults [17] and <10 CFU/ml in neonates [18]), requires 

additional sample preparation and signal amplification for analysis [19, 20]. Polymerase 

Chain Reaction (PCR) has become the most widely used technology in the molecular 

diagnostics of infectious diseases.  

1.2.  Polymerase Chain Reaction  

The polymerase chain reaction (PCR) is an enzymatic chemical process for 

amplifying DNA. Since PCR was developed in 1985 by Mullis [21], it has become a 

routine technique in biology laboratory for obtaining detectable or quantifiable amounts 

of DNA of specific sequences from either a known or unknown sample. PCR relies on 

the awareness of partial sequences of target DNA and using them to design sequence 

specific oligonucleotide primers that can hybridize specifically to the targets. PCR is 
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accomplished by using a series of temperature cycles (Figure 2), and every doubling of 

the present targets is recorded as a unit of cycle. In classic protocol, each cycle contains 

three thermal steps including denaturation, annealing and extension. PCR process 

performs in 30 to 40 cycles.  In denaturation step, consistent heating of PCR reaction to 

94 °C to 98 °C unwind DNA helix, yielding single-stranded DNA templates. The PCR 

reaction is immediately cooled down to 50 °C to 65 °C to allow primers hybridizing to 

single-stranded DNA during annealing step. In the step of extension, DNA polymerase 

synthesizes new DNA strands complementary to their DNA templates by adding dNTPs 

to the template in 5’ to 3’ direction. DNA polymerase is an enzyme could be used to 

replicate a sequence of a DNA target strand. The original enzyme Klenow fragment [22] 

produced from Escherichia coli is thermally unstable. The DNA polymerase 1 was then 

replaced with a thermophile polymerase enzyme, Taq polymerase, extracted from the 

bacteria Thermus aquatics [23] which was discovered in natural hot springs in 

Yellowstone Park, USA. The enzyme is stable and does not denature at the high 

temperatures required during thermal cycling. The components of the PCR reaction are 

explained in Table 1.  
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Table 1. Terminology of Polymerase Chain Reaction 

Template: The template is the double-stranded DNA (dsDNA) or synthesized 

single-stranded DNA (cDNA) from a target sequence of interest.  

Primers: Primers are short single-stranded DNA (ssDNA) that are specifically 

complementary to the target and bind to the denatured single-stranded 

template to provide a free 3’-OH group for the enzyme to extend the 

primer; 

dNTP Deoxynucleoside tri phosphates (dNTPs) including deoxyadenosine, 

deoxyguanosine, deoxycytidine and deoxythymidine, are the four 

nucleosides that DNA is structured; 

Polymerase: The enzyme extends the primers by assembling complementary 

nucleosides to create a complementary DNA strand to the template.  

Buffer: The commonly used buffers are Tris-HCl and Tris-SO4. The buffer 

pH is adjusted to 8.5 at 25°C, to provide optimum PH at 72°C for 

enzyme.   

MgCl2 Magnesium ions are used to form complexes with dNTPs to provide 

reactive substances for enzyme.  Magnesium ions concentration can   

influence the efficiency and specificity of Taq polymerase.  
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Figure 2. Thermal cycling steps of polymerase chain reaction. Consistent heating of PCR 

reaction to 94 °C to 98 °C denature DNA helix, yielding single-stranded DNA templates 

in step 1. The PCR reaction is immediately cooled down to 50 °C to 65 °C to allow 

primers hybridizing with single-stranded DNA during step 2. In the step of extension, 

DNA polymerase synthesizes new DNA strands complementary to their DNA templates 

by adding dNTPs to the template in 5’ to 3’ direction. 
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The basic PCR is made up by three phases, the exponential phase, linear phase 

and plateau phase. Traditional agarose gel results are obtained from the end-point of PCR 

reactions (plateau phase) to evaluate the PCR products. The end-point detection is 

variable from reaction to reaction and is difficult to provide quantitative information of 

starting sample targets. Real-time PCR is developed to monitor the accumulation of 

amplicon during the reaction and provide a quantitative relationship of starting samples in 

all three phases. Real-time PCR can provide the quantitation of the unknown 

concentration by testing known 10-fold dilutions of the target and plotting the cycle 

threshold or Ct (point at which the fluorescence begins to be detected) versus the known 

concentrations. Sybr green and Taqman probes are the common methods to allow the 

performance of quantitation. 

 

1.3.  Portable PCR for Point-of-care Diagnostics 
 

Point-of-care (POC) diagnostics, is defined as tests which quickly generate a 

result at the site of administration that facilitate to provide an appropriate clinical 

treatment which may also be performed on site [21]. Undoubtedly, Real-time PCR is 

successfully recognized for analyzing nucleic acids. However, most real-time PCR 

instruments on the market are bulky, fragile and costly due to their delicate optical 

components and heating elements, which restricted their use to point-of-care application. 

Microfluidic PCR presents a great potential for point-of-care diagnostic applications, 

specifically in developing countries with shortage of resources, rural clinics, 

environmental monitoring and temporary clinics built in response to emergency events. 
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Efforts have been put on developing new PCR platforms. For example, microfluidic PCR 

techniques were proved to reduce total thermal cycling time by taking advantage of 

smaller thermal mass of microfluidic systems [15, 21, 24, 25]. Droplet based digital PCR 

can provide absolute quantification of initial copies of DNA [26-28]. Developing energy 

efficient, low-cost, and highly integrated quantitative PCR platform is the ultimate goal 

for the transition of real-time PCR to point-of-care diagnostics. 

1.3.1 Microfluidic PCR Platform 
 

Two different architectures for PCR chip have been explored in literature: the 

stationary [29] and the continuous flow design [21-23]. In the stationary design, a 

chamber containing micro or nano liter of PCR solution is kept stationary and the 

temperature of the PCR solution is thermally cycled between three different temperatures. 

In contrast, continuous flow PCR chips typically consist three independent, fixed 

temperature zones in space. The PCR molecules continually flow through three different 

temperature zones sequentially via a micro channel. 

For many applications of portable detection systems, the reaction time is an 

essential to consider. For point-of-care testing, it would be ideal for the patient to have 

results before leaving the doctor’s office, which indicates a time of around 30 minutes to 

provide diagnostic results. The total reaction time is based on heating and cooling rates 

and the designed lag time in each temperature settings.  The heating and cooling rates are 

mainly determined by total heat mass of the PCR system, including the PCR solution, 

thermal spreader and surrounding materials.  Regardless of the lag time in each 

temperature settings, the theoretical time limit for amplifying a 300 base pair target 
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during PCR is reported to be at minimal 5 seconds per cycle [30]. The report shows a 30 

cycles 300 base pair PCR can be performed within 2.5 minutes if the heating and cooling 

rate is infinite high.  Therefore, the heating elements and the approaches to temperature 

control are crucial to realize the miniaturization of real-time PCR.  

The Peltier element is one of the most commonly used heating elements in 

traditional PCR instruments [31-33]. The Peltier effect is a phenomena in which a 

junction of two dissimilar metals at different temperatures results in a current flow [34]. 

When using the Peltier to heat a small thermal mass directly without a heat spreader, a 

ramp rate as high as 9–10 °C·s-1 and the fluidic ramping rates as high as 6–7 °C·s-1 are 

reported [35].  The problem for using Peltier element is its finite lifespan and the poor 

thermal contact which hindered the increasing of heating and cooling rates of Peltier 

elements in portable PCR devices. 

In order to overcome the issues of Peltier elements, thin-film resistive heater 

approaches were developed [36]. When an electric current pass through an electric 

conductor, a resistive heat is generated and governed by the equation P = I2R. To improve 

the thermal contact between heater and sample, thin-film resistive material (Pt, Au, Ti 

and Indium Tin Oxide) can be fabricated to attach directly to a microfluidic chip which 

illuminate the heat spreader and increase the rates decrease the consumption of energy on 

heat spreader. It was observed a heating rate of 9 °C·s-1 and cooling rate of 3.5 °C·s-1 

using backside patterned thin-film resistive heaters [37]. The disadvantage of patterning 

the resistive heater is the heater becomes disposable together with PCR chips which 
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increase the cost. 

Non-contact heating approaches such as infrared [38-40], microwave [41] and 

induction heaters [42, 43] were also developed to further illuminate the energy 

consumption on heater spreader. Carefully designed non-contact heating can directly 

deliver the energy to the aqueous PCR solution and significantly improve the ramp rates. 

In Figure 3, a 65 °C·s-1 heating rate and 20 °C·s-1 cooling rate was reported using 

infrared-mediated temperature control [39, 40]. Microwave heating [41] was also 

reported  to obtain a 65 °C·s-1 heating rate with an average power consumption of 500 

mW.  

 

Figure 3. (A) Exploded view of laser mediated thermocycler including laser source 

subsystem (top), collimation subsystem (middle), and microchip subsystem (bottom). (B) 

Assembling of the PCR system [39]. 
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Alternative approaches are continuous flow PCR. A pumping mechanism moves 

the PCR solution between different temperature zones, where each zone is maintained at 

a single temperature. A common approach in continuous flow PCR is to fabricate a 

microfluidic chip with a curved channel in which the liquid is moved through the channel 

by a pump [21, 30, 32, 44, 45]. As the fluid moves through the curved channel, the fluid 

experiences different temperatures in different areas of the chip (Figure 4). Except his 

design, researchers also successfully moved the PCR solution in a closed-loop channel by 

using a magnet to control the movement of a Ferro fluid plug [46, 47]. The major 

advantage of continuous flow PCR is the high speed of the reaction. Because temperature 

is maintained at constant, and it can decrease the time consumption during heating and 

cooling process in stationary PCR. It also significantly reduces the power consumption 

due to the short running process.  
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Figure 4. (A) Schematic description of flow-through PCR chip. The PCR sample in a 

single channel etched in glass substrate is hydrostatically pumped through three well-

defined zones maintained at 95 °C, 77 °C, and 60 °C. These three zones defined three 

steps in classic PCR reaction including denaturation, annealing and extension. The total 

time for each step is determined by the length of the channel resided in each zone. (B) 

Layout of the device used in this study. One inlet is used to deliver the sample and a 

collective tube is used to collect PCR product [21].  

 

The last but not the least approach of microfluidic PCR is called convective PCR. 

In the first convective PCR design, the reaction chamber is placed between two plates 

maintaining at constant temperatures [15]. With appropriate design of reaction chambers, 

the molecules can be convectively circulated within the chamber between denaturation 

region and annealing region (Figure 5). Most recent designs are only maintaining one 

plate at 95 °C and keeping the other end of the chamber free of transferring heat to the 

environment. The simplified heater structure and no requirement of pumping mechanisms 
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reduce the power requirement and cost of the convective. Most importantly, the nature of 

convection of flow significantly speed up the cycling of PCR reaction. It was estimated 

that convective PCR can achieve a cycle times as low as 25 seconds [31, 48].   

 

 

Figure 5. (A) Convective PCR cell schematic. (B) Influence of geometry on convection 

inside of PCR tube. (I) A steady circulatory convective flow when height/diameter = 3.3, 

Ra = 4.6 x 105. (II) An unsteady convective flow pattern is induced when 

height/diameter = 3.3, Ra = 3.7 × 106. (III) When height/diameter = 6.3, Ra = 3.7 × 106, a 

steady convective flow is reestablished at the same value of Ra as in (II). [15] 

 
1.3.2 Electrochemical Real-time DNA Detection 
 

In order to monitor DNA replication in real time, a method should be able to 

detect the products of amplification continuously as they are produced. Therefore, the 

detection method should be performed in short time to achieve temporal resolution 

(measurement at each PCR cycle) and provide sufficient sensitivity and stability in 

complex environment and harsh conditions (high temperature). According to these 

requirements, most of the probes based electrochemical detections are excluded [49-55]. 
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Firstly, the electrode-bound DNA probes will disassociate with the electrode under high 

temperature required by PCR reaction [56, 57]. The sensitivity of measurements is also 

decreased by the complex chemicals in PCR. . Additional salts and variation of pH will 

inhibit the amplification[58]. More importantly, the standard PCR produces double-

stranded DNA amplicons that would not hybridize to a single-stranded DNA probe [59]. 

Asymmetric PCR can produce single-stranded amplicons. However, asymmetric PCR 

only exhibits 60-70% efficiency in contrast to symmetric PCR, and it requires massive 

optimization [60]. And the hybridization of probes and amplicons cannot provide 

sufficient temporal resolution [61, 62]. The potential alternatives are detecting active 

electrochemical reporters, which will change the activity during the presents of DNA 

products. The first electrochemical real-time method with using a solid-phase PCR was 

reported in 2006 [63, 64]. In this design, dTTPs are substituted by ferrocene modified 

dUTPs to extend electrode-bound primers. The redox current is increasing as the DNA 

amplicons and ferrocene molecules accumulating on the surface of the electrode. Figure 6 

shows another promising method using DNA intercalating redox molecules. Osmium 

complexes  Os[(bpy)2DPPZ]2+ represents low PCR inhibition, good thermal stability, and 

high sensitivity due to the high binding affinity to double-stranded DNA [65]. 
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Figure 6. Schematic principle of real-time electrochemical monitoring DNA amplicons 

using a dsDNA intercalating redox probe (red dots). (A) Most of redox probes are 

remained as free form with limited number of DNA templates. High redox current is 

collected due to the high diffusion rate of free form redox probes. (B) As PCR proceeds, 

most of redox probes intercalate with DNA products and produce low redox current. [65] 

 
  Most recently, an electrochemical reporter labeled hydrolysis probe named as 

‘eTaq’ can provide more specifically measurement compared to the two methods above 

(Figure 7) [66]. In the early stage of the PCR reaction, the negatively charged DNA 

probes are repulsive from the negatively charged electrode surface, producing negligible 

redox current. Similarly to TaqMan hydrolysis probe, the electroactive molecule labeled 

DNA probes are hydrolyzed by DNA polymerase, yielding singly charged and lower 

molecular weight electroactive labeled dNTP. These dNTP is more readily approach to 

the electrode surface to produce a large redox current due to the rapid diffusion. 
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Figure 7. The eTaq real-time PCR platform uses a redox labeled oligonucleotide probe to 

specifically monitor the increasing DNA products in PCR. (A) In the early stage of the 

PCR reaction, the negatively charged DNA probes are repulsive from the negatively 

charged electrode surface, producing negligible redox current. (B) Similarly to TaqMan 

hydrolysis probe, the electroactive molecule labeled DNA probes are hydrolyzed by 

DNA polymerase, (C) yielding singly charged electroactive labeled dNTP. These single 

dNTP is more readily approach to the electrode surface to produce a large redox current 

due to rapid diffusion [66]. 
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1.4.  Organization 
 

This thesis starts with the motivation of the study in chapter 1. The point-of-care 

diagnostics of acute infectious disease require highly sensitive, rapid, low-cost and 

energy efficient sensing solutions and bring the major challenge of miniaturization of 

bulky benchtop real-time PCR system. In Chapter 2, the basics of AC electrothermal 

effect are briefly introduced for accomplishing on-chip thermal cycling. Also a 

theoretical model is studied to provide prediction and facilitation to the design of 

electrochemical measurement. The theoretical model is also studied to evaluate the 

dynamic range of the electrochemical measurement and also optimize the applied redox 

concentration. Chapter 3 describes the design and fabrication of microelectrodes and 

microfluidic PCR device. The experimental details are also described in Chapter 3. In 

Chapter 4, the geometry of the PCR chamber is studied to precisely control the 

temperature distribution and fluid velocity. In addition, primers are designed specifically 

to increase the amplification efficiency. In Chapter 4, the effects of environment 

variations including the salt concentration, pH value, temperature and velocity, were 

characterized to optimize the electrochemical sensing in PCR. A proof-of-concept 

experiment was performed to demonstrate the feasibility of the EK real-time PCR. The 

template is differentiated by EK real-time PCR from negative control. In Chapter 5, the 

thesis work is summarized, and recommendations for future research are proposed in 

Chapter 6. 
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CHAPTER 2 BACKGROUND 

2.1. AC Electrothermal Flow 

ACET 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 8A).  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 [67-69]. In this model, the charge density and the electric field are 

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

        𝜌! = 𝛻 ∙ 𝜀𝐸                                                       (1)                                                           

!!!
!"
+ 𝛻 ∙ 𝜌!𝑢 + 𝛻 ∙ 𝜎𝐸 = 0                                   (2) 

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

conductivity and the fluid velocity. E is the magnitude of the electric field.  By using 

perturbation analysis, the electrical potential 𝜙 in the medium can be estimated by: 

    𝛻!𝜙 = 0, 𝐸 = −𝛻𝜙                                             (3) 
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Figure 8. (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.[70] 
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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: 

𝜌𝑐 !"
!"
+ 𝑢 ∙ 𝛻𝑇 = 𝑘𝛻!𝑇 + 𝜎𝐸!                                (4) 

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

respectively.  In a typical microfluidic device, the Peclet number is small (𝑃𝑒 =

  𝜌!𝐶!𝑢𝐿/𝑘 ≪ 1, where   𝐶! is the heat capacity, and L the characteristic length).  The 

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

  𝑘∇!𝑇 + 𝜎𝐸! = 0                                                 (5) 

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

electrothermal force: 

  𝐹! =
!
!
∙ ! !!!
!!(!!"#/!)!

(∇𝑇 ∙ 𝐸)𝐸 − !
!
𝜀𝛼|𝐸|!∇𝑇                        (6) 

, where 𝛼 = (𝜕𝜀/𝜕𝑇)/𝜀 ≈ −0.4%𝐾!!, 𝛽 = (𝜕𝜎/𝜕𝑇)/𝜎 ≈ 2%𝐾!! 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 (𝑓!) depending on the 

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

         2𝜋𝑓! ≈
!
!
2 !
!
                                                     (7) 

The charge relaxation time of the liquid is given by 𝜏! ≈ 𝜏 = 𝜀/𝜎.  
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For a parallel electrode with a small gap, the gradient of temperature can be estimated by: 

             ∇𝑇 =    !!
!

!!"
(1− !!

!
) !
!
𝑛!                                             (8)  

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

                         𝑓! =   −𝑀 !,! (
!"!!"#

!

!!!!!!!
)(1− !!

!
)𝑛!                                  (9) 

, where 𝜃 is the angle measured from one electrode and 

𝑀 !,! = ( !!!
!! !" ! +   

!
!
𝛼)𝑇                                           (10) 

is a dimensionless factor describing the frequency dependency.  

 

ACET creates fluid motion in samples with a wide range of conductivity.[71]  

Figure 8B shows the frequency dependence of the electrothermal force in different 

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

constant and effective at high frequency range (~1MHz), [68, 69] which can minimize 

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

(9), the ACET flow 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, ACET can be applied to perform necessary microfluidic 

operations. 
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2.2. Theoretical Model of DNA and DNA Intercalating Redox Probes  
 

The purpose of this section is to develop a theoretical model that integrates the 

properties of intercalating redox molecules (e.g. binding affinities and electrochemical 

activities) and double-stranded DNA (e.g. size and concentration), and also the 

environmental properties (e.g. measuring electrode and solutions) to facilitate the design 

and predict change of current signal during PCR.   

Voltammetry methods are commonly used in sensing technology to obtain the 

information of an analyte by measuring the current as the potential is varied. A typical 

cyclic voltammogram plotted for a reversible single electrode transfer reaction is shown 

in (Figure 9). According to Randles-Sevcik equation (equation 11), the peak current ip 

mainly depends on the concentration of electroactive species and the corresponding 

diffusional properties: 

2/1)(4463.0
RT
nFvDnFACip =                                            (11) 

ip is the peak current in amps, n  is the number of electrons transferred in redox reaction, 

A is the electrode area in  cm2, F is Faraday Constant in C·mol-1, D is diffusion 

coefficient in cm2/s, C is the concentration of electroactive molecule in mol/cm3, v is the 

scan rate in V/s, R is the Gas constant in V·C·K-1mol-1, and T is the temperature in K [72, 

73] 
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Figure 9. Schematics of cyclic voltammetry. 

 

Using the equation 11, the current change can be predicted by combining the 

binding equation of redox molecule and DNA at equilibrium. The assumption here is that 

the SWV peak current is diffusion-controlled electron transfer, which is determined by 

the diffusion coefficient of the redox species. When intercalator bound to DNA to form 

DNA-intercalator complex, the diffusion becomes much slower than free redox 

intercalator in the same media due to the increasing mass that DNA added to. The 

diffusion-controlled electron transfer process is hindered therefore decreasing the SWV 

peak current.  Under this consumption, the peak current is given by [74]: 
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2/1)(4463.0
RT
nFvnFAa =                                                     (13) 

Where a is the proportionality factor, Df and Db are the diffusion coefficients of the free 

and DNA-bound intercalating probe, Cf  and Cb the concentrations of free and DNA 

bound complex in the bulk PCR solution, and CI is the total concentration of intercalator 

added to the solution, here,  CI = Cb + Cf,. The concentration of DNA bound complex, 

Cb, can be calculated from equation 11 considering the classic equilibrium binding with a 

predetermined number of binding sites per unit of ds-DNA. 

𝐶!   =      [𝑏  −      𝑏!   −   2𝐾!!𝐶!𝐶!"# 𝑠
!
!]/2𝐾!                                    (14) 

𝑏 = 1+ 𝐾!𝐶! + 𝐾!𝐶!"#/2𝑠                                                 (15) 

CDNA is the total concentration of DNA in nucleotide phosphate, and s is the binding site 

in base pairs. Combining equation 12 and equation 14, the governing equation for the 

electrochemical sensing system is given by, 

𝑖! = 𝐴{𝐷!
! ! 𝐶! − 𝑏 − 𝑏! − 2𝐾!!𝐶!𝐶!"# 𝑠 ! ! 2𝐾! + 𝐷!

! ![𝑏 − (𝑏! − 2𝐾!!𝐶!𝐶!"# 𝑠)! !] 2𝐾!}(16) 
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CHAPTER 3 METHODOLOGY 

3.1. Design and Fabrication of Electrokinetic Real-time PCR 
 
3.1.1. Electrokinetic PCR 
 

As discussed in chapter 2, ACEF mediated fluid motion and joule heating induced 

temperature gradient creates a natural thermal cycling for amplification of specific DNA 

sequence, which offers a rapid and energy efficient alternative over conventional thermal 

cycler (Figure 10A). In particular, the AC potential induces localized Joule heating in the 

PCR chamber, and a stable temperature gradient is formed due to heat diffusion and heat 

loss to the substrate.   

 

 

Figure 10. (A)(B) Prototype of EK-PCR device. Schematics of (C) cross-sectional (top) 

and top views (bottom) of the ACEF mediated fluid circulation in EK-PCR.  

 
A parallel electrodes design was applied to generate three dimensional vortices in 

a microfluidic chamber (Figure 10B).  The width and gap distance of the two parallel 
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electrodes are 300 µm and 100 µm respectively (Figure 15B).  The electrodes were 

deposited by evaporating a sandwich 50 nm Titanium (Ti) protecting layer on top of 150 

nm gold (Au) on another 50 nm Titanium (Ti) adhesion layer on a glass substrate and 

were patterned by lift-off process.  The fabrication procedures of the microelectrodes on 

glass substrate with the lift-off processes are shown in Figure 11.  First of all, the pre-

cleaned glass substrate was spun coat with the photoresist (AZ Electronic Materials USA 

Corp., AZ 3312) at the spinning speed of 1000 rpm for 30 seconds using the spin coater 

(Solitec Spin Coater).  The coated photoresist was then soft-baked at 90°C for 90 

seconds.  After that, the substrate was then photolithographic patterned under a mask 

aligner (ABM Mask Alignment Systems) for 12 seconds.  The UV patterned substrate 

was then developed inside non-diluted developer (AZ Electronic Materials USA Corp., 

AZ®300 MIF).  The patterned substrate was subsequently deposited with Ti and Au and 

Ti inside an e-beam evaporator (Edwards, Auto 306), where Au was used to increase 

overall conductance and Ti was used to improve the adhesion of Au and the substrate.  

After the metal deposition, the chips were incubated in acetone overnight to lift off 

photoresist.   
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Figure 11. Fabrication process flow of electrokinetic heating microelectrode on a glass 

substrate.   

 

With appropriate operating conditions, a temperature gradient from 55°C to 95°C 

can be generated (Figure 10C).  Since the electrothermal flow induces fluid circulation in 

the channel, the reagents circulate in different temperature zones and perform PCR 

thermal cycling automatically. 
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3.1.2. Electrochemical Sensing  
 

The most common method to obtain real-time DNA measurement is based on the 

optical detection of a fluorescent reporter molecule that produces an increase of 

fluorescence as the reaction proceeds. For example, SYBR Green dye reporter molecules 

can bind to double strand DNA that produces green fluorescence. However, the 

traditional optical based benchtop real-time PCR instrument on the market are relatively 

bulky fragile and costly, thereby restricting their use to point-of-care application. 

Electrochemical detection methods appear the most promising because they require low 

electric power consumption and can be easily integrated with microelectronics in a 

miniaturized chip based setting. It was reported with aromatic planar structure, some 

redox molecules can also intercalate with double strand DNA the same as the common 

DNA staining dye, ethidium bromide, and produces a decreasing redox current by 

changing of the surface diffusion rate.  

The principle of the real-time electrochemical monitoring of DNA amplification 

during PCR using a double strand DNA intercalating redox probe is represented in Figure 

8. Prior to amplification, most of the intercalating redox reporters are in free form with 

low molecular weight. Smaller molecular has higher diffusion rate to the larger molecule 

in the same experiment setting. According to equation 12 in Chapter 2, the free redox 

reporter can easily approach to the electrode surface and generate high redox current. As 

the PCR reaction proceeds, newly formed (amplified) double stand DNA will increase 

the binding with redox reporter with produce a large molecular of DNA-redox complex. 

This complex represents low diffusion rate and approach slower to the electrode surface 
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therefore decreasing the redox current. During the PCR reaction, the peak redox current 

will be decreased exponentially due to the DNA and redox reporters binding. 

A three electrochemical electrodes design was fabricated to measure the 

concentration of DNA amplicon in real time similarly as the electrokinetic heating 

electrode. The three electrodes configuration is shown in Figure 15B. Indium Tin Oxide 

is used for working electrode (WE) and platinum is used for reference and counter 

electrode. The fabrication process contains multiple steps of photolithography. The ITO 

coated glass (Delta Technologies, CG-41IN-S207) was firstly patterned with desired 

electrode configuration using photolithography. The patterned ITO glass was then etched 

in 6N hydrochloric acid (EMD, HX0603-75) with 0.1M ferric chloride (Sigma-Aldrich, 

157740) aqueous solution. Then the glass substrate with patterned ITO electrode was 

patterned and deposited a 150 nm platinum (Pt) layer on top of a 50 nm Titanium (Ti) 

adhesion layer as the reference electrode and the counter electrode. The fabrication 

procedures of the electrochemical microelectrodes are shown in Figure 12. 
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Figure 12. Fabrication process flow of electrochemical microelectrode on a glass 

substrate.   
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3.1.3. Integration of Electrokinetic PCR and Electrochemical Sensing 
 

The key to the integration of EK PCR and electrochemical sensing is to place the 

sensing electrode accurately in the phase of post-extension that polymerases have finish 

the extension and double strand DNA has formed completely. In temporal PCR, it should 

be in the end of the extension phase. Alternatively, the sensing electrodes should be 

placed in later half of each vortex cycle in EK PCR. The construction of the EK real-time 

PCR is shown in Figure 13A, a PDMS chamber is enclosed with two glass slides that 

deposited with EK heating electrode (top) and electrochemical sensing electrodes 

(bottom).  This structure enable completion of DNA amplification and DNA being in 

double strand form during electrochemical sensing. 

In particular, we will apply differential pulse voltammetry to measure redox 

current. In each amplification cycle, the bulk fluid will drive PCR reaction through region 

1 to region 4 sequentially (Figure 13B). Double strand DNA templates denature at 94-

98°C in region 1. Due to the natural heat transfer between substrate and environment, 

temperature decreases at two sides of the chamber (region 2) and enable two primers to 

bind with the complementary templates.   In the latter half of the thermal cycle, the 

polymerase extends two primers to complete polymerization (region 3). After the 

polymerization is completed, the redox probes will intercalate with double strand DNA.  

In real-time EK-PCR, free redox probes participate in the redox reaction and generate a 

large current initially.  During PCR amplification, the DNA amplicon is amplified and 

binds to the redox probes.  The binding reaction reduces the amount of free probes 
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available for the redox reaction, resulting in a low current signal.  The amplicon 

concentration can therefore be estimated in real-time based on the current.  Since only 

microelectrodes and electronic interfaces are required to implement real-time EK-PCR, 

our approach is cost-effective and represents a highly effective system integration 

strategy, which are critical challenges for realizing the potential of PCR in point-of-care 

diagnostic applications[75-77].  
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Figure 13. (a) Schematic diagram of electrochemical sensing incorporated EK-qPCR.  

(b) Sequentially different phases of denaturation, annealing, extension, and current 

detection. (c) Real-time redox current measurement produces a decreasing peak current 

as a function of reaction time. 
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A PDMS (SYLGARD, 0008187905) chamber was bond to the glass slides with 

heating microelectrodes (top) and sensing electrodes (bottom) on both sides using oxygen 

plasma treatment for 1 minutes (Figure 14). Two sensing electrode pairs are placed 

symmetrically respects to the EK heating electrode, the distance between the centers of 

two working electrodes is 4 mm.  

 

 

Figure 14. Integration of EK heating electrode and electrochemical sensing electrodes. 

Two glass slides are bond to PDMS chamber through Oxygen Plasma treatment. The 

electric wire was connected to microelectrode by electrically conductive silver epoxy 

with an extra layer of epoxy as the protection layer. 
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Figure 15. The prototype of EK real-time PCR and the configuration of heating electrode 

and sensing electrode.  

 

3.2. Experimental Setups for Electrokinetic Real-time PCR  
 
3.2.1. Image Processing and Particle Image Velocimetry   
 

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

200 nm were applied for particle image velocimetry.  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 
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be calculated applying the following formula δx ≈ de/10M = 20nm, where de is the 

effective particle diameter [78, 79].  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.   The setting was optimized for electrohydrodynamic measurement with 

minimal influence of dielectrophoresis [80, 81].   

 

3.2.2. Temperature Measurement 
 

The temperature profiles were measured by infrared thermometry and calibrated 

by fine gage thermocouples.  An infrared camera system SC6700 (FLIR, Boston, MA) 

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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3.2.3. Preparation of PCR Reaction 

3.2.3.1. Bacteria Clinical Isolates and Clinical Urine Specimens 

Uropathogenic bacteria clinical isolate E. coli was obtained from Veterans Affairs 

Palo Alto Health Care System (VAPAHCS).  The clinical urine specimens were collected 

from patients at Spinal Cord Injury Service at VAPAHCS with approval from Stanford 

University institutional review board and informed patient consent.  The clinical isolates 

were received in vials containing Brucella broth with 15% glycerol (BBL, Annapolis, 

MD) and were stored at -80°C.  The bacteria were grown in Luria broth to logarithmic 

phase with optical density, OD600, equal to 1 (~1×109 cfu/ml).  The optical density was 

measured by a spectrophotometer (Thermo Fisher Scientific, NanoDrop 2000).  The 

samples were frozen in Luria broth with 15% glycerol (BBL, Annapolis, MD) and stored 

at -80°C until the time of experimentation.   

3.2.3.2. Template Preparation 

Several DNA templates were used in the experiments. The oligonucleotide 

primers (Table 2) were synthesized by Integrated DNA Technologies (Coralville, IA). To 

extract 16s rRNA, the clinical isolates E. coli 137 was cultured in Luria broth to 

logarithmic phase with optical density, OD600, equals to 0.5 (~0.5×109 cfu/ml). 

Centrifuge 500 µL of bacterial culture at 5000 g for 5 min at 25 ºC, discard supernatant 

and resuspend collected pellet in 100 µL TE buffer containing 1mg/ml lysozyme. 

Incubate the resuspended pellet for 5 min at 25 ºC. 16s rRNA is extracted using RNeasy 

Mini (QIANGEN, 74104) following the provided supplementary protocol for purification 
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of total RNA from bacteria. First strand cDNA are synthesized from purified 16s rRNA 

using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, 18080-51).  

To purify pcDNA3.1 plasmid DNA from transfected DH-5α, E. coli was cultured 

in Luria broth to logarithmic phase with optical density, OD600, equal to 0.5 (~0.5×109 

cfu/ml). Centrifuge 500 uL of bacterial culture at 5000 g for 5 min at 25 ºC, discard 

supernatant and resuspend collected pellet in 100 µL TE buffer and was heat lysed at 98 

ºC for 10 min 

The essential works for evaluating the performance of EK PCR is calibration of 

the templates. To obtain consistent qualities and quantities of templates, we use purified 

amplicon in this thesis as templates. Synthesized cDNA and pcDNA 3.1 plasmid DNA 

were amplified in PCR using corresponding primers. PCR reaction was performed in 

(total 50 µL) 1x PCR buffer (Invitrogen, 18067-017) containing 1.5 mM MgCl2, 0.2 mM 

of each dNTP, 0.2 µM of each forward 926F and reverse 1100R primers, 1 unit of 

PlatinumTM Taq Polymerase (Invitrogen, 10966) and 1 µL synthesized cDNA. PCR was 

performed according to the following thermal cycling: preheating period of 15 min at 95 

ºC, followed by a 35 cycles of 95 ºC for 30 s, 55 ºC for 30 s, and 72 ºC for 60 s. The PCR 

products were purified using PureLinkTM PCR Purification Kit (Invitrogen, K3100-01). 

The purified PCR products were resuspened in 10 mM Tris-HCl (pH 8.5) and calibrated 

using OD260 (Thermo Fisher Scientific, NanoDrop 2000). The same PCR and PCR 

product purification processes described above were applied to amplify extracted 

pcDNA3.1 plasmids, and the forward and reverse primers were replaced by Forward 

(4432F)/Reverse (4642R) and Forward (4961F)/Reverse (5247R). 
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Table 2. Sequences of oligonucleotide primers used in this work. 

Isolates Template 

(dsDNA) 

Primers Sequence (5’- 3’) 

E. coli 

137 

16s rRNA 

(209bp) 

Forward (926F) 

Reverse (1100R) 

AAACTYAAAKGAATTGACGG 

AGGGTTGCGCTCGTTG 

DH-5α pcDNA3.1 

(210 bp) 

Forward (4432F)  

Reverse (4642R) 

TTACCAATGCTTAATCAGTG 

ATAAAGTTGCAGGACCA 

DH-5α pcDNA3.1 

(287 bp) 

Forward (4961F) 

Reverse (5247R) 

AGATGCTTTTCTGTGACTGGTGAGT 

GCATTTTGCCTTCCTGTTTTTGCTC 

 

3.2.3.3. PCR Reaction with Taq and Vent Polymerase 

Different from PCR in thermal cycler, any bubble formed in the chamber can 

seriously affect the thermal cycling in EK PCR, which will partially block the path way 

of fluid circulation. Additional chemicals are considered to be added into PCR solution to 

decrease bubbles formed at high temperature. Two different types of DNA polymerase, 

Platinum Taq (Invitrogen, 10966) and Vent polymerase (NEW ENGLAND Biolabs, 

M0254S), were used in this work for evaluating yield efficiency of EK PCR and the 

sensitivity of real-time electrochemical sensing. For reaction using Taq polymerase, 50 

µL PCR reaction is formulated as: 1x PCR buffer (20 mM Tris-HCl, pH 8.4, and 50mM 

KCl), 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.2 µM forward and reverse primers, 1 µL 
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DNA template, 10% v/v glycerol and 1 unit Taq Polymerase. For reaction using Vent 

polymerase, 50 µL PCR reaction contains pH modified 1X ThermoPol® Reaction buffer 

(20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% Triton®X-100, 

pH 8.0 @ 25ºC), 0.2 mM dNTP mix, 0.4 µM forward and reverse primers, 1 µL DNA 

template, 5% DMSO, 3 µM [Ru(bpy)2(dppp2)]2+, 1 units Vent polymerase.  

 4 µL diluted PCR products mixed with 1 µL 5x loading buffer was loaded and 

electrophoresed in 2% agarose gel at 100 V for 30 to 50 min. Stain the gel in 1x Tris-

acetate-EDTA buffer containing 0.5 µg/mL ethidium bromide for 15 min. Keep incubate 

the stained gel in DEPC water for another 15 min to remove the background noise. 

Collect the results in imager (BIO-RAD, Gel DocTM EZ system). 

3.2.3.4. Differential Pulse Voltammetry  

Differential pulse voltammetry was carried out with a VersaStat 3 potentiostat 

(Princeton Applied Research) in interfaced to a PC computer. The DPV was chosen for 

its high sensitivity and relatively fast data acquisition compared to cyclic voltammetry.  

The differential pulse voltammetry parameters were as follow:  50 mV pulse amplitude, 

potential step increment of 2.5 mV, scanning from 0.6 V to 1.2 V with a 2 µA sensitivity.  
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CHAPTER 4 CHARACTERIZATION OF 
ELECTROKINETIC REAL-TIME PCR  

4.1. Characterization of Microchannel Geometry on Amplification 
Efficiency 

 
Considering the mechanism of PCR, The accuracy of the temperature and time of 

PCR reagent in each phase are the most important parameters that determine the 

specificity and yield efficiency of PCR. In the EK-PCR, the time spent in each 

temperature zone are determined by the temperature distribution and fluid velocity in the 

channel. Simply if the fluid velocity is two high and fluid is moving too fast, the time in 

each phase will not be sufficient for PCR to complete the reaction. We need to 

understand how velocity and temperature distribute in the microchannel and the how 

different physical parameters influence the distributions. To simplify the analysis, we 

only consider the velocity profiles on the x-axis (Figure 10B). X-axis represents the 

distance from the origin along the length of the chamber. The coordinate origin locates at 

the geometric center of bottom electrode layer. (Figure 16A). Experiments were 

performed using particle image velocimetry to characterize the velocity distribution in the 

chamber. The fluid velocity at equilibrium along the x-axis in Figure 16B (left) clearly 

showed that the velocity distribution maintains symmetrically along x-axis respects to the 

middle of the chamber. The PCR fluid has the highest velocity in the middle of the 

chamber. After reaching the center, the fluid velocity decreases exponentially along the 

x-axis and has the lowest velocity at the end point of the side. Figure 16B (right) shows 

effects of the channel height and the applied voltage on the velocity distribution. The 

plotted data were collected at the distance infinitely close to the origin of the x-axis, 
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which we assume it has the highest velocity in the chamber. The fluid velocity decreases 

as reducing the height of the channel as well as decreasing the magnitude of the peak-

peak voltage. 

  Temperature field is also measured to facilitate the design of the EK PCR. Similar 

to the velocity measurement, we only consider the xz-plane because the major thermal 

cycling resides in this plane. X-axis represents the length of the chamber and z-axis 

represents the height of the chamber (Figure 10B). The highest temperature maintains at 

the origin of the coordinate and decreases exponentially along the x-axis and y-axis. In 

PCR, the annealing temperature is the most important parameter, which required to be 

accurately controlled. When new primers are designed, a gradient of annealing 

temperatures are screened to optimize the PCR reaction with an increment of 2 to 3 ºC. 

Appropriate design of the length of the chamber can achieve accurate annealing 

temperature control. Figure 16C shows an increment of 3 ºC is obtained by changing the 

length of the channel in 1000 µm. 
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Figure 16. (A)(B) Velocity distribution in EK-PCR chamber in dependent of the height 

of microfluidic chamber at a 7 Volt peak to peak and 1 MHz square wave. (C) 

Temperature distribution in EK-PCR in dependence on the length of microfluidic 

chamber at a 24 Volt peak to peak and 1MHz square wave. 
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One of the most important advantages of EK PCR is that AC electrothermal flow 

gives the potential to control temperature and velocity field independently compared to 

convective PCR.  Except the temperature along the x-axis, we also need to understand the 

temperature difference along the z-axis. Using a chamber with 1 mm height, the 

temperatures were measured on top (z = 1) and bottom (z = 0) layers for further 

optimizing the EK-PCR. Figure 17A and Figure 17B shows the temperature also 

decreases from the bottom plane (z = 0) to the top plane (z = 1) in more than 20 degree 

Celsius. Therefore the denaturation zone is the most limited among three temperature 

zones. It’s important to precisely control the velocity of fluid in denaturation zone to 

provide sufficient time to completely denature the double strand DNA templates. Figure 

18 shows the gel electrophoresis results of three different tests performed in the same 

EK-PCR channel. Different voltages were applied to maintain the highest temperature to 

be 92°C, 95°C and 98°C for DNA melting.  It represents that 95°C is the optimized 

condition among the three.  To explain this, we firstly define the denaturation zone has a 

cutoff temperature around 90 ºC. In the test of 92 ºC, the time in the denaturation area is 

not sufficient to completely denature the DNA template, because it creates a very small 

regain which has the temperature over 90 ºC. It will lead the smear of non-specific 

amplification. When the temperature goes up to 95°C, the higher temperature extend the 

denaturation zone and provide sufficient time to complete DNA unwinding. When the 

highest temperature continues rising to 98°C, the denaturation zone is further extended, 

however, the fluid velocity will be accordingly increased which, in contrast, decrease the 
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time of individual molecules in denaturation. In summary, the time that individual 

molecules spend in denaturation region will increase as increasing the temperature till it 

reaches to the maximum. Then the time will decrease as further increasing the 

temperature. The combination of fluid velocity and temperature field determined the 

specificity of DNA amplification by controlling the time in denaturation zone. The 

specificity of EK PCR can be further optimized by changing the channel height, which 

will change the fluid velocity subsequently.. 

 

Figure 17. (A) Temperature distribution measured by infrared thermometry focused on 

bottom and top layers. (B) The plotted temperature profile the x-axis passing through the 

coordinate origin.  .  

 
           To demonstrate the denpendence of velocity and temperature on the performance 

of EK PCR, we also tested three different chamber configurations with 1 mm difference 

in length (13 mm, 14 mm, and 15 mm). The 13 mm chamber has is the optimum out of 

three, which yield the most products and does not contain any non-specific primer dimers 

(<100 bp). Longer channel will lead to lower annealing temperature, which usually 
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induces non-specific amplification and primer-primer dimers. Especially the primer 

dimers have larger negative Gibbs free energy ΔG. In the next section, the specific 

requirement of primer design for EK PCR will be discussed. 

 

               

Figure 18. The dependency of chamber configuration on the performance of EK PCR. 

pcDNA3.1 transfected DH-5α and 4432F/4642R primers were used in the experiment. 

The formula (50 µ L) is as follow: 1x PCR buffer (20 mM Tris-HCl, pH 8.4, and 50mM 

KCl), 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.2 µM forward and reverse primers, 1 µL 

DNA template, 10% v/v glycerol and 1 unit Platinum Taq Polymerase. PCR was 

performed according to the following thermal cycling: preheating period of 15 min at 95 

ºC, followed by a 35 cycles of 95 ºC for 30 s, 50 ºC for 30 s, and 72 ºC for 60 s. EK PCR 

were tested in different chamber configuration: 13×5×1 mm (L×W×H), 14×5×1 mm 

(L×W×H), 15×5×1 mm (L×W×H). And yield efficiency of EK PCR were also tested 

using 14×5×1 mm (L×W×H) chamber in different denaturation temperature (92 ºC, 95 ºC 

and 98 ºC). 
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4.2. Characterization of Primer Design on Amplification Efficiency 
 

Another phenomenon is that a noticeable amount of unwanted primer dimers 

located in lower 100 base pairs, which is not found in regular thermal cycler (Figure 18). 

In EK PCR, the dwelling time in lower temperature (annealing) is much longer than other 

temperature zones. In addition, the nature of fluid circulation in PCR chamber is 

multilayered which gives a relatively uncertain annealing temperature ranging in 5 °C 

from low to high. The primer dimer (Hairpins, self-dimer and cross dimer) in larger 

negative ΔG tends to be amplified in EK PCR, because this type of dimers are more 

stable to break and has difficulty to bind with target. In other words, EK PCR is more 

sensitive and vulnerable to primer dimers. Three different primer sets were evaluated in 

aspects of melting temperature and harpin dimer free energy (Table.3). Templates using 

were prepared as discussed in section 3.2.3.2. Adenovirus 5 quantitated DNA (08-947-

250) and primers (P8-947-200), Mycoplasma pneumonia quantitated DNA (08-952-250) 

and primers (P8-945-200) are purchased from Advanced Biotechnologies, Inc. 

Table 3. Template and primers sequences 

Target DNA Sequence (5’ – 3’) 

E. coli 

(16s rDNA gene) 

Forward (926F):  AAACTYAAAKGAATTGACGG 

Reverse (1100R): AGGGTTGCGCTCGTTG 

Adenovirus 5 

(Ad-5) 

Forward: GTCGTTGTCCACTAGG 

Reverse: GATTGTCTTTTCTGACCAG 

Mycoplasma 

Pneumonia (M. pne) 

Forward: TGCCATCAACCCGCGCTTAAC 

Reverse: CCTTTGCAACTGCTCATAGTA 
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From the gel electrophoresis images (Figure 19), E. coli primers showed the 

optimized yield efficiency and specificity, which has minimum degree of primer dimers 

among target Adenovirus 5 and Mycoplasma pneumonia. The original figures are 

attached in Table 4 shows the melting temperatures of different primers and the ΔG of 

hairpin structures. E. coli primers have the most positive ΔG than M. pne than Ad-5. It 

means M. pne and AD-5 requires high energy to break the hairpin structure than E. coli. 

In order words, E. coli primers are easier to be straightened up and bind to target than 

AD5 and M. pne at lower annealing temperature. We concluded that EK PCR is more 

sensitive to the hairpin structure and other dimer structures due to its multilayered nature. 
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Figure 19. Comparison of yield efficiency and specificity of EK-PCR and conventional 

PCR using 16s rDNA sequence and pcDNA3.1 plasmid. Tests were performed in both 

regular PCR and EK-PCR using Taq polymerase. The formula (50 µ L) is as followed: 1x 

PCR buffer (20 mM Tris-HCl, pH 8.4, and 50mM KCl), 1.5 mM MgCl2, 0.2 mM dNTP 

mix, 0.2 µM forward and reverse primers, 1 µL DNA template, 10% v/v glycerol and 1 

unit Platinum Taq Polymerase. PCR was performed in thermal cycler according to the 

following thermal cycling: preheating period of 15 min at 95 ºC, followed by a 35 cycles 

of 95 ºC for 30 s, 55 ºC for 30 s, and 72 ºC for 60 s. EK-PCR was performed in the 

chamber with the dimension in 14×5×1 mm (L×W×H), and the highest temperature is 92 

ºC. 
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Table 4. The melting temperature of primers and target DNA. 

Target DNA E.coli Adenovirus 5 Mycoplasma 

pneumoniae 

 Forward Reverse Forward Reverse Forward Reverse 

Tm  (°C) 55.7 °C 61 °C 56.2 °C 54.6°C 60.9 °C 52.6°C 

Hairpin (kcal·mole-1) 0.98 0.93 -0.21 -1.11 0.34 -1.18 

 

After understand the effect of primer dimers, new primers were designed for 16s 

rDNA gene and pcDNA plasmid DNA containing ampicillin resistance gene. The yield 

efficiency of EK-PCR is evaluated as a function of total reaction time from 15 minutes to 

120 minutes (Figure 20A). EK-PCR is demonstrated to produce the same amount of 

DNA yield with 60 min compared to 35 cycles in thermal cycler, which is usually over 2 

hours. We also demonstrate EK-PCR can be potentially used to identify the antimicrobial 

resistance genes and provide a genotypic approach for point-of-care antimicrobial 

susceptibility testing. The DNA plasmids containing ampicillin resistance are amplified 

in EK-PCR to prove the concept of genotypic antimicrobial susceptibility testing (Figure 

20B).  It also showed the optimized primers further increase the yield and obtain a 

comparable amount of product within 30 min. 
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Figure 20. Comparison of yield efficiency of EK-PCR and conventional PCR using (A) 

DNA reverse transcripted from 16s rRNA (E.coli 137) and 926F/1100R primers, and (B) 

pcDNA3.1 DNA extracted from DH-5α and 4432F/4642R primers. The formula (50 µ L) 

is as follow: 1x PCR buffer (20 mM Tris-HCl, pH 8.4, and 50mM KCl), 1.5 mM MgCl2, 

0.2 mM dNTP mix, 0.2 µM forward and reverse primers, 1 µl DNA template, 10% v/v 

glycerol and 1 unit Platinum Taq Polymerase. PCR was performed according to the 

following thermal cycling: preheating period of 15 min at 95 ºC, followed by a 35 cycles 

of 95 ºC for 30 s, 50 ºC for 30 s, and 72 ºC for 60 s. EK-PCR was performed in the 

chamber with the dimension in 14×5×1 mm (L×W×H), and the highest temperature is 92 

ºC. 
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4.3. Characterization of In-situ Electrochemical Sensing 
 
4.3.1. 	  Binding Affinity of Redox Reporter and DNA 
 

 To implement electrochemical sensing during PCR, the desired electroactive 

redox probe should have a strong affinity with double-stranded DNA at elevated 

temperature in the EK-PCR chamber [82].  Two different popular redox reporters, 

methylene blue and [Ru(bpy)2(dppp2)]2+ are synthesized and calibrated.  From current 

literatures, [Ru(bpy)2(dppz)]2+ has high binding affinity around 1×106 to DNA, which is 

in two order of magnitude greater than methylene blue (1x104).  

We studied the electrochemical response of [Ru(bpy)2(dppp2)]2+ in a wide 

potential range to study the reversibility in different redox potentials, which facilitates the 

optimization of the electrode design. The cyclic voltammetry of [Ru(bpy)2(dppp2)]2+ in 

1.0 M potassium phosphate buffer with a pH value of 7 at room temperature using carbon 

electrode. The cell is scanned from -0.8 V to 1.4 V. It is noticed that [Ru(bpy)2(dppz)]2+ 

contains two redox peaks in this potential range, which are around -0.412 V and 1.333 V. 

The metal complex represents a strong irreversibility at -0.412 V compared to the 

oxidation reaction at 1.333 V, which means low sensitivity. Considering the requirement 

in terms of sensitivity, the redox potential produced peak current at 1.333V vs SHE can 

be used to monitor the concentration of DNA in real-time EK-PCR. 

Figure 21 shows the calculated peak current in presence of different concentration 

of (a) Ruthenium complex and (b) methylene blue as a function of increasing 

concentration of DNA base pairs. Generally, the endpoint concentration of DNA base 

pairs after amplification ranges from pico molar to tens of nano molar depending on the 
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concentration of primers. Considering 200 nM primers and 200 base pair templates, the 

maximum endpoint concentration of DNA amplicon is less than 40 micro molar (all 

primers are successfully extended). Using 1 µM [Ru(bpy)2(dppz)]2+, the peak current will 

decrease 80 percent from the maximum current (Figure 21 a), however, the peak current 

only decrease less than 14 percent from the maximum current (Figure 21 b) using 

methylene blue.. In summary, high binding affinity intercalators can offer more sufficient 

sensing sensitivity than low binding affinity intercalators.  

 

Figure 21. Plot of the calculated peak current of (a) 0.1 µM, 1 µM, 10 µM and 100 µM 

[Ru(bpy)2(dppz)]2 and (b) 1 µM, 10 µM, 100 µM and 1000 µM methylene blue solutions 

as a function of DNA base pair concentration. T = 25°C. The current is normalized with 

the peak current in absence of DNA. Kb = 1×106 ([Ru(bpy)2(dppz)]2+) and 1×104 

(methylene blue), s = 3, Df = 5×106 cm2s-1, Db = 5×106 cm2s-1. [65]      
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Figure 22. (a) Plot of square wave voltammetry (SWV) current as increasing DNA 

concentration. (b) Comparison of peak current of the experimental results and the 

theoretical calculation using 5 µM of methylene blue (left) and [Ru(bpy)2(dppz)]2+ (right) 

in 1 M phosphate buffer. The conditions for SWV were as followed: 0.5 initial voltage, 

1.5 final voltage, 5 mV step voltage, 30 mV square wave amplitude, 15 Hz frequency, 2 

µA sensitivity. 

 
For evaluating the accuracy of the theoretical model, the square wave 

voltammetry peak current was continuously measured as increasing the concentration of 

DNA in 1.0 M potassium phosphate buffer (pH 7). Both 5 micro molar of methylene blue 
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and [Ru(bpy)2(dppz)]2+ are studied using gold and ITO as working electrodes. In low 

concentration of DNA, the peak current does not shown significant changes until DNA 

concentration reaches to the threshold. In Figure 22, the current reduction in the solution 

of methylene blue (left) and [Ru(bpy)2(dppz)]2+ (right) represent the great agreement of 

experiment with the theoretical calculation.   

4.3.2. Concentration of Chloride Ions  
 

However, one challenge of using redox molecules with higher positive redox 

potential is that water decompositions will occur and overlap with the signal, which will 

decrease the detection limit of the sensing. Another challenge is that most of the metal, 

such as Gold and platinum, will oxidize in higher positive potential and the options of 

electrode material are limited. Potential candidates for with wider potential window in 

positive direction are carbon electrode and indium tin oxide (ITO) electrode. Here we use 

ITO electrode as working electrode, which is much thinner than carbon and more 

compatible with current microfabrication process.  

Before assembling the electrochemical electrode with electrokientic PCR, the 

same DNA intercalator binding experiment was performed in PCR buffer containing 

complex environment that may affect electrochemical measurement. Five micro molar of 

Ru(bpy)2(dppz)]2+ intercalator was first measured in PCR buffer 1 (10mM Tris-HCL, 

25mM KCl and 1.5mM MgCl2), and results are given in Figure 23a. There is no obvious 

peak current shown in the results. It’s possible the chloride ions start to get oxidized in 

the positive potential and adds up the background noise to the signal. We replace chloride 

ions in buffer 1 with sulfate ions and repeat the experiment in buffer 2 (60mM Tris-SO4 + 
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20mM (NH4)2SO, and 1mM MgSO4). The oxidation peak is successfully differentiated in 

buffer 2 with 5 micro molar [Ru(bpy)2(dppz)]2+ (Figure 23b). 

 

 

Figure 23. The effect of (a) chloride and (b) sulfate ions on electrochemical response of 

[Ru(bpy)2(dppz)]2+ using ITO working electrode. Buffer 1 contains 10mM Tris-HCL, 

25mM KCl and 1.5mM MgCl2. Buffer 2 contains 60mM Tris-SO4, 20mM (NH4)2SO, and 

1mM MgSO4. The conditions for SWV were as followed: 0.5 initial voltage, 1.5 final 

voltage, 5 mV step voltage, 30 mV square wave amplitude, 15 Hz frequency, 2 µA 

sensitivity. 

 

4.3.3. Dependency of pH Value 
 

Most of the DNA polymerase has strict requirement of buffer acidity. Differential 

Pulse Voltammograms of 5 µM [Ru(bpy)2(dppz)]2+ in 2mM MgSO4, 40mM ammonium 
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sulfate solution were examined as a function of buffer pH (Figure 24). The redox 

potential is noticed to shift to larger positive direction with increasing pH values from 5.5 

to 8.9 (decreasing proton concentration). This phenomenon offers the opportunity to 

further increase the sensitivity. The buffer pH for Taq polymerase ranges from pH 8.4 to 

pH 8.8. In this range, it can be seen in Figure 24 that the redox current is overlapped with 

high background current from water decomposition. Increasing redox reporter 

concentration can facilitate the subtraction of background noise but shift the redox and 

DNA binding curve to the right hand side (Figure 21a). It means the system will lose the 

detection ability in low concentration of DNA. In addition, high redox molecule will 

interfere the binding kinetics of PCR therefore inhibiting the PCR reaction. In order the 

maintain the detection limit without interfering PCR reaction, we evaluate different DNA 

polymerase including Taq, Vent and Phusion polymerase, and we found Vent polymerase 

is more reliable and stable in low pH buffer. 
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Figure 24. pH dependency of the half cell potential of 100 mM [Ru(bpy)2(dppp2)]2+ 

(2 mM MgSO4, 40 mM ammonium sulfate). The differential pulse voltammetry 

parameters were as follow:  50 mV pulse amplitude, potential step increment of 2.5 mV, 

scanning from 0.6 V to 1.2 V with a 2 µA sensitivity. 
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Figure 25. The fidelity of Taq, Sequenase, and Vent DNA polymerases as a function of 

pH.[83]. (▲)Taq (0.05 mM each dNTP, 2 mM MgSO4), (□) Vent (0.05 mM each dNTP, 

2 mM MgSO4), (○) Sequenase (3.5 mM each dNTP, 5 mM MgCl2) 

 

Figure 25 shows the reported fidelity of Taq, Sequenase, and Vent DNA 

polymerases as a function of pH [83]. The efficiencies of Vent and Sequenase were 

relatively invariant in the pH range of 7 to 9, but the efficiency of Taq decreased 

markedly below pH 8. Using Vent polymerase, the buffer pH can be decreased to pH 7 

without inhibiting or significantly changing the efficiency of PCR reaction. 

The real-time electrochemical PCR of ampicillin resistance gene DNA were 

performed in 50 µL ThermoPol® Reaction buffer containing 3 µM [Ru(bpy)2(dppp2)]2+, 
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0.2mM of each dNTP, 0.4 µM of each forward and reverse primers, 1 unit of Vent 

polymerase (NEW ENGLAND BIOLABS, Inc.) and 1 µL of DNA template. The PCR 

was performed according to the following thermal cycling: preheating period of 5 min at 

95°C, followed by a maximum of 35 cycles of 95 °C for 15 s, 55 °C for 15 s, and 72 °C 

for 30 s.  The gel electrophoresis is processed using 2% agarose gel. In Figure 26 a, it can 

be concluded that buffer pH using vent polymerase can be decreased to pH 7.6 without 

significantly affecting the PCR efficiency. Figure 26 b also shows that low buffer pH will 

also not affect the EK PCR.   

 

 

 

Figure 26. (a) The fidelity of Vent polymerase as a function of buffer pH. (b) 

Comparison of thermal cycler and Electrokinetic PCR in low buffer pH. EK-PCR was 

performed in the chamber with the dimension in 14×5×1 mm (L×W×H), and the highest 

temperature is 95 ºC. 
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4.3.4. Dependency of Temperature and Fluid Velocity 
 

There are several potential issues, such as the effects of temperature and fluid 

motion on should be considered. The elevated temperature and fluid motion in the EK-

PCR chamber may affect square wave voltammetry. The effects of fluid motion and 

temperature on square wave voltammetry were studied using 10 µM methylene blue in 1x 

Tris-EDTA buffer. It shows that the current signal in square wave voltammetry is not 

significantly affected by the fluid motion (Figure 27 a) and elevated temperature (Figure 

27 b).  

 

 

Figure 27. Effects of (a) fluid motion and (b) temperature on squarewave voltammetry 

using 10 µM and 50 µM methylene blue in 1x Tris-DETA buffer. The conditions for 

SWV were as followed: 0.5 initial voltage, 1.5 final voltage, 5 mV step voltage, 30 mV 

square wave amplitude, 15 Hz frequency, 2 µA sensitivity. 
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4.4. Characterization of Electrokinetic Real-time PCR  
 

Figure 28 shows the complete setting for EK real-time PCR containing the 

Infrared Thermometer, electronic instrument to generate AC electrokinetics and 

potentiostat to measure redox current. 

 

Figure 28. Complete real-time PCR experiment setting 

 

This completely integrated real-time electrochemical PCR was used to detect 

pcDNA 3.1 plasmid containing ampicillin resistance gene. The test was performed in 50 

µL ThermoPol® Reaction buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 

mM MgSO4, 0.1% Triton®X-100, pH 8.0 @ 25ºC), 5% dmso, 3 µM Ru(bpy)2(dppp2)2+, 

0.2mM of each dNTP, 0.4 µM of forward and reverse primers, 1 unit of Vent polymerase 
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and 1 µL of calibrated 287-bp DNA template (1×109 copies/µL, Negative control). Figure 

29 shows the decrease of redox peak current as the PCR reaction proceeds using 

differential pulse voltammetry for measurement every 10 min. The DPV parameters were 

as followed: 0.6 V initial voltage, 1.1 V final voltage, 2.5 mV step amplitude, 50 mV 

pulse amplitude, 2 µA sensitivity. PCR was also performed in thermal cycler for 35 

cycles in parallel. The thermal cycling parameters were: preheating 5 min at 95 ºC 

followed by 35 cycles of 30 s at 95 ºC, 30 s at 55 ºC and 60s at 72 ºC. The gel 

electrophoresis result is shown in Figure 30. The EK PCR in 2 hours has much higher 

yield of DNA compared to 35 cycles in thermal cycler. EK-PCR was performed in the 

chamber with the dimension in 14×5×1 mm (L×W×H), and the highest temperature is 95 

ºC. 

 

Figure 29. Redox current reduction during PCR. Measurements was preformed using 

DVP every 10 min, and the conditions are as followed: 50 mV pulse amplitude, potential 

step increment of 2.5 mV, scanning from 0.6 V to 1.2 V with a 2 µA sensitivity. 
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Figure 30. Gel electrophoresis results of 35 cycles PCR in thermal cycler and 2 hours in 

EK PCR.  

 

Figure 31. Electrokinetic real-time PCR results for characterizing E.coli pathogens 

containing ampicillin resistance gene. EK PCR thermal cycler is generated by applying a 

1 MHz square wave with a starting peak to peak value at voltage of 24 V. The voltage is 

adjusted during PCR reaction progress till the temperature reaches to the equilibrium. 
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Figure 31 shows the normalized peak current changes as increasing the time. The 

normalization was done by first subtracting the background and then dividing the peak 

current at Time = 10 min. Assume the DNA concentration dose not significantly change 

in the first 10 min. Redox current in negative control also decreases gradually during 

PCR progress. The original data was showed in appendix Figure A.4. The reason is 

because the primers in negative control will still form primer dimers, which also bind to 

redox reporter and decrease the redox current.  
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CHAPTER 5 CONCLUSIONS  
 

Toward the goal of developing microfluidic diagnostic devices for the application 

of point-of-care, we have demonstrated novel high-performances electrokinetic real-time 

PCR system, which enabled rapid, sensitive and specific detection of pathogenic DNA in 

integrated, amenable to portable, low-cost deployment. In particular, we have 

characterized the dependency of geometries of microfluidic channel including channel 

length and height on fidelity and yield efficiency of EK PCR. The free energy level of 

primer dimers are also considered and studied. It was shown that using proper designed 

primers, the EK PCR produced the same amount of PCR products with 30 minutes 

compared to 35 cycles in commercial thermal cycler.  Other than the rapidness of EK 

PCR, the average energy consumption of the new EK PCR is reduced to 500 mW by one 

order of magnitude less than the traditional heater based PCR (4-5 W). It significantly 

improves the portability of EK PCR and makes it more suitable for point-of-care 

diagnostics.  

We also evaluated the electrochemical method using electroactive DNA 

intercalating molecules for real-time monitoring DNA production. We used a theoretical 

model to study the behaviors of different redox molecules with high and low binding 

affinities in response to different concentration of DNA. It showed that the popular 

intercalating redox reporter Methylene Blue (lower binding affinities) will not efficiently 

bind with PCR products and would not produce observable redox current change. To 

solve the problem, Ruthenium complex [Ru(bpy)2(dppp2)]2+ with high binding affinity to 

DNA (2 orders of magnitude higher than methylene blue) was synthesized by our 
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collaborator. It will produce 80% decrease in redox current. By combining the advantages 

of real-time electrochemical read-out and EK PCR within a microfluidic platform, our 

EK real-time PCR method obviates the problems of bulky and sophisticated optical 

detectors and temperature controls. Furthermore, our platform precludes manual handling 

steps and end-point analysis of reaction products and thus eliminates the need for 

additional fluid handling, reagent mixing, and buffer switching. The EK real-time PCR 

platform also offers considerable potential for further expansion.  
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CHAPTER 6 FUTURE DIRECTION  
 

Works have been demonstrated to proof the concept of miniaturized electrokinetic real-

time PCR device by integrating AC electrothermal flow and electrochemical sensing.  

However, there are much more to explore in the future. Current EK real-time PCR design 

still needs one to two hours to complete the amplification and detection, which is mainly 

hindered by the limitation of sensitivity of the electrochemical sensing. Future works 

could be focused on optimizing the electrode design including the configuration and 

materials. Carbon can be potentially used for the material of working electrode. The 

porous structure increases the surface area of the working electrode. In addition, the 

current demonstrated redox molecules, such as Osmium and Ruthenium complexes, have 

very positive redox potential, which will introduce background noise from water 

decomposition. If new types of DNA intercalating redox molecules with high binding 

affinity and more appropriate potential window can be explored, the measuring 

sensitivity can be further improved by reducing the background. 

Other than electrochemical sensing, the total volume of EK-PCR can be reduced with 

appropriate design of the camber configuration. If that so, the yield efficiency will be 

even improved and the power consumption will be minimized further more.  
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Appendix A 
 

 

Figure A.1.  Gel electrophoresis image showing the yield efficiency of EK PCR using 

purified DNA containing E. coli 16s rDNA genes, which were prepared as discussed in 

chapter 3. Tests were performed in both regular PCR and EK-PCR using Taq 

polymerase. The formula (50 µ L) is as followed: 1x PCR buffer (20 mM Tris-HCl, pH 

8.4, and 50mM KCl), 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.2 µM forward and reverse 

primers, 10% v/v glycerol and 1 unit Platinum Taq Polymerase. PCR was performed in 

thermal cycler according to the following thermal cycling: preheating period of 15 min at 

95 ºC, followed by a 35 cycles of 95 ºC for 30 s, 55 ºC for 30 s, and 72 ºC for 60 s: (lane 

2) positive control, (lane 3) negative control. EK-PCR was performed in the chamber 

with the dimension in 12×5×1 mm (L×W×H): (lane 4) 15 min, (lane 5) 30 min, (lane 6) 

60 min, (lane 7) 90 min, (lane 8) 120 min. 
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Figure A.2.  Gel electrophoresis image showing the yield efficiency of EK PCR using 

Adenovirus 5 quantitated DNA as template. Tests were performed in both regular PCR 

and EK-PCR using Taq polymerase. The formula (50 µ L) is as followed: 1x PCR buffer 

(20 mM Tris-HCl, pH 8.4, and 50mM KCl), 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.2 µM 

forward and reverse primers, 10% v/v glycerol and 1 unit Platinum Taq Polymerase. PCR 

was performed in thermal cycler according to the following thermal cycling: preheating 

period of 15 min at 95 ºC, followed by a 35 cycles of 95 ºC for 30 s, 55 ºC for 30 s, and 

72 ºC for 60 s: (lane 2) negative control, (lane 3) positive control. EK-PCR was 

performed for 60 min in the chamber with the dimensions in 11×5×1 mm (L×W×H) and 

12×5×1 mm (L×W×H) using different denaturation temperatures: (lane 4) 90 ºC, (lane 5) 

92 ºC, (lane 6) 92 ºC, (lane 7) 95 ºC, (lane 8) 90 ºC, (lane 9) 92 ºC and (lane 10) 95 ºC. 
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Figure A.3.  Gel electrophoresis image showing the yield efficiency of EK PCR using 

Mycoplasma pneumonia quantitated DNA as template. Tests were performed in both 

regular PCR and EK-PCR using Taq polymerase. The formula (50 µ L) is as followed: 1x 

PCR buffer (20 mM Tris-HCl, pH 8.4, and 50mM KCl), 1.5 mM MgCl2, 0.2 mM dNTP 

mix, 0.2 µM forward and reverse primers, 10% v/v glycerol and 1 unit Platinum Taq 

Polymerase. PCR was performed in thermal cycler according to the following thermal 

cycling: preheating period of 15 min at 95 ºC, followed by a 35 cycles of 95 ºC for 30 s, 

55 ºC for 30 s, and 72 ºC for 60 s: (lane 2) negative control, (lane 3) positive control. EK-

PCR was performed for 60 min in the chamber with the dimensions in 11×5×1 mm 

(L×W×H) and 12×5×1 mm (L×W×H) and 13×5×1 mm (L×W×H) using different 

denaturation temperatures: (lane 4) 92 ºC, (lane 5) 95 ºC, (lane 6) 92 ºC, (lane 7) 95 ºC, 

(lane 8) 92 ºC, and (lane 9) 95 ºC. 
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Figure A.4.  Redox current reduction in negative control. Measurements was preformed 

using DVP every 10 min, and the conditions are as followed: 50 mV pulse amplitude, 

potential step increment of 2.5 mV, scanning from 0.6 V to 1.2 V with a 2 µA sensitivity. 
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