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ABSTRACT 

Two Impedance biosensors based on interdigitated electrode (IDE) arrays were 

designed, fabricated and tested for detection of low concentration Escherichia coli 

O157:H7. The first biosensor consists of two set of gold IDE arrays embedded in a SU8-

PDMS microchannel. Positive dielectrophoresis (p-DEP) is used to focus and concentrate 

the E.coli cells into the centre of the microchannel, using the first IDE array. The 

concentrated cells are then guided towards the sensing region microchannel, which has 

one-third the width of the initial microchannel. The bulk fluid keeps flowing toward the 

outer channel towards the waste outlets. The second IDE array located in the sensing region 

is used for impedimetric detection of the E.Coli cells. A combination of standard 

photolithography, wet etching and plasma treatment techniques were used to fabricate the 

biosensor. The E.Coli cells in the test solution were focused into the centre of the channel 

when excitation signal of 5 Vp-p at 5.6 MHz is applied across the electrode arrays. Before 

injecting the E-Coli cells, polyclonal anti-E.coli antibodies were non-specifically 

immobilized on the sensing electrode array. This ensures specific detection of E.coli 

O157:H7 bacterial cells. As the concentrated E.Coli cells (antigen) reach the sensing 

electrode array, they bind to the immobilized antibody sites. This antigen-antibody binding 

causes a change in the impedance which is measured using an impedance analyzer. The 

device performance is tested by measuring the impedance, between 100Hz - 1MHz 

frequency, before and after applying p-DEP on the focusing electrode array, and after 

applying p-DEP on both the focusing and sensing electrodes. The result shows clearly that 

the use of p-DEP on the focusing IDE array significantly increased the measurement 

sensitivity with the lower detection limit being 3×102 CFU/mL. In addition, the use of p-
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DEP on both electrode arrays increased the measurement sensitivity by a factor of 2.9 to 

4.5 times depending on the concentration. 

The second biosensor consists of a redesigned focusing region and multielectrode 

sensing region to improve the efficiency and to be able to detect even lower concentration 

Escherichia coli O157:H7. Similar to the previous design this biosensor also consists of 

two functional region: focusing and sensing region. In this design, the focusing region 

consists a ramp down vertical electrode pair made of electroplated gold along with tilted 

(45o) thin film finger pairs, embedded in a microchannel. This configuration improves the 

concentration and focusing of the bacteria into the center of the microchannel, and direct 

them towards the sensing region. The sensing region consists of three IDE arrays, with 

varying number of electrode fingers (30, 20 and 10 pairs respectively), all embedded inside 

a narrow microchannel and functionalized using anti-E.coli antibody. As E.coli binds to 

the antibody, it results in impedance change. The biosensor is fabricated on a glass 

substrate using SU8 negative photoresist to form the microchannel, gold electroplating to 

form the vertical focusing electrode pair, thin gold film to form the detection electrode, the 

finger electrodes, traces and bonding pads, and PDMS to seal the device. This biosensor is 

able to detect concentrations as low as 39 CFU/ml, which indicates a 7.5 times higher 

sensitivity, over the previous design.  
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Chapter 1  

INTRODUCTION AND MOTIVATION 

In this chapter a brief history of semiconductor and Microelectromechanical 

systems (MEMS) techniques is presented followed by the evolution of the MEMS 

Biosensors for various applications. Impedance based detection and focusing in MEMS 

devices are also introduced. 

1.1  Introduction to Microelectromechanical systems (MEMS) 

Microelectromechanical systems can be defined as a technology which combines 

miniature mechanical, electro-mechanical elements and circuits with dimensions ranging 

from one to a few hundreds of microns. Due to decades of critical research, major 

investments in IC industry and maturity of microfabrication technology, MEMS continue 

to gain popularity. The invention of transistor at Bell Telephone Laboratories in 1947, 

development of first Germanium (Ge) based IC at Texas Instruments in 1958, sparked the 

beginning of IC technology and Semiconductor industry, which is estimated to worth a 

staggering $355.3 billion by 2016 [1]. Since the 1970s, the solid-state electronics field has 

kept improving the manufacturing and fabrication technology involved in the 

miniaturization of electronic elements as a result the complexity of ICs has doubled every 

two to three years. The evolution of the IC fabrication technology and products changed 

our lives dramatically. However, ICs are dependent upon sensors to provide input from the 

surrounding environment, similar to control systems, which needs actuators and 

transducers to carry out their desired functions [2]. But traditional sensors and actuators 

were much larger, and couldn’t be integrated with other microscale electronics. Hence 
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there is a need to develop a fusion technology which could combine miniature mechanical, 

electromechanical structures, sensors to ICs. The birth of MEMS technology can be dated 

back to the discovery of the piezoresistive effect in germanium and silicon strain gauges at 

Bell Laboratories in 1954, which had an instrument sensitivity of 10 to 20 times greater 

than those based metal films. The first high-volume commercial product is a MEMS 

pressure sensor marketed by National Semiconductors in 1974. While the semiconductor 

market grew significantly, MEMS component market experienced much slower growth. 

However, recent dramatic acceleration of consumer MEMS market growth resulted from 

conversion of portable electronics such as, smart phones, wearable electronics, smart 

watches, tablets, into powerful computers. This enabled creative usage of MEMS sensors 

in touch sensitive screens, auto rotation, opening a flood gate towards MEMS   adoption. 

Accelerometers, gyroscope, magnetic sensors, microphones, pressure sensors, RF filters, 

MEMS camera grew to multibillion units/ year total market. MEMS products have a huge 

impact on our daily lives and this impact is growing. According to Yole and iSupply market 

research, 2016 MEMS market value it’s estimated at $20 billion. 

Biomedical Microelectromechanical Systems (BioMEMS), a subset of MEMS, has 

emerged, with a growing number of applications of MEMS devices in the Biomedical field 

[3]. Areas of research and applications of BioMEMS  include (but not limited to) 

diagnostics of biological cells, DNA and protein micro-array analysis, novel bio-

compatible materials, micro-fluidics, tissue engineering, surface modification, implantable 

BioMEMS systems, and Smart drug delivery systems [4]. 
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1.2 MEMS biosensors 

Biosensors are analytical devices composed of a biological recognition element(s) 

and a physical or chemical transducer(s) to selectively and quantitatively detect the 

presence of specific compounds in a given external environment. The transducer converts 

the change in the property of the solution, surface, etc. to a recordable signal level [5]. 

During the last decade, various kinds of MEMS biosensors were fabricated and 

manufactured which allowed sensitive, rapid, and real-time detection of cells, proteins, 

DNA, or small molecules [6], [7]. Many of these are based on a single element.  These 

single elements can be serially combined together to create an array of biosensors. 

Depending on the application, the detection method of the biosensor varies. A few popular 

detection methods used for MEMS based biosensors include electromechanical, electrical, 

and optical detection. There are various kinds of electrochemical biosensors, such as 

amperometric, potentiometric, conductimetric, or impedimetric. These electrochemical 

biosensors are advantageous as they are highly sensitive, have rapid sense time, low 

manufacturing cost, and can be combined with other systems to create an integrated 

Microsystems [8], [9]. These sensors measure the electrochemical impedance which 

combines the analysis of resistive, capacitive or inductive properties of materials [10], [11]. 

Electrochemical impedance biosensors detect the target molecules by measuring 

the change in impedance. The target molecule binds to the receptors such as, antibodies, 

DNA, proteins or other bio-recognition elements which are immobilized on the surface of 

the electrodes [12]–[14]. The impedance change may result due to the change in 

conductivity of the medium caused by the growth of bacteria, due to suspension of target 

molecules in the aqueous medium, entrapment of bacterial cells on the surface of electrodes 

(b) 
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using dielectrophoresis (DEP), and change in the ionic concentration of the medium caused 

by the activity of enzymes (used as labels for the signal amplification) [15]–[28]. In some 

early electrochemical impedance biosensors, large metal rods or wires were used as 

electrodes to measure impedance [29]–[31]. To improve the sensitivity and miniaturize the 

size of the sensor system the potential of microelectrode based sensor systems were 

considered  and combined with traditional detection system [32].  

Among microelectrodes, interdigitated microelectrode arrays (IDAM) are most 

popular.  IDAM has some considerable advantages over other type of electrode systems. It 

has low ohmic drop, fast establishment of steady-state and also rapid reaction kinetics [33], 

[34]. The increased signal-to-noise ratio and the low response time also provides rapid 

detection using interdigitated electrode array [35]. Moreover IDAM has a significant 

advantage over three or four electrode system as this detection system doesn’t require a 

reference electrode and provides simple means to obtain steady-state response [36], [37]. 

IDAM consist of a series of parallel electrodes forming two comb shapes. The two 

electrodes are connected together forming an array of interdigitated electrodes.  

 Several devices for detecting biological cells using the impedimetric detection 

principle have been fabricated and tested. Yang, L. et al. designed an interdigitated 

microelectrode array based electrochemical impedance immunosensor for detection of 

Escherichia-coli O157:H7 (see Figure 1.1). The interdigitated electrode array is 

constructed of indium-tin oxide and the array is coated with E.-coli antibody.   
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Figure 1.1 Interdigitated array microelectrode immunosensor. 

The immobilization of antibodies and the formation of antibody cell complexes on the 

surface of the IDA microelectrode were characterized by cyclic voltammetry and two-

electrode Faradic electrochemical impedance spectroscopy in the presence of 

[Fe(CN)6]3/4 as a redox probe. Electron-transfer resistance of the electrode increased upon 

the immobilization of the antibody and the binding of E-coli cells [12]. The electron-

transfer resistance is correlated with the concentration of E-coli cells in a range from 

4.36x105 to 4.36x108 CFU/mL with the detection limit of 106 CFU/mL.  

G. Kim et al. proposed an interdigitated microelectrode based impedance biosensor 

for detection of Salmonella Enteritidis in food samples. The interdigitated microelectrode 

(IME) sensor is fabricated from a glass wafer with a 50 nm Cr layer as an adhesive layer. 

A 100 nm thick of interdigitated gold electrode is deposited over the Cr layer and patterned 

using photolithographic processing methods to form an active sensing area [38]. Three 

different sensor types, each with different electrode gap sizes (2 μm, 5 μm, 10 μm), were 

fabricated to evaluate the effect of electrode specification on the sensitivity.  

Radke, S.M. and Alocilja developed an impedance biosensor for bacterial detection, 

which can discriminate between different cellular concentrations from 105 to 107 CFU/mL 
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in pure culture (See Figure 1.2). The sensor detected the change in impedance caused by 

the presence of bacteria immobilized on interdigitated gold electrodes and is fabricated 

from (100) silicon with a 2 µm layer of thermal oxide as an insulating layer [13]. 

 

Figure 1.2 Microimpedance biosensor for bacterial detection. 

The sensor active area is 9.6 mm2 and consists of two interdigital gold electrode arrays 

measuring 0.8 X 6 mm. The surface is coated with E-coli specific antibody between the 

electrodes to create a biological sensing surface. The impedance across the interdigitated 

electrodes is measured after immersing the biosensor in solution. Bacteria cells present in 

the sample solution attached to the antibodies and became tethered to the electrode array, 

thereby causing a change in measured impedance.  

Madhukar Varshneya and Yanbin Li fabricated double interdigitated array 

microelectrode (IAM) based impedance biosensor to detect E-coli O157:H7 after 

enrichment in growth medium (See Figure 1.3) [32]. This study is aimed at the design of a 

simple flow cell with an embedded IAM which does not require complex microfabrication 

techniques and can be used repeatedly with a simple assembly/disassembly step. The flow 

cell is also unique in having two IAM chips on both top and bottom surfaces of the flow  
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Figure 1.3 Double interdigitated microelectrode based impedance biosensor. 

cell, which enhances the sensitivity of the impedance measurement. The impedance 

biosensor successfully detected E-coli O157:H7 in a range from 8.0 to 8.2×108 CFUmL-1 

after an enrichment growth of 14.7 and 0.8 h, respectively.  

Binu Baby Narakathue et al. designed and fabricated an impedance based 

electrochemical biosensor for the detection of various chemical and biological species. The 

device is a flow cell with inlet and outlet ports, built on a glass substrate with gold 

electrodes (See Figure 1.4). The flow cell is fabricated using acrylic material with a 

reservoir volume of 78 µl. 
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Figure 1.4 Flow cell design with interdigitated electrodes. 

The impedance based response of the two-terminal device revealed a very high sensitivity 

with low concentrations of Potassium Chloride (KCl), Cadmium Sulphide (CdS), Mouse 

Monoclonal IgG, and D - Proline at pico mole levels [39]. 

A microfluidic flow cell with embedded gold interdigitated array microelectrode 

(IDAM) is developed and integrated with magnetic nanoparticle-antibody conjugates 

(MNAC) into an impedance biosensor to rapidly detect pathogenic bacteria in ground beef 

samples. A PDMS microchamber is used to collect bacterial cells in the active layer above 

the microelectrode for sensitive impedance change. Streptavidin-coated magnetic 

nanoparticles with biotin-labeled polyclonal goat anti-E.coli antibodies and were used in 

the separation and concentration of target bacteria. The cells of E.coli O157:H7 inoculated 

in a food sample were first captured, separated, and  
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 Figure 1.5 Interdigitated Microelectrode Array chip with gold microelectrodes and 

PDMS microchannel. 

concentrated by applying a magnetic field, washed, and then suspended in mannitol 

solution and finally injected through the microfluidic flow cell for impedance measurement. 

This impedance biosensor is able to detect as low concentration 1.6 × 102 and 1.2 × 103 

cells of E.coli O157:H7 cells present in pure culture and ground beef sample [19]. 

A Lab on a Chip hand held device with integrated 3D microfluidic network has 

been designed for the immunomagnetic detection and quantification of the pathogen 

Escherichia coli O157:H7 in food and clinical samples. It is designed to be capable to 

detect and quantify small magnetic field variations caused by the presence of 

superparamagnetic beads bound to the antigens previously immobilized on the sensor 

surface via an antibody–antigen reaction. A magnetoresistive multilayer structure 

implemented as sensing film consists of 20 [Cu5.10 nm/Co2.47 nm] with a magnetoresistance 
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of 3.20 % at 235 Oe and a sensitivity up to 0.06 Ω/Oe between 150 Oe and 230 Oe. Silicon 

nitride has been selected as optimum sensor surface coating due to its suitability for 

antibody immobilization. A microfluidic network made of SU-8 photoresist has been 

included to guide the biological samples towards the sensing area [40]. 

 

Figure 1.6 Lab on a Chip packaged biosensor and 3D schematic. 

An interdigitated gold microelectrode based impedance sensor is used to detect and 

monitor the growth of during a 12-h culture. An equivalent electrical circuit model  

 

Figure 1.7. Interdigitated microelectrode sensor with polystyrene micro chamber for 

monitoring growth of E.coli in urine. 
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is used for evaluating the variations in impedance characteristics of bacterial growth. The 

equivalent circuit analysis revealed a linear relationship between the impedance change 

and initial E.coli concentration measured at various growth times of 1, 3, 5, 7, 9 and 12 h 

in urine. The sensor is capable of detecting a wide range of E.coli concentration, in urine 

samples with high sensitivity [41]. 

 

Figure 1.8 Impedance based infectivity sensor. 

An electrical impedance-based device with Interdigitated Microelectrode Arrays 

(IMA's) is able to get insights on Cryptosporidium development on a cell culture and to 

quantify sample infectivity. The impedimetric response is measured at frequencies ranging 

from 100 Hz to 1 MHz and a 7 min sampling period. As the infection progresses the 

impedance signal shows a reproducible distinct succession of peaks at various time 

intervals. An equivalent circuit modeling-based approach indicates that these features are 

mostly originated from paracellular pathway modifications due to host–parasite 

interactions [42].  

Boedicker et al., developed a PDMS based microfluidic chip to form nanoliter 

droplets to determine methicillin resistant Staphylococcus aureus (MRSA) susceptibility 

to antibiotics (ampicillin, oxacillin, cefoxitin, vancomycin, and erythromycin) and to 
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differentiate MRSA and methicillin sensitive Staphylococcus aureus (MSSA) from the 

specimens of human blood plasma (See Figure 1.9). A single cell is confined into a plug 

with antibiotics and tagged with fluorescent dye. The increase in fluorescence intensity in 

these plugs presents the resistance of the bacteria to the antibiotic in the plugs. This 

“stochastic confinement” based detection allows rapid MRSA detection and antibiotic 

susceptibility testing without prior incubation of samples. The time to reach the result is 

directly proportional to the size of the plugs and independent from the initial concentration 

of the sample and it takes about 2 h for 1 nL plugs with bacterium. The limit of detection 

is about 105 CFU/ml [43]. 

 

Figure 1.9 Schematic illustrates nanoliter-sized plug, with a few are occupied by a single 

bacterium and the experimental procedure of detection of bacteria incubated in plugs.  

Boedicker et al., developed a novel microarray based integrated biosensor for performing 

dielectric spectroscopy to analyze biological samples, such as DNA fragments (See Figure 
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1.10). This integrated biochip measures the impedance of different samples, and 

demonstrated that the solution’s impedance is highly correlated with the concentration.  

 

Figure 1.10 (a) Optical image of the integrated chip, the sensing area and the excitation 

circuits. (b) Sensor surface profile and cross section diagram. (c) Schematic diagram of a 

sensing pixel and the dimensions of each pixel. 

In addition to determining concentrations, it can also correlate the sample solution 

impedance with the length of the DNA fragments. All the measurements are performed 

using suspended samples without any functionalization of the sensor surface [44].  

Yang et al., reported a method for ultrasensitive detection and quantification of 

Escherichia coli O157:H7. It uses a tortuous-shaped giant magnetoimpedance (GMI) 

sensor in combination with an open-surface microfluidic system coated with a gold film 
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for performing the sandwich immune binding on its surface. E.coli cells were captured 

using biotinylated polyclonal antibody on Streptavidin-coated magnetic Dynabeads (See 

Figure 1.11).   

 

Figure 1.11 Schematic and optical image of the GMI sensor, gold film surface 

modification and test setup.  
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The Dynabeads are then injected into the microfluidics system where it comes into contact 

with the surface of gold nanofilm functionalized with monoclonal antibody forms an 

immunocomplex. It is shown that GMI ratio strongly reduced at high frequencies in 

presence of E. coli. The sensor is able to detect concentrations as low as 50 CFU/mL at 2.2 

MHz working frequency [45].  

Uria et al., developed an impedimetric biosensor platform based on interdigitated 

microelectrodes by defining the relationships between microbial growth and impedance 

changes associated with acidification of the culture medium (See Figure 1.12). E. coli 

bacterium in a spiked milk sample is used for this experiment and impedance is measured 

at a fix frequency of 10 kHz. Sensor response is measured at 270 and 390 minute of 

incubation and mean value is recorded. Performed experiments were able to detect 

E.coli concentrations in a range between 102 and 106 CFU/mL in milk in only 6 hours with 

5–12% error margin [46]. 

 

Figure 1.12 Layout of the interdigitated microelectrode array based  biosensor. 
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Koydemir et al., developed a microelectrochemical sensor (µECS), for the 

detection of methicillin resistance in Staphylococcus aureus (See Figure 1.13). This 

platform electrochemically senses the target analyte in a microfluidic reactor and utilizes 

three electrode system.  The μECS has inlet and outlet reservoirs, a detection zone, in which 

electrochemical sensor is placed, and microchannels with 15 μm in height and 50 μm in 

width. The detection zone has silver, gold and platinum as reference, working and counter 

electrodes, respectively. The working electrode is disc-shaped while the reference and the 

auxiliary electrodes are in the shape of block arc and positioned symmetrically to the 

working electrode.  The sensor is tested using specific DNA sequences of mecA gene (an 

indicator of methicillin resistance) over a range of concentrations of DNA (down to 10 pM). 

Synthetic oligonucleotides and bacterial PCR product were used as a target analyte in 

Hoechst 33258 marker-based detection and horseradish peroxidase-based detection, 

respectively. The results revealed that this platform has high sensitivity and selectivity [47].  

 

Figure 1.13 Schematic and optical images of the µECS biosensor. 
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Tan et al., developed a PDMS microfluidic immunosensor integrated with specific 

antibody immobilized alumina nanoporous membrane for rapid detection of foodborne 

pathogens such as E. coli O157:H7 and Staphylococcus aureus (See Figure 1.14). The 

alumina nanoporous membrane is functionalized using target specific antibodies via self-

assembled (3-glycidoxypropyl) trimethoxysilane (GPMS) silane. Impedance spectrum is 

recorded from 1 Hz to 100 kHz and the maximum impedance amplitude change is around 

100 Hz. The biosensor is able to detect concentrations as low as 102 CFU/ml. [48]. 

 

Figure 1.14 Schematic of the PDMS microfluidic immunosensor with antibody coated 

alumina nanoporous membrane. 

Demircan et al., have designed and implemented a microelectromechanical 

biosensor which utilizes isolated 3D-electrode based dielectrophoresis (DEP) for the label-

free detection of K562 leukemia cells. Cells were hydrodynamically focused to the 3D-

electrode arrays, placed on the side walls of the microchannel, and separated using DEP, 

based on the differences in their cytoplasmic conductivities (See Figure 1.15). Cell 

suspension containing resistant and sensitive cancer cells with 1:100 ratio is continuously 

flown through the channel at a rate of 10 μL/min. The sensitive cells flow with the fluid, 

while the resistant ones are trapped by positive DEP force at cross-over frequency of 48.64 
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MHz. The biosensor operated at considerably low voltages (<9 Vpp) and can be an efficient 

platform for the detection of multidrug resistance in leukemia, in a label-free manner. [49]. 

 

Figure 1.15 Schematic and optical images of the microelectromechanical biosensor. 

Setterington et al., reported an immunomagnetic separation (IMS) technique (see 

Figure 1.16), for isolating E. coli O157:H7 cells labeled with biofunctionalized 

electroactive polyaniline (immuno-PANI). Labeled cell complexes were deposited onto a 

disposable screen-printed carbon electrode (SPCE) sensor and pulled to the electrode 

surface by an external magnetic field, which improved the signal generated by the 

polyaniline. Cyclic voltammetry is used to detect polyaniline and signal magnitude is used 

as an indicator for the presence or absence of E. coli. The total detection time is 70 min 

and the detection limit is as low as 7 CFU/ml [50].  
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Figure 1.16 Schematic of immunomagnetics seperation of polyaniline-labeled 

Escherichia coli O157:H7. 

Invisible Sentinel’s  Veriflow [51] is a commercial product, which combines the 

sensitivity of real-time PCR tests with the ease of use associated with vertical-flow-based 

diagnostics. This uses DNA Signature Capturing Technology for the rapid detection of 

target analytes from complex environmental samples.  

Neogen’s ANSR [52] commercialized a PCR platform, with unique enrichment and 

assay provides minimal matrix effects, compared to conventional methods in food and 

environmental pathogen tests. Molecular pathogen detection can be performed in as little 

as 10 minutes post-enrichment.  
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Chapter 2  

THEORETICAL BACKGROUND 

 In this chapter the theoretical background of the focusing and sensing electrodes 

are presented. This also provides an introduction to the equivalent circuit models analysis 

of a single cell and a cell in a microfluidic channel followed by the impedance sensing 

mechanism. The experimental detection techniques were also discussed.  

2.1 Equivalent circuit models 

2.1.1 Equivalent circuit model of a cell 

One of the initially developed equivalent circuit model for single cell is shown in 

Figure 2.1 [53].  A cell can be approximated as a series connection of resistor Ri with a 

capacitor Cm. The resistor describes the resistance of the cytoplasm present inside the cell 

and the capacitor represents the capacitance of the cell membrane.  

 

Figure 2.1 An equivalent circuit model of a single bacteria cell. 

The resistance of the cell membrane is ignored since it is much greater than its 

reactance for reasonable A.C. frequencies. Likewise, the capacitance of the cell cytoplasm 

Ri Cm 

Cytoplasm Cell Membrane 
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is ignored for the same reason [54]. According to the model, the impedance of the cell is 

mainly determined by its volume when low frequency AC measurement is applied. 

However, at higher frequencies, the impedance of the cell is not only determined by its 

volume but also by its intracellular structures [55]. 

2.1.2 Equivalent circuit model of a cell suspending in electrolyte between two electrodes 

The sensor system is used to measure cell impedance in a media flowing through a 

microchannel. It can be simplified as an equivalent electrical circuit as shown in Figure 2.2.  

 

Figure 2.2 Equivalent circuit of a single cell suspended in the microchannel. 

The resistance of the media between electrode pair and between electrode and cell 

are denoted by Re and Re’, respectively. An electric double layer is formed between the 

electrode surface and media. The impedance of the electric double layer is represented by 

Zdl. The stray capacitance of the whole system is given by Cs [54].  

Figure 2.3 shows the electric double layer effect [56]. Host of chemical interaction takes 

place between the electrode and the media which allows ions to directly get absorbed onto 

the electrode. The surface charge could be either positive or negative and creates the first 

layer. The second layer is created due to ions getting attracted towards opposite polarity of 

Zdl 
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the surface charge due to Coulomb force. These attracted ions approaches the surface of 

the electrode and forms a charge layer balancing the surface charge. Ions in the media also 

travel due to diffusion and hence the movement of ions is a competition between 

electrostatic interactions and diffusion. The results in a region called ‘diffusive layer’ close 

to the electrode surface containing an excess of one type of ion resulting in a the potential 

drop over the diffuse layer. The rightmost is the electrolyte plasma bulk which is electrical 

quasi-neutral.  

 

Figure 2.3 Electric double layer between electrode and electrolyte. 
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Figure 2.4. Equivalent circuit model of electric double layer. 

A simple equivalent circuit model for electric double layer is represented by parallel 

connection of resistor and capacitor, as shown in Figure 2.5 [57]. The overall impedance 

Zcc of the MEMS impedance biosensor can be expressed by the following equation. 

                                    (1) 

As our goal is to measure the impedance of the cell only, the effects of electric 

double layer (Zdl) and stray capacitance (Cs) must be minimized [54]. 

2.2 Dielectrophoretic focusing  

To improve sensitivity and precision biosensors with microchannel must be able to 

confine cells or micro particles, into a small, spatially well-defined volume.  In the MEMS 

impedance biosensor, focusing cells into the center of the microchannel is significant, 
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because it prevents cells from clogging the channel and also improves the sensitivity of the 

measurement [58]. 

Dielectrophoresis is one of most important method to alter the movement of 

particles/ cells in a microchannel. It can be defined as the phenomenon that the translational 

force exerts on polar particles in a media under the influence of a non-uniform AC electric 

field. Polarized charges are induced on dielectric particles’ surfaces and, thus, electric 

dipoles are established when the particles are suspended in an electric field. The interaction 

between the dipoles and the electric field can generate a force affecting the particles [59].  

 

Figure 2.5 (a) No DEP force in uniform electric field, (b) DEP force in non-uniform 

electric field. 

The strength and the direction of the force depend strongly on the medium and 

particles' electrical properties, on the particles' shape and size, as well as on the frequency 

of the electric field. In a uniform electric field, as shown in Figure 2.5(a), Coulomb forces 

are generated on both sides of a particle equally but toward opposite directions, resulting 

in zero net force. However, in non-uniform electric field, as shown in Figure 2.5(b), the 

b) 

No Net Force 

 Net Force 

a) 
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Coulomb forces on both sides are different, and the overall force may result in particle 

motion. Since the direction of the force is determined by the spatial variation of the field, 

the DEP forces always go toward the direction of either a minimum or maximum electric 

field gradient. Due to the irrelevance of the polarity of the electric field, DEP can be 

observed under the influence of both AC and DC electric fields [60]. 

The DEP force (FDE) acting on a spherical particle of radius (r), subjected to non-

uniform electric field (E) is given by: 

                                           (2) 

                           (3) 

For a spherical homogenous particle, f(p*,m*) is referred to as the Clausius-

Mossotti factor (C-M factor) [59], where, p* and m* are the complex permittivity of the 

particle and medium, respectively,  is the angular frequency, m and p are the 

conductivity of the medium and the particle, respectively. It can be seen from the equation 

that the direction of DEP force is determined by the sign of the real part of the C-M factor. 

Consequently, driving direction of FDE depends on two factors: permittivity of the particle 

compared with that of the medium surrounding the particle and the frequency of the applied 

electric field. There is a cross over frequency setting Re[f(p*, m*)] = 0 at which the 

particle is subjected to zero DEP force. Above the crossover frequency Re[f(p*, m*)] is 

positive and results in positive DEP, in which force direction is towards higher intensity of 

electric field, and the particle tends to move towards the region of high field strength. On 
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the other hand, for frequencies below the crossover frequency Re[f(p*, m*)] is negative 

and leads to negative DEP which applies force toward lower intensity of electric field on 

the particles and thus, they tend to move towards the region of low field strength, as shown 

in Figure 2.6. 

 

Figure 2.6 Schematic diagram showing the positive and negative dielectrophoretic forces 

on particles subjected to non-uniform electric fields. 

DEP is most readily observed for particles with diameters ranging from 

approximately 1 to 1000 m because above 1000m, gravity overwhelms DEP and below 

1 m, Brownian motion overwhelms the DEP forces. Therefore, DEP has been mainly 

used for manipulating micro particles and cells in microfluidic applications such as sorting, 

separation [61], trapping [62], assembling and transportation [60].  

When cells are flowing in the channel they not only experience DEP force, but also 

hydrodynamic force. For a non-turbulent flow, where the Reynolds number is much 

smaller than 1 (Re<<1) the hydrodynamic drag force on a moving object is linearly 

proportional to the object's velocity through the fluid. Hydrodynamic force acts to oppose 

the motion and can be described as being an energy-dissipating or frictional force. If the 

Positive DEP Negative DEP 
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relative velocity between the cell and the flow is �⃗� , fluid viscosity is η, for a cell with 

radius r this force is given by: 

�⃗⃗⃗�𝒅𝒓𝒂𝒈 ≈ 𝛈𝐫�⃗⃗⃗�                                                           (4) 

The ratio of the drag force to the velocity  
�⃗�𝑑𝑟𝑎𝑔

�⃗⃗�
= 𝑘𝑑𝑟𝑎𝑔  is called the drag 

coefficient, and is roughly equivalent to the product of viscosity and longest dimension of 

the cell. For a spherical particle such as cell which has a radius r, the drag coefficient 

is𝑘𝑑𝑟𝑎𝑔 = 6𝜋ηr. So, the drag force can be given by: 

�⃗⃗⃗�𝒅𝒓𝒂𝒈 = 𝟔𝝅𝛈𝐫�⃗⃗⃗�                                                      (5) 

In absence of flow, cells will get attracted towards the electrode as the electric 

gradient is maximum there. Therefore, to sort and separate viable cells and to move them 

towards the sensing electrode array, a flow is required. The flow works in conjunction with 

the DEP and generates enough hydrodynamic force to concentrate the viable bacteria cells 

towards the center of the microchannel. At equilibrium, the hydrodynamic and DEP forces 

are equal, which gives us the minimum velocity required to move the cells towards the 

center channel.  

�⃗⃗⃗�𝒎𝒊𝒏 <
𝜺𝒎𝒓

𝟐

𝟑𝛈
𝑹𝒆[𝑲]

𝝏𝑬𝟐

𝝏𝒙
                                                    (6) 

Thus successful separation and sorting is greatly dependent on the flow rate of the 

fluid inside the microchannel. Also higher flow rates can be accommodated as the length 

of the electrode array and number of the electrodes within the array is increased. 

Hydrodynamic drag force in conjunction with the p-DEP force creates a streamlined cell 

flow, through the center of the narrow channel towards the sensing electrode array. The 
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E.coli cells are recognized and captured on the sensing electrode array using anti-E.coli 

antibody.  
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Chapter 3  

DESIGN AND FABRICATION 

This chapter first describes the two biosensor designs in detail. The device design 

demonstrates the functionality of each part including dielectrophoretic focusing and 

impedance sensing. 

 

3.1 Design I 

The MEMS impedance biosensor has of two functional regions: focusing and 

sensing region. The focusing and sensing region each consists of IDE array embedded in a 

fluidic microchannel. In this design, the test media with E.coli cells are introduced via the 

inlets into the microchannel. The microchannel carries the media through the focusing 

region, which is connected to the sensing region and on to the fluidic outlet. A 3-

dimensional schematic of the biosensor is shown in Figure 3.1. The purpose of this research 

is to detect very low concentration of E.Coli bacteria present in a media with the help of 

dielectrophoresis and impedance spectroscopy. This is accomplished by placing two 

interdigitated microelectrode arrays along the microchannel such that the first array focuses 

(focusing electrode array) the E.coli bacteria towards the center of the microchannel and 

the second array (sensing electrode array) measures the impedance of bacteria. The 

focusing electrode array generates a non-uniform E-field, perpendicular to the flow over 

the entire length of the focusing region. Due to the non-uniform E-field the bacteria cell 

undergoes 
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Figure 3.1. Schematic of impedance biosensor featuring (a) SU-8 microchannel with 

focusing and measuring electrodes, (b) magnified view of focusing and sensing region, 

(c) complete device with PDMS cover and connectors. 

pDEP and gets focused towards the center of the channel. The bulk fluid and unwanted 

species flow out of the biosensor through the waste outlets. Positive DEP helps increase 

bacteria concentration in the sensing region, which enables the biosensor to successfully 

detect very low concentrations of bacteria. Following the focusing region in the channel, 

is the sensing region. As the media fills up the microchannel the focused bacteria cell flow 

towards the sensing region, where they bind to the antibody present on the electrode surface. 

This binding causes an increase in impedance, which can be tracked as a function of 

bacteria concentration. Before bacteria detection can be performed, specific antibody 

Antigen Inlet Fluidic Outlet 

Waste Outlet 

Antibody Inlet 

Sensing Electrode 

Array 

PDMS Cover Fluidic Connector 

Focusing Electrode 

Array 

a) 

c) 

b) 
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solution is introduced into the sensing region through the antibody inlets and is 

immobilized on the sensing electrode surface.  

Table 1. The device dimension for design I. 

 Length (mm) Width (µm) Thickness (nm) 

Focusing Electrode Array 4  300  200  

Sensing Electrode Array 1  100 200  

Individual IDE 0.100  10 200  

Microchannel 10  300- 100  15 µm 

Distance between electrodes 10 µm 

 

As the antibody solution can be easily modified, this biosensor is capable of detecting 

virtually any bacteria cell by functionalizing the sensing electrode surface with specific 

antibodies. The two microelectrode arrays are made of gold and are embedded in a SU-8 

microchannel. Polydimethylsiloxane (PDMS) is chosen as a cover for the channel due to 

its advantages such as flexibility, ease of fabrication and transparency. Since PDMS is a 

rubber-like material and is highly flexible, it conforms to the curvature of the surface it 

comes into contact with. The device dimensions are shown in Table 1.  

The phenomenon of positive DEP is employed to focus the cells to the center of the 

channel as a single line. Thus, cells enter the microchannel one by one without clogging it. 

Furthermore, in order to generate a non-uniform electric field over the entire height of the 

channel, electroplated vertical electrodes in the micro-channel have been designed and 

fabricated. The frequency of AC E-field is  
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Figure 3.2.  2-D schematic of the a) microelectrode mask, b) magnified view of the 

microelectrode arrays, c) magnified view of the individual IDE, d) microchannel mask 

and e) overlay of the two masks. 

selected such that the particles are subjected to a negative DEP force aligning them into a 

thin stream at the center. 

3.2 Design II 

Similar to the previous design, this design of the biosensor also has two functional 

regions: focusing and sensing. The test media with E.coli cells are introduced via the inlets 

into the microchannel. The microchannel carries the bacteria cells through the focusing 

region, towards the sensing region and to the fluidic outlets. A 3-dimensional schematic of 

the biosensor is shown in Figure 3.3. This biosensor is designed to detect very low 

Mask 1: Microelectrode 

Mask 2: Microchannel 

Focusing Array Sensing Array 

Mask Overlay 

Interdigitated Microelectrode 

a) b) 

c) 

d) e) 
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concentrations of bacteria cells with help of improved dielectrophoresis and impedance 

spectroscopy. The biosensor is capable of two major actions: cell focusing, and impedance 

detection of pathogens.  

 

 

Figure 3.3. Schematic of impedance biosensor featuring (a) SU-8 microchannel with 

focusing and measuring electrodes, (b) magnified view of focusing and sensing region, 

(c) complete device with PDMS cover and connectors. 

The device consists of specially designed region for (1) focusing the bacteria using a ramp 

down vertical electrode pair along with tilted thin film finger pairs (45o) with a ramp down 

channel, with a start and end width of 300 µm and 100 µm, respectively, that generates p-

DEP forces to focus and concentrate the bacteria into the center of the microchannel, and 

direct them toward the detection microchannel which has a diameter smaller than one-third 

of the first channel (33 µm). The bulk fluid continues to flow toward the outer channel into 

the waste outlets. This technique results in highly concentrated samples, and (2) a region 

for detecting bacteria using a three set of small interdigitated electrode array (IDEA), each 

with varying number of fingers (30, 20 and 10 pairs). This ensured the detection of very 
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low concentration of E-Coli cells by one or more of the IDE arrays. The finger’s length, 

width and spacing were 20 µm, 10 µm and 10 µm, respectively. The electrode arrays have 

a pair of bonding pads to interface the biosensor with external sources and data acquisition 

systems, such as function generator and impedance analyzer. The fluidic microchannel is 

fabricated on top of the electrode arrays and is embedded in a permanent SU-8 photoresist 

layer. The depth of the microchannel is 15 µm throughout its length and is defined by the 

SU-8 resist thickness. The device dimensions are shown in Table 2.  

Table 2. The device dimension for design II. 

 Length (mm) Width (µm) Thickness (nm) 

Focusing Electrode Array 4 300  200  

Sensing Electrode Array 1 100 200 

Individual IDE 0.1 10 200 

Microchannel 10 100- 33 15 

Distance between electrodes 10 µm 

 

The microchannel has a total of four inlet-outlet fluidic ports. A pre-cured thick 

polydimethylsiloxane (PDMS) blocks is used to seal-off the microchannel. A second 

thicker PDMS block with fluidic ports is used to connect to the microfluidic channel. The 

sealed biosensor is then wire-bonded to a printed circuit board. The IDEA array is used to 

detect E.coli cells using impedance measurements. It is first functionalized using specific 

anti-E.coli specific antibodies to immobilize the target E-Coli cells on the electrode surface. 

The anti-E.coli specific antibodies were injected from the antibody inlets (or via the device 

outlet). The E.coli test samples were prepared and tested by flowing the fluid through the 

microchannel from the fluidic inlet. As the test solution is passed through the microchannel, 
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the target cells (antigen) present in the solution were bound to the antibodies, immobilized 

on the interdigitated electrode surface. The unbounded E.coli cells were washed away 

using DI water. The antibody-antigen binding has resulted in impedance change. This 

design has enabled detection of a very low concentration of bacteria with a very high 

sensitivity. 

 

Figure 3.4.  2-D schematic of the a) microelectrode mask, b) electroplating mask, c) 

microchannel mask, d) magnified view of the focusing electrode and e) sensing IDE 

arrays. 

3.3 Fabrication 

This section first introduces the microfabrication techniques and materials used in 

the fabrication of the impedance biosensor and then describes the fabrication process step 

Mask 1: Microelectrode 

Focusing Region 

Focusing Electrode Array Sensing Electrode Array 

Sensing Region 

Electroplating Mask 

a) 

b) 

c) 

e) f) 

Electroplating Mask c) 

d) Magnified Sensing Electrode 

Array 
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by step. Surface micromachining, photolithography, SU-8 photoresist and PDMS 

processes, which are employed to fabricate the impedance biosensor, will be described. 

3.3.1 Fabrication techniques  

a) Photolithography 

Photolithography is a method of transferring pattern(s) on a layer of photoresist by 

selectively exposing it to a radiation source. Photoresist is a photo sensitive material, which 

undergoes changes in its chemical and physical properties, due to exposure to a radiation 

source. A patterned hard mask is used to selectively expose the photoresist. Post exposure 

the photoresist coated substrate is placed in a developer solution, which etches away either 

the exposed or unexposed area, depending on the chemical nature of photoresist. 

Photoresist is generally composed of three major components: polymer, photo active 

compound and solvent.  

Specialized equipment such as a spin-coater is used to form a photoresist layer of 

uniform thickness. The substrate is placed on a vacuum chuck and the photoresist is 

dispensed on it.  It is then spun at a high speed to produce a uniform thickness photoresist 

film. The thickness of the photoresist layer is given by the following equation [63]: 

                                                                            (7) 

where k is spinner constant, p is resist solids content in percent (indication of viscosity) 

and w is the rotational speed in 1000 RPM. From the equation, it is known that the final 

thickness of the photoresist doesn’t depend on the initial volume of dispersed photoresist 

nor on the acceleration rate. 

w

kp
t

2
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Post spin-coating, the level of solvent in the photoresist is reduced but is still high 

which may result in different developing rates across the wafer. To further reduce the 

amount of solvent a soft baking is performed, which makes the photoresist denser and 

improves its adhesion to the substrate of the underlying layer. If adhesion to the underlying 

layer is poor, sometimes adhesion promoting layer is used, before the photoresist is coated.   

In most cases, a hot plate is used to soft bake the wafer to eliminate any extra solvent. 

Post soft bake, the substrate with photoresist layer is ready for selective exposure. 

A specialized tool called ‘mask-aligner’ is used to align the substrate to a photo-mask. A 

photo-mask is generally a square piece of soda lime glass or quartz glass, containing fine 

Chromium (Cr) pattern(s). Mask-aligner also houses an ultraviolet (UV) light source, 

which is directed through the mask and selectively exposes the photoresist as shown in 

Figure 3.5. Certain amount of energy, also known as the ‘dose’ is required to chemically 

change the exposed areas of the photoresist, and can be controlled by changing the 

exposure time. Post UV-exposure, the exposed area either degrades (positive photoresist) 

or polymerizes (negative photoresist) due to UV induced chemical reaction. 

For certain photoresists, post exposure baking (PEB) is used prior to the 

development, which can enhance photoresist profile and result in improved critical 

dimension control [64]. A good example of this is SU-8, a chemically amplified photoresist, 

which requires PEB to complete the chemical reaction using photo generated acid. 

Post exposure, the substrate with exposed photoresist is developed in a developer 

solution. For a positive tone photoresist, the UV exposed area gets dissolved in the 

developer, and the unexposed area remains.  
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Figure 3.5 Schematics showing the photolithography process of positive and negative 

photoresist. 

For a negative tone photoresist, the un-exposed area gets dissolved, while the exposed ara 

remains. Post development hard bake is optional and it is performed after pattern formation 

at a much higher temperature than soft and PEB baking. Hard bakes reflows the photoresist 

and hardens it, so that it can withstand aggressive etching conditions. Photoresist is mostly 

used as an etching mask, but it can be used as a sacrificial layers or for lift-off purpose. 

Once, the photoresist layer has served its purpose, it is stripped away using specialized 

photoresist stripping chemicals or oxygen plasma ashing.  

b) Oxygen plasma  

Most of the Semiconductor and MEMS processing technologies are plasma process, 

which is extensively used in dry etching, plasma enhanced chemical vapor deposition 

(PECVD), and sputter deposition. Oxygen (O2) plasma etching is a popular processing 

technique, which is extensively used for etching organic polymers, photoresist and can be 

used for surface treatments.  

UV light 

Photomask 

Photoresist 

Substrate 

Negative 

Photoresist 

Positive 

Photoresist 

After development 



39 

 

Specialized processing chambers such as a capacitive coupled plasma (CCP) 

chamber is used for plasma etching, as shown in Figure. 3.6. For O2 plasma etching, large 

amount of oxygen is flown into the vacuum chamber and plasma is struck using a radio 

frequency (R.F.) power supply or R.F. Generator, operating at 13.56 MHz. Plasma is 

generated between the top and the bottom electrode. The top electrode is grounded, 

whereas, the bottom electrodes is connected to a capacitor, which prevents the DC current 

from flowing. 

 

 

Figure 3.6 Capacitive coupled oxygen plasma generated by RF power supply in a 

vacuum chamber. 

To sustain a stable plasma, moderate vacuum conditions are required, which 

increase the mean free path of the charges and ions. Oxygen plasma consists of electrons, 

ions, oxygen molecules and oxygen radicals. As electrons and Oxygen molecules collide, 
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Oxygen radicals are generated. This process is defined as dissociation which is expressed 

as following: 

                                               (8) 

The dissociated Oxygen radicals are highly reactive, and reacts with organic 

polymers, generating chemical byproducts. In the vacuum chamber under low pressure 

conditions, these chemical by products exists in gaseous form and are readily pumped out 

of the vacuum chamber. As organic material is removed, it exposes, more polymers to the 

oxygen radicals. The process is the basic principle of photoresist removal using oxygen 

plasma. 

                                    (9) 

c) Sputtering deposition 

In the semiconductor and MEMS industry several physical vapor deposition (PVD) 

processes are used for thin film deposition. Among them one of the most popular and 

widely used PVD process is Sputter deposition.  During Sputter deposition, the target 

material is bombarded using an inert gas, such as Argon (Ar), which sputters away the 

target atoms or molecules. The Ar ions are accelerated by negatively biased potential 

gradient and bombard the target material. The sputtered target atom or molecules follows 

the mean free path, and deposits on the chamber wall and the substrate, creating a very 

uniform thin film of the target material, as shown in Figure. 3.7. Due to the nature of this 

thin film deposition technique, almost any material can be sputtered off, if sufficiently 

high-energy plasma is generated. 
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Figure 3.7 Sputtering deposition. 

In radio frequency magnetron sputtering, magnets are placed behind the target, as 

shown in Figure. 3.8. The R.F. magnetron sputtering is a modified version of sputtering, 

which utilizes a special arrangement of magnets behind the target to generate a 

configurable magnetic field in addition to the electric field. The magnetic field lines 

originate from the north pole and terminates at the south pole, while magnetic field 

intensity, decreases as the distance from the magnets increases. Electrons in the plasma 

close to the target gets trapped by the magnetic field and hence increases the plasma density 

of the area.  The plasma density around the target in R.F. magnetron sputtering is much 

higher than in conventional sputtering and results in more collisions and ionizations take 

place in the region. More Ar+ ions are generated, due to higher plasma, which are swept to 

the target by the negative potential. More ion bombardment results in a higher sputter 

deposition rate of the target material. As a stable plasma is easier to maintain during R.F. 

magnetron sputtering, it can operate at lower Ar pressure (1 – 15 mTorr). It also benefits 
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from fewer collision between atoms, which improves the deposited film properties, as it is 

a type of line of sight physical vapor deposition. For deposition of magnetics material, like 

Nickle (Ni) and Iron (Fe) and their alloys, traditional R.F. magnetron sputtering can’t be 

used, as these materials  disturbs the magnetics filed. This results in poor deposition rate 

and bad film homogeneity.  

 

Figure 3.8 RF magnetron sputtering target. 

d) Electroplating 

Electroplating can be defined as the deposition of a metal on an object by negatively 

charging the immerged object in an electroplating solution, which contains a metal salt. 

This deposition process is restricted to electrically conductive materials only.  In 

semiconductor and MEMS applications, the substrate is placed in a liquid metal salt 

solution (electrolyte). When an electrical potential is applied between a conducting area on 

the substrate and a counter electrode in the liquid, a chemical redox process takes place. 
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This results in formation of a layer of the metal on the substrate and usually some gases at 

the counter electrode, as shown in Figure 3.9.  

 

Figure 3.9 Electroplating setup. 

 

Figure 3.10 Schematics of a general electroplating process showing a) deposition of 

metal seed layer, b) patterned photoresist electroplating mold, c) electroplated metal and 

d) electroplated structure post photoresist striping. 

General process flow of electroplating of a MEMS devices is shown inFigure 3.10. 

A thin film of metal layer is deposited onto the substrate, which acts as the conducting 
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surface at the cathode. To create the electroplating mold, photoresist is then patterned using 

standard photolithography. The photoresist mold selectively exposes areas of the 

conducting film, which is to be electroplated. The electroplating deposition rate can be 

controlled by the applied DC current. Post electroplating, the photoresist mold is stripped 

away, and the exposed thin film metal layer is then removed by etching. 

e) Etching 

Etching is a process to physically or chemically etch thin films previously deposited 

from the surface of a substrate or sometime etch the substrate itself.  A layer of masking 

material with infinite or high selectivity is used to protect desired areas of the thin film 

layer or the substrate 

In general, there are two classes of etching processes: dry etching and wet etching. Wet 

etching can be isotropic or anisotropic. To fabricate the MEMS biosensor, isotropic wet 

etching is used. During the wet etching, substrate is immersed in a bath of liquid-phase 

etchant. The material to be etched gets dissolved, as it comes in contact with the etchant as 

shown in Figure 3.11. One of the disadvantages of isotropic wet etching is that, it undercuts 

the mask and creates round corners, as it etches in all directions at the same etch rate. 

 

Figure 3.11 Isotropic wet etching. 
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3.3.2 Materials used 

In addition to silicon or other microelectronic materials used in the IC industry, 

MEMS devices and microsystems uses a wide variety of materials including some 

polymers and plastic materials.  This is because, unlike semiconductor devices, MEMS 

devices can be of mechanical, thermal or fluidic nature and require various new materials. 

While choosing materials for MEMS device fabrication, with biochemical and biological 

applications, especially those involving cells, special care should be taken, as not all 

material are bio-compatible and choice of the wrong material could cause cell lysis [65]. 

The following is a brief description of some of the bio-compatible materials used in the 

fabrication of the MEMS biosensor. 

a) Polydimethylsiloxane (PDMS) 

A wide variety of polymer materials has been used in the MEMS industry, 

including, but not limited to, polymethylmethacrylate (PMMA), polyvinylchloride (PVC), 

and polydimethylsiloxane (PDMS) [66]. These polymeric materials are unique, when 

compared to traditional semiconductor materials as they are highly flexible, biocompatible , 

hence are well suited for manufacturing of MEMS devices [67]. Among these polymers, 

PDMS is widely used for the fabrication and prototyping of microfluidic chips. It is a 

mineral-organic polymer (a structure containing carbon and silicon) of the siloxane family. 

PDMS has many advantages: such as it makes conformal contact with the surface; optically 

transparent, non-toxic, inexpensive, chemically inert and durable [68].  

A microstructured mold is first formed by microfabrication techniques, which will 

be later used to create the PDMS microstructures. P For the fabrication of microfluidic 

devices, DMS (10:1 mixture of Sylgard 184 elastomeric base and Sylgard 184 curing agent) 
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is poured over the microstructured mold to obtain a elastomeric replica of the mold. PDMS 

can be cured by leaving it for over 24 hours at room temperature or by placing it in an oven 

for shorter duration at elevated temperature. Once cured (PDMS cross-linked), it is peeled 

off from the microstructured mold and is cut into desired shape.  

For MEMS biosensor fabrication we require PDMS to PDMS and PDMS to glass 

bonding, which is achieved by oxygen plasma treatment of the PDMS bonding surfaces. 

PDMS comprises of repeated units of -O-Si(CH3)2- and as it is exposed to the oxygen 

plasma, it develops silanol groups (-OH) [69]. When two treated surfaces makes contact, 

these (-OH) groups then condense with those on another surface, and creates a tight 

irreversible seal between the two layers. Oxygen plasma treatment, has an added advantage 

as it turns the exposed PDMS surface to highly hydrophilic, which can be observed by a 

relative change in the advancing contact angle of deionized water [70].  

b) SU-8 photoresist 

SU-8 is a negative, epoxy-type, near-UV photoresist that has been originally 

developed, and patented by IBM [71]. Being a negative resist, when exposed to UV light 

cross linking of the molecular chains occur and it solidifies and becomes insoluble in SU-

8 developer [72]. On the contrary, the unexposed areas of the resist don’t undergo 

crosslinking and gets dissolved in the developer. This photoresist can be as thick as 2 mm 

and aspect ratio >20 and higher have been demonstrated with a standard contact 

lithography equipment. SU-8 has the following advantages: can sustain high fluidic 

pressure, good chemical stability and don’t react with agents. Moreover, it is transparent, 

hence good for optically observation. It also acts as an electrical insulator which prevents 

leaking current from embedded electrodes.  
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c) Gold (Au) 

Gold is chosen as the material for the bonding pads and interconnections as well as 

electrodes which are in contact with electrolyte and cells since Au is biocompatible, has a 

low electrical resistance, and the microfabrication technology of Au has been well-

established. However, the adhesion between Au and glass substrate is poor. Cr is generally 

used as an adhesion promoter layer between Au and substrate in the sputtering process.  

3.3.3 Fabrication Process of Design I MEMS impedance biosensors 

a) Design I: Mask fabrication 

Layouts of masks for photolithography were drawn in L-Edit CAD software, as 

shown in Figure 3.12.  

 

Figure 3.12 Layouts of masks by L-Edit. 
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b) Design I: Device fabrication 

The device is fabricated using surface micromachining in the following sequence 

on top of a glass substrate.  

1) The glass slides are cut into an appropriate size to fit one deviceError! Reference 

source not found.. The substrate is then cleaned using cleanroom wipe and piranha 

solution. Piranha solution is made by adding 50% concentration hydrogen peroxide into 

98% concentration sulfuric acid and the ratio of H2SO4 to H2O2 is 3:1. The substrate is put 

in the bath of piranha solution for 3 minutes which etches organic contamination on glasses. 

Next, the substrate is washed thoroughly with DI water and dried with a nitrogen blower. 

 

Figure 3.13 Graphical illustration of Step 1 to 3 of design I’s process flow.  
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2) Immediately after the cleaning, a 4 m thin layer of SU-8 2005 photoresist 

(MicroChem, Newton, MA) is spin coated onto the glass slides at 3000 rpm, as shown in 

Step 1 of Figure 3.15. UV flood exposure is applied to the whole layer without masking. 

No development is needed. The substrate is hard baked at 150 ◦C for 30 minutes to 

completely cure the SU-8 layer. This additional layer of SU-8 is to improve the adhesion 

between the following SU-8 channel and glass substrate. When no adhesion promoting 

SU-8 layer is used at the earlier stage of the project, it is observed that devices suffer 

from leaking problem and SU-8 microchannel easily peels off from the substrate. After 

the employment of the adhesion layer, the device is able to tolerate very high pressure in 

the microchannel without breaking. 

3) Cr and Au were deposited with a thickness of 40 nm and 140 nm, respectively, 

using magnetron RF sputtering as shown in Step 2 of Figure 3.13.  

 

Figure 3.14 Optical images of a) focusing electrode array, b) sensing electrode array on 

the substrate after Cr/ Au etching. 

The base pressure ranges from 10-6 to 10-7 Torr and process pressure is kept around 4 

mTorr by flowing argon into the vacuum chamber. RF power used for deposition of Cr and 

Au is 200 W and 90 W, respectively. The process time is determined by the desired 

thickness. 

a) b) 
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Figure 3.15 Magnified views of the substrate with photoresist mold for electroplating. 

 

Figure 3.16 Graphical illustration of Step 4 and 5 of design I’s process flow. 
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4) A thin layer of Shipley 1813 photoresist is spin coated and patterned using 

electrode mask using lithography. Gold layer is wet etched in potassium iodide (KI) and 

iodine (I2) solution using photoresist as etching mask, as shown in Step 3 of Figure 3.15. 

This layer served as bonding pads, interconnection and the seed layer for electroplating 

sensing electrodes. After the gold etching, Shipley 1813 is removed. The optical 

microscopic view of the substrate after gold patterning is shown in Figure 3.14. 

5) Cr layer is wet etched using gold as hard mask in Chromium Mask Etchant. A magnified 

optical microscope images of IDEA after Cr etching is shown in Figure 3.15. Cr layer 

serves as the adhesion layer between gold layer and the substrate. 

6) The fluidic microchannel is defined using SU-8 2025 with a thickness of 28 m, 

as shown in Step 4 of Figure 3.16. First, substrate is cleaned for organic and oil 

contamination using acetone and isopropanol spray sequentially, each for 2 minutes.  

 

Figure 3.17 Optical images of a) fluidic inlet, b) focusing electrode array with 

microchannel, c) microfluidic junction near focusing region, d) microfluidic junction near 

sensing region, e) sensing electrode array with microfluidic channel and f) fluidic outlet . 

a) b) c) 

d) e) f) 
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Figure 3.18  Optical image of the biosensor after patterning the microchannel. 

 

Figure 3.19 SEM micrographs of a) microchannel near the focusing array, b) 

microchannel showing a fluidic junction, c) focusing and d) sensing electrode arrays 

embedded the microchannel. 
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The substrate is then spin coated with SU-8 2025 at 3000 rpm. Soft baking and post 

exposure baking are required, and the temperature is critical for patterning SU-8. Both 

baking experiments consist of two steps baking at 65 ◦C and 95 ◦C. A sudden thermal shock 

must not be applied to the substrate with SU-8 microchannel after post exposure baking, 

because mismatch of coefficient of thermal expansion would cause stress. Therefore, 

substrate is kept on the hotplate while temperature is ramping down to room temperature. 

Following the development, the substrate is hard baked for SU-8 curing. The SU-8 

microchannel is then treated to improve biocompatibility. Figure 3.17 and Figure 3.18 

shows optical images of various part of the microchannel and the entire microchannel, 

respectively. It is first exposed to 450 mJ/cm2 UV flood followed by 150 Celsius degree 

oven baking for 24 hours. It is finally exposed to oxygen plasma for 20 seconds and IPA 

wash. The scanning electron microscopic images of the substrate after SU-8 microchannel 

patterning is shown in Figure 3.19  

7) Sylgard 184 Silicone Elastomer Kit is used to prepare the PDMS blocks. 35 gm 

of elastomer is poured into a petri dish and mixed with 3.5 gm of curing agent at 10:1 ratio 

and is left in atmosphere to cure for 24 hours. Fluidic connectors were glued in place, to 

the petri dish, before pouring the PDMS mixture. Once it is cured, two blocks of PDMS 

were prepared, one with drilled inlets – outlets, and another, with fluidic connectors to 

connect the external tubing. The surface of the ‘PDMS block with drilled inlets – outlets’ 

is changed to hydrophilic using O2 plasma treatment. This ensures increased wettability of 

the following SU-8 thin layer. A very thin layer of SU-8 2005 is then spin coated onto 

PDMS surface and is oven baked at 95 ◦C for 10 minutes. The ‘PDMS block with inlets – 

outlets’, is then aligned and then bonded to the SU-8 microchannel. The bonded device is 
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baked on a hotplate at 48 ◦C while pressure is applied to secure the bonding. It is found that 

lower temperature would cause weak bonding and air bubbles trapped in the interface, and 

higher bonding temperature would make SU-8 flow into the microchannel and block it. 

The optimized bonding temperature from 45-50 ◦C results in crosslink of SU-8 glue layer 

and SU-8 microchannel to form a strong covalent bonding without blocking the channel. 

Next, UV flood exposure for 450 mJ/cm2 and hard baking at 120 ◦C for 20 minutes are 

applied to cure the SU-8. 

 

Figure 3.20 The optical images show the completed biosensor wire bonded to PCB for 

external electrical connections. 

8) The back surface of the ‘PDMS block with fluidic connectors’ is treated with 

oxygen plasma and bonded to the ‘PDMS block with drilled inlets – outlets’. Epoxy glue 

is mixed and poured around the fluidic connections to eliminate the last cause for leaking, 

because epoxy glue can form a covalent bonding with PDMS after oxygen plasma 

treatment.  
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9) In the last step, the device is fixed and wire bonded to PCB for external electrical 

connections using aluminum wire and indium. Figure 3.20 shows a magnified bottom view 

of the fabricated device under fluidic testing and a complete device with wire bonding, 

packaging and soldering for external connections.  

3.3.4 Fabrication Process of Design II MEMS impedance biosensors 

a) Design II: Mask fabrication 

Layouts of masks for photolithography were drawn in L-Edit CAD software, as 

shown in Figure 3.21. Three chrome masks were designed and fabricated for this biosensor 

design.  

 

Figure 3.21 Layouts of masks designed using L-Edit. 
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b) Design II: Device fabrication 

The device is fabricated using industry standard surface micromachining and 

photolithography techniques in the following sequence.  

(1) Glass substrate is used to fabricate the biosensor. Substrates were cut into 

appropriate rectangular pieces to fit a single biosensorError! Reference source not found.. 

The fabrication process begins by surface purification of the substrate using piranha 

solution [H2SO4 (50%):H2O2 (98%) = 3:1]. The substrate is put in the piranha bath for 3 

minutes which removes organic contaminants from the surface. Next, the substrate is rinsed 

with DI water and dried using Nitrogen. 

 

Figure 3.22 Graphical illustration of Step 1 to 3 of design II’s process flow.  
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(2) When fabricating on top of bare glass substrate, adhesion is a big issue. To 

improve the adhesion of the above layers to the substrate, an adhesion promoting layer is 

required. A 4 µm thick SU-8 2005 layer of photoresist (MicroChem, Newton, MA) is spin 

coated onto the substrate. The layer is subjected to UV flood exposure and hard baked at 

150 ◦C for 30 minutes to completely cure SU-8 layer. This additional layer of SU-8 

improves the reliability of the biosensor by preventing failure, such as leaking. 

(3) Physical vapor deposition (RF magnetron sputtering) is utilized to deposit 50 

nm Cr and 150 nm Au thin films at 4 mTorr chamber pressure. Cr thin film acts as an 

adhesion layer to improve the adhesion of Au thin film to the underlying SU-8 2005 layer. 

The Au thin films serves as the seed layer for Au electroplating, to create the vertical 

sidewall electrodes.  

 

Figure 3.23 Magnified optical image of the focusing electrode post Au etch. 

The Au layer is patterned and wet etched using a mixture of potassium iodide (KI) 

and iodine (I2) to create the tilted (45o) thin film finger pairs in the focusing region, IDE 

arrays in the detection region, trace-lines and bonding pads. From left to right, the three 

detection electrode arrays consist of 30, 20 and 10 pairs of interdigitated electrodes. Each 

electrode’s fingers are 100 µm in length, 10 µm in width and 10 µm apart from each other. 

All IDE arrays have a pair of bonding pads for electrical connections as shown in Figure 

3.22. Optical image of the patterned focusing electrode is shown in Figure 3.23.  
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 (4) A thick AZ4620 photoresist layer is spin coated. Using the channel mask and 

standard photolithography techniques.  A temporary 15 µm deep electroplating mold is 

formed in the process and Au is electroplated into it to form the vertical side wall electrodes 

of the focusing region, as shown in Figure 3.24. 

(5) The focusing electrodes with vertical sidewall profile are created by 

electroplating gold in Technic gold 25 ES solution inside the photoresist mold.  

 

Figure 3.24 Graphical illustration of Step 4 to 6 of design II’s process flow.  
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Figure 3.25 Optical image of the focusing electrode a) pre and b) post Au electroplating. 

The electroplating deposition rate and thickness is calibrated and measured by 

KLA-Tencor P-16+ profiler-meter. The optical microscopic view of the substrate with 

photoresist mold is shown in Figure 3.25(a).  

 

Figure 3.26 SEM Micrographs of electroplated focusing electrodes without microchannel  

(6) Post Au electroplating the photoresist mold is removed using Acetone, followed by 

Isopropyl Alcohol and DI water rinse, and dried using Nitrogen. Figure 3.25(b), shows the 

optical images of the focusing region, post electroplating and mold removal. 
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 (7) Next the Cr layer is wet etched using Transene Chromium Etchants 1020. This 

is a high purity ceric ammonium nitrate systems for precise, clean etching of Cr and Cr 

oxide films. Already patterned Au layer acts as a hard mask for this etch. A magnified 

optical microscopic view of the microelectrodes after Cr etching is shown in Figure 3.28.  

 

Figure 3.27 Optical image of the sensing region interdigitated electrode array. 

 

Figure 3.28 Graphical illustration of Step 7 to 8 of design II’s process flow. 
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(8) The microchannel is fabricated by defining the channel pattern on SU-8 using 

standard lithography techniques. A 15 µm thick SU-8 2025 layer is spin-coated and 

patterned using the channel mask, as shown in Figure 3.29 and Figure 3.30. The SU-8 

microchannel is then treated to improve the biocompatibility by exposing it at 450 mJ/cm2 

UV light for 1 hour followed by 150oC oven baking for 24 hours. The microchannel is then 

exposed to oxygen plasma for 20 seconds and rinsed with isopropanol (IPA) for 60 seconds.  

 

Figure 3.29 Optical image of part of the SU-8 microchannel over focusing and sensing 

electrodes. 

 (9) Thick PDMS layers were cured with connectors for inlets and outlets and cut 

to rectangular blocks. The PDMS covers were treated in oxygen plasma treatment in order 

to change its surface to hydrophilic for increased wettability of the following SU-8 spin-

coating. A 4 µm thick SU-8 2005 layer is spin coated onto the PDMS block to serve as a 

glue. The PDMS with SU-8 glue layer is oven baked at 95 ◦C for 10 minutes and 

immediately aligned and bonded to the already patterned SU-8 mcrochannel. The PDMS 

block with the fluidic connectors, serves as the top cover for the microchannel pattern on 

top of the SU-8 and completes the microchannel fabrication. The PDMS is aligned with 

microchannel and bonded under pressure at 48◦C on a hotplate plate for 1 hour. The 

PDMS/SU-8 cover and SU-8 microchannel cross-link and formed a strong bond. This is 

followed by UV flood exposure (450 mJ/cm2) and hard baking at 120 oC or 20 minutes in 
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order to fully cure the SU-8 layer.  The device is then attached and wire bonded to a printed 

circuit board for electrical testing. 

 

Figure 3.30 SEM micrographs of a) focusing region with focusing electrodes, b) end of 

the focusing region, showing the split channels and d) one of the sensing electrodes array 

embedded under SU-8 microchannel. 

3.4 Simulation 

The biosensor is designed and modeled with a ramp down vertical electrode pair 

along with tilted thin film finger pairs (45o). In the model, the electrode array consisted of 

100-200 pairs of gold fingers with the finger’s width and spacing between them, and 

spacing between the inner edges of the finger pairs, were 10 µm, and 10 µm, and 8 µm, 

respectively. The finite element modeling (FEM) is performed using COMSOL 

Multiphysics 3.5 and LISA 8.0 software and is shown in Figure 3.31 and Figure 3.32. It 

demonstrates the presence of high E-field and its gradient in the channel centerline while 

minimum E-field elsewhere when an AC voltage at a specific frequency were applied 

across the electrode pair. Thus when the cells are injected into the channel, the E-field 

gradient will generate p-DEP forcing them to move down the centerline and directed 

toward the detection zone microchannel. Initially, the tilted thin film finger pairs will 
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generate larger p-DEP forces, dominating the focusing process, and focusing the cells in a 

narrow line in the center (about 10 µm wide).  

 

Figure 3.31 Finite element analysis of the focusing region, shows a) the electric field 

distribution and b) the electric field flux lines, across the length of the channel. 

 

Figure 3.32 Simulation showing the distribution of the E-field across the height of the 

channel in the focusing region. 
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In addition, the ramp down feature of the channel generates hydrodynamic forces 

that aided the focusing process. The electroplated vertical electrode pair in the focusing 

region extends the E-field across the height of the channel and assists in the 

dielectrophoretic focusing. In conclusion, this design will enable concentrating the 

pathogenic samples significantly and thus increase its lower detection limit. The bulk fluid, 

which is free of pathogens, will keep flowing toward the outer channel into the waste 

outlets. The detection of E.coli will be based on impedance measurements using an IDE 

array.  

 

Figure 3.33 E-Field simulation of the detection IDE array at 500 mV. The electrode 

fingers are 10 µm wide and spaced 10 µm apart. 

The detection regions consist of a series of 3 interdigitated electrode (IDE) arrays 

each with varying number of fingers (30, 20 and 10 pairs). The IDE arrays are connected 

to impedance analyzer to measure the change in impedance. As impedance is measured, 

the impedance analyzer applies an A.C. signal to the IDE. This will generate a varying E-

field across the height of the channel. The goal is reduce the electric field strength, in order 

to reduce the effect on the cell in term of stress and survivability. The E-field distribution 

across the height of the microchannel on top of the interdigitated electrodes were simulated 

using COMSOL Multiphysics, as shown in Figure 3.33. The finger’s overlap length and 
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width and spacing were 15 µm, 10 µm and 10 µm, respectively. The modeling results show 

that at 500 mV the electric field strength is minimum across the height of the channel and 

maximum in vicinity to the electrode surface. This 500 mV AC signal at varying frequency 

[100 Hz – 10 MHz] is applied in the sensing region impedance measurement. The 

impedance of each IDE array along the channel will be measured separately before and 

after antibody-antigens binding using an impedance analyzer connected to an electrical 

switching circuit. This will ensure capturing and detection of a single cell or several cells 

by one or more IDE array along the channel. 
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Chapter 4  

RESULTS AND DISCUSSIONS 

This chapter presents details about sample preparation, test setup, dielectrophoretic 

cell focusing and electrical impedance studies. The fluidic and electrical testing results are 

analyzed, presented and discussed. The measured impedance data are analyzed and plotted 

as a function of frequency. 

4.1 Design I: Culture preparation of bacteria 

4.1.1 E.coli broth preparation 

E.coli O157:H7 is ordered from American Type Culture Collection (Rockville, MD). For 

the E.coli broth preparation, 33 g of the mTSB (modified Tryptone Soya Broth) with 

novobiocin (Sigma-Aldrich, St. Louis, MO) is suspended into 1000 ml of distilled water. 

The solution is heated to 120 °C using the Isotemp hot plate (Fisher Scientific) for 15 

minutes. E.Coli grown on a previously cultured plate is obtained using an inoculating loop 

(Fisher Scientific) and the broth is inoculated with the E.Coli. The contaminated broth is 

incubated for about 24 hours before it is used. The E.Coli is obtained from a lab at the 

University of Missouri-Columbia. The E.Coli is cultured over a period of time in our lab, 

using Macconkey Sorbitol Agar (Remel Inc., Lenexa, KS).  

4.1.2 Agar preparation 

To make Agar, 1000 ml of distilled water is boiled and 50 g of Macconkey Sorbitol Agar 

is added to it. The solution is brought to a boil and left to boil for 7-10 minutes. It is then 
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removed from the hot plate and left to cool. Once cooled, the agar mixture is poured onto 

the sterilized Petri dishes (Fisher Scientific) and labeled.  

4.1.3 Antibody preparation 

Goat anti-E.coli IgG antibodies (Biodesign International, Saco, ME) were diluted to a 

concentration of 50 μgmL-1 in PBS solution (Boston Bio-products, Boston, MA).  This 

antibody concentration is determined as the lowest concentration that produced a maximum 

impedance change, and showed the highest surface coverage, minimizing any subsequent 

nonspecific adsorption using design of experiment. 

4.1.4 Surface functionalization and antigen immobilization 

 

Figure 4.1 A graphical demonstration of surface functionalization and antigen 

immobilization process. 

Figure 4.1 demonstrates the antibodies immobilization process to the gold electrode surface. 

The E.coli broth is prepared by suspending 33 g mTSB broth with novobiocin powder 

(Sigma-Aldrich) into 1000 ml of  distilled water. The solution is autoclaved at 121 °C for 

15 minutes. The broth is inoculated with the E.Coli O157:H7 (ATCC) that is grown on a 
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previously cultured plate obtained using an inoculating loop (Fisher Scientific). The 

contaminated broth is then incubated for about 24 hours before it is used. The E.Coli is 

cultured over a period of time in our lab, using Macconkey Sorbitol Agar (Remel Inc). The 

goat anti-E.coli O157:H7 antibody (Biodesign International) is diluted to a concentration 

of 50 μg/ml in Phosphate Buffer Saline (PBS) solution. The bacteria cultured broth 

measuring 3 ml is centrifuged (Horizon 642VES, Drucker Company) at 3200 rpm for 10 

minutes. After the centrifugation, the supernatant is removed and the cells were re-

dispersed in 3 ml PBS. The re-dispersed cells were centrifuged at 3200 rpm for 10 minutes 

and the step is repeated. The concentration of final purified cell suspension is 

approximately 2.5x105 CFU/mL. After the centrifugation is complete, the supernatant is 

removed and the cells were re-dispersed in 500 μl PBS solution. The total sample 

preparation time is less than an hour. Goat anti-E.coli IgG antibodies were diluted to a 

concentration of 50 μg/mL in PBS solution. This antibody concentration is determined as 

the lowest concentration that produced a maximum impedance change, and showed the 

highest surface coverage, minimizing any subsequent nonspecific adsorption. The antibody 

solution introduced from the inlets is immobilized on the IDE Array for 30 minutes, during 

which the antibody is allowed to adsorb non-specifically onto the gold electrode surface. 

The media is then pumped out, and any unbound antibodies were washed using DI water. 

Next, E.coli samples were injected through inlet 1 over the immobilized antibodies. The 

immobilized E.coli binds to the antibody. Any unbounded E.coli were washed away using 

DI water, leaving the securely bonded antigen/antibody on the IDE array 
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4.1.5 Fluorescent labeling  

To label the bacteria, the cells were purified at a concentration of 106 CFU/ml by 

centrifuging 5 mL contaminated soy broth at 3500 rpm for 10 min and then are re-dispersed 

in 1 mL PBS. The cells are exposed to 1.00 mM fluorescein-isothiocyanate (FITC) in 1.00 

mM sodium bicarbonate. The mixture is incubated for 1hr at room temperature in the dark. 

The cells were then centrifuged again to purify them from the free FITC. These cells were 

re-dispersed in 1mL DI water. 

4.2 Test setup 

To perform effective tests on the sensor, adequate test setup is very important. Precision 

test instruments are required to minimize the error and obtain good results.  Figure 4.1 

shows the test setup used for characterization of the biosensor. To perform impedance 

measurement for various samples with different concentrations of pathogens in it, the 

following instruments are used.  

1) Harvard Apparatus PHD 2000 Programmable Syringe Pump, a single 

syringe infuse-withdraw pump is used to infuse the test samples in the microchannel of the 

device. A 10 ml standard syringe filled with the test sample is placed on the syringe pump 

and connected to the inlet of the device with tygon tube. A flow rate of ≥ 0.5 µlm/min is 

used to inject the test sample inside the microchannel. This optimum flow rate is chosen 

after several iterations. Higher flow rate fractures the microchannel and eventually results 

in leaking.  

2) To perform accurate measurement of impedance Agilent 4294A Precision 

Impedance analyzer is used. This impedance analyzer can measure impedance from 40 Hz 
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- 110 MHz frequency range. For this project we use 100Hz-1MHz frequency range to study 

the impedance response over this wide range of frequency. Measurements were performed 

when the microchannel is filled with test samples. The two bonding pads of the biosensor 

are connected to the test leads of the biosensor. A 0.5 mVp-p sinusoidal signal is used as the 

excitation signal to perform the impedance measurement. Impedance values were recorded 

for the entire frequency range and stored in the computer. Comparison graphs of different 

test samples were plotted at various frequency points. 

 

Figure 4.2 The testing setup: MEMS biosensor is placed on an inverted microscope and 

its inlets and outlet are connected to a syringe pump and reservoirs. The electrodes are 

connected to printed circuit board and then into a computer via impedance analyzer. The 

data are saved on the computer and displayed as impedance response. 

3) To optically observe the surface of interdigitated microelectrodes an inverted 

optical microscope is used. This microscope provides high-resolution images which are 

recorded using software for analysis. 40X magnification is used to study the surface of the 
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electrodes after immobilization of bacteria cells. Optical observation confirms that the 

change of impedance recorded by the impedance analyzer is due to the presence of bacteria 

cells on the electrodes.  

4.3 Time response 

To test the significance of time, a constant concentration (3×106 CFU/ml) of antigen 

is used. The impedance response at different time intervals were recorded and the mean 

and variation in time response is plotted in Figure 4.3.  

 

Figure 4.3 Variability of the sensor response over time for a fixed concentrations of 

E.coli sample. 

Impedance values at 5, 10, 30, 60 and 120 minutes were used to plot the response graph. 

This study is performed to investigate the minimal time required for the antigen to bind 

successfully with the antibody and produce a significant change in impedance response. It 

is observed that at 5 and 10 minutes the impedance does not increase significantly. A 

significant change in impedance is noted at around 30 minutes after which the impedance 
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plateaus out. A small change is impedance noted at 120 minutes, after which the impedance 

values reach plateau. As explained earlier, impedance response at lower frequencies largely 

depends on double layer capacitance and medium resistance. Considering the resistance of 

the medium remains the same, the increase in the double layer capacitance is a function of 

antibody binding. The double layer capacitance depends on several factors, including 

electrode potential, temperature, ionic concentrations, types of ions and electrode surface 

property [73]. As the temperature and potential remained constant during this experiment, 

it is possible that the double layer capacitance is affected due to charged ions. Release of 

ions with time could account for the change in double layer capacitance and the impedance 

at 120 minutes. The time response study also demonstrates that the biosensor is capable of 

rapid detection with an optimum binding time of ~30 minutes. It can also be inferred that 

extended amounts of binding time do not provide any additional advantage in the detection 

process. The total time required for detection is about 3 hours. This is a significant 

improvement over traditional platting and colony counting method, and is suitable for 

applications requiring rapid detection. 

4.4 Design I: Focusing testing 

  To study the focusing effect, the biosensor is first tested using polystyrene 

microbeads which have similar electrical properties to cells and were used to demonstrate 

the working principle of the process. Experimentally, we determined the amplitude and 

frequency of the applied signal that would generate positive dielectrophoresis (pDEP) 
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Figure 4.4  a) Four different optical images recorded at various time instants demonstrate 

the focusing effect on microbeads. Optical image of Microfluidic Channel a) Before and 

b) After DEP. 

effects. Polystyrene microbeads with nominal diameter 10 µm in DI water were flown and 

focused into the center of the channel when an AC E-field (5 V peak-to-peak at 5.6 MHz) 

is applied across the focusing electrodes. Similar behaviour is demonstrated by biological 

cells too. Positive DEP forces attract the cells towards the electrode array and a very small 

flow rate of 2-4 µl/minute is used to selectively roll the cells through the center channel 

towards the sensing electrode array. The combination of p-DEP and fluidic drag force is 

referred to as the “Focusing effect”. This process results in significant increase in the 

number of cells in the sensing region. Optical images of the process are shown in Figure 

4.4. Fluorescently labelled cells were captured using p-DEP and then slowly released with 

adequate flow to achieve the focusing effect.  
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4.5 Design I: Electrical testing and Impedance measurement 

4.5.1  Impedance response without focusing effect 

Four serial concentrations of E.coli samples (3×105 CFU/mL to 3×102 CFU/mL) 

were tested. Initially, the impedance of the sensing IDE array is measured in DI water using 

Agilent 4294A impedance analyzer over a frequency range of 100-10 MHz. The bare 

electrode array’s impedance value is later used to confirm the adsorption of the antibody 

on the gold electrode surface.  

 

Figure 4.5 Impedance response of the biosensor without focusing effect 

The anti-E.coli IgG antibodies (Ab) were pumped into the sensing electrode 

microchannel via the antibody inlets and were non-specifically adsorbed on the electrode 

surface to ensure selective detection of E.coli cells. As the antibodies were adsorbed, the 

impedance of the electrode array increased. This increase in impedance demonstrates that 

the antibodies successfully adsorbed on the electrode surface. The measured antibody 

impedance is used as the baseline impedance in order to accurately determine the E.coli 



75 

 

impedance. In the first experiment E.coli samples were tested without applying any DEP 

force. The cells were immobilized on the antibody coated sensing electrodes for 30 minutes 

to successfully bind to the antibody. The antigen-antibody binding resulted in increased 

impedance. This is expected because the sensing electrode surface is modified for selective 

binding of E.coli O157:H7 cells with the antibody. The results demonstrate that the 

biosensor is able to detect the E.coli cells, with the lower detection limit being 3×102 

CFU/mL. Figure 4.5 shows the impedance spectra of the bonded E.coli cells which is 

calculated by subtracting the baseline impedance (antibody impedance) from the E.coli-

antibody impedance. Each experiment is repeated 9 times and obtained results were 

compared to traditional cell counting methods to ensure reproducibility and reliability of 

the data.  

4.5.2 Impedance response with focusing effect 

In the next stage, the impedance response of E.coli is measured at the sensing 

electrode with the focusing effect on the focusing electrode array IDE array and sensing 

IDE array. Figure 4.6 shows the impedance spectra of the E.coli samples of various 

concentrations which were recorded with focusing effect in play. The sensing IDE array 

response showed that the measured impedance is a function of the concentration of bacteria 

bound to the antibody on the electrode surface, and it is a significantly higher (1.7 to 2.2 

times) than the impedance value obtained without the focusing effect. From the obtained 

result it can be inferred that, as focusing effect  
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Figure 4.6 Impedance response of the biosensor with focusing effect 

increases the number of target cells per unit volume in the sensing region, there is an 

improvement in the signal level.  

4.5.3 Impedance response with focusing effect and secondary DEP 

To further improve the signal level, in conjunction with focusing effect, a secondary 

p-DEP force is applied on the sensing electrode array.  As noted earlier, p-DEP force 

attracted the cells towards the electrode surface, which result in increased antibody-antigen 

binding. This is also noted in the measured impedance spectrum for different 

concentrations.  The impedance values increased notably, demonstrating improved 

capturing of E.coli cells on the sensing IDE array, and hence increased measurement 

sensitivity. The impedance response of the biosensor after the applying p-DEP is shown in 

Figure 4.7. A comparison of the three experiment values at 1 kHz is plotted as a function 

of E.coli concentration in Figure 4.8.  



77 

 

 

Figure 4.7 Impedance response of the biosensor with focusing effect in conjunction 

with applied pDEP force at sensing electrode array.  

 

Figure 4.8 Comparison of impedance response at 1 KHz for samples with various 

concentration before and after applying p-DEP on the focusing electrode, and after 

applying p-DEP on both focusing and sensing IDE arrays.  
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The results clearly indicate that the use of focusing effect on the first IDE array 

significantly increased the measurement sensitivity. In addition, the p-DEP force on the 

sensing IDE array further enhanced the measurement sensitivity. Hence, the use of p-DEP 

on both the electrodes in conjunction with impedance spectroscopy, have demonstrated 

superior sensitivity and lower detection levels as compared with traditional impedance 

detection platforms. Total time required for just for impedance detection with focusing 

effect and secondary DEP is about 2 hours. 

4.6 Design: Bacterial sample preparation and enumeration 

The bacteria used in the study, E.coli O157:H7 (ATCC 700728) is obtained from 

American Type Culture Collection (ATCC), USA. E.coli (EC) broth (Fluka Analytical, 

USA) is used for culturing E.coli O157:H7. To prepare the sample loop full of stock culture 

is inoculated into EC broth containing tubes. Inoculated tubes were incubated at 37 °C for 

18 h. After incubation, the 18 h culture measuring 1 ml is centrifuged (Horizon 642VES, 

Drucker Company, PA) at 3200 rpm for 10 minutes. After the centrifugation, the cell pellet 

is obtained by removing the supernatant, and the cells were re-dispersed in 1 ml of 

deionized (DI) water to wash the cell pellet. The re-dispersed cells were centrifuged again, 

and the step is repeated. The prepared 1 ml E.coli O157:H7 cells in DI water subjected to 

serial dilution to get low cell number for the test. For serial dilutions, 1 ml of sample is 

taken and mixed well with tube containing sterile 9 ml of DI water (dilution 1). From 

dilution 1, 1 ml of the content is taken and mixed with another tube containing 9 ml of 

sterile deionized water (dilution 2). Subsequent dilutions were prepared similarly. 1 ml of 

lowest dilutions that gives desired probable concentration of bacteria is taken for the 

detection process. Another 1 ml of the same sample is subjected to Colony Forming Unit 
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(CFU) analysis to get the bacterial concentration in the sample. Where, 1 ml of sample 

inoculated on Tryptic Soy Agar (Fluka Analytical, USA) plates and incubated for 24 h at 

37 °C. After incubation, the plates were observed for a number of CFU present. 

4.7 Design II: Antibody Immobilization and Antigen Capturing 

Goat anti-E.coli O157:H7 polyclonal antibody (Ab) (Meridian life sciences, USA) 

is injected into the microchannel (at the concentration of 10 µg ml-1 in deionized (DI) 

water) through the outlet and the pump is stopped before the solution reached the fluidic 

junction. The anti-E.coli antibody non-specifically absorbs to the sensing electrode surface. 

The antibody solution is kept in the microchannel for at least 30 minutes to achieve highest 

surface coverage, and minimizing any subsequent nonspecific adsorption. After 30 minutes 

has passed, the liquid is then pumped out, and any unbound antibodies were washed away 

using DI water. Next, the prepared E.coli O157:H7 cells were pumped into the 

microchannel through the inlet, and once the microchannel is filled, the flow is stopped for 

30 minutes to allow the antigens to bind to antibody. This immuno-complex (antigen-

antibody binding) on the surface of the electrode resulted in a change of measured 

impedance.   

4.8 Design II: Focusing testing 

The focusing effect of the biosensor is tested using polystyrene microbeads with 

diameter of 5 µm to study the focusing capability of the device. Similar to design I, a design 

of experiment (DOE) is performed to determine the optimal amplitude and frequency to 

generate sufficient pDEP force on the microbeads. It is found that 5 Vp-p, 5 MHz signal is 

optimum for our application.  
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Figure 4.9 Optical images of polystyrene microbeads flowing through the focusing 

electrode region a) without and b) with dielectrophoretic focusing. 

This A.C. signal is applied at the focusing electrode to generate a non-uniform 

electrical field across the width of the microchannel. The polystyrene microbeads 

suspended in DI water were injected into the microchannel and with the help of 

dielectrophoresis were focused into the center-line of the microchannel, as shown in Figure 

4.13. E.coli cells behaves similarly, as they are subjected to this non-uniform E-field in the 

focusing region. Similar to the previous design, a very small flow rate of 2-4 µl/minute is 

used for this purpose. Experimentally we found out that at higher flow rate the velocity of 

the cells were too high and they overcome the DEP force. The combination of DEP and 

fluidic drag force aligns the cells towards the center of the focusing region and directs them 
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towards the sensing region. This process resulted in significant increase in the number of 

cells in the detection region and prevented clogging of the microchannel. 

4.9 Design II: Electrical testing and Impedance measurement 

Initially, the impedance response of each sensing electrode array is measured over 

a frequency range of 100 Hz – 10 MHz by filling the channel with DI water. The bare 

electrode array’s impedance value is used to confirm the adsorption of the antibody on the 

gold electrode surface. The anti-E.coli IgG antibodies (Ab) were injected into the detection 

electrode microchannel via the antibody inlets and were non-specifically adsorbed on the 

electrode surface to ensure selective detection of E.coli cells. As the antibodies were 

adsorbed, the impedance of the electrode array changed. This change of impedance 

demonstrates that the antibodies successfully adsorbed on the electrode surface. The 

measured electrode-antibody impedance is used as the baseline impedance in order to 

accurately determine the E.coli impedance. As the E.coli samples were pumped and filled 

the microchannel, the flow is stopped and the solution is left on top of the detection 

electrodes for 30 minutes to successfully bind to the antibodies, which is determined to be 

sufficient for efficient binding. The antigen-antibody binding resulted in a change in the 

total measured impedance. The E.coli impedance is calculated by subtracting the measured 

baseline impedance from the total measured impedance. It is then correlated to the actual 

concentration of the E.coli testing samples that were obtained from a traditional cell plating 

method. Several low concentrations of E.coli samples were tested. Before impedance 

measurement can be performed, the surface of the detection IDEAs were functionalized 

using anti-E.coli antibody. As the targeted pathogen, E.coli, reaches the detection 

electrodes, it comes in contact with the antibody on the IDEA surface. 
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Figure 4.10 Impedance response of all the three sensing arrays measured independent of 

each other: a) 39 CFU/mL, b) 50 CFU/mL, c) 82 CFU/mL, d) 123 CFU/mL for a 

frequency range of 100 Hz to 10 MHz. 

This results in Ab-Ag binding on the IDEA surface and leads to a change in 

impedance, which is measured using an impedance analyzer. The impedance analyzer 

records over a frequency range of 100 Hz to 10 MHz. Figure 4.14 shows the impedance 

response of the biosensor for various low concentrations of E.coli test samples. The 

equivalent circuit analysis indicates that, at higher frequencies the impedance response is 

negligible. At higher frequencies (>50 kHz) the impedance response becomes independent 

of the bacterial concentration immobilized on the sensor surface.  This can be explained 

using the equivalent circuit. As frequency is increased, the stray capacitance dominates the 
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impedance and the effect of double layer capacitance (Cdl) is minimized. As a result, 

contribution of bacterial impedance reduces, and the response becomes dependent on the 

dielectric properties of the system and the resistance of the test solution.  

 

Figure 4.11 Comparison of combined total impedance response of the biosensor for 

various concentrations of E.coli 157:H7 for a frequency range of 100 Hz to 10 MHz. 

At lower frequencies the impedance responses is largely dominated by the bacterial 

presence and can be clearly distinguished from one concentration to another.  The lower 

concentration samples have limited number of cell to bind to the sensor surface, while 

larger concentration have many cell available to bind to the antibody on the sensor surface. 

As the available surface area depletes due to E.coli binding, the double layer capacitance 

decreased. This phenomenon is believed to be responsible for overall increases in 

impedance. From the analysis of the obtained response we see that the impedance response 

increases proportional to the present bacterial in the solution. Thus it can be inferred that, 

the response is dependent on both frequency and bacterial concentration.  
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Figure 4.12 Comparison of impedance response of various concentrations at 100 Hz, 

1 KHz and 100 kHz frequency. 

The impedance response is measured separately for each sensing array. Bode plot 

of the impedance response demonstrates that the third IDE array with the smallest number 

of finger pairs (10 pairs)  recorded the highest change in impedance. This demonstrated the 

fact that the change in impedance is proportional to available surface area post Ab-Ag 

binding. This proposed biosensor is able to detect E.coli O157:H7 concentration as low as 

39 CFU/mL with a rapid turnaround time of 2 hours. This also indicated a greater than 

threefold improvement in lower detection capability of the biosensor, compared to our 

previous design. Figure 4.11 shows a comparison of the total combined impedance 

response of all three sensing array.  The impedance response shows that for higher 

concentration samples produce an overall larger change in measured impedance. This 

indicated that the change in impedance is a function of the cell concentration. 
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4.10 Analysis of impedance spectrum 

To study the impedance response, the equivalent electrical circuit of the biosensor 

is analysed. Figure 4.13 represents an equivalent circuit of the impedance biosensor, which 

consists of two double layer capacitances (Cdl) in series with the bulk solution resistance 

(Zmedia) and parallel to stray capacitance (Cs) of the system.  

 

Figure 4.13 Simplified equivalent circuit of the impedance biosensor demonstrating 

various circuit components. Impedance spectrum demonstrating test data and simulated 

spectrum. 

This is represented as resistance of the media (|Zmedia|). When two electrode surfaces are 

separated and have an electrolyte between them, a thin layer of charged particles form on 

the surface of the electrodes. This layer of charged particles generates capacitance, known 

as double layer capacitance (Cdl). The stray capacitance (Cs) represents the overall stray 

capacitance of the system. Figure 4.14 demonstrate experimental and simulated data (Bode 

plot) for the electrical equivalent circuit. EIS spectrum analyser software is used to simulate 

the response of the equivalent circuit and generate the fitting impedance spectrum. 

Cs 

|Zmedia| 

Cdl Cdl 
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Substrate 
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Figure 4.14 Bode plot demonstrating simulated spectrum and fitted data. 

The simulation values of Cdl value vary from 50 nF to 97 nF, whereas |Zmedia| values range 

from 305 k Ω to 340 k Ω depending on the bacterial concentration of the test sample. There 

are three distinctive regions in the impedance spectrum, which represents the response of 

the various components of the equivalent circuit individually and in combination. At low 

frequencies (100 Hz – 1 KHz) the impedance response is dominated by capacitive 

impedance (mainly Cdl).The 1 KHz – 10 KHz region of the impedance spectrum is due to 

the response of the both resistive and capacitive components and the response becomes 

purely resistive above 50 KHz frequencies. This is because, at low frequencies, the 

impedance of Cdl dominates, but becomes small relative to Zmedia at high frequencies. 

Hence the impedance response at high frequencies is solely due to the resistive component 

of the solution and the effect of bacterial cells is insignificant. In contrast, at lower 

frequencies the impedance response is significantly affected by the amount of bacteria 

present in the test solution. Hence, impedance measurement is performed in the range of 

100 Hz to 1 MHz. Cdl can be defined by the following equation.  
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𝑪𝒅𝒍 = 𝜺𝜺𝟎
𝑨

𝒅
                                                         (10) 

ɛ and ɛ0 are the relative dielectric constant of the electrolyte and the permittivity of free 

space, respectively. ‘A’ refers to the electrode area exposed to the electrolyte and d is the 

thickness of the double layer. From the above equation we see that, double-layer 

capacitance would be mainly dependent on the electrode area exposed. When bacteria cells 

immobilize on the electrode surface it effectively reduces the electrode area exposed to the 

electrolyte. Therefore, the decrease in the double-layer capacitance is thought to 

predominantly come from attached bacteria and bacteria-associated materials. As more 

bacteria attaches to the surface the exposed electrode area shrinks, which obstructs the 

double-layer charging. Reduced double layer capacitance increases the overall impedance 

of the system. Hence, the impedance values are higher at lower frequencies for higher 

concentration samples and lower for samples with low bacterial concentration. Thus it can 

be inferred that, the impedance response of the biosensor is dependent on both frequency 

and bacterial concentration.  

4.11 Specificity Testing 

The biosensor is tested with different serotype of E.coli, O104:H4 cells in order to confirm 

its specificity. The measured response is plotted in Figure 4.15. The plot shows no 

significant difference in impedance value with respect to the base impedance of the IDE 

array. This is expected as the sensing electrode surface is modified specifically using Anti-

E.coli O157:H7 antibody. Although some E.coli O104:H4 cells may have non-specifically 

bound to the electrode surface, their numbers were so insignificant that it didn’t produce 

enough change in the impedance value. This also suggested that good antibody coverage 
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of the electrode’s surface is obtained and the anti-E.coli antibody did not attach to the non-

E.coli O157:H7 cells. This demonstrated the specificity of the impedance biosensor in the 

presence of non-target bacterial cells.  

 

Figure 4.15 Impedance response obtained from specificity testing with an antigen which 

don’t bind to anti-E.coli antibody. 
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Chapter 5  

CONCLUSION 

In this research, we established two MEMS impedance biosensor platforms with 

unique functionalities, in terms of its ability to use antibody-antigen recognition, 

dielectrophoretic cell focusing and impedance spectroscopy to achieve accurate low level 

bacteria detection capability within 2-3 hours. The polyclonal anti-E.coli antibody coated 

sensing IDE array ensures specific detection of E.coli O157:H7 bacterial cells. The Design 

I of the biosensor is able to successfully detect E.coli concentrations as low as 3×102 

CFU/mL, The device is tested between 100 Hz -1 MHz frequency and the results show that 

the p-DEP increases the measurement sensitivity by a factor of 2.9 to 4.5 times depending 

on the bacterial concentration. The total required time for sample processing and detection 

is under 3 hours. This is significantly lower than traditional laboratory methods. The 

dielectrophoretic manipulation of the cells enabled us to concentrate the bacteria on top of 

sensing IDE array, which improves the overall performance of the device, compared to 

conventional methods that relies on the diffusion of the bacteria to the surface of the 

electrode.  

The second biosensor with redesigned focusing region and multielectrode sensing 

region improved detection efficiency. In this design, the focusing region consists a ramp 

down vertical electrode pair made of electroplated gold along with tilted (45o) thin film 

finger pairs, embedded in a microchannel. This configuration improves the concentration 

and focusing of the bacteria into the center of the microchannel, and direct them towards 

the sensing region. The sensing region consists of three IDE arrays, with varying number 
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of electrode fingers (30, 20 and 10 pairs respectively), all embedded inside a narrow 

microchannel and functionalized using anti-E.coli antibody. The dielectrophoretic 

manipulation of the cells enabled us to concentrate the bacteria cells inside the 

microchannel, which improved the overall performance of the device. The polyclonal anti-

E.coli antibody coated sensing IDE array ensures specific detection of E.coli 0157:H7 

bacterial cells. The biosensor is able to successfully detect E.coli concentrations as low as 

39 CFU/mL, which indicates a 7.5 times higher sensitivity within an overall time of 2 hours.   
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