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Abstract 

Device-based approaches are being developed to measure biological particles such as cells, viruses, 

proteins, and DNA in dilute samples in situ, on site, or in real time. In many applications, device-based 

approaches are far more practical or feasible than method-based approaches, which are typically based on 

microbiological culture or the enzyme-linked immunosorbent assay, because device-based approaches, 

unlike method-based approaches, are portable, automated, and rapid. At the heart of device-based 

approaches is the biosensor, which is an analytical device that integrates a biological recognition element 

with a transduction element. Dynamic-mode cantilevers are an attractive technology for biosensors because 

they are highly sensitive, label-free, and can be mass-produced cheaply. Microelectrodes that generate 

electrokinetic effects are also an attractive technology for biosensors, because they can greatly accelerate 

the capture of biological particles suspended in liquid. 

In this context, we develop microelectromechanical devices, which we call electrokinetic cantilever 

biosensors, that combine the high sensitivity of dynamic-mode cantilevers with the rapid capture of 

biological particles with electrokinetics using standard micromachining fabrication processes. We make the 

following contributions to the field of device-based biosensing. We develop a thermal ablation method to 

remove biological material from the surface of silicon biosensors so that biosensors can be conveniently 

reused during prototyping. We find that piezoelectric actuation is more suitable than electrothermal 

actuation and we find that electrode configurations with a small electrode gap (≤ 3µm) are best suited for 

electrokinetics. We perform real-time measurements of E. coli in samples with concentrations as low as 

102 cells/ml, which approach the infectious dose of E. coli (≈10 cells/ml). We also develop a gap method, 

which is based on stiffness-change instead of mass-change, to greatly increase the sensitivity of dynamic-

mode cantilever biosensors.  

In this thesis, we conclude that electrokinetic cantilever biosensors are strong candidates for further 

research. We recommend conducting further work to study the gap method in liquid and to integrate 

sandwich electrodes with existing, highly sensitive cantilever biosensor designs. 



iii 

Table of contents 

Abstract ......................................................................................................................................................... ii 

Table of contents .......................................................................................................................................... iii 

List of tables ................................................................................................................................................. vi 

List of figures .............................................................................................................................................. vii 

Chapter 1 Introduction ............................................................................................................................... 1 

1.1 Background on cantilever biosensors ........................................................................................... 1 

1.2 Background on electrokinetics ...................................................................................................... 3 

1.3 Objective ....................................................................................................................................... 5 

1.4 Outline........................................................................................................................................... 5 

1.5 Contributions ................................................................................................................................. 7 

Chapter 2 Restoring the surface of silicon biosensors with thermal ablation ............................................ 8 

2.1 Abstract ......................................................................................................................................... 8 

2.2 Introduction ................................................................................................................................... 8 

2.3 Methods......................................................................................................................................... 9 

2.4 Results ......................................................................................................................................... 11 

2.5 Conclusion .................................................................................................................................. 15 

Chapter 3 Characterizing the thermal ablation of cells ............................................................................ 16 

3.1 Abstract ....................................................................................................................................... 16 

3.2 Introduction ................................................................................................................................. 16 

3.3 Methods....................................................................................................................................... 18 

3.4 Results ......................................................................................................................................... 25 

3.5 Conclusion .................................................................................................................................. 32 

Chapter 4 Integrating electrokinetics with an electrothermal resonator .................................................. 33 

4.1 Abstract ....................................................................................................................................... 33 



iv 

4.2 Introduction ................................................................................................................................. 33 

4.3 Methods....................................................................................................................................... 35 

4.4 Results ......................................................................................................................................... 41 

4.5 Conclusion .................................................................................................................................. 47 

Chapter 5 Integrating electrokinetics with a piezoelectric resonator ....................................................... 49 

5.1 Abstract ....................................................................................................................................... 49 

5.2 Introduction ................................................................................................................................. 49 

5.3 Methods....................................................................................................................................... 51 

5.4 Results ......................................................................................................................................... 57 

5.5 Conclusion .................................................................................................................................. 62 

Chapter 6 Improving the performance of cantilever biosensors in liquid with a gap method ................. 63 

6.1 Abstract ....................................................................................................................................... 63 

6.2 Introduction ................................................................................................................................. 63 

6.3 Methods....................................................................................................................................... 65 

6.4 Results ......................................................................................................................................... 68 

6.5 Conclusion .................................................................................................................................. 76 

Chapter 7 Studying the gap method in air ............................................................................................... 77 

7.1 Abstract ....................................................................................................................................... 77 

7.2 Introduction ................................................................................................................................. 77 

7.3 Methods....................................................................................................................................... 78 

7.4 Results ......................................................................................................................................... 82 

7.5 Conclusion .................................................................................................................................. 89 

Chapter 8 Conclusions and recommendations ......................................................................................... 91 

References ................................................................................................................................................... 95 

Appendix A ................................................................................................................................................. 99 

A.1 Repeatability of thermal ablation ................................................................................................ 99 



v 

A.2 Fabrication processes ................................................................................................................ 100 

A.3 Simulation of an hourglass biosensor with COMSOL Multiphysics ........................................ 102 

A.4 Simulation of a gap method biosensor with COMSOL Multiphysics ...................................... 113 

 

  



vi 

List of tables 

Table 3.1 Testing scheme ........................................................................................................................... 22 

Table 3.2 Relationship between cell removal and heat rate under different conditions. The cell removal 

percentage represents the average value for three tests with a 95 % confidence interval. .......................... 31 

Table 4.1 Simulated resonant frequencies and measured resonant frequencies and quality factors. .......... 39 

  



vii 

List of figures 

Figure 1.1 Schematic of a cantilever biosensor vibrating at its fundamental resonant frequency. The 

binding of the biological target to the surface of the cantilever through a biological receptor increases the 

mass of the cantilever and decreases its resonant frequency. ....................................................................... 3 

Figure 1.2 (a) Schematic of positive dielectrophoresis (top) and negative dielectrophoresis (bottom), 

showing the instantaneous electric field lines, the counter-ions, the colour gradient of the induced 

effective dipole moment, and the net electric force direction. (b) Schematic of AC electroosmosis, 

showing the instantaneous electric field lines, the counter-ions, the electroosmotic flow (EOF) direction, 

and the bulk flow [22]. .................................................................................................................................. 4 

Figure 2.1 (Top) Drawing of the biosensor showing dimensions (μm) and materials. (Bottom) Typical 

frequency response of the biosensor. .......................................................................................................... 10 

Figure 2.2 Images of the biosensor before thermal ablation (top) and after thermal ablation (bottom). .... 12 

Figure 2.3 Relationship between the resonant frequency shifts due to thermal ablation and those due to 

cell binding.................................................................................................................................................. 13 

Figure 3.1 Image of the experimental setup for the thermal ablation of cells on the chip. ......................... 18 

Figure 3.2 Temperature profile of the hot plate surface and the chip surface when an enclosure is used. . 20 

Figure 3.3 Raw image taken before cell immobilization (A), after cell immobilization (B), and after 

thermal ablation (C). Processed image showing the pixels that changed when cells were added (B-A) and 

when cells were removed (C-B). Key areas are enclosed in red (a cell in the circle, a contaminant in the 

triangle, and another contaminant in the square). ....................................................................................... 23 

Figure 3.4 Raw images after thermal ablation under different heating conditions and corresponding cell 

removal percentage obtained from image processing. ................................................................................ 27 

Figure 3.5 Relationship between cell removal and the maximum temperature when the time at maximum 

temperature is 10 s and the heat rate is a step increase. .............................................................................. 29 



viii 

Figure 3.6 Relationship between cell removal and the time at maximum temperature when the heat rate is 

a step increase. No data points were obtained at 1,000 s for 375 °C, because it was clear that the cell 

removal percentage saturates. ..................................................................................................................... 30 

Figure 4.1 Drawing of the biosensor showing dimensions (µm) and materials. ......................................... 35 

Figure 4.2 Frequency response of the biosensor showing the first eight resonant modes (numbers above 

peaks). ......................................................................................................................................................... 38 

Figure 4.3 Simulated (a) and experimental (b) mode shapes of the biosensor. The first, third, fourth, sixth, 

and seventh modes are out of plane, while the second, fifth, and eighth modes are in plane. .................... 39 

Figure 4.4 Cell velocity induced by dielectrophoresis, showing the direction (arrows) and magnitude 

(colour gradient, 10x m/s). ........................................................................................................................... 42 

Figure 4.5 Images of the biosensor before and after capturing E. coli for unassisted and assisted sampling.

 .................................................................................................................................................................... 43 

Figure 4.6 Response of the biosensor (magnitude in arbitrary units) near the eighth mode for successive 

experiments with assisted sampling. The eighth resonant frequency, represented by the peaks, decreases 

as bacterial mass loading on the resonator increases with each experiment. .............................................. 44 

Figure 4.7 Average resonant frequency shifts after 15 min of collection at 107 cell/ml with 95% 

confidence intervals and a sample size of seven. ........................................................................................ 45 

Figure 4.8 Analytical and experimental sensitivities across resonant modes. Confidence intervals are 

proportional to those in Figure 4.7. ............................................................................................................. 47 

Figure 5.1 Isometric drawing of the biosensor showing dimension (µm) and materials. ........................... 52 

Figure 5.2 (Top) Dynamic response in air and water. The quality factor is shown for the fifth and seventh 

mode. (Bottom) Mode shape in water for the 5th and 7th mode. The images are provided directly by the 

vibrometer software. Each image is a map of measured out-of-plane displacements overlaid with an 

image from an optical microscope at 20X magnification. .......................................................................... 53 

Figure 5.3 Experimental setup. ................................................................................................................... 55 



ix 

Figure 5.4 Real-time resonant frequency shifts of the fifth resonant mode of the biosensor for stagnant 

sample tests. ................................................................................................................................................ 57 

Figure 5.5 Real-time resonant frequency shifts of the seventh resonant mode of the biosensor for flowing 

sample tests (400 µl/min). ........................................................................................................................... 59 

Figure 5.6 Images of the dried biosensor after testing under stagnant and flowing conditions at different 

concentrations with an applied electrokinetic capture signal. ..................................................................... 61 

Figure 6.1 (Top) Illustration of the gap method, including a schematic graph of the cantilever response. 

(Bottom) Schematic of the cantilever, the wall, and the cells. Before activating the electrokinetic effects, 

the frequency shift is null and the cells are randomly dispersed around the gap. When the electrokinetic 

effects are activated, the cells are collected in the gap, resulting in a growing negative frequency shift. 

When the electrokinetic effects are deactivated, some cells are released from the gap, resulting in a 

frequency rebound. ..................................................................................................................................... 65 

Figure 6.2 (Left) Scanning electron microscope image of the cantilever. (Right) Dynamic response of the 

cantilever in air and in water and mode shape in water. The quality factors are shown. The mode shape is 

provided directly by the vibrometer software. It represents a map of measured out-of-plane displacements 

overlaid with an image from an optical microscope at 20X magnification. ............................................... 66 

Figure 6.3 Images (optical microscope with 40X magnification) in water of E. coli collection near the gap 

(2.7 µm). The cantilever is exposed to a stagnant sample of 150 µl of E. coli with a concentration of 

105 cells/ml. A signal with an amplitude of 4 Vp and a frequency of 200 kHz is applied across the gap for 

electrokinetic collection. A contaminant, a cluster of cells, and cell dispersing are identified. ................. 69 

Figure 6.4 Response of cantilevers with different gap sizes. The cantilevers are exposed to a stagnant 

sample of 150 µl of E. coli with a concentration of 104 cells/ml. A signal with an amplitude of 4 Vp and a 

frequency of 200 kHz is applied across the gap from 1 to 6 min for electrokinetic collection. Control tests 

were performed using a 2.7 µm gap and distilled water. ............................................................................ 69 



x 

Figure 6.5 Cantilever response as a function of usage. A cantilever with a gap size of 2.7 µm is exposed to 

a stagnant sample of 150 µl of E. coli with a concentration of 104 cells/ml. A signal with an amplitude of 

4 Vp and a frequency of 200 kHz is applied across the gap from 1 to 6 min for electrokinetic collection. 71 

Figure 6.6 Cantilever response for different electrokinetic voltages. A cantilever with a gap size of 2.7 µm 

is exposed to a stagnant sample of 150 µl of E. coli with a concentration of 104 cells/ml. A signal with a 

frequency of 200 kHz is applied across the gap from 1 to 6 min for electrokinetic collection. .................. 73 

Figure 6.7 Response of a cantilever with a 2.7 µm gap for different concentrations. The cantilever is 

exposed to stagnant samples of 150 µl. A signal with an amplitude of 4 Vp and a frequency of 200 kHz is 

applied across the gap from 1 to 6 min (top) and from 1 to 30 min (bottom) for electrokinetic collection. 

Control tests were performed with distilled water. ..................................................................................... 74 

Figure 7.1 Model of a plain cantilever (a), a cantilever with a particle on its free end (b), and a cantilever 

with a particle across its free end and a nearby wall (c). ............................................................................ 78 

Figure 7.2 Isometric drawing of the cantilever with a gap. The cantilever, the wall, and the anchored 

surfaces are identified. The dimensions are in µm. Underlined dimensions are not to scale. The material 

layers are color-coded: red is for silicon (doped at surface), blue is for aluminum nitride (piezoelectric 

material), and yellow is for gold. ................................................................................................................ 81 

Figure 7.3 (a) Zoomed-in frequency responses of a normal cantilever and a cantilever with a gap when the 

cantilevers are clean, with particles, and when the particles are rinsed off. (b)-(g) Images that correspond 

to the frequency responses. ......................................................................................................................... 83 

Figure 7.4 Amplitude ratio of a normal cantilever and a cantilever with a gap as a function of the number 

of particles deposited onto the cantilevers. The cantilever with a gap had between 1 to 5 particles in the 

gap in all the tests. ....................................................................................................................................... 85 

Figure 7.5 (a) Average frequency response of a cantilever with a gap when the cantilever has no particles 

on it and when it has particles across the gap. (b)-(f) Close-up images of the gap that correspond to the 

frequency responses. The particles are encircled. ....................................................................................... 86 



xi 

Figure 7.6 (a) Simulated average frequency response of the cantilever with a gap or the wall under 

different loading conditions. (b)-(f) Schematic of the models that correspond to the average frequency 

responses. .................................................................................................................................................... 88 

Figure 8.1 Resonant frequency shift of a cantilever for consecutive thermal ablation tests. .................... 100 

Figure 8.2 SOIMUMPS physical layers (cross-section) [34]. .................................................................. 101 

Figure 8.3 PiezoMUMPs physical layers (cross-section) [27]. ................................................................. 101 

Figure 8.4 Constants. ................................................................................................................................ 102 

Figure 8.5 Variables. ................................................................................................................................. 103 

Figure 8.6 Geometry (dimensions in µm). ................................................................................................ 103 

Figure 8.7 Silicon domain. ........................................................................................................................ 104 

Figure 8.8 Gold domain. ........................................................................................................................... 104 

Figure 8.9 Water domain. ......................................................................................................................... 105 

Figure 8.10 Electric shielding boundary condition. .................................................................................. 106 

Figure 8.11 Positive voltage boundary condition. .................................................................................... 107 

Figure 8.12 Ground boundary condition. .................................................................................................. 107 

Figure 8.13 Ambient temperature boundary condition. ............................................................................ 108 

Figure 8.14 Fixed constraint boundary condition. .................................................................................... 109 

Figure 8.15 Flux boundary condition. ....................................................................................................... 110 

Figure 8.16 Temperature distribution (°C). .............................................................................................. 110 

Figure 8.17 Dielectrophoresis compared to electroosmosis (log10(dep/slipf)). ....................................... 111 

Figure 8.18 Dielectrophoresis compared to electrothermal flow (log10(dep/etf)). .................................. 112 

Figure 8.19 Dielectrophoresis compared to gravity (log10(dep/fg)). ....................................................... 112 

Figure 8.20 Geometry (dimensions in µm). .............................................................................................. 113 

Figure 8.21 Silicon domain. ...................................................................................................................... 114 

Figure 8.22 Aluminum nitride domain. .................................................................................................... 114 

Figure 8.23 Gold domain. ......................................................................................................................... 115 



xii 

Figure 8.24 Polystyrene domain. .............................................................................................................. 115 

Figure 8.25 Fixed constraint boundary condition. .................................................................................... 116 

Figure 8.26 Rayleigh damping parameters. .............................................................................................. 117 

Figure 8.27 Positive voltage boundary condition. .................................................................................... 117 

Figure 8.28 Ground boundary condition. .................................................................................................. 118 

  



1 

Chapter 1 Introduction 

1.1 Background on cantilever biosensors 

There exists a wide range of applications for measuring biological particles such as cells [1], viruses [2], 

and proteins [3], [4]. These applications include fundamental biological research, disease screening, health 

care delivery, emergency response, spill clean-up, environmental monitoring, food poisoning diagnosis, 

and food production and drinking water monitoring [5]. Depending on the application, the measurement 

can concern different properties of the biological particles, including the presence or the concentration of a 

biological target in a sample, the interaction between biological targets in a sample, or the mass or size of 

individual biological particles. 

Over the years, numerous approaches have been developed for measuring biological particles. 

Conventional approaches rely on one or a combination of the following techniques: microbiological culture, 

the enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), and the lateral flow 

assay [6], [7]. Microbiological culture is the process of multiplying a microorganism by letting it grow on 

a non-selective or a selective culture medium. ELISA involves immobilizing a target antigen to a surface, 

applying an antibody that is linked to an enzyme to the surface, then adding an enzymatic substrate to 

produce a visual signal. PCR involves the amplification of a few copies of a piece of DNA into millions of 

copies by promoting the reactions for DNA melting and the enzymatic replication of DNA with thermal 

cycling. The lateral flow assay relies on capillary beds that transport fluid spontaneously between three 

elements: a storage element, a labelling element that contains a dry format of colored particles (latex or 

gold) linked to an antibody, and a capture element that contains an immobilized antibody. These approaches 

are widely established commercially because they are reliable and highly sensitive. However, they have the 

drawback of requiring labels. The biological target is not measured directly; a label must bind to it, and it 

is this label that is measured, usually through visual observation. These approaches, excluding the lateral 

flow assay, also have the drawback of being method-based. They require expensive, non-portable 

laboratory equipment and manual work, and they are time-consuming. To address these limitations, in 



2 

recent years, there has been a strong research focus on label-free, device-based approaches for measuring 

biological particles. 

At the heart of device-based approaches is the biosensor. A biosensor is an analytical device that 

integrates a biological recognition element, which facilitates binding to a biological target, with a 

transduction element that converts the binding event into a measurable signal [8]. The biological recognition 

element usually consists of antibodies, DNA, aptamers, or phages and the transduction element is usually 

optical, electrochemical, or mechanical (acoustic, piezoelectric, or surface-stress). A vast number of 

biosensors have been developed. They are typically grouped by transduction element. Optical biosensors 

include evanescent field fiber optics and surface plasmon resonance biosensors, electrochemical biosensors 

include amperometric, potentionmetric, and impedimetric biosensors, and mechanical biosensors include 

quartz crystal microbalance, thickness shear mode, surface acoustic wave, and cantilever biosensors (static-

mode and dynamic-mode) [9]. 

Dynamic-mode cantilevers are an attractive technology for measuring biological particles [10]. They 

are highly sensitive, label-free, and can be mass-produced cheaply [11], [12]. They work based on the 

following principle: when a biological particle is captured on the functionalized (coated with a biological 

recognition element) surface of the cantilever, the mass of the cantilever increases and the resonant 

frequency decreases (see Figure 1.1) [9]. Resonant frequency measurements can be performed in air after 

the biological target has been captured on the surface of the cantilever (dip-dry-measure format) or they 

can be performed in liquid in real time. The performance of dynamic-mode cantilevers depends on the value 

(Hz), the quality factor, and the mode order [13] of the resonant frequency. In liquid, their performance is 

severely reduced due to damping [14]. Damping reduces the value and the quality factor of the resonant 

frequency and makes higher order modes difficult to measure. The two most important performance metrics 

for cantilever biosensors are mass-change sensitivity (g/Hz or Hz/g), which represents the mass required to 

cause a unit change in resonance frequency, and the limit of detection, which represents the lowest 

concentration (particles/ml) at which the target may be detected at an acceptable signal-to-noise ratio. 
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Figure 1.1 Schematic of a cantilever biosensor vibrating at its fundamental resonant frequency. The binding of the biological 

target to the surface of the cantilever through a biological receptor increases the mass of the cantilever and decreases its 

resonant frequency. 

1.2 Background on electrokinetics 

Electrokinetic effects are a group of effects that can arise in fluids containing particles with sizes on the 

scale of a micrometer to a nanometer [15]–[17]. The source of these effects is the formation of double 

layers, which are layers of electrical charges at the interface between two surfaces. Electrokinetic effects 

have been widely used to manipulate suspended biological particles, especially cells [18]–[21]. The most 

commonly used electrokinetic effects concerning the manipulation of biological particles are 

dielectrophoresis and AC electroosmosis (see Figure 1.2). 
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Figure 1.2 (a) Schematic of positive dielectrophoresis (top) and negative dielectrophoresis (bottom), showing the instantaneous 

electric field lines, the counter-ions, the colour gradient of the induced effective dipole moment, and the net electric force 

direction. (b) Schematic of AC electroosmosis, showing the instantaneous electric field lines, the counter-ions, the electroosmotic 

flow (EOF) direction, and the bulk flow [22]. 

Dielectrophoresis is the motion of a dielectric particle due to an induced effective dipole moment of the 

particle in a non-uniform electric field [23]. If the particle is more polarizable than the surrounding medium, 

the particle undergoes positive dielectrophoresis and the net electric force moves it toward the region of 

high electric field strength. If the particle is less polarizable than the surrounding medium, the particle 

undergoes negative dielectrophoresis and the net electric force moves it away from the region of high 

electric field strength. Dielectrophoresis can be used to separate or trap particles. The dielectrophoretic 

force depends on the size of the particle, the strength and frequency of the applied electric field, and the 

polarizability of the medium and the particles. 

AC electroosmosis is fluid flow driven by the motion of solvated ions in the double layer under the 

action of an AC electric field [22]. As shown in Figure 1.2b, when AC voltage is applied to the electrodes, 

an electric field is generated. The normal component of the electric field (perpendicular to the electrodes) 

attracts counter-ions toward the surface of the electrodes. These counter-ions screen the electrodes, first 

near the inside edge of the electrodes, where the electric field is stronger, then toward the outer edges of 

the electrodes, where the electric field is weaker. When the electrodes are partially screened, the tangential 
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component of the electric field drives counter-ions tangentially, producing electroosmotic flow (EOF) and 

bulk fluid motion. When the polarity is reversed, the counter-ions migrate toward the opposite electrode 

and the cycle repeats. AC electroosmosis produces bulk flow; it does not act directly on suspended 

biological particles. The drag force from the bulk flow acts on the particles. AC electroosmosis can be used 

alone for pumping particles or for mixing them or it can be used in conjunction with dielectrophoresis for 

trapping particles. AC electroosmosis can produce stronger and longer range forces than dielectrophoresis. 

It has a strong dependence on the frequency of the applied electric field and is usually only effective at low 

voltages and in solutions with low conductivity. 

1.3 Objective 

This thesis focuses on developing electrokinetic cantilever biosensors. This subject is worth pursuing 

because little research has considered integrating the high sensitivity of cantilever biosensors with the rapid 

capture of biological particles through electrokinetics, even though both technologies are individually well-

understood. The detailed work includes (1) restoring the surface of the biosensors with thermal ablation, 

(2) integrating electrokinetics with cantilever biosensors using standard micromachining processes, (3) 

assessing the performance of the biosensors in air with the dip-dry-measure format and in liquid with real-

time measurements, and (4) investigating the use of a gap method for increasing the sensitivity of the 

cantilevers. 

1.4 Outline 

The thesis is composed of eight chapters. 0 covers background information on cantilever biosensors and 

electrokinetics. It distinguishes conventional, method-based approaches from device-based approaches for 

biosensing and introduces different types of biosensors, including dynamic-mode cantilever biosensors. It 

also introduces the theory behind the two most commonly used electrokinetic effects for manipulating 

biological particles: dielectrophoresis and ac electroosmosis. In Chapters 2 to 7, each chapter is adapted 

from a publication and contains its own literature review.  
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Chapter 2 presents a method to restore the surface of silicon biosensors with thermal ablation. It 

evaluates the effectiveness of E. coli cell removal by considering the resonant frequency shifts of the 

cantilever before and after thermal ablation. It also explores avenues for improving the effectiveness of the 

method, including increasing the heat rate or the maximum temperature the biosensor is subjected to.  

Chapter 3 builds on the findings obtained in Chapter 2 on thermal ablation. The chapter develops an 

image processing procedure, which is more practical than measuring resonant frequency shifts, to quantify 

the effectiveness of thermal ablation. The chapter then characterizes the thermal ablation method and 

demonstrates that the two key parameters affecting its effectiveness are the maximum temperature reached 

by the chip and the time the chip is maintained at the maximum temperature.  

Chapter 4 presents a cantilever biosensor design that uses an hourglass component for both 

electrothermal actuation and electrokinetic capture of E. coli cells. It includes a simulation of the various 

forces acting on the cells and an analysis of the resonant frequencies of the cantilever. The performance of 

the biosensor is assessed using the resonant frequency shifts of the cantilever in air with the dip-dry-measure 

format.  

Chapter 5 presents a cantilever biosensor design that uses piezoelectric actuation as well as sandwich 

electrodes for electrokinetics. This design is an improvement over the design presented in Chapter 4, since 

piezoelectric actuation gives higher quality factors in liquid and sandwich electrodes have smaller spacing 

between each other and thus generate stronger eletrokinetic effects. The dynamic response of the cantilever 

is analyzed and two higher order resonant modes suitable for making measurements in liquid are identified. 

The performance of the biosensor is assessed by continuously measuring the resonant frequency shifts of 

the cantilever in liquid when it is exposed to samples with different concentrations of E. coli. 

Chapter 6 presents a gap method for improving the performance of cantilever biosensors in liquid. E. coli 

cells are collected in a micron-sized gap at the free end of a cantilever using electrokinetic effects and they 

are measured in real time using the frequency shift of the fundamental resonant frequency of the cantilever. 

The chapter considers the effect of gap size, cantilever usage, and electrokinetic voltage on the performance 

of the biosensors. 
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Chapter 7 follows up on the gap method presented in Chapter 6. While Chapter 6 focuses on 

experimental results obtained with the gap method in liquid, Chapter 7 focuses on understanding the 

working principle behind the gap method and, for simplicity, only considers operation in air.  The chapter 

introduces theory for the gap method and provides an analysis of the frequency response of cantilevers 

when polystyrene particles are bound in their gap. It also includes a simulation to validate the theory and 

analysis. 

Chapter 8 highlights the conclusions drawn in Chapters 2 to 7 and presents recommendations for future 

work on electrokinetic cantilever biosensors. 

1.5 Contributions 

In this thesis, we make the following contributions: 

1. Present a surface restoration method based on thermal ablation for developing silicon 

biosensors. 

2. Demonstrate real-time measurements of E. coli in liquid, with concentrations as low as 

102 cells/ml, using electrokinetic cantilever biosensors. 

3. Provide two electrode configurations suitable for the electrokinetic capture of biological 

particles: sandwich electrodes and a gap method. 

4. Develop a gap method based on stiffness-change for increasing the resonant frequency shifts of 

cantilever biosensors. 

The work in this thesis has been published in six journals related to biosensors research, including three 

in Sensors and Actuators B Chemical, one in Sensing and Bio-Sensing Research, one in the Journal of 

Biomedical Engineering and Informatics, and one in Biosensors and Bioelectronics (under review). The 

thesis has contributed a non-peer reviewed conference presentation on the gap method at the 2016 TEXPO 

competition in Montreal organized by CMC Microsystems. 
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Chapter 2 Restoring the surface of silicon 

biosensors with thermal ablation 

*Adapted from: S. Leahy and Y. Lai, “Regenerating silicon biosensors through thermal ablation with a hot 

plate,” Sens. Bio-Sensing Res., vol. 6, pp. 25–27, 2015. DOI: 10.1016/j.sbsr.2015.10.002 

2.1 Abstract 

Biosensor development is time-consuming and expensive because it requires a great deal of prototyping 

and specialized experimental testing using, in many cases, one-time use chips. Several biosensor 

regeneration techniques have been proposed so that chips may be reused, but these techniques are not 

convenient for rapid prototyping and experimental testing. A convenient biosensor regeneration technique 

using thermal ablation with a hot plate is presented. Bound biological material is removed from a poly-L-

lysine-functionalized silicon biosensor used for testing E. coli by heating the biosensor to 370 °C for 10 min. 

Images and resonant frequency shifts indicate that regeneration is about 82% effective. This regeneration 

technique may be further improved by using a higher heating rate and a higher temperature. 

2.2 Introduction 

Biosensors are portable, low-cost devices that are being developed to replace expensive traditional 

testing procedures for detecting analytes. The development of these devices is time-consuming and ex- 

pensive, because it requires a great deal of prototyping and specialized experimental testing [24]. Many 

biosensors under study become fouled and unusable after only a few tests due to the strong binding forces 

between particles and the sensing surface [11]. This makes biosensor development even more challenging, 

because a large number of chips are required for testing and chip-to-chip variance can be a large source of 

error [25]. There is then much value in being able to conveniently regenerate a biosensor so that it may be 

reused many times. Several regeneration techniques that leave the bioreceptor intact have been proposed. 

Chemical regeneration, which involves submerging the biosensor in a regeneration buffer, is the most 

widely used [8]. But existing regeneration techniques can be complex, and they do not remove biological 

http://www.sciencedirect.com/science/article/pii/S2214180415300234
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material that has bonded directly to the sensing surface instead of the bioreceptor. In the interest of 

accelerating the development of biosensors, a convenient regeneration technique for experimental testing 

is desired. 

Thermal ablation is the process by which material is removed from a surface by vaporization. Since 

silicon is more heat resistant than biological material—silicon oxidizes significantly only above 800 °C—

high-temperature thermal ablation presents itself as a convenient technique for restoring biosensors. In one 

biosensor design incorporating high-temperature (~630 °C) electric heating, thermal ablation was shown to 

remove biological material and partially restore the biosensor to its initial material-free state [26]. But a 

more general technique that is not limited to biosensors incorporating high-temperature electric heating is 

desired. 

This study demonstrates that a poly-L-lysine-functionalized silicon biosensor used for testing E. coli 

can be restored through thermal ablation on a hot plate. Images of the biosensor and measured resonant 

frequency shifts show that restoration is successful. This restoration technique is of interest for researchers 

developing and testing biosensors made of silicon or other heat resistant materials. 

2.3 Methods 

2.3.1 Design 

The biosensor (see Figure 2.1) consists of a piezoelectric-actuated cantilever. The biosensor was 

micromachined on a chip with PiezoMUMPs [27], a process for micromachining piezoelectric devices in a 

silicon-on-insulator framework. The chip is functionalized so that analyte from the sample is 

electrostatically bound to the biosensor's surface. By applying voltage across the piezoelectric film 

(aluminum nitride), the structure is excited and the mechanical resonant frequencies are measured. Mass 

added to the biosensor causes the resonant frequencies to decrease, while mass removed causes them to 

increase [8]. Analyte is detected by measuring the shift in the resonant frequencies. 
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Figure 2.1 (Top) Drawing of the biosensor showing dimensions (μm) and materials. (Bottom) Typical frequency response of the 

biosensor. 

2.3.2 Testing process 

First, the chip was functionalized by letting a 100 μl droplet of poly-L-lysine solution (0.1% w/v H2O 

from Sigma-Aldrich) sit on its surface for 10 min. The chip was rinsed with deionized water for 15 s and 

allowed to dry. Then, a probe station (Polytec MSA-400 Micro System Analyzer) was used to take an image 
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of the biosensor and measure its frequency response in air when a 3 Vp periodic chirp excitation signal is 

applied across the piezoelectric layer. Figure 2.1 shows a typical frequency response; three resonant 

frequencies are detected. 

Second, a 100 μl droplet of an E. coli K-12 sample with a concentration of 4.18 × 108 cells/ml was 

allowed to sit on the chip's surface for 10 min. 

Third, the chip was regenerated by placing it on a hot plate (Corning 6795-400D PC-400D) at room 

temperature, setting the hot plate to the maximum temperature, and letting the chip sit there for 10 min. 

This heating time allowed the hot plate and chip to reach thermal equilibrium at the maximum temperature 

and provided a gradual temperature rise to prevent the material properties of the biosensor from changing. 

The temperatures on the surface of the chip and on the surface of the plate were measured with a K-type 

thermocouple. They were found to be 370 °C. Then, the chip was removed from the hot plate and allowed 

to cool to room temperature for 2 min. Again, an image was taken and the frequency response was 

measured. The testing process was repeated 16 times using the same chip and biosensor. The chip was 

functionalized at the beginning of each test, since thermal ablation seemed to remove both the cells and the 

functionalization layer. 

The stability of the biosensor's resonant frequencies in response to thermal cycling at 370 °C was also 

verified. The resonant frequencies were stable within ± 0.3 Hz over many heating cycles. This indicates 

that the structure and material properties of the chip are unaffected by thermal cycling. 

2.4 Results 

The perceived effect of thermal ablation on the cells bound to the biosensor's surface is shown in Figure 

2.2. Before thermal ablation, the freshly bound cells appear as dark blobs scattered across the biosensor's 

surface. After thermal ablation, the cells have largely vanished and only a faint print of them remains on 

the surface. Thermal ablation seems to vaporize a large portion of the cellular content, but not all of it. As 

seen in Figure 2.2, a specific cell encircled in red is still distinguishable after thermal ablation. To evaluate 
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the effectiveness of thermal ablation, resonant frequencies were measured (1) before cell binding, (2) after 

cell binding and (3) after thermal ablation.  

 
Figure 2.2 Images of the biosensor before thermal ablation (top) and after thermal ablation (bottom). 

Then the shifts due to cell binding (between States 1 and 2) were related to the shifts due to thermal 

ablation (between States 2 and 3), as shown in Figure 2.3. 
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Figure 2.3 Relationship between the resonant frequency shifts due to thermal ablation and those due to cell binding. 

Two data points are encircled in red in the graph. These shifts correspond to the images shown in Figure 

2.2. The uppermost point indicates that the resonant frequency of the third mode of the biosensor shifted 

down by 23 kHz due to cell binding, and subsequently, shifted up by 18 kHz due to thermal ablation. The 

lowermost point shows the same trend for the second mode, but with lower shifts. Overall, greater shifts 

and greater variability are observed for the third mode than for the second mode. This is because higher 

modes have a higher mass sensitivity and are more sensitive to the spatial distribution of the bound mass 

[13], [28], [29]. Due to the low sensitivity of the first mode, it is not shown. 

To determine the relationship between thermal ablation and cell binding, a simple linear regression was 

performed. The regression equation (see Figure 2.3) shows that for a given shift 𝑥 due to cell binding, there 

is a linearly related shift 𝑦 due to thermal ablation. Quantitatively, thermal ablation restores the biosensor's 

resonant frequencies to 82 % of their initial value, with an offset of 1 kHz. This model, according to the R-

squared value, explains 92 % of the response data around its mean. The offset is not attributable to changes 

in the biosensor's structure or material properties, as explained in the section Materials and methods. The 
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literature confirms that the offset is not attributable to the vaporization of the functionalization layer either 

[28]. Since residual content accumulates on the biosensor due to incomplete thermal ablation, the offset 

could be explained by the vaporization of the residual content. 

The regression equation in Figure 2.3 supports the conclusion inferred from Figure 2.2 that a portion of 

the bound cellular content remains on the biosensor after thermal ablation. It further shows that this residual 

content is equivalent to 18 % of the frequency shifts. To reduce the amount of residual content, three 

strategies are available: increase the heating time, increase the heating rate, or increase the maximum 

temperature. A few tests were performed to see if either of these strategies would work. 

In the first test, the chip was covered with cells and thermally ablated once at 370 °C for 10 min. Then 

it was thermally ablated again at the same temperature and for the same time in increments, and resonant 

frequencies were measured in between increments. Small frequency shifts were measured (≈2 kHz) for the 

third mode, with diminishing shifts as the number of increments increased, indicating that an increase in 

heating time leads to a small reduction in residual content. The result also supports the conclusion that the 

offset in the linear regression is due to the vaporization of the residual content. 

In the second test, the chip was placed on the heating element of an oven as it heated up from room 

temperature to 550 °C over 10 min. Observations under the microscope showed that this strategy removed 

nearly all residual content on the biosensor. However, the extreme temperature shorted the piezoelectric 

layer, preventing further actuation of the biosensor. Therefore, a maximum temperature between 370 and 

550 °C may be more suitable for thermal ablation of devices featuring an aluminum nitride piezoelectric 

film. This could be achieved with a more powerful hot plate. 

In the third test, instead of gradually heating up the chip on the hot plate, the chip at room temperature 

was placed on the hot plate at maximum temperature and left there for 1min. This restored the biosensor's 

third resonant frequency to 104 ± 7 % of its initial value, using a calculated average over three tests. While 

this strategy shows promise for the present biosensor, such an extreme temperature rise may change 

material properties in certain biosensor designs. 
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2.5 Conclusion 

The surface of a silicon biosensor can be effectively regenerated by placing the chip on a hot plate and 

thermally ablating bound biological material at 370 °C. Images show that most of the cellular content of 

bound E. coli cells is removed from the sensing surface. Measurements and analysis further reveal that the 

biosensor's resonant frequencies are restored to 82 % of their initial value. The remaining 18% of the 

resonant frequencies shift is attributable to residual cellular content. This residual content may be further 

removed, without affecting biosensor performance, by performing thermal ablation using a higher 

temperature rise or a higher temperature. Nonetheless, this convenient regeneration technique is of interest 

for researchers developing and testing biosensors made of silicon or other heat resistant materials.  
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Chapter 3 Characterizing the thermal ablation 

of cells 

*Adapted from: S. Leahy, A. Banavali, W. Kong, and Y. Lai, “Characterizing the thermal ablation of 

cells for silicon biosensors,” J. Biomed. Eng. Informatics, vol. 2, no. 2, pp. 109–117, 2016. DOI: 

10.5430/jbei.v2n2p109 

3.1 Abstract 

Being able to restore the surface of biosensors to their initial material-free state after immobilization of 

the biological target can facilitate biosensor development and reduce measurement costs. Thermal ablation 

has been recently proposed as a new method to conveniently accomplish this using high temperature heating 

with a hot plate. Key variables related to chip heating are characterized to optimize the effectiveness of 

thermal ablation. Testing was performed using poly-L-lysine-functionalized silicon-on-insulator chips and 

E. coli. An analysis based on image processing demonstrates that the maximum temperature reached by the 

chip and the length of time the chip is held at the maximum temperature significantly affect cell removal, 

while the heat rate at which the chip goes from room temperature to the maximum temperature does not 

affect cell removal. It was found that nearly all cells can be removed by heating the chip at 425°C for 10 s 

or by heating the chip at 375°C for 100 s. 

3.2 Introduction 

Many biosensors rely on the interaction between a biological target and a bioreceptor immobilized to a 

sensing surface in order to generate a quantifiable signal [12], [25]. Examples of such biosensors include 

static and dynamic cantilever biosensors [11], [30] amperometric and piezoresistive biosensors [9], and 

micro-Raman spectroscopy biosensors [21]. After one or many measurements, most of the bioreceptor sites 

become occupied by the biological target and the sensing surface becomes covered by the biological target 

or contaminants. When this occurs, fewer new biological targets may bind to the sensing surface and the 

biosensor becomes less effective [31]. To perform new measurements, a new biosensor with a clean sensing 

http://www.sciedupress.com/journal/index.php/jbei/article/view/8874/5638
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surface and a new layer of bioreceptors must be used, or the used biosensor must be regenerated in order to 

restore the sensing surface and the bioreceptors to their original state. Being able to conveniently regenerate 

the biosensor is valuable because it can facilitate the development of biosensors and reduce the cost of each 

measurement in end-user applications [9]. 

Several methods exist to regenerate biosensors by overcoming the attractive forces between the 

bioreceptor and the analyte, as shown in a recent review by Goode et al. [25]. The most popular method is 

chemical regeneration, where the solvent environment is altered chemically. This is achieved by applying 

high- or low-pH buffers to the biosensor to denature the bioreceptor and change the ionic strength of the 

environment [8], [32], by using detergents to encourage solubility, or by using glycine to encourage 

separation. Another method is thermal regeneration, where the temperature is sufficiently elevated in order 

to increase the kinetic energy of molecules and overcome binding forces without denaturing the bioreceptor 

[25]. Both methods are useful because they leave the bioreceptor intact. However, they can require specific 

chemicals and delicate and complex procedures. Other methods that do not necessarily leave the biosensor 

intact are ultrasonic cleaning and mechanical cleaning. These methods are limited because they may not 

effectively remove the biological target and they can damage the microstructure of biosensors. 

In previous work by our group, a new method using thermal ablation was presented to restore a silicon 

cantilever biosensor [33]. The motivation behind this method was that silicon biosensors could be 

conveniently restored by heating them to a high temperature, because silicon, silicon derivatives, and other 

heavy metals are much more resistant to high temperatures than biological material. Previous results 

showed that thermal ablation at 370°C for 10 min with a hot plate removes 82% of bound E. coli cells based 

on the resonant frequency shifts of a cantilever biosensor [33]. Thermal ablation also seems to remove the 

functionalization layer. The high temperature heating did not affect the frequency response of the cantilever 

over hundreds of tests, indicating that the chip, including the Aluminum Nitride piezoelectric film, was not 

damaged. The results also suggested that cell removal can be improved by heating the chip at a higher 

temperature, heating it for a longer time, and heating it up faster. 
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The purpose of this study is to characterize how the variables related to chip heating affect the 

effectiveness of thermal ablation. A better understanding of the effect of these variables is valuable for 

optimizing thermal ablation to maximize cell removal and minimize heating time and temperature. In this 

study, the effectiveness of thermal ablation is quantified by using image processing instead of measuring 

the resonant frequency shifts of a cantilever. This approach is more general and is applicable to all surfaces 

to which cells are attached, including biosensors, surgical devices, and other medical equipment. 

3.3 Methods 

3.3.1 Experimental setup 

Thermal ablation tests were conducted using generic 1 mm by 1 mm silicon-on-insulator chips micro-

machined with SOIMUMPs [34], a hot plate, E. coli bacteria, deionized water, poly-L-lysine, and a 

thermally insulated enclosure (see Figure 3.1). 

 
Figure 3.1 Image of the experimental setup for the thermal ablation of cells on the chip. 
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Thermocouple measurements on the chip surface showed that the chip surface reaches a maximum 

temperature of 370°C when it is placed at the center of the hot plate and the hot plate is set to its highest 

temperature. Since thermal ablation may be more effective at higher temperatures [33], the maximum 

temperature of the chip surface was increased by placing the chip inside an thermally insulated enclosure 

on top of the hot plate. The base of the enclosure consists of a 25-mm-thick aluminum base and the cover 

consists of a 25-cent piece. 

The temperature profile of the hot plate surface and the chip surface were measured when an enclosure 

is used (see Figure 3.2). For the measurements, the thermocouple was first placed on the surface of the chip 

and then it was placed on the surface of the hot plate. Using the enclosure, the chip reaches a steady state 

temperature of 425 °C after about 600 s. The steady state temperature is 55 °C higher than the temperature 

reached without using the enclosure. Based on preliminary results concerning cell removal, this steady state 

temperature was deemed high enough for the study. Moreover, as shown in the figure, the temperature 

profile of both the hot plate surface and the chip surface are nearly the same, indicating that the chip heats 

up rapidly. The chip has a high thermal conductivity [149 W/ (m·K)], a large surface area (1 mm), and it is 

thin (400 µm) [27]. Thus, it is expected to respond to temperature changes quickly. Based on these results, 

it was assumed that the chip reaches the temperature of the hot plate instantaneously in the temperature 

range of interest. 
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Figure 3.2 Temperature profile of the hot plate surface and the chip surface when an enclosure is used. 

3.3.2 Testing scheme 

Three variables that affect the effectiveness of thermal ablation were studied: (1) the maximum 

temperature reached by the chip, (2) the length of time the chip is maintained at the maximum 

temperature, and (3) the heat rate for the chip to heat from room temperature to the maximum 

temperature. A testing scheme (see   
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Table 3.1) was prepared to determine the effect of each variable. In the testing scheme, the value of one 

variable was changed while the value of the two other variables was held constant. The maximum 

temperature ranged from 275 °C to 425 °C, the time at maximum temperature ranged from 0 to 1,000 s, 

and the heat rate was either a step increase or a ramp increase. This testing scheme provides results for a 

practical range of values. 
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Table 3.1 Testing scheme 

 

For the heat rate with a step increase, the chip was placed on the hot plate when the chip was at room 

temperature and the hot plate had settled at the maximum temperature, giving a very high heat rate (nearly 

instantaneous). For the heat rate with a ramp increase, the chip was placed on the hot plate when both the 

chip and the hot plate were at room temperature, and then the hot plate was set to the desired temperature. 

For a maximum temperature of 425 °C, the ramp heat rate is roughly 1.2 °C/s (see Figure 3.2), and for a 

maximum temperature of 275 °C, the ramp heat rate is slightly lower. 

3.3.3 Testing procedure 

Three previously used chips were taken for testing. Before running any tests, the chips were restored to 

a reference condition by heating them on the hot plate at 425 °C for 15 min and letting them cool to room 

temperature. This seemed to remove all cells from the chip. 

 In a typical test, the chip was first functionalized by letting a 100 µl droplet of a poly-L-lysine solution 

(0.1% w/v H2O from Sigma-Aldrich) sit on its surface for 5 min. The chip was lifted with tweezers and 

was rinsed with deionized water for 20 s and allowed to dry in air at room temperature. The first image of 

the chip was recorded. A Motic PSM-1000 microscope at 10X magnification with a SONY XCD-V60CR 

camera with 640 × 480 pixels was used to record the image. Then a 100 µl droplet of an E. coli K-12 

sample with a concentration of 2.33 × 108 cells/ml was placed on its surface using a 10 µl pipette and the 

droplet remained there for 5 min. This size of droplet ensured that the entire surface of the chip was in 

contact with the sample, and the concentration was high enough to allow significant cell immobilization 

in a short period. The chip was again rinsed in the same manner previously described and allowed to dry. 

The second image of the chip was recorded. Then the chip was heated on the hot plate according to the 

testing scheme (see   
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Table 3.1) and allowed to cool to room temperature. The third image of the chip was recorded. This 

procedure provided three images of the chip: one image when it was clean (see Figure 3.3A), one image 

after cells where immobilized (see Figure 3.3B), and one image after thermal ablation (see Figure 3.3C). 

These images are referred to as raw images. 

3.3.4 Image processing 

The raw images were processed to quantify the effectiveness of thermal ablation. As an example, Figure 

3.3 shows the raw and processed images for one test where the maximum temperature was 425 °C, the time 

at maximum temperature was 10 s, and the heat rate was a step increase. 

 
Figure 3.3 Raw image taken before cell immobilization (A), after cell immobilization (B), and after thermal ablation (C). 

Processed image showing the pixels that changed when cells were added (B-A) and when cells were removed (C-B). Key areas 

are enclosed in red (a cell in the circle, a contaminant in the triangle, and another contaminant in the square). 

In the top row of the figure, the raw images are shown. In Figure 3.3A, the surface of the chip is clean. 

A contaminant, possibly a dust particle, is identified with a red square. A gold landing pad is also observed 

in the left side of the image. In Figure 3.3B, the chip is speckled with immobilized cells, which appear as 

small dark dots. One particularly large cell (≈5 µm long) is identified with a red circle. Most of the other 

cells seem to be about 1-3 µm long, which agrees with the length of E. coli reported in the literature. The 
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contaminant is again identified with the red square. In Figure 3.3C, the surface of the chip is clean again, 

and no cells are observed. The contaminant is still observed and is again identified. The contaminant seems 

to be resistant to high temperature heating and rinsing. Another contaminant, possibly a large dust particle, 

is also identified with a red triangle. 

In the bottom row of the figure, the processed images are shown. The processed images were obtained 

with GIMP and MATLAB using the following image processing procedure. First, the raw images were 

aligned using an image registration plugin for GIMP and then they were converted from RBG to grayscale. 

Then two new images were produced by performing the subtractions (see Figure 3.3B-A) and (see Figure 

3.3C-B). These subtractions were used instead of the subtraction (see Figure 3.3C-A) because they provide 

a measure of the effectiveness of thermal ablation that is independent of the number of added c ells, while 

(see Figure 3.3C-A) does not. The new images were converted to black and white using a threshold of 0.12, 

and they were cropped to remove inconsistent areas such a s the gold pad. During processing, the brightness 

did not need to be adjusted because all images had the same brightness. No moving average filter was 

required either, because the images had very little Gaussian or impulsive noises. From this procedure, two 

black and white images were produced. One image shows the cells that were added (see Figure 3.3B-A), 

and the other image shows the cells that were removed (see Figure 3.3C-B). Encircled in both images is the 

same large cell that was encircled in Image B, indicating that this cell was first added to the chip, and then 

it was removed. The contaminant identified with the red square in Figure 3.3A, B and C does not appear in 

Figure 3.3B-A or Figure 3.3C-B because it does not change states. The contaminant identified with a red 

triangle in Figure 3.3C does not appear in Figure 3.3C-B because it was located in a section of the image 

that was cropped out during processing. 

3.3.5 Cell removal calculation 

The percentage of white pixels was calculated for each of the processed images. The variable w(B-A) is 

the percentage of white pixels in Figure 3.3B-A, and it represents the percentage of the chip area where 

cells were added. The variable w(C-B) is the percentage of white pixels in Figure 3.3C-B, and it represents 

the percentage of the chip area where cells were removed. Finally, the ratio w(C-B)/w(B-A) was calculated. 
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This ratio represents the percentage of cells that were removed relative to the percentage of cells that were 

added. This ratio was used to quantify the effectiveness of thermal ablation, and it is from here on referred 

to as cell removal. In Figure 3.3, the percentage of cells added is w(B-A) = 1.437 %, the percentage of cells 

removed is w(C-B) = 1.430 %, and the cell removal percentage is w(C-B)/w(B-A) = 99.5 %. 

3.4 Results 

3.4.1 Raw images 

Select raw images of the chips after thermal ablation under different heating conditions are shown in 

Figure 3.4. Each image is equivalent to Figure 3.3C for one test. It should be noted that in the images here, 

as in Figure 3.3C, various large spots appear. These spots are clearly too large to be E. coli cells and they 

are therefore considered to be contaminants. These contaminants were not removed after thermal ablation. 

However, in this study, we are interested in the removal of cells, and these images provide a good 

understanding of how the heating parameters affect cell removal. 

In the top row, the maximum temperature varies, while the time at maximum temperature is 10 s and 

the heat rate is a step increase. With a maximum temperature of 275 °C, few cells are remove from the chip 

(6.6 %), and the remaining cells appear as dark spots. With a maximum temperature of 325 °C, nearly half 

the cells are removed, and the remaining cells appear as fain t spots. The remaining cells appear fainter 

because part of their cellular content has been removed. With a maximum temperature of 375 °C, nearly all 

the cells seemed to be removed. These images show that an increase in maximum temperature between the 

range of 275 °C to 375 °C leads to an increase in cell removal when the time at maximum temperature is 

10 s and the heat rate is a step increase. 

In the middle row, the time at maximum temperature varies, while the maximum temperature is 275 °C 

and the heat rate is a step increase. With a time of 10 s, few cells are removed from the chip, and the cells 

appear as dark spots. With a time of 100 s, more cells are removed, but many still remain on the chip, and 

they appear as dark spots. With a time of 1,000 s, most of the cells are removed, and the few remaining 

cells appear as faint spots. These images show that an increase in time at the maximum temperature between 
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the range of 10 to 100 s leads to an increase in cell removal when the temperature is 275 °C and the heat 

rate is a step increase.  

In the bottom row, one image is shown for ramp heating and another is shown for step heating, for a 

maximum temperature of 425 °C and a time at maximum temperature of 10 s. In both images, no cells are 

observed. This suggests that the heat rate does not have an important effect on cell removal when the 

maximum temperature is 425 °C. When the maximum temperature is lower, perhaps the heat rate has more 

of an effect. 
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Figure 3.4 Raw images after thermal ablation under different heating conditions and corresponding cell removal percentage 

obtained from image processing. 

3.4.2 Analysis of processed images 

Observations made from the raw images led to the following conclusions: cell removal increases with 

the maximum temperature and with the time at maximum temperature, but cell removal does not change 

significantly with the heat rate. 
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To further validate these conclusions, the processed images for all the tests based on the testing scheme 

(see   
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Table 3.1) were analyzed. The relationship between the cell removal percentage and each of the three 

variables of interest was obtained. 

Figure 3.5 shows that cell removal increases with the maximum temperature for a given time at 

maximum temperature of 10 s. The cell removal percentage is below 20 % at 275 °C. Above this 

temperature, it seems to increase non-linearly, and then it saturates at 425 °C. At each temperature, the cell 

removal percentage varies by approximately 10 %. These variations are attributable to slight differences in 

rotational and translational alignment in the images during processing and the attachment or removal of 

contaminants during testing. Considering these variations, it can be concluded that nearly all the cells are 

removed at 425 °C. At 320 °C, there is one data point that is significantly lower than the others. This can 

be explained by the fact that the images used to obtain this data point had larger alignment errors. 

 
Figure 3.5 Relationship between cell removal and the maximum temperature when the time at maximum temperature is 10 s and 

the heat rate is a step increase. 

Figure 3.6 shows that cell removal increases with the time at maximum temperature, and that this effect 

is more significant at lower temperatures than at higher temperatures. At 275 °C, the cell removal 

percentage is below 20 % when the time at maximum temperature is 10 s, but the cell removal percentage 
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increases to about 90 % when the time at maximum temperature is 1,000 s. At 325 °C, a similar yet more 

gradual increase in cell removal percentage is observed, with seemingly no increase in cell removal at 

1,000 s. At 375 °C, the trend is still slightly apparent. However, at this temperature the time at maximum 

temperature seems to have little effect on cell removal since most of the cells are already removed at 10 s. 

The linear trends in the semi-log graph suggest an exponential relationship between cell removal and the 

time at maximum temperature. It can be concluded that nearly all the cells are removed at 375 °C when the 

time at maximum temperature is above 100 s. 

 
Figure 3.6 Relationship between cell removal and the time at maximum temperature when the heat rate is a step increase. No 

data points were obtained at 1,000 s for 375 °C, because it was clear that the cell removal percentage saturates. 

Quantifying the relationship between cell removal and the heat rate is more challenging, because the 

heat rate and the time at maximum temperature are related. As shown in Figure 3.6, cell removal increases 

significantly, even at lower temperatures, when the time at maximum temperature is increased. Therefore, 

with a lower heat rate, cell removal is expected to increase, regardless of the effect of heat rate, since the 

time near the maximum temperature increases. This highlights the importance of dissociating the effect of 

the time at maximum temperature from the effect of the heat rate in this analysis. 
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Table 3.2 Relationship between cell removal and heat rate under different conditions. The cell removal percentage represents the 

average value for three tests with a 95 % confidence interval. 

 
These tests are like those planned in the testing scheme in Table 3.2, and they provide useful data for 

analyzing the effect of the heat rate. At 275 °C, the cell removal percentage is low for ramp heating when 

the time at maximum temperature is 0 s. When step heating is used and the time at maximum temperature 

is nearly the same (10 s), the cell removal percentage is still low and within the same range considering the 

confidence intervals. This suggests that the heat rate has little effect on cell removal, since extreme changes 

in heat rate led to insignificant changes in cell removal percentages. However, when ramp heating is used, 

and the time at maximum temperature is extended to 660 s, the cell removal increases significantly. This 

suggests that the time at maximum temperature has a much more important effect than heat rate. Finally, 

when comparing ramp heating and step heating at 425 °C for similar times at maximum temperature (within 

200 s), insignificant changes in cell removal are observed. 

The results found in this study are in good agreement in general with the results found in a previous 

publication [33], where the resonant frequency shifts of a cantilever biosensor were measured after thermal 

ablation. The resonant frequency shifts showed that heating the biosensor at 370 °C with ramp heating in 

10 min intervals led to insignificant increases in cell removal. Similarly, here it was demonstrated that the 

heating time has little influence on cell removal at a temperature of 375 °C. The resonant frequency shifts 

also suggested that increasing the temperature beyond 370 °C increases cell removal, and here it was shown 

that increasing the temperature to 425 °C does indeed increase cell removal. Finally, the resonant frequency 

shifts (three trials) suggested that at 370 °C step heating provides higher cell removal than ramp heating. 

Here it was demonstrated that this is not the case. Many trials using image processing showed that the heat 

rate does not significantly affect cell removal. Ultimately, the analysis using resonant frequency shifts 

provided useful trends in cell removal, but the analysis here using image processing provided a much more 

in-depth picture of thermal ablation. 
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3.5 Conclusion 

In this study, three key variables that determine the effectiveness of the thermal ablation of biosensors 

were characterized using image processing. Image processing is a simple method to rapidly and accurately 

quantify cell removal. Results revealed that the maximum temperature reached by the chip and the length 

of time the chip is maintained at the maximum temperature significantly affect the cell removal percentage. 

The results also revealed that the rate at which the chip is heated from room temperature to the maximum 

temperature (either a step or a ramp increase) has an insignificant effect on the cell removal percentage. It 

was found that nearly all cells can be removed by heating the chip at 425 °C for 10 s or by heating the chip 

at 375 °C for 100 s. The results are applicable for a range of chip material and biological material and can 

be used to optimize the thermal ablation of biosensing surfaces based on the application. Future work 

involves the integration of a thermal ablation system with a biosensor, thus removing the need to use a hot 

plate. Future work could also investigate whether this regeneration method is effective when the chip is 

covered by antibodies or non-biological chemicals. 
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Chapter 4 Integrating electrokinetics with an 

electrothermal resonator 

*Adapted from: S. Leahy and Y. Lai, “An hourglass design with electrokinetic sampling and electrothermal 

actuation for micro biosensors,” Sensors Actuators B Chem., vol. 223, pp. 123–130, 2016. DOI: 

10.1016/j.snb.2015.09.045 

4.1 Abstract 

An hourglass design that enables electrokinetic sampling and electrothermal actuation for detecting 

waterborne pathogens with micro biosensors is presented. The hourglass component creates a large 

electrical potential drop suitable for dielectrophoresis and serves as a V-shaped microelectrothermal 

actuator for structural measurements. E. coli bacteria from a stagnant 5 µl sample were collected within 

15 min with a signal with an amplitude of 5 V and a frequency of 1 kHz. The bacteria were detected by 

measuring the resonant frequency shifts of the first eight resonant modes of the microstructure, and a 

maximum sensitivity of 20.4 ± 5.3 fg/Hz was achieved with the seventh mode. The hourglass component 

is a unique design solution that combines structural excitation and electrokinetic sampling for micro 

biosensors. 

4.2 Introduction 

Due to their minuscule nature, microstructures, such as microcantilevers, are commonly used to detect 

ultra-small objects including waterborne pathogens [24]. The process by which the analyte is transported 

from the bulk of the sample to the functionalized sensing surface of the microstructure is called sampling. 

It is typically achieved with one or more of the three methods: diffusion, forced convection, and 

electrokinetics. The analyte is detected by measuring the shifts in microstructural resonant frequencies 

resulting from the added mass of the bound analyte.  

Ilic et al. [35] detected E. coli from samples with a concentration of ~109 cells/ml by measuring the first 

resonant mode of a cantilever in air and obtained a sensitivity of 0.9 fg/Hz. Using a cantilever with 

http://www.sciencedirect.com/science/article/pii/S0925400515303531
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nanoscale thickness, Gupta et al. [2] detected a single vaccinia virus particle from samples with a 

concentration of 109 PFU/ml and obtained a much higher sensitivity of 0.16 ag/Hz in air. Later studies 

exploited cantilever vibration theory in liquid [14], [36] which suggests that viscous damping is much lower 

at the millimeter scale than at the micrometer scale, to detect pathogens in real time. Campbell et al. [37]–

[39] detected E. coli, protein and spores in real time in stagnant suspension by measuring the first two 

resonant modes of piezoelectric-excited millimeter-sized cantilevers in liquid. Sampling with diffusion 

alone is ineffective, as cells diffuse slowly and remain scattered when they reach the cantilever’s sensing 

surface. 

In more recent studies, forced convection and electrokinetics has been used to improve sampling. 

Campbell et al. [40], [41] used a cantilever enclosed within a flow cell to detect E. coli in real time at a 

concentration of 1 cell/ml and 10 cell/ml. Gagnon et al. [42] collected E. coli at 500 cell/ml within 20 s 

using high voltage AC electroosmotic and dielectrophoretic traps generated by serpentine wires. Arefin et 

al. [43] detected E. coli in 108 cell/ml phosphate-buffered saline with a piezoresistive microcantilever 

electrode by measuring resistance change after 30 s of applied potential. Finally, Ouyang et al. [19] detected 

E. coli in 105 cell/ml conductive urine samples within 15 min using electrothermal flow.  

A cantilever biosensor incorporating an electrode layout suitable for electrokinetic sampling and 

actuation is a promising solution for detecting waterborne pathogens. In an earlier publication from our 

group, Tomkins et al. [28] presented a microcantilever incorporating a quadrupolar microelectrode array. 

With their design, E. coli from 108 cell/ml stagnant samples was captured with dielectrophoresis within 30 

min and detected with electrostatic actuation by measuring the first five measurable resonant modes in air. 

In this study, we present an improved design that features an hourglass component providing higher 

sensitivity, more effective electrokinetic sampling, and easier excitation for measurement. 
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4.3 Methods 

4.3.1 Design 

The biosensor consists of two arms joined by an hourglass component (see Figure 4.1), and it was 

micromachined with the silicon-on-insulator process SOIMUMPs [34]. The microstructure overhangs a 

trench (not shown) by 78 µm and is anchored to a base (not shown), with a 172 µm span between anchors. 

The biosensor is composed of N-type silicon, with phosphosilicate glass doping at the surface, and gold. 

 
Figure 4.1 Drawing of the biosensor showing dimensions (µm) and materials. 

The hourglass component has a much higher electrical resistance than the arms, which are coated with 

gold, thereby creating a significant electrical potential drop. This electrical potential drop provides a strong 

non-uniform electrical field that is suitable for electrokinetic sampling. Moreover, for most reported 

mechanical biosensors, electrostatic, piezoelectric, or electromagnetic forces are used for structural 

excitation [11], [12]. For our biosensor, the hourglass component acts as a mirrored V-shaped 

microelectrothermal actuator [44] and provides electrothermal actuation. 

4.3.2 Particle capture theory 

AC electrokinetics theory [15], [17] shows that suspended particles can be manipulated under an AC 

field. Dielectrophoresis is the most commonly used electrokinetic effect in particle capture applications 
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[45]. A simple model is considered to predict the velocity and trajectory of suspended particles under an 

AC field. A micron-sized particle is considered to move at its terminal velocity 

 𝑢 = 𝑣 +
𝐹

𝛾
   (4.1) 

where 𝑣 is the velocity of the liquid, 𝐹 is the constant force acting on the particle, and 𝛾 is the friction factor. 

Typically, the fluid velocity is induced by AC electroosmosis, electrothermal flow, and buoyancy, and the 

force is induced by dielectrophoresis, gravity, and Brownian motion. Brownian motion is neglected because 

particles are large, and buoyancy is neglected because the system height is small [15]. The electric field is 

considered to be solenoidal and to have no spatially varying phase. It is assumed that the applied frequency 

is much lower than the charge relation frequency of the electrolyte and that there is a small voltage drop 

across the electrical double layer. Under these conditions, the dielectrophoretic force is [17] 

 〈𝑭𝐷𝐸𝑃〉 =
1

4
𝑉𝑅𝑒[𝛼]∇|�̃�|

2
   (4.2) 

the AC electroosmotic slip velocity is [15] 

 〈𝑢𝐴𝐶𝐸𝑂〉 =
𝜀Λ

2𝜇
𝑅𝑒[(�̃�𝑒 − Φ̃)�̂� ∙ ∇Φ̃∗]   (4.3) 

and the electrothermal body force is [46] 

 〈𝑭𝐸𝑇〉 =
𝜀𝑚(𝑇0)

2
𝑅𝑒 [(𝑐𝜀𝑚

− 𝑐𝜎)(∇T ∙ �̃�)�̃� −
1

2
𝑐𝜀𝑚

∇T|�̃�|
2

]   (4.4) 

where 〈 〉 denotes the time-average, V is the particle volume, 𝑅𝑒[ ] denotes a real component, 𝛼 =

3휀𝑚 (
�̃�𝑝−�̃�𝑚

�̃�𝑝+2�̃�𝑚
) is the effective polarizability of a sphere, 휀𝑚 is the medium permittivity, 휀𝑝 is the particle 

permittivity, ∇ is the gradient, ̃  denotes a complex number, 𝑬 is the electric field, Λ is the correction 

factor, 𝜇 the viscosity, 𝑉𝑒 is the electrode potential, Φ is the bulk potential, �̂� denotes the tangential 

component, * denotes a complex conjugate, 𝑇0 is the ambient temperature, 𝑇 is the temperature, and 

 𝑐𝜀 =
1

𝜀(𝑇0)

𝜕𝜀

𝜕𝑇
|

𝑇0

 and  𝑐𝜎 =
1

𝜎(𝑇0)

𝜕𝜎

𝜕𝑇
|

𝑇0

   (4.5) 

where 𝜎 is the medium conductivity. The gravitational force acting on the particle is 

 𝑭𝑔 = 𝑉(𝜌𝑝 − 𝜌)𝒈  (4.6) 



37 

where 𝜌𝑝 is the particle density, 𝜌 is the liquid density, and 𝒈 is the gravitational acceleration. Using 

Equations (4.1) to (4.6) and double layer charging theory [22], [47], the magnitude of each mechanism 

acting on the particles can be compared, and the motion of the particles can be predicted. The 

dielectrophoretic force is proportional to 𝛼 and ∇|�̃�|
2
. The effective polarizability 𝛼 is maximal for applied 

frequencies from 104 to 107 Hz for a typical cell [15] and sample medium and ∇|�̃�|
2
 is high near sharp 

corners and large resistance changes. 

4.3.3 Structural measurements 

The biosensor was actuated electrothermally. A resistance of 125 ohms was measured across its anchors. 

Such a low resistance produces significant Joule heating in the center of the microstructure and produces 

thermal expansion in the thin segments of the hourglass. For an applied voltage with an amplitude of 5 V, 

a temperature of 68.7 °C was measured at the surface of the biosensor with a 25 µm fine gauge 

thermocouple (OMEGA®), as compared to a simulated temperature of 63.5 °C (COMSOL Multiphysics).  

The resonant frequencies and mode shapes of the biosensor were measured with a vibrometer (Polytec 

MSA-400 Micro System Analyzer). A periodic chirp signal with an amplitude of 2 V and a DC offset of 

1 V was used to excite the biosensor in air. Out-of-plane displacements over the entire surface of the 

biosensor were measured for a frequency range of 0.1 to 10 MHz with a resolution of 1.56 kHz. Quality 

factors were calculated using the half-power bandwidth from a fitted curve provided by the measurement 

instrument. Eight resonant modes were measured, as seen in Figure 4.2. The unidentified peak at 5 MHz 

can be attributed to instrument noise because it is abnormally sharp and its mode shape is irrelevant. 

Figure 4.3 shows the simulated and measured mode shapes and Table 4.1 shows the simulated and 

measured resonant frequencies and the measured quality factors. The simulation and experimental results 

agree reasonably well. All the simulated resonant frequencies 𝑓𝑠 exceed the experimental resonant 

frequencies 𝑓 due to the ideal boundary conditions used in the simulation. The error 𝛿 = |1 −
𝑓𝑠

𝑓
| varies 

from 6.6 to 28.7% across modes, depending on the influence of boundary conditions and fabrication 
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imperfections. In general, the in-plane modes have higher quality factors than the out-of-plane modes, 

because the in-plane modes shear the air while the out-of-plane modes exert normal stress on it [48].  

 
Figure 4.2 Frequency response of the biosensor showing the first eight resonant modes (numbers above peaks). 
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Figure 4.3 Simulated (a) and experimental (b) mode shapes of the biosensor. The first, third, fourth, sixth, and seventh modes are 

out of plane, while the second, fifth, and eighth modes are in plane. 

Table 4.1 Simulated resonant frequencies and measured resonant frequencies and quality factors. 

Mode 1 2 3 4 5 6 7 8 

Simulated resonant 

frequency (kHz) 

1195.5 3064.8 3502.6 4178.8 4472.6 8156.6 8392.0 8992.8 

Experimental resonant 

frequency (kHz) 

956.2 2720.3 2906.3 3920.3 4076.6 6339.1 7389.1 7579.1 

Experimental quality 

factor 

766 1144 1067 1379 2018 598 790 606 

 

This hourglass design presents several advantages over standard cantilevers in terms of actuation. This 

design is more robust than a standard cantilever because it has two anchor points instead of one. This design 

provides access to higher order modes, which are highly sensitive, because it has a complex geometry and 

its actuation mechanism seems to effectively excite many mode shapes. Standard cantilevers are usually 

actuated electrostatically with electrodes below or near the free end of the cantilever. Such a configuration 

limits access to higher order modes. Also, by not requiring electrodes near its free end, this design allows 
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the etching of a trench below the biosensor, which provides increased surface area with the sample, a 

potential flow path for the sample, and prevents stiction. 

4.3.4 Functionalization 

A 10 µl droplet of a poly-L-lysine solution (0.1% w/v H2O from Sigma-Aldrich) was allowed to settle 

on the entire surface of the chip for 5 min and then was removed by aspiration. Then the chip was rinsed 

with ethanol and water. The chip was allowed to dry for 5 min. After rinsing and drying the chip in this 

manner, no droplets were observable through an optical microscope at 20X magnification and the measured 

resonant frequencies were stable. Therefore, this rinsing and drying procedure was used for each 

experiment. No resonant frequency shifts were observed after functionalizing the biosensor (as seen in the 

litereature [28]), which suggests that the functional groups in the poly-L-lysine solution add negligible mass 

to the biosensor. No resonant frequency shifts were observed after activating the electrokinetic effects, 

which suggests that the electrokinetic effects does not change the mass of the biosensor. Finally, we did not 

investigate whether electrokinetic effects remove or denature functional groups. Since E. coli was observed 

to attach in large numbers to the surface of the biosensors during testing, we believe that electrokinetic 

effects do not remove or denature functional groups significantly under the experimental conditions used 

here. However, this is an area for future research. 

4.3.5 Collection 

A sample of E. coli K-12 with a concentration of 4.18×108 cell/ml was ultraviolet-irradiated for 4 min 

and diluted serially with deionized water. A 5 µl droplet with a concentration of 107 cell/ml was placed on 

the bottom of a glass slide mounted to a probe positioner. The tips of the ground and positive probes, 

mounted on two other probe positioners, were lowered onto the landing pads of the biosensor, and the 

droplet was lowered until the chip became engulfed by the sample. During unassisted sampling (without 

electrokinetic effects), the sample was left to stand for 15 min. During assisted sampling (with electrokinetic 

effects), signal with an amplitude of 5 V and a frequency of 1 kHz was applied for 15 min. Frequencies 

from 1 to 3000 kHz were explored, and a frequency of 1 kHz was chosen because cells were seen to collect 
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best at this frequency. Signal voltages above 5 V were also explored. Higher voltages led to an increase in 

cell velocity toward the sensing surface but also caused water ebullition or electrolysis. Collection was 

observable at densities of 105 to 107 cell/ml, but the upper bound was used to account for the low resolution 

of the vibrometer and the limited number of chips available for testing. After collection, the chip was 

thoroughly rinsed with ethanol and water, dried and retested. 

4.4 Results 

4.4.1 Cell capture 

A simulation (COMSOL Multiphysics) based on the theory from Section 4.3.2 was performed to gain a 

better understanding of cell capture with the present hourglass design. Key parameters for the simulation 

are mentioned here. Material properties for silicon, gold, and water were taken from COMSOL library. The 

viscosity, density, thermal conductivity and heat capacity of water, were considered to be temperature-

dependent, while all other properties were considered to be independent of temperature. The ambient 

temperature was 𝑇0=23 °C, the temperature coefficient of conductivity was 𝑐𝜎=0.02 K−1 and the 

temperature coefficient of permittivity was 𝑐𝜀= 0.004 K−1. Cells were considered to be homogeneous 

spheres with a volume of 1 µm3, a wet mass of 1 pg, and a polarizability 𝛼 = 3휀. The applied frequency 

was 1 kHz and the correction factor, based on experimental measurements, was Λ=0.002. The fluid domain 

and the cell velocity induced by dielectrophoresis are shown in Figure 4.4. 

For cell capture to be effective, dielectrophoresis must dominate over all other forces acting on the cells, 

notably the gravitational force and the viscous drag induced by AC electroosmosis and electrothermal flow. 

Thus, to determine the effectiveness of cell capture, the magnitude of the dielectrophoretic force was 

compared to these other forces. For comparison, the AC electroosmotic slip velocity was multiplied by the 

friction factor and the electrothermal body force was multiplied by the cell volume. The simulation showed 

that log(𝐹𝐷𝐸𝑃/𝐹𝑔) ranges from 0.23 to 7, log(𝐹𝐷𝐸𝑃/𝑢𝐴𝐶𝐸𝑂 𝛾) ranges from −0.1 to 4.99, and log(𝐹𝐷𝐸𝑃/𝐹𝐸𝑇𝑣) 

ranges from 0.57 to 3.97. Ratios are high near the biosensor and low away from it. These results indicate 

that dielectrophoresis dominates over the other effects by several orders of magnitude near the biosensor. 
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AC electroosmosis has a relatively strong effect on cell motion, since the applied frequency is near the 

charging frequency of the electrolyte [47]. Mixing induced by AC electroosmosis and electrothermal flow 

and motion induced by gravity are favorable to cell capture, but the simulation shows that these effects can 

be neglected with respect to dielectrophoresis. Thus, the cells are expected to travel according to Figure 

4.4, with velocities ranging from 1 to 10 µm/s near the center of the biosensor and an average velocity of 

1.25 µm/s throughout the domain. Observed cell motion and velocity during testing roughly agreed with 

the simulation, confirming that dielectrophoresis is the dominating mechanism for cell capture. 

 
Figure 4.4 Cell velocity induced by dielectrophoresis, showing the direction (arrows) and magnitude (colour gradient, 10x m/s). 

Figure 4.5 compares images of cell capture for unassisted and assisted sampling. Cells appear as dark 

spots. For unassisted sampling, only a few cells were captured. A cell and what looks like a contaminant 

that was present on the device before it was tested are identified. For assisted sampling at 107 cell/ml, many 

cells were captured on the gold electrodes, with an increasing number of cells toward the center of the 

biosensor and on the edges of the electrodes, where the electric field strength is high due to large changes 

in electrical resistance and sharp bends. Very few cells are observed on the doped silicon, where the electric 

field strength is likely lower. The distribution of captured cells agrees with the observed motion of cells 
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during testing. The biased spatial distribution of cells is expected to influence the sensitivity of the various 

resonant modes, and the modes with antinodes located in the center of the biosensor are expected to have a 

lower sensitivity. 

 
Figure 4.5 Images of the biosensor before and after capturing E. coli for unassisted and assisted sampling. 

4.4.2 Shift in resonant frequencies 

Figure 4.6 shows the eighth resonant frequency for successive experiments with assisted sampling. The 

consistency of the peak magnitudes and the noise is evidence of consistent measurement setup throughout 

the experiments. The resonant frequency shift between the fourth and fifth peak, counting from the right, is 

smaller than that between the first and second peak, indicating that cell capture was less effective after a 

certain number of experiments. This is attributable to an increase in occupied binding sites with experiment 

number. 
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Figure 4.6 Response of the biosensor (magnitude in arbitrary units) near the eighth mode for successive experiments with 

assisted sampling. The eighth resonant frequency, represented by the peaks, decreases as bacterial mass loading on the 

resonator increases with each experiment. 

Figure 4.7 suggests that analyte detection at 107 cell/ml within 15 min using the first eight modes of the 

biosensor is not possible with unassisted sampling. Frequency shifts within 95% confidence intervals are 

near zero and nearly all within the vibrometer resolution. On the other hand, under the same conditions, 

analyte detection is possible with assisted sampling. Frequency shifts within 95% on confidence intervals 

are well below zero for the seventh, eight, sixth, and fourth modes, and slightly below zero for the third 

mode. The highest frequency shift, obtained with the seventh mode, is −23.4 ± 6.1 kHz. The figure also 

shows that confidence interval size decreases with quality factor (see Table 4.1). For example, the fifth 

mode has the highest quality factor and the smallest confidence intervals, and the sixth mode has the lowest 

quality factor and largest confidence intervals after the seventh mode. Overall, the confidence intervals are 

relatively small for unassisted sampling but particularly large for assisted sampling. This is attributable to 

variations in the distribution of attached cells from one experiment to another as more and more binding 

sites became occupied. Overall, the confidence interval size, and thus the resolution of the device, could be 
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significantly improved by removing analyte before each experiment or by using a new biosensor for each 

experiment. 

 
Figure 4.7 Average resonant frequency shifts after 15 min of collection at 107 cell/ml with 95% confidence intervals and a sample 

size of seven. 

4.4.3 Sensitivity 

Sensitivity is a key parameter in characterizing the performance of cantilever biosensors. It is frequently 

defined as the ratio of mass change to frequency change [8] and is written 𝜎𝑛 = −Δ𝑚/Δf𝑛, where 𝑛 is the 

resonant mode number, Δ denotes the final value minus the initial value, 𝑚 is the biosensor’s mass, and 𝑓 

is the resonant frequency. The convention is that an increase in sensitivity represents a decrease in the 

numerical value of 𝜎𝑛. A useful analytical expression for sensitivity has been derived in the literature. The 

resonant frequency of a resonator is 

 𝑓𝑛 =
1

2π
√

𝑘

𝑚eff
   (4.7) 
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where 𝑘 is the stiffness and 𝑚eff is the effective mass. Assuming that stiffness change is negligible and 

using a first order approximation, we can write [9] 

 
Δ𝑓𝑛

𝑓𝑛
=

Δ𝑘

2𝑘
−

Δ𝑚eff

2𝑚eff
≅ −

Δ𝑚eff

2𝑚eff
= −

Δ𝑚

2𝑚
   (4.8) 

Using the previous definition for sensitivity gives 

 𝜎𝑛 =
2𝑚

𝑓𝑛
   (4.9) 

This equation can be used to predict the sensitivity of a biosensor provided the mass and resonant 

frequencies are known. It also shows that sensitivity increases with the resonant frequency, as reported in 

the literature [13], [29]. However, the equation does not take into account the spatial distribution of the 

added mass. 

The analytical sensitivity of the biosensor was calculated with Equation (4.9) using experimental 

resonant frequencies and a calculated mass of 70.2 ng for the biosensor. To calculate the experimental 

sensitivity, a method similar to that used in the literature was followed [38]. It was assumed that a monolayer 

of wet cells covered the entire exposed surface of the gold electrodes. This gave a mass of 478.9 pg, the 

equivalent of about 500 cells, which roughly agrees with the number of captured cells that can be counted 

in Figure 4.5.  

Figure 4.8 discloses an overall increase in experimental sensitivity with mode number. A maximum 

sensitivity of 20.4 ± 5.3 fg/Hz was obtained with the seventh mode. Because the first, second, and fifth 

modes have sensitivities below the detection threshold, they were excluded from the experimental curve. 

The relationship between the experimental sensitivity and the mode number seems to follow an exponential 

trend. This is an interesting observation, as Ghatkesar et al. [29] also reported an exponential relationship 

between mode number and sensitivity for bending modes. Another observation is that there are local 

variations in the exponential trend. For example, the experimental sensitivity of the fifth mode (not shown 

because detection was not possible) is significantly lower than that of the third and fourth modes. This is 

attributable to the biased distribution of captured cells. Because very few cells were captured near the 

antinodes of the fifth mode (compare Figure 4.5 and Figure 4.3), small frequency shifts were obtained. The 
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drop in experimental sensitivity from the seventh mode to the eighth mode is also attributable to the biased 

distribution of captured cells. 

 
Figure 4.8 Analytical and experimental sensitivities across resonant modes. Confidence intervals are proportional to those in 

Figure 4.7. 

The analytical sensitivity follows the same trend as the experimental sensitivity. The analytical 

sensitivity ignores the spatial distribution of attached cells. Thus, it fails to predict the correct sensitivity 

for certain modes. In general, analytical sensitivities are higher than experimental sensitivities. This can be 

explained by the fact that the ideal mass of the biosensor was used to calculate analytical sensitivity. In 

reality, the mass contribution of vibrating elements beyond the anchor decreases the sensitivity of the 

biosensor. By including this mass contribution, a more accurate prediction of sensitivity could be made. 

Overall, this analysis of sensitivity shows that the biosensor is most effective when we use higher order 

modes that have mode shapes that align with the biased spatial distribution of captured cells.  

4.5 Conclusion 

This study demonstrates that an hourglass design enables electrothermal actuation and electrokinetic 

sampling for micro biosensors for detecting waterborne pathogens. The design provides access to up to 
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eight resonant modes with electrothermal actuation in air, giving a maximum sensitivity of 20.4 ± 5.3 fg/Hz 

and elegantly freeing up the free end of the microstructure from electrodes required for electrostatic 

actuation. The sensitivity of the biosensor was observed to increase exponentially with mode number and 

vary depending on the biased distribution of cells and antinode location. The design enables effective 

electrokinetic sampling by capturing cells with dielectrophoresis with an amplitude of 5 V and a frequency 

of 1 kHz. Results show that electrokinetic sampling significantly improves cell capture as compared to 

sampling with diffusion alone. After collecting E. coli cells for 15 min from a stagnant 5 µl with a 

concentration of 107 cell/ml, detection was achieved with electrokinetic sampling, but it was not achieved 

with unassisted sampling. This design is a considerable improvement over the last design by our group, 

which incorporated a quadrupolar microelectrode array, because it provides higher sensitivity, more 

effective electrokinetic sampling, and easier excitation for measurement. Present research efforts are being 

directed toward sampling with both electrokinetics and forced convection in order to lower the detection 

limit and detection time for cantilever biosensors. 
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Chapter 5 Integrating electrokinetics with a 

piezoelectric resonator 

*Adapted from: S. Leahy and Y. Lai, “A cantilever biosensor exploiting electrokinetic capture to detect 

Escherichia coli in real time,” Sensors Actuators B Chem., vol. 238, pp. 292–297, 2017. DOI: 

10.1016/j.snb.2016.07.069 

5.1 Abstract 

A cantilever biosensor with integrated electrodes for piezoelectric actuation and electrokinetic capture 

is used to detect cells in real time. The sandwich electrodes used for electrokinetic capture present 

advantages over side-by-side electrodes in terms of reducing the gap size between electrodes and the 

structural mass added to the cantilever. The fifth resonant mode (≈617 kHz) of the biosensor provided a 

signal-to-noise ratio of 82 within 10 min when E. coli was measured from a stagnant sample with a 

concentration of 107 cells/ml. The seventh resonant mode (≈1160 kHz) provided a signal-to-noise ratio of 

26 within 10 min when E. coli was measured from a flowing sample (400 µl/min) with a concentration of 

105 cells/ml. The estimated sensitivity of the seventh resonant mode is 326 fg/Hz based on images of 

captured cells. 

5.2 Introduction 

Miniature biosensors capable of detecting biological particles in real time possess great advantages over 

conventional laboratory tests which are time-consuming and costly. These biosensors find many 

applications in food and water analysis, clinical diagnosis, and environmental monitoring [8]. Several types 

of biosensors have been developed, including static and dynamic cantilever biosensors [11], [30], 

amperometric and piezoresistive biosensors [9], and Raman spectroscopy biosensors [18], [21]. Dynamic 

cantilever biosensors have enjoyed considerable attention due to their remarkable sensitivities (∼fg/Hz) in 

air [2], [35] and in water [49], [50]. Such high sensitivities suggest that the mass of a small number of cells, 

http://dx.doi.org/10.1016/j.snb.2016.07.069
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even ones as small as E. coli (≈1 pg), can be measured in both mediums, with water being the preferred 

medium because it is usually the natural medium of the biological target. 

When a biological target is captured on the functionalized sensing surface of a cantilever, the mass of 

the cantilever increases and typically the resonant frequency decreases. For successful detection, the 

measurement system must provide a response with a high signal-to-noise ratio. To provide this, especially 

for samples with low concentrations, the cantilever biosensor must capture the biological target effectively 

and it must exhibit high sensitivity and low noise. 

The biological target is typically captured using diffusion, sedimentation, or forced convection. To 

accelerate capture, electrokinetic effects can be used. Several electrode designs, including serpentine wires 

[42], dot electrodes [51][13], electrode rings [19], and quadrupolar electrode array [21], [28] have been 

reported. These electrodes create strong electric fields that induce bulk fluid motion through ac 

electroosmosis or electrothermal flow and capture bio- logical targets through dielectrophoresis. 

Besides accelerating the capture of the biological target, the sensitivity of the cantilever biosensor can 

be improved. In general, the sensitivity of a cantilever biosensor increases when its size decreases or when 

a higher order resonant mode is used [29]. By decreasing the size or by employing higher resonant modes 

to achieve higher sensitivity, the measurement noise is usually increased as well. Smaller cantilevers are 

subject to increased damping due to increased viscous effects [14], especially in water, and higher order 

resonant modes are usually harder to excite and measure accurately. Maraldo et al. demonstrated that the 

use of larger cantilevers (∼mm) with geometric discontinuities and high order resonant modes [49], [52] 

can improve sensitivity and reduce noise in water. 

Inspired by our previous work [31] and the above literature, we developed a cantilever biosensor with 

integrated electrodes for piezoelectric actuation and electrokinetic capture. In this study we present and test 

this biosensor. To the best of our knowledge, this is the first report of a cantilever biosensor exploiting 

electrokinetic capture to detect E. coli in real time. 
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5.3 Methods 

5.3.1 Design 

The cantilever biosensor was fabricated with the PiezoMUMPs process [27], a process for 

micromachining piezoelectric devices in a silicon-on-insulator framework. The process has four layers: a 

silicon structural layer (10 µm) doped at the surface, a silicon oxide insulating layer (1 µm), an aluminum 

nitride piezoelectric layer (0.5 µm), and a gold electrode layer (0.52 µm).  

The biosensor consists of a microcantilever with three integrated electrodes (see Figure 5.1). The first 

electrode is the doped silicon, the second electrode is the gold strip at the fixed end, and the third electrode 

is the gold strip that starts at the fixed end and forms a spiral at the free end. The piezoelectric strip is 

sandwiched between the doped silicon and the gold strip at the fixed end. Applying electrical potential 

across the piezoelectric strip causes it to deform and in turn causes the cantilever to vibrate primarily out 

of plane. The silicon oxide strip is sandwiched between the doped silicon and the other gold strip. Applying 

electrical potential across the silicon oxide strip creates a strong electric field, since the vertical and 

horizontal gap between the electrodes is small. At frequencies of ∼100 kHz, the electric field induces ac 

electroosmotic flow over the biosensor and dielectrophoretic capture of cells on the edges of the electrodes. 

Actuation and electrokinetic capture can be performed simultaneously by connecting the doped silicon to 

ground and connecting one gold strip to the actuation signal and the other gold strip to the electrokinetic 

capture signal. 
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Figure 5.1 Isometric drawing of the biosensor showing dimension (µm) and materials. 

Sandwich electrodes present advantages over conventional side-by-side electrodes for electrokinetic 

capture. The main advantage is that they use the underlying doped structure as one of the electrodes, thus 

reducing the electrode mass by half. This directly increases the sensitivity of the biosensor. Another 

advantage is that they allow the distance between electrodes to be reduced which results in strong electrical 

fields and stronger electrokinetic effects between the two electrodes. In general, in surface micromachining 

it is harder to reduce the space below 2 µm between two side-by- side electrodes due to mask alignment 

challenges, but it is easy to obtain submicron space for sandwich electrodes. 

5.3.2 Dynamic response 

The dynamic response of the biosensor was evaluated in air and water in order to determine which 

resonant modes should be used for testing. A periodic chirp signal with an amplitude of 3 V was applied 

across the piezoelectric film. A map of out-of-plane displacements in picometers was measured with a 

vibrometer (Polytec MSA-400 Micro System Analyzer) in the frequency range of 10 to 4000 kHz. This 

map provides the dynamic response at meshing points on the biosensor surface and the mode shape of the 

biosensor at any given frequency. Figure 5.2 shows the dynamic response at the free end of the biosensor 

and the mode shape of the fifth and seventh resonant modes.  
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Figure 5.2 (Top) Dynamic response in air and water. The quality factor is shown for the fifth and seventh mode. (Bottom) Mode 

shape in water for the 5th and 7th mode. The images are provided directly by the vibrometer software. Each image is a map of 

measured out-of-plane displacements overlaid with an image from an optical microscope at 20X magnification. 

In air, seven resonant modes have strong responses, with amplitudes exceeding 200 pm. The mode 

shapes (not shown) revealed that these modes are bending modes. In water, only four resonant modes have 

strong responses, with amplitudes exceeding 100 pm. The other three modes are observables but weak. The 

increased broadening and shifting of the resonant peaks from air to water is due to the increase in viscous 

effects [14]. The two highest order modes with the best response in water are the fifth mode (≈617 kHz) 
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and seventh mode (≈1160 kHz). Both modes are bending modes and they have quality factors above 35. 

The mode order was confirmed with a modal analysis (COMSOL Multiphysics). 

5.3.3 E. coli preparation 

A concentrated sample of E. coli K-12 was provided by Dr. Yang from the Department of Pathology 

and Molecular Medicine at Queen’s University. The bacteria were killed via UV irradiation for 4 min. 

Diluted samples from 104 to 107 cells/ml were prepared with deionized water. 

5.3.4 Chip preparation 

A clean or previously used chip (with E. coli on it) is taken for testing. Steel tweezers are used to move 

the chip during the different preparation steps. The chip is placed on a hot plate (Corning 6795-400D PC- 

400D) and heated from room temperature to 450◦C over 10 min in order to vaporize any biological material 

on it [33], [53]. The chip is removed from the hot plate, placed on a glass slide, and allowed to cool for 1 

min. The chip is functionalized with poly-L-lysine [54]. Since poly-L-Lysine is positively charged, it can 

be attached to negatively charged surfaces such as oxides and metals in water and it can electrostatically 

retain particles with negative surface charges such as E. coli [28], [55], [56]. A 100 µl droplet of poly-L-

lysine solution (0.1% w/v H2O) from Sigma-Aldrich is placed on the surface of the chip using a 10 µl 

pipette and is left there for 5 min. The chip is lifted and rinsed for 20 s with deionized water. The chip is 

placed on a paper towel so that most of the water is removed. 
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Figure 5.3 Experimental setup. 

5.3.5 Microfluidic platform 

A microfluidic platform (see Figure 5.3) was fabricated to deliver the sample solutions to the biosensor. 

It consists of two 45 × 20 × 1.6 mm3 PMMA plates, a 10 × 10 × 0.15 mm3 PDMS gasket, 1 cm of large 

tubing (Saint-Gobin Tygon R-3603 AAC00001), and 25 cm of small tubing (Dow Corning 508-002). The 

top plate has an inlet and outlet port and a 1 mm wide open channel on the bottom side connecting both 

ports. The inlet has a notch so that the large tubing can be fitted on it. A milling machine (Sherline 8541) 

was used to create these features. The inlet and outlet ports were drilled with a 0.45 mm drill bit and the 

channel and the notch were milled with a 1 mm end mill. One end of the small tubing was fitted on the 

large tubing, and the other end was fitted on the needle of the syringe before testing. The bottom plate 

covers the open channel. It was joined to the top plate using a clamp and acetone. The PDMS gasket creates 

a seal between the outlet of the microfluidic platform and the chip. A PDMS sheet was spin coated (Laurell 

WS- 400-6NPP-LITE). The sheet was cut with a scalpel and a hole was punched through it with a syringe 

needle. The gasket was aligned over the outlet hole on the microfluidic platform. 

5.3.6 Testing 

The biosensor was tested under two different conditions. In the first condition, the biosensor was 

immersed in stagnant samples at higher concentrations and the 5th mode was continuously measured. In 
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the second condition, the biosensor was immersed in flowing samples at lower concentration and the 7th 

mode was continuously measured to ensure decent signals can be obtained from the biosensor. In either 

testing condition, the experimental setup shown in Figure 5.3 and the following testing procedure were 

used. 

A 200 µl sample of deionized water or E. coli at the desired concentration is mixed on a vortex mixer 

(Scientific Industries Vortex-Genie 2) for 1 min and loaded into a clean 500 µl syringe (Hamilton 1750). 

The syringe is installed in the syringe pump (Cole Parmer 780100C) and the tubing is fitted on the needle 

of the syringe. Air in the tubing is removed by pushing the plunger of the syringe until the sample reaches 

the end of the tubing. 

The chip is placed on the gasket of the microfluidic platform and is aligned so that the hole around the 

biosensor is concentric to the outlet hole on the microfluidic platform. Light pressure is applied on the chip 

with tweezers to create a seal. The microfluidic platform, with the chip installed, is placed on the plate of 

the probe station (Polytec MSA-400 Micro System Analyzer) and a magnet is placed on top of the 

microfluidic platform to hold it in place. The large end of the tubing is fitted on the inlet of the microfluidic 

platform. Using a microscope, the three signal probes are lowered onto the electrode pads of the biosensor, 

and the vibrometer laser is focused on the free end surface of the biosensor. A probe positioner fitted with 

a glass slide is placed above the biosensor and lowered until it approaches the surface. The plunger of the 

syringe is pressed until the sample flows out of the hole around the biosensor and covers the entire chip. At 

this point, the chip is ready for testing. For the stagnant sample tests, the syringe pump remains off. For the 

flowing sample test, the syringe pump is activated at 400 µl/min. The actuation signal (periodic chirp, 

amplitude of 3 V) and the electrokinetic capture signal (sinusoidal wave, amplitude of 5 V, frequency of 

120 kHz) are activated and the resonant frequency and the peak amplitude are measured every 10 s for 10 

min using a script written in Visual Basics for Applications. The resonant frequency is measured by taking 

the peak frequency from a fitted curve. After the test, the signals are turned off, the probes are elevated, and 

the chip is removed from the microfluidic platform. The chip, the microfluidic platform, the tubing, and the 
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syringe are rinsed with deionized water. An image of the biosensor is taken at 20X magnification with the 

optical microscope. 

5.4 Results 

5.4.1 Stagnant sample 

The biosensor was exposed to stagnant samples and the fifth resonant mode was continuously measured 

for 10 min. Figure 5.4 shows the response of the biosensor for six tests: one control test with deionized 

water, one control test with a sample concentration of 107 cells/ml and no applied electrokinetic capture 

signal, two tests with a sample concentration of 106 cells/ml, and 2 tests with a sample concentration of 107 

cells/ml. 

 
Figure 5.4 Real-time resonant frequency shifts of the fifth resonant mode of the biosensor for stagnant sample tests. 

There are large final resonant frequency shifts (−2720 to -3350 Hz) for the 107 cells/ml tests, moderate 

final resonant frequency shifts (−80 to −310 Hz) for the 106 cells/ml tests, and small final resonant frequency 

shifts (30 Hz) for both control tests. These final frequency shifts are denoted as ∆𝑓𝑓𝑖𝑛𝑎𝑙. Taking the highest 

root-mean-squared noise from the control tests (∆𝑓𝑟𝑚𝑠 = 41 Hz), the calculated signal-to-noise ratio 
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(∆𝑓𝑓𝑖𝑛𝑎𝑙/∆𝑓𝑟𝑚𝑠) [49], [57] ranges from 66 to 82 for the 107 cells/ml test and from 2 to 8 for the 106 cells/ml 

test. A higher frequency drop occurs at a higher sample concentration because more cells are located near 

the biosensor, and therefore more cells are captured onto the sensing surface over the entire test. The 

biosensor showed no significant response for the control test with a sample concentration of 107 cells/ml 

and no applied electrokinetic capture signal. Therefore, cell capture is ineffective without an applied 

electrokinetic capture signal.  

In the 107 cells/ml tests, the resonant frequency drops quickly in the first few minutes, then it starts to 

settle after about 6 min. This is expected. Initially, the local concentration of cells near the biosensor is 

effectively 107 cells/ml and all the binding sites (spots where cells can bind) on the biosensor are vacant. 

Therefore, the cell binding rate (number of cells that bind over time) is high. After several minutes, the 

local concentration of cells is lower and many of the binding sites are occupied. Moreover, electrokinetic 

capture may be less effective when the electrodes are covered in cells. Therefore, the cell binding rate is 

low. This settling effect is less pronounced in the 106 cells/ml tests likely because the final resonant 

frequency shift is small.  

There is an observable variation in curve steepness in the 107 cells/ml tests. Observations under the 

microscope revealed that this variation is related to cell capture and not some other factor, since the density 

of captured cells visibly agreed with the magnitude of the final resonant frequency shift. The variation in 

curve steepness is thought to be due to variations in the electric field strength used for electrokinetic capture. 

The electric field strength can vary due to changes in contact resistance between the signal probes and the 

landing pads on the chip or the amount of oxide on the surface of the electrodes. If this electric field strength 

changes, the effectiveness of electrokinetic capture also changes. In particular, the speed and the range of 

electrokinetic capture could change. 

5.4.2 Flowing sample 

To improve the response of the biosensor at lower sample concentrations, testing was performed with 

flowing samples instead of stagnant samples and a higher order resonant mode was used. The biosensor 
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was exposed to flowing samples (400 µl/min) and the seventh resonant mode was continuously measured 

for 10 min. Figure 5.5 shows the response of the biosensor for six tests: two control test with deionized 

water, one control test with a sample concentration of 105 cells/ml and no applied electrokinetic capture 

signal, and three tests with a sample concentration of 105 cells/ml. 

  
Figure 5.5 Real-time resonant frequency shifts of the seventh resonant mode of the biosensor for flowing sample tests (400 

µl/min). 

There are large final resonant frequency shifts for the 105 cells/ml tests (−1075 to −1536 Hz) and small 

final resonant frequency shifts (74 to −154 Hz) for the control tests. Taking the highest root-mean-squared 

noise from the control tests (58 Hz), the calculated signal-to-noise ratio ranges from 19 to 26 for the 

105 cells/ml tests. Again, the biosensor showed no significant response for the control test with a sample 

concentration of 105 cells/ml and no applied electrokinetic capture signal. This indicates that cell capture is 

ineffective without applying an electrokinetic capture signal. 

In the 105 cells/ml tests, the resonant frequency drops quickly in the first few minutes and then settles 

after about 6 min in a similar manner to the 107 cells/ml tests with stagnant samples. In this case, however, 

the local concentration of cells near the biosensor remains constant since the sample is flowing. Therefore, 

the settling effect of the resonant frequency is entirely due to a decrease in the number of vacant binding 
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sites on the biosensor or a decrease in the effectiveness of electrokinetic capture as the electrodes become 

covered in cells. 

There is some variation in curve steepness in the 105 cells/ml tests, but this variation is less significant 

than the variation observed in 107 cells/ml tests. Interestingly, there is little variation in curve steepness 

before 2 min but more variation after 2 min. Observations under the microscope also revealed here that the 

variation is related to cell capture due to agreement between the density of captured cells and the magnitude 

of the final resonant frequency shift. As in the 107 cells/ml tests, the variation in curve steepness here can 

be attributed to variations in the electric field strength used for electrokinetic capture. However, since the 

sample concentration is lower and since the sample is flowing, perhaps small variations in electric field 

strength have less of an influence on the response of the system. 

There is also more noise in one of the control tests. The peak vibration amplitude during all three control 

tests was similar, therefore the problem does not seem to be related to the actuation of the biosensor. The 

increase in noise could be related to the measurement setup. One explanation is improper focusing of the 

vibrometer laser on the surface of the biosensor, since signal noise is strongly affected by the focusing of 

the laser. 

5.4.3 Images 

After each test, the biosensor was rinsed with deionized water and dried in air and an image was taken 

at 20X magnification with an optical microscope. Figure 5.6 shows the images corresponding to the tests 

in Figure 5.4 and Figure 5.5 where the electrokinetic capture signal was on. The figure also includes an 

image taken after a 30-min test with a sample concentration of 104 cells/ml. To assist the reader with 

visualization, an example of a cluster of cells is identified by a red circle, an example of a single or a couple 

cells is identified by a red triangle, and an example of a contaminant (possibly a dust particle) is identified 

by a red square. Observations at 40X magnification under the microscope helped confirm these elements 

with good confidence. 



61 

 
Figure 5.6 Images of the dried biosensor after testing under stagnant and flowing conditions at different concentrations with an 

applied electrokinetic capture signal. 

As expected, we observe that more cells are captured at a higher sample concentration than at a lower 

sample concentration and that very few cells are captured after the control test with deionized water. The 

few cells that are present are probably leftovers cells in the fluidic circuit or the syringe from previous tests. 

For the concentrations used in this study, these leftover cells are negligible, but if testing were to be 

performed at lower concentrations, thorough sterilization of the fluidic circuit would be required. Visible 

cell capture (≈100 cells) at a concentration of 104 cells/ml under flowing conditions is also possible when 

the testing time is extended from 10 to 30 min. However, real-time testing was not recorded at this 

concentration because the response of the biosensor was weak and blended in with measurement noise. 

In all the images, the highest density of cells is located along the edges of the narrow gold electrode that 

forms the spiral. This is especially apparent for the 107 cells/ml test. A high density of cells is expected in 

this region because this is where the electric field is stronger. The electric field becomes gradually weaker 

along the inner rings of the spiral due to the increase in electrical resistance with electrode length. Therefore, 

fewer cells are located in this region. Even fewer cells are located in this region for the flowing sample test. 

The interaction between the drag force acting on the cells from the fluid motion and the electrokinetic 

effects likely prevents cells from reaching the inner rings of the spiral. Some cells are also located along 

the edges of the wide gold electrode used for structural excitation. Although the signal applied to this 
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electrode is for structural excitation and not electrokinetic capture, the electric field along its edges is still 

strong enough to capture cells. 

The previous images as well as final resonant frequency shifts can be used to estimate the effectiveness 

of cell capture and the sensitivity of the biosensor in water. The 105 cells/ml test is considered, since it 

represents the best operating conditions for the biosensor (seventh resonant mode and flowing sample) and 

the number of cells in the image is low enough to be roughly counted manually. From the image, it is 

estimated that 500 cells were captured. The number of cells that passed over the biosensor in 10 min with 

a flow rate of 400 µl/min and a concentration of 105 cells/ml is 400,000. Therefore, the percentage of cells 

captured or the cell capture efficiency is roughly 500/400,000 = 0.125 %. This cell capture efficiency is 

quite low compared to that reported for microfluidic devices using electrokinetic capture in the literature 

(>55 %) [58]. However, here our flow rate is much higher than that used in those devices. Also, since our 

electrodes need to be integrated with the cantilever, our capture area is quite small. The final frequency 

shift was -1536 Hz and the estimated mass of one E. coli cell in water is 1 pg. Therefore, the sensitivity of 

the biosensor in water is 500 pg/1536 Hz = 326 fg/Hz. This sensitivity is comparable to values reported in 

the literature [59]. For example, sensitivity of 200 fg/Hz was reported by Hosaka et al. for a cantilever with 

a length of 335 µm. 

5.5 Conclusion 

In this study, a cantilever biosensor exploiting electrokinetic capture to detect E. coli in real time was 

presented and tested. Within 10 min, the biosensor showed signal-to-noise ratios up to 82 for stagnant 

samples with a concentration of 107 cells/ml and ratios up to 26 for flowing samples with concentration of 

105 cells/ml. A strong response at 105 cells/ml was obtained by using flowing samples and a higher order 

resonant mode. Images of the dried biosensor showed that most cells are captured along the outermost edges 

of the spiral electrode. Sandwich electrodes are effectively a smart design solution to reduce the electrode 

mass and gap for cantilever biosensors. Future work will focus on improving the layout of the sandwich 

electrodes and reducing the mass of the biosensor in order to detect E. coli at lower concentrations. 
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Chapter 6 Improving the performance of 

cantilever biosensors in liquid with a gap 

method 

*Adapted from: S. Leahy and Y. Lai, “A cantilever biosensor based on a gap method for detecting 

Escherichia coli in real time,” Sensors Actuators B Chem., vol. 246, pp. 1011–1016, 2017. DOI: 

10.1016/j.snb.2017.02.144 

6.1 Abstract 

Dynamic-mode cantilever biosensors are an attractive technology for measuring the presence or 

concentration of biological particles in a sample, but their performance is severely reduced in liquid due to 

damping. A few techniques have emerged to overcome damping, including the use of millimeter-sized 

cantilevers and suspended microchannel resonators. Here we present a newly discovered technique to 

overcome damping and obtain strong responses in liquid. E. coli cells are collected in a micron-sized gap 

at the free end of a cantilever using electrokinetic effects and they are measured in real time using the 

frequency shift of the fundamental resonant frequency of the cantilever. The effect of gap size, cantilever 

usage, and electrokinetic voltage are analyzed. Measurements are performed without surface 

functionalization, flow, or a frequency tracking circuit using samples with concentrations as low as 

100 cells/ml. 

6.2 Introduction 

Dynamic-mode cantilevers biosensors are an attractive technology for measuring the presence or 

concentration of biological particles [6], [60] such as cells [1], [61], viruses [4], proteins [4], [62], [63], and 

DNA [64], in a sample. They are highly sensitive, label-free, and can be mass-produced cheaply [11], [12]. 

They work based on the following principle: when a biological particle is captured on the functionalized 

sensing surface of the cantilever, the mass of the cantilever increases and the resonant frequency decreases 

[9]. They distinguish themselves from static-mode cantilevers biosensors, which deflect as a results of 

http://dx.doi.org/10.1016/j.snb.2017.02.144
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surface-stress change [59], and are generally considered more sensitive than them. The performance of 

dynamic-mode cantilevers depends on the value (Hz), the quality factor, and the mode order [65] of the 

resonant frequency. In liquid, their performance is severely reduced due to damping [14]. Damping reduces 

the value and the quality factor of the resonant frequency and makes higher order modes difficult to 

measure. 

A few techniques have emerged to improve the performance of cantilevers in liquid. These include 

collecting particles in liquid and then making measurements in air or vacuum [2], [66], [67], using a 

resonant frequency tracking circuit [68]–[70], using the higher order resonant modes of a large cantilever 

[41], [49], [71], or using suspended microchannel resonators [72], [73]. In one technique, millimeter-sized 

cantilevers with geometric discontinuities were used to measure E. coli in liquid at concentrations as low 

as 100 cells/ml using a flow rate of 1 ml/min [49]. High order modes (~30th order) were excited using 

geometric discontinuities and damping was significantly reduced by using cantilevers at the millimeter 

scale [74]. In another technique, suspended microchannel cantilevers surrounded by vacuum were used to 

measure individual E. coli cells in liquid using a flow rate of 600 pl/min [73]. Damping was significantly 

reduced by putting the cantilevers in vacuum and using a resonant frequency tracking circuit.  

Here we present a newly discovered technique for performing real-time measurements with cantilever 

biosensors. E. coli cells are collected in a micron-sized gap between the free end of a microcantilever and 

a wall using electrokinetic effects (Figure 6.1). When the cells are collected in the gap, the fundamental 

resonant frequency of the cantilever decreases. When the cells are released, there is a partial rebound in the 

resonant frequency. In all the tests, no surface functionalization or flow is used and measurements are 

performed in liquid without a frequency tracking circuit. This bare testing condition is used so that the base 

performance of the biosensor can be assessed without the influence of additional variables.  
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Figure 6.1 (Top) Illustration of the gap method, including a schematic graph of the cantilever response. (Bottom) Schematic of 

the cantilever, the wall, and the cells. Before activating the electrokinetic effects, the frequency shift is null and the cells are 

randomly dispersed around the gap. When the electrokinetic effects are activated, the cells are collected in the gap, resulting in a 

growing negative frequency shift. When the electrokinetic effects are deactivated, some cells are released from the gap, resulting 

in a frequency rebound. 

6.3 Methods  

6.3.1 Cantilever design 

Silicon cantilevers (200 µm long, 40 µm wide, 10 µm thick, 199 ng mass as designed) were fabricated 

with gap sizes of 2.7, 3, and 4 µm (measured with a Quanta 650 FEG scanning electron microscope) 

between their free end and a wall using the PiezoMUMPs micromachining process [27]. Figure 6.2 shows 

an image and the dynamic response of a cantilever with a 2.7 µm gap. The cantilevers have a piezoelectric 

strip (aluminum nitride sandwiched between gold and doped silicon) at their fixed end and they are 

suspended above a trench. Applying voltage across the piezoelectric strip (across the gold and the doped 

silicon on the cantilever) causes the cantilevers to vibrate out of plane. In air, the resonant frequency of a 

typical cantilever is 287.15 kHz and the quality factor is 205. In water, the resonant frequency is 181.43 kHz 

and the quality factor is 8. For the frequency response in water, the measured amplitudes were divided by 
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the refraction index of water (1.333), since the optical path length is influenced by the refractive index of 

the medium1. The mode shape clearly shows that the fundamental resonant frequency of the cantilever is 

being excited. From air to water, the resonant frequency drops by 37 % and the quality factor drops by 

97 %. Such large drops are expected since the cantilever is small (~µm) and at small scales viscous effects 

dominate inertial effects [14]. Applying voltage across the cantilevers (doped silicon on the cantilever) and 

the wall (doped silicon on the wall) at frequencies of 200 kHz induces AC electroosmotic flow around the 

cantilevers and dielectrophoretic collection of cells near the gap. In our previous work, these same 

electrokinetics effects have been used with cantilevers to collect cells [28], [31], [75]. Cantilever actuation 

and electrokinetic collection can be performed simultaneously by grounding the cantilevers (doped silicon 

on the cantilever) and applying independent positive signals to the piezoelectric strip (gold) and the wall 

(doped silicon on the wall). 

 
Figure 6.2 (Left) Scanning electron microscope image of the cantilever. (Right) Dynamic response of the cantilever in air and in 

water and mode shape in water. The quality factors are shown. The mode shape is provided directly by the vibrometer software. 

It represents a map of measured out-of-plane displacements overlaid with an image from an optical microscope at 20X 

magnification. 

                                                      
1 http://www.polytec.com/fileadmin/user_uploads/Applications/General_Vibrometry/LM_AN_VIB-G-

04_TRansparent_Fluids_2005_11_PDF_E.pdf 

http://www.polytec.com/fileadmin/user_uploads/Applications/General_Vibrometry/LM_AN_VIB-G-04_TRansparent_Fluids_2005_11_PDF_E.pdf
http://www.polytec.com/fileadmin/user_uploads/Applications/General_Vibrometry/LM_AN_VIB-G-04_TRansparent_Fluids_2005_11_PDF_E.pdf
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6.3.2 Testing setup 

The chip is placed on a hot plate (Corning 6795-400D PC-400D) and heated from room temperature to 

450°C over 10 min. This vaporizes all biological material on it [33], [53], including cells bound in the gap. 

The chip is removed from the hot plate and allowed to cool at room temperature for 1 min. The chip is 

installed in a microfluidic platform. The microfluidic platform consists of a micromilled (Sherline 8541) 

PMMA plate (45 x 20 x 1.6 mm3) featuring a microchannel (1 mm wide), two ports (0.4 mm diameter), a 

PDMS gasket, and tubing (1 cm of Saint-Gobin Tygon R-3603 AAC00001 and 25 cm of Dow Corning 

508-002). The microfluidic platform is secured on a probe station (Polytech MSA-400 Micro System 

Analyzer) with a magnet. An empty 500 µl syringe (Hamilton 1750) is connected to a port on the 

microfluidic platform and installed in a syringe pump (Cole Parmer 780100C). Using the microscope, the 

three signal probes are lowered onto the electrode pads of the cantilever. A centrifuge tube filled with 

distilled water (control tests) or UV-killed E. coli K-12 diluted at the desired concentration (105 to 

102 cells/ml) is mixed on a vortex mixer (Scientific Industries Vortex-Genie 2) for 1 min. A 150 µl droplet 

of the sample is placed on the chip and the syringe plunger is pulled so that half the sample is sucked into 

the microfluidic platform. A glass slide fixed to a probe positioner is lowered onto the droplet in order to 

flatten the droplet for the vibrometer measurements. The vibrometer laser is pointed on the free end of the 

cantilever. In our previous work [75], an image of a similar experimental setup is shown. 

6.3.3 Measurements 

The actuation signal (periodic chirp, 3 Vp amplitude, 50 to 400 kHz) is activated. A VBA script is run 

to measure the resonant frequency and the peak amplitude every 10 s. The resonant frequency and peak 

amplitude are measured by taking the peak frequency and peak amplitude from a fitted curve.  After 1 min, 

the electrokinetic collection signal (sinusoidal wave, 1 to 5 Vp amplitude, 200 kHz frequency) is activated. 

Then, 1 min before the end of the test, the electrokinetic collection signal is deactivated. The length of time 

for which the electrokinetic collection signal is applied depends on the nature of the test. For tests at 
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concentrations from 105 to 103 cells/ml, 6 min is used, while for tests at a concentration of 102 cells/ml, 

30 min is used.  

To verify that the response of the cantilevers was significant for different sample concentrations, the 

minimum signal-to-noise ratio was calculated. It was calculated by dividing the resonant frequency shift 

right before the electrokinetic collection signal was deactivated by the RMS noise from the control test. 

The minimum resonant frequency shift and maximum RMS noise from the trials were used as a worst-case 

scenario. 

6.4 Results 

6.4.1 Cell collection 

Figure 6.3 shows images of E. coli collection in water near the gap. Before activating the electrokinetic 

effects, we observe no cells on the surface of cantilever or the wall. This is expected since the concentration 

of the sample is low and the area captured in the image is small (50 µm wide, 30 µm high, and the focus 

depth of the microscope is about 5 µm). We do observe a few dark specs on the surface of the cantilever 

and the wall. These specs are likely contaminants such as dust particles. After activating the electrokinetic 

effects for 3 min, we observe many cells on the surface of the cantilever and the wall. This indicates that 

the electrokinetic effects are effectively collecting the cells and concentrating them near the gap. 

Concentrating the cells at this location, the free end of the cantilever, is desirable since it is well established 

that this is the most sensitive location of a cantilever when the fundamental resonant frequency is used [13]. 

The cells are hard to see because they are translucent in water, but they are visible against a light 

background. A cluster of cells is identified in the image. We cannot clearly see cells in the gap itself due to 

the dark background, but we can vaguely distinguish their outline. When we carefully adjusted the focus 

while directly making observations under the microscope, we could see many cells in the gap. After 

deactivating the electrokinetic effects, we see the cells disperse from the gap. 
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Figure 6.3 Images (optical microscope with 40X magnification) in water of E. coli collection near the gap (2.7 µm). The 

cantilever is exposed to a stagnant sample of 150 µl of E. coli with a concentration of 105 cells/ml. A signal with an amplitude of 

4 Vp and a frequency of 200 kHz is applied across the gap for electrokinetic collection. A contaminant, a cluster of cells, and cell 

dispersing are identified. 

6.4.2 Gap size 

Cantilevers with three different gap sizes (2.7, 3, and 4 µm) were tested. Figure 6.4 shows the response 

of the cantilevers for the different gap sizes. 

 
Figure 6.4 Response of cantilevers with different gap sizes. The cantilevers are exposed to a stagnant sample of 150 µl of E. coli 

with a concentration of 104 cells/ml. A signal with an amplitude of 4 Vp and a frequency of 200 kHz is applied across the gap 

from 1 to 6 min for electrokinetic collection. Control tests were performed using a 2.7 µm gap and distilled water. 

From 0 to 1 min, before the electrokinetic effects are activated, the frequency shift is insignificant for 

all the cantilevers. At 1 min, when the electrokinetic effects are activated, the frequency shift remains 

insignificant for the control tests but increases sharply (in magnitude) for all the cantilevers exposed to 
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E. coli samples. At this moment, as illustrated in Figure 6.1, cells are being collected in the gap because of 

the dielectrophoretic force acting on the cells. E. coli cells are rod-shaped and typically 2 µm long and 0.5 

µm wide. Thus, they can easily fit in gap sizes that are between 2.7 and 4 µm. As more cells are collected, 

the frequency shift continues to rise, and it rises more for smaller gap sizes. At 6 min, when the 

electrokinetic effects are deactivated, the frequency shift rebounds sharply, and it rebounds more for smaller 

gap sizes. At this moment, as shown in Figure 6.1, many loose cells that were collected in the gap but likely 

not physically attached to the surface are suddenly released because of the dielectrophoretic force no longer 

acting on them. The frequency shift finally stabilizes at a value below zero. This is likely because some 

cells are firmly captured in the gap. The partial rebound shows that the cantilever responds not only the 

attachment of cells but also to the proximity of them. 

The frequency shifts measured with the gap method are much larger than those predicted by dynamic-

mode cantilever theory under ideal conditions (ideal cell attachment, full surface coverage, and no 

damping). A minimum frequency shift of 1071 Hz is obtained at 6 min with a gap size of 2.7 µm. The 

frequency shift predicted by the theory, assuming a monolayer of cells covers the surface of the cantilever 

at the gap (cross-sectional area of the cantilever) [38], is 𝑚𝑎𝑑𝑑𝑒𝑑/𝜎 =182 Hz, where the mass of cells added 

is 𝑚𝑎𝑑𝑑𝑒𝑑 = 𝑚𝐸.𝑐𝑜𝑙𝑖(𝐴𝑔𝑎𝑝/𝐴𝐸.𝑐𝑜𝑙𝑖), the mass of an E. coli cell is 𝑚𝐸.𝑐𝑜𝑙𝑖 = 1 pg, the area of the gap is 

𝐴𝑔𝑎𝑝 = (40 µm)(10 µm), the area of an E. coli cell is 𝐴𝐸.𝑐𝑜𝑙𝑖 = (0.5 µm)(2 µm), the sensitivity of the 

cantilever is 𝜎 = 2𝑚/𝑓 [9], the mass of the cantilever is 𝑚 = 199 ng, and the resonant frequency is 𝑓 =

181 kHz. The frequency shift obtained with the gap method is more than 5 times higher than what is 

predicted by the theory. We think that the cells collected in the gap form a bridge between the free end of 

the cantilever and the wall. This bridge could increase damping at the free end of the cantilever and cause 

the resonant frequency to drop further than expected. 

The frequency shift at 6 min increases significantly as the gap size decreases. The frequency shift is 

expected to increase as the gap size decreases because of improved cell collection, since the 

dielectrophoretic force is inversely proportional to the cube of the distance between the electrodes 
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(𝐹DEP~∇|𝐸|2~𝑉2/𝑥3). At 6 min, the minimum frequency shift is -298 Hz for the 4 µm gap and -1071 Hz 

for the 2.7 µm gap. This represents an increase in frequency shift of 259 % for a decrease in gap size of 

33 %. 

6.4.3 Cantilever usage 

Figure 6.5 shows the response of the cantilever with a gap size of 2.7 µm as a function of usage. The 

cantilever has a repeatable response, even after being used 50 times. For the tests shown, the frequency 

shift varies between -1260 and -1409 Hz (12 % difference relative to smallest shift) at 6 min and between 

-443 and -581 Hz (31 % difference relative to smallest shift) at 7 min. This demonstrates that the heating 

technique used to restore the cantilever (see Testing setup) is effective and does not damage the cantilever. 

The cantilever can be used many times if the electrodes are not severely scratched by the landing probes or 

damaged from electrolysis at high voltage and low frequency. 

 
Figure 6.5 Cantilever response as a function of usage. A cantilever with a gap size of 2.7 µm is exposed to a stagnant sample of 

150 µl of E. coli with a concentration of 104 cells/ml. A signal with an amplitude of 4 Vp and a frequency of 200 kHz is applied 

across the gap from 1 to 6 min for electrokinetic collection. 



72 

6.4.4 Electrokinetic voltage 

Cells are collected in the gap with two electrokinetic effects: dielectrophoresis and AC electroosmosis. 

Dielectrophoresis is the migration of polarizable particles toward the position of maximum electric field 

strength in a nonuniform electric field [15]. AC electroosmosis is fluid flow generated by the action of an 

applied electric field on the mobile charge of a given solid-liquid interface [15]. Typically, dielectrophoresis 

is used to capture particles and AC electroosmosis is used to mix and collect particles. 

Figure 6.6 shows the response of the cantilever with a gap size of 2.7 µm when different electrokinetic 

voltages are applied across the gap. As the voltage increases, the frequency shift at 6 min increases. This is 

expected since the dielectrophoretic force is proportional to the voltage squared. At 2 Vp the frequency 

shift at 6 min is about -700 Hz and 5 Vp it is about -1350 Hz. This represents an increase in frequency shift 

of 93 % for an increase in voltage of 150 %. As the voltage increases from 1 to 3 Vp, the frequency shift at 

6 min increases significantly. As the voltage is further increased from 3 to 5 Vp, the frequency shift at 6 min 

increases more moderately. This shows that, at a certain point, increasing the voltage does not lead to a 

significant frequency shift. However, at 5 Vp, the sharpness of the response from 1 to 3 min is clearly higher 

than it is at lower voltages. Thus, at higher voltages, an increase in voltage seems to still have a significant 

impact of the initial sharpness of the response.  
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Figure 6.6 Cantilever response for different electrokinetic voltages. A cantilever with a gap size of 2.7 µm is exposed to a 

stagnant sample of 150 µl of E. coli with a concentration of 104 cells/ml. A signal with a frequency of 200 kHz is applied across 

the gap from 1 to 6 min for electrokinetic collection. 

6.4.5 Concentration 

The cantilever with a gap size of 2.7 µm was tested at different concentrations. Figure 6.7 shows the 

response of the cantilever to sample concentrations from 105 to 102 cells/ml. A concentration-dependent 

response is observed. 

At 105 cells/ml, the frequency shift clearly settles below 1400 Hz at 3 min. The settling is thought to 

occur when the gap becomes filled to its maximum capacity with cells. At 104 cells/ml, the frequency shift 

starts to settle around 1000 Hz at 5 min. At 103 cells/ml, the frequency shift decreases nearly linearly 

throughout the test. The response is still strong at this concentration. The smallest frequency shift at 6 min 

is -203 Hz and the highest root-mean-squared noise in the control tests is 12 Hz. This represents a minimum 

signal-to-noise ratio of 17. 
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Figure 6.7 Response of a cantilever with a 2.7 µm gap for different concentrations. The cantilever is exposed to stagnant samples 

of 150 µl. A signal with an amplitude of 4 Vp and a frequency of 200 kHz is applied across the gap from 1 to 6 min (top) and from 

1 to 30 min (bottom) for electrokinetic collection. Control tests were performed with distilled water. 

As the concentration decreases from 105 to 103 cells/ml, the variation in frequency shift between the 

tests also decreases. This can be attributed to an increase in the available surface binding area per cell as 
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the concentration decreases. At higher concentrations, more cells are loosely bound in the gap. These loose 

cells likely generate a variable frequency shift, depending on their orientation and packing in the gap. At 

lower concentrations, most of the cells are firmly bound in the gap. This would also explain why the 

frequency shift rebound decreases as the concentration decreases. 

For the test with a concentration of 102 cells/ml, the time was extended to 31 min, since cell collection 

takes longer. At this concentration, the smallest frequency shift at 6 min is 459 Hz and the highest root-

mean-squared noise in the control tests is 41 Hz. This represents a minimum signal-to-noise ratio of 11, 

which is impressive considering the samples are stagnant and have a volume of merely 150 µl (15 cells). 

To the best of our knowledge, this ratio is higher than any other ratio reported in the literature for a cantilever 

operated in liquid at 102 cells/ml using the fundamental resonant frequency [59]. The reason the gap method 

provides such a strong response at low concentration is likely that it allows cells to be rapidly collected and 

concentrated at the free end of the cantilever, which is the most sensitive region of the cantilever. Moreover, 

the cells collected in the gap may form a bridge between the free end of the cantilever and the wall and add 

damping to the cantilever.  

With so few cells in the sample, distinct steps in the response of the cantilever would be expected as 

individual cells are collected in the gap. However, distinct steps are not observed. Perhaps surface 

interactions between individual E. coli cells and the gap generate a gradual response rather than a sudden 

one. In addition, it is possible that there are several cell fragments in the sample and that collectively these 

cell fragments are generating a more gradual response. 

The 31 min control tests have a consistent negative frequency drift that reaches about -100 Hz at 31 min. 

The 7 min control tests also have a consistent negative frequency drift, but it is so small (about -20 Hz after 

7 min) that it is not seen in the figure. This drift can be attributed to water evaporation. The droplet on the 

chip is flattened by a glass slide, but its sides are exposed to ambient air. Changes in the droplet size can 

lead to local pressure changes that influence the resonant frequency of the cantilever. This effect was 

mitigated by reducing the exposed area of the droplet and using stagnant samples instead of flowing 

samples. However, it could be further reduced by putting the cantilever in a closed chamber. 
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6.5 Conclusion 

A dynamic-mode cantilever biosensor based on a gap method was used to make real-time measurements 

of E. coli cells in liquid using the fundamental resonant frequency. The measurements were performed in 

liquid without surface functionalization, flow, or a frequency tracking circuit using samples with 

concentrations as low as 100 cells/ml. 

We think the gap method is so effective because (1) electrokinetic effects rapidly collect cells and 

concentrate them at the most sensitive location on the cantilever and (2) cells collected in the gap form a 

bridge between the free end of the cantilever and the wall and add damping to the cantilever. Results showed 

that smaller gap sizes and higher electrokinetic voltages lead to a sharper response and that the cantilever 

can be reused many times without loss of function. 

The gap method provides a new way of measuring biological particles in liquid. This method opens the 

door to a variety of new designs for performing measurements in liquid, including smaller or thinner 

cantilevers (nanocantilevers instead of microcantilevers). These cantilevers are much more sensitive in air 

than their larger size counterparts but their performance is drastically reduced in liquid due to damping. 

Perhaps with the combined effects of electrokinetics and cell bridge formation across the gap, provided by 

the gap method, these smaller or thinner cantilevers can outperform their larger size counterparts. Further 

study of the gap method and the effect of cell bridge formation across the gap is warranted. It would be 

particularly valuable to compare the resonant frequency shifts of a cantilever when particles are deposited 

on its top surface (conventional method) with the resonant frequency shifts when particles are deposited 

across the gap. 
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Chapter 7 Studying the gap method in air 

*Adapted from: S. Leahy and Y. Lai, “A gap method for increasing the sensitivity of cantilever biosensors,” 

(submitted to Biosensors and bioelectronics). 

7.1 Abstract 

Dynamic-mode cantilever biosensors are an attractive technology for biological sensing. However, 

researchers are constantly seeking ways to increase their sensitivity, especially in liquid, in order to rapidly 

detect biological particles in dilute samples. Here, we investigate a gap method for increasing their 

sensitivity. We design a microcantilever with a micron-sized gap between its free end and a wall. We study 

the frequency response of the cantilever in air after individual micron-sized polystyrene particles bind in 

the gap and form a bridge between the cantilever and the wall. We show that particles bound across the gap 

induce structural coupling between the cantilever and the wall. We also demonstrate that the gap method 

seems to be based on stiffness-change instead of mass-change and that it generates resonant frequency shifts 

over two order of magnitude higher than conventional cantilever biosensors. 

7.2 Introduction 

Dynamic-mode cantilever biosensors are an attractive technology for biological sensing because they 

are label-free, highly sensitive, and can be mass-produced at low cost [6], [11], [12], [24], [76]. With 

applications looking to measure smaller and smaller particles and to make measurements at lower and lower 

concentrations, researchers are constantly seeking ways to improve the sensitivity of dynamic-mode 

cantilevers. The physics describing these devices is well understood; it shows that when their mass 

increases, their resonant frequency decreases, and that their sensitivity (Hz/g) is related to their resonant 

frequency, mode order, and quality factor [9]. 

For measurements in air or vacuum, significant improvements in sensitivity have been achieved by 

miniaturizing cantilevers down to the nanoscale. Using such scales, single bacteria [35] and viruses [2] 

have been detected and attogram [66] and zeptogram [77] sensitivity have been demonstrated. For 
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measurements in liquid, however, miniaturization has led to much more modest improvements in sensitivity 

due to the dominating effect of viscous damping at smaller scales [14]. Therefore, other techniques have 

been developed to increase sensitivity. These include using a resonant frequency tracking circuit [68], [69] 

using the higher order resonant modes of a millimeter-sized cantilever [7], [38], [49], [57], [64], [71], [78], 

or integrating a suspended microchannel with a cantilever [72], [73]. These techniques have provided 

sensitivities high enough for measuring single bacteria. However, they can be difficult to implement, are 

not necessarily adapted to standard micromachining processes, and still leave much to be desired in terms 

of sensitivity.  

Here we study a new technique called the gap method for increasing the sensitivity of cantilever 

biosensors. We designed a cantilever that has a micron-sized gap between its free end and a wall.  When 

individual polystyrene particles are deposited across the gap, they greatly change the frequency response 

of the cantilever. Experiments and simulations suggest that the gap method is more sensitive than 

conventional cantilever biosensors and that it relies on a change in effective stiffness of the cantilever 

instead of a change in its effective mass. 

7.3 Methods 

7.3.1 Theory 

The gap method is based on the following model of a cantilever (see Figure 7.1a). We assume that the 

cantilever is made of an isotropic material and that it has a large aspect ratio, a small deflection compared 

to its thickness, and a single-layer uniform rectangular cross-section. We also assume that damping is 

negligible [59]. 

 
Figure 7.1 Model of a plain cantilever (a), a cantilever with a particle on its free end (b), and a cantilever with a particle across 

its free end and a nearby wall (c). 

Under these assumptions, the bending resonant frequencies of the cantilever are 
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where 𝑛 is the bending mode order, 𝑡 is the thickness, 𝜆𝑛 is the solution to 1 + cos(𝜆𝑛) cosh(𝜆𝑛) = 0, 𝐿 is 

the length, E is the Young’s modulus, 𝜌 is the density, 𝑘eff𝑛
 is the effective stiffness and 𝑚eff𝑛

 is the 

effective mass. The right-hand solution is the resonant frequency of the cantilever expressed in the form of 

an equivalent harmonic oscillator model. The harmonic oscillator model is useful for calculating the 

fundamental resonant frequency shift caused by depositing a particle onto the free end of the cantilever. 

For the fundamental resonant frequency, the effective stiffness of the cantilever is  

 𝑘eff1
=

𝐸𝑤𝑡3

12𝐿3    (7.2)  

and the effective mass of the cantilever is 
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where 𝑤 is the width of the cantilever. If a particle is deposited onto the free end of the cantilever (see 

Figure 7.1b), it will add an effective stiffness 𝑘effp
 and an effective mass 𝑚effp

, which can be expressed 

respectively as the relative effective stiffness added 
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   (7.4)  

and the relative effective mass added 
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   (7.5)  

The resonant frequency of the cantilever with the particle added on the free end is then 
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and the resonant frequency shift is  

 𝑓𝑝 − 𝑓0 = 𝑓0 (√
1+𝑟𝑘

1+𝑟𝑚
− 1)   (7.7)  

This equation shows that the frequency shift depends on 𝑓0, 𝑟𝑘, and 𝑟𝑚. For conventional cantilevers, 𝑟𝑘 

is usually negligible compared to 𝑟𝑚, since the mass-change effect of deposited particles often dominates 

the stiffness-change effect [59]. Also, 𝑟𝑚 depends on the location of the particle; it increases as the particle 
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approaches the free end of the cantilever. However, for cantilevers with a gap (see Figure 7.1c), one can 

reasonably imagine 𝑟𝑘 dominating over 𝑟𝑚 when a particle is deposited across the gap, provided the stiffness 

of the bridge formed by the particle is important relative to the stiffness of the cantilever. Should this be the 

case, we would expect cantilevers based on the gap method to be more sensitive than conventional 

cantilevers. 

We note that, conveniently, our analysis here ignores damping and that our subsequent experiments are 

performed in air, a medium with insignificant damping, even though most biosensing measurements are 

performed in liquid, a medium with significant damping.  However, we consider this to be acceptable, since 

we are mainly interested in comparing cantilevers with the gap with conventional cantilevers and we expect 

the effect of damping to be similar for both cantilevers. 

7.3.2 Design 

We fabricated cantilevers on silicon-on-insulator chips using the PiezoMUMPs micromachining process 

[27] (see Figure 7.2). The cantilevers are 200 µm long and have a mass of 199 ng. The cantilevers have a 

3 µm gap between their free end and a wall. This gap size is the smallest recommended size in the process 

handbook. The wall is a large fixed-fixed beam. The cantilevers have a piezoelectric strip (aluminum nitride 

sandwiched between gold and doped silicon) at their fixed end and they are suspended above a trench. 

Applying voltage across the piezoelectric strip (across the gold and the doped silicon on the cantilever) 

causes the cantilevers to vibrate out of plane. 
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Figure 7.2 Isometric drawing of the cantilever with a gap. The cantilever, the wall, and the anchored surfaces are identified. The 

dimensions are in µm. Underlined dimensions are not to scale. The material layers are color-coded: red is for silicon (doped at 

surface), blue is for aluminum nitride (piezoelectric material), and yellow is for gold. 

7.3.3 Particle deposition 

Polystyrene microspheres were used for testing since they are available in a variety of sizes and they 

can easily be deposited onto and removed from silicon surfaces. We chose particles (Polysciences Inc, 

07312-5) with a diameter of 6 µm, which is slightly larger than the gap size of the cantilever. The particles 

have mass of ≈250 pg. We deposited the particles onto the surface of the cantilevers by placing a 10 µl 

droplet of a solution of polystyrene microspheres, diluted with distilled water to a concentration of 105 

particles/ml, on the surface of the chip and letting the solution evaporate. We removed the particles from 

the surface of the cantilevers by slanting the chip and rinsing it vigorously with distilled water for 15 s. 
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7.4 Results 

7.4.1 Comparison between a conventional cantilever and a cantilever with a gap 

We first compared the change in frequency response of a conventional cantilever with that of a cantilever 

with a gap in response to particle deposition. In the experiment, we measured the frequency response of 

both the conventional cantilever and the cantilever with a gap before depositing particles, after depositing 

them, and after rinsing them off. Both cantilevers had the same geometry, except the conventional cantilever 

did not have a wall near its free end. The cantilevers were excited with a periodic chirp signal with an 

amplitude of 3 V and the frequency response of a point on the free end of the cantilevers was measured 

from 50 to 400 kHz with a vibrometer (Polytec MSA-400 Micro System Analyzer). 

Figure 7.3 shows the zoomed-in frequency responses (270 to 310 kHz) of the conventional cantilever 

and the cantilever with a gap and the corresponding images. Before depositing particles (b and e), each 

cantilever has a clean surface. The conventional cantilever has a resonant frequency of 294.9 kHz and the 

cantilever with a gap has a resonant frequency of 289.6 kHz, and the amplitude at resonance for both 

cantilevers is ≈10-8 m. Maps of out-of-plane displacements obtained with the vibrometer confirmed that 

these resonant frequencies represent the first bending mode of the cantilevers (see [31], [75] for similar 

work). After depositing particles (c and f), each cantilever has 8 particles scattered on its surface, and the 

cantilever with a gap has an additional particle across the gap. A zoomed-in image of the gap shows that 

this particle forms a bridge across the wall and the left corner of the free end of the cantilever. As expected, 

the resonant frequency of the conventional cantilever drops by 0.9 kHz, since its effective mass of the 

cantilever has increased. In comparison, the resonant frequency of the cantilever with a gap is no longer 

observed and the amplitude has dropped to ≈10-11 m over the frequency range shown. This suggests that the 

deposition of a single particle across the gap increases the effective stiffness of the cantilever so 

significantly that it increases the resonant frequency of the cantilever above the measured range. It also 

suggests that the increase in effective mass from the deposition of the 8 other particles is insignificant 

compared to the increase in effective stiffness from the deposition of the single particle across the gap. 
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Finally, after rinsing the particles off (d and g), all the particles are removed from the cantilevers and the 

frequency response of each cantilever returns to its original state. 

 
Figure 7.3 (a) Zoomed-in frequency responses of a normal cantilever and a cantilever with a gap when the cantilevers are clean, 

with particles, and when the particles are rinsed off. (b)-(g) Images that correspond to the frequency responses. 

To see if the gap method produces a repeatable change in frequency response, we performed the 

experiment several times and we calculated the amplitude ratio obtained with each cantilever. The 

amplitude ratio, although based on amplitude shift, is related to the resonant frequency shift, and it can be 

used to measure changes in frequency response [31], [79]. It is defined as 𝐴𝑖(𝑓𝑖)/𝐴𝑓(𝑓𝑖), where 𝐴𝑖 is the 

initial (clean cantilever) amplitude, 𝑓𝑖 is the initial (clean cantilever) resonant frequency, and 𝐴𝑓 is the final 

(cantilever with particles) amplitude. The amplitude ratio represents the change in amplitude at a fixed 

frequency. For example, in Figure 7.3a, for the conventional cantilever, 𝑓𝑖=294.9 kHz, 

𝐴𝑖(𝑓𝑖)=1.225x10-8 m, and 𝐴𝑓(𝑓𝑖)=1.645x10-9 m, which gives an amplitude ratio of 7.5.  

Figure 7.4 shows the amplitude ratios obtained for both cantilevers. When the conventional cantilever 

has 3 particles on it, it has an amplitude ratio of 4.5. In comparison, when the cantilever with a gap has 3 

particles on it, it has an amplitude ratio of 1677.8, which is more than two orders of magnitude higher than 
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the corresponding value for the conventional cantilever. Overall, in all the tests, the amplitude ratio of the 

cantilever with a gap is one to three orders of magnitude higher than that of the conventional cantilever. 

The amplitude ratio of the conventional cantilever increases as more particles are deposited onto its 

surface. We expect this, since as more particles are deposited onto its surface, the effective mass of the 

cantilever increases. We note some variability in the trend, which we attribute to variations in the spatial 

distribution of the particles. When the spatial distribution is biased toward the free end of the cantilever, 

larger amplitude ratios are expected, and when it is biased toward the fixed end, smaller amplitude ratios 

are expected.  

The amplitude ratio of the cantilever with a gap jumps to a much higher value than the conventional 

cantilever when the number of deposited particles goes from 0 to 3. As the number of deposited particles 

further increases, the slope for the cantilever with a gap levels off, especially in comparison to the slope for 

the conventional cantilever. We think the main reason for this is that the deposition of a single particle 

across the gap causes the amplitude ratio of the cantilever with a gap to start to saturate. It is established in 

the literature that cantilever biosensors become less sensitive as the added mass increases [50]. Similarly, 

we think that the cantilever with a gap becomes less sensitive as the added stiffness from the particles 

deposited across the gap increases. We also note that in any given test, although there are anywhere between 

3 and 34 particles on the surface of the cantilever with a gap, due to the random spatial distribution of the 

particles, there are only between 1 and 5 particles across the gap itself. Since the change in frequency 

response of the cantilever with a gap seems to be more closely related to the number of particles deposited 

across the gap rather than the total number of particles on the surface of the cantilever, we plotted the 

amplitude ratio as a function of the number of particles across the gap. Here, as expected, we observed a 

stronger trend and a sharper slope between the number of deposited particles and the amplitude ratio. 
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Figure 7.4 Amplitude ratio of a normal cantilever and a cantilever with a gap as a function of the number of particles deposited 

onto the cantilevers. The cantilever with a gap had between 1 to 5 particles in the gap in all the tests. 

7.4.2 Average frequency response 

In the previous experiments, the frequency response of a single point on the free end of the cantilever 

with a gap was measured from 50 to 400 kHz. To better understand how the frequency response of the 

cantilever with a gap was being changed by the deposition of particles across the gap, we performed a 

second experiment. We measured the average frequency response of the entire surface of the cantilever 

instead of only measuring a single point and we increased the measured frequency range from 50 to 400 kHz 

to 50 to 2000 kHz. 

Figure 7.5 shows the average frequency response of the cantilever and the corresponding image of the 

gap for five tests. In the first test (b), there are no particles across the gap and the frequency response of the 

cantilever is typical. The peak at 289.1 kHz is the first bending mode and the peak at 1264.0 kHz is the 

second bending mode. Maps of out-of-plane displacements obtained with the vibrometer confirmed the 

mode shapes. 
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Figure 7.5 (a) Average frequency response of a cantilever with a gap when the cantilever has no particles on it and when it has 

particles across the gap. (b)-(f) Close-up images of the gap that correspond to the frequency responses. The particles are 

encircled. 

In the next four tests (c to f), there is either one or two particles across the gap. Instead of obtaining a 

slight decrease in both resonant frequencies, as we would expect with a conventional cantilever, we obtain 

a host of new low frequency peaks around the original peak of the first bending mode (between 0 and 

500 kHz) and a single dominant peak above each of the original peaks of the first and second bending 

modes. The low frequency peaks seem to be the result of structural coupling between the cantilever and the 

wall through the particle bound across the gap. Since the new peaks are much sharper than the original peak 

of the first bending mode, and since they overlap each other between tests, they are not likely associated 

with the cantilever. Instead, they are likely associated with the wall because the wall is a large fixed-fixed 

beam with many resonant frequencies in this frequency range.  

The dominant peaks above each of the original peaks of the first and second bending modes, with their 

broad shape and high amplitude, closely resemble the original peaks (especially d, e, and f) and they do not 
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overlap each other between tests. These peaks are likely the first and second bending modes of the 

cantilever. Assuming they are, we can make the following observation using spectrum (e) as a reference. 

The resonant frequency of the first bending mode has increased by 205.6 kHz, which is over two orders of 

magnitude higher than the 0.9 kHz increase we obtained previously with the conventional cantilever (see 

Figure 7.3). The resonant frequency of the second bending mode has increased by 30.9 kHz, which is much 

lower than the first bending mode. This suggests that the effective stiffness added by the particles is highest 

for the first bending mode. 

7.4.3 Simulation 

To validate our analysis of the gap method, we simulated with COMSOL Multiphysics the average 

frequency response of the cantilever under different loading conditions. We used the same geometry and 

materials for the cantilever and the wall as we had in our experiments. We modeled the polystyrene particle 

as a cube (6 µm side length) rigidly attached to surfaces. To excite the cantilever, we applied an electric 

potential of 3 V across the piezoelectric strip from 1 to 2 MHz with a step size of 2 kHz. We simulated 

damping with the Rayleigh damping model using the experimental resonant frequencies and quality factors 

of the first two bending modes of the cantilever as inputs. We also performed a simulation of the wall 

without the cantilever to verify that the lower resonant frequencies we observed in Figure 7.3 are associated 

with the wall. To excite the wall, we applied a prescribed positive vertical displacement of 1 nm on the top 

surface of it. Figure 7.6 shows the results of our simulation. The average frequency response and the fixed 

displacement boundary conditions are shown for five different loading conditions. 
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Figure 7.6 (a) Simulated average frequency response of the cantilever with a gap or the wall under different loading conditions. 

(b)-(f) Schematic of the models that correspond to the average frequency responses. 

With no particle on the cantilever (b), the resonant frequency of the first bending mode is 288.0 kHz and 

the resonant frequency of the second bending mode is 1538.0 kHz. The error, where 𝑓𝑠 is the simulated 

resonant frequency and 𝑓 is the experimental resonant frequency, is 0.3 % for the first bending mode and 

21.7 % for the second bending mode. The simulated peak amplitude (≈10-6 m) is higher than the 

experimental peak amplitude (≈10-8 m). We expected this, since in the simulation the sinusoidal excitation 

signal concentrates the energy at a fixed frequency while in our experiments the periodic chirp excitation 

signal distributes the energy over a wide frequency range.  

With a particle on the free end of the cantilever (c), the resonant frequencies decrease by 1.0 kHz and 

5.0 kHz respectively. The drop in the first resonant frequency is close to the 0.9 kHz drop we obtained 

experimentally (see Figure 7.3).  
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With a particle in the gap with our actual design (d), the resonant frequencies of the wall appear, and the 

resonant frequencies of the cantilever increase by 353.0 kHz and 144.0 kHz respectively. Here we assume 

that the peak for the first bending mode is the one at 641.0 kHz, since it is the highest and broadest peak 

near the original location of the first bending mode. The resonant frequency shifts obtained in the simulation 

are higher than those obtained in our experiments (see Figure 7.3). We expect this since in the simulation 

the particle is rigidly connected to surfaces, while in the experiments, the adhesion forces between the 

particle and the surfaces are certainly weaker than a rigid connection. 

In the simulation of the wall without the cantilever (e), we see many lower resonant frequencies appear, 

and they roughly align with those seen in (d). This supports our conclusion that the lower resonant 

frequencies observed in Figure 7.3 are associated with the wall and not the cantilever. 

Finally, in the simulation of a future design in which the wall is anchored along its length at one end and 

there is a particle across the gap (f), the lower resonant frequencies of the wall disappear and the resonant 

frequencies of the cantilever increase by 384.0 kHz and 150.0 kHz respectively. By anchoring the wall, we 

increase the resonant frequencies of the wall beyond the frequency range in the simulation. This eliminates 

interference between the resonant frequencies of the wall and those of the cantilever. We also increase the 

shift in the resonant frequencies of the cantilever, since less energy can be dissipated through the wall when 

it is anchored. 

7.5 Conclusion 

In conclusion, we have presented a gap method that can greatly increase the sensitivity of dynamic-

mode cantilevers biosensors. The method seems to rely on a change in effective stiffness of the cantilever 

instead of a change in its effective mass. When a single polystyrene particle with a diameter of 6 µm forms 

a bridge across the free end of the cantilever and the wall, it generates a great change in the frequency 

response of the cantilever. By analyzing the average frequency response of the cantilever, we determined 

that the particle in the gap greatly increases the resonant frequency of the first bending mode of the 

cantilever and induces structural coupling between the cantilever and the wall. Simulations showed that the 
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resonant frequencies of the wall, which interfere with the frequency response of the cantilever, can be 

eliminated by anchoring the wall along its length at one end. The gap method can easily be integrated with 

micromachined cantilever designs; it simply requires a wall to be placed 3 µm away from the free end of 

the cantilever. The current limitation of the gap method is that it would not work well for applications 

requiring the measurement of particles smaller than the gap size. However, there are many applications 

requiring the measurement of particles larger than the gap size, such as large bacteria and eukaryotic cells 

[1]. Future work will involve developing an anchored wall design and studying the gap method in water. 
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Chapter 8 Conclusions and recommendations 

This thesis focused on the design, testing, and analysis of electrokinetic cantilever biosensors. This 

subject was pursued because although many biosensing applications could benefit from the high sensitivity 

of cantilever biosensors and the rapid capture of particles through electrokinetics, little research has 

considered integrating these two technologies. From the detailed work set out in Sections 1.3, we can make 

the following conclusions and recommendations. 

The first task was to restore the surface of the biosensors with thermal ablation. Resonant frequency 

shifts and image processing results showed that thermal ablation effectively removes nearly all biological 

material from silicon surfaces. The results also showed that the maximum temperature reached by the chip 

and the time the chip is maintained at the maximum temperature are the two parameters that have the 

greatest influence on the effectiveness of thermal ablation. Thermal ablation could be used for removing 

biological material from a wide range of surfaces that are made of heat resistant materials. It would be 

interesting to integrate an electrical heating circuit with the chip to perform thermal ablation without using 

an external device such as a hot plate. 

The second task was to integrate electrokinetics with cantilevers using standard micromachining 

processes. Three designs were fabricated: an electrothermal resonator with an hourglass component, a 

piezoelectric resonator with sandwich electrodes, and a piezoelectric cantilever with a gap. In terms of the 

electrokinetic capture of particles, the sandwich electrodes design is the most effective. This design, which 

has one electrode above another, with an insulating layer in between, has a much smaller electrode gap 

(0.5 µm) than the hourglass design (≈36 µm) or the gap design (2.7 µm) due to limitations in the 

manufacturing process. Therefore, it produces a much stronger electric field gradient and dielectrophoretic 

force. Although the design adds parasitic mass to the cantilever, since it requires a gold electrode, it only 

adds half of the parasitic mass added by traditional side-by-side electrodes. The gap design, however, adds 

no parasitic mass to the cantilever. In terms of structural excitation, piezoelectric excitation is more effective 

than electrothermal actuation since it produces higher quality factors in both air and water. In air, 
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electrothermal actuation works well and can be used to excite high order resonant modes. In water, however, 

electrothermal actuation is poor because heat dissipation severely reduces thermal expansion.  

The third task was to assess the performance of the biosensors in air with the dip-dry-measure format 

and in liquid with real-time measurements. The lowest concentration for samples of E. coli suspended in 

water, under similar experimental conditions, progressed from 107 cells/ml for the electrothermal resonator 

with the hourglass component, to 105 cells/ml for piezoelectric resonator with sandwich electrodes, and 

finally to 102 cells/ml for the gap method. The limit of detection of electrokinetic cantilever biosensors 

depends on both the sensitivity of cantilever and the effectiveness of electrokinetic capture. That is why the 

electrothermal resonator with an hourglass component, with its low sensitivity in liquid and its relatively 

weak electrokinetic effects, had the highest limit of detection. The piezoelectric resonator with sandwich 

electrodes had a lower limit of detection. The cantilever with a gap, with its great sensitivity and moderate 

electrokinetic effects, had the lowest limit of detection. For all the designs, control tests demonstrated that 

electrokinetics greatly enhances the performance of cantilever biosensors by enabling cells to be captured 

more rapidly than through diffusion or forced convection alone. Using piezoelectric excitation instead of 

electrothermal excitation, we were able move away from the dip-dry-measure format and move toward 

real-time measurements, which are more practical and informative. Also, using higher order resonant modes 

instead of lower order ones, we were able to obtain higher sensitivities for the designs that used the 

conventional mass loading method.  

The fourth task was to investigate the use of a gap method for increasing the sensitivity of cantilevers. 

The cantilevers with a gap showed remarkable results for real-time measurements in liquid, with lowest 

concentration of 102 cells/ml. The measured resonant frequency shifts were much higher than those that 

would be expected from a cantilever using the conventional mass loading method. This suggests that effects 

other than mass loading are involved in the gap method when it is used in liquid. Smaller gap sizes and 

higher electrokinetic voltages resulted in larger resonant frequency shifts. In all tests in liquid, the resonant 

frequency shifts were negative. To better understand the working mechanism behind the gap method, the 

gap method was studied in air. Theory, experiments, and simulations all suggested that the gap method, in 
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air, relies on a change in effective stiffness of the cantilever rather than a change in its effective mass. The 

gap method provided resonant frequency shifts one to three orders of magnitude higher than those the 

conventional mass loading method provided, depending on the number of particles in the gap, and all the 

resonant frequency shifts were all positive. One question concerning the gap method that remains is why 

negative resonant frequency shifts were observed in liquid while positive resonant frequency shifts were 

observed in air. 

This thesis opens the door to three promising research avenues, which we list in order of importance. 

First, we recommend studying the gap method in liquid using cells larger than the gap and using antibodies 

for capturing the cells. The E. coli cells we used for testing were smaller than the gap and therefore tended 

to get pulled inside the gap rather than form a solid bridge across it. Larger bacteria, such as Salmonella, 

would not get pulled inside the gap and would form a solid bridge across it. Moreover, antibodies would 

provide chemical adhesion between the cells and the silicon surfaces of the biosensor. This would lead to 

higher resonant frequency shifts than those we obtained with dispersive (van der Waals forces) or 

electrostatic adhesion. This study could also help explain why we observed negative frequency shifts in 

liquid and could lead to the development of a model for the gap method in liquid. 

Second, we recommend integrating the sandwich electrodes with cantilever biosensor designs in the 

literature that have shown high sensitivity in liquid, particularly millimeter-sized cantilevers with step-

discontinuities in cross-section or suspended microchannel resonators. We showed that the sandwich 

electrodes effectively capture cells and that they significantly improve the performance of the biosensor. 

The electrode sandwich could be easily integrated with one of these highly sensitive cantilever designs. 

This could lead to limits of detection lower than the ones we achieved with our designs that were based on 

the conventional mass loading method. 

Third, we recommend studying the effect of electrokinetics on the functionalization of silicon surfaces 

with antibodies or DNA. This is an important consideration for electrokinetic cantilever biosensors, since 

strong electrokinetic effects could reduce the effectiveness of antibodies if they are dislodged or denatured. 

It would be useful to conduct a survey of the literature on the subject as well as a test that compares the 
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effectiveness of cell capture with antibodies before and after a surface has been subjected to electrokinetics 

effects. 
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Appendix A  

A.1 Repeatability of thermal ablation 

One concern with the thermal ablation method presented in Chapter 2 and Chapter 3 is whether the 

method is repeatable. After repeated usage, does the method affect the effectiveness of cell binding or of 

cell removal? To verify the repeatability of the method, the resonant frequency shifts of the first and second 

resonant modes of a cantilever are plotted as a function of test number in Figure 8.1. The data here is the 

same data used in Chapter 2, presented in a different form. In the figure, we see that the line for each mode 

zigzags around 0 kHz. This is because in all the odd test numbers, cells were added to the cantilever through 

deposition, causing the resonant frequencies to decrease, and in all the even test numbers, cells were 

removed from the cantilever through thermal ablation, causing the resonant frequencies to increase. The 

third mode has mostly higher resonant frequency shifts than the second mode, because it is more sensitive. 

The third mode also has higher volatility, because it is more sensitive to variations in the spatial distribution 

of cells. The main conclusion we draw from the figure is that the magnitude of both the positive and negative 

frequency shifts for both modes remains steady over many tests. The magnitude does have local variations 

for given tests, likely due to variations in the quantity and the distribution of deposited cells, but it does not 

appear to gradually decrease or increase with the test number. This demonstrates that the method is 

repeatable and does not affect the effectiveness of cell binding or of cell removal after repeated usage. 
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Figure 8.1 Resonant frequency shift of a cantilever for consecutive thermal ablation tests. 

A.2 Fabrication processes 

Two fabrication processes were used in this thesis. SOIMUMPS was used for the biosensor presented 

in Chapter 4 and PiezoMUMPs was used for the biosensors presented in Chapter 5, Chapter 6, and Chapter 

7. A cross-section of the physical layers of each process in shown in Figure 8.2 and Figure 8.3. As shown, 

both processes are quite similar. They have a silicon-on-insulator layer (silicon and oxide) above the 

substrate for mechanical structures such as cantilevers and beams. The silicon is doped at its surface (not 

shown) for electrical routing. The PiezoMUMPs process, unlike the SOIMUMPs process, has an oxide 

layer (pad oxide) and a piezoelectric layer (PiezoMaterial) above the silicon layer for piezoelectric 

actuation. Finally, both processes have a metal layer (metal or pad metal) for electrical routing and landing 

pads for probes. 
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Figure 8.2 SOIMUMPS physical layers (cross-section) [34]. 

 

 
Figure 8.3 PiezoMUMPs physical layers (cross-section) [27]. 
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A.3 Simulation of an hourglass biosensor with COMSOL 

Multiphysics 

A.3.1 Problem 

The simulation has three purposes: (1) to obtain the resonant frequencies and modes shapes of the 

biosensor, (2) to determine the temperature distribution of the biosensor due to electromagnetic heating, 

and (3) to compare the effects of dielectrophoresis, electroosmotic flow, electrothermal flow, and gravity 

on the motion of suspended E. coli cells in a liquid sample. The constants for the model are listed in Figure 

8.4 and the variables, which are based on the equations in Section 4.3.2, are listed in Figure 8.5. The 

geometry is shown in Figure 8.6 and the material definitions (silicon, gold, and water) are shown in Figure 

8.7, Figure 8.8, and Figure 8.9.  

 
Figure 8.4 Constants. 
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Figure 8.5 Variables. 

 
Figure 8.6 Geometry (dimensions in µm). 
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Figure 8.7 Silicon domain. 

 
Figure 8.8 Gold domain. 
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Figure 8.9 Water domain. 

A.3.2 Physics 

First, the steady-state voltage was solved in the silicon and gold domains using the charge continuity 

equation (see Equation (8.1)) assuming constant temperature. An electric shielding boundary condition was 

used to model the thin layer of doped silicon at the top surface of the silicon (see Figure 8.10). A positive 

voltage boundary condition (see Figure 8.11) and a ground boundary condition (see Figure 8.12) were 

applied to the ends of the structure, and an electric insulation boundary condition was applied to all the 

other surfaces of the structure. 

 

(8.1) 
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Figure 8.10 Electric shielding boundary condition. 
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Figure 8.11 Positive voltage boundary condition. 

 
Figure 8.12 Ground boundary condition. 

Second, the steady-state temperature was solved in the silicon and water domains using the heat equation 

in a solid with an electromagnetic heat source assuming no radiation or convection (see Equation (8.2)). 
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The electromagnetic heat source was based on the solution to Equation (8.1). An ambient temperature 

boundary condition was applied to the outer surfaces of the water domain (see Figure 8.13). 

 

(8.2) 

 
Figure 8.13 Ambient temperature boundary condition. 

Third, the resonant frequencies and modes shapes were obtained by doing a modal analysis. A fixed 

constraint boundary condition was applied to the anchored ends of the structure (see Figure 8.14).  
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Figure 8.14 Fixed constraint boundary condition. 

Fourth, the steady-state voltage was solved in the water domain using the Poisson’s equation (see 

Equation (8.3)) using the solution to Equation (8.1). A flux boundary condition was applied to all the 

surfaces of the structure that are in contact with the water domain (see Figure 8.15).  

 

 

(8.3) 
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Figure 8.15 Flux boundary condition. 

A.3.3 Results 

Figure 8.16 shows the temperature distribution in the silicon, gold, and water. We see that the center of 

the biosensor is 89.2 °C and that the water around the biosensor is 60 to 70 °C (yellow range). 

 
Figure 8.16 Temperature distribution (°C). 

 Figure 8.17 shows the ratio of the dielectrophoretic force to the drag force induced by the AC 

electroosmotic slip velocity. A logarithmic scale is used for the color gradient. The ratio on the surface of 

the biosensor is primarily in the teal and light blue regions. This indicates that dielectrophoresis has a 

dominating effect compared to AC electroosmosis and that its magnitude is one to two orders of magnitude 
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higher than AC electroosmosis. However, as we move further away from the surface of the biosensor, we 

expect the AC electroosmosis to have a dominating effect, since it scales with distance linearly, while 

dielectrophoresis scales with the distance cubed. 

 
Figure 8.17 Dielectrophoresis compared to electroosmosis (log10(dep/slipf)). 

Figure 8.18 shows the ratio dielectrophoretic force to the equivalent force induced by electrothermal 

flow and Figure 8.19 shows the ratio of the dielectrophoretic force to the gravitational force. The color 

distributions show that dielectrophoretic force around the biosensors is around two orders of magnitude 

higher than the equivalent force induced by electrothermal flow or the gravitational force. 
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Figure 8.18 Dielectrophoresis compared to electrothermal flow (log10(dep/etf)).  

 
Figure 8.19 Dielectrophoresis compared to gravity (log10(dep/fg)). 
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A.4 Simulation of a gap method biosensor with COMSOL 

Multiphysics 

A.4.1 Problem 

The purpose of the simulation is to evaluate the frequency response of a cantilever under different 

loading conditions. As shown in Figure 7.6, several loading conditions, with different geometries, were 

simulated. A typical geometry of the cantilever, the wall, and the polystyrene particle is shown in Figure 

8.20 and the material definitions (silicon, aluminum nitride, gold, and polystyrene) are shown in Figure 

8.21, Figure 8.22, Figure 8.23, and Figure 8.23. 

 
Figure 8.20 Geometry (dimensions in µm). 
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Figure 8.21 Silicon domain. 

 
Figure 8.22 Aluminum nitride domain. 
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Figure 8.23 Gold domain. 

 
Figure 8.24 Polystyrene domain. 

A.4.2 Physics 

The simulation is a coupled physics problem between solid mechanics and electrostatics. We used the 

default module for this type of problem in COMSOL Multiphysics. For the solid mechanics physics, a fixed 

constraint boundary condition was applied to the anchored ends of the structure (see Figure 8.25), and a 

free boundary condition was applied to all the other surfaces of the structure. Damping was modelled using 

the Rayleigh damping model with experimental values as inputs (see Figure 8.26).  For the electrostatics 

physics, a positive voltage boundary condition was applied on the bottom surface of the gold electrode (see 
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Figure 8.27), a ground boundary condition was applied on the bottom surface of the aluminum nitride sheet 

(see Figure 8.28), and an electric insulation boundary condition was applied to all the other surfaces of the 

structure. 

 

 
Figure 8.25 Fixed constraint boundary condition. 
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Figure 8.26 Rayleigh damping parameters. 

 

 
Figure 8.27 Positive voltage boundary condition. 
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Figure 8.28 Ground boundary condition. 

A.4.3 Results 

The results of the simulation are discussed in Section 7.4.3. 
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