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Abstract 

Microfluidics is a multidisciplinary field that uses minute volumes of liquids to attempt 

complex functionalities. These complicated functionalities often require manipulating 

interfaces through external forces. In addition, optics have become a fundamental 

necessity for most microfluidic devices. We combine these two concepts and call it 

surface optofluidics. Here, we focus on the advantages of surface optofluidics for the 

development of a biosensor, specifically focusing on the flexibility and adaptability 

offered by these techniques. 

 To introduce the advantages presented by surface optofluidics, devices using 

droplet electrowetting techniques are discussed.  We then discuss biosensing through 

structured electrodes on surfaces. The electrodes are used to align asymmetric bacteria. 

The aligned bacteria are detected optically. This method of detection is improved by 

incorporating two different surface optofluidic methods. Concentration and motion 

control of the bacterium is demonstrated with electric fields on three dimensionally 

structured electrodes and an optothermal nanoparticle carpet. Finally, we show 

preliminary work in the study of single bacterium behavior using nanoparticles as labels 

to detect its specific alignment in space. 

 

 



 

 

 

vi

Table of Contents 

Acknowledgements............................................................................................................ iii 

Abstract ............................................................................................................................... v 

Table of Contents............................................................................................................... vi 

Table of Figures ................................................................................................................. ix 

I.  Introduction............................................................................................................. 1 

A.  Biosensing ............................................................................................................ 1 

B.  Optofluidics.......................................................................................................... 3 

C.  Surface optofluidics.............................................................................................. 4 

D.  Thesis organization .............................................................................................. 5 

E.  References ............................................................................................................ 7 

II.  Electrowetting ......................................................................................................... 8 

A.  Introduction .......................................................................................................... 8 

1.  Electrowetting ................................................................................................. 9 

2.  Droplet electrowetting .................................................................................. 14 

B.  Electrowetting devices ....................................................................................... 15 

1.  Introduction................................................................................................... 15 

2.  Electrowetting display device ....................................................................... 17 

3.  Grating electrowetting .................................................................................. 22 

4.  Electrically adjustable iris............................................................................. 26 

5.  Mechano-optofluidic device ......................................................................... 28 

C.  References .......................................................................................................... 32 

III.  Bacteria detection.................................................................................................. 34 

A.  Introduction ........................................................................................................ 34 

B.  Motivation .......................................................................................................... 34 

1.  Conventional methods of detection .............................................................. 35 

2.  Bacteria identification using optical instruments.......................................... 36 

3.  Light scattering of bacteria ........................................................................... 38 

C.  Optical scattering of bacteria.............................................................................. 41 

1.  Device and optical setup ............................................................................... 41 



 

 

 

vii

2.  Aligned bacteria ............................................................................................ 46 

3.  Optical scattering data of aligned bacteria.................................................... 50 

D.  Electrode patterning ........................................................................................... 55 

1.  Introduction................................................................................................... 55 

2.  Chip design ................................................................................................... 58 

3.  Simulation ..................................................................................................... 65 

4.  Electro-orientation within a fluidic channel ................................................. 71 

5.  Dielectrophoresis within a fluidic channel ................................................... 73 

E.  References .......................................................................................................... 77 

IV.  Plasmonic optofluidics.......................................................................................... 81 

A.  Introduction ........................................................................................................ 81 

1.  Plasmonic nanoparticles as thermal sources ................................................. 82 

2.  Optically controlled fluidic valves................................................................ 83 

B.  Biological compatibility of plasmonic optofluidic valves ................................. 85 

1.  Optofluidic pump background ...................................................................... 85 

2.  Chip synthesis ............................................................................................... 89 

3.  Bacteria concentration .................................................................................. 91 

4.  Two bubbles in a single fluidic channel ....................................................... 95 

5.  Fluidic switch................................................................................................ 99 

C.  Bidirectional flow using plasmonic optofluidic valves.................................... 103 

1.  Chip design ................................................................................................. 103 

2.  Chemical concentration gradient ................................................................ 106 

3.  Latex bead particle motion control ............................................................. 109 

4.  Bacteria motion control............................................................................... 112 

D.  References ........................................................................................................ 115 

V.  Nanowire light sources ....................................................................................... 117 

A.  Introduction ...................................................................................................... 117 

1.  Second harmonic radiating imaging probes (SHRIMP) ............................. 118 

2.  Dielectrophoresis and electro-orientation ................................................... 119 

B.  Dielectric manipulation with optical sources ................................................... 120 



 

 

 

viii

1.  Introduction................................................................................................. 120 

2.  Measuring SHG signal................................................................................ 121 

3.  Electro-orientation of nanowires................................................................. 123 

C.  Long term bacteria behavior targeting ............................................................. 128 

1.  Introduction................................................................................................. 128 

2.  Bacteria motility.......................................................................................... 129 

3.  Labeled bacteria .......................................................................................... 131 

4.  Discussion................................................................................................... 131 

D.  References ........................................................................................................ 133 

VI.  Conclusion/Outlook ............................................................................................ 135 

Appendix......................................................................................................................... 137 

A.  Making superhydrophobic surfaces ................................................................. 137 

B.  Photolithography .............................................................................................. 139 

C.  Polydimethylsiloxane chip manufacture .......................................................... 140 

D.  Silver nanoparticle synthesis............................................................................ 141 

E.  Gold nanoparticle in micelle synthesis............................................................. 142 

F.  Gold nanoparticle synthesis ............................................................................. 143 

 



 

 

 

ix

Table of Figures 

Figure 1. A prototypical lab-on-a-chip device.................................................................... 2 

Figure 2. Three different forms of modified surfaces for optofluidics ............................... 6 

Figure 3. Schematic of electrowetting .............................................................................. 11 

Figure 4. Images of electrowetting from the side and the top .......................................... 12 

Figure 5. Images showing droplets on substrates with different hydrophobocity being 
tilted .................................................................................................................................. 13 

Figure 6. Schematic of electrowetting display.................................................................. 19 

Figure 7. Image of a single droplet electrowetting display device ................................... 20 

Figure 8. Image of a multiple-droplet electrowetting display device ............................... 21 

Figure 9. Schematic of the electrically adjustable iris ...................................................... 23 

Figure 10. Image of the electrically adjustable iris........................................................... 24 

Figure 11. Electrowetting with patterned electrodes ........................................................ 25 

Figure 12. Miniaturized electrically adjustable iris .......................................................... 27 

Figure 13. Electrowetting with a flexible substrate .......................................................... 30 

Figure 14. Image of electrowetting with a flexible substrate............................................ 31 

Figure 15. E. coli bacteria under 500x magnification....................................................... 40 

Figure 16. Schematic of the electrode pattern .................................................................. 43 

Figure 17. Diagram of the optical setup of bacteria scattering ......................................... 44 

Figure 18. Schematic diagram of the specimen holder..................................................... 45 

Figure 19. Live E. coli bacteria under 500x magnification .............................................. 47 

Figure 20. Specimen holder which aligns bacteria in and out of the plane ...................... 48 

Figure 21. Optical scattering measurements at an angle of approximately 33 degrees.... 52 

Figure 22. Rise and fall time of the optical scattering measurement at an angle of 
approximately 33 degrees ................................................................................................. 53 



 

 

 

x

Figure 23. Optical scattering with respect to bacteria concentration and angle of detector
........................................................................................................................................... 54 

Figure 24. Bacteria in a microfluidic channel aligning to an electric field....................... 57 

Figure 25. Implantation of metal ions............................................................................... 61 

Figure 26. Schematic of the implantation of electrodes on the device ............................. 62 

Figure 27. Picture of the device ........................................................................................ 63 

Figure 28. Schematic of setup........................................................................................... 64 

Figure 29. Simulation of electric field within a fluidic channel ....................................... 67 

Figure 30. COMSOL simulation of electric field as the electric field is applied across the 
fluidic channel................................................................................................................... 68 

Figure 31. COMSOL simulation of electric field within a fluidic channel as the electric 
field is applied from the electrodes on the fluidic channel to the ITO-coated glass slide 69 

Figure 32. COMSOL simulation of the normalized negative dielectrophoresis forces 
experienced by a particle when the electric field is applied across the fluidic channel.... 70 

Figure 33. Demonstration of bacteria orientation ............................................................. 72 

Figure 34. Demonstration of bacteria concentration......................................................... 75 

Figure 35. Data showing bacteria concentration with respect to applied electric field 
strength.............................................................................................................................. 76 

Figure 36. Technology used in the optofluidic pump....................................................... 84 

Figure 37. Schematic of optofluidic pump ....................................................................... 86 

Figure 38. Image showing the creation of the vapor bubble............................................. 87 

Figure 39. Increasing complexities taking advantages of the unique properties of the 
optofluidic pump............................................................................................................... 88 

Figure 40. Bacteria concentration using the optofluidic pump......................................... 93 

Figure 41. Arrival of bacteria with respect to time........................................................... 94 

Figure 42. General configuration with two vapor bubbles in a single fluidic channel..... 97 

Figure 43. The three different possibilities of motion ...................................................... 98 



 

 

 

xi

Figure 44. Images of fluidic switching ........................................................................... 101 

Figure 45. Power in each vapor bubble versus flow rate................................................ 102 

Figure 46. Picture and diagram of the device with schematic of optical setup .............. 105 

Figure 47. Demonstration of bidirectional fluidic flow.................................................. 108 

Figure 48. Demonstration of latex bead particle motion control .................................... 110 

Figure 49. Curve showing particle motion control by changing laser power................. 111 

Figure 50. Demonstration of bacteria motion control..................................................... 113 

Figure 51. Demonstration of bacteria motion control..................................................... 114 

Figure 52. Polarization response of SHG from a single potassium niobate nanowire with 
corresponding SEM image.............................................................................................. 122 

Figure 53. Schematic of the setup for the electrical and optical manipulation............... 126 

Figure 54. DEP response of a nanowire.......................................................................... 127 

Figure 55. E. coli reproduction with nanoprobe ............................................................. 130 

Figure 56. Labeled E. coli with nanoprobe..................................................................... 132 

 



 

 

 

1

I. Introduction 

A. Biosensing 

Biosensing requires the interaction of a biological or chemical sample of interest within a 

testing device. These devices are used to provide information to the user about the 

analyte. Current development focuses on miniaturization of devices, resulting in lab-on-a-

chip devices. A lab-on-a-chip device is a few square millimeters-to-centimeters in size 

and can perform biological and chemical experiments performed normally in a fully 

functional laboratory [1]. Integration of several biological and chemical reactions into 

microfluidic systems has resulted in commercial devices of varying success in daily life, 

such as pregnancy tests [2]. These tests start by looking at key biochemical markers in 

urine that indicate whether pregnancy may have occurred. As these markers become 

functionalized, a color change occurs which results in the end user determining the result 

of the test in an optical manner. An example of a prototypical pregnancy test is shown in 

Figure 1. It integrates fluidics and optics, a topic called optofluidics [3]. 
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Figure 1. A prototypical lab-on-a-chip device. The image shown above is a diagram of 

the inner workings of a typical pregnancy test [2]. Fluid is placed onto the left-hand side 

of the device. The fluid moves into the detection window in the middle of the device. A 

specific chemical is detected in the urine at the detection window which results in an 

optical change in the detection window from white to colored (a single line to a crossed 

line). 

 

 

 

 

 

 

Not Pregnant 

Pregnant 



 

 

 

3

B. Optofluidics 

The motivation for the development of optofluidics comes from the integration of fluidics 

into traditional optical devices. Optimal performance of these devices within a changing 

fluidic environment requires the ability to adapt. The reconfiguration within the fluidics 

of the devices occurs due to external forces and results in an optical and/or fluidic 

modification within the device.  

 In a general sense, optofluidics can be classified into three categories. First, an 

external means of control modifies the fluid. The fluid modification results in a changing 

optical property of the device. Second, optical means are used to control the fluid. Finally, 

external means of control for either the optics or fluids are integrated directly within a 

microfluidic structure. In this case, the structuring of the microfluidics becomes a key 

component of the device. Typical optofluidic devices include on-chip dye lasers [4], 

microscopes [5], sensors [6], mass transport [7], and catalysis [8]. In each of these 

examples of optofluidics, surfaces play a key role as a means of delivering external 

control. 
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C. Surface optofluidics 

Surfaces in optofluidic devices have a significant impact on their biological, chemical, 

mechanical and electrical properties [9]. Within this thesis, we will narrow our topics to 

three specific types of surfaces. First, we discuss surface coatings that can change the 

wetting properties for specific liquids [10]. Second, microstructuring of electrodes is a 

method to define the external control of the device. Lastly, monolayers are a simple 

method of coating substrates or fluidic channels with plasmonic nanoparticles [8] or 

biological/chemical compounds [11].  

 First, droplet electrowetting serves as an example of surface optofluidics. Teflon, 

a fluorinated substrate, can be used to make the surface hydrophobic. For polar liquids 

like water, an electrode can be used to change the wetting properties and decrease the 

contact angle. Devices with adaptable optical properties using electric fields are shown. 

 Next, microstructuring is a technique that is readily compatible to mass 

production. Structured electrodes can be used for various purposes. Applying electric 

fields allows the user to align and attract/repel samples of interest by taking advantage of 

the difference in the dielectric permittivity between the sample and the media. Bacteria 

manipulation such as detection, alignment, and concentration are critical to the 

development of a biosensor. 

 Finally, a monolayer is used to define optothermal converters. When a laser light 

shines upon plasmonic nanoparticles resonant at that specific wavelength of light, they 

generate heat. Within a fluidic environment, the heat causes the liquid to undergo vapor 
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pressure differences. Fluidic manipulation such as distillation, switching, bidirectional 

flow, and chemical gradient generation are used within the context of bacteria 

manipulation. 

 

D. Thesis organization 

The thesis is organized as follows: Chapter II focuses on droplet electrowetting and its 

potential usages in biological and chemical multiplexing and sensing; Chapter III focuses 

on bacteria detection by optical scattering and using patterned electrodes to align the 

bacteria; Chapter IV focuses on plasmonic nanoparticles on the surfaces to act as thermal 

sources when laser light resonant at the wavelength is used, and its integration to bacteria 

motion control; and Chapter V focuses on using second harmonic nanoparticles and their 

applicability to long term bacterial experiments. 
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Figure 2. Three different forms of modified surfaces for optofluidics. On top, there is 

nanostructuring using self-assembled gold nanoparticles on a glass substrate. In the 

middle, there is microstructuring of electrodes on glass slides using photolithography. 

And on the bottom, there is changing of surface wetting properties using different 

materials. 

Glass 

Gold nanoparticles 

ITOGlass

Cover glass

ITOGlass

Cover glass
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II. Electrowetting 

A. Introduction 

An example of optofluidics is the application of electrical forces to modify liquids 

resulting in a change of the optical property. Examples of devices with transitory 

behavior due to electrical forces are a ubiquitous component of our lives. A primary 

example is display devices: rotating turnstile bi-stable billboards, light emitting diodes, 

and liquid crystal displays. In this section, we look at changing the hydrophobicity of a 

surface by applying electric fields. These devices act as a means of controlling the light 

source. 
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1. Electrowetting 

In 1875, Gabriel Lippmann described the behavior of metallic and polar liquids on 

surfaces with various charges. This effect of changing the wetting behavior of liquids on 

surfaces with an applied electric field is called electrowetting. This technique can be used 

for varying optical properties and is appropriate to the concept of surface optofluidics. 

The liquid itself is modified by the applied electric fields on the surface and results in 

varying optical properties of the device. A simple example of electrowetting is shown in 

Figure 3 and Figure 4. 

 The electrowetting effect is maximized by having a superhydrophobic surface 

while using an extremely polar liquid, as shown in Figure 5. [1] This is due to the fact 

that the applied electric field causes a change in the equilibrium solid-liquid-air contact 

angle. This change is maximized if the contact angle is extremely large to begin with, as 

an applied electric field can only decrease this contact angle. That is, the contact angle 

due to an applied electric field goes from a phobic state to a philic state for most surfaces. 

Therefore, most electrowetting devices utilize amorphous fluoropolymers such as 

Cytonix, CYTOP (Asahi), and Teflon AF (DuPont). 

 A rough explanation of the relationship between surface tension and contact angle 

before saturation voltage is given below [2]: 

. 
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The equation relates the change in surface tension by an applied electric field. 

describes the surface tension between the solvent (w for water), the substrate (s for solid), 

and the surrounding air. Without an applied electric field, there is an initial surface 

tension state. This can be thought of as the phobic state where the solvent prefers to 

remain together and minimize its surface area with the substrate. This initial state is 

described in the following equation. Increasing the applied electric field results in a 

decrease of surface tension. Therefore, the solvent will relax and gradually increase its 

contact area with the substrate. 

 

This equation relates the contact angle at the interface between the solvent, substrate, and 

air to the surface tensions between each component. The surface tension is dependent on 

the preference of the solvent and the substrate. For phobic substrates, the substrate has a 

certain preference to the surrounding air, which is fixed. Additionally, there is a 

relationship of the solvent to the air which is a modifiable value with respect to the 

contact angle. 

 

The previous two equations relate the change in contact angle to an applied voltage. As 

the voltage is increased, the contact angle decreases. This leads to a wetting state. These 

techniques will be used to produce a general class of display devices. 
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Figure 3. Schematic of electrowetting. The substrate is a glass slide coated with an ITO 

electrode layer. It is coated with a 100 nm layer of spin-on-glass with ~ 1-micron-thick 

Teflon layer. A droplet of water (usually with extra salt) is placed upon this hydrophobic 

substrate with a grounding electrode made of a hypodermic needle. 
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Figure 4. Images of electrowetting from the side and the top. Images show the two states 

of the droplet, the left side shows when there is voltage applied and the contact angle is 

decreased, whereas the right side shows when there is no voltage applied and the contact 

angle is at its normal, hydrophobic state. 
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Figure 5. Images showing droplets on substrates with different hydrophobocity being 

tilted. The surface on the left side is a bare glass slide which is naturally hydrophilic (~ 

30 degrees). The surface in the middle is a smooth Teflon-coated substrate which is 

slightly hydrophobic (~ 100 degrees). The surface on the right side is a rough Teflon-

coated substrate which is superhydrophobic (~ 130 degrees). As the substrates are tilted 

at larger and larger angles, the droplets drop to the ground due to the competition 

between the friction forces and gravity. For the superhydrophobic substrate, the droplets 

drop at an angle slightly greater than 0 degrees. For the hydrophobic substrate, the 

droplets start to drop at an angle greater than 15 degrees. For the hydrophilic substrate, 

the droplets move at 30 degrees,  although they prefer to spread out more than drop. 
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2. Droplet electrowetting 

Electrowetting on dielectric [3] for lab-on-a-chip diagnostics has several advantages: 

increased automation, faster analysis, and high throughput [4–10]. Since electrowetting 

utilizes AC frequencies, it can be biologically and chemically compatible. In this section, 

we start with the principles of electrowetting display devices and show their advantages 

over traditional devices. 
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B. Electrowetting devices 

1. Introduction 

Electrowetting on dielectric demands similar fabrication capabilities as required for liquid 

crystal displays (LCDs). In an LCD display, there are several million pixels filled with 

liquid crystal molecules. Each pixel in a display typically includes three sub-pixels, one 

for each color (red, green, and blue). The display is backlit by a light source. Each pixel 

is controlled by electrodes on both substrates. These electrodes control the liquid crystal 

molecule. 

 In droplet electrowetting, a matrix of electrodes is used. Each would control 

different droplets. These techniques have been used to manipulate the liquids, controlling 

the phobicity of the solvent on the substrate. 

 There are several advantages of using LCD-compatible techniques for biosensing. 

By 2008, worldwide sales of televisions with LCDs had surpassed the sale of CRT units, 

indicating that mass fabrication is not a concern. [11] In a LCD, there are two polarizers 

in a crossed state as well as a color filter [12]. Similar techniques could be used for 

biosensing in detection polarized colloids, as well as filtering laser light. 

 Various devices have been developed using electrowetting as a means of 

manipulating phobicity of solvents [2, 14–15]. In the Philips prototype displays, 

electrowetting is used to move a colored oil layer away from a white background. The oil 

covers a hydrophobic layer, separating it from a water layer on top. Interaction of the oil, 
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water, and the hydrophobic layer is controlled by an electric field. Application of an 

electric field across the layers causes water to contact the hydrophobic layer, displacing 

the oil, and the colored pixel is replaced by a white background. 

 Electrowetting can be used as lensing devices [16, 17]. Two immiscible liquids 

are confined in a space between two substrates. Under the control of an electric field, the 

interface between the two liquids is changed. Light passing through the two immiscible 

liquids interacts with the interface and can be modified to focus or defocus depending on 

the applied electric field. 
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2. Electrowetting display device 

In this section, an individual pixel that allows light to be transmitted is demonstrated. A 

fluid droplet is placed between two substrates and serves as an electrically controlled 

waveguide between a light guiding substrate and a display cover. Electrodes modulate the 

amount of light conducted through the fluid droplets from the substrate into the cover by 

controlling the contact area between the droplet and the light guiding substrate through 

the electrowetting principle.  

 A schematic and images of the device are shown in Figure 6 through 8. Both 

layers of the substrate are made hydrophobic using Teflon. Certain areas of the 

hydrophobic layer are etched to create hydrophilic regions. Fluid droplets will collect and 

remain within the hydrophilic regions. There are patterned electrodes on only one of the 

substrates. There are two distinct regimes of on and off of the display device. When there 

is no voltage applied, the droplet remains within the hydrophilic region of the top 

substrate. When there is a voltage of 100 V at 1 kHz applied, the droplet spreads to the 

hydrophobic region. In the first case, the droplet is connected to the bottom substrate 

which allows light to pass through the droplet. In the second case, the droplet is 

disconnected from the bottom substrate which does not allow light to pass through the 

droplet due to total internal reflection conditions. 

 Some unique features of this design are the capability to position the fluid 

droplets by creating hydrophilic regions within a hydrophobic substrate. Micropatterning 

using photolithography of hydrophobic Teflon is oxygen plasma etched with photoresist 
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as a sacrificial layer. After the hydrophobic layer is removed in certain regions, the 

sacrificial layer is removed to expose the hydrophobic regions. This is dipped into a 

liquid solution and the hydrophobic regions repel the liquids while the hydrophilic 

regions attract the liquids. This is further demonstrated in Figure 5 where a slight angle is 

enough to cause the gravity force to be greater than the surface tension forces required to 

keep the droplet on the hydrophobic substrate. This method can be used to obtain droplets 

of few bacteria or other objects across a large area. 
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Figure 6. Schematic of electrowetting display. Both layers are hydrophobic due to Teflon. 

One layer contains patterned areas of hydrophilicity where the droplets of liquid remain. 

The electrodes are patterned such so that when the voltage is applied, the liquid 

preferentially spreads out on one of the substrates. By this method, the total internal 

reflection conditions of the light source can be controlled, enabling the display of light. 
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Figure 7. Image of a single droplet electrowetting display device. On the left, there is 

voltage applied and there are total internal reflection conditions for the light source. 

Therefore, there is light displayed through the droplet. On the right, there is no voltage 

applied and the light source is reflected to the viewer. This can be visualized on the top 

images. 
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Figure 8. Image of a multiple-droplet electrowetting display device. Multiple droplets, 

approximately 100 microns in radius, are controlled at the same time and the two images 

shows the contrast between the two different states of the display device. 
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3. Grating electrowetting 

These ideas can be further expanded to create a variable iris as shown in Figure 9 and 

Figure 10. In this concept, there are electrodes on each substrate. Rather than ambient air, 

oil is used as the other phase of the two-phase system. The conductive electrode substrate 

attracts the polar liquid and the hydrophobic-coated electrode substrate attracts the oil. 

There is a surrounding rubber spacer which attracts the oil. As an electric field is applied, 

the hydrophobic substrate will attract the water and the oil is displaced towards the rubber 

spacer. Since the oil is colored and absorbing, there is a variable iris which forms due to 

the clear liquid in colored, absorbing oil. With patterned electrodes on the hydrophobic 

substrate with clear liquids and clear oils of different refractive indices [18, 19], 

electrically variable devices are created as shown in Figure 11. 

 Figure 11 describes grating effects within a two-phase electrowetting system. This 

serves as a useful means to study two immiscible liquids as well as any molecules or 

particles on this interface. [20] Since electrowetting is readily affected by the relative 

changes in surface tensions at the interface, the change in the temporal or spatial profile 

of the grating electrowetting device describes the interfacial change. 

 



 

 

 

23

 

Figure 9. Schematic of the electrically adjustable iris. The oil is colored with blue, 

absorbing dye. Without a voltage, the clear, salty water does not quite reach the other 

substrate and there remains a thin, absorbing oil layer. When the voltage is applied, the 

water spreads onto the substrate, displacing the oil layer which opens up the iris. 
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Figure 10. Image of the electrically adjustable iris. When the voltage is not applied, the 

iris is small as shown on the left. On the right, the voltage is applied and the iris opens up. 
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Figure 11. Electrowetting with patterned electrodes. Using the electrode structure shown 

in Figure 16, a sinusoidal pattern in the oil-water interface can be achieved by applying 

an electric field. On the left, when there is no applied electric field, the interface is 

slightly focusing and defocused at the sample plane shown. On the right, the applied 

electric field causes a ripple in the interface which corresponds to the electrode structure. 

This causes the grating to show up. 
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4. Electrically adjustable iris 

In Figure 12, the initial design is modified to have a two-phase system with oil and water. 

This type of system can have better control of evaporation and is compatible with backlit 

display technologies. In this embodiment, a voltage of 1 Vpp is applied to the electrodes 

which wet both substrates causing a capillary bridge to form. At voltages higher than 10 

Vpp, the capillary bridge separates into two separate droplets [21, 22]. In the situation 

where colored, absorbing oil is used, this can be used as a display device. However, with 

clear oil, lenses are created from the capillary bridge leading to high-focal-length changes 

in an extremely compact device. 

 Therefore, this is an electrically adjustable iris where it is possible to go from a 

single droplet state to a connected capillary bridge to a separated droplet state. The 

separated droplet state is interesting for using one of the droplets as a lens for imaging 

objects within the second object. However, the strength of the applied electric fields acts 

as a limitation on the objects which may be imaged. 
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Figure 12. Miniaturized electrically adjustable iris. The iris has been miniaturized to 10 

microns. In this scenario, as voltage is increased further and further, the capillary bridge 

may be separated into two droplets. The highest transparency is achieved when the 

capillary bridge is connected. The effect of separating the capillary bridge is not readily 

apparent for larger droplet sizes due to dielectric breakdown for the higher electric fields 

required at larger droplet sizes to achieve similar effects. 
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5. Mechano-optofluidic device 

In this device, one of the substrates has a flexible plastic backing. This allows for the 

substrate to flex, dependent on contact with the liquid due to surface tension forces. 

These types of substrates are explored for bistability with regard to optical and tactile 

feedback. 

 Two substrates are used, a bottom substrate containing a glass slide with patterned 

electrodes covered by a patterned superhydrophobic layer such that the liquid remains in 

the relatively hydrophilic regions of the substrate. The top layer contains a grounded 

electrode layer without any extra coatings. In the unconnected state, the liquid remains on 

the bottom, solid substrate region just barely touching the top, flexible substrate. In the 

connected state, the liquid between the bottom and top substrate is connected and the top, 

flexible substrate flexes down. Both states are stable without additional external forces. 

There is only one means by which to switch from the unconnected state to the connected 

state; however, there are two means by which to switch from the connected state to the 

unconnected state. For the first scenario, a mechanical means must be used. In the 

mechanical method, the flexible substrate is pushed down until there is contact with the 

liquid and the contact angle increases beyond the stable point. In the second scenario, a 

mechanical or electrical means may be used. Similar to before, mechanically, the two 

substrates are separated until the flexible substrate is below the stable point contact angle. 

By the electrical method, there is a voltage applied such that the liquid spreads out on the 

bottom, flat substrate. Then, the liquid may go below the stable point contact angle. This 

second method is dependent on the size of the device. It can be achieved with relative 
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ease for smaller devices, however, for larger devices, a larger force is required which 

means that a larger voltage may exceed the breakdown voltage of the dielectric between 

the liquid and conductive layer. [23] 

 As a tactile device, such a device is imagined to be capable of having a pattern of 

raised and lower surfaces. This device can be reset, leaving all the flexible substrates 

flexed down mechanically. Then, using electrical means, the substrate may be changed to 

have certain regions flexed up. We imagine this may be useful to provide tactile feedback 

for touchscreen devices or display devices where it can provide additional stimulation 

with regard to buttons. There is an ultimate limitation in the speed of such devices as 

there is a mechanical component to the liquid. We imagine that changes on the order of 1 

second are possible. 

 When there is minimal contact between the liquid droplet and the top, flexible 

substrate, there are total internal reflection conditions. Therefore, the viewer sees no light. 

When there is contact between the liquid droplet and the top, flexible substrate, there is 

transmission of light. This can act as a bi-stable display since the two distinct states 

require no energy to remain stable. As a device, it is too slow to act as a video playing 

display; however, for slower display applications such as billboards or advertisements, 

this may be an interesting alternative to current methods of display, especially during 

low-light conditions. Current methods of display rely on the reflection of light during 

low-light conditions. This display would be capable of being back-lit and would be much 

more effective during low-light conditions. 
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Figure 13. Electrowetting with a flexible substrate. The top substrate is a flexible plastic. 

Initially, when there is no capillary bridge, there is no connection between the top and 

bottom substrates. Therefore, the flexible substrate remains flat. When the capillary 

bridges are connected, the flexible substrate flexes to try to maintain the same contact 

angle between the substrate, air, and liquid as the bottom substrate. These two states are 

so bi-stable that each may be modified through mechanical and electrical means. 
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Figure 14. Image of electrowetting with a flexible substrate. A single droplet is shown. 

On the left, the droplet is connected only to the top. When the droplet is connected to 

form a capillary bridge, the top substrate flexes down. Note the distance between the top 

and bottom substrate is the same. 
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III. Bacteria detection 

A. Introduction 

The adaptability provided by surface optofluidic techniques is compatible with 

biosensing. Both topics deal with a change in the sample of interest. Normally, the 

sample of interest is in a fluidic environment. Optical means of identifying the sample of 

interest is one of the possible methods of biosensing. In the following section, we 

motivate and review traditional methods and some current optical means of biosensing. 

 

B. Motivation 

According to the World Health Organization, in 2003, infectious diseases were the cause 

of 25.9% of total estimated annual deaths. [1] These infectious diseases are caused by 

bacteria, viruses, and other microorganisms. Specifically, bacteria pathogens have 

become one of the most important causes of disease. In the United States, foodborne 

pathogens such as Escherichia coli and Salmonella have become quite infamous for their 

ability to cause widespread panic to the public. 
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1. Conventional methods of detection 

Conventionally, the sample of bacteria is placed in various growth media and allowed to 

multiply at optimal conditions. The cells are allowed to grow into colonies for up to 72 

hours. Afterwards, visual colony counts are performed by a lab technician to obtain the 

number of organisms. These tests are usually not definitive with regards to the specificity 

of bacteria. [2, 3] These limitations have resulted in the development of more 

complicated instruments for bacteria identification. 
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2. Bacteria identification using optical instruments 

First, the necessity of a lab technician can be eliminated through visual recognition 

software by a camera counting cells on a microscope. [4] Another method adds a pre-

labeling step by mixing the cells with fluorescent markers and counting the number of 

cells by flow cytometry. [5] However, both techniques still require preparation of the 

sample including colony growth of the cells, modification of the solution, and loading the 

sample into the microscope or device. 

 Many methods that have high specificity rely on pre-labeling techniques whereby 

an additional marker is attached to the sample of interest to increase identification 

abilities. In this section, some previous works involving pre-labeling which rely on 

optical methods for detection are discussed. The additional markers are attached to 

surfaces to change the refractive index. These would be detected with a waveguide [6], 

surface plasmon resonance [7] , or interferometers [8]. 

 In [6], a thin film waveguide is placed below a fluidic channel with the sample of 

interest. The evanescent field penetrates into the fluidic channel approximately 100 nm. 

The surface of the waveguide is immobilized with the appropriate antibody to detect the 

fluorescently labeled sample of interest. As these fluorescently labeled samples attach to 

the surface, the intensity can be detected to determine the concentration. 

 In [7], the optical setup is under a total internal reflection setup. The sample 

holder is a glass cell with a fluidic channel placed upon a thin gold film. The gold film is 

immobilized with the appropriate antibody as before. Similar to before, after the samples 
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attach to the interface, the refractive index is changed. By monitoring the reflected light, 

the device can determine the concentration of samples on the interface. This data can be 

determined by either scanning across different angles or by looking at the changing 

reflectivity. 

 In [8], two separate light beams interfere with each other before the detector. One 

of the light sources acts as a control. The other light source interacts with the sample of 

interest evanescently. As the refractive index is changed for one of the light sources, the 

phase of the light changes, which results in intensity change after the interference of the 

two beams. 

 In these surface-immobilized evanescent sensors, a high level of specificity can be 

obtained by utilizing the proper antigens. However, they suffer from false positives which 

occur when contaminants attach to the functionalized surface. 

 For label-free detection of bacteria, light scattering can be utilized to determine 

the size and refractive index [9, 10]. Scattering properties of objects are dependent on the 

size of the sample and the refractive index difference between the sample and the 

medium. This method can suffer from large noise as anything in the medium itself will 

cause scattering. In the following section, we describe the ability to apply electric fields 

to create two data sets, one as a control and the other as a crystallized state with all the 

samples of interest aligned to the externally applied electric field. 
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3. Light scattering of bacteria 

Light scattering is one of the techniques utilized to determine the properties of a single 

bacterium [10], cells [11], and tissues [12]. For bacteria, Rayleigh-Debye-Gans 

approximation can predict the optical scattering [9]. This approximation has the 

following requirements: the refractive index difference between the bacteria and media 

must be small and the phase shift of the light must be small. For bacteria, both these 

conditions generally hold true [10]. 

 In the Rayleigh-Debye-Gans approximation, the two requirements allow for the 

assumption that the particle does not perturb the incident field. Therefore, the scattering 

field is generated by the independent dipoles within the particle that are excited by the 

incident wave. In the next chapter, we will use similar terminology to describe scattering 

from gold nanoparticles much smaller than the wavelength of light. For asymmetric 

particles, the optical scattering for ellipsoids in media has been calculated [13]. The 

equation assumes two things: the solution is dilute such that the secondary scattering 

effects may be ignored and the solvent scattering can be accounted for separately. 

 In asymmetric bacteria such as E coli, the bacteria are rod-shaped with a longer 

axis, approximately 2 to 5 microns long, and two shorter axes, approximately 1 micron 

wide as shown in Figure 15. If the bacteria are assumed to be lying solely in a single 

plane, the scattering pattern is dependent on the waist of the E coli, which is proportional 

to its angle in the plane. In a solution with many asymmetric bacteria, due to the 

randomness of the bacteria orientations, the scattering pattern is an average over all the 
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different possibilities. If all the asymmetric bacteria are aligned, the scattering response is 

similar to that for a single bacterium. 

 In the following section, we describe using electric fields to align the bacteria. 

This allows us to detect asymmetric bacteria even in solutions that are contaminated with 

other scatters. The difference in optical scattering between the unaligned/random state 

and the aligned state determines the number of asymmetric particles in the solution. 

 

 

 

 

 

 



 

 

 

40

 

Figure 15. E. coli bacteria under 500x magnification. The bacteria are rod-shaped with 

diameters of approximately 1 micron and lengths ranging from 2 to 5 microns 
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C. Optical scattering of bacteria 

1. Device and optical setup 

The optical setup, shown in Figure 16, consists of a 5 mW HeNe laser which illuminates 

a transparent specimen holder consisting of a 1-mm-thick glass plate with a conductive 

electrode pattern in indium tin oxide (ITO) and a thin cover glass, separated by a 20 µm 

spacer. The void between the glass plates holds approximately 2 µL of test specimen. The 

laser beam has a diameter of approximately 1.5 mm resulting in an interaction volume of 

approximately 150 nL. An array of photodiodes at different angles or a simple optical 

power detector (UDT S370) at a continuous variable angle is used to measure the optical 

scattering. The specimen holder is connected to a signal generator to provide an 

alternating voltage of ±10 V. 

 An alternating voltage was chosen to eliminate electrolysis in the test specimen at 

the electrodes. Electrolysis causes bubbles of hydrogen and oxygen gas to form at the 

boundary of the electrode and liquid. To avoid the creation of bubbles without decreasing 

the applied voltage, a frequency greater than 1 MHz was necessary. Under observation 

through the microscope, the asymmetric bacteria aligned to the electric field most 

efficiently at 10 MHz. 

 The specimen holder, as shown in Figure 17, is fabricated using contact photo 

lithography. First, we obtain ITO-coated glass plates (Aldrich) rated at 30–60 Ω/square. 

Next, positive photoresist (S1813) is spin-coated onto the plates. A pattern is exposed 
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using a UV mask aligner and developed. Finally, the ITO is etched to create the electrode 

pattern. 

 The conductive electrode pattern is inter-digitated as shown in Figure 16 and 

Figure 18. In determining the optimal electrode spacing and width for optical scattering, 

there are three factors to consider. First, it has been observed that bacteria do not align 

over the electrodes. Therefore, the electrode width should be minimized. Second, the 

spacing between electrodes should be minimized to increase the electric field strength. 

Third, the electrode width should be maximized to decrease the resistance of the 

electrode. By testing the performance of different electrode spacing and widths from 10 

microns to 500 microns, the optimal electrode spacing and width was determined to be 

200 microns and 100 microns, respectively. 
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Figure 16. Schematic of the electrode pattern. The pattern is two combs facing each other. 

The electrodes are 100 microns wide separated by 100 microns. A vertical electric field is 

generated by this electrode pattern. A spacer can be used before placing a cover slide. 

Scotch tape measuring 50 microns in thickness were used as spacers. 
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Figure 17. Diagram of the optical setup of bacteria scattering. A 633 nm laser from the 

top of the image is going towards the bottom of the image. The laser output is polarized 

and the half-wave plate is utilized to pick the proper polarization. The specimen holder is 

placed perpendicular to the laser beam. The detectors are placed at an angle, on the same 

plane as the laser beam. 
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Figure 18. Schematic diagram of the specimen holder. A 1-mm-thick glass plate with a 

conductive electrode pattern in indium tin oxide (ITO) is separated from a thin cover 

glass with a spacer. The inset shows a sample of E. coli in urine aligned to the applied 

electric field between the electrodes. 
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2. Aligned bacteria 

To visualize the effects of the electric field on asymmetric bacteria in solution, the 

specimen holder is placed under a microscope. Our sample of bacteria is Escherichia coli 

(E. coli K12), which are rod-shaped bacteria. When no electric field is applied, live E. 

coli move randomly and are aligned randomly as shown in Figure 19(a). When the 

electric field is applied, live E. coli align to the field as shown in Figure 19(b); we 

observe the shorter E. coli aligning rapidly and the longer E. coli aligning slowly. Even at 

the corners of the electrodes, E. coli align to the field lines, as shown in the inset of 

Figure 18. When the electric field is turned off, live E. coli move to orient themselves 

randomly. Note that dead E. coli and other symmetric particles do not move or change 

orientations with respect to the electric field and appear stuck to either the glass plate or 

cover slide. 

 The orientation of the bacteria need not be parallel to the image plane. The 

orientation of the bacteria may be in and out of the image. By stacking two glass plates 

with ITO as shown in Figure 20, we were able to align bacteria perpendicular to the plane 

of the device. Bacteria that are located just outside of the electrode boundary do not align 

and remain in random orientations. 

 The ability to detect bacteria through an automated process without expensive and 

bulky equipment such as an optical microscope would be beneficial for many reasons. 

First, untrained technicians could operate the equipment. Second, the results may be 

obtained rapidly. Third, the system could be made small and inexpensive. 
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Figure 19. Live E. coli bacteria under 500x magnification. (a) No electric field. The 

bacteria are aligned randomly. (b) Applied electric field in the horizontal direction. The 

bacteria are aligned to the electric field. Larger bacteria align slower than the smaller 

bacteria. 
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Figure 20. Specimen holder which aligns bacteria in and out of the plane. (a) Schematic 

diagram of the parallel plate specimen holder. (b) Applied electric field normal to the 

image plane. Note the line from the upper right to the lower left of the image. The two 

electrodes are stacked on top of each other and are located to the left of this boundary. 

Bacteria to the left of this boundary align to the electric field, normal to the image plane, 

and appear as points. Bacteria that are immediately to the right of this boundary orient to 

the fringe fields from the electrodes, from the upper left to the lower right of the image.  
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 To eliminate the need for an imaging system, we have investigated optical 

scattering as a means to detect the presence of live bacteria. Randomly oriented rod-

shaped bacteria have optical scattering measurements with peaks as a function of a 

scattering angle corresponding to the bacteria’s radius and length [9, 10]. Aligned rod-

shaped bacteria have optical scattering measurements with peaks as a function of 

scattering angle corresponding to either the bacteria’s radius or length. In our scheme, the 

automated detection compares the optical scattering of randomly oriented bacteria versus 

aligned bacteria. 
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3. Optical scattering data of aligned bacteria 

Figure 21 shows the optical scattering for samples of 5·107 colony-forming units 

(CFU)/mL live E. coli in urine, and no live E. coli in urine. When the electric field is 

turned on (between the dashed green lines), we notice that the sample of 5·107 CFU/mL 

live E. coli in urine has a scattered power increase of 20%. A control experiment with 

filtered and sterilized urine that contained dead E. coli showed no change in the amount 

of scattered power with an applied electric field. 

 The optical scattering measurement shows different rise and fall times when the 

electric field is turned on and off. We noticed that bacteria of different sizes align at 

different speeds to the electric field. For our particular sample of 5·107 CFU/mL live E. 

coli, we have a rise time measurement of approximately 500 milliseconds and a fall time 

measurement of approximately 1.5 seconds, as shown in Figure 22. The different rise and 

fall times of bacteria may be due to their different sizes, dielectric constant, or 

polarizability. Therefore, through calibration, we may be able to distinguish the types of 

different bacteria in our test sample. 

 Figure 23 shows optical scattering measurements with varying bacteria 

concentration and angle of the detector. Figure 23(a) shows similar measurements as 

shown in Figure 21. On average, the scattering measurements indicate that there is about 

a 20% increase when the electric field is turned on for 5·107 CFU/mL live E. coli in urine. 

Figure 23(b) shows measurement data for 5·106 CFU/mL live E. coli in urine. There is 

about a 5% increase when the electric field is turned on. We note that the threshold of the 
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optical scattering measurement for detecting bacteria occurs at a concentration which is 

on the order of magnitude 106 CFU/mL live E. coli in urine. Additional improvements to 

the detection scheme would rely on pre-concentration within a microfluidic circuit [14]. 

 This threshold of bacteria detection is on the same order of magnitude as current 

bacteria detection methods such as urine cultures [15] and biosensor techniques that 

detect antigen-antibody, enzyme-substrate, or receptor-ligand complexes by measuring 

fluorescent light, surface reflection, and electrical properties [16–19]. Unlike these 

methods, we have demonstrated a bacteria detection scheme that uses no biochemical 

markers and has the potential to be small, inexpensive, and easy to use for untrained 

technicians, and provides rapid results. 
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Figure 21. Optical scattering measurements at an angle of approximately 33 degrees. The 

solid curve shows the increase in the optical scattering when the electric field is turned on 

(between the vertically dashed lines) for 5·107 CFU/mL live E. coli in urine. The dashed 

curve shows the same measurement for filtered and sterilized urine with dead E. coli. 
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Figure 22. Rise and fall time of the optical scattering measurement at an angle of 

approximately 33 degrees. (a) Rise time of the bacteria alignment to the electric field is 

approximately 500 milliseconds. (b) Fall time of the bacteria alignment to the electric 

field is approximately 1.5 seconds. 
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Figure 23. Optical scattering with respect to bacteria concentration and angle of detector. 

(a) The measurement with 5·107 CFU/mL live E. coli. On average, there is approximately 

a 20% signal increase with the electric field on versus off. At the detector angle of 20 

degrees, the signal increase is approximately 44%. (b) The measurement with 5·106 

CFU/mL live E. coli. On average, there is approximately a 5% signal increase with the 

electric field on versus off. At the detector angle of 15 degrees, the signal increase is 

approximately 8%. 
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D. Electrode patterning 

1. Introduction 

A critical component of many lab-on-a-chip applications is controlling particles within 

liquids [20, 21]. The detection scheme demonstrated in the previous section would 

benefit greatly from concentration and alignment of particles within liquids. For most 

applications, an external force is applied to accurately and reliably control particles 

through the microfluidic channel. Such forces have been demonstrated utilizing 

mechanical, electrical, thermal, and optical methods [22–29]. Electrical methods require 

the integration of electrodes to the microfluidic chip. If an electric field is applied 

between two electrodes on the same plane, a nonuniform electric field distribution is 

formed within the channel and the directionality and adaptability of the field is limited. 

Electrodes on all walls of microfluidic channels would be very beneficial in order to 

generate electric fields of any alignment for dielectrophoretic and electro-orientation 

purposes [30, 31]. This is explored in greater detail in section 3. 

 Dielectrophoresis (DEP) and electro-orientation allow for the manipulation and 

differentiation of different samples of interest through size, dielectric properties, and size 

asymmetry [32]. Recent studies of dielectrophoresis show its capability to separate 

different beads based on size and determine the dielectric properties of biological samples 

such as yeast, blood cells, and bacteria [30–35]. Recent studies of electro-orientation 

have revealed its ability to orient bacteria and nanowires [36–38]. Dielectrophoresis 
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provides for concentration and sorting capabilities [30–31, 35] and electro-orientation 

allows for the alignment of asymmetric particles on a macro scale [39]. 

 Several methods for integration of electrodes with microfluidic channels have 

been developed. Electrodes forming the channel were demonstrated using highly doped 

silicon [40]. Electrodes on the walls of an elliptical microfluidic channel were 

demonstrated using multi-step optical lithography involving glass wet etching and metal 

deposition [41]. Vertical electrodes in the sidewall of a rectangular micro- or nano-fluidic 

channel were demonstrated using multi-step optical lithography involving SU-8 with 

metal deposition and electroplating [31, 42]. Single-step optical lithographic fabrication 

of microfluidic channels has been demonstrated [43] and simplicity in fabrication of 

electrodes has been demonstrated as well [44]. In this paper, we demonstrate a novel 

technique for the fabrication of electrodes in all four walls of the channel without 

increasing the complexity of its fabrication. 

 Electrodes are implanted onto the sidewall and topwall of the 

polydimethylsiloxane (PDMS) microfluidic channel through an ion-implanting process 

[45, 46]. The electrodes are connected across the borders by implanting into the PDMS at 

an angle and exhibit optical transparency over 35% [46]. Potential applications utilizing 

these electrodes within microfluidic channels are demonstrated by aligning and 

concentrating E. coli using electro-orientation and dielectrophoresis. 
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Figure 24. Bacteria in a microfluidic channel aligning to an electric field. The 

polydimethylsiloxane (PDMS) chip is placed on top of patterned electrodes. There is an 

electrode in the top of the image and another electrode below the image. The electric field 

is vertical. There is a very weak electric field on top of the electrode as most of the field 

lines are between the two electrodes. Initially, the bacteria are on top of an electrode (top 

left image). As the bacteria move into the area between the two electrodes (read each 

image down the first column, then second column and finally exits in the third column), 

they align to the electric field. 
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2. Chip design 

A rectangular microfluidic channel of 100 μm in width, 70 μm in height, and 

approximately 2 cm in length is fabricated using the replica molding technique. A master 

mold is produced utilizing ultraviolet (UV) lithography with SU-8 (GM-1070, Gerstelec) 

on a silicon wafer. After trimethylchlorosilane (Sigma Aldrich) treatment of the master 

mold for 5 minutes, the PDMS (Dow Corning Sylgard 184) is poured onto the mold with 

a 10:1 base-to-curing agent ratio. After curing in an oven at 80ºC for 1 hour, the silicone 

is released from the mold. Next, we use low-energy metal ion implantation from a 

Filtered Cathode Voltage Arc (FCVA) source to coat the inside of the microfluidic 

channel with gold ions through a steel shadow mask, as shown in Figure 25. The ions 

form a layer of gold nanoparticles in the top 50 nm of the PDMS [45]. The main 

advantage of the implantation process is the excellent adhesion of the gold electrodes to 

the PDMS, since they are implanted a few nm below the surface. This adhesion can be 

verified by using Scotch tape on a PDMS surface with both sputtered and implanted gold. 

The Scotch tape will readily remove the sputtered gold from the PDMS surface while no 

noticeable change will occur to the implanted gold. The FCVA deposition is pulsed at 1 

Hz. For each pulse, an arc is initiated between the gold cathode and the trigger electrode, 

creating adense plasma between the cathode and anode. After being filtered, the plasma is 

accelerated towards the sample, held at a bias of 2.5 keV. The gold ions are doubly 

charged, and the ion energy varies from 5 keV at the beginning of the pulse to 50 eV at 

the end of the pulse. The implantation process is explained in detail in references [45] and 

[46]. This procedure is repeated twice at a 40° angle to create mirror image electrodes 

within the fluidic channel, as shown in Figure 26(a). After the implantation, 4 gold 
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electrodes are sputtered on the surface in the 4 corners of the implanted area to ensure 

good electrical contact to the implanted layer. 

 We then lithographically pattern an ITO-coated glass slide (30–60 ohm/square, 

Sigma Aldrich) to create electrical contact with the gold-implanted region as well as 

provide electrodes for the open side of the microfluidic channel, as shown in Figure 26(b). 

Spin-on-glass (Honeywell) is coated onto specific regions of the ITO-coated glass slide to 

insulate the electrodes for the microfluidic channel from the gold-ion-implanted region of 

the PDMS. Inlet and outlet ports are punched into the PDMS with a hole-punching 

machine and the silicone is given the oxygen plasma treatment for 20 seconds at 50 W. 

Immediately afterwards, the silicone is bonded to the ITO-coated glass slide. The finished 

device is shown in Figure 27. 

 The finished chip contains 8 electrodes on the ITO. Half of the electrodes are used 

to manipulate particles within the microfluidic channel directly from the ITO-coated 

substrate. The other electrodes are utilized to make contact with the electrodes inside the 

PDMS microfluidics. When the electrodes on the PDMS walls and on the ITO are 

utilized independently, the applied electric fields are primarily in a plane parallel to the 

substrate. Each set of electrodes is capable of producing two separate orthogonal electric 

fields. Using a combination of the ITO electrodes and PDMS electrodes, the applied 

electric fields can be orthogonal to the plane of the substrate. In general, with this 

electrode configuration, we gain great flexibility in specifying the direction and 

distribution of the electric fields inside the fluidic channel. However, completely arbitrary 
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alignment of electric fields throughout the fluidic channel may require further structuring 

(such as arbitrary sidewall angles). 

 To apply the AC voltages to the electrodes, a function generator (HP 3312A) is 

utilized to generate frequencies between 1 Hz to 10 MHz at voltages up to 10 Vpp. The 

output of the function generator is connected to a custom circuit built to control the 

electrode voltages through a set of relays with the USB-controlled Velleman P8055. By 

connecting a selected set of electrodes to either output of the function generator through 

the PC, we can either float the electrode or set it to be one of the active applicators of the 

electric field. The schematic is shown in Figure 28.  
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Figure 25. Implantation of metal ions. The source contains solid gold. Gold ions of 

various sizes are created at the source and the magnetic filter sorts the sizes of the gold 

ions. They are implanted about 1 to 50 nm into the PDMS surface at 2.5kV. (Source: 

[45]) 
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Figure 26. Schematic of the implantation of electrodes on the device. (a) The ions are 

implanted at an angle to create electrodes on the walls of the fluidic channel. (b) A 

lithographically patterned ITO-coated glass slide is bonded to the PDMS chip. Half of the 

electrodes on the ITO-coated glass slide connect to the PDMS electrodes. 

 

(a) 

x 

y 
z 

(b) 



 

 

 

63

 

Figure 27. Picture of the device. The finished device and close-up image. In both images, 

the microfluidic channel runs from left to right between the sputtered gold contacts. In 

the close-up image, there are implanted gold electrodes on the left and right of the image. 
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Figure 28. Schematic of setup. Electrical control of the device is done through the 

computer using a USB controller board. The device controls switches on the breadboard 

that turns on and off the input voltages from the function generator (F.G.). 
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3. Simulation 

We can investigate the field distributions generated by three-dimensional structuring of 

electrodes within a fluidic channel through finite element simulations using the 

COMSOL software package. For a given electrode separation with only electrodes on the 

substrate, we note that the electric field distribution within the microfluidic channel is 

similar to the fringing fields of a capacitor. Depending on the height within the channel, 

the particle sees a significantly different magnitude of the electric field. Particles closer to 

the electrodes see at least a one-order-of-magnitude-higher electric field than particles 

closer to the top wall of the microfluidic channel (for a 50 μm channel height, this occurs 

when the particle’s height is at 5 μm versus 45 μm). When the electrodes are coated on 

the PDMS, the maximum magnitude of the electric field seen by the particle is the same 

and in general the field itself is more uniform throughout the height of the fluidic channel. 

 The following parameters were utilized for the simulations: relative static 

permittivities of 2.8 for PDMS [47], 4.2 for the glass slide (given by COMSOL), and 80.1 

for water within the fluidic channel [48] with ITO and gold-ion-implanted PDMS 

electrical conductivity of 2•105 Ω/m. We obtain this value by assuming the ITO is 100 

nm thick and the gold-ion-implanted PDMS is 50 nm thick, while measuring the ITO 

sheet resistance to be 50 ohm/square and the gold-ion-implanted PDMS to be 100 

ohm/square. For the first set of simulations, we assume a 100-μm-wide by 70-μm-tall 

fluidic channel that is 300 μm long. There are two electrodes on the top of the glass 

substrate that are spaced 100 μm apart. The fluidic channel is placed on top of this gap. 

There are also electrodes on the PDMS in the same configuration as the actual 
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implantation. Figure 29(a) shows 3 different slices in the height of the simulation of the 

electric field when only the electrodes on the substrate are utilized in height. Figure 29(b) 

shows the simulation of the electric field with all the electrodes utilized. The magnitude 

of the electric field remains uniform to within 5% throughout the entire height of the 

fluidic channel. 

 For the second set of simulations, we take a cross section with the fluidic channel 

moving liquids in and out of the plane. There is an electrode on the glass substrate as well 

as two electrodes on the walls of the PDMS. The gap between the two PDMS electrodes 

is 10 μm. We simulate the electric field generated orthogonal to the fluidic flow. Figure 

30 shows the simulation of the electric field for the direction parallel to the substrate. 

Figure 31 shows the simulation of the electric field in the direction pointing from the 

substrate to the top of the fluidic chip. The electric field is not completely uniform 

throughout the microfluidic channel due to the coating of the top wall of the device. This 

can be visualized in Figure 32 by looking at the negative dielectrophoretic forces, which 

are the gradient of the electric field. There is a strong force pushing most of the particles 

in the channel experiencing negative dielectrophoretic forces down and towards the 

middle of the fluidic channel. There are two additional forces towards the top corners. 

However, the forces are quite weak in one direction and we visualize few bacteria in this 

region experimentally. This force will be addressed with greater detail in the 

experimental section. 
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Figure 29. Simulation of electric field within a fluidic channel. PDMS surrounds the 

microfluidic channel except on the right-hand side of the image where the ITO-coated 

glass slide is located. (a) With planar electrodes on ITO-coated glass slide substrate only. 

Images to the right show E. coli aligned at different z planes. The ITO/glass is at z=0 μm 

and the top of the fluidic channel is at z=70 μm. At z=10 μm all the bacteria are aligned. 

At z=60 μm, the electric field does not orient all the bacteria. Some of the bacteria are on 

the substrate and do not move. They can be seen moving out of focus. (b) With electrodes 

on the microfluidic channel as well as the ITO-coated glass slide substrate. At both z=10 

μm and z=60 μm, all flowing bacteria are aligned. 
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Figure 30. COMSOL simulation of electric field as the electric field is applied across the 

fluidic channel. The ITO-coated glass is the substrate on the bottom. 
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Figure 31. COMSOL simulation of electric field within a fluidic channel as the electric 

field is applied from the electrodes on the fluidic channel to the ITO-coated glass slide. 

PDMS is on the top, the left, and the right of the channel. The ITO-coated glass is the 

substrate on the bottom.  
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Figure 32. COMSOL simulation of the normalized negative dielectrophoresis forces 

experienced by a particle when the electric field is applied across the fluidic channel. 

PDMS is on the top, the left, and the right of the channel. ITO-coated glass is the 

substrate on the bottom. 
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4. Electro-orientation within a fluidic channel 

Bacterial orientation within a microfluidic channel is possible through the electro-

orientation force. This force is exerted on an asymmetric particle within a medium due to 

the application of an electric field. By applying an AC frequency where the particle has a 

dielectric permittivity higher than the medium, the particle will align along the field [33]. 

We can align the bacteria to any of the axial directions by simply applying the electric 

fields along the proper electrodes. This type of measurement is useful, for example, when 

an asymmetric sample of interest is located at a known position and the precise height, 

width and length of the particle need to be determined. Also, it is possible to flow the 

particle over a sensing structure in a particular orientation if one is interested in a 

particular viewing angle of the sample of interest, for example, the flagellum. This 

technique may be especially useful when probing particular entities within a biological 

cell, in particular, to orient microtubules [49]. 

 We utilize the same parameters as have been shown in the electro-orientation 

techniques of E. coli K12 in filtered urine described in previous work to align the bacteria 

to the electric field [36]. 10 Vpp at 10 MHz is applied across two electrodes to obtain a 

preferred alignment. Live bacteria are flowed horizontally from right to left within the 

microfluidic channel at a rate of 20 μm/sec. Figure 33(a) shows bacteria aligned to a 

horizontally applied electric field. Figure 33(b) shows bacteria aligned to an electric field 

with both vertical and horizontal components. Figure 33(c) shows bacteria aligned to an 

electric field which is applied in and out of the plane. Without an applied electric field, 

most bacteria prefer to align horizontally along the direction of flow. 
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Figure 33. Demonstration of bacteria orientation. The white arrows indicate the direction 

of the applied electric field. The SYTO 9 fluorescence-labeled bacterium is also aligned 

in this direction. White circles mark live bacterium which are currently in fluidic channel. 

(a) The electric field is applied in the horizontal direction. (b) The electric field is applied 

with both vertical and horizontal components. (c) The electric field is applied in and out 

of the image plane. Electrodes are not shown. 
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5. Dielectrophoresis within a fluidic channel 

Colloidal focusing within a microfluidic channel is possible through the dielectrophoretic 

force. This force is exerted on a particle within a medium due to the application of a non-

uniform electric field. By utilizing an AC frequency where the particle has a dielectric 

permittivity lower than the medium, the particle will move towards where the fields are 

weakest [32, 41]. We utilize this force to move particles to the middle of the rectangular 

microfluidic channel. This is advantageous where a sample of interest flows over a 

sampling region which is much smaller than the size of the fluidic channel. This can be 

especially useful for sparse suspensions as the colloids will be concentrated in the middle 

of the region. A key advantage of this approach over fluidic flow focusing is the ability to 

flow colloidal solutions at a slower rate without losing any focusing capability. This may 

be especially useful for lab-on-a-chip application that combines larger microfluidic 

channels with smaller structures.  

 We change the conductivity of the solution from filtered urine (>1 mS/cm) to 

deionised water with CaCl2 salt (170 μS/cm) and apply a frequency of 1 MHz to obtain 

negative dielectrophoresis. 10 Vpp is applied across the two PDMS side wall and top 

wall electrodes. Bacteria flow horizontally from right to left within the microfluidic 

channel at a rate of 10 micron/sec. Figure 34(a) shows no field applied. Figure 34(b) 

shows bacteria in the center of the fluidic channel due to the field being applied on the 

electrodes to the right-hand side. This concentration occurs as the bacteria flow along the 

channel from the side wall electrodes. Figure 35 shows the bacteria counts for a certain 

distance from the center of the fluidic channel. We estimate that the bacteria are being 
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concentrated to within about 25 microns of the center. This corresponds to an increase in 

the concentration by about 15 times. This is similar to the concentration of microbeads 

and human leukemia cells with 10 Vpp at 10–100 kHz in [41]. 
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Figure 34. Demonstration of bacteria concentration. The fluidic channel contains 4 

electrodes in this picture with the bacterial solution entering from the right. An electric 

field can be applied on the right-hand-side electrodes from the top of the fluidic channel 

to the bottom of the fluidic channel. (a) The electric field is not applied. Bacteria come 

into the picture from the right without preference for focusing within the fluidic channel 

or focal plane. (b) The electric field is applied on the noted right-hand-side electrodes. 

Bacteria come into the picture from the right in the center of the fluidic channel at the 

same focal plane. Note that the electric field is not applied on the left-side electrodes. The 

bacteria immediately redisperse in both focal plane and within the fluidic channel as 

marked by the dashed lines. 
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Figure 35. Data showing bacteria concentration with respect to applied electric field 

strength. As each bacteria enters the picture, the distance from the center of the fluidic 

channel is measured. Note that most bacteria are concentrated to within 10 μm of the 

center when the electric field is applied at 10 Vpp compared to a random distribution 

when no electric field is applied. Voltages lower than 4 Vpp resulted in a similar profile 

to no electric field. 
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IV. Plasmonic optofluidics 

A. Introduction 

In the previous chapter, we discussed detection schemes of bacteria and some methods of 

pre-concentration and arbitrary alignment. In bacteria manipulation, active fluidic 

pumping is a key component [1, 2]. The motion of the fluid allows for additional bacteria 

to be moved into the active region. Traditionally in soft-lithography-compatible 

microfluidics, solenoid pumps control valves and fluids [3, 4]. These solenoid pumps are 

large, bulky devices that are usually larger than the size of the chip themselves. In the 

quest for further miniaturization, integrated means of pumping liquids have been sought. 

These alternative methods have focused on optical, electrical, magnetic, and thermal 

means, as well as various combinations of the above-mentioned methods [5–18]. In this 

chapter, development of optical methods of fluidic control with plasmonic nanoparticles 

will be discussed. 
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1. Plasmonic nanoparticles as thermal sources 

Classically, plasmons are the oscillation of electrons with respect to fixed positive ions in 

a metal. In metals, there is damping of the oscillation of the electrons. This damping 

results in degeneration of input energy into thermal energy. To maximize the conversion 

efficiency of the input energy to the heat, it is ideal to match the input energy source to 

the plasmon resonance of the metal. At the resonance, the electrons can follow the 

electric field of the input laser source and the conversion efficient to heat is maximized. 

 For use with visible lasers, spherical gold nanoparticles are ideal, as their 

absorption is maximum at about 510–550 nm, depending on their size. For particles 

larger than about 35 nm, scattering is much larger than absorption, whereas, for particles 

smaller than 15 nm, absorption dominates. For use with infrared lasers, gold nanorods are 

ideal, as the plasmon resonance is dependent on the longer axis of the nanorod. Common 

values for absorption maximum for gold nanorods can be found for 750–900 nm which 

have lengths of 35–50 nm. [19] 
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2. Optically controlled fluidic valves 

In similar lines to the interest in controlling colloids within channels, optofluidics [1] has 

resulted in several methods of controlling fluidics utilizing optical methods [5–9]. An 

optical method for providing this circuitry can ease the design criteria of these lab-on-a-

chip applications if the fluidic valves do not need to be created during device fabrication. 

An optically controlled fluidic valve can be opened and closed as well as rapidly 

reconfigured, by manipulating the optical beam. Optically controlled fluidic valves have 

been created utilizing photothermal nanoparticles [5], an IR-based laser [6], plasmonic 

nanoparticles coated on the substrate [7], and fluidic gelation through energy transfer 

from an optically absorbing substrate [8, 9]. In this chapter, we focus on the biological 

and chemical compatibility of plasmonic nanoparticles as thermal source used in [5]. The 

technology used in this particular example of the optofluidic pump is described in further 

detail in Figure 36. 
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Figure 36. Technology used in the optofluidic pump. Block copolymer lithography is 

used to create a single monolayer of approximately 15 nm gold nanoparticles. They are 

spaced approximately 40 nm apart from each other due to an organic polymer between 

each pair of nanoparticles. The organic polymers are removed using oxygen plasma. The 

resulting scanning electron microscope image is shown on top. When liquid is flowed 

over this substrate in a confined space such as a microfluidic channel, we are able to 

change the temperature, which in turn changes the vapor pressure. The differential vapor 

pressure causes evaporation to occur near the laser spot and condensation away from the 

laser spot. 
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B. Biological compatibility of plasmonic optofluidic valves 

1. Optofluidic pump background 

The schematic diagram and creation of a vapor bubble with the optofluidic pump is 

shown in Figure 37 and Figure 38. The microfluidic chip is a standard microfluidic 

channel, 30 microns wide by 10 microns tall. The green laser is integrated into the 

microscope. The thermal energy transfer from the green laser to the liquid is enhanced by 

depositing a monolayer of gold nanoparticles at the floor of the fluidic channel. The 

plasmon resonance of the particles matches the green laser wavelength. 

 In a previous work [7], single fluidic valves were created where liquid was 

pumped using these optothermal particles. A key component in these fluidic pumps is the 

necessity of a vapor pressure change with respect to temperature for the primary liquid 

utilized. While water, ethanol, and various other organic solvents can be pumped using 

this technique, most chemicals and biological compounds will become concentrated or 

diluted at the interface [20, 21]. 

 In this section, we show how these fluidic valves can be used to increase 

complexities and to concentrate bacteria. In Figure 39, we show the different 

complexities that are possible. After the bacteria are concentrated to an acceptable 

number, we use our previous method of aligning the bacteria and detect the optical 

scattering signal from the bacteria to quantify the concentration. 
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Figure 37. Schematic of optofluidic pump. After the air bubble is created, liquid exists on 

both sides of the air bubble with the left-hand side connected to a reservoir of liquid (top 

image). When the laser is located at one of the interfaces, there is a thermal gradient 

corresponding to the laser spot (central image). This creates a different vapor pressure on 

the two interfaces. This leads to mass transfer of water from one interface (with the laser 

spot) to the other spot (without the laser spot). This results in liquid pumping action 

(bottom image). 
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Figure 38. Image showing the creation of the vapor bubble. The fluidic channel is in the 

center, approximately 30 microns wide and 10 microns tall. On the left are markers, 10 

microns wide each, with a displaced marker every 200 microns. On the right are 

additional markers. They are used to evaluate how far the liquid moves. The liquid, 

which comes from a syringe, is connected at the bottom of the picture. On the top of the 

pictures, there is air and there is an interface between the liquid and the air at the location 

of the laser spot. (a) Condensed droplets of water appear on the air side of the water-air 

interface. (b) More water is transferred across the interface as the water droplets get 

larger. (c) The droplets connect to each other. (4) Water is pumped across the interface as 

the vapor bubble remains relatively stable. 
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Figure 39. Increasing complexities taking advantages of the unique properties of the 

optofluidic pump. With a single bubble, in a split-channel (Y-channel) structure with two 

liquid reservoirs, the chip can achieve bidirectional fluidic flow and chemical 

concentration gradients. With two bubbles, several different functionalities can be shown. 

In a single-channel structure, bubble motion can be shown by adjusting laser power and 

liquid reservoir pressure. In a split-channel structure, fluidic switching of two liquids is 

possible. 
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2. Chip synthesis 

We utilize block copolymer lithography to deposit a monolayer of gold nanoparticles [22]. 

The gold nanoparticles are generated utilizing the following compounds: toluene (Sigma-

Aldrich), gold chloride hydrate (Sigma Aldrich), and polystyrene-b-2-vinyl pyridine 

(PolymerSource). In a dark, nitrogen-filled environment, 5 mL toluene is mixed with 25 

mg polystyrene-b-2-vinyl pyridine for 24 hours. About 8 mg gold chloride hydrate was 

added to the solution and mixed for 3 days. This solution was spin coated onto a glass 

slide at 2000 rpm. Afterwards, the gold nanoparticle coated glass slide is placed in an 

oxygen plasma etcher for 10 minutes at 50 W. A scanning electron microscope image of 

the nanoparticles on a silicon wafer indicates that particles are about 15 nm in size with a 

separation between each nanoparticle of about 45 nm. The absorption peak of the gold 

nanoparticles occurs at about 500 nm, which is the approximate wavelength of the laser 

(514 nm). 

 The microfluidic channel is produced utilizing a replica molding process with 

polydimethylsiloxane (PDMS). The master mold of a single fluidic channel of 30 

microns in width and 10 microns in height is produced utilizing UV lithography with 10-

micron-thick SU-8 (GM-1040, Gerstelec) on a silicon wafer. After trimethylchlorosilane 

(Sigma Aldrich) treatment of the mold for 5 minutes, the PDMS (Dow Corning Sylgard 

184) is poured onto the mold with a 10:1 base-to-curing-agent ratio. After curing in an 

oven at 80ºC for 1 hour, the silicone is released from the mold. Inlet and outlet ports are 

punched with a hole-punching machine and the silicone is given the oxygen plasma 
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treatment for 20 seconds at 50 W. Immediately afterwards, the silicone is bonded to the 

glass slide. The dimensions of the finished device are approximately 3 cm by 2 cm. 

 Under a microscope setup with 10x or 40x objectives, we focus a 514 nm Argon 

laser to about 10 microns in diameter. The laser energy is transferred into heat in this 

small region near the laser spot. The heat transferred to the liquid causes increased 

evaporation. The vapor re-condenses away from the laser spot, initially forming a vapor 

bubble and then pumping liquid from one side of the bubble to the other. A key feature of 

these optically controlled fluidic valves is that the initial liquid-vapor interface remains 

pinned. 
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3. Bacteria concentration 

In this section, we look at the biocompatibility of these fluidic valves. Specifically, we 

demonstrate that optically controlled fluidic valves can be used to concentrate and detect 

bacteria. As demonstrated previously, only liquid is transported across the vapor bubble 

[7]. Therefore, bacteria and other compounds which do not experience a significant vapor 

pressure change with small thermal changes are not transported. They accumulate at the 

interface as shown in Figure 40. The 15 mW 514 nm laser beam is focused to a spot that 

is approximately 10 microns in size. 

 We probe these concentrated asymmetric bacteria by detecting the change in their 

scattering when they align to an electric field with a 5 mW 632 nm laser [23]. We notice 

that a single live asymmetric bacterium causes up to a 5% change in the scattered red 

laser signal when they are aligned to the electric field as opposed to when there is no field 

applied, due to a lack of alignment without a field. This allows for an improvement in the 

threshold of the detection capability of asymmetric bacteria, which is dependent on the 

amount of fluid that is pumped across the vapor bubble. As reported previously, the 

thermal gradient generated is less than 2 degrees Celsius [7] and the asymmetric bacteria 

remained alive within the fluidic channel throughout the several hours of the utilization 

of the optofluidic pump [24]. 

 The potential capability of this concentrator is dependent on the amount of liquid 

that can be transferred through the vapor bubble. Previous studies showed that there is no 

noticeable change in the flow rate with respect to time [7]. Therefore, the concentration is 

dependent simply on time. Assuming some uniform concentration of bacteria at x 
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bacteria/mL and a flow rate of the vapor bubble at y mL/sec, we will be able to 

concentrate x•y bacteria/sec at the vapor bubble interface. Figure 41 shows the time 

elapsed to concentrate bacteria solution that was at an initial concentration of 107 

bacteria/mL. Every minute, we concentrate 4–5 bacteria at the liquid-vapor interface. 

Saturation occurs when liquid reaches the output port of the microfluidic channel. For a 

1-cm-long microfluidic channel, this occurs in about 30 minutes. We were able to 

concentrate about 100–150 bacteria at the interface during this time. 
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Figure 40. Bacteria concentration using the optofluidic pump. The input to the liquid with 

the bacteria is from the top left of the image. The bottom right of the image is connected 

to the output. (a) The vapor bubble is located in between, with the laser spot on the input 

side interface. (b) After several minutes, the bacteria is concentrated on one side of the 

vapor bubble interface. At this concentration of bacteria (~ 107 bacteria/mL), there are 

about 3 bacteria after about 1 minute of concentration, during which the water moves 

about 100 microns (the channel is 30 microns wide by 10 microns tall). 

 

(b)(a) 
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Figure 41. Arrival of bacteria with respect to time. The device starts with zero bacteria at 

the interface. Over an average of 10 pumps where the bacteria are uniformly distributed, 

the time required to trap each additional bacteria is measured. The fifth bacteria came in 

at approximately 1.2–1.5 minutes for 107 bacteria/mL concentrated solution. In the 

solution, notice that the bacteria slightly repel each other, which explains their uniform 

distribution within the solution [25]. 
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4. Two bubbles in a single fluidic channel 

Increasing complexity with vapor bubbles in a single fluidic channel naturally leads to 

increasing the number of vapor bubbles to manipulate droplets of liquids in a two-phase 

system surrounded by air. In this section, we explore the motion of the fluidic valves and 

droplets. In Figure 42, the general schematic with two vapor bubbles in a single fluidic 

channel is shown. The flow rate of each vapor bubble is controlled by the laser intensity 

and the distance from the laser spot to the liquid-air interface. 

 Since the size of the vapor bubble may not be changed, all the different 

possibilities of vapor bubble and droplet motion can be simplified into three specific 

actions. First, the first vapor bubble may be moved towards to the inlet. Second, the first 

vapor bubble may be moved towards the outlet, decreasing the droplet size. Third, the 

second vapor bubble may be moved towards the outlet, increasing the droplet size. Any 

other combination of vapor bubble motion with droplet size change may be achieved with 

the combination of the above mentioned actions. These scenarios are described in Figure 

43. 

 Of note in the normal optofluidic pump is that the input reservoir is left at a state 

in which there is a slight amount of pressure. Even with the pressure, the water-air 

interface remains stable due to the hydrophobicity within the channel. When the laser 

spot is kept stable, the capillary pressure replaces the liquid that is transferred across the 

vapor bubble. However, for vapor bubble motion, the laser spot must be moved 

continuously with respect to the water-air interface. In the scenario where the vapor 

bubble is moved towards the inlet, the flow rate across the interface must be increased 
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such that it is higher than the capillary water replacement rate. This means that the input 

laser power is increased, the distance between the laser spot and water-air interface is 

decreased, or the input reservoir pressure is decreased. 
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Figure 42. General configuration with two vapor bubbles in a single fluidic channel. 

There are two laser spots of two possibly different intensities, I1 and I2, each at distance 

d1 and d2 from the interface, respectively. When I1=I2 and d1=d2, there is no motion in 

the vapor bubble and there is mass transfer with the rightmost liquid-air interface moving 

to the right. The total flow rate is controlled by I and d such that there are more 

conditions in which the vapor bubble doesn’t move when I1≠I2 and d1≠d2. The amount 

of motion in each interface is measured where we assume d1=d2 in the following cases. 
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Figure 43. The three different possibilities of motion. If I1>I2, there is a distinct motion 

to the left of the leftmost interface. For continuous motion of the first vapor bubble, the 

laser spot at I1 must be moved to maintain d1. Similarly, when the location of I1 is 

moved to the other interface (second leftmost), the left vapor bubble moves to the right. 

Once again, for continuous motion, the laser spot I1 must be moved to maintain d1. In the 

last case, when I2>I1, there are two possibilities. If the laser spot is on the left hand side 

interface of the right vapor bubble, there is no difference from the above case (flow rate 

is limited by the rate on the left vapor bubble). If the laser spot is on the right hand side 

interface of the right vapor bubble, we can move the right vapor bubble. Continuous 

motion requires motion of the laser spot. 
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5. Fluidic switch 

Next, we investigate fluidic switching using optically controlled vapor bubbles. In an 

extension to the previous work [7], we demonstrate the relative ease of parallelization of 

fluidic valves using multiple focused laser spots. We introduce a vapor bubble into both 

branches of the Y junction fluidic channel (Figure 44). The fluidic valves are stationary 

due to the pinning of the liquid air interface. The inlet channel junction is approximately 

100 microns below the visible field of the microscope. Liquid is provided at the inlet via 

a syringe, while the two output ports are open and unconnected. 

 The flow rate across the vapor bubble is influenced by both the power and 

position of the focused laser beam. We use a spatial light modulator (SLM) to 

independently control these parameters for each fluidic valve. It is possible to maintain a 

vapor bubble without any movement in any of the liquid-vapor interfaces by decreasing 

either the intensity of the beam or moving the position of the laser beam. There is also a 

maximum pumping rate, as too much laser power intensity close to the liquid-vapor 

interface causes unstable vapor bubble formation. The maximum pumping rate is 

dependent on the size of the fluidic channel. For 30-micron-wide by 10-micron-tall 

channels, this occurs at a pumping rate of approximately 9 picoliters per second (30 

microns per second). By utilizing the difference in pumping rates in the two fluidic 

valves, we can selectively switch the liquid into either channel. 

 Figure 45 shows a graph of flow rate for each vapor bubble with respect to the 

percentage of power in each vapor bubble. We assume that the total input laser power is 

placed to either vapor bubble. Note the nonlinear nature of the pumping rate since the 



 

 

 

100

total flow rate when the power is split into two is less than when one vapor bubble is 

pumped. This relationship is also shown in previous work and is due to the nonlinear 

relationship of the differential vapor pressure at different thermal gradients [7]. 
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Figure 44. Images of fluidic switching. There are two fluidic channels surrounded by 3 

sets of markers, symmetric about the middle. The two channels are connected below the 

image in a Y-junction, leading to a single input fluidic channel, connected to a reservoir 

of liquid. The two vapor bubbles already exist and the laser spots are on the lower side of 

the vapor bubbles. (a) Initial image showing the two initial vapor bubbles. (b) The laser 

power on the left-side vapor bubble is increased. (c) There is mass transfer of the liquid 

on the left-side vapor bubble while the right side remains stable. The laser power is now 

decreased on the left side and increased on the right side. (d) There is mass transfer of 

liquid on the right-side vapor bubble while the left side remains stable. 
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Figure 45. Power in each vapor bubble versus flow rate. Using the spatial light modulator, 

we can control the power in each vapor bubble. We measured the flow rate with respect 

to the power in each vapor bubble. Note that the curve is not quite linear. This is due to 

the vapor pressure curve with respect to temperature not being quite linear, as well as to 

some nonlinearity in the system. 
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C. Bidirectional flow using plasmonic optofluidic valves 

1. Chip design 

The schematic diagram of our experimental setup is shown in Figure 46. The microfluidic 

chip is a Y-junction where two channels combine into a single channel. A SLM is used to 

illuminate specific areas of the chip in order to create optothermal valves. As before, the 

thermal energy transfer from the laser to the liquid is enhanced by depositing a 

monolayer of gold nanoparticles at the floor of the fluidic channel. The plasmon 

resonance of the particles matches the laser wavelength. 

 In this section, we create a single fluidic valve where both interfaces of the valve 

are connected to independent liquid reservoirs. In Figure 46, there are two parallel, 

vertically orientated microfluidic channels connecting to a single channel in a Y-junction. 

The two independent liquid reservoirs are connected by a syringe through inlet ports not 

shown in the bottom of the image. The upper microfluidic channel acts as a release valve 

for the pressure as the liquid is filled into the two microfluidic channels from the bottom. 

The two liquid-vapor interfaces remain pinned and stable without a laser beam. 

 When a laser beam is focused on one of the liquid-vapor interfaces, water is 

vaporized across the interface and pumped to the other interface. This pumping rate can 

be modified by changing either the position of the laser beam from the interface or the 

intensity of the laser beam. This fluidic pump effect occurs when the laser beam is placed 

on either interface, allowing us to flow fluid in either direction simply by changing the 
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position of the laser beam. We utilize a spatial light modulator (SLM) in the input laser 

beam before the microscope to manipulate the intensity and position of the beams. 

 

 

 

 

 

 

 

 

 

 



 

 

 

105

  

 
 

Figure 46. Picture and diagram of the device with schematic of optical setup. (a) There 

are five parallel Y-junction channel devices with one input port and two output ports. The 

glass slide has a monolayer coating of gold nanoparticles which resonate at about 500 nm. 

Close-up image is taken with a 4x magnification objective lens. (b) The SLM is tilted at 

45 degrees with the focal lengths of L1 and L2 chosen to match the beam width to the 

objective exit pupil. 
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2. Chemical concentration gradient 

Bidirectional fluidic flow is visually demonstrated by using two separate liquid-filled 

syringes in Figure 47; the channel on the left is filled with pH 7 deionized water and the 

channel on the right is filled with 10% ammonium hydroxide solution and approximately 

1 mg/mL thymol blue pH indicator dye. Thymol blue pH indicator is dark blue when the 

pH of the solution is above 9.6 and becomes nearly transparent with a slight yellow tint 

when the pH of the solution falls below 8. Initially, the channel filled with the pH 

indicator is slightly opaque. When the fluidic valve is utilized to pump water from the 

right to the left, the channel on the right becomes darker due to the increasing pH, as 

shown in Figure 47(a). When the position of the laser beam is changed such that the 

fluidic valve is utilized to pump water from the left to the right, the channel on the right 

becomes lighter due to the decreasing pH, as shown in Figure 47(b) and (c). 

 Extending the concentration capabilities to perform dilution can serve useful in 

many biological or chemical studies. Active chemical concentration gradients can be 

generated with the complexity of these gradients limited by the number of liquid-vapor 

interfaces. The profile of the chemical gradient that can be generated is dependent on the 

speed of the fluidic valve and the diffusion coefficient of the chemical. In cases where the 

characteristic diffusion length of the chemical is much longer than the system size 

( LDtLd >>= 4 , where D is the diffusion coefficient, t is the time, and L is the length of 

liquid transported across the fluidic valve), the concentration profile is essentially linear. 

This is the case for most ionic compounds in the liquid when D ~ 10-9 m2/s, as is true for 

the example shown in Figure 47. On the other hand, this is no longer true for many 
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biological compounds where D ~ 10-11 m2/s and the length scales with the amount of 

fluidic transport. In this case, we are capable of generating very large gradients with the 

concentration being highly time-dependent, and changing the laser intensity will allow us 

to rapidly change the chemical concentration nearby. We envision the possibility of using 

bidirectional fluidic flow with a single fluidic valve for chemotaxial studies of biological 

and chemical compounds, as well as for replacing simple microfluidic functionalities. 
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Figure 47. Demonstration of bidirectional fluidic flow. (a) shows the concentration of 

base in the right-hand liquid column due the transport of water to the left-hand side. (b) 

shows the partial dilution of the base as the transport of water is conducted in the 

opposite direction after 5 seconds. (c) shows the complete dilution of the base after 10 

seconds. pH indicator is used to visualize the pH change (dark at pH > 9.6 and clear at pH 

< 8). 
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3. Latex bead particle motion control 

A natural extension for bidirectional fluidic control is to manipulate a sample of interest 

to move it over a specific region within the chip where the sensing occurs [1, 26]. The 

sensing can be improved by passing the same object over this sensor. Controlling the 

speed of the particle motion is important as well. We demonstrate this capability with our 

fluidic valves using 1 micron latex bead particles. 

 In Figure 48, both channels are filled with water with 0.1% by weight of 1 micron 

latex bead particle. Particle solutions can be both concentrated and diluted at the same 

time. Individual motion of the particles during fluidic pumping can be tracked as well. 

The bidirectional motion control is demonstrated in Figure 48(a) and (b). The overall 

motion of the particles with respect to laser power is shown in Figure 49. Particle velocity 

from about 1 microns/second to 10 microns/second can be controlled by changing laser 

power with errors of around 10%. This speed is dependent on the position of the particle 

within the channel. Due to the no-slip condition within microfluidic channels, particles 

within the middle of the channel move at higher speeds than near the walls of the channel. 
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Figure 48. Demonstration of latex bead particle motion control. (a) shows the motion of 1 

micron latex beads from the reservoir on the right-hand side to the liquid-vapor interface 

by transporting the water in the right-hand-side solution to the left-hand-side solution. (b) 

shows the motion of the particles from the liquid-vapor interface to the reservoir on the 

right-hand side by transporting the water in the left-hand-side solution to the right-hand-

side solution. 
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Figure 49. Curve showing particle motion control by changing laser power. The particle 

velocity is highly dependent on the location of the particle within the channel due to no-

slip conditions of the fluid within the microfluidic channel. 
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4. Bacteria motion control 

Next, we attempt to control E. coli K12 bacteria with the bidirectional fluidic valve. A 

key component of this demonstration was to show that the temperatures utilized to 

operate the bidirectional fluidic valve would not kill the bacteria. Previously, it was 

demonstrated that the valve operates with less than a 4 C change in temperature, which 

should not affect the bacteria’s viability at room temperature [27]. The bacteria were 

labeled with red fluorescence and suspended in deionized water. The solution of E. coli 

K12 bacteria was loaded into the left-hand-side channel and deionized water in the right-

hand-side channel. We apply the fluidic valve to either side of the channel at different 

rates to determine the amount of motion that the bacteria experience on the left-hand-side 

channel. Figure 50 and Figure  51 show the motion of bacteria with the application of the 

bidirectional fluidic valve. There is good correlation of the average motion of a group of 

bacteria when compared to the amount of fluid that has been transferred by the fluidic 

valve. We note that there is some side-to-side motion from the bacteria. The bacteria 

remain viable throughout the entire experiment, which can be confirmed visually due to 

their motion as well as their reproductive capabilities. 
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Figure 50. Demonstration of bacteria motion control. (a) shows the motion of the bacteria 

from the reservoir on the right-hand side to the liquid-vapor interface by transporting the 

water in the right-hand-side solution to the left-hand-side solution. (b) shows the motion 

of the bacteria from the liquid-vapor interface to the reservoir on the right-hand side by 

transporting the water in the left-hand-side solution to the right-hand-side solution.  

 

(a)  (b)
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Figure 51. Demonstration of bacteria motion control. This curve shows the motion of a 

single bacterium as it is first moved towards the valve then moved away from the valve. 

The valve is located at Y~400. The bacterium starts away from the valve, at Y~770, and 

approaches the valve. When the bacterium reaches Y~470, the chip is moved with the 

laser beam focused on the other interface. The bacterium flows away from the valve. The 

dashed lines indicate the two pairs of channel walls (dotted when the bacterium is moving 

towards the valve, at X~360 and X~420, and dashed when the bacterium is moving away 

from the valve, at X~400 and X~460). 
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V. Nanowire light sources 

A. Introduction 

In the previous chapters, fluorescent labeling of the bacterium enabled clearer 

visualization of single bacterium with an optical system. This specific labeling of 

biological and chemical compounds has resulted in the capability of studying the 

properties and interactions of these compounds with greater complexity. Fluorescent 

imaging deals with the field of labeling the component of interest with fluorophores such 

as fluorescent molecules [1], fluorescent proteins [2], or quantum dots [3]. Many 

interesting problems have been tackled by these imaging probes, however, there is a 

certain subset of questions which cannot be resolved using these techniques due to the 

limitations in these fluorescent markers. These disadvantages include photobleaching, 

blinking, and the lack of coherence [4]. To complement these fluorescent markers, 

second harmonic radiating imaging probes (SHRIMPs) have been developed [4]. In this 

chapter, we demonstrate the ability to manipulate these types of probes with electric 

fields and its applicability to help in long term studies with bacteria. 
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1. Second harmonic radiating imaging probes (SHRIMP) 

Second harmonic radiation is a process that occurs due to two distinctly different 

processes. First, when the material has a noncentrosymmetric structure, there is bulk 

second harmonic generation. Second, when there are asymmetries in interfaces, there is 

surface second harmonic generation. [5] For large particle sizes, the bulk component 

dominates the surface component, as volume scales with the third power of radius, 

whereas the surface area scales with the second power of radius. The bulk component is 

described in the equation below: 

)()()2( ωωω EEdPeff ⋅⋅= . 

 There are two interesting components with regard to the second harmonic signal 

generated. It is dependent on both the polarization of the incoming electric field and the 

orientation of the crystal. For nanoparticles and nanowires below the scattering limit, the 

specific orientation of the particle can be determined by looking at the second harmonic 

signal without visualization of the particle [6]. Some experiments with the application of 

electric fields as well as some applications with regards to bacteria behavior will be 

proposed. 
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2. Dielectrophoresis and electro-orientation 

Applied electric fields can move colloids within liquids. There are two different forces 

that can be used to manipulate colloids. First, in non-uniform electric fields, particles 

move such that the total energy in the system is maximized. This manipulation occurs 

due to the difference in the dielectric permittivity between the medium and the particle. 

When the particles’ dielectric permittivity is lower than the medium, the particles move 

away from the locations with the highest electric fields. On the other hand, when the 

particles’ dielectric permittivity is higher than the medium, the particles move towards 

the locations with the highest electric fields. This effect is termed dielectrophoresis [7]. 

Next, in uniform electric fields, asymmetric particles may be manipulated. Similar to 

before, when the particles’ dielectric permittivity is lower than the medium, the particle 

will be aligned perpendicular to the electric field. On the other hand, when the particles’ 

dielectric permittivity is higher than the medium, the particle will align parallel to the 

electric field. This effect is termed electro-orientation [8]. 
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B. Dielectric manipulation with optical sources 

1. Introduction 

Lithium and potassium niobate are some of the most versatile optical and electronic 

materials, being simultaneously nonlinear-optic, electro-optic, acousto-optic, ferroelectric, 

piezoelectric, and photorefractive. Use of lithium and potassium niobate have been 

constantly growing in engineering applications. They have been used in the telecom 

industry for frequency conversion and electro-optic modulation [9, 10]. In the past decade, 

significant interest has been focused on the synthesis of nanoscale materials due to their 

interesting properties emerging from the dimensional confinement, which has great 

potential application in devices. 

 Many synthesis routes are being developed for both lithium and potassium 

niobate crystals at the nanoscale, resulting in different sizes, shapes and crystalline 

qualities. These nanoparticles have been previously produced by milling [11], 

nonaqueous route [12], sol-gel method [13], or hydrothermal route [14, 15]. An array of 

polycrystalline nanotubes have also been reported [16], as well as a solution-phase 

synthesis that produces rod-like structures among other multiple structures [17]. We 

study the second harmonic generation (SHG) properties of these nanowires and show that 

nanowires are an efficient nanoscale second harmonic light source. The SHG study also 

reveals the orientation of the crystal structure, paving the way for future applications of 

the unique crystal properties of these nanowires. As one particular example, we 

demonstrate the manipulation of the nonlinear optical response of a single nanowire using 

external electric fields in microfluidic channels, while simultaneously monitoring its 
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SHG signal. Indeed, these nanowires can be used as imaging probes [18], as nanoscale 

electro-optical devices like localized photon sources, or as components of nanomachines. 

 

2. Measuring SHG signal 

To perform correlated scanning electron microscope (SEM) and SHG studies, we locate a 

single potassium niobate wire of 50 nm diameter and 700 nm long. The same nanowire is 

then located again for SHG investigation under a white-light transmission microscope 

using prescribed markers on the ITO glass slide. The laser source is a Ti:sapphire 

oscillator operated at 800 nm wavelength, with 150 fs pulse and 76 MHz repetition rate, 

focused down to 20 μm diameter on the sample at an average power of 160 mW. The 

SHG signal at 400 nm is then collected with an oil immersion microscope objective 

(100x, NA 1.4) and recorded on an electron multiplying charge coupled device 

(EMCCD) after filtering out the fundamental pump wavelength. The polarization of the 

pump beam is rotated with a half-wave plate to obtain polarization-dependent SHG 

response. Figure 52 shows the polarization-dependent response of the SHG emission for 

the single nanowire. At different incident polarization angles, the SHG intensities are 

recorded. 
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Figure 52. Polarization response of SHG from a single potassium niobate nanowire with 

corresponding SEM image. Nanowire is 50 nm wide and 700 nm long. Note how the 

maximum second harmonic generation is measured along the axis of the nanowire. 

Therefore, by determining the maximum output signal, the user can determine the 

orientation of the wire for objects below the diffraction limit. 
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3. Electro-orientation of nanowires 

As a potential application of the unique SHG property of these nanowires, we 

demonstrate the electrical manipulation of the SHG signal in a fluidic setup. We 

manipulate the orientation of an optically trapped nanowire in a fluidic environment 

using an externally applied electric field and monitor its SHG response. As shown in 

Figure 53, the optical tweezer is constructed using a femtosecond Ti:sapphire laser 

operated at 800 nm wavelength. The nanowire under investigation is suspended in a 

aqueous fluid supported on a glass substrate that is patterned with ITO electrodes [19]. 

The focus of the tweezer beam is located between the two electrodes and slightly outside 

the fluid region so that the nanowire is pressed on the substrate and is oriented 

orthogonally to the beam propagation. Figure 54 shows white light images (a, c) and 

SHG signals (b, d) of the nanowire suspended in deionized water. When no external 

electric field (E=0 Vpp) is applied (Figure 54 (a, b)), the nanowire is oriented along the 

electrode within the plane of the substrate following the polarization of the tweezer beam 

only. When an external electric field (E=10 Vpp) is applied to the nanowire using the 

electrodes (Figure 54 (c, d)), an additional electro-orientation force results due to the 

dielectrophoretic (DEP) response of the nanowire. The torque on the nanowire due to the 

external electric field (106 V/m) is more than ten times greater in magnitude than the 

torque on the nanowire due to the optical polarization of the laser for 3 mW power and 10 

micron beam radius at the sample position (105 V/m). Under this 10 Vpp electric field 

with a frequency of 150 kHz in a fluid of 170 μS/cm conductivity, the nanowire is 

aligned with the field due to positive DEP forces. Note that the orientation of the 



 

 

 

124

nanowire in the external electric field is mostly influenced by its shape and not by the 

different permittivities of the crystal. 

 Due to the polarization dependency of the wire, the SH signal is strongly 

attenuated in Figure 54(d) compared to Figure 54(b), allowing for monitoring the position 

of the wire. Increasing the conductivity of the suspension as well as changing the 

frequency of the applied electric field can change the type of DEP force on the nanowire 

which will result in the nanowire not being aligned with the field [20]. We notice the 

crossover between negative and positive DEP when the conductivity of the solution is 

around 170 μS/cm. 

 DEP forces have already been used to orient and manipulate several different 

types of dielectric nanowires [21]. In our case, besides the external applied field for DEP, 

the use of the 800 nm laser brings two advantages: maintaining the nanowire in a certain 

position with the trapping property and generating the second-harmonic signal that helps 

locate the nanowire, especially when the particle is sub-wavelength in size and cannot be 

optically resolved. The combination of the applied external electric field and the 

polarization of the laser beam is useful for several applications. First, a rough estimate of 

the conductivity near the nanowire may be obtained; for example if there is a 

conductivity gradient in the sample [22]. Second, a capability to determine the 

hydrodynamic conditions is possible within a fluidic environment [23]. The SHG from 

these nanowires allows for high signal-to-noise response and interferometric detection for 

sub-wavelength size structures due to the coherence of the SHG process. Third, the 

electrical manipulation makes the integration of several of these nanowires possible in 
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order to create massively parallel devices [24]. Optical means would be used to probe 

individual nanowires and electrical means to manipulate several of the nanowires at once. 
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Figure 53. Schematic of the setup for the electrical and optical manipulation. Two torques 

attempt to orient the nanowire: the electric field due to the polarization of the 800 nm 

laser (Elaser) and the external applied electric field (Eelec). 

 



 

 

 

127

 

Figure 54. DEP response of a nanowire suspended in 170 uS/cm conductivity deionized 

water without (a, b) and with (c, d) an electric field of 10 Vpp at 150 kHz; (a, c) White 

light images, (b, d) SHG response 
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C. Long term bacteria behavior targeting 

1. Introduction 

A natural subset of biological experiments which are currently not possible with 

fluorophores is long term behavior targeting of biological cells and chemicals. These 

experiments are not possible due to photobleaching of fluorophores. Long term in vivo 

experiments with second-harmonic-generating nanoparticles have been demonstrated 

[25] and we propose the capability of using these markers for studying bacterial vitality. 
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2. Bacteria motility 

Aging of single celled organisms which reproduce by symmetric division can be difficult 

to distinguish. There is a model for the trade off within a bacterium between reproduction 

and survival for aging organisms where it may sacrifice reproduction simply to increase 

its own survival [26]. However, when aging is defined simply by the lack of reproduction, 

it can be easier to conduct an experiment [27]. Another means of defining aging could be 

looking at the motility of the organism to different stimuli as it ages rather than simply 

looking at reproductive capabilities. With current fluorescent technologies, this may be 

fairly difficult due to the limited number of photons before particle bleaching. A method 

using the distinct advantages of second harmonic nanoprobes can serve this purpose. 

 First, the nanoprobe will be functionalized to attach to either the flagella or the 

cell membrane of the Escherichia coli (E. coli) [28], as shown in Figure 55. Then, the 

motility of the E. coli to the chemical source will be measured. The motility of the E. coli 

will be measured continuously to determine the standard deviation of the motion. There is 

an inherent difficulty in determining accurate z positioning as well as clockwise or 

counterclockwise rotation without lateral motion with normal fluorophores. However, 

due to the orientation detection properties of these nanoprobes, this will not be a problem. 

After a cycle of reproduction (approximately every 60 minutes at room temperature), the 

motility of the E. coli will be measured. Fresh food will be flushed in. Similar to [27], by 

looking at the originally labeled E. coli after several generations of reproduction, the 

motility of the E. coli can be measured and quantified. 
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Figure 55. E. coli reproduction with nanoprobe. The nanoprobe is attached to either the 

flagellum or the cell membrane of the bacteria. As the E. coli reproduces, the older E. coli 

will be defined by the nanoprobe. Newer portions of the E. coli will not be labeled. Under 

the confocal microscope, only the older E. coli with the nanoprobe will be continuously 

monitored for its motion. As the E. coli ages, the change in the amount of clockwise and 

counterclockwise motion as well as the chemotaxial properties will be monitored. 
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3. Labeled bacteria 

As a simple experiment of the toxicity of these nanoprobes with the E. coli, we perform a 

confocal imaging experiment of the fluorescently labeled bacteria with nanoprobes. In 

Figure 56, the bacterium is tracked for several minutes until the fluorescent label is 

bleached. However, the second harmonic generation from the nanoprobe remains at a 

consistent level. Also, there seems to be no effect with regards to motility due to the 

attached nanoprobe (which is approximately 200 nm in diameter) in comparison to other 

fluorescently labeled bacterium without a second harmonic generating nanoprobe. 

 

4. Discussion 

As the nanoprobe is functionalized to a specific flagellum, the age of the bacteria will be 

defined by the age of the flagellum. A control experiment would look at the bacteria 

motility as the bacteria concentration increases. Normally, the number of bacteria will 

increase as time increases and this interaction may lead to a change in motility. In this 

study, we wish to disprove a relationship between the concentration of bacteria with 

respect to the motility of a single bacterium which may occur due to the tradeoff between 

reproduction and survival [26]. 
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Figure 56. Labeled E. coli with nanoprobe. The E. coli cell membrane and flagella are 

fluorescently labeled in red. The nanoprobe is attached to the cell membrane of the E. 

coli, labeled in green. The sample is monitored under a two-photon confocal microscope 

setup with an excitation pump wavelength at approximately 900 nm. The second 

harmonic generated from the nanoprobe is at approximately 450 nm and the fluorescence 

is at approximately at 620 nm. After tracking the bacteria for approximately 5 minutes at 

3 Hz, the fluorescent label is bleached. The second harmonic generated from the 

nanoprobe remains at the same intensity while the particle remains in focus and at the 

appropriate orientation to the detector. 
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VI. Conclusion/Outlook 

In this thesis, we have explored the possibility of manipulating surfaces within the 

concept of optofluidics for biosensor applications. These techniques have been applied to 

the study of many bacteria in liquids, as well as proposed for the study of single 

bacterium in varying environments. The techniques are developed from various topics: 

application of external electrical fields, heating through plasmonic optofluidics, and 

imaging with second harmonic probes. Compartmentalization of biological detection 

from the optics and electronics allows for the creation of a use-once-and-throw-away lab-

on-a-chip biosensor. However, within microfluidics, there is a concept of moving from 

the study of bacteria in the bulk liquid to the idea of studying the behavior of a single 

bacterium. Miniaturization of the fluidic control through plasmonic optofluidics offers 

great flexibility and adaptability, eliminating the necessity of prepatterning of specific 

valves. The necessity of imaging the long term behavior of bacterium results in the need 

for new types of probes. Finally, a method to manipulate the light source is proposed. In 

all these concepts, the adaptability of surfaces in optofluidics presents great flexibility 

and variability in the types of technologies that may be controlled. However, there is still 

a key weakness in that these components must communicate through external electronic 

means, whether to control the laser position and intensity, provide decision making 

regarding bacteria detection, detect the second harmonic, or in the activation of electric 

fields for the purposes of applying electrowetting, electro-orientation, and 

dielectrophoretic forces. Further work will be needed to provide the necessary framework 
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for constructing a truly self-contained lab-on-a-chip system that is a handheld mobile, 

portable device. 
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Appendix 

A. Making superhydrophobic surfaces 

1. Clean substrate (acetone, methanol or isopropanol, and deionised water). If 

substrate is of oxide, skip to step 5. 

2. Spincoat Honeywell Spin-on-glass xx1 at 3 krpm. 

3. Using the annealer, in a nitrogen filled environment, heat the substrate to 425 °C. 

This will be done in stages as to prevent thermal shock. Heat to 85 °C, let it 

remain stable for 1 minute, next at 150 °C, then at 250 °C, and then finally 425 °C 

for 1 hour. 

4. Turn off the heater. The solvent in the SOG will have evaporated and there should 

be a ~ 100-nm-thick oxide layer covering the substrate. Let it cool. 

5. Spincoat fluoropolymer adhesion promoter at 2 krpm. The promoter contains two 

different ends, one of silane and the other is fluorine. The silane will stick to the 

oxide surface and the fluorine will bond with the fluorine in the fluoropolymer. 

6. Heat at 80 °C for 30 minutes. This is an annealing step which causes a monolayer 

to form. Remove excess using soapy water and gentle scrubbing. Clean with 

deionised water. 

7. Spincoat Teflon AF solution. For ~ 1-micron-thickness, mix 0.5–1% Teflon AF 

1600 by weight in fluorinated solvent, usually Fluorinet FC-40 or FC-75. 

Different thickness layers can be achieved by mixing different amounts of the 

solid fluoropolymer in the fluorinated solvent. 

8. Heat at 200 °C for 1 hour. This will remove the solvent in the mixture and anneal 

the Teflon layer. 

9. For plastic substrates, lower temperatures can be substituted with longer baking 

times to remove the solvent, or different solvents with lower evaporation 
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temperatures may be used. Normally, the surfaces end up being rougher due to the 

lack of an annealing process, resulting in greater hydrophobicity. 
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B. Photolithography 

1. Prepare substrate by cleaning with acetone and methanol or isopropanol, followed 

by a wash in deionised water. Substrate is heated to 200 °C. 

2. Treat with hexamethyldisiloxane vapor for 1 minute to improve adhesion with 

positive photoresist (SPR220-7 or S18xx series). 

3. Spin photoresist at appropriate speeds to achieve required thickness. SPR220-7 

results in an approximately 7-micron-thick resist layer. S18xx results in an 

approximately x.x-micron-thick resist layer, i.e., S1813 is approximately 1.3 

microns thick and S1805 is approximately 0.5 microns thick. For SU8-2xxx, it 

results in approximately xxx-micron-thick layer, i.e., SU8-2010 is 10-microns-

thick and SU-2001 results in a 1-micron-thick layer. For the Gerstelec GM 10xx 

photoresists, a look up table was utilized to create thicknesses of 0.1 micron to 

100 microns thick. 

4. Soft bake the photoresist such that a significant amount of the solvent in the 

photoresist evaporates. The solvent is utilized to reduce the viscosity of the liquid 

which allows creation of a thinner layer when spinning the photoresist on the 

substrate. 

5. Expose the substrate with the photoresist with a mask aligner to ultraviolet light 

using a mask with patterns marked by dark and clear areas. Time is dependent on 

thickness of the photoresist layer and the light intensity. 

6. For negative photoresists (SU8-2xxx or Gerstelec GM 10xx), post bake the mold. 

The exposed regions of the photoresist will be resistant to most chemical solvents, 

becoming similar to glass. 

7. Develop the sample. This causes exposed regions to dissolve for positive 

photoresists whereas unexposed regions dissolve for negative photoresists. 

8. After development, the mold is hard baked. This is done at a temperature such 

that the mold can slightly reflow. This can result in rounded corners, especially 

for positive photoresists. 
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C. Polydimethylsiloxane chip manufacture 

1. Expose the mold to methyltrichlorosilane vapor for several minutes. This creates a 

monolayer on the mold which prevents adhesion of polydimethylsiloxane to the 

mold. 

2. Mix 10 parts of GE RTV A to 1 part of GE RTV B (can use Sylgard 184 polymer 

and curing agent instead). 

3. Pour the mixture onto the mold and use a vacuum to eliminate all air bubbles on 

the mold. 

4. Bake for at least 30 minutes at 80 °C or 2 hours at 60 °C. Playing with the 

temperature is useful as it controls the amount of contraction the PDMS will 

experience in the oven with respect to room temperature. 

5. Afterwards, remove the PDMS from the mold. Cut the devices with a knife. 

Punch holes with the punch tool from Technical Innovations. 

6. Attach device to substrate and bake overnight. Otherwise, an oxygen plasma 

machine can be utilized to improve adhesion between the PDMS and substrate. 

Expose the PDMS to oxygen plasma for 20–30 seconds then immediately stick 

the PDMS chip and substrate together. Within a few minutes, permanent bonds 

should occur within the PDMS and substrate. This works especially well for glass 

or other PDMS surfaces. Metals and Teflon in general have very poor adhesive 

behavior in any of these methods. 
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D. Silver nanoparticle synthesis 

1. AgNO3 or AgClO4 is dissolved in deionized H2O to create 0.03 M Ag+ solution 

and vigorously stirred. 

2. This is mixed with chloroform containing phase transfer catalyst 0.2 M 

(C8H17)4NBr and stirred for 1 hour. Afterwards, the organic phase (chloroform) 

contains the silver ions, phase-separated from the aqueous phase (deionised 

water). 

3. The surfaces of the silver ions are functionalized with dodecanethiol (1 mmol). 

4. The silver ions are reduced by introducing 0.44 M NaBH4 to create the silver 

nanoparticles, and stirred for several hours. 

5. Size-selective precipitation of the nanoparticle solution is used to reduce the size 

distribution of the nanocrystals. 
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E. Gold nanoparticle in micelle synthesis 

1. P(S-2VP) is added to toluene and stirred vigorously. By picking the proper 

lengths for the styrene and vinyl-pyridine, the inner micelles are approximately 15 

nm large and spaced 45 nm apart from each other. 

2. HAuCl4.3H2O is added to this solution. The hydrophilic portion (vinyl pyridine) 

is replaced by the gold ions. 

3. When this solution is spin coated or dip coated on to the substrate, the micelles 

form a monolayer of evenly spaced micelles. 

4. The resulting polymers may be removed by oxygen plasma. This results in the 

gold ions remaining and reducing to form gold nanoparticles approximately 15 

nm in diameter. 
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F. Gold nanoparticle synthesis 

1. HAuCl4.3H2O is added to water to obtain the gold ions. NaBH4 is added to water 

to create the reducing agent. 

2. The solution containing gold ions is heated to 100 °C and mixed vigorously. 

3. The reducing agent is dropped into the gold ion solution and left to mix for 15 

minutes. The ratio of gold ions to reductant determines the size of the gold 

nanoparticles. 

 

 


