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Abstract 

Droplet microfluidics (DMF) refers to miniaturized liquid sample handling 

technology where biological/chemical samples are dispensed and further manipulated in 

the form of ultrafine droplets (L to pL), over micro/nano patterned surfaces. Liquid 

dielectrophoresis (L-DEP) based DMF technology utilizes the pondermotive DEP force, 

generated as a result of an applied non-uniform electric field, to manipulate aqueous 

biological and chemical samples. L-DEP offers a rapid and parallel droplet dispensing 

methodology that is not achieved by other microfluidic droplet dispensing methods. 

Integrated with Electrowetting/Electrostatic droplet manipulation methods, DEP based 

DMF devices appear as a plausible alternative to conventional bio-diagnostic equipment.  

The research project implements specifically designed L-DEP DMF devices to 

demonstrate versatile handling of homogenous liquid samples, micro-particle 

suspensions, multi-layered and compartmentalized vesicular assemblies and complex bio

samples/reagents during various experimental observations. Two on-chip, bio-detection 

assay schemes are first illustrated using synthesized nucleic acid bio-probes. These 

schemes are: ‘bead-based’ nucleic acid hybridization detection assay and bilayer lipid 

membrane based nucleic acid isolation/hybridization detection assay. The on-chip, bead 

based bio-detection method is also implemented to demonstrate a ‘molecular beacon-on

bead’ post amplification detection assay for clinically extracted and amplified Influenza 

‘C’ amplicon samples. Numerical analysis is conducted to optimize L-DEP based 

precision dispensing of functionalized/non-functionalized micro-beads with micro-bead 

diameter in the range of 1-16 m, during the on-chip ‘bead-based assays. 
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In order to handle complex bio-samples such as: PCR mix, PCR products and 

reagents, without excessive sample adsorption, contamination and droplet collapsing, a 

comprehensive fabrication protocol was developed to generate nano-textured 

superhydrophobic (SH) surface topology for L-DEP device applications. The static and 

transient behavior of L-DEP liquid handling over the fabricated SH surface are 

investigated utilizing an improved lumped model and furthermore experimentally 

verified using specifically tailored liquid samples. Performance of the developed SH 

surface is analyzed during liquid actuation of TAQ DNA polymerase enzyme and PCR 

amplicon products from nucleic acid amplification assays of Influenza viruses. Several 

new electrode architectures have been designed and have undergone preliminary testing 

in order to facilitate further development of L-DEP based DMF microfluidic technology, 

leading towards a microfluidic device that can achieve sample-to-detection bio-diagnostic 

assays. 
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CHAPTER 1 


INTRODUCTION 


1.1 Motivations: Microfluidics and its Socio-economic evolution 

Microfluidics is an inter-disciplinary field that utilizes various micro-technologies 

for handling very small volumes of fluidic samples (10-6 to 10-15 L) on top of, or within 

micro/nano patterned surfaces or micro-channels. Since such micro/nano patterned 

structures cannot be generated using conventional machining processes, custom 

fabrication methods are required for microfluidic device production. Much like the 

microelectronics industry, microfluidics has shown a rapid growth towards the end of the 

20th century. During this period, the world was intrigued by the notion of Lab-on-Chip 

(LOC), where a miniaturized microfluidic device can handle, process and analyze 

multitude of bio-chemical samples and reagents. Researchers from around the globe had 

initiated both individual and subsequently more collaborative efforts, looking at the 

various methodologies that could be implemented to achieve the proposed notion. One 

can argue that although microelectronics and its growth inspired the initial advancements 

in microfluidics, primarily due to improvements and an increase in available micro-

fabrication facilities, this versatile field has not yet reached the same level of industrial 

involvement. During the first 20 years of microfluidic development, most of the extensive 

research was achieved in university based research facilities and not at highly equipped 

industrial R&D centers. Since there were no pre-established benchmarks, scholars 

developed different methodologies of microfluidic sample handling and manipulation.  
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Miniaturized fluidic sample handling has offered several key benefits, especially in 

the field of biological and chemical applications. Some of these benefits include: 

 Reduction in sample and reagent consumption per assay; 

 Shorter reaction times due to small volume mixing and assay units; 

 Minimization of unforced external contamination as physical sample handling 

is reduced by automated microfluidic manipulations; 

 Low cost chemical and biological assays; 

 Low energy consumption due to absence of moving, macro-sized components 

(mixer, sonicator, centrifuge etc...); 

 Steps towards development of integrated sample-to-diagnostics devices. 

During the advent of microfluidics, micro-analytical methods such as capillary 

electrophoresis (CE) [1], gas-phase chromatography (GPC) [2], high pressure liquid 

chromatography (HPLC) [2] were developed as alternatives to the conventional bench 

top analytical methods [2, 3]. Since then, microfluidics has been applied in several other 

fields including: nucleic acid amplification using polymerase chain reaction (PCR) [4, 5, 

6], real time PCR (RT-PCR) [7], DNA microarray chip [8], genomics and DNA 

fingerprinting [9, 10], protein analysis [11], immunoassays [12], analysis of patient’s 

bodily fluids such as blood, saliva for drug screening [13, 14], cell culturing [15], 

artificial cellular assembly for in-vitro studies [16, 17] and various other bio-sensing 

applications [18, 19, 20]. Microfluidics has also found applications in areas other than 

bio-diagnostics and the more recent applications are in the field of environmental 

monitoring [21] such as detection and monitoring of pollutants and pathogens in water 
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bodies [22], food inspection [23], opto-electronic applications (such as liquid lens [24], 

microfluidic displays [25] and laser targets [26]). With such diverse applicability, 

microfluidics has opened avenues for further improvement of the technological footprint 

and attempts to overcome the challenges that lie in its development and deployment 

paths. 

A typical microfluidic platform incorporates miniaturized fluidic tracks, which are 

encapsulated within a channel [3, 27], sandwiched between two plates [28] or simply 

patterned on top of solid substrates [29, 30]. Such a device can either work with 

continuous flows [27, 31] or, discretized sessile droplets [28, 29, 30] of fluidic samples. 

Microfluidic devices are usually fabricated using micro-patterning techniques such as: 

photolithography, hot embossing, soft lithography etc..., with silicon, glass and certain 

polymers as the material of choice. Polymeric materials, such as poly-(dimethylsiloxane) 

or PDMS, poly-(methyl methacrylate) or PMMA and borofloat glass wafers have been 

popularly used for creating closed-channel microfluidic devices since they are transparent 

and easy to mold [32, 33, 34]. The fabrication techniques made available from the 

microelectronics industry resulted in silicon wafers being also used as substrates, 

primarily for open surface microfluidics or droplet microfluidics [29, 30]. In recent times, 

newly engineered materials such as Mylar® [35], Cellulosic materials (paper 

microfluidics) [36] and graphene [37] have been utilized to produce inexpensive, 

disposable microfluidic devices for real world applications. With the versatile 

applicability and marked technological improvements, it is eminent that microfluidics has 

evolved into a global technology, adapting to the socio-economic values and necessities 
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of the modern day society. The size, scale and design of microfluidic devices have always 

been influenced by its target application.  Figure 1.1(a) compares the dimensions of 

present day micro/nanofluidic devices to the various micro- and sub micro-sized 

components of human blood, which is utilized in several bio-diagnostic applications. The 

focus of today’s microfluidic industry is to create miniaturized devices which can achieve 

one or more of the aforementioned target biological, bio-chemical and other applications, 

with a relatively less expensive and more affordable alternative to the existing lab based 

technologies. This research project aims at contributing towards furthering this evolution 

in the field of droplet based microfluidic devices, by overcoming some of the key 

challenges and limitations it has previously faced while also exploring various avenues of 

its applicability. 

1.2 Fundamentals of microfluidic technology 

In the previous section, we referred to the notion of ‘Lab-on-chip (LOC)’ as the holy 

grail of the microfluidics industry. A microfluidic LOC device must contain a 

combination of generic components to achieve some of the more essential of laboratory 

functionalities on the miniaturized scale. These components include: 

 Methods for introducing samples and reagents, i.e. Dispensing and sample 

loading; 

 Sample preparation methods (washing, buffer exchange, titration, sample 

dilution/concentration etc…); 

4
 



 

 

 

 

 

 

 

 

 

 

 

 Methods for transporting the ultrafine samples to various target sites, i.e. 

sample transport and further manipulation; 

 Methods for combinatorial mixing of the samples and reagent; 

 Methods for creating controlled assay conditions (temperature, pH, 

conductivity etc…); 

 Methods for detection of assay results, post assay sample screening and 

quantification. 

A microfluidic device that achieves all of the above mentioned functionalities is, in 

truth, a miniaturized replacement to the conventional Laboratory [3, 21]. This is the 

benchmark that most microfluidic devices aim to achieve. However, in order to achieve 

the aforementioned goals, the device has to become more than just a microfluidic 

technology and combine several other components to generate an integrated platform. 

Integration of various physical (e.g.: temperature control module), chemical (e.g. pH 

control, concentration gradient) and opto-electronic modules (for detection and 

quantification) are required to produce a prototype LOC device. However, in this section, 

the emphasis is primarily on the microfluidic components of the LOC technology, 

associated with dispensing, transport, mixing/splitting and other similar fluidic 

manipulations, at the micron and sub-micron scales.  

Microfluidic devices have been classified based on the morphology and the 

underlying fluid handling methodology. They are most commonly grouped as: close 

channel microfluidics and surface microfluidics. 
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Close channel microfluidic devices 

Close channel microfluidics marked the beginning of the era of miniaturized fluid 

handling, where micro-channels, high pressure micro-valves, pumping and tubing 

arrangements were leveraged to generate continuous and controlled flow [3, 31, 38]. The 

micro-channels and micro-valves were usually fabricated in polymeric substrates using 

soft-lithography and subsequently assembled with the required pumping/tubing 

arrangement in order to feed the liquid sample at the required high pressure [38]. The 

flow in these micro-channels is essentially laminar in nature, since viscosity dominates 

inertial forces at these scales [3]. The drawback of this laminar fluid transport is that the 

mixing achieved in micro-channels requires longer channel lengths [3, 39]. The 

requirement to pump fluid at high pressure in order to generate sustainable flow rates 

restricts the channel shapes and dimensions [3] and furthermore, the bulky off-chip 

components limit the multiplexing and microfluidic large scale integration (MF-LSI) 

opportunities for such devices. MF-LSI in close channel would require numerous micro

mechanical/pneumatic valves and tubes which could transport and inter mix fluidic 

samples in parallel, automated fashion while minimizing sample adsorption and cross-

contamination issues [39, 40]. Different liquid handling techniques have been explored to 

overcome certain drawbacks of the conventional close channel method.  

Figure 1.1 presents some of these successful close channel liquid handling devices. 

Quake and co-workers [39, 41] demonstrated a multiplexed array of monolithic valves 

which were addressed in programmed fashion to achieve MF-LSI [41] (Figure 1.1(b)). 

This was achieved by using multilayer soft-lithography technique to generate a ‘control’    
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Disc device architecture; (c) [43] Droplet generation in close channel using cross-flow or, 

T-junction methods. 

layer, harboring sets of overlapping micro-channels containing pneumatically controlled 

air flow to actuate the valves and control the fluid flow in the ‘flow’ layer microfluidic 

channels [41]. Such a scheme requires a sophisticated fabrication protocol but 

successfully removes some of the bulky components. In another recent approach, 

centrifugal force was used to generate the required pressure gradient for fluid transport. 

These close channel microfluidic platforms, also known as “Lab-on-Disc” were designed 

with the underlying principles of centrifugal pumping in the context of microfluidic 

systems (Figure 1.1(c)). Various centrifuge based microfluidic functions, such as: 

valving, mixing, splitting and separation, have been demonstrated on these microfluidic 

devices [42]. However, recent research and development in the field of close channel 

microfluidics is leading towards creating a library of sub-microliter droplets by means of 

a T-intersection or a cross-flow, carried through in a surfactant-doped inert oil flow [43]. 

The droplet library can be stored, transported and mixed/split through a scheme of 

structural modifications in the micro-channel itself (Figure 1.1(d)) [43]. Several 

applications of such continuous flow based droplet libraries have been demonstrated [43, 

44], proving that handling samples in the form of fine sample droplets provides superior 

liquid handling as compared to the continuous flow of samples/reagents. Even with the 

advent of multiplexing and droplet generation in close-channel microfluidics, sensor 

integration and the requirement of bulky off-chip pumping and tubing components 

remain major unaddressed flaws of this established microfluidic technology. 
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Surface Microfluidic Device (SMF) or, Droplet Microfluidic Device (DMF) 

Surface microfluidics (SMF), also known as Droplet Microfluidics (DMF) is the 

category of microfluidic technology associated with miniaturized handling of precision 

sample droplets over patterned substrates [3, 28, 29, 45]. Several droplet actuation and 

manipulation schemes have been proposed and their various applications demonstrated 

during the past 15 plus years. These droplet handling schemes are further categorized as: 

A) Passive droplet actuations such as: droplet manipulation through controlled surface 

wettability (surfaces coated with self-assembled monolayer) [46, 47]; use of surface 

temperature gradients for droplet manipulations [48]; droplet transport with help of 

structured surfaces; micro-inclines, trenches [49] etc…and even droplet generation in 

micro-channels [43, 44]. These schemes are deemed as passive actuations since they do 

not require active switching of an externally applied field/force to achieve droplet 

manipulation. Passive droplet transport schemes are slow and mostly restricted to droplet 

volumes in microliter or higher regime and require larger micro-chip areas to facilitate 

fluid handling. Hence, these schemes have mostly been replaced by, (B) Active digital 

microfluidic technologies where externally applied electric field [28, 29, 45, 50, 51], 

magnetic field [52] or acoustic waves [53, 54] are actively controlled to achieve droplet 

manipulations. Additional schemes have also been proposed where droplets are 

manipulated using lasers, which serve as optical tweezers [55], wettability switching on 

patterned surfaces [47] and the piezo-electric effect [49]. The two most popular DMF 

actuation methodologies utilize patterned, programmable electrodes, which are suitably 

energized using an external AC/DC voltage to overcome the fluidic resistance and to 
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[28]. In most popular EW electrode architectures, the lower substrate consists of large 

arrays of square or rectangular shaped electrodes, controlled and switched using an inter-

digitized, programmable input [28, 57]. The top surface and the gap are utilized to 

facilitate a larger droplet deformation and hence a reduction in the required droplet 

actuation voltage. 

However, the top surface, the gap, the bottom electrode geometry and dielectric 

insulation are key components of modern EW microfluidics which can achieve droplet 

dispensing, mixing/splitting and extensive droplet transport of microliter to nanoliter 

sample volumes [50, 57]. Single surface EW schemes require higher energy and hence 

larger actuation voltages (> 100 Vpp) in order to generate the necessary contact angle 

change needed for EW [50]. Although, EW or, EWOD actuation schemes provide more 

flexible droplet handling capabilities, its speed and proficiency is still restricted by the 

fluidic properties and the droplet manipulation is largely sequential, requiring an array of 

active electrode switching and hence a complex electrode architecture and actuation 

control modules. Droplet transport and mixing/splitting processes are restricted by the 

droplet volume, viscosity, density and surface tension of the fluidic samples [50]. EW 

microfluidic devices have found applications in the field of PCR based bio-detection [7], 

immunoassays [60] and several other biochemical testing [61, 62] where the microfluidic 

tool has provided a suitable replacement for the conventional, ‘off the shelf’ equipment. 

However the technology still suffers from lack of parallelism, complex electrode 

architectures and large power requirements due to active switching and large electrode 

capacitances and surface adsorption and cross-sample contamination issues.    
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DEP is an electrokinetic phenomenon that is manifested when a polarizable dielectric 

body is placed under the influence of an external, spatially non-uniform electric field 

[63]. In case of fluidic samples, the DEP force acts on the polar fluidic molecules and 

tends to redistribute the fluidic mass towards the regions of high field intensity. The 

fluidic manipulation using the concept of DEP was termed as Liquid Dielectrophoresis 

(L-DEP) [64, 65]. DEP was originally defined by H. A. Pohl in 1958 [63, 66] but the 

history of dielectrophoresis dates further back to Pellat’s classical experiment in 1894, of 

a wall-less flow systems [67]. In this experiment, Pellat used two plane parallel 

electrodes, oriented vertically at a separation, s (few centimeters) and partially immersed 

in a dielectric liquid (density  and permittivity ) and applied a DC voltage supply (V) 

across the electrodes. In order to attain a new hydrostatic equilibrium, the liquid level 

   o V 2 

between the electrodes rose to a height h: h  , where g is the gravitational 
2 2s g 

acceleration. 

L-DEP was first demonstrated at macroscale by Melcher’s dielectric siphon 

experiment in 1971 [68], where two closely spaced (s < 1 cm) parallel electrodes were 

used to create a siphon between two reservoirs, placed at different levels and containing 

dielectric liquids. At sufficiently high voltage (30 kVrms), a fluidic connection was 

successfully established between the two reservoirs. Both these experiments implemented 

the non-uniform electric field effect to manipulate fluidic dielectric samples however 

they both required impractically high voltages in order to do so at the macroscale. The 

impractical voltage requirement caused L-DEP to be overlooked for hydraulic and 
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pneumatic components (valves and pressure pumps) in liquid handling applications. But, 

in more recent attempts of Jones and co-workers, L-DEP was utilized to maneuver 

dielectric fluids at miniaturized scales [64, 65], where excessive voltage requirement and 

the issue of electrical break-down were avoided, mostly because of the favorable scaling 

laws of L-DEP [64]. In 2001, Jones and co-workers [65] developed an L-DEP based 

microfluidic droplet dispensing scheme by using miniaturized co-planar metal electrodes, 

micro-fabricated on silicon/glass substrates. In this scheme, a parent droplet (~2 L) is 

pipetted at one end of a pair of coplanar metal electrodes, of uniform width (w), uniform 

spacing/gap (g) and an insulating dielectric coating on top. The L-DEP electrode pair, 

upon energizing creates the ponderomotive DEP force to pull a liquid jet from the parent 

droplet and once the voltage is removed, the jet destabilizes under influence of the fluidic 

and capillary forces to disintegrate into smaller, equi-volume daughter droplets [65, 69]. 

Jones also reported a lumped parameter model to explain the liquid jet formation during 

homogenous and uniform L-DEP actuation [70].  

Since the early demonstration of DEP fluidic handling at microscale, L-DEP based 

liquid actuation schemes have been vastly improved and microfabrication techniques 

have been used to devise L-DEP based DMF devices [30, 45, 71]. The following section 

presents the novel L-DEP based microfluidic sample handling techniques which have 

been mostly developed over the last 5-10 years. 

1.3 Liquid Dielectrophoresis based microfluidic sample handling 

The utility of L-DEP based microfluidic sample handling was not restricted to  
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homogeneous and equi-volume droplet dispensing. During my M.Sc. research project 

(2008-2010), under the supervision of Dr. Karan Kaler, our research team at Biosystems 

Research and Applications Group (BRAG) were able to demonstrate several 

advancements to the earlier presented L-DEP sample handling capability. It was 

demonstrated that by altering the electrode width and spacing in a discrete or, continuous 

fashion, tapered L-DEP electrode architectures can be generated for creating non

uniform, tapered liquid jets [72]. These liquid jets can be disintegrated into arrays of 

controlled volume and precisely spaced daughter droplets [45, 72]. The work 

demonstrated generation of precisely placed droplets in the volume range of nL to pL, 

using specifically tailored electrode schemes. Electro-mechanical pinches, designed as 

judiciously sized indentations along the length of the L-DEP electrode pair were utilized 

to create localized non-uniformity to create programmable, variable volume droplet 

dispensing [72].  

It was furthermore demonstrated that L-DEP liquid actuation can be leveraged to 

dispense non-homogeneous, single emulsion (SE) droplets [73]. The L-DEP based SE 

droplet dispensing was achieved by actuating an aqueous parent droplet, encapsulated in 

a comparable oil droplet by sequential pipetting of aqueous and oil samples. The 

aqueous-in-oil parent droplet was actuated to generate a SE liquid jet which disintegrates 

to produce individually encapsulated nL-pL sized SE daughter droplets. The stability of 

the dispensed SE droplets and their further applicability was further investigated [73]. 

The precision SE dispensing scheme was utilized in a chip based dispensing of giant 
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unilamellar vesicles (GUV) [74] and spontaneously assembled bilayer lipid vesicles, 

dispensed using an L-DEP microfluidic chip [75].  

Even before the aforementioned project, Dipankar Chugh (M.Sc. Project: 2006

2008) from the BRAG Lab was attempting to integrate a suitable droplet transport and 

mixing scheme in order to conduct binary combinatorial mixing assay using L-DEP. 

Such a scheme was found in the form of the electrostatic droplet actuation scheme, which 

was also termed as droplet-DEP (D-DEP). The electrostatic droplet actuation scheme was 

first demonstrated by Washizu and co-workers [58, 76] in 2004. The actuation scheme 

required fishbone shaped electrode architecture, energized at low frequency (10-100 Hz) 

AC voltage/or voltage pulse (50-120 Vpp) in order to manipulate droplets on open 

surfaces [76]. D-DEP based droplet handling was essentially a combination of L-DEP 

and EW effects where external electric field at controlled frequency was used to deform 

the droplet and oscillate it into a unidirectional droplet motion (Figure 1.2(b)). The D

DEP scheme appeared advantageous over the EW based droplet transport schemes as it 

did not require two substrates and active switching of multitude of electrodes for 

transporting very fine droplets in the nL to pL volume range. 

Chugh and Kaler then demonstrated the integration of L-DEP and D-DEP actuation 

schemes [77] by presenting a simple electrode architecture which had D-DEP electrodes 

suitably integrated with the L-DEP electrode pair at specific droplet dispensing sites. This 

simple L-DEP and D-DEP integration served as the building block of the 1x1, binary 

integrated scheme which was applied towards DNA-PicoGreen® and FRET based DNA 

hybridization assays [77]. During my M.Sc. project, our group proposed an integrated 
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electrode architecture, a 2x2, integrated matrix, capable of handling four different 

sample/reagents and mix them in all possible combinations, at specific mixing sites [78]. 

This matrix was applied to demonstrate a droplet based 2x2 quantitative DNA 

hybridization detection assay using synthesized oligonucleotide DNA samples [79].  

Other research groups have also contributed towards further advancement of L-DEP 

microfluidic technology. Researchers have demonstrated a two surface L-DEP electrode 

architecture which allowed them to overcome the limitations of a fringing electric field, 

experienced with the coplanar electrode arrangement [51] and as a result, reduce the 

liquid actuation voltage by up to 30-40 % [51]. Integration of L-DEP and EW schemes 

was also proposed to generate a DMF technology which does not suffer from the loss of 

parallelism, which is the case with the EW DMF technology [80]. Researchers have 

studied various aspects of L-DEP actuation [51, 81] and furthermore attempted to 

overcome its limitations in actuating conducting fluids [82]. However, the L-DEP DMF 

technology was still plagued by issues such as:  

	 unreliability and defectiveness of the top hydrophobic surface coating; a robust 

top surface is key to ensuring controlled droplet dispensing and subsequent 

droplet handling; 

 sample adsorption and contamination issues due to adsorption of enzymes and 

macro-molecules on commonly used top hydrophobic coatings;  

 failure to actuate complex bio-samples which contain significant enzyme/macro

molecule concentrations; 
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 the lack of smart L-DEP electrode structures for chip based complex bio-detection 

assays. 

This research project, in many ways, can be seen as an continuation of the earlier 

work, with the primary objective being to overcome the existing limitations of the L-DEP 

microfluidic technology and advance it towards producing a bio-diagnostic device which 

can sustain and handle complex bio-sample to achieve chip based nucleic acid 

amplification based bio-assays. 

1.4 Hypothesis and objectives 

Hypothesis: Liquid Dielectrophoresis (L-DEP) based droplet microfluidic 

technology offers high speed (in order of msec) and parallel droplet generation capability 

and can reliably handle homogenous, multi-phase, colloidal and micro-biological 

samples. It can generate droplet arrays in the volume range of microliter to picoliter with 

a very low power requirement. Integration of L-DEP based dispensing and rapid 

screening technique with a suitable droplet transport and mixing scheme can result in a 

versatile DMF tool suitable for large scale integration and bio-diagnostic assays. Surfaces 

of such L-DEP DMF devices can be nano-patterned in order to minimize enzyme and 

macro-molecule adsorption while handling PCR grade bio-samples and reagents.  

Objectives: The research project was aimed at overcoming some of the key 

challenges in the field of L-DEP based DMF technology and furthermore towards 

demonstration of bio-diagnostic assays using both tailored molecular reagents samples 

and clinical pathogen samples. The project also targeted certain specific improvements in 
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the L-DEP and integrated Electrowetting/Electrostatic Droplet transport electrode 

structures to create larger matrix designs and other electrode structures, suitable for 

several future applications. The specific research objectives are as follows: 

1.	 Demonstrate L-DEP based complex bio-chemical sample handling; 

2.	 Generate multilayered and nano-patterned top surfaces to minimize enzyme, 

macro molecule adsorption and further improve device performance; 

3.	 Explore the possibilities of integrating droplet transport methodologies to match 

the speed and parallelism of L-DEP based dispensing component; 

4.	 Apply the multi-phase dispensing capability of L-DEP for creating vesicular bio

compartments and conducting membrane based bio-sensing; 

5.	 Pathogen screening and post amplification pathogen detection assays using post 

PCR clinical samples and tailored molecular reagents such as molecular beacon 

and functionalized micro-beads;  

6.	 Design and experiment different electrode architectures, potentially required for 

L-DEP chip based nucleic acid amplification detection assay.  

A brief overview of the thesis is provided in the following ‘Thesis layout’ section. 

1.5 Thesis layout 

Chapter 1 highlights the underlying motivations behind the research project and 

presents a brief overview of the inter-disciplinary field of microfluidics. It classifies the 

existing microfluidic technologies and furthermore reports the advancements and 

applications of developed microfluidic devices. The chapter provides a detailed 
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introduction to L-DEP and the technical advancements of L-DEP based droplet 

microfluidics which provides a foundation for the presented research work. It gives an 

outline of the thesis and highlights the work dissiminated during the research projects. 

Chapter 2 discusses the fundamentals of DEP and the concept of L-DEP based liquid 

actuation methodology (L-DEP). It briefly outlines the original lumped parameter model 

for L-DEP actuation and reports on the achieved improvements to the original lumped 

model to study L-DEP actuations of complex liquid samples. It also reports on the 

developed multi-physics models for L-DEP based micro-particle dispensing and L-DEP 

actuations on nano-patterned super hydrophobic surfaces. Solutions to these models have 

been presented and validated using customized experiments (reported in Chapter 3) 

which helped in the implementation of the designed SMF devices. The last section of this 

chapter discusses the estimation and quantification methods utilized in the bio-assays 

reported in Chapter 3 and Chapter 4. 

Chapter 3 outlines the fabrication protocols utilized to produce the various 

microfluidic devices developed and tested during the research project. It also elaborates 

on the experimental set-up and the experimental protocols such as: sample preparation, 

device actuation methodologies and provides structural and stoichiometric attributes of 

the biochemical samples and reagents used in the conducted experimental analysis. 

Chapter 4 presents the results obtained during various theoretical and experimental 

observations conducted during the research project. The results are accompanied by brief 

discussion segments to elaborate on the impact of the presented result outcomes. The first 

section of the chapter presents the results of L-DEP based handling micro-particle 
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suspensions of functionalized and non-functionalized polymer micro-beads. It 

subsequently presents a bead-based nucleic acid hybridization detection assay using the 

dispensed functionalized micro-beads and reports the extracted limit of detection. This is 

followed by L-DEP based multi-layered droplet and vesicle dispensing and its resultant 

application in vesicular DNA hybridization detection. The following section presents the 

results from the surface modification experiments conducted during the research project 

and specifically analyzes the performance of multi-layered Fluoropolymer coating and 

the nano-patterned super hydrophobic surface which was utilized for actuation of PCR 

grade enzyme and macro-molecule samples. The discussion following the presented 

results establishes whether the proposed surface modifications achieved the desired effect 

and compares the performance of the developed numerical model to the experimental 

outcomes. The next segment reports the experimental results obtained from the post 

amplification screening and on-chip, molecular beacon based detection and quantification 

assay for Influenza viruses. The last section of this chapter dwells into some of the more 

recently designed electrode architecture which is developed with an aim towards 

developing a versatile and complete microfluidic sample handling platform for chip 

based sample-to-detection assays. 

Chapter 5 looks ahead towards the future of L-DEP DMF devices and studies the 

various challenges that this emerging technology will face on its path towards producing 

a prototype microfluidic device for sample-to-detection bio-assay. It identifies the 

research milestones for the future research project leading towards developing the first L

DEP based prototype microfluidic device.  
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Chapter 6 summarizes the outcomes of the research project and presents a summary 

of the accomplished research goals. 

1.6 	 Publications 

This section documents the research articles; journal and conference publications, 

book chapters and patent filings, achieved during the course of the research project. The 

research articles include: 

Peer reviewed journal articles:  

1.	 Ravi Prakash and Karan V. I. S. Kaler, “Liquid Dielectrophoresis Dispensing of 

Vesicles for On-Chip Nucleic Acid Isolation and Detection”, Colloids and 

Surfaces A, ‘in press’, 2013. 

2.	 Ravi Prakash, Dimitrios P. Papageorgiou, Athanasios G. Papathanasiou, Karan V. 

I. S. Kaler, “Dielectrophoretic Liquid Actuation on Nano-Textured Super 

Hydrophobic Surfaces”, Sensors and Actuators B: Chemical, vol. 182, 351-361, 

2013. 

3.	 Ravi Prakash and Karan V. I. S. Kaler, “Microbead Dispensing and Ultralow 

DNA Hybridization Detection Using Liquid Dielectrophoresis”, Sensors and 

Actuators B: Chemical, vol. 169, pp, 274– 283, 2012.  

4.	 Ravi Prakash, Karan V. I. S. Kaler, Dimitrios P. Papageorgiou, Athanasios G. 

Papathanasiou, “Performance of Multilayered Fluoropolymer Surface Coating for 

DEP Surface Microfluidics Devices”, Microfluid. Nanofluid., vol. 13, pp. 309

318, 2012. 

21
 



 

 

 

 

 

 

 

 

 

5.	 Ravi Prakash, Karan V. I. S. Kaler, “Dispensing and bio-functionalization of giant  

unilamellar vesicles on a chip”, Journal of Physics (JPCS), vol. 301, pp. 012015,  

2011. 

Peer-reviewed conference proceedings: 

6.	 Ravi Prakash and Karan V. I. S. Kaler, “L-DEP dispensing of functionalized lipid 

vesicles for chip based biosensing”, proc. 1st Int. Workshop on Wetting and 

Evaporation:droplets of pure and complex fluids, Marseilles, 17-20th June, 2013. 

7.	 Ravi Prakash, Karan V. I. S. Kaler, Dimitrios P. Papageorgiou, Athanasios G. 

Papathanasiou, Raymond Tellier, “Multiplexed Post Amplification Viral 

Screening Assay using Surface Microfluidic Technology”, Proc. 8th International 

meeting on Electrowetting, Athens, 21-23rd June, 2012. 

8.	 Ravi Prakash, Karan V. I. S. Kaler, Dimitrios P. Papageorgiou, Athanasios G. 

Papathanasiou, “Composite surface coating for improved DEP surface 

microfluidics”, Proc. 8th International meeting on Electrowetting, 

Athens, June 21st-23rd, 2012. 

9.	 Ravi Prakash and Karan V. I. S. Kaler, “Chip based assembly of vesicular bio

sensors using quantum dots as bio-probes”, Proc. 15th international conference on 
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10. Ravi Prakash and Karan V. I. S. Kaler, “Dispensing and bio-functionalization of 

giant unilamellar vesicles on a chip”, proc. 13th international conference on 

Electrostatics, Bangor, 10-14th April, 2011. 

Book Chapter: 

11. Karan V. I. S. Kaler and Ravi Prakash, “Dielectrophoresis Based Droplet 

Microfluidic Devices for On-Chip Bioassays”, Book Title: Microfluidics: Control, 

Manipulation and Behavioral Applications; Editors: Stefano Panzarella and 

Walter Maroni, Nova Science Publishers, Pub. Date: 2013 - 2nd Quarter, New 
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Patent application: 
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Volume, Emulsion Droplets", Karan V.I.S. Kaler, Ravi Prakash and Dipankar 

Chugh, Pub. No.: US 2012/0006681 A1, Pub. Date: Jan. 12, 2012. 
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CHAPTER 2 


THEORY 


2.1 Liquid Dielectrophoresis (L-DEP): Underlying concept 

In Chapter 1, different microfluidic liquid handling schemes were outlined and the 

corresponding actuation methodologies briefly reviewed. Since the research project 

primarily deals with DEP based droplet dispensing and manipulations, this chapter 

focuses on the theoretical aspects of liquid-dielectrophoresis (L-DEP). As defined earlier, 

the term dielectrophoresis (DEP) [63] is attributed to the electrokinetic phenomenon 

which manifests itself on a dielectric particle (particle-DEP) [83, 84], or in a dielectric 

liquid media (L-DEP) [64, 69, 70], when subjected to spatially non-uniform electric field. 

Under the influence of this external, non-uniform, electrostatic field ( E ), often imposed 

by patterned metal electrodes, a net dipole contribution ( P ) is generated inside the 

polarizable dielectric media and the pondermotive DEP force can be generally expressed 

as: 

F   Peff  E (1) 

The effective dipole moment ( Peff ) in Eqn. 1 depends on the size, composition and 

geometry of the dielectric particle or, media. When applied to liquid media, 

dielectrophoresis has been successfully utilized as a droplet dispensing scheme capable of 

dispensing arrays of precision homogeneous [64], multiphase/emulsion [73], and variable 

volume droplets [72], in the volume range of few nL to pL. During this project, L-DEP 
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actuation was utilized to dispense ultralow concentrations of functionalized and non

functionalized polymer micro-beads (diameter: 1 m – 16 m) [85]. L-DEP actuation of 

such micro-suspension fluids was studied in order to optimize the micro-bead dispensing 

process. L-DEP actuations were conducted over developed multi-layered fluoropolymer 

coating and nano-patterned superhydrophobic surfaces [86, 87] and furthermore 

investigated using multiphysics numerical models. This chapter presents the theoretical 

analysis and numerical simulation results which are subsequently validated using suitable 

experimental procedures, conducted during the research project. 

2.1.1 Fundamentals of L-DEP 

A simple L-DEP liquid actuation scheme consists of a pair of coplanar metal 

electrodes of width  ‘w’ and gap ‘g’ which are covered by  a thin insulating dielectric 

layer and a hydrophobic top surface coating [30, 45]. The dielectric layer is required to 

prevent sample electrolysis during application of the required AC voltage supply in order 

to energize the electrodes to induce a sufficient ponderomotive L-DEP force, required for 

the liquid actuation. The top hydrophobic layer is crucial in facilitating liquid transport, 

droplet dispensing and subsequent manipulations (see Device fabrication section in 

Chapter 3). The L-DEP actuation methodology consists of three rapid stages which 

collectively result in high speed dispensing of arrays of fluidic sample droplets. The three 

stages are: 

 Ejection of liquid jet from a parent sample droplet: A large parent droplet (few 

L) is positioned on one end of the electrode pair (see Figure 2.1) and subjected to 
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an AC voltage supply (Vact: 200-500 Vpp; fact: 50 kHz – 1 MHz). The high voltage is 

required in order to create a sufficiently strong DEP force (FDEP) in the parent 

droplet and over the electrode pair to create a liquid jet and transport it over the 

electrode pair. The jet creation and propagation is impeded by the fluidic resistance 

in form of the surface tension (F) and viscous drag (F) forces. The high actuation 

frequency is necessary in order to minimize conductive loss, as elaborated by Jones 

[70]. The transient behavior of the actuated liquid jet controls the distribution of 

micro/macro molecules and micro/nano particles in the eventually dispensed 

daughter droplets. The jet actuation is a rapid process (actuation speed ~ 10 – 40 

cm/sec) which only takes roughly 10-20 msec to cover large electrode dimensions. 

However, the transient behavior of the actuated jet often restricts the distribution of 

carried samples which makes it the most crucial step during the L-DEP based droplet 

dispensing process. 

	 Periodic disintegration of the formed liquid jet into smaller fragments: Once the 

jet is completely formed, the applied voltage is turned off (see Figure 2.1). The 

removal of applied voltage and hence the DEP force acting on the formed liquid jet 

results in an unstable, nearly hemi-cylindrical (actual liquid curvature depends on the 

liquid contact angle with the top surface) jet. The hydrodynamic instability arising 

from the loss of equilibrium upon removal of applied AC voltage causes 

disintegration of liquid jet into smaller fragments. The hydrodynamic instability 

arises once the applied voltage and the resulting DEP force is removed. The concept  
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volume and equi-spaced daughter droplet arrays. Although, since the break-up 

involves retraction and recollection of fluidic mass on a patterned surface, the 

revised instability criteria must depend on localized surface properties such as 

roughness, wettability, cleanliness and surface chemistry of the top layer and 

localized irregularities may result in irregularities in droplet dispensing. Semi

circular bumps, located along the length of the electrode pair, may act to serve as 

droplet collection sites for dispensed daughter droplets [70, 71]. 

The following section presents a theoretical analysis of the transient behavior of the 

L-DEP liquid jet actuation. The dynamic as well as the static properties of the various 

liquid jet actuations are studied based on the original lumped parameter model of Jones 

[70] and their suitable modifications for handling more complex liquid jet actuations. 

2.1.2 Lumped models for L-DEP based versatile liquid actuations 

As explained in the previous section, when a parent sample droplet is placed on one 

end of the electrode pair and the electrodes are electrically energized by a sufficiently 

high AC voltage, a liquid jet ejects from the parent droplet and is rapidly conveyed along 

the electrode pair, covering the entire electrode length within a few milliseconds (Figure 

2.1 (i-iii)). In order to prevent evaporative sample loss from the dispensed daughter 

droplets, all liquid actuations are carried out in a low viscosity (5-10 cSt) silicone oil 

bath. The profile of the actuated liquid jet is controlled by the shape of the electrode 

arrangement, top surface coating and fluidic properties of the liquid sample. The 

dynamics of L-DEP actuation, for a homogenous liquid jet, has been analyzed by Jones 
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using a lumped parameter model [70]. 

Figure 2.2 shows a physical model representing a liquid jet protruding from a parent 

sample droplet during the L-DEP actuation. In the Jones’s lumped model, the DEP force 

(FDEP) is opposed by surface tension (F) and viscous force (F) during the liquid jet 

Figure 2.2: [45, 70] (a) 3-d model of a uniform L-DEP actuation; (b) Top view of the 

model; (c) Schematic details of a simple uniform L-DEP electrode scheme with electrode 

bumps. 

actuation and under the assumption of a uniform hemi-cylindrical jet. The force-

momentum equation is described by [70]: 

dP 
 F  F  F (2)DEP  dt 

dP
The rate of change of momentum term ( ) incorporates the time-dependent liquid 

dt 

finger length (z(t)) and assuming that the parent droplet remains unperturbed during the  
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covered by the moving jet at instant t and jet length z and Cuc is the lumped capacitance 

term contributed by the uncovered electrode area. Figure 2.3 shows an equivalent circuit 

model representing the liquid actuation scheme. Based on this equivalent circuit models, 

one can extract the capacitance terms and write the total lumped capacitance as; 

z L  z
C z( )     Cdrop (5)

1 2 1 2
k c   c c  cair d dw air 

where, L is the total length of the electrodes (not covered by the parent droplet), kw is the 

relative dielectric constant of the aqueous sample. The term cd is the capacitance per unit 

length term contributed from the dielectric coatings on top of the patterned electrodes 

(see Figure 2.3) and cair is the capacitance per unit length for the hemi-cylindrical shape 

over the electrode pair. The two capacitance terms can be given as; 

kd0w K ( 1 k 2 ) g
c  ;c    and k   (6)d  air  0d 2 ( )  K k 2R 

The term k = g/(2R) and k   (1 k 2 ) are the Jacobi modulus for the two complete 

elliptical integrals of the first kind ( K ( ),k K ( 1   k 2 ) ), in the expression for capacitance 

due to two coplanar finite thin electrode strips (w, g) [88]. The exact calculation for cair 

and cw, depending on the shape of the liquid jet is far more cumbersome due to the 

complex variation of electric flux lines in and around the jet. Although, cair essentially 

represents the net capacitance (in the cross-section) for the entire plane, most of the 

contribution comes from the region very close to the L-DEP electrodes and comparable 
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to the liquid jet dimension which makes Jones’s approximation for cair reasonable. d is the 

thickness of the top dielectric layer while R is the cross-sectional radius of the liquid jet 

profile and can be evaluated as: R = w + g/2. This lumped analysis remains accurate for; 

d << w, g. Employing the principle of work for the lumped system, the DEP force can be 

calculated as; 

We 
2 ( )  V 2V dC z  

F   C z  ;W  (  )  (7)DEP z 2 dz  e 2V const 

Using the total system capacitance given by Eqn. 5 in Eqn. 7 gives the lumped 

expression for FDEP as; 

2 2(K 1)  c c  Vw  d  air  FDEP  (8)
2 c  2K c   (c  2c )d  w air  d  air  

The expression for the DEP force term remains constant for a uniform L-DEP 

actuation. The surface tension force (F) acts to impede the increase in the fluidic surface 

area during jet actuation and under the assumption of constant and uniform jet cross-

section, remains constant and is given as; 

F  R (9) 

The fluidic viscous force which resists motion of the liquid jet can be expressed as 

the product of the jet projection area at an instant t, given as 2Rz(t) and the shear stress 

 which, for Newtonian fluids, can be expressed as; 

v   ; F  2Rz   (10)  y 

v
where  is the dynamic viscosity of the fluidic sample and is the velocity gradient 

y 
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(with no slip boundary condition at the surface) in the actuated jet profile which is 

assumed to be constant during the jet actuation.  

vLcThe Reynolds Number  Re  , where Lc is the channel dimension, gives the ratio of 
 

the inertial force to the viscous force for a particular flow scheme and is used to 

investigate whether the flow is laminar or turbulent (Re < 2300 corresponds to a laminar 

flow regime). It is important to note that the characteristic Reynolds number  for flow in 

micro-channels (open or closed) is fairly low (10-100) due to the micron scale flow cross-

sectional area, as a result of which flow in micro-channels and also during L-DEP 

actuation are always laminar with a velocity profile governed by the Poiseuille expression 

for laminar flow [70, 89]. Knowledge of the jet velocity profile allowed rewriting of the 

velocity gradient in Eqn. 10 in terms of a characteristic constant (D), also referred to as 

 dz viscosity coefficient and the averaged instantaneous liquid jet velocity, . The lumped  
 dt  

expression for shear stress and viscous force is reported as:  

 v D dz dz    ; F  (2   D z  ) (11)
y R dt  dt  

The viscosity coefficient, D, depends on the velocity profile of the liquid jet and thus 

essentially on the electrode dimensions [70]. Substituting the viscous force expression 

from Eqn. 11 in Eqn. 3 and rearranging gives the governing differential equation (DE) as; 

2 2  2d z  1 dz  FDEP  F 
2 
  2 

(12)
dt T dt  R 

4 
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 R2 

T  is a characteristic time constant that delineates the boundary between viscous  
4 D 

and inertia dominated behavior. The DE is solved with the initial condition of: z(t = 0) =  

0 and the actuation voltage (V) being applied at t = 0 sec and reported as [70]; 

 (  F )  t
T 

T FDEP z t   
2

[t  T (e 1)]  (13)
 R / 4  

The solution can be simplified for the viscosity and inertia dominant domains as [70]: 

 (F  F ) DEP  2  t, t  T
  R / 2  z( )t   (14) 
 (F  F )DEP 
 t , t T

 R2 / 4   
 

For t  T , the dynamics is inertial controlled and is generally observed in case of 

large or, non-uniform electrode schemes and actuation of low viscosity oils where a 

linear time dependence is observed. For t  T , jet dynamics is viscosity controlled and 

this condition has been observed in the actuation of aqueous samples and reagent on 

micron sized L-DEP electrode schemes. The solution of the lumped model (Eqn. 14) has 

been validated for actuations of de-ionized (DI) water and homogeneous binary solutions 

of glycerol-DI water samples and reported in [73]. 

Jones’s lumped model successfully predicts the transient behavior of homogenous 

liquid jets. However, when L-DEP was explored as a more versatile droplet dispensing 

tool where it was utilized to dispense variable volume droplet arrays using tapered 

electrode structures [72] and for dispensing single emulsion (SE) droplet arrays [73], it 
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became necessary to extend or modify the basic lumped model in order to understand the 

transient behaviour of non-uniform (tapered) and non-homogeneous (SE) liquid jets.   

A tapered liquid jet is produced as a result of L-DEP actuation over non-uniform, 

tapered L-DEP electrode scheme in which the L-DEP electrodes  are not uniform and 

parallel, rather converging (tapered down) or diverging (tapered up) electrode geometry  

Figure 2.4: [72] (a) 3-d schematic of a tapered L-DEP actuation; (b) Top view of the 

model. 

(see Figure 2.4). When such an electrode scheme is used for L-DEP actuation, a non

uniform tapered jet is formed and the dynamics of such a tapered jet is expected to be 

more cumbersome than the uniform jet scenario. Figure 2.4 shows a 3D model for a 

continuous tapered L-DEP actuation scheme. In this continuous tapered electrode design, 
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the width and gap of the electrode pair is decreased while maintaining: w = g, along the 

entire electrode length. In order to practically utilize such a tapered electrode design with 

an electrode length which is significant for droplet dispensing applications, the taper 

angle has to be kept small (~1o). For such a continuous tapered electrode scheme, FDEP 

and F can no longer be represented using constant lumped expressions.  

The expression for mass momentum, rate of change of mass momentum and the 

three force terms are recalculated in terms of indefinite integral expressions, for the new 

actuation scheme. The momentum term for the tapered actuation is expressed as; 

  R z 2  2  z  
2  dz  Z ( )  dz   Rb 

Z 
P z t  ,  dz           1  dz  (15) 

0 2 dt 2  
0  Lu   dt    

 z 
R z   

 u 
   Rb  1 

L 
  is the radius of the tapered liquid jet at an instant t and jet length z 

whereas Rb is the jet radius at the wider end of the electrode towards the parent droplet. 

W L
Lu  1 is the hypothetical length (see Figure 2.4) of convergence for the tapered 

W w1  1 

electrode pair whereas, W1 and w1 are the electrode widths at the wider and narrower ends 

respectively. During the analysis, the hypothetical full length Lu is used to normalize the 

z
actuated jet length as; z  . Differentiating Eqn. 15 gives the time rate of change of n Lu 

mass momentum for the liquid jet as; 

2dP d z da1  z   dz  
2 

 1    2   (16)a z  
dt dt dz  dt 
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 2  zn 
2  

a z     R  L z  1 z   is a polynomial expression and a function of both z and 1 b  u n   n 
2 3 

t since z is the actuated z length at instant t during the actuation. The two lumped 

capacitance terms (Cc and Cuc) in total system capacitance expression given by Eqn. 4 can  

also be written as an indefinite integral expressions as; 

z L L zR z( )  ( )  R z  ( )R z  ( )  R z
Cc    

dz ; Cuc   ' 
dz   ' 

dz   ' 
dz (17)

1  2 ( )  1 2  ( )  c c R z  2 ( )  1 2  ( )c c R z  c c R z  1 c c R z  0 z 0 0 

3d 1 1 
c c   are coefficients which depend upon the electrodeHere 1  ; 2  c  ;  2  ' 

K  K c  cd o  w air  air  

geometry, thickness and dielectric properties of the insulating dielectric layer and the 

aqueous sample. The DEP force (FDEP) is given by; 

V K R z  2 
w 1 ( )  2 

F (18)DEP  '2K c c  2  ( )  c  2  ( )  w air  1 c  R z  1 c  R z   

The DEP force for the tapered liquid jet actuation is a polynomial function of z or, R(z). 

The surface tension force (F) now becomes; 

 z  
        Rb 1 F  R z  (19)

L u 

Recalculating the viscous force (F) gives; 

2DI z ( )  dz z  z 
F 

1
1 z R z d n b u  

n 
 ; I      z  z R L  1 (20)

( )  d 0  2 R z  t  

In case of a tapered L-DEP actuation, both FDEP and F decreases whereas, F first 
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increases and then decreases during actuation process. Substituting the force and 

momentum terms derived above into the force-momentum equation (Eqn. 2) results into a 

NLDE which is essentially the governing equation for tapered L-DEP actuation. 

  zn   z 12 2  n    z  d z  2  dz   2  dzn n n n1 zn         F z  (  )  (21)zn      2
1 zn 

 3  dt   dt  T  1 zn   dt 
 b 
 

2  2 2  Rb 2  
V K w  1 ( )   R z  


 ( )  

2 
 R z  where,T  , F z   

2 
  

b '  u b   K c   c R z  1 c  R z   4 D  L R   2 w air  c1 2   c  2    

represents the R.H.S of the NLDE. Analytic solutions for this NLDE were found to be 

less implicative than the one obtained for the uniform L-DEP actuation model and hence 

the NLDE was rearranged with the coefficients regrouped in order to produce a 

numerical solution. The rearranged and compact form of the NLDE can be given by; 

  z  n 
2  3zn  1 d z dz dz2 n 3  n   2  nzn  1 zn  zn  3zn  3 2 

    zn     3 1  
dt   dt  T  dt 

 b  (22)  
 a  1 zn   2 e  d  1 zn   1 z   b 1 z   c 
 n n 

The grouped coefficients are represented using the five arbitrary constants which are; 

2 3K c d  3c d  3w air  air  K   b  ai ;  c  2 Rb 
2 ; e 

3 
(23)a V  w 1 R c  r b ;  ; d 

2K  R d o Rb Kd o  b  Rb Lu 

The five coefficients expressed in Eqn. 23 depend on the actuation voltage, 

rheological and dielectric properties of fluidic sample used for actuation and structural 

and dielectric properties of the tapered L-DEP actuation scheme. The transient behavior 
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of a continuous tapered liquid jet was successfully analyzed using Eqn. 23 and the results 

validated for continuous tapered actuation of homogenous liquid samples [72]. 

So far, we have discussed a lumped model and its modified version, governing both 

the uniform and non-uniform L-DEP actuations of homogeneous aqueous samples. These 

L-DEP actuations and droplet dispensing experiments had to be conducted under an oil 

bath in order to prevent volumetric loss from the dispensed sample/reagent droplets. The 

L-DEP based emulsion dispensing scheme was devised with the prime incentive to 

successfully substitute an oil bath by dispensing aliquots of aqueous sample droplets as 

emulsion droplets, individually encapsulated in comparable sized oil capsules [73]. 

Figure 2.5: [45] Model representing an L-DEP based emulsion jet actuation scheme. 

The formation of emulsion droplets results from L-DEP actuation of an emulsion jet 

which is achieved by providing a comparable oil cover over the dispensed parent sample 

droplet as shown in Figure 2.5. When the overlapping aqueous-in-oil parent droplet is 

subjected to sufficiently high AC voltage, an emulsion jet, consisting of an aqueous 

liquid jet covered in a thin oil cover is ejected from the parent droplet. Break-up of this 
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emulsion jet results in formation of single emulsion (SE) droplets which are essentially 

aqueous sample droplets individually encapsulated in comparable oil droplets and 

precisely positioned at specific on-chip dispensing sites. To investigate the dynamics of 

an emulsion jet actuation, the approach used is essentially based upon the lumped 

parameter model proposed by Jones [70]. In case of liquid actuation under an oil bath, the 

liquid jet displaces the surrounding oil media during actuation whereas for an emulsion 

jet, an oil cover is constantly dragged along with the aqueous jet and hence slowing 

actuation speed. The shape and composition of the emulsion jet are important parameters 

that influence the governing DEP force since the capacitance terms, mentioned in Eqn. 5 

and Eqn. 6 becomes more cumbersome. Now, since the fluidic properties of covering oil 

(surface tension, viscosity) have a minimal effect on the actuation dynamics [73], it is 

assumed that the transient behavior of the emulsion jet can be modeled by suitably 

modifying the lumped capacitance terms and furthermore using a modified surface 

tension and viscosity expressions for the formed emulsion jet.  

Since it is very difficult to precisely delineate the boundary of the oil cover and 

hence the exact composition of the emulsion jet, an effective capacitance term (ceff) was 

introduced to account for the lumped capacitance of the emulsion jet. The term ceff is 

incorporated in Eqn. 5 and Eqn. 6 and the total system capacitance is expressed as; 


C  z  

z 
 

L z  
Cdrop (26)

1 2 1 2 
c c c ceff d air d 

ceff is the effective capacitance per unit length for the aqueous-in-oil emulsion jet used to 

account for the lumped capacitance of the emulsion jet. The modified expression for FDEP 
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was recalculated using the principle of virtual work and after regrouping the constants it 

can be written as; 

  
2   

FDEP  
V  1 

 k1 
 (27)

2  2 1  c c d  eff  

 1 2 
1 

where, k1     is the capacitance per unit length for the part of electrode 
c c air d  

uncovered by the SE liquid jet. 

The term effective capacitance (Ceff) is essentially used to point out the modification 

in FDEP resulting from the capacitive coupling of emulsion liquid jet. For the SE jet, ceff is 

controlled by the composition, shape and dielectric constants of the constituting jets (oil 

and aqueous solution). By suitably incorporating ceff value extracted from the 

experimental L-DEP actuation data for various emulsion jets, the modified dynamics of 

various emulsion liquid jets was modeled, as reported in [73]. This required a curve-

fitting exercise where experimental data set was fitted on to the theoretical effective 

capacitance based FDEP force expression (Eqn. 27) in order to determine the suitability of 

the lumped model. Results of the curve-fitting exercise and comparison of the extracted 

fluidic properties have confirmed that the effective capacitance model suitably predicts 

the behavior of different L-DEP actuated emulsion jets [73]. 

2.1.3 Salient features of various L-DEP based liquid jet actuations 

In the previous section, the transient behavior of various L-DEP actuated liquid jets  
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was analyzed and the solutions were presented for the actuated jet length (z) as a function 

of the actuation time (t). The analysis of liquid actuation over uniform L-DEP electrodes 

predicts  a z vs. t0.5 dependence [70] whereas the numerical solution for the tapered liquid 

jet resulted z as a function of both t and t0.5 terms [72]. This following section reports on 

two key operation parameters, the threshold voltage and actuation frequency, which must 

be analyzed and accounted for while designing an L-DEP based liquid dispensing 

scheme. 

A. Threshold actuation voltage: 

In the L-DEP actuation process, the DEP force is resisted by the fluidic surface 

tension and the viscous force. Of these two forces, the viscous force only becomes non

zero once the jet is initiated and covers a non-zero projection surface area (i.e. F = 0 at t 

= 0 s). The threshold actuation voltage can be defined as the minimum actuation voltage 

required for initiating a liquid jet from a parent sample droplet (irrespective of whether 

the jet ceases to propagate instantly after the actuation). Based on this definition, the 

minimum actuation voltage can be obtained by equating the resulting DEP force with the 

fluidic surface tension force that tends to resist the increase in the fluidic surface area and 

hence the fluidic surface energy. The expression for threshold actuation voltage can be 

evaluated as [70]: 

2 2(K 1)  c c  Vw  d  air  th     
2c  2K  c  w  (cd  2cair ) 

 R 
d air 

(28)
c  2K c   (c  2cair R2 d w air d ) 

Vth  
2c c  (Kw 1)  d  air  
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From the expression, it is clear that the minimum actuation voltage depends upon the 

fluidic dielectric constant, fluidic surface tension value, the electrode geometry and 

thickness and dielectric constant of the insulating dielectric layer, deposited on top of the 

metal electrodes. 

B. Threshold actuation frequency: 

The frequency dependence of L-DEP actuation is due to the capacitive coupling 

between the energized electrode pair and the actuated aqueous sample, through the thin 

dielectric layer which has a very low but finite conductivity. Since aqueous samples can 

have fairly high electrical conductivity, insulation on top is required in order to prevent 

electrolysis and conductive losses. To understand the impact of the frequency of applied 

ac voltage, we refer to the equivalent RC circuit model of the L-DEP actuation scheme, 

as shown in Figure 2.3. In this lumped model, the two series capacitors, Cd, represent the 

insulating dielectric layer on top of the two electrodes whereas, Cw and Gw are attributed 

respectively to the capacitance and ohmic conductance contributed by the aqueous 

sample. Under the assumption that the aqueous jet covers the entire electrode area (with 

radius R = w + g/2); the three parameters can be expressed as [65]; 

wL wK (1 k 2 )L  wCwC  ;C  and G   (29)d w 2 w2 (  )  wd  K k  

L is the total length of the L-DEP electrode pair, w is the electrical permittivity of the 

aqueous sample and w is the ohmic conductivity of the sample. From analyzing the 

lumped model and its solution (Eqn. 29), it is clear that conductivity of the insulation 

dielectric layer (Si3N4) is neglected in order to reduce it to a first order RC system. At 
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low frequencies, i.e. f  fc, aqueous sample due to its high conductivity acts as an equi

potential body and virtually the entire voltage drop occurs within the thin dielectric layer. 

As a result, there is no electric field and hence an absence of a net DEP force. However, 

even at these low frequencies, the applied field can act to manipulate the interfacial 

boundary of the aqueous sample-dielectric surface and hence alter the shape of the 

droplet and furthermore with tailored electrode geometries even achieve further droplet 

manipulations (splitting, transport, mixing etc…). Such a low frequency actuation regime 

has been successfully demonstrated in EW or EWOD based SMF devices. However, to 

implement DEP forces, one requires fairly high actuation frequencies (f  fc), such that a 

significant portion (Vw) of the total applied voltage V can be transferred onto the aqueous 

droplet, sufficient enough to generate a DEP force that can overcome the fluidic 

resistance. This voltage fraction (Vw) along with the threshold frequency (fc) can be 

analyzed from the circuit as [65]; 

Cd 1 GwVw 2 ; fc   (30)
V 

 
Cd 2 c 2  Cd / 2  Cw  Cw2 

It has been demonstrated that for a typical L-DEP actuation scheme threshold 

frequencies are in the range of 50-100 kHz [45, 65]. From this exercise, one can clearly 

see that the percentage of applied voltage transferred to the fluidic sample and the 

threshold actuation frequency depend upon the dielectric properties of the fluidic sample. 

It furthermore indicates that for conductive biological samples (such as blood or urine 

samples with high ionic content), or high conductivity buffers would require fairly high 
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threshold frequency as: fc  Gw  w and the values can go very high (in MHz for 

sample conductivity value of  ~ 100 S/cm). 

2.1.4 Disintegration of actuated liquid jets and droplet formation 

As discussed earlier (section 2.1.1), following the L-DEP liquid actuation and upon 

removal of the external electric field, the liquid jet disintegrates and the segments 

recollect to form daughter droplets (see Figure 2.1). Lord Rayleigh (1842-1919), in his 

analysis of instability of liquid jets, characterized the forms of instabilities that influence 

a cylindrical liquid jet [90]. According to Lord Rayleigh, the instability within a liquid jet 

is a result of both static (due to capillary forces) and dynamic (due to inherent infinite 

perturbations present in even a perfect cylindrical jet) effects. The capillary instability 

effect is the reason why the cylindrical liquid jet upon removal from the state of 

equilibrium, favours its disintegration into detached liquid masses which would result in 

the aggregate surface becoming smaller than that of the original cylinder. This is the 

essential reason behind the disintegrated segments recollecting to form spherical/nearly 

spherical daughter droplets (the spherical shape possesses the lowest surface to volume 

ratio). However, the cause behind the disintegration itself lies largely in the dynamic 

instability which exists in the cylindrical liquid jet, in form of tiny perturbations in the jet 

shape. Such perturbations, resulting in departure from equilibrium for the unstable liquid  

jet can be represented as [90]: 

 

R z t   t  kz  )( , )   R0 Ak (  )  cos(  (31) 
k 0 
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equilibrium and the resultant effect, upon evaluation gives a series function. Solution to 

the series was calculated and the maximum instability wavelength was extracted as 

function of the jet diameter given as:   9R0 ; where Ro is the radius of the unperturbed 

liquid jet. According to this instability criterion, a hydro-dynamically unstable liquid jet 

contains points/regions of maximum instability along its length, separated by a periodic 

wavelength () which solely depends on the size and shape of the liquid jet. This concept 

of jet break-up and formation of equi-volume daughter droplets for homogeneous liquids 

has already been presented (see section 2.1.1). We now look at the disintegration of SE 

liquid jets and tapered liquid jets. 

In the case of SE liquid jets, jet break-up is anticipated to be influenced by the 

hydrodynamic instabilities of both the constituting liquid jets (water and oil). We observe 

in Figure 2.6(a-e) that break-up of oil sheath occurs after the inside liquid jet has already 

broken into daughter droplets at the specific bumps. Break-up of the oil sheath occurs 

over a longer time frame (10-15 msec; frames (b-e)) as compared to break-up of an 

aqueous jet, which occurs in 1-2 msec and it is facilitated by the instability produced as a 

result of formation sample daughter droplets inside the oil sheath. The dispensed droplets, 

shown in Figure 2.6(f, g), are approximately 100 picoliter, encapsulated by a 150 m 

diameter oil cover, SE droplets.  

In this section, Rayleigh’s instability is applied to explain the break-up of tapered 

liquid jets formed over non-uniform, continuous tapered L-DEP electrodes (see Figure 

2.7). For a tapered liquid jet, Rayleigh’s wavelength () will not be a constant but rather a 

continuously varying parameter which decreases as the electrodes converge. 
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continuous tapered electrode structure (no bumps, pinches); (b-1 – b3) continuous tapered 

electrode structure with bumps; (c-1 – c-3) continuous tapered, pinched electrode 

structure (with bumps); (d-1 – d-3) continuous tapered, pinched electrode structure 

without bumps; (e) plot showing volumetric variation of dispensed daughter droplet 

array. 

a continuous tapered electrode with bumps incorporated at specific bump separations that 

continuously decreases along the electrode length in accordance with the Rayleigh’s 

wavelength. It is evident that the placement of dispensed daughter droplet is more precise 

and repeatable as compared to the case without bumps. Although the bumps play no 

active role in jet break-up and are only incorporated to overcome any localized 

irregularities during recollection of the disintegrated jet to form daughter droplets, they 

do create small distortions in the shape of the formed liquid jets. The distortions become 

more prominent when the liquid surface tension is reduced (by adding surfactants etc…) 

[73]. 

Since bumps do not actively participate in the actuation and jet break-up process, 

using an alternative scheme to induce electromechanical instability along the L-DEP 

electrodes appears to be more favorable. Such an electromechanical instability can be 

introduced in form of periodic constrictions (‘pinch’) along the electrode length (see 

Figure 2.7(c-1 – c-3)) which can actively control the electrical and fluid mechanical 

properties of the jet during actuation and break-up by altering the shape and boundary 

conditions for the tapered liquid jet [72]. When suitably incorporated these pinched 

regions become regions of maximum instability, allowing the user to overcome  without 

using semi-circular bumps (Figure 2.7(d-1 – d-3)) and create an array of daughter 
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pinches for a comparative analysis of their contribution in controlling the jet break-up. (a) 

Actuated DI water jet over one end section of L-DEP electrode containing /4,  and 2 

bump separations and specifically indicating placement of one asymmetric pinch within 

the first 2 part; (b) Break-up of the modified jet which is strongly controlled by the 

position of various pinches; (c) Precision droplet formed at 2 spacing but not in /4 

spacing showing the override in droplet positioning due to the asymmetrically placed 

pinch (between the  and 2 regions); (d) actuated DI water jet over the alternate end 

section of L-DEP electrode scheme containing fixed L and 2 bump separations and 

specifically indicating placement of one asymmetric pinch between the fixed L and  the 

2 part; (e) Break-up of the modified jet and (f) Precision droplet formed at 2 and fixed 

L spacing whereas also showing the override in droplet positioning due to the 

asymmetrically placed pinch (between the fixed L and 2 regions). 

Another interesting experimental observation was designed to compare the effect of 

‘pinch’ to the bumps in the process of controlling liquid jet break-ups. To facilitate such a 

comparison, a uniform L-DEP electrode scheme was fabricated (Figure 2.8) with four 

different sections of altered bump separation    and an arbitrary separation length 

L (L >  ≠ n). Some of the sections on this L-DEP electrode arrangement consisted of 

bumps placed at  but pinched in between in a non-symmetric fashion (see Figure 2.8). 

As a result, upon jet break-up, the daughter droplets are not formed at the bumps 

separated by  but symmetrically around the pinched region (see Figure 2.8(c, f)). On 

another section of this scheme, we have placed very small sized pinched region, 

compared to   and in this case upon break-up, positioning of the daughter droplets is not 

controlled by the pinch. This confirms that a suitable designed pinch can partially or 
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successfully alter Rayleigh’s wavelength and in turn allow the user to program and 

control the droplet dispensing process. 

2.1.5 L-DEP model for micro-particle suspension actuation 

DEP microelectrode schemes have previously been utilized for size and dielectric 

property based screening of living/dead cells [92], micro-sized polystyrene beads [83] 

and other micro-particles [84], also termed as particle-DEP. Jones et al. [84] have 

reported that when polystyrene micro-beads (dia. < 1 m) are actuated within de-ionized 

water sample over a pair of uniform L-DEP electrodes, their distribution is largely 

influenced by a positive DEP force on the beads which affects their effective transport 

during the actuation. Particle-DEP offers flexible and controlled segregation 

methodology as the nature and effects of the DEP force can be altered by controlling the 

conductivity and dielectric properties of the carrier fluid. However, in this segment, we 

focus on demonstrating the dispensing and transport capabilities of L-DEP actuation for 

handling micro-particle suspensions. Controlled dispensing and manipulation of 

functionalized micro-particle suspensions is essential for achieving ‘bead-based’ bio

detection and screening assay, which is a popular microfluidic bio-detection methodology 

[85, 93, 94]. L-DEP devices should be capable of dispensing ultralow quantities of bio

samples and micro-beads; either uniformly or of controlled volumes, across the array of 

dispensed droplets. The work reported here was conducted under specific fluidic 

conditions to establish L-DEP as a tool for rapid screening of functionalized micro-beads 

by optimization of the fluidic medium properties. The nature and effects of the DEP force 
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on the transported micro-beads can be significantly altered by controlling the 

conductivity, dielectric properties of the fluidic medium, along with its rheological 

properties. The theoretical analysis in this section focuses on optimization of the fluidic 

medium properties in order to ensure that DEP forces exerted on the microbeads do not 

adversely impact their reliable dispensing, as required by targeted bio-applications. 

During L-DEP actuation of the liquid jet, the suspended particles, are swept along the 

jet flow direction are subjected to  transverse (orthogonal to the flow) DEP force, as a 

result of the non-uniform electric field emanating from the co-planar parallel electrodes 

when biased by A.C. voltage. The DEP force acting on a spherical shaped particle can be 

expressed as [84]: 

 
F  2 R3 Re  K  E 

2  (32)DEP m    rms 

where R is the particle radius, m is the medium permittivity, E is the non-uniform electric 

field and K is the frequency and material/media property dependent Clausius-Mossotti 

factor [95]; 

  
( )   

p 
 

m ,    j   (33)K   
  2 

p m 

The quantity  represents the complex and frequency dependent permittivity of the 

particle, and that of the liquid media,  is the frequency of the applied electric field and 

 is the electrical conductivity. The sign of Re(K )  determines the direction of the DEP 

force and its value lies in the range [-0.5 to 1.0], in different regions of the frequency 

spectrum. The four parameters: p, p, m, m, collectively modulate the DEP force, 
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resulting in positive or negative DEP of particles in different regions of the frequency 

spectrum.  

The cross-over frequency (c) is a threshold frequency at which the DEP force 

switches sign, either from positive to negative or vice-a-versa, given as [96]: 

c  
     2 m p p m 

  p m   2 p m 

(34) 


Thus based on this simplified particle model, there are two regimes of DEP forces 

separated by the cross-over frequency (c). The Clausius-Mossotti factor, for frequencies 

very low or very high as compared to the corresponding c, is dependent on the 

conductivity and permittivity differences between the particle and medium respectively: 

 p  m
At low frequencies (    

c 
) : K0  (35)

 p  2 m 

 p  m
At high frequencies (    

c 
) : K  (36)

 p  2m 

The electrical conductivity of the micro-particle is the most cumbersome to evaluate, 

as it depends on both the bulk conductivity (b) and the surface conductance of the 

particle whose respective contributions are as follows: 

2(K  K )
 

p 
 

b 
 s i (37)

R 

where, Ks is the surface conductance of the microbead and Ki is the conductance due to 

the ionic, diffused double layer. In case of latex beads with a polystyrene core and shell, 

the bulk conductivity is negligibly small (b ~ 0) whereas, Ks ~ 1.2 nS (referred from 
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[96]) and in very low conductivity ionic media (m < 100 S/cm), term Ki can be 

neglected when modeling the particle DEP response. 

The DEP force under the assumption that non-uniform electric field inside the  

aqueous jet is nearly azimuthal in form; 

Vf( )  E r 
 r 
 ̂  (38) 

Since the electric field is capacitively coupled, the voltage across the liquid finger is 

represented by; 

C
dV

f 
 V

a (39)
2C

m 
C

d 

where, Va is the applied AC voltage. The expressions for the capacitance terms, for both 

uniform and tapered liquid jet actuation, have previously been reported and are related to 

the geometrical and material properties of liquid actuation electrode structure. Using Eqn. 

32 and Eqn. 38, the DEP force can be determined [84]; 

4 R3 Re[  K ]
FDEP r ,  

m 
3 f 

2  ˆ (40)V r 
 r 

To achieve a uniform microbead dispensing across the droplet array we need to 

minimize the impact of the sedimentation and judiciously tailor the DEP force on the 

microbeads during L-DEP actuation. To achieve this, we selected fluidic media whose 

density, viscosity, conductivity and dielectric constant maybe be suitably altered and 

tailored to achieve the uniform dispensing requirement. 

In order to avoid the induction of positive DEP forces, at  100 kHz (L-DEP actuation 

freq.), it is required that the media conductivity be suitably adjusted such that m>p; 
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and the DEP force is negative thus pushing the microbeads upwards and away from the 

high field region located  at the electrode surfaces. We have used homogeneous DI-

glycerol mixtures to alter the rheological and electrical properties of the fluid media 

(Table 2.1). Increasing the glycerol concentration in the aqueous media results in an 

increase in density and viscosity while the dielectric constant of the mixture decreases 

with a controlled increase in the medium conductivity which stays in the range of (2.5 

15 S/cm).  

Table 2.1: Rheological and Dielectric properties of DI water-glycerol solution. 

Liquid 

sample 

Conc. 

(% by vol.) 

Density 

(kg/m3) 

Dielectric 

constant 

Conductivity 

(S/cm) 

Sample1 0 1000 79 0.90 

Sample2 10 1050 75 2.0 

Sample3 20 1100 72 4.0 

Sample4 30 1150 70 8.0 

Sample5 40 1200 66 12.0 

Sample6 50 1250 63 16.0 

Also, glycerol is a suitable media to handle bio-samples such as DNA/RNA as the 

osmotic pressure of such mixtures are closely comparable to that of cellular fluids and 

thus biocompatible. Low concentration ionic solutions and low conductivity buffers 

(TRIS (tris(hydroxymethyl)aminomethane)-MES (2-(N-morpholino)ethanesulfonic acid)) 

were used to prepare and actuate the functionalized microbeads in an optimized medium 

conductivity, ranging from 10-15 S/cm. 
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volume L-DEP dispensing. Results and further validation of the numerical analysis is 

presented in the section 4.1.1 (Chapter 4). 

The theoretical analysis conducted in this work confirms that under specific fluidic 

conditions, L-DEP based actuation can be utilized for controlled dispensing of 

microbeads, with applications intended for chip based bio-assays. The presented 

theoretical analysis is restricted to simple microbeads. In order to analyze functionalized 

microbeads, one has to evaluate the change in surface conductance of the microbead upon 

functionalization with DNA/RNA and other linker macro-molecules. The experimental 

validation of the reported numerical model, presented in the results section (Chapter 4), 

has so far suggested that even functionalized microbeads, with bio-molecules bound to 

the bead surface, can be very uniformly distributed using the L-DEP based dispensing 

scheme, as demonstrated in the bead based DNA hybridization assay (Chapter 4). 

2.2 Multiphysics model for L-DEP actuation on nano-patterned super-

hydrophobic surface 

Surface characteristics substantially affect the performance of L-DEP DMF devices. 

Ideally, the top surface of a DMF device should provide large droplet contact angle (CA) 

to retain droplet shape and facilitate subsequent droplet manipulations. The surface 

should furthermore prevent adsorption of actuated samples/reagents and sustain the 

applied electric field. Adsorption of enzymes and macro-molecules for such devices can 

cause lowering of droplet CA and severe contamination issues during an assay process. 

Most commonly used dielectric materials (Si3N4, SiO2) are hydrophilic in nature. Hence, 

thin coatings of hydrophobic polymers such as: parylene, cytop, silane, teflon™, are 
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commonly used on top of dielectrics to retain the droplet shape during the actuation 

process [45, 87]. However, thin hydrophobic layers such as Teflon™ show poor adhesion 

to the underlying dielectric layer and mismatch in the dielectric properties which renders 

such coatings unsuitable for repeated liquid actuations [86]. Studies have shown that 

most of these organic hydrophobic layers are highly susceptible to adsorption of enzymes 

such as TAQ DNA polymerase and other large macro-molecules, which are common 

components of bio-detection samples/reagents [97, 98]. Nano-patterned 

superhydrophobic surfaces have demonstrated their utility in reducing the surface 

adsorption kinetics for such macro-molecules [99, 100].  

For a suitably textured SH surface, a liquid can be energetically favoured to simply 

bridge across the tops of the features (ridges, posts etc…) and rest upon a perforated 

surface which consists of solid-liquid and air-liquid interfaces, as described by the 

Cassie-Baxter relationship [99].  

cosc     s (cos e )  (1 s ) cos x ; (41)
For x   , cos c  1s (1  cos e ) 

c  is the equilibrium contact angle, s  is the roughness parameter which governs the 

solid-air fraction at the surface, e  is the contact angle at the solid surface and x  is the 

contact angle with air (~180o). Under these circumstances, the resultant contact angle on 

such patterned surfaces is always higher compared to a uniform top coating, where the 

surface area exposed to the liquid is reduced. Nano-patterned surfaces have furthermore 

been found to be effective in minimizing enzyme and macro-molecule adsorption [99]. In 

this work, we have optimized the fabrication process of a ‘colloidal lithography’ [101] 
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completely covering the L-DEP electrode pair (experimentally validated). In this 

analysis, we have further improved the lumped model proposed by Jones et. al. [70], in 

order to take into account the impact of the SH surface on L-DEP actuation. Figure 2.12 

shows the schematic of the multi-layered L-DEP actuation scheme. The Jet cross-

sectional area ( A
j ) can be represented as a function of the CA ( c ): 

; Rj  R (43)A 2     R A  ( ); A( )   sin  c cos  cj j c sinc 

Here, c is the contact angle; Rj is the jet radius assuming that for the used electrode 

dimensions (w = g = 20 m), the liquid jet completely overlaps with the electrode pair. 

This assumption has been experimentally verified for CA up to ~ 156o. 

The momentum term and its time derivative for the liquid jet during L-DEP actuation 

on SH surface can be expressed as: 

2   2 2R A( )  2 dp zj  dz Aj d
P( ,  , )   ; ( , , )    (44) z t  z t  

22 dt dt 2 dt 

where z is the length of the actuated liquid jet at time t. In order to evaluate the DEP force 

(FDEP), we look at the redefined capacitive coupling between the different dielectric 

layers and the liquid jet. Maxwell’s mixture theory is invoked to calculate the effective 

relative dielectric constant (kdp) of the perforated dielectric layer which consists of nano

posts (with gaps filled with air). The equivalent capacitance terms in the lumped model 

can then be expressed as shown in Figure 2.13. 

The term k = g/(2R) and k   (1 k 2 ) are the Jacobi modulus for the two complete 

elliptical integrals of the first kind ( ( ), K (1   k )K k 2 2 ), in the expression for capacitance  
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on the surface tension force in the hydrophilic domain (CA ~ 40-90o) where they used the 

curvature in the front and back of the protruding liquid jet to calculate the pull-back 

pressure term as: 

 1 1  
 p 2    (45) R R j  drop  

The capillary force pulling the liquid back can hence be written as: 

 1 1  
)   (46) Aj p 2 R2 

j ( cF           sin  c cos  c  R R j  drop  

where Rdrop is the radius of the parent droplet, given in terms of droplet volume and CA 

3 3V
as; Rdrop  . For the jet dimensions and parent droplet volume 

32 11.5cos   0.5cos   

(V) in our L-DEP actuations, Rdrop >> Rj and hence the force term in Eqn. 8 can be 

simplified as: 

F  2Rj (c  sin  c cos  c   ) (47) 

Now, in order to calculate the viscous drag force, one must analyze the viscous shear 

stress () acting on the protruding liquid jet. For a hydrophobic surface (CA < 120o), the 

no-slip boundary condition holds at the liquid-solid interface and the jet cross-section has 

a poiseuille-like velocity profile. Jones [70] applied these two conditions to relate the 

averaged liquid flow velocity (dz/dt) to the cross-sectional velocity profile. At fairly high 

contact angles (CA > 120o), the no slip boundary condition doesn’t hold. The viscous 

shear is influenced by the surface roughness and the slip length (b)/slip velocity (uo), 
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which itself is a function of surface characteristics: (s) and CA, which are interrelated 

(see Eqn.41). 

Recently, Ybert et al. [102] performed a scaling analysis to estimate the slip length 

for various superhydrophobic surfaces with generic roughness patterns, such as: ridges 

and posts. The analysis assumes that the air-water interface remains shear-free and 

reports the shear stress at the superhydrophobic surface, produced only along the tops of 

the solid posts or ridges, as:      , where   is the shear rate [102] and  is the s 

dynamic viscosity coefficient. In the regime close to surface, flow is influenced by the 

presence of the posts and scales with its size. The shear rate can thus be approximated as 

  = U/d, and the shear stress then becomes:   s 
U

d , where U (=dz/dt) is the average 

flow velocity. From the definition of slip length [103], one can alternatively rewrite the 

uoshear stress as:     b . For a superhydrophobic surface consisting of micro-posts, a s 

strong dependence on solid fraction is predicted by Ybert’s theory [102], 

1/2 1/2 b   d  w / s  d po /s . The shear stress then becomes:  

3/2 uo  1/2 U  s  d po s  d po  (48) 

The shear force on the liquid jet over such a patterned surface can thus be represented as: 

1/2 3/2 2 2 3/2  
s dz  s R  dz  dz s R  

F  Ajs 
  (2s Rz  )        Ds ; Ds    (49)     d dt d dt dt d po   po    po 

In Eqn. 49, represents the fraction of jet surface that consists of solid posts, Ds isAjs 

the dimensionless friction coefficient which depends on the periodicity of surface 

roughness and influences the resulting jet dynamics. Based on the re-evaluation of the 
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force terms and the inertia term, the governing non-linear differential equation (NLDE) 

and its solution is shown below: 

2 2  2d z  2Ds dz  2  FDEP  F    (50)
2 2 2R A( ) dt   ( )dt   R A  j j 

Regrouping the coefficient terms in the governing NLDE gives, 

2 2  2d z  1 dz  2  FDEP  F  
2 
 

2 
(51)

dt T dt Rj A( )  
s 

2R A( )
T  j , is the modified characteristic time constant which represents the

s 2Ds 

relative influence of inertia and viscous terms in the liquid actuation dynamics. It is 

evident from this model that T (~ 5 msec) is relatively larger (an order of magnitude) 
s 

than the T (~ 0.5 msec) for L-DEP actuation on hydrophobic surfaces. The general 

solution of this governing NLDE (boundary conditions applied) is: 

2 

( )
( )  1

( )  
2 

s s 

s 

t 

TDEP 

j 

T F  F  
z t  t  T  e

R A  
  

  

   
    

    
 (52) 

For L-DEP actuation on hydrophobic surfaces, Eqn. 52 has been simplified assuming 

(t >> T) into a t0.5 dependence where it is easy to delineate the viscous dominant L-DEP 

actuation regime [70]. However, for the SH actuation, values of T are comparable to the 
s 

actuation time scale (in order of msec), results in contributions from both t and t0.5 

dependent terms. In our analysis, we have used the general solution (Eqn. 52) to study the 

dynamic behavior of liquid jet actuation, incorporating both the viscous and inertia 
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dominant time domains. In order to verify the developed model, a set of liquid samples 

and specific SH surfaces were utilized to obtain L-DEP actuation with liquid CA in the 

range of 95 – 160o. The experimental details and results obtained from the model are 

reported in Chapter 4. 

L-DEP actuation characteristics-Threshold actuation voltage: The threshold 

actuation voltage, as defined earlier, is the minimum voltage required for energizing the 

coplanar electrode pair, to barely initiate the liquid jet from a parent sample droplet. The 

minimum actuation voltage is evaluated by equating the DEP force with the fluidic 

surface tension force which resists the jet initiation and hence the increase in fluidic 

surface energy. The expression for threshold actuation voltage, for a SH L-DEP actuation 

scheme is obtained as: 

(K 1)  c  c  d 
2 Vth  

2 
w  air   2 R (  sin  c cos  c )2c  2K  c  w  (cd  2cair  ) j c 

d  air  
(53)

2 w d 2   cd  2K  c  air  (c  cair ) Rj ( c sin  c c so c ) Vth  
2
(Kw 1 c c 
  ) d air  

From this expression, it is clear that the minimum actuation voltage depends upon 

the fluidic dielectric constant, fluidic surface tension, the electrode dimensions, attributes 

of the insulating dielectric layer and the resulting CA on the SH surface. The effect of CA 

on Vth is experimentally analyzed and reported in the section 4.3.2 (Chapter 4). 

Disintegration of L-DEP actuated liquid jets and L-DEP based droplet dispensing 

applications over the analyzed nano-patterned SH surfaces in reported in section 4.3.2 of 

Chapter 4.  
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CHAPTER 3 


MATERIALS AND METHODS
 

The research project documented in this thesis relies on combining the theoretical 

knowledge with tailored experimental observations, in order to accomplish the targeted 

research objectives. Customized experimental analysis was required in order to 

characterize the developed L-DEP based DMF devices and to furthermore implement 

them for specific on-chip bio-detection assays. This chapter reports on the key 

components required to achieve a droplet microfluidics based inter-disciplinary 

experimental observation, namely: Device fabrication and characterization; Preparation 

of the required samples/reagents; experimental methods and the experimental Set-up.   

3.1 Device fabrication and characterization 

3.1.1 Standard fabrication protocols for L-DEP device fabrication 

L-DEP based DMF devices need to be micro-fabricated due to their miniaturized 

dimensions and other structural requirements such as: micro-patterned electrode 

architectures which may require one or more thin metal deposition and patterning steps, 

sufficient yet thin dielectric coating over coplanar electrode structures, top hydrophobic 

or superhydrophobic surface topologies etc... X-sectional view of a typical micro-

fabricated DMF device is shown in Figure 3.1. Such L-DEP microfluidic devices are 

fabricated in clean-room environments, using conventional micro-fabrication processes. 

The coplanar micro-electrodes are patterned in metals such as Aluminum or, transparent 
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a.	 All DMF devices, used in this research project were fabricated using passivated 

silicon substrate (4” Si wafers, passivated with a 50 m layer of thermal oxide). 

b.	 The Si wafers were cleaned using a hot piranha solution (H2SO4:H2O2 = 3:1) for 

roughly 20 minutes. 

c.	 Thin metal layer (150-200 nm) was deposited onto the substrate using magnetron 

sputtering process. Metals like Al, Au, Cr are suitable choices for micro-electrodes 

and can be easily patterned. Alternatively, transparent metal oxides, such as ITO 

(Indium Tin Oxide) are also useful due to their high transparency and low sheet 

resistance values. 

d.	 The critical electrode dimension for our electrode architectures was ~ 5 m which 

can be achieved using standard photolithography. Photomasks were designed using  

Tanner L-edit software (MEMS Pro v. 6.0) and printed onto a sodalime photomask. 

e.	 Positive photoresist (HPR504/506) was spin-coated on top of the deposited metal 

layer, soft baked at 110oC for ~ 90 sec and then hydrated for around 10 minutes. 

f.	 A standard photolithography set-up with mask aligner and UV exposure lamp was 

used to de-polymerize the photoresist exposed during the lithography process. This 

exposed photoresist was removed using a developer solution (Developer 354), 

leaving parts of the deposited metal layer uncovered. 

g.	 Wet chemical etching was used to remove the uncovered metal layer, resulting in 

formation of patterned metal electrodes, covered with undeveloped/unexposed 

photoresist. The left-over photoresist was washed off using Acetone/IPA. 
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h.	 To passivate/insulate the micro-electrodes, a thin layer (~300-600 nm) of dielectric 

material (Si3N4) was deposited using plasma enhanced chemical vapor deposition 

(PECVD, Trion Orion, Triontech, USA) technique. 

i.	 A second layer of photoresist was then spin coated, exposed to UV light, developed 

and patterned as explained above. 

j.	 The exposed insulating layer (over the bonding pads) was etched using a reactive ion 

etching (RIE, Minilock Phantom III RIE, Triontech, USA) process. 

If another metal layer was to be deposited (as in case of multiplexed electrode 

schemes), steps c. to step h. were repeated in sequential order to generate the dual metal 

layers insulated by the sandwiched dielectric layer. The deposited thin dielectric films 

were analyzed using FILMETRICS F-70 (FILMETRICS, USA) film characterization 

equipment. Following the fabrication process, the micro-chips were diced from the 

processed 4” Si wafer and the final top surface of the DMF chips was rendered 

hydrophobic/superhydrophobic. The process of creating hydrophobic and 

superhydrophobic top surface and their characterization is reported in the following 

section. 

3.1.2 Suitable dielectric and top surface morphologies for L-DEP Devices 

There are several crucial aspects to consider while fabricating a reliable DEP-LOC 

device but none more important than the insulating dielectric layer and its top surface. An 

ideal insulating material should possess: chemically inert surface for reproducible LOC 

applications, fairly high contact angles (~120o or more) for retaining droplet shape during 
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dispensing and other manipulation steps, high dielectric strength, ability to be wielded in 

thin layers and minimal material defects. To this date, no single material can satisfy all 

the above mentioned features and as a result, several combinations of dielectric/insulating 

materials are used to provide the desired characteristics of the device. For example: we 

have used Si3N4 as the thin insulating layer since it has very high breakdown strength but 

it possesses poor top surface properties (very low droplet contact angle). So, it has to be 

used in combination with a thin hydrophobic top coating (e.g. Teflon AFTM) which can be 

spin coated on the top surface to overcome this limitation [45]. Based on the applied high 

voltages and the break-down strength of Si3N4, the layer thickness should be kept in 

range of 250-500 nm whereas ~ 50 nm of TeflonTM is found to be sufficient to achieve 

successful L-DEP actuations. However, TeflonTM suffers from poor adhesion onto Si3N4 

layer and limitations have been found for this combination of dielectric stack for repeated 

or multiple actuations (see section 4.3.1 in Chapter 4).  

In order to produce a more robust hydrophobic coating, a multi-layered deposition 

method has been developed.  Firstly, the chip surface with patterned dielectric layer is 

cleaned using a very short span of plasma etching. This is followed by a plasma enhanced 

deposited of a thin fluorocarbon (FC) layer, prior to spin coating of the device with 

TeflonTM layer [86]. Thin plasma FC films (~30 nm) were formed by the PECVD 

process, using inductively coupled plasma (ICP) and C4F8 as a precursor gas. For the spin 

coating procedure, TeflonTM was diluted using Fluorinert® FC-77 solvent; and then spun 

on top of the prepared plasma FC layer. After spin coating with TeflonTM, the DMF chip 

was baked in air at 100°C for 10 min. 
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In order to compare the performance of L-DEP actuation on the two surface coatings, 

different surfaces attributes including, contact angle measurement, surface roughness 

analysis and thin film analysis, were conducted and the results from the characterization 

are reported in this section. These properties, especially contact angle (CA) and 

roughness parameters are expected to have significant impacts on the L-DEP liquid 

actuation and droplet dispensing process as they alter the surface-liquid interfacial forces 

and furthermore can affect the jet break-up and droplet dispensing during repeated 

actuations. 

Verification of the thicknesses of the top coating layers was performed with an 

Ellipsometer (model M2000 J.A. Woolam Co.), with an accuracy of ± 0.5 nm, and 

reported in Table 3.1. Static CA measurements were performed through observation of 

the droplet shape (and its reflection) with respect to the sample surface at ambient 

atmospheric conditions (temperature ~25°C and humidity ~40%). Image processing 

software was used to analyze the droplet shape and CA. The standard deviation for the 

reported CA and CAH values is: ±1.5°. Contact angle hysteresis (CAH) measurements 

were performed by increasing (advancing CA) or decreasing (receding CA) the droplet 

volume where, the difference of the advancing and receding CA values determine CAH.  

Table 3.1: Characterization data for the two hydrophobic surface coatings 

Coating Type Thickness (nm) RMS Roughness (nm) CA (°) CAH (°) 

Composite 51.6 1.0 116.7±1.9 12.3±2.1 

Spin-coated 124.8 0.6 115.3±1.8 15.7±1.9 
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in the extremely wide range of ~10o - 170o [101]. For L-DEP DMF devices, the goal was 

to achieve suitably large droplet CAs (140o-160o). During the development of nano

patterned SH surface, the device was analyzed using a field effect scanning electron 

microscope (FESEM, LEO 1430) and the observations are reported in Figure 3.4. 

The method implemented in this project is based on ‘colloidal lithography’ [101], 

where colloidal nano-particles are spin/dip coated on the chip surface to form mono-

dispersed, hexagonally close packed assembly of spheres (Figure 3.4(a)). PS nano

spheres (diameter: 450 nm; 1% solid), purchased from Corpuscular Inc. USA, were 

suspended in a solvent mixture of 1 part Triton X-100 and 400 parts methanol (95% 

pure). The bead sample to solvent ratio in the final dispersion was kept at 7:1 (volume 

ratio), finalized iteratively to ensure mono-dispersed deposition of nano-spheres, as 

shown in Figure 3.4(a). Oxygen plasma based reactive ion etching process was used to 

shrink the nano-spheres up to diameter 150-200 nm and hence a solid fraction (s) was 

created at the surface. Once the nano-spheres are optimally shrunk, they act as nano

imprint for the next step which is to etch the exposed Si3N4 layer using C4F8 plasma, 

creating nano-posts with diameter ~ 150-200 nm. As illustrated in Figure 2.11 and Figure 

3.4(b, c), the generated roughness parameter (s) is related to the initial diameter (dpo). 

The polystyrene cover from top of the nano-posts was removed by ultra-sonication in 

Acetone for 30-40 minutes. Figure 3.4(d) and Figure 3.4(e) respectively show the short 

range (over a 5m x 5m area) and long range (over a 20m x 20m area) uniformity of 

the generated nano-pattern. Figure 3.4(f, g) show a tilted (70o) SEM view of the nano

patterns used in this work. Finally, since the generated Si3N4 nano-roughness is super
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tags (reported in Table 3.3), were used to demonstrate the micro-bead handling and 

dispensing capabilities of L-DEP actuation under controlled fluidic conditions (30-40% 

by vol. DI water-glycerol solution) which were extracted from the numerical analysis 

(see Figure 2.9 and Table 2.1). Three different ssDNA oligonucleotides (Integrated DNA  

Table 3.3: Properties of various micro-beads used in micro-bead dispensing experiments. 

Bead Type Notation Diameter (m) Ex./Em. (nm) 

Green1 G1 1.2 450/540 

Dynabead® M-270 DB 2.8 N.A. 

Red 1 R1 5.7 540/680 

Non-Fluorescent 1 NF1 10.9 N.A. 

Non-Fluorescent 2 NF2 15.6 N.A. 

Figure 3.6: Stoichiometric details of the oligonucleotide samples and schematic of the  
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bead based FRET assay. 

Technologies (IDT), USA) were prepared in 10-15 S/cm TRIS-MES buffer (pH = 7.8) 

and used in the on-chip, ‘bead-based’ DNA hybridization detection assay (see Figure 

3.6). All except the DB micro-beads were non-functionalized polystyrene micro-beads, 

used to demonstrate the L-DEP based micro-bead handling capabilities. The DB micro-

beads, purchased from Invitrogen, USA, comprised of a superparamagnetic core and a 

streptavidin monolayer coating which can be covalently coupled to a biotin functional 

group. The functionalized DB micro-beads were utilized for all the ‘bead based’ bio

detection assays reported in this thesis. The structural and other attributes of the three 

ssDNA oligonucleotides are reported in Table 3.4 and Figure 3.6 which also illustrates 

the functionalization of DB and a schematic of ‘bead based’ FRET assay. 

Table 3.4: Attributes of various bio-probe molecules used in experiments. 

Sequence 

Name 

No. of 

bases 

Anhydrous 

Molecular 

Weight 

Reporter 
Extinction 

Coefficient 

ex./em. 

(in nm) 

Stock 

(nmoles) 

Biotin FQ 

Probe1 
20 7017.8 

IOWATM 

FQ 
201344 520/N.A. 20.5 

Biotin 

FAM S1 
20 7041.9 6-FAM 222600 490/520 57.1 

Biotin 

FAM S2 
20 7053.9 6-FAM 214100 490/520 58.4 

For the experimental demonstration of forming solid supported lipid membranes 

using L-DEP based monolayer vesicle dispensing, two phospholipid samples, namely 
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POPC (1-palmitol-2-oleoyl-sn-glycero-3-phosphocholine) and NBD-PC(1-acyl-2-{6-[7

nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanol}-sn-glycero-3phosphocholine), were 

purchased from Avanti Polar Lipids. The second lipid molecule (NBD-PC) consisted of a 

truncated fatty acid chain to incorporate a fluorophore (ex./em.: 460/534 nm; green 

emission) and was used to facilitate better observation of formed lipid membranes. In 

order to create bilayer lipid vesicles, first a mineral oil dispersion of the two lipid samples 

was prepared. A combination of 90 L POPC and 10 L NBD-PC stocks was spread in a 

pyrex glass bottom and the chloroform solvent was evaporated under air flow to obtain a 

thin, dry mixture of the two phospholipids. 10 mL of mineral oil (Crystal Plus 70fg; 

viscosity ~ 12.7 cSt; STE Oil Company) was then added to the glass bottom and the 

mixture was ultra-sonicated for approximately 60 min. and then left overnight to prepare 

uniform, stable lipid dispersion in mineral oil. The L-DEP based bilayer dispensing 

methodology is presented in the following section. A 5 bead/nL sample containing 10 m 

diameter polystyrene micro-beads (NF1) and a single-stranded DNA (S1-T; variant of S1 

oligo DNA shown in Figure 3.6) oligonucleotide with a specific fluorophore 

(TAMRATM: ex/em: 546/574 nm; red emission) sample was also prepared in TRIS

MES buffer (DNA conc. ~ 2 M). The prepared supported monolayers were used to 

demonstrate non-specific nucleic acid functionalization experiment. 

Experiments were furthermore conducted to demonstrate rapid dispensing of 

supported lipid bilayer (SLB) and bilayer lipid vesicles (BLV) and their application for 

on-chip nucleic acid isolation and hybridization detection assay. Two biotinylated lipid 

molecules (Avanti Polar Lipids, USA), three DNA molecules (IDT, USA) and Q-Dot® 
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swabs (Figure 3.8(a)) and the extracted sample was processed to separate the 

complementary DNA (cDNA) (Figure 3.8(b)), required for nucleic acid amplification 

procedure. The cDNA sample was amplified using PCR and mixed with TAG primers for 

target specific primer extension and a fluorescent label (PE: ex./em. = 480/565) was 

incorporated during the primer extension process. Four Luminex® micro-beads (Luminex 

Canada), functionalized with target specific anti-TAG sequence were then added to the 

samples and incubated (Figure 3.8(c)). The sample was collected following the binding of 

detected viral sequence and washed using a TRIS-MES buffer (pH ~ 7.8) before on-chip 

actuation and screening assay (section 4.4 of Chapter 4). 

Clinical sample preparation for the ‘bead based’ post amplification Influenza C-

molecular beacon assay: The clinical sample preparation procedure was again carried out 

at the ProvLAB Calgary. Respiratory samples including nasopharyngeal (NP) and 

broncoalveolar lavage (BAL) specimens, obtained from the upper and lower respiratory 

tract of potential Flu patients were pre-treated with 25 l of 0.01 mAU/ l of protease 

(Qiagen, Mississauga, Ontario) in a thermomixer (Eppendorf, Westbury, New York) at 

56oC and 1000 rpm for 10 minutes. The nucleic acid component was extracted from the 

cellular remains using the easyMAG® automated extractor (bioMérieux).  The extracted 

nucleic acid was eluted in 110 l volume from a sample input volume of 200 l. 

Primers used to amplify a 64 bp region of the matrix gene of influenza C virus have 

been reported in [106]. Nucleic acid amplification was performed using a one-step RT

PCR, the TaqMan® Fast Virus One-Step RT-PCR Master Mix and 0.8 M each of sense 

and antisense primers. Five micro-liters of the extracted RNA were combined with 5 l 
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the Calgary DNA Laboratories, University of Calgary. The MB probe was mixed with 

DB micro-bead sample and incubated for 15-20 minutes to create strong avidin-biotin 

linkage and anchor the MB on functionalized DB (see Figure 3.9(b)). In absence of a 

complementary nucleic acid sequence, the MB loop remains closed and the quencher and 

fluorophore molecules remain in close proximity to facilitate ‘FRET’ based quenching of 

fluorophore molecule (Figure 3.9(b)). ‘FRET’ or, ‘Fluorescence Resonance Energy 

Transfer’ is a mechanism which describes energy transfer between two fluorophores or, a 

fluorophore and a chromophore, when they are within a certain distance (up to ~ 10 nm) 

between them [107]. When a complimentary DNA sequence is identified, the loop 

unfolds in order to hybridize with the complementary DNA sequence, resulting in 

fluorescent emission from the fluorophore, as shown in Figure 3.9(c).  

3.2.2 Estimation and quantification of bio-markers 

In order to perform on-chip quantitative bio-assays, the concentration of all used bio

samples was measured during the off-chip sample preparation stages using Nanodrop 

1000 spectrophotometer (Thermo Scientific, USA). Furthermore during the on-chip bio

detection assays, concentration of bio-samples, in the dispensed and mixed bio-sample 

droplets were investigated using the Photo Multiplier Tube (PMT). 

The Binding efficiency (BE) of dynabead® (DB) for the 20 bp oligonucleotides was 

obtained during the coupling of ssDNA (S1) to DB, by comparing molecular 

concentration before and after off-chip streptavidin-biotin binding, using the expression: 

89
 



 

 

 

  

 

 

 

 DNA    DNA conc before conc after 
BE  100 (54) DNA conc before 

where, (DNAconc.)before is conc. of oligonucleotide in the sample before binding onto the 

DB and (DNAconc )after is the final conc. of ssDNA molecules remained in the bio-sample 

after binding onto the DB, during the off-chip functionalization of DB. Binding 

efficiency data calculated using this empirical method was utilized to evaluate the 

quantity of oligonucleotide markers anchored on the micro-beads which allowed us to 

calculate the amount of ssDNA sample quenched and successfully detected during the 

bead based hybridization assay, as reported in the results section. For the oligonucleotide 

samples used in this work, BE was found to range from 75% to 80% during multiple 

measurements and the amount of bound ssDNA per bead was found to be ~ 60 attomoles.  

Q-Dot® FRET detection has been used in the two bilayer vesicle based DNA 

detection/isolation assays. The FRET based quenching efficiency (QE) during these 

experiments were analyzed both empirically (based on the experimental photocurrent 

data) and analytically. The analytical estimate of FRET based QE for the Q-Dot® and 

IOWA FQ™ pair can be given as [107]: 

 Ro 
6 

E   6 6  (55)
R  R o 

Here Ro is the Forster Radius, defined as the distance at which there is a 50% energy 

transfer between the selected fluorophore and chromophore and expressed as [107]: 

3  2  2  (1/6)  R  (9.78) 10 [ k  n Q J  ( )]  (56)o o 
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where, k is the orientation factor for the dipole-dipole interaction, n is the medium 

refractive index, Qo is the quantum efficiency of the used fluorophore and J() is integral 

of the spectral overlap between the donor and the acceptor/quencher [107]. For the donor 

(Q-Dot® 525), quencher (IOWA Black FQ™) pair and the designed vesicular bio-probes, 

values of these parameters were: o  0.60, n 1.35, k  2 / 3, J   2.6 13Q ( ) 10 . Based 

on these values, the analytical FRET QE for the selected bio-probes and donor-acceptor 

pair is estimated to be ~ 78% for R = 4.0 nm (for Assay Scheme 1) and ~ 85% for R = 

2.2 nm (Assay Scheme 2). 

Experimental estimation of the FRET QE Quenching efficiency (QE) for the FRET/ 

Quenching, during the bio-assay was evaluated using the PMT Photocurrent (Ip) and an 

empirical relation given by Eqn. 57: 

  I p    I p   
unmixed mixed QE   100 (57)

I I  p      unmixed p bck 

where (Ip)unmixed is the PMT photocurrent (Ip) measured before mixing, (Ip)mixed is 

measured after binary mixing is performed during the assay and (Ip)bck is the background 

signal. The quenching efficiency (QE) data along with the calculated fluorophore 

concentration and the known binding mechanism of streptavidin-biotin (binding ratio for 

used ssDNA molecules: 1:2.5), allows quantification of hybridized oligonucleotide 

probes detected during the DNA hybridization assay and hence determination of the limit 

of detection (LOD) for the assay. The Q-dot® concentration (C), during the vesicular bio

assay was verified following the buffer exchange process (sample preparation) using the 

Lambert-Beer’s Law (Eqn. 58), the known path length (L) for the Nanodrop spectro-
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Schematic illustration of a 2x2 integrated DEP actuation methodology, (d) a 2x2 

integrated electrode architecture with eight mixing sites, two per sample/reagent 

combination. 

architectures designed, fabricated and experimentally validated during the course of this 

project. The fabrication protocols used for producing these DMF devices have already 

been reported in section 3.1. 

The L-DEP actuations on electrode schemes, shown in Figure 3.10(a, b), were 

conducted by energizing the electrode pair using a 200-450 Vpp AC voltage at a 

frequency of 100 kHz. The 1x1, integrated electrode design consists of a single 

metallization layer whereas the 2x2 matrix architecture requires two metallization layers. 

The two layers of metal electrodes are required in order to create a compact matrix 

structure with higher packing density while avoiding wiring intersections and electrode 

shorting. The two metal electrode layers are separated by a sandwiched dielectric layer 

(Si3N4: ~500 nm) to prevent the overlapping electrodes from shorting during automated 

liquid actuation steps. Designs rules for fabrication of the two layer multiplexed matrix 

architectures have been reported in [30, 45]. The actuations were conducted both in air 

and under 5 cSt silicone oil bath. The L-DEP actuations on electrode schemes shown in 

Figure 3.10(c, d) were conducted by energizing the electrode pair using AC voltage, 

typically, 400-500 Vpp at a frequency of 100 kHz. Droplet transport and mixing over the 

D-DEP electrodes (Figure 3.10(b, d)) was achieved by applying a much lower voltage 

and low actuation frequency (typically 100 Vpp @ 30-50 Hz) to the Electrostatic/D-DEP 

droplet transport scheme. 
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droplets was then diffused in a comparable viscosity dispersion media (doped with 

silicone oil) bath resulting in stable lipid monolayer formation which encapsulates the 

aqueous solution within the silicone oil bath (Figure 3.11: step 2). Finally, to assemble 

the second lipid layer, these droplets needed to be transferred through an interface oil-

aqueous phase boundary. To achieve this, a high viscosity glycerol solution (50% by 

volume-in DI water) was placed on top of the diffused oil layer, forming a lipid layer at 

the interface which gradually sank towards the chip surface (Figure 3.11: step 3). Upon 

observing this arrangement after roughly 30 minutes, it was clear that the heavy aqueous 

media now contained the precipitated aqueous daughter droplets, confirming that a stable 

lipid bilayer has been formed and the formed bilayer prevents loss of shape and volume 

of these micro-sized vesicles (Figure 3.11: step 3). This scheme of on-chip formation of 

large bilayer vesicles is now utilized in conducting a membrane based bio-detection 

assay. 

Supported lipid bilayer (SLB) can be deposited during the SE L-DEP actuation 

process if the actuated micro-bead contains a covalently linked (E.g.: avidin-biotin 

linkage) lipid monolayer on surface and the oil sheath in the SE jet consists of a lipid-

mineral oil dispensing. Dispensing and functionalization of such dispensed SLBs is 

reported in section 4.2 of Chapter 4. 

3.3 Experimental set-up 

A schematic diagram of the opto-electronic setup used for experimentation is shown 

in Figure 3.12. The DMF chip was secured using spring loaded pogo pins onto a PCB to 
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provide electrical connections to the bonding pads. The arrangement was placed on a 

fluorescent microscope platform (BX51, Olympus, Japan) coupled to a photomultiplier 

tube (PMT) (H-7468-10, Hamamatsu, Japan, operated at PMT gain of 106) for measuring 

the fluorescence intensity and a high speed CMOS imager (Mega speed) or, a CCD 

imager (QImaging, CANADA) to observe the dispensed biosamples and capture images 

of the conducted assays. A Disc Scanning Unit (DSU) confocal module was added to the 

standard fluorescent set-up during the L-DEP based bilayer vesicle dispensing and bio

detection assays (section 4.2.2 in Chapter 4). The DSU module enabled more accurate 

observation of deposited, functionalized SLB and BLV membranes during the nucleic 

acid detection assays. A signal generator (TGA1244, TTi, UK) and a high-voltage, high-

frequency power amplifier (Precision Power Amplifier 5205A, Fluke) provided the 

required AC voltage to drive the coplaner electrode arrangement. The actuation process 

was controlled using a software driver developed using labview (NI Labview, USA) and 

the output data was recorded either in form of high speed videos (original frame rates: 

2000-2500 fps) using the high speed camera or, bright/fluorescent images from CCD 

camera and PMT datasets for quantitative assay. The high speed videos were digitized 

and an image probing program (provided by Mega speed) was used to capture the 

dynamics of microbeads during L-DEP actuation. Absorption spectrophotometer 

(NanoDrop ND 1000, Thermo Scientific USA) was utilized for the required off-chip, 

biological and chemical sample preparation and quantification. Nucleic acid 

concentration measurements, fluorophore, chromophore and Q-Dot® characterization 
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CHAPTER 4 


RESULTS AND DISCUSSION 


During the course of this research project, key research goals were formulated 

(reported in section 1.4 of Chapter 1) towards overcoming some of the principle 

challenges and limitations of L-DEP based DMF technology. Theoretical analysis, along 

with tailored experimental studies helped us achieve the targeted research objectives. The 

current chapter presents the results, obtained from the theoretical and experimental 

analysis conducted during the project the results are furthermore accompanied by a 

discussion regarding their significance and impact on the current technology.  

4.1 L-DEP actuation of micro-particle suspensions 

4.1.1 Uniform dispensing of low concentration polystyrene micro-beads 

In the theory section, numerical analysis was conducted to investigate the transient 

behavior of L-DEP actuated micro-bead samples. It was established that by judiciously 

choosing medium conductivity (in range of 8-15 S/cm), medium density and viscosity, 

controlled dispensing of micro-bead suspensions can be achieved during L-DEP liquid 

actuation. Under the analyzed experimental conditions (refer section 2.1.5), microbeads 

stay afloat under the influence of negative DEP effect, close to the aqueous-oil interface 

during the L-DEP actuation and henceforth transported by the actuated liquid jet. The 

fluidic properties of various media used during experiments are reported in Table 2.1. 

Based on the conducted experimental observations, along with the numerical model, it 

was established that Glycerol-DI water mixture with Glycerol concentration of 30-40 % 
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Five polystyrene micro-bead samples (reported in Table 3.3; Chapter 3), with bead 

diameter ranging from 1.2 m to 15.6 m, were used in the reported experiments. 

Furthermore, the micro-bead concentration in daughter droplets was normalized and 

compared with its concentration in each parent droplet in order to take into account the 

effects of sample variability due to off-chip sample preparation. The resulting distribution 

of dispensed bead concentrations among the daughter droplets, for different bead sizes 

and parent conc., is shown in the micrographs reported in Figure 4.1. The variation in 

normalized bead concentration in the array of uniform volume dispensed droplets  

Figure 4.2: Plots show distribution of various beads during L-DEP actuation on a 

uniform L-DEP electrode scheme (w = g = 20 m), over 10-15 repeated actuations for 

each bead sample. 

100
 



 

 

 

 

 

 

 

 

following L-DEP actuations is depicted in Figure 4.2. 

Results reported in Figure 4.1 and Figure 4.2 suggest that  L-DEP actuations of 

Glycerol-DI water  resulted in a uniform dispensing of the low dielectric constant micro-

bead samples, ranging in diameter from 1 m to 15 m, in the mid-section of the 

electrode structure, corresponding to droplet 2 to 6 (see plot in Figure 4.2). In order to 

avoid coagulation and steric-hindrance for the larger size beads (dia. 10-15 m), where 

the bead diameter became comparable to the liquid jet radius, very low micro-bead 

concentrations were used in the experiments (Figure 4.1(h-l)). 

The results shown in Figure 4.2 also demonstrate an excess dispensing or, 

accumulation of micro-beads in the end droplets for all micro-bead actuations, which can 

be explained in terms of the underlying dynamics of actuated liquid jet. During the L

DEP actuation, the liquid jet is actuated very rapidly (actuation speed ~ 20 cm/sec) over 

the hydrophobic top surface and at such high speeds, the viscous drag forces acting on the 

particle oppose the forward propagation of the micro-beads at such high speed, along 

with the moving jet. This intermittent viscous drag force results in comparably slower 

moving microbeads in the propagating liquid jet. The inertia of these micro-beads carries 

them forward through the jet, even after the jet propagation has stopped. So, in order to 

allow uniform dispensing throughout the droplet array, the liquid jet was allowed to stay 

formed longer than usual to ensure that micro-beads have saturated in the flow. As a 

result of these flow based irregularities, the end droplets tend to accumulate a relatively 

higher concentration of micro-bead samples. This phenomenon doesn’t affect the 

reliability of the dispensing scheme as the end droplets can be considered and opted out 
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as the ‘dead sample volume’ for the rapid dispensing mechanism and furthermore they 

establish the fact that positive DEP based pinning doesn’t take place at all in the specific 

fluidic samples chosen during the L-DEP actuations. The actuation time shots, shown in 

Figure 4.1 (a-e) also establish that during the jet actuation, the beads appear to move 

precisely along and in between the gap of the L-DEP electrodes and near the aqueous-oil 

interface of the hemi-cylindrical liquid jet profile, away from the high electric field 

regions which exists at the electrode edges. The very high interfacial energy required to 

transport micro-beads through the aqueous-oil interface ensures that the beads remain in 

the aqueous jet during dispensing. This feature of L-DEP actuation has facilitated other 

potential particle dispensing applications, such as deposition of lipid membrane on the 

actuated microbead/nanoparticle surface during an emulsion jet actuation with lipid-in

mineral oil dispersion [74, 75]. 

4.1.2 Controlled dispensing of polystyrene micro-beads using continuous tapered L

DEP electrode schemes 

Ideally, an on-chip dispensing scheme should be able to dispense controlled volume 

and amounts of different bio-samples and macromolecules. We have previously reported 

on such an L-DEP electrode structure (see Figure 2.7), with a continuous tapered design, 

containing specifically positioned pinches that allow controlled dispensing and 

positioning of variable volume sub-nanoliter droplets using L-DEP [72]. In order to 

establish the SMF technology as a suitable mean for micro-bead based bio-assay 

applications it is important to demonstrate that the control over the dispensed 
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concentrations were measured and averaged over at least 10 L-DEP actuations per bead 

sample. The distribution of dispensed microbeads was found to be very reliably 

controlled by the electrode structure, resulting in a bead count gradient, in the dispensed 

droplet arrays, shown in Figure 4.3(g, h, i) and Figure 4.4. In a particular experiment, the 

number of dispensed micro-beads is reduced from 4 to 1 by means of controlled 

reduction in the droplet volume using the tapered electrode scheme (see Figure 4.3(g-i)). 

The plots in Figure 4.4 also show that although the tapered scheme allows user to 

facilitate dispensing of varying number of micro-beads in the dispensed droplets, it 

results in a very uniform micro-bead concentration distribution, comparable to the parent  

Figure 4.4: Plots showing distribution of different beads in dispensed daughter droplets, 

following more than 10 L-DEP actuations per bead sample on the tapered electrode 

scheme (Figure 2.7). 
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droplet concentration. The results establish that L-DEP based controlled micro-bead 

dispensing can trim the number of functionalized micro-beads to very low quantities 

(even achieving 1 micro-bead per droplet) as a result of the order of magnitude variation 

in the dispensed droplet volumes. Variable volume micro-bead dispensing schemes can 

also be leveraged in integrated bio-assays to observe the detection thresholds and limiting 

marker concentration during a chip based bioassay. 

The experimental results reported in these two sections suggest that L-DEP is a 

reliable scheme for the rapid and controlled dispensing of ultrafine micro-bead and 

sample volumes, which can then be further utilized downstream to conduct on chip bio

assays. The next section implements the L-DEP based uniform bead dispensing scheme 

to demonstrate a fundamental quantitative micro-bead based DNA hybridization assay. 

4.1.3 Bead based DNA oligonucleotide hybridization detection assay 

Attributes of the dynabead® sample (DB), used in the bead based DNA hybridization 

detection experiment, are reported in Table 3.3 of Chapter 3. These DB micro-beads 

contain an outer shell of streptavidin linkers which can covalently binds to biotin 

functional groups. A suitable oligonucleotide sample, S1 with a biotinylated 5’-end and a 

fluorophore at the 3’-end was bound to the beads to prepare the bio-probe (see Figure 

3.6). Detailed attributes of the binding process are reported in the experimental section, 

leading to preparation of the DB sample in Glycerol-DI water mixture (40% by vol. 

Glycerol; 0.005 % by vol. Tween-20). A complementary oligo sample P1 with a 

quencher molecule attached to its 5’ end (see experimental section) was also prepared in 
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identical aqueous media (concentration: 50g/mL). A simple 1x1 electrode scheme, 

shown in Figure 3.10(a, b), was used to demonstrate the bead based DNA hybridization 

assay. 

Firstly, 1 L parent sample droplets of the functionalized microbead sample (bead

S1) and the complementary oligo sample (P1) were placed on the two parent sites of the 

electrode scheme. Upon L-DEP actuation, two arrays of equi-volume daughter droplets 

were dispensed on the two L-DEP electrodes. Subsequently, the D-DEP electrodes were 

energized and a pair of droplets from the two arrays were mixed to facilitate interaction 

between the bead based bio-probe and its marker sequence (Figure 4.5(a-d)). The mixed 

and unmixed droplets were analyzed using the opto-electronic set-up in order to quantify 

and detect the selective hybridization and detection of the specific DNA sequence (Figure 

4.5). PMT was used to measure the fluorescence from the DBs in the droplets dispensed 

over the L-DEP electrodes (Ipunmixed – Ipbck) and in the mixed droplet (Ipmixed –Ipbck). The 

measured photocurrent data is shown in the caption of Figure 4.5. This PMT data was 

used to calculate the associated quenching efficiency (QE) which quantifies the DNA 

hybridization. 

Upon successful hybridization, the fluorophore (6-FAM) attached to the microbead 

is dominantly quenched which results in a reduction in the fluorescence emission (QE ~ 

90%) from the micro-beads (Figure 4.5(h, l)). The difference in the fluorescence intensity 

(Figure 4.5(f, h) and Figure 4.5(j, l)) is quantified (Ipunmixed – Ipmixed) in order to measure 

the presence of the complementary DNA molecules. The microbead concentration was 

lowered (Figure 4.5(e-h)) during these experiments in order to measure the detection  
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threshold which is limited by the signal loss due to the off-chip detection set-up and the 

signal-to-noise (Ipbck) ratio. Since the biosamples used here were fairly simple; assay and 

detection times were less than a minute. The limit of detection (LOD) for the reported 

micro-bead based DNA hybridization assay has been found to be close to ~ 100-200 

attomoles for the ultra-low bead assay (Figure 4.5(e-h)) where a minimum of 2-3 

functionalized beads were investigated with the PMT before and after mixing. The DNA 

hybridization was also quantified in case of high bead concentration and the amount of 

hybridized DNA probe was found to be ~ 5-10 femtomoles. The LOD, which was 

controlled by the off-chip streptavidin-biotin binding, the ultra-low functionalized DB 

dispensing in nL aliquots, mixing and the sensitivity of the PMT based detection, is an 

improvement when compared to the conventional close channel DNA hybridization 

assays (LOD ~ few picomoles) [94] but is higher than the LOD achieved through RT

PCR based amplification assays in microfluidic DNA/RNA detection schemes where 

numerous PCR cycles (> 10 cycles) are often required to achieve ultra-low LOD [93, 94]. 

In contrast, the reported value of LOD was obtained within a minute of sample 

dispensing and calculated using Eqn. 54, Eqn. 57, along with the measured PMT and 

Nanodrop data. However, one restriction for this ultra-low bead based assay is that it still 

requires a relatively high DNA conc. (femtomolar) in the parent droplet and the low 

detection limit is achieved as a direct result of conducting the DNA hybridization on very 

small bead count (2-3 beads) in the dispensed daughter droplets. The proposed bead 

based DNA hybridization assay is most suited for post amplification screening assays 

where off-chip or, on-chip RT-PCR amplicons can be screened with labeled bead based 
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target sequences, while using very small amounts (few microliters) of expensive PCR 

products and marker sequences. Different probe DNA concentrations were investigated 

using the bead based assay using the ultra-low bead concentration (2-3 beads/nL droplet), 

shown in Figure 4.5(e-j), and the quantitative results are reported in Table 4.1. 

Table 4.1: Quantitative analysis of probe DNA hybridization with ultra-low bead 

aliquots. 

P1 conc. 

(g/mL) 

Ipunmixed 

(A) 
Ipmixed (A) Ipbck (A) 

QE 

(percentage) 

Hybridized 

P1(amol) 

0.5 7.55 3.97 1.04 55% 120 

1 7.50 3.29 1.05 65% 180 

10 7.60 2.04 1.06 85% 180 

25 7.52 1.8 1.05 88% 120 

50 7.55 1.7 1.05 91% 180 

The reduced QE corresponding to lower probe concentration is a result of poor 

FRET based quenching at relatively low quencher concentrations (Bead-bound S1 

concentration ~ 0.5 g/mL).A control assay was also conducted to validate that the loss 

of fluorescence intensity and the resulting QE were indeed as a result of detection of 

hybridization of complementary DNA sequences.  

In the control experiment, a non-complementary marker oligo sample S2 (see Figure 

3.6) was used to functionalize the DB microbeads. The assay was repeated and the mixed 

and unmixed droplets were analyzed using the PMT. The resultant mixed droplets for this 

assay, for both low and high bead conc. (shown in Figure 4.5(m-p)) suggest very little 
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change in fluorescent intensity (QE < 20-25%) of the bead based bio-probes which 

confirms that the particular sequence of marker was not present in the sample 

oligonucleotide. Also, since in bead based assay, fluorophore labelled sample DNA is 

stably anchored to the bead surface, static or random quenching which is always present 

and inversely affects the LOD for hybridization assays in droplets or micro-channels, is 

minimized. This results in superior control over the experiments and further improvement 

in confidence of detection and LOD for bead based assay. 

Such a bead based nucleic acid assay is also considered superior in terms of the assay 

cost to the conventional bead assay because the amount of functionalized microbeads can 

be substantially reduced (up to 2-3 beads per droplets and up to 1000 beads per L as 

illustrated in Figure 4.5(e, f, g and h). Furthermore these ultrafine microbead samples can 

be better maneuvered and detected with ease using simple on-chip or, off-chip optical set

ups. The micro-bead based assay is furthermore superior to the droplet based 

hybridization detection schemes, previously reported in [79]. The improvement in 

performance is due to the fact that the quantity of micro-beads in dispensed droplets can 

be more conveniently tailored towards low concentration, reliable dispensing. Since the 

amount of bound DNA sample is controlled by the number of binding sites and the 

binding efficiency (see Eqn. 54) for the particular biotinylated ssDNA molecule, 

quantification of DNA hybridization in the lower concentration range is far more reliable 

using a bead based assay. 
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4.2 L-DEP based dispensing of bilayer vesicles for vesicular bio-sensing 

The membrane based bio-detection assays reported in this section demonstrate 

applicability of L-DEP based precision bilayer vesicle dispensing scheme, which is 

reported in the Materials and Methods section (see Figure 3.11 in Chapter 3). The first 

experiment (section 4.2.1) shows the utility of solid-supported bilayer membranes for 

anchoring nucleic acid probes/markers whereas the second experiment (section 4.2.2) 

demonstrates a bilayer vesicle based DNA hybridization detection using Q-Dot® as bio

marker. 

4.2.1 Surface based lipid membrane and non-specific DNA binding assay 

Supported lipid bilayers (SLBs) are bilayer lipid membranes which are deposited and 

anchored on top of solid substrates. The popular methods for producing SLBs include: 

vesicle fusion, Langmuir–Blodgett deposition, solvent spreading on micro/nano-patterned 

substrates [17, 108]. The experimental procedure for assembling supported lipid 

membranes during L-DEP actuation of micro-beads is reported in the Materials and 

Methods section (Chapter 3). The solid-supported membrane deposition takes place 

during the SE liquid jet actuation where due to the negative DEP effect the NF1 micro-

beads are poised at the aqueous-oil interface containing self-assembling lipid molecules. 

In absence of a lipid membrane, DNA or other bio-molecules have negligible affinity to 

bind to the polystyrene bead surface (due to absence of surface charge and functional 

groups). However, the presence of a stabilized lipid membrane at the micro-bead surface 

provides active sites for interaction between the DNA molecule and the micro-bead. The 
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microbeads ; (h, i) bilayer vesicle at mixing site with coated bio-functional microbeads 

showing fluorescence when exposed to blue and green light (resolved microbeads); (j) 

bilayer vesicle at mixing site encapsulating non-functionalized microbeads (Triton X

100) ; (k, l) bilayer vesicle at mixing site with non-coated microbeads showing only bulk 

fluorescence when exposed to blue and green light (unresolved microbeads). 

was utilized to demonstrate the non-specific binding between the deposited lipid 

monolayer and the ssDNA molecule. For this experiment, first L-DEP electrode structure 

is used to dispense a single array of lipid monolayer vesicles with 5-6 lipid coated micro-

beads per droplet. On the second L-DEP electrode, a second parent droplet of ssDNA 

sample (conc. ~ 2 M) was actuated, under an oil bath. A pair of monolayer lipid vesicle 

and ssDNA daughter droplet was then transported and mixed using the D-DEP electrode 

scheme (Figure 3.1 and Figure 4.6). The mixed vesicle and unmixed droplets are shown 

in Figure 4.6 (a-f). The micro-beads, containing a lipid membrane on their surface, 

adhere with the mixed ss-DNA molecules. Figure 4.6(a-f) shows unmixed lipid vesicles 

and DNA daughter droplets on L-DEP electrodes, along with the mixed vesicle (mixed 

vesicle in the center). Both green and red fluorescence emissions were observed from the 

mixed vesicle and the surface of DNA functionalized micro-beads was resolvable from 

the bulk emission, resulting from the unbound DNA molecules (Figure 4.6(g-i)). Finally, 

the second lipid layer was self-assembled to form bilayer vesicles (Figure 4.6(g,i)) and 

the bio-functionalized microbeads were encapsulated inside the vesicles. 

As a ‘negative control’ to the binding process, 0.1 % of Triton X-100 was added to 

the parent droplet containing the NF1 microbeads which resulted in degradation of 

formed lipid membrane and hence minimal to no DNA binding was observed upon the 
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binary mixing of ssDNA droplet and functionalized micro-beads. However, since Triton 

X-100 was only present inside the aqueous phase, the bilayer formation over the droplet 

is unaffected and the GUV was again formed (Figure 4.6(j-l)). This effect has been 

demonstrated in Figure 4.6(k, l) where due to minimal DNA binding to bead surface, the 

microbeads cannot be resolved under either blue (for green emission) or green (for red 

emission) exposure and entire signal was recorded from the bulk of the GUV. This 

preliminary experimental work showed potential for specific ligand binding and 

functionalization of L-DEP dispensed lipid membranes, both SLBs and BLVs, for bio

detection assays. The following sections report on the L-DEP based SLB and BLV 

dispensing, functionalization and nucleic acid detection assays. 

4.2.2 Vesicular bio-assay using Q-Dot® as bio-markers 

Similar to SLBs, BLVs can be spontaneously assembled, often using off-chip 

methods such as ultra-sonication, phase inversion, electro-formation and micro-channel 

technology [16, 17, 108]. However, most of these schemes are very limiting for on-chip 

applications and often require complex steps with large volume of solvents. In this 

section, we present an L-DEP based scheme that rapidly dispenses multitude of lipid 

vesicles of controlled size and structure. Furthermore, the applicability of L-DEP based 

DMF devices in assembling controlled bilayer vesicles (diameter: 2.8 m – 100 m) 

which can be leveraged to anchor and transport Quantum Dot labeled bio-probes in order 

to devise vesicular bio-sensors for bio-detection assay [109]. 
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manipulation and mixing of targeted monolayers; (Scheme 1) SLB functionalization 

using Q-Dot® and nucleic acid isolation detection assay; (Scheme 2) BLV 

functionalization using Q-Dot®-S1 DNA bio-marker and nucleic acid hybridization 

detection assay. 

the L-DEP based emulsion dispensing methodology, elaborated in Chapter 3, in the 

Materials and Methods section (Figure 3.11), along with the two vesicular bio-sensing 

schemes (Figure 4.7(b)). 

The 1x1 integrated electrode schemes utilized in this work is reported in Figure 

4.7(A). The uniform L-DEP electrodes in the integrated scheme were utilized for vesicle 

and bio-sample dispensing whereas the electrostatic droplet actuation electrodes were 

used to transport and mixed the dispensed SLBs and BLVs with suitable nucleic acid 

probes for the bio-detection assays. The two membrane based bio-sensing schemes are 

reported in Figure 4.7(B) 

For bio-sensing scheme 1, Lipid 1 (Figure 3.7) monolayer coated DB and Q-Dot® 

mixes parent micro/nano suspension (prepared off-chip) droplet was actuated in the Lipid 

1-in-mineral oil dispersion media. Disintegration of the fully formed SE liquid 

suspension jet (Figure 3.11: Step 1) upon removal of the actuation voltage resulted in the 

spontaneous formation of an array of monolayer SE droplets. As established in section 

4.1.1, the monolayer coated DB, are transported at the aqueous-oil interface during the L

DEP SE liquid actuation process, resulting in self-assembly of the second lipid layer 

(Lipid 1) and hence formation of SLBs using the L-DEP DMF actuation methodology 

(Figure 4.8(a, b). Following the SLB array formation, the micro-chip is immersed in 

silicone oil bath and the second L-DEP electrode pair (Figure 4.7 (A)) is used to actuate 
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the DNA bio-probe P2 (Figure 3.7) for the nucleic acid isolation/detection assay. The 

micro-nano suspension used during the SE L-DEP actuation results in formation of SLB 

deposited DB inside the dispensed monolayer vesicle, as shown in the confocal image 

shown in Figure 4.8(a). The anchoring of Q-Dot® following the SLB formation during 

the L-DEP actuation was mostly completed in 90 seconds following the SLB deposition, 

resulting in a strong enhancement (~65%) of fluorescent emission from the deposited 

SLB, as seen in the confocal image and reported as the increased PMT photocurrent 

(Figure 4.8(b)). The unmixed SLB-Q-Dot® was then mixed using the 1x1 electrode 

arrangement to a bio-probe DNA molecule P2 which incorporated an internal biotin 

modification, 4 nucleotide bases away from the 5’-end IOWA FQ™ chromophore 

(quencher). The mixing resulted in specific biotin-avidin binding at the SLB membrane 

and dominant quenching (FRET QE ~ 75%) of anchored Q-Dot® bio-markers, as 

observed in Figure 4.8(c, d). These experiments were repeated 5 times and the reported 

QE value is the mean value extracted from the experimental analysis (standard deviation: 

5%). 

The SLB based nucleic acid capturing and detection assay illustrates the utility of L

DEP DMF devices in the controlled dispensing of functionalized SLB membranes and 

furthermore bio-detection assays using the deposited SLBs in tailored on-chip bio

compartments. The promising aspect of this L-DEP based SLB formation on micro-bead 

is the controlled dispensing capability of L-DEP micro-beads, where the size and amount 

of the dispensed micro-bead SLBs can be varied between 1 m to up to 15 m, using the 

L-DEP based ultrafine micro-bead dispensing methodology. The limit of detection 
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functionalized micro-bead conc., was found to be ~ 1 attomole. 

For the BLV bio-detection assay, the DNA bio-marker S1, was mixed off-chip with 

Q-Dot® to prepare a binary mixture containing Q-Dot® bound DNA bio-probes. Upon L

DEP actuation of this aqueous sample-in-Lipid 1-mineral oil dispersion, the streptavidin 

linker in the Q-Dot® molecules enables the Q-Dot®-3’-S1 bio-probe to anchor itself 

selectively to the biotin heads in the lipid membrane (Figure 4.8(e-g)). D-DEP actuation 

was then used to add a complementary nucleic acid probe (P1 with IOWA-FQTM 

quencher at 5’-end) daughter droplet, to the functionalized monolayer (Figure 4.7). The 

mixing resulted in hybridization of complementary base pairs in the bio-probes and 

dominant quenching of anchored Q-dot®, with measured quenching efficiency (QE) of ~ 

85% for up to 10 picomolar bio-marker DNA concentration (Figure 4.8(i-k)). 

Results of this BLV based nucleic detection and isolation assay, conducted using the 

1x1 electrode arrangement (Figure 4.7) and bio-sensing Scheme 2 (Figure 4.7) are 

presented in Figure 4.8 (e-k). Again, the LOD for the BLV membrane based DNA 

hybridization detection assay was established experimentally as the minimum bio-marker 

concentration in the parent sample (~ 10 picomolar), resulting in a more than 20% loss of 

the experimentally measured FRET QE (Eqn. 57). The FRET QE experiment reported in 

Figure 7 was repeated 5 times and the reported QE values are the mean value extracted 

from the experimental analysis (standard deviation: 5%). During the BLV based nucleic 

acid detection assay and for the dispensed vesicle sizes (diameter: 90 m), the LOD was 

experimentally established to be ~ 10 attomoles. 

A second L-DEP based BLV dispensing experiment was conducted to verify the  
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selectivity and specificity of the binding between the dispensed BLV membrane and the 

Q-Dot® bio-probe. In this experiment, Lipid 2-in-mineral oil dispersion was used during 

the BLV formation and since the biotin linker for Lipid 2 molecule was only present in 

the lipid tail structure (see Figure 3.7), which is suspended within the stabilizing oil 

dispersion media, Q-Dot®-oligonucleotide bio-probes did not anchor on the membrane 

and were rather encapsulated within the lipid vesicle (Figure 4.8 (h)). The confocal image 

in Figure 7(d) clearly demonstrates the absence of BLV membrane anchored Q-Dot® bio

probes during this dispensing application. 

4.3 Surface modifications for L-DEP devices 

The performance of droplet microfluidic devices is substantially influenced by its top 

surface characteristics. Both liquid dielectrophoresis (L-DEP) and Electrowetting (EW) 

utilize externally applied electric field to manipulate droplets, either on top of a single 

surface or between two surfaces. Ideally, the top surface of a DMF device should provide 

a large droplet contact angle (CA), prevent adsorption of actuated samples/reagents and 

sustain the applied electric field. Surface adsorption in such devices can result in 

lowering of droplet CA and furthermore sample contamination during an assay process, 

rendering the device to become inoperable. Since most commonly used dielectric 

materials (Si3N4, SiO2) are hydrophilic in nature, single layered coatings of hydrophobic 

polymers such as: parylene, cytop, silane, TeflonTM, are commonly used on top of 

dielectrics to retain the droplet shape during droplet dispensing and manipulation steps 

[45]. However, thin hydrophobic layers such as TeflonTM show poor adhesion to the 
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underlying dielectric layer and a large mismatch in dielectric properties. As a result, such 

thin hydrophobic coatings are unsuitable for repeated liquid actuations which are 

essential during complex bio-assays [97, 98]. Also, these smooth, single layer coatings do 

not prevent extensive adsorption and subsequent droplet collapsing when exposed to 

enzyme and macro-molecule samples [97, 99]. 

During the course of the research project, we undertook the challenge to improve the 

performance of top surface coatings in order to handle complex bio-samples which often 

contain active enzyme molecules such as TAQ DNA polymerase and BSA. The 

following two sub-sections document the two stages of surface modifications that 

transpired during the research project and furthermore emphasizes on their suitability for 

chip based bio-detection assays. 

4.3.1 Multi-layered fluoropolymer coating for reliable L-DEP based droplet 

dispensing 

The multi-layered hydrophobic coatings, also termed as ‘composite fluorocarbon 

(FC)’ coatings, were developed with a thin plasma deposited FC layer utilized as a more 

adherent interface between the top, spin-coated hydrophobic TeflonTM layer and the 

underlying dielectric layer [87]. Fabrication protocol for developing the composite FC 

coating is reported in the Device fabrication section (Chapter 3). Experiments were 

designed to investigate the robustness and reliability of the multilayered FC coating for 

repeated L-DEP liquid actuation and dispensing of micro/nano particles. The results of 

the conducted experiments are reported in the following sub-sections.  
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4.3.1.1 L-DEP actuation of homogenous and emulsion liquid jets over spin coated 

and composite FC coated surfaces 

A key aspect of L-DEP based DMF technology is its capability of rapidly dispensing 

droplet arrays in the nanoliter to picoliter volume range. The rapid droplet dispensing can 

be utilized in high throughput, multiplexed assay schemes. However, as elaborated in the 

Experimental section (Chapter 3), it requires high voltages (350V-500V at 100 kHz) to 

actuate aqueous samples/reagents over patterned, co-planar electrode pairs. It has 

previously been shown that L-DEP based dispensing schemes can reliably dispense ultra-

low quantities of functionalized micro-beads, nano-particles and bio-molecules [85, 86], 

both as droplets and vesicular compartments [74, 85]. However, the high voltage 

actuation restricts repeated usage of the same electrode architecture, as the hydrophobic 

surface coating degrades with repeated actuations. This was illustrated by the CA 

degradation study conducted in the Experimental section (see Figure 3.3), where multiple 

actuations substantially reduced the CA (by up to 20o). The term ‘degradation’ here refers 

to an increase in surface wettability and lower contact angles, observed as a result of the 

subsequent high voltage L-DEP actuations. It is crucial to ensure that during the repeated 

actuations, surface coating doesn’t become an uncontrolled parameter, therefore affecting 

the actuation and uniformity of dispensed aqueous samples. This section observes the 

performance of spin-coated and the proposed composite coated surface over multiple L

DEP actuations employing different electrode schemes. Figure 4.9 shows the extracted z 

(actuated jet length) versus time plots for a DI water sample, actuated in air on ‘w = g = 

15 m’ L-DEP electrode structure; one spin-coated and the other one with the composite 
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The characteristic of the dynamics of repeated SE actuation for a uniform electrode 

structure is reported in Figure 4.12 and important differences are observed in the 

performance of the two coatings. For spin-coated surfaces, again only first 3-4 actuations 

resulted in uniform SE droplet array formation and subsequent actuations resulted in 

degradation of surface coating where the oil jet doesn’t disintegrate reliably during the 

emulsion jet break-up (reported in the next section). For actuations on composite 

surfaces, 12-15 repetitions were carried out on a structure and the resulting jet dynamics 

that are far more consistent than in case of spin-coated surface (see plots in Figure 4.12). 

The improved actuation under oil cover has been reported for other surface microfluidic 

actuation schemes as well and this attributed to the lower interfacial tension at the water-

oil interface as compared to the water-air interface [110]. 

4.3.1.2 Jet break-up and controlled dispensing of homogenous and emulsion 

droplets 

As described in the section 2.1.4 of Chapter 2, the liquid jet break-up following L

DEP actuation is affected by the surface roughness and interfacial forces for the liquid-

solid interface as the disintegrated sections periodically recollect forming the droplet 

array. A poorly distributed (non-uniform) surface coating could result in distortion during 

the jet break-up process and cause non-uniformity in dispensed droplet volumes and 

droplet positioning. This section examines the break-up of the liquid jet for the different 

L-DEP actuations (homogenous, emulsion and variable volume) and compares the 

performance of the two surface coatings. Figure 4.13(a, b) shows a fully formed DI water 
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jet on a composite surface and controlled dispensing of variable volume emulsion 

droplets and (k) 20x magnified image of the dispensed SE droplets in the composite 

experiment (for size reference, circled droplet is repeated in the two adjacent frames). 

Actuation on the tapered electrode scheme was also compared for the two coatings 

and the results are illustrated in Figure 4.14. For actuation in air, the tapered liquid jet 

failed to completely actuate on the spin-coated electrodes as shown in Figure 4.14(a-d). 

In contrast to this, for the composite coated electrodes, the tapered jet actuation of both 

homogenous and emulsion samples was achieved and the volume distribution in the 

dispensed droplet arrays during these actuations was found to be identical and predictable 

for all 4-5 actuations, as shown in Figure 4.14(e-j). The dispensed variable volume 

homogenous and SE droplets are shown in Figure 4.14(g, k). The results and observations 

presented in these two sections establish that composite coated surfaces perform better 

during high voltage L-DEP actuation process and the same electrodes in a multiplexed 

array scheme can be utilized for multiple actuations.  

4.3.1.3 Dispensing of micro- and nano-particles leveraging L-DEP 

In this section, the reliability of the two surface coatings is compared during multiple 

actuations of two different fluorescent micro-bead samples and Q-dot® nano-particles, 

reported in the Materials and Methods Section (Experimental procedure). Since the 

dynamics of actuation largely controls the transportation and distribution of the dispensed 

samples/reagents, micro-beads/nano-particles [85, 86], it is expected that during repeated 

actuations, composite surface must result in more predictable distribution of these 

particles. The two micro-bead samples and Q-dots® were L-DEP actuated under relevant 

130
 





 

 

 

 

 

 

 

confirmed that microbeads actuated under suitable fluidic conditions, are transported 

under the influence of negative DEP force which keeps them away from the electrodes 

during the actuation and their distribution predominantly depends upon the jet dynamics 

and the inertia forces on the microbeads. As a result, for repeated L-DEP actuation, 

where the jet moves sluggishly and stops intermittently, especially around the bump sites, 

more beads are left behind, resulting in a non-uniform distribution. A less varying 

distribution was observed for the actuated Q-dot® sample, as shown in Figure 4.15. 

Based on the experimental observation of the composite FC coating, it is evident that 

the multilayered coating is more robust and hence preferred for complex, multiplexed 

applications of L-DEP based DMF devices and for repeated usage of the same electrode 

architecture. The improvement essentially comes from the superior adhesion of the top, 

very thin TeflonTM layer through the plasma deposited, uniform FC layer which has 

superior adhesion to the underlying dielectric layer. This intermediate layer in the 

composite coating also reduces the rapid decrease in CA and contour non-uniformity in 

the top TeflonTM layer while providing better sustainability during repeated high voltage 

actuations. 

4.3.2 Nano-patterned Super Hydrophobic surface for L-DEP devices 

The composite FC coating improves the robustness of the DMF device; however it 

doesn’t influence the surface adsorption and contamination issues faced while conducting 

a typical bio-assay on DMF devices. Surface adsorption leading to the reduction of CA is 

often due to large macro-molecules, such as enzymes and proteins, which tend to bind 
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onto the surface while in contact with it [97, 98]. As a result of such adsorption, the 

equilibrium of the interfacial forces at the solid-liquid interface is affected, resulting in a 

reduction of droplet CA on surface, also deemed as droplet collapsing [97]. Prakash et. al. 

[97] studied this adsorption and resulting reduction in contact angle (CA) for TeflonTM 

coated hydrophobic surface where, CA of aqueous TAQ-DNA polymerase droplet (conc. 

0.30 mg/mL) drops up to ~ 60o as compared to the initial CA of 116o. TAQ DNA 

polymerase enzyme is a popular globular protein [111], extensively used as a key 

component of the polymerase chain reaction (PCR) DNA amplification method [4, 5, 6]. 

TeflonTM has been characterized as a ‘contained adsorption material’ where the onset of 

adsorption is almost instantaneous (within d subsequent seconds after droplet placement), 

causing an instant drop in CA [97]. Although, there is minimal adsorption beyond this 

initial time period, the CA is already substantially lowered (CA ~ 55-60o), rendering the 

surface unsuitable for droplet dispensing and manipulations. As a result, manipulation of 

complex bio-samples, such as PCR products, has always been an issue for droplet based 

lab-on-chip (LOC) devices [99]. Following the development of composite FC coating, we 

investigated suitable nano-textured surface designs which can reduce the surface-to

liquid interaction while preventing extensive adsorption and droplet collapsing. The 

design and evolution of the developed nano-patterned superhydrophobic surface is 

reported in the section 2.2 (Chapter 2) and section 3.1 (Chapter 3). The nanofabrication 

process resulted in formation of optimized SH surface with liquid CA ~ 156o and very 

low CAH ~ 6o. 

In the theory section, we predicted that the behavior of L-DEP actuation on SH  
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surface is significantly different to that over a regular hydrophobic coating. In this 

section, experimental outcomes are presented to validate the established numerical 

analysis and furthermore analyze the device performance for actuation of TAQ DNA 

polymerase and raw PCR amplified amplicon samples. The performance of L-DEP 

actuation of homogeneous aqueous samples (Table 3.5), as well as complex samples 

containing TAQ enzyme, are observed for the SH surface and compared to the data 

obtained using a non-textured hydrophobic coatings. 

4.3.2.1 Threshold actuation voltage for L-DEP actuation on SH surface 

Based on the model predictions, the threshold voltage for L-DEP actuation on SH 

surface is expected to be higher than that for smooth hydrophobic coating. This is due to 

the increase in the fluidic surface energy at higher CAs and the increased surface tension    

Figure 4.16: Experimental and theoretical data for the required threshold voltage during 

L-DEP actuation in air, of different Tw-DI concentrations over both (a) SH and (b) 

hydrophobic surfaces. 

force, as seen from Eqn. 46. Tween-DI solutions, reported in Table 3.5, were actuated on  

134
 



  

 

 

 

 

 

 

both hydrophobic (CA ~ 116o) and SH surface (CA ~ 156o), over L-DEP electrode (w = g 

= 20 m). By altering the tween conc., we were able to control the liquid CA, which was 

varied from 95o to 156o (Table 3.5). The experimental Vth was determined by actuating 

the liquid sample and reducing the actuation voltage up to a minimum value (Vmin) such 

that the parent is distorted enough to create a marginal liquid protrusion, as shown in 

Figure 4.16(b). Figure 4.16(a, c) show the experimental values of Vth (Vmin), plotted 

alongside the theoretical data to demonstrate the accuracy and scalability of the proposed 

L-DEP actuation model for SH surfaces. For all the L-DEP actuations reported in Figure 

4.16, the model successfully accounts for the combined effect of change in liquid surface 

tension () and CA.  

4.3.2.2 Dynamics of L-DEP actuation over hydrophobic and SH surfaces 

The dynamics of L-DEP liquid actuation over both hydrophobic and SH surfaces is 

analyzed and compared for two main reasons: (1) to confirm that the model can 

successfully account for the transient behavior of L-DEP actuation and, (2) to ensure that 

the SH surface doesn’t adversely impact jet break-up and dispensing of sample/reagent 

droplets upon removal of the applied voltage. The tween-DI were actuated over the L

DEP electrode structure, with both hydrophobic and SH top coatings. Results for L-DEP 

actuation of DI water on hydrophobic surfaces have previously surfaces have previously 

been reported in [73]. The experimental data for the composite coated hydrophobic and 

the SH surface was extracted and plotted alongside the theoretical curves (Figure 4.17), 

generated using the developed numerical model (section 2.2 of Chapter 2). Figure 4.17(a,  
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Figure 4.17: Comparison of experimental and numerical simulation data for transient 

behavior of L-DEP actuations in air; (a, b) actuated jet length (z) vs. time (t) and z vs. t0.5 

plots for actuation over hydrophobic surface; (c, d) z vs. t and z vs. t0.5 plots for actuation 

over SH surface. 

b) shows liquid actuation over hydrophobic surface whereas Figure 4.17(c, d) reports 

liquid actuations over the SH surface. The four micrographs in Figure 4.17 confirm that 

the model accurately accounts for the various tween-DI sample actuations, varying in 

both CA and surface tension, as shown in Table 3.5. The results furthermore show that 

the actuation velocities (both peak and average values) are higher for the SH surface, 

barring the fact that the actuation voltages are adjusted based on the effective dielectric 

layer, on top of the electrode structure (see Figure 2.13). 
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Another interesting observation from Figure 4.17 is the profile of the reported L

DEP actuation dynamics. L-DEP actuations in the hydrophobic regime (CA ~ 95 – 115o) 

were found to exhibit z t1/ 2  behavior (Figure 4.17(b)). However, as evident from 

Figure 4.17(d), the L-DEP actuations over the SH surface shows a complex z vs. t profile, 

up to ~ 15 msec. This actuation time period, as explained in the theory section is 

comparable to the characteristic time constant (Ts) and thus contains significant 

contributions from both the viscous and inertia dominant domains. As a result, the plots 

in Figure 4.17(c, d) show contributions from both z (  t t, 1/2 ) behavior up until ~15-20 

msec after actuation, unlike the hydrophobic liquid jet actuations (Figure 4.17(a, b), 

where the dynamics is strongly controlled by t1/2 and the viscous component. This 

observation is consistent with our finding in the theory section that the general solution, 

comprising of both the inertia ( z t ) and viscosity (  1/ 2 z t ) dominant time scales are 

involved during the L-DEP actuation over SH surfaces.  

4.3.2.3 Jet break-up and droplet dispensing over SH surface 

A crucial phase during the L-DEP based rapid droplet dispensing process is the 

destabilization and break-up of the liquid jet, upon removal of the actuation voltage. As 

discussed earlier, the break-up of the liquid jet is influenced by both the device surface 

and the fluidic properties. For non-uniform and more hydrophilic surfaces, disintegration 

of the liquid jet is slower and more uncontrolled as compared to a hydrophobic surface 

with less friction [45, 87]. Liquid jet disintegration over a SH surface is expected to be 

faster and less perturbed as compared to that over a standard hydrophobic surface and 
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hence a cleaner jet disintegration (i.e. no satellite droplet formations between the desired 

daughter droplets) should be achieved over the ideal SH surface. 

Figure 4.18(a-c) shows disintegration of a homogenous liquid jet over a composite   

 

Figure 4.18: (a-c) Micrographs showing L-DEP actuation in a 5 cSt silicone oil bath, on 

a hydrophobic surface and, (d-f) on the SH surface with identical electrode geometry. 

FC coated hydrophobic surface where within few actuations (sometimes even during the 

1st actuation), jet break-up is influenced by the surface irregularities [45, 87]. In contrast, 
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actuations over SH surface with nano-patterns, the disintegration of liquid jet is found to 

be relatively faster (< 0.25 msec) and more reliable as compared to a smooth hydrophobic 

surface (1.5 – 2 msec) (Figure 4.18(d-f)). This is a direct consequence of the minimized 

surface friction (the slip boundary at the surface) and the increased capillary instability 

due to the increased capillary pressure on the formed liquid jet (see Eqn. 46). As a result, 

dispensed droplet volumes along large L-DEP electrode lengths have been found to be 

even more uniform for the SH surface. From Figure 4.18(c), one can also observe the 

formation of ultrafine satellite droplets, away from the droplet collection sites in the case 

of the hydrophobic surface which were not observed for SH surfaces (Figure 4.18(f)). 

Thus, SH surfaces are superior to a hydrophobic surface to minimize formation of 

satellite droplets and facilitate uniform sample/reagent droplet dispensing over longer 

electrode lengths. 

4.3.2.4 Advantages of L-DEP and subsequent droplet transport over SH surface 

for manipulating enzymes and macro-molecules 

SH surfaces have been found capable of reproducible and controlled L-DEP 

actuations and subsequent droplet dispensing. However, it remains to be seen whether the 

developed SH surface can minimize the loss of droplet CA and the extensive surface 

adsorption of macro-molecules. Both these features are essential if the SH L-DEP devices 

are to be leveraged for on-chip bio-detection where large concentration of enzymes, are 

often encountered during chip based RT-PCR assays or post-amplification 

detection/screening assays. In this section, performance of L-DEP actuation on the 

developed SH surface is investigated for a macro-molecule, used extensively in today’s 
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bio-diagnostic applications. TAQ-DNA polymerase is a key ingredient of most PCR, rt-

PCR and RT-PCR based bio-detection applications and it’s a highly active enzyme which 

has been shown to instantly adsorb to hydrophobic coatings such as TeflonTM. However, 

as Prakash et. al. [97] established and we have experimentally verified for the composite  

Figure 4.19: Effect of TAQ enzyme adsorption on composite coated, hydrophobic and 

SH surfaces, analyzed in terms of loss of enzyme from parent droplet and reduction in 

droplet CAs. 

FC surfaces (see Figure 4.19(a)), adsorption is contained to within the first few seconds 

of exposure, resulting in an instantaneous drop in liquid CA (~ 60o). The reason, nano

patterned SH surface can minimize the adsorption and the resultant drop in CA is often 

based on the restricted exposure of solid-liquid interface and the relatively high initial CA 

so long as the sample droplet retains the Cassie-Baxter profile [98]. Figure 4.19(a, b) 

shows the superior performance of the SH surface where the sample adsorption, 

measured at the parent droplet site in between repeated L-DEP actuations (at every 60 

sec), is reduced by up to 20 % (see Figure 4.19(a)) as measured using the 
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spectrophotometer and loss in droplet CA in both parent (measured using a goniometer) 

and dispensed daughter droplets (analyzed experimentally by measuring the droplet radii 

on the SH surface) is reduced from 48 % to 11.5 % of the initial CA, as shown in Figure 

4.19(b). 

Figure 4.20 shows L-DEP actuation of aqueous TAQ sample (concentration: 0.35 

mg/mL) on a standard hydrophobic coating. During the first actuation (Figure 4.20(a)), a 

sluggish jet actuation was observed (even at Va > Vth), as confirmed by the profile of the 

advancing liquid jet. However, since the L-DEP actuation and subsequent jet break-up is  

Figure 4.20: Images comparing the performance of a hydrophobic L-DEP device during 

first (a, b) and second (c-f) L-DEP actuation. 

a very rapid process (~15-20 msec), jet break-up and resulting nL droplet formation was 

achieved during the first actuation (Figure 4.20(b)) although, the dispensed droplets were 

poorly shaped due the lowered CA and surface adsorption (Figure 4.20(b)). The 
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The experimental observations reported in this section confirm that the developed 

SH surfaces are highly suitable for actuation of TAQ DNA polymerase and other similar 

macromolecules. The resulting high CA of TAQ droplets on these SH surface is 

favorable for subsequent droplet manipulations (transport, mixing, thermal cycling), 

required in order to conduct on-chip PCR based bio-assays. 

4.4 L-DEP based post amplification detection of Influenza virus 

In the first section of Chapter 4, bead based DNA hybridization detection assay was 

achieved using L-DEP controlled dispensing of functionalized micro-bead (DB) sample. 

The experiment was based upon hybridization of ssDNA marker, which was immobilized 

on the micro-bead surface, using a covalent avidin-biotin linkage (sample preparation in 

Chapter 3), with a complementary or non-complementary ssDNA probe. This ‘bead

based assay’ was a simple illustration of L-DEP based bio-detection capability where the 

micro-bead was functionalized with a known, small (20 base pairs) oligonucleotide 

molecule.    

The next stage towards establishing L-DEP as a chip based bio-analysis tool was 

essentially to move away from bio-detection of synthesized and smaller nucleic acid 

strands. The ability of L-DEP to rapidly dispense samples and reagents in ultra-fine 

quantities, allows it to achieve rapid, bio-screening assays on miniaturized chip surfaces, 

while minimizing the consumption of required bio-samples. In this experiment, L-DEP 

electrode structures are implemented to conduct a post amplification screening assay of 

Influenza A virus. 
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Sample preparation protocols for the Luminex bead based PCR amplification is 

reported in the Materials and Methods section (Chapter 3). The four raw samples, 

supplied by the Provincial Health Laboratory, Calgary, consisted of four different 

amplicon samples (extracted from potential Flu patients), bound to selectively labeled 

Luminex® micro-beads. The samples were further processed in order to remove unwanted 

fluorescent markers from the bulk and the labeled micro-beads were transferred in a 

TRIS-MES buffer (pH = 7.6;  = 12.0 µS cm-1) with a controlled dilution factor. The off-

chip dilution step was necessary in order to create a desired micro-bead concentration in 

the parent sample so that the resultant L-DEP actuation can dispense up to 1-2 micro-

beads per droplet for screening. The four parent samples were individually housed on top 

of the L-DEP micro-chip and actuated over identical, uniform L-DEP electrodes (w = g = 

20 m). Upon actuation, the droplet arrays were simultaneously dispensed and 

individually analyzed using the PMT. 

L-DEP actuation was successfully achieved for all four functionalized micro-bead 

samples and a uniform bead density (1-2 beads per droplet) was dispensed in ~ 1 nL 

droplets (see Figure). The PMT photocurrent data confirmed that droplets containing two 

of the four bead samples (VC720, VC879) tested positive for Influenza A virus, emitting 

a strong red fluorescence and a corresponding large photocurrent signal (Ip = 10-15 A). 

The fluorescence emissions from the dispensed droplets, containing the other two 

samples (VC809, VC810), were very low with corresponding PMT readings (Ip = 1.0 

A) (Figure). The low signal read-out from these two samples was comparable to the 

background PMT signal (Ibck), which confirmed them as negatives for Influenza A virus 
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as: respiratory syncytial virus (RSV), parainfluenza viruses, influenza viruses, 

adenoviruses or rhinoviruses (popular example: common cold virus). Infections caused 

due to such respiratory viruses are estimated to cause approximately 1.9 million 

childhood deaths annually, 70% of them in Africa and South-east Asia [112]. The 

contribution of acute respiratory infections to overall childhood mortality ranges from < 

5% in the developed countries to 25% in some developing countries [112]. Overall they 

contribute to at least one-third of the deaths caused by acute respiratory infection in the 

developing world. A big challenge in detecting and treating acute respiratory infection 

arises due to very common physical symptoms of most of the respiratory viral infections. 

Rapid testing is required in order to identify the virus and begin treatment for the 

corresponding viral infection. The delay in diagnostics has often led to influenza 

endemics and in some cases of severe mutation (such as the avian influenza viruses), 

global epidemics such as ‘Bird Flu’, SARS outbreaks. Consequently, it must not be 

assumed that two patients with similar clinical illnesses will have been infected by the 

same virus. Hence clinical detection of respiratory viruses is an extensive process where a 

patient’s sample must be screened for a whole panel of respiratory viruses in order to 

identify the cause of infection. A microfluidic rapid detection and screening device can 

test the patient’s sample (such as saliva, nasal swab etc…) for multitude of tests using 

substantially less amounts of sample and reagent quantities and reporting test results in a 

parallel fashion, rather than a sequential testing. Our intent is to design such an L-DEP 

based microfluidic device which can take patient’s bodily fluid sample, amplify the viral 

genome and screen it with multitude of markers to rapidly detect respiratory viruses, on a 
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compact, low cost platform. As the very first step towards this goal, we have developed 

the L-DEP microfluidic device which can handle complex bio-samples by using nano

patterned superhydrophobic surfaces. It has also been established that under sufficiently 

modified fluidic conditions, L-DEP is an ideal dispensing tool for rapid and multiplexed 

bio-detection assays. 

The clinical sample preparation steps, currently required to amplify the patient’s 

sample, are reported in the Materials and Methods section of Chapter 3. The amplified 

viral samples were diluted (off-chip) in order to lower the sample conductivity ( ~ 20 

S/cm). The molecular beacon samples (also reported in Chapter 3), covalently secured 

on functionalized DB, were designed to hybridize with the amplified Influenza C samples 

only. Two different molecular beacon samples (MB1 and MB2) were synthesized to 

achieve both the simple binary hybridization and the 2x2 multiplexed assays for the 

‘bead-based’ post amplification Influenza C detection assay. The structural details of the 

beacon probes and the target Influenza C amplicon are reported in the Materials and 

Methods section of Chapter 3. The 1x1 and 2x2 electrode architectures are reported in 

Figure 3.10. 

In the preliminary assay, the 1x1, integrated electrode structure was utilized to 

actuate and mix the prepared Influenza C amplicon samples with the bead anchored 

molecular beacon probe, illustrated earlier in Figure 3.9 (Materials and Methods section, 

Chapter 3). Figure 4.25 shows the results of the binary assays conducted between Flu C 

amplicon, MB1 and MB2 over the 1x1 electrode structure. 
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results in an enhanced fluorescence signal from the functionalized DB, as reported in 

Figure 4.25 for both MB1 (Figure 4.25(d, e)) and MB2 (Figure 4.25(m)) mixed droplets. 

In order to confirm that the hybridization and resulting fluorescence is a result of 

sequence-specific binding, Flu A and Flu B amplicon samples were used as negative 

controls. Figure 4.25(f-i) presents the micrographs and PMT read-outs for the control 

assay which confirm that the beacons remain unfolded in absence of a complimentary 

base pair sequence, within the amplicon molecule. 

The preliminary assay was followed with a multiplexed combinatorial assay, where 

the 2x2 matrix (shown in Figure 3.10) was utilized to simultaneously actuate Flu C 

amplicon (two samples), and the two beacon samples (MB1, MB2). Figure 4.26(a) shows 

L-DEP based simultaneous dispensing of the two beacon samples (vertically oriented L

DEP electrodes) and the two Flu C samples (horizontally oriented L-DEP electrodes 

(Figure (4.26(b)).  The matrix of dispensed droplets is shown in Figure (4.26(c). 

Following the rapid dispensing process, the D-DEP electrodes are utilized to mix a pair 

of droplets of each sample and reagent (see Figure 3.10). The eight mixed droplets are 

then analyzed using the PMT and the photocurrent signal is reported in the micrographs 

showing the mixed droplet pairs (Figure 4.26 (d-k)). Strong fluorescence was observed 

for both MB1 (Figure 4.26 (e, g)) and MB2 (Figure 4.26 (i, k)) mixed droplets since Flu 

C amplicon was recognized and hybridization resulted in unfolding of beacon molecules.  
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require an annealing stage in order to facilitate hybridization of target beacon sequence 

on the influenza amplicon while replacing the existing base pair hybridizations from the 

original sequence (see Figure 3.9). Our theory for explaining this behavior of unfolding 

of the beacon molecule without the need for annealing is based on the stoichiometry of 

the bead bound beacon structure, seen in Figure 3.9. The ‘loop segment’ of bead bound 

beacon molecule is under extensive steric strain due to the much stronger covalent 

linkage (avidin-biotin) which results in a beacon molecule being in a ‘ready-to-unfold’ 

stage and in presence hybridization site on the large and stable amplicon molecule, the 

beacon unfolds and hybridizes with the complementary sequence to attain a more stable 

configuration. This explanation is somewhat supported by the bead anchored beacon

ssDNA hybridization assay reported in [113]. 

4.5 Interesting L-DEP electrode architectures: One for the future 

The research conducted during this project and presented in this thesis has been 

directed towards a singular goal of leading the L-DEP microfluidic technology closer to 

chip based sample-to-detection assays. In order to achieve such a capability, it is useful to 

explore other electrode architectures which may prove useful in realizing such practical 

bio-detection chips. A droplet toolkit which consists of electrode structures for 

applications such as: sample dilution/concentration, mixing/partitioning, volumetric 

scaling, cycling (for applications such as thermal cycling during on-chip PCR) and large 

scale integration on multiplexed electrode architectures. This section presents some of the 

recent ongoing research work towards developing such actuation methodologies. 
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Figure 4.30 demonstrates two large scale integration matrix designs, currently being 

investigated for on-chip nucleic acid amplification and viral detection applications. The 

first electrode structure is a 1x6, multiplexed reaction unit where the central droplet 

(volume ~ 5 L) would be subjected to oil-encapsulated PCR cycles. Once the PCR 

reaction is complete, the resultant amplicon will be screened with multitude of bio

markers for the rapid bio-detection assay. 

The 4x4 or, 8x8 matrixes are designed for multiplexed large scale bio-detection 

assays such as the respiratory viral panel screening assay. Since the potential number of 

viral sequence screening required for such an assay is quite large, matrix structures like 

these can help actuate multiple aliquots of the amplified viral load and screen it with 

different bio-markers, in more than one experimental condition (varying temperature, pH 

sample conductivity etc...).  

The electrode architectures reported in this section are ‘work in progress’ and in their 

very early stage of development. While there aren’t many suggested applications for 

several of these designs they surely demonstrate a flexible design rule and open avenues 

for innovative device morphologies, designed and implemented based on targeted 

applications. 
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CHAPTER 5 


CHALLENGES AND FUTURE WORK 


The key deliverables, identified in the PhD candidacy proposal (September 2011) 

included: 

	 To design and fabrication of Lab-on-Chip (LOC) devices for detection of 

ultra-low concentrations of pathogen samples (such as viral or, microbial 

DNA/RNA), 

	 To create a microfluidic platform for controlled dispensing and manipulation 

of homogenous, micro/nano suspension and vesicular bio-compartmentalized 

samples, 

 To test the microfluidic device for experimental detection of specific 

pathogens in clinical samples and, 

 To integrate a compact sensing unit with the microfluidic platform for a 

compact microfluidic detection unit. 

The first three goals of the PhD research proposal have been realized during the 

project where chip based controlled handling and bio-sensing applications have been 

demonstrated. Micro/Nano-fabrication methods have been utilized to create DMF devices 

which can handle and manipulate complex bio-samples such as PCR samples/reagents. 

PCR amplified samples have been actuated and subjected to chip based viral detection 

assays. However, the biggest challenge lying ahead is to now incorporate a miniaturized 

sensing scheme, along with the L-DEP DMF chip in order to transfer this technology 
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from research lab to real world bio-diagnostic applications, first in clinical conditions 

(alpha-prototype) and eventually in household compatible environment (beta-prototype). 

An efficient and reliable detection scheme is a necessity for compact, on-chip bio

detections. Most of the detection schemes are often based on off-chip components such as 

microscope platforms, Photomultiplier Tube (PMT), Spectrophotometers etc. Although 

we have successfully devised an on-chip bio-assay device, our detection scheme is still 

based on an external opto-electronic set-up (see Chapter 3). The external set-up restricts 

the portability of the device and restricts it into a lab based set-up which kind-of defeats 

the whole purpose of miniaturized devices. During the project, possible detection 

methodologies such as: CCD/CMOS optical sensors [114, 115], micro-cantilever 

detectors [116], thin film waveguides [117] etc. were discussed and investigated. It was 

decided that we must first establish a fully capable microfluidic platform for the targeted 

pathogen detection assays. Hence, the project was primarily focused towards developing 

the microfluidic platform. We still need to integrate thermal control modules with the 

microfluidic platform and further improve the integrated electrode architecture to lead 

towards a sample-to-detection microfluidic device which will utilize off-chip sensing 

components such as: PMT, CCD/CMOS sensors etc. for assay read-outs.  

Based on our investigation for sensor integration with the microfluidic platform and 

discussions with some of the research groups/companies on the frontier of microfluidic 

device development and packaging (Advanced Liquid Logic, USA; Wheeler’s 

Microfluidic Laboratory, Canada, CMC Microsystems, CANADA and Micralyne INC., 

CANADA), we believe that the first stage of sensor integration should attempt to 
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CHAPTER 6 


CONCLUSION 


6.1 Summary of Accomplishments 

The research project (September 2010 – April 2013) reported in this thesis was 

inspired by the developments in the field of droplet microfluidics (DMF) and motivated 

by the success achieved during the preceding M.Sc. research project. From the very 

beginning of this project, we had our eyes set towards producing L-DEP based DMF 

devices for bio-detection application. A media event, back in February 2011, allowed us 

to demonstrate the L-DEP microfluidic sample handling capabilities and the potential 

applications to the national and international audiences. We promised that in a span of 5

10 years, we can take L-DEP DMF device from simply being a microfluidic sample 

handling chip to a chip based pathogen screening and detection device. There were 

several key challenges lying ahead and while some of they have been overcome during 

the project, some still remain unaddressed, as pointed out in Chapter 5.  

The primary objective of this project was to investigate the various methodologies 

by which the DMF chip can be utilized for viral screening in clinical samples and make 

necessary device improvements in order to meet the project goals. Since ‘bead based’ 

bio-assays are the most popular pathogen detection methods for both on-chip and off-chip 

diagnostic tools [85, 113], we utilized L-DEP based dispensing methodology and tailored 

so that it can handle a vast variety of functionalized and non-functionalized micro-beads. 
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An example ‘bead based’ DNA hybridization detection assay was also reported with 

specifically tailored oligo-DNA samples [85]. 

The L-DEP based emulsion dispensing methodology was applied to dispense bilayer 

vesicles which can be functionalized on micro-particles (solid-supported membranes) 

[75] or leveraged as large vesicular bio-sensors using nano-particles such as Q-Dot® as 

bio-marker [109]. The L-DEP based controlled dispensing methodology was extensively 

used to create such vesicular bio-compartments without the requirements of high energy, 

off-chip components and furthermore nucleic acid isolation and detection assays were 

conducted using the L-DEP DMF device. 

A major challenge confronted by all DMF devices, which are designed for bio

detection applications, is the sample adsorption, cross-contamination and more often the 

incapability of handling complex bio-samples that consist of large concentrations of 

enzymes and other macro-molecules. L-DEP based DMF devices suffer from such 

surface related limitations as well and in order to overcome or circumvent such 

limitations, the project looked at the available micro/nano fabrication techniques. We first 

utilized a composite FC coating for L-DEP devices, replacing the spin coated TeflonTM 

layer and the rest was a more reliable and robust L-DEP device [86]. In order to minimize 

sample adsorption, dispense and manipulate active bio-sample droplets, nano-patterned 

superhydrophobic surface architecture was fabrication. The SH surface topology was 

investigated both theoretically and experimentally [87]. Such surface modifications have 

now allowed us to handle PCR samples and reagents on our DMF platform and have 
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opened avenues for post PCR amplification detection and on-chip RT-PCR based viral 

detection assays. 

Our research collaboration with Dr. Raymond Tellier and co-workers at the 

Provincial Health Laboratories, Calgary has allowed us to focus more towards a specific 

type of viruses which are of high impact to the society and furthermore available with 

ease for testing during device development phase. The viruses of respiratory viral panel 

and especially the Influenza viruses are very commonly found viral strains. We leveraged 

the provided bio-samples to conduct a post amplification screening assay using 

Luminex® micro-beads [118]. Once we successfully handled such micro-bead anchored 

complex bio-markers for Influenza A virus detection, the next stage was to develop 

molecular beacon probe for on-chip, bead-anchored detection of the Influenza C virus 

using integrated L-DEP electrode architectures [119]. We have almost finished this stage 

of device validation and have successfully demonstrated the bead anchored beacon based 

on-chip detection of Influenza C virus. So far, all these detection had been conducted on 

off-chip amplified viral samples, extracted from clinical patient samples. The research 

project has finally led us to the stage where we are looking at fabricating and testing a 

complete microfluidic platform which can handle clinical sample-to-viral detection 

process steps, all on the integrated DMF device.  

6.2 Concluding Remark 

This PhD project has delivered on most of its goals and while it is still away from 

being a sensor integrated miniaturized droplet microfluidic platform, it does look ever so 
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close. With the potential involvement of industrial partners such as Micralyne Inc. 

(Edmonton, AB), CMC Microsystems and supportive research collaborators such as the 

ProvLAB, Calgary, we are confident that in the span of the next 2-3 years we can deliver 

a DMF device which can conduct sample-to-detection assays for pathogens. And so it 

seems that the project is ready to embark on the next stage of its journey which should 

take it closer towards commercialization. 

165
 



   

   

 

    

    

    

    

 

 

 

 

 

 

 

 

 

 

 

REFERENCES
 

[1] Manz A., Harrison D. J., Verpoorte E. M. J., Fettinger J. C., Paulus A., Ludi H., 

Widmer M. H., Planar chip technology for miniaturization and integration of separation 

techniques into monitoring systems, Capillary electrophoresis on a chip, J. 

Chromatography, vol. 593, pp. 253, 1992. 

[2] Manz A., Graber N., Widmer H. M., Miniatrurized total chemical analysis systems: 

A novel concept for chemical sensing Sensors and Actuators-B, vol. 1, pp. 244, 1990. 

[3]     Whitesides G. M., The origins and the future of microfluidics, Nature, vol. 442, pp. 

368, 2006. 

[4] Lagally E. T., Emrich C.A., Mathies R.A., Fully integrated PCR-capillary 

electrophoresis microsystem for DNA analysis, Lab Chip, vol. 1-2, pp. 102–107, 2001. 

[5] Hashimoto M. et. al., Rapid PCR in a continuous flow device, Lab Chip, vol. 4, pp. 

638–645, 2004. 

[6]   Erill I., Campoy S., Erill N., Barbe J., Aguilo J., Biochemical analysis and 

optimization of inhibition and adsorption phenomena in glass–silicon PCR-chips, Sens. 

Act. B: Chem., vol. 96:3, pp. 685–692, 2003. 

[7] Pollack M. G. et. al., Investigation of electrowetting-based microfluidics for real-

time PCR applications, Proc. μTAS 2003, California, USA, 2003. 

[8] Burns M. A. et. al., An integrated nanoliter DNA analysis device, Science, vol. 

282:5388, pp. 484–487, 1998. 

[9]  Mathies R.A., Lagally E.T., Integrated genetic analysis microsystems, J. Phys. D: 

Appl. Phys., vol. 37, pp. R245–R261, 2004. 

166
 



 

 

 

  

 

  

  

 

 

     

   

  

  

 

[10] Lagally E.T. et. al., Integrated portable genetic analysis microsystem for 

pathogen/infectious disease detection, J. Anal. Chem., vol. 76, pp. 3162–3170, 2004. 

[11] Lion N., Reymond F., Girault H. H., Rossier J. S., Why the move to 

microfluidics for protein analysis, Current Opinion in Biotechnology, vol. 15:1, pp. 31

37, 2004. 

[12] Sivagnanam V. et. al., On-Chip Immunoassay Using Electrostatic Assembly of 

Streptavidin-Coated Bead Micropatterns, J. Anal. Chem., vol. 81, pp. 6509–6515, 2009. 

[13] Amasia M., Madou M., Large-volume centrifugal microfluidic device for blood 

plasma separation, Bioanalysis, vol. 2:10, pp. 1701-1710, 2010. 

[14] Herr A. E. et. al., Microfluidic immunoassays as rapid saliva-based clinical 

diagnostics, PNAS, vol.:13, pp. 5268-5273, 2006. 

[15] Wu M. H., Huang S. B., Lee G. B., Microfluidics cell culture systems for drug 

research, Lab Chip., vol. 10:8, pp. 939-956, 2010. 

[16] Ali J. E., Sorger P. K. and Jensen K. F., Cells on Chips, Nature, vol. 442, pp. 

403-411, 2006. 

[17] Loose M., Schwille P., Biomimetic membrane systems to study cellular 

organization, J. Struct. Biol., vol. 168, pp. 142-151, 2009. 

[18] Scheller F. W., Research and Development in Biosensors, Current Opinion 

Biotechnology, vol. 12, pp. 35-40, 2001. 

[19] Boehm D. A., Gottlieb P. A. and Hua S. Z., On-Chip Microfluidic Biosensor for 

Bacterial Detection and Identification, Sensors and Actuators, vol. B114, pp. 508-514, 

2007. 

167
 



 

 

 

  

   

 

  

  

  

 

 

 

  

     

[20] Liu R. H. et. al., Self-contained, fully integrated biochip for sample preparation, 

polymerase chain reaction amplification, and DNA microarray detection, J. Anal. Chem., 

vol. 76:7, pp. 1824–1831, 2004. 

[21]   N.V. Zaytseva et. al., Development of a microfluidic biosensor module for 

pathogen detection, Lab Chip, vol.5, pp. 805–811, 2005. 

[22] Cleary J. J., In situ monitoring of environmental water quality using an 

autonomous microfluidic sensor, IEEE Sensors Applications Symposium (SAS), vol. 1, 

pp. 36-40, 2010. 

[23] Foudeh A. M., Didar T. F., Veres T., Tabrizian M., Microfluidic designs and 

techniques using lab-on-a-chip devices for pathogen detection for point-of-care 

diagnostics, Lab Chip., vol. 12, 3249-3266, 2012. 

[24] Nguyen N. T., Micro-optofluidic Lenses: A review, Biomicrofluidics, vol. 4:3, 

031501, 2010. 

[25]   Hayes R. A. et. al., Electrowetting-Based Displays: Bringing Microfluidics Alive 

On-Screen, Proc. Micro Electro Mechanical Systems (MEMS 2006), vol. 1, pp. 48-53, 

2006. 

[26] Schwartz A. T., Bei Z., Garrell R., Jones T. B., Polymerization of electric field-

centered double emulsion droplets to create polyacrylate shells, Langmuir, vol. 26, pp. 

18606-18611, 2010. 

[27] Hong J. W. and Quake S. R., Integrated nanoliter systems, Nat. Biotechnology, 

vol. 21, pp. 1179–1183, 2003. 

168
 



    

 

 

 

 

    

   

 

   

 

    

 

[28]      Pollack M. G., Shenderov A. D. and Fair R. B., Electrowetting-based actuation 

of droplets for integrated microfluidics, Lab Chip., vol. 7152, pp. 96–101, 2002. 

[29] Jones T. B., Liquid dielectrophoresis on the microscale, J. Electrostatics, vol. 51– 

52, pp. 290–299, 2001. 

[30] Kaler K. V. I. S., Prakash R., Chugh D., Liquid dielectrophoresis and surface 

microfluidics, Biomicrofluidics, vol. 4:2, 022805, 2010. 

[31] Seiler K., Fan Z. H., Fluri K., Harrison D. J., Electroosmotic Pumping and 

Valveless Control of Fluid Flow within a Manifold of Capillaries on a Glass Chip, Anal. 

Chem., vol. 66, pp. 3485-3491, 1994. 

[32] Duffy D. C., McDonald J. C., Schueller O. J. A., Whitesides G. M., Rapid 

prototyping of microfluidic systems in poly(dimethylsiloxane), J. Anal. Chem., vol. 70, 

pp. 4974-4984, 1998. 

[33]    McDonald J. C., Whitesides G. M., Poly(dimethylsiloxane) as a material for 

fabricating microfluidic devices, Accounts of Chemical Research, vol. 35, pp. 491-499, 

2002. 

[34]      Unger M. A. et. al., Monolithic microfabricated valves and pumps by multilayer 

soft lithography, Science, vol. 288, pp. 113, 2000. 

[35]     Neils C. M., Combinatorial microfluidic devices for cell biology, 2nd Annual 

International IEEE-EMBS Special Topic Conference on Microtechnologies in Medicine 

and Biology, vol. 1, pp. 148-151, 2002. 

[36] Li X., Ballerini D. R., Shen W., A perspective on paper-based microfluidics: 

Current status and future trends, Biomicrofluidics, vol. 6:1, 011301, 2012. 

169
 



 

 

 

    

     

    

 

 

  

    

    

 

[37] Ang P. K. et. al., Flow sensing of single cell by graphene transistor in a 

microfluidic channel, Nano Lett., vol. 11:12, pp. 5240-5246, 2011. 

[38] Unger, M. A. et. al., Monolithic microfabricated valves and pumps by multilayer 

soft lithography, Science, vol. 288, pp. 113, 2000. 

[39] Thorson T., Maerkl S. J. and Quake S. R., Microfluidic large-scale integration, 

Science, vol. 298, pp. 580, 2002. 

[40]     Fenniri H. and Alvarez P. R., High-throughput screening flows along, Nature 

Chemical Biology, vol. 3, pp. 247, 2007. 

[41] Thorsen T. A., Microfluidic tools for high-throughput screening, J. 

Biotechniques, vol. 36, pp. 197, 2004. 

[42] Madou, M. et. al., Lab on a CD, Annual Review of Biomedical Engineering, Vol. 

8, pp. 601-628, 2006. 

[43] Zhu Y., Wu N., Easton C. J., Micro segmented flow-functional elements and 

biotechnical applications, Frontiers in Bioscience, vol. S5, pp. 284-304, 2013. 

[44]     Garstecki P., Fuerstman M. J., Stone H. A., Whitesides G. M., Formation of 

droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up, 

Lab Chip., vol. 6, pp. 437-446, 2005. 

[45] Kaler K. V. I. S., Prakash R., Dielectrophoresis Based Droplet Microfluidic 

Devices for On-Chip Bioassays, Book Title: Microfluidics: Control, Manipulation and 

Behavioral Applications, Nova Science Publishers, Pub. Date: 2013 - 2nd Quarter, New 

York, 2013. 

170
 



 

 

 

 

 

  

 

 

   

    

[46]      Chen et. al., A wettability switchable surface by microscale surface morphology 

change, J. Micromech. Microeng, vol. 17, pp. 489–495, 2007. 

[47]      Yasuda T., Suzuki K., Shimoyama I., Automatic Transportation of a Droplet on 

a Wettability Gradient Surface, proc. 7th International Conference on Miniaturized 

Systems for Chemistry and Life Sciences, vol. 1, pp. 1129-1132, 2003. 

[48]      Darhuber A. A. et. al., Thermocapillary actuation of droplets on chemically 

patterned surfaces by programmable microheaters array, J. MEMS, vol. 12, pp. 873, 

2003. 

[49] Hao P., Lv C., Zhang X., Yao Z., He F., Driving liquid droplets on 

microstructured gradient surface by mechanical vibration, Chem. Engg. Sci., vol. 66:10, 

pp. 2118-2123, 2011. 

[50]      Mugele F., Baret J. C., Electrowetting: from basics to applications, J. Phys.: 

Condens. Matter, vol. 17, pp. R705–R774, 2005. 

[51]   Chatterjee D., Shepherd H., Garrell R. L., Electromechanical model for actuating 

liquids in a two-plate droplet microfluidic device, Lab Chip, 9 (2009) 1219-1229. 

[52] Beyzavi A., Nguyen N. T., Programmable two-dimensional actuation of 

ferrofluid droplet using planar microcoils, J. Micromech. Microeng., vol. 20:1, pp. 015

018, 2010. 

[53] Wixforth A., Acoustically Driven Programmable Microfluidics for Biological 

and Chemical Applications, JALA, vol. 11:6, pp. 399-405, 2006. 

171
 



 

 

 

    

 

 

      

 

 

  

[54] Langelier et. al., Acoustically driven programmable liquid motion using 

resonance cavities, proc. National Academy of Sciences of USA, vol. 106:31, pp. 12617

12622, 2009. 

[55]      Hou L., Smith N. R., Heikenfeld J., Electrowetting manipulation of any optical 

film, Applied Physics Letters, vol. 90, pp. 251114(1-3), 2007. 

[56] Lippmann M. G., Relation entre les phénomènes électriques et capillaries, Ann. 

Chim. Phys, vol. 5, pp. 494, 1875. 

[57]      Moon H. et. al., Low voltage electrowetting on dielectric, J. Applied Physics, 

vol. 92, pp. 4080, 2002. 

[58]      Gunji M., Nakanishi H. and Washizu M., Droplet actuation based on single-

phase electrostatic excitation, Proceedings of Micro Total Analysis Systems, pp. 168–170, 

2004. 

[59]      Prakash R., Kaler K. V. I. S., ‘unpublished data’, 2013. 

[60]      Schaller V. et. al., Towards an electrowetting-based digital microfluidic platform 

for magnetic immunoassays, Lab Chip., vol. 9:23, pp. 3433-3436, 2009. 

[61] Srinivasan V., A digital microfluidic biosensor for multianalyte detection, The 

Sixteenth Annual International Conference on Micro Electro Mechanical Systems 

(IEEE), vol. 1, pp. 327-330, 2003. 

[62] Vergauwe N. et. al., A versatile electrowetting-based digital microfluidic 

platform for quantitative homogeneous and heterogeneous bio-assays, Journal of 

Micromech. and Microengg., vol. 21:5, 054026, 2011. 

172
 



 

 

 

 

     

 

    

    

     

 

     

    

[63]      Pohl H. A., Some effects of nonuniform fields on dielectrics, J. Appl. Phys., vol. 

29(8), pp. 1182 – 1188, 1958. 

[64]      Jones T. B., Liquid dielectrophoresis on the microscale, J. Electrostatics, vol. 

51–52, pp. 290–299, 2001. 

[65] Jones T. B., Gunji M., Washizu M., Feldman M. J., Dielectrophoretic liquid 

actuation and nanoliter droplet formation, J. Appl. Phys, vol. 89(3), pp. 1–8, 2001. 

[66] Pohl H. A., Dielectrophoresis, Cambridge University Press, Cambridge, 1978. 

[67]      Pellat H., Mesure de la force agissant sur les dielectriques liquids non electrises 

places dans un champ elitrique, C R Acad Sci, Paris, vol. 119, pp. 691–694, 1895. 

[68]     Jones T. B., Perry M. P., Melcher J. M, Dielectric siphon, Science, vol. 

174:4015, pp. 1232 – 1233, 1971. 

[69] Ahmed R., Jones T. B., Dispensing picoliter droplets on substrates using 

dielectrophoresis, J. Electrostatics, vol. 64, pp. 543–549, 2006. 

[70] Jones T. B., Dynamics of Dielectrophoretic Liquid Microactuation, proc. 4th 

Int'l Conference on Applied Electrostatics, Dalian, China, 2001. 

[71] Thirukumaran T. K., Kaler K. V. I. S., Surface microfluidics—high-speed DEP 

liquid actuation on planar substrates and critical factors in reliable actuation. J. 

Micromech. Microeng., vol. 17, pp. 743–752, 2007. 

[72] Prakash R., Paul R., Kaler K. V. I. S., Liquid DEP Actuation and Precision 

Dispensing of Variable Volume Droplets, Lab Chip, vol. 10, pp. 3094-3102, 2010. 

[73] Prakash R., Kaler K. V. I. S., DEP actuation of emulsion jets and dispensing of 

sub-nanoliter emulsion droplets, Lab Chip., vol. 9, pp. 2836–2844, 2009. 

173
 



 

 

 

   

    

    

    

 

 

  

     

     

 

[74] Prakash R., Kaler, K. V. I. S., Chip Based Unilamellar Vesicle Formation and 

Dispensing Using Dielectrophoresis. Proc. MicroTAS, vol. 1, pp. 417-419, 2010. 

[75] Prakash R., Karan V. I. S. Kaler, Dispensing and bio-functionalization of giant 

unilamellar vesicles on a chip, Journal of Physics (JPCS), vol. 301, 012015, 2011. 

[76] Gunji M., Washizu M., Self propulsion of a water droplet in an electric fields, J. 

Phys. D: Applied Physics, vol. 38, pp. 2417, 2005. 

[77] Chugh D., Kaler K. V. I. S., Integrated liquid and droplet dielectrophoresis for 

biochemical assays, Microfluid Nanofluid, vol. 8, pp. 445-456, 2010. 

[78]      Prakash R., Chugh D., Kaler K. V. I. S., Multiplexed Surface Microfluidic 

Liquid and Droplet DEP Manipulations for HTS, Proc. 13th international conference on 

miniaturized systems for chemistry and life sciences (MicroTAS), vol. 1, pp. 156-158, 

2009. 

[79] Prakash R, Chugh D., Kaler K. V. I. S Quantitative Dna Hybridization Assay On 

a Multiplexed Surface Microfluidic Device, Proc MNHMT 2009, pp. 1-9, 2009. 

[80] Valley J. K., Pei S. N., Hsu H. Y., Jamshidi A., Wu M. C., An Integrated 

Platform for Light-Induced dielectrophoresis and Electrowetting, Proc. MicroTAS, vol. 1, 

pp. 2098-2101, 2010. 

[81] Daunay B. et. al., Effect of substrate wettability in liquid dielectrophoresis 

(LDEP) based droplet generation: Theoretical analysis and experimental confirmation, 

Lab Chip., vol. 12, pp. 361-368, 2012. 

[82]    Renaudot R. et. al., Optimization of Liquid DiElectroPhoresis (LDEP) Digital 

174
 



 

 

 

 

   

   

   

 

     

 

      

     

     

Microfluidic Transduction for Biomedical Applications, Micromachines, vol. 2, pp. 258

273, 2011. 

[83] Wang X. B. et. al., Separation of polystyrene microbeads using 

dielectrophoretic/gravitational field-flow-fractionation, J. Biophys., vol. 74, pp. 2689– 

2701, 1998. 

[84] King M. R., Lomakin O.A., Ahmed R., Jones T.B., Size-selective deposition of 

particles combining liquid and particulate dielectrophoresis, J. App. Phys., vol. 97, pp. 

054902(1-7), 2005. 

[85] Prakash R., Kaler K. V. I. S., Microbead Dispensing and Ultralow DNA 

Hybridization Detection Using Liquid Dielectrophoresis, Sensors and Actuators B: 

Chemical, vol. 169, pp, 274– 283, 2012. 

[86] Prakash R., Kaler K. V. I. S., Papageorgiou D. P., Papathanasiou A. G., 

Performance of Multilayered Fluoropolymer Surface Coating for DEP Surface 

Microfluidics Devices, Microfluid. Nanofluid., vol. 13, pp. 309-318, 2012. 

[87] Prakash R., Papageorgiou D. P., Papathanasiou A. G., Kaler K. V. I. S., 

Dielectrophoretic Liquid Actuation on Nano-Textured Super Hydrophobic Surfaces, 

Sensors and Actuators B: Chemical, ‘in press’ DOI:10.1016/j.snb.2013.03.024, 2013. 

[88] Binns K. J., Lawrenson P. J., Analysis and computation of electric and magnetic 

field problems, Pergamon Press, 1973. 

[89] Rohsenow W. H., Choi H. Y., Heat, Mass, and Momentum Transfer: Chapter 3, 

Prentice Hall: New York, 1961. 

175
 



 

 

 

    

     

    

   

 

   

  

    

     

[90] Lord Rayleigh, On capillary phenomena of jets, Proc. Roy. Soc. (London), vol. 

27, pp. 71–97, 1879. 

[91] Davis J. M. and Giddings J. C., Feasibility study of dielectrical field-flow 

fractionation, Sepa. Sci. and Tech., vol. 21, pp. 969-989. 1986. 

[92] Gascoyne P. R. C. et. al., Dielectrophoretic separation of mammalian cells 

studied by computerized image analysis. Meas. Sci.Technol. vol. 3, pp. 439-445, 1992. 

[93] Riahi R., Liao J. C., Wong P. K., A Particle-Enhanced Double-Stranded DNA 

Probe for Rapid Detection of Bacterial 16s rRNA Toward Urinary Tract Infection 

Diagnostics, Proc. MicroTAS, vol. 1, pp. 1944-1946, 2011. 

[94] Krishnan J., Kim, T. S., Kim, S. K., Microfluidic Superparamagnetic Bead-

Based Multiplex Detection System, Proc. MicroTAS, vol. 1, pp. 1462-1464, 2008. 

[95] Honegger T., Berton K., Picard E., Peyrade D., Determination of Clausius-

Mossotti factors and surface capacitances for colloidal particles, Appl. Phys. Lett., vol. 

98:18, pp. 181906, 2011. 

[96] White, C. M., Holland, L. A., Famouri, P., Application of capillary 

electrophoresis to predict crossover frequency of polystyrene particles in 

dielectrophoresis, Electrophoresis, vol. 31, pp. 2664–2671, 2010. 

[97] Prakash A. R., Amrein M., Kaler K. V. I. S., Characteristics and impact of Taq 

enzyme adsorption on surfaces in microfluidic devices, Microfluid Nanofluid, vol. 4, pp. 

295–305, 2008. 

176
 



     

 

 

 

      

 

     

   

 

   

[98] Beverung C. J., Radke C.J., Blanch H.W., Protein adsorption at the oil/water 

interface: characterization of adsorption kinetics by dynamic interfacial tension 

measurements, Biophys. Chem., vol. 81:1, pp. 59–80, 1999. 

[99]        Koc Y., de Mello A. J., McHale G., Newton M. I., Roach P., Shirtcliffe N. J., 

Nano-scale superhydrophobicity: suppression of protein adsorption and promotion of 

flow-induced detachment, Lab Chip., vol. 8, pp. 582-586, 2008. 

[100] Yoon J. Y., Garrell R.L., Preventing biomolecular adsorption in electrowetting

based biofluidic chips, J. Anal. Chem., vol. 75:19, pp. 5097–5102, 2003. 

[101]    Egitto F. D., Plasma etching and modification of organic Polymers, Pure & 

Appl. Chem., vol. 62:9, pp. 1699-1708, 1990. 

[102]     Ybert C., Barentin C., Bizonne C. C., Joseph P., Bocquet L., Achieving large 

slip with superhydrophobic surfaces: scaling laws for generic geometries, Phys. Fluids, 

vol. 19, 123601, 2007. 

[103]    Rothstein J. P., Slip on Superhydrophobic Surfaces, Annu. Rev. Fluid. Mech., 

vol. 42, pp. 89-109, 2010. 

[104] Horcas I., et. al., WSXM: A software for scanning probe microscopy and a tool 

for nanotechnology, Rev Sci Instrum, vol. 78, pp. 013705, 2007. 

[105]      Singh M., Orsenigo J. R., Shah D. O., Surface Tension and Contact Angle of 

Herbicide Solutions Affected by Surfactants, J. American Oil Chemists’ Society 

(JAOCS), vol. 61:3, pp. 596-600, 1984. 

177
 



 

 

 

   

 

  

     

 

  

     

  

[106]    Pabbaraju K. Wong S., Wong A., Hadford J. A., Tellier R., Fonseca K., 

Detection of influenza C virus by a real-time RT-PCR assay, Influenza Other Respi 

Viruses, doi: 10.1111/irv.12099, 2013. 

[107]      Clapp A. R. et. al., Fluorescence resonance energy transfer between quantum 

dot donors and dye-labeled protein acceptors, J. Am. Chem. Soc., vol.126, pp. 301-310, 

1004. 

[108] Hadorn M., Hotz P. E., “Multivesicular Assemblies as Real-World Testbeds for 

Embryogenic Evolutionary Systems”, Proc. the 4th Australian Conference on Artificial 

Life: Borrowing from Biology, Melbourne, Australia, pp. 169-178, 2009. 

[109]        Prakash, R., Kaler, K. V. I. S., Chip Based Assembly of Vesicular Bio-sensors 

Using Quantum Dots as Bio-probes, Proc. MicroTAS, vol. 1, pp. 1448-1450, 2011. 

[110]     Ren H., Fair R. B., Pollack M. G., Shaughnessy E. J., Dynamics of electro

wetting droplet transport, Sensors and Actuators B: Chemical, vol. 87:1, pp. 201-206, 

2002. 

[111] Kim Y., Eom S. H., Wang J. M., Lee D. S., Suh S. W., Steitz T. A., Crystal-

structure of thermus-aquaticus DNA-polymerase, Nature, vol. 376:6541, pp. 612–616, 

1995. 

[112]    Malik J. S., Peiris, Madeley C. R., Respiraotry Viruses, Influenza and Other 

Respiratory Viruses, 2008. 

[113]      Horejsh H., et. al., A molecular beacon, bead-based assay for the detection of 

nucleic acids by flow cytometry, Nucleic Acids Research, vol. 33:2, pp. e13(1-7), 2005. 

178
 



    

     

 

 

 

 

 

    

 

 

 

[114]  Hartley L. et. al., Hybrid integration of an active pixel sensor and microfluidics 

for cytometry on a chip, IEEE Transactions on Circuits and Systems–I, vol. 54, pp. 99

110, 2007. 

[115]       Hosseini Y., Kaler K. V. I. S., Integrated CMOS optical sensor for cell detection 

and analysis, Sensors and Actuators, vol. A157, pp. 1–8, 2010. 

[116]      Ziegler C., Cantilever-Based Biosensors, Anal. Bioanal. Chem., vol. 379, pp. 

946-959, 2004. 

[117]  Mukundan H., Waveguide-Based Biosensors for Pathogen Detection, Sensors, 

vol. 9(7), pp. 5783-5809, 2009. 

[118]      Prakash R., Kaler K. V. I. S., Papageorgiou D. P., Papathanasiou A. G., Tellier 

R., Multiplexed Post Amplification Viral Screening Assay using Surface Microfluidic 

Technology, Proc. 8th International meeting on Electrowetting, Athens, 21-23rd June, 

2012. 

[119]     Prakash R., Kaler K. V. I. S., ‘unpublished data’, 2013. 

179
 


