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In this research I developed a new form of microfluidic transport technique that 

exploits electrokinetic phenomena in discrete micro and nanometer sized wells. 

Through the use of these “Electroactive Nanowells”, I have been able to demonstrate 

the reversible trapping of micro and nanoscale objects in discrete locations, enabled a 

new form of microfluidic memory and used a modified version of this technique to 

generate a wireless drug delivery system for the control of flying insects.  

The outcome of this research is threefold: First, it establishes a low power device 

that can increase the speed of traditional microwell screening techniques by four 

orders of magnitude in an easy to fabricate setup. The second outcome is the 

development of the first high density microfluidic memory, which can store up to 6 

bits of material storage in single 200 nanometer wells; providing a 6 order magnitude 

increase in storage density over traditional microfluidic storage devices. Third, I 

exploited the essential transport physics of this approach to enable a wireless and 

implantable drug delivery system capable of dispensing various chemicals on demand; 

and applied it to the of chemically directed control of live micro air vehicles. Fourth, I 

present a flexible version of this drug delivery system by using only polymers in the 

fabrication process. 
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 CHAPTER 1 

 INTRODUCTION 

1.1 Research Scope 

In this research I developed a new form of microfluidic transport technique that 

exploits electrokinetic phenomena in confined micrometer and nanometer scale wells. 

Through the use of these “Electroactive Nanowells”, I have been able to demonstrate 

the reversible trapping of micro and nanoscale objects in discrete locations, enabled a 

new form of microfluidic memory and used this confined electrokinetic phenomena 

for on command drug delivery in vitro as well as in living insects.  

The first contribution from this research is the ability to enhance the temporal 

performance of traditional microwell screening systems [1, 2] by four orders of 

magnitude in a low power and easy to fabricate device. My second contribution is the 

development of a microfluidic memory that can store up to 6 bits of material storage in 

single 200 nanometer data sites, providing a six order magnitude increase in storage 

density over traditional microfluidic storage devices [3] and the potential to generate 

the next generation in high memory density bioinformatic devices. Third, I exploited 

the essential transport physics of this approach to enable a wireless and implantable 

drug delivery system capable of dispensing various chemicals on demand, and applied 

it to the chemically directed control of flying bio-robotic systems. 

In the remainder of this chapter, I present a brief introduction to microfluidics: 

Why this field is important and what are its current limitations, and most importantly 

how my research brings about new solutions for these limitations as well as new 

frontiers for this field. I then present my accomplishments in Chapters 2 through 
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Chapter 5 and conclude my findings and present future directions for my work in 

Chapter 6. 

 

1.2 Micro and Nanofluidics: Motivation 

As the name states, microfluidics studies fluid flows in the micro and nanometer 

scales, and this field became immediately popular in an array of fields due to 

fundamental engineering advantages it provides in these spatial dimensions. For 

biomolecule screening research  [4-6] for example, the sensing volumes are reduced to 

the same scale order as that of target [7] and thus enable high detection sensitivity [8] 

with trace amounts of analyte. This favorable engineering scaling extends beyond the 

life sciences. The cavitation force that enables inkjet printing [ref gmail], for example 

[9] is only possible since small droplet masses can be launched at accelerations up to 

70,000 times that of gravity [10] for an infinitesimal applied macro scale force 

(~100µN) as dictated by Newton’s Second law.  

The small size of microfluidic devices also allows for portable and non invasive 

health monitoring systems like the modern glucose sensor [11]. This field plays 

significant role in other point-of-care diagnostic devices [12, 13], like in the female  

pregnancy and male fertility tests, and even in assays that screen for cardiac [14] and 

pathogenic bio-markers [15]. Microfluidic applications are also advantageous from an 

economic standpoint since these devices can use small amounts of expensive and 

sometimes difficult to isolate analyte, or even provide fast and cheap avenues for 

amplifying it [16] when necessary. Like its silicon microchip counterpart, this field 

also benefits from advancements in microfabrication as dictated by Moore’s Law, and 

has even contributed new fabrication paradigms [17] that make even cheaper mass 

production of these devices possible.  
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All the advantages listed above have contributed to the generation of cheap and 

high throughput detections systems with multiple screening sites; the most popular of 

these being DNA [1] and cell microarrays [2]. Unfortunately, there are two main 

drawbacks in the operation of current microfluidic devices: the first is due to transport 

limitations associated with downscaling, and the second is related to device integration 

and packaging as will be shown below. 

1.3 Challenges 

The first and most important challenge I faced in my work is fundamental and 

ubiquitous in all nanoscale fluidic devices: There are fluidic transport limitations 

associated with downscaling. 

 

1.3.1: Fluid Transport in the Small Scales 

Fluid flow in small scales (particularly the nanoscale) has generally been viewed as 

a fundamental grid lock in fluid mechanics as opposed to a place for opportunity. As is 

well established in classical fluid mechanics, the Reynolds number, Re, which is a 

non-dimensional measure of the ratio of inertial and viscous forces, is determined by: 

Re = ρULe / η                 (1.1) 

Where ρ is the mass density, U is the fluid velocity, Le is the characteristic length and 

η is the dynamic viscosity. This parameter is usually very small in the small scales, 

where flows are subject to well defined but sluggish streams that do not mix easily. If 

we are to look at traditional pressure driven (pipe) flow to drive microfluidic transport 

in a circular pipe, we find that the flow-rate Q scales as: 
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Q = (-πRa
4/8η) (∂P/∂z)                 (1.2)                

Where Ra is the pipe radius, P the forcing pressure term and z marks the longitudinal 

direction. As evidenced by this equation, pressure driven flow-rate scales with the 

hydraulic diameter to the fourth power and thus flow-rate diminishes abruptly when 

channel dimensions are reduced to the nanoscale [18].  

Fortunately, micro and nanoscale fluid mechanics is unique in that there are many 

unique transport mechanisms that can generate and enhance fluid flows in ways that 

are simply not possible in the macro scale. In my work, the transport mechanisms I 

exploit for flow in the micro and nanoscale are referred to as electrokinetic effects 

[19].  The relevant electrokinetic effects will be described in the key concepts section 

in this chapter, but for now it suffices to say that electrokinetic flows scale more 

favorably in sub micrometer dimensions than pressure driven flow, with the flow rate 

of electroosmotic flow scaling with the with Ra
2 [18] (just the area of the channel) 

instead of R4 as dictated by pressure driven flow. 

The first half of my work as a graduate student was devoted to identifying the 

appropriate combination of pressure driven and electrokinetic transport mechanisms 

for electoactive microwell trapping to maximize the device speed and performance, 

with the aim of significantly reducing the sample collection time for traditional 

microwell and microfluidic memory devices. 

 

1.3.2: Device Integration 

The ability to integrate microfluidic systems with existing medical and electronic 

devices as well as difficulties in packaging is by many regarded as the main reason 

why microfluidic devices have experienced somewhat limited adoption for 

commercial applications [20]. As such, building from one of the most widely used 
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biomolecule screening templates is very important since it is well received by 

researchers. I believe my work in electroactive wells can generate an impact in the 

field due to its two most important qualities: It enhances the temporal performance of 

traditional passive screening systems [1], [2] by offering a quicker and reversible 

trapping capability mentioned above; and second, these wells offer a high degree of 

application dependent reconfigurability. By having a common denominator device that 

can be easily modified to perform various applications, I ventured electroactive wells 

into the fields of microfluidic storage and in drug delivery for flying insect locomotive 

control as will be expanded in Section 1.4 below. 

 

1.4 Microfluidic Applications Enabled Through My Work 

1.4.1: High Density Microfluidic Memories 

Less than 50 years ago, many scientists still stipulated that fluidic and pneumatic 

memories could compete with their electronic counterparts. The pure fluidic amplifier 

[21] for example, could modulate fluidic flows for toggling between two memory 

states much like a transistor uses electric current for the same purpose. While the 

battle in terms of memory storage and speed was quickly lost due to the great speed, 

low cost and advancements in large scale integration offered by electronics, fluids 

have the capability of transporting physical matter in the form of chemistry and 

biology. As such, microfluidic memories aim at integrating chemistry and biology 

with computation through the use of small scale fluidic elements [3], [22], [23]. 

There are two important limitations of current microfluidic memories. The first one 

is that to date, fluidic memory storage density borders 50Bits/cm2 [3], which is 

between 8 and 9 orders of magnitude smaller than current commercial single layer 
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optical and electronic storage media. To elucidate the reader the immense gap in 

storage density between the aforementioned fluidic techniques versus electronic and 

magnetic storage, I present a quick glance at the state of the art in electromagnetic 

media. To start, perpendicular magnetic storage [24] where the poles in magnetic 

subdomains are perpendicularly aligned to the recording surface, enabling a high 

storage density of 65 GBits/cm². “Racetrack” storage [25] developed by IBM® has 

also raised much research interest. This technique enables multiple bit storage in 

nanowires organized in 3D [26] by exploiting the spin coherent current. Also highest 

measured storage density in a research environment has been made available by 

holographic quantum encoding [27], where the researchers showed the ability to read 

35bits/electron (or  nearly 5*108 Gbyte/cm2). In the far field optics realm, optical 

holographic data storage [28] which works on reading and writing data based on 

optical beam interference patterns shows the most promise with recorded densities up 

to 75 GBits/cm². For a more more elaborate description the state of the optical storage 

devices is presented in Section 3.2. Though here there was an emphasis on density, it 

is important to note that read/writing speed, performance and repeatability are the 

most important factors for commercial adoption of these techniques.  Equally 

important, as mentioned above, is that microfluidics offers the necessary access to 

analyze small amounts of chemistry and biology. So while microfluidic memories are 

not to compete directly with electronic and magnetic storage media, there is still a 

significant amount of research that needs to be done which focuses on increasing and 

enabling the amount of analytical operations performed in microfluidic systems, which 

becomes a big issue when nanoscale matter is to be analyzed. 

The second limitation is that the slow speed of traditional microfluidic devices 

makes them not feasible for commercial adoption. I addressed both problems by 

devising 200nm sized electrokinetic wells capable of fast and reversible trapping of 
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semiconductor nanoparticles (Quantum Dots) in these confined locations. 

Furthermore, by exploiting the fact that the light emission properties of these particles 

can be tuned with their size [29], this research aims at detecting different combinations 

of these particles in single diffraction limited data sites in order to enable a multiple bit 

microfluidic device. 

 

1.4.2: Chemical Control Over Flying Bio-Robotic Systems 

Micro Air Vehicles are a subset of Unmanned Aircraft which have raised a lot of 

research interest for surveillance and remote sensing applications [30]. Almost the 

entirety of unmanned aircraft control systems is made up of electronic and mechanical 

components that guide the aircraft and control its maneuverability. However, as the 

aircraft’s dimensions are reduced, two coupled fundamental problems arise. The first 

is related the fluid scaling described above: Small aircraft have small airfoils and as 

such a low Reynolds number [31]. This means that since fluid mixing isn’t very 

effective in millimeter and sub-millimeter scales for slow flying vehicles, the 

aerodynamics become heavily compromised since flow separation occurs more 

favorably in laminar streams and as such and maneuverability becomes very 

challenging. The second issue is power consumption. To first order, energy storage is 

volumetric, and as such small systems will have a lower energy capacity. Furthermore, 

small robotic flying systems [32] are traditionally power hungry (precisely because 

aerodynamics are compromised at the small scales) and like any aircraft, they need to 

provide enough power to lift both the main body and battery weight. 

Nature on the other hand, has already solved two of these fundamental problems 

through flying insects. Even in their small size, insects can achieve strong lift through 

their elaborate wing flapping motion which helps them maximize their aerodynamic 
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efficiency. Furthermore, insects undergo an important nourishing stage during 

metamorphosis. In the case of the insects used in this research, namely Manduca Sexta 

moths, they feed throughout their pupal stage for a period of approximately 18 days 

before their cuticle is released (ecdysis); making it possible for them to fly for miles 

while carrying payloads of 1 gram in addition to their body weight. The challenge then 

becomes fusing active functionality to these living systems to enable on command 

control of maneuverability. Most of the work performed to date on live micro-air 

vehicle control approaches this challenge using only electric stimulation [33-35] since 

electricity offers a high degree of pulsed based neuromuscular control. Recently, my 

colleague Aram J. Chung showed that chemical payloads can be delivered via 

implantable microfluidic devices to change the metabolism and reduce the locomotive 

activity of these moths during tethered flight [36]. In this section of my work, I 

integrated his recently established microfluidic control with the established electrical 

control techniques to generate a hybrid approach for live micro air manipulation, and 

aim to show that these two approaches are synergistic and can pave the way towards a 

fully integrated micro air vehicle. The implantable drug delivery device was devised 

through a modified version of my electroactive wells, and also gave it wireless 

functionality to deliver chemical agents to a moth during untethered flight. 

 

1.5 Key Concepts and Background Theory 

In order to provide a clear picture to the reader, I provide a quick overview of a few 

important and common transport phenomena mentioned throughout this dissertation: 

 

1.5.1: The Electrical Double Layer 
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One of the most important aspects about microfluidic devices in general is that the 

spatial dimensions and geometries are such that they have a very large surface area to 

volume ratios. Here I explore a very important electrochemical interface for 

microfluidics (and interface science in general) known as the Gouy-Chapman 

electrical double layer. [18] 

If a charged surface comes into contact with an ionic solution (like buffered water), 

ions oppositely charged to surface (counterions) will feel a coulombic attraction force 

towards it, and these ions will stack on the surface forming a region that experiences a 

net electrical charge known as the Electrical Double Layer. The way these counterions 

stack is adequately modeled using Poisson-Boltzmann statistics, yielding: 

ci = ci,∞exp(-zi	F ϕ/	RT)      (1.3) 

where ci is the concentration of ion species at a given potential (which actually maps 

with the distance from the wall as dictated from the wall), ci,∞ is the concentration of 

that species in the bulk fluid (far from the wall), zi is the electric valence of the 

species, ϕ is the electric potential (ϕ =0 far from the wall), F is the Faraday constant, T 

temperature and R is the gas constant. We can now look at the electrostatic body force 

term 

    ρE = ∑i ci,ziF       (1.4) 

which when inserted back to Eqn. 1.3 yields 

ρE = ∑i ci,∞ ziFexp(-zi F ϕ / RT)    (1.5) 

Eqn. 1.5 links the local electrostatic potential, ionic concentration and charge density. 

To obtain the governing equation, we first invoke the Poisson equation: 

 2ϕ = ρE /ε       (1.6) 

Where ε is the permittivity of the fluid medium, to obtain 

				  2ϕ  = (-F/ε )∑i ci,∞ ziexp(-zi F ϕ / RT)              (1.7) 
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Since these gradients evidence that the spatial distribution of potential is very 

important, we can obtain the characteristic length scale, or Debye length: 

    λD  = (εRT/2F2Ic)
1/2                           (1.8) 

where Ic represents the ionic strength of the solution, given by 

Ic = (1/2)∑i ci zi
2      (1.9) 

The ionic strength then plays a key role in determining how far the Debye length 

extends from the surface. For low ionic strengths, λD extends very far from the surface, 

up to 1 µm with deionized water. At higher ionic concentrations the double layer is 

said to be shielded by ions and is smaller in size, and scales with the inverse square 

root.  

In the electroactive microwell and nanowell systems that I will explore, slat 

concentration plays a very important role in the trapping processes. 

 

1.5.2: Electrokinetics 

Now that the electrochemical interactions are better understood, we now look at 

how they couple to fluid mechanics. Since most microfluidic applications are under 

Stokes flow conditions  (Re << 1), the governing Navier-Stokes equations take 

following form [31] under the influence of a forcing electrostatic body force ρE E.  

P−η 2v = ρE E      (1.5) 

Here ρE is the volumetric charge density and E is the forcing external electrical field. 

Electrokinetic flows take shapes and forms in an array of different coupling 

mechanisms [37-40]. Below I describe the two most relevant to my work. 

1.5.2a: Electro-Osmosis 

When a charged surface (or surface that becomes charged due to deprotonation) 

comes in contact with a liquid, the ions oppositely charged to the surface will be 
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drawn towards it and form a nanoscale region with a net charge known as the 

Electrical Double Layer [41]. The potential drop that occurs between the bulk fluid 

(far away from the surface) and across the Electric Double Layer is known as the Zeta 

Potential (ζ). When an extrinsic electric field is applied longitudinally in a fluidic 

channel, the diffuse ions in the Double layer with charge counter to the surface will be 

drawn to the oppositely charged side of the channel. Given the viscous nature of the 

flow at the small scales, the ions will push the adjacent fluid sheets until a uniform 

“plug” flow type profile is formed. The velocity of this flow, vEO can be described by 

the Helmholtz-Smoluchowsky relationship: 

vEO = -εζE/η      (1.4) 

Where ε is the permittivity of the fluid medium, ζ is the potential drop from the wall to 

the bulk and E is the forcing electrical field term. The term εζE/η is lumped into a 

factor describe as the electro-osmotic mobility, which is the scaling between the fluid 

flow and the forcing electrical field. 

1.5.2b: Electrophoresis 

Though phenomenologically very similar to electroosmosis, it can be understood as 

the transport a charged particle experiences under an applied electric field while 

subjected to fluid drag [18]. This particle transport can be described as the electro-

osmotic condition for a channel that goes from R= ∞ to R= r with a scaling factor f 

[18] that accounts for the size mismatch between the Debye length and particle size. 

Because of this scaling, electrophoresis is particularly useful in DNA and RNA 

separation techniques [38, 42]. Like electro-osmosis, electrophoretic transport is easily 

reversible by switching the polarity of the applied field, which is a tool I frequently 

used in the first half of my research. 

One key aspect to note is that most traditional electro-osmotic and electrophoretic 

systems have very high power requirements. The reason for that is that one must apply 
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a very large voltage (usually in the tens of KV [43]) in order to generate sizeable 

electric fields over millimeter to centimeter long distances; such as the ones necessary 

for traditional electroosmotic transport across microfluidic channels.  

We now focus a little more on electrostatics. Here we find that for a given electric 

potential, the electric field scales with the voltage gradient. From a linear circuits 

standpoint, conservation of current (Kirchoff’s law) indicates that resistance scales 

linearly with a resistor’s axial length and inversely with its cross-sectional area, thus 

the voltage drop will mainly occur in regions of high resistance. Moreover, since the 

electric field E follows the relationship [44]: 

E = −  ϕ	 	 	 	 	 (1.5) 

Where ϕ is the electric potential, one can achieve high electric field concentrations in 

very narrow and tall geometries (high aspect ratio), which is precisely the basis of my 

micro and nanowells and the fundamental engineering scaling advantage my work 

provides. 

 

1.5.3: Electrolysis of Water: 

Electrolysis of water results is the decomposition of liquid water into its gas 

constituents through an oxidation/reduction reaction driven by DC potentials in excess 

of 1.23V [45]. Electric current is necessary to drive this reaction because this phase 

change will not occur spontaneously at standard temperature and pressure. Generally, 

electrolysis is used in industrial processes to isolate hydrogen, but is generally avoided 

in physiological experiments since electrolysis will change the local pH and ion 

concentration of microenvironments and potentially tamper with biology. Because of 

this fact, most of the micro and nanowell experiments were operated below this 

threshold voltage. 
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However, I also show in my work that one can actually exploit water electrolysis to 

generate efficient microfluidic pumps for drug delivery applications by paying careful 

attention to device design and geometry.  I used this pumping mechanism to deliver 

chemicals on demand to flying insects in mid air and paralyze their wing flapping 

activity. It should be noted beforehand that severe use of electrolysis can actually clog 

the fluidic dispensing with gas bubbles as will be elaborated in Chapter 5, however it 

is the primary pumping mechanism for these drug delivery devices. In the next section 

I will present the breakdown of my research and the organizational framework of this 

dissertation. 

 

1.6 Research Overview and Dissertation Breakdown 

Chapter 2 is the first demonstration of a working electroactive microwell system 

and the most important stepping stone in my graduate work. Here I demonstrated 

strong, fast and reversible trapping of small micro particles subjected to a pressure 

driven flow into electroactive microwells through a combination of the electrokinetic 

effects explained in Section 1.5. The fundamental advantage of the system is that it 

enables high trapping potentials due to the spatial confinement of the well geometry. 

Furthermore, the device was easily fabricated in a single layer process and since it is 

packaged in a traditional microwell architecture like the ones used in Proteomic, Cell 

and DNA microarrays, it can be easily integrated with these systems to provide active 

trapping functionality instead of relying on their traditionally slow, indiscriminate and 

irreversible transport processes.  

Chapter 3 overviews how my work on nanofluidics can pave the way for 

integrating physical matter and data storage for next generation bioinformatic systems. 

By pushing the limits of nanofabrication, I developed electroactive nanowells with the 
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same diameter as a Blu-Ray® data bumps which are capable of reversibly trapping 

and detecting semiconductor nanocrystals (~15nm in diameter) through a new version 

of the device presented in Chapter 2. The semiconductor nanocrystals were spectrally 

encoded, and I was able to independently distinguish up to 6 encoded bits in a single 

diffraction limited nanowell, making it possible to obtain a geometric increase in 

storage density over current single layer optical storage devices, and up to 7 orders of 

magnitude higher than existing fluidic memories. This chapter also explores the 

possibility of using micrometer sized wells for nanocrystal display devices, and 

presents the use of an agarose gel matrix that helps sustain long term storage of the 

trapped semiconductor nanocrystals (and thus enhance signal retention) without 

having to rely on  an external power source. 

Chapter 4 shifts gears, and focuses on the role of microfluidic devices for 

controlling the flight behavior of flying bio-robotic systems. As explained in Section 

1.4.2, microfluidics devices offer new possibilities for these systems including the 

potential of mid flight nourishing and chemically induced flight retardation without 

recurring to strong electrical signals that may cause irreparable damage to moth’s 

physiology. With the help of my colleague Aram J. Chung, we demonstrated an 

implantable microfluidic device which uses as its drug delivery system a pressure 

building electrochemical reaction and the electrokinetic ejection procedure of 

Electoractive Microwells. The implanted microneedle was used to eject an L-Glutamic 

acid neurotransmitter solution into a Manduca Sexta moth’s thorax, which elevates 

neuron membrane potential until the insect’s nervous system is over-excited, 

ultimately resulting in a reversible, chemically induced mid flight paralysis. 

Simultaneously, an additional electrode setup was used to provide on command 

electrical stimuli which prompted the cyborg moth to take off from rest, and also 

enhanced flight activity in mid air. Furthermore, we demonstrated that the chemical 
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signal are strong enough to override electrical stimulation, and also presented avenues 

for enhancing a moth’s flight endurance while tracking its displacement using an 

indoor GPS system. 

Chapter 5 presents a next generation version of the active microfluidic drug 

delivery needles presented in Chapter 4. In this work, I shifted from the hard and 

brittle silicon based drug delivery architecture to an all polymer microfluidic system 

composed of soft acrylic and polyimide, capable of localized and timed drug delivery 

which is not easily achieved with traditional diffusion governed drug delivery devices. 

Flexibility is essential for implantable drug delivery systems if they are not to shatter 

during insertion or the tissue re-adaptation phase. Furthermore, this new version has 

multiple individually addressable fluidic reservoirs capable of controlled dispensing of 

different chemicals and doses as required. Its performance was comparable to that of 

previously established silicon based drug delivery systems, and I concluded this 

chapter with an assessment of its biocompatibility, showing that it is more easily 

accepted by mammalian cells than its silicon predecessor. 

Chapter 6 concludes the work presented by summarizing my research contributions 

to microfludics, and highlights future directions that could arise from my work. 
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 CHAPTER 2 

 TRAPPING AND STORAGE OF PARTICLES IN ELECTROACTIVE 

MICROWELLS* 

2.1 Abstract 

The authors describe electroactive microwells which exploit highly localized 

electrokinetic effects in order to actively concentrate, confine, store, and reject 

particles in well defined geometries. In this letter the authors present experimental 

results demonstrating repeatable trapping and repulsion of polystyrene particles in 

wells ranging in diameter from 6 to 20 μm in the presence of a superimposed pressure 

driven flow. A comprehensive finite element model is developed to describe the 

transport physics involved in the attraction and repulsion processes. Immediate 

applications include active cell trapping, particle concentration and unlabeled sensing. 
 
 
 
 
 
 
 
 
 

                                                 
* Reprinted with permission from Cordovez, B., Psaltis, D., Erickson D., "Trapping and Storage of 
Particles in Electroactive Wells", Applied Physics Letters, 90, 024102, 2007. Copyright 2007, American 
Institute of Physics. 
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2.2 Introduction and Device Layout 

The ability to deliver individual or small numbers of particles into confined 

geometries is of great importance for a number of biological applications (including 

high throughput pathogen detection [1], enhanced sensitivity for surface phase binding 

assays, [2] parallel single cell trapping, interrogation, and storage [3] and 

nonbiological applications (including storage of information, directed [4] or passive 

[5] self-assembly processes, and organic electronics [6]. Within this broader set of 

devices, microwell arrays have become a popular tool for trapping and storing 

particles as they enable discrete immobilization of cells without the need for surface 

binding chemistry (as the trapping site geometry is designed to prohibit trapped 

particles from dislodging easily) in a simple platform compatible with fluorescence 

microscopy. Such devices enable not only discrete monitoring of small numbers of 

specimens [7] but also multiplexed, multiphenotype chemical interrogation without 

significant cross contamination between closely packed picoliter scale reaction sites 

[8]. At present, however, these devices rely largely on passive attraction schemes 

whereby particles are transported solely by sedimentation, capillary, or hydrodynamic 

forces, all of which represent inherently slow, indiscriminate, and not easily reversible 

processes. 

Integrated microfluidic devices [9] enable accurate particle and bioentity 

transportation by exploiting their electrical, chemical, and optical properties. The 

mechanisms that have been implemented in these devices include dielectrophoretic 

(DEP) (see Rosenthal and Voldman [10], magnetic, entropic, optic, and isoelectric 

trapping. In this letter we present an active trapping architecture compatible with 

microwell array formats which enables accurate electrokinetic transport, 

concentration, and rejection of micrometer sized particles in confined geometries. 
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Here we present our initial experiments which demonstrate trapping of 1.9 μm 

diameter polystyrene (PS) beads focusing on developing a description of the 

fundamental transport physics involved in the trapping and repulsion of the particles. 

Our approach benefits from the highly localized electric fields that can be generated in 

electroactive microwells. Since this technique relies on DC electric forces applied on a 

charged particle, it also enables active repulsion of the trapped targets by reversal of 

the polarity of the applied field. Although the finite element model presented here is 

specific to the microwell geometry of interest, the coupling of the electro-osmotic 

(EO), electrophoretic (EP), and dielectrophoretic transport physics is general to all 

electrokinetic trapping techniques. 

Figure 2.1a shows a schematic of our “electroactive microwells” outlining the basic 

architecture. The electric field is applied between the upper and lower indium tin 

oxide (ITO) electrodes, and the wells are defined photolithographically in a polyimide 

(PI) dielectric. Figure 2.1b is a finite element simulation of the electric field in the 

well. When a 5 V dc bias is applied, the field becomes concentrated at strengths 

between 105 and 106 V/m for a 5 μm deep well, generating extremely large trapping 

forces in the well. In a quiescent medium, the trapping stability for such a system can 

be estimated by comparing the work required to dislodge a particle from the well with 

kbT via  

S = qEh/kbT      (2.1) 

where S is a non-dimensional stability parameter, q is the charge on the particle, and h 

is the well height channel height). For the polystyrene particles used here we can 

compute S = 9×104, indicating an extremely strong trap (q was obtained from the 

electrophoretic mobility measurements from Barker et al. [11]. Interestingly, q scales 
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linearly with particle radius, and even for 10 nm diameter particles S is on the order of 

500. 

 

Figure 2.1.  Electroactive microwells: (a) Particles are driven, sensed, and repelled 
from the well depending on the polarity. Microwells with sizes ranging from 
6 to 25 μm were patterned on a 5 μm thick spin-on photoactive polyimide dielectric on 
top of a 8 Ω/sq surface resistivity indium tin oxide coated glass slide. An additional 
ITO electrode was inserted on top of the wells, separated from the polyimide by two 
70 μm spacers, serving to enclose the channel structure and to close the electric circuit. 
(b) Axisymmetric finite element simulation displaying strong electric field 
concentration inside the microwell. Color scheme shows increasing electric field 
strength from blue (lowest) to red (highest).   

Figure 2.2 shows our initial trapping experiments using a 0.1 mM phosphate buffer 

solution at pH 7 containing 1.9 μm diameter polystyrene particles. These particles 

were carboxyl modified, giving them a negative ζ potential. It is expected that by 

applying a positive voltage on the bottom electrode the PS beads will be driven from 

the bulk flow into the well, and they will be ejected by reversing the polarity. Figure 

2.2 displays time lapse images of particle trapping and rejection in a 20 μm well for 

the case of a 5 V applied dc bias and an imposed pressure driven flow of 30 μm/s 

(average velocity). During the attraction phase, Figures. 2.2a,2.2b,2.2c,2.2d, particles 

were drawn from the bulk solution into the well over 30 s. Here particles which were 

either initially positioned or convected into a region approximately three times the 

diameter of the well would be captured (we refer to this region as the “attraction 
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basin”). However, particles which approached the well in a plane near the surface 

were observed to be repulsed from it in an upward and radial direction, implying that 

additional electrokinetic effects aside from the expected electrophoresis have 

significant impact on the overall attraction process. Figure 2.2c displays how particles 

tend to collect at the edges of the wells. As a result of this sidewall collection process, 

specific well occupancy (as a function of volume) was observed to be much higher for 

smaller wells under experimental conditions. Smaller wells get filled more since field 

concentration increases with decreasing well diameter, thus generating a stronger 

trapping force. When the polarity is reversed, Figures 2.2e,2.2f, particles are repelled 

out of plane as they approach the well’s edge. Particles ejected from the wells form 

ringlike patterns, suggesting a strong repulsion force that points radially outward from 

the well’s center. The size of the ring shown in Figure 2.2f roughly coincides with the 

attraction basin, suggesting that particles decelerate due to both the drop in field 

intensity away from the well and the contribution of viscous drag. While the time scale 

to fill the well was dependent on the time required for particle convection into the 

“attraction basin,” the rejection time scale was on the order of milliseconds. 

A detailed study to characterize the effect of the applied field strength on trapping 

performance was performed. At the lowest voltage (1.5 V), particles directly in the 

vicinity of the wells were drawn in, but generally the electrokinetic trapping force was 

overcome by the hydrodynamic velocity. As we increased the applied potential to 2 V, 

weak attraction was obtained. At 2.5 V strong particle trapping was first observed. As 

the applied potential was further increased, the electrophoretic velocity began to 

strongly dominate over the applied pressure driven flow and the diameter of the 

attraction basin increased. At applied potentials greater than 5 V the exposed ITO 

became charred, and electrolysis within the well structure could be observed, 

representing the highest potential at which the device could be operated. As discussed 
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by Zhu et al. [12] particle adhesion is of significant concern at small scales. We found 

that plasma cleaning the ITO wells limited the adhesion of polystyrene onto the wells 

at low voltages. For voltages above 3 V, some particles remained adhered to the ITO 

even after polarity reversal [as seen in Fig. 2.2e]. 

 

Figure 2.2.  Time lapse illustrating particle attraction and repulsion of 1.9 μm 
polystyrene beads in a 20 μm well. Conditions are a velocity field of 30 μm/s under a 
5 V potential. (a) Inactive microwell. Note that two particles adhered onto ITO surface 
before the experiment was performed. (b) Particle attraction begins and beads are 
drawn into well. (c) Well after 15 s of attraction. (d) Microwell after 30 s of attraction. 
(e) Particles are rejected abruptly as polarity is switched. (f) Ring-like pattern remains 
and drifts due to superimposed velocity field. 

2.3 Flow Field Characterization via Finite Element Method 

To characterize the coupling and relative strength of the various electrokinetic and 

convective transport mechanisms, a three-dimensional finite element model of the 

system was constructed using the microfluidic numerical prototyping techniques 
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described in our previous works [13]. Briefly the model consists of a simultaneous 

solution to the constant conductivity electrostatic field: 

2ϕ = 0     (2.2) 

where ϕ is the applied potential, Stokes flow : 

P−η 2v = 0      (2.3)  

where p, η, and v are the pressure, kinematic viscosity, and flow velocity, respectively, 

and continuity  

·v = 0             (2.4) 

equations in a domain with identical geometry to that shown in Figure. 2.2. The 

solution domain was chosen to be sufficiently large so as to comprise the entire 

attraction basin. The former of these equations was solved subject to a 3 V potential 

difference between the top and bottom electrodes (representing the highest trapping 

force without particle adhesion) and insulating surfaces: 

			 ϕ	·n = 0     (2.5) 

where n is the surface normal) at all other boundaries. The Stokes flow and continuity 

equations were solved subject to a parabolic velocity profile at the inlet and “apparent 

slip” condition at the polyimide walls by accounting for their electro-osmotic flow. 

The slip velocity was computed using the Helmholtz-Smoluchowski relation,  

vEO = -εζE/η      (2.6) 

where ε is the permittivity of the medium, ζ is the zeta potential of the 

polyimide/solution interface, taken as −40 mV from Bouriat et al., [14] and  
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E = − ϕ      (2.7) 

is the field strength). Free slip conditions were applied at the side boundaries and 

normal flow  

 v·n = 0      (2.8) 

was imposed at the downstream outflow. From this solution the net transport 

streamlines were computed from the summation of the pressure driven/electro-osmotic 

flow velocity (vflow), electrophoretic velocity 

vEP = μEPE      (2.9) 

where μEP is the electrophoretic mobility of the particles, which was computed to be 

near 4×10−8 m2/V s using the zeta potential presented from Barker et al., [11] and 

dielectrophoretic velocity 

vDEP = μDEP E2     (2.10) 

where μDEP is the DEP mobility. Figures 2.3a and 2.3b show the net particle transport 

lines for this case. Near the edges of the well the lines point radially outwards, 

resulting mainly from the electro-osmotic transport generated at the polyimide surface. 

Furthermore, the transport lines form a distinct capture region of roughly three well 

diameters wide, consistent with the attraction basin observed experimentally. The 

transport lines are skewed to the edge farthest downstream from the well due to the 

contribution of the pressure driven flow. Further simulations conducted at higher 

electro-osmotic mobility showed clear recirculation near the well’s edge (the extreme 

case of this is shown in Figure 2.3d) which resulted in a repulsive force on the 

particles at this location (the local electro-osmotic component acts in the opposite 
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direction of the electrophoretic attraction). This repulsion is consistent with the 

experimental observations mentioned above for particles resting on the surface near 

the well, though the effect tended to be much stronger than what was predicted by our 

simulations.  

 

Figure 2.3.  Finite element analysis of electrokinetic effects in 20 μm well: (a) 
Transport lines illustrate competing effects between electro-osmosis, electrophoresis, 
and dielectrophoresis. (b) Transport lines viewed from cross section. (c) Particle 
trajectories for charged particles with an uncharged surface. (d) 3D model displaying 
recirculation induced by dielectric charging. 
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We believe that the EO transport component may have been enhanced in our 

experimental system due to dielectric charging at the interface, since increasing ion 

accumulation in the double layer increases the zeta potential at the polyimide/solution 

interface. In our model, DEP was found to be small throughout the system except very 

near the well edges where the field gradients are greatest. 

To generalize these observations, we examine how the transport conditions vary as 

a function of relative contribution of electrokinetic components. The two limiting 

transport scenarios are presented on Figures 2,3c, 2.3d respectively. Figure 2.3c 

displays the case of a charged particle in the presence of an uncharged surface (pure 

electrophoresis). Figure 2.3d illustrates the recirculatory streamlines that arise in the 

presence of a charged surface guiding uncharged particles (pure electro-osmosis). In 

general it was observed that at μEP,PS/μEO,PI ∼ 1.5, there is still noticeable streamline 

recirculation, while at μEP,PS/μEO,PI ∼ 3 the recirculatory element becomes virtually 

negligible. Since the EO contribution was generally found to be a hindrance to 

trapping, a surface treatment could be applied to minimize this component. Although 

in our current experiment DEP was found to be very small, we expect it to become 

more significant for well sizes with spatial order below submicrometer dimensions. 

2.4 Conclusions 

In summary, we have demonstrated electroactive microwells which serve to 

capture, store, and actively repel particles from confined geometries using a 

combination of electro-osmotic, electrophoretic, and dielectrophoretic effects. The 

concentration of the electric field within the well enables high trapping potentials 

which are suitable for confining particles much smaller than those demonstrated here. 

The highly concentrated electric field within the well also has the potential to enable 
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sensitive impedance based sensing, which could be further enhanced by shrinking the 

size of the confining geometry down to the same spatial order as that of the target. 
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 CHAPTER 3 

 ELECTROACTIVE MICRO AND NANOWELLS FOR OPTOFLUIDIC 

STORAGE* 

3.1 Abstract 

This paper reports an optofluidic architecture which enables reversible trapping, 

detection and long term storage of spectrally multiplexed semiconductor quantum dot 

cocktails in electrokinetically active wells ranging in size from 200nm to 5μm.  Here 

we describe the microfluidic delivery of these cocktails, fabrication method and 

principle of operation for the wells, and characterize the readout capabilities, storage 

and erasure speeds, internal spatial signal uniformity and potential storage density of 

the devices. We report storage and erase speeds of less than 153ms and 30ms 

respectively and the ability to provide 6-bit storage in a single 200nm well through 

spectral and intensity multiplexing. Furthermore, we present a novel method for 

enabling passive long term storage of the quantum dots in the wells by transporting 

them through an agarose gel matrix. We envision that this technique could find 

eventual application in fluidic memory or display devices. 

 

 

                                                 
* Reprinted with permission from Cordovez, B., Psaltis, D., Erickson D., "Electroactive Micro and 
Nanowells for Optofluidic Storage", Optics Express, 17 (23), 21134, 2009 . © Optical Society of 
America.  
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3.2 Introduction  

Recent advances in micro- and nano-fluidics has rekindled an interest in fluid based 

optoelectronic [1] devices. Within this larger field, several fluidic data storage and 

logic devices have been recently demonstrated, including that by Thorsen et al. [2] 

where a microfluidic device was used to create an array of discrete chambers which 

could be probed for the presence of a dye, that by Groisman et al. [3] which exploited 

viscoelastic polymer solutions to create fluidic flip-flops, and that by Prakash et al. [4] 

in which microfluidic bubbles where used to generate an array of universal Boolean 

logic components. Although these devices have some practical benefits over 

traditional devices (for example ruggedness to electromagnetic radiation), the 

fundamental advantage is that they allow the integration of chemical and biological 

reactions into the logic operation. The main drawbacks of these devices is that the 

density with which the operations can be stored (on the order of 50 Bs/cm2) is 

extremely low compared with the state of the art data storage devices [5-8] and the 

speed with which they operate is currently much slower than state-of-the-art 

electronics or photonics. While downscaling the fluidic features is the most obvious 

path to addressing the first of these concerns, the extreme transport speed limitations 

[9] of nanofluidic devices makes further reduces the speed with which such devices 

can operate. For example Erickson et al. demonstrated the ability to tune the optical 

output of photonic crystals using nanochannels on the order of 300nm, however they 

reported very slow switching times limited by the fact that average flow velocity in a 

nanochannel scales with the square of the channel diameter [10].   

Another area of growing research interest is that of visual display technologies. 

Nanocrystal based displays [11, 12] are being explored due to the unique optical 

properties of Quantum Dots (QDots) which include ultra sharp colors (narrow 
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emission line-width) and high quantum efficiency (brightness). Electrofluidic  

techniques which manipulate custom water dispersed pigments [13] have also been 

recently used to generate reflective pixels. In another example, Siegel et al. [14] 

demonstrated a disposable, one time use paper based thermochromic display. 

Consequently, it can be of great interest to establish a technique that is able to exploit 

the reconfigurability of fluidic based display systems while harnessing the exceptional 

optical properties of QDots.  

Though techniques like dielectrophoresis (DEP) [15] have been used to orient 

nanoscaled objects and elaborate hybrid electrokinetic techniques [16]  have been 

employed to fluidically direct QDots, the speeds, volume precision and storage density 

are still below that required to compete with other technologies described above. As a 

potential approach to addressing this problem, we present here an optofluidic [17, 18] 

approach for trapping QDots in discrete micro- and nanoscale locations using 

electrokinetically active wells. In this work we demonstrate the principal of operation 

for the wells on both the micro- (5μm) and nanoscale (200nm), and experimentally 

characterize for the first time: the potential storage density through spectral and 

intensity multiplexing, the storage and erasure speeds, and the internal spatial signal 

uniformity. We also present a novel method for enabling passive long term non-

volatile storage of the quantum dots packets by storing them in wells containing an 

agarose gel matrix. In the first section below we describe the principal of operation of 

the device and then apply it to 200nm wells and 5μm wells in sections 3 and 4 

respectively. In section 5 we characterize the write and erase times of the device.  

Finally section 6 describes the non-volatile storage technique. 
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3.3 Principle of Operation 

Figure 3.1 shows an overview of our optofluidic storage device, also available in 

video format in the Supplemental Information as “optofluidic_data_storage.mov.” In 

the experiments performed here, the QDot storage “packets” are created by mixing 

solutions of different concentrations of different sized QDots with different 

fluorescent emission spectra. Since the solution phase concentrations of these QDots 

maps directly to emission intensity, each unique combination of species at varying 

concentrations can be related to a unique spectral signal.   Once created, the QDot data 

packet is delivered to an electroactive well site into which it is stored, by applying an 

electrical potential between the top and bottom electrodes as is displayed in Figure 

3.1b. This approach avoids the transport speed limitations of nanofluidic devices by 

performing the long distance transport in microscale channels and the final storage 

step only at the nanoscale. To read out the contents of a well, the well is excited using 

a UV-blue light source and the fluorescent signal collected on a fiber spectrometer. 

Well depletion can be achieved by reversing the polarity of the field and ejecting the 

QDots from the wells and into the bulk fluid, then carried downstream by pressure 

driven flow. Details on the fabrication procedure are provided in Section 3.9. 
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10mM phosphate buffer solution at stabilizing pH of 8.3, under an applied electric 

potential of ± 0.8V and a mean channel flow velocity of 10μm/s. 

Figure 3.3a shows a set of four spectrographic codes obtained from the nanowells. 

We demonstrate the potential for storing spectrally multiplexed QDot based memory 

codes by varying the concentration of the 525nm emitting species while keeping the 

605nm and 705nm species unchanged. As shown, the peak intensity level of a given 

species varies approximately linearly with concentration. The intensity of the signals 

obtained is quite large mainly owing to the high aspect ratio (roughly 5:1) of the 

nanowells, allowing significant accumulation of QDots in the traps. The large 

fluorescent signal evidences the strong trapping potentials in these devices [19].  

Quantifying the above, in Figure 3b we observe that the intensity counts increase 

sharply when the attraction potential is applied and similarly decrease sharply when 

polarity is switched, coinciding with attraction and repulsion of the QDots from the 

storage sites. We will return to this plot in Section 3.6 to analyze the temporal 

performance of the devices. Importantly, it can be noted in Figure 3.3b that that the 

signal degrades from one electrokinetic attraction cycle to the next. This undesirable 

signal decay is likely due to two effects: The first is that under an applied stimulus 

(electric potential in our case), charge carriers can be trapped in the QDot matrix, 

forcing the system out of a light emitting state. Particularly, Gooding et al. [20] 

demonstrated that under a 1 V positive potential (very close to the electric condition 

inside our wells) and in an acetonitrile electrolyte, the photoluminescence of Cd/Se 

nanofilms with ZnS shells (similar composition to our QDots) irreversibly quenches 

with no recovery upon reversal of the electric potential. However, they did not observe 

this adverse effect for negative potentials. As such we will use QDots tagged with 

positively charged biomolecules in aqueous pH, or even raise the pH of our current 

buffer to see if this effect is reduced in future experiments. Moreover, the presence of 
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an electrolytic reaction at the ITO electrode in the repulsion phase can occur at 

moderate potentials, lightly charring (darkening) the electrode’s surface after every 

attraction cycle. This could be minimized by using a lower concentration buffer and 

smaller attraction voltage (both of which serve to reduce the rate of electrolysis), 

though the latter of these will slow down the temporal performance of the device.  

Although this represents a limitation of our current approach to nanoscale storage, as 

will be expanded on in the next section, we have been able to minimize this effect in 

larger wells.  

Since the QDot storage is done in diffraction limited site and the spectral encoding 

allows for the storage of a large number of signals per well, this device could find use 

in high density storage applications. QDots are ideal for data storage due to their small 

size, their narrow emission line-width, their resistance to photobleaching and the 

ability to excite all species with a UV-blue light source [21]. We note that since this 

paper focuses is on the nanofluidic manipulation and trapping of QDots in 

electroactive nanowells, the QDot solutions employed here were generated manually.  

An automated spectral code writer [17, 22] for discrete QDot cocktail generation was 

presented in an earlier publication. To demonstrate the potential use of the device in 

binary storage applications, consider Equation 3.1 which describes the equivalent 

number of bits N in a single QDot cocktail information packet is given by:  

 N=log2 (I
M - 1) (3.1) 

where I is the number of intensity levels and M is the number of individual species.  In 

the experiment shown in Figure 3.3(a), we show 3 separate species and 4 different 

intensity levels yielding N=6 separate bits or a 6 fold increase over current single bit 

media. Existing commercially available QDots exhibit emission spectral with full 

width half maximums on the order of 50nm and thus we expect that this approach 
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3.5 Extension of Electroactive Well Trapping to Micrometer Scale Geometries 

In the next set of experiments we analyze the reversible QDot trapping in 5μm 

sized electroactive wells in order to demonstrate the applicability of the technique 

across a range of scales and to examine the spatial uniformity of the quantum dot 

distribution in the wells. The primary advantage of larger wells is that the ratio of the 

well base to the volume of the attraction basin is larger and thus the signal to 

background ratio can be higher. While the spatial density might be too low for 

memory applications, larger wells could find an application as a fast and spatially 

uniform technique for pixel writing in nanocrystal displays [11, 12]. Figure 3.4a shows 

the 5 m microwell during electrokinetic attraction. Figure 4b shows the decrease in 

fluorescent intensity after reversing the polarity of the applied field. Figure 3.9 and 

Figure 3.10 in the supplementary section show the corresponding spectrographic 

readouts and intensity vs. time trace for this size well. In Figure 3.4c we present the 

spatial uniformity of the QDot emission from inside the large microwell. As can be 

seen, the emission intensity remains relatively flat along most of the radius of the well 

but begins to drop off towards the edge. In our previous work we have shown that 

electroosmotic transport leads to recirculation inside the walls of the electroactive 

wells [19], resulting in increased accumulation of particles on the well edges.  

However, in Figure 3.4c it can be appreciated that since the emission is spatially 

uniform except near the edges, the dominant transport effect is electrophoresis rather 

than electroosmosis. This is expected since the moderately high buffer concentration 

strongly suppresses the Debye layer, thus diminishing electroosmotic effects. For 

display applications, this will minimize localized QDot clustering at the well edges 

leading to a more uniform distribution.  
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plasmon interactions in metallic nanorods to multiplex in the wavelength, polarization 

and spatial domains [25, 26]. While these devices potentially offer higher storage 

densities and very fast data storage and retrieval, our device enables multiplexing 

while also permitting data to be rewritten and does not require expensive pulsed laser 

setups. Furthermore, while the reported serial write time for our device of 40 

bit/second is much lower than other storage devices, it is important to note that one of 

the key attributes of our device is that it enables simultaneous data as well as chemical 

storage. It can therefore serve as an interface between large scale chemical and 

biological integration and computation. In this respect, it is important to consider the 

time scales involved in traditional biochemical sensing platforms as well. For 

example, a reliable DNA chip test can take on the order of days (~105 s) due to its 

diffusion limited transport. Our device is capable of transferring material on the order 

of 10-1 s which lies roughly halfway between the above and that for established pure 

data storage techniques (~10-8 s). The reported write time also allows us to place limits 

on the theoretical highest achievable bit density that does not exhibit diffusion based 

cross talk between neighboring storage. Given our current 150ms write time, a first 

order calculation using Fick’s diffusion length, Lspace = (4Dt)1/2, using the diffusion 

coefficients, D, reported in Chen et al. [27] leads to Lspace = 770nm which is roughly 

twice the minimum blu-ray pitch (320nm). With our demonstrated factor of 6 

improvement, this gives us a 1.5 fold increase in storage density over single layer blu-

ray using physical matter. By decreasing the write time to 25ms or increasing the 

storage density to 24-bit/well a 6 fold improvement would be possible. 
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3.7 Non-Volatile Storage Using an Agarose Gel Matrix  

Both the micro- and nanoscale storage devices described above are volatile in that 

an external voltage needs to be continuously applied to sustain QDot retention. 

Without this applied electric potential, QDots will diffuse out of the well and the 

fluorescence signal is lost in a relatively short time. In order to extend this signal 

retention, we coated the microwells with a thin agarose hydrogel which will inhibit 

nanoparticle diffusion. Figure 3.6a shows the nonvolatile device operation schematic. 

As before, QDot cocktails are fluidically delivered to the vicinity of an agarose coated 

electrokinetic well. The electric potential is then applied between the top and bottom 

ITO electrodes, generating a confined electric field inside the microwell. The resulting 

electrokinetic forces drive the particles inside the wells through the nanoscale pores in 

the agarose gel. Figure 3.6b displays an SEM illustrating a gel covered well; with a 

pore size near 200nm for a 1% weight by volume (roughly matching the results of 

Narayan et al. [28]. An SEM of the cross section of the well geometry can be found in 

Figure 3.11. As will be shown below, just like in the uncoated scenario, the wells can 

be depleted by reversing the polarity and ejecting the QDots to the bulk fluid. Such a 

coating was easier to employ in the microwell geometries, which is why this technique 

was not used in the nanowell case.  
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The first result here is that for gel concentrations varying from 0 to 1% w/v, though 

the attraction and repulsion times tend to increase (slower response) with decreasing 

pore size, the overall change is not great. The similar time scales likely result due to 

the fact that since even for the smaller pores at 1% (~200nm when fully hydrated) this 

is still at least ten times greater in size than a QDot diameter. Furthermore, the sizes of 

the pores are also large enough so that Debye Layer proximity (for this 1mM solution 

the Debye length is on the order of 10nm) will not result in significant flow 

retardation. However, during the overnight gel dehydration process (explained in the 

Experimental Section) at the increased 1.5% w/v setting, the result is likely unstable 

pore formation, leading to their shrinking and collapsing. Thus, the attraction process 

is roughly 2.4 times slower for the high sugar concentration scenario when compared 

to the rest. It will be noted below, however, that the signal retention time under no 

external voltage will be greatly enhanced for this same gel concentration. As is also 

shown in Figure 3.7, for gels with agarose concentrations 1%w/v and below, the 

attraction and repulsion processes are almost entirely reversible. At the 1.5%w/v 

scenario, it was found that there was heavy non specific adsorption of the QDots onto 

the gel, which is manifested as a fluorescent accumulation between attraction and 

repulsion cycles. Though treating this gel type with surfactants may be of interest to 

reduce this accumulation, our results indicate here the gel is becoming effectively 

saturated and solidified. 
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An integrated device must achieve continuous rewriteability in that after a data 

cocktail is erased, one must break the data packet of interest into its basic units so that 

it can be returned to the spectral code writer [17, 22]. We show how this could be 

accomplished in Figure 3.12 where an initially homogeneous data packet is separated 

into its constituent red, yellow and green colors using electrophoresis since the smaller 

sized quantum dots migrate faster downstream than the larger ones.  With regards to 

the second challenge, although electrical addressability on the scale of that required 

here to address individual arrays of 200nm diameter wells is well within the 

fabrication limits of current CMOS technology, additional complications are expected 

such as device alignment and inter-well electrical cross talk.  In future versions of the 

device we hope to address some of these concerns. 
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3.10 Materials and Methods 

3.10.1: Electroactive Nano and Microwell Fabrication:  

A thin 8-12 ohm ITO coated coverslip (SPI Supplies) was coated with a 40nm 

chrome layer, a 200nm thin oxide stop layer, a 600nm silicon body and a 280nm oxide 

mask. Wells 200nm in diameter were patterned on the substrate with PMMA 

(Polymethyl methacrylate)) based resist through electron beam lithography, followed 

by a sequence of reactive ion etches and a final wet chrome etch, leaving the ITO layer 

exposed.  ITO was chosen as the bottom transparent conductor in order to enable 

fluorescent excitation from below the substrate [19]. Additional details of the 

fabrication can be found in the Supporting Information under Electroactive Nanowells 

Fabrication.pdf.  

Though the same technique can be used to pattern the larger sized wells, a simpler 

fabrication technique as shown in Figure 3.6.  Electrically active microwells (5 µm 

radius by 5 µm tall) where fabricated on top of an ITO coverslip and a 100nm chrome 

layer by using spin on positive photoactive polyimide (HD MicroSystems 8820). The 

microwells were patterned and developed, followed by a quick chrome etch, which 

results in clear, conductive wells surrounded by an opaque layer which blocks 

polyimide self-fluorescence during irradiation. We note that the silicon/oxide and 

polyimide based dielectrics did not lead to changes in the QDot transport and both 

served as good insulators. 
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3.10.2: Non Specific Adsorption Treatment, QDot Solutions and Agarose Coating 

Preparation:  

After well fabrication, the substrate was cleaned with oxygen plasma, and left 

overnight at room temperature shaking in a 5ml toluene solution containing 50 µl PEG 

(Polyethylene Glycol) - Silane, and 50 µl of a Triethylamine catalyzer. The chip was 

then rinsed in toluene and baked at 80°C for 2 hours to polymerize the PEG silane.  

Discrete nanocrystal cocktails were created by mixing different nanomolar 

concentrations of different species of Streptavidin  (pI~5) modified CdSe (ZnS shell) 

QDots (Invitrogen Corp.) in a 1mM solution of DI water solution of pH=8.3. Since we 

focus here on the data storage challenges, the QDot solutions employed were 

generated manually and offline.  A QDot spectral code writer for active QDot mixing 

was presented in an earlier paper [17, 22].  It is important to note that fluorescent 

excitation was not performed with a regular UV-Blue QDot filter, but with a green 

(525nm) excitation filter instead. This served to help reduce any potential bleaching of 

the already robust QDots. 

Using a high melting temperature gel 70°C (Omnipur), thin agarose gel membranes 

where prepared by mixing different solution phase concentrations of agarose (0.5%, 

1% and 1.5% w/v) with 1mM DI water at pH=8.3 followed by heating to 120°C for 20 

minutes. 5 µl of the heated solution was pipetted on top of the wells and left at room 

temperature overnight, resulting in a thin and nearly uniform membrane measuring 

from 2.5 to 3µm on top of the wells. 
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 CHAPTER 4 

 HYBRID CHEMICAL-ELECTRIC CONTROL OVER FLYING BIO-

ROBOTIC SYSTEMS* 

4.1 Abstract 

To date, Insect Micro-Air vehicle [1] flight operation has been traditionally 

manipulated through purely electronic control schemes that influence neuromuscular 

activity  [2-7]. Though these techniques enable tight control of flight maneuverability, 

there is a drive to integrate additional functionality to perform procedures that include 

remote sensing, [8] power harvesting [9, 10] and complete physiological control 

through chemistry [11]. Here we demonstrate for the first time a wireless and hybrid 

control approach that fuses the previously established electrical control schemes with 

an implantable microfluidic drug delivery system [11] that can release 

neurotransmitters on command to alter the locomotive activity of Manduca Sexta 

moths. We present hybrid flight manipulation procedures including takeoff and 

sustained flight of the insect through DC electrical stimulations, and chemical controls 

ranging from deceleration to full paralysis through the microfluidic ejection of 15 µL 

an L-Glutamic acid solution. We show the reversibility of our process since chemical 

payloads can be used to override the electrical stimuli, while electrical stimuli enable 

quicker recovery from chemically induced paralysis. 

 

                                                 
* To be submitted for publication to Nature by Cordovez, B‡., Chung, A.J‡., Huang, X.T., Jasuja, N., D., 
Erickson D., "Hybrid Chemical-Electronic Control Over Flying Bio-Robotic Systems” Nature 
Publishing Group. All Rights Reserved.  
‡ Contributed equally to this work 
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4.2 Introduction 

Advancements in MEMS technology [12] have allowed the generation of minute 

flying robotic systems with biomimetic [13] characteristics like Wood ’s flying 

Diptera robot [14] with a wingspan under 4 cm. The downscaling of micro-air 

vehicles, however, has presented severe challenges since aerodynamics are 

compromised in the small scales, resulting in high power requirements  to lift the main 

body and battery weights [1]. Flying insects on the other hand have solved this 

coupled problem since they evolved to be aerodynamically efficient [15, 16] and feed 

for weeks during metamorphosis, but attempts to train and control them directly have 

proved challenging [17]. As such, a new genre of hybrid bio-robotic systems emerged 

based on the fusion of electronic systems with the neural interfaces of flying insects 

and has raised much research interest [18] for an array of areas including remote 

surveillance [8] and power harvesting [9, 10]. 

To this day, the paradigm for hybrid insect flight manipulation has been 

microelectronic based control of neuromuscular activity by interfacing electronics 

with the insect’s nervous system [3]. Aerodynamic operations including liftoff, yaw 

control, landing [2], and even controlled terrestrial walking patterns [4] have been 

demonstrated by Bozkurt et al. through wireless DC pulses directed to the antennal 

lobe and wing muscles of a Manduca Sexta moth. Tsang et al. [6] enabled flight 

steering in the same type moth by controlling abdominal orientation using a flexible 

electrode ring attached to the nerve cord. Even different insects like Cotinis Texana 

beetles have also been electrically manipulated to perform liftoff, landing and flight 

elevation maneuvers as shown by Sato et al. [5, 7]. Though these techniques offer 

great control for flight maneuverability, electronic approaches have power constrain 

issues in long term stopping procedures since orders need to be constantly streamed to 
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keep the insect at rest, and moreover, these approaches do not readily exploit the 

already present chemical machinery which controls both the insect’s locomotion as 

well as its overall physiology.  

Fluidic payloads which contain chemical and biological agents provide a 

complementary set of advantages to the aforementioned electrical stimuli. Ziegler et 

al. [19, 20] showed that adult Manduca Sexta moths that feed on sugar water can live 

longer, and females can lay more eggs. Experiments also indicate that the locomotive 

activity of these insects can be enhanced through the delivery of octopamine and 

pilocarpine [21, 22] neurotransmitters, both of which trigger regular firings of single 

motor neurons resulting in characteristic flight motor patterns even without sensorial 

input. Interestingly, while chemical fuels are the norm for traditional land and air 

vehicle locomotion, there is only one attempt to use chemical agents for micro-air 

vehicle locomotive control as demonstrated by Chung and Erickson [11]. There we 

demonstrated the temporary paralysis of a tethered Manduca sexta moth through the 

delivery of various neurotransmitter solutions through an immaturely implanted 

microfluidic chip. In this paper, we build on that technique and the previous 

milestones in electrical control to generate a hybrid architecture that exploits the 

advantages of both approaches for the control of a Manduca Sexta moth. Here we 

demonstrate, for the first time, a synergistic utilization of chemical and electrical 

stimulations, and characterize the moth’s response and performance to various 

electrical and chemical stimuli via a locomotive performance analysis by tracking their 

displacements through an indoor GPS system. 
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4.3 Device Layout and Operation 

The full scale hybrid system is presented conceptually in Figure 4.1a and the 

corresponding experimental setup is shown in Figure 4.1b. Briefly a commercial 

wireless microcontroller with multiple independent electrical output ports is used to 

trigger both the electrical stimuli and the microfluidic chip actuation. This 

microfluidic chip (Figures 4. 1c.i through 4.1c.iii) is implanted on the moth’s dorsal 

thorax and works on an electrochemical pumping procedure that was previously 

demonstrated by Chung et al. [23]. Briefly, chlorine ions in the buffer react with a 

capping gold membrane on top of the fluidic chip, forming a water soluble chloro-gold 

colloid. In addition, water electrolysis breaks the liquid into gas which builds up the 

pressure in the enclosed chamber, leading to mechanical failure of the capping 

membrane and finally pressure is relieved through the ejection of the fluidic contents 

to the outside environment. Since the microcontroller can only output a 3V battery 

voltage, the anode of the microfluidic chip was connected to a 34V DC to DC 

converter, which supplies a larger load and thus increases the reaction rate; while the 

bottom electrode of the fluidic chip is connected to a universal ground.  The new 

version of this chip is 4 times smaller than its predecessor while still capable of 

carrying the same volumetric payload. This was achieved by reducing lithographic 

pattern dimensions as well as implementing a custom 3D printed acrylic channel to 

hold the chemical payloads. Please refer to the Materials and Methods Section 4.5.1 

for more details on Fabrication. Figures 4.1c.i through 4.1c.iii show an 80 second time 

lapse of the fluidic ejection of a 5M L-GA solution into 10 mM Phosphate buffered 

Saline (PBS). In this time lapse, the solution bursts out of the capping gold membrane 

at a speed of nearly 10cm/s and the chip is almost empty at the 80 second mark. For 

the electrical stimulation, a secondary output port of the wireless microcontroller was 
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implanted in the moth’s antennal lobe (Figure 4.1a and 4.1b) via a thin copper wire, 

while the corresponding ground is the universal electrode located in the moth’s dorsal 

thorax. Even though further miniaturization of the wireless components has been 

already demonstrated [2, 5, 6], here we primarily focus on the integration of chemical 

and electrical control schemes. As such, we used the buoyant force generated by a 6L 

helium balloon to compensate for the weight of the circuitry (6g), since on average a 

Manduca Sexta can lift its body weight plus an additional gram of payload [2]. Figure 

4.1d shows a CT scan 3D reconstruction of a Manduca Sexta with the implanted chip 

in its dorsal thorax, where we note that the chip penetrated about 2 mm into the thorax, 

bringing the chemical payloads close to both the central nervous system and the main 

circulatory system for effective drug delivery. For details on the chip implantation 

procedure, please refer Materials and Methods Section 4.5.2. 

The full scale hybrid control approach is demonstrated in Figure 4.2. The insect is 

brought from rest (Figure 4.2a) and into constant flapping by supplying a sequence of 

3V, 25Hz DC pulses with a 50% duty cycle for 0.5 seconds followed by one second 

pauses, which are driven between the electrode in the antennal lobe and the common 

ground in the dorsal thorax (Figure 4.1b). Our electronic stimulus technique targets 

neuromuscular activity in the brain and dorsal thorax simultaneously. The result is that 

the pulses slow the moth down when the voltage is being supplied, but as pulses are 

relieved through the pre-programmed pause it prompts the insect into a fight or flight 

response and consequently strong flapping activity. After 30 seconds of sustained 

flight, the electronic pulses were stopped on command; which were followed by the 

actuation of the microfluidic chip. The delivery of a 5M solution of LGA leads to a 

paralytic effect [11] due to the overstimulation of the moth’s nervous system through 

rapid depolarizations (rises in neuron membrane potential) [24]. The moth first 

responded first by decelerating 20 seconds after actuation, until it reached full 
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paralysis after 40 seconds (Figure 4.2c).  The DC pulses routine resumed 80 seconds 

later, but the chemical paralysis completely overrides the applied electrical stimuli. 

Tracking of the moth’s displacement using an indoor GPS system is shown in Figure 

4.2d. Here it can be seen that moth’s response to the electrical stimulation is evidenced 

by increased flapping activity and a sudden increase in flight altitude. 

 

Figure 4.1.  Device layout and operation. (a) Conceptual image of experimental setup 
showing the microfluidic chip which is implanted in dorsal thorax, and the copper 
wire used in electrical stimulation implanted in antennal lobe (b) Full scale 
experimental setup showing wireless transceiver and DC to DC converter. (c) Sample 
ejection sequence of 5M L-Glutamic acid solution into 10mM PBS solution. (d) 3D 
Computer Tomography image of fluidic chip implanted into dorsal thorax.  
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Figure 4.2.  Full scale experimental setup. (a) Moth at rest. Inset shows how activity 
can be initiated from rest (top) to flapping (bottom) on command through applied DC 
pulses. (b) Electrical stimulation in mid air before fluidic chip actuation. (c) After 
dispensing 5M LGA solution leading to full paralysis. (d) Tracking displacements via 
indoor GPS system. 

4.4 Chemical Override of Electrical Stimuli and Enhancing Flight Longevity  

In our previous work [11], we show that it takes a Manduca Sexta moth over three 

hours to recover half of its wing flapping activity from a 15µl dose of 5M LGA.  

Because of this, here we focus on using electrical stimulation to enable quicker 

locomotive activity recovery from chemically induced paralysis. For these 

experiments, the moth was tethered to a hinged straw as shown in Figure 4.3a, and its 

displacement angle (activity) was measured and analyzed [25] as a function of LGA 

dose concentration for the same electrode setup and sequence of pulses described 

above. (Please refer to Materials and Methods Section 4.5.3 for more details on the 

angle experiments). Figure 4.3b shows a sample experiment, in which locomotive 
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activity first drops quickly after injecting 10µL of 0.5M LGA solution (dose volumes 

were kept constant across tests). Electrical stimulation is then initiated, and activity 

gradually increases with the aid of time and the supplied pulses. The observed 

oscillation in activity shown in this figure occurs due to the untargeted nature of the 

applied electrical stimuli; slowing the moth down (angle decrease) as the pulses are 

applied followed by strong flight during the shock recess. For concentrations 1M and 

below, most moths regained full post-injection activity nearly 10 minutes after LGA 

delivery as shown on Figure 4.3c, while those subjected to 5M doses regained half of 

their activity 1.5 hours later, which a twofold improvement from our previous work. 

The total activity for this time period and for each concentration is shown in Figure 

4.3d, where moths subjected to smaller concentrations of LGA showed higher flapping 

activity in the first twenty minute interval. From these results, it is recommended to 

keep the dose concentration below 1M if quick reanimation is desired. Most 

importantly, just as the previous section showed how the applied chemical load can 

override the electrical stimuli, here electricity is supplied to overcome the chemical 

paralysis, showing that both approaches are synergistic.  

Since Manduca Sexta moths fly sporadically (around 4 times a day and very 

sensitive to external environmental conditions [26]), it becomes necessary to override 

their neuromuscular activity to achieve controlled long term flight. We now use 

electrical stimuli to enhance their flight longevity, as is presented in Figure 4.4. Here 

moths were subjected to a setup similar to that explained in Figure 4.3, but without the 

chemical stimulants. For these experiments, two types of flyers were observed; a first 

group which managed to fly on the order 186 minutes on average while the others flew 

for 17 minutes on average. The criterion used in these experiments was that 10 

seconds of no flapping activity is considered as a full stop and the end of a test. It can 

also be noted that even the lower flying group shows significantly more activity than 
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traditional moth flight behavior in terms of continuity and flight duration. The 

criterion used in these experiments was that 10 seconds of no flapping activity is 

considered as a full stop and the end of a test. It can also be noted that even the lower 

flying group shows significantly more activity than traditional moth flight behavior in 

terms of continuity and flight duration. 

 

Figure 4.3.  Electrical recovery from chemically induced paralysis. (a) Experimental 
setup showing moth attached to hinged straw. (b) Oscillation in mean angle due to 
untargeted nature of electrode setup; where DC pulses slow the moth down, followed 
by fight or flight response. (c) Normalized flapping activity as a function of dose and 
time. (d) Total activity for this time period, where higher doses of L-Glutamic acid 
doses lead to lower flying capability over the first 20 minutes. 
 
. 
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Figure 4.4.  Enhancing flight endurance through electrical stimuli. Even low 
performing flyers demonstrated substantially better flying capability than moths not 
subjected to electrical excitation.  

4.5 Materials and Methods 

4.5.1: Microfluidic Device Fabrication and Assembly 

Our drug delivery system consists of three subcomponents. The first is a silicon 

layer that contains a microwell with a suspended upper electrode through which fluids 

are ejected, a 3D printed acrylic channel coated with Parylene, and a bottom Pyrex 

substrate which contains the bottom counter electrode. The top silicon component was 

devised using the method established by Chung and Erickson [23], in which LPCVD 

silicon nitride is deposited on both sides of the <100> n-doped silicon wafer and the 

backside was patterned to define the well location, followed by gold deposition on the 

top side. The wells were then defined by immersing the wafer in KOH overnight and 

the remaining silicon nitride underneath the gold membrane was removed through 

reactive ion etching, leading to a square suspended gold membrane with 100 µm on its 
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side. A photoactive polyimide layer was spun and patterned on the top of the device to 

reduce electrical contact outside of the suspended god membrane. 1 mm tall acrylic 

channels were defined and cleaned with an NaOH solution, followed by a Parylene 

deposition to ensure impermeability to water. The three subcomponents were then 

assembled and sealed using Loctite 454: ISO 10993 since its fast curing and 

biocompatible. The assembled device was then subjected to oxygen plasma cleaning, 

and then the fluidic channel was filled with the chemical agents of interest, followed 

by a wax seal on the back of the device to ensure that no leakage occurs. 

4.5.2: Microfluidic Chip and Copper Electrode Implantation 

The microfluidic chips were implanted in adult moths 2 days after emerging from 

the pupal stage to ensure strong fliers. Prior to the surgery, the moths were placed on 

ice platform for approximately 10 minutes to lower internal body pressure and to 

minimize movement. With the use of a sterilized scalpel, the dorsal exoskeleton and 

body skin were removed and the chip was partially implanted 2mm into the thorax 

near the dorsolongitudinal flight muscles. After gently inserting the device into the 

thorax, the wound is sealed using Loctite 454: (ISO 10993). This step was followed by 

the thin copper electrode is implantation, which is gently inserted next to antennal lobe 

and sealed with the same biocompatible glue. 

 

4.5.3: Angle Measurement and Longevity Experiments 

The moth was tethered onto a straw via a chicken wire leash between its head and 

thorax. Electrodes were implanted using the same technique shown in Section 4.5.2, 

and the same electrical pulse setup (3V, 25Hz DC pulses with a 50% duty cycle for 
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0.5 seconds followed by one second pauses) was used to stimulate the moths into 

flapping. 10µL of solution was used across the chemical tests, and the displacement 

angle was evaluated using Herdick et al.’s.[25] MATLAB® software. 
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 CHAPTER 5 

  A NOVEL POLYMER MICRONEEDLE FABRICATION PROCESS FOR 

ACTIVE FLUIDIC DELIVERY* 

5.1 Abstract 

In this paper, we explore a new fabrication process for a flexible, all polymer, 

active fluidic delivery system, incorporating a fusion of laser micromachining and 

microfabrication techniques as well as rapid prototyping technology. Here we show 

selective fluidic delivery from isolated microchannels through an electrochemically 

driven pumping reaction, demonstrate the dispensing of dose volumes up to 5.5 µL, 

and evaluate the device’s performance in terms of its delivery speed and ejection 

efficiency. Finally, we move this work towards an implantable microfluidic drug 

delivery device by investigating the device’s biocompatibility through a statistical 

approach that overviews the viability of bovine aortic endothelial cells on polyimide 

and silicon substrates. 

 
 
 
 
 
 
 
 

                                                 
*  Re-printed with kind permission from Springer Science Business Media: Cordovez, B., Chung, A.J., 
Mak, M., Erickson, D., “A Novel Polymer Microneedle Fabrication Process for Active Fluidic 
Delivery” Journal of Microfluidics and Nanofluidics. s10404-010-0709-x (2010) . The original 
publication is available at www.springerlink.com 
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5.2 Introduction  

Advancements in implantable drug delivery systems have enabled the transition 

from passive delivery to active schemes. While passives technologies [1-4] are 

characterized by immediate drug release upon insertion or ingestion and are generally 

driven by diffusive transport, active control [5-9] provides the ability to localize drug 

delivery with microscopic precision, direct the timing of release, and control the rate 

of release. These systems have been used in applications ranging from potential 

medical uses including hemorrhagic shock prevention through rapid vasopressin 

delivery [8], polypeptide delivery for therapeutics [5], controlled anti epileptic drug 

release [10], angiogenesis control [11], to on command chemically induced paralysis 

of live micro-air vehicles [9]. 

Polymer micro-needles are of interest for implantable drug delivery due to their 

enhanced biocompatibility [12], and capability to conform to tissue without shattering 

during the insertion or tissue reconfiguration processes [13]. These devices have been 

fabricated using several polymers including polydimethylsiloxane (PDMS) [14, 15], 

polylactic and polyglycolic acid  (PLGA) [13, 16], block copolymer hydrogels [17] 

SU-8 photoresist [18] and polyimide [19, 20]. Among these, polyimide is particularly 

useful due to its electrical and thermal insulation properties as well as its capability to 

be patterned directly through microfabrication. To date however most polymer based 

drug delivery devices have either relied upon passive schemes as discussed above, or 

employ complicated and not easily integratable active delivery methods like peristaltic 

pumping through piezo-electrics [13], large peristaltic pumps [15] and syringe pumps 

[19, 20]. 

In this paper, we present a device that incorporates the flexibility and 

biocompatibility of polymer microneedles while still offering the advantages of active 
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drug delivery devices in a simple microfluidic architecture. Our device uses a similar 

electrochemical release and dose control mechanism as our previous work [8] but is 

now integrated into a flexible system as opposed to its silicon predecessor. In this 

paper we present our fabrication methodology and electrochemical ejection 

performance. Furthermore, we illustrate the device’s ability to selectively dispense 

from different electrochemical chambers and also provide an assessment of the 

system’s enhanced biocompatibility by analyzing the viability of bovine aortic 

endothelial cells on our polyimide surfaces in comparison with silicon substrates. 

5.3 Flexible Electrochemical Drug Delivery 

5.3.1: Device Layout and Operation  

Figure 5.1a illustrates the device constituents and assembly procedure. Briefly, the 

device assembly consists of a top 250 µm thick double sided polished polyimide 

substrate which hosts a gold electrode and a 400 µm2 suspended gold membrane.  The 

fluid contents are stored in 3D printed acrylic channels which can store up to 15µL of 

solution, and the system is closed by a bottom polyimide component which contains a 

counter gold electrode. As will be detailed in the next paragraph, the fluidic contents 

will burst through the gold membrane and into the chip’s exterior through an 

electrochemical reaction generated by applying an electric potential between the top 

and bottom electrodes. Figure 5.1b shows a fully assembled two- channel flexible 

microfluidic needle. A cross section image of the top polyimide device fabrication 

procedure after the laser etching, dry etching, and chrome wet etch steps which result 

in suspended gold membranes roughly 400 square microns in size is presented in 

Figure 5.1c. Unlike our previous silicon based devices [8, 9], our new architecture is 
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works by a two phase electrochemical reaction driven between the capping gold 

membrane and the bottom electrode located inside the reservoir. First, the electrolytic 

component of the reaction builds up the pressure in the closed fluidic system due to 

electrolysis (i.e. as gas bubbles are formed in the closed channel, the pressure in the 

chamber builds up). In addition, at the anode, chlorine ions in the buffer solution react 

with the gold membrane to form a water soluble chlorogold complex that degrades it 

as the reaction proceeds until it ruptures and opens. Finally, the pressure is relieved by 

ejecting the fluidic contents to the chip’s exterior. After applying a 30 V potential for 

40 seconds, gold dissolution occurring in the state that we note as t=0 (Figure 5.2a). 

The fluidic ejection procedure 1.6 and 3.2 seconds later is shown in Figures 5.2b and 

5.2c, respectively in which the PBS solution containing 50 nm fluorescent polystyrene 

microspheres.  The ejection flow rate rapidly increases from t = 5 seconds (Figure 

5.2d) onwards, dispensing nearly 3 µL of solution out of the well in over the course of 

two minutes. Right after the onset of rupture, the ejection procedure becomes more 

rapid as the membrane aperture size increases. Though usually uniform, we did notice 

that fluid ejection to the outside environment can occur in spurts. 

Figure 5.3 displays the mean ejection volume as a function of time for experiments 

operated at a 30V potential. This high potential was chosen since it was previously 

found that the fluid ejection rate maps to electric potential almost linearly [7, 8]. For 

these conditions, on average 17% of the contents managed to eject out of the system 

after 2 minutes. In most experiments, the delivery rate is highest for the first 30s 

following rupture (dispensing at ~ 0.1 µL/s) and decays with time. Though the general 

trend agrees with our previous publications, in the best of cases only 37% of the fluids 

(5.5 µL) managed to leave the polyimide devices, less than its previous silicon 

counterpart. Electrolysis not only contributes to the increase in pressure, but 
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through a deep laser etch, which yielded a mean etch angle of 10 degrees with the 

vertical. Due to heating during this etching procedure, this step was hard to control is 

resulted in irregular final membrane dimensions varying from 125 µm2 to 650 µm2 

The dry etching step was finished using a 70% 02, 30% CF4 etch 250W RIE power, 

with the role of CF4 being that of etching inorganics found in the polyimide [24], 

enabling a quicker etch. The aluminum mask layer was removed via a wet etch. At this 

point, the top of the gold layer was insulated with the exception of the membrane 

location using a 2 µm thick photoactive polyimide, to minimize electrical interaction 

with the surroundings. We then wet etched the remaining chrome layer, yielding 

roughly a 400 µm2 (on average) suspended gold membrane. The backside of this 

polyimide channel was then subjected to an oxygen plasma clean to ensure wettability 

of the substrate. 

5.4.2: Acrylic Channel Fabrication and Softening 

Channels holding ~15 µL of solution (2mm tall and 750 µm wide), were fabricated 

by 3D printing of acrylic. The defined structures were then left in 2% NaOH for 60 

hours, which served to remove any sacrificial material remaining from the printing 

procedure, as well as permeate through the porous acrylic channels, making the 

resulting structure flexible. To make the structure water impermeable, we deposited 2 

µm of parylene conformally around the channels. 

5.4.3: Bottom Electrode Substarte 

The bottom gold electrode was also defined on a 250 µm thick polyimide substrate 

through liftoff and also uses a chrome adhesion layer. Single electrodes were diced 
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using a laser cutter (or alternatively a scalpel). As on the top electrode, platinum 

contacts were placed in electrical contact with the gold through silver conductive 

epoxy. 

5.4.4: Needle Assembly 

After plasma treating the bottom of the top substrate to ensure that liquid fills the 

etched cavity that leads to the suspended gold electrode, the acrylic channels were 

bonded to the top and bottom polyimide by dipping the acrylic channels on a pre-spun 

glass slide containing Loctite 405® adhesive. The polyimide and acrylic pieces were 

then aligned and left to bond for 24 hrs. The channels were then filled from the back 

with 10mM PBS solution, and this part of the structure was sealed with 5 minute quick 

dry epoxy. 

5.4.5: Cell Culture and Biocompatibility Experiment Setup 

Bovine aortic endothelial cells were used for these experiments. They were fed 

with Leibovitz L-15 media and incubated at 37oC and 0% CO2.  Media were 

replenished every day.  For the experiment, one strip of silicon and one polyimide 

device were used as substrates for a viability comparison assay. Prior through usage, 

each strip was sterilized with 70% isopropanol 30% water and dried off completely. 

Each was placed in the bottom of separate petridishes and submerged in 2 mL of 

Leibovitz L-15 media, and 350 cells/mm2, suspended through trypsinization, were 

then seeded in each petridish. The images shown in Figure 5 recorded on days 2, 4, 

and 7 after initial cell seeding.  
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5.5 Discussion and Conclusions 

Though effective fluid ejection was consistently demonstrated here, in some cases 

the ejection rate tended to be irregular. This ejection irregularity is likely due to gas 

bubbles generated through the electrolytic procedure that clogging the main fluidic 

channel (acrylic) and the inverted channel (polyimide) that leads to the suspended 

membrane. We believe that this effect also plays an important role on the overall 

device performance; since large gas pockets can disconnect the liquid stream and in 

turn generate an adverse pressure gradient, hindering the remaining fluid from leaving 

the chip’s interior.  Furthermore, since the inverted polyimide channel that leads to the 

membrane is narrower than that of our previous silicon based device (see Fabrication 

and Methods Section), gas bubble induced clogging is more likely to occur compared 

to our previous approach. It is also important to note that when comparing the rupture 

initiation time to our previous results [8], the polyimide based device takes roughly 

25% longer to initiate ejection since our exposed membrane has a shorter span and is 

thus more stiff and has a smaller area for dissolution. In future devices, the laser etch 

area will be wider in order to enable an increase the dose delivery rate through a larger 

membrane aperture. Though there is a degradation in performance due to gas bubble 

formation, it is important to note that this chip does manage to perform both controlled 

and highly localized delivery in a flexible and biocompatible substrate in a small and 

easily implantable architecture. 

The multiplexing capability demonstrated by this chip does enable one to deliver 

different concentrations and types of chemicals [6]. Furthermore, multiple channels 

also provide redundancy in the case of faulty post- insertion membranes, which could 

be damaged useful in overcrowded insertion regions. In terms of the cross channel 

leakage mentioned above, it takes approximately 4 minutes for the electrolytic 
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reaction to dissolve the binding epoxy, placing an upper limit on the time for delivery.  

This time could be improved by using wider channels to prevent underflow leakage, 

though it would come at the expense of a larger device.  In terms of the device’s 

biocompatibility, we conclude that cell viability, which is our measure of 

biocompatibility here, is comparable for silicon and polyimide, but particularly that 

the rate of decrease in cells appears higher for the silicon. 
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 CHAPTER 6 

 CONCLUSIONS 

I was able to develop a reconfigurable microfluidic architecture that brings new 

frontiers in performance and functionality for microfluidics in biomolecule trapping, 

microfluidic storage and drug delivery applications. Below, I present the summary of 

my research accomplishments and contributions by project: 

6.1 Summary of Individual Accomplishments by Project 

6.1a: Electroactive Microwells 
 

 Trapping 4 orders of magnitude faster compared to passive attraction schemes 

[1] for particles of the same size. 

 Strong trapping potentials, up 5 orders of magnitude greater than the ambient 

thermal (Brownian) energy. 

 Reversible particle trapping, which can be very useful for target probing and 

disposing in screening systems. 

 Single step fabrication process. 

 Predictable flow patterns through FEA Simulations that couple fluid and electri-

cal forces. 

6.1b: Optofluidic Data Storage 
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 Readout of up to 6-Bits of information in single diffraction 200nm (Blu-Ray®) 

[2] data sites. 

o Highest volumetric storage in fluid medium to date, which is 6 orders of 

magnitude greater in storage density than current microfluidic memo-

ries. 

o A geometric increase in storage density over current single layer optical 

storage media. 

 Enabled non-volatile (no applied external power) storage through the use of an 

mediating agarose layer. 

 Showed that different sized electroactive wells can be used for visual display 

and storage/detection purposes respectively. 

6.1c: Hybrid Control of Insect Cyborgs 

 First time wireless integration of chemical and electrical stimulation mecha-

nisms for living insect micro air vehicle control. 

 First time demonstration of microfluidic systems for chemical control of un-

tethered insect micro air vehicles. 

 Characterization of performance, recovery and endurance times of insects sub-

jected to hybrid chemical and electrical stimulations. 

6.1d: Active Drug Delivery Control through Flexible Polymer Microneedles 
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 Devised flexible and all polymer drug delivery needles capable of ejecting vol-

umes up to 5.5 µL of solution. 

 Fourfold reduction of silicon predecessor chip dimensions, while still enabling 

the same fluidic payload capacity. 

 Multiple chamber capability provides the ability to deliver various chemicals 

and doses on demand with highly localized concentrations in targeted sub-

millimeter dimensions. 

6.2 Future Directions 

Given the versatile and useful nature of my work on electroactive wells, my work 

has opened many doors. Below, I list some of the future directions my work could take 

by project: 

6.2a: Electroactive Microwells 

 Use this work directly for fast DNA and cell (a better spatial match for mi-

crowell geometries) microarray technology: Though there are commercial plat-

forms (such as that owned by Gamida Inc. [3]) that can perform this work, my 

work provides a simpler and cheaper platform that enables more localized and 

targeted delivery. This would first involve determining the physiological impli-

cations of performing the trapping in direct current conditions, and continuous-

ly monitoring the environment via pH and temperature measurements, which 

leads to the integration of sensors inside the microwells. 

 Integrate active sensors on wells: So far, I have used external measurement 

sources (fluorescence and spectrometry) to detect trapped particles in the well 

locations. However, since my device allows for high electric field localization, 
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it makes for a great host for an Impedance Based Sensing. [4]. These sensors 

could be integrated in situ to determine a biomolecule’s size and its dielectric 

properties. If this specimen is not desired, it could be rejected from the well or 

even killed through localized joule heating. 

 Electroactive wells can also aid sensing applications by both concentrating and 

mixing analyte in targeted locations. My colleagues and I used this process[5] 

to accumulate gold nanoparticles immobilized with DNA capture probes inside 

the electroactive microwells, and used the reversible electrokinetic process to 

mix these gold functionalized capture probes with Dengue virus (DENV-2a) 

DNA strands. Thought the sensing operation is outside the scope of this thesis, 

briefly the gold nanoparticles serve to increasing the Ramann scattering signal 

through Surface Plasmon amplification [6] in a Surface Enhanced Raman Scat-

tering [7]  (SERS) setup. 

6.2b: Optofluidic Data Storage 

 Synthesis: With the current advancements in Q-Dot synthesis technology [8] 

the storage density achieved can continuously increase every year. 

 Protein nanoarray technologies: Humans have between 30,000 and 40,000 

genes [9], but the number of combinations increases exponentially in the pro-

tein world. If an all inclusive protein microarray is envisioned, this work could 

help sense multiple proteins in a very compact and fast architecture. 

 Information archiving: Since nanoparticle trapping and detection demonstrated 

by my work took roughly 200ms, this architecture could be used in situations in 

which density and not speed are of the essence, such as archiving. 
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 Full integration: More work still needs to be done to either integrate and/or 

generate a fully commercial device, with particular focus in enhancing speed 

and performance. Also, better avenues to reduce irreversible Q-Dot adhesion to 

base of wells should be pursued. 

6.2c: Hybrid Control of Insect Cyborgs 

 Chemical Excitation: Find adequate drugs for chemical excitation of moths and 

fully demonstrate that chemistry can be used effectively to stimulate and en-

hance moth flapping performance in addition to the aforementioned demon-

strated paralysis. Octopamine [10] and Pilocarpine [11] are good candidates. 

  Perform midflight nourishment experiments and investigated whether it allows 

it to fly and/or live longer. 

 Make smaller components to enable more compact integration: This will allow 

our device to be incorporated with the other functionalities from the different 

HI-MEMS project [12] and generate a fully functional insect cyborg. 

 With the smaller implants, move back to early pupal stage implantation micro-

fluidics to enable better chip adaptation with the moth physiology. Please see 

next section for small microfluidic implants. 

6.2d: Active Drug Delivery Control through Flexible Polymer Microneedles 

 Use the new small and flexible drug delivery devices as early pupal stage im-

plants: Use active drug delivery device for medical trials. One interesting ap-

plication which may find use of this system is tightly localized of delivery for 

brain cancer treatment [13]. 
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6.3 Important Lessons From My Research and a New Outlook 

One of the biggest challenges I faced in my research was devising the nanoscale 

version of the electroactive wells. In making the 200 nm wide and 1 µm tall hollow 

cylinders, I spent an entire year revising different fabrication strategies that not only 

were tricky, but ultimately needed to follow clean room guidelines. Given that the 

bottom conducting electrode (ITO) is not considered a clean material since it has a 

very low vapor pressure and when subjected to a vacuum, it can easily diffuse into the 

various clean room processing chambers and contaminate them, the challenge proved 

even greater. So while in this lapse of my graduate career I managed to become 

proficient in most of the clean room tools, on hindsight, I believe that this was not the 

optimal way to fabricate the nanowells; at least for proof of concept experiments. I 

would now make the dielectric (material surrounding the hollow cylinders) using a 

commercially available aluminum oxide membrane made by Whatman Ltd. [14], 

which consists of a highly uniform array of insulation and tall hollow cylinders which 

match my device dimensions and can be readily purchased. Though the alumina 

membranes may need additional polishing in order to be thin enough for this 

application, this could have proven a key point in my graduate studies to think outside 

the box and integrate traditional nanofabrication mechanisms with alternative 

nanoscale processing techniques. While it may have been a missed opportunity, I 

made sure to look beyond the traditionally established microfabrication techniques for 

the subsequent drug delivery projects I engaged in by fusing multiple forms of 

fabrication, including 3-D printing, laser micromachining and standard clean room 

techniques. This proved a valuable lesson in using all the resources you have at hand 

as a researcher, and to understand that there are multiple ways to get to an answer but 

the key aspect is identifying the best means to get to it. 
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Another key lesson I learned stems from my work in the insect cyborg project, 

effective tissue re-adaptation happens for dimensions on the order of 100µm in size. In 

my research, this manifested itself by the fact that even though moths endured the 

implantation procedure, when the pupae released their cuticle (shell) during 

emergence, the cuticles can get stuck on the chip and prevent the insect from releasing 

its wings, in contrast to the other HI-MEMS [12] groups engaged in using thin 

electronics who do not usually see this undesired effect. The main problem here is that 

the microfluidic chip is large in size (~on the order of  2mm by 1mm) mainly due to 

the fluidic loading process, which as mentioned in Chapters 4 and 5 uses a syringe 

needle to fill up the drug delivery chambers. This is an interesting engineering 

limitation with important implications, and I would be very interested in researching 

wetting and sealing methods applicable in the micro and mesoscales scale to overcome 

this problem. The second lesson I learned (which may seem very obvious on 

hindsight) is that once the final product is in place, it is very hard to change its 

intended operation. For example, my drug delivery component works on a burst valve 

process, and as such it cannot become a controlled and continuous drug delivery 

mechanism overnight; which are key components that the drug delivery community 

actively seeks. Also, you cannot avoid gas bubbles in an electrolytic pump unless you 

use more than one chamber or use multiple drug delivery materials (say mediating the 

release via insulating and biocompatible silicon oil) which inevitably sacrifice chip 

space. Most importantly, I learned that one does not always know the pros and cons of 

your work a priori, and as such one must pay extra careful attention in the design 

stage. However, I would like to state that the drug delivery systems device did manage 

to accomplish what they were meant to do, (namely to paralyze a moth in mid-air and 

to present a flexible alternative to silicon drug delivery systems) but unfortunately face 

issues in extending the realm of applications of this work. 
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6.4 Concluding Remarks 

I believe my work has helped expand the scope of microfluidics and provided 

practical solutions for its two greatest challenges: The fundamental transport 

limitations associated with downscaling fluid flows and the integration issues that 

have kept most microfluidic devices from becoming commercially viable. My hope is 

that other researchers will make use of my device and integrate it with their own 

setups without too much trouble.  
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