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Abstract 
The objective of this thesis is focused on the development systems for automated droplet 

movement on digital microfluidic devices. To validate the new techniques, I applied the system 

to a number of biological and clinical applications. Digital microfluidics (DMF) is a technique in 

which discrete droplets (pL-mL droplets) are manipulated by applying electrical fields to an 

array of electrodes. In contrast to the more conventional geometry of enclosed microchannels, 

each sample on a DMF device can be addressed individually, and reagents can be dispensed from 

reservoirs, moved, merged and split. There are a number of advantages to using digital 

microfluidics. First, droplets serve as discrete microvessels in which reactions can be carried out 

without cross-talk between samples or reagents. Second, DMF can be used to miniaturize a wide 

range of biological and clinical applications with the advantage of reduced sample size. Third, 

DMF is inherently an array-based technique, making it a good match for array-based biological 

applications. Thus, DMF has the capacity to translate many droplets in parallel on a single device 

(without valves or pumps) for multiplexed experiments with a significant reduction in manual 
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intervention. But this latter advantage of multiplexing has not yet been realized, as there are 

challenges in automating droplet movement on digital microfluidic devices. In this thesis, I 

describe my efforts to overcome these challenges through the development of several generations 

of an automation system, which were validated by application to a diverse set of problems, 

including cell culture, clinical sample analysis, and high-throughput screening. I propose that the 

techniques described herein will be valuable for the growing number of scientists and engineers 

who are adopting digital microfluidics as a tool for a wide range of applications. 
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Overview of Chapters 

 
This thesis describes four projects that I completed (and a fifth that is in progress) during 

my Ph.D studies in Aaron Wheeler’s research group at the University of Toronto. The theme of 

this thesis is the invention and development of automation systems for digital microfluidic 

(DMF) devices for applications in biology. The unique capabilities of these systems are 

highlighted in the following chapters, ranging from automation of culture of microorganisms 

(chapter two), enzyme assays (chapter three), dried blood spot analysis (chapter four), cell 

impedance sensing (chapter five), and screening for lipid production in algae culture (the 

appendix). A brief description of each chapter follows. 

 

Chapter 1 is a literature review of miniaturized fluid handling platforms, with an 

emphasis on DMF and on the various automation systems that have been used to control droplet 

actuation. 

 

Chapter 2 describes the first automated digital microfluidic system for cell culture. As a 

proof-of-principle, bacteria, algae, and yeast were cultured in droplets in a device with a format 

compatible with conventional bench-top analyzers without requiring valves, mixers, or pumps. 

Automation was a key requirement in this work, as droplets were constantly moved (for days at a 

time) to keep the culture solutions homogeneous. Cell densities were measured by absorbance 

measurements and the growth profiles observed were nearly identical to those generated using 

conventional (macroscale) techniques. These results suggest that there is significant potential for 
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digital microfluidic systems capable of long-term culture of cells (upstream) integrated with 

analysis and processing (down-stream). 

 

Chapter 3 describes a feedback control system for digital microfluidics, in which each 

droplet movement was monitored by impedance sensing. This new system was tested on a series 

of liquids with varying viscosities, and feedback control resulted in dramatic improvements in 

droplet actuation fidelity and maximum actuation velocity. The improvements were particularly 

important for solutions containing proteins (e.g., buffer containing bovine serum albumin and 

cell culture medium containing fetal bovine serum). The utility of the new system was validated 

by implementing an enzyme kinetics assay with continuous mixing. 

 

Chapter 4 introduces a new and improved feedback control system (relative to the 

system described in chapter three) that enables high-fidelity droplet manipulation in 

heterogeneous systems containing three-dimensional hydrophilic obstacles (i.e., dried blood spot, 

DBS, samples). The new system was validated by application to analysis of DBS samples to 

quantify succinylacetone (SA), a marker for hepatorenal tyrosinemia. In addition, a new method 

was developed to couple DMF to nanoelectrospray ionization mass spectrometry for SA 

quantification in DBS samples from newborn patients. 

 

Chapter 5 describes the first cell-impedance detection implemented by DMF, using the 

feedback control system introduced in chapter four. In this work, mammalian cells were cultured 

on a patterned DMF device top plate and were subsequently addressed by droplets of various 

reagents. The impedance measurement system used was used both for (a) feedback control over 
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droplet position, and (b) measurements of impedance to determine cell density. This new method 

may prove useful for the growing number of scientists who are developing cell-based assays 

using digital microfluidics.  

 

 The Appendix represents a work in progress in a project to develop a system to screen 

algae cultures to determine optimal conditions for high-energy lipid production. The initial 

results suggest that the wavelength of the light that algae are cultured in affects neutral lipid 

production; to our knowledge, this effect has not been reported in the literature.  Moreover, these 

initial results suggest that digital microfluidics will eventually be useful for high-throughput 

screening, allowing scientists in any research lab (even those without access to fluid-handling 

robots) to evaluate large numbers of conditions. 
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In the work described in Chapter 5, I designed the DMF device, developed the methods 

for cell impedance sensing and carried out the impedance analysis with feedback control system 

by DMF. Ryan Fobel and Irena Barbulovic-Nad contributed valuable discussions about 

impedance sensing and cell analysis. Undergraduate student Xuning Yang helped in carrying out 

some of the impedance measurements and in fabrication of the DMF devices.  I am the first 

author on a manuscript describing this work, which will be submitted for publication in the near 

future.  

 
 
 In the work described in the Appendix, I designed the DMF device, developed the 

methods for lipid screening in algae and carried out the experiments to evaluate the effect of 

intensity and wavelength of light on neutral lipid production in algae. After some additional 

experiments, a manuscript will be prepared for eventual publication. 
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Chapter 1 Automating Digital Microfluidics 

 
1.1 Current Miniaturized Fluid Handling Platforms  
  

 Since the 1900s, there have been a number of classical (macroscopic) and microscopic 

liquid handling systems for miniaturizing analytical and biological assays. Microtiter well plates 

were first described in 1951 by Dr. G. Takatsy.1 These plates have a number of wells (e.g., 96) 

and are arranged in a standardized, rectangular matrix, and the wells are designed to hold a wide 

range of volumes (µL-mL). In the past few decades, integrated robotic workstations have been 

developed to automate fluid handling (e.g., dispensing reagents to different wells) to handle a 

large number of samples in well plates.2, 3 However, such systems are expensive because of the 

costs of the workstation, and the consumption of consumables (reagents, tips, plates, etc.). An 

alternative technology to multiwall plates, known as microfluidics (or “lab-on-a-chip” 

technology) has been used for the past two decades.  Microfluidics has been proposed to be 

useful to miniaturize and to integrate laboratory instruments and processes onto tiny, hand-held 

devices (without the need for expensive robotic workstations). These methods allow for handling 

small fluid volumes and samples, automation, and high-throughput processing and analysis. 

There are three common lab-on-a-chip technologies: 1) microchannels in which fluids that are 

manipulated as a stream,4, 5 2) droplets-in-channels in which small liquid plugs or droplets are 

immersed in a second continuous phase (gas or liquid),6, 7 and 3) digital microfluidics in which 

discrete droplets are manipulated electrostatically on an array of electrodes.8-10  

 



 2 

 In microchannels, liquid transport is typically driven by pressure gradients formed from 

external (e.g., syringe pumps) or internal pressure sources and the samples and reagents are 

injected into the chip inlet either batch-wise or in continuous mode. This type of microfluidics is 

well-suited for chemical separations,11 single cell/molecule analysis,12 and simple reactions with 

high surface area/volume ratio.13 There is also interest in increasing throughput using 

microchannels with integrated microvalves based on flexible membrane between a liquid-

guiding layer and a pneumatic control layer.4, 14-16 The key feature of this approach is the 

capability of multiplexing which can allow ~ 106 independent compartments containing 10-100 

pL volumes.16  However, the complex fabrication of microvalves (e.g., 106 compartments 

requires > 106 microvalves) and the number of required inlets and external pressure sources 

increases complexity in fabrication, costs and manual intervention.   

 

 A related type of microfluidics, droplets-in-channels, can facilitate increased throughput.  

In principal, droplets of liquid are immersed in a second gas or liquid phase within a 

microchannel and each of these droplets can merge, split, and mix inside the channel.6, 17 Recent 

developments allow for increased control of droplets in the form of guiding and sorting on 

rails,18-20 laser forcing,21 or by electrostatic charging22-24 inside channels.  Advantages of this 

type of microfluidics are the ability to work with extremely small volumes (pL - nL), the ability 

to manipulate samples and reagents with very high throughput, the physical and chemical 

isolation of the droplets eliminating the risk of cross-contamination, the efficient mixing of 

reagents, and the enclosed liquid droplets allow the incubation and storage of liquid over a long 

period of time without evaporation.  These advantages translate to applications such as magnetic-

bead based assays,25 single cell high-throughput analysis,26 protein crystallization,27 and 
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chemical synthesis.28 Some disadvantages of these applications include the requirement of 

pumps and related equipment, the requirement (typically) to use optical read-outs for detection, 

and the requirement of assembling complex networks of tubing for the inlets and outlets.   

 

 The least common type of microfluidics (compared to the other two microfluidic 

paradigms) is digital microfluidics. This technology is only in use in a few laboratories world-

wide; I propose that there are many reasons for this, including:  1) the low technological barriers 

for using (simple forms of) microchannel and droplet-in channel systems, 2) the complexity, the 

expertise, and the costs required to build automated control systems to operate digital 

microfluidic devices, and 3) the immaturity of DMF – there are no standardized device formats, 

operating parameters, or analysis systems on the market. Although digital microfluidics is in its 

infancy, I believe that it has the potential to become a useful platform for multiplexed analysis, 

coupled with reduced costs and manual intervention. My thesis is focused on the development of 

methodological improvements to DMF.   

 

Table 1.1 summarizes the strengths and limitations of each miniaturized fluid handling 

platform described above. In the end analysis, I propose that the three platforms are 

complementary, and are likely best suited for different applications. Table 1.1 lists some of the 

applications that I suggest are best suited to each technique (but of course this list is not 

comprehensive). 
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Table 1.1. Comparing different fluid handling platforms on a variety of criterion. 

Criteria Well plate Microchannel Droplet-in-

channel 

Digital 

Microfluidics 

Cost of platform $1-2 per plate $5-10 PDMS 

device 

Same as 

microchannel 

$8-10 per glass 

device 

Reagent volume µL-mL nL-µL pL- nL 100 pL-mL 

Throughput ++ +++ +++ + 

Moving parts? Robotic 

workstations 

Valves and 

pumps 

Valves and 

pumps 

None 

Automation +++ + + +  

Temperature 

control 

+ + + + 

Centrifugation + +++ + + 

Unit operations None Dispensing, 

mixing (+), 

separations, 

valving 

Dispensing, 

mixing (+++), 

splitting, 

merging, sorting 

Dispensing, 

mixing 

(+++),splitting, 

merging 

No. of scientists 

in the field 

> 100,000 >1,000 –>500 ~10 – 20 

Suitable 

applications 

High-throughput 

screening, drug 

screening, PCR, 

Cell culture 

Chemical 

Separations, 

Single Cell 

Analysis, High-

throughput 

screening, simple 

reactions 

Chemical 

reactions, single 

cell analysis, 

high-throughput 

screening, PCR, 

protein 

crystallization 

sample 

preparation, 

adherent cell 

culture and 

analysis, multi-

step assays, 

solvent exchange 
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1.2 Digital Microfluidics 

 
 Digital microfluidics (DMF) is a relatively new microscale liquid handling technique in 

which picoliter–microliter sized droplets are manipulated on arrays of electrodes.9, 10, 29, 30 Like 

the more established technique of microchannel-based fluidics, DMF is being used to miniaturize 

a wide range of applications, with the advantages of reduced sample size, fast heat transfer and 

reaction rates, and integration capacity (i.e., the lab-on-chip concept). As depicted in Figure 1.1, 

in DMF, a droplet containing samples or reagents can be dispensed from reservoirs, moved, 

merged, and split into smaller droplets, each independently from the others. In addition, reagents 

in DMF are isolated– droplets serve as discrete microvessels, in which reactions can be carried 

out without cross-talk between samples or reagents; this stands in contrast to microchannels 

operated in conventional flow format (i.e., no droplets), which are prone to uncontrollable 

hydrostatic and capillary flows. Additionally, as DMF is inherently an array-based technique, it 

is a good match for array-based biochemical applications. Finally, since droplets are manipulated 

on relatively generic platforms (e.g., an M x N array), DMF devices are straightforward to use, 

and are reconfigurable for any desired combination of droplet operations. Note that there are, of 

course, a number of challenges and disadvantages for DMF (many of which have been 

summarized elsewhere9, 10, 29, 30). One significant challenge is the necessity of developing 

electronic systems capable of controlling many different droplet actions in parallel; it is this 

challenge that forms the basis of my thesis work. 
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Figure 1.1: Droplet operations in digital microfluidics (DMF) (A) dispensing from reservoirs, (B) 
merging two droplets, and (C) splitting and mixing droplets. 
 
 

Figure 1.2A depicts two common configurations of digital microfluidic devices: single-plate 

(also referred to as open),31 and two-plate (closed)32 devices. In the two-plate format, droplets are 

sandwiched between two substrates patterned with electrodes. Typically, the top plate consists of 

a continuous ground electrode formed by a transparent, conductive indium tin oxide (ITO) layer. 

The bottom plate houses an array of actuation electrodes. In the one-plate format, droplets are 

positioned on a single substrate bearing both actuation and ground electrodes. In both cases, an 

insulating dielectric layer covers the bottom-plate electrodes, and all surfaces are covered by a 

hydrophobic coating. Two-plate devices are often operated in air, although substitution with 

other filler media, such as silicone oil,33 can reduce the voltage necessary for droplet movement. 
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Although the operational principles are similar, two-plate devices enable a wider range of 

operations, including dispensing, moving, splitting, and merging.32 One-plate devices are 

incapable of splitting and dispensing, but are well suited for preparative applications in which 

analytes are recovered after droplet actuation. All of the work reported in this thesis makes use of 

the two-plate format. 

Forces that affect droplet movement can be divided into driving and resistive forces. 

Theoretical methods for estimating the driving forces have been reported by several groups.32-39 

Early attempts were based on a thermodynamic approach using the Young-Lippman equation 

,   Eq.1.1 

where θ and θ0 are the static contact angles with and without applied voltage, respectively; εr is 

the relative permittivity of the dielectric; ε0 is the permittivity of free space; V is the applied 

voltage; γ is the liquid/filler media surface tension; and d is the dielectric thickness. In this 

approach, droplet movement is assumed to occur because of capillary pressure that results from 

asymmetric contact angles across the droplet. The driving force, F, is equal to  

, Eq.1.2 

where L is the length of the contact line overlapping the actuated electrode. This approach is 

based on experiments of sessile droplets and a phenomenon termed electrowetting on dielectric 

(EWOD),40, 41 which has led to numerous references in the literature to an "EWOD force."32, 33, 37  

Many have noted that the driving force in DMF is a result of electrostatic forces and that 

large contact angle change is not a requirement for droplet movement; instead, the wetting is an 
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observable effect of the forces acting on the droplet.42, 43 The thermodynamic (or EWOD) 

approach requires knowledge of the advancing and receding contact angles and/or estimation of 

these values on the basis of the Young-Lippman equation. This approach also fails to explain the 

liquid-dielectrophoretic force, which is predominant at high frequencies and/or for dielectric 

liquids.42, 43 

 

Figure 1.2: (A) Side-view schematics of two-plate and one-plate DMF devices. (B) The 
overlaid circuit model for a two-plate configuration to determine the force on a droplet. 
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A more direct and generalized approach for estimating the force on a droplet uses a circuit 

representation of the DMF device (Figure 1.2B) and either the Maxwell stress tensor34, 39, 42-44 or 

an electromechanical framework.36, 38 Following the electromechanical derivation, the amount of 

energy, E, capacitively stored in the system is calculated as a function of frequency and droplet 

position along the x axis (the direction of droplet propagation), assuming that the cross-sectional 

area of the drop can be approximated as a square with sides of length L: 

( )
2 2

0 ,liquid ,liquid 0 ,filler ,filler( 2 ) ( 2 )
( , )

2
ri i ri i

i ii i

V j f V j fLE f x x L x
d d

 
= + −  

 
∑ ∑
ε ε π ε ε π

, Eq.1.3 

where εri,liquid, Vi,liquid and εri,filler, Vi,filler are the relative permittivity and voltage drop for the liquid 

and filler fluid portions of the electrode, respectively, and di is the thickness of layer i. The i 

subscript represents one of the dielectric, top and bottom hydrophobic, or liquid/filler layers. The 

change in energy as x goes from zero to L is equivalent to the work done on the system; 

therefore, differentiating Equation 1.3 with respect to x yields the driving force as a function of 

frequency: 

. Eq.1.4 

A critical frequency, fc, can be calculated for each device geometry/liquid combination.38 

Below this frequency, the estimated force reduces to that predicted by the thermodynamic (or 

EWOD) method. In this regime, the force acting on the droplet arises from charges accumulated 

near the three-phase contact line being electrostatically pulled toward the actuated electrode, and 

its magnitude depends almost exclusively on the capacitive energy stored in the dielectric layer. 

Above the critical frequency, a significant electric field gradient is established within the droplet, 

( )
2 2

0 ,liquid ,liquid 0 ,filler ,filler( 2 ) ( 2 )( , )
2

ri i ri i

i ii i

V j f V j fE f x LF f
x d d

 ∂
= = −  ∂  

∑ ∑
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which causes a liquid-dielectrophoretic force to pull the droplet toward the activated electrode. In 

this case, the force is weighted by the difference in permittivity between the liquid and the filler 

medium. At low frequencies (below ~10 kHz), forces on the order of tens of micronewtons can 

be applied to a wide range of fluids by use of a driving voltage of 100 VRMS. Moving liquids that 

have both low conductivity and low permittivity can require prohibitively high voltages even at 

DC,45 although this situation can sometimes be ameliorated by mixing in a second liquid to 

adjust the overall electrical properties. Note that although Eq. 1.4 predicts an actuation force that 

scales with the square of the applied voltage, this relationship breaks down at what is commonly 

referred to as the voltage saturation limit (i.e. where increasing applied voltage past the voltage 

saturation limit no longer increases force) and mechanisms underlying saturation is still under 

debate. 

In addition to the driving electrostatic force acting on the drop, there also exists (a) a 

shear force between the drop and the plates37, 46 (which varies considerably as a function of local 

plate surface smoothness and heterogeneity) and (b) a viscous drag force resulting from 

displacement of the filler fluid46; both of these factors impede drop motion. Droplet movement is 

observed when the driving force (Equation 1.4) is greater than the shear and viscous drag forces. 

A critical motivation for the work described here is the need for automated control systems 

capable of applying the potentials required for droplet movement coupled to sensing schemes to 

determine droplet movement success/failure. 
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1.3 Automation and Digital Microfluidics 

 
DMF has the capacity to translate many droplets in parallel on a single device (without 

valves or pumps) with a significant reduction in manual intervention. But this advantage has 

been difficult to realize, as there are challenges in building automation systems that are capable 

of reliably addressing appropriate sequences of relatively high electric potentials to the 

electrodes, and because droplets do not always respond to the potentials with high fidelity.    

There have been a few automated droplet control systems described in the literature. As 

shown schematically in Figure 1.3A, these systems typically rely on an array of switches that 

control the application of AC (or DC) voltage to each of the electrodes on the device. The states 

of the switches are typically controlled by a computer which can be programmed to actuate the 

electrodes in a user specified sequence. Below I describe the two automated digital microfluidic 

systems that had been described in detail in the literature when I began my thesis work. Both of 

these systems feature feedback control. 

Ren et al.47 described an automated capacitive feedback system to precisely dispense 

droplets on digital microfluidic devices using an external pressure source (Figure 1.3B).  In this 

scheme, an electric motor-driven pump is the pressure source for loading liquid samples onto the 

device. The pump is connected to a pressure regulator and a solenoid three-way valve to provide 

continuous flow. Together they couple to a sample vial that contains a 300 µm O.D. capillary 

positioned between the activated and ground electrode (i.e., top and bottom plates) of a digital 

microfluidic device. A key feature of this system is a capacitive feedback metering system 

(closing the loop of this system) used to monitor droplet dispensing onto the devices. Using this 

system, the operating procedure is as follows:  1) liquid is deposited on an activated electrode 
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(driven by the pump), 2) the accumulation of liquid on the electrode(s) is monitored by 

capacitance, 3) the dispensing volume is determined by the cut-off capacitance of the measured 

electrode, and 4) when the droplet reaches desired volume, the droplet is actuated away from the 

capillary tip by actuation. Using this procedure, the authors reported dispensing volumes 

between 60-1900 nL droplets with high precision (~1-5%) and different viscosities (1-68 cSt). 

However, their external pressure setup compromises the simplicity of a digital microfluidic 

system. A key advantage of digital microfluidics is the ability to dispense droplets on device 

without the use of an external pressure source.    

Gong et al.48 developed an automated digital microfluidic system for on-chip dispensing 

using reservoirs without the external pressure sources and capillary tips. The method included an 

on-chip feedback control system comprising three parts: a digital microfluidic device, high-

voltage actuators, and a feedback controller. The hardware for the feedback controller includes a 

microcontroller (Microchip PIC18F452) with a digital-analog converter to produce DC signals to 

apply to the designated electrodes for on-chip dispensing (Figure 1.3C).  This microcontroller is 

additionally connected to a ring oscillator circuit that measures the capacitance on different 

electrode sites selected by the software program. The ring oscillator circuit generates a high-

frequency oscillation signal and its frequency is inversely proportional to the capacitance of the 

system which is correlated to the droplet volume. The feedback controller algorithm uses a 

proportional-integral-derivative (PID) controller to maintain stable dynamic capacitive 

measurement. Using this system, to the authors reported dispensing more than 12 droplets (~200 

nL each) from reservoirs (without replenishment) with a variance in droplet volume five times 

lower when using feedback control (compared to cases not using feedback control) and with a 

repeatability of droplet volume within 1%. ±
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These systems represented an important step forward for the field, but neither of them is 

ideal. The useful properties and the limitations are listed in Table 1.2; it is these factors that 

motivated the work described in this Ph.D. thesis. Note that very recently, there have been other 

reports of feedback-controlled droplet manipulation49 and capacitance droplet detection 

schemes50, 51 which built partly on the work I describe in chapter 3 (which was published in 

2010). But the limitations of the Ren et al.47 and Gong et al.48 systems were the initial motivators 

of my work. 

 

Table 1.2. Advantages and disadvantage of the digital microfluidic automation systems 

described previously47, 48 

Useful Properties Limitations 

• Droplet manipulation is automated 

• Feedback control demonstrated for 

droplet dispensing fidelity 

• No report of feedback control for 

droplet movement fidelity 

• Only demonstrated for simple aqueous 

solutions (no proteins, complex 

samples, or other “real-world” 

concerns)  

 • No report of capability to manipulate 

droplets in parallel 

 

 

In response to limitations in Table 1.2, I designed and built an automation system to solve 

the problem of low-fidelity droplet movement. As shown in Figure 1.3D, this automation 

circuitry is used to drive a mechanical relay to control the application of a DC or AC driving 

potential. This system was used to culture microorganisms on DMF devices (Chapter 2) and then 

was improved to include impedance sensing and feedback for automated enzyme assays (Chapter 
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3).  

I then developed a new generation of the system comprising a switching board with 80 

solid-state switches (AQV259H) with 2 relays per output (total 40 outputs) (Figure 1.3E). This 

automation system presents significant advantages with the use of solid-state switches (vs. 

mechanical relays) enables faster switching times (i.e., improved performance), greater reliability 

(no moving parts or contacts to degrade), and smaller footprint. Moreover, a new software 

control system was developed that allows users to import custom DMF designs and actuate 

electrodes by clicking relevant buttons in the graphical interface (Figure 1.3F). This system was 

applied to complex “real-world” problems – repeatable analysis of dried blood spot samples 

(Chapter 4) and impedance sensing for mammalian cell proliferation assays (Chapter 5). Finally, 

I have pushed the limits of the system to implement actuation of many droplets in parallel (the 

Appendix) to significantly reduce the number of manual interventions for multiplexed analysis.  

I propose that the new methods and systems reported in this thesis represent an important 

step forward for the field of digital microfluidics. These advances (and others like them) are of 

critical importance, propelling the technique to (finally) begin to living up to its high 

expectations.    
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Figure 1.3: Automation and Digital Microfluidics.  (A) Schematic showing the automation 
setup and connections to a DMF device. (B) Schematic from Ren et al.47 depicting an 
automated droplet dispensing system setup.  Droplet here are introduced from an external 
pressure source. (Reprinted from47, Copyright © (2004) with permission from Elsevier).  
(C) Diagram from Gong et al.48 depicting an automated system for droplet dispensing 
without any external pressure sources (Reproduced with permission from48, Copyright © 
2008 The Royal Society of Chemistry).  (D) A circuit diagram showing the relay driving 
circuit.  This automation setup is described in Chapters 2 and 3. (E) A printed circuit 
board (PCB) bearing the array of solid-state relays.  (F) Screen capture of software used to 
automate droplet movement using (E). This automation setup is a modified version of (D) 
and is described in Chapter 4 and 5. 
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1.4 Thesis Objectives 
 

The work described in my thesis is focused on the development systems for automated 

droplet movement on digital microfluidic devices. To validate the new techniques, I applied the 

system to a number of different applications. The specific aims are shown below which is a 

response to the limitations of current automation systems with feedback (see Table 1.2). 

 

(1) Develop an automated system for droplet movement with high-fidelity by means of 

impedance sensing and feedback control over droplet position. (Chapters 2 and 3) 

(2) Use automated system for a “real-world” application with complex samples, 

including dried blood spots. (Chapter 4) 

(3) Use automated system for impedance sensing of adherent cells (in addition to 

feedback control over droplet position). (Chapter 5) 

(4) Develop methods to automate control of the position of many droplets in parallel. 

(Appendix)  
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Chapter 2 Integrated Microbioreactor for Culture and Analysis 

of Bacteria, Algae and Yeast  
 

In this chapter, we report a micro-scale bioreactor for automated culture and density 

analysis of microorganisms. The microbioreactor is powered by digital microfluidics (DMF) 

and because it is used with bacteria, algae and yeast, we call it the BAY microbioreactor. 

Previous miniaturized bioreactors have relied on microchannels which often require valves, 

mixers and complex optical systems. In contrast, the BAY microbioreactor is capable of 

culturing microorganisms in distinct droplets on a format compatible with conventional bench-

top analyzers without the use of valves, mixers or pumps. Bacteria, algae and yeast were grown 

for up to 5 days with automated semi-continuous mixing and temperature control. Cell densities 

were determined by measuring absorbances through transparent regions of the devices, and 

growth profiles were shown to be comparable to those generated in conventional, macro-scale 

systems. Cell growth and density measurements were integrated in the microbioreactor with a 

fluorescent viability assay and transformation of bacteria with a fluorescent reporter gene. 

These results suggest that DMF may be a useful new tool in automated culture and analysis of 

microorganisms for a wide range of applications.   

 

  



 18 

2.1 Introduction 

  Microorganisms such as bacteria, algae, and yeast are important for a wide range of 

applications. For example, bacteria and yeast are used extensively for protein production52-54 

and genomic studies55, 56, and algae is a potential source of biofuel production57, 58. These types 

of cells are cultured in specialized growth media, often accompanied by active mixing and 

temperature control, and algae cultures have an added requirement of light as an energy source. 

A common method for monitoring growth profiles is to measure the absorbance of the culture 

at a specific wavelength. As biomass accumulates, the absorbance increases in a manner that is 

predictable and correlated with the density of cells in suspension. 

In commercial applications, microorganisms are often grown in bioreactors with volumes 

up to thousands of liters, but prior to large-scale culture, smaller systems (for example, 

microwell plates bearing hundreds of microliters) are used to screen for optimum conditions for 

growth and analyte production59. There is great interest in developing miniaturized culture 

systems to further reduce the costs of consumables, increase throughput and reduce manual 

labour requirements. Most such efforts have relied on enclosed networks of microchannels; for 

example, microfluidic devices have been developed to grow bacteria and yeast with integrated 

sensors60, 61 and/or the ability to precisely control media delivery rates62, 63. Moreover, there is 

great potential for integrating channel-based microorganism culture systems with other 

operations such as dielectrophoretic sorting64, 65 or even single-cell analysis66, 67. However, a 

disadvantage of microchannel-based culture systems is that they are not well-suited to 

absorbance-based cell density measurements because of short path-lengths. Although devices 

with integrated optics68-71 or systems that allow for direct counting of cells 72, 73 offer some relief 

from these problems, fabrication of such devices is complicated and time-consuming, and can 
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lead to high fabrication costs. In addition, parallelization in microchannel-based systems is 

challenging, especially for perfusion systems61-63.  

Here, we introduce a proof-of-principle microbioreactor relying on digital microfluidics 

(DMF)10. In DMF, fluid droplets are controlled in parallel on an open surface by applying 

electrical potentials to an array of electrodes coated with a hydrophobic insulator [for a 

comprehensive review of device geometries and fabrication techniques, see29]. DMF has become 

a popular tool for biochemical applications, including mammalian cell-based assays74-76, enzyme 

assays77-79, immunoassays80, 81, protein processing82-87, the polymerase chain reaction88, and 

clinical sample processing and analysis89. However, there is only one report of the use of DMF 

with microorganisms – Son and Garrell demonstrated that droplets containing yeast could be 

moved on a DMF system90. In the present work we have built on these preliminary results, 

demonstrating a system capable of automated growth and density analysis of several different 

types of microorganisms. To validate the new technique, the growth characteristics of bacteria, 

algae, and yeast were measured and compared to those of microorganisms grown and analyzed 

using conventional macroscale techniques. Furthermore, a viability assay and a genetic 

transformation were implemented on-chip to illustrate how the platform can be integrated with 

down-stream analyses after up-stream culture and density measurement.  
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2.2 Experimental 

2.2.1  Reagents and Materials 

Unless specified otherwise, reagents were purchased from Sigma-Aldrich (Oakville, ON). 

Escherichia coli DH5α were generously donated by Prof. Kevin Truong (Institute of 

Biomaterials and Biomedical Engineering, University of Toronto). Saccharomyces cerevisiae 

BY4741 (S288C Background) were generously donated by Prof. Igor Stagjlar (Department of 

Medical Genetics and Microbiology, University of Toronto). Cyclotella cryptica (CCMP 332) 

algae and associated culture reagents were purchased from the Center for Culture of Marine 

Phytoplankton (Maine, NE).  

 

2.2.2  Macroscale Culture 

Bacteria and yeast were grown in 3-mL aliquots of media (LB broth and YPD broth, 

respectively) in vented tubes in a shaking incubator (37°C/225 rpm and 30°C/200 rpm/45° 

inclination, respectively). To generate growth curves, 0.3 mL aliquots of saturated culture (OD600 

= 2.76 ± 0.02 for bacteria and OD600 = 6.95 ± 0.14 for yeast) were inoculated into 2.7 mL fresh 

broth, and absorbance at 600 nm of diluted aliquots were measured periodically using a UV/Vis 

spectrophotometer (Eppendorf, Westbury, NY). Algae was grown in 30-60 mL aliquots of f/2 

medium (CCMP, Maine, NE) supplemented with biotin and cyanocobalamin (2 nM final 

concentration ea., CCMP) in vented bottles at 14°C with agitation by magnetic stir bar (60 rpm), 

with continuous illumination by a 60 W lamp positioned 20 cm from the culture. Algae were 

maintained by weekly subculture at inoculation densities of ~9.0 x 105 cells/mL. To initiate 

growth curves, exponentially proliferating algae were harvested by centrifugation (2000 g, 12 

min) and inoculated in medium at a density of 7.0 x 104 cells/mL, and absorbance at 660 nm was 
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measured periodically using a UV/Vis spectrophotometer (Shimadzu, Burlington, ON). All 

cultures were evaluated by microscopy (Leica DM2000, Leica Microsystems Canada, Richmond 

Hill, ON) and were grown and evaluated in triplicate.  

 

2.2.3 Device Fabrication  

Devices were fabricated in the University of Toronto Emerging Communications 

Technology Institute (ECTI) fabrication facility. Fabrication supplies included parylene-C dimer 

from Specialty Coating Systems (Indianapolis, IN), Teflon-AF from DuPont (Wilmington, DE), 

and A-174 silane from GE Silicones (Albany, NY). Silane solution comprised isopropanol, DI 

water, and A-174 solution (50:50:1 v/v/v). 

Glass substrates bearing patterned chromium electrodes (used as bottom plates of DMF 

devices) were formed by photolithography and etching as described previously74 using 

photomasks printed with 20,000 dpi resolution by Pacific Arts and Design (Toronto, ON). After 

patterning, devices were primed for parylene coating by immersing them in silane solution for 15 

min, allowing them to air-dry and then washing with isopropanol. After priming, devices were 

coated with Parylene-C (6.9 µm) and Teflon-AF (235 nm). Parylene was applied by evaporating 

15 g of dimer in a vapor deposition instrument (Model PDS 2010 LABCOTER® 2, Specialty 

Coating Systems, Indianapolis, IN), and Teflon-AF was spin-coated (1% w/w in Fluorinert FC-

40, 2000 rpm, 60 s) and then post-baked on a hot-plate (160 °C, 10 min). To facilitate the 

application of driving potentials , the polymer coatings were locally removed from the contact 

pads  by gentle scraping with a scalpel. Unpatterned top plates were formed by spin-coating 

indium tin oxide (ITO) coated glass substrates (Delta Technologies, Stillwater, MN) with Teflon-

AF (235 nm, as above). 
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2.2.4 Device Operation 

As depicted in Figure 2.1, the BAY microbioreactor comprises a reactor region (four 10.5 

x 9.5 mm electrodes arranged in a 2 x 2 array) mated to a sample region (three rows of eleven 3 x 

3 mm electrodes) and a reservoir region (three 6 x 6 mm electrodes, one for each sample row). 

Each of the droplet actuation electrodes (shown) are connected by microfabricated wires to 

contact pads (not shown for clarity) to facilitate application of driving potentials. Each of the 

three rows includes an L-shaped electrode which defines a 1.5 x 1.5 mm transparent window for 

absorbance measurements. Prior to an experiment, reagents were pipetted onto the appropriate 

electrodes on a bottom plate, and then an unpatterned, transparent top ITO-coated plate was 

positioned onto the device, sandwiching the droplets between the two plates. The spacing 

between the two plates was defined by 350-µm thick spacers formed from five-high stacks of 

double-sided tape. Driving potentials of 400-500 Vrms were generated by amplifying the output 

of a function generator (Agilent Technologies, Santa Clara, CA) operating at 1-5 kHz, and 

droplets were actuated by applying driving potentials between the top electrode (ground) and 

sequential electrodes on the bottom plate.  
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Figure 2.1: Schematic of BAY microbioreactor. A reactor region contains the mother drop, from 
which daughter droplets are dispensed for analysis in the sample region or mixed with reagents 
dispensed from the reservoir region. L-shaped electrodes in the sample region define 1.5 x 1.5 mm 
transparent windows which are used for absorbance measurements.  
 

Droplet motion was managed using an automated control system. Briefly, a computer 

running a custom LabVIEW (National Instruments, Austin, TX) program interfaced to a 

DAQPAD 6507 (National Instruments, Austin, TX) controls the states of a network of high-

voltage relays (RT424012F, Tyco Electronics, Berwyn, PA). The inputs of the relays are 

connected to the function generator/amplifier (see above), and the outputs of the relays mated to 

the contact pads on the bottom plate of a device via a 40-pin connector. In practice, the user 

manually loads reagents into the microbioreactor and then inputs a series of desired droplet 

movement steps, after which all droplet actuation is controlled automatically by the system.  
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2.2.5 Microscale Cultures 

The media used for microscale culture were identical to those used for macroscale culture 

(see Macroscale Culture section), but supplemented with Pluronic F68 (bacteria and yeast 0.1 % 

w/v, algae 0.02%). We regularly use pluronic additives to reduce adhesion of cells74, 76 and 

proteins91 to DMF device substrates and have found no detrimental effects on cell vitality or 

proliferation. Prior to use, devices were sterilized by rinsing in 70% ethanol, and microorganisms 

were grown in ~70 µL aliquots termed “mother drops” in the reactor region. During culture, the 

devices were stored in a humidified chamber (a sealed Petri dish saturated with water vapor), and 

the mother drops were actuated in a circular pattern at programmed intervals. Temperatures were 

controlled by means of a digital hot-plate (bacteria and yeast) or by storage in a chilled room 

(algae). Algae cultures were positioned under a 60 W lamp (at a distance of 20 cm) for 

continuous illumination. The parameters for each type of culture are listed in Table 2.1.  

 

Table 2.1. Parameters used for microfluidic culture and analysis of bacteria, algae, and yeast 
 E. coli S. cerevisiae C. cryptica 

Growth Media 
 

LB broth YPD broth f/2 
supplemented 
with biotin and 
cyanocobalamin 

Temperature (°C) 
 

37 30 14 

Mixing Frequency (min) 
 

2.5 2.5 120 

Absorbance Measurement 
Frequency (h) 

1 2 24 

 

 

 



 25 

 

To generate growth curves, microbial cultures were initialized by inoculating culture 

fluid into fresh media, using identical procedures and densities to those used in the macroscale 

(see Macroscale Culture section). Mother drops containing bacteria, algae, or yeast were then 

grown with automated semi-continuous mixing. For absorbance measurements, three ~7 µL 

daughter droplets were dispensed from the mother drop onto the sample region and were driven 

to the L-shaped electrodes at designated intervals (see Table 2.1). The microbioreactors were 

then positioned onto the tops of transparent 96 well-plates and inserted into a PHERAstar 

microplate reader (BMG Labtech, Durham, NC) for absorbance measurements at 600 nm for 

bacteria/yeast and 660 nm for algae. The absorbances were collected using a well-scanning 

program, in which 8 separate measurements were collected from pre-determined spots in a ~2.25 

mm2 area. The absorbances of the three daughter droplets were averaged together and were 

background-corrected by subtracting the average absorbance (collected once at the beginning of 

each experiment) measured from droplets containing only media on the same devices. After 

measuring the optical densities, the daughter droplets were translated by DMF actuation back to 

the reactor region where they were re-combined with the mother drop for continued culture. 

 

2.2.6 Growth Curve Generation 

To generate growth curves for each microorganism, OD measurements from the well 

plate reader and benchtop spectrometers were plotted in natural log scale. The data were then 

baseline corrected (subtracting the lowest value) and re-scaled (dividing by the highest, corrected 

macroscale value) to generate growth curves in the range of 0-1 for comparison between 

macroscale and microscale profiles. For each data point, three replicate measurements were 
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obtained and the average and standard deviations were plotted as a function of time. Doubling 

times (Td) were calculated as follows: 

 

 

 

Where K is the growth rate, c1and c2 correspond to the cell densities as determined by 

absorbance at time t1 and t2 respectively.  Doubling time values were taken during early log 

phase growth and compared using a two-tailed t-test.  

 

2.2.7 Cell Death Assays 

 The viability of S. cerevisiae yeast grown in BAY microbioreactors was assayed using 

the nucleic acid dye Ethidium homodimer-1 (EthD-1) (Invitrogen Molecular Probes, Eugene, 

OR). Prior to operation, a 20 µL mixture of 2 µM EthD-1 in PBS supplemented with 0.05% F68 

was added to one reservoir and another mixture of 2 µM EthD-1 in PBS supplemented with 

0.05% F68 and 0.05% (v/v) Triton X-100 was added to another. Yeast were then inoculated as 

described above and incubated at 30°C with automated mixing for 4 hours before the assay was 

started. The assay was completed by dispensing daughter droplets of yeast from the mother drop 

and merging each of them with droplets containing Triton X-100 and dye dispensed from the 

reservoirs. The combined droplets were mixed in the sample region by actuation along the linear 

path 10 times. The microbioreactor was incubated at 30°C for 1 hour and then visualized for 
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fluorescence over a square sample electrode.  

 

2.2.8 Transformation 

 E. coli bacteria were transformed in a BAY microbioreactor with a pTriEx vector 

encoding yellow fluorescent protein (YFP) and ampicillin resistance (generously donated by 

Kevin Truong, University of Toronto). Prior to operation, a 20 µL mixture of 200 ng plasmid 

DNA and 0.20 M CaCl2 in LB broth without antibiotic supplemented with 0.05% F68 was added 

to a reservoir. Bacteria (without ampicillin resistance) were then inoculated as described above 

and incubated at 37°C with automated mixing for 1 hour before transformation. After confirming 

that the cultures were at early log phase densities (as above), the microbioreactor was placed on 

ice for 5 minutes, after which a daughter droplet was combined with an equal volume droplet 

dispensed from the reservoir and mixed in the sample region by actuating the droplet in the 

sample region approximately 10 times. The microbioreactor was chilled on ice for 1 hour, 

rapidly heated on a hot plate at 42°C for 50 seconds and then cooled on ice for an additional 1 

minute. The microbioreactor was incubated at 37°C for 1 hour with automated mixing after 

which the droplet containing transformed bacteria was spread on an LB agar plate containing 

ampicillin at 100 mg/L and incubated overnight at 37°C to allow colony formation.  
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2.3 Results and Discussion 

2.3.1 BAY Microbioreactor 

A wide range of applications for microorganisms, particularly those involving screening 

of different conditions, would benefit from automated, micro-scale culture techniques. Here, we 

present an automated microbioreactor using digital microfluidics that is capable of culture, 

analysis and transformation of microorganisms in droplets. We call this device the “BAY” 

microbioreactor, after the three microorganism species used here: bacteria (E. coli), algae (C. 

cryptica) and yeast (S. cerevisiae). 

The primary function of the BAY microbioreactor is long-term cell culture. As shown in 

Figure 2.1, the device was designed such that culture takes place in a ~70 µL aliquot of media 

called a “mother drop.” In conventional bioreactors, cultured cells are gently and continuously 

mixed to ensure uniform distribution of dissolved gases, nutrients, and the cells themselves63, 64.  

In the BAY microbioreactor, this function was accomplished by manipulating the mother drop in 

a circular path at regular intervals. As has been reported elsewhere92-94, when droplets are 

actuated in similar paths in array-based DMF systems, droplet contents are mixed at rates up to 

10-50x faster than by diffusion alone. As shown in Figure 2.2A, in the current work, each 

circular mix step comprised a sequence of four movements between adjacent electrodes. While 

future designs may be developed for more efficient mixing [using more complex DMF 

movement paths such as figure-eights93], in this work, a simple circular path was observed to be 

adequate. 
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Figure 2.2: Sequence of images from a movie of the BAY microbioreactor in action.  In (A), the 
mother drop was mixed by an automated control mechanism.  The drop was moved in a circular 
pattern on the four large electrodes (which facilitates active mixing) at specific time intervals (i.e., 
every 2.5 minutes for bacteria and yeast and every 2 hours for algae).  In (B), daughter droplets 
were dispensed from the mother drop to facilitate absorption measurements and were returned to 
the mother drop after measurement. 
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To facilitate automated microorganism culture, the BAY microbioreactor was designed to 

be compatible with absorbance measurements, which serve as an indicator of cell density. As 

shown in Figure 2.2B, in each such measurement, three daughter droplets were dispensed 

successively from the mother drop and were driven onto L-shaped electrodes for analysis using a 

well plate reader. The frequency of these measurements (i.e., every 1 h for bacteria, 2 h for yeast 

and 24 h for algae) was determined by the growth rates of the organism. After the measurements, 

the daughter droplets were returned to mother drops to continue incubation (thus maintaining the 

volume of the culture). The L-shaped electrodes were designed with transparent regions that are 

one quarter (1/4) of the area of the square electrode. Other ratios of window to electrode area 

(e.g. 1/2 and 1/8) were evaluated, but were found to be sub-optimal, as droplets either were not 

reliably moved over the window (1/2) or the window was too small for reproducible 

measurements in the plate reader (1/8). While the strategy of using an L-shaped electrode 

worked well in the current design, future devices might be formed using transparent driving 

electrodes for simultaneous incubation and analysis.   

A significant advantage of the new technique is the simplicity of the analysis, especially 

when evaluation of many different conditions is required. The L-shaped electrodes in BAY 

devices were designed to be 9 mm from each other, matching the pitch of a 96-well plate, and 

absorbances were measured by inserting devices into a multiwell plate reader. As described 

elsewhere for other applications,74, 77, 84 we propose that compatibility with off-the-shelf optical 

detectors is an attractive feature of DMF-based systems. The optical path-length for absorbance 

measurements in the BAY devices is determined by the spacer thickness between top and bottom 

plates in the device. A 350 µm spacer was used for the work reported here, but DMF is 

compatible with inter-plate spacers of up to several millimeters (data not shown).  
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Other advantages of this method are the ease with which active mixing can be 

incorporated and the inherent batch mode of operation. For the former, many microscale reactors 

rely on diffusion for mass transport, which is inefficient for cell-sized particles95. Specially 

designed micromechanical mixers can provide some relief for this limitation in microchannels61, 

96; in contrast, simple repetitive manipulation of droplets in the DMF microbioreactor is 

sufficient for active mixing without added complexity. Although the current generation of BAY 

devices was designed for a single culture, the format, which matches the pitch and dimensions of 

multiwell plates and detectors, is likely scalable in future generations for analysis of different 

culture and analysis conditions in parallel. We propose that future generations of BAY systems 

may be useful for growth and screening of many populations of organisms [e.g. S. cerevisiae 

gene deletion libraries97]. 
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Figure 2.3: Photomicrographs of daughter droplets positioned on L-shaped electrodes containing 
(A) E. coli at 0 and 8 hours, (B) C. cryptica at 0 and 5 days, and (C) S. cerevisiae at 0 and 12 hours in 
BAY microbioreactors. Scale bars are 500 µm. 
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2.3.2 BAY Culture 

To compare the growth rates of microorganisms grown in BAY microbioreactors to those 

cultured by conventional means, bacteria, yeast and algae grown in both systems (micro- and 

macro-scale) were interrogated with absorbance measurements over 8, 12 or 120 hours of 

culture. As described in the methods section, the culture conditions in both systems (macro-scale 

or BAY) were similar. Cell proliferation with minimal clumping was observed in both systems 

for all three microorganisms over the course of the experiments (Figure 2.3). As shown in Figure 

2.4 and Table 2.2, the growth rates of bacteria, algae, and yeast were similar for the macro- and 

micro-scale; this is striking, given the significant differences between the systems (volumes, 

electrostatic actuation, detectors, etc.).  

 

Table 2.2. Exponential doubling times of bacteria, yeast and algae in macro and micro-scale 
formats. P-values compare the difference between macro- and micro-scale. 
 E. coli S. cerevisiae C. cryptica 

Macro-scale 
Doubling Time (h) 
 

0.79 ± 0.06 1.80 ± 0.24 37.0 ± 1.2 

Micro-scale 
Doubling Time (h) 
 

1.23 ± 0.43 1.88 ± 0.15 42.6 ± 2.4 

P-value 0.08 0.31 0.02 
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Figure 2.4: Representative growth curves of (A) E. coli, (B) C. cryptica, and (C) S. cerevisiae grown 
in macroscale (circles) or in BAY microbioreactors (triangles). Absorbance measurements were 
taken at 600 nm for bacteria/yeast and 660 nm for algae and were normalized to the highest value. 
Macroscale measurements were conducted using benchtop UV/Vis spectrophotometers while 
microscale measurements were conducted on BAY microbioreactors using a well-plate reader. 
Samples were evaluated in triplicate and error bars represent one standard deviation. 

B ‐ Algae 

C ‐ Yeast 

A ‐ Bacteria 
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We speculate that the variations in the growth rates between the micro- and macro-scale 

systems may be caused by a number of factors. The most likely is temperature differences since 

small fluctuations in incubation temperature can result in vastly different growth rates in 

bacteria, algae and yeast98-100. This difference between the macro- and micro-scale systems is 

most relevant during absorbance measurements – in the macro-scale system, small aliquots were 

collected from the main culture, measured for density, and then disposed (while the main culture 

remained at temperature). In the micro-scale system, the entire device (including the main 

culture) remained at room temperature (in the plate reader) during density measurements. In the 

future, a plate reader with temperature control might be used to correct for this. Other potential 

sources of variation may include differences in mixing efficiency and imprecise temperature 

control on hot plates in comparison to incubators.  

The greater variances in the optical density measurements in the microscale are most 

likely a result of the combination of shorter path lengths in the microscale (350 µm versus 1 cm) 

and differences in the analysis tools (well-plate reader versus benchtop spectrophotometer).  

 

2.3.3 BAY Downstream Processing/Analysis 

A key advantage of microfluidic systems is the potential for integration of multiple 

processes onto a single platform. To illustrate this point with the BAY microbioreactor, two 

different downstream processes were integrated: a fluorescent viability assay of yeast and genetic 

transformation of bacteria. In the former, the viability of S. cerevisiae grown in the BAY 

microbioreactor was assayed on-chip with a fluorescent nucleic acid stain (EthD-1). Dye with or 

without the surfactant, Triton X-100, was loaded into device reservoirs, the yeast were grown for 
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4 hours and then daughter droplets dispensed and mixed with reagents dispensed from reservoirs. 

Figures 2.5A-C are representative images collected in this assay, which demonstrates the toxicity 

of Triton-X 100 at this concentration. Here, fluorescence was used a read-out for cell death; in 

the future, we propose that many other probes or assays relying on fluorescence or luminescence 

are likely compatible with the BAY microbioreactor.  

In the latter application, genetic manipulation was implemented on-chip; this is 

particularly relevant for the BAY reactor, as this process is typically performed in early to mid-

log phase growth101. To demonstrate this integrated process, E. coli were grown and their optical 

densities were measured to confirm that they were in early to mid-log phase. The droplets 

containing the bacteria were then transformed with a YFP reporter gene in a step-wise process 

involving several thermal cycling steps and exposure to calcium chloride (which facilitates gene 

uptake). After transformation, the bacteria were spread on an ampicillin agar plate overnight to 

confirm successful transformation (Figure 2.5D).  
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Figure 2.5: Representative images of yeast viability assay and bacterial transformation. Yeast 
grown for 4 hours in BAY microbioreactor were incubated with 2 µM Ethidium homodimer-1. (A) 
and (B) are brightfield and fluorescence images of yeast not exposed to Triton X-100, and (C) is a 
fluorescence image of yeast exposed to0.05% (v/v) Triton X-100. Brightfield images of yeast 
exposed to Triton X-100 were similar to (A) and are not shown. Comparison of the images reveals 
that  over 99% of the yeast were non-viable after treatment with Triton X-100.  (D) is a fluorescent 
image of an LB agar plate spread with YFP-transformed bacteria. Scale bars are 60 µm. 
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In this work, we have demonstrated a device architecture that can be used for microliter-

scale culture of bacteria, algae, and yeast, and integration with down-stream processing. But we 

propose that the principle of using digital microfluidics for microorganism culture, analysis and 

manipulation could extend to an even wider range of organisms and high-throughput 

technologies (e.g. two-hybrid screens). Devices can be configured to accommodate droplets 

ranging from nanoliters to milliliters102, and electrodes can be arranged into virtually unlimited  

numbers of spatial configurations. For example, future designs might be developed for self-

contained culture of limited supply or dangerous species, yielding information on gene 

expression, protein interactions, and biological interactions within living cells, microarray or 

parallel-scale culture (e.g., on 384-well or 1536-well formats)103-105, or integration with 

microchannels106, 107 for other types of analyses66, 67, 89.  
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2.4  Conclusion 

A platform for the integrated growth and cell density analysis of microorganisms in 

distinct microdroplets has been developed using digital microfluidics (DMF). These 

microbioreactors operate with automated semi-continuous DMF-driven mixing and are 

compatible with a diverse range of organisms and processes. The new technique may be 

beneficial for microbial applications that require miniaturization or parallelization in highly 

customizable formats.  
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Chapter 3 A Feedback Control System for High-Fidelity Digital 

Microfluidics 

 
Digital microfluidics (DMF) is a technique in which discrete droplets are manipulated by 

applying electrical fields to an array of electrodes. In an ideal DMF system, each application of 

driving potential would cause a targeted droplet to move onto an energized electrode (i.e., perfect 

fidelity between driving voltage and actuation); however, in real systems, droplets are sometimes 

observed to resist movement onto particular electrodes. Here, we implement a sensing and 

feedback control system in which all droplet movements are monitored, such that when a 

movement failure is observed, additional driving voltages can be applied until the droplet 

completes the desired operation. The new system was evaluated for a series of liquids including 

water, methanol, and cell culture medium containing fetal bovine serum, and feedback control 

was observed to result in dramatic improvements in droplet actuation fidelity and velocity. The 

utility of the new system was validated by implementing an enzyme kinetics assay with 

continuous mixing. The new platform for digital microfluidics is simple and inexpensive and 

thus should be useful for scientists and engineers who are developing automated analysis 

platforms. 
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3.1  Introduction 

Digital microfluidics (DMF) is a technique in which discrete droplets are manipulated by 

applying electrical fields to an array of electrodes.29 An advantage of DMF is that droplets serve 

as discrete microvessels in which reactions can be carried out without cross-talk between 

samples or reagents. In contrast to the more conventional geometry of enclosed microchannels, 

each sample on a DMF device can be addressed individually,10 and reagents can be dispensed 

from reservoirs, moved, merged and split.32  

There is much enthusiasm for using DMF for applications such as cell culture and 

assays,74-76, 90 DNA sample processing and analysis,88, 102, 108, 109 protein sample processing and 

analysis,82-87, 110 enzyme assays,77-79 immunoassays,81, 111 and clinical sample processing.89 

Despite this enthusiasm, the technology is still new, and there are significant challenges that 

prevent its widespread adoption in the lab-on-a-chip community. One such challenge is the 

imperfect fidelity between driving voltage and actuation. In an ideal DMF system each 

application of driving potential would cause a targeted droplet to move onto an energized 

electrode; however, in real systems (particularly in those not submerged in oil), droplets are 

sometimes observed to resist movement onto particular electrodes. A likely cause for this 

phenomenon is droplet stiction on surface heterogeneities, such as scratches, dust, or reagents 

that have adsorbed onto the surface from other droplets. The latter (unwanted adsorption onto 

surfaces) is of particular concern, and we91, 112 and others113 have developed strategies to limit its 

effects; however, actuation fidelity continues to be problematic for many applications. 

A potential solution to this problem is to implement a sensing and feedback control 

system. In such a scheme, all droplet movements are monitored such that when a movement 

failure is observed, additional driving voltages can be applied until the droplet completes the 
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desired operation. We are aware of two such methods reported in previous studies. In the first, 

Ren et al.47 used a ring oscillator circuit to measure droplet position as a function of capacitance. 

In this circuit, a Hex Schmitt Trigger was used to generate a high-frequency oscillation signal for 

sensing, and the system was used to facilitate high-precision droplet dispensing. In the second 

study, Gong and Kim48 used a similar ring oscillator circuit for capacitive sensing, and in 

addition, applied a proportional integral derivative (PID) control algorithm to facilitate even 

greater precision in droplet dispensing. Both of these methods used sophisticated high-frequency 

electronic circuits that require significant user expertise to implement. In addition, these schemes 

required that the droplet driving potentials be DC rather than the more common AC droplet 

driving signals; DC driving potentials for digital microfluidics are often avoided because devices 

suffer greater risk of unwanted dielectric breakdown and electrolysis.114 Moreover, the 

performance of these initial techniques47, 48 was not reported for liquids containing proteins and 

other sticky constituents (a necessity for many applications).  

In response to these limitations, we developed a new sensing and feedback control system 

compatible with AC driving potentials, driven by an inexpensive, passive circuit comprising only 

a few resistors and a capacitor. We applied this system to actuating a range of fluids, including 

water, methanol, and cell culture media containing fetal bovine serum (a mixture of sticky 

proteins), with nearly perfect droplet actuation fidelity. The system was validated by application 

to an enzyme kinetics assay with continuous mixing. Here, we present the assembly and 

operation details for the new system, and speculate that it may be useful for scientists and 

engineers who are developing automated digital microfluidic analysis platforms for a wide range 

of applications, including those that involve sticky proteins and other biomolecules. 
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3.2  Experimental 

3.2.1 Reagents and Materials 

Methanol, glycerol, RPMI 1640 (cell culture media) and pluronic F68 and F127 were 

purchased from Sigma Chemical (Oakville, ON). Dulbecco’s phosphate buffered saline (PBS), 

fetal bovine serum (FBS) and E6638 Enzchek protease assay kit were purchased from Life 

Technologies (Burlington, ON). Parylene-C dimer was from Specialty Coating Systems 

(Indianapolis, IN), A-174 silane was from GE Silicones (Albany, NY), and Teflon-AF was from 

DuPont (Wilmington, DE). In all experiments, solvents were HPLC-grade and deionized (DI) 

water had a resistivity of 18 MΩ·cm at 25 °C.  

 

3.2.2 Device Fabrication  

Devices were fabricated in the University of Toronto Emerging Communications 

Technology Institute (ECTI) fabrication facility. Glass substrates bearing patterned chromium 

electrodes (used as bottom plates of DMF devices) were formed by photolithography and etching 

as described previously112 using photomasks printed with 20,000 dpi resolution by Pacific Arts 

and Design (Toronto, ON). After patterning, devices were primed for parylene coating by 

immersing them in silane solution for 15 min, allowing them to air-dry and then washing with 

isopropanol. After priming, devices were coated with Parylene-C (~7.5 µm) and Teflon-AF (150 

nm). Parylene was applied by evaporating 15.5 g of dimer in a vapor deposition instrument 

(Specialty Coating Systems, Indianapolis, IN), and Teflon-AF was spin-coated (1% Fluoinert 

FC-40, 2000 rpm, 60 s) and then post-baked on a hot-plate (160 °C, 10 min). Dicing tape was 

placed on the electrode contact pads prior to parylene coating and was removed after coating. 

Unpatterned top plates were formed by spin-coating indium tin oxide (ITO) coated glass 
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substrates (Delta Technologies, Stillwater, MN) with Teflon-AF (150 nm, as above). 

 

3.2.3 Device Assembly and Operation 

Devices were assembled with an unpatterned ITO/glass top plate and a patterned bottom 

plate separated by a spacer formed from one or two pieces of double-sided tape (70 or 140 µm 

thick). Droplets were sandwiched between the two plates and were actuated by applying electric 

potentials between the top electrode and sequential electrodes on the bottom plate. Two device 

designs were used, each bearing square driving electrodes separated by gaps of 30 µm; electrode 

patterns and dimensions are listed in Table 3.1. Each driving electrode and reservoir was 

connected to a contact pad in an array of pads on the side of the device (contact pads and 

connectors are not shown in Table 3.1). Droplet actuation was monitored and recorded by a CCD 

camera mounted on a stereomicroscope. Reagents were manually loaded into the reservoirs (or 

directly onto driving electrodes for devices without reservoirs). 

 

Table 3.1. Digital microfluidic devices 

 
 

Electrode 
pattern 

Reservoir 
electrode 

size 

Driving 
electrode 

size 

Spacer 
height 

Droplet 
volume 

Device 1 
 
 N/A 

 
3 mm 

 
140 µm 

 
~1.3 µL 

 

Device 2 

 
 
 
 
 
 
 
 
 

4 mm 

2 mm 
(dispensing)

3 mm 
(mixing) 

70 µm 

~1.1µL 
(reservoir) 
~0.3 µL 

(dispense)
~0.6 µL 
(merged) 



 45 

 

Droplet motion was managed using an automated control system with a measurement 

circuit depicted in Figure 3.1. Briefly, a computer running a custom LabVIEW (National 

Instruments, Austin, TX) program interfaced to a digital/analog switching board (DAQPAD 

6507, National Instruments) controls the states of 96 high-voltage relays (RT424012F, Tyco 

Electronics, Berwyn, PA) via dedicated transistors and comparators. The 96 relays are arranged 

into 48 pairs (S1 and S2) configured to designate three states: high-voltage (S1: off, S2: on), 

ground (S1: on, S2: off) or float (S1: off., S2: off). (High-voltage driving potentials of 140-150 

Vrms were generated by amplifying a sine-wave output of a function generator operating at 15 

kHz.) The outputs of each pair of relays are mated to contact pads on the bottom plate of a device 

via a 40-pin connector (Compar Inc., Burlington ON). To minimize capacitive coupling between 

driving signals, every second pin on the 40-pin connector is grounded. The un-patterned top plate 

is connected to the measurement circuit (see Figure 3.1) via an alligator clip, and the feedback 

voltage, Vfeed, is connected to the computer via a digital/analog converter and a voltage sensor 

(NI 9221, National Instruments). In practice, the user inputs a series of desired droplet movement 

steps into the control software, after which all droplet actuation is controlled automatically by the 

system. 
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Figure 3.1:  Schematics of the droplet control system. (A) Overview schematic of the droplet control 
system, showing the relationships between the PC, the function generator and amplifier, the relay 
box, the DMF device, and the measurement circuit. (B) Detailed schematic and circuit model of the 
DMF device and the measurement circuit. 
 

3.2.4 Impedance Measurement Circuit 

The electrical model including the measurement circuit is shown in Figure 3.1B. Briefly, 

the measurement circuit is attached to the device top plate (i.e. the ITO-coated slide) and it 

consists of two parts: (1) a voltage divider (a 1 M resistor in series with a 1 M resistor and a 1 pF 

capacitor in parallel) and (2) a parallel resistor, Radj (a potentiometer). The output of the circuit, 

Vfeed, is measured across the parallel combination of the 1M resistor and 1 pF capacitor to ground 
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as shown in Figure 3.1B. The circuit was designed such that ~90% of the applied voltage 

dropped across the insulating (parylene) layer of the bottom plate of the device, leaving ~10% of 

the voltage to drop across the measurement circuit. This was achieved empirically for each 

device design and fluid by tuning the resistance of the potentiometer, Radj. Typical values for Radj 

in the devices and liquids used here were ~1 k-20 k.   

 

3.2.5  Feedback Control System 

In the new feedback system, droplet position is sensed as a function of the measured 

potential, Vfeed. When Vfeed is measured across an electrode not bearing a droplet (i.e., with air 

between the top and bottom plates), Vfeed is  ~0 V because air has very high impedance (i.e., 

almost infinite impedance). In contrast, when Vfeed is measured across an electrode bearing a 

liquid droplet, the finite impedance of the liquid (~MΩ) causes Vfeed to be greater than 0 V. The 

value of Vfeed depends on the magnitude and frequency of the applied voltage, the size of the 

electrode, the thickness of the dielectric layer, and the conductivity of liquid. Before operating 

with feedback, a threshold value, Vthresh, was determined empirically by actuating an electrode 

bearing a droplet and storing the measured Vfeed as Vthresh. Typical values of Vthresh in the devices 

and liquids used here were ~3–20 V.  

In conventional operation (without feedback), each droplet movement was initiated by 

application of a voltage pulse to a specific electrode; this step was then iteratively repeated to 

adjacent electrodes to cause the droplet to move across the device. The droplet velocity (V) is the 

ratio of the length of an electrode, L, to the duration of the voltage pulse (DP), V = L/ DP. If any 

droplet movement is unsuccessful, the sequence of programmed steps will fail, catastrophically. 

In feedback control mode, each voltage was applied for a set duration during which an 
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impedance sensing measurement was made. This period was followed by a comparison step 

(with duration DC), in which the software compared Vfeed to Vthresh. If Vfeed was less than Vthresh, 

the driving potential was applied (again) to the same electrode. If Vfeed was greater than or equal 

to Vthresh, the program continued to the next electrode. In practice, droplets were observed to 

move more slowly over some "sticky" electrodes (i.e., required more voltage pulses) than others. 

At the conclusion of each assay, the total number of voltage pulses (NP) was recorded by the 

software, and velocity was calculated as V = L×NM /[NP×(DP+DC)], where  NM  was the number 

of programmed electrode movements. 

 

3.2.6 Droplet Actuation Reliability 

To evaluate digital microfluidic actuation fidelity, a simple assay was devised in which a 

droplet was programmed to move back and forth across the eight electrodes on device 1 (Table 

3.1) twenty times, a total of 140 movements. In conventional mode without feedback, several 

different experiments were performed with different actuation pulse durations (DP = 200, 400, 

800, 1600, 3200, 6400, 12800 ms) per electrode. In feedback mode, a voltage pulse duration of 

DP = 200 ms was used, with a comparison step between each voltage pulse of DC = 15 ms. A "% 

completion" parameter was defined as the number of successful droplet movements divided by 

the total number of programmed steps (i.e., 140). In all experiments, five trials on five separate 

devices were performed. A t-test was used to evaluate significance between the results. Droplets 

of several different liquids were tested including methanol, deionized water, phosphate buffered 

saline, a 50:50 mixture of deionized water and glycerol, cell culture medium containing 10% v/v 

fetal bovine serum and 0.05% w/v Pluronic F-68 additive, and phosphate buffered saline 

containing 1% w/v bovine serum albumin and 0.05% w/v Pluronic F-68 additive. Viscosities 
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were measured using a U-tube viscometer (Fisher Scientific, Ottawa ON). 

 

3.2.7 Enzyme Assay 

A digital microfluidic protease activity assay was implemented in a manner similar to our 

previous study.91 Briefly, solutions of 10 µg/mL trypsin and 2.5 µg/mL labeled, quenched 

bodipy-casein (each containing 0.08% w/v Pluronic F127 additive) were prepared using the 

E6638 EnzChek Protease Assay Kit. ~0.3 µL droplets of each solution were dispensed from 

separate reservoirs on device 2 (Table 3.1) onto the electrode array and then merged and mixed 

by moving the coalesced droplet around a loop of six actuation electrodes. After mixing, the 

device was positioned on the top of a microtiter plate and inserted into a PheraStar multiwell 

plate reader for fluorescence detection (λex = 485 nm, λem = 520 nm, focal height 15.0 mm), after 

which the device was removed and droplet movement resumed. The fluorescence from the 

merged droplet was measured every 3 min, and three replicate trials using three different devices 

were conducted in conventional mode and with feedback control. As a comparison, macroscale 

experiments were conducted using 250 µL total volume in a 96 well-plate with continuous 

shaking at 700 rpm. A fluorescence intensity measurement was collected every minute using the 

same reader and conditions as above. The fluorescence data for all assays was normalized and 

plotted as a function of time and fitted with exponential functions to extract apparent first-order 

rate constants.  
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3.3 Results and Discussion 

3.3.1 High-Fidelity Actuation of Simple Liquids 

As a first step towards implementing a high-fidelity digital microfluidic control system, 

we evaluated the actuation fidelity for droplet movement programmed in conventional mode 

(i.e., without feedback control). Device 1 (Table 3.1) was used to evaluate a series of simple 

fluids (i.e., those that do not contain molecular constituents that are likely to stick to surfaces) 

including methanol, deionized water (diH2O), phosphate buffered saline (PBS) and a 50:50 

mixture of diH2O:glycerol. A "% completion" parameter was defined as the number of 

successful movements divided by the total number of electrode steps. This parameter represents 

the probability that a given droplet will complete the programmed sequence of movements 

without failure. As shown in Figure 3.2, when droplets were moved at low velocities, the % 

completion was high, but when droplets were moved at high velocities, the % completion was 

low. Interestingly, this velocity-trend is a function of viscosity ‒ the actuation fidelities at higher 

velocities are best for liquids with low viscosities ‒ i.e., methanol (0.54 cP) > diH2O (0.89 cP) > 

PBS (1.05 cP) > 50:50 diH2O:glycerol (14.6 cP). We attribute this viscosity/velocity trend to the 

higher friction shear forces associated with high-viscosity liquids.31, 36, 38, 115 
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Figure 3.2: Droplet movement fidelity (measured as "% completion") for digital microfluidic 
actuation of droplets of simple liquids (not containing protein) without feedback. % completion is 
defined as the number of droplet movements divided by the total number of scheduled movements 
(in this case, 140). Each experiment was repeated five times on separate devices, and error bars are 
± 1 S.D. 
 
 

For some applications, slow droplet velocities are fine, but for others, it would be useful 

to move droplets as rapidly as possible. We hypothesized that the new feedback control system 

would be useful for moving droplets at rapid velocities with high fidelity ‒ specifically, the new 

system should move droplets rapidly over most electrodes, but should allow more time for 

droplets to move slowly over "sticky" electrodes (i.e., those that have a flaw or heterogeneity that 

may cause the droplet to resist movement). The data validated our hypothesis ‒ for example, in 

five trials of 140 droplet movements (representing 700 total movements), diH2O droplets were 

observed to require only one or two 200-ms voltage pulses for the majority of the movements 

(693 of 700), and required three or more 200-ms voltage pulses for the remainder (7 of 700). 
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This translated into higher average droplet velocities ‒ as listed in Table 3.2, the maximum 

velocities achieved with high fidelity (defined as % completion ≥ 99.5%) was greater for 

droplets actuated with feedback than without feedback for all of the fluids tested. As shown, the 

observed gains in velocity are modest, ranging from 2.5-5.5x higher for feedback mode 

compared to conventional mode, but they are statistically significant (p < 0.01). 

 
Table 3.2.  Transport of simple liquids with and without feedback control 
 

Reagents 
Velocity with 

! 

"  99.5% completion (mm/s) 

Without Feedback With Feedback 

Methanol 1.87 7.58 

 

diH2O 

 

1.51 

 

5.05 

 

 
PBS 0.62 3.03 

 
 
 
 
   

50:50 diH2O:glycerol  0.55 3.03 

 
 

3.3.2 High-Fidelity Actuation of Complex Liquids 

Actuation by digital microfluidics is problematic for complex liquids containing proteins 

that are likely to stick to hydrophobic device surfaces.91, 112, 113 To test this phenomenon in our 

new system, we evaluated two fluids containing proteins that are known to be extremely sticky in 

microfluidic systems: fetal bovine serum (as a mixture of 10% FBS in RPMI 1640 cell culture 

media ‒ this combination is routinely used to culture cells in microfluidic devices74), and bovine 

serum albumin (as a 1% solution in PBS ‒ this solution is commonly used in microfluidic 
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systems because it adsorbs strongly to hydrophobic device surfaces116). As shown in Figure 3.3, 

the behavior of these two complex fluids when moved without feedback was quite different 

when compared to that of simple fluids (Fig. 3.2). When droplets containing FBS and BSA are 

moved at high velocity, movement fidelity is poor, and as the velocity is reduced to moderate 

levels, movement fidelity improves. However, in contrast to simple fluids, as the velocities are 

reduced to very low levels, the movement fidelity of complex fluids decreases dramatically. 

Thus, droplets moved without feedback in such systems never achieve high movement fidelity 

under any conditions. We note that this poor performance is observed despite the fact that these 

samples were prepared to contain Pluronic additives to reduce protein sticking.91 Thus, this 

represents a significant problem for digital microfluidics. 
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Figure 3.3: Droplet movement fidelity (measured as "% completion") for digital microfluidic 
actuation of droplets of complex liquids (containing protein) without feedback. Each experiment 
was repeated five times on separate devices, and error bars are ± 1 S.D. 
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In an ideal system, a balance would be struck such that droplet velocities would be slow 

enough to account for viscous drag and device surface heterogeneities, but fast enough to limit 

the extent of protein adsorption. We hypothesized that the new feedback system would be useful 

for moving droplets of complex fluids with high fidelity. As listed in Table 3.3, the results 

confirm this hypothesis ‒ droplet movement fidelity is dramatically improved for liquids 

containing proteins (e.g. 56.1% completion without feedback and 98.1 % completion with 

feedback for cell culture media containing FBS). In addition, droplets manipulated with feedback 

are observed to have higher average velocities. Clearly, the feedback control system represents 

significant improvement for digital microfluidics for applications involving proteins.  

 

Table 3.3. Transport of complex liquids with and without feedback control 

Reagent 
Maximum % completion Velocity (mm/s) at which max 

% completion is achieved 

No Feedback Feedback No Feedback Feedback 

Cell Media 
with 10% FBS 

56.1 98.1 0.95 1.89 

1% BSA in 
PBS 

68.6 99.1 0.47 2.53 

 

3.3.3 An Application for High-Fidelity DMF Actuation 

To illustrate the utility of feedback control for DMF, we implemented an enzyme-kinetics 

assay requiring the mixing of two different proteins. In such assays, it is critical that the reagents 

be mixed as rapidly as possible to be able to measure kinetics with good fidelity. It has been 

shown previously92-94 that in DMF systems, reagents in a droplet mix up to 10-50x faster when 
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the droplet is continuously moved across the device relative to cases in which the droplet 

remains stationary. Unfortunately, if a droplet contains proteins or other sticky reagents, droplet 

movement may be unreliable (see Figure 3.3), which could negate this effect. We hypothesized 

that application of feedback control to this assay (with reliable, continuous droplet movement) 

would facilitate faster mixing, leading to a more accurate experiment.  

The kinetics assay used here measures the activity of an enzyme (trypsin) by mixing it 

with a fluorgenic reporter (bodipy-labeled/quenched casein) that has low fluorescence when 

intact but becomes highly fluorescent when digested. As shown in Figure 3.4, in each assay, 

droplets containing the enzyme and the reporter were dispensed, merged and continuously 

circulated around six electrodes on device 2 (Table 3.1). Fluorescent measurements were 

collected every 3 min, and Figure 3.5 shows two curves depicting the normalized fluorescent 

intensity for droplets actuated with feedback and without feedback. In the case without feedback, 

droplet movement fidelity was poor (~20%) which caused the droplet to remain stationary for 

much of the time, such that it suffered from poor mixing. In contrast, when the same assay was 

implemented with feedback control, the combined droplet continuously circulated around the 

electrodes, resulting in better mixing.  
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Figure 3.4: Series of frames from a movie depicting an enzyme kinetics assay. Droplets containing 
the two reagents are dispensed (frame 1), merged (frame 2), and then continuously moved around 
six 3mm electrodes (frames 3-6) to mix the reagents. Dyes were added to the droplets to assist in 
visualization. 
 

 

Apparent first order rate constants were extracted from the data in Figure 3.5 for the 

system controlled with feedback and without (kfeed = 0.424 min-1 and knofeed = 0.127 min-1, 

respectively), and were compared to data from an equivalent, well-mixed (with turbulent mixing) 

macro-scale reaction (kmixed = 0.521 min-1). The value generated using the feedback control 

system was a much better estimate of the actual kinetics than that generated without feedback 

control. We propose that similar advantages will be apparent for many different kinds of DMF 

applications that require rapid mixing of proteins or other sticky constituents. 
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Figure 3.5: DMF-driven trypsin digestion assays with and without feedback. Droplets containing 
trypsin and the fluorescent reporter were dispensed, merged, and the combined droplet was 
continuously moved with fluorescence measurements collected in three-minute intervals. Droplets 
moved with feedback had perfect fidelity, while droplets moved without feedback had poor fidelity 
(and hence, slower mixing). Each experiment was repeated three times on separate devices, and 
error bars are ± 1 S.D. 
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3.4 Conclusion 

We have developed a sensing and feedback control system for high-fidelity digital 

microfluidics. We have shown that with the feedback system, droplet movement fidelity is much 

higher compared to movement operations without feedback, and that this advantage is 

particularly important for fluids containing proteins. We speculate that this may be useful for 

scientists and engineers who are developing automated analysis platforms for a wide range of 

applications. 
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Chapter 4 Dried Blood Spot Analysis by Digital Microfluidics 

Coupled to Nanoelectrospray Ionization Mass Spectrometry 
 

Dried blood spot (DBS) samples on filter paper are surging in popularity as a sampling 

and storage vehicle for a wide range of clinical and pharmaceutical applications. For example, a 

DBS sample is collected from every baby born in the province of Ontario, Canada, for 

quantification of approximately one hundred analytes that are used to screen for 28 conditions, 

including succinylacetone (SA), a marker for hepatorenal tyrosinemia. Unfortunately, the 

conventional methods used to evaluate DBS samples for newborn screening and other 

applications are tedious and slow, with limited options for automated analysis. In response to this 

challenge, we have developed a method to couple digital microfluidics (DMF) to 

nanoelectrospray ionization mass spectrometry (nESI-MS) for SA quantification in DBS 

samples. The new system is formed by sandwiching a pulled glass capillary emitter between the 

two DMF substrates such that the capillary emitter is immobilized without external seals or 

gaskets. Moreover, we introduce a new feedback control system that enables high-fidelity droplet 

manipulation across DBS samples without manual intervention. The system was validated by 

application to on-chip extraction, derivatization, and analysis of SA and other analytes from 

DBS, with comparable performance to gold-standard methods. We propose that the new methods 

described here can potentially contribute to a new generation of analytical techniques for 

quantifying analytes in DBS samples for a wide range of applications. 
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4.1 Introduction 

Dried blood spot (DBS) samples stored on filter paper are surging in popularity for 

applications ranging from screening for genetic disorders in newborn patients117 to point-of-care 

testing for infectious diseases118 to metabolic profiling in drug discovery and lead validation.119 

An example of the former application is the quantification of succinylacetone (SA) in DBS 

samples collected from newborn patients as a biochemical hallmark for Tyrosinemia Type 1, also 

known as hepatorenal tyrosinemia (HT).120 In such tests, a punch from a DBS is pre-extracted in 

methanol and then the SA (which remains in the residual spot) is extracted and derivatized with 

hydrazine to form a hydrazone derivative that can be quantified using tandem mass spectrometry 

(MS/MS).121, 122 This method is particularly convenient because the analytes extracted into the 

methanol in the first step can be quantified to screen for other diseases such as phenylketonuria 

and homocystinuria.123 This process (sequential extraction in methanol and hydrazine) is applied 

to more than 140,000 DBS samples each year at the Newborn Screening Ontario (NSO) facility 

at the Children’s Hospital of Eastern Ontario.124  

Unfortunately, analytical technology has not kept pace with the surging popularity of DBS 

analysis for newborn screening and other applications. Although there is great interest in 

developing new techniques for analyzing DBS samples,125-129 there are few automated solutions 

available, and most methods used now are manual, tedious, and slow.119 We report here a new 

method to analyze DBS samples for SA and other analytes. This new method is powered by 

digital microfluidics (DMF), a fluid-handling technique in which discrete droplets are 

manipulated on an open surface by applying a series of electric potentials to an array of 

electrodes.9, 10  Jebrail and Yang et al.130 recently introduced the utility of digital microfluidics 

for in-line extraction and analysis of  analytes in DBS samples. The digital microfluidic format is 
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particularly well-suited for DBS analysis, as there are no channels that might otherwise become 

clogged by the particulates in the sample, and in addition DMF is compatible with meso-scale 

extraction/reagent volumes that are useful for extracting analytes from ~millimeter-diameter 

punches from filter paper.  

 The work described here includes several advances relative to the methods described by 

Jebrail and Yang et al.,130 including a new, straightforward interface between DMF and mass 

spectrometry for in-line extraction and analysis. In addition, the new method features automated 

control over droplet position, and multi-step liquid extraction into multiple solvents. We propose 

that the new device format and method described here may be useful for myriad applications in 

which DBS samples must be processed prior to analysis with mass spectrometry. 

  



 63 

4.2 Experimental 

4.2.1 Reagents and materials 

 Unless otherwise specified, reagents were purchased from Sigma Chemical (Oakville, 

ON). 3,4,5,6,7-13C-succinylacetone (13C5-SA) was obtained from Cambridge Isotope 

Laboratories (Andover, MA). WhatmanTM 903 filter paper was purchased from Fisher Scientific 

(Ottawa, ON). Parylene-C dimer was from Specialty Coating Systems (Indianapolis, IN), and 

Teflon-AF was purchased from DuPont (Wilmington, DE). All working solutions were prepared 

using deionized (DI) water that had a resistivity of 18 MΩ•cm at 25°C, filtered with nylon 

syringe filters from Millipore (Billerica, MA, 0.2 µm pore diameter). 

 Dried blood spot (DBS) samples were formed in Toronto (University of Toronto) and in 

Ottawa (Newborn Screening Ontario, Children’s Hospital of Eastern Ontario). For samples 

formed in Toronto, individual male units of blood in EDTA (K3) were purchased from 

Biochemed Services, Winchester, VA, and were fortified with SA (5, 10, 20, 50, or 80 µM) and 

fixed amounts of 13C5-SA (15 µM). 100 µL aliquots were spotted on filter paper (thickness ~350 

µm measured using a caliper) and dried at ambient temperature overnight. After drying, 3.2 mm 

diameter punches (thickness including blood ~430 µm measured using a caliper) were generated 

using a biopsy punch tool (Surgical Tools, Bedford, VA). These samples were stored at 4ºC in 

Petri dishes (Fisher Scientific, Ottawa, ON) when used within one week, otherwise they were 

stored at -20ºC (to avoid over-estimation of SA concentration121). Blood samples formed in 

Ottawa containing varying concentrations of SA were spotted, dried, and punched (3.2 mm dia.) 

by Newborn Screening Ontario (NSO) staff using standard techniques131 and were stored at -

20ºC. Before analysis, each such punch was fortified with 10 µL 13C5-SA (15 µM), and then air-

dried at room temperature for 2 h.  
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4.2.2 DMF device fabrication 

 Digital microfluidic devices were fabricated in the University of Toronto Emerging 

Communications Technology Institute (ECTI) cleanroom facility, using a transparent photomask 

printed at Pacific Arts and Design (Markham, ON). The bottom plates of DMF devices were 

formed from glass substrates bearing patterned chromium electrodes and contact pads by 

photolithography and etching as described previously,82 and were coated with 7 µm of Parylene-

C and 50 nm of Teflon-AF. Parylene-C was applied using a vapor deposition instrument 

(Specialty Coating Systems), and Teflon-AF was spin-coated (1% wt/wt in Fluorinert FC-40, 

1000 rpm, 30 s) followed by post-baking on a hot-plate (160ºC, 10 min). Dicing tape was placed 

on the electrode contact pads prior to parylene coating and was removed after coating to 

facilitate electrical contact. In addition to patterned bottom-plate substrates, unpatterned indium 

tin oxide (ITO) coated glass substrates (Delta Technologies Ltd, Stillwater, MN) were coated 

with Teflon-AF (50 nm, as above) for use as top-plate substrates. 

 The device design (Fig. 4.1a) features an array of twenty-two roughly square actuation 

electrodes (2.2 x 2.2 mm ea.) connected to 7 reservoir electrodes (5 x 5 mm ea.), with inter-

electrode gaps of 30 µm. Each electrode is connected to an array of contact pads on the side of 

the device spaced appropriately to interface with a 40-pin connector (Compar Inc., Burlington 

ON). Devices were assembled with an unpatterned ITO–glass top plate and a patterned bottom 

plate such that the 37.5 mm x 25 mm top plate was roughly aligned with the outer-edges of the 

reservoir electrodes on the bottom plate. The two plates were separated by a spacer formed from 

five pieces of double-sided tape (total spacer thickness ~450 µm) to ensure a larger gap than the 

thickness of the DBS punches (see above). With these dimensions, 15 µL droplets were used for 

most experiments and covered approximately two 2.2 x 2.2 mm electrodes.  
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Figure 4.1: DMF-nESI-MS interface. (a) Image of a device (bearing coloured droplets and a 
punched DBS sample) mated to a capillary emitter. The contact pads on the sides of the device mate 
with a 40-pin connector for automated droplet control. (b) Side-view schematics. (top) AC electric 
potentials are applied between the top and bottom substrates to actuate the droplets. (bottom) DC 
electric potentials are applied between the top plate and the MS orifice to generate a 
nanoelectrospray. (c) Image of spray generated at the tip of the capillary emitter. (d) Total ion 
count as a function of time from a 15 µL droplet of tyrosine (5 µM). The spray was stable for >200s, 
with a RSD of 7.3%. 
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4.2.3 DMF device operation 

 150-350 VRMS droplet driving potentials were generated by amplifying the sine wave 

output of a function generator (Agilent Technologies, Santa Clara, CA) operating at 15 kHz. ~15 

µL aliquots of reagents were loaded onto a DMF device by pipetting a droplet onto the bottom 

plate at the edge of the top plate, and simultaneously applying driving potential to the appropriate 

reservoir electrode (relative to the top plate electrode) to draw the fluid into the reservoir. 

Thereafter, droplets were manipulated by applying driving potential to sequential actuation 

electrodes on the bottom plate relative to the top-plate electrode. 

 Droplet driving potentials were managed using an automated feedback control system, in 

which droplet movement is monitored by impedance sensing such that if a movement failure is 

observed, additional voltage pulses are applied until the droplet completes the desired operation. 

The feedback control system is built around an RBBB Arduino microcontroller (Modern Device, 

Providence, RI) and is depicted in Figure 4.2. The system used here is a new generation of an 

older system that was described in Chapter 3.132 The differences between the two systems are 

listed in Table 4.1.  
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Figure 4.2: Impedance-based feedback control system. The schematic illustrates the relationships 
between the function generator and amplifier, the control board bearing high voltage relays, the 
RBBB Arduino microcontroller, the DMF device, the PC and C++ program, and the feedback 
circuit. To program a given droplet movement, the user clicks the appropriate position in the 
graphical C++ interface. After all movements are programmed, 5 Vpp signals are sent to the 
Arduino to activate the designated high voltage relays on the control board. In each droplet 
movement, the feedback circuit detects the impedance and compares it with a threshold to 
determine whether the droplet movement was successful. In any case in which an initial movement 
is not successful, a series of actuation potentials with higher magnitude are applied until droplet 
movement succeeds. 
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Table 4.1. Differences between the new feedback control system used here and the feedback 

control system described previously.132 

Property System Reported Here System Used Ch.2 and Ch.3132 
Feedback voltage 
measurement circuit 

Buffered system, shown in Figure 
4.2, managed by an RBBB Arduino 
microcontroller (Modern Device, 
Providence, RI) 

Passive system relying on 
resistors and capacitors 

Circuit tuning 
mechanism 

Digital potentiometer (Radj in Fig. 
4.2 = 1-10 kΩ) managed by 
Arduino capable of automatic 
thresholding for new liquids during 
a given experiment 

Manual potentiometer (1- 20 kΩ) 
which must be adjusted for each 
new liquid prior to each 
experiment 

High voltage source 
and degree of 
control 

Sine-wave from function generator 
(managed by software) and 
amplifier which can be adjusted 
during each experiment 

Sine-wave from function 
generator and amplifier which 
must be adjusted prior to each 
experiment 

Length of droplet 
actuation pulse  

505 ms (500 ms driving pulse + 5 
ms measurement) 

215 ms (200 ms driving pulse + 
15 ms measurement) 

Control software 
and interface 

Custom C++ program interfaced to 
Arduino microcontroller via USB 
cable 

Custom LabView (National 
Instruments, Austin, TX) program 
interfaced to a DAQPAD 6507 
(National Instruments) 

Number, type, and 
configuration of 
relays/switches 

80 AQV259H (Panasonic) solid-
state relays - 2 per output (total 40 
outputs), with each output capable 
of two states: high-voltage, ground 

96 RT424012F (Tyco Electronics) 
mechanical relays - 2 per output 
(total 48 outputs) with each output 
capable of three states: high-
voltage, ground, and float 

Feedback response 
to droplet movement 
failure 

Repeated pulses with a 50 VRMS 
step-up in voltage (up to a 
maximum of 350 VRMS) until 
droplet movement is achieved 

Repeated pulses of the same 
actuation voltage until droplet 
movement is achieved 
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4.2.4 DMF-nanoESI-MS interface 

 To form the DMF-MS interface, one or more ~5 cm long, 360 μm O.D., 50 μm I.D., 30 

μm tip I.D. pulled glass capillary nano electrospray ionization (nanoESI) emitters (New 

Objective Inc., Woburn, MA) were inserted between the two plates of the DMF device. The 

capillaries were positioned such that they penetrated ~2.7 cm into the device, an arrangement 

that was found to secure the tip against unwanted movements. The device was then positioned 

such that the tapered tip of one of the capillaries was ~3 mm away from the orifice of the mass 

spectrometer. To initiate analysis by mass spectrometry, a droplet was driven to the edge of the 

entrance orifice of a pulled-glass emitter, and after filling by capillary action, 1.7-2.2 kV (DC) 

was applied to the ITO-coated top plate of the DMF device to generate a nanoelectrospray into 

an LTQ Mass Spectrometer (Thermo Scientific). The fluid consumption was observed to be 

~800 nL/min, such that a single droplet was sufficient for several minutes of data collection. 15 

µL droplets of tyrosine (5 µM in 50:50 Methanol:DI H2O) were actuated to the capillary to 

evaluate the flow rate (by determining the average duration of measurable signal that could be 

generated from individual droplets) and the stability of the spray as a function of total ion count 

(TIC). 

 

4.2.5 DMF-driven DBS Processing and Analysis 

 In typical experiments, a 3.2 mm dia. DBS punch was positioned on the bottom plate of a 

device, the top plate was positioned, and a 9-step procedure was implemented. In step 1, a 15 µL 

droplet of pre-extraction solvent (neat methanol, MeOH) was loaded and actuated to the DBS 

punch and incubated for 15 min at room temperature. In step 2, the MeOH was actuated away 

from the DBS and collected in a waste reservoir. Steps 3-4 and 5-6 were repeats of steps 1-2. In 
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step 7, a 15 µL droplet of SA extraction/derivatization/MS solvent (6.5 mM hydrazine and 15 

µM 13C5-SA in 80:20% acetonitrile:DI water with 0.1% v/v formic acid) was loaded and actuated 

to the residual blood spot and incubated for 15 min at 37ºC on a hot-plate until evaporation. In 

step 8, a fresh 15 µL droplet of SA extraction/derivatization/MS solvent was loaded and 

delivered to the residual blood spot and was incubated at room temperature for 1 min. During 

that minute, the droplet was actuated around the five electrodes adjacent to the DBS in a circular 

fashion. In step 9, the droplet was actuated to the inlet of the capillary emitter for analysis. 

 After the 9-step sample processing procedure was complete, a nanoelectrospray was 

generated from the emitter. MS/MS analysis of derivatized SA extracted from blood spots was 

carried out by introducing 25% collision energy to the parent ions and fragments over the m/z 

range of 100-300 were scanned. Derivatized SA product ions, which exhibit a loss of H2O (18 

m/z), were observed in the second mass selection and the peak intensities were used for 

quantification. Spectra were collected as an average of 50 acquisitions, and at least three samples 

were evaluated for every condition recorded. Calibration curves were generated by plotting the 

intensity ratios of the derivatized SA product ions relative to those of the derivatized internal 

standard (13C5-SA) as a function of SA concentration. These data were fit with a linear regression 

to form the DBS-calibration curve, and the detection limit was calculated as the amount of SA 

corresponding to the average signal measured on blank samples (DBS punches with no SA) plus 

three times the S.D. Total recovery (including matrix suppression effects) was determined by 

comparing the amount of SA from a DBS punch from the DBS-calibration curve with a 

calibration curve generated from SA solution standards. All data in the calibration curves were 

generated from at least 4 replicate DBS punch samples formed in Toronto, and the calibration 

curves were used to evaluate DBS punches formed in Ottawa. 
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 In some experiments, a shortened protocol was used (not involving a DBS punch) to 

evaluate tip washing efficiency. A 15 µL droplet of 80 µM SA standard in SA 

extraction/derivatization/MS solvent (see above) was dispensed from a reservoir and actuated to 

the capillary emitter and sprayed as above. After five minutes of collecting MS/MS data, a 15 µL 

droplet of SA extraction/derivatization/MS solvent (not containing SA standard) was dispensed 

and actuated to the tip and sprayed (with MS/MS data collection) to rinse the tip for 5 minutes. 

This rinse process was repeated five times, and the SA concentration during each rinse was 

calculated by evaluating the ratio of intensities of product ions (derivatized SA/derivatized 13C5-

SA) with respect to the calibration curves described above. 

 In some experiments, an extended protocol was used to extract and analyze amino acids 

in a first procedure, followed by SA in a second. In these experiments, devices with two capillary 

emitters (one at each end of the device) were used. In these experiments, the initial methanol 

extraction step (step 1) was similar to what is described above, but with a 5 minute (instead of 15 

minute) incubation. In step 2, the MeOH droplet was actuated away from the DBS punch to a 

non-reservoir electrode and evaporated to dryness (~15 min, room temperature). Two additional 

steps were then implemented (steps 2a-b). In step 2a, a 15 µL droplet of AA derivatization 

reagent (3 N HCl in n-butanol) was loaded into the reservoir, actuated to the dried extract, and 

incubated at 75°C on a hot-plate until dryness. In step 2b, a 15 µL droplet of AA MS solvent 

(acetonitrile/water 4:1 v/v) was loaded into the reservoir, driven to the dried extract to collect the 

dried, derivatized amino acids, and was delivered to one of the capillary emitters. A 

nanoelectrospray was generated and MS data were collected using the same parameters as SA 

analysis. Steps 3-6 (with 15 min incubations and moving MeOH droplets to waste) and 7-9 

(described above) were then implemented as above. 
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4.3 Results and Discussion 

4.3.1 DMF-nESI-MS Interface 

 Jebrail and Yang et al.130 recently reported the first microfluidic method for direct 

analysis of DBS samples, in which amino acids were extracted, derivatized, and analyzed by 

tandem mass spectrometry. The authors of that work described a method relying on multilayer 

"hybrid microfluidics"107 for in-line analysis, in which samples were transferred from a digital 

microfluidic module (on the top of the device) to a microchannel (on the bottom of the device) 

with an integrated nanoelectrospray ionization (nESI) emitter for mass spectrometry. This 

method is an important step forward for the field, as the enthusiasm for automated processing 

techniques for analyzing DBS samples is well documented.125‐129 But the Jebrail and Yang et 

al.130 technique suffers from a key limitation: devices formed in this manner require a complex 

series of fabrication and alignment steps prior to thermal bonding of the two substrates; this 

complexity may limit widespread application of the technique.  

Here, we report a new DMF-nESI interface that is much more straightforward to 

fabricate. As shown in Figure 4.1, the interface is constructed by inserting a conventional pulled-

glass capillary nESI emitter between the two substrates of an assembled DMF device. In 

developing this method, we were inspired by recent studies in which capillaries are interfaced 

with digital microfluidic devices for separations,133, 134 bead-based DNA extractions,135 and mass 

spectrometry.134, 136 We propose that this configuration is more flexible than the "hybrid 

microfluidics" interface, as it allows for the droplet manipulation to be de-coupled from the nESI 

interface.  
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As shown in Figure 4.1, the new method was realized by using a spacer between the 

DMF top- and bottom-plates that was slightly larger than the outer diameter of the emitter-

capillary. With this configuration, emitters were easily introduced and removed in seconds, 

without requiring that the device be disassembled. In practice, droplets are manipulated on the 

DMF device by applying AC fields between electrodes on the top and bottom plates as illustrated 

in Figure 4.1b (top). When a droplet is moved such that it touches the inlet of the capillary, it 

spontaneously fills by capillary action in seconds (the emitters used here hold ~100 nL). To 

generate a spray, a DC potential is applied between the top-plate DMF electrode and the mass 

spectrometer, as illustrated in Figure 4.1b (bottom), leading to a stable spray (Figure 4.1c) for 

analysis (Figure 4.1d). The droplet consumption rate (presumed to originate from a combination 

of flow through the capillary and evaporation) was estimated to be ~800 nL/min, and the spray 

was stable for ~200 seconds with a relative standard deviation of 7.3% in total ion count (Figure 

4.1d). This method is similar to a DMF-ESI interface recently reported by Baker and Roper,136 

with a key difference being that the nESI interface reported here does not require an external 

pressure source for sampling into the MS. 

 

4.3.2 Automated Droplet Control 

 

 A second drawback of the proof-of-concept system described in Jebrail and Yang et al.130 

is lack of full automation (i.e., actuation potentials in the previous study130 were applied to 

contact pads manually). Automating droplet movement on digital microfluidic devices is 

challenging, as droplets are sometimes observed to have imperfect actuation fidelity (i.e., a given 

applied voltage pulse may not move a droplet onto the energized electrode).132 This phenomenon 
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is caused by droplet sticking to device heterogeneities such as scratches or dust. This is 

exacerbated for the application reported here, as DBS punches serve as three-dimensional, high 

surface-area obstacles that impede droplet movement. Thus, a primary goal for the work reported 

here was the development of a robust automation system that is capable of high-fidelity actuation 

of various liquids across DBS punches.  

Shih et al.132 recently reported an impedance sensing and feedback control system for 

high-fidelity droplet actuation in digital microfluidics. The system was demonstrated to be 

particularly useful for manipulating sluggish fluids that are susceptible to sticking to device 

surfaces.132 Here, we report an improved feedback control circuit suitable for DBS sample 

analysis by digital microfluidics, depicted in Figure 4.2. The many improvements relative to the 

system reported in chapter 3132 are listed in Table 4.1; the most important improvement is an 

active control system that facilitates automated application of driving potentials with increasing 

magnitude to droplets that resist movement. This is a useful advance, as in practice, it is 

preferable to actuate droplets at a low driving voltage, because the lower electrical fields are less 

likely to cause dielectric breakdown of the device insulating layer. But for a droplet that resists 

movement at low voltage, it is useful to increase the voltage temporarily to generate higher 

forces; after the droplet has moved, the voltage can be reduced again for subsequent movements. 

As far as we are aware, the system reported here is the first to facilitate automated, feedback-

controlled variation of actuation potentials. 

In initial studies, we observed that the most common failure point in SA analysis in DBS 

samples was the movement of a droplet of hydrazine-containing solvent after it contacted a DBS 

punch. For example, in a series of experiments using a constant driving voltage of 150 VRMS (as 

in the system reported in chapter 3132), successful movement of 15 µL hydrazine-containing 
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droplets away from DBS punches required an average of 25.6  4.8 voltage pulses (N = 5). 

Moreover, in 40% of cases, the droplet failed to move even after application of this large number 

of pulses. The new system shown in Figure 4.2 solves this problem. In a series of experiments 

using the new system, a 100% droplet movement success rate was achieved for the same 

operation with an average of 4.8  1.3 voltage pulses and an average increase in voltage 

(relative to the starting potential of 150 VRMS) of 80  27 VRMS (N = 13). The new system was 

capable of implementing complex droplet manipulation protocols (as described below) with 

perfect droplet movement fidelity. We speculate that this approach will be useful for a wide 

range of automated applications, especially those involving the manipulation of aqueous droplets 

onto and off of hydrophilic, three-dimensional solids such as filter paper punches (as reported 

here), porous polymer monoliths137 for solid-phase extraction, and hydrogel discs138, 139 for 

forming enzyme microreactors or for three-dimensional cell culture.  

 

4.3.3 SA Analysis 

 An automated nine-step digital microfluidic method was developed to analyze SA in 

DBS samples. A portion of an experiment is depicted in Figure 4.3. Briefly, the DBS punch is 

inserted into the device and then is pre-extracted in droplets of methanol. The residual DBS 

punch is then extracted and derivatized in droplets containing hydrazine (for reaction mechanism 

see Sander et al.122), after which the derivatized SA is delivered to the capillary for analysis by 

nESI-MS/MS. The extraction steps in this method require 60 min to complete (similar to 65 min 

required using conventional techniques121). A representative secondary mass spectrum generated 

using the DMF method is shown in Figure 4.4a. When the product ions were subjected to 

±

±

±
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collision-induced dissociation (CID), a characteristic fragmentation (neutral loss of 18) was 

observed (i.e., m/z 155→137 for SA and 160 → 142 for 13C5-SA), which was used to quantify 

SA. Figure 4.4b is a calibration curve with R2 = 0.9923, generated by analyzing DBS punch 

standards from the abundance ratio of the SA peak intensity relative to the internal standard 

(13C5-SA) peak intensity in the secondary (MS2) spectra. The extraction efficiency was found to 

be 85.2% with a CV of 6.85%, and a limit of detection of 4.95 µM (2.43 ng). Patients suffering 

from HT typically have SA blood concentrations in the range of 16-150 µM,140 making the 

microfluidic method a good fit for screening for this condition. Future improvements in 

sensitivity (for example, using a triple quadrupole mass spectrometer in place of the linear ion 

trap used here) will likely make the method useful for monitoring and follow-up of patients as 

they recover (and SA concentrations decrease to low levels). 
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Figure 4.3: SA analysis method. (a) Schematic of the DMF device with capillary emitter. (b) 
Sequence of frames from a movie depicting SA extraction from a DBS punch, including pre-
extraction in methanol (frames 1-3), and extraction and derivatization of SA with hydrazine 
(frames 4-5). 
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Figure 4.4: SA analysis data. (a) Representative secondary MS spectrum of derivatized SA after 
collision induced dissociation (CID). (b) Calibration curve of spiked SA in dried blood spot 
punches. Each data point represents at least four replicate measurements, and error bars represent 
±1 S.D.  
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We evaluated the new digital microfluidic method relative to gold standard techniques, 

which comprise a series of manual or robotic steps including serial extractions in multiple 

solvents, mixing extractates with derivatization reagents and internal standards, pooling 

extractates for analysis, solvent exchange for mass spectrometry, and off-line MS/MS.121, 122, 140-

144 A series of punches from blood samples containing various concentrations of SA were 

processed by the digital microfluidic method, and punches from the same samples were 

evaluated using the conventional technique at the NSO facility in Ottawa, ON. The measured 

values originating from the tests are listed in Table 4.2. A paired t-test revealed no significant 

statistical difference between the two data sets at a 95% confidence level (P = 0.05 and t = 

0.8177). This result is notable, as the two data sets were generated using different extraction 

volumes and techniques as well as different mass spectrometers (from different manufacturers) 

in different locations run by different operators. Furthermore, the digital microfluidic method 

facilitates significant reduction in reagent use (75 µL vs 200-310 µL121, 144). Finally, we propose 

that the in-line analysis afforded by this technique would be useful for automated SA 

quantification in laboratories that lack robotic instrumentation. 
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Table 4.2. Measured succinylacetone (SA) concentration in 3.2mm dia. punches from filter 
paper bearing dried blood spots using digital microfluidics (left) and standard techniques at 
Newborn Screening Ontario (right). A paired t-test revealed no statistical difference between the 
two data sets at a 95% confidence interval. 

Sample Measured SA 
concentration (µM) using 
DMF method 

Measured SA 
concentration (µM) using 
standard NSO technique 

1 < 4.95 6.4 

2 < 4.95 1.5 

3 57.2 60 

4 58.3 60 

5 < 4.95 < 1.5 

6 < 4.95 6.4 

7 40 35.2 

8 37.6 40 

 

 As described above, a major advantage of the new method reported here relative to that 

described by Jebrail and Yang et al.130 is the de-coupling of the nESI-MS interface to the sample 

preparation system. Thus, when needed (e.g., when there is a clog in the tip), a new tip can be 

exchanged for an old one for continued operation. But there may be cases in which it is useful to 

re-use the same tip for multiple analyses. To investigate the compatibility of the new technique 

with tip re-use, we performed an experiment to determine the number of droplets required to 

effectively rinse the SA from a tip after an analysis. Figure 4.5 summarizes the data; as shown, 4-

5 rinse droplets is sufficient to reduce the signal originating from SA to being below the 

detection limit of the technique. For the data shown in Figure 4.5, we used the 

extraction/derivatization/MS solvent (including internal standard) used for the DBS analysis 
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procedure as a rinse solution; this was required to quantify the SA in each step. But in future 

work, other rinse solutions (e.g., aqueous solutions of NaOH or acetic acid145) may prove to be 

useful for tip washing in fewer steps. Regardless, the data in Figure 4.5 demonstrate that DMF 

can be used for automated tip washing, which may be useful for a variety of applications. 

 

 

Figure 4.5: Graph of SA concentration (red dots) as a function of wash step (the black line is 
included to guide the eye). SA was measured first in a droplet containing a standard solution of 80 
µM SA and 15 µM SA internal standard (wash step 0) and then in a series of droplets containing 
only the internal standard (wash steps 1-5). Each data point represents three replicate 
measurements, and error bars represent ±1 S.D.  

 

 A final goal for this work was to demonstrate that the new method is compatible with 

complex, multi-step protocols enabling quantification of both SA (as in Figure 4.3 and Table 

4.2), and amino acids that are routinely evaluated in newborn screening. Figure 4.6a depicts the 

setup used for these experiments. As described in the experimental section, in these experiments, 
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the methanolic pre-extractate was isolated and derivatized with n-butanol for analysis in one 

nESI tip and the hydrazine extractate was directed to a second nESI tip. A representative primary 

mass spectrum of derivatized amino acids is shown in Figure 4.6b. These proof-of-concept (and 

non-quantitative) results suggest the possibility of future techniques in which a group of markers 

that are typically evaluated in newborn screening (including amino acids, acylcarnitines, 

acylglycines, and others) are simultaneously analyzed on an integrated microfluidic platform.  

 The use of two nESI tips in these experiments is interesting; as far as we are aware, this is 

the first example of a digital microfluidic device with multiple interfaces to a mass spectrometer. 

In this proof-of-concept work, the device was re-positioned manually when switching between 

tips, but we can envision future devices with multiple tips positioned on an automated translation 

stage. An alternative would be to use a single tip with programmed rinse steps (as in Figure 4.5) 

between the analyses. 
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Figure 4.6: (a) Schematic of device setup used to analyze amino acids (AAs) and then 
succinylacetone. (b) Representative primary MS spectrum showing several amino acids identified 
in a DBS using DMF. The data in (b) were generated using the nESI tip at the top left of (a), and 
data used to quantify SA (not shown, similar to Figure 4.4) were generated using the nESI tip at the 
bottom right of (a). 

(a) 

(b) 
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4.4 Conclusion 
 We have developed an automated microfluidic device with on-chip coupling with 

nanoelectrospray ionization for in-line analysis of dried blood spot samples by mass 

spectrometry. The new method incorporates a feedback control system enabling facile, high-

fidelity droplet movement without manual intervention. As proof of principle, the method was 

used to perform on-chip extraction and quantification of succinylacetone, a specific marker of 

Tyrosinemia type 1, in dried blood spot samples. We propose that the new system represents a 

prototype for fast and inexpensive screening of dried blood spots and other complex samples for 

a wide range of applications. 

  



 85 

Chapter 5 Digital microfluidics with impedance sensing for 

integrated cell culture and analysis  

In this chapter, we introduce the first digital microfluidic (DMF) platform capable of 

impedance analysis of cells. DMF is an array-based technique relying on electrostatic 

manipulation of droplets on an array of electrodes that provides the advantages of single sample 

addressability, automation, and multiplexing. There has been considerable interest in recent years 

in using DMF for cell culture and analysis, but all methods reported previously have used 

fluorescence or microscopy as a read-out. Here, we report an automated feedback control system 

that enables high-fidelity droplet manipulation involving thousands of droplet actuations to 

culture mammalian cells and to implement assays over several days. The system was repurposed 

to serve dual-duty to measure the impedance of adherent cells in situ. The new DMF cell 

impedance measurement system was validated in three assays: calibration, proliferation, and 

serum sensing. In the former, three cell lines (HeLa, CHO-K1, and NIH-3T3) were seeded at 

different densities to determine the relationship between impedance and cell number. In the 

proliferation assay, cells were grown for four days and their proliferation rates were determined 

by regular impedance measurements. In the serum sensing assay, a dilution series of cell media 

containing different concentrations of serum was evaluated using impedance measurements to 

determine the optimum conditions for proliferation. The DMF impedance method is label-free 

and does not require imaging. We propose that this system will be useful for the growing number 

of scientists that are seeking methods other than fluorescence or cell sorting to analyze adherent 

cells in situ.  
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5.1 Introduction 

 The behavior of cultured mammalian cells has been the subject of great interest for 

several decades. The most common techniques for studying cell populations are flow cytometry 

(e.g., Coulter counters146, 147) and fluorescence microscopy.148, 149 Flow cytometry is particularly 

powerful in that it affords the ability to rapidly evaluate large numbers of cells at the single-cell 

level. But flow cytometry is limited in that cells must be in suspension for analysis, which often 

requires enzymatic stripping of adherent cells from the surface they are cultured on. 

Fluorescence microscopy is thus a useful alternative, as it facilitates the evaluation of adherent 

cells in situ. But analysis by microscopy also causes significant perturbation through the loading 

of high concentrations of fluorescent dyes, and (in many cases) through the toxic process of 

permeabilization and fixation.  

An alternative to flow cytometry and fluorescence microscopy for analyzing the behavior 

of adherent cells is impedance analysis.150-154 In this method, a layer of cells is grown on the 

surface of a micropatterned electrode and is exposed to low-magnitude AC voltage. Current then 

(a) flows between the cells such that the impedance is correlated with cell number, and (b) 

capacitatively couples through the cells such that the impedance is correlated with cell type and 

state. This method is growing in popularity, as it enables real-time analysis of cells in culture 

without the need for enzymatic stripping, fluorescent dyes, fixatives, or other perturbations.155, 156 

Variations of cell impedance analysis include using modified electrode surfaces patterned with 

self-assembled monolayers, antibodies, or carbon nanotubes,157-162 and the use of varying 

electrode geometries.163, 164 A limitation for most cell impedance measurement systems relative 

to flow cytometry and microscopy is throughput. Typically, cell impedance analysis systems are 
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integrated in multiwell plate format (e.g., the Applied Biophysics ECIS® system165). In 

laboratories lacking robotic dispensers and aspirators, this forms a practical limit to the 

throughput that is possible. Moreover, such techniques require significant cell and reagent use, as 

well as expensive, dedicated electronics and custom electrode substrates, making these 

techniques cost-prohibitive for many researchers. 

Microfluidics represents a potential solution to the multiplexing and reagent/cell use 

limitations of the multiwell plate format for impedance analysis. The combination of 

microfluidics with electrical measurements of cells has been a popular research topic, but most 

work in this area has focused on evaluating cells in suspension as they flow through a 

channel,166-172 or for forming traps to evaluate individual cells.173-179 These techniques allow for 

significant savings in reagent and cell use; however, they are not compatible with analysis of 

adherent cells in situ. We are aware of only two reports of microfluidic systems used to evaluate 

adherent cells grown on the surface of electrodes.180, 181 These papers represent an important first 

step for the goal of microfluidic cell impedance analysis, as they demonstrate that microchannel-

based systems are useful for this application. But the methods described in these papers are 

limited in that they are not capable of multiplexing. More work is needed to realize microfluidic 

cell impedance measurement systems capable of evaluating multiple experimental conditions in 

parallel.  

 Here, we report a new approach to integrating cell impedance analysis with microfluidics. 

These methods rely on an alternative to microchannels for miniaturized analysis, known as 

digital microfluidics (DMF). In DMF, discrete droplets are manipulated by applying electrical 

fields to an array of electrodes,10, 29 and the technique has recently become popular for the culture 

and analysis of suspension74, 75, 182, 183 and adherent76, 184-188 cells, as well as cells grown as 3D 



 88 

constructs in gels.139 A DMF phenomenon known as passive dispensing76 to form virtual 

microwells185 has proven particularly useful for seeding adherent cells on a device surface and 

subsequent addressing of droplets of culture media and reagents to them. In all such systems 

reported previously, cells were monitored by fluorescence and/or microscopy. Here, we report 

the first combination of DMF with impedance sensing of cells, in a system capable of cell 

seeding, long-term culture, and multiplexed analysis. We present the assembly and operation 

details of the system, and report the results of a test to evaluate cell proliferation as a function of 

serum concentration. We propose that variations of this system may be useful for the growing 

number of scientists who are moving toward using impedance sensing to evaluate adherent cell 

behavior in situ.  
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5.2 Experimental 

5.2.1 Reagents and materials 

 Unless otherwise specified, general-use reagents were purchased from Sigma Chemical 

(Oakville, ON, Canada) or Fisher Scientific Canada (Ottawa, ON, Canada), and cell media and 

reagents were from Life Technologies (Burlington, ON, Canada). Deionized (DI) water had a 

resistivity of ~18 MΩ•cm at 25°C, and was filtered through nylon syringe filters from Millipore 

(Billerica, MA, 0.2 µm pore diameter). 

 

5.2.2 Macro-scale cell culture 

HeLa, NIH-3T3, and CHO-K1 cells were grown in complete cell culture media formed 

from DMEM (HeLa and NIH-3T3) or 50/50 vol/vol F-12/DMEM (CHO-K1), supplemented with 

10% fetal calf serum (FCS), penicillin (100 IU/mL) and streptomycin (100 µg/mL). Cells were 

grown to near confluency in complete media in T-25 flasks in an incubator at 37ºC with 5% CO2. 

At the beginning of each experiment, cells were detached using a solution of trypsin (0.25% w/v) 

and EDTA (1 mM), centrifuged, then resuspended in complete media supplemented with 0.05% 

Pluronic F68 (w/v) at the appropriate density. 

 

5.2.3 DMF device fabrication 

Devices were fabricated in the University of Toronto Emerging Communications 

Technology Institute (ECTI) cleanroom facility. Fabrication reagents and supplies included 

Parylene-C dimer from Specialty Coating Systems (Indianapolis, IN, US), gold- and chromium-

coated glass slides from Telic (Valencia, CA), indium tin oxide- (ITO) coated glass slides (Delta 
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Technologies Ltd, Stillwater, MN), Teflon-AF from DuPont (Mississauga, ON), Shipley S1811 

photoresist and MF-321 photoresist developer from Rohm and Haas (Marlborough, MA), 

Standard KI/I2 gold etchant was from Sigma, CR-4 chromium etchant was from OM Group 

(Cleveland, OH), and AZ-300T photoresist stripper from AZ Electronic Materials (Somerville, 

NJ).  

DMF device bottom-plates bearing patterned electrodes and contact pads were formed by 

photolithography and etching. Briefly, gold- and chromium-coated substrates were spin-coated 

with S1811 photoresist (3000 rpm, 30 s). The substrates were pre-baked on a hot-plate (100°C, 2 

min) and exposed to UV through a photomask printed at Pacific Arts and Design (Markham, 

ON) for 10 s (30 mW cm-2) and then developed by immersing in MF-321 for ~3 min. Gold was 

etched by immersing in gold etchant (~5 min), followed by chromium etching by immersing in 

CR-4 (~10 s). Substrates were then immersed in AZ 300T (5 min) to remove the photoresist and 

finally washed in DI water and dried under a stream of nitrogen. These devices were then coated 

with 2 µm of Parylene-C and 50 nm of Teflon-AF. Parylene-C was applied using a vapor 

deposition instrument (Specialty Coating Systems), and Teflon-AF was spin-coated (1% wt/wt in 

Fluorinert FC-40, 1000 rpm, 30 s) followed by post-baking on a hot-plate (160ºC, 10 min). 

Dicing tape was placed on the electrode contact pads prior to parylene coating and was removed 

after Teflon-AF coating to facilitate electrical contact. As depicted in Fig 5.1a, each bottom plate 

features an array of 66 electrodes, including six reservoir electrodes (~34.8 mm2 area), six active 

dispensing electrodes (~6.37 mm2 area), and 54 driving electrodes (~4.88 mm2 area). As shown, 

six of the driving electrodes served dual-purposes, also acting as cell-sensor electrodes. The 

electrode array has inter-electrode gaps of 30-100 µm, and each electrode is connected to an 

array of contact pads on the side of the device spaced appropriately to interface with a 40-pin 
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connector (Compar Inc., Burlington ON).  

 DMF device top-plates were formed from ITO-glass substrates coated with 50 nm 

Teflon-AF using the same procedure described for bottom plates (as above). The Teflon-AF was 

patterned by lift-off to feature six 1 mm diameter circular regions of exposed ITO (known as 

“cell-culture sites”) spaced 9 mm apart using methods described previously.185 As shown in Fig. 

5.1b, devices were assembled with an ITO-glass top plate and a gold-on-glass bottom plate 

separated by a spacer formed from 2 pieces of double-sided tape (total thickness of 180 µm), 

such that each cell culture site on the top plate was aligned over a cell-sensor electrode. 

Moreover, each 25 mm x 75 mm top plate was roughly aligned with the outer-edges of the 

reservoir electrodes on the bottom plate. 
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Figure 5.1: Digital microfluidic device for cell culture and impedance sensing. (a) Top view of the 
digital microfluidic device bearing 66 electrodes. The top-plate has six patterned 1 mm dia. cell-
culture sites (exposed ITO) that are spaced 9 mm apart. (b) Side view of the DMF device. Unit 
droplets (~1 µL) cover the area over a single driving electrode. Virtual microwells (~0.2 µL) cover 
the area over a single cell culture site. 
 

(a) 

(b) 
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5.2.4 DMF device operation 

80-120 VRMS droplet driving potentials were generated by amplifying the sine wave 

output of a function generator (Agilent Technologies, Santa Clara, CA) operating at 15 kHz. The 

application of driving potentials was managed using an automated feedback control system for 

high-fidelity droplet manipulation132 using a circuit described in detail elsewhere.189 Briefly, the 

top plate electrode is connected to a 1 µF capacitor, a voltage clamp (two 1N4007 diodes, 

Creatron Inc, Toronto, ON), and an AD5206 digital potentiometer (Analog Devices, Brampton, 

ON, Canada). To move a droplet onto a given destination electrode on the bottom plate, a 505 ms 

pulse of driving potential is applied to the destination electrode relative to the top-plate electrode. 

During the final 5 ms of the voltage pulse, the potentiometer is triggered to deliver 5% of the 

voltage to the positive terminal of a buffered op-amp (MCP6004, Microchip, Brampton, ON, 

Canada), the output of which is connected to the analog input of an RBBB Arduino 

microcontroller (Modern Device, Providence, RI). The magnitude of the output voltage, Vsense, is 

proportional to the impedance of the volume between the destination electrode on the bottom 

plate and the top plate electrode. The driving software compares the measured impedance to a 

threshold level associated with a droplet of a given liquid, and if the measured impedance is 

below the threshold, additional voltage pulses are triggered with +10 VRMS higher magnitudes 

until the droplet completes the desired operation. The same system was also used to make 

impedance measurements on adherent cells, as described below. 
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5.2.5 Droplet Operations and Programs 

Five droplet operations were used in the experiments described here. In droplet operation 

one, reservoir loading, an 8 µL aliquot of reagent was pipetted onto the bottom plate at the edge 

of the top plate, and loaded by applying driving potential to the appropriate reservoir electrode 

(colored blue in Fig. 5.1) to draw the fluid into the reservoir. In droplet operation two, active 

dispensing, a ~1 µL “unit droplet” was formed on an active dispensing-electrode (colored green 

in Fig. 5.1) by pulling and necking from the reservoir as described previously.32 In droplet 

operation three, active mixing, two 1 µL unit droplets were merged and the combined 2 µL 

droplet was shuttled back and forth across 10 electrodes 10 times. In droplet operation four, 

active splitting, a combined 2 µL droplet was split into two unit droplets as described 

previously.32 In droplet operation five, passive dispensing, a 1 µL unit droplet was actuated 

across a cell culture site (on the top plate, above a red cell-sensor electrode, in Fig. 5.1), 

generating a ~0.2 µL sub-droplet (or “virtual microwell”) as described previously.185 The latter 

process was used both to generate virtual microwells on dry cell culture sites, and to displace the 

contents of existing virtual microwells on sites bearing droplets from previous operations. 

Four programs were used in the work described here, comprising combinations of the 

five operations described above. Program one, cell seeding, was used for fresh devices without 

cells or virtual microwells, and was implemented in three steps (S1-S3). In step (S1), one or 

more aliquots of cells suspended in media were loaded into the appropriate reservoirs. In step 

(S2), one or more unit droplets of cells in suspension were actively dispensed onto the array of 

electrodes. If more than one unit droplet was to be dispensed from a given reservoir, after each 

dispensing step, the (old) reservoir volume was removed by wicking with a tissue and replaced 

with (new) aliquot of cells by repeating (S1). In step (S3), a virtual microwell was generated on a 
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dry cell culture site from each of the unit droplets generated in (S2), and the remainders of the 

unit droplets were driven to (a) waste reservoir(s). The remaining contents of all reservoirs were 

removed with a tissue.  

Program two, cell culture, was used for devices with cells in virtual microwells, and was 

implemented in two steps (C1-C2). In step (C1), the device was flipped upside down as 

described previously186 (i.e., with the top plate on the bottom) and stored an incubator at 37°C. In 

step (C2), the device was removed from the incubator and returned to its normal orientation (i.e., 

with top plate on top).  

Program three, reagent exchange, was used for devices with cells in virtual microwells, 

and was implemented in three steps (E1-E3). In step (E1), one or more aliquots of a given 

reagent were loaded into the appropriate reservoirs. In step (E2), two or more unit droplets of 

reagent were actively dispensed. If more than four droplets were to be dispensed from a given 

reservoir, (E1) was repeated after the four dispensing steps to refill the reservoir. In step (E3), the 

(old) contents of each virtual microwell were replaced with (new) reagent by sequentially 

passive dispensing two unit droplets onto each cell culture site. The remainders of the unit 

droplets were driven to (a) waste reservoir(s), and the contents of all reservoirs were removed 

with a tissue.  

Program four, dilution and exchange, was used for devices with cells in virtual 

microwells, and was implemented in nine steps (D1-D9). In step (D1), one aliquot each of a 

reagent and a diluent were loaded into different reservoirs. In step (D2), one 1 µL unit droplet 

each of reagent and diluent were actively dispensed, then (D3) actively merged and mixed, and 

then (D4) actively split into two mixed unit droplets. One of the mixed unit droplets was saved 

for future steps, and in step (D5), the (old) contents of a virtual microwell were replaced with 
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(new) mixed unit droplet onto a cell culture site. The remainder of the unit droplet was driven to 

a waste reservoir. In step (D6), a fresh 1 µL unit droplet of diluent was actively dispensed, and 

then (D7) actively merged and mixed with the saved 1 µL unit droplet (from step D4, above). 

Steps (D8-D9) were then implemented, which were repeats of (D4-D5). Steps (D6-D9) were 

then repeated until each cell culture site had been exchanged with a constituent in the dilution 

series. At the end of the process, the contents of all reservoirs were removed with a tissue.  

 

5.2.6 Cell impedance measurement and model 

In preliminary tests, NIH-3T3 cells at two volumetric densities (0.5 and 2 x 106 cells/mL) 

were used to evaluate the digital microfluidic impedance measurement system. Cells were 

seeded (S1-S3) and cultured (C1-C2) in virtual microwells for 24 hours. An image of each cell 

culture site was captured using a camera mated to a DM2000 upright microscope (Leica 

Microsystems Canada, Richmond Hill, ON, Canada), and ImageJ software190 was used to count 

the number of cells (Nc) and calculate the area occupied by the cells (Ac). These values were Nc 

= 60  6.2 cells (Ac = 2.55 x 10-2 mm2), and Nc = 177  11.0 cells, (Ac = 1.34 x 10-1  mm2) for 

the low and high cell densities, respectively. Vsense was then measured by applying a 1 s pulse of 

100 VRMS potential to the cell-sensor electrode relative to the top-plate electrode at frequencies 

of 5, 15, or 30 kHz. In a second experiment (with fresh devices and cells), after step C2, the 

culture media was exchanged (E1-E3) with aqueous sucrose (500 mM in DI water with 10 mM 

HEPES, 0.05% w/v Pluronic F68, pH 7.4) immediately prior to measurement of Vsense using the 

same parameters as above. Each condition was replicated five times, and paired t-tests were used 

to evaluate statistical significance. 

A circuit was developed to model the impedance of the system, building from similar 

± ±
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work by Morgan and coworkers.191, 192 The circuit is shown in Table 5.1 and has four elements in 

series. The first element represents the parylene insulator on the bottom-plate of the device, 

modeled as a capacitor (Ci). The second element represents the bulk droplet, modeled as a 

resistor and a capacitor (Rliq_bulk and Cliq_bulk) in parallel. The third element represents the 

interface between the droplet and the top-plate electrode (arbitrarily chosen to be 10 µm thick), 

and contains two sub-circuits (in parallel). The first sub-circuit represents the cells at the 

interface, with each cell modeled as two capacitors and a resistor (Cmem, Rcyto, Cmem) for Nc cells 

in parallel. The second sub-circuit represents the liquid at the interface, modeled as a resistor and 

a capacitor (Rliq_int and Cliq_int) in parallel. The fourth circuit element represents the potentiometer 

and the internal capacitance of the op-amp (Rpot, and Cop) in the measurement circuit. The circuit 

model does not include representations of cell membrane resistance or cytoplasm capacitance, 

the 1 µF coupling capacitor, or the resistance or capacitance of the thin layers of Teflon-AF, 

which are assumed to have negligible effects. 

The electrical properties of each element in the circuit model are listed in Table 5.1. 

Values that were not known, measured, or found in the literature were calculated according to 

equations 1 and 2, 

R = !!
!

  Eq. 5.1 

C = !!!!!
!

  Eq. 5.2 

where t, A, ρ, and εr are the thickness, area, resistivity, and dielectric constant of the material, 

and εo is the permittivity of free space. Vsense as a function of frequency (0-35 kHz) was 

simulated using LTSpice (Linear Technology, Milipitas, CA) with a 100 VRMS sinusoidal source. 
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The simulated data for four conditions (cell media/high cell density, cell media/low cell density, 

sucrose/high cell density, sucrose/low cell density) were compared with experimental 

measurements (described above). 
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Table 5.1: Model circuit and values used in LTSPICE simulations. 

 

Item Circuit 
Element Value Reference or 

measured Equation and Parameters 

Element 1: 
insulator  Ci 10.4 pF N/A Eq. 2; εr = 3.0; t = 2 µm; 

A = 0.785 mm2 

Element 2: 
bulk liquid 

Rliq_bulk 
cell media: 400 Ω measured N/A 
sucrose: 1.8 MΩ measured N/A 

Cliq_bulk 
cell media: ~0 pF N/A N/A 
sucrose: 19.5 pF measured N/A 

Element 3: 
interface 

Cmem 0.785 pF•cell-1 
Morgan and 
coworkers191, 

192 
N/A 

Rcyto 212 kΩ•cell-1 
Morgan and 
coworkers191, 

192  

Eq. 1; ρ = 1.67 Ω•m;  
t = 10 µm; A = 7.85 x 10-5 

mm2 

Rliq_int 

cell media: 
22.9/26.7**Ω N/A Eq. 1; ρ = 1.74 Ω•m*;  

t = 10 µm; A = 0.785 mm2 - Ac 
sucrose: 

103/121** kΩ N/A Eq. 1; ρ = 7850 Ω•m*;  
t = 10 µm; A = 0.785 mm2 - Ac 

Cliq_int 
cell media: ~0 pF N/A N/A 

sucrose: 
54.6/46.1** pF N/A Eq. 2; εr = 80; t = 10 µm; 

A = 0.785 mm2 - Ac 
Element 4: 

meas. 
circuit 

Rpot 12 kΩ N/A N/A 

Cop 20 pF N/A N/A 

* ρ extrapolated from measured Rliq_bulk  

** Values for low and high cell density  
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5.2.7 Cell impedance assays 

Three types of assays were implemented using the DMF impedance measurement system. 

In the first assay, calibration, suspensions of HeLa, NIH-3T3, and CHO-K1 cells at different 

volumetric densities (0.5, 1, and 2 x 106 cells/mL) were seeded (S1-S3), cultured (C1-C2) for 24 

h and then the solution was exchanged with aqueous sucrose (E1-E3). Vsense was measured as 

above (at 15 kHz). The surface density and area occupied by the cells was calculated as above. 

Each condition was replicated five times, and lines of regression were calculated to relate Vsense 

to cell surface density. The same data were also plotted as a function of the area occupied by 

cells. 

In the second assay, proliferation, suspensions of HeLa, NIH-3T3, and CHO-K1 cells at 

a volumetric density of 0.25 x 106 cells/mL were seeded (S1-S3), cultured (C1-C2) for 24 h, and 

exchanged with aqueous sucrose (E1-E3). Vsense at 15 kHz was measured and this value was 

translated to a cell surface density using the appropriate regression curve generated in the 

calibration assay. The sucrose solution was then exchanged with cell media (E1-E3) and then the 

cells were cultured (C1-C2) for 24 h. This process (E1-E3 with aqueous sucrose, measurement of 

Vsense, E1-E3 with fresh media, and C1-C2 for 24 h) was repeated after 48, 72, and 96 h. Each 

condition was replicated five times.  

In the third assay, serum screening, NIH-3T3 cells in complete media at a volumetric 

density of 0.25 x 105 cells/mL were seeded (S1-S3) and cultured (C1-C2) for 6 h. A dilution and 

exchange program was then executed to generate droplets containing five different 

concentrations of FCS (0.63%, 1.25%, 2.5%, 5%, and 10%) in media using DMEM fortified 

with 100 IU/mL penicillin, 100 µg/mL streptomycin, 0.05% w/v Pluronic F-68, and 20% FCS as 

"reagent", and the same solution without FCS as "diluent" for steps (D1-D9). Cells in virtual 
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microwells containing each of these serum concentrations were then cultured (C1-C2) for 24 h 

and then exchanged with aqueous sucrose (E1-E3). Vsense at 15 kHz was measured and this value 

was translated to a cell surface density using the appropriate regression curve generated in the 

calibration assay. Media containing different concentrations of serum were then re-generated and 

used to exchange the sucrose solutions in the virtual microwells (D1-D9) and the cells were 

cultured (C1-C2) for an additional 24 h. This process (E1-E3 with aqueous sucrose, 

measurement of Vsense, D1-D9 to generate and replace with fresh media with different FCS 

concentrations, and C1-C2 for 24 h) was repeated after 48 and 72 h, culminating with a final 

analysis (E1-E3 with aqueous sucrose and measurement of Vsense) after 96 h. Each condition was 

replicated five times.  
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5.3 Results and Discussion 

5.3.1 Digital microfluidic system 

Digital microfluidics has recently become popular for the culture and analysis of adherent 

cells.76, 184-188 In such systems, hydrophilic sites are patterned on the device surface to serve as 

sites for cell seeding, spreading, and proliferation. Cells cultured in such systems behave 

similarly to cells grown in conventional tissue-culture treated polystyrene.76, 184 In addition to 

being useful for growing adherent cells, these hydrophilic sites also enable a fluidic phenomenon 

called passive dispensing, which occurs when a unit droplet (i.e., a droplet that covers the space 

over a single driving electrode) is translated across a hydrophilic site. This results in spontaneous 

formation of a sub-droplet known as a virtual microwell.185 The contents of virtual microwells 

can be efficiently exchanged through the passage of additional unit droplets, a property that is 

particularly useful for cell media exchange and reagent delivery.76, 184 A unit droplet and a virtual 

microwell are featured in a schematic of the device used here, shown in Figure 5.1. 

Figure 5.2 depicts a typical process used for the work described here. As shown, a virtual 

microwell containing cells is formed (frames 1-2) followed by two reagent exchanges (frames 3-

4 and 5-6). In practice, this process [represented by steps S1-S3 and E1-E3 (twice) from the 

Methods and Materials section] requires 104 droplet movements onto energized electrodes. A 

challenge for such complex programs, particularly for those in which the medium surrounding 

droplets is air (as in the work described here), is the phenomenon of imperfect droplet movement 

fidelity: droplets occasionally resist moving onto an energized destination electrode because of 

stiction to surface heterogeneities. For multistep processes involving tens or hundreds of droplet 

movement steps, this phenomenon can lead to unacceptable levels of failure. To overcome this 
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problem, we adopted the strategy demonstrated by Shih et al.,132 in which feedback control with 

impedance sensing is used to improve the fidelity of droplet manipulation. This paper represents 

the first application of this strategy to applications involving passive dispensing and cell culture 

and analysis.  

 The feedback control system used here is shown in Figure 5.3, which operates by 

measuring a voltage (Vsense) that correlates with droplet impedance. In initial work, unit droplets 

of DI water were observed to have Vsense = 243.6 2.4 mV, and virtual microwells had Vsense = 

43.6  2.9 mV. Similar measurements were recorded (for use as a threshold value) for each of 

the liquids used in the experiments described here. After each droplet movement step, Vsense was 

measured and compared to the appropriate threshold value. This allowed for the completion of 

even very complex droplet movement operations (such as those represented in Figure 5.2) with 

very low rates of failure.  

   

±

±
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Figure 5.2: Frames from a movie depicting a multistep experiment.  In frames 1-2, a virtual 
microwell containing cells is formed. After incubation, in frames 3-4, the contents of the virtual 
microwell are exchanged with a sucrose suspension. Finally, in frames 5-6, the contents of the 
virtual microwell are exchanged with fresh media. Colored dye was added to aid in visualization. 
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Figure 5.3: Impedance measurement circuit. The circuit was used for two purposes: droplet control 
and cell sensing. For droplet control, Vsense is measured during droplet manipulation to enable 
feedback control over unit droplet position.132  For cell sensing, Vsense is measured in static virtual 
microwells positioned over cell-sensing electrodes. 

 

5.3.2 Cell impedance measurement system 

We hypothesized that the impedance measurement system used for feedback control over 

droplet position (Fig. 5.3) could be repurposed to measure the impedance of adherent cells grown 

in virtual microwells. To test this hypothesis, NIH-3T3 cells were seeded on cell-culture sites (as 

in Fig. 5.2, frames 1-2) at low and high densities (0.5 and 2 x 106 cells/mL) and were incubated 

for 24 h. Vsense values for these cells (in virtual microwells containing cell media) were then 

measured at three different frequencies, and these values are shown in Figure 5.4a as discrete 

points for the low (green) and high (red) density cases. Unfortunately, the differences between 
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these values were not statistically significant. For example, at 15 kHz, the Vsense values were 71.5 

 4.9 mV and 78.3  6.6 mV respectively (p = 0.101). This trend was observed for all 

frequencies tested, which suggests that these conditions are not ideal for measuring cell density 

as a function of impedance. 

We hypothesized that the correlation between Vsense and cell density might be improved 

by using a buffered, isotonic medium with lower conductivity than cell media. This technique, 

which allows for a larger voltage drop across the cells, is commonly used in dielectrophoresis 

applications such as cell sorting and trapping.193, 194 To test this hypothesis, the experiments were 

repeated, but prior to measuring Vsense, the media in the virtual microwells was exchanged with a 

low-conductivity sucrose solution (as in Fig. 5.2, frames 3-4). These data are shown as discrete 

points in Figure 5.4b. These data are promising; for example, for measurements at 15 kHz, the 

Vsense values for low and high densities were 151.2  11.9 mV and 364.6  27.4 mV. This 

difference is significant (p = 2.36 x 10-7), and confirms that low-conductivity liquids are 

favourable for impedance sensing of cells in this system. In follow-up experiments, methods 

were developed to exchange the sucrose solution with fresh cell culture media (as in Fig. 5.2, 

frames 5-6) to allow cells to continue to grow after making impedance measurements. In typical 

experiments, this resulted in cells being exposed to the sucrose solution for ~10 min; this was 

observed not to impact cell proliferation rates for any of the cell types evaluated here (data not 

shown), and  was thus used for all experiments described in the following sections.  

  

± ±

± ±
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Figure 5.4: Graphs showing the measured (solid squares; error bars represent ± 1 S.D.) and 
simulated (solid lines) Vsense values in (a) cell media and (b) 500 mM sucrose as a function of 
frequency. Green and red are indicators for volumetric cell densities of 0.5 x 106 and 2.0 x 106 
cells/mL, respectively. Simulated Vsense values were generated using the circuit shown in Table 5.1. 
In (a), the simulated curves have identical values; a slight artificial offset was added to the red 
curve to show that there are two curves. 

 

(a) 

(b) 
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 To understand the experimental results described above, we developed a circuit model, 

shown in Table 5.1. The model was adapted from those described by Morgan and coworkers,191, 

192 and includes a resistor and a capacitor in parallel to model the liquid medium (element 2 in 

Table 5.1) and capacitors and a resistor in series to model the cell membrane and cytoplasm 

respectively (the top sub-circuit of element 3 in Table 5.1). But the models used previously are 

not a perfect match to the experimental system used here. One key difference is the presence of 

the insulator covering the bottom-plate electrode of the DMF device; all other cell impedance 

measurement systems that we are aware of use bare electrodes that make direct contact with cells 

and media. We added a capacitor (element 1 in Table 5.1) to the model to account for this 

difference. A second difference is the large fraction of electrode area in our system that is not 

occupied by cells; the Morgan and coworkers191, 192 model was designed for a system in which 

the majority of the electrode area was covered by one or more cells. To accommodate this 

difference, we added a separate sub-circuit to model liquid at the interface between the droplet 

and the electrode (the bottom sub-circuit of element 3 in Table 5.1). Vsense values predicted by 

the model are plotted as solid lines in Figure 5.4. Although the simulations are not a perfect 

match to the experimental data, the key trends are reproduced. For example, the simulated data 

accurately predict that low-conductivity buffer (increasing the voltage drop across the cells) and 

higher frequencies (decreasing the capacitance of the media) are preferable for correlating 

impedance to cell density.  

There are a number of potential causes for the differences observed between the 

experimental and simulated data in Figure 5.4. One potential source of variation is changes in the 

effective area of the electrode observed as a function of changes in droplet contact angle. 

Likewise, a second potential source of variation may be the result of differences in virtual 
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microwell volumes observed for passive dispensing and exchange185 which would also change 

the effective electrode area. A third potential source of variation is imperfect estimation of area 

occupied by the cells in the model. And a fourth potential source of variation is imperfect 

estimation of cell membrane capacitance and cytoplasm resistance (these values are not known 

for the NIH-3T3 cells used here; the model used values reported in the literature for other cell 

lines52, 53). Clearly, more work is required to generate a model that better matches the 

experimental data, but the similarity in trends gives us confidence that we understand the basic 

elements of the measurement. Moreover, the fidelity of the circuit model does not impact the 

usefulness of the system for cell sensing, as described in the following sections. 

 

5.3.3 DMF-Cell Impedance assays 

 To evaluate the utility of the cell impedance measurement system for DMF applications, 

we developed three assays: (1) calibration, (2) proliferation, and (3) serum screening. For the 

former, three cell lines (CHO-K1, NIH-3T3, and HeLa) were seeded in virtual microwells, 

cultured overnight, and then exchanged with sucrose solution. As shown in Fig. 5.5a, images 

were collected of cells seeded at each volumetric density, enabling the calculation of the 

resulting surface densities and areas occupied by the cells. Vsense was then measured for each 

condition and plotted as a function of cell surface density (Fig. 5.5b). The regression lines were 

linear (R2 = 0.9920, 0.9935, 0.9965 for CHO-K1, NIH-3T3, and HeLa cells) over at least one 

order of magnitude (higher densities were not tested). The limits of detection (LOD) were ~20-

25 cells/mm2. The model (Table 5.1) suggests that in the future, the LOD might be lowered by 

using a thinner insulator, reduced spacing between top and bottom plate, and smaller electrode 

area; however, these performance characteristics were sufficient for the applications targeted 
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here, as described below. The apparent differences between cell lines (reflected in the different 

slopes of the regression lines in Fig. 5.5b) can be partly explained by differences in cell area 

(Fig. 5.5b - inset); any remaining differences are likely a function of the known differences in 

capacitative coupling for different cell types.152, 153 

 

 

 

 

Figure 5.5: Calibration assay. (a) Pictures showing NIH-3T3 cells seeded at three different 
volumetric densities (0.5 x 106, 1.0 x 106, and 2.0 x 106 cells/mL) in virtual microwells. Scale bars are 
10 µm, and the surface densities are listed under each picture. (b) Calibration curves generated 
from NIH-3T3 (blue diamonds), HeLa (green triangles), and CHO-K1 (red squares) cells, plotting 
Vsense  as a function of surface density. The inset shows the same data plotted as a function of the 
area occupied by the cells. Error bars represent ± 1 S.D. 

(a) 

(b) 
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In the second assay, designed to evaluate proliferation, the three cell lines were seeded and 

cultured for four days and cell growth was monitored using the DMF cell impedance system. 

Each impedance measurement was collected in sucrose solution, after which the contents of the 

virtual microwells were exchanged with fresh culture media for continued growth. Figure 5.6a 

shows growth curves for each cell line, in which Vsense values were measured and translated to 

surface cell densities from the calibration curves in Figure 5.5. As shown, on day 1, the cell 

numbers were below the detection limits, but on each later day measurable values were obtained. 

The trend of NIH-3T3 and HeLa cells proliferating faster than CHO-K1 cells (as highlighted in 

Fig. 5.6b) was identical to that observed for cells cultured in standard conditions (data not 

shown). 
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Figure 5.6:  Proliferation assay. (a) Graph of surface density measured by impedance as a function 
of time for NIH-3T3 (blue diamonds), CHO-K1 (red squares), and HeLa (green triangles) cultured 
for four days. Curves were added to guide the eye, and error bars represent ± 1 S.D. All cells were 
originally seeded at 0.25 x 106 cells/mL. (b) Pictures of NIH-3T3 (left) and CHO-K1 (right) cells 
cultured in virtual microwells for four days confirming the differences in proliferation rates.  Scale 
bars are 10 µm. 

(a) 

(b) 
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 The third assay was designed to evaluate whether the new system could be used for 

screening different concentrations of serum in media, motivated by the wide-spread interest in 

reducing the serum content in in vitro cell culture.195, 196 In this assay, NIH-3T3 cells were 

seeded and grown in a dilution series of fetal calf serum at different concentrations (generated 

on-chip) for four days. After each day, impedance measurements were collected to evaluate cell 

density, as shown in Figure 5.7a. As shown, at high concentrations of fetal calf serum (e.g., 5% 

and 10%) cell growth followed sigmoidal profiles, while at lower concentrations cells did not 

grow well. Interestingly, the cells grew to slightly higher concentrations at 5% serum 

concentration, suggesting that this condition might be suitable for other applications. In the 

future, we propose that variations of this method might be useful for a wide range of other types 

of assays in which use cell proliferation rate as the readout (e.g., drug screening assays,195, 197-199 

gene expression,200 and wound-healing assays156, 201). 

 As described in the Methods and Materials section, the data in Figure 5.7a required a 

very complex series of steps comprising more than 2000 droplet actuations. To our knowledge, 

this represents the most sophisticated series of operations reported for a digital microfluidic 

device. Moreover, as depicted in Figure 5.7b, the method was carried out in 6-plex format, 

allowing for rapid data collection. We propose that it would be straightforward to expand this 

technique to higher levels of multiplexing, particularly with the recent report of methods to form 

and operate DMF devices with 4096 independent addressable electrodes.49 In addition, the digital 

microfluidic method facilitates nearly 1000-fold reduction in reagent use compared to cell 

impedance analysis systems available commercially (e.g., the Applied Biophysics ECIS® 

system165 requires 1.5-4 mL per assay153, 154, while corresponding assay would require 1-10 µL in 

the DMF format). Finally, DMF also enables media exchange without manual or robotic 
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intervention, suggesting the possibility of uninterrupted impedance sensing and incubation. We 

propose that the new methods described here may be particularly useful for applications 

involving small numbers of precious cells and for assays involving frequent media/reagent 

exchange steps. 
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Figure 5.7:  Serum screening assay. (a) Growth curves for NIH-3T3 cells cultured in virtual 
microwells of media containing 0.63% (blue squares), 1.25% (red squares), 2.5% (green squares), 
5% (yellow squares), and 10% (brown squares) fetal calf serum. Curves were added to guide the 
eye, and error bars represent ± 1 S.D. (b) Picture showing six virtual microwells containing cells on 
a device. 
 

  

(a) 

(b) 
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5.4 Conclusion 

 We have developed the first digital microfluidic device capable of impedance sensing of 

cells. The new method incorporates a feedback control system enabling high-fidelity droplet 

movement without manual intervention. The system is fully automated and is capable of cell 

seeding, long-term culture, and multiplexed analysis of different experimental conditions. 

Multiplexed analyses are feasible with nearly 1000-fold reduction in reagent use relative to the 

commercial alternatives. We anticipate this new method will be useful for the growing number 

of researchers seeking alternatives to flow cytometry and fluorescence microscopy for analyzing 

adherent cells in situ. 
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Concluding Remarks and a Look to the Future 

The work described in this dissertation was focused on the development of systems for 

automated droplet movement on digital microfluidic devices. I propose that these systems (and 

others like them) are critically important if the technique of digital microfluidics is to ever live 

up to its promise.  Here, I summarize my contributions in each chapter and propose suggestions 

for future work, which are listed in Table C.1. 

 

Culturing microorganisms on digital microfluidic devices (Chapter 2) 

In the work described in chapter 2, we created a digital microfluidic platform for the 

integrated culture and analysis of microorganisms in droplets. The device was designed to 

operate with automated semi-continuous DMF-driven mixing and the growth profiles of 

microorganisms were monitored by absorbance measurements using a well-plate reader.  This 

work was the first of its kind -- digital microfluidics had never before been used for long-term 

culture of microorganisms, especially with integrated absorbance analysis and on-chip viability 

assays and genetic transformations. I propose that future versions of a device based on the 

principles described in chapter 2 (but with higher throughput) will be more powerful than a 

multiwell plate, allowing for parallel-scale evaluation of hundreds of experimental conditions 

with minimal manual interventions. The Appendix describes some preliminary work (not yet 

complete) developing this type of system. Such advances would be impossible without the initial 

work towards developing automated droplet control systems described in Chapter 2.  However, a 

number of improvements are needed to facilitate this work; I list several in Table C.1. 
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Automated Feedback System for Digital Microfluidics (Chapter 3) 

Chapter 3 describes the first DMF-feedback system for monitoring droplet movement on 

digital microfluidic devices. The feedback system enables droplet movement with much higher 

fidelity relative to non-feedback controlled movement. Moreover, the simplicity of the system 

suggests that it may be adoptable and useful for scientists and engineers who want to develop 

their own low-cost automated platforms for clinical and biological applications. To facilitate 

adoption by others, we posted the LabView code to drive this circuit on our website 

(http://microfluidics.utoronto.ca/other/ DMF_feedback_SI2.VI) such that any interested observer 

can download it and use it. But of course, the system described in chapter 3 represents only the 

first step of many in fully automating digital microfluidics. In the future, several new capacities 

must be developed for such systems. The improvements needed include: (1) independence from  

droplet thresholding, (2) precise dispensing from reservoirs (the systems described in this thesis 

focus solely on droplet translation), (3) and detection of many (e.g., 96) droplets in parallel. To 

accomplish some of these goals, it may be useful to explore other possible feedback mechanisms 

(e.g,, optical tracking of droplet position), or to explore the recently reported systems based on 

thin-film transistor technology that supports over 4000 independent addressable electrodes.202 

More suggestions are listed in Table C.1. 

 

Dried Blood Spot Analysis by Digital Microfluidics (Chapter 4) 

 Chapter 4 describes a method for dried blood spot (DBS) analysis using automated DMF 

techniques. The automation system used in this work represented a significant improvement 

relative to that described in chapter 3; the details of the changes are listed in Table 4.2. The 

method described in chapter 4 allows for droplet movement through DBS samples (i.e., punches 
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of paper bearing dried blood) without any manual intervention, representing a significant 

improvement relative to the initial efforts in this area. Future methods should accommodate (1) 

an increase in the number of DBS samples that can be analyzed on one chip and (2) the ability to 

screen for a full suite of diseases using a single DBS sample.  More details are listed in Table 

C.1. 

 

Cell Impedance Analysis by Digital Microfluidics (Chapter 5) 

 Chapter 5 describes the application of the feedback system reported in chapter 4 to the 

detection of adherent mammalian cells that are cultured on digital microfluidic devices. This 

method allows users to make impedance measurements to determine the cell density on-chip. 

This proof-of-principle work serves as a useful first step for counting six groups of cells on a 

device without requiring fluorescent dyes or offline cell-counters. I propose that future systems 

(see Table C.1.) should be developed to allow for the culture of 96 groups of cells (the device 

described in Chapter 5 allows for 6 groups of cells) for high-throughput screening. Another 

useful development (as described in Table C.1) will be an integrated incubator for long-term 

culture (which will require the development of robust methods to overcome droplet evaporation). 

 

 In summary, I have designed, built, and tested several generations of digital microfluidic 

automation systems  and validated the systems by applying them to (1) culturing microorganisms 

(Chapter 2), (2) enzyme kinetics analysis (Chapter 3), (3) dried blood spot analysis (Chapter 4), 

and (4) cell impedance analysis (Chapter 5). This body of work highlights the evolution and 

growth of digital microfluidics in the past four years. If we assume a similar rate of evolution in 

the next four years, I am confident that new systems will soon be developed with the capacity to 

analyze many different samples in parallel. The Appendix describes some promising (but 
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incomplete) work towards this goal. I propose that the new digital microfluidic tools that emerge 

in the next few years will allow scientists in any research lab (even those without access to fluid-

handling robots) to evaluate large numbers of conditions. 
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Table C.1.  Limitations in current DMF practice 

Problem Current Solution 
Potential Solutions for 

the Future 
Related 
chapter 

Biomolecule (e.g., 
proteins) fouling on the 
hydrophobic surface of 
DMF devices 

Pluronic additives 
significantly reduce the rate 
of fouling91, 203 but over 
days fouling still occurs 
 

Develop new device 
coatings that (a) prevent 
biomolecule adherence, but 
(b) are suitably hydrophobic 
to enable aqueous droplet 
movement 

All 
chapters 

Limited number of 
independent addressable 
electrodes on a device 

Bussing electrodes together 
on glass devices (as 
described in the Appendix) 
allows for control of greater 
numbers of droplets, but 
takes away the advantage of 
individual addressability 

DMF substrates other than 
glass such as printed circuit 
boards204 (PCBs) or thin- 
film transistor technology 
(TFT)202 which can 
accommodate vertical vias 
and thus more 
independently addressable 
electrodes 

All 
chapters 

Limited number of 
automation outputs 

Our current designs use a 
slot connector (see Chapter 
3) to couple 48 high-voltage 
switches to device 
electrodes 

We are designing new 
automation control systems 
with pogo pins which can 
accommodate up to 1300 
outputs 

All 
chapters 

Limited temperature 
control on device 

A hot-plate for controlling 
temperature on device. 

A Peltier cooler can be 
attached to the device for 
precise temp. control. 
 
Create heating electrodes to 
control the temperature 
similar to Keng et al.205 

Ch.2, 
Ch.4 

Non-ideal feedback control 
mechanism 

Time-consuming pre-
measurement of each liquid 
to be evaluated to set 
thresholds for 
Electrical/Impedance 
feedback control 

Use optical means to 
measure droplet position for 
feedback without 
thresholding 

All 
chapters 

Non-ideal Interface 
between DMF and MS 

In the prototype described 
in Chapter 5, each tip is 
manually aligned with the 
MS 
 

To analyze more samples in 
parallel, an automated stage 
should be developed to 
automatically align the tip 
to the each tip to the orifice 
of the MS  

Ch.4 

Manual intervention in 
DMF cell-based assays  

Incubate device in the 
incubator when culturing 
cells and remove the device 
from the incubator for 
droplet manipulation 

Design an incubator 
featuring integrated DMF 
automation control system 
and imaging system; this 
will allow for continuous 
operation without manual 
intervention 

Ch.5 
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Appendix Towards a high-throughput assay using digital 

microfluidics: evaluating lipid production in algal cells 

 There is great interest in the development of renewable sources of energy-bearing 

materials to eventually replace the limited supply of fossil fuels. One system that has received a 

great amount of attention is the production of energy-rich lipids by algal cultures. Unfortunately, 

the current energy densities available from algae grown in culture are not high enough to extract 

and to use these lipids as biofuels attractive economically. New methods must therefore be 

developed to screen for culture conditions that allow for the production of energy-rich lipid 

products with more efficiency. Here, I report initial efforts to develop a digital microfluidic 

system capable of screening different culture conditions in algae. This chapter represents a 

snapshot of a work in progress; I anticipate that additional work in the near future will complete 

the story. 
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A.1 Introduction 

There is great interest in the development of algae as a vehicle for production of energy-

rich lipid products for potential applications as biofuel.57, 206, 207 But methods must be developed 

to screen for conditions capable of generating high energy density. This Appendix describes my 

initial efforts developing a microfluidic system towards this goal. 

Chapter 2 of this thesis describes the first microbioreactor relying on digital 

microfluidics.  The system is capable of automated growth and analysis of several different types 

of microorganisms, including bacteria, yeast, and algae.  Here, we have improved upon the 

methods described in Chapter 2 to evaluate lipid production in Cyclotella Cryptica algal cells. 

Neutral lipids from this diatom alga have been previously used as a precursor for biofuel 

production in the research lab57, 206 and in industry.207 For reasons that are not yet fully 

understood, the intensity of light that algae are cultured in can affect the amount of neutral lipid 

production.208 Moreover, in initial studies, we have found that the wavelength of the light that 

algae are cultured in can also affect neutral lipid production. To our knowledge, this effect not 

been reported in the literature.  

In the initial work reported here, the conditions evaluated were the wavelength and the 

intensity of light. The lipid production in algae were monitored using a fluorogenic dye that has 

high specificity to neutral lipids, LipidTox (Life Technologies). This dye fluoresces in the 

presence of neutral lipid droplets but has low fluorescence when not exposed to neutral lipids.  
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A.2 Methodology 

The assay was carried out using the device shown in Figure A1.1.  The device has two 

large modules (each comprising four 18 x 18 mm electrodes), labeled A and B in Fig. A1.1.  

 

Figure A1.1: Picture of the DMF device used for multiplex lipid screening shown with labeled 
regions of the device (A, B, C, D). 

 

Module A is used for algae culture (with regular droplet movements to maintain uniform 

density – see chapter 2), and module B holds a large reservoir of the fluorogenic dye. For these 

dimensions with a 360 µm spacer between the plates, each 18 x 18 mm electrode holds a unit 

droplet volume of at least 120 µL. Each experiment to screen for lipid production in algae was 

carried out in seven steps as shown in Figure A1.2.  
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Figure A1.2: Sequence of frames (A-G) from a movie depicting the experiment to screen for lipid 
production in algae 

 

We developed a seven-step (A-G) process to screen for lipid production in eight 

individually addressable algae culture droplets. In step (A), the large droplet volume (120 µL) is 

circulated in the large reservoir. In step (B) eight 10 µL sub-culture droplets containing algae are 
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dispensed and actuated to the eight 3.5 x 12 mm electrodes. In step (C), a dye droplet is 

dispensed from the large reservoir (labeled B in Fig. A1.1) into eight 10 µL fluorogenic dye-

containing droplets sequentially (as shown in Fig. A1.2 steps C1-C3). These droplets are then 

actuated to the eight 3.5 x 9 mm electrodes. After the 16 droplets are in positions C and D (8 

droplets in each location), the device is placed in a lighting manifold as depicted in Figure A1.3. 

In step (D), the eight 10 µL algal culture droplets are split into 2 µL droplets. In step (E), the 2 

µL algal culture droplets are actuated to the L-shaped electrode (see chapter 2) for an absorbance 

measurement using a well-plate reader. In step (F), the eight algal culture droplets and the eight 

fluorogenic dye droplets are mixed, incubated for 10 min, and the fluorescence intensity will be 

measured using a plate reader. In step (G), the eight mixed droplets are actuated to the waste 

reservoir, which has a through-hole for liquid removal. For subsequent measurements (for the 

same experimental conditions with different culture times), steps D-F are repeated. For 

subsequent experiments (for different conditions), steps A-F are repeated.  

 

Figure A1.3: Picture of the lighting manifold used to screen for different culture conditions 

 



 128 

A.3 Problems Encountered 

A critical feature of the new methods described above is the capacity to dispense and 

actuate many droplets in parallel. This proved to be nearly impossible for devices formed with 

the standard materials and geometries used in the Wheeler lab (i.e., arrays of square chromium 

electrodes on glass). To overcome this challenge, I experimented with different (a) spacer 

heights between plates, (b) electrode geometries, and (c) electrode materials. For (a), droplet 

dispensing force scales inversely with spacer height32 (i.e., droplets more readily dispense with 

smaller spacer heights). Unfortunately, small spacer heights reduce the optical path-length, 

which makes absorbance measurements impractical for this application. Trial and error led me to 

360 µm as a compromise spacer height that facilitated reliable droplet dispensing and adequate 

absorbance sensitivity. For (b), I changed the electrode geometry to accommodate simultaneous 

dispensing of eight droplets. Dispensing in digital microfluidics is normally accomplished in 

three steps.32 In step (1), the reagent is loaded on a reservoir electrode. In step (2), the liquid is 

stretched by activating a number of electrodes in series (usually two or three) adjacent to the 

reservoir to form a liquid neck. In step (3), the reservoir and the last electrode that the liquid is 

covering are activated while deactivating the electrodes in between them, which serves to break 

the liquid neck, forming a dispensed droplet. Typically, all the serial electrodes are the same size 

(except for the reservoir114); in contrast, my new design features a rectangular electrode between 

the reservoir electrode and the destination electrode. The smaller width of the central electrode 

promotes easier necking114 in the liquid between the reservoir and the last activated electrode. 

This new design was required to facilitate reliable droplet dispensing in parallel. For (c), it was 

found that the high resistivity of chromium (approximately ~1-1.5 kΩ/cm) for wires on devices 
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used regularly in the Wheeler lab) resulted in unacceptable voltage drops across long wires 

connecting many different electrodes (leading to irregular droplet movements). Replacing 

chromium with gold (with lower resistivity) deposited in the U of T ECTI cleanroom proved to 

be impossible, which led us to obtain substrates from a commercial vendor (Telic Co., Valencia, 

CA). After some experimentation, we were able to form devices with wire resistivities of ~0.01-

0.03 kΩ/cm, which facilitated more regular droplet actuation. 

 

A.4 Preliminary Results 

In preliminary experiments with the DMF device shown in Fig. A1.1, volumes of 200 µL 

were loaded into A and B. These large volumes were necessary to accommodate multiple 

experiments on a single device. The manifold in Fig. A1.3 allows us to screen for eight light 

conditions (red, orange, yellow, green, blue, purple, white, control/no LED) in a given 

experiment, and at different light intensities (by changing the resistance that is in series with the 

LEDs) in sequential experiments. Figure A1.4 shows preliminary data for absorbance (as a 

marker for growth over time) and fluorescence intensity (normalized to the absorbance), with 

three time measurements (1h, 6h, and 24h) for each colour at a single intensity. From these 

preliminary results, it appears that incubation in yellow light results in the highest density of 

neutral lipids per algae cell, but these experiments must be repeated and results validated.  LEDs 

are commonly used to promote algae growth in research209, 210 and industrial207, 211 labs, but to 

our knowledge, the data in Figure A1.4 is the first evidence of a dependence on culture-

wavelength for lipid production. We propose that studies such as the one proposed here will be 

useful to screen for the conditions that are optimal for maximum neutral lipid production. 
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Figure A1.4: Preliminary (A) growth and (B) neutral lipid production curves for each colour of 
LED. 
  

 This proof-of-concept experiment demonstrates the advantages of the digital microfluidic 

system relatives to conventional techniques. In addition, we have evaluated sixteen algae culture 



 131 

conditions (data not shown) comprising eight wavelengths (including a control with no LED), at 

two intensities each.  Each condition was evaluated at three time points (1h, 6h, 24h), and an 

absorbance measurement and a fluorescence intensity measurement were collected from each of 

these 48 droplets.  This experiment required a single device and two pipette steps (representing 

initial loading of algae culture suspension and fluorogenic dye into the device). For comparison, 

the same experiment using conventional techniques (well plates and pipettes) was implemented. 

The same set of 48 absorbance/fluorescence measurements using conventional techniques 

required 2 well plates and 112 pipetting steps.*  This represents a significant 56-fold reduction in 

manual intervention for the digital microfluidic method.  

 The proof-of-concept experiment described above represents the extent of the work 

conducted so far, but I propose that in the future, much higher reductions in manual interventions 

could be realized using larger devices with greater multiplexing. For an experiment with a single 

absorbance measurement and N fluorescence measurements (using N dyes), evaluating C 

conditions at T time points, the number of pipetting steps for the microfluidic case is 

𝑃! =  1 + 𝑁     Eq. A.1 

while the number of pipetting steps for the well plate case is 

𝑃! =  𝐶 + 2𝑁𝑇𝐶   Eq. A.2 

 

                                                             
* 16 pipetting steps to set up each of the algae cultures to incubate with LEDs in clear-
bottomed well plates. No additional pipetting steps are required for absorbance 
measurements. 48 pipetting steps to collect aliquots (at three different times) for 
fluorescence measurement. 48 pipetting steps to deliver fluorogenic dye for fluorescence 
measurement (at three different times). 
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In the future, I propose that it would likely be straightforward to make a microfluidic 

device capable of evaluating four time points of 96 culture conditions for absorbance and the 

fluorescent signals from three different dyes with Pm = 4 pipette steps. The equivalent 

experiment using well plates would require Pw = 2400 pipette steps (which is obviously 

impractical without a robot), representing a 600-fold reduction in manual interventions for the 

microfluidic case. 
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