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ABSTRACT OF THE DISSERTATION 

 
Expanding the capabilities of microfluidic systems for positron emission tomography (PET) 

tracer synthesis and analysis 
 
by 
 
 

Xiaoxiao Ma 

Doctor of Philosophy in Molecular and Medical Pharmacology 

University of California, Los Angeles, 2014 

Professor R. Michael van Dam, Chair 

 

 
The increasing diversity of, and demand for, PET radiotracers have stimulated 

development of emerging technologies such as microfluidics for more flexible and efficient 

radiotracer supply. Since the mid-2000s, various microfluidic radiosynthesizers have been 

reported, demonstrating the potential for smaller footprint and reduced need for radiation 

shielding. However, there are still a few challenges preventing microfluidic systems from being 

adopted into the mainstream to replace conventional macroscopic radiosynthesizers. 

One of the significant challenges for batch microfluidic reactors has been the 

incompatibility with harsh radiosynthesis conditions (i.e., high pressures, high temperatures, and 

the use of organic solvents), limiting the diversity of PET tracers that can be synthesized. To 

overcome this challenge, a batch microreactor was developed that incorporates phase-change 

microvalves – a type of valve with the ability to withstand remarkably high pressures. A new 

phase-change material was used that is compatible with the organic solvents and anhydrous 
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conditions required in radiochemistry. The radiofluorination step in the synthesis of 1-(2’-deoxy- 

2’-[18F]fluoroarabinofuranosyl)cytosine ([18F]FAC), a radiotracer with a very challenging 

synthesis, was successfully demonstrated. 

Another challenge with small-volume reaction platforms is the lack of online chemical 

analytical methods to evaluate the reaction progression and to analyze the products. Such online 

analytical tools are essential to accelerate the development and optimization of tracers on the 

microfluidic platform. Furthermore, such capabilities could potentially enable integration of the 

quality control testing required after synthesis to ensure the product is safe for injection, 

revolutionizing the current pipeline of PET tracer production steps. Detection of electrical 

properties of droplets in electrowetting-on-dielectric (EWOD) digital microfluidic devices was 

investigated as a means of achieving these goals. For the first time, conductivity measurement of 

sample droplets in EWOD platform with high sensitivity and wide dynamic range (3 orders of 

magnitude of conductivity) was demonstrated.  As an example application, this technique was 

applied to perform on-chip conductometric measurements of a HCl-NaOH neutralization 

reaction. This reaction is similar to reactions and processes encountered in the production of 

many radiotracers (e.g., the hydrolysis/deprotection reaction, and the pH neutralization procedure 

at the end of synthesis).  

By addressing two important limitations in microfluidic radiochemistry, the work in this 

dissertation expands the capabilities of microfluidic platforms for diverse radiotracer synthesis 

development and production. 
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CHAPTER 1:  INTRODUCTION 

1.1 Positron emission tomography (PET)  

Positron emission tomography (PET) is a powerful non-invasive imaging technique to 

probe and visualize biomolecular processes in vivo, providing quantitative information about 

body function, biochemistry, metabolism and disease progression [1]. Over decades since its 

introduction, it has grown and become widely accepted for use in the clinic, research, and 

pharmaceutical development. There are more than 2,200 clinical PET centers in the United 

States alone, providing molecular imaging diagnostics and monitoring of therapy in oncology 

[2], [3], neurology [4] and cardiology [5]. For pre-clinical research, PET serves as a useful tool 

to investigate processes such as tumor metabolism, ligand-receptor binding, and drug 

metabolism pathways, especially with the recent progress of preclinical PET imaging systems 

[6]. In the pharmaceutical industry, PET is a tool in the drug discovery and development process, 

measuring in vivo pharmacokinetics and pharmacodynamics using radiolabeled new drugs [7].  

PET imaging systems detect pairs of gamma rays emitted indirectly by a positron-

emitting radiotracer, which is administered to a subject before the PET scanning [1]. Three-

dimensional images are then reconstructed by image processing techniques. Due to the high 

sensitivity of radiation detectors, PET systems can detect extremely tiny amounts of the 

radiotracer in the body. Radiotracers are molecules labeled with short-lived positron-emitting 

radioisotopes such as fluorine-18 and carbon-11.   

To measure and elucidate various biological processes, more than 1,500 fluorine-18 

radiolabeled PET radiotracers have been developed over years for monitoring metabolism, 
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protein synthesis, gene expression, DNA replication, receptors, enzymes, antibodies, hormones, 

and therapeutics [8], [9]. However, only a handful of these radiotracers can be produced at 

commercial radiopharmacies and delivered to the clinic. Furthermore, only one such tracer, 2-

deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) [10], is widely available. Many useful radiotracers 

discovered a long time ago have been limited to research settings due to lack of availability to 

further develop them. 

1.2 Production of PET radiotracers: centralized approach 

Many challenges are confronted in the production of PET radiotracers that are not 

encountered with standard nonradioactive chemistry processes [11]. First, working with short-

lived radioisotopes imposes strict time constraints on the overall radiotracer production process. 

The entire process including reaction, purification, formulation and quality control has to be as 

fast as possible; as a general rule, it should be completed within two to three-half-lives of the 

radioisotope (e.g., fluorine-18, t1/2=109.7min). Second, working with radioactivity necessitates 

careful safety precautions to avoid unnecessary radiation exposure to operators. Heavy lead 

shielding and automated systems to reduce human intervention are generally used.  

With existing technologies, production of PET tracers (Figure 1.1) requires a large capital 

investment in equipment and infrastructure, as well as specialized radiopharmacy staff, which 

has led to a centralized model of PET tracer production [12] (Figure 1.2). These centralized 

facilities (e.g. radiopharmacies), are equipped with a cyclotron to generate radioisotope, tracer-

specific radiosynthesizers to synthesize, purify, and formulate particular radiotracers, and 

chemical analysis instruments for radiotracer quality control (QC). There are also high 
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maintenance costs and operational costs associated with specially trained personnel in the entire 

workflow from cyclotron operation to dose preparation. Furthermore, there are costs associated 

with implementing and maintaining compliance with regulations of the U.S Food and Drug 

Administration (FDA). Nowadays, this model relies on spreading all of these costs among a large 

number of end-customers by producing large batches of just one radiotracer (i.e., [18F]FDG) and 

dividing this up. The size of batch production needs to be maximized in order to minimize the 

cost per dose for each customer. This model does work and has made [18F]FDG affordable and 

readily accessible for clinical and research use. However, this business model limits the 

availability of diverse radiotracers, as a reasonable price per dose is difficult to achieve for those 

tracers with a smaller demand, which in turn limits the development of those new tracers.  

	  
Figure 1.1: Pipeline of PET radiotracer production	  

 

Producing [18F]fluoride 
radioisotope by cyclotron 

Synthesizing PET tracer Semi-preparative 
HPLC purification 

Injectable PET tracer 

Formulation 
(solvent exchange, 
concentration, etc.) 

Quality control 
(mainly for human use) 
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In addition to limited tracer diversity, the time constraints issues raised in the beginning 

of this section are not well addressed by the centralized model. Since the radiotracer is produced 

and dispensed into doses at centralized facilities, radioactive decay takes place during transit to 

the end-users, resulting in significant waste of these doses and possibly also a lowered specific 

activity of the tracer (which consequently lowers the PET image quality). If radiosynthesis could 

be located at each PET scanner (decentralized model, Figure 1.2), there would be no such waste. 

 

 

Figure 1.2: Comparison of centralized and decentralized models of radiotracer production. Figure 

courtesy of Michael van Dam. 
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1.3 Decentralized PET tracer production: a new paradigm 

To make decentralized production possible, it would be necessary to reduce many of the 

capital and operating costs of tracer production. In an envisioned decentralized model of 

radiotracer production [13], radiosynthesizer technology would need to be developed that meets 

the following requirements: 1) located at the site of the PET scanners to produce on-demand 

doses of radiotracers; 2) reconfigurable for various radiotracers; 3) miniaturized and self-

shielded, eliminating the need for huge, lead-shielded “hot-cells” for operator safety; 4) 

automated, reliable and user-friendly, allowing operation by staff with minimal training; 5) 

perform the full production process including synthesis, purification, formulation and quality 

control to yield a validated injectable dose (Figure 1.1). With a technology that provides all of 

these features, the overall cost of PET tracer production will be dramatically reduced, as needs 

for a series of expensive instruments and infrastructure, and specialized staff, is significantly 

lowered. It could then become possible to affordably make small batches of different tracers on 

demand. 

1.4 Emerging technologies for decentralized production 

Recently, many technologies have been developed towards these goals. One type of the 

technology is cassette-based automated systems for radiosynthesis. The cassettes are designed to 

be disposable for each run and to contain most/all of the fluid path (including elements such as 

valves, reaction vessels, pumps and tubing). Unlike most automated synthesis modules that are 

optimized for a specific radiotracer and that often cannot be used to prepare other tracers without 

significant modification, this cassette-based design increases the flexibility of one machine to 
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synthesize different radiotracers, with the aid of different layouts of tracer-specific cassettes. 

Several radiosynthesizers developed based on this concept are on the market already: GE 

TracerLab® MX, GE FASTlab®, Eckert & Ziegler Modular Lab PharmTracer®, Siemens 

Explora® One, and IBA Synthera®.  

Though the increasing diversity of PET tracers, and of the synthetic processes to create 

them, present challenges for automated systems to support a diverse range of reaction conditions 

and process complexity, recent advances have also been made in this direction.  For example, the 

Sofie Biosciences ELIXYS synthesizer [14], [15] combines the advantages of a cassette-based 

approach with a tolerance for high temperature and pressure conditions that are needed to 

achieve high radiochemical yield of radiotracers such as 1-(2’-deoxy- 2’-

[18F]fluoroarabinofuranosyl)cytosine ([18F]FAC) [16] and 2′-deoxy-2′-[18F]-fluoro-5-methyl-1-β-

l-arabinofuranosyluracil ([18F]-l-FMAU) [12]. However, despite the progress towards the goals 

of automation and flexibility of various tracers, these automated systems still have not addressed 

many of the abovementioned goals such as compact size and self-shielding, and integration of 

the full production process including purification and QC.  

The other promising technology addressing these goals is microfluidics.  Microfluidic 

devices manipulate fluids in small volumes, typically in microliter (µL) or nanoliter (nL) scale. 

This size matches well the minute mass quantities of radiotracers for PET imaging (e.g., 

picomole (pmol) or nanogram (ng) quantities for a typical human scan [17]). These miniaturized 

liquid handling systems inherently satisfy some of the goals discussed previously[11], [13], [18]–

[21]. For example, the compact size of the entire system may enable custom self-shielding, 

leading to an independence of bulky hot cells. Miniaturized platforms also facilitate the 
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installation of systems at the user sites. Moreover, microfluidic systems are designed to be 

automated. In some configurations, reaction kinetics and yield can also be improved due to 

increased concentration of the radioisotope, as well as expedited heat transfer and mass transport. 

In the rest of this section, two categories of microfluidic systems will be discussed in detail.  

1.4.1 Flow-through microfluidics  

One category of microfluidic devices is known as flow-through (or continuous flow) 

microfluidic reactors, where the reactions take place in flowing solutions either in laminar or 

turbulent flow. The fluid path for the flow comprises a microfluidic chip with channels or a 

capillary tube. A portion of the fluid path is often heated, exposed to microwaves, or otherwise 

supplied energy for the reaction. Flow-through synthesis of [18F]FDG has been implemented in 

capillaries [22], glass microfluidic chips [23], and polymer microfluidic chips [24]. Commercial 

flow-through systems such as the Advion NanoTek®, Scintomics µ-ICR, and FutureChemistry 

FlowStart Evo have also been used for radiotracer synthesis. Advances have been made to 

accomplish the radiosynthesis of [18F]FDG, 1-(2-Nitro-imidazolyl)-3-[18F]fluoro-2-propanol 

([18F]FMISO) [25], [26] and (S)-N-((1-Allyl-2-pyrrolidinyl)methyl)-5-(3-[18F]fluoropropyl)-2,3-

dimethoxybenzamide  ([18F]Fallypride) [27] in continuous flow format. It should be noted that, 

for all syntheses mentioned above, any step involving solvent-exchange cannot be performed due 

to the incompatibility of drying processes with flow-through systems. This limitation requires the 

use of conventional macroscopic apparatus to complete solvent exchange processes (e.g., drying 

of [18F]fluoride) upstream or downstream of flow-through synthesis. Moreover, steps after 

synthesis (e.g., purification) have rarely been implemented, thus requiring additional macroscale 

instrumentation. As a result, current synthesizers based on flow-through microfluidics are still 
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quite large, and do not substantially reduce the requirement of space or infrastructure compared 

to conventional synthesizers. 

Some of these issues were addressed by a European Union collaborative project for 

radiochemistry on chip (ROC) [28]. Based on an architecture of dedicated functional modules, 

glass chips and polymer chips were developed for continuous solvent-exchange, continuous 

reaction, and continuous purification. Assembly of multiple chip modules could be performed to 

complete the radiotracer production pipeline in the format of continuous flow. Whether this 

approach can be extended to tracers other than [18F]FDG remains to be shown.  

1.4.2 Batch microfluidics 

”Batch” microfluidic platforms are another category of system for microscale chemistry, 

operating with isolated small batches of reagents on a chip. Batch platforms overcome several 

common issues with flow-through platforms to better achieve some of the goals outlined in 

Section 1.2. First, batch platforms can easily integrate evaporation processes, so that solvent 

exchange, a critical step for the synthesis of most 18F-labeled radiotracers, can be accomplished 

without the need for additional instruments. Secondly, batch microfluidic devices handle liquid 

volumes much smaller than flow-through systems, which consume a significant volume for 

establishing stable flows and proper operation. The volume reduction decreases precursor 

consumption (some are very expensive), enables increased radioisotope concentration, and 

improves the specific activity. Batch microfluidic platforms have the potential for total 

integration of the multiple processes of radiotracer production on a single chip, with improved 

performance.  

In principle, isolation of batches of reagents on the microfluidic platform can be 
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accomplished either with microvalves or by a valveless mechanism.  Elastomer microfluidic 

valves have been developed based on the principle of deforming an elastic membrane made of 

poly(dimethylsiloxane) (PDMS) [29]. Using PDMS batch microfluidic reaction chips with these 

valves, researchers have demonstrated the multi-step synthesis of [18F]FDG [30], [31]. However, 

the PDMS material is incompatible with many solvents frequently used in radiosynthesis [12] 

and is susceptible to interaction with fluoride ion [32] resulting in radioactivity loss [31]. A 

microfluidic batch reactor assembly with an injection-molded reactor chip and a transparent 

machined lid was also developed [33], but the device assembly and fabrication is complex and 

installation/removal of chip is difficult. 

In terms of valveless approaches, droplets containing reagents can be manipulated, 

mixed, and reacted digitally by electrowetting-on-dielectric (EWOD) technology. Each droplet 

containing reagents can work as a batch for radiosynthesis. In the EWOD microfluidic platform, 

fluid droplets are manipulated electronically by electrowetting (i.e., controlling the wetting 

property of the surface through electric potential) [34], [35]. The most common configuration of 

EWOD chips has the droplet sandwiched between two plates, as shown in Figure 1.3(a). The 

bottom plate contains an array of patterned electrodes for droplet manipulation buried under 

layers of dielectric (e.g. silicon dioxide, silicon nitride, Parylene C) and hydrophobic (e.g. 

Teflon®, Cytop®) materials. The top plate also contains a similar stack of layers but with the 

conductive layer typically not patterned, acting as an electrical ground reference. The gap 

between the two plates is usually formed by a spacer. Droplet actuation is realized by 

sequentially applying electrical voltage to adjacent electrode(s); the electromechanical force 

moves the droplet toward the electrode(s) with applied voltage, as shown in Figure 1.3(b). With 
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certain design considerations, droplet operations including dispensing, moving, splitting, 

merging and mixing are all feasible [36], [37].  

 

	  
 

Figure 1.3: Electrowetting-on-dielectric (EWOD) digital microfluidic platform. (a) Cross-section 

of EWOD device having a reagent droplet sandwiched between two plates. (b) Electronic control 

to actuate droplet: droplet moves towards the electrode with applied voltage.  

  

EWOD digital microfluidic (DMF) platforms have been actively developed towards a 

variety of applications in chemistry [36], [38]–[41] and their ability to work with tiny sample 

volumes has been demonstrated to be especially well-suited for applications involving scarce 

compounds, such as PET radiotracers, isolated proteins, natural products, or products of long 
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synthetic pathways [38], [39]. EWOD devices have the capability to manipulate organic solvents 

[42], [43], including MeCN, DMSO, and DMF, which are commonly used in radiochemistry. 

The EWOD platform also has several unique advantages compared to other microfluidic batch 

platforms for PET tracer production. First, the hydrophobic layer in the device is chemically-

inert, providing high material compatibility with diverse reagents and conditions involved in 

radiosyntheses [13].  

Another inherent advantage of the EWOD platform is all-electronic control, which 

provides simplicity (i.e., no moving parts, pumps or valves) and reconfigurability (i.e., no hard-

wired fluid pathways) [42]. Aside from bringing reagents to the chip and collecting the 

synthesized tracer off of the chip, there is no need for valves, pumps, and tubing/channels that 

would be required in other types of microfluidic platform. This enormously simplifies the 

external control system and the absence of pre-defined fluid paths makes the chip reconfigurable 

such that the same device can be programmed to perform a wide variety of batch syntheses for 

diverse radiotracers [44]. The flexibility in electrode number and the convenience of electronic 

control could also facilitate parallel reactions to take place on one device, potentially enabling 

high-throughput radiotracer optimization and development.  

Moreover, the inherent open structure of EWOD devices is particularly advantageous in 

achieving rapid solvent evaporations and solvent exchange, which are essential steps before the 

radiofluorination of the precursor in fluorine-18 radiochemistry. Combined with the valveless 

and pumpless configuration, the open structure also greatly reduces the possibility of clogging, a 

technical obstacle in channel-based counterparts, especially when dealing with solid-phase 

samples or catalysts in chemical reactions. 
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All of these advantages have a big impact on achieving diverse radiotracer 

microsynthesis and other goals described in Section 1.3. Excitingly, various radiotracers such as 

[18F]FDG, 3’deoxy-3’[18F]fluorothymidine ([18F]FLT), N-succinimidyl 4-[18F]fluorobenzoate 

([18F]SFB) and [18F]fallypride,  have been successfully synthesized based on one EWOD batch 

reactor design [38], [44]–[46].  

In addition, EWOD platforms have the potential to accommodate post-reaction processes 

including purification as well as chemical analysis or QC of radiotracers. For example, solid-

phase purification based on alumina surfaces [47], [48] or porous polymer monoliths formed in 

situ [49] have been accomplished. Integration of various detection techniques into EWOD has 

the potential to implement on-chip chemical analysis. For example, measurements of optical 

absorption [50] and optical measurement of radioactivity via Cerenkov radiation [51], [52] have 

been demonstrated. The EWOD platform is also amenable to integration of electrical detection of 

analytes in the droplet since electrodes are already present for droplet actuation. More detailed 

introduction of chemical detection techniques on EWOD will be presented in Chapter 3.  

1.5 Overview of the dissertation 

In this chapter, the challenges in PET radiotracer production and the limitations of current 

centralized radiotracer production model have been presented, followed by a list of requirements 

for next-generation technologies that would enable a paradigm shift to a different, decentralized 

tracer production model without these limitations. Emerging technologies that are beginning to 

fulfill these goals have been reviewed. Despite recent progress in adding flexibility to automated 

macroscale synthesizers, there are still significant advantages to using microfluidic platforms 
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instead. Among the microfluidic platforms that have been developed for radiotracer production, 

the EWOD platform has particular promise due to its chemical compatibility, programmable 

fluid manipulations for diverse synthesis protocols, and its open structure which enable 

evaporative processes in the synthesis workflow to be directly integrated on-chip. 

In Chapter 2, I point out that most batch microreactors cannot withstand high pressures, 

thus limiting the range of reaction conditions. To extend the capabilities of microscale 

radiochemistry platforms, we implemented a microreactor based on phase-change valves. Using 

solidification of a phase-change material as the mechanism of valve closure, these valves can 

hold extremely high pressures. We adapted the approach to use a common radiochemistry 

solvent, dimethyl sulfoxide (DMSO), as the phase-change material to avoid cross-contamination 

concerns that would be faced by other phase-change materials previously reported. The valve 

performance of the platform was characterized and the radiofluorination step of [18F]FAC 

synthesis was demonstrated as a proof-of-concept.  

Chapter 3 focuses on the need for on-chip chemical analysis methods. To expand the 

capabilities of the EWOD platform for chemical synthesis, we describe a method for 

measurement of electrical properties of droplets. For the first time, conductivity measurement of 

sample droplets in EWOD platform with high sensitivity and wide dynamic range (3 orders of 

magnitude of conductivity) is demonstrated. Chapter 4 describes the application of EWOD 

conductivity sensing to monitor processes and reactions. Conductometric detection of HCl-

NaOH reaction mixtures is demonstrated as a proof-of-concept, showing how one could 

potentially perform an on-chip titration. The example reaction is simple (involving only 3 species 

in solution), but is similar to processes required in the production of many radiotracers (e.g., the 
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hydrolysis/deprotection reaction after radiofluorination, or pH neutralization after synthesis). Our 

demonstration shows the reaction progress can be monitored and the endpoint of titration can be 

detected electronically. 
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CHAPTER 2:  A MICROREACTOR WITH PHASE-CHANGE 

VALVES FOR BATCH CHEMICAL SYNTHESIS AT HIGH 

TEMPERATURES AND HIGH PRESSURES  

2.1 Introduction 

This chapter presents a simple microreactor with phase-change microvalves suitable for 

performing batch organic chemistry under high temperature and pressure conditions. As a proof 

of principle, we demonstrate a radiofluorination reaction from the synthesis of [18F]FAC, a new 

positron emission tomography biomarker for immune system monitoring and prediction of 

chemotherapy response. This reaction requires containment of ~120 psi pressure. We achieved 

high conversion efficiency (83±1%, n=3), comparable to that achieved with macroscale systems. 

This platform overcomes the limitations of previously reported phase-change valves in terms of 

compatibility with organic chemistry (by using dimethyl sulfoxide, DMSO, as the valve phase-

change material), and extends the range of reaction conditions for carrying out batch chemistry at 

the microscale. 

2.1.1 Batch microreactors for radiosythesis 

Performing chemical reactions in a microscale format has significant advantages for 

many applications [53]. Batch microreactors, as opposed to continuous flow microreactors, 

provide the ability to perform reactions in extremely small total volumes and are especially 

suited for working with scarce reagents, such as natural products or isolated proteins, or for 

producing short-lived radiolabeled molecular imaging probes for positron emission tomography 
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(PET) [54], where it is desirable to work with extremely low mass quantities. Another advantage 

of batch microreactors is the ability to implement multi-step syntheses in a single reactor, 

simplifying the overall system and minimizing transfer losses that would occur if different 

processes were performed in different devices.  Multi-step syntheses are very common in the 

production of PET tracers; for example, 18F-labeled tracers generally require a step to remove 

water from [18F]fluoride, then a radiofluorination step, and often a deprotection step. 

Though several microfluidic batch chemical reaction platforms have been reported in the 

past decade [31], [33], [38], [39] they tend to be limited to more mild reaction conditions (i.e., 

lower temperatures and pressures) than their continuous flow counterparts. Handling high 

pressures is important for many applications, however. As an example, to ensure fast kinetics 

and high yields, the radiosynthesis of short-lived imaging probes for PET is often performed in a 

sealed vessel under super-heated conditions, resulting in the generation of significant solvent 

vapor pressure. One probe, 1-(2’-deoxy- 2’-[18F]fluoroarabinofuranosyl)cytosine ([18F]FAC) 

[16], and its analogs, require the containment of the vapor pressures of solvents well in excess of 

100 psi [14], [55]. Pressurized conditions may also be important more generally in organic 

chemistry as pressure can accelerate reactions that are accompanied by a decrease in volume and 

shift the equilibria toward the side of the products [56]. In some other cases, high pressures are 

generated by the formation of gaseous products that must be contained. 

Current batch microreactors are typically incompatible with harsh conditions due to 

several limitations. Pressure compatibility of poly(dimethylsiloxane) (PDMS)-based 

microreactors [31] is severely restricted by the inter-layer bonding strength of the devices as well 

as by vapor permeability of the PDMS material itself; furthermore, PDMS is incompatible with 
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many solvents and reagents. Digital microfluidic chips [38], [39], made of inert materials 

including glass and fluoropolymers, have emerged as a more chemically compatible batch 

reaction platform, but these chips have an open structure and cannot perform pressurized 

processes unless the entire chip is placed inside a pressure chamber [57]. Recently, using a 

closed geometry and rigid, non-permeable polymers, Lebedev et al. [33] demonstrated a 50 µL 

batch reactor for multi-step reactions that can withstand pressures up to 300 psi; however, the 

device assembly and fabrication are complex, increasing the risk of mechanical failure, and the 

large size and positioning of the off-chip valve actuators greatly increases the overall footprint of 

the microreactor system. 	  

2.1.2 Microvalve technologies 

Closed-format batch microreactors require the use of valves, which in their closed state 

contain the high pressures during reaction steps, and in their open state allow the introduction of 

reagents or collection of product. Microvalve technologies capable of withstanding high pressure 

can potentially be employed to develop batch microreactors that do not suffer the above 

limitations. Although various microvalves have been reported [58]–[65], very few of them have 

been extensively developed for practical use. Micro-electro-mechanical systems (MEMS)-based 

mechanical microvalves, where deformable membranes are coupled to magnetic, electric, 

thermal, or piezoelectric motion actuators [58], [66], generally have low maximum pressures, 

with a couple of exceptions [58]. In addition, these valves generally have a relatively 

complicated structure and require multi-step fabrication including multi-layer alignment, 

bonding and assembly, resulting in the difficult integration with an overall microfluidic reaction 

platform. Valves based on mobile free-standing polymer elements have been demonstrated to 
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withstand pressures up to 4500 psi [59]; however, the additional steps of monomer filling and 

patterned in situ polymerization complicate the device fabrication. In contrast, phase-change 

microvalves comprise a very straightforward and convenient alternative approach, relying on 

reversible solidification of liquid in the channel itself to form a solid plug to obstruct the fluid 

path (Figure 2.1).  

 

 

                                                      (a)                                                      (b) 

Figure 2.1: Schematic of the working principle of phase-change valves. (a) Valve off (“open”). The 

working material is in liquid phase and can flow freely through the channel. (b) Valve on (“closed”). 

The working material is locally solidified by activation of phase change (e.g. triggered by a cooler to 

cause freezing), creating a solid plug that blocks the flow. .	  

 

Impressive reports demonstrate the capability of phase-change valves to withstand up to 

1450 psi, without the need for complex fabrication or moving parts. Since the first report [60], a 

variety of materials including water [61], paraffin [62], hydrogel [63], polymer monolith [64] 

and metal alloys [65] have been chosen as the phase-change working material in these valves, 

with phase transitions triggered thermally, chemically or optically. Thermally-actuated valves 

based on water or paraffin have been used in biochemistry for performing polymerase chain 
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reaction (PCR) [61], [62] and those with metal alloys have been used for gas sampling 

applications [65]. However, limited by material incompatibility of these phase-change material 

with radiochemical reagents, none of them would be suitable for radiochemistry or more general 

chemical reactions. For example, paraffin and many polymers are soluble in commonly used 

organic solvents, which could lead to contamination of the reaction mixture and instability of the 

valves; water and hydrogel materials present significant concerns for water-sensitive reagents 

and reactions; and metals are likely to be problematic in reactions involving strong acids and 

bases. All of these conditions (organic solvents, water sensitivity, and use of strong acids/bases) 

occur commonly in the radiosynthesis of PET tracers. 

Using a new phase-change material, dimethyl sulfoxide (DMSO), we extend the 

application of phase-change valves to high-pressure organic chemistry in batch microreactors to 

address the limitation of current phase-change valves. In the field of radiochemistry, DMSO is a 

commonly used solvent and is thus intrinsically favorable as a phase-change material. The 

solvent compatibility allows direct translation of a known chemical reaction onto a microfluidic 

platform, without the need to change the synthesis solvent to avoid the risk of obtaining sub-

optimal yield due to contamination. Physically, DMSO has a relatively high freezing point 

(18.9°C) making it easier to freeze than water and many other organic solvents. As a 

demonstration of this microreaction platform, we performed the high-temperature and high-

pressure radiofluorination step in the synthesis of the molecular probe [18F]FAC. Our new 

platform, based on a simple architecture, broadens the range of reaction conditions in batch 

microreactors, and therefore enables increased diversity of microscale batch chemistry 

applications. 
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2.2 Experimental 

2.2.1 System design 

The batch reactor (Figure 2.2) was implemented with capillary tubing 

(polytetrafluoroethylene (PTFE), OD: 0.030”, ID: 0.012”, Cole-Parmer). The central portion of 

the capillary (43 cm / 31 µL), designed to contain the reactant mixture, was coiled and 

sandwiched between two heating blocks (each 5.0 x 5.0 x 1.2 cm); and the distal portions (4.4 

cm / 3.2 µL each), designed to contain slugs of the phase-change liquid, DMSO, were coiled and 

mounted on the cold side of a thermoelectric Peltier cooler (CP854388, CUI Inc.). The tubing, 

combined with the two frozen DMSO slugs, forms a pressure-tight container for the reaction 

mixture. Coiling turns were packed as flat as possible and held in place by Kapton® tape (KPT-

1/8, Kapton tape Inc.); thermal paste was used to ensure good thermal contact of all portions of 

the heater region with the heating blocks and therefore uniform heating along the length of the 

capillary. To improve cooling, the hot side of the Peltier was affixed to an aluminum block with 

an internal flow path connected to a recirculating liquid-cooling system (Freezone Elite FZ-1003, 

CoolIT Systems). It took ~1 min after activation of the Peltier and cooling system to cool the top 

surface of the Peltier from room temperature down to a steady state value of -19°C. This 

temperature is sufficient to rapidly solidify the two DMSO slugs and seal the contents in the 

central region of the capillary. To provide heating to activate chemical reactions in this central 

region, each heating block was equipped with a heater (C1E13, Watlow), thermocouple (K type, 

CHAL-002, Omega) and dedicated temperature controller (CN7523, Omega). The entire 

experimental setup was operated inside a lead hot cell to provide radiation shielding. 
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DMSO (>99% purity) was obtained from Sigm-Aldrich and was colored with Nile Red 

(Sigma-Aldrich) for improved visualization. 

	  

	  
	  

Figure 2.2: Schematic, photos and temperature profile of the reaction platform. (A) Simplified 

schematic of batch microreactor. (B) Schematic showing actual capillary configuration on the heating 

and cooling blocks. (C) Top view and (D) side view photographs of the reaction platform. (E) 

Estimated temperature profile along the capillary under the assumption of one-dimensional linear 

heat transfer model.	  
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The heating and cooling blocks were positioned 1.5 cm apart, corresponding to a volume 

of the gradient region between heating and cooling blocks of ~2.2 µL. On one hand, the gradient 

region needs to be long enough so that the freezing of DMSO is not compromised by heat 

transfer along the capillary when the capillary contained in the reaction region is heated. On the 

other hand, because the liquid inside the capillary in the gradient regions is not uniformly heated 

and the reaction in these regions is thus not expected to proceed optimally, it is desirable to 

minimize the ratio of this volume to the volume in the reaction region.  In our design, the volume 

of the gradient region accounts for ~7% of the total reaction volume in our system. If desired, 

this and other volumes could easily be scaled up or down by changing the capillary length (i.e. 

number of coiling turns).  

The steps to perform a reaction inside the microreactor are illustrated in Figure 2.3. Slugs 

of DMSO (3.2 µL), reactant mixture (31 µL), and DMSO (3.2 µL) were aspirated into the 

capillary by a computer-controlled syringe pump (PSD/4, Hamilton). To minimize cross-

contamination between DMSO slugs and the reactant mixture, small air gaps (0.3 cm, 0.2 µL) 

were introduced between these liquids. The reaction mixture was then heated to the desired 

temperature for the desired period of time. Upon completion, the heater was turned off and the 

capillary was lifted away from the heater, allowing the reaction chamber to cool to room 

temperature. Next, the cooler was deactivated to melt the DMSO and open the valves. Finally, 

portions of the microreactor contents were sequentially collected from the capillary into three 

collection vials (separate vials for DMSO slugs and reaction mixture) for subsequent analysis. 
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Figure 2.3:  Schematic of batch microreactor operation. (A) DMSO, air, and reagent slugs are 

aspirated by the syringe pump; (B) Slugs are moved to designated locations in the tubing; (C) 

Cooler is turned on to close valves, i.e., solidify DMSO (purple); (D) Heater is activated to 

perform reaction; (E) Heater is deactivated to cool reaction mixture and reduce pressure; (F) 

Cooler is turned off to open DMSO valves (pink); (G) The samples are pumped out into 

collection vials for subsequent analysis. 
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2.2.2 DMSO phase-change valve characterization  

We investigated the effects of DMSO slug length and capillary diameter on the 

performance of the DMSO valves. In each case, the PTFE capillary was affixed in a straight 

configuration to the cooler with a preloaded DMSO slug of the desired length. One end of the 

capillary was connected to a pressure regulator (max. output ~450 psig) connected to a nitrogen 

cylinder.  At the other end of the capillary, downstream of the DMSO slug, another slug of 

DMSO colored by the Nile Red dye with length 10mm was loaded as a “monitoring slug” by 

syringe pump. The original position of this monitoring slug was marked on the tubing. After 

freezing the DMSO slug, the nitrogen pressure was increased until displacement of the (liquid) 

monitoring slug was observed, indicating gas leakage through the DMSO valve. This pressure 

was recorded as the leakage pressure of the valve. The range of DMSO slug lengths tested was 

from 0.5 to 4.4 cm; two capillary inner diameters (0.012” and 0.020”) were tested. In each study 

described here, 3-5 experiments were performed for each data point. 

In addition to the geometric variables above, we investigated the effect of the adjacent 

heating on the DMSO slug stability. We used the 0.012” ID capillary with 1cm long DMSO slug, 

and a 1.5 cm spacing between the cooler and heater. In these experiments, after DMSO was 

frozen, the heaters were activated. The monitoring slug was found to move immediately, 

presumably due to expansion of the air between the valve slug and monitoring slug.  After the 

monitoring slug stabilized, its position was marked, and nitrogen was applied to the opposite side 

of the frozen DMSO valve. The pressure was increased until the valve leaked and caused the 

monitoring slug to move. 
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2.2.3 Protocol and reagents for demonstration reaction 

As a demonstration of a reaction, the radiofluorination step of the synthesis of [18F]FAC 

(Figure 2.4) was performed. This reaction takes place in the solvent MeCN. High temperature is 

essential for obtaining high yield and thus a high vapor pressure is generated during the reaction.  

No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H2O (84% or 

98% isotopic purity, Medical Isotopes; Pelham, NH, USA) in a RDS-112 cyclotron (Siemens; 

Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil.  

[18F]fluoride/[18O]H2O (5 µL, containing ~3-4 mCi) was mixed with a solution of K2CO3 (0.71 

mg/mL) and  K2.2.2 (7.14 mg/mL) in a 1.4 mL mixture of acetonitrile (MeCN) and H2O (0.4∶1 

v/v), and then evaporated to dryness at 110°C in a 5 mL vial.  This was followed by three cycles 

of azeotropic distillation. For each, 0.5 mL MeCN was added to the residue and then evaporated 

at 110°C to dryness. (K2CO3, K2.2.2, and anhydrous MeCN were purchased from Sigma Aldrich 

and used as received.) The resulting anhydrous residue of the [18F]KF/K2.2.2 complex was cooled 

to room temperature, and then 350 µL of 2-O-(trifluoromethylsulfonyl)-1,3,5-tri-O-benzoyl-a-D-

ribofuranose (ABX Advanced Biochemical Compounds) in MeCN (14.3 mg/mL)	  was added and 

mixed by bubbling nitrogen. Next, the slugs (DMSO, reaction mixture, DMSO) were loaded into 

the microreactor, and the radiofluorination reaction was performed as described above, under the 

reaction condition of 165°C for 15 min. Following the reaction, the DMSO slugs and reactant 

mixture were separately collected. Samples were analyzed by radio-thin-layer chromatography 

(radio-TLC) in a mobile phase of 95∶5 v/v MeCN/H2O and the conversion efficiency calculated 

from the integrated areas under the two peaks in the resulting chromatograms (obtained from 

mini-GITA radio-TLC scanner, Raytest). One peak represented the unreacted [18F]fluoride ion 
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(retention factor Rf = 0.0), and the second corresponded to the desired fluorinated product (Rf = 

0.97). The fluorination efficiency was computed as the area under the second peak divided by the 

total area under both peaks. The radioactivity collected in each vial was measured using a 

calibrated dose calibrator (CRC-25PET, Capintec). The total radioactivity after the reaction is the 

sum of radioactivity of samples in all collection vials. The initial amount of radioactivity loaded 

into the capillary was calculated as the difference in radioactivity of the premixed reagent vial 

before and after loading the capillary. All radioactivity measurements were decay-corrected to 

the start time of the experiment. 

As a control experiment, the same procedure was followed except that the cooler was not 

activated to freeze the DMSO. The capillary was disconnected from the syringe pump after 

loading and its two ends were inserted into two empty collection vials. Radioactivity of collected 

samples was measured, and the composition of each was analyzed by radio-TLC. 
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Figure 2.4: [18F]FAC synthesis scheme. The radiofluorination step (dashed box) from precursor 1 

to the protected fluorinated sugar 2 was chosen as a demonstration reaction. 

2.3 Results and Discussion 

2.3.1 DMSO valve characterization 

Figure 2.5 summarizes the leakage pressure as a function of DMSO slug length and 

capillary diameter. The figure shows that the leakage pressure increases linearly with slug length. 

This makes intuitive sense as the contact surface area of the DMSO with the capillary wall also 

increases linearly with slug length. For the same length of DMSO slugs in capillaries of two 

different inner diameters, the DMSO slug in the narrower capillary has a higher leakage pressure 

and the increase of leakage pressure with slug length is steeper. This can be explained by the fact 

that the total force exerted by the nitrogen gas on the end of the frozen DMSO slug increases as 
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the square of the capillary diameter, but the contact surface area increases only linearly with 

diameter of the capillary. The highest leakage pressure is thus obtained with the longest slug and 

smallest cross-section. We also examined the influence of the curvature of the capillary “turns”. 

For a 2 cm long DMSO slug, we investigated bend radius from 0.8 cm to ∞ (i.e. straight), and 

found negligible effect on the leakage pressure (data not shown).  

 

	  

 

Figure 2.5: Influence of capillary inner diameter (ID) and DMSO slug length on valve 

performance. 

 

We chose to use a 0.012” ID capillary and a DMSO slug length of 4.4 cm. The leakage 

pressure of DMSO valves with this particular geometry was 450 psig, well above the anticipated 

pressure during the reaction (121 psi), estimated according to the vapor pressure of the reaction 
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solvent MeCN at the reaction temperature 165°C. 

Freezing of the DMSO slugs in the capillary was found to occur within ~2 s of contacting 

the capillary with the cooling block pre-cooled to -19°C. The DMSO colored by Nile Red turned 

from pink to dark purple as the phase changed from liquid to solid. The valve re-opened in ~25 s 

after the Peltier was deactivated. These response times are more than adequate for most chemical 

applications, including the synthesis of short-lived radioisotopes which require fast operations. 

With optimization of the geometry and the heating and cooling systems, response times could 

likely be decreased further. Response times down to 80 ms have been reported in other 

configurations [61].  

Studies to examine the effect of heat conduction on stability of valves formed by 1 cm 

long DMSO slugs found that leakage pressures were almost the same, regardless of whether the 

heaters were off (leakage pressure 110±25 psig, n=3) or activated to 180°C (leakage pressure 

115±21 psig, n=3). This suggests that the effect of heat conduction from adjacent heaters on 

DMSO valve is negligible in our configuration, at least up to 180°C.  Indeed, in tests using two 

4.4 cm DMSO slugs flanking a MeCN slug (mimicking the reaction mixture) in the setup shown 

in Figure 2.2, the slugs remained frozen for 15 min and no leakage was observed, even when the 

temperature of the heater region was kept at 200°C. 

2.3.2 Demonstration of [18F]FAC radifluorination 

As a demonstration of the utility of a batch microreactor capable of withstanding high 

pressures, the radiofluorination step from the synthesis of [18F]FAC, a new PET probe for 

immune system monitoring and prediction of chemotherapy response [16], [67], [68], was 

performed. The percentage of radioactivity recovered after each experiment (97±1%, n=3) was 
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nearly ideal, indicating that there were no leaks during the experiments. Radio-TLC analysis of 

the collected samples showed the conversion of [18F]fluoride ion to the fluorinated product to be 

83±1% (n=3), which is comparable to typical results attained using a macroscale 

radiosynthesizer [14]. A representative radio-TLC chromatogram is shown in Figure 2.6. Taking 

into account the small volume fraction (~7%) contained within the temperature gradient region, 

the conversion efficiency would be expected to be slightly higher if the microreactor design was 

optimized to reduce the volume of the gradient region. (For example, phase-change valves 

implemented in microfluidic chips with tiny, integrated thermoelectric junctions have been 

reported [61]).  The observation that only 3±2% (n=3) of the total recovered radioactivity was 

present in the collection vials containing the DMSO slugs suggests that the cross-contamination 

from the reaction slug to the DMSO slugs during loading, reaction or collection is low. The high 

conversion efficiency also suggests that cross-contamination by DMSO (i.e., the trace amount of 

DMSO residue that is left behind and picked up by the reactant mixture during sample loading) 

does not adversely affect the reaction. Cross-contamination likely occurs mostly during loading 

and collection rather than during the reaction itself. (Though there is some redistribution of 

reaction solvent through the air gaps, due to evaporation from the reaction mixture and 

condensation of vapor on the cold side of the gap near the valve, it is unlikely for the vapor to 

contain radioactive product.) For particularly sensitive applications, it may be possible to reduce 

cross-contamination during loading and reaction by placing intervening “washing” slugs between 

the reactant mixture and the DMSO slugs [69], and by automating the loading and collection 

processes with liquid sensors and electronically-controlled valves. 
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Figure 2.6: Representative radio-TLC analysis of crude product of radiofluorination reaction 

demonstrated in capillary reactor with phase-change valves. 

 

To confirm the need for high-pressure valves in the batch reactor for our model reaction, 

the reaction was repeated without first freezing the DMSO valves. In three separate attempts, it 

was observed during heating that the reaction mixture boiled and pushed all slugs into the 

collection vials at the two ends of the capillary. Radioactivity measurement and radio-TLC 

showed that 98±2% (n=3) of the radioactivity initially loaded into the capillary was lost into 

these collection vials and conversion efficiency was 0% (n=3). These results suggest the 

importance of properly closed DMSO valves to contain the high pressure generated during the 

batch reaction process.  

2.4 Future extensions 

Though a radiofluorination reaction was demonstrated that involves high-pressure and 

high-temperature conditions, several steps of the synthesis (e.g. drying of [18F]fluoride) were not 
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performed in the batch reactor. The following sections describe extensions of this work that 

could ultimately transform this proof-of-concept result into a fully-automated platform for PET 

tracer production. 

2.4.1 Multi-step radiotracer synthesis 

We have focused here on the radiofluorination step, which, in the multi-step synthesis of 

PET probes, is often the most difficult, i.e., requiring the highest temperatures and pressures to 

ensure that it is completed in a short time and with minimal side-products. Some PET tracers 

require only a single reaction step, and for these the microreactor described above would be 

suitable. However, many tracers require more than one step and an important future development 

in this project will be to couple the radiofluorination with other steps of the radiosynthesis of 

[18F]FAC or other tracers. 

 One could envision performing all reaction steps by multiple capillary microreactors in 

series. The challenges would revolve around liquid handling (e.g., how to introduce additional 

reagents for each reaction step and ensure complete mixing with the product of the previous 

reaction step). Though such integration has been done in continuous flow systems [70], to the 

best of our knowledge, it has not yet been described for multi-step batch microreactors. Such 

liquid control elements as low pressure microvalves and liquid sensors might be needed to 

accomplish shuffling of the DMSO and reaction mixture slugs before downstream purification, 

solvent exchange, mixing, or other processing before the net reaction step.  Another challenge is 

to minimize the sample and radioactivity loss as the sample is moved from one module to the 

next. 
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2.4.2 Implementation in a microfluidic chip 

Despite our implementation in a capillary for simplicity of this proof-of-concept, phase-

change valves have been implemented in a microfluidic chip format [71]. Implementation of the 

microreactor in a chip instead of capillary would reduce size and cost (if manufactured in large 

quantities), and it could enable geometries with improved heat transfer and mixing capabilities. 

Because phase-change valves themselves require no fabrication steps and have no moving parts, 

there is tremendous flexibility of chip material and geometry. For example, glass is an excellent 

material choice for chemical synthesis applications, but conventional valves are difficult to 

integrate into glass microchips. Phase-change valves provide a means to overcome this 

challenge.  

Several steps were made in the direction of a glass microreactor with phase-change 

valves. The design, instead of having just one inlet for the reaction mixture and one outlet for the 

product, had additional inlets and outlets for introducing the phase-change liquid (Figure 

2.7(a),(c)). Since rapid prototyping is difficult in glass, we first fabricated a 

polydimethylsiloxane (PDMS) chip to verify the liquid handling aspects. The chip was fabricated 

according to the procedure described in [72].  Off-chip, electronic valves (LVM105R-5C2 valve, 

SMC Inc.) were used between vials and the chip to control the DMSO and reagent loading 

process controlled by a PC (Figure 2.7(b)). The chip was designed to be operated as follows. 

First, the reagent mixture is loaded to fill all of the channels within the chip. After closing the 

off-chip reagent inlet and outlet valves, DMSO is loaded to fill the two cold regions and then the 

off-chip DMSO valves are closed. Finally, the cold region is cooled to close the phase-change 

microvalves and trap the reaction mixture. The reaction is then performed by heating the chip. 
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After the reaction and cooling down of the liquid, the cold region is warmed to open the phase-

change microvalves and release the reacted mixture. Using the PDMS prototype chip, we 

successfully showed that the loading sequence could be used to fill the chip with liquids in the 

desired positions, and that the DMSO valves could be closed (frozen), despite the direct contact 

of DMSO with the reaction mixture. 
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(a) 

 

 
 
Figure 2.7: Prototype of chip-based microreactor with phase-change valves. (a) Schematic of 

chip. (b) Off-chip valve control of reagent loading and DMSO loading. (c) Photograph of PDMS 

prototype chip. Channels have been filled with green food dye to visualize the channel. 

	  

Based on the same design, a glass microreactor chip was fabricated next from 25x75 mm 

glass microscope slides (1 mm thick).  Channel widths were 100 μm in the cold region and 300 

µm in the hot region. Channels were etched to a depth of 30 µm [73]–[75]. The chip was bonded 

to a glass slide to close the channels by the thermal bonding procedure described by Renberg et 
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al. [76].Very importantly, it was necessary to include a grid of 100 µm wide “vent channels” to 

avoid air bubbles being trapped between the glass surfaces during the bonding process (design 

shown in Figure 2.8(a)). Based on the channel depth, the total channel volume was 4	  μL, and the 

volume ratio of the reaction region (300 μm wide channels) to the gradient region and loading 

channels (100 μm wide channels) was ~6. The top glass slide contained drilled holes that served 

as inlet and outlet ports (design shown in Figure 2.8(b)). For the purposes of prototyping, a 

PDMS block with punched holes was used as the interface to connect the tubing from reagent 

vials to the chip. Tubing was inserted into the holes in the PDMS and held in place by friction 

due to the elasticity of PDMS. A photograph of a fabricated glass chip is shown in Figure 2.8(c).  

During testing, several fabrication-related issues became apparent that would need to be 

solved to successfully demonstrate the glass microreactor. The main challenge of integrating 

phase-change valves into the soda lime glass chip was diminished leakage pressure of DMSO 

valves. When the chip was prefilled with MeCN, the valves leaked at very modest heater 

temperatures (<100°C), whereas in a clean chip that valves were measured to withstand at least 

200 psig (higher pressure not tested). One possible cause of reduced performance is higher heat 

transfer from the hot region to the cold region through the glass substrate. Compared to the 

implementation in the PTFE capillary, the heat conduction pathway is much larger in the glass 

chip (determined by the width and thickness of the glass substrate) and also the thermal 

conductivity of glass is higher than polymers like PTFE. This effect could be examined in a 

similar way as in PTFE capillary as described in 2.2.2, and studied in more detail to optimize the 

design. In addition, the reduced performance could be due to contamination of the DMSO with 

MeCN, or the presence of a thin MeCN film between the DMSO and the rough channel surface 



	  

37 

after the DMSO slugs were loaded. Such a film could disrupt adhesion between DMSO due to 

the lower freezing point of MeCN. 

Furthermore, there were several challenges related to the interface to the chip. Large dead 

volumes near the drilled glass holes tended to trap air; the compressibility of this trapped air 

made loading of DMSO to the desired location difficult. Punching holes in PDMS that precisely 

matched the locations in the glass chip was difficult and misaligned holes prevented proper 

operation in some chips. It was also found that debris sometimes clogged the channels, 

presumably due to the hole-punching process in the PDMS and/or the insertion of tubing into 

these holes. 
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Figure 2.8: Preliminary implementation of high-pressure microreactor in a glass chip. (a) 

Channel design for the bottom substrate. (b) Design of the cover plate with drilled holes. (c) 

Photograph of fabricated glass chip with PDMS interface bonded on top for making connections 

to tubing. 
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With the possibility of controlling multiple individually-addressable phase-change valves 

on a single chip [61], more sophisticated liquid handling functionality could be integrated on-

chip. This could be explored to potentially simplify the preparation and collection of slugs and 

thereby reduce the size and cost of the overall microreaction platform.  

2.4.3 Freezing the reaction mixture directly 

From a liquid handling perspective, it would be simplest if the reaction mixture could be 

directly frozen to close the microvalves. This was considered for the case of [18F]FAC synthesis; 

however was believed to be impractical due to the low freezing point of MeCN. For other PET 

tracers, however, there may be possibilities for simplified chip structure and operation if the 

reaction mixture can be directly frozen. This is likely to be practical for reactions that take place 

in DMSO; however the vapor pressure of DMSO is very low and it would not be necessary to 

use specialized phase-change microvalves to sustain high pressures for such reactions. Another 

solvent that is easy to freeze is t-BuOH, with a freezing point of 25-26°C [77]. For chemical 

reactions using t-BuOH as the solvent [78], high pressures would occur when heating above the 

boiling point of t-BuOH of 82-83°C.  

2.4.4 Vapor barrier in EWOD digital microfluidics 

As mentioned in 2.1.1, one significant limitation of EWOD digital microfluidic platform 

is that its structure is always open and droplets tend to evaporate. Though this is desired during 

evaporation steps when one wishes to eliminate the solvent, this is undesirable during reaction 

steps where one would prefer the solvent volume to remain constant. The undesired evaporation 

is especially problematic when the solvent has high vapor pressure (e.g. when the reaction 
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temperature is close to or above the solvent boiling point). It would be highly advantageous to be 

able to introduce a vapor barrier during reaction steps and remove it during evaporation steps. 

We consider here the possibility to use phase-change valves as such as dynamically-controllable 

barrier. 

A schematic of a potential arrangement of EWOD electrodes to accomplish this is shown 

in Figure 2.9, and conceptual sequence of droplet operations is shown in Figure 2.10.  First, the 

reaction mixture would be transported to the central reaction region. Next, DMSO would be 

transported to create a ring of merged DMSO droplets around the reaction site. The DMSO 

would then be frozen to form a barrier that is impermeable to vapor. Next, the reaction site 

would be heated to perform the reaction. Afterwards, the DMSO would be melted, and at least a 

portion of the DMSO droplets would be transported away. Finally, the product would be 

collected from the reaction site. 
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Figure 2.9: Schematic of EWOD electrode design for a removable vapor barrier realized by 

DMSO phase-change valves on EWOD. Contact pads (for powering the chip) and connection 

lines from contact pads to the electrodes have been omitted for clarity. The design has a 

central reaction site surrounded by a square ring of electrodes for the DMSO. 
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Figure 2.10: Sequence diagram of droplet operations on EWOD for creation and removal of a 

temporary vapor barrier during a heated reaction. (a) Load reagent mixture to the central site 

through the edge path; (b) Load DMSO to the surrounding square ring; (c) Freeze DMSO to 

form the vapor barrier; (d) Heat the reagent mixture to perform the reaction; (e) Cool the reaction 

mixture after the reaction; (f) Unfreeze the DMSO; (g) Removing DMSO barrier; (h) Unload the 

reaction mixture. The light pink and light yellow in corresponding steps indicates the pathway of 

droplet movement.  

 

This idea has not yet been attempted.  However, we expect the following challenges 

would have to be considered in the design: 

a) It is expected that the solvent will evaporate from the surface of the reaction 

(a) (b) (c) (d) 

(f) (e) (g) (h) 

Reagent mixture Reacted mixture DMSO in liquid Frozen DMSO 
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mixture droplet in the middle and then condense adjacent to the ice barrier, 

leading to a depletion of solvent at the reaction site.  A possible strategy for 

the design is to minimize the size of the gap between the central reaction site 

and the ice barrier. 

b) Close proximity of the heater region to the frozen DMSO may compromise the 

freezing process (affecting valve integrity) or the heating process (affecting 

efficiency of reaction). 

c) There may be difficulty loading DMSO droplets to the desired barrier pattern 

due to surface tension. A potential solution is to first load DMSO droplets into 

a ring of non-contacting droplets and locally freeze them, and then load 

additional DMSO droplets to fill in the gaps between the frozen droplets. 

d) It may be difficult to withstand pressure in the vertical dimension. With a 

sufficient thickness of the barrier and high enough cohesion, we expect the 

barrier to be able to withstand the lateral outward force due to vapor pressure 

of the contained reaction mixture in the lateral dimensions. In the vertical 

direction, the pressure is applied over a much larger surface area and we 

expect the pressure may deform the EWOD chip substrates, leading to leaks 

between the top and bottom of the ice barrier and the chip substrates. It is not 

clear the strength or mechanism of the adhesion of ice [79], [80] to the EWOD 

chip surface and whether this could prevent the deformation or whether an 

externally applied clamping force may be needed.   
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2.4.5 Reaction screening 

This platform could also be suitable for high-throughput screening or combinatorial 

chemistry applications where high temperatures and pressures are needed. Though we have 

shown a single microreactor with DMSO phase-change valves implemented in a section of a 

capillary, this concept could readily be extended to larger numbers of reaction slugs and phase-

change slugs by leveraging significant advances in spatially-defined slug-based systems for high-

throughput screening [81]. One could also operate many reactors in parallel.  

2.5 Summary 

This chapter focused on addressing the challenge of performing difficult radiotracer 

production involving harsh conditions (i.e., high pressures, high temperatures, and the use of 

organic solvents) in microfluidic batch reactors. To expand the capabilities of batch 

microreactors for high temperature and pressure radiosynthesis, we developed a capillary 

microreactor with incorporated phase-change microvalves. This type of microvalve has the 

capability of withstanding remarkably high pressures. A common radiochemical solvent, DMSO, 

was chosen as a new phase-change material to extend the use of phase-change valves to 

radiosynthesis. As a proof of principle, we demonstrated a radiofluorination reaction from the 

synthesis of [18F]FAC, a new PET tracer for immune system monitoring and prediction of 

chemotherapy response. This reaction requires containment of ~120 psi pressure. We achieved 

high conversion efficiency (83±1%, n=3), comparable to that achieved with macroscale systems, 

suggesting that the use of DMSO phase-change microvalves is suitable for performing batch 

synthesis under high temperature and high pressure conditions.  
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CHAPTER 3:  ELECTRICAL PROPERTY MEASUREMENT OF 

DROPLETS IN EWOD DIGITAL MICROFLUIDICS 

3.1 Introduction 

This chapter reports the improvement of electrical detection with the aim of its eventual 

use for on-chip chemical analysis of sample droplets in the electrowetting-on-dielectric (EWOD) 

microfluidic platform. The particular focus is on conductivity sensing. For the first time, 

conductivity measurement of droplets in EWOD platform with high sensitivity and linearity was 

demonstrated. This was accomplished by introducing an impedance measurement of a second 

droplet (with high electrical conductivity).  In this chapter I focus on the detection method itself, 

while in Chapter 4, I show, as a proof of concept, the possibility of monitoring the progress of a 

chemical reaction on an EWOD chip. 

3.1.1 Chemical analysis 

 There are a wide variety of methods to quantify a chemical species by measuring 

different physical properties (e.g. optical absorbance, fluorescence, conductivity). Generally such 

detection methods are sensitive to the concentration of the species, and calibration curves can be 

constructed to quantify the concentration of an unknown sample. 

Most samples of interest, however, consist of mixtures of different species.  For example, 

a sample from a chemical reaction in progress may contain unreacted reagents, product, by-

products, solvent, and inert species. One way to determine the extent of reaction is to measure 

the reactant and product concentrations. However, since most detectors do not have high 
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specificity for a single species, the detector generally gives some kind of collective or ‘average’ 

value of the measured property across all species in the mixture rather than a set of individual 

concentrations for each species. To increase the selectivity of detection, some detectors can be 

‘tuned’ (e.g. varying the wavelength of an optical absorbance measurement, or varying the 

frequency of an electrical impedance measurement); furthermore, spectroscopic methods can be 

employed (e.g. mass spectrometry, nuclear magnetic resonance) to identify individual species by 

their ‘fingerprints’. Still, it can be difficult to analyse complex samples in this manner. 

To address this difficulty, the sample mixture can be chemically separated. In 

chromatography, a sample is propelled through a matrix that interacts differently with different 

species.  As a result, the rate of migration through the matrix is different for each species, 

creating a separation in time and/or space.  A detector downstream of the separation process then 

sees only a single species at a time for quantification purposes. Using calibration with standards, 

it is possible to ‘identify’ different species based on their retention time and thereby to determine 

the concentrations (or relative concentrations) of multiple species within a complex mixture. 

3.1.2 Need for on-chip chemical analysis 

In Chapter 1 Section 1.3.2, I introduced EWOD as a microscale liquid handling platform 

that is particularly suited for batch chemistry applications, including the synthesis of PET tracers. 

Despite many advantages of EWOD, currently, there is a lack of available on-chip analytical 

methods to measure droplet composition to monitor the progress of reactions or other processes. 

Typically, chemical intermediates or products are analyzed off-chip by conventional, macroscale 

chromatographic or spectroscopic instruments (e.g. liquid chromatography, gas chromatography, 

mass spectrometry, nuclear magnetic resonance, etc.) [82]. 
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Several interfaces connecting EWOD to sophisticated downstream analytical instruments 

have been developed recently, which can help facilitate chemical analysis.  For example, there 

have been reports of interfaces between EWOD and mass spectrometry instruments [82], [83], as 

well as a sample injection interface into a high performance liquid chromatography system [84]. 

Despite these advances, off-chip analysis has many disadvantages. Firstly, when working with 

small volumes, generally it is difficult to take only a small representative sample of the reaction 

mixture and often the reaction mixture is compromised by the process of taking a sample. 

Secondly, transfer between microreactors and macroscale instruments and/or the use of 

destructive analysis methods can lead to substantial sample loss. Thirdly, offline analysis also 

limits the efficiency of the entire synthesis workflow: prolonged time for sample handling plus 

analysis or evaluation of each step makes the platform unsuitable for high-throughput synthesis 

development and optimization and, in the synthesis of PET tracers, the time leads to decay of the 

radioisotope, which reduces overall yield.  

Integration of EWOD with microchip-based analysis approaches (e.g., capillary 

electrophoresis [85]), may alleviate some of these issues, but it would be preferable to be able to 

perform chemical analysis in situ, without having to first separate samples, or transport them to 

any other macroscale or microscale analysis system. In situ monitoring is preferred if one wishes 

to study reaction kinetics, to determine yield of many reactions simultaneously (e.g. when 

screening reaction conditions), or if one wishes to use real-time process control via feedback 

signals to maintain optimal process performance. 

To this end, I focus in this chapter on in situ detection approaches (without separation). 

Compared to the more difficult problem of analyzing the composition of arbitrary samples, the 
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problem of analyzing the progress of a reaction is simpler due to the relationships that exist 

among the concentration changes of different species. For example, in the reaction A + B à C, 

for each molecule of C produced, a molecule of A and B are consumed. 

3.1.3 Chemical detection in digital microfluidics 

A wide array of detection methods have been integrated into digital microfluidic 

platforms. The most common approaches coupled to EWOD are based on optical techniques, and 

rely on the use of transparent conductors (e.g. indium tin oxide, ITO) and other materials for chip 

fabrication. Demonstrated optical techniques include absorbance detection (measuring the 

fraction of incident UV or visible light at a specific wavelength by a sample), fluorescence 

detection (measuring the intensity of emission of visible light upon excitation by shorter 

wavelength light), chemiluminescence detection (measuring the intensity of light induced by 

photochemical reactions), and surface plasmon resonance (detection based on a change in the 

refractive index when molecules bind to a sensing surface). Absorbance detection [86] requires 

only a small on-chip footprint, but has limited sensitivity due to the short vertical optical path 

through the droplet and can have high noise due to the high surface-to-volume ratio if there is 

adsorption of species on the surface [87]. To improve sensitivity, some efforts have been made in 

integrating optical components such as waveguides [88], and to decrease cost and complexity, 

low-cost elements such as LEDs [86] and photodiodes [89] have been incorporated into EWOD. 

In conjunction with separation techniques (e.g. HPLC), UV absorbance measurements are 

routinely used in the analysis of PET tracers. However, in many reactions involved in tracer 

synthesis, the chromophore does not change upon reaction and thus on-chip detection of a mixed 

sample (without separation) may not provide any detectable distinction between reactant and 
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product. Fluorescence [90] and chemiluminescence [91] are highly sensitive but are label-

dependent which generally makes them unsuitable for small-molecule-based PET tracers. 

Surface plasmon resonance [92] is label-free and highly sensitive, but costly due to the complex 

instrumentation and chip fabrication. It may also be difficult to design surface functionality to 

detect binding of species that would enable monitoring of reactions. Another optical method of 

particular relevance for applications in PET tracer synthesis is Cerenkov imaging, in which an 

image is taken of visible photos emitted due to high-energy particles (e.g. positrons emitted 

during radioactive decay) traveling at greater than the speed of light in a particular medium [52]. 

Unfortunately, since the radioisotope is present in both reactants and the product, the progress of 

reactions in a sample mixture cannot be monitored by this approach. 

Complementary to optical detection, electrochemical and electrical detection are the other 

common methods (see Table 3.1), mainly including amperometric detection, conductivity 

detection, voltammetric detection, and impedance spectroscopy [93]. Since EWOD devices 

already contain many individually-addressable actuation electrodes, electrical detection is a good 

match because the fabrication of sensing electrodes is very similar to the fabrication of the 

actuation electrodes. In fact, for non-electrochemical detection techniques (i.e. where the 

electrode is electrically insulated from the sample), there is no difference between sensing and 

actuation electrodes. Compared to optical detection, electrochemical and electrical detection are 

generally cost-effective, simple to operate, and easier to integrate into EWOD chips [93].  When 

miniaturized, the signal to noise ratio (SNR) of electrochemical detection is likely to improve, 

rather than deteriorate (as it does in optical methods), because of the enhanced efficiency of 

analyte diffusion [94] and more rapid decrease of charging current (noise) compared to signal 
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current. The other advantage of electrochemical and electrical detection is that no markers or 

labels are needed for signal readout and thus no interference by these additions would be 

introduced into the target chemical reaction [87]. 

Investigations of integration of electrochemical and electrical detection into the EWOD 

platform are still at an early stage. There are only a few reports of voltammetric detection on 

EWOD with integrated electrochemical electrodes [95]–[97], along with a few reports of non-

Faradaic impedance measurement on EWOD for chemical analysis [98]–[101]. In 

electrochemical detection, a droplet is usually sandwiched between a bare (non-insulated) 

sensing electrode and ground, or between two electrodes in a single plane. A potential is applied 

between the electrodes, and current arising from electrochemical reactions between the 

electrodes and sample is monitored. Electrical impedance measurement is similar in geometry, 

except the resistive and/or capacitive properties (i.e. impedance) of the sample are being 

monitored and often the electrodes are covered with an insulating layer.  

Among different types of electrochemical and electrical detection methods, amperometric 

detection, voltammetric detection, and Faradic impedance measurement depend on 

electrochemical reactions between electrodes and species in the sample. This implies that these 

techniques selectively respond to the electrochemically active species in the sample, and thus 

may not be suitable for analysis of mixtures that do not contain electrochemically active species. 

In contrast, electrical (non-electrochemical) detection methods such as non-Faradic impedance or 

conductivity measurement do not rely on the electrochemical reduction or oxidation. Hence such 

techniques can also be applied to electrochemically inactive species and are referred to as 

“universal” [93].  
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Table 3.1: Common electrochemical and electrical detection techniques in microfluidic devices. 

Impedance is classified as Faradaic if it arises due to electrochemical interactions or non-

Faradaic if it does not. 

 Technique Working principle 

Electrochemical 

detection 

 

Amperometric detection 

Applying a constant DC potential and 

measuring the current due to reduction or 

oxidation reactions between electrodes and 

the sample 

Voltammetric detection 

Applying a varying potential and 

measuring the current due to redox 

reactions between electrodes and the 

sample 

Electrochemical impedance 

spectroscopy (Faradaic) 

Applying an AC voltage and measuring the 

Faradaic impedance associated with an 

electrochemical reaction 

Electrical 

detection  

Conductivity-based 

detection (Non-Faradaic) 

Applying a constant DC potential not 

inducing electrochemical reactions and 

measuring the conductivity 

Impedance measurement or  

impedance spectroscopy 

(Non-Faradaic) 

Applying an AC voltage not inducing 

electrochemical reactions and measuring 

the non-Faradaic impedance  

	  

	  

3.1.4 Electrical detection and conductivity measurement in EWOD 

Because electrical detection is compatible with the electromechanical scheme of EWOD 

and requires no changes to device fabrication, it has been studied more than electrochemical 
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detection. Capacitive sensing has been integrated into the actuation circuit and adopted to 

determine the location of a droplet [102], [103] for feedback control of droplet transportation, or 

to measure the droplet volume [99] for feedback control of droplet dispensing. However, to the 

end of chemical analysis of analytes in the sample droplets, there are only a few reports of 

electrical detection methods implemented on EWOD, including monitoring organic solvent 

composition change during mixing [98], monitoring lipid bilayer formation [100], and 

characterization of salt solution at different concentrations [99], [101]. However, these reports 

still suffer from several key limitations. First, all of them require external bulky and expensive 

instrumentation such as capacitance meters for signal measurement (with the exception of 

Sadeghi et al. [99]). Second, most of the detection methods did distinguish certain samples with 

different electrical properties, but none of them have sufficient sensitivity to directly measure the 

electrical properties of the droplet samples. One reason for the limited sensitivity is that these 

methods are based only on capacitive sensing and ignore the resistive (conductance) component 

of the impedance signal due to several technical limitations discussed below. 

In fact, to the best of our knowledge, conductivity measurements of droplets on EWOD 

platforms have never been reported. There may be several reasons for this. One significant 

challenge arises from the dielectric layer that is employed to guard liquid from direct contact 

with electrode, thereby allowing for a higher electric field  (i.e., stronger electrowetting effect) 

[42]. The capacitance of this layers couples to the droplet. This entangles the resistive component 

of the droplet impedance (i.e. conductance) with the capacitance of the device; in fact the 

capacitive component often dominates. This leads to a non-linear relationship between the 

droplet conductivity and the total impedance.  
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This non-linearity due to capacitive coupling affects not only EWOD, but also electrical 

detection in other microfluidic platforms [104]–[107]. For example, in conductivity detection for 

capillary electrophoresis (CE), including a dielectric layer between the electrode and buffer 

electrode is used to avoid electrode fouling and interference from the CE field [93]; however, 

this “contactless mode” also leads to capacitive coupling in conductivity detection. Several 

techniques have been developed in the context of these other platforms to address the capacitive 

coupling issue. One strategy is to minimize the capacitive component (1/jωC) in overall 

impedance, either by increasing the capacitance (higher dielectric material or smaller thickness, 

whose options are very limited) or by increasing the frequency [104], [105]. The other strategy is 

to introduce inductance modules either in series or in parallel and operate the system at the 

resonant frequency to eliminate the effect of coupling [106], [107]. Both strategies, however, 

require dedicated hardware for signal generation and measurement that cannot be integrated into 

the existing EWOD actuation circuit, thereby increasing complexity and cost of the 

instrumentation. 

I present here a simpler approach to eliminate the capacitive coupling and the consequent 

nonlinearity. Leveraging the existing EWOD actuation circuit by adding only one single series 

resistor as in our previous work [99], we developed an approach for high sensitivity and wide 

dynamic range conductivity measurements on the EWOD platform based on impedance 

measurements using minimal instrumentation. To the best of our knowledge, this is the first 

report of conductivity measurement of samples in EWOD. 
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3.2 System and experimental  

3.2.1 Impedance measurement system 

Figure 3.1(a) shows a schematic of the EWOD impedance measurement system [99]. A 

single 1.2kΩ resistor was placed in series with the actuation circuit of the EWOD device. 

Because the resistance is much smaller compared with the equivalent impedance of the EWOD 

chip (>MΩ), the effect of this measurement resistor (Rm) on the EWOD actuation voltage seen by 

the droplet is negligible. The voltage Vm across Rm is monitored to measure the total current in 

the circuit, which reflects the overall impedance of the circuit. A voltage, Vref, with a frequency 

of 10kHz or 50 kHz, was generated by data acquisition interface and amplified to a voltage Vin of 

10V-100V. Though normally the actuation voltage is set at 100V, we observed several chip 

failures (i.e. electrolysis of the sample droplet) due to fabrication defects at this voltage and thus 

elected to operate the majority of experiments at 10V, where electrolysis was not observed. 

The signals Vref and Vm were measured by a digital acquisition module (DAQ). The DAQ 

(PCI-6115, National Instruments, Inc.) has the capability for simultaneous sampling on multiple 

channels, an essential feature to avoid inter-channel delay and thereby avoid phase errors. 

(Appendix A shows phase measurements from two different DAQs, one with simultaneous 

sampling, and one with multiplexed sampling.) The amplitude and phase of Vm were determined 

by a software-implemented lock-in amplifier using Vref as the reference signal. 
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Figure 3.1: Schematic of impedance measurement in EWOD system and electrical circuit model. 

(a) Schematic of impedance measurement in EWOD system; (b) Electrical circuit model for a 

sample droplet within a two-plate EWOD device. 

 

3.2.2 EWOD device 

The EWOD chips have a typical two-plate configuration and were fabricated according to 

the protocol described in [99]. The bottom device plate has silicon nitride dielectric layer of 1.4 

µm, and coated with a 60-80 nm film of Cytop® serving as the hydrophobic layer; the top device 

plate has a ~100 nm silicon nitride dielectric layer and a ~30 nm coating of Cytop®. The 

thickness of each layer in each fabricated device was measured by profilometry (Dektak 150 
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surface profiler, Veeco). The typical thicknesses measured are included in Table 3.2. 

 

Table 3.2: EWOD chip material and geometry parameters used in Matlab simulation*  

Material Resistivity, 
ρ (Ω m) 

Permittivity 
(dielectric constant), εr 

Thickness (µm) 

Dielectric (SixNy) 1010 7.0 Top plate: 0.096 
Bottom plate: 1.398 

Hydrophobic (Cytop®) 1015 2.0 Top plate: 0.025 
Bottom plate: 0.082 

 

The design of the device is shown in Figure 3.2. It contained 3 sensing electrodes, each 

connected to a contact pad for connection to the external circuitry. The square sensing electrodes 

had side lengths of 2mm, 3mm, or 4mm. Electrodes of 3mm by 3mm size were used in all the 

experiments reported here. The gap between top and bottom plates is created by rigid spacers 

with thickness in the range 75-86 µm (0.003” PTFE tape, McMaster Inc.). Magnets (cube 400-

047, Office Depot) are used to clamp the spacers between the top and bottom plates. To 

eliminate the effect of other nearby grounded electrodes on the measurements, adjacent 

electrodes were spaced 5 mm instead of the usual ~10 µm. This spacing is too large for actuation 

of a sample from one electrode to another, and therefore reagents were manually introduced onto 

the chip at the location of sensing electrodes via pipette. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
* The data of electrical property data (resistivity and permittivity) is from reference [99]. 



	  

58 

	  
	  

Figure 3.2: EWOD chip design for droplet impedance measurements. 

 

3.2.3 Reagents 

Sodium chloride (NaCl, ≥99.999%) was purchased from Sigma-Aldrich. A saturated 

NaCl solution (26%wt) and a 0.1M NaCl stock solution were prepared by dissolving NaCl in 

deionized water. The latter stock solution was diluted with deionized water down to 

concentrations ranging from 10-2 - 10-6M (conductivity range 700 to 2.2 µS/cm).  

 

3.2.4 On-chip conductivity measurements 

As a demonstration of the use of impedance measurements to assess conductivity, a 

variety of solutions of NaCl with different concentrations (and conductivities) were used. A 

droplet of each sample was loaded by pipette to the sensing electrode in the EWOD device. The 

2µL volume ensured a full coverage of the entire sensing electrode but no coverage on adjacent 

electrode. For volumes greater than the sensing electrode, the signal is expected to be 

independent of the droplet volume [99]. After loading, voltage Vin was applied and the complex 

value of Vm was recorded. Each sample measurement was repeated in triplicate at room 

Contact pads 
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temperature, with cleaning of the chip between measurements. Cleaning was performed by 

removing previous sample droplet out of the device via vacuum, then adding and removing 

droplets of the new sample 2-3 times to ensure any residue from the first sample was washed 

away. (Typically after only 1-2  addition and removal steps, the signal was not affected by the 

previous droplet.)  

After all sample solutions were measured, a “short-circuit” (sc) measurement was 

performed on the same size electrode of the same device (Figure 3.3) by loading the sc droplet 

(i.e. a droplet of saturated NaCl solution). The equivalent resistance of this droplet is negligible 

compared to the resistance of the shunt resistor Rm and thus it effectively short-circuits the gap 

between the top and bottom plates of the EWOD device. The impedance signal for each sample 

solution (excluding the short-circuit droplet) was then calculated according to Equation 3-7 (see 

next Section). Calculation results were plotted vs the conductivity values of each NaCl sample 

solution. The conductivities were measured by a handheld electrical conductivity meter (COM-

100, HM Digital Inc.) at room temperature (25°C) (calibrated to 700µS/cm). The accuracy of the 

conductivity meter is specified by the manufacturer as ±2% for measurements in its dynamic 

range of 0-10 mS/cm. The correctness of conductivity measurements by conductivity meters 

were confirmed by the theoretical conductivity value of NaCl solutions of certain concentrations 

at 25°C [108].  
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3.3 Theoretical 

3.3.1 Electrical circuit model 

Figure 3.1(b) shows the circuitry for impedance measurement, and a basic circuit model, 

in which the EWOD device top plate, bottom plate, and the sandwiched droplet are all modeled 

as impedance units. 

We assume that the sample droplet is larger than the sensing electrode and fully covers it, 

because for smaller droplets, the exact size affects the impedance signal [99]. Since the droplet 

lateral size is much larger than the droplet height (d), the droplet impedance can be approximated 

as a parallel plate capacitor (Csample). This equivalent capacitor is in parallel with the resistance 

(Rsample) of the sample droplet.  The equivalent capacitance and resistance can be expressed as: 

 Csample =
ε0ε rA
d

,Rsample =
ρd
A

= d
κA

  ( 3-1) 

where ε0 is the vacuum permittivity, εr is the relative permittivity of the droplet (dielectric 

constant), ρ is the droplet resistivity, κ=1/ρ is the droplet conductivity, and A is the area of the 

electrode. Thus the inverse impedance of the droplet, Zsample, is: 

   ( 3-2) 

where ω=2πf and f is the frequency of the applied voltage Vin.   

Similarly, for the impedance of the top plate of device Zdevice_top and the bottom plate 

Zdevice_bottom, each can be modeled as a resistor in parallel with a capacitor, using material 

properties and thicknesses listed in Table 3.2. The total impedance in the measurement circuit, 

Ztotal, is the sum of the impedances of the droplet, Zsample, the two plates of EWOD device and Rm. 

1
Zsample

= 1
Rsample

+ jωCsample
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Thus the output voltage Vsample (“impedance signal”) across the shunt resistor Rm when the input 

voltage Vin is applied, is expected to be: 

 Vsample = I ⋅Rm = Vin ⋅Rm
Zdevice + Zsample + Rm

  ( 3-3) 

where 

 Zdevice = Zdevice_top + Zdevice_bottom ( 3-4) 

 

3.3.2 Capacitive decoupling by short-circuit subtraction 

Our approach for eliminating capacitive coupling involves subtraction of a “short-circuit” 

impedance. Aside from impedance measurement with the sample droplet to obtain signal Vsample, 

a “short-circuit” impedance measurement, Vsc, is also obtained using an electrode of the same 

geometry as for the sample droplet (Figure 3.3).  

  ( 3-5) 

A high-conductivity droplet (Zsample ≈ 0) is used for this second measurement to short-circuit the 

gap between top and bottom plates of the EWOD device. If reciprocal voltages are subtracted, 

the result depends only on the impedance of the sample droplet and is independent of the device 

capacitance:  

 1
V 'sample

= 1
Vsample

− 1
Vsc

=
(Zdevice + Zsample + Rm )− (Zdevice + Rm )

Vin ⋅Rm
=
Zsample

Vin ⋅Rm
 ( 3-6) 

 ′Vsample =
1

Vsample
− 1
Vsc

⎛

⎝⎜
⎞

⎠⎟

−1

= VinRm
Zsample

=VinRm
1

Rsample

+ jωCsample

⎛

⎝⎜
⎞

⎠⎟
 ( 3-7) 

Vsc =
Vin ⋅Rm

Zdevice + Rm
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Figure 3.3: Electrical schematic of EWOD impedance measurement system with sample droplet 

(left) and short-circuit droplet (right) to enable droplet impedance to be decoupled from device 

impedance. Only a single circuit-circuit measurement is needed even if multiple sample 

droplets are measured. 

 

Combining with Equations 3-1, the decoupled droplet impedance can be expressed in 

terms of its electrical conductivity κ and relative permittivity εr. It can be found that the real part 

of the impedance signal, Re{V’sample}, is linearly related to the conductivity, κ, of the sample 

droplet by a factor F: 

 Re ′Vsample{ } =VinRm ⋅ 1
Rsample

=VinRmκ ⋅ A
d
= F ⋅κ  ( 3-8) 

where 

 
 ( 3-9) 

Similarly, the imaginary part, Im{Vsample}, is linearly proportional to the permittivity, εr, of the 

sample droplet by the factor ωε0F: 

Measurement 1: 
Sample droplets (i=1…n) 
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Vsample(i) 
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Zdevice_top 

Zdevice_bottom 
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F = VinRmA
d
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Im{V 'sample} =VinRmωCsample =VinRmωε0ε r ⋅

A
d
= Fωε0ε r  ( 3-10) 

MATLAB simulations based on the above theoretical model and the short-circuit method were 

performed to compare with experimental data and to assess the improvements in sensitivity and 

linearity of the subtraction approach. The electrical and geometrical parameters used in the 

simulation of the on-chip impedance measurements are tabulated in Table 3.2.  

3.4 Results and discussion 

3.4.1 On-chip conductivity measurement 

The various NaCl solutions were loaded into the chip one at a time, and the impedance 

signal was measured. Figure 3.4 shows a comparison of these values, with and without 

subtraction of the short-circuit impedance. Error bars in both axes are small: on the x-axis the 

error from the conductivity meter is below 2%; on the y-axis the error calculated based on error 

propagation of uncertainties in Vsample and Vsc is below 5%. The measured values agree well with 

simulated values. As expected, after subtraction, the signal linearly depends on the conductivity 

of the sample. Without subtraction, the response is non-linear due to capacitive coupling with the 

device impedance. It can be seen that the dynamic (linear) range is only ~10-3-10-2 mS/cm 

without subtraction, but increases to ~10-3-100 mS/cm with subtraction. The new dynamic range 

extends over three orders of magnitude. (Note that since the response is linear over the entire 

range of sample conductivities tested, the dynamic range with subtraction may actually be 

larger.) Furthermore, the sensitivity, d(signal)/dκ, is compared for the two cases and was found 

to be ~106-fold higher when short-circuit subtraction is used. This is the first time that 
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conductivity measurement of sample droplets in EWOD with high sensitivity and linearity is 

achieved. It enables on-chip characterization of very dilute analytes or detection of low 

abundance samples.  

It is worth noting that since the conductivity sensing sensitivity is determined by the 

linear factor  (Equation 3-9), the sensitivity can be further enhanced by increasing 

voltage input (Vin), measurement resistor (Rm), and electrode size (A), or decreasing the gap of 

the device (d), though the optimal values of these parameters may be constrained by other 

considerations such as the EWOD actuation design. 

As mentioned in the end of section 3.1.4, capacitive coupling is not only a problem for 

impedance measurements in EWOD devices, but is a more general problem in other situations 

involving conductivity or impedance measurements in a contactless device configuration (i.e. 

where the electrodes do not directly contact the sample). The benefits of the approach here could 

be applied to those situations as well, as long as a corresponding measurement using a highly 

conductive sample can also be performed. Currently, conductivity detection has been integrated 

with liquid chromatography and capillary electrophoresis for chemical analysis [109], [110], and 

to cytometry, cell impedance analyzers or point-of-care diagnostic devices [111] for biomedical 

research and diagnosis.  

	  

F = VinRmA
d

(b) 
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Figure 3.4:  High sensitivity conductivity measurement of droplet samples in EWOD. 

Comparison of the signals V’sample (after capacitive decoupling subtraction) (red) and Vsample 

(without capacitive decoupling) (blue). (a) Real part of signal. Error bars are too small to be 

shown. Individual points represent measurements of NaCl droplets of different concentrations. 

Lines represent results of simulations as described in Section 3.3.2. (b) Comparison of 

measurement sensitivity for decoupled (red) and non-decoupled (blue) approaches. 
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3.4.2 Limit of detection 

Above, we showed that the conductance portion of the impedance signal is linearly 

related to the droplet conductivity over a wide range, i.e., µS/cm-mS/cm. We hypothesize that 

the main factor limiting the lower end of conductivity measurement is the coupling of DAQ 

input/output impedance- specifically, the input impedance of the DAQ analog input ports where 

Vm is measured. For the DAQ used here (PCI-6115, National Instruments, Inc.), the input 

impedance consists of a resistance, Rdaq = 100GΩ, and capacitance, Cdaq≈100pF, in parallel with 

the measured signal. The measurement circuit with DAQ input and output impedance is shown 

in Figure 3.5. Note that since Rdaq >> Rm, and these resistances are in parallel, Rdaq can be 

ignored. 

 

Figure 3.5: Expanded model of impedance measurement circuit including instrument input and 

output impedance. The new elements are labeled in red. Cdaq is the input capacitance of the DAQ 

analog input, and Zoutput is the output impedance of the amplifier that converts Vref  to Vin. 
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With the expanded electrical circuit model, the analytical expression for the impedance 

signal of the sample droplet becomes: 

 
Vsample =

Vin ⋅(R
−1
m + jωCdaq )

−1

Zdevice + Zsample + (R
−1
m + jωCdaq )

−1 + Zoutput
 ( 3-11) 

Similarly, the analytical expression for the impedance signal with the short-circuit droplet can be 

expressed as: 

  

Vsc =
Vin ⋅(R

−1
m + jωCdaq )

−1

Zdevice + (R
−1
m + jωCdaq )

−1 + Zoutput

 ( 3-12) 

The capacitively-decoupled impedance signal is then given by: 

 

′Vsample =
1
Vsample

− 1
Vsc

⎛

⎝⎜
⎞

⎠⎟

−1

=
Zsample

Vin ⋅(R
−1
m + jωCdaq )

−1

⎛

⎝⎜
⎞

⎠⎟

−1

=
Vin (R

−1
m + jωCdaq )

−1

Zsample

=VinRm ⋅
1− jωRmCdaq

1+ω 2R2mC
2
daq

⋅ 1
Rsample

+ jωCsample

⎛

⎝⎜
⎞

⎠⎟

. ( 3-13) 

The real part of signal  with relation to signal V’sample (the model without such 

consideration) can be derived as in equation:  

 
 
Re ′Vsample{ } = Re ′Vsample{ } ⋅ 1

1+ω 2R2mC
2
daq

+ Im ′Vsample{ } ⋅ ωRmCdaq

1+ω 2R2mC
2
daq

 (3-14) 

For the parameters used in measurements, ωRmCdaq = 6 ×10
−3 <<1; thus, the above equation can 

be approximated as 

  Re ′Vsample{ } ≈ Re ′Vsample{ }+ Im ′Vsample{ } ⋅ωRmCdaq    (3-15) 

Because Zoutput is in series with the chip and droplet impedances, it gets canceled out during 

V 'sample
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subtraction of the short-circuit measurement just as the device impedance does. However, the 

input impedance of the DAQ does not get canceled.  Its effect is to couple the imaginary part of 

′VSample  to its real part, increasing the apparent conductance signal especially when Re ′VSample{ }  

itself is small for small conductivity samples.   

A simulated response over a wide range of sample conductivities is shown in Figure 3.6. 

It can be seen that the input impedance leads to a deviation from the linear response for 

conductivities below ~10-3 mS/cm.   

 

Figure 3.6: The effect of DAQ input impedance on conductivity measurement. When 

conductivity is smaller than ~10-3 mS/cm, the simulated signal (dashed line) begins to deviate 

significantly from the ideal linear response (solid line). 

 

Another factor that may complicate the detection limit is the electrical-double-layer 

(EDL) formed at the solid-liquid interface between the conductive droplet and the device 
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substrate surface [112]. As the concentration is reduced with reduced conductivity, the EDL 

thickness increases (typically in the range of 10-100nm), leading to the formation of another 

capacitor [112]. This capacitor would be in series with the equivalent bulk resistor and capacitor 

of the droplet as modeled in Figure 3.7. The introduction of EDL may lead to a higher total 

impedance and a resultant smaller current (measured by impedance signal V’sample). The EDL 

effect/capacitance can be minimized by setting a higher frequency [113] ( Zdl =
1

jωCdl

). 

Depending whether actuation can also be performed with higher frequency signals, an electronic 

switch may be required to connect either the actuation circuit or the sensing circuit to the sensing 

electrode site, undermining our system’s advantage in simplicity.  
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Figure 3.7: Expanded model of impedance measurement circuit including the electrical double 

layer (EDL) at the solid-liquid interface between the droplet and the device substrates. The 

new elements (EDL capacitance: Cdl) are labeled in red.  

3.4.3 On-chip measurement of conductivity and permittivity 

Equation 3-10 shows that Im{V’sample} is linearly related to the sample droplet 

permittivity (dielectric constant), εr. Thus, a single impedance measurement of the droplet (after 

subtraction of short-circuit impedance) can be used not only to determine the conductivity, κ, 

but also the permittivity, εr. Figure 3.8 shows measurements of samples of MeCN and deionized 

water, plotted against their dielectric constant. The electrical and geometrical parameters used in 

the simulation of the on-chip conductivity measurement are the same as previous in Table 3.2. 

The values of conductivity and dielectric constant of the three samples are given in Table 3.3. 

There is a good agreement of the imaginary portion of signal with linear prediction. For 
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applications requiring a higher sensitivity of permittivity measurement, sensitivity enhancement 

could be realized by such strategies as two-point calibration reported previously [98].  

 

Table 3.3: Electrical properties of MeCN and water*

 

  

	    
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
* Data from reference [108]. 

 Conductivity, κ (mS/cm) Dielectric constant, εr 

MeCN 1.92E-04 37.5 

Water 5.56E-05 80 
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Figure 3.8: Electrical permittivity measurement of sample droplets in EWOD, using short-

circuit subtraction. Relationship between Im{V’sample} and permittivity (dielectric constant) εr. 

Experimental measurements are shown as red dots (n=1) and theoretical prediction is shown as 

a line.  

 

Permittivity measurements (i.e. capacitive portion of impedance) have been used for 

identification of solvent composition and monitoring solvent mixing on EWOD [98]. Another 

application is to detect the water content in samples such as soil; this is feasible because the 

dielectric constant of water (80) is much greater than other substances [114]. It is possible that 

permittivity measurement could also be useful for monitoring the dryness of the [18F]KF/K222 

complex after azeotropic drying and before radiofluorination in the synthesis of 18F-labeled PET 

tracers. The dryness is critical for the subsequent reaction in many cases, but currently there are 

no convenient methods for evaluation of the completeness of the drying step. The general 

scheme for producing such tracers is shown in Figure 3.9. First, the [18F]fluoride ion (in 

[18O]H2O) from the cyclotron is trapped on an anion exchange resin and then released with phase 

transfer catalyst such as K222 with K2CO3, in an organic solvent (e.g. acetonitrile, MeCN) 
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containing a small amount of water. The eluted mixture is then evaporated to remove most of the 

solvent. The next step is to add MeCN, which forms an azeotrope with water, and again heat the 

solution to evaporate the solvent. The azeotrope has a lower boiling point than MeCN and helps 

carry away trace amounts of water. This process is often referred to as azeotropic distillation or 

azeotropic drying. After one or more such drying processes, the resulting [18F]fluoride complex 

(i.e. [18F]KF/K222) is reacted with the precursor. It is possible that a permittivity measurement 

could be used to determine the fraction of water content at each step of drying, and then the 

radiofluorination reaction be started as soon as the water content was reduced below a critical 

threshold. Bearing in mind that temperature and electrode coverage can affect the impedance 

measurement (see discussion in Section 3.4.5), it would be important that these measurements be 

performed at room temperature and only when a sufficiently large droplet of liquid is present. 

Such measurements could be performed just prior to each droplet evaporation step. 

Note that there is a coupling of the conductivity portion of the signal (real part)  with the 

permittivity part due to the effect of Zdaq, which is similar to the imaginary coupling to the 

conductivity measurement discussed in the previous section: 

 

 

Im ′Vsample{ } = Im ′Vsample{ } ⋅ 1
1+ω 2R2mC

2
daq

−Re ′Vsample{ } ⋅ ωRmCdaq

1+ω 2R2mC
2
daq

≈ Im ′Vsample{ }−Re ′Vsample{ } ⋅ωRmCdaq

 (3-16) 

The implication of this coupling is that at high concentrations (e.g. of K2CO3 and K222), the high 

conductivity may reduce the sensitivity of the permittivity measurement and make the 

determination of water content more challenging. 
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Figure 3.9: General scheme for drying [18F]fluoride ion from the cyclotron prior to a 

radiofluorination reaction. Reproduced with permission from [13]. 

  

3.4.4 Integration of conductivity and permittivity sensing into typical EWOD 

actuation chips 

We have shown conductivity sensing using EWOD devices with isolated electrodes. 

However, a typical EWOD chip for droplet actuation has closely spaced electrodes and the effect 

of nearby electrodes on the sensed impedance signal needs to be considered. If the droplet covers 

the entire sensing electrode and also the adjacent electrode (either partially or completely) as 

e.g. Kryptofix (K222) with K2CO3 
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shown in Figure 3.10, the voltage drop between the cover plate (connecting to the measurement 

resistor Rm) and the adjacent grounded electrode (i.e., Vm) would induce another current bypass 

in parallel with Rm through the fraction of droplet coverage on the adjacent electrode (shown as 

red in Figure 3.10(a)). (Because the resistance of air is so high, only the fraction of the 

neighboring electrodes that are covered with liquid will have non-negligible parasitic 

contribution.) The equivalent electrical circuit is shown in red in Figure 3.10(b). There is also a 

coplanar impedance formed between the sensing electrode and the adjacent electrode through the 

droplet, and a coplanar impedance through the substrate (shown in blue in Figure 3.10). 

However, it should be noted that these latter impedances do not affect the current through Rm 

when Vin is a constant voltage supply with sufficient power, so only the effect of the first 

impedance need be considered. 

The neighboring effect is expected to be enhanced when the droplet becomes more 

conductive because the impedance of the droplet on the neighboring electrode formed between 

top and bottom plates (Znb_sample) would be smaller and would allow more current to bypass Rm. 

Indeed, in preliminary experiments using 0.1M NaCl solutions, a 5-10% change in Vm was 

observed depending whether only the sensing electrode was covered or also a complete adjacent 

electrode. In contrast, measurements with DI water did not exhibit a significant difference 

whether the neighboring electrode was covered or not. This neighboring effect needs to be 

further investigated to help minimize this effect by engineering the design. Some calibration 

strategies may also be needed to reduce the neighboring effect on the conductivity 

measurements. 

In addition to the neighboring electrode effect, when integrating conductivity sensing into 
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typical EWOD chips, other common elements in the existing EWOD actuation circuit may also 

interfere with the sensing performance: 

- Current leakage or parasitic capacitance from the switches (relays) that control which 

EWOD electrodes are activated or grounded, as confirmed in our preliminary study. 

(Such switches were not included for the experiments described in this chapter.) 

- Phase shift due to the high-voltage amplifier, as confirmed in our preliminary study. 

- Electrical coupling of closely spaced pins in the connector to the EWOD chip. In our 

preliminary study, those pins adjacent to the one connecting to the sensing electrode 

were found to have induced voltage.  

The EWOD device and circuit may need to be optimized to minimize these sources of 

interference.  
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Figure 3.10: Effect of grounded neighboring electrode. (a) Schematic of EWOD device with 

droplet on a sensing electrode that also overlaps an adjacent electrode. (b) Equivalent electrical 

circuit of EWOD device accounting for the effect of partial coverage of a neighboring electrode 

by the sample droplet. The new impedances that can potentially affect V’sample are shown in red.  

	  

3.4.5 Practical limitations 

In general, droplet impedance measurements are sensitive to several factors that would 

have to be controlled to ensure that meaningful measurements could be made.  For example, 

temperature can influence the electrical properties of the droplet (dielectric constant and 

resistivity) and the chip, so temperature during sample and short-circuit measurements should be 

well-controlled. For this reason, all experiments described here have been performed at room 

temperature (~25°C). Another critical factor is the amount of coverage of the sensing electrode 
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[99]; thus it is necessary to ensure that the droplet completely covers the sensing electrode. 

Furthermore, the signal is dependent on the gap height between the chip substrates. Thus, a rigid 

spacer (PTFE film) was used for all measurements to ensure stability of the gap during each 

experiment as well as repeatability from one experiment to another. 

During the process of radiochemical synthesis on an EWOD chip, there are steps where 

the temperature is elevated and where the droplet size might fluctuate due to evaporation or 

addition of reagent droplets. These effects may limit the times at which meaningful 

measurements can be made, but it may be possible to develop models, calibration procedures, or 

complementary measurements (e.g. optical measurement of droplet size) that will allow 

meaningful measurements even when these other variables are changing. 

While making measurements of certain samples (e.g. organic solvents and water), we 

often observed that the impedance signal was not constant – rather, either the real part or both the 

real and imaginary parts would rise, significantly, over time. The rate of rising was higher at 

higher frequencies of Vin. Furthermore, the magnitude of rising was greater for MeCN than H2O. 

The magnitude of the rise was 10%-150% higher than the initial magnitude of Vsample. The rising 

began right after sample loading and never appeared to reach a steady state.  When the droplet 

evaporated down to the size of the sensing electrode size, the signal began to decrease. At an 

operating frequency of 1 kHz, this problem of the rising signal was generally not observed; 

however at a frequency of 10 kHz, this problem was frequently observed. One example of the 

rising phenomenon is shown in Figure 3.11. To try to elucidate the origin of this effect (and thus 

learn how to prevent it), several hypothetical factors were investigated by experiments 

(summarized in Table 3.4). Further study is needed to more fully explain this phenomenon.  
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Figure 3.11: Example of real time recording of the rising behavior of Vsample with MeCN 

droplet samples at 50kHz. During the measurement time from 750s to 1000s (within the cyan 

rectangle), the droplet covered the entire sensing electrode area, but the impedance signal, 

Vsample signal kept rising in both real part (white) and imaginary part (red). (The green curve 

is the magnitude of Vsample signal). In the time point at ~750s, droplet was introduced. At time 

~750 s, the droplet was introduced to the sensing electrode. At time ~900 s, the circuit loop 

was open by disconnecting the device top plate. At time ~1000 s, the droplet was removed 

from the EWOD chip.     

  

 

 

Disconnected Droplet introduced Droplet removed 
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Table 3.4: Summary of investigations of possible origins of the rising signal of solvents 

Possibility Experiment Results and Conclusion 

Neighboring 
electrode effect 

The chip design with isolated electrodes 
as in 3.2.2 was used to eliminate the 
effect of neighboring electrodes. 

Rising still occurred. 
Rising has other cause(s). 

Gradual change in 
gap height (e.g. due 
to swelling of 
polymer spacer) 

A rigid, non-swelling spacer (PTFE) was 
used in the chip. The gap height was 
measured before and after impedance 
measurements to ensure that no changes 
had occurred. 

Rising still occurred. 
Rising has other cause(s).  

Droplets covering 
tracers (between 
contact pad and 
sensing electrode) 
may introduce 
additional parasitic 
impedances 

Droplets were loaded into the sensing 
location with negligible coverage of 
trace lines. 

Rising still occurred. 
Rising has other cause(s).  

Temperature change 
(e.g. temperature 
reduction due to 
evaporation at 
droplet surface) 

A tiny thermistor was inserted into the 
gap touching the measured droplet 
during impedance measurement. 

The temperature variation was 
found to be smaller than 5°C, 
theoretically inducing change 
in magnitude much smaller 
than the observed range of 10-
150%. Rising has other 
cause(s). 

Change in properties 
of hydrophobic layer 
over time 

Devices with no Cytop® were tested. Rising occurred.  
Rising has other cause(s). 

Device quality 
deterioration (e.g. 
incurring of current 
leakage) 

Brand new devices in the process batch 
passing quality tests were tested. 

Rising occurred.  
Rising has other cause(s). 

The effect of 
electrical double 
layer (EDL) 

No specific test. 

The time scale of < ns in EDL 
establishment [115] does not 
match with seconds or minutes 
rising. Moreover, at higher 
frequencies, the more severe 
rising observed conflict with 
the less EDL effect expected 
theoretically. 
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3.4.6 Future directions 

In the future, convenient methods for facilitating the short-circuit measurement and 

substraction will be beneficial. Currently in the short-circuit measurement for capacitive-

decoupling subtraction, saturated NaCl solution was used to short-circuit the gap between the top 

and bottom plates of the EWOD device. Saturated NaCl solution was chosen as its equivalent 

resistance is estimated to be low (typically <1Ω, compared to the shunt resistor Rm = 1.2kΩ) and 

it is easier to work with and clean afterwards than other types of high conductivity droplets (e.g. 

liquid metals). This short-circuit measurement is needed for every individual EWOD device, to 

account for device-dependent properties that are difficult to control during fabrication and/or 

measure after fabrication. It is anticipated that the NaCl solution would have to become part of 

the overall set of reagents for the assay or synthesis being carried out on the device, and the 

short-circuit measurement could be automatically performed as a part of this process. 

Alternatively, instead of a liquid droplet being used for the short-circuit measurement, it is 

conceivable that a permanent, high-conductivity pathway could be constructed during the device 

fabrication. For example, a metal spacer could be positioned between the EWOD chip plates at a 

dedicated sensing electrode, or a liquid metal droplet could be solidified in place without the air 

gap between two surfaces. 

3.5 Summary 

This chapter focused on addressing the need for on-chip chemical analysis methods. To 

expand the capabilities of the EWOD platform for chemical synthesis, a method for 

measurement of electrical properties of droplets was presented. For the first time, conductivity 
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measurement of sample droplets in EWOD platform has been achieved with high sensitivity and 

linearity by capacitive decoupling. Droplet conductivity measurement across a wide dynamic 

range (3 orders of magnitude of conductivity), from down to µS/cm (corresponding to µM 

concentration range of NaCl) to mS/cm range, was demonstrated. Preliminary permittivity 

measurement of solvents on EWOD platform was also presented, with a discussion of potential 

applications in evaluating the F-18 drying step in PET tracer production. 
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CHAPTER 4:  TOWARD ON-CHIP CHEMICAL REACTION 

MONITORING FOR RADIOTRACER PRODUCTION 

4.1 Introduction  

In Chapter 3, electrical conductivity measurement of droplets in EWOD, exhibiting high 

sensitivity and wide dynamic range, was presented. In this chapter, I apply this detection method 

to monitor chemical processes/reactions. First, I discuss the general concepts of monitoring 

reactions with impedance measurements. Next, the typical process for synthesis of a PET tracer 

is presented, along with an analysis of the species present (and their concentrations) at each step 

of the synthesis. Acid-base neutralization is discussed as an example reaction, and measured 

results are compared with theoretical predictions for this example.  

  

4.1.1 Monitoring chemical reactions with electrical detection 

For a general liquid-phase chemical reaction (e.g. A+B à C) that has solute A, B and C 

dissolved in the solvent, A and B are consumed while C is produced. Electrical detection of the 

reaction mixture provides a signal that is reflective of the impedance (or conductivity) of the 

mixture as a whole. Conductivity is additive at low overall concentrations, but combining 

conductivities becomes non-linear at higher concentrations. 

At a constant temperature, the electrical signal will change according to changes in the 

composition of the mixture as a result of the chemical reaction. Each new molecule of C 

corresponds to the loss of one molecule each of A and B. Provided that these species have 
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different electrical properties, this change can be detected. At the beginning of the reaction, the 

electrical signal is determined by the mixture of A and B. At the end of the reaction, the signal is 

determined by C. If A or B was in excess initially, then the electrical signal at completion of the 

reaction is determined by a combination of C plus A or B, respectively).  During the reaction, the 

signal will have intermediate values that could potentially be used to monitor the progress of the 

reaction. 

If A, B and C are electrolytes (substances that ionize when dissolved in suitable ionizing 

solvents such as water), electrical conductivity changes dominate the impedance signal as the 

permittivity component generally varies very little for different electrolytes in the same solvent. 

 

4.1.2 Chemical reactions in radiotracer production 

Although a few reports of electrochemical and electrical detection integrated in EWOD 

have been demonstrated for analysis of solvent mixtures during mixing [98] and for 

immunoassays [97], on-chip detection has rarely been applied to organic synthesis, including the 

synthesis of radiolabeled tracers for PET [116] (see Section 1.4.2).  

In the overall workflow of a typical [18F]FDG production run, beginning with dilute 

[18F]fluoride (18F-) in [18O]H2O from a cyclotron all the way to the final batch of radiotracer 

ready for injection (Figure 4.1), there are many processes or reactions where on-chip chemical 

monitoring can play a significant role.  

One basic role for detection could be to classify reagents. Knowing the expected 

impedance (conductivity and/or permittivity) for various reagents could be used to examine 

whether the correct reagent is being transported to the correct electrode. This could provide a 
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basic error-checking mechanism to enhance the reliability of automated protocols. Impedance 

sensing can also be used to monitor reactions for which electrical properties change due to 

changes in concentration of various species, provided there are sufficient differences in electrical 

properties of reactants and products.  
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Figure 4.1: Typical production workflow for 18F-labeled PET tracers. [18F]FDG is used as an 

example. Note that the neutralization step depends on whether the hydrolysis step was performed 

with acid (black text) or base (blue text). 
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Table 4.1 summarizes all steps in typical [18F]FDG synthesis for which it may be helpful 

to monitor progress in situ, and the concentration range of each compound in the reaction 

mixture before and after the reaction.  

F-18 drying (step ii in Figure 4.1) is crucial for downstream fluorination in nearly all 18F-

radiosyntheses, but currently lacks a quantitative, fast, and convenient analytical method to 

measure the water content in the MeCN to evaluate the outcome of drying. The on-chip 

permittivity detection presented in Chapter 3, Section 3.4.3 is potentially a promising approach. 

In formulation, and QC testing (steps viii-ix of Figure 4.1) downstream of the 

radiosynthesis, electrical detection integrated in EWOD would be helpful for evaluating the 

quality and safety of the produced tracer while consuming minimal sample. With conductivity 

detection, this may be challenging because of the high salt concentration in the standard saline 

solution in which the probe is normally formulated. However, it is possible that an 

electrochemical detection approach, especially with functionalized electrodes to enhance 

selectivity, could address this issue [93]. Similar approaches could potentially be used to monitor 

purification (step vii of Figure 4.1) in spite of the presence of significant amounts of salts in 

many common HPLC mobile phases, and the fluorination reaction (step iii of Figure 4.1), despite 

the presence of many species in vast excess of the number of fluoride ions. 

The hydrolysis (step v) and neutralization (step vi) processes typically have strong 

electrolytes involved as reactants and products, and their concentration changes would be 

expected to lead to significant conductivity changes, which could be detected by our impedance 

measurements. Neutralization is a typical step performed after PET tracer synthesis prior to 

purification, due to the frequent use of acid or base to hydrolyze protecting groups. For example, 
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the neutralization of [18F]FDG after base hydrolysis has chemical compositions very similar to 

HCl-NaOH neutralization [117], [118] (step v of Figure 4.1, labeled in blue). The main 

difference in the chemical composition of the reaction mixture is the presence of the tracer 

[18F]FDG and the byproduct glucose. Considering that [18F]FDG and glucose are almost non-

conductive and their concentration is lower than HCl, NaOH, and NaCl the overall conductivity 

signal of the reaction mixture is expected to be dominated by the species involved in the HCl-

NaOH neutralization. The reaction mixture during the neutralization of [18F]FDG after acid 

hydrolysis has several more species, some ionic (e.g. K2CO3), but the species involved in 

neutralization itself are expected to still dominate.  
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Table 4.1: Details of steps in [18F]FDG synthesis where on-chip monitoring may be desirable. 
Table is continued on next page*. 

Step Reaction/Process 

Mixture composition 
(before) 

Mixture composition 
(after) 

Species Conc. 
range 

Species Conc. 
range 

Drying Azeotropic distillation 
(MeCN addition, 
evaporation) 
 

MeCN 
water 
K222 
K2CO3 
F- 

72% 
28% 
10 mM 
10 mM 
1 µM 

MeCN  
water 
K222 
K2CO3 
18F- 

>99% 
<1% 
10 mM 
10 mM 
1 µM 

Fluorination PRE-X+F- à 
FTAG +LG 

PRE-X 
K222 
K2CO3 
F-

 
 

100 mM 
10 mM 
10 mM 
1 µM 

PRE-X (U) 
K222 
K2CO3 
F- 
FTAG 
LG 

100 mM 
10 mM 
10 mM 
~0 
1 µM 
1 µM 

Hydrolysis 
(Acid) 

FTAG +  4H2O HCl⎯ →⎯
FDG + 4AcOH

PRE − X + 5H2O HCl⎯ →⎯
PRE −OH + LG − H + 4AcOH
 

HCl  
PRE-X  
K222 
K2CO3 
FTAG 
LG 
 
 

1 M  
100 mM 
10 mM 
10 mM 
1 µM 
1 µM 
 
 

HCl (U) 
PRE-X(U) 
K222 
K2CO3  
FTAG (U) 
LG-H 
FDG 
PRE-OH 
AcOH  

1 M  
~ 0 
10 mM 
10 mM 
~ 0 
100 mM 
> 1 µM 
100 mM 
>100mM 

Hydrolysis 
(Base, on a 

solid support) 

FTAG + 4NaOHà 
FDG + 4AcONa 
 
PRE-X + 5NaOH 
à PRE-OH + LG-Na 
+ 4AcONa 

FTAG  
PRE-X 
 

N/A  
N/A 
(both 
species 
captured on 
the solid 
support) 

After releasing from the 
solid support 
NaOH (U) 
FDG 
PRE-OH  
Not trapped: 
AcONa  
LG-Na 
FTAG  
PRE-X 

1 M 
1 µM 
100 mM  
 
~0 
~0 
~0 
~0 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
* Reaction steps and the concentrations of each component in the reaction mixture are based on a 
typical [18F]FDG microfluidic batch synthesis [40]. For simplicity, several common impurities 
(e.g., Cl-) and side products (e.g., partially hydrolyzed FTAG) have been ignored.  (PRE-X = 
protected precursor, mannose triflate; LG = leaving group; PRE-OH = glucose = hydrolyzed 
precursor; U = unreacted). Molar concentration ranges are expressed as a rough order of 
magnitude.   Underlining indicates species that undergo significant concentration change during 
the reaction. 
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Neutralization 
(After acid 
hydrolysis) 

HCl + NaOH à 
NaCl + H2O 
 
AcOH + NaOH à 
AcONa + H2O 

NaOH  
HCl 
K222 
K2CO3  
LG-H 
PRE-OH 
AcOH  

1 M (add) 
1 M  
10 mM 
10 mM 
100 mM  
100 mM 
>100 mM  

NaOH  
HCl 
K222 
K2CO3  
LG-Na 
PRE-OH 
AcONa  
NaCl 

~0 
~0 
10 mM 
10 mM 
100 mM 
100 mM 
>100mM  
>0.1 M 

Neutralization 
(after base 
hydrolysis) 

HCl + NaOH à 
NaCl + H2O 

HCl 
NaOH 
PRE-OH 
AcONa 
LG-Na 
FTAG  
PRE-X 
 

1 M (add) 
1 M 
100 mM 
~0 
~0 
~0 
~0 

HCl 
NaOH 
PRE-OH 
AcOH 
LG-Na 
FTAG  
PRE-X 
NaCl 

~0  
~0  
100 mM 
~0 
~0 
~0 
~0 
>0.1 M  

 

In this chapter we examine a simplified version of the neutralization reaction that would 

occur after base hydrolysis, i.e., HCl-NaOH neutralization. For simplicity, this reaction will be 

performed in the absence of FDG in solution. The study of this example reaction serves as a 

proof of concept of electronically monitoring chemical reactions on-chip and will help to pave 

the way for monitoring of more complex reactions. 
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4.2 Theoretical 

4.2.1 Relationship between electrical conductivity and concentration 

An electrolyte is a substance that ionizes when dissolved in suitable ionizing solvents 

such as water. This includes most soluble salts, acids, and bases. These solutions conduct 

electricity due to the mobility of the positive and negative ions, which are called cations and 

anions, respectively. Strong electrolytes completely ionize when dissolved, i.e. the solute 

dissociates completely into cations and anions, while for weak electrolytes only have a small 

fraction of the solute dissociates.  

The electrical conductivity (or specific conductance) of a solution containing one 

electrolyte depends on the concentration of the electrolyte. The ratio of the conductivity (κ) to 

the concentration (c) is called molar conductivity, denoted by Λ: 

   ( 4-1) 

Molar conductivity measures the efficiency with which a given electrolyte conducts electricity in 

solution. The molar conductivity of the “infinitely diluted solution” is denoted as Λ°. Values of 

Λ° and Λ at 25°C for concentrations up to 0.1 M of some common electrolytes in aqueous 

solution are given in reference [108]. For very dilute solutions, molar conductivity Λ is a linear 

function of the square root of the concentration c, following Kohlrausch’s law [119], [120]: 

 Λ = Λo − A ⋅c1/2  ( 4-2) 

where A is a temperature-dependent constant. For very dilute solutions of strong electrolytes, the 

conductivity is directly proportional to the concentration at low concentrations by Λ°, when 

Λ =
κ
c
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 Λo  A ⋅c1/2  [119].  Values of molar conductivity of HCl, NaOH and NaCl are listed in Table 

4.2. 

Table 4.2: Molar conductivity of HCl, NaOH and NaCl*  

Compound 
Molar conductivity of infinitely diluted solution  

Λ° (10-4 m2S/mol) 

HCl 425.95 

NaOH 247.7 

NaCl 126.39 

 

4.2.2 pH 

 The pH of an aqueous solution is defined as pH = − log10 ([H
+ ])  [121], where [H+] is the 

concentration of protons in solution. In pure water in equilibrium, [H+] = [OH-] = 10-7, and pH = 

7. An acidic solution has an excess of [H+] and pH < 7, while a basic solution has an excess of 

[OH-] and pH > 7.  

	  

4.2.3 Acid-base conductometric titration 

Titration is a common method of quantitative chemical analysis that is used to determine 

the unknown concentration of a known analyte. Acid-base titrations depend on the neutralization 

between an acid and a base in solution. Usually, in addition to the sample, an appropriate pH 

indicator is added. The selected pH indicator changes color at a particular pH, around the 

equivalence point (i.e., the point when the number of moles of the acid is equal to that of the base 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
* Data from reference [108]. 
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for monoprotic acid-base titration, or some multiple thereof for polyprotic weak acid-base 

titration).  Because the pH change around the equivalence point is very dramatic, the visual 

observation of pH indicator color change allows the detection of the equivalence point during 

titration [122]. Conductometric titration is a type of titration in which the conductivity of the 

reaction mixture is continuously monitored as one reactant is added [123], [124]; in this case, no 

indicator is needed. Instead of a color change at the equivalence point, the conductivity 

undergoes a sudden change (see the example in the next section). Marked increase or decrease in 

conductivity is associated with the changing concentrations of the two most highly conducting 

ions—H+ and OH-. The conductivity-based method is particularly useful for titrating colored 

solutions or homogeneous suspensions, which cannot be used with normal colorimetric 

indicators [125]. 

4.2.4 Example: NaOH – HCl neutralization 

In this chapter, monitoring the neutralization reaction of adding HCl solution to NaOH 

solution is demonstrated. 

  ( 4-3) 

Normally in a titration, the initial concentration of NaOH, Cini, is unknown and can be 

determined by the initial volume of the NaOH sample, VNaOH, total volume of HCl titrant added, 

to reach the equivalence point, VHCl, and concentration of the titrant solution, CHCl: 

 Cini =
CHCl ⋅VHCl
VNaOH

 ( 4-4) 

 However, here we have the concentration of HCl match the concentration of the NaOH 

(both 1 mM) in order to compare the outcome of our conductometric detection to the known 

NaOH +HCl→ NaCl +H2O
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equivalence point of this example reaction for validation. Concentrations of the various species 

during a titration reaction are determined below and plotted in Figure 4.2(a). Each is normalized 

to the original concentration of the NaOH, Cini. We define r as the ratio of the volume of the 

titrant acid (HCl) added to the initial volume of base (NaOH). Because both HCl and NaOH are 

monoprotic acid/base and have the same concentration, r is equal to 1 by definition at the 

equivalence point of titration. For polyprotic acid/base titration, r value at the equivalence point 

can be adjusted accordingly as the ratio of proton mole number in the acid to hydroxide mole 

number in the base.  

Before the equivalence point of titration (the mole number of acid and base are equal), as 

the acid, HCl, is added, it is completely consumed/neutralized, whereas NaOH remains in excess 

(and thus pH >7). Each amount of HCl added reacts with an equivalent amount of NaOH. At the 

equivalence point, the concentrations of HCl and NaOH are equal and the produced NaCl salt 

solution has pH value equal to 7. After the equivalence point, NaOH is completely consumed/ 

neutralized and the added HCl becomes increasingly in excess (and thus pH < 7). Over the 

course of the titration, the pH value of the mixture is expected to change as in Figure 4.2(b), and 

the normalized NaOH and HCl concentrations change according to:  

   ( 4-5) 

  ( 4-6) 

The salt, NaCl, is not in the initial sample but is produced before the equivalence point. After the 
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equivalence point, no additional salt is formed, but the concentration decreases due to increased 

volume from continued addition of the titrant: 

  ( 4-7) 

By summing up all three species together, the total electrolyte concentration, Ctot = Cacid + Cbase + 

Csalt is given by the following: 

  ( 4-8) 

	  

Csalt

Cini

=

r
r +1

,r <1

1
r +1

,r ≥1

⎧

⎨
⎪⎪

⎩
⎪
⎪

Ctot

Cini

=

1
r +1

,r <1

r
r +1

,r ≥1

⎧

⎨
⎪⎪

⎩
⎪
⎪



	  

96 

 

Figure 4.2: Concentration changes during titration of NaOH solution with HCl. (a) 

Concentrations of various species. (b) Prediction of pH. In this particular example, the 

concentration of HCl being added is 1 mM, the same as the initial concentration of NaOH.  
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conductivity of the titrated solution as well as the measured conductance falls. This continues 

until the equivalence point is reached, at which point one obtains a solution of sodium chloride, 

NaCl. If more HCl is added, an increase in conductivity or conductance is observed, since more 

ions, H+ and Cl- are being added and the neutralization reaction no longer removes any H+. 

Consequently, in the titration of a strong acid with a strong base, the conductivity has a minimum 

at the equivalence point. This minimum can be used, instead of an indicator dye, to determine the 

endpoint of the titration. The conductometric titration curve is a plot of the measured 

conductance or conductivity values as a function of the volume of the HCl solution added. The 

titration curve can be used to graphically determine the equivalence point. Typical curves for 

different types of acid-base titrations (e.g. combinations of weak and strong acids and bases) are 

documented in reference [126]. Usually, the conductometric titration curves display a rapid slope 

change at the equivalence point. The conductometric curve of HCl-NaOH titration is shown in 

Figure 4.3. 

	  

Figure 4.3: Conductometric curve for the example titration of adding HCl into NaOH solution. 

Reprinted from [126]. 
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4.2.5 Conductivity of mixtures 

Researchers have studied how the electrical conductivity of two-solute or even multi-

component mixture systems is related to the conductivity of the constituents. Miller described a 

linear approximation between the mixture conductivity written in terms of various solute 

fractions and the conductivity of its constituent binary subsystems [127], [128], i.e., 

   ( 4-9) 

where a1 and a2 are the molar fractions of subsystems 1 and 2, respectively. The conductivity of 

the subsystems (i.e., κ1 and	   κ2) are evaluated at the total concentration of all species in the 

mixture, K. More generally, the conductivity of mixture of n different compositions can be 

approximated as: 

  ( 4-10) 

Given that the output of our conductivity measurement on EWOD donated as V is linearly 

proportional to the conductivity κ (the work presented in Chapter 3), this model can be adapted 

to predict how the conductivity signal of the mixture, Vmixture, would depend on the conductivity 

signal of the individual species, Vi: 

 . ( 4-11) 

	    

κ (K ) = a1κ1(K )+ a2κ 2 (K )

κ (K ) = aiκ i (K )
i
∑
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4.3 Experimental 

4.3.1 Reagents 

Sodium hydroxide standard solution (NaOH, 0.1M) and hydrochloric acid standard 

solution  (HCl, 0.1M) were purchased from Sigma-Aldrich. The same 0.1M NaCl stock solution 

in experiments of Chapter 3 was also used here. NaCl, NaOH and HCl solutions with 

concentrations of 0.01mM, 0.1mM, 0.2mM, 0.5mM, and 0.8mM were prepared by dilution of 

stock solutions with deionized water. 

4.3.2 On-chip conductivity measurements 

The impedance measurement system and EWOD device are the same as described in 3.2. 

For conductivity measurements of HCl, NaOH, and NaCl, 2 µL samples were taken from each 

solution, loaded into the chip, and measured. All measurements and calculations for short-circuit 

impedance subtraction follow the same protocol as for samples of NaCl solutions in 3.2. 

For conductivity measurements of the neutralization reaction mixtures, samples with 

different volume ratios of 1mM HCl to 1mM NaOH from 0.1 to 1.5 were mixed and reacted off-

chip. Reactions were performed in volumes of 10 mL to minimize the relative errors in volume 

measurements. Samples were then allowed to equilibrate to room temperature and then brought 

onto the chip for measurement.  
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4.4 Results and discussion 

4.4.1 Demonstration: on-chip conductometric detection of HCl-NaOH 

neutralization 

The example reaction (Equation 4-3) can be considered as a dynamically changing 

mixture of three species: NaOH, HCl, and NaCl. 

Results for titration mixtures are shown in  Figure 4.4. As HCl is added, the conductance signal 

Re{V’sample} is observed to decrease, reach a sharp minimum, and then start to increase again ( 

Figure 4.4 (a)). There is a sudden slope change at this minimum as expected ( Figure 4.4(b)). The 

minimum was reached when the volume of HCl added was equal to that of the original NaOH 

solution, i.e, r=1, which is the equivalence point for this system. The minimum of the 

conductance signal Re{V’sample} at the equivalent point corresponding to the discontinuity in the 

derivative of the conductance signal, also overlaps with the rapid theoretical pH change at the 

equivalence point ( Figure 4.4(b)). Moreover, at the equivalence point, the signal is expected to 

arise from the neutralization product, NaCl, alone. The expected concentration of NaCl at this 

point is 0.5mM, and indeed Re{V’sample} of the mixture matches well with the conductance signal 

for NaCl alone at this concentration (circled in red in Figure 4.5). All these results are consistent 

with predictions, suggesting that the EWOD conductivity measurements can indeed be used to 

monitor conductance changes during a titration process or neutralization reaction. As discussed 

in Section 4.2.3, one can conductometrically monitor a titration reaction and determine the 

endpoint by finding this slope change. At this point, the original concentration of the analyte 

could be computed from Equation 4-4. Similarly, to monitor a neutralization reaction, addition of 
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the neutralization reagent will be stopped upon reaching the discontinuity in slope. Our 

conductometric detection on the EWOD platform can be extended to other acid-base reactions 

for either titration or neutralization, given that the sensitivity is high enough to detect low 

conductivity changes with weak electrolytes. 

As mentioned earlier in Section 4.1.2, HCl-NaOH neutralization of our example reaction 

only differs from the neutralization in the context of [18F]FDG synthesis by the lack of the 

radiotracer and glucose in the reaction mixture, both of which are expected to contribute little to 

the overall conductivity signals. Further experiments comparing the signals of HCl-NaOH 

reaction mixture with or without the radiotracer and the glucose could be performed to determine 

whether indeed this monitoring can be performed against a background of other species 

mimicking a real synthesis situation. 

By addressing the technical challenges discussed in Chapter 3 Section 3.4.4 for 

integration of conductivity sensing to a typical EWOD actuation chip, a future direction of this 

work would be to monitor a reaction/process that is taking place on chip. For example, 

performing a titration would require a chip with the means to repeatedly add a small amount of 

acid into the unknown sample, perform a mixing operation, and measure the impedance. 
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 Figure 4.4: Demonstration of on-chip conductometric detection of HCl-NaOH neutralization 

mixtures: (a) Conductance signals of various reaction mixtures during the course of the HCl-

NaOH titration. The dashed red line is simply a guide to the eye. (b) At the equivalent point, the 

derivative of the conductance signal has a discontinuity when the slope sharply changes, also 

overlapping with the expected rapid pH change. 
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4.4.2 Comparison to prediction from mixture model 

Firstly, conductivities of each reactant and product of this neutralization reaction (i.e. 

HCl, NaOH, and NaCl) were measured in the expected concentration range in the reaction. 

Figure 4.5 shows Re{V’sample} for each species along with a fit to a power law based on the 

square root relation introduced in 4.2.1 in the form: 

          ( 4-12) 

Using these fits, combined with the total concentration of all species at each stage of the titration 

(studied earlier in Section 4.2.4.), the multicomponent mixture conductivity model (Equation 

(4-11)) [127] can be used to calculate expected conductance signals at different points. The 

dashed line in Figure 4.6 shows predicted signals based on this theoretical model. Qualitatively, 

the behavior matches the trend of the observed data: the equivalent point has the minimum signal 

corresponding to a sharp discontinuity in the slope. In fact, there is a very good quantitative 

match for points at and beyond the equivalence point.  For points before the equivalence point is 

reached, the experimental values are smaller than the prediction. Perhaps this is related to the 

slightly deviation between the fit and data of the NaOH signal versus conductivity in this 

concentration range (Figure 4.5).  

 

V = (B − Ac1/2 ) ⋅c
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Figure 4.5: Conductivity measurement of reactants and product at different concentrations of 

the example reaction. Points indicate the experimental data. Lines indicate fitting based on 

Equation 4-12. 
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 Figure 4.6: Comparison of predicted conductance signal to experimental data for the HCl-

NaOH neutralization reaction. Points show the experimentally measured signal. The line 

indicates the prediction. 

 

4.5 Summary and concluding remarks 

This chapter described the use of electrical detection methods on EWOD to monitor 

processes and reactions. As an example application, conductometric measurements of an HCl-

NaOH neutralization reaction were demonstrated. This example reaction is simple (involving 

only 3 species in solution), but is similar to processes required in the production of many 

radiotracers (e.g., the hydrolysis/deprotection reaction after radiofluorination, or pH 

neutralization after synthesis). Our demonstration shows that reaction progress can be monitored 

and the equivalence point can be detected electronically. 

Overall, the work in this dissertation expands the capabilities of microfluidic platforms 
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for radiotracer synthesis and chemical analysis, by addressing two important limitations in 

microfluidic radiochemistry - the incompatibility with harsh radiosynthesis conditions and lack 

of online chemical analysis methods. 
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APPENDIX A 

Verification of impedance measurement circuit and algorithm 

To characterize the measurement accuracy of the impedance measurement system based 

on multiplexed sampling DAQ (NI USB-6259) in previous studies [99] or simultaneous 

sampling DAQ (NI PCI-6115) in my study, a variety of combinations of a resistor Reql in parallel 

with a capacitor Ceql were connected in the circuit as shown in Figure A. 1. These resistances and 

capacitances took the place of the EWOD chip and sample droplet. Reql and Ceql were selected to 

have equivalent values of an EWOD device with a solvent droplet at frequencies of 1kHz, 

10kHz, 30kHz, 60kHz, and 90kHz, i.e. resistances ranging from 100 kΩ to 100 MΩ and 

capacitances ranging from 1pF to 2.2µF. Simulations using MATLAB as described in Section 

3.3 were conducted for different combinations of Reql and Ceql used in the experiments.  

 

 

Figure A. 1: (a) Schematic of impedance measurement circuit substituting an equivalent resistor 

Reql and capacitor Ceql instead of an EWOD chip to evaluate the measurement accuracy of the 

system; (b) The corresponding electrical circuit with Reql and Ceql.  
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It was found that the magnitude of impedance signals measured by both DAQs match 

closely to the simulation (data not shown here). However, for the phase of the impedance signals, 

measurements using the simultaneous sampling DAQ matched closely to the simulation whereas 

measurements using the multiplexed sampling DAQ exhibited a larger discrepancy. The phase 

discrepancy was frequency dependent, becoming larger larger when the frequency was higher. 

Figure A. 2 shows an example of the phase measurements for varying Ceql at 30kHz using the 

two different DAQs.  
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Figure A. 2: Comparison of phase measurements using two different DAQs using a fixed resistor 

(Reql = 1 MΩ) and a range of capacitor values (Ceql = 1pF to 2.2µF) at a working frequency of 

30kHz. The line shows the simulated relationship between the phase of impedance signal Vm and 

the equivalent capacitance Ceql simulated by MATLAB as described in Section 3.3. Phase 

measurements determined with the multiplexed sampling DAQ (blue) exhibit a discrepancy from 

the simulated curve, whereas measurements with the multi-channel simultaneous sampling DAQ 

(red) match well with the simulation.  

  

Red: simultaneous sampling DAQ 
Blue: multiplexed sampling DAQ 
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