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Abstract 
 
 
 The primary goal of this dissertation is to develop electrochemical sensors based 

on novel platforms for applications in medical diagnostics, food safety, and 

environmental management. Attempts have been made to integrate recognition elements, 

including biological moecules and synthetic materials, with electrodes through various 

surface modification strategies, and achieve sensitive, selective, yet low-cost 

electrochemical sensors for protein quantitation and small molecule detection. 

Chapter 1 presents a detailed literature review on electrochemical sensors and two 

types of recognition elements most commonly applied: biological molecules and 

synthetic materials. Specifically, the properties of aptamers, antibodies, and molecularly 

imprinted polymers (MIPs), their applications in electrochemical sensing, and the current 

stage of research are discussed in detail. Furthermore, a brief insight into bipolar 

electrochemistry and the suitability of employing bipolar electrode in electrochemical 

analysis is introduced.  

Chapter 2 presents the development of an electrochemical proximity assay 

(ECPA). ECPA combines the proximity effect and the electrochemical method for 

detection of insulin. The detection principle and strategy for obtaining base-line level 

background are discussed. The model system, first generation of ECPA composed of 

aptamers, and the system with antibody-oligonucleotide conjugates are illustrated in 

depth. 



iii 
 

Chapter 3 describes a MIP-based electrochemical sensor for chiral molecule 

recognition. The synthesis of MIP particles, characterization, and their incorporation with 

glassy carbon electrodes by conventional coating method are presented. The results for 

detection of (+)-catechin and its comparison with results obtained using LC-MS are 

discussed. 

Chapter 4 presents a surface imprinting method for fabrication of MIP thin films 

on electronic transducers. This study employs the self-assembled monolayer technique 

and unique “click” chemistry for simple, yet efficient surface modification. Detailed 

fabrication process and applications of sensor in hydroquinone detection are provided. 

Chapter 5 deals with the development of an electrochemical oxygen sensor based 

on ECL quenching in a bipolar format. The principles of bipolar electrochemistry, bipolar 

device fabrication, and ECL quenching are presented. The validation of using ECL 

quenching as a direct reporter of dissolved O2 concentration is discussed.  

Chapter 6 summarizes the findings of research. The recommended future work of 

projects is stated.   
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CHAPTER 1 

Introduction 

 

1.1 Motivation for Research 

Biomedical diagnostics and food quality control represent two of the major impacts 

on the quality of human life. Diagnostics depend on methods that can detect and quantify 

disease-related proteins and compounds, and food safety and quality depend on 

inspection and monitoring methods that can detect contaminants and nutrients. Until now, 

instruments involving gas chromatography with mass spectrometry (GC-MS) and liquid 

chromatography with mass spectrometry (LC-MS) are usually the methods of choice for 

detection and quantitation of analytes.1-7 However, these analytical methods require 

expensive, bulky, and complicated instruments and need a separation step (GC, or LC) 

prior to detection. Therefore, the development and research of sensors are becoming one 

of the most popular scientific areas to increase efficiency and overall benefit for detecting 

and quantitation of analytes of interest.  

Detection systems based on optical methods and electrochemical methods are most 

exploited in medical testing and food quality control.8-15 However, the cost of optical 

sensors is impractically high for use in field, and measurements are sensitive to the 

environment, such as local light and weather conditions and certain contaminants 

presented in the sample. On the other hand, electrochemistry detection offers great signal 

stability, simple instrumentation, high sensitivity, and ease of calibration, as well as



- 2 - 
 

excellent compatibility with miniaturization technologies.10,11 Hence, electrochemical 

sensors are considered as the ideal candidate in developing portable devices with high 

sensitivity and selectivity at reasonable cost.  

 

1.2 Background of Electrochemical Sensors 

A typical electrochemical sensor10,16,17 comprises of a) recognition elements that 

specifically bind to the analyte; b) a transducer where a specific reaction takes place on 

the interface with recognition elements and gives rise to a signal; c) an electronic system 

that converts an electronic signal to a meaningful parameter describing the process being 

investigated and presents final results through an interface to the human operator (Figure 

1.1.).10 A successful electrochemical sensor for the nonspecialist market should meet the 

following requirements:10 

1. The recognition elements must be highly specific for the purpose of the analysis, 

stable under normal storage and show acceptable variation between assays. 

2. The reaction should be independent of physical conditions such as convection, 

pH and temperature. 

3. The response should be rapid, precise, reproducible, clear, and linear over the 

relevant concentration range. It should be capable of measuring unprocessed samples, 

such as human blood or urine. 

4. The complete sensor should be low-cost, compact, small, portable, and easy to 

operate.  

Designed for the purpose, one crucial aspect of building electrochemical sensors is 

the choice of electrochemical detection technique that provides simple, rapid, and 
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specific measurements of the reaction of interest.18 Typically in electrochemical detection, 

the reaction under investigation would either generate a measurable current 

(amperometric), a measurable potential or charge accumulation (potentiometric), or 

measurably alter the conductive properties of a medium (conductometric) between 

electrodes.10,19 Conductometric technique is based on the current flow established by 

migration of ions of opposite charge, when an electric field is applied between two 

electrodes immersed in the electrolyte solution.20 This transduction is the least sensitive 

among three main electrochemical techniques. Since conductivity is additive, it is 

impossible to discriminate between two ions. Moreover, if the concentration of one ion is 

very high, it could foul others.21,22 Potentiometry is based on potential difference created 

across a membrane placed between two solutions with charged species of different 

activity.20 Potentiometric sensors are suited for measuring low concentration in small 

sample volume because they do not chemically influence a sample.19,23-25 Amperometry 

continuously measures current generated from the oxidation or reduction of an 

electroactive species in a sample.10 It is the most widely used technique since the 

oxidation or reduction potential of a particular analyte is its intrinsic property.20 In 

general, if the current is measured at a constant potential, it is referred to as amperometry, 

and if the current is measured in a controlled range of potential, it is referred to as 

voltammetry.19  

Sensitivity and selectivity are two other crucial aspects for the development of 

electrochemical sensors. Surface modification of electrodes by immobilizing recognition 

elements on the sensor substrates is a very efficient approach to reach enhanced current 

responses and obtain an interface with highly specific binding affinity to the desired 
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molecule.26 The concept of surface modification of electrodes was introduced by Bard27 

and others28-30 about 30 years ago for electrocatalysis purpose and has been highly 

developed over the years for applications in a wide range, such as energy storage,31 

bioelectronics,32 and most importantly electrochemical sensors.10,11,26 Typical recognition 

elements used in electrochemical sensors can be roughly divided into two categories: a) 

biomolecules, including enzymes, nucleic acids, antibodies and whole cells; b) synthetic 

materials such as cavitands33 and molecularly imprinted polymers (MIPs). Of these, 

nucleic acids, antibodies, and MIPs are the focus of discussions here.  

 

1.3 Antibodies and Aptamers as Recognition Elements 

Biomolecules are most commonly used as recognition elements for sensors in 

detection and qualification of target molecules in clinical and biomedical 

speciments.10,11,34 Antibodies have been mainly applied in immunoassays as bioreceptors 

for antigen binding.35-37 Immunoassays typically employ dual antibodies as probes for 

target binding to increase specificity and sensitivity. Assay of this format is named the 

sandwich type immunoassays that currently play a central role in the analytical and 

regulatory communities. A famous example of this type is enzyme-linked immunosorbent 

assays (ELISA) (Figure 1.2.A). In ELISA, a layer of antibodies is pre-immobilized on a 

solid substrate. When a testing solution containing antigens flows across the surface, 

analytes can be captured by the antibodies absorbed on the surface and a secondary 

enzyme-linked antibody can bind the same antigen at another region. Color change or 

fluorescence will appear as a result of chemical reactions catalyzed by the linked enzyme. 

The utility of antibodies in molecular recognition offers excellent sensitivity, selectivity, 
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and stability.36 In addition, with the success of sandwich immunoassays, there exists a 

large, commercially available library of antibody pairs against many targets.38 

Traditionally, the result of immunoassays is displayed as a color change that is only 

suitable in binary scenario indicating the presence or absence of analytes, such as a 

pregnancy test, but not for quantitative analysis. Precise analysis on the other hand, 

requires professional personnel and complicated testing procedures involving multiple 

washing steps. Even so, the dual-antibody recognition concept is highly valuable and has 

served as a guide to various alternative strategies in the past few years.39-41 Proximity 

immunoassays such as proximity ligation assay (PLA)42 can solve some of the major 

issues of traditional sandwich type immunoassays. PLA is one of the most simple-to-use 

and sensitive assay for protein detection and analysis of other biological targets (Figure 

1.2.B).43 It relies on simultaneous recognition of a target molecule by a pair of affinity 

probes in homogeneous solution and measurements are currently highly depended on 

fluorescence readout, which is not ideal for sensor development because of the high cost 

and drifting of experimental results. 

Electrochemical techniques have attracted much attention because of their potential 

in building relatively compact device, capability of quantitation of analytes and ease of 

operation and result interpretation.44,45 However, there are two major drawbacks when 

incorporate antibodies onto electrode surfaces to build electrochemical sensors: a) an 

electrochemically active label is necessary for generating electrical signal since most 

analytes cannot intrinsically act as redox partners in an electrochemical reaction. The 

labeling process for antibodies is inconvenient, expensive, and time-consuming;35,36 b) 

the immobilization of antibodies on surfaces by conventional physical absorption can 
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cause random orientation and inefficient coverage, while other linking methods require 

difficult modifications to introduce functional groups for coupling reaction.46  

The use of antibody-oligonucleotide conjugates39,47 can overcome these two 

limitations. Antibody-oligonuleotide conjugates can be simply prepared by coupling 

antibodies with short nucleic acids using an All-In-One Conjugation Kit from Solulink.38 

Compared with antibodies, nucleic acids can be easily modified with a variety of 

molecules (methylene blue, ferrocene). That allows introduction of electrochemically 

active labels or functional groups (primary amine, thiol groups) that enable improved 

immobilization of conjugates on to electrodes at a reasonable cost.48 Particularly, the 

introduction of thiol groups to the probes allows the use of well-developed self-

assembled monolayers (SAMs) technique that has been proven to avoid random 

orientations of biomolecules on the surface, protect surface from nonspecific absorption, 

produce good surface coverage, and improve the overall quality of surface modification 

and sensor performance.49 On the other hand, finding new molecules that mimic 

antibodies have also attracted increasing interests for bioanalytical applications.48 

Aptamers currently are one of the major alternatives.50,51 Aptamers are short, single-

stranded oligonucleotides that have been selected for high affinity against a target protein, 

small molecule, or even whole cells.52 One of the main advantages of nucleic acid 

aptamers compared with antibodies is their in vitro selection procedure and chemical 

synthesis, while antibodies have to be produced in vivo, by immunizing animals.48 These 

manufacturing procedures do not depend on a particular analyte and enable the use of 

nonphysiological conditions, such as relatively low or high temperature and pH, and do 

not require animals and cell lines.48 Thus, aptamers are temperature stable, cost-efficient 
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and reusable. Furthermore, owning to the nature of nucleic acids, aptamers allow easy 

modification with various functional groups as mentioned previously. Finally, the size of 

aptamers is much smaller than that of antibodies, which helps to increase the binding 

efficiency on an electrode surface for fabrication of electrochemical sensors.48 

 

1.4 Molecularly Imprinted Polymers (MIPs) as Recognition Elements 

Although high sensitivity and selectivity can be achieved, the poor long-term 

chemical and physical stability of the antibodies or aptamers prevent their use in practical 

devices.53 Therefore, a great effort has been made to replace biological receptors with 

synthetic counterparts as recognition elements in sensors. Of many approaches, the 

molecularly imprinting technique has become a powerful tool for the preparation of 

polymeric materials that have the ability to specifically bind a target molecule.53-57 The 

concept of molecular imprinting was first introduced by Dickey58 in 1949 as “purely 

synthetic materials with a memory for an imprint molecule”, and the technique has been 

evolved intensively during the past 40 years. As the artificial recognition element, MIPs 

have several advantages over their biological counterparts, including their robustness, 

low cost, and ease of preparation. However, the development of MIPs-based sensors has 

suffered from low sensitivity and selectivity due to a lack of surface integration methods 

and swelling of pores inside the polymeric structures. Thus, MIPs have been widely used 

as recognition component for detection of small molecules in food safety management 

and environmental monitoring,55,56 but rarely for biomedical applications.   

The typical preparation of MIPs involves a) preassembly of template molecule and 

functional monomer; b) copolymerization with cross-linking monomers; c) removal of 
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template molecules from the polymer matrix and generation of the recognition sites 

complementary to the shape, size, and functionality of the template molecule (Figure 

1.3.).55 There are two distinct approaches for molecular imprinting because the 

prepolymerization complex between template molecule and functional monomers can be 

formed either through noncovalent interactions or covalent couplings. The covalent 

approach developed primarily by Wulff59,60 utilizes template species with covalently 

attached polymerizable functionality. Owing to the greater stability of covalent bonds, 

covalent imprinting method should provide a higher yield in binding sites and a more 

homogeneous population of binding sites with reduced nonspecific adsorption59,61 

compared with noncovalent protocols. However, because removal and rebinding of target 

molecules require chemical cleavage of the supporting covalent bonds and reformation of 

the cleaved covalent bonds within the cavities, the kinetics of the process is rather slow. 

Moreover, successful covalent imprinting requires the bonds of the functional groups 

with the template to be cleavable under relatively mild conditions. This necessity of 

covalent coupling restricts the applicability of this approach just to templates with 

functional groups that can be converted to readily cleavable derivatives, such as boronic 

ester and ketals.62 On the other hand, the noncovalent imprinting method established by 

Mosbach63 employs weak intermolecular interactions for template directed 

prearrangement of complementary functional groups. The formation of noncovalent 

template-monomer complexes via mainly hydrogen bonding is achieved by equilibrating 

the template molecules with an excess of suitable functional monomers in solvents. 

Template removal from the imprinted sites can be accomplished conveniently by 

extraction with competing solvents owning to the reversible nature of the functional 
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monomer-template interactions. Noncovalent imprinting approach is more flexible in 

terms of the choice of functional monomers, possible target molecules, and the use of the 

imprinted materials. Moreover, it is more similar to natural processes in the sense that 

most biomolecular interactions are noncovalent in nature.55,62 Therefore, it is currently 

the most commonly used approach for the preparation of MIPs. Nevertheless, because of 

the need of excess functional monomers to achieve appreciable levels of template-

monomer complexes, nonspecific interactions within the polymeric matrix are a big 

concern due to random incorporation of interactive functional groups outside the 

imprinted cavities.  

In the past few decades, a number of read-out methods for MIP-sensors, including 

piezoelectric,64-66 optical,67-69 and electrochemical20,56,70 methods have been developed. 

Given the electrochemical sensors available in the market, electrochemical approaches 

are considered as the easiest and most economic way to fabricate a commercial MIP-

sensor. The adaption of MIPs onto signal transducers is a key aspect in the development 

of electrochemical MIP-sensors since the efficiency of integration of MIPs onto electrode 

surfaces directly affects the sensitivity of the sensor.55,71 The conventional approach 

requires the preparation of a MIP monolith that needs to be grounded and sieved to 

particles after solution polymerization. Then the polymeric particles are deposited on the 

electrode surface as close as possible and stabilized with an agarose gel.72 However, for 

sensing layers using particulate MIPs, the sensor response time is closely related to the 

particle size, which generally led to slow kinetics due to the random particle sizes of a 

wide range up to 50 µm73 obtained via crushing and intraparticle diffusion. Moreover, the 

stabilizing agent generates a high diffusion barrier that leads to slow binding 



 - 10 - 

accessibility.57 In addition, the grinding process yields a particle matrix with low density 

of recognition sites that severely sacrifices binding capacity and sensitivity.73-75 New 

integration strategy most frequently used to date is direct preparation of the recognition 

element as a film on the electrode surface. The grafting of MIP films onto an electrode 

surface could offer improved communication between the binding events happening 

within the polymeric matrix and the electrical transducer, thus overcome some of the 

limitations associated with the conventional coating method and achieve good site 

accessibility and faster mass transfer.57,76 One promising approach is to deposit MIP films 

via electropolymerization process in the presence of target molecules.53,77 This method is 

an efficient way to fabricate a molecularly imprinted layer on the electrode surface, and 

the film thickness can be easily controlled by changing the charge capacity of deposition. 

In order to obtain an electrochemical response efficiently, conducting polymers were 

often used to construct the MIP film on electrodes. Although conducting polymers could 

increase the sensitivity of the sensor, they would also contribute a large current response 

even in the case of a non-MIP electrode prepared in the absence of target molecules, thus 

result in a high limit of detection.54 The use of SAMs to immobilize monomers, cross-

linkers, or initiators onto a transducer surface followed by surface polymerization is 

another attractive pathway for direct grafting of MIP films on electrodes. This type of 

approaches has attracted a lot of attentions because SAM systems are very well-

developed, allow surface characterization, and are compatible with many surface 

patterning strategies.78,79 Typically, surface modification with functionalized monolayers 

is accomplished by the chemical modification of the surfactant prior to the self-assembly 

step. This procedure could lead to low yields and limited applicability because of the 
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complicated organic synthesis involved.57 Of many work searching for alternative and 

more versatile chemistry to modify surface, “click” chemistry has attracted great interest. 

The concept of “click” chemistry was introduced by Sharpless80 in 2001 and is defined as 

a set of reactions that are modular, wide in scope, require simple conditions, give high 

yields, and generate only inoffensive byproducts that can be removed by 

nonchromatographic methods. The first use of “click” chemistry to modify a well-defined 

electrode surface using the classic azide alkyne Huisgen cycloadditions was reported by 

Chidsey78 in 2004. In Huisgen 1,3-dipolar cycloadditions, azide and acetylenes are 

convenient to introduce, do not react among themselves, and show excellent tolerance of 

other functionalities. Triazole formation is irreversible and quantitative that allows easy 

surface characterization. Moreover, this reaction benefits from an extremely mild and 

regioselective copper (I)/sodium ascorbate catalyst system that is insensitive to solvent 

and pH. Thus, “click” reactions, especially the Huisgen cycloaddition reaction, provide a 

general and robust way of surface modification. To date, “click” chemistry has been 

widely adapted in surface fuctionalization81 and polymer grafting82 applications. 

Therefore, the combination of “click” chemistry and molecular imprinting technique 

would offer an extremely easy, yet efficient way to graft MIP films on electrode surface 

for fabrication of electrochemical MIP-sensors with improved sensitivity. 

 

1.5 Sensors Based on Bipolar Electrochemistry 

Typically, electrochemical sensors are constructed based on a three-electrode 

configuration, which consists of a working electrode, an auxiliary electrode, and a 

reference electrode. The potential of the working electrode is controlled using a 
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potentiostat with respect to that of a reference electrode, and the faradaic current 

measured in the circuit connecting the working electrode is a direct reporter of the rate of 

electrochemical reactions of interest.83 Because of the requirement of direct electric 

contact and an electrochemical cell with three-electrode setup, traditional electrochemical 

detections usually make use of just a single working electrode for sensing of a single 

analyte, and are difficult to be adapted into miniaturized systems, such as microfluidic 

devices.84,85 In the past few years, the emerging and developing of bipolar 

electrochemistry attract a lot of interests. The use of bipolar electrodes can overcome 

most of the limitations associated with the traditional electrochemical configuration. A 

bipolar electrode (BPE) is referred to an electronic conductor in contact with an ionically 

conductive phase.83 When a sufficiently high electric field is applied across the ionic 

phase, different electrochemical behaviors can be observed at the surface of BPE, 

oxidation on one side, and a simultaneous reduction on the other side (Figure 1.4.).86,87 In 

the experimental configuration of bipolar electrochemistry, a conductive material is 

located inside a channel with no external connection, and a simple power supply applies a 

potential difference, Etot,
87 between two driving electrodes situated in pools at both ends 

of the channel. The majority of Etot is dropped within the channel because of the high 

electrolyte solution resistance, and the fraction of Etot dropped across the length of BPE is 

defined as ∆Eelec.
87 A particular position (χ0) along the BPE where the potential of the 

solution is equal to the potential of the bipolar electrode (Eelec) divides the BPE into two 

poles: a cathodic pole, where the solution potential is higher than Eelec, and an anodic pole, 

where the solution potential is lower than Eelec. The difference in potential between the 

electrode and the solution at each lateral position is the driving force leading to an 
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electrochemical reduction or oxidation respectively, and this value varies linearly across 

the BPE surface.83,87 ∆Eelec represents the total driving force available to couple the two 

faradaic reactions at both poles of the BPE. It increases with the increase of the length of 

BPE according to the equation shown in Scheme 1.1.83 The current density at the BPE 

mainly depends on: a) the overpotential available at each location at the 

electrode/solution interface, and b) the kinetics of the redox couples involved in the 

faradaic processes. Therefore, the value of Etot required to induce faradaic reactions 

varies depending both on the species present in solution and on the length of the BPE. 

For most of the results reported in literature, Etot is in the range of 20-30 V and never 

exceed 100 V.83 Thus, inexpensive power supplies are sufficient to carry out many 

different kinds of interesting experiments with BPEs.  

Although the phenomenon of bipolar electrochemistry has been known for over 40 

years86 and widely applied in battery technologies,88 for electrosynthesis,89,90 in solar 

cells,91-93 and for surface modification with gradients of various materials94-96 over the 

past decade, BPE is still a technique with a rather young history in the field of 

electroanalytical chemistry. The main advantage of BPEs for analytical purpose is the 

ease of controlling their potential: a simple power supply or even a battery, and no direct 

electrical contact. These features make it possible to integrate a large array of BPEs into a 

portable or a microfluidic device for simultaneous detection of multiple analytes at low 

cost.83 However, the lack of direct connection is also a drawback due to the difficulty of 

measuring current flowing through the BPE. Three main approaches for current readout 

have been developed for detecting electroactive analytes in microfluidic environments 

using BPEs. One attractive method is to induce bipolar behavior between two electrodes 
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by taking advantage of a split electrode design97 that makes it possible to directly 

measure current passing through the BPE. But the compromise of this design is 

complicating the detection system with an external electrical connection (Figure 

1.5.A).83,97 A second method relies on electrodissolution of the BPE itself.98 Specifically, 

a layer of silver metal is deposited onto the anodic pole of the BPE prior to detection. 

When a cathodic sensing event occurs, the silver begins to dissolve by oxidation. Based 

on the charge neutrality in the bipolar system, the amount of oxidized silver corresponds 

to the number of electrons transferred at the cathodic pole of the BPE (Figure 1.5.B).83,98 

However, this topic is still being underinvestigated, and just one literature98 was found till 

now. A powerful alternative strategy for detecting faradaic processes at BPEs is to use 

electrogenerated chemiluminescence (ECL) as an indirect reporter of the current (Figure 

1.5.C).99,100 ECL is a highly developed and sensitive detection protocol that has been used 

for a variety of analytical applications.101,102 This approach eliminates the need of an 

external connection to the BPE, and the direct detection of ECL just requires a CCD 

camera, which is a very convenient way for collecting information continuously on the 

processes occurring at the BPE. Because ECL does not require an excitation light source, 

it is generally better than fluorescence for low-cost and simple sensor systems. Moreover, 

because the ECL reactions only occur close to the surface of an electrode, the 

interrogated volume can be limited to a small value that is ideal for making portable and 

micro devices. Therefore, the combination of ECL with BPE opens up the possibilities of 

using optical detection approach to quantify faradaic current for a much broader range of 

applications.  
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A well-known ECL system uses Ru(bpy)3
2+ as the light-emitting species and a co-

reactant, such as sodium oxalate (Na2C2O4). Ru(bpy)3
2+ based ECL has been widely used 

in analytical purpose due to its excellent stability, good water solubility, and high 

sensitivity.102 The mechanism of Ru(bpy)3
2+ based ECL have been intensively studies and 

most of the analytical applications are based on “oxidative-reductive” ECL.103 

Specifically, Ru(bpy)3
2+ is first oxidized to Ru(bpy)3

3+, which further reacts with the 

CO2·
- radical anion to generate Ru(bpy)3

2+*, as shown in Scheme 1.2. When Ru(bpy)3
2+* 

decays to the ground state, a red light will emit. The intensity of the emitted light is used 

as indicator for the sensing event. Specific DNA detection at the cathodic pole of BPE 

reported indirectly by the intensity of ECL generated at the anodic pole of BPE has been 

reported for several times.83,85 On the other hand, detection of analytes based on ECL 

quenching is also a very useful sensing strategy.101 Although detection of analytes, such 

as DNA detection through hybridization using photoluminescence quenching,104 has been 

widely reported, the investigation of ECL quenching has been very limited. A variety of 

compounds, such as phenols,105 hydroquinones,105 Fe(CN)6
3-,106,107 Fe(CN)6

4-,106,107 and 

O2,
108 have been reported for their excellent characteristics for photoluminescence 

quenching of Ru(bpy)3
2+ via energy-transfer or charge-transfer mechanism. These well-

established ECL quenchers can be incorporated into different designs and assays as 

reporters for target sensing, such as DNA labels for specific DNA detection.101 As an 

alternative, they can also serve directly as the analyte for ECL quenching, such as the 

monitoring of dissolved O2 concentration for food processing and waste water 

management. Because the quenching event happens at the same pole of BPE with ECL, 

this approach would provides a more direct measurement compared with those relies on 
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electroneutrality at the two poles of BPE. Moreover, the reactions at the anodic pole can 

be simple reactions such as oxygen reduction or hydrogen evolution. Therefore, the ECL 

quenching method coupled with BPE is believed to provide a flexible and simple 

platform for sensing applications ranging from medical diagnostics and food quality 

management. 
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Figure 1.1. Components of a typical electrochemical sensor.10,16,17 Adapted from ref. 10. 

Copyright © (2008) MDPI. 
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Figure 1.2. (A) Schematic representation of the sandwich type ELISA. (B) Schematic 

representation of PLA.43 Reprinted with permission from ref. 43. Copyright © (2010) 

American Chemical Society.  
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Figure 1.3. Schematic representation of covalent and noncovalent molecularly imprinting 

procedures.55 Reprinted with permission from ref. 55. Copyright © (2000) American 

Chemical Society. 

 

 

 

 

 

 

 



- 20 - 
 

 

 

Figure 1.4. The experimental configuration of bipolar electrochemistry.87 Reprinted with 

permission from ref. 87. Copyright © (2009) American Chemical Society. 
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Figure 1.5.83 Approaches used to measure faradaic current at bipolar eletrodes (BPEs): 

(A) direct measurement of current passing through BPEs with an external electrical 

connection based on a split electrode design;97 (B) sensing method using Ag 

electrodissolution;98 (C) sensing strategy using electrogenerated chemiluminescence 

(ECL) reporting.99,100 Reprinted with permission from ref. 83. Copyright © (2010) 

American Chemical Society. 
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Scheme 1.1.83 
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Chapter 2 

Quantitation of Protein at Femtomolar Levels via Direct Readout with the 

Electrochemical Proximity Assay 

 

This project is the collaboration with the group of Dr. Christopher Easley. Jiaming Hu 

and I contributed equally in this work. 

 

2.1 Introduction  

Diagnostics is one of the most critical steps in health care and medical treatment.109 

Specific protein detection is of great importance in this realm, since it is currently one of 

the predominant methods to diagnose the onset or progression of disease states.110,111 

Unless specialized point-of-care assays are available for the protein of interest, 

quantitation is typically performed in a centralized laboratory by technicians.112 This 

process is expensive and could waste time that is critical to patient care. Over the years, 

clinical approaches for point-of-care testing have addressed this challenge for select 

analytes,113-117 yet these assay formats are highly specialized to the particular target 

molecule, thus inflexible to apply to other targets. To keep pace with expectations in 

future point-of-care testing, there is a need for more flexible, yet highly sensitive, 

quantitative, and easy-to-use methods.112 
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Although point-of-care devices are welcome in clinical and research laboratories, 

the existence of surrounding infrastructure places fewer constraints on methodology. 

Based on their inherent flexibility, sandwich enzyme-linked immunosorbent assays 

(ELISA) have emerged as the method of choice for protein quantitation in clinical and 

research laboratories.111 Unfortunately, these heterogeneous assays require expert users 

with dedicated instrumentation, and they are time-consuming, laborious, and expensive. 

Quantitative, point-of-care protein analysis is thus not possible with standard sandwich 

ELISA formats. Nonetheless, the flexibility of the dual-antibody recognition concept is 

highly valuable and has served as a guide to various alternative strategies in recent 

years.39-42,47,118,119 

Proximity immunoassays such as the proximity ligation assay (PLA)42,47 or the 

molecular pincer assay39 can overcome some of the limitations of ELISA. PLA, for 

example, is one of the most simple-to-use and sensitive protein assays developed to 

date.43 The assay is homogeneous (no washing steps), and detection limits rival or 

outperform ELISAs, even with much smaller sample volumes. A key concept in PLA is 

the “proximity effect,” which relies on simultaneous recognition of a target molecule by a 

pair of affinity probes. The bound probes can then be covalently linked by enzymatic 

ligation of their oligonucleotide tails, and qPCR is used as the readout, with products 

proportional to target protein concentration. PLA has been shown functional with 

aptamer pairs42 and with a variety of antibody pairs.47 Although nucleic acid aptamers 

have garnered significant attention in the analytical and biosensing communities based on 

their many potential advantages,120-126 the use of aptamers as affinity probes in PLA is 

severely limited. PLA requires two aptamers binding at separate sites on the same protein 
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target, but aptamer pairs unfortunately do not yet exist against most targets. In PLA47 or 

in the pincer assays,39 this limitation was overcome by employing antibody-

oligonucleotide conjugates as probes, since the popularity and success of sandwich 

methodology (ELISA, Western blots) has afforded a large, commercially available library 

of antibody pairs against many proteins.  These assays thus provide simpler and less 

expensive alternatives to ELISA. 

Nonetheless, limitations in current proximity assays impede their use in a point-of-

care setting. Although the use of qPCR gives PLA its high sensitivity, this readout 

requires that each sample be added to a tube with ligation and PCR reagents, and then be 

inserted into a qPCR instrument followed by 1-2 hours of amplification and analysis. The 

molecular pincer assays are simpler and more rapid (<20 min), making them more 

amenable to point-of-care measurements by fluorescence readout; however, the limit of 

detection of these assays is several orders of magnitude higher than PLA. Thus, there is a 

need for a more sensitive yet simpler readout for proximity assays that is amenable to 

point-of-care testing. 

Electrochemical detection is of particular interest in the development of biosensors 

because it offers great signal stability, simple instrumentation, high sensitivity, and ease 

of calibration compared to fluorescence, as well as excellent compatibility with 

miniaturization technologies.44,45 Here, we present the marriage of the proximity assay 

concept with electrochemical detection to give a simple, highly sensitive, flexible 

strategy for specific protein quantitation, termed the electrochemical proximity assay 

(ECPA). ECPA uses the proximity effect to move an electrochemically active label, 

methylene blue (MB),127 closer to a gold electrode upon binding of two probes to a 
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protein target, an approach akin to electrochemical DNA sensing52,128 or specialized 

aptamer-based protein sensing129-131 reported by others. In the presence of protein targets, 

the redox current in ECPA is quantified using square wave voltammetry (SWV) and is 

found to depend directly on the concentration of target. This detection strategy is based 

largely upon pioneering work by the Plaxco group,132-136 in using MB-labeled DNA for 

biosensing. Building upon this work and on aptamer-based protein sensing by Zhang et 

al.,131 we have added the antibody-based proximity assay concept. We used a DNA-based 

experimental model to optimize signal-to-background ratios, ultimately providing a direct 

insulin detection limit that is lower than most commercially available ELISAs, with a 

dynamic range >40-fold wider than these ELISAs. These results were achieved with 

direct electrochemical readout, i.e., without requiring washing steps, which bodes well 

for the future of ECPA in point-of-care settings. In contrast to other approaches for 

electrochemical protein sensing,124,130 ECPA should be useful for any protein with 

available antibody pairs. 

 

2.2 Experimental  

2.2.1 Materials and Reagents 

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific).  

The following reagents were used as received: insulin antibodies (clones 3A6 & 8E2; 

Fitzgerald Industries), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

(99.5%), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), (Sigma-Aldrich, St. 

Louis, MO), bovine serum albumin (BSA, 98%; EMD Chemicals Inc), human thrombin, 

immunoglobulin E (IgE), and insulin (Sigma Aldrich). Methylene blue-conjugated DNA 
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(MB-DNA) was purchased from Biosearch Technologies (Novato, CA), purified by RP-

HPLC. Oligonucleotides were obtained from Integrated DNA Technologies (IDT; 

Coralville, Iowa), with purity and yield confirmed by mass spectrometry and HPLC, 

respectively.  Sequences (listed 5’ to 3’) for aptamer based ECPA were as follows. 

Thrombin aptamer A (THRaptA): AGTCCGTGGTAGGGCAGGTTGGGGTGACTT- 

TTTTTTTTTTTTTTTATATTTTT-TTTTCTCGCGGATTTGAACCCTAACG; 

Thrombin aptamer B (THRaptB): TAGGAAAAGGAGGAGGGTGGGATTGGTGTGT- 

GTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGTTGGTGTGGTTGG. Sequences 

(listed 5’ to 3’) for antibody- based ECPA were as follows. Insulin antibody arm 1 

(AbArm1): /5AmMC6//iSp18/CCCACTTAAACCTCAATCCACGCGGATTTGAACC-

CTAACG; Insulin antibody arm 2 (AbArm2): TAGGAAAAGGAGGAGGTGGCCCAC- 

TTAAACCTCAATCCA/iSp18//3AmMC6/. Sequences of ssDNA strands used in the 

experimental model are given in Table 2.1. 

 

2.2.2 Preparation of the Electrode and DNA Monolayer Assembly 

ECPA sensors for the model system, for thrombin detection, and for insulin 

detection were fabricated using a gold working electrode (Bioanalytical Systems Inc., r = 

0.75 mm). The gold electrode was polished carefully to a mirror surface with an aqueous 

slurry of 0.05 µm diameter alumina particles and then successively washed in an 

ultrasonic cleaner with water. The electrode was then immersed into fresh piranha 

solution (H2SO4/H2O2, 3:1) for 5 minutes, rinsed with D. I. water, and dried under a 

stream of nitrogen gas. (Caution: piranha solution is dangerous to human health and 

should be used with extreme caution and handled only in small quantities). Finally, the 
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gold electrode was electrochemically polished by scanning the potential from -0.5 to 1.5 

V in 0.1 M H2SO4 at a scan rate of 0.1 V s-1 for 50 cycles. The cleaned gold electrode was 

thoroughly washed with D. I. water and ethanol and dried under flowing nitrogen. 

Prior to modification of the electrode, 1 µL of 200 µM thiolated-DNA and 1 µL of 

200 µM MB-DNA were each separately mixed with 2 µL of 10 mM TCEP in two 200-µL 

PCR tubes. These tubes were incubated for 90 min at room temperature (21 °C) for 

reduction of disulfide bonds in the thiolated-DNA and to reduce the MB-moeity of the 

MB-DNA. Both of these solutions were then diluted to a total volume of 200 µL in 

HEPES/NaClO4 buffer (10 mM HEPES and 0.5 M NaClO4, pH 7.0)52 to a final 

concentration of 1 µM. Unless otherwise noted, all solutions used in the experiments to 

follow were carried out at pH 7. For immobilization, the previously cleaned gold 

electrode was transferred directly to the diluted and reduced thiolated-DNA solution and 

incubated for 16 h at room temperature in the dark. Following the formation of a self-

assembled monolayer (SAM), excess thiolated-DNA physically adsorbed on the electrode 

surface was removed via a room temperature-deionized water rinse (~ 20 s). For all assay 

strategies employing the competitor DNA strands (most formats listed below), this same 

process was followed, except after reduction by 10 mM TCEP, the reduced thiolated-

DNA solution was diluted to a total volume of 200 µL in HEPES/NaClO4 buffer and 

incubated with 2 µM competitor DNA sequence (C9) for 60 min at room temperature in 

the dark. For immobilization in competitor systems, the cleaned gold electrode was 

transferred directly to this equilibrated thiolated-DNA/competitor solution then incubated 

for 16 h at room temperature in the dark. 
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2.2.3 ECPA Probe Assembly and Electrochemical Measurements 

Electrochemical measurements were performed using an Epsilon electrochemistry 

workstation (Bioanalytical Systems, Inc.) with a standard three-electrode configuration 

consisting of a Ag|AgCl(s)|KCl(sat) reference electrode (Bioanalytical Systems, Inc.), a 

homemade platinum gauze flag (0.77 cm2) counter electrode, and a gold working 

electrode. All potentials are reported relative to the saturated Ag|AgCl reference electrode. 

Electrochemical measurements were performed in HEPES/NaClO4 buffer using square 

wave voltammetry (SWV) with a 50 mV amplitude signal at a frequency of 60 Hz, over 

the range from -0.45 V to 0.00 V versus Ag|AgCl reference. The characteristic 

voltammetric peak of MB was detected by SWV at -210 mV (vs Ag/AgCl). MB was 

chosen as the redox tag due to its excellent shelf life and robust electrochemical response 

in serum compared to other redox tags, such as ferrocene.52,129 The electrochemical 

response of each sensor was measured as follows: (1) reference and measurement SWV 

data sets were collected; (2) both raw data sets were smoothed using a 21-point boxcar 

function and baseline corrected (all data corrected with B-spline generated baseline in 

Origin 8 using two regions: -0.40 V to -0.35 V and -0.08 V to 0.00 V); and (3) difference 

traces were generated. Signal (with target) and Background (no target) voltammograms 

were treated in this manner and are presented as difference traces. To prepare calibration 

graphs and calculate standard deviations, traces were integrated from -0.330 to -0.100 V. 

In the case of the aptamer-based system, we report the average of three measurements, 

while in the case of the antibody-based system the average of two measurements is 

reported. 
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Model System Strategy 1 – Decreasing binding affinity by reducing the number of 

complementary bases. The electrode was modified as described above and was placed 

into a glass electrochemical cell with HEPES/NaClO4 buffer. Three different thiolated 

DNA sequences, G5, G7, and G10 (Table 1), were used in Strategy 1 of the model system. 

In this way, the affinity of thiolated DNA and MB-DNA were adjusted through changes 

in the number of complementary bases between them. For modeling signal, the sensor 

was immersed in 10 nM ECPA-loop and 15 nM MB conjugated DNA sequences in 3 mL 

HEPES/NaClO4 buffer.  For modeling background, the sensor was immersed in 15 nM 

MB conjugated DNA in 3 ml HEPES/NaClO4 buffer. Both signal and background 

currents were measured at the 15-min time point. 

Model System Strategy 2 – Use of a short DNA competitor. The electrode was 

modified as described above and was placed into a glass electrochemical cell with 

HEPES/NaClO4 buffer. Three different competitor DNA sequences, C7, C8, and C9, were 

used in Strategy 2 of the model system (Table 2.1). The sensor was allowed to equilibrate 

in 3 ml HEPES/NaClO4 buffer with various concentrations of competitors for 6 h. For 

modeling background in the competitor systems, redox current was measured at each 10 

min of the first hour, then at 90 and 120 min. Once C9 was chosen, 1:3, 1:7, 1:10, and 

1:25 molar ratios of MB-DNA:C9 were tested at a fixed concentration of 15 nM MB-

DNA. 

Aptamer-based ECPA system. The sensor was allowed to equilibrate in 3 ml 

HEPES/NaClO4 buffer with 100 nM C9 for 6 h. Thrombin aptamers (THRaptA and 

THRaptB) were first folded by heating to 95 °C and cooled rapidly by immersion in ice 

water to promote intramolecular interactions. Thrombin of various concentrations (from 
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50 pM to 50 nM) was incubated with folded 10 nM THRaptA and 15 nM THRaptB in 

HEPES buffer for 90 min prior to measurements. The thrombin/aptamer incubations were 

then added into the glass electrochemical cell. Before conducting voltammetric 

measurements, the sensor surface was allowed to react with analytes for 90 min. 

Selectivity tests with other proteins (IgE, insulin, or BSA), were made under the same 

conditions. 

Antibody-based ECPA system. The sensor was equilibrated in 500 µl 

HEPES/NaClO4 buffer with 300 nM C9 for 6 h. Prior to measurements, HEPES/NaClO4 

buffer was supplemented with 0.5% BSA (to minimize antibody adsorption), 10 nM Ab1, 

10 nM Ab2, 10 nM MB (for background measurements), and various concentrations of 

insulin (from 128 fM to 2 nM). Before conducting voltammetric measurements, the 

sensor surface was allowed to react with analytes for 40 min. Selectivity tests were 

performed in the same manner by substituting 2 nM C-peptide or insulin-like growth 

factor 1 (IGF-1) for insulin. 

 

2.2.4 Preparation of Antibody-Oligonucleotide Conjugates 

The antibody-oligonucleotide conjugates used in the insulin ECPA, AbArm1-3A6 

and AbArm2-8E2, were prepared by conjugating AbArm1 to insulin antibody 3A6 (Kd ≈ 

1 nM) and AbArm2 to insulin antibody 8E2 (Kd ≈ 0.1 nM), respectively (antibodies 

obtained from Fitzgerald Industries). Conjugation reactions and purification steps were 

accomplished using an Antibody-Oligonucleotide All-In-One Conjugation Kit (Solulink), 

according to the manufacturer’s instructions. Briefly, the oligonucleotides were first 

activated with sulfo-S-4FB, and their quantities and qualities were confirmed using 
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absorbance, specifically A260 nm of unmodified activated oligonucleotides and the A260 nm 

to A360 nm ratio after the modification of activated oligonucleotides. Antibodies were also 

activated with S-HyNic. Activated oligonucleotides and antibodies were then mixed and 

incubated at room temperature for 2 h. Once the conjugation reaction was stopped, 

conjugates were further purified from excess 4FB-oligonucleotides and unmodified 

antibodies using the supplied magnetic affinity matrix. The final concentrations of the 

conjugates were determined by the Bradford protein assay. AbArm1-3A6 and AbArm2-

8E2 were synthesized with 45 % and 86% recovery from the initial amount of antibodies 

(100 µg). 

 

2.3 Results and Discussion 

2.3.1 Signal and Background in ECPA 

The principle of the electrochemical proximity assay (ECPA) is shown in Figure 2.1. 

The sensor is prepared by self-assembly of thiolated DNA strands onto a gold electrode 

via the alkanethiol moiety at the 5’ terminus. The quantitative capacity of ECPA stems 

from cooperative hybridization of the five-part complex shown in Figure 1: thiolated 

DNA – DNA conjugated antibody 1 – target protein – DNA conjugated antibody 2 – MB 

conjugated DNA. The five-part complex forms a circular structure on the sensor surface 

through proximity-dependent hybridization of the thiolated DNA and MB-DNA, which is 

the step that brings MB close enough to the gold electrode surface for electrochemical 

current enhancement. This process results in a quantity of electrons transferred from MB 

to the electrode that is proportional to the original amount of protein analyte (“signal”), 

albeit with some analyte-independent current generated by hybridization of thiolated 
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DNA and MB-DNA only (“background”). Although SWV does not differentiate signal 

and background currents, under optimized conditions, the signal will greatly exceed the 

background to allow highly sensitive, direct electrochemical quantitation of the protein 

analyte. Similar to what has been observed in PLA42,43 or the molecular pincer assays,39 

signal enhancement over background in ECPA is based on the proximity effect; that is, 

the marked increase in the effective concentrations of the MB-DNA and thiolated DNA 

due to the simultaneous binding of the two probes to the same protein. This allows the 

MB-DNA/thiolated DNA interaction to be weak in the absence of protein (“background”) 

yet strong in the presence of the protein (“signal”). Finally, it should be noted that the 

detection limits of proximity assays are often well below the Kd values of the individual 

probes, which can be attributed to the chelate-like effect of utilizing two probes in a 

cooperative fashion, often termed the “proximity effect.” 

Through binding equilibria, a fraction of thiolated DNA will always hybridize with 

the MB-DNA sequences, even in the absence of target analyte, resulting in target-

independent hybridization, recruitment of MB to the gold surface, and an increase in 

current. A portion of this background current could also result from non-specific 

adsorption of MB-DNA to the surface, although our results suggest that specific binding 

is the major cause. The presence of this background current is obviously detrimental to 

the assay. We applied two strategies in attempt to lower the background using our model 

system, as discussed below. 

 

2.3.2 DNA-Based Experimental Model of ECPA 
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As in the previous work of Easley’s group with PLA,43 here we utilized a DNA loop 

to model the probe-target complex in ECPA (Figure 2.2.A), making the assumption that 

probe affinity for the target protein is infinite. The 80-nucleotide DNA loop mimics 

formation of the ECPA complex, bringing MB near the gold surface and increasing redox 

current. Background was modeled using only the thiolated DNA and MB-DNA (Figure 

2.2.A). This experimental model greatly simplified the optimization of experimental 

parameters. Since the surface-dependent ECPA involves a different type of cooperative 

complex formation compared to homogeneous PLA, we devised two new strategies for 

minimizing background in ECPA. 

The first strategy was to decrease the binding affinity between thiolated DNA and 

MB-DNA by reducing the number of complementary bases in the thiolated DNA (Figure 

2.2.B). The hypothesis was that the amount of background hybridization between 

thiolated DNA and MB-DNA would be greatly reduced, thereby reducing background 

current greatly without a large decrease in signal current. Figure 2.2.C compares the 

signal and background responses of the system with 5, 7, and 10 complimentary bases 

(G5, G7, and G10 strands). Comparing G10 to G7, as hypothesized, the background 

current was reduced by 2-fold while signal current was reduced by only 1.6-fold. 

Furthermore, compared to a background peak current of 54 nA with G10, it was indeed 

possible to reduce the background current to baseline using G5. However, the 

background reduction was accompanied by a large decrease in signal peak current from 

104 nA down to 38 nA, since the weakened connection also weakened hybridization of 

the DNA Loop (model of signal). 
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In an attempt to reduce background without such a large signal reduction, our 

second strategy was to utilize a short DNA competitor with the G10 system. We 

hypothesized that when using a competitor sequence, background hybridization would 

occur more slowly than signal hybridization, since both signal and background 

complexes must displace the short competitor prior to current enhancement by the MB-

DNA strand. Figure 2.3.A shows a representation of the delayed background formation 

over time, mediated by competition with competitor strands. This way, signal of similar 

magnitude to that in the N=10 case above should form rapidly, while background would 

be delayed kinetically by the competitor. Figure 2.3.B shows signal and background 

responses of the system with 7-, 8-, and 9-base competitors (C7, C8, and C9). As 

hypothesized, the hybridized competitor sequences blocked access of MB-DNA to the 

thiolated DNA, thereby slowing background formation. Figure 2.3.B shows that with C7 

and C8, background currents of 47 and 24 nA were detected even 10 min after addition of 

MB-DNA, while no background was detected for as long as 40 min using C9. Since C9 

allowed a 40-min time window for detection, we chose C9 as the competitor for further 

experiments. Upon addition of the Loop (model of signal), significant signal current of 81 

nA was possible after 30 min, while C9 prevented background formation (Figure 2.3.C). 

Optimal conditions were determined to be 15 nM MB-DNA and 100 nM C9, and these 

were applied in the aptamer-based ECPA system, below. 

 

2.3.3 Aptamer-Based ECPA 

A schematic of aptamer-based ECPA is shown in Figure 2.4.A (upper right). Two 

thrombin aptamers (THRaptA, THRaptB) that bind thrombin at different sites were 
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applied as affinity probes, and competitor C9 was used to minimize background. Using 

conditions optimized by the model system, background levels were measured in the 

absence of target protein (human thrombin). Similar to the model system, background 

remained at baseline current for up to 90 min, after which an increasing peak current at -

210 mV was detected, indicating that MB-DNA was beginning to displace the 

competitors. This 90-min detection window was actually wider than the 40-min window 

observed in the model system. This difference is attributed to the decreased diffusion 

coefficient137 of the MB-DNA (40-bases; ~70 µm2 s-1) when hybridized with THRaptB 

(120-bases; ~30 µm2 s-1), which would slow the kinetics of the competitor displacement 

process by ~2.3-fold in comparison to the model system. This estimation agrees very well 

with the 2.25-fold increase in time required for background formation. The lower right 

plot in Figure 2.4.A shows the background with no thrombin (black trace) and a typical 

MB oxidation peak appearing at -210 mV (red trace) in the presence of 2.5 nM thrombin 

after the 90 min incubation. As expected, the saturated peak current at 10 nM thrombin 

(52 nA) was of lower magnitude than the model system (81 nA), which had assumed 

probes with infinite affinity. This aptamer-based ECPA system calibrated versus thrombin 

concentration (Figure 2.4.A, left plot), with sensor responses recorded in triplicate as 

integrated MB peak areas from -330 mV to -100 mV. ECPA was capable of detecting 

thrombin levels as low as 50 pM using a direct electrochemical readout, with a dynamic 

range up to 10 nM at these probe concentrations. 

To demonstrate specificity, the aptamer-based ECPA was challenged with 

nonspecific proteins including human IgE, insulin, and BSA. Figure 2.4.B shows that 

essentially no response was observed in the presence of 10 nM insulin or IgE; even with 
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4-fold lower thrombin (2.5 nM), the signal was ~40-fold larger than that of IgE or insulin. 

In addition, baseline current was observed in the presence of 2% BSA, while the signal 

from 2.5 nM thrombin was recovered by 93% in 2% BSA. This result is encouraging for 

future application of ECPA to biological samples and point-of-care settings. 

 

2.3.4 Antibody-Based ECPA 

The flexibility of the aptamer-based approach is limited because of the requirement 

of two aptamers for the target protein, since aptamer pairs exist only for a few select 

proteins. As noted above, the use of antibody-oligonuceotide conjugates as probes can 

overcome this challenge.39,47 With the success of sandwich immunoassays, there exists a 

large, commercially available library of antibody pairs against many proteins. As proof of 

concept that ECPA can be applied to a wide variety of protein targets, we show herein 

that insulin can be directly detected using two antibody-oligonucleotide conjugates as 

ECPA probes. 

A schematic of antibody-based ECPA is shown in Figure 2.5.A (upper right), again 

employing the short DNA competitor strategy. With this new assay format, a different set 

of conditions were determined as optimal, including the addition of 0.5% BSA to reduce 

nonspecific antibody adsorption and a C9 concentration of 300 nM. Using 10 nM of each 

antibody-oligo and 10 nM MB-DNA, the assay showed a 40-min detection window 

before competitor began to be displaced by MB-DNA. Since the antibody-oligo 

conjugates will significantly alter the diffusion rates of most components, we did not 

expect the kinetics of signal and background formation to follow trends observed in the 

model system or aptamer-based ECPA; nonetheless, the detection time window was 
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similar to the other systems. The lower right plot in Figure 2.5.A shows the background 

with no insulin (black trace) and a typical MB oxidation peak appearing at -210 mV (red 

trace) in the presence of 2 nM insulin after 40 min. This antibody-based ECPA system 

was then calibrated versus insulin concentration (Figure 2.5.A, left plot), with sensor 

response recorded in triplicate as integrated MB peak areas from -330 mV to -100 mV. 

Remarkably, using a direct electrochemical readout, ECPA was capable of detecting 

insulin levels as low as 128 fM (7.43 × 10-4 ng mL-1) with a dynamic range extending to 

2 nM (11.6 ng mL-1). The selectivity of antibody-based ECPA was tested against insulin-

like growth factor 1 (IGF-1), which has similar structure to insulin, and against C-peptide, 

which is co-secreted with insulin into the bloodstream. As expected, the sensor did not 

respond to higher concentrations of either IGF-1 or C-peptide (Figure 2.5.B). The 

drastically improved performance of the antibody-based ECPA compared to the thrombin 

aptamer ECPA was expected, since the aptamer Kd values138 are several orders of 

magnitude higher than the typical antibody Kd. 

Finally, Table 2.2 shows a comparison of our antibody-based ECPA to 

commercially available sandwich ELISAs for insulin detection.139-144 In order to facilitate 

equal comparison of the direct-readout ECPA with various heterogeneous ELISAs, the 

concentrations of insulin in the incubation solution of each ELISA is reported in Table 

2.2. ECPA outperforms all of the kits in terms of assay dynamic range (from 43- to 312-

fold wider range). The impresssive ECPA dynamic range of 15 600 (from 128 fM to 2 

nM) should provide enhanced flexibility in sample preparation. Only one of the 

“ultrasensitive” versions of ELISA (25-µL sample volume) has an essentially equal 

detection limit (1.1-fold higher) compared to ECPA. Compared to “standard” ELISA kits, 
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ECPA shows between 15.6- and 60.9-fold lower limit of detection for insulin. In fact, 

using the noise level of the blank, the linearly extrapolated LOD for insulin was 

calculated to be 20 fM, lower than all ELISAs shown in Table 2.2. These performance 

improvements come with the additional benefit of a direct-readout format, making ECPA 

amenable to point-of-care analysis. To our knowledge, ECPA represents the highest 

performing direct-readout insulin assay reported to date. Looking toward future 

application in point-of-care insulin measurements in human serum, if we leverage the 

pioneering efforts of the Plaxco group using similar DNA-based electrochemical 

sensors,52,128,132-136 it should be possible to detect a variety of proteins in undiluted serum. 

Of course, since the ECPA detection limit for insulin (128 fM) is over 400-fold lower 

than the normal human serum insulin levels (~60-80 pM), serum samples could be simply 

diluted to minimize interferences in this case. 

 

2.4 Conclusions 

In this paper, we describe the development of the electrochemical proximity assay 

(ECPA), which leverages two aptamer or antibody-oligonucleotide probes and proximity-

dependent DNA hybridization to move a redox active molecule near a gold electrode. A 

DNA-based experimental model was used to optimize the assay format, and aptamer- and 

antibody-based ECPA were shown functional with high sensitivities and low detection 

limits, employing a short DNA competitor to limit background current.  This background-

reduced ECPA was shown to match or outperform currently used ELISA kits for insulin 

detection. Of particular importance is the proof-of-concept provided by antibody-based 

ECPA. Judging from the successes of other proximity immunoassays,39,47 it is reasonable 
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to assume that ECPA should perform well in quantifying any other protein with an 

available antibody pair. Combining the assay’s flexibility and high sensitivity with the 

simplicity of direct electrochemical readout, ECPA should be useful in a variety of 

settings in the future, including medical diagnostics, biological research, and point-of-

care testing. 
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Figure 2.1. Principle of the electrochemical proximity assay (ECPA). In the presence of 

the target protein, this five-part complex moves the redox-active methylene blue (MB) 

near the gold surface, thus increasing current in proportion to the protein analyte. 

Depicted here are (A) the final, five-part cooperative complex and (B) the stepwise 

operation of the assay, in which the electrode with a pre-assembled DNA/competitor 

monolayer is immersed into a pre-mixed solution of EPCA probes (two Ab-oligos and 

MB-DNA) and target protein to generate current. 
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Figure 2.2. DNA-based model for ECPA. (A) A continuous DNA Loop is used to model 

the Signal complex shown in Figure 2.1. Background is modeled by simply adding MB-

DNA without the Loop. (B) Depiction of Background reduction in Strategy 1. Fewer base 

pairs (weaker hybridization) between thiolated DNA and MB-DNA results in lower 

background current. (C) Experimental confirmation of Strategy 1, with both signal and 

background currents reduced in the voltammograms as the number of base pairs (N) is 

reduced. At N=5, background is minimized, but signal is reduced significantly. 
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Figure 2.3. DNA-based model for ECPA. (A) Depiction of Background reduction in 

Strategy 2, where a competitor strand prevents or slows Background formation over a 

given time window. (B) Experimental confirmation of Strategy 2. The 9-base competitor 

(C9) was the only one to show baseline current for up to 40 min. (C) Signal and 

Background voltammograms are shown with C9 under optimal conditions, showing more 

than double the Signal current and equal Background current compared to N=5 from 

Strategy 1. 
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Figure 2.4. Aptamer-based ECPA. (A) With a direct readout, a human thrombin detection 

limit of 50 pM was achieved, with a dynamic range up to 10 nM. Upper right image 

shows the principle of the assay, with the lower right plot showing example 

voltammagrams for the blank (black) and in the presence of 2.5 nM thrombin (red). (B) 

The dual-probe assay shows high selectivity, as expected, with 93% recovery of signal in 

the presence of 2% BSA. 
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Figure 2.5. The success of antibody-based ECPA greatly improves the flexibility of the 

assay, since a large variety of protein targets could be quantified this way. (A) Insulin as 

low as 128 fM was detected with direct readout, with a dynamic range up to 2 nM. Upper 

right image shows the principle of the assay, with the lower right plot showing example 

voltammagrams for the blank (black) and in the presence of 2 nM insulin (red). (B) The 

dual-antibody assay also shows high selectivity, as expected. 
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Table 2.1. Single-stranded DNA sequences used in the ECPA model systems (strategies 1 

and 2). MB-DNA, G10, and C9 were employed in the optimized detection system. 
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Table 2.2. Performance comparisons between ECPA and various commercially available 

ELISA kits. ECPA has a lower detection limit than five of the six kits in the table (as 

much as 60-fold lower), with a comparable detection limit to one ‘ultrasensitive’ human 

insulin ELISA. The dynamic range of ECPA is >40-fold wider than all ELISAs shown in 

the table (as much as 300-fold wider). These improvements shown by ECPA come with 

the added benefit of a direct electrochemical readout, i.e. without requiring washing steps. 
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Chapter 3 

Electrochemical MIP/GCE Sensor for Direct Detection of Chiral Catechin without 

Separation 

 

3.1 Introduction 

Catechin is an abundant natural product that has been known for its potential 

benefits to human health as an effective anticancer agent.145,146 However its ecological 

functions have been under recognized. Catechin released to ground by a variety of plants, 

such as centaurea maculosa, can hinder the growth of their neighbors and has the 

potential to be safer alternatives to herbicides and pesticides.147,148 Catechin is secreted 

into the soil as a mixture of two enantiomers, (+)-catechin and (-)-catechin that have been 

proven to possess different biological activities. Recent studies show that (+)-catechin is 

mainly responsible for antibacterial and antifungal activities with a low phytotoxic effect, 

while (-)-catechin is believed to own most of the phytotoxicity.148-151 In order to better 

utilize this natural product and maximize their functions to serve human, a deeper 

understanding of the activities related with each enantiomer and their corresponding 

concentration ratio presented in raw sample is critical.  

Until now, methods often used for chiral catechin monitoring involve gas 

chromatography with mass spectrometry (GC-MS) or liquid chromatography with mass 

spectrometry (LC-MS).145,152-158 However, these analytical methods require expensive, 



- 49 - 
 

bulky, and complicated instruments and need a separation step (GC, or LC) prior to the 

detection. On the other hand, enzymes or antibodies based sensors have also been 

developed for the detection of chiral catechin in tea and wine samples.145,159-161 However, 

the poor stability and high cost of these biological elements prevents their use in 

developing a rapid, inexpensive, yet robust assay for the detection of chiral catechin in 

nature.162,163 

Numerous attempts have been made to replace biological receptors with synthetic 

compounds as recognition elements in biosensing to overcome the major limitations of 

enzymes and antibodies. Of many approaches, MIPs have become a powerful tool for the 

preparation of polymeric materials that have the ability to specifically bind a chemical 

specie due to their low cost, ease of preparation, and robustness.57,59,164,165 The synthesis 

of MIPs involves the formation of template-monomer assembles through covalent and/or 

non-covalent interactions, followed by copolymerization with the aid of a cross-linking 

agent. Upon removal of the template, binding sites that are complimentary in shape, size, 

and functionality to the analyte are revealed.162,57,166,167 A variety of readout methods for 

MIP-sensors, including piezoelectric168,169, optical170,171, and electrochemical 

methods54,71,172,173 have been developed in the past decades. Among these detection 

methods, electrochemical approaches such as voltammetric response are often the easiest 

and most economic way to fabricate a commercial MIP-sensor.54,172  

In this study, we report a rapid, simple and direct way to detect chiral catechin in a 

(±)-catechin solution without the need of additional separation steps. MIPs were 

synthesized in the presence of (+)- or (±)-catechin and integrated with a glassy carbon 

electrode using agarose gel.57,167 The current responses of the (±)-catechin-MIP/GCE 
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sensor to catechin demonstrate a dynamic range from 10 µM up to 300 µM with great 

selectivity against nonspecific molecule, HQ. The voltammetric response of the chiral 

catechin imprinted MIP/GCE sensor to (+)-catechin shows its ability to detect chiral 

catechin from a mixture of both enantiomers simulating the natural product sample within 

5 min. In addition, the method could be used to evaluate relative quantity of two 

enantiomers in mixture. The ratio of (+)-catechin to (-)-catechin was determined to be 1: 

(4.31±1.54), which agrees with the ratio evaluated by LC-MS that is 1: (3.95±1.58). Thus, 

the combination of molecular imprinting technique with electrochemical method offers 

an excellent sensor for rapid detection of not only chiral catechin, but a wide variety of 

chiral compounds at a very low cost. 

 

3.2 Experimental 

3.2.1 Materials and Reagents 

(+)-catechin (98+%, Sigmal-Aldrich), (±)-catechin hydrate (98.5+%, Fluka), 

hydroquinone (HQ) (99+%, Sigmal-Aldrich), acrylamide (AA) (99+%, Sigmal-Aldrich), 

N,N-methylenebis(acrylamide) (MAAM) (99%, Sigmal-Aldrich), and 

azobisisobutyronitrile (AIBN) (98%, Fluka) were used as received. NaH2PO4·H2O (98–

102%, Sigma–Adrich) and Na2HPO4 (99+%, Sigma–Adrich) were used to prepare 0.1 M 

phosphate buffer solution (PBS) at pH 7.4. Agarose (Sigma-Aldrich) was used to prepare 

1 wt% agarose gel. Acetonitrile (ACN), methanol, acetic acid, formic acid and ethanol 

(all HPLC grade) were from commercial sources and used as received. Millipore-Q 

purified de-ionized (DI) water (18.2 M _ U cm−3) was used to prepare all solutions and to 

rinse electrodes. 
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3.2.2 Fabrication of MIP/GCE Sensor 

The synthesis of (+)-catechin molecularly imprinted polymers was adapted from 

the literature procedure.57 31.7 mg (+)-catechin and 46.6 mg acrylamide were dissolved 

in 10 mL ACN and the mixture was sonicated in ice-bath for 10 min. Then, 10 mL ACN, 

404.7 mg MAAM and 10 mg AIBN were added to the solution while stirring. The 

mixture was purged with N2 in ice-bath for another 20 min. The temperature was 

increased from room temperature to 60 ◦C and maintained at 60 ◦C for 24 h under N2. 

After polymerization, the product was collected by centrifugation at 5000 rpm for 10 min. 

The collected polymer material was washed with methanol/acetic acid (9:1, v/v) to 

extract (+)-catechin. The extracted polymer was rinsed with ethanol 3 times to remove 

any remaining acetic acid and then dried in a vacuum desiccator overnight. The resulting 

bulk polymers then were crushed and ground to yield white particles. The (±)-catechin 

imprinted polymers was synthesized in the same way, but using (±)-catechin as template 

molecule. The non-imprinted polymer (NIP) used in control measurements was also 

prepared in the same way, but in the absence of the (+)-catechin. The GCE was polished 

to a mirror finish with 15, 3, 1 µm diamond suspension (Buehler), and 0.05 µm alumina 

(Buehler) on a smooth polishing cloth subsequently and then sonicated with DI water and 

ethanol prior to each polymer deposition. To fabricate the MIP/GCE and NIP/GCE 

sensors, 5.7 mg MIP was dispersed in 280 µL methanol with sonication for 20 min. Then 

10 µL of the MIP suspension was coated on the clean GCE electrode surface and dried at 

room temperature. Then 10 µL of 1 wt% agarose aqueous solution was overlaid on the 

above electrode surface till the accomplishment of complete gelling. 
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3.2.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy image of the imprinted polymer particles was 

recorded on a Zeiss EVO 50 variable pressure scanning electron microscope on a gold 

sputtered sample. 

 

3.2.4 Fourier-Transfer Infrared Spectroscopy (FTIR) 

FTIR spectroscopic measurements were performed on model IRPrestige-21/FTIR-

8400S FTIR spectrometer (Shimadzu corporation, Tokyo, Japan) with KBr pellet method. 

The wave numbers of FTIR measurement were ranging from 400 to 4000 cm-1, and 

collected at one data point per 2 cm-1 with scanning for 16 times. 

 

3.2.5 Electrochemical Measurements 

All electrochemical measurements were carried out at room temperature using a 

three-electrode set-up in a home built glass cell (20 mL total volume). The supporting 

electrolyte was 0.1 M PBS (pH 7.4), the reference electrode was Ag/AgCl(sat) 

(Bioanalytical Systems, Inc.), and the counter electrode was Pt gauze (A = 0.77 cm2). The 

working electrode was a glassy carbon disk (d = 0.3 cm, A = 0.071 cm2). Before 

electrochemical measurements, the solution was purged with N2 for 5 min. The 

electrochemical circuit was controlled using an Epsilon electrochemistry workstation 

(Bioanalytical Systems, Inc.). Amperometric measurements were carried out by stepping 

the potential to 0.4 V vs. Ag/AgCl(sat) to ensure complete oxidation of catechin. Aliquot 

of (±)-catechin was injected into stirred PBS at every 200 sec. The concentration of (±)-

catechin in the bulk solution was varied from 0 to 300 µM. For specificity tests, aliquot 
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of (±)-catechin or HQ was injected into stirred PBS repeatedly at every 100 sec, making a 

final HQ concentration of 120 µM and a final (±)-catechin concentration of 70 µM at 

1500 sec. For (+)-catechin detection, the MIP/GCE was dipped into 0.1 M PBS 

containing 72 µM (+)-catechin, 72 µM (±)-catechin, or a mixture of the two for 4 min, 

rinsed with DI water gently to remove physisorbed catechin, and then transferred to a 

catechin-free 0.1 M PBS at pH 7.4. Cyclic voltammograms were recorded between -0.2 

V and 0.8 V using a scan rate of 50 mV/s. Data were collected from two different sensors 

and were measured at least twice from each individual sensor. 

 

3.2.6 LC-MS 

LC-MS analysis was performed on an Ultra Performance LC Systems (ACQUITY, 

Waters Corp., Milford, MA, USA) coupled with a quadrupole time-of-flight mass 

spectrometer (Q-TOF Premier, Waters) with electrospray ionization (ESI) in both ESI-

MS and ESI-MS/MS modes operated by the Masslynx software (V4.1). 3 µL (±)-catechin 

in methanol was flowing through a Synergi 4 µm C18, 150 mm × 3 mm I.D. analytical 

column (Phenomenex, Aschaffenburg, Germany) kept at 35 ºC and injected into the ESI 

source. 0.1% Formic acid in ACN/purified water (v/v, 5/95) (mobile phase A) and 0.1% 

formic acid in ACN/purified water (v/v, 95/5) (mobile phase B) were applied at a flow 

rate of 0.35 mL/min, starting at 0% B with a linear gradient to 30% B after 60 min 

followed by washing with 100% B for 10 min and reequilibration with 100% A for 

another 10 min.158 Separation was repeated for three times for accuracy. 

 

3.3 Results and Discussion 
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3.3.1 Preparation and Characterization of MIP Particles 

(±)-Catechin/(+)-catechin was dissolved in ACN and AA was selected as the 

functional monomer owning to the carbonyl group and amide groups that are favorable 

for hydrogen-bonding interaction with the five hydroxyl groups contained in catechin in 

the solvent.174 The sonication process prior to polymerization facilitates the formation of 

stable donor-receptor complex between templates and functional monomer that leads to 

well-defined binding sites in the MIP matrix as shown in Scheme 3.1. The addition of the 

cross-linker, MAAM, was to ensure strong network and robustness of the polymers. 

Upon removal of the template molecule, specific imprinting sites were revealed and able 

to selectively rebind (±)-catechin/(+)-catechin. The bulk polymers were further crushed 

and grounded into small particles to ease the incorporation with GCE. 

SEM is a suitable method to observe the morphology of MIPs and estimate the 

particle size after crushing.175,176 Figure 3.1. shows the SEM image of (±)-catechin MIP 

particles, which presents a globular morphology with aggregated small globules. The 

particle size ranges from 124.5 nm up to 950.6 nm determined by ImageJ. No obvious 

difference was observed between MIPs and NIPs (data not shown). To further ensure that 

the MIPs had been made successfully, FTIR analysis was performed on AA, MAAM, 

MIPs after extraction, and NIPs. Figure 3.2.A shows the FTIR spectrum of AA. Broad 

asymmetric stretching bands of primary amine were found at 3367 cm-1 and 3205 cm-1.174 

A stretching vibration band of carbonyl group was found at 1680 cm-1, suggesting there 

are functional groups in AA to form hydrogen bonding with templates.177,178 In addition, 

the stretching vibration band of alkene group was found at 1615 cm-1.174 The FTIR 

spectrum of MAAM is shown in Figure 3.2.B. A sharp, strong asymmetric stretching 
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vibration band of amine was found at 3310 cm-1, while two other main vibration bands 

were found at 1666 cm-1 and 1628 cm-1, which are assigned as carbonyl stretching and 

alkene stretching. For MIP particles, as shown in Figure 3.2.C, the broad peak situating at 

3406 cm-1 was attributed to asymmetric stretching of N-H in amine. At 1668 cm-1, the 

strong stretching vibration peak of carbonyl group suggests that there are functional 

groups left in the polymer network to interact with the hydroxyl groups of catechin, thus 

rebind targets. The disappearance of stretching vibration band of alkene groups at either 

1615 cm-1 or 1628 cm-1 indicates completion of polymerization. The spectrum of NIP 

particles shown in Figure 3.2.D was identical with that of MIP particles, suggesting the 

complete removal of catechin after extraction. The FTIR results confirm that the 

polymerization reaction took place and was complete, and there were functional groups 

in the MIPs that would interact with targets via carbonyl groups and amine groups. 

 

3.3.2 Optimization of Monomer to Template Ratio (M/T) for Detection of (±)-Catechin 

In non-covalent MIP system, there are monomer-template complexes formed in the 

pre-polymerization solution. Because of the nature of non-covalent bonding, there is 

equilibrium between individual molecule and the complexes that determines assembly of 

complexes. Complexes formation is directly related to the number and quality of the MIP 

binding sites, thus M/T in the pre-polymerization mixture is found particularly important. 

Low M/T provides MIP particles with insufficient functional groups to bind targets, 

while a too high M/T, with the extreme case being a NIP, yields non-selective binding. 

(±)-catechin MIPs with varied M/T in the pre-polymerization solution were synthesized 

and their corresponding current responses to 300 µM (±)-catechin were tested 
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individually using chronoamperometry. The inset of Figure 3.3.A shows that a maximum 

current was obtained when the M/T is 6, which agrees with the results observed in 

previous literature.174 Therefore, a ratio of 6 was proven to provide the highest sensitivity 

to target molecule. 

 

3.3.3 Electrochemical Responses of MIP/GCE 

Figure 3.3.A shows the chronoamperometric responses of (±)-catechin MIP/GCE to 

(±)-catechin by the comparison with NIP/GCE. Measurements were carried out with 

MIP/GCE (Figure 3.3.A black trace) and NIP/GCE (Figure 3.3.A red trace) by successive 

additions of (±)-catechin aliquots in PBS at pH 7.4. In each case, the potential was 

stepped from -0.10 V to a value of +0.40 V. At MIP/GCE, the oxidation currents 

achieved steady-state within 30 s after each aliquot was introduced and increase with the 

increase of (±)-catechin concentration in PBS. As expected, there was no current 

response at the NIP/GCE, which indicates a complete coverage of NIP on the surface that 

blocked electron transfer. The calibration curve shown in Figure 3.3.B (black trace) 

revealed a linear relationship with (±)-catechin concentration in the range from 10 to 70 

µM and the currents tend to reach saturation at high concentration range, indicating that 

the imprinting sites were almost occupied by (±)-catechin molecules.  

 

3.3.4 Selectivity Study 

The selectivity of the (±)-catechin MIP/GCE sensor toward (±)-catechin was 

evaluated by testing its current response against interference molecule, HQ. The 

concentration dependent current response of single component solutions of (±)-catechin 
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(black trace) and HQ (blue trace) are shown in Figure 3.3.A. HQ only showed detectable 

current starting at 100 µM. When [(±)-catechin] = 300 µM, the current response of HQ 

(Figure 3.3.A blue trace and Figure 3.3.B blue trace) was only 11.7% of the (±)-catechin 

current response. The results indicate that the MIP/GCE sensor has binding preference to 

the template molecules. The low current responses at higher HQ concentrations were 

likely due to the hydroxide groups in HQ that can form hydrogen bonding with the 

functional groups in the MIP matrix and its smaller size than that of (±)-catechin. Thus 

small amount of this structurally similar compound was transported through the cavities 

of the MIP particles to reach at the GCE surface where it can be oxidized. To further 

ensure the selectivity of the cavities in MIP matrix, a second experiment was carried out 

using chronoamperometry by injecting aliquots of HQ and (±)-catechin solutions 

alternatively into the same PBS. The concentration of HQ in PBS was ranging from 0 to 

120 µM while the concentration of (±)-catechin was from 0 to 70 µM. The results were 

shown in Figure 3.4. At the initial stage, only aliquots of HQ solution were injected into 

the stirred PBS solution and no current response was detected. A current was produced 

immediately when an aliquot of (±)-catechin solution was injected into the PBS and 

aliquots of HQ and (±)-catechin were injected alternatively after then. As expected, the 

oxidation current of (±)-catechin increases with the addition of (±)-catechin, while HQ 

only produces small current responses only after 90 µM in PBS that agrees with the result 

in the individual test. These two lines of investigation confirm the outstanding selectivity 

of MIP/GCE sensor for (±)-catechin over potentially interfering compound. In plant 

samples, HQ and other phenolic and polyphenolic compounds present at low 
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concentrations compared to catechin.145 Thus the interference from HQ and similar 

compounds for catechin detection is not significant in real sample.145 

 

3.3.5 Detection of Chiral Catechin 

The (±)-catechin MIP/GCE sensor was demonstrated to work well for detecting 

template molecules and showed excellent selectivity toward targets against potential 

interferent, such as HQ. Because the chronoamperometric measurements were done 

under constant stirring, the noise of current is fairly large and not ideal for quantitative 

analysis. On the other hand, Cyclic voltammetry is potentially a good method of choice 

for precise analysis and would reveal the binding affinity of target molecules within the 

cavities of MIPs. To test the feasibility, Cyclic voltammetric measurements were 

performed right after the chronoamperometry measurements for (±)-catechin. MIP/GCE 

and NIP/GCE were taken out from the PBS and gently washed with DI water to remove 

unspecifically absorbed (±)-catechin molecules. Cyclic voltammograms (CV) at 

MIP/GCE (black trace) and NIP/GCE (red trace) shown in Figure 3.5. were recorded in a 

(±)-catechin free PBS at pH 7.4. For the MIP/GCE, a quasi-reversible redox peak with 

the peak potential difference of 134 mV vs Ag/AgCl was observed, while almost no 

electrochemical response could be seen for the NIP/GCE. These results confirm that 

selective binding sites were created in the MIP matrix for rebinding of (±)-catechin and 

the bindings of target molecules were fairly tight. The inset of Figure 3.5. demonstrates a 

linear relationship between the anodic peak current of (±)-catechin and scan rate, proving 

that the (±)-catechin molecules were situating in the cavities upon rebinding. Therefore, 

given the inspiration of tight binding of catechin molecules in the cavities, cyclic 
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voltammetry was the method of choice for chiral catechin detection to obtain more 

quantitative results. 

To test the performance of the MIP/GCE sensor in more challenging settings, (+)-

catechin MIPs were synthesized for detection of (+)-catechin in a (±)-catechin solution 

and determination of the relative amount of two enantiomers in the mixed sample. An 

accumulation step was introduced to obtain a better sensitivity of the MIP/GCE 

sensor.53,179 The (+)-catechin MIP/GCE sensor was preconcentrated in a stirring PBS at 

pH 7.4 containing 144 µM (+)-catechin before measurement. After gently washing with 

DI water to remove physisorbed molecules, current was measured using cyclic 

voltammetry. A typical CV of the sensor’s response to (+)-catechin is shown in the inset 

of Figure 3.6. A pair of quasi-reversible redox peaks indicates the rebinding of chiral 

catechin in cavities. Figure 3.6. shows the change of the anodic peak current with the 

preconcentration time. The anodic peak current increased significantly with the increase 

of preconcentration time at the initial stage, and a stable response was obtained after 4 

min, suggesting that the adsorption equilibrium was reached. Therefore, the 

preconcentration time of 4 min before measurement was proven to give the strongest 

electrochemical response. 

The ability of (+)-catechin MIP/GCE sensor for detection of (+)-catechin in a 

mixture of (±)-catechin with unknown enantiomers ratio was further tested using optimal 

conditions. The sensor was preconcentrated in PBS with 72 µM (+)-catechin, 72 µM (±)-

catechin, and 72 µM (+)-catechin with 72 µM (±)-catechin, respectively and the CVs 

were recorded after gentle washing. 72 µM was the choice of testing concentration 

because it was reported as the useful limit of detection for naturally produced catechin 
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while studying its phytotoxicity effects.149,180 Figure 3.7.A shows the representative CVs 

on (+)-catechin MIP/GCE. A pair of quasi-reversible redox peaks of catechin appeared 

after preconcentration with 72 µM (+)-catechin only (black trace). After preconcentration 

with a soluton of 72 µM (+)-catechin with 72 µM (±)-catechin, the anodic peak current 

increased slightly (red trace). The sensor incubated with just 72 µM (±)-catechin showed 

the smallest current response (blue trace). A summary of anodic peak currents 

corresponding to three testing solutions from multiple measurements was shown in 

Figure 3.7.B. The current response of the (+)-catechin MIP/GCE sensor to 72 µM (+)-

catechin is about 4 times larger compared with the one to 72 µM (±)-catechin, and the 

anodic peak current to the mixture of 72 µM (+)-catechin with 72 µM (±)-catechin is 

only 1.20 times larger than the one to 72 µM (+)-catechin solely. This is possibly caused 

by the specificity of (+)-catechin imprinted binding sites since just (+)-catechin 

molecules were present during the polymerization. Therefore, after removal of templates, 

the polymer only holds cavities complimentary to (+)-catechin. Only a small portion of 

(+)-catechin presents in the mixed (±)-catechin sample of 72 µM, which results in a 

corresponding small amount of current response compared with pure (+)-catechin of 72 

µM. (-)-Catechin molecules can not bind to the cavities because of the different stereos. 

Therefore, only (+)-catechin molecules could rebind and trapped in the cavities. 

Furthermore, the molar ratio of (+)-catechin to (-)-catechin in the unknown (±)-catechin 

sample was determined to be 1: (4.31±1.54) based on the CV results, which agrees very 

well with the number determined by LC-MS that is 1: (3.95±1.58)158 showed in Figure 

3.7.C. This result indicates that the (+)-catechin MIP/GCE sensor has stereoselectivity 
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and is capable of detection of chiral catechin quantitatively in a mixture of enantiomers 

without the need of separation. 

 

3.4 Conclusions 

In this work, we have successfully demonstrated a simple, direct, and fast 

MIP/GCE sensor for detection of chiral catechin in enantiomers mixture without 

separation. MIP particles were prepared and grafted onto a GCE using agrose gel. (±)-

Catechin MIP/GCE was first fabricated to validate the sensitivity of the sensor to target 

and its great specificity toward template molecules against potential interferent, HQ. 

Moreover, (+)-catechin MIP/GCE was prepared to detect (+)-catechin in (±)-catechin 

solution and the ratio of (+)-catechin to (-)-catechin was determined based on CVs and 

confirmed by LC-MS. The sensor showed good stereoselectivity and it is promising in 

the use of fast determination of relative amount of two enantiomers in natural products. 

This is significant in studying distinct functions of enantiomer separately on site at a low 

cost. Finally, this sensing strategy is general in nature, and can be extended to the 

development of chiral sensors for other electroactive molecules. 

 
 
 
 
 
 
 
 
 



- 62 - 
 

Scheme 3.1 
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Figure 3.1. SEM image of the (±)-catechin imprinted polymer particles. particle size: 

124.5nm to 950.6nm determined by ImageJ. 
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Figure 3.2. FTIR spectra of AA (A), MAAM ( B), extracted MIP (C), and NIP (D). 
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Figure 3.3. (A) Typical current response curves of (±)-catechin (black trace) and HQ 

(blue trace) with increasing concentrations at (±)-catechin MIP/GCE and response of (±)-

catechin at NIP/GCE (red trace) in 0.1 M PBS with stirring at a constant potential of 0.4 

V, pH at 7.4. The inset shows effect of M/T on the chronoamperometric response of the 

(±)-catechin MIP/GCE to 300 µM (±)-catechin in 0.1 M PBS, pH at 7.4. (B) Calibration 

curves for (±)-catechin (black trace) and HQ (blue trace) on (±)-catechin MIP/GCE and 

(±)-catechin on NIP/GCE (red trace) obtained by i-t curves in Fig. 3.3.A. 
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Figure 3.4. The chronoamperometric current responses of (±)-catechin against HQ on 

(±)-catechin MIP/GCE in 0.1 M PBS with stirring at a constant potential of 0.4 V, pH at 

7.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 



- 67 - 
 

 
 

Figure 3.5. Cyclic voltammograms of (±)-catechin on MIP/GCE (black trace) and 

NIP/GCE (red trace) in 0.1 M catechin-free PBS, pH at 7.4 after gently washing 

following the chronoamperometric experiment. Scan rate: 50 mV/s. The inset shows the 

effect of the scan rate on the anodic current of (±)-catechin on MIP/GCE in 0.1 M PBS, 

pH at 7.4. Scan rate: 10, 20, 50, 100, 150, 200 mV/s. 
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Figure 3.6. Effect of preconcentration time on the anodic current of the (+)-catechin 

MIP/GCE to 144 µM (+)-catechin in 0.1 M PBS, pH at 7.4. Scan rate: 50 mV/s. The inset 

shows a typical cyclic voltammogram of 144 µM  (+)-catechin on (+)-catechin MIP/GCE 

in 0.1 M PBS after preconcentration step, pH at 7.4. Scan rate: 50 mV/s. 
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Figure 3.7. (A) Representative cyclic voltammograms of 72 µM (+)-catechin, 72 µM 

(±)-catechin, and 72 µM (+)-catechin together with 72 µM (±)-catechin on (+)-catechin 

MIP/GCE in 0.1 M PBS after 4 min of preconcentration, pH at 7.4. Scan rate: 50 mV/s. 

(B) Average anodic peak currents of the (+)-catechin MIP/GCE to 72 µM (+)-catechin, 

72 µM (±)-catechin, and 72 µM (+)-catechin together with 72 µM (±)-catechin based on 

three different measurements. Preconcentation time is 4 min before each measurement. 

(C) Representative liquid chromatogram showing the enantioselective separation of (±)-

catechin. The inset confirms the mass of (±)-catechin. 
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Chapter 4 

Electrochemical Sensors Based on Molecularly Imprinted Polymers Grafted onto 

Gold Electrodes Using Click Chemistry 

 

4.1 Introduction 

The development of sensors for the detection of toxic compounds in the 

environment and in foodstuffs has received increasing attention in recent years.181-185 In 

addition, numerous electrochemical metabolic and immunoassays are based on the 

detection of small molecules such as hydrogen peroxide and electron transfer mediators 

such as hydroquinone.186 Biological molecules, ranging from enzymes to antibodies, are 

frequently used as the molecular recognition element in these devices, owing to their high 

sensitivity and selectivity. The challenge of employing biomolecules in practical devices, 

however, lies in the high cost, complicated preparation and handling, and poor long-term 

chemical stability of many of these molecules.162,163 Molecularly imprinted polymers 

(MIP) are synthetic materials, which are widely used as biomimetic molecular 

recognition elements due to their low cost, ease of preparation, and robustness.59,164,165,187-

191 The synthesis of MIPs involves the formation of template–monomer assemblies 

through covalent and/or non-covalent interactions, followed by copolymerization with the 

aid of a cross-linking agent. Upon removal of the template, binding sites that are 

complementary in shape, size, and functionality to the analyte are revealed.162, 166,167,177 A 

large number of read-out methods for MIP-sensors, including piezoelectric,168,169 
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optical,170,171 and electrochemical methods54,71,173 have been developed in the past 

decades. Among these detection methods, electrochemical approaches, especially 

amperometric methods, are often the easiest and most economic way to fabricate a 

commercial MIP-sensor.54,172  

A key aspect in the design of a MIP-sensor is the efficient integration of the 

polymer with the signal transducer.55,71 In the case of amperometric sensors, the 

conventional approach is to deposit ready-made MIP particles onto the electrode, and 

stabilize them with an agarose gel.72 However, there are many drawbacks in using this 

approach, such as a low density of recognition sites inside matrix particles obtained via 

crushing and grinding, and a high diffusion barrier for the analytes through the agarose 

binder. These factors lead to slow binding site accessibility and low binding 

capacity.167,73-75 A surface chemistry approach, such as the direct grafting of thin MIP 

films onto an electrode surface, could in principle overcome some of the limitations 

associated with conventional methods and achieve good site accessibility and faster mass 

transfer characteristics.168,169,76,192-195 Direct electropolymerization of MIPs is another 

promising approach to better integration of MIPs to electrode surfaces.77 

The use of self-assembled monolayers (SAMs) to immobilize monomers or 

initiators onto a sensor surface is attractive because these systems are very well-

characterized, and are compatible with many miniaturization and surface patterning 

strategies.78,79 Surface modification with functionalized monolayers has typically been 

accomplished by the chemical modification of the surfactant prior to the self-assembly 

step, which can result in low yields and limited applicability. On the other hand, the 

surface “click” chemistry (i.e., the Cu(I)-catalyzed azide-alkyne cycloaddition reaction), 
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introduced by Sharpless and co-workers196 and Chidsey and coworkers,78,79,196 offers a 

powerful surface modification strategy because of its fast kinetics, high reaction yields, 

and ease of monitoring by routine surface characterization techniques.80,196-198 In addition, 

core–shell MIP particles and water soluble MIPs have been prepared using a ‘click 

chemistry’ approach.199,200 

In this study, we report a simple and straightforward three step synthetic strategy 

for grafting thin MIP films directly onto the surface of Au electrodes that employs a 

novel ‘clickable’ selfassembled monolayer/monomer system. In the first step, a two 

component SAM containing an azo-terminated thiol is formed. In the second step, 

propargyl acrylate is ‘clicked’ onto the SAM. In the third step, the desired MIP is 

polymerized directly on the Au surface using conventional UV initiated radical 

polymerization. In this study, hydroquinone was chosen as a model analyte for the 

purpose of demonstrating the suitability of these grafted imprinted polymers for sensing 

applications. 

 

4.2 Experimental 

4.2.1 Materials and Reagents 

Hydroquinone (HQ) (99+%, Sigma–Aldrich), acrylamide (99+%, Sigma–Aldrich), 

N,N’-methylenebis(acrylamide) (MAAM) (99%, Sigma–Aldrich), NaN3 (99.5+%, 

Sigma–Aldrich), methanesulfonyl chloride (99.7+%, Sigma–Adrich), (+)-sodium l-

ascorbate (99+%, Sigma), CuSO4·5H2O (99+%, Sigma–Aldrich), propargyl acrylate 

(98%, Aldrich), potassium ferricyanide (KFCN) (99%, Sigma–Aldrich), (L)-ascorbic acid 

(99+%, Sigma), 1-decanethiol (99%, Aldrich), 11-bromo-1-undecanol (99+%, Fluka), 



 - 73 - 

azobisisobutyronitrile (AIBN) (98+%, Fluka), catechin (98.5+%, Fluka), triethylamine 

(99.7%, Acros Organics), potassium thioacetate (98%, Acros Organics), and serotonin 

(99%, Acros Organics) were used as received. Azidoundecanethiol (ADT, N3(CH2)11SH) 

was synthesized according to the literature procedures.78 NaH2PO4·H2O (98–102%, 

Sigma–Adrich) and Na2HPO4 (99+%, Sigma–Adrich) were used to prepare 0.1 M 

phosphate buffer solution (PBS) at pH 7.4. Acetonitrile (ACN), methanol, acetic acid, 

and ethanol (all HPLC grade) were from commercial sources and used as received. 

Millipore-Q purified de-ionized (DI) water (18.2 MΩUcm−3) was used to prepare all 

solutions and to rinse electrodes. 

 

4.2.2 Fabrication of Coated-On MIP Sensors 

The synthesis of hydroquinone (HQ) molecularly imprinted polymers was adapted 

from the literature procedure.173 22 mg HQ and 56.9 mg acrylamide were dissolved in 20 

mL acetonitrile and the mixture was sonicated for 10 min. Then, 493.3 mg MAAM and 

10 mg AIBN were added to the solution while stirring. The temperature was increased 

from room temperature to 70 ◦C and maintained at 70 ◦C for 24 h under N2. After 

polymerization, the product was collected by centrifugation at 5000 rpm for 10 min. The 

collected polymer material was washed with methanol/acetic acid (9:1, v/v) to extract HQ 

until it could no longer be detected in the eluent by UV–vis spectrophotometry. The 

extracted polymer was rinsed with ethanol 3 times to remove any remaining acetic acid 

and then dried in a vacuum desiccator overnight. The resulting bulk polymers then were 

crushed and ground to yield white particles. The non-imprinted polymer (NIP) used in 

control measurements was prepared in the same way, but in the absence of the HQ. To 
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fabricate the coated-on MIP and NIP sensors, 1 mg MIP was dispersed in 0.5 mL 

methanol with sonication for 20 min. Then 10 µL of the MIP suspension was spin-coated 

on the clean Au electrode surface and dried at room temperature. Then 10 µL of 1 wt% 

agarose aqueous solution was overlaid on the above electrode surface till the 

accomplishment of complete gelling. 

 

4.2.3 Fabrication of the Click-On MIP Sensors 

Au substrates were polished to a mirror finish using an aqueous slurry of 0.05 µm 

alumina particles and then washed with water and ethanol in an ultrasonic cleaner. The 

Au electrode was then immersed in fresh piranha solution (H2SO4/H2O2, 3:1) for about 5 

min, rinsed with DI water, and dried under nitrogen gas. Caution: Piranha solution is 

dangerous to human health and should be used with extreme caution and handled only in 

small quantities. The Au electrode was then subjected to 100 oxidation–reduction cycles, 

scanning between −0.5 and 1.5 V in 0.1 M HClO4 at 0.1 Vs−1. Self-assembled 

monolayers were formed by immersing the clean Au electrode in 200 µL of an ethanolic 

solution that was 1 mM decanethiol and 2 mM 1-azidoundecan-11-thiol for 24 h.201 The 

SAM/Au electrode was rinsed in ethanol and water and dried in a stream of flowing N2 

prior to being transferred for 18 h to a 2 mM propargyl acrylate (PA) solution (solvent, 

3:1 ethanol:water) that also contained 10 mol% sodium ascorbate and 5 mol% 

CuSO4·5H2O. The reaction chamber was covered with aluminum foil and stored inside a 

darkened drawer for the duration of the reaction in order to prevent photo-oxidation of 

the monolayer. After reaction, the monomer/SAM/Au electrode was rinsed with ethanol 

and water repeatedly to remove any physisorbed PA. Next, 10 µL of MIP reagent 
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solution (1.1 mg HQ, 24.7 mg MAAM, and 3.3 mg AIBN in 1 mL ACN) was applied to 

the electrode by spin coating. Polymerization was carried out by applying UV light (365 

nm) to the electrode surface for 1 h.54 Finally, HQ was removed by exposing the 

electrode to a DI water and methanol flux. Scheme 4.1 summarizes the procedure used to 

prepare the MIP/SAM/Au electrodes. Non-imprinted polymer films were prepared under 

identical conditions to those used for the MIPs in the absence of HQ. 

 

4.2.4 Raman Spectroscopy 

Raman spectroscopy was performed using the 514 nm line (20 mW) from an air-

cooled argon ion laser (model 163-C42, Spectra-Physics Lasers, Inc.) as the excitation 

source. Raman spectra were collected and analyzed using a Renishaw in via Raman 

microscope system.202 

 

4.2.5 Electrochemical Measurements 

All electrochemical measurements were carried out at room temperature using a 

three-electrode set-up in a home built glass cell (20 mL total volume). The supporting 

electrolyte was 0.1 M PBS (pH 7.4), the reference electrode was Ag/AgCl(sat) 

(Bioanalytical Systems, Inc.), and the counter electrode was Pt gauze (A = 0.77 cm2). The 

working electrode was an Au disk (d = 0.15 cm, A = 0.018 cm2). Before electrochemical 

measurements, the solution was purged with N2 for 5 min. The electrochemical circuit 

was controlled using an Epsilon electrochemistry workstation (Bioanalytical Systems, 

Inc.). Cyclic voltammograms were recorded between −0.1 V and 0.6 V using a scan rate 

of 100 mVs−1. Amperometric measurements were carried out by stepping the potential to 
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0.4 V to ensure complete oxidation of HQ. The concentration of HQ in the bulk solution 

was varied from 0 to 200 µM. The solution was stirred after each addition of HQ and then 

held without disturbance for 200 s to make chronoamperometric measurements. 

Selectivity among structurally related analogs was also studied by using 

chronoamperometry. The current response of MIP/SAM/Au electrodes to catechin, (L)-

ascorbic acid, and serotonin at various concentrations were tested both individually and 

in the presence of 30 µM HQ. In all cases, data were collected from three or more 

different sensors and were measured at least twice from each individual sensor. 

 

4.2.6 Profilometry 

Profilometry measurements were performed using a Tencor Instruments Alpha Step 

200 instrument. 

 

4.3 Results and Discussion  

4.3.1 Preparation and Characterization of Clicked-On MIP Sensors 

The three-step synthesis based on the Sharpless ‘click’ reaction used in this study to 

covalently attach thin molecularly imprinted polymer (MIP) films to Au electrodes is 

illustrated in Scheme 4.1. Raman spectroscopy was employed to monitor the outcome of 

the click reaction on the SAM surface as well as the formation of the grafted MIP thin 

films on the monomer modified Au electrodes. Figure 4.1. shows the Raman spectra of 

the SAM-modified Au electrode before and after clicking propargyl acrylate to the 

surface. The asymmetric azide stretching mode at 1251 cm−1 is distinctly observed in the 

spectrum of the mixed SAM. After carrying out the click reaction, a new band appears at 
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1507 cm−1 which we assign as the triazole ring stretching mode. Comparison of the two 

Raman spectra clearly shows the decrease of the azide stretching band and the increase of 

the triazole ring stretching band, and indicates that the monomer molecules were 

successfully clicked onto the azidoundecanethiol modified Au surface.  

To evaluate damage to the SAM caused by the ‘click’ reaction step, we used Au 

oxide stripping voltammetry to measure the surface area of Au exposed to solution after 

completion of the ‘click’ procedure. The integrated area of the Au oxide stripping peak is 

2.1 µCcm−2. Using Faraday’s law and the known packing density of Au, we calculate that 

this corresponds to about 0.05 monolayer.202 That is, ∼5% of the SAM was lost during the 

click reaction and ∼95% of the SAM remains intact. Representative voltammetric data are 

included as an inset to Figure 4.1. The Raman spectrum of the MIP membrane grafted 

onto an Au surface is compared with the spectrum of MIP particles prepared by solution 

polymerization that were drop coated onto an Au surface in Figure 4.2. For the MIP 

particles drop coated onto Au, the spectrum shows bands at 1584 cm−1, 1452 cm−1, and 

1345 cm−1, which are assigned to the following vibrations: carbonyl stretching, C–H 

inplane bending, and C–O bending.203-205 The Raman spectrum of the MIP membrane 

grafted on the surface showed similar bands at 1598 cm−1, 1456 cm−1, and 1350 cm−1, 

with an additional band at 1500 cm−1 that is assigned to the triazole ring stretching mode 

as noted previously.206-208 The observation of the triazole ring stretch in this spectrum 

indicates that the monomers clicked on the surface were not displaced by the subsequent 

polymerization step. These results confirm the formation of MIP on the surface through 

our synthetic strategy. 
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4.3.2 Amperometric Detection of Hydroquinone 

Comparison of the cyclic voltammetric response of the clicked-on MIP sensors 

before and after washing confirms that HQ molecules were indeed embedded in the MIP 

thin film during the polymerization step (Figure 4.3.). More specifically, the cyclic 

voltammogram of the as-prepared clicked-on MIP sensor displays a pair of quasi-

reversible redox waves centered at ca. +0.20 V with a peak potential difference (∆Ep) of 

117 mV (solid line). In addition, the ratio of the anodic and cathodic peak currents is 

approximately 1:1. After the extraction of HQ, the voltammetric signal disappears (dotted 

line) and is similar to the response of the clicked-on NIP electrode (dashed line). It should 

be noted that these electrochemical measurements were carried out in a HQ-free solution. 

These results indicate that the HQ molecules embedded in the MIP membranes could be 

efficiently removed from the imprinted polymer membranes by washing with a water and 

methanol flux.  

Figure 4.4. shows the results of chronoamperometric experiments performed using 

both a clicked-on MIP sensor and the corresponding clicked-on NIP electrode (inset). 

The concentration of HQ was increased stepwise from 0 to 200 µM. In these 

measurements, the potential was stepped from −0.1 V to 0.4 V. The amperometric I–t 

curves showed large current responses in the case of the clicked-on MIP sensor, and the 

current increases linearly with the increase of the HQ concentration. This suggests that 

cavities complementary to HQ were produced inside the MIP membrane after the 

removal of template HQ molecules. The porosity of the MIP membranes allows the 

rebinding of HQ molecules and promotes the redox reaction of HQ on the electrode 

surface. As expected, almost no current response was observed with the clicked-on NIP 
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electrode, which demonstrates the excellent coverage of the non-conducting acrylic 

polymer membrane on the surface that completely blocks electron transfer processes in 

the absence of imprinted pores. Moreover, the current responses were found to be very 

reproducible, which suggests the MIP membranes are quite stable. 

We also tested the current responses of sensors prepared by the conventional coat-

on method. For these experiments, MIP and NIP particles were synthesized by solution 

polymerization, keeping the concentration ratio of template, monomer, and cross-linker 

the same as what was used in the fabrication of the click-on polymer films. In addition, in 

an effort to keep the total amount of polymer approximately the same, the volume of 

polymer suspension drop-coated onto the Au electrode was kept as close as possible to 

the volume of the MIP reaction solution used for the surface polymerization reaction (see 

Section 4.2 for details). 

Figure 4.5. shows the calibration curves constructed using the amperometric data 

just discussed. From the slope of the calibration curves, the sensitivity for each electrode 

was obtained. For the clicked-on MIP sensor, the sensitivity was found to be 113±5 

mAcm−2M−1, while the sensitivity of the coated-on MIP sensor was 40±2 mAcm−2M−1, a 

difference of a factor of three. It should be noted that the slope of the calibration curve for 

the clicked-on MIP sensor appears to decrease slightly above [HQ]∼15 µM. The origin of 

this behavior is not fully understood at this time, but is consistent with the existence of a 

finite density of pores inside the MIP. This would be expected to lead to mass transfer 

limitations at higher HQ concentrations, with a corresponding drop in sensitivity, 

consistent with our observations. The sensitivity reported above is the average value of 

the two slopes. Finally, the detection limit of the clicked-on MIP sensor was calculated to 
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be 1.21±0.56 µM based on 3σ of the blank signals, while the detection limit of the 

coated-on MIP sensor was 4.43±0.40 µM; that is, 3.7 times higher than that of the 

clicked-on MIP sensor. 

The diffusion coefficient (D0) is a useful parameter for studying mass transfer 

phenomena at a surface modified electrode. When the current reaches a steady-state value, 

D0 can be calculated using the Cottrell equation.209 D0 for HQ measured using the 

clicked-on MIP sensor was found to be (2.19±0.83)×10−5 cm2s−1, in good agreement with 

the diffusion coefficient in aqueous electrolyte (2.26×10−5 cm2s−1) measured 

previously.210 In contrast, the HQ D0 measured at the coated-on MIP sensor was found to 

be (6.75±1.63)×10−6 cm2s−1, a factor of 3.2 times smaller than what was measured using 

the clicked-on MIP sensor. These comparisons suggest that the higher sensitivity, lower 

detection limit and faster diffusion observed at the clicked-on MIP sensor should be 

mainly attributed to two factors: (i) the surface imprinting technique provides a large 

population of binding sites which improves the binding capacity of the sensor; (ii) the 

‘click-on’ imprinting strategy does not require the use of a supporting agarose gel layer, 

lowering the mass transfer resistance. The gel layer impedes the diffusion of HQ into the 

recognition sites contained within the MIP, and slows down the apparent electron transfer 

rate.20 To test the importance of hypothesis (ii), film thicknesses were measured using 

profilometry, were found to be 1.1±0.3 µm, 1.4±0.3 µm, and 5.0±0.3 µm, respectively, 

for the ‘click-on’, ‘coat-on’ and ‘coaton’+ agarose samples. In all cases, we measured 

thickness values from multiple spots on multiple samples and averages are reported. 

From this data, the thickness of the agarose layer is estimated to be ca. 3.6 µm. Finally, 
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the detection limit achieved using the ‘clicked-on’ system is sufficiently low for many 

practical applications, as the suggested exposure level of for HQ in water is 1.82 µM.211 

 

4.3.3 Selectivity Study 

The selectivity of the clicked-on MIP sensor toward HQ was evaluated by testing its 

current response against three model interfering compounds (Scheme 4.2), including 

catechin, (L)-ascorbic acid (AA), and serotonin, as a function of concentration. The 

concentration dependent current response of single component solutions of hydroquinone 

and the three model interferents are shown in Fig. 4.6. In each case, the potential was 

stepped from −0.10 V to a value of +0.4 V as in previous experiments. Serotonin and AA 

show detectable current responses at concentrations near 10 µM, while for catechin, 

measurable currents were observed only at 100 µM. When [HQ] = 150 µM, the current 

response of catechin, AA, and serotonin were 1.28%, 11.6%, and 9.82%, respectively, of 

the HQ current response. This behavior is likely due to the transport of small amounts of 

these structurally similar compounds through the cavities of the imprinted membrane to 

reach at the Au electrode surface where they can be oxidized. This hypothesis is 

supported by the observation that AA, which is the molecule that is most similar to HQ 

with respect to both its functional groups and size, gave the highest interfering current. 

On the other hand, while serotonin is smaller size than HQ, but its functional groups are 

quite dissimilar, leading to a lower interfering current. The functional groups of catechin 

are similar to HQ, but its large size limits its ability penetrate into the cavities. The 

selectivity of the ‘clicked-on’ MIP sensor represents a significant improvement compared 
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to the ‘coat-on’ strategy, for which the response of interferents was found to be greater 

than 40% of the target analyte signal.173 

In a second series of experiments, the selectivity of the ‘clicked-on’ MIP sensor in a 

solution containing 30 µM HQ was tested in the presence of different concentrations of 

catechin, AA, and serotonin. The selectivity was evaluated by calculating the current 

ratio (IHQ+i/IHQ), where IHQ+i and Ii are the amperommetric currents in the presence and 

absence of interfering compounds, respectively. As shown in Fig. 4.7., a 2-fold excess of 

catechin, AA, and serotonin over HQ results in only minor changes of the current ratio, 

which varied from 1.09 to 1.19. On the other hand, a 5-fold excess of interfering species 

over HQ resulted in current ratios that ranged from 1.22 to 1.34. In the case of all three 

interferents, the magnitude of interfering current was greater in the presence of HQ than 

in its absence (i.e., when compared to the results in Fig. 4.6.). This may be due to the fact 

that the HQ molecules in the test solution facilitate the mass transfer of interfering 

molecules through the sensing membrane, but this phenomenon needs to be investigated 

further. 

These two lines of investigation indicate that the ‘clicked-on’ MIP sensor showed 

outstanding selectivity for HQ over other potentially interfering compounds. Low 

concentrations of HQ corresponding to EPA-specified exposure levels in the environment 

could be detected in a complex matrix without the need of an additional separation step. 

 

4.4 Conclusions 

In this work, we have successfully demonstrated a simple, three-step synthetic 

method to graft thin MIP films onto Au surfaces, and the use of these modified electrodes 
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as amperometric sensors. The key idea is to covalently attach monomer molecules to a 

SAM using click chemistry. From there, direct polymerization of the MIP membrane on 

the electrode surface is straightforward. This approach allows us to achieve a sufficiently 

high density of molecularly imprinted sites for sensitive measurements without 

significant loss of specificity. In addition, our method eliminates the need for an agarose 

adhesion layer, which leads to improved mass transfer of the analyte to the electrode. 

This is borne out by the fact that the sensitivity of the clicked-on MIP sensor is about 3-

fold higher than the conventional coated-on MIP sensor, and the detection limit for HQ is 

3.7 times lower than that by the coated-on MIP sensor. Finally, this synthetic strategy is 

general in nature, and can be extended to the development of sensors for other 

electroactive small molecules. 
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Scheme 4.1 
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Scheme 4.2 
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Figure 4.1. Raman spectra of the 1-azidoundecan-11-thiol/decanethiol mixed monolayer 

on Au before (upper trace, solid line) and after (lower trace, dashed line) clicking on 

propargyl acrylate. Excitation wavelength: 514 nm. Inset: gold oxide stripping 

voltammetry reveals that SAM is ∼95% intact after click reaction. See text for details. 
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Figure 4.2. Raman spectra of a MIP membrane clicked onto the Au electrode surface 

(upper trace) and a MIP prepared by solution polymerization drop coated onto the Au 

electrode surface (lower trace). Excitation wavelength: 514 nm. The triazole ring 

stretching mode can clearly be seen at ca. 1500 cm−1 in the spectrum of the ‘clicked’ on 

polymer (upper trace). 
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Figure 4.3. Cyclic voltammetric response of the clicked-on MIP sensor before (solid line) 

and after extraction (dotted line) of HQ. Also shown is the response of a clicked-on NIP 

electrode (dashed line). All data were measured in N2-saturated PBS (0.1 M, pH 7.4) 

electrolyte using a scan rate of 100 mV s−1. 
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Figure 4.4. Chronoamperometric (i vs. t) response of a clicked-on MIP sensor as a 

function of HQ concentration. The potential was stepped from −0.10 V to a value of 

+0.40 V to oxidize HQ; the supporting electrolyte was 0.1 M PBS (pH 7.4). The inset 

shows the response of the corresponding NIP/SAM/Au electrode under identical 

conditions. The HQ concentration was varied from 0 to 200 µM. 
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Figure 4.5. Calibration curves constructed for the clicked-on MIP sensor (filled circles) 

and clicked-on NIP sensor (inset, filled squares) electrodes using the data shown in Fig. 

4.4. The behavior of the coated-on MIP/Au (open circles) and NIP/Au (inset, open 

squares) electrodes are also shown. Average standard deviation values are 5 nA, 2 nA, 

0.5 nA, and 0.2 nA, respectively, for the ‘clicked-on’ MIP, ‘coated on” MIP, ‘clicked-on’ 

NIP, ‘coated on” NIP sensors. 
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Figure 4.6. Current response of the clicked-on MIP sensor to HQ, catechin, AA, and 

serotonin measured individually. Average standard deviation values are 7, 0.4, 1, and 0.4 

nA for these analytes, respectively. 
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Figure 4.7. Current ratio (IHQ + i/IHQ) of the clicked-on MIP sensor measured in a 30 µM 

HQ solution in the presence of varying concentrations of catechin, AA, and serotonin. 

Average standard deviation values are 0.03, 0.05, and 0.03 for these interferents, 

respectively. 
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Chapter 5 

Bipolar Electrochemical Oxygen Sensor using Quenching of the Electrogenerated 

Chemiluminescence (ECL) as a Photonic Reporter 

 

5.1 Introduction 

Electrochemical detection is predominant in sensor development and applications in 

market. Traditionally, the electrochemical measurement is based on a three-electrode 

configuration. One working electrode is employed in the system which just allows for 

detection of single analyte.84,85 In addition, the current readout requires a direct electrical 

connection with the working electrode that makes the integration with miniaturized 

systems difficult. Over the past decade, a wireless technology, bipolar electrochemistry, 

has emerged to provide a promising approach for integration of electrochemistry with 

lab-on-a-chip systems and it has potential for simultaneous detection of multiple analytes 

by employing an array of microelectrodes.83 In the bipolar configuration, an electronic 

conductor placed in contact with an conductive phase can act as a bipolar electrode 

(BPE).83 When a sufficiently high external electric field is applied across the BPE, 

faradaic reactions occur at both ends of the electrode.86 A simple power supply or even a 

battery is sufficient to perform the experiment, and no direct electrical connection 

between the BPE and the power supply is needed. Thus, the simplicity and the fact that it 

is a wireless technique make bipolar electrochemistry very attractive.  



- 94 - 
 

Although bipolar electrochemistry has been used in the field of material science,94 

battery technologies,88 and electrosynthesis,89,90 the application of BPE for 

electroanalytical field is very limited. This is mainly due to a lack of readout methods 

because of the difficulty of measuring current flowing through the BPE without a direct 

electrical connection. Several unique approaches for current readout have been reported 

over the past few years. Nyholm97 and coworkers used BPEs to detect electrochemical 

active compounds by applying electrical field to induce bipolar behavior between two Au 

bands. The split design employed realizes direct measurement of the current passing 

through the BPE, but at the cost of complicating the detection system with an external 

electrical connection, which thus limited its applicability in miniaturized systems. A 

report by the group of Crooks98 utilized the electrodissolution of the BPE itself by 

dissolving Ag at the anodic pole once a cathodic sensing event occurs. The amount of Ag 

dissolution provides a permanent record of the state of the BPE sensor. However, this 

method is not compatible with reusable sensors, and requires Ag metal deposition onto 

each BPE prior to detection which potentially decreases the reproducibility of experiment. 

Another popular alternative strategy for detecting faradaic processes at BPEs is to use 

ECL, especially the Ru(bpy)3
2+/co-reactant system,85,99,100 as an indirect reporter of the 

current. ECL does not require an excitation light source and the reaction can be 

performed with a very small sample volume,102 making it ideal for integration with 

simple, yet portable devices at low cost. Moreover, direct detection of ECL just requires a 

CCD camera which allows for real-time monitoring of the detection event. Therefore, the 

marriage of ECL and BPEs has great potential in simultaneously detection of analytes 

with an array of BPEs for a wide range of applications using optical technique.83  
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The ECL-based detection using BPEs has been intensively explored by the group of 

Crooks.83-85,87,100 They proposed that the presence of any electroactive analyte could be 

detected by taking advantage of both poles where the analyte of interest is reduced at the 

cathodic pole, and this reaction triggers light emission at the anodic pole by the 

corresponding oxidation of Ru(bpy)3
2+ and the co-reactant.83 On the other hand, 

competition assay that utilizes the quenching effect by an ECL quencher101,105,212,213 is a 

powerful tool for detection of electrochemically inactive targets ranging from biomedical 

applications to food management. In assays using ECL quenching, the faradic reactions at 

cathodic pole can be simple reductions such as oxygen reduction or hydrogen evolution. 

In addition, the analyte is evolved in the ECL reactions which allows for straightforward 

measurements. One example applying ECL quenching for sensing in traditional 

electrochemical cell was reported by Landers101 and coworkers, in which a quencher is 

attached to a complementary DNA strand and an intramolecular ECL quenching in 

hybridized oligonucleotide strands can be realized for sequence-specific DNA detection. 

Furthermore, effective ECL quenchers can also be the analyte of interest for direct 

detection, such as the measurement of dissolved O2 concentration in aqueous solution. 

However, the investigation of electrochemical sensing using the quenching of ECL in 

bipolar platform is very limited.  

In this work, we report a bipolar electrochemical sensor based on ECL quenching 

for the first time for detection of dissolved O2. Ferrocene methanol (FcMeOH) was first 

employed as an ECL quencher to test the feasibility of using the quenching effect to 

determine the concentration of analytes. The (I0-I)/I values fit the Stern-Volmer equation 

and the quencher rate coefficient kq was determined to be 1.56 × 109 M-1s-1 that is 
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comparable to the value of 3.1× 109 M-1s-1 reported in previous literature.101,214 Using this 

ECL quenching effect, the amount of O2 that dissolved in an initially oxygen-free testing 

solution was evaluated. The intensity of ECL was continuously decreasing with the 

increase of time that allows O2 in air to dissolve in the testing solution. 

Chronoamperometry was then performed to directly monitor the amount of O2 dissolved 

in the testing solution with time and the current from oxygen reduction reaction (ORR) 

increases, indicating an elevated amount of O2. The results confirmed that the reduced 

intensity of ECL was due to quenching by dissolved O2, promising the potential 

application of this method for real-time O2 monitoring in portable devices. More 

importantly, with a big selection of effective ECL quenchers currently available,105-

107,213,215,216 this work opens up the possibilities of applying ECL quenching based on a 

bipolar platform for detection of any analyte with an attached quencher or as the 

quencher itself.  

 

5.2 Experimental  

5.2.1 Materials and Reagents 

Tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate (Sigma-Aldrich), sodium 

oxalate (Na2C2O4) (99.5+%, Sigma-Aldrich), ferrocene methanol (FcMeOH) (99%, 

Sigma-Aldrich) were used as received. HClO4 (70%, Fisher Scientific) was diluted by DI 

water to prepare 1 mM stock solution at pH 3.4. Ethanol, H2O2, and sulfuric acid (all 

HPLC grade) were from commercial sources and used as received. Millipore-Q purified 

de-ionized (DI) water (18.2 MΩUcm-3) was used to prepare all solutions and to rinse 

electrodes.  
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5.2.2 Assembly of Bipolar Device 

A platinum (Pt) rod (lelec = 1.4 cm) was employed as the bipolar electrode (BPE) 

and two pieces of stainless steel foils were used as driving electrodes. Prior to assembly, 

stainless steel foils were polished using an aqueous slurry of 0.05 µm alumina particles 

and then washed with water and ethanol in an ultrasonic cleaner. The Pt-BPE was 

immersed in fresh piranha solution (H2SO4/H2O2, 3:1) for about 5 min, then rinsed with 

DI water, and dried under nitrogen gas. Caution: Piranha solution is dangerous to human 

health and should be used with extreme caution and handled only in small quantities. The 

Pt-BPE was then placed in the center of a glass dish (d = 5 cm) using a double sided tape. 

A glass cover for the glass dish was specially made to maintain an oxygen-free 

environment in the bipolar cell as shown in Scheme 5.1A. Two slips situated on opposite 

sides of the cover were cut to hold the driving electrodes. A small hole was drilled close 

to the anodic side of the BPE, allowing diffusion of O2 into the cell, which was initially 

kept sealed by a piece of black tape to isolate the device from O2 in air.  

 

5.2.3 ECL Measurements 

A testing solution of 5 mM Ru(bpy)3
2+ with 25 mM Na2C2O4 was prepared in 

HClO4 at pH 3.4 and poured into the bipolar cell. The solution was then purged with N2 

for 20 min to exclude O2 and then kept under N2 environment. A FcMeOH solution of 5 

mM was prepared and purged with N2 for 20 min. After applying a potential of 15 V to 

the driving electrodes connected with a power supply, aliquots of FcMeOH was added 

into the testing solution. The concentration of FcMeOH in the testing solution was varied 

from 0 to 2 mM. The ECL signal was measured with a Nikon D3100 SLR digital camera 



 - 98 - 

in a dark room and the image was processed using ImageJ downloaded from NSF website 

to obtain the gray value of light. The O2 quenching experiments were performed 

following the same procedure but without the addition of FcMeOH. Instead, the small 

hole was exposed to air and allowed O2 to dissolve in the testing solution after the black 

sealing tape was peeled off. 

 

5.2.4 Electrochemical Measurements 

Cyclic voltammetry (CV) and chronoamperometry were carried out at room 

temperature using a three-electrode set-up in the same bipolar cell. The supporting 

electrolyte was 1 mM HClO4 (pH 3.4), the reference electrode was Ag/AgCl(sat) 

(Bioanalytical System, Inc.), and the counter electrode was a home-made Pt gauze. The 

working electrode is the Pt rod used in bipolar electrochemistry. Before electrochemical 

measurements, the solution was purged with N2 for at least 20 min. The electrochemical 

circuit was controlled using an Epsilon electrochemistry workstation (Bioanalytical 

Systems, Inc.). Cyclic voltammograms were recorded between -0.2 V and 0.7 V using a 

scan rate of 20 mVs-1. Amperometric measurements were carried out by stepping the 

potential to 0 mV to ensure complete reduction of O2 and held at 0 mV for 1 sec. 

 

5.3 Results and Discussion 

5.3.1 Principle of Operation 

Electrochemical sensing is carried out based on a bipolar platform. The physical 

layout and operation principle of the bipolar configuration used in our approach are 

illustrated in Scheme 5.1. Briefly, an external potential, Etot, is applied to the two driving 
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electrodes situated at both ends of a cell, and the resistance of the electrolyte solution 

results in a linear potential gradient along the cell. The difference in potential between the 

two ends of the BPE, ∆Eelec, is the fraction of Etot dropped across the length of the BPE. 

When ∆Eelec is sufficiently large, electrochemical reactions will occur at both ends of the 

BPE simultaneously. In the configuration designed for our experimental purpose, ECL 

reaction is the most energetically favorable process at the anodic pole of the BPE while 

hydrogen evolution is the most favorable reaction at the cathodic pole of the BPE. The 

intensity of ECL reports the amount of analyte in solution since the analyte, O2 in here, is 

an effective ECL quencher.  

 

5.3.2 Ru(bpy)3
2+ ECL Quenched by FcMeOH 

To test the feasibility of detecting analyte by ECL quenching, a model compound, 

FcMeOH was first employed as the quencher. We chose FcMeOH because it has been 

proven to be an efficient and stable ECL quencher by reacting with excited-state 

Ru(bpy)3
2+ to quench ECL light emission101,217 (Scheme 5.2). Prior to a measurement, the 

testing solution containing 5 mM Ru(bpy)3
2+ and 25 mM Na2C2O4 dissolved in 10 mL pH 

3.4 perchloric acid was deoxygenated with nitrogen gas for 20 min to eliminate the 

possibility of oxygen evolved quenching.218 Etot of 15 V was applied to the driving 

electrodes and ∆Eelec value of 4.2 V was calculated for the BPE 1.4 cm in length using the 

equation ∆Eelec = Etot/dcell × lelec.
83 Under these conditions, a stable and easily detectable 

luminescent signal was recorded by a camera. When aliquots of FcMeOH were injected 

into the testing solution, the intensity of the emitted light was decreasing with the 

increased concentration of FcMeOH as shown in Figure 5.1.A (from top to bottom). 
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Figure 5.1.B shows the gray values of light obtained by ImageJ plotted as a function of 

FcMeOH concentrations. The ECL intensity decreases significantly with the increased 

FcMeOH concentration at the beginning stage and tends to level off at high concentration 

range. When 2 mM FcMeOH was present in the ECL solution, the ECL intensity was 

decreased by more than 67%.  

The results of the concentration-dependent experiments are further presented as 

Stern-Volmer plots for FcMeOH. Sern-Volmer equation is a useful tool for evaluating the 

performance of a quenching phenomenon.215,219,220 The simple expression of the equation 

is I0/I = 1 + kqτ0[Q] = 1 + Ksv[Q] ((I0-I)/I = Ksv[Q] upon rearrangement), where I0/I is the 

observed ratio of luminescence intensity in an unquenched sample to that in a quenched 

one, kq is the quencher rate coefficient, Ksv is the Stern-Volmer constant, τ0 is the 

photoluminescence lifetime of Ru(bpy)3
2+ in the absence of quencher, and [Q] is the 

concentration of the quencher. As illustrated in Figure 5.2., (I0-I)/I is linearly proportional 

to the concentration of FcMeOH indicating a diffusion-limited quenching process. Using 

the (I0-I)/I values from the Stern-Volmer plot for FcMeOH and the photoluminescence 

lifetime of Ru(bpy)3
2+ in the absence of quencher of 589 ns,101 a value for Ksv of 920.6 M-

1, corresponding to a kq of 1.56 × 109 M-1s-1, was determined for FeMeOH. This value is 

about half of the value of 3.1 × 109 M-1s-1 reported by others.101,214 This is possibly due to 

the fact that the quenching experiment is performed using a bipolar configuration rather 

than a traditional three-electrode set-up, and the quencher was added into the ECL 

solution by aliquots but not premixed in the testing solution. The results demonstrate the 

use of ECL quenching in a bipolar cell for detection of any analyte that can act as a 

quencher.  
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5.3.3 Ru(bpy)3
2+ ECL Quenched by O2 

We evaluated the use of ECL quenching and the bipolar platform to monitor the 

concentration of dissolved oxygen. To ensure an oxygen-free environment prior to 

measurements, the testing solution containing 5 mM Ru(bpy)3
2+ and 25 mM Na2C2O4 

was degassed with N2 for at least 20 min and the cell was filled with N2 and isolated from 

air by sealing the inlet on the glass cover with black tape. The ECL generated under N2 

was recorded with a camera and the image was evaluated as the light intensity at 0 sec. A 

stopwatch started running to record time as soon as the black tape was taken off and O2 

was allowed to diffuse into the bipolar cell. The emitted light at different time was 

recorded with the camera. Figure 5.3.A shows that the intensity of ECL was decreasing 

dramatically with time as the dissolved oxygen in the testing solution increases (from top 

to bottom). This is possibly due to the quenching effect of O2 since O2 is believed to be 

an effective quencher for ECL via an energy transfer mechanism221 (Scheme 5.3). The 

intensity of each image was evaluated using ImageJ (Figure 5.3.B) and the gray value of 

the emitted light was plotted as a function of time as shown in Figure 5.3.C. The gray 

value of ECL decreases drastically with time at the initial stage and reaches plateau after 

around 400 sec. At 500 sec, the ECL intensity was decreased by 92% from the initial 

value. The quenching effect observed is believed as the result of increased dissolved 

oxygen level in the testing solution and agrees well with the behavior observed in the 

case of FcMeOH quenching with an improved quenching efficiency.  

To demonstrate a direct correlation between the quenching phenomenon and the 

increased concentration of dissolved O2, chronoamperometry was performed to directly 

measure the amount of O2 in the testing solution with time using ORR in the same bipolar 
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cell employing a three-electrode configuration. The potential required for ORR was 

determined by cyclic voltammetry carried out in a HClO4 solution at pH 3.4 under 

oxygen-free atmosphere and that saturated with oxygen (Figure 5.4.). In oxygen-free 

electrolyte solution, no peak was observed in the cyclic voltammogram (CV), while a 

characteristic reduction peak can be seen at 300 mV in the CV recorded under oxygen, 

indicative of ORR.222 Therefore, a potential of 0 mV was held in chronoamperometry for 

complete ORR and the current was recorded at varied time starting with an oxygen-free 

solution. Figure 5.5.A shows representative chronoamperometric curves obtained at 

different time. For each curve, it starts with a large capacitive current and decays rapidly 

to reach a steady-state current that is proportional to the concentration of analyte. The 

calibration curve shown in Figure 5.5.B indicates a nearly linear increase of current with 

time, indicating the linear increase of dissolved O2 in the testing solution by diffusing 

through the small inlet on the glass cover. The standard deviation (STD) was calculated 

with currents from three measurements and was varied from 3% to 15%. This large STD 

was likely due to the variations of the manual timing, and to the variations of the delay in 

time for each measurement. The reproducibility of experiment should be improved by 

using an automatic system that can carry out measurements at the exact programmed 

point of time.  

To validate a direct relationship between the concentration of O2 in the testing 

solution and the intensity of ECL, the gray values of ECL were presented as Stern-

Volmer quenching data, (I0-I)/I, and plotted as a function of time in the same graph with 

ORR currents measured by chronoamperometry for comparison purpose (Figure 5.6.). As 

expected, the quenching results of ECL show a similar behavior with the currents 
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measured by chronoamperometry for ORR, and the two sets of data demonstrate a very 

good fit. Based on the Stern-Volmer equation: I0/I = 1 + kqτ0[Q] = 1 + Ksv[Q], a linear 

relationship could be revealed between the intensity of ECL and the concentration of 

dissolved O2. However, because of the great difficulty of recording ECL at the exact time 

point at which the current of ORR was measured, a (I0-I)/I curve plotted as the function 

of O2 concentration could not be generated at this stage of research. Nevertheless, we 

have demonstrated the quenching of ECL by dissolved O2, indicating the feasibility of 

using ECL quenching as a photonic reporter for O2 concentration based on a simple 

bipolar platform. 

 

5.4 Conclusions 

In this work, we presented the use of ECL quenching as a direct reporter for O2 

detection employing the unique bipolar electrochemistry. FcMeOH was first applied as 

the quencher to test the feasibility of applying ECL quenching to measure the 

concentration of analyte, and a linear relationship was obtained between I0/I and 

FcMeOH concentration based on Stern-Volmer equation. Then, the use of ECL 

quenching by O2 to directly monitor the amount of O2 in the testing solution was 

demonstrated. Although a calibration curve between (I0-I)/I and O2 concentration could 

not be plotted at this stage, a direct relationship between the two has been successfully 

proven. The current version of bipolar O2 sensor is promising in real-time monitoring of 

O2 level in scuba diving and vehicles. Further experiment of recording ECL and ORR 

current simultaneously could realize more precise and quantitative analysis. This bipolar 

electrochemical O2 sensor allows easy integration with a portable device at low cost, such 
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as a commercial glucometer. It has great potential for field use in food processing, waste 

management, and medical testing. Furthermore, the flexibility of the sensing mechanism 

allows detection of not only O2, but a variety of compounds that can serve as an ECL 

quencher.   
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Scheme 5.1 
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Scheme 5.2 
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Scheme 5.3 
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Figure 5.1. (A) The ECL emitted in the anodic pole of the BPE at Etot = 15.0 V. From the 

top to bottom, the luminescence micrographs showing the magnitude of ECL as a 

function of the FcMeOH concentration from 0 to 2.0 mM in the testing solution 

containing 5 mM Ru(bpy)3
2+ and 25 mM Na2C2O4 in 1 mM HClO4 at pH 3.4 in the 

absence of oxygen. (B) ECL intensity displayed as gray value calculated using ImageJ 

versus FcMeOH concentration. 
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Figure 5.2. Intensity Stern-Volmer luminescence quenching plot for 5 mM Ru(bpy)3
2+ by 

FcMeOH in 1 mM HClO4 at pH 3.4 in the absence of oxygen.  
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Figure 5.3. (A) The ECL emitted in the anodic pole of the BPE at Etot = 15.0 V. From the 

top to bottom, the luminescence micrographs showing the magnitude of ECL as a 

function of time. The testing solution contained 5 mM Ru(bpy)3
2+ and 25 mM Na2C2O4 

in 1 mM HClO4 at pH 3.4 initially in the absence of oxygen and O2 was then allowed to 

diffuse into the bipolar cell starting at 0 sec. (B) Representative gray value plot for ECL 

intensity analysis. (C) ECL intensity displayed as gray value (peak number) calculated 

using ImageJ versus time. 
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Figure 5.4. CVs of Pt electrode in 1 mM HClO4 at pH 3.4 under N2 (—) and O2 (—). 

Voltammetry was carried out at room temperature at a scan rate of 20 mVs-1.  
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Figure 5.5. (A) Representative chronoamperomeric responses for ORR at varied times 

obtained using a three-electrode set-up in 1 mM HClO4 at pH 3.4 in the same cell for 

bipolar experiment. The solution was first degassed with N2 and then O2 started to diffuse 

through the inlet on the glass cover and dissolved in the testing solution after 0 sec. (B) 

Calibration plot of current as a function of time. A 0 mV (vs. Ag/AgCl) step potential 

was used to generate ORR.   
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Figure 5.6. Calibration plots for the analysis of intensity Stern-Volmer luminescence 

quenching data (●), and the analysis of current ratio generated by ORR (◆), plotted as a 

function of time. The two curves represent a similar trend, indicating the possibility of 

using ECL quenching as a direct reporter for O2 measurement. 
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CHAPTER 6 

Conclusions and Recommendations for Future Work 

 

The primary objective of this research work is to develop new platforms by 

applying versatile recognition elements for electrochemical sensors. We have 

successfully demonstrated the incorporation of biomolecules (aptamers and antibodies), 

MIP particles, and MIP thin films with transducer surface to construct electrochemical 

sensors for different applications including protein quantitation, chiral molecule detection, 

and environmental toxin measurement. In addition, a novel O2 sensor using ECL 

quenching based on a bipolar platform was presented. 

In terms of protein quantitation, an electrochemical proximity assay (ECPA) has 

been proven to detect insulin as low as 128 fM with base-line level background by 

introducing a short DNA competitor. This method relies on two affinity probes and 

proximity effect to move a redox active molecule, MB, close to a gold surface in the 

presence of target. Because of its intrinsic flexibility, ECPA should be useful in 

quantifying any protein with a pair of antibody. This assay is the first report of combining 

electrochemistry and proximity assay employing antibody-oligonucleotide conjugates, 

and is extremely sensitive and selective at an achievable cost for point of care 

applications. The ECPA sensor needs to be tested directly with unprocessed samples in 

the next step, such as human blood or urine. Meanwhile, minor modifications of the 

ECPA strategy have the potential to realize reusable sensors that would lower the 
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cost significantly. By further engineering and miniaturizing, ECPA could be easily 

integrated with portable electronic devices and applied in point-of-care settings. 

In the development of MIP-based electrochemical sensors, MIP particles and thin 

films were synthesized and characterized successfully. By using conventional integration 

method, MIP particles were deposited on a glassy carbon electrode (GCE) and stabilized 

with a layer of agarose gel. This MIP/GCE sensor is capable of detecting (+)-catechin 

from a mixture of (±)-catechin and determining relative amount of the two isomers. To 

further improve the efficiency of integration of MIPs with transducers, a surface 

imprinting method was proposed. Monomers were attached onto a gold surface using 

unique “click” chemistry, and UV photopolymerization was then performed directly on 

the surface in the presence of target molecule. The MIP-sensor was demonstrated to 

specifically bind analyte of interest and showed enhanced sensitivity compared with the 

sensor fabricated by conventional coating method. The improved performance of the 

clicked-on MIP sensor is mainly attributed to the absence of a diffusion barrier and the 

homogeneous binding sites formed within the polymeric matrix. However, although 

MIPs are good alternative to biomolecules in terms of stability and cost, the lack of 

sensitivity and selectivity prevent their use in most medical settings. These drawbacks are 

attributed to the nature of the artificial polymeric binding sites. Nevertheless, the 

robustness and stability of MIP-sensors make them ideal for sensing applications in 

extreme environment, such as battlefield and space exploration. Further explorations on 

the properties of cavities and polymeric structures could be helpful to improve the overall 

performance of MIP-based electrochemical sensors. 
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Finally, a bipolar electrochemical sensor for detection of dissolved O2 based on 

ECL quenching was reported for the first time. ECL intensity was recorded by camera 

and analyzed using ImageJ, while the change of O2 concentration during the course of 

ECL experiment was measured by chronoamperometry. The quenching results and 

amperometric results suggested an excellent agreement between the decrease of ECL 

intensity and increase of dissolved O2 concentration, suggesting a successful sensor that is 

promising in applications for any target that shows quenching effect. However, the 

reproducibility of experiment needs to be improved by using more mature technique and 

standardized procedure. Moreover, to achieve quantitation of analyte, further 

investigation of ECL quenching as a function of O2 concentration is required in order to 

fit the Stern-Volmer equation. Once a precise analysis is accomplished, this simple, 

wireless, and energy-efficient electrochemical sensor can be combined with miniaturized 

systems at low cost, and allows continuous visual monitoring of sensing events.  
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