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Abstract

The primary goal of this dissertation is to deype@ectrochemical sensors based
on novel platforms for applications in medical diagtics, food safety, and
environmental management. Attempts have been noaigéeigrate recognition elements,
including biological moecules and synthetic matsriavith electrodes through various
surface modification strategies, and achieve deasitselective, yet low-cost
electrochemical sensors for protein quantitatioth small molecule detection.

Chapter 1 presents a detailed literature reviewleatrochemical sensors and two
types of recognition elements most commonly applibtblogical molecules and
synthetic materials. Specifically, the propertiésaptamers, antibodies, and molecularly
imprinted polymers (MIPs), their applications ie@&rochemical sensing, and the current
stage of research are discussed in detail. Furthretma brief insight into bipolar
electrochemistry and the suitability of employingpddar electrode in electrochemical
analysis is introduced.

Chapter 2 presents the development of an electnuché proximity assay
(ECPA). ECPA combines the proximity effect and thlectrochemical method for
detection of insulin. The detection principle arichtegy for obtaining base-line level
background are discussed. The model system, fesergtion of ECPA composed of
aptamers, and the system with antibody-oligonumeotonjugates are illustrated in

depth.



Chapter 3 describes a MIP-based electrochemicadoseior chiral molecule
recognition. The synthesis of MIP particles, chegazation, and their incorporation with
glassy carbon electrodes by conventional coatinthotkeare presented. The results for
detection of (+)-catechin and its comparison widsults obtained using LC-MS are
discussed.

Chapter 4 presents a surface imprinting methodafarication of MIP thin films
on electronic transducers. This study employs #ieassembled monolayer technique
and unique “click” chemistry for simple, yet efféeit surface modification. Detailed
fabrication process and applications of sensogdrdguinone detection are provided.

Chapter 5 deals with the development of an eleb&wucal oxygen sensor based
on ECL quenching in a bipolar format. The princgt# bipolar electrochemistry, bipolar
device fabrication, and ECL quenching are presentde validation of using ECL
guenching as a direct reporter of dissolved@ncentration is discussed.

Chapter 6 summarizes the findings of research.rébemmended future work of

projects is stated.
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CHAPTER 1

I ntroduction

1.1 Motivation for Research

Biomedical diagnostics and food quality controlresgent two of the major impacts
on the quality of human life. Diagnostics dependhathods that can detect and quantify
disease-related proteins and compounds, and foéetysand quality depend on
inspection and monitoring methods that can detactaoninants and nutrients. Until now,
instruments involving gas chromatography with mgggsctrometry (GC-MS) and liquid
chromatography with mass spectrometry (LC-MS) aally the methods of choice for
detection and quantitation of analyl&sHowever, these analytical methods require
expensive, bulky, and complicated instruments agellra separation step (GC, or LC)
prior to detection. Therefore, the development masgarch of sensors are becoming one
of the most popular scientific areas to increafieiehcy and overall benefit for detecting
and quantitation of analytes of interest.

Detection systems based on optical methods antt@eemical methods are most
exploited in medical testing and food quality cohfr*> However, the cost of optical
sensors is impractically high for use in field, amg¢asurements are sensitive to the
environment, such as local light and weather camubt and certain contaminants
presented in the sample. On the other hand, etdetnoistry detection offers great signal

stability, simple instrumentation, high sensitiyitgnd ease of calibration, as well as
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excellent compatibility with miniaturization techogies’®** Hence, electrochemical
sensors are considered as the ideal candidatevelogeng portable devices with high

sensitivity and selectivity at reasonable cost.

1.2 Background of Electrochemical Sensors

A typical electrochemical senstf®!’

comprises of a) recognition elements that
specifically bind to the analyte; b) a transducéere a specific reaction takes place on
the interface with recognition elements and gives to a signal; ¢) an electronic system
that converts an electronic signal to a meaningéumeter describing the process being
investigated and presents final results througmtarface to the human operator (Figure
1.1.)1° A successful electrochemical sensor for the nariajig market should meet the
following requirementg®

1. The recognition elements must be highly spetaiiche purpose of the analysis,
stable under normal storage and show acceptahkgivarbetween assays.

2. The reaction should be independent of physioatitions such as convection,
pH and temperature.

3. The response should be rapid, precise, reprolyalear, and linear over the
relevant concentration range. It should be capablmeasuring unprocessed samples,
such as human blood or urine.

4. The complete sensor should be low-cost, compatl, portable, and easy to
operate.

Designed for the purpose, one crucial aspect délimgj electrochemical sensors is

the choice of electrochemical detection technigbat tprovides simple, rapid, and



specific measurements of the reaction of intef&8ypically in electrochemical detection,
the reaction under investigation would either gateer a measurable current
(amperometric), a measurable potential or chargaumaalation (potentiometric), or
measurably alter the conductive properties of a inmed(conductometric) between
electrodes®'® Conductometric technique is based on the curdemt £stablished by
migration of ions of opposite charge, when an eledield is applied between two
electrodes immersed in the electrolyte soluffbithis transduction is the least sensitive
among three main electrochemical techniques. Sowaluctivity is additive, it is
impossible to discriminate between two ions. Moexp¥f the concentration of one ion is
very high, it could foul others-?* Potentiometry is based on potential differenceter
across a membrane placed between two solutions etigiiged species of different
activity.?’ Potentiometric sensors are suited for measurimg doncentration in small
sample volume because they do not chemically inflaea sampl&?*?> Amperometry
continuously measures current generated from thiglabgn or reduction of an
electroactive species in a samplelt is the most widely used technique since the
oxidation or reduction potential of a particularabme is its intrinsic propertf In
general, if the current is measured at a constateingial, it is referred to as amperometry,
and if the current is measured in a controlled eanf potential, it is referred to as
voltammetry*®

Sensitivity and selectivity are two other cruciapeacts for the development of
electrochemical sensors. Surface modification e€tebdes by immobilizing recognition
elements on the sensor substrates is a very effiajgproach to reach enhanced current

responses and obtain an interface with highly $igebinding affinity to the desired



molecule?® The concept of surface modification of electrodes introduced by Bafd
and other®? about 30 years ago for electrocatalysis purposk ks been highly
developed over the years for applications in a wilege, such as energy storage,
bioelectronics? and most importantly electrochemical sens8t$2°Typical recognition
elements used in electrochemical sensors can lghlgodivided into two categories: a)
biomolecules, including enzymes, nucleic acidsibadies and whole cells; b) synthetic
materials such as cavitaridsand molecularly imprinted polymers (MIPs). Of taes

nucleic acids, antibodies, and MIPs are the foduBszussions here.

1.3 Antibodies and Aptamers as Recognition Elements

Biomolecules are most commonly used as recognigi@ments for sensors in
detection and qualification of target molecules ilinical and biomedical
speciment$®***Antibodies have been mainly applied in immunoasses/bioreceptors
for antigen binding>*’ Immunoassays typically employ dual antibodies @xbegs for
target binding to increase specificity and senisjtivAssay of this format is named the
sandwich type immunoassays that currently play @rakrole in the analytical and
regulatory communities. A famous example of thigetys enzyme-linked immunosorbent
assays (ELISA) (Figure 1.2.A). In ELISA, a layeraftibodies is pre-immobilized on a
solid substrate. When a testing solution contairangjgens flows across the surface,
analytes can be captured by the antibodies absashethe surface and a secondary
enzyme-linked antibody can bind the same antigeanather region. Color change or
fluorescence will appear as a result of chemicattiens catalyzed by the linked enzyme.

The utility of antibodies in molecular recognitioffers excellent sensitivity, selectivity,



and stability®® In addition, with the success of sandwich immusags, there exists a
large, commercially available library of antibodyaifs against many targets.
Traditionally, the result of immunoassays is digpth as a color change that is only
suitable in binary scenario indicating the preseaceabsence of analytes, such as a
pregnancy test, but not for quantitative analyfigecise analysis on the other hand,
requires professional personnel and complicatetinteprocedures involving multiple
washing steps. Even so, the dual-antibody recagndoncept is highly valuable and has
served as a guide to various alternative strateigighe past few years.** Proximity
immunoassays such as proximity ligation assay (PLaan solve some of the major
issues of traditional sandwich type immunoassal# iB one of the most simple-to-use
and sensitive assay for protein detection and arsatf other biological targets (Figure
1.2.B)* It relies on simultaneous recognition of a tangetlecule by a pair of affinity
probes in homogeneous solution and measurementsuarently highly depended on
fluorescence readout, which is not ideal for semswelopment because of the high cost
and drifting of experimental results.

Electrochemical techniques have attracted muchtaitebecause of their potential
in building relatively compact device, capabilitf quantitation of analytes and ease of
operation and result interpretatitt:> However, there are two major drawbacks when
incorporate antibodies onto electrode surfacesuitd kelectrochemical sensors: a) an
electrochemically active label is necessary foregating electrical signal since most
analytes cannot intrinsically act as redox partneran electrochemical reaction. The
labeling process for antibodies is inconvenienpemsive, and time-consumiriy*® b)

the immobilization of antibodies on surfaces by\antional physical absorption can



cause random orientation and inefficient coveragdle other linking methods require
difficult modifications to introduce functional gups for coupling reactioff.

The use of antibody-oligonucleotide conjugatés can overcome these two
limitations. Antibody-oligonuleotide conjugates cée simply prepared by coupling
antibodies with short nucleic acids using an AHAdne Conjugation Kit from Solulin®
Compared with antibodies, nucleic acids can belyasbdified with a variety of
molecules (methylene blue, ferrocene). That allomtsoduction of electrochemically
active labels or functional groups (primary amittg@pl groups) that enable improved
immobilization of conjugates on to electrodes atasonable coéf. Particularly, the
introduction of thiol groups to the probes allowse tuse of well-developed self-
assembled monolayers (SAMs) technique that has Ipgewmen to avoid random
orientations of biomolecules on the surface, ptatecface from nonspecific absorption,
produce good surface coverage, and improve thealb\arality of surface modification
and sensor performante.On the other hand, finding new molecules that mimi
antibodies have also attracted increasing interésts bioanalytical application®.
Aptamers currently are one of the major alternati?g’ Aptamers are short, single-
stranded oligonucleotides that have been seleotedidh affinity against a target protein,
small molecule, or even whole celfsOne of the main advantages of nucleic acid
aptamers compared with antibodies is their in vésbection procedure and chemical
synthesis, while antibodies have to be producedvio, by immunizing animal&® These
manufacturing procedures do not depend on a pkatiemalyte and enable the use of
nonphysiological conditions, such as relatively lowhigh temperature and pH, and do

not require animals and cell lin&Thus, aptamers are temperature stable, costesffici



and reusable. Furthermore, owning to the natureuafeic acids, aptamers allow easy
modification with various functional groups as mened previously. Finally, the size of
aptamers is much smaller than that of antibodidgchvhelps to increase the binding

efficiency on an electrode surface for fabricatiérelectrochemical sensof’.

1.4 Molecularly Imprinted Polymers (M1Ps) as Recognition Elements
Although high sensitivity and selectivity can behiawved, the poor long-term

chemical and physical stability of the antibodiesptamers prevent their use in practical
devices>® Therefore, a great effort has been made to refamlegical receptors with
synthetic counterparts as recognition elementseimsars. Of many approaches, the
molecularly imprinting technique has become a p&wbetool for the preparation of
polymeric materials that have the ability to speaify bind a target molecuf&>’ The
concept of molecular imprinting was first introddcby Dickey® in 1949 as “purely
synthetic materials with a memory for an imprintlesnle”, and the technique has been
evolved intensively during the past 40 years. Asadltificial recognition element, MIPs
have several advantages over their biological @patts, including their robustness,
low cost, and ease of preparation. However, theldpment of MIPs-based sensors has
suffered from low sensitivity and selectivity duea lack of surface integration methods
and swelling of pores inside the polymeric struesuThus, MIPs have been widely used
as recognition component for detection of small enoles in food safety management
and environmental monitoririg;>® but rarely for biomedical applications.

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

functional monomer; b) copolymerization with crdsg&ing monomers; c) removal of



template molecules from the polymer matrix and gai@n of the recognition sites
complementary to the shape, size, and functionalityhe template molecule (Figure
1.3.)>° There are two distinct approaches for moleculaprining because the
prepolymerization complex between template moleani@ functional monomers can be
formed either through noncovalent interactions ovatent couplings. The covalent
approach developed primarily by WaRf° utilizes template species with covalently
attached polymerizable functionality. Owing to theater stability of covalent bonds,
covalent imprinting method should provide a higlgesid in binding sites and a more
homogeneous population of binding sites with redue®nspecific adsorptidh®*
compared with noncovalent protocols. However, beeaemoval and rebinding of target
molecules require chemical cleavage of the supppdovalent bonds and reformation of
the cleaved covalent bonds within the cavities,kihetics of the process is rather slow.
Moreover, successful covalent imprinting requiree bonds of the functional groups
with the template to be cleavable under relativelyd conditions. This necessity of
covalent coupling restricts the applicability ofisthapproach just to templates with
functional groups that can be converted to read#gavable derivatives, such as boronic
ester and ketaf§. On the other hand, the noncovalent imprinting métastablished by
Mosbaci® employs weak intermolecular interactions for teswml directed
prearrangement of complementary functional groufize formation of noncovalent
template-monomer complexes via mainly hydrogen bans achieved by equilibrating
the template molecules with an excess of suitabtectional monomers in solvents.
Template removal from the imprinted sites can beoamplished conveniently by

extraction with competing solvents owning to theemsible nature of the functional



monomer-template interactions. Noncovalent impnotapproach is more flexible in
terms of the choice of functional monomers, possidiget molecules, and the use of the
imprinted materials. Moreover, it is more similar tatural processes in the sense that
most biomolecular interactions are noncovalent ature>>®? Therefore, it is currently
the most commonly used approach for the preparatidniPs. Nevertheless, because of
the need of excess functional monomers to achigeeaiable levels of template-
monomer complexes, nonspecific interactions wittie polymeric matrix are a big
concern due to random incorporation of interactfuactional groups outside the
imprinted cavities.

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

67-69 56,70
1 I

piezoelectri®*®® optica and electrochemic&t*®’® methods have been developed.
Given the electrochemical sensors available inntfaeket, electrochemical approaches
are considered as the easiest and most economidonpricate a commercial MIP-
sensor. The adaption of MIPs onto signal transduisea key aspect in the development
of electrochemical MIP-sensors since the efficieotintegration of MIPs onto electrode
surfaces directly affects the sensitivity of thexs®>>"* The conventional approach
requires the preparation of a MIP monolith thatdseé be grounded and sieved to
particles after solution polymerization. Then tlwymeric particles are deposited on the
electrode surface as close as possible and s&biliith an agarose g€l However, for
sensing layers using particulate MIPs, the sensgpanse time is closely related to the
particle size, which generally led to slow kinetahge to the random particle sizes of a

wide range up to 5am’? obtained via crushing and intraparticle diffusiMoreover, the

stabilizing agent generates a high diffusion barribat leads to slow binding



accessibility’’ In addition, the grinding process yields a pagticiatrix with low density
of recognition sites that severely sacrifices hbigdcapacity and sensitivify."> New
integration strategy most frequently used to datdiriect preparation of the recognition
element as a film on the electrode surface. Théiggaof MIP films onto an electrode
surface could offer improved communication betwela binding events happening
within the polymeric matrix and the electrical tsdncer, thus overcome some of the
limitations associated with the conventional cogtimethod and achieve good site
accessibility and faster mass transfef. One promising approach is to deposit MIP films
via electropolymerization process in the preseridarget molecule3®’’ This method is
an efficient way to fabricate a molecularly impeadtlayer on the electrode surface, and
the film thickness can be easily controlled by achag the charge capacity of deposition.
In order to obtain an electrochemical responseciefitly, conducting polymers were
often used to construct the MIP film on electrod&ghough conducting polymers could
increase the sensitivity of the sensor, they walsd contribute a large current response
even in the case of a non-MIP electrode preparéderabsence of target molecules, thus
result in a high limit of detectiotf. The use of SAMs to immobilize monomers, cross-
linkers, or initiators onto a transducer surfacofeed by surface polymerization is
another attractive pathway for direct grafting ofAMfilms on electrodes. This type of
approaches has attracted a lot of attentions bec&4#sM systems are very well-
developed, allow surface characterization, and @mpatible with many surface
patterning strategi€.”® Typically, surface modification with functionalidenonolayers

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

step. This procedure could lead to low yields andtéd applicability because of the
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complicated organic synthesis involv&dOf many work searching for alternative and
more versatile chemistry to modify surface, “cliaktiemistry has attracted great interest.
The concept of “click” chemistry was introduced $lyarples® in 2001 and is defined as
a set of reactions that are modular, wide in scopgyire simple conditions, give high
yields, and generate only inoffensive byproductsat thcan be removed by
nonchromatographic methods. The first use of “Clafkemistry to modify a well-defined
electrode surface using the classic azide alkynisgéun cycloadditions was reported by
Chidsey® in 2004. In Huisgen 1,3-dipolar cycloadditionsjdazand acetylenes are
convenient to introduce, do not react among theraselnd show excellent tolerance of
other functionalities. Triazole formation is irresile and quantitative that allows easy
surface characterization. Moreover, this reactiendfits from an extremely mild and
regioselective copper (I)/sodium ascorbate cataystem that is insensitive to solvent
and pH. Thus, “click” reactions, especially the sfen cycloaddition reaction, provide a
general and robust way of surface modification. dete, “click” chemistry has been
widely adapted in surface fuctionalizatibnand polymer graftinj applications.
Therefore, the combination of “click” chemistry amablecular imprinting technique
would offer an extremely easy, yet efficient waygraft MIP films on electrode surface

for fabrication of electrochemical MIP-sensors witiproved sensitivity.

1.5 Sensors Based on Bipolar Electrochemistry
Typically, electrochemical sensors are construdieded on a three-electrode
configuration, which consists of a working elecepdan auxiliary electrode, and a

reference electrode. The potential of the workirigcteode is controlled using a
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potentiostat with respect to that of a referencectebde, and the faradaic current
measured in the circuit connecting the working tetete is a direct reporter of the rate of
electrochemical reactions of inter8$tBecause of the requirement of direct electric
contact and an electrochemical cell with threetedgle setup, traditional electrochemical
detections usually make use of just a single wagyletectrode for sensing of a single
analyte, and are difficult to be adapted into mumiaed systems, such as microfluidic
devices?*® In the past few years, the emerging and developirg bipolar
electrochemistry attract a lot of interests. The o$ bipolar electrodes can overcome
most of the limitations associated with the trawtiil electrochemical configuration. A
bipolar electrode (BPE) is referred to an electar@nductor in contact with an ionically
conductive phas& When a sufficiently high electric field is applietross the ionic
phase, different electrochemical behaviors can bgemwed at the surface of BPE,
oxidation on one side, and a simultaneous reduatiothe other side (Figure 1.8%* In

the experimental configuration of bipolar electresfistry, a conductive material is
located inside a channel with no external connactnd a simple power supply applies a
potential difference, &,’ between two driving electrodes situated in potlbath ends

of the channel. The majority ofiJeis dropped within the channel because of the high
electrolyte solution resistance, and the fractibkg dropped across the length of BPE is
defined asAEqe.?” A particular position ) along the BPE where the potential of the
solution is equal to the potential of the bipollcéode (B divides the BPE into two
poles: a cathodic pole, where the solution potéigtiaigher than ., and an anodic pole,
where the solution potential is lower thape.E The difference in potential between the

electrode and the solution at each lateral posiigthe driving force leading to an
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electrochemical reduction or oxidation respectivelyd this value varies linearly across
the BPE surfacE®’ AE.. represents the total driving force available topie the two
faradaic reactions at both poles of the BPE. Itdases with the increase of the length of
BPE according to the equation shown in Schemé®IThe current density at the BPE
mainly depends on: a) the overpotential available each location at the
electrode/solution interface, and b) the kinetiésthee redox couples involved in the
faradaic processes. Therefore, the value gf required to induce faradaic reactions
varies depending both on the species present uti@oland on the length of the BPE.
For most of the results reported in literature; i in the range of 20-30 V and never
exceed 100 W Thus, inexpensive power supplies are sufficientcaory out many
different kinds of interesting experiments with BRPE

Although the phenomenon of bipolar electrochemibtg been known for over 40
year§® and widely applied in battery technologfésior electrosynthesi®® in solar
cells?*®® and for surface modification with gradients ofivas material¥"® over the
past decade, BPE is still a technique with a ratymung history in the field of
electroanalytical chemistry. The main advantagdBEs for analytical purpose is the
ease of controlling their potential: a simple powepply or even a battery, and no direct
electrical contact. These features make it possibietegrate a large array of BPEs into a
portable or a microfluidic device for simultanealetection of multiple analytes at low
cost®® However, the lack of direct connection is alsaanback due to the difficulty of
measuring current flowing through the BPE. Threeénnagproaches for current readout
have been developed for detecting electroactivéy@sain microfluidic environments

using BPEs. One attractive method is to inducelaipgeehavior between two electrodes
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by taking advantage of a split electrode de¥ighat makes it possible to directly
measure current passing through the BPE. But thapoamise of this design is
complicating the detection system with an extere@ctrical connection (Figure
1.5.A) 897 A second method relies on electrodissolution ef BIPE itself’® Specifically,

a layer of silver metal is deposited onto the anquile of the BPE prior to detection.
When a cathodic sensing event occurs, the silvginbeo dissolve by oxidation. Based
on the charge neutrality in the bipolar system,atmunt of oxidized silver corresponds
to the number of electrons transferred at the cithpole of the BPE (Figure 1.5.8)%
However, this topic is still being underinvestightand just one literatutewas found ftill
now. A powerful alternative strategy for detectifagadaic processes at BPEs is to use
electrogenerated chemiluminescence (ECL) as arertdieporter of the current (Figure
1.5.C)?*!%ECL is a highly developed and sensitive detegiariocol that has been used
for a variety of analytical application®'% This approach eliminates the need of an
external connection to the BPE, and the directaliet® of ECL just requires a CCD
camera, which is a very convenient way for collegtinformation continuously on the
processes occurring at the BPE. Because ECL ddesaure an excitation light source,
it is generally better than fluorescence for lovetcand simple sensor systems. Moreover,
because the ECL reactions only occur close to thwace of an electrode, the
interrogated volume can be limited to a small vahad is ideal for making portable and
micro devices. Therefore, the combination of ECLhVBPE opens up the possibilities of
using optical detection approach to quantify faradarrent for a much broader range of

applications.
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A well-known ECL system uses Ru(bg¥)as the light-emitting species and a co-
reactant, such as sodium oxalate {5,). Ru(bpy}** based ECL has been widely used
in analytical purpose due to its excellent stapilijood water solubility, and high
sensitivity'? The mechanism of Ru(bpgJ based ECL have been intensively studies and
most of the analytical applications are based owxidative-reductive” ECL:*®
Specifically, Ru(bpyy" is first oxidized to Ru(bpyj", which further reacts with the
CO,- radical anion to generate Ru(bgy), as shown in Scheme 1.2. When Ru(by)
decays to the ground state, a red light will effilite intensity of the emitted light is used
as indicator for the sensing event. Specific DNAedgon at the cathodic pole of BPE
reported indirectly by the intensity of ECL generdhtt the anodic pole of BPE has been
reported for several tim&&% On the other hand, detection of analytes base&®h
quenching is also a very useful sensing strat&ggthough detection of analytes, such
as DNA detection through hybridization using phominescence quenchin® has been
widely reported, the investigation of ECL quenchivags been very limited. A variety of
compounds, such as phentihydroquinones?® Fe(CN)>,*°%" Fe(CN)*,%°1%" and
0,,'%® have been reported for their excellent charadiesisfor photoluminescence
quenching of Ru(bpyj" via energy-transfer or charge-transfer mechanimese well-
established ECL quenchers can be incorporated different designs and assays as
reporters for target sensing, such as DNA labelssfecific DNA detectiod® As an
alternative, they can also serve directly as thalyém for ECL quenching, such as the
monitoring of dissolved © concentration for food processing and waste water
management. Because the quenching event happéms same pole of BPE with ECL,

this approach would provides a more direct measeme¢rmompared with those relies on
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electroneutrality at the two poles of BPE. Moregvtbke reactions at the anodic pole can
be simple reactions such as oxygen reduction ordggh evolution. Therefore, the ECL
guenching method coupled with BPE is believed tovigle a flexible and simple

platform for sensing applications ranging from neadlidiagnostics and food quality

management.
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Chapter 2
Quantitation of Protein at Femtomolar Levelsvia Direct Readout with the

Electrochemical Proximity Assay

This project is the collaboration with the groupDof Christopher Easley. Jiaming Hu

and | contributed equally in this work.

2.1 Introduction

Diagnostics is one of the most critical steps ialtrecare and medical treatméfit.
Specific protein detection is of great importancehis realm, since it is currently one of
the predominant methods to diagnose the onset agrgssion of disease staté%'™
Unless specialized point-of-care assays are availdr the protein of interest,
quantitation is typically performed in a centratiz&boratory by techniciart$? This
process is expensive and could waste time thaitisat to patient care. Over the years,
clinical approaches for point-of-care testing haddressed this challenge for select

analytesi®117

yet these assay formats are highly specializethéo particular target
molecule, thus inflexible to apply to other targel® keep pace with expectations in
future point-of-care testing, there is a need fasrenflexible, yet highly sensitive,

quantitative, and easy-to-use methdds.
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Although point-of-care devices are welcome in caiand research laboratories,
the existence of surrounding infrastructure plat®mser constraints on methodology.
Based on their inherent flexibility, sandwich enzgimked immunosorbent assays
(ELISA) have emerged as the method of choice fotgim quantitation in clinical and
research laboratoriés® Unfortunately, these heterogeneous assays regupert users
with dedicated instrumentation, and they are timesaming, laborious, and expensive.
Quantitative, point-of-care protein analysis isgmot possible with standard sandwich
ELISA formats. Nonetheless, the flexibility of tleal-antibody recognition concept is
highly valuable and has served as a guide to varglternative strategies in recent
year83.9-42'47’118'119

Proximity immunoassays such as the proximity ligatassay (PLAY*’ or the
molecular pincer assiycan overcome some of the limitations of ELISA. PLar
example, is one of the most simple-to-use and temgprotein assays developed to
date’® The assay is homogeneous (no washing steps), erdtion limits rival or
outperform ELISAs, even with much smaller sampleuntes. A key concept in PLA is
the “proximity effect,” which relies on simultaneptecognition of a target molecule by a
pair of affinity probes. The bound probes can thencovalently linked by enzymatic
ligation of their oligonucleotide tails, and gPCR used as the readout, with products
proportional to target protein concentration. PLAshbeen shown functional with
aptamer paif$ and with a variety of antibody pait§Although nucleic acid aptamers
have garnered significant attention in the anadyt@d biosensing communities based on
their many potential advantagé8*?®the use of aptamers as affinity probes in PLA is

severely limited. PLA requires two aptamers bindwgeparate sites on the same protein
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target, but aptamer pairs unfortunately do noteyést against most targets. In P or

in the pincer assays, this limitation was overcome by employing antibody
oligonucleotide conjugates as probes, since theulpdfy and success of sandwich
methodology (ELISA, Western blots) has affordedrgé, commercially available library
of antibody pairs against many proteins. Thesayssshus provide simpler and less
expensive alternatives to ELISA.

Nonetheless, limitations in current proximity assaypede their use in a point-of-
care setting. Although the use of qPCR gives PLAhigh sensitivity, this readout
requires that each sample be added to a tube igétidn and PCR reagents, and then be
inserted into a qPCR instrument followed by 1-2nsanf amplification and analysis. The
molecular pincer assays are simpler and more rgp® min), making them more
amenable to point-of-care measurements by fluonesceeadout; however, the limit of
detection of these assays is several orders of itng@grhigher than PLA. Thus, there is a
need for a more sensitive yet simpler readout foximity assays that is amenable to
point-of-care testing.

Electrochemical detection is of particular intenesthe development of biosensors
because it offers great signal stability, simplstimmentation, high sensitivity, and ease
of calibration compared to fluorescence, as well exzellent compatibility with
miniaturization technologie¥:*> Here, we present the marriage of the proximityagpss
concept with electrochemical detection to give mpde, highly sensitive, flexible
strategy for specific protein quantitation, termtb@ electrochemical proximity assay
(ECPA). ECPA uses the proximity effect to move decteochemically active label,

methylene blue (MBJ?’ closer to a gold electrode upon binding of twobe® to a
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protein target, an approach akin to electrochemiz®A sensing®'?® or specialized
aptamer-based protein sensiiig>*reported by others. In the presence of proteiyetar
the redox current in ECPA is quantified using sguaave voltammetry (SWV) and is
found to depend directly on the concentration ofjéa This detection strategy is based
largely upon pioneering work by the Plaxco grotp:*®in using MB-labeled DNA for
biosensing. Building upon this work and on aptatvesed protein sensing by Zhang et
al.** we have added the antibody-based proximity assagept. We used a DNA-based
experimental model to optimize signal-to-backgroustibs, ultimately providing a direct
insulin detection limit that is lower than most coercially available ELISAs, with a
dynamic range >40-fold wider than these ELISAs. seheesults were achieved with
direct electrochemical readout, i.e., without reqg washing steps, which bodes well
for the future of ECPA in point-of-care settings. dontrast to other approaches for

electrochemical protein sensiffd;*® 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, ultiftefed water (Fisher Scientific).
The following reagents were used as received: imantibodies (clones 3A6 & 8E2;
Fitzgerald Industries), 4-(2-hydroxyethyl)-1-pipgreethanesulfonic acid (HEPES)
(99.5%), tris-(2-carboxyethyl) phosphine hydrockder (TCEP), (Sigma-Aldrich, St.
Louis, MO), bovine serum albumin (BSA, 98%; EMD @fieals Inc), human thrombin,

immunoglobulin E (IgE), and insulin (Sigma Aldricl)lethylene blue-conjugated DNA
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(MB-DNA) was purchased from Biosearch TechnologMsvato, CA), purified by RP-
HPLC. Oligonucleotides were obtained from IntegdateNA Technologies (IDT;
Coralville, lowa), with purity and yield confirmeldy mass spectrometry and HPLC,
respectively. Sequences (listed 5’ to 3’) for apta based ECPA were as follows.

Thrombin aptamer A (THRaptA): AGTCCGTGGTAGGGCAGGTEGGTGACTT-

[TTTTTTTTTTTTTTATATTTTT-TTTTCTCGCGGATTTGAACCCTAACG;

Thrombin aptamer B (THRaptB): TAGGAAAAGGAGGAGGGTGBGTGGTGTGT-

GTTTTTTTTTTTTTTTTTTTTITTITTITTITTTTTTTGGTTGGTGTGGTTGG.Sequences
(listed 5’ to 3’) for antibody- based ECPA were faows. Insulin antibody arm 1
(AbArm1): /5AmMC6//iSp18/CCCACTTAAACCTCAATCCACGCGGATTGAACC-
CTAACG,; Insulin antibody arm 2 (AbArm2): TAGGAAAAGESGGAGGTGGCCCAC-
TTAAACCTCAATCCA/iSp18//3AmMC6/. Sequences of ssDNgirands used in the

experimental model are given in Table 2.1.

2.2.2 Preparation of the Electrode and DNA Monalayg&sembly

ECPA sensors for the model system, for thrombirea&n, and for insulin
detection were fabricated using a gold working tetete (Bioanalytical Systems Inc., r =
0.75 mm). The gold electrode was polished caretollg mirror surface with an aqueous
slurry of 0.05 um diameter alumina particles andntlsuccessively washed in an
ultrasonic cleaner with water. The electrode wasntiimmersed into fresh piranha
solution (HSOW/H,0,, 3:1) for 5 minutes, rinsed with D. |. water, added under a
stream of nitrogen gasCéution: piranha solution is dangerous to human Itreand

should be used with extreme caution and handleyg ionsmall quantities Finally, the
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gold electrode was electrochemically polished mnsing the potential from -0.5 to 1.5
Vin 0.1 M H,SO, at a scan rate of 0.1 V*$or 50 cycles. The cleaned gold electrode was

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

Prior to modification of the electrodeul of 200 uM thiolated-DNA and luL of
200uM MB-DNA were each separately mixed withuR of 10 mM TCEP in two 20Qi
PCR tubes. These tubes were incubated for 90 mmoah temperature (21 °C) for
reduction of disulfide bonds in the thiolated-DNAdato reduce the MB-moeity of the
MB-DNA. Both of these solutions were then dilutex & total volume of 20QL in
HEPES/NaCIQ buffer (10 mM HEPES and 0.5 M NaCJOpH 7.0§? to a final
concentration of 1 uM. Unless otherwise notedsalutions used in the experiments to
follow were carried out at pH 7. For immobilizatiothe previously cleaned gold
electrode was transferred directly to the diluted eeduced thiolated-DNA solution and
incubated for 16 h at room temperature in the ddilowing the formation of a self-
assembled monolayer (SAM), excess thiolated-DNAspajly adsorbed on the electrode
surface was removed via a room temperature-deidmizger rinse (~ 20 s). For all assay
strategies employing the competitor DNA strandsdinformats listed below), this same
process was followed, except after reduction bymild TCEP, the reduced thiolated-
DNA solution was diluted to a total volume of 200 in HEPES/NaCIQ buffer and
incubated with 21M competitor DNA sequence (C9) for 60 min at ro@mperature in
the dark. For immobilization in competitor systentise cleaned gold electrode was
transferred directly to this equilibrated thiolat®@lA/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 Messents

Electrochemical measurements were performed usingpsilon electrochemistry
workstation (Bioanalytical Systems, Inc.) with arglard three-electrode configuration
consisting of a Ag|AgCI(s)|KCl(sat) reference alede (Bioanalytical Systems, Inc.), a
homemade platinum gauze flag (0.77 ’cneounter electrode, and a gold working
electrode. All potentials are reported relativéhe saturated Ag|AgCl reference electrode.
Electrochemical measurements were performed in FBEAR&CIQ, buffer using square
wave voltammetry (SWV) with a 50 mV amplitude sigata frequency of 60 Hz, over
the range from -0.45 V to 0.00 V versus Ag|AgClerehce. The characteristic
voltammetric peak of MB was detected by SWV at -240 (vs Ag/AgCIl). MB was
chosen as the redox tag due to its excellent §feelind robust electrochemical response
in serum compared to other redox tags, such asciEme>>'?° The electrochemical
response of each sensor was measured as follojvef€tence and measurement SWV
data sets were collected; (2) both raw data sete smoothed using a 21-point boxcar
function and baseline corrected (all data correetétl B-spline generated baseline in
Origin 8 using two regions: -0.40 V to -0.35 V ad08 V to 0.00 V); and (3) difference
traces were generated. Signal (with target) anckdgdacnd (no target) voltammograms
were treated in this manner and are presentedfasedice traces. To prepare calibration
graphs and calculate standard deviations, traces wtgrated from -0.330 to -0.100 V.
In the case of the aptamer-based system, we réporiverage of three measurements,
while in the case of the antibody-based systematterage of two measurements is

reported.
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Model System Strategy 1 — Decreasing binding &ffiny reducing the number of
complementary base3he electrode was modified as described abovewaslplaced
into a glass electrochemical cell with HEPES/NaCHdffer. Three different thiolated
DNA sequences, G5, G7, and G10 (Table 1), were ms8ttategy 1 of the model system.
In this way, the affinity of thiolated DNA and MBNDA were adjusted through changes
in the number of complementary bases between tik@mmodeling signal, the sensor
was immersed in 10 nM ECPA-loop and 15 nM MB coajegd DNA sequences in 3 mL
HEPES/NaCIQ buffer. For modeling background, the sensor wasérsed in 15 nM
MB conjugated DNA in 3 ml HEPES/NaClCbuffer. Both signal and background

currents were measured at the 15-min time point.

Model System Strategy 2 — Use of a short DNA cotopethe electrode was
modified as described above and was placed intdass gelectrochemical cell with
HEPES/NaCIQ buffer. Three different competitor DNA sequendes, C8, and C9, were
used in Strategy 2 of the model system (Table 211¢.sensor was allowed to equilibrate
in 3 ml HEPES/NaCl@ buffer with various concentrations of competitéws 6 h. For
modeling background in the competitor systems, xemorent was measured at each 10
min of the first hour, then at 90 and 120 min. O@%was chosen, 1:3, 1:7, 1:10, and
1:25 molar ratios of MB-DNA:C9 were tested at aefixconcentration of 15 nM MB-

DNA.

Aptamer-based ECPA systemhe sensor was allowed to equilibrate in 3 ml
HEPES/NaCIQ buffer with 100 nM C9 for 6 h. Thrombin aptameiHRaptA and
THRaptB) were first folded by heating to 95 °C ammbled rapidly by immersion in ice

water to promote intramolecular interactions. Thioomof various concentrations (from
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50 pM to 50 nM) was incubated with folded 10 nM T&RA and 15 nM THRaptB in
HEPES buffer for 90 min prior to measurements. fiinembin/aptamer incubations were
then added into the glass electrochemical cell.oefconducting voltammetric
measurements, the sensor surface was allowed td vath analytes for 90 min.
Selectivity tests with other proteins (IgE, insulor BSA), were made under the same

conditions.

Antibody-based ECPA systenThe sensor was equilibrated in 500l
HEPES/NaCIlQ buffer with 300 nM C9 for 6 h. Prior to measurensetiEPES/NaCl®
buffer was supplemented with 0.5% BSA (to minimezeibody adsorption), 10 nM Ab1l,
10 nM Ab2, 10 nM MB (for background measuremeras)] various concentrations of
insulin (from 128 fM to 2 nM). Before conducting Itaammetric measurements, the
sensor surface was allowed to react with analypes40 min. Selectivity tests were
performed in the same manner by substituting 2 nideftide or insulin-like growth

factor 1 (IGF-1) for insulin.

2.2.4 Preparation of Antibody-Oligonucleotide Caygtes

The antibody-oligonucleotide conjugates used initisellin ECPA, AbArm1-3A6
and AbArm2-8E2, were prepared by conjugating AbAmminsulin antibody 3A6 (K~
1 nM) and AbArm2 to insulin antibody 8E2 {k 0.1 nM), respectively (antibodies
obtained from Fitzgerald Industries). Conjugati@aations and purification steps were
accomplished using an Antibody-Oligonucleotide WHOne Conjugation Kit (Solulink),
according to the manufacturer’'s instructions. Byiethe oligonucleotides were first

activated with sulfo-S-4FB, and their quantitiesd aqualities were confirmed using
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absorbance, specifically.4 nm 0f unmodified activated oligonucleotides and thgofm

to Asso nmratio after the modification of activated oligotemtides. Antibodies were also

activated with S-HyNic. Activated oligonucleotidasd antibodies were then mixed and
incubated at room temperature for 2 h. Once thgugation reaction was stopped,
conjugates were further purified from excess 4FBewvlucleotides and unmodified

antibodies using the supplied magnetic affinity nmatThe final concentrations of the

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

8E2 were synthesized with 45 % and 86% recovemy fitee initial amount of antibodies

(100 pg).

2.3 Resultsand Discussion
2.3.1 Signal and Background in ECPA

The principle of the electrochemical proximity as$BCPA) is shown in Figure 2.1.
The sensor is prepared by self-assembly of thidl&A strands onto a gold electrode
via the alkanethiol moiety at the 5’ terminus. Tdueantitative capacity of ECPA stems
from cooperative hybridization of the five-part qolex shown in Figure 1: thiolated
DNA — DNA conjugated antibody 1 — target proteiDNA conjugated antibody 2 — MB
conjugated DNA. The five-part complex forms a clacwstructure on the sensor surface
through proximity-dependent hybridization of théotated DNA and MB-DNA, which is
the step that brings MB close enough to the goddtebde surface for electrochemical
current enhancement. This process results in atigpiah electrons transferred from MB
to the electrode that is proportional to the ordjiamount of protein analyte (“signal”),

albeit with some analyte-independent current geedrdy hybridization of thiolated
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DNA and MB-DNA only (“background”). Although SWV ds not differentiate signal
and background currents, under optimized condititims signal will greatly exceed the
background to allow highly sensitive, direct electremical quantitation of the protein
analyte. Similar to what has been observed in Bt#or the molecular pincer assays,
signal enhancement over background in ECPA is bageitthe proximity effect; that is,
the marked increase in the effective concentratafrthe MB-DNA and thiolated DNA
due to the simultaneous binding of the two proleethé same protein. This allows the
MB-DNA/thiolated DNA interaction to be weak in tld@sence of protein (“background”)
yet strong in the presence of the protein (“signdFinally, it should be noted that the
detection limits of proximity assays are often wedlow the K values of the individual
probes, which can be attributed to the chelate-éKect of utilizing two probes in a

cooperative fashion, often termed the “proximitfeet.”

Through binding equilibria, a fraction of thiolatBdNA will always hybridize with
the MB-DNA sequences, even in the absence of tamgatyte, resulting in target-
independent hybridization, recruitment of MB to theld surface, and an increase in
current. A portion of this background current cowtso result from non-specific
adsorption of MB-DNA to the surface, although oesults suggest that specific binding
is the major cause. The presence of this backgrounent is obviously detrimental to
the assay. We applied two strategies in attemfuvier 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 Pf#ere we utilized a DNA loop
to model the probe-target complex in ECPA (Figar2A), making the assumption that
probe affinity for the target protein is infinitdhe 80-nucleotide DNA loop mimics
formation of the ECPA complex, bringing MB near ti@d surface and increasing redox
current. Background was modeled using only theldated DNA and MB-DNA (Figure
2.2.A). This experimental model greatly simplifitkde optimization of experimental
parameters. Since the surface-dependent ECPA ievavdifferent type of cooperative
complex formation compared to homogeneous PLA, exgsed two new strategies for

minimizing background in ECPA.

The first strategy was to decrease the bindingigffibetween thiolated DNA and
MB-DNA by reducing the number of complementary Isaisethe thiolated DNA (Figure
2.2.B). The hypothesis was that the amount of backgl hybridization between
thiolated DNA and MB-DNA would be greatly reduceatereby reducing background
current greatly without a large decrease in signatent. Figure 2.2.C compares the
signal and background responses of the system&yith and 10 complimentary bases
(G5, G7, and G10 strands). Comparing G10 to G7hyg®thesized, the background
current was reduced by 2-fold while signal currevdas reduced by only 1.6-fold.
Furthermore, compared to a background peak cuafebd nA with G10, it was indeed
possible to reduce the background current to beselising G5. However, the
background reduction was accompanied by a largeedse in signal peak current from
104 nA down to 38 nA, since the weakened connectlea weakened hybridization of

the DNA Loop (model of signal).
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In an attempt to reduce background without suclargel signal reduction, our
second strategy was to utilize a short DNA competivith the G10 system. We
hypothesized that when using a competitor sequdraekground hybridization would
occur more slowly than signal hybridization, sinbeth signal and background
complexes must displace the short competitor gdazurrent enhancement by the MB-
DNA strand. Figure 2.3.A shows a representatiothefdelayed background formation
over time, mediated by competition with competstiands. This way, signal of similar
magnitude to that in the N=10 case above should fapidly, while background would
be delayed kinetically by the competitor. Figur8.B. shows signal and background
responses of the system with 7-, 8-, and 9-basepetiors (C7, C8, and C9). As
hypothesized, the hybridized competitor sequendeskéd access of MB-DNA to the
thiolated DNA, thereby slowing background formatiéingure 2.3.B shows that with C7
and C8, background currents of 47 and 24 nA wetectled even 10 min after addition of
MB-DNA, while no background was detected for asggl@s 40 min using C9. Since C9
allowed a 40-min time window for detection, we obd@39 as the competitor for further
experiments. Upon addition of the Loop (model ghsil), significant signal current of 81
nA was possible after 30 min, while C9 preventeckigeound formation (Figure 2.3.C).
Optimal conditions were determined to be 15 nM MRBAand 100 nM C9, and these

were applied in the aptamer-based ECPA systemwbelo

2.3.3 Aptamer-Based ECPA

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

thrombin aptamers (THRaptA, THRaptB) that bind thbin at different sites were
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applied as affinity probes, and competitor C9 wasduto minimize background. Using
conditions optimized by the model system, backgdolevels were measured in the
absence of target protein (human thrombin). Simitathe model system, background
remained at baseline current for up to 90 min,raffeich an increasing peak current at -
210 mV was detected, indicating that MB-DNA was ibhamg to displace the

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

observed in the model system. This difference tisbated to the decreased diffusion
coefficient®” of the MB-DNA (40-bases; ~70 |fns*) when hybridized with THRaptB

(120-bases; ~30 pns?), which would slow the kinetics of the competitlisplacement

process by ~2.3-fold in comparison to the modetesyis This estimation agrees very well
with the 2.25-fold increase in time required focckground formation. The lower right

plot in Figure 2.4.A shows the background with hoombin (black trace) and a typical
MB oxidation peak appearing at -210 mV (red tranehe presence of 2.5 nM thrombin
after the 90 min incubation. As expected, the sadar peak current at 10 nM thrombin
(52 nA) was of lower magnitude than the model sys(81 nA), which had assumed
probes with infinite affinity. This aptamer-base@RA system calibrated versus thrombin
concentration (Figure 2.4.A, left plot), with sensesponses recorded in triplicate as
integrated MB peak areas from -330 mV to -100 mEPE was capable of detecting
thrombin levels as low as 50 pM using a direct tebemhemical readout, with a dynamic

range up to 10 nM at these probe concentrations.

To demonstrate specificity, the aptamer-based EGK#s challenged with
nonspecific proteins including human IgE, insulamd BSA. Figure 2.4.B shows that

essentially no response was observed in the presd#rtO nM insulin or IgE; even with
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4-fold lower thrombin (2.5 nM), the signal was ~#0d larger than that of IgE or insulin.
In addition, baseline current was observed in tlesgnce of 2% BSA, while the signal
from 2.5 nM thrombin was recovered by 93% in 2% B3Ais result is encouraging for

future application of ECPA to biological samplesl qnoint-of-care settings.

2.3.4 Antibody-Based ECPA

The flexibility of the aptamer-based approachnsited because of the requirement
of two aptamers for the target protein, since aptapairs exist only for a few select
proteins. As noted above, the use of antibody-oligeotide conjugates as probes can
overcome this challeng&*’ With the success of sandwich immunoassays, thestsea
large, commercially available library of antibodgifs against many proteins. As proof of
concept that ECPA can be applied to a wide vamétgrotein targets, we show herein
that insulin can be directly detected using twoikanty-oligonucleotide conjugates as

ECPA probes.

A schematic of antibody-based ECPA is shown in Fgdu5.A (upper right), again
employing the short DNA competitor strategy. Witistnew assay format, a different set
of conditions were determined as optimal, including addition of 0.5% BSA to reduce
nonspecific antibody adsorption and a C9 conceatraif 300 nM. Using 10 nM of each
antibody-oligo and 10 nM MB-DNA, the assay showediamin detection window
before competitor began to be displaced by MB-DNZince the antibody-oligo
conjugates will significantly alter the diffusiomtes of most components, we did not
expect the kinetics of signal and background foiomato follow trends observed in the

model system or aptamer-based ECPA; nonethelessddtection time window was
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similar to the other systems. The lower right pioFigure 2.5.Ashows the background
with no insulin (black trace) and a typical MB oaitn peak appearing at -210 mV (red
trace) in the presence of 2 nM insulin after 40 .nihis antibody-based ECPA system
was then calibrated versus insulin concentratiagufieé 2.5.A, left plot), with sensor
response recorded in triplicate as integrated M&paeas from -330 mV to -100 mV.
Remarkably, using a direct electrochemical read&@PA was capable of detecting
insulin levels as low as 128 fM (7.43 x™16ig mL™?) with a dynamic range extending to
2 nM (11.6 ng mL}). The selectivity of antibody-based ECPA was tstgainst insulin-
like growth factor 1 (IGF-1), which has similarigtture to insulin, and against C-peptide,
which is co-secreted with insulin into the bloodain. As expected, the sensor did not
respond to higher concentrations of either IGF-1Gapeptide (Figure 2.5.B). The
drastically improved performance of the antibodgdsthECPA compared to the thrombin
aptamer ECPA was expected, since the aptamevatues®® are several orders of

magnitude higher than the typical antibody K

Finally, Table 2.2 shows a comparison of our ambbbased ECPA to
commercially available sandwich ELISAs for insutiatection->"***In order to facilitate
equal comparison of the direct-readout ECPA withouss heterogeneous ELISAs, the
concentrations of insulin in the incubation solntiof each ELISA is reported in Table
2.2. ECPA outperforms all of the kits in terms efay dynamic range (from 43- to 312-
fold wider range). The impresssive ECPA dynamigyeanf 15 600 (from 128 fM to 2
nM) should provide enhanced flexibility in sampleeparation. Only one of the
“ultrasensitive” versions of ELISA (25-pL samplelwme) has an essentially equal

detection limit (1.1-fold higher) compared to ECRZompared to “standard” ELISA kits,
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ECPA shows between 15.6- and 60.9-fold lower ligfitdetection for insulin. In fact,
using the noise level of the blank, the linearlftrapolated LOD for insulin was
calculated to be 20 fM, lower than all ELISAs shoiunTable 2.2. These performance
improvements come with the additional benefit direct-readout format, making ECPA
amenable to point-of-care analysis. To our knowsedgCPA represents the highest
performing direct-readout insulin assay reported date. Looking toward future
application in point-of-care insulin measurememshuman serum, if we leverage the
pioneering efforts of the Plaxco group using simillNA-based electrochemical
sensors??8 132134t should be possible to detect a variety of grstén undiluted serum.
Of course, since the ECPA detection limit for imsul128 fM) is over 400-fold lower
than the normal human serum insulin levels (~6@8(, serum samples could be simply

diluted to minimize interferences in this case.

2.4 Conclusions

In this paper, we describe the development of teetchemical proximity assay
(ECPA), which leverages two aptamer or antibodgeaucleotide probes and proximity-
dependent DNA hybridization to move a redox activ@ecule near a gold electrode. A
DNA-based experimental model was used to optintizeassay format, and aptamer- and
antibody-based ECPA were shown functional with hégimsitivities and low detection
limits, employing a short DNA competitor to limiabkground current. This background-
reduced ECPA was shown to match or outperform otly@ised ELISA kits for insulin
detection. Of particular importance is the proofohcept provided by antibody-based

ECPA. Judging from the successes of other proximitpunoassays*’ it is reasonable
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to assume that ECPA should perform well in quamgyany other protein with an
available antibody pair. Combining the assay’sifidity and high sensitivity with the

simplicity of direct electrochemical readout, ECBAould be useful in a variety of
settings in the future, including medical diagnostibiological research, and point-of-

care testing.
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Figure 2.1. Principle of the electrochemical proximity ass&CPA). In the presence of
the target protein, this five-part complex moves thdox-active methylene blue (MB)
near the gold surface, thus increasing current rioppgrtion to the protein analyte.
Depicted here areA( the final, five-part cooperative complex ang) (the stepwise

operation of the assay, in which the electrode waitbre-assembled DNA/competitor
monolayer is immersed into a pre-mixed solutiorE®XCA probes (two Ab-oligos and

MB-DNA) and target protein to generate current.
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Figure 2.2. DNA-based model for ECPAA( A continuous DNA Loop is used to model
the Signal complex shown in Figure 2.1. Backgroisnchodeled by simply adding MB-
DNA without the Loop. B) Depiction of Background reduction in Strategy-géwer base
pairs (weaker hybridization) between thiolated DIMAd MB-DNA results in lower
background currentQ) Experimental confirmation of Strategy 1, with batignal and
background currents reduced in the voltammogrambi@siumber of base pairs (N) is

reduced. At N=5, background is minimized, but sigeaeduced significantly.
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Figure 2.3. DNA-based model for ECPAA( Depiction of Background reduction in
Strategy 2, where a competitor strand preventdawssBackground formation over a
given time window. B) Experimental confirmation of Strategy 2. The $®&aompetitor
(C9) was the only one to show baseline currentuprto 40 min. C) Signal and
Background voltammograms are shown with C9 undémap conditions, showing more
than double the Signal current and equal Backgraturdent compared to N=5 from

Strategy 1.
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Figure 2.4. Aptamer-based ECPAA| With a direct readout, a human thrombin detection
limit of 50 pM was achieved, with a dynamic range to 10 nM. Upper right image
shows the principle of the assay, with the Iloweghti plot showing example
voltammagrams for the blank (black) and in the @nes of 2.5 nM thrombin (red)B)
The dual-probe assay shows high selectivity, age&iepl, 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 impravedlexibility of the
assay, since a large variety of protein targetsdcbe quantified this wayA() Insulin as
low as 128 fM was detected with direct readouthwitdynamic range up to 2 nM. Upper
right image shows the principle of the assay, i lower right plot showing example
voltammagrams for the blank (black) and in the @nes of 2 nM insulin (red)B) The

dual-antibody assay also shows high selectivitgxaected.
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Name (Abbreviation) DNA Sequence, listed 5'to 3’

ECPA-Loop (Loop) TAG GAA AAG GAG GAG GGT GGC CCA CTT AAA CCT CAA TCC ACC CAC TTA
AAC CTC AAT CCA CGC GGA TTT GAA CCC TAA CG

ECPA-MB-10 (MB-DNA) CCA CCC TCC TCC TTT TCC TAT CTC TCC CTC GTC ACC ATG C /MB-C7/

ECPA-Gold-10 (G10) /5ThioMC6-D/ GCA TGG TGA CAT TTT TCG TTC GTT AGG GTT CAA ATC CGC G

ECPA-Gold-7 (G7) /5ThioMC6-D/ GCA TGG TAT TTT TCG TTC GTT AGG GTT CAA ATC CGC G
ECPA-Gold-5 (G5) /5ThioMC6-D/ GCA TGA ATT TTC GTT CGT TAG GGT TCA AAT CCG CG
ECPA-Comp-9 (C9) TCA CCA TGC

ECPA-Comp-8 (C8) CAC CAT GC

ECPA-Comp-7 (C7) ACC ATG C

Abbreviations: /MB-C7/ = methylene blue modification (Biosearch), /5ThioMC6-D/ = disulfide bond flanked by two six-carbon spacers (IDT)

Table 2.1. Single-stranded DNA sequences used in the ECPAhsydtems (strategies 1

and 2). MB-DNA, G10, and C9 were employed in thérojzed detection system.
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Relative LOD Dynamic  Relative Range

Assay Analyte LOD (fM)  (LODg .,/ LOD,,,) Range  (Rangey,,/Rangey;,) Citation
ECPA human insulin 128 1 15 600 1 present work
ELISA*  human insulin
standard 5200 40.6 100 156 139
2000 15.6 200 78 140
7800 60.9 75 208 141
ultrasensitive 140 1.1 290 54 142
mouse insulin
standard 3100 24.2 50 312 143
ultrasensitive 820 6.4 360 43 144

Abbreviations: ECPA = Electrochemical Proximity Assay, ELISA = Enzyme-Linked Immunosorbent Assay, LOD = Limit of Detection

* To provide valid method comparisons, LODs and Dynamic Ranges for ELISAs are defined by the concentrations in the incubation
mixture, prior to the washing step and secondary antibody incubation.

Table 2.2. Performance comparisons between ECPA and varioosnercially available

ELISA kits. ECPA has a lower detection limit thawef of the six kits in the table (as
much as 60-fold lower), with a comparable detectinnit to one ‘ultrasensitive’ human
insulin ELISA. The dynamic range of ECPA is >40dalider than all ELISAs shown in
the table (as much as 300-fold wider). These impments shown by ECPA come with

the added benefit of a direct electrochemical ragde. without requiring washing steps.

=47 -



Chapter 3
Electr ochemical M1 P/GCE Sensor for Direct Detection of Chiral Catechin without

Separ ation

3.1 Introduction

Catechin is an abundant natural product that han b@mown for its potential
benefits to human health as an effective anticaagent:*>**® However its ecological
functions have been under recognized. Catechiaseteto ground by a variety of plants,
such as centaurea maculosa, can hinder the grofwtheo neighbors and has the
potential to be safer alternatives to herbicides pesticides?’*® Catechin is secreted
into the soil as a mixture of two enantiomers, ¢adechin and (-)-catechin that have been
proven to possess different biological activitiRecent studies show that (+)-catechin is
mainly responsible for antibacterial and antifungetivities with a low phytotoxic effect,
while (-)-catechin is believed to own most of tHeyjtoxicity.***** In order to better
utilize this natural product and maximize their dtions to serve human, a deeper
understanding of the activities related with eacantiomer and their corresponding
concentration ratio presented in raw sample igafit

Until now, methods often used for chiral catechironitoring involve gas
chromatography with mass spectrometry (GC-MS) quitl chromatography with mass

spectrometry (LC-MS)****?1*8However, these analytical methods require expensive
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bulky, and complicated instruments and need a a#@parstep (GC, or LC) prior to the
detection. On the other hand, enzymes or antibodased sensors have also been
developed for the detection of chiral catechineia &nd wine samplé$>***"However,
the poor stability and high cost of these biologieeements prevents their use in
developing a rapid, inexpensive, yet robust assayhe detection of chiral catechin in
naturet®%163

Numerous attempts have been made to replace lbalogiceptors with synthetic
compounds as recognition elements in biosensimgvéscome the major limitations of
enzymes and antibodies. Of many approaches, MNRs lieecome a powerful tool for the
preparation of polymeric materials that have thiitglio specifically bind a chemical
specie due to their low cost, ease of preparatind, robustnes¥:**%41%*The synthesis
of MIPs involves the formation of template-monomssembles through covalent and/or
non-covalent interactions, followed by copolymeti@a with the aid of a cross-linking
agent. Upon removal of the template, binding site$ are complimentary in shape, size,
and functionality to the analyte are reveal®d’*°°1%’A variety of readout methods for

70171 and  electrochemical

MIP-sensors, including piezoelectfi&*®® optica
methodd*"*1"21"3have been developed in the past decades. Amorsg ttietection
methods, electrochemical approaches such as vok#icmesponse are often the easiest
and most economic way to fabricate a commercial-séRsor**"?

In this study, we report a rapid, simple and disgay to detect chiral catechin in a
(x)-catechin solution without the need of additibreeparation steps. MIPs were
synthesized in the presence of (+)- or ()-cate@rd integrated with a glassy carbon

i:67

electrode using agarose géf®’ The current responses of the (+)-catechin-MIP/GCE
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sensor to catechin demonstrate a dynamic range I®mM up to 300 uM with great
selectivity against nonspecific molecule, HQ. Thdtammetric response of the chiral
catechin imprinted MIP/GCE sensor to (+)-catechioves its ability to detect chiral
catechin from a mixture of both enantiomers simuogathe natural product sample within
5 min. In addition, the method could be used toliata relative quantity of two
enantiomers in mixture. The ratio of (+)-catechon(4)-catechin was determined to be 1:
(4.31+1.54), which agrees with the ratio evaludtgd.C-MS that is 1: (3.95+1.58). Thus,
the combination of molecular imprinting techniquéhwelectrochemical method offers
an excellent sensor for rapid detection of not amfliral 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), (z)-catechinydnate (98.5+%, Fluka),
hydroquinone (HQ) (99+%, Sigmal-Aldrich), acrylami@AA) (99+%, Sigmal-Aldrich),
N,N-methylenebis(acrylamide) (MAAM) (99%, Sigmaldkich), and
azobisisobutyronitrile (AIBN) (98%, Fluka) were dsas received. NaifO,-H,O (98—
102%, Sigma—Adrich) and NdPO, (99+%, Sigma—Adrich) were used to prepare 0.1 M
phosphate buffer solution (PBS) at pH 7.4. Agai&gma-Aldrich) was used to prepare
1 wt% agarose gel. Acetonitrile (ACN), methanoletar acid, formic acid and ethanol
(all HPLC grade) were from commercial sources asdduas received. Millipore-Q
purified de-ionized (DI) water (18.2 M _ U cfhwas 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 imprinfgalymers was adapted from
the literature proceduré.31.7 mg (+)-catechin and 46.6 mg acrylamide wéssalved
in 10 mL ACN and the mixture was sonicated in ieghbfor 10 min. Then, 10 mL ACN,
404.7 mg MAAM and 10 mg AIBN were added to the solu while stirring. The
mixture was purged with Nin ice-bath for another 20 min. The temperatures wa
increased from room temperature to ‘@and maintained at 6@ for 24 h under K
After polymerization, the product was collecteddentrifugation at 5000 rpm for 10 min.
The collected polymer material was washed with medhiacetic acid (9:1, v/v) to
extract (+)-catechin. The extracted polymer waseathwith ethanol 3 times to remove
any remaining acetic acid and then dried in a vacdeasiccator overnight. The resulting
bulk polymers then were crushed and ground to yeide particles. The (x)-catechin
imprinted polymers was synthesized in the same Wwalyusing (+)-catechin as template
molecule. The non-imprinted polymer (NIP) used ontcol measurements was also
prepared in the same way, but in the absence dfheatechin. The GCE was polished
to a mirror finish with 15, 3, 1 pum diamond suspengBuehler), and 0.05 pm alumina
(Buehler) on a smooth polishing cloth subsequeamly then sonicated with DI water and
ethanol prior to each polymer deposition. To fadecthe MIP/GCE and NIP/GCE
sensors, 5.7 mg MIP was dispersed in 280 uL methaitto sonication for 20 min. Then
10 pL of the MIP suspension was coated on the dB2E electrode surface and dried at
room temperature. Then 10 pL of 1 wt% agarose agusolution was overlaid on the

above electrode surface till the accomplishmermoofiplete gelling.
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3.2.3 Scanning Electron Microscopy (SEM)
Scanning electron microscopy image of the imprinpadymer particles was
recorded on a Zeiss EVO 50 variable pressure segrelectron microscope on a gold

sputtered sample.

3.2.4 Fourier-Transfer Infrared Spectroscopy (FTIR)

FTIR spectroscopic measurements were performedamtehRPrestige-21/FTIR-
8400S FTIR spectrometer (Shimadzu corporation, dplgpan) with KBr pellet method.
The wave numbers of FTIR measurement were rangiog %00 to 4000 cih and

collected at one data point per 2 tmith scanning for 16 times.

3.2.5 Electrochemical Measurements

All electrochemical measurements were carried oub@m temperature using a
three-electrode set-up in a home built glass &@§ll oL total volume). The supporting
electrolyte was 0.1 M PBS (pH 7.4), the referendecteode was Ag/AgCl(sat)
(Bioanalytical Systems, Inc.), and the countertetete was Pt gauze (A = 0.77 QniThe
working electrode was a glassy carbon disk (d = @8 A = 0.071 crf). Before
electrochemical measurements, the solution was epurgith N, for 5 min. The
electrochemical circuit was controlled using an ileps electrochemistry workstation
(Bioanalytical Systems, Inc.). Amperometric measwepts were carried out by stepping
the potential to 0.4 V vs. Ag/AgCl(sat) to ensuoenplete oxidation of catechin. Aliquot
of (£)-catechin was injected into stirred PBS aem§v200 sec. The concentration of (+)-

catechin in the bulk solution was varied from B@® uM. For specificity tests, aliquot
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of (£)-catechin or HQ was injected into stirred Pi@Peatedly at every 100 sec, making a
final HQ concentration of 120 uM and a final (x}@ehin concentration of 70 uM at
1500 sec. For (+)-catechin detection, the MIP/GCERs wdipped into 0.1 M PBS
containing 72 uM (+)-catechin, 72 uM (z)-catechon,a mixture of the two for 4 min,
rinsed with DI water gently to remove physisorbedechin, and then transferred to a
catechin-free 0.1 M PBS at pH 7.4. Cyclic voltammamgs were recorded between -0.2
V and 0.8 V using a scan rate of 50 mV/s. Data wetkected from two different sensors

and were measured at least twice from each indivisiensor.

3.2.6 LC-MS

LC-MS analysis was performed on an Ultra Perforredn€ Systems (ACQUITY,
Waters Corp., Milford, MA, USA) coupled with a quagole time-of-flight mass
spectrometer (Q-TOF Premier, Waters) with electi@gponization (ESI) in both ESI-
MS and ESI-MS/MS modes operated by the Masslyntwsoé (V4.1). 3uL ()-catechin
in methanol was flowing through a Synergi 4 pm CI&) mm x 3 mm [.D. analytical
column (Phenomenex, Aschaffenburg, Germany) kepb&C and injected into the ESI
source. 0.1% Formic acid in ACN/purified water (VB/95) (mobile phase A) and 0.1%
formic acid in ACN/purified water (v/v, 95/5) (mdeiphase B) were applied at a flow
rate of 0.35 mL/min, starting at 0% B with a linegnadient to 30% B after 60 min
followed by washing with 100% B for 10 min and re#ipration with 100% A for

another 10 min>® Separationwas repeated for three times for accuracy.

3.3 Resultsand Discussion
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3.3.1 Preparation and Characterization of MIP Elagi

(x)-Catechin/(+)-catechin was dissolved in ACN aAd was selected as the
functional monomer owning to the carbonyl group amndde groups that are favorable
for hydrogen-bonding interaction with the five hgryl groups contained in catechin in
the solvent.” The sonication process prior to polymerizatioriliates the formation of
stable donor-receptor complex between templatesfuamational monomer that leads to
well-defined binding sites in the MIP matrix as aimoin Scheme 3.1. The addition of the
cross-linker, MAAM, was to ensure strong networld ambustness of the polymers.
Upon removal of the template molecule, specificrimng sites were revealed and able
to selectively rebind (z)-catechin/(+)-catechin.eTbulk polymers were further crushed
and grounded into small particles to ease the paration with GCE.

SEM is a suitable method to observe the morpholoigiMIPs and estimate the
particle size after crushing>*"°Figure 3.1. shows the SEM image of (+)-catechiPMI
particles, which presents a globular morphologyhvaggregated small globules. The
particle size ranges from 124.5 nm up to 950.6 meterchined by ImageJ. No obvious
difference was observed between MIPs and NIPs (aztahown). To further ensure that
the MIPs had been made successfully, FTIR analyais performed on AA, MAAM,
MIPs after extraction, and NIPs. Figure 3.2.A shdhes FTIR spectrum of AA. Broad
asymmetric stretching bands of primary amine weund at 3367 cihand 3205 ci.*™
A stretching vibration band of carbonyl group wasrfd at 1680 cih suggesting there
are functional groups in AA to form hydrogen borglinith templates’”*"®In addition,
the stretching vibration band of alkene group wasnél at 1615 cth'’® The FTIR

spectrum of MAAM is shown in Figure 3.2.B. A shagitong asymmetric stretching
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vibration band of amine was found at 3310 gwhile two other main vibration bands
were found at 1666 cmand 1628 cr, which are assigned as carbonyl stretching and
alkene stretching. For MIP particles, as shownigufe 3.2.C, the broad peak situating at
3406 cntt was attributed to asymmetric stretching of N-Hamine. At 1668 cm, the
strong stretching vibration peak of carbonyl graaymgests that there are functional
groups left in the polymer network to interact wille hydroxyl groups of catechin, thus
rebind targets. The disappearance of stretchingtidm band of alkene groups at either
1615 cm® or 1628 crit indicates completion of polymerization. The spaatrof NIP
particles shown in Figure 3.2.D was identical whiat of MIP particles, suggesting the
complete removal of catechin after extraction. TREIR results confirm that the
polymerization reaction took place and was complatel there were functional groups

in the MIPs that would interact with targets viabzanyl groups and amine groups.

3.3.2 Optimization of Monomer to Template Ratio TWfor Detection of (x)-Catechin

In non-covalent MIP system, there are monomer-tateptomplexes formed in the
pre-polymerization solution. Because of the natofenon-covalent bonding, there is
equilibrium between individual molecule and the ptemes that determines assembly of
complexes. Complexes formation is directly relatethe number and quality of the MIP
binding sites, thus M/T in the pre-polymerizatioixtare is found particularly important.
Low M/T provides MIP particles with insufficient Mational groups to bind targets,
while a too high M/T, with the extreme case beinyIR, yields non-selective binding.
(x)-catechin MIPs with varied M/T in the pre-polyrimation solution were synthesized

and their corresponding current responses to 300 (t)Acatechin were tested
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individually using chronoamperometry. The insefF@ure 3.3.Ashows that a maximum
current was obtained when the M/T is 6, which agref&h the results observed in
previous literaturé!’* Therefore, a ratio of 6 was proven to providehhghest sensitivity

to target molecule.

3.3.3 Electrochemical Responses of MIP/GCE

Figure 3.3.A shows the chronoamperometric respoois@g-catechin MIP/GCE to
(x)-catechin by the comparison with NIP/GCE. Measuents were carried out with
MIP/GCE (Figure 3.3.A black trace) and NIP/GCE (Fig3.3.A red trace) by successive
additions of (£)-catechin aliquots in PBS at pH.74 each case, the potential was
stepped from -0.10 V to a value of +0.40 V. At MBZE, the oxidation currents
achieved steady-state within 30 s after each alig@as introduced and increase with the
increase of (%)-catechin concentration in PBS. Apeeted, there was no current
response at the NIP/GCE, which indicates a complaterage of NIP on the surface that
blocked electron transfer. The calibration curvevam in Figure 3.3.B(black trace)
revealed a linear relationship with (x)-catechim@entration in the range from 10 to 70
KM and the currents tend to reach saturation dt bagcentration range, indicating that

the imprinting sites were almost occupied by (#echin molecules.

3.3.4 Selectivity Study
The selectivity of the (z)-catechin MIP/GCE sengoward (z)-catechin was
evaluated by testing its current response againtrference molecule, HQ. The

concentration dependent current response of scmlgonent solutions of (x)-catechin
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(black trace) and HQ (blue trace) are shown in f@gi3.A. HQ only showed detectable
current starting at 100 uM. When [()-catechin] @03 M, the current response of HQ
(Figure 3.3.A blue trace and Figure 3.3.B bluedjagas only 11.7% of the (z)-catechin
current response. The results indicate that the/ IIE sensor has binding preference to
the template molecules. The low current responsdsgher HQ concentrations were
likely due to the hydroxide groups in HQ that camni hydrogen bonding with the
functional groups in the MIP matrix and its smals&ze than that of (x)-catechin. Thus
small amount of this structurally similar compounds transported through the cavities
of the MIP particles to reach at the GCE surfacenaht can be oxidized. To further
ensure the selectivity of the cavities in MIP magta second experiment was carried out
using chronoamperometry by injecting aliquots of H@d (%)-catechin solutions
alternatively into the same PBS. The concentrabioHQ in PBS was ranging from 0 to
120 uM while the concentration of (z)-catechin vitasn 0 to 70 pM. The results were
shown in Figure 3.4. At the initial stage, onlygalots of HQ solution were injected into
the stirred PBS solution and no current response dedected. A current was produced
immediately when an aliquot of (x)-catechin solatiwas injected into the PBS and
aliquots of HQ and (z)-catechin were injected al&tively after then. As expected, the
oxidation current of (x)-catechin increases witk tiddition of (z)-catechin, while HQ
only produces small current responses only aftqrdn PBS that agrees with the result
in the individual test. These two lines of inveatign confirm the outstanding selectivity
of MIP/GCE sensor for (x)-catechin over potentialhterfering compound. In plant

samples, HQ and other phenolic and polyphenolic pmamds present at low

-57-



concentrations compared to catecfhThus the interference from HQ and similar

compounds for catechin detection is not signifiGganmeal samplé®

3.3.5 Detection of Chiral Catechin
The (x)-catechin MIP/GCE sensor was demonstrateddik well for detecting

template molecules and showed excellent selectiatyard targets against potential
interferent, such as HQ. Because the chronoampércnmaeasurements were done
under constant stirring, the noise of current idyfdarge and not ideal for quantitative
analysis. On the other hand, Cyclic voltammetrpasentially a good method of choice
for precise analysis and would reveal the bindiffigity of target molecules within the
cavities of MIPs. To test the feasibility, Cyclioltammetric measurements were
performed right after the chronoamperometry measens for (+)-catechin. MIP/GCE
and NIP/GCE were taken out from the PBS and gemtighed with DI water to remove
unspecifically absorbed (z)-catechin molecules. l€yovoltammograms (CV) at
MIP/GCE (black trace) and NIP/GCE (red trace) shawhRigure 3.5. were recorded in a
(x)-catechin free PBS at pH 7.4. For the MIP/GCHEjuasi-reversible redox peak with
the peak potential difference of 134 mV vs Ag/Aglds observed, while almost no
electrochemical response could be seen for theGQGE/ These results confirm that
selective binding sites were created in the MIPrixdbr rebinding of (x)-catechin and
the bindings of target molecules were fairly tightte inset of Figure 3.5lemonstrates a
linear relationship between the anodic peak cumélit)-catechin and scan rate, proving
that the (z)-catechin molecules were situatinghi@ tavities upon rebinding. Therefore,

given the inspiration of tight binding of catechimolecules in the cavities, cyclic
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voltammetry was the method of choice for chiralechtn detection to obtain more
guantitative results.

To test the performance of the MIP/GCE sensor imenahallenging settings, (+)-
catechin MIPs were synthesized for detection ofc@techin in a (x)-catechin solution
and determination of the relative amount of tworgimeners in the mixed sample. An
accumulation step was introduced to obtain a bettmsitivity of the MIP/GCE
sensor3!’® The (+)-catechin MIP/GCE sensor was preconcemtrate stirring PBS at
pH 7.4 containing 144 uM (+)-catechin before measwent. After gently washing with
DI water to remove physisorbed molecules, currergs wmeasured using cyclic
voltammetry. A typical CV of the sensor’s respotsé+)-catechin is shown in the inset
of Figure 3.6. A pair of quasi-reversible redox kmandicates the rebinding of chiral
catechin in cavities. Figure 3.6. shows the chaofgthe anodic peak current with the
preconcentration time. The anodic peak currentea®ed significantly with the increase
of preconcentration time at the initial stage, anstable response was obtained after 4
min, suggesting that the adsorption equilibrium wesached. Therefore, the
preconcentration time of 4 min before measuremeag woven to give the strongest
electrochemical response.

The ability of (+)-catechin MIP/GCE sensor for dgten of (+)-catechin in a
mixture of (x)-catechin with unknown enantiomersaavas further tested using optimal
conditions. The sensor was preconcentrated in PBSAR uM (+)-catechin, 72 uM (z)-
catechin, and 72 uM (+)-catechin with 72 uM (x)ewdtin, respectively and the CVs
were recorded after gentle washing. 72 s the choice of testing concentration

because it was reported as the useful limit of adiete for naturally produced catechin
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while studying its phytotoxicity effect8?® Figure 3.7.Ashows the representative CVs
on (+)-catechin MIP/GCE. A pair of quasi-reversibéelox peaks of catechin appeared
after preconcentration with 72 uM (+)-catechin ofidlack trace). After preconcentration
with a soluton of 72 uM (+)-catechin with 72 uM {gatechin, the anodic peak current
increased slightly (red trace). The sensor incubwii¢h just 72 uM (z)-catechin showed
the smallest current response (blue trace). A sumnmd anodic peak currents
corresponding to three testing solutions from rplédtimeasurements was shown in
Figure 3.7.B. The current response of the (+)-¢atetMIP/GCE sensor to 72 uM (+)-
catechin is about 4 times larger compared withahe to 72 uM (z)-catechin, and the
anodic peak current to the mixture of 72 uM (+)echin with 72 pM (z)-catechin is
only 1.20 times larger than the one to 72 uM (dtiechin solely. This is possibly caused
by the specificity of (+)-catechin imprinted bindinsites since just (+)-catechin
molecules were present during the polymerizatidreré&fore, after removal of templates,
the polymer only holds cavities complimentary tQ-¢atechin. Only a small portion of
(+)-catechin presents in the mixed (z)-catechin @anof 72 uM, which results in a
corresponding small amount of current response eoeapwith pure (+)-catechin of 72
UM. (-)-Catechin molecules can not bind to the tiesibecause of the different stereos.
Therefore, only (+)-catechin molecules could rebiadd trapped in the cavities.
Furthermore, the molar ratio of (+)-catechin tegajechin in the unknown (x)-catechin
sample was determined to be 1: (4.31+£1.54) basatde®RV results, which agrees very
well with the number determined by LC-MS that is(3:95+1.58)>® showed in Figure

3.7.C. This result indicates that the (+)-catedmili/GCE sensor has stereoselectivity
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and is capable of detection of chiral catechin tjtetively in a mixture of enantiomers

without the need of separation.

3.4 Conclusions

In this work, we have successfully demonstratedimaple, direct, and fast
MIP/GCE sensor for detection of chiral catechin @nantiomers mixture without
separation. MIP particles were prepared and grafted a GCE using agrose gel. (¥)-
Catechin MIP/GCE was first fabricated to validate sensitivity of the sensor to target
and its great specificity toward template molecudgminst potential interferent, HQ.
Moreover, (+)-catechin MIP/GCE was prepared to aete)-catechin in (x)-catechin
solution and the ratio of (+)-catechin to (-)-cdtiecwas determined based on CVs and
confirmed by LC-MS. The sensor showed good stefectéty and it is promising in
the use of fast determination of relative amountwa enantiomers in natural products.
This is significant in studying distinct function$ enantiomer separately on site at a low
cost. Finally, this sensing strategy is generahature, and can be extended to the

development of chiral sensors for other electroaatholecules.
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Mag = 30.00 KX EHT =20.00kV  Signal A = SE1 Date :12 Jan 2010
WD = 8.5 mm Time :16:28:02

Figure 3.1. SEM image of the (t)-catechin imprinted polymertmées. particle size:

124.5nm to 950.6nm determined by ImageJ.
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Figure 3.3. (A) Typical current response curves of ()-cateclilagk trace) and HQ
(blue trace) with increasing concentrations atqaechin MIP/GCE and response of (1)-
catechin at NIP/GCE (red trace) in 0.1 M PBS wiilriag at a constant potential of 0.4
V, pH at 7.4. The inset shows effect of M/T on teonoamperometric response of the
(x)-catechin MIP/GCE to 300 uM (z)-catechin in OALPBS, pH at 7.4.K) Calibration
curves for (x)-catechin (black trace) and HQ (bitaze) on (£)-catechin MIP/GCE and

(x)-catechin on NIP/GCE (red trace) obtained byixtves in Fig. 3.3.A.
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Figure 3.4. The chronoamperometric current responses of (Bebat against HQ on
(x)-catechin MIP/GCE in 0.1 M PBS with stirring atconstant potential of 0.4 V, pH at

7.4.
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Figure 3.5. Cyclic voltammograms of (t)-catechin on MIP/GCE &tk trace) and

NIP/GCE (red trace) in 0.1 M catechin-free PBS, pH7.4 after gently washing
following the chronoamperometric experiment. Scate:r50 mV/s. The inset shows the
effect of the scan rate on the anodic current picatechin on MIP/GCE in 0.1 M PBS,

pH at 7.4. Scan rate: 10, 20, 50, 100, 150, 200smV/
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Figure 3.6. Effect of preconcentration time on the anodic auirref the (+)-catechin
MIP/GCE to 144 pM (+)-catechin in 0.1 M PBS, pHrat. Scan rate: 50 mV/s. The inset
shows a typical cyclic voltammogram of 144 uM ¢afechin on (+)-catechin MIP/GCE

in 0.1 M PBS after preconcentration step, pH at 3cén rate: 50 mV/s.
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Figure 3.7. (A) Representative cyclic voltammograms of 72 pM dadechin, 72 uM
(x)-catechin, and 72 uM (+)-catechin together withpuM (£)-catechin on (+)-catechin
MIP/GCE in 0.1 M PBS after 4 min of preconcentratipH at 7.4. Scan rate: 50 mV/s.
(B) Average anodic peak currents of the (+)-catedhiR/GCE to 72 uM (+)-catechin,
72 UM (%)-catechin, and 72 uM (+)-catechin togetiveéh 72 uM (z)-catechin based on
three different measurements. Preconcentation sn#emin before each measurement.
(C) Representative liquid chromatogram showing thenéoselective separation of (t)-

catechin. The inset confirms the mass of (+)-catech
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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 ofictocompounds in the
environment and in foodstuffs has received increasittention in recent yeals-'%In
addition, numerous electrochemical metabolic andnumoassays are based on the
detection of small molecules such as hydrogen paeoand electron transfer mediators
such as hydroquinort&® Biological molecules, ranging from enzymes to lamdies, are
frequently used as the molecular recognition eldrnmethese devices, owing to their high
sensitivity and selectivity. The challenge of enyolg biomolecules in practical devices,
however, lies in the high cost, complicated prepansand handling, and poor long-term
chemical stability of many of these molecul&s!®® Molecularly imprinted polymers
(MIP) are synthetic materials, which are widely disas biomimetic molecular
recognition elements due to their low cost, eagarebaration, and robustnggg®+16>187
191 The synthesis of MIPs involves the formation ofmpéate—monomer assemblies
through covalent and/or non-covalent interactidolowed by copolymerization with the
aid of a cross-linking agent. Upon removal of tlenplate, binding sites that are
166,167,17%\

complementary in shape, size, and functionalittheanalyte are revealét:

large number of read-out methods for MIP-sensongjudling piezoelectrit®®%
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117911 and electrochemical methddé™'"® have been developed in the past

optica
decades. Among these detection methods, electrochlerapproaches, especially
amperometric methods, are often the easiest and ewmmomic way to fabricate a
commercial MIP-sensof:!"

A key aspect in the design of a MIP-sensor is tfiigient integration of the
polymer with the signal transduc&’' In the case of amperometric sensors, the
conventional approach is to deposit ready-made pHRicles onto the electrode, and
stabilize them with an agarose ¢eHowever, there are many drawbacks in using this
approach, such as a low density of recognitiors siteide matrix particles obtained via
crushing and grinding, and a high diffusion barfmrthe analytes through the agarose
binder. These factors lead to slow binding site easibility and low binding
capacity:®”"*"> A surface chemistry approach, such as the direfting of thin MIP
films onto an electrode surface, could in principercome some of the limitations
associated with conventional methods and achiewd giie accessibility and faster mass
transfer characteristic§®'%°"%1921%pjrect electropolymerization of MIPs is another
promising approach to better integration of MIPslectrode surface.

The use of self-assembled monolayers (SAMs) to ibilize monomers or
initiators onto a sensor surface is attractive bseathese systems are very well-
characterized, and are compatible with many minizdtion and surface patterning
strategies®’® Surface modification with functionalized monolayeras typically been
accomplished by the chemical modification of thefatant prior to the self-assembly
step, which can result in low yields and limitecplgability. On the other hand, the

surface “click” chemistry (i.e., the Cu(l)-catalyzazide-alkyne cycloaddition reaction),
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introduced by Sharpless and co-work&tsaind Chidsey and coworkefs’*!%offers a

powerful surface modification strategy becauset®ffast kinetics, high reaction yields,
and ease of monitoring by routine surface charaetigon technique®*°*%®n addition,
core—shell MIP particles and water soluble MIPseh&een prepared using a ‘click
chemistry’ approacf’®?®

In this study, we report a simple and straightfadvenree step synthetic strategy
for grafting thin MIP films directly onto the suda of Au electrodes that employs a
novel ‘clickable’ selfassembled monolayer/monomgstam. In the first step, a two
component SAM containing an azo-terminated thiolfasmed. In the second step,
propargyl acrylate is ‘clicked’ onto the SAM. Ineththird step, the desired MIP is
polymerized directly on the Au surface using conieral UV initiated radical
polymerization. In this study, hydroquinone was s#o as a model analyte for the

purpose of demonstrating the suitability of thessftgd imprinted polymers for sensing

applications.

4.2 Experimental
4.2.1 Materials and Reagents

Hydroquinone (HQ) (99+%, Sigma-Aldrich), acrylami@®+%, Sigma—Aldrich),
N,N’-methylenebis(acrylamide) (MAAM) (99%, Sigma-dkich), NaN (99.5+%,
Sigma—Aldrich), methanesulfonyl chloride (99.7+%igr8a—Adrich), (+)-sodium I-
ascorbate (99+%, Sigma), CuSHO (99+%, Sigma—Aldrich), propargyl acrylate
(98%, Aldrich), potassium ferricyanide (KFCN) (99%igma—Aldrich), (L)-ascorbic acid

(99+%, Sigma), 1-decanethiol (99%, Aldrich), 11+bm1-undecanol (99+%, Fluka),
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azobisisobutyronitrile (AIBN) (98+%, Fluka), catéech(98.5+%, Fluka), triethylamine
(99.7%, Acros Organics), potassium thioacetate (9826os Organics), and serotonin
(99%, Acros Organics) were used as received. Aridecanethiol (ADT, RCH,)11:SH)
was synthesized according to the literature proeedf NaH,PO,-H,O (98—102%,
Sigma—Adrich) and N#PO, (99+%, Sigma—Adrich) were used to prepare 0.1 M
phosphate buffer solution (PBS) at pH 7.4. AcetdaittACN), methanol, acetic acid,
and ethanol (all HPLC grade) were from commerc@reses and used as received.
Millipore-Q purified de-ionized (DI) water (18.2 MJcm®) 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 imf@d polymers was adapted
from the literature proceduté® 22 mg HQ and 56.9 mg acrylamide were dissolvezDin
mL acetonitrile and the mixture was sonicated f@mdin. Then, 493.3 mg MAAM and
10 mg AIBN were added to the solution while stigifhe temperature was increased
from room temperature to 7@ and maintained at 7@ for 24 h under N After
polymerization, the product was collected by cémg@ation at 5000 rpm for 10 min. The
collected polymer material was washed with methaeetic acid (9:1, v/v) to extract HQ
until it could no longer be detected in the elubgt UV—vis spectrophotometry. The
extracted polymer was rinsed with ethanol 3 tineesetnove any remaining acetic acid
and then dried in a vacuum desiccator overnigheé fEsulting bulk polymers then were
crushed and ground to yield white particles. Tha-moprinted polymer (NIP) used in

control measurements was prepared in the samelwayn the absence of the HQ. To
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fabricate the coated-on MIP and NIP sensors, 1 nmiB Mas dispersed in 0.5 mL
methanol with sonication for 20 min. Then 10 of the MIP suspension was spin-coated
on the clean Au electrode surface and dried at rmmperature. Then L@ of 1 wt%
agarose aqueous solution was overlaid on the almlgetrode 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 gsam aqueous slurry of 0.Qén
alumina particles and then washed with water ahdretl in an ultrasonic cleaner. The
Au electrode was then immersed in fresh piranhatieol (H,SO,/H,0,, 3:1) for about 5
min, rinsed with DI water, and dried under nitroggas. Caution: Piranha solution is
dangerous to human health and should be used witkrae caution and handled only in
small quantitiesThe Au electrode was then subjected to 100 oxidateduction cycles,
scanning between -0.5 and 1.5 V in 0.1 M Hgl& 0.1 Vs Self-assembled
monolayers were formed by immersing the clean Aatebde in 20QuL of an ethanolic
solution that was 1 mM decanethiol and 2 mM 1-azitecan-11-thiol for 24 #* The
SAM/Au electrode was rinsed in ethanol and watet dred in a stream of flowing N
prior to being transferred for 18 h to a 2 mM pmgya acrylate (PA) solution (solvent,
3:1 ethanol:water) that also contained 10 mol% wodiascorbate and 5 mol%
CuSQ:-5H,0. The reaction chamber was covered with aluminoiinahd stored inside a
darkened drawer for the duration of the reactiomnter to prevent photo-oxidation of
the monolayer. After reaction, the monomer/SAM/Aecaode was rinsed with ethanol

and water repeatedly to remove any physisorbed Wext, 10 uL of MIP reagent

-74 -



solution (1.1 mg HQ, 24.7 mg MAAM, and 3.3 mg AIBN1 mL ACN) was applied to
the electrode by spin coating. Polymerization wasied out by applying UV light (365
nm) to the electrode surface for 1*hFinally, HQ was removed by exposing the
electrode to a DI water and methanol flux. Schermiesdmmarizes the procedure used to
prepare the MIP/SAM/Au electrodes. Non-imprintedypeer films were prepared under

identical conditions to those used for the MIP#hie absence of HQ.

4.2.4 Raman Spectroscopy

Raman spectroscopy was performed using the 514imen(20 mW) from an air-
cooled argon ion laser (model 163-C42, Spectraibhysasers, Inc.) as the excitation
source. Raman spectra were collected and analyzied) @ Renishaw in via Raman

microscope syste??

4.2.5 Electrochemical Measurements

All electrochemical measurements were carried déubam temperature using a
three-electrode set-up in a home built glass &@§ll oL total volume). The supporting
electrolyte was 0.1 M PBS (pH 7.4), the referendectode was Ag/AgCl(sat)
(Bioanalytical Systems, Inc.), and the countertetele was Pt gauze (A = 0.77 QuiThe
working electrode was an Au disk (d = 0.15 cm, 8.618 cn). Before electrochemical
measurements, the solution was purged withfdd 5 min. The electrochemical circuit
was controlled using an Epsilon electrochemistrykstation (Bioanalytical Systems,
Inc.). Cyclic voltammograms were recorded betweerl v and 0.6 V using a scan rate

of 100 mVs*. Amperometric measurements were carried out kppitg the potential to
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0.4 V to ensure complete oxidation of HQ. The cotradion of HQ in the bulk solution
was varied from 0 to 200M. The solution was stirred after each additiotdqf and then
held without disturbance for 200 s to make chron@@mmmetric measurements.
Selectivity among structurally related analogs wadso studied by using
chronoamperometry. The current response of MIP/S/AMélectrodes to catechin, (L)-
ascorbic acid, and serotonin at various concentrativere tested both individually and
in the presence of 3(M HQ. In all cases, data were collected from thoeemore

different sensors and were measured at least fraoeeach individual sensor.

4.2.6 Profilometry
Profilometry measurements were performed usingredrelnstruments Alpha Step

200 instrument.

4.3 Results and Discussion
4.3.1 Preparation and Characterization of ClickedMDP Sensors

The three-step synthesis based on the Sharpléds t@action used in this study to
covalently attach thin molecularly imprinted polym@IP) films to Au electrodes is
illustrated in Scheme 4.1. Raman spectroscopy wgsoged to monitor the outcome of
the click reaction on the SAM surface as well as fibrmation of the grafted MIP thin
films on the monomer modified Au electrodes. Figdrgé. shows the Raman spectra of
the SAM-modified Au electrode before and after kdhg propargyl acrylate to the
surface. The asymmetric azide stretching mode &t t#i' is distinctly observed in the

spectrum of the mixed SAM. After carrying out tHekc reaction, a new band appears at
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1507 cm* which we assign as the triazole ring stretchinglendComparison of the two
Raman spectra clearly shows the decrease of the atzietching band and the increase of
the triazole ring stretching band, and indicateat tthe monomer molecules were
successfully clicked onto the azidoundecanethidifiex] Au surface.

To evaluate damage to the SAM caused by the ‘cliekction step, we used Au
oxide stripping voltammetry to measure the surfaea of Au exposed to solution after
completion of the ‘click’ procedure. The integrate@a of the Au oxide stripping peak is
2.1uCcmi? Using Faraday’s law and the known packing derwfitiu, we calculate that

this corresponds to about 0.05 monol&yéihat is,~5% of the SAM was lost during the
click reaction and95% of the SAM remains intact. Representative vofteetric data are

included as an inset to Figure 4.1. The Raman spacbf the MIP membrane grafted
onto an Au surface is compared with the spectruiliéf particles prepared by solution
polymerization that were drop coated onto an Auaser in Figure 4.2. For the MIP
particles drop coated onto Au, the spectrum shaavel® at 1584 cm, 1452 cm', and
1345 cm®, which are assigned to the following vibrationsrbonyl stretching, C—H
inplane bending, and C—O bendf§?*® The Raman spectrum of the MIP membrane
grafted on the surface showed similar bands at 1598, 1456 cm®, and 1350 cnt,
with an additional band at 1500 chihat is assigned to the triazole ring stretchiraglen
as noted previousRP??%® The observation of the triazole ring stretch iis thpectrum
indicates that the monomers clicked on the sunfee® not displaced by the subsequent
polymerization step. These results confirm the faiom 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 ted tlicked-on MIP sensors
before and after washing confirms that HQ moleculese indeed embedded in the MIP
thin film during the polymerization step (Figure34. More specifically, the cyclic
voltammogram of the as-prepared clicked-on MIP gerdisplays a pair of quasi-
reversible redox waves centered at ca. +0.20 V wigieak potential differencAEp) of
117 mV (solid line). In addition, the ratio of tlamodic and cathodic peak currents is
approximately 1:1. After the extraction of HQ, tr@tammetric signal disappears (dotted
line) and is similar to the response of the clickedNIP electrode (dashed line). It should
be noted that these electrochemical measurememéscagied out in a HQ-free solution.
These results indicate that the HQ molecules endzbddthe MIP membranes could be
efficiently removed from the imprinted polymer menaubes by washing with a water and
methanol flux.

Figure 4.4. shows the results of chronoamperomeuperiments performed using
both a clicked-on MIP sensor and the correspondiiied-on NIP electrode (inset).
The concentration of HQ was increased stepwise f@nto 200 uM. In these
measurements, the potential was stepped from -0td 4 V. The amperometrie-t
curves showed large current responses in the dabe clicked-on MIP sensor, and the
current increases linearly with the increase of /g concentration. This suggests that
cavities complementary to HQ were produced inside MIP membrane after the
removal of template HQ molecules. The porosity leé MIP membranes allows the
rebinding of HQ molecules and promotes the redactien of HQ on the electrode

surface. As expected, almost no current responseolserved with the clicked-on NIP
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electrode, which demonstrates the excellent coeerafgthe non-conducting acrylic
polymer membrane on the surface that completelgkisielectron transfer processes in
the absence of imprinted pores. Moreover, the atmesponses were found to be very
reproducible, which suggests the MIP membranesaite stable.

We also tested the current responses of sensquarpreby the conventional coat-
on method. For these experiments, MIP and NIP @estiwere synthesized by solution
polymerization, keeping the concentration ratidehplate, monomer, and cross-linker
the same as what was used in the fabrication oflitle-on polymer films. In addition, in
an effort to keep the total amount of polymer agpmately the same, the volume of
polymer suspension drop-coated onto the Au eleetwds kept as close as possible to
the volume of the MIP reaction solution used fa slurface polymerization reaction (see
Section 4.2 for details).

Figure 4.5. shows the calibration curves constdictging the amperometric data
just discussed. From the slope of the calibratimmves, the sensitivity for each electrode
was obtained. For the clicked-on MIP sensor, thesisgity was found to be 1135
mAcm °M ™, while the sensitivity of the coated-on MIP sens@as 40+2 mAcritM ™, a
difference of a factor of three. It should be nateat the slope of the calibration curve for

the clicked-on MIP sensor appears to decreasetlslighove [HQ115 uM. The origin of

this behavior is not fully understood at this tirbet is consistent with the existence of a
finite density of pores inside the MIP. This woudd expected to lead to mass transfer
limitations at higher HQ concentrations, with a responding drop in sensitivity,

consistent with our observations. The sensitivédgarted above is the average value of

the two slopes. Finally, the detection limit of #iecked-on MIP sensor was calculated to
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be 1.21+0.56uM based on & of the blank signals, while the detection limit thie
coated-on MIP sensor was 4.43+0.401; that is, 3.7 times higher than that of the
clicked-on MIP sensor.

The diffusion coefficient (E) is a useful parameter for studying mass transfer
phenomena at a surface modified electrode. Wheautrent reaches a steady-state value,
Do can be calculated using the Cottrell equaffdnD, for HQ measured using the
clicked-on MIP sensor was found to be (2.19+0.88)X&nfs *, in good agreement with
the diffusion coefficient in aqueous electrolyte .2@x10° cnfs®) measured
previously?'® In contrast, the HQ Pmeasured at the coated-on MIP sensor was found to
be (6.75+1.63)x10 cnfs %, a factor of 3.2 times smaller than what was messusing
the clicked-on MIP sensor. These comparisons stiggasthe higher sensitivity, lower
detection limit and faster diffusion observed at ttlicked-on MIP sensor should be
mainly attributed to two factors: (i) the surfagmprinting technique provides a large
population of binding sites which improves the lmgdcapacity of the sensor; (ii) the
‘click-on’ imprinting strategy does not require thse of a supporting agarose gel layer,
lowering the mass transfer resistance. The ger layeedes the diffusion of HQ into the
recognition sites contained within the MIP, andxsalown the apparent electron transfer
rate?® To test the importance of hypothesis (i), filmicknesses were measured using
profilometry, were found to be 1.1+0i3n, 1.4+0.3um, and 5.0+0.3um, respectively,
for the ‘click-on’, ‘coat-on’ and ‘coaton’+ agarosamples. In all cases, we measured
thickness values from multiple spots on multiplenples and averages are reported.

From this data, the thickness of the agarose lsyestimated to be ca. 3uén. Finally,
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the detection limit achieved using the ‘clicked-a@ystem is sufficiently low for many

practical applications, as the suggested exposug of for HQ in water is 1.82M.%*

4.3.3 Selectivity Study

The selectivity of the clicked-on MIP sensor towa@ was evaluated by testing its
current response against three model interferingpounds (Scheme 4.2), including
catechin, (L)-ascorbic acid (AA), and serotonin, asunction of concentration. The
concentration dependent current response of soggtgponent solutions of hydroquinone
and the three model interferents are shown in #i§. In each case, the potential was
stepped from —0.10 V to a value of +0.4 V as irnvimas experiments. Serotonin and AA
show detectable current responses at concentratieas 10uM, while for catechin,
measurable currents were observed only at @0When [HQ] = 150uM, the current
response of catechin, AA, and serotonin were 1.2BE&%, and 9.82%, respectively, of
the HQ current response. This behavior is likelg tluthe transport of small amounts of
these structurally similar compounds through théties of the imprinted membrane to
reach at the Au electrode surface where they caroxidized. This hypothesis is
supported by the observation that AA, which is tin@ecule that is most similar to HQ
with respect to both its functional groups and sgave the highest interfering current.
On the other hand, while serotonin is smaller #ie® HQ, but its functional groups are
quite dissimilar, leading to a lower interferingn@nt. The functional groups of catechin
are similar to HQ, but its large size limits itsilp penetrate into the cavities. The

selectivity of the ‘clicked-on’ MIP sensor repretea significant improvement compared
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to the ‘coat-on’ strategy, for which the respon§enterferents was found to be greater
than 40% of the target analyte sighAl.

In a second series of experiments, the selectfithe ‘clicked-on” MIP sensor in a
solution containing 3@M HQ was tested in the presence of different cotraéons of
catechin, AA, and serotonin. The selectivity wasleated by calculating the current
ratio (lo+lng), where Lo+ and | are the amperommetric currents in the presence and
absence of interfering compounds, respectivelysi#swvn in Fig. 4.7., a 2-fold excess of
catechin, AA, and serotonin over HQ results in amiywor changes of the current ratio,
which varied from 1.09 to 1.19. On the other ham8;fold excess of interfering species
over HQ resulted in current ratios that ranged fth@2 to 1.34. In the case of all three
interferents, the magnitude of interfering curresais greater in the presence of HQ than
in its absence (i.e., when compared to the resBufsg. 4.6.). This may be due to the fact
that the HQ molecules in the test solution fad#itdhe mass transfer of interfering
molecules through the sensing membrane, but theaghenon needs to be investigated
further.

These two lines of investigation indicate that ttleeked-on’ MIP sensor showed
outstanding selectivity for HQ over other potemyiainterfering compounds. Low
concentrations of HQ corresponding to EPA-speciéiggosure levels in the environment

could be detected in a complex matrix without teechof an additional separation step.

4.4 Conclusions

In this work, we have successfully demonstratednaple, three-step synthetic

method to graft thin MIP films onto Au surfacesgdhe use of these modified electrodes
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as amperometric sensors. The key idea is to calalatiach monomer molecules to a
SAM using click chemistry. From there, direct pobmization of the MIP membrane on
the electrode surface is straightforward. This epph allows us to achieve a sufficiently
high density of molecularly imprinted sites for siive measurements without
significant loss of specificity. In addition, ourethod eliminates the need for an agarose
adhesion layer, which leads to improved mass tearsff the analyte to the electrode.
This is borne out by the fact that the sensitiatythe clicked-on MIP sensor is about 3-
fold higher than the conventional coated-on MIPssenand the detection limit for HQ is
3.7 times lower than that by the coated-on MIP serf@nally, this synthetic strategy is
general in nature, and can be extended to the amwent of sensors for other

electroactive small molecules.
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Scheme 4.2
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Figure 4.2. Raman spectra of a MIP membrane clicked onto theelectrode surface
(upper trace) and a MIP prepared by solution potyzagon drop coated onto the Au
electrode surface (lower trace). Excitation wavgtbn 514 nm. The triazole ring
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Figure 4.3. Cyclic voltammetric response of the clicked-on MEhsor before (solid line)
and after extraction (dotted line) of HQ. Also shmoiw the response of a clicked-on NIP
electrode (dashed line). All data were measuretlisaturated PBS (0.1 M, pH 7.4)

electrolyte using a scan rate of 100 mV. s
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Figure 4.4. Chronoamperometric (i vs. t) response of a clieBedMIP sensor as a
function of HQ concentration. The potential waspped from —-0.10 V to a value of
+0.40 V to oxidize HQ; the supporting electrolytasn0.1 M PBS (pH 7.4). The inset
shows the response of the corresponding NIP/SAM&ectrode under identical

conditions. The HQ concentration was varied frotra Q00uM.
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Figure 4.5. Calibration curves constructed for the clicked-otPNensor (filled circles)
and clicked-on NIP sensor (inset, filled squardsgteodes using the data shown in Fig.
4.4. The behavior of the coated-on MIP/Au (opercles) and NIP/Au (inset, open
squares) electrodes are also shown. Average sthid@aration values are 5 nA, 2 nA,
0.5 nA, and 0.2 nA, respectively, for the ‘clicked- 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 @, Eatechin, AA, and
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Chapter 5
Bipolar Electrochemical Oxygen Sensor using Quenching of the Electrogener ated

Chemiluminescence (ECL) as a Photonic Reporter

5.1 Introduction

Electrochemical detection is predominant in sedexelopment and applications in
market. Traditionally, the electrochemical measwgeimis based on a three-electrode
configuration. One working electrode is employedhe system which just allows for
detection of single analyf&%°In addition, the current readout requires a diedettrical
connection with the working electrode that makes thtegration with miniaturized
systems difficult. Over the past decade, a wiretesenology, bipolar electrochemistry,
has emerged to provide a promising approach faygmtion of electrochemistry with
lab-on-a-chip systems and it has potential for #mmeous detection of multiple analytes
by employing an array of microelectrodddn the bipolar configuration, an electronic
conductor placed in contact with an conductive phean act as a bipolar electrode
(BPE)® When a sufficiently high external electric field applied across the BPE,
faradaic reactions occur at both ends of the eldeff A simple power supply or even a
battery is sufficient to perform the experimentdano direct electrical connection
between the BPE and the power supply is neededs, The simplicity and the fact that it

is a wireless technique make bipolar electrocheynisry attractive.
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Although bipolar electrochemistry has been usethinfield of material sciencé,
battery technologie®¥, and electrosynthes’s™ the application of BPE for
electroanalytical field is very limited. This is mby due to a lack of readout methods
because of the difficulty of measuring current filogvthrough the BPE without a direct
electrical connection. Several unique approachesuaoent readout have been reported
over the past few years. Nyholfrand coworkers used BPEs to detect electrochemical
active compounds by applying electrical field tduce bipolar behavior between two Au
bands. The split design employed realizes direchsmement of the current passing
through the BPE, but at the cost of complicating dletection system with an external
electrical connection, which thus limited its appbility in miniaturized systems. A
report by the group of Crooksutilized the electrodissolution of the BPE itsél
dissolving Ag at the anodic pole once a cathodisisg event occurs. The amount of Ag
dissolution provides a permanent record of theesthtthe BPE sensor. However, this
method is not compatible with reusable sensors,raqdires Ag metal deposition onto
each BPE prior to detection which potentially dases the reproducibility of experiment.
Another popular alternative strategy for detectiatpdaic processes at BPEs is to use
ECL, especially the Ru(bpyf)/co-reactant systefii;**'®as an indirect reporter of the
current. ECL does not require an excitation ligburse and the reaction can be
performed with a very small sample volufemaking it ideal for integration with
simple, yet portable devices at low cost. Moreod@gct detection of ECL just requires a
CCD camera which allows for real-time monitoringtieé detection event. Therefore, the
marriage of ECL and BPEs has great potential irukaneously detection of analytes

with an array of BPEs for a wide range of applimasi using optical techniq(fa.
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The ECL-based detection using BPEs has been innsxplored by the group of
Crooks®#87109They proposed that the presence of any electi@aetialyte could be
detected by taking advantage of both poles wherattalyte of interest is reduced at the
cathodic pole, and this reaction triggers light &sin at the anodic pole by the
corresponding oxidation of Ru(bp§j and the co-reactafit. On the other hand,
competition assay that utilizes the quenching eftlgcan ECL quench&t1%>#12213s g
powerful tool for detection of electrochemicallyastive targets ranging from biomedical
applications to food management. In assays usirigdgu@nching, the faradic reactions at
cathodic pole can be simple reductions such asesxygduction or hydrogen evolution.
In addition, the analyte is evolved in the ECL teats which allows for straightforward
measurements. One example applying ECL quenching sémsing in traditional
electrochemical cell was reported by Land®rand coworkers, in which a quencher is
attached to a complementary DNA strand and an nmdlacular ECL quenching in
hybridized oligonucleotide strands can be realim#dsequence-specific DNA detection.
Furthermore, effective ECL quenchers can also lee ahalyte of interest for direct
detection, such as the measurement of dissolvetb@entration in aqueous solution.
However, the investigation of electrochemical segsising the quenching of ECL in
bipolar platform is very limited.

In this work, we report a bipolar electrochemicahsor based on ECL quenching
for the first time for detection of dissolved.G-errocene methanoF¢MeOH) was first
employed as an ECL quencher to test the feasillitysing the quenching effect to
determine the concentration of analytes. Thé)(l values fit the Stern-Volmer equation

and the quencher rate coefficienf Was determined to be 1.56 x°1®™s® that is
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comparable to the value of 3.1x°10s™ reported in previous literatut&-?**Using this
ECL quenching effect, the amount of that dissolved in an initially oxygen-free testing
solution was evaluated. The intensity of ECL wasticwously decreasing with the
increase of time that allows ,Oin air to dissolve in the testing solution.
Chronoamperometry was then performed to directlyitoo the amount of @dissolved

in the testing solution with time and the curremni oxygen reduction reaction (ORR)
increases, indicating an elevated amount gf The results confirmed that the reduced
intensity of ECL was due to quenching by dissolM@g promising the potential
application of this method for real-time,Ononitoring in portable devices. More
importantly, with a big selection of effective EGjuenchers currently availabl®;
107.213.21521&his work opens up the possibilities of applyinGLEquenching based on a
bipolar platform for detection of any analyte widm attached quencher or as the

guencher itself.

5.2 Experimental
5.2.1 Materials and Reagents

Tris(2,2'-bipyridyl)dichlororuthenium(ll) hexahydi®@a (Sigma-Aldrich), sodium
oxalate (NaC,O4) (99.5+%, Sigma-Aldrich), ferrocene methanol (FcMeOp%,
Sigma-Aldrich) were used as received. HC(@0%, Fisher Scientific) was diluted by DI
water to prepare 1 mM stock solution at pH 3.4.aBtH, HO,, and sulfuric acid (all
HPLC grade) were from commercial sources and use@@eived. Millipore-Q purified
de-ionized (DI) water (18.2 MUcm?®) 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 lgec = 1.4 cm) was employed as the bipolar electrodeEH)B
and two pieces of stainless steel foils were usedri@ing electrodes. Prior to assembly,
stainless steel foils were polished using an agaistwry of 0.05um alumina particles
and then washed with water and ethanol in an ultiascleaner. The Pt-BPE was
immersed in fresh piranha solution,&D,/H,0,, 3:1) for about 5 min, then rinsed with
DI water, and dried under nitrogen g&sution: Piranha solution is dangerous to human
health and should be used with extreme cautionremdiled only in small quantitie$he
Pt-BPE was then placed in the center of a glass(dis 5 cm) using a double sided tape.
A glass cover for the glass dish was specially mamlemaintain an oxygen-free
environment in the bipolar cell as shown in Sch&xié\. Two slips situated on opposite
sides of the cover were cut to hold the drivingcetedes. A small hole was drilled close
to the anodic side of the BPE, allowing diffusidn@ into the cell, which was initially

kept sealed by a piece of black tape to isolateléwece from Qin air.

5.2.3 ECL Measurements

A testing solution of 5 mM Ru(bpy)’ with 25 mM NaC,0O, was prepared in
HCIO, at pH 3.4 and poured into the bipolar cell. Theison was then purged with N
for 20 min to exclude @and then kept under,nvironment. A FcMeOH solution of 5
mM was prepared and purged with fér 20 min. After applying a potential of 15 V to
the driving electrodes connected with a power sypgliquots of FcMeOH was added
into the testing solution. The concentration of &M in the testing solution was varied

from O to 2 mM. The ECL signal was measured witllilkon D3100 SLR digital camera
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in a dark room and the image was processed usiagdihdownloaded from NSF website
to obtain the gray value of light. The, @uenching experiments were performed
following the same procedure but without the additof FcMeOH. Instead, the small
hole was exposed to air and alloweglt® dissolve in the testing solution after the klac

sealing tape was peeled off.

5.2.4 Electrochemical Measurements

Cyclic voltammetry (CV) and chronoamperometry weraried out at room
temperature using a three-electrode set-up in #mesbipolar cell. The supporting
electrolyte was 1 mM HCIQ (pH 3.4), the reference electrode was Ag/AgCl(sat)
(Bioanalytical System, Inc.), and the counter et was a home-made Pt gauze. The
working electrode is the Pt rod used in bipolacetechemistry. Before electrochemical
measurements, the solution was purged witHaX at least 20 min. The electrochemical
circuit was controlled using an Epsilon electrocistm workstation (Bioanalytical
Systems, Inc.). Cyclic voltammograms were recoretdveen -0.2 V and 0.7 V using a
scan rate of 20 mV/s Amperometric measurements were carried out bypsig the

potential to 0 mV to ensure complete reduction pa@d held at 0 mV for 1 sec.

5.3 Results and Discussion
5.3.1 Principle of Operation

Electrochemical sensing is carried out based ompaldy platform. The physical
layout and operation principle of the bipolar cgofiation used in our approach are

illustrated in Scheme 5.1. Briefly, an externalgmiial, B, is applied to the two driving
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electrodes situated at both ends of a cell, anddhistance of the electrolyte solution
results in a linear potential gradient along thié @ée difference in potential between the
two ends of the BPEAE., is the fraction of E; dropped across the length of the BPE.
WhenAEgis sufficiently large, electrochemical reactiondl wccur at both ends of the
BPE simultaneously. In the configuration designed dur experimental purpose, ECL
reaction is the most energetically favorable preasthe anodic pole of the BPE while
hydrogen evolution is the most favorable reactibtha cathodic pole of the BPE. The
intensity of ECL reports the amount of analyteatuion since the analyte,,(n here, is

an effective ECL quencher.

5.3.2 Ru(bpy* ECL Quenched by FcMeOH

To test the feasibility of detecting analyte by EQlienching, a model compound,
FcMeOH was first employed as the quencher. We cla84cOH because it has been
proven to be an efficient and stable ECL quencherrdacting with excited-state
Ru(bpy)}®* to quench ECL light emissiot?’(Scheme 5.2). Prior to a measurement, the
testing solution containing 5 mM Ru(bp$/)and 25 mM NgC,0, dissolved in 10 mL pH
3.4 perchloric acid was deoxygenated with nitrogas for 20 min to eliminate the
possibility of oxygen evolved quenchiflf. E, of 15 V was applied to the driving
electrodes andEgcvalue of 4.2 V was calculated for the BPE 1.4 crfeirgth using the
equationAEeec = Eoddeer X leieos Under these conditions, a stable and easily dsikrt
luminescent signal was recorded by a camera. Whegmotgs of FcMeOH were injected
into the testing solution, the intensity of the #ed light was decreasing with the

increased concentration of FcMeOH as shown in Eigud.A (from top to bottom).
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Figure 5.1.B shows the gray values of light obtdibg ImageJ plotted as a function of
FcMeOH concentrations. The ECL intensity decreasgsificantly with the increased
FcMeOH concentration at the beginning stage andistém level off at high concentration
range. When 2 mM FcMeOH was present in the ECLtewiuthe ECL intensity was
decreased by more than 67%.

The results of the concentration-dependent expatsnare further presented as
Stern-Volmer plots for FcMeOH. Sern-Volmer equati®®a useful tool for evaluating the
performance of a quenching phenomefigri**?*The simple expression of the equation
iS lo/l = 1 + kto[Q] = 1 + K[ Q] ((Io-1)/I = Ks[Q] upon rearrangement), wheig lis the
observed ratio of luminescence intensity in an @mghed sample to that in a quenched
one, kg is the quencher rate coefficients,Ks the Stern-Volmer constanty is the
photoluminescence lifetime of Ru(bg¥) in the absence of quencher, and [Q] is the
concentration of the quencher. As illustrated igufe 5.2., @-1)/1 is linearly proportional
to the concentration of FcMeOH indicating a diftusiimited quenching process. Using
the (b-1)/I values from the Stern-Volmer plot for FcMeGQdhd the photoluminescence
lifetime of Ru(bpy)?* in the absence of quencher of 589%s value for K, of 920.6 M
!, corresponding to aglof 1.56 x 18 M's, was determined for FeMeOH. This value is
about half of the value of 3.1 x 4B™s™ reported by other®>?*This is possibly due to
the fact that the quenching experiment is performmgdg a bipolar configuration rather
than a traditional three-electrode set-up, and dhencher was added into the ECL
solution by aliquots but not premixed in the tegtsolution. The results demonstrate the
use of ECL quenching in a bipolar cell for detectaf any analyte that can act as a

guencher.
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5.3.3 Ru(bpy* ECL Quenched by ©

We evaluated the use of ECL quenching and the &igaatform to monitor the
concentration of dissolved oxygen. To ensure angemyfree environment prior to
measurements, the testing solution containing 5 RiMbpy}*" and 25 mM NgC,0,
was degassed with,Nor at least 20 min and the cell was filled with &hd isolated from
air by sealing the inlet on the glass cover witackltape. The ECL generated under N
was recorded with a camera and the image was dgdlaa the light intensity at O sec. A
stopwatch started running to record time as sodheadblack tape was taken off and O
was allowed to diffuse into the bipolar cell. Thmited light at different time was
recorded with the camera. Figure 5.3.A shows thatintensity of ECL was decreasing
dramatically with time as the dissolved oxygenha testing solution increases (from top
to bottom). This is possibly due to the quenchiffgot of O, since Q is believed to be
an effective quencher for ECL via an energy transfechanisrf* (Scheme 5.3). The
intensity of each image was evaluated using Imégglire 5.3.B) and the gray value of
the emitted light was plotted as a function of tiaeshown in Figure 5.3.C. The gray
value of ECL decreases drastically with time atithigal stage and reaches plateau after
around 400 sec. At 500 sec, the ECL intensity wawahsed by 92% from the initial
value. The quenching effect observed is believedhasresult of increased dissolved
oxygen level in the testing solution and agreed wéh the behavior observed in the
case of FcMeOH quenching with an improved quenchifigiency.

To demonstrate a direct correlation between thenchiag phenomenon and the
increased concentration of dissolvegt ©hronoamperometry was performed to directly

measure the amount ot @ the testing solution with time using ORR in g&mne bipolar
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cell employing a three-electrode configuration. Tgmential required for ORR was
determined by cyclic voltammetry carried out in &€18, solution at pH 3.4 under
oxygen-free atmosphere and that saturated with exydrigure 5.4.). In oxygen-free
electrolyte solution, no peak was observed in tydic voltammogram (CV), while a
characteristic reduction peak can be seen at 300dmtkfe CV recorded under oxygen,
indicative of ORRF?? Therefore, a potential of 0 mV was held in chranparometry for
complete ORR and the current was recorded at vérnes starting with an oxygen-free
solution. Figure 5.5.A shows representative chrommerometric curves obtained at
different time. For each curve, it starts with egacapacitive current and decays rapidly
to reach a steady-state current that is propottitméhe concentration of analyte. The
calibration curve shown in Figure 5.5uBlicates a nearly linear increase of current with
time, indicating the linear increase of dissolvedi®the testing solution by diffusing
through the small inlet on the glass cover. Thaddad deviation (STD) was calculated
with currents from three measurements and wasd/émen 3% to 15%. This large STD
was likely due to the variations of the manual tigiiand to the variations of the delay in
time for each measurement. The reproducibility xjjeziment should be improved by
using an automatic system that can carry out measents at the exact programmed
point of time.

To validate a direct relationship between the cotretion of Q in the testing
solution and the intensity of ECL, the gray valldsECL were presented as Stern-
Volmer quenching data,ofl)/l, and plotted as a function of time in the gagraph with
ORR currents measured by chronoamperometry for adsgn purpose (Figure 5.6.). As

expected, the quenching results of ECL show a ainilehavior with the currents
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measured by chronoamperometry for ORR, and theset® of data demonstrate a very
good fit. Based on the Stern-Volmer equatiof: ¥ 1 + ko[Q] = 1 + K[Q], a linear
relationship could be revealed between the intgrsfitECL and the concentration of
dissolved @. However, because of the great difficulty of reltng ECL at the exact time
point at which the current of ORR was measuredg-§/( curve plotted as the function
of O, concentration could not be generated at this stdgesearch. Nevertheless, we
have demonstrated the quenching of ECL by disso@gdndicating the feasibility of
using ECL quenching as a photonic reporter ford@ncentration based on a simple

bipolar platform.

5.4 Conclusions

In this work, we presented the use of ECL quenclasag direct reporter for,O
detection employing the unique bipolar electroclstmi FcMeOH was first applied as
the quencher to test the feasibility of applying LEQuenching to measure the
concentration of analyte, and a linear relationshigs obtained betweenyll and
FcMeOH concentration based on Stern-Volmer equatibmen, the use of ECL
guenching by @ to directly monitor the amount of ,Gn the testing solution was
demonstrated. Although a calibration curve betw@get)/l and G, concentration could
not be plotted at this stage, a direct relationsldfween the two has been successfully
proven. The current version of bipolag €ensor is promising in real-time monitoring of
O level in scuba diving and vehicles. Further experit of recording ECL and ORR
current simultaneously could realize more precisd guantitative analysis. This bipolar

electrochemical @sensor allows easy integration with a portableadeat low cost, such
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as a commercial glucometer. It has great potefdrdield use in food processing, waste
management, and medical testing. Furthermore,|¢iéility of the sensing mechanism
allows detection of not only Obut a variety of compounds that can serve as@h E

guencher.

- 104 -



Scheme 5.1
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Scheme 5.2

Ru(bpy),* —e ——* Ru(bpy),™
C,0% — € C,04
C,0p ——* CO,~+CO,
Ru(bpy),* + COy" —— Ru(bpy)f” + CO,
FcMeOH—-e —  FcMeOH"
FcMeOH* + Rubpy), 2", FcMeOH + Ru(bpy),**

- 106 -



Scheme 5.3
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Figure5.1. (A) The ECL emitted in the anodic pole of the BPEgt= 15.0 V. From the
top to bottom, the luminescence micrographs showvilreg magnitude of ECL as a
function of the FcMeOH concentration from 0 to 21ifM in the testing solution
containing 5 mM Ru(bpyj" and 25 mM NgC,0, in 1 mM HCIQ, at pH 3.4 in the
absence of oxygenB] ECL intensity displayed as gray value calculatisthg ImageJ

versus FcMeOH concentration.

- 108 -



2.2

(-1

0 0.5 1 15 2

Concentraion of FcM eOH / mM

2.5

Figure 5.2. Intensity Stern-Volmer luminescence quenching fio6 mM Ru(bpy)** by

FcMeOH in 1 mM HCIQ at pH 3.4 in the absence of oxygen.
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Figure5.3. (A) The ECL emitted in the anodic pole of the BPEgt= 15.0 V. From the
top to bottom, the luminescence micrographs showvilreg magnitude of ECL as a
function of time. The testing solution containedn™ Ru(bpy}** and 25 mM NgC,0,

in 1 mM HCIQ, at pH 3.4 initially in the absence of oxygen andw@s then allowed to
diffuse into the bipolar cell starting at 0 se8) Representative gray value plot for ECL
intensity analysis.@) ECL intensity displayed as gray value (peak nuinbalculated

using ImageJ versus time.
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Figure 5.4. CVs of Pt electrode in 1 mM HClGat pH 3.4 under N(—) and Q (—).

Voltammetry was carried out at room temperatur® stan rate of 20 mVs
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Figure 5.5. (A) Representative chronoamperomeric responses f&t @Rvaried times
obtained using a three-electrode set-up in 1 mM@JGit pH 3.4 in the same cell for
bipolar experiment. The solution was first degassed N, and then @started to diffuse
through the inlet on the glass cover and dissolrdtie testing solution after 0 se®&)(

Calibration plot of current as a function of tin.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 f8t&olmer luminescence
quenching datde), and the analysis of current ratio generated ByRQe), plotted as a

function of time. The two curves represent a simitand, indicating the possibility of

using ECL quenching as a direct reporter fem@asurement.
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CHAPTER 6

Conclusions and Recommendationsfor Future Work

The primary objective of this research work is tevelop new platforms by
applying versatile recognition elements for eledtemical sensors. We have
successfully demonstrated the incorporation of biecules (aptamers and antibodies),
MIP particles, and MIP thin films with transducernfsce to construct electrochemical
sensors for different applications including protgquantitation, chiral molecule detection,
and environmental toxin measurement. In additionnowel Q sensor using ECL
guenching based on a bipolar platform was presented

In terms of protein quantitation, an electrochemmaximity assay (ECPA) has
been proven to detect insulin as low as 128 fM vi#se-line level background by
introducing a short DNA competitor. This methodieglon two affinity probes and
proximity effect to move a redox active moleculeBMlose to a gold surface in the
presence of target. Because of its intrinsic flakyp ECPA should be useful in
guantifying any protein with a pair of antibody.iFlassay is the first report of combining
electrochemistry and proximity assay employing laody-oligonucleotide conjugates,
and is extremely sensitive and selective at aneaabie cost for point of care
applications. The ECPA sensor needs to be testedtlgi with unprocessed samples in
the next step, such as human blood or urine. Me#@awminor modifications of the

ECPA strategy have the potential to realize reesasnsors that would lower the
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cost significantly. By further engineering and mainirizing, ECPA could be easily
integrated with portable electronic devices andiagdpn point-of-care settings.

In the development of MIP-based electrochemicaksex; MIP particles and thin
films were synthesized and characterized succdgsBy using conventional integration
method, MIP particles were deposited on a glasgyoteelectrode (GCE) and stabilized
with a layer of agarose gel. This MIP/GCE sensocapable of detecting (+)-catechin
from a mixture of (x)-catechin and determining teka amount of the two isomers. To
further improve the efficiency of integration of RE with transducers, a surface
imprinting method was proposed. Monomers were ld¢idoonto a gold surface using
unique “click” chemistry, and UV photopolymerizatiavas then performed directly on
the surface in the presence of target molecule. MHe-sensor was demonstrated to
specifically bind analyte of interest and showetated sensitivity compared with the
sensor fabricated by conventional coating methdee improved performance of the
clicked-on MIP sensor is mainly attributed to thesence of a diffusion barrier and the
homogeneous binding sites formed within the polymenatrix. However, although
MIPs are good alternative to biomolecules in tewhsstability and cost, the lack of
sensitivity and selectivity prevent their use ingnmedical settings. These drawbacks are
attributed to the nature of the artificial polynterbinding sites. Nevertheless, the
robustness and stability of MIP-sensors make théealifor sensing applications in
extreme environment, such as battlefield and spapéoration. Further explorations on
the properties of cavities and polymeric structu@sld be helpful to improve the overall

performance of MIP-based electrochemical sensors.
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Finally, a bipolar electrochemical sensor for detecof dissolved @ based on
ECL quenching was reported for the first time. Ei@tensity was recorded by camera
and analyzed using ImageJ, while the change .ofddcentration during the course of
ECL experiment was measured by chronoamperometng duenching results and
amperometric results suggested an excellent agreebetween the decrease of ECL
intensity and increase of dissolvedd@ncentration, suggesting a successful sensoisthat
promising in applications for any target that shogugenching effect. However, the
reproducibility of experiment needs to be improwgdusing more mature technique and
standardized procedure. Moreover, to achieve aadiotn of analyte, further
investigation of ECL quenching as a function of @ncentration is required in order to
fit the Stern-Volmer equation. Once a precise aialys accomplished, this simple,
wireless, and energy-efficient electrochemical eeean be combined with miniaturized

systems at low cost, and allows continuous visu@titoring of sensing events.
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