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ABSTRACT

INTEGRATION OF ENZYME-BASED BIOSENSORS AND CMOS
ELECTROCHEMICAL INSTRUMENTATION THROUGH A LAB-ON-CMOS
PLATFORM

By

Yue Huang

Redox enzyme based electrochemical biosensorsderdabel-free continuous
monitoring of biomolecules. This thesis work aints dolve the key challenges in
constructing a microsystem that integrates enzyasedh electrochemical sensors,
electrode arrays, CMOS instrumentation circuits] amcrofluidics. A CMOS compatible
enzyme immobilization technique based on conducpeéymers is introduced and
demonstrated through a biosensor based on an &ldehgdrogenase enzyme. Utilizing
a thorough study of the cross-disciplinary compkiybrequirements for on-CMOS
electrochemical sensors, a microfabricated eleetrattay scheme is identified and
further optimized through a concentric ring workiegctrode design that minimizes
electrode area and processing complexity. A new GMipotentiostat architecture is
introduced which, when used in conjunction with thencentric ring electrodes,
implements an electrochemical interrogation schénat enables signal amplification
through the redox recycling with enzyme modifiedotlodes. Finally, a novel lab-on-
CMOS integration platform is introduced that unitdé® capabilities of lab-on-chip
microfluidic systems with the performance advansagé CMOS microsystems to
integrated bios. This work establishes a miniaadtiplatform for integrating a variety of
enzymes as biosensing elements that can be utiizadalyze biological samples using

powerful electrochemical techniques. By integrasignificant developments in enzyme



immobilization, CMOS compatible microelectrode ggaand CMOS instrumentation
for redox recycling, this research advances thdddieof point-of-care medical
diagnostics, high-throughput screening, and a wrdage of additional sensing

applications.
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1 Introduction

1.1 Oveview of Integrating Electrochemical Enzyme Biosensor on CMOS

Potentiostat

The ability to identify and measure analyte conegmns is indispensable in
chemical, biological and medical application areasgh as environmental monitoring,
bio-product manufacturing, biohazard detectiomicél diagnosis, and drug discovery
[1-4]. By utilizing antibody, antigen, aptamer, DNad peptide etc., biosensors offer
great diversity, sensitivity and specificity in thability to hybridize, bind, transfer and
interact with target biological analytes [5]. Biasers based on soluble proteins and
membrane proteins carry the same merits. Furthesnmsmme of proteins can provide
continuous and label-free measurements which atieatrbut most of other sensor
technologies cannot. Enzyme-based biosensors egptrasub-class having been applied
in monitoring glucose, lactate, etc [4, 6, 7]. E®ample, glucose sensors, the first and the
most successful biosensors, are typically constduadf electrochemical electrodes
conditioned with glucose enzymes [6]. The indudtigs been seeking miniaturized
enzyme-based systems that allow continuous mongaf bio-molecule. Realization of
such systems inevitably requires synergistic irgegn of enzyme, transducer,

instrumentation and packaging.

Reagentless continuous operation of an enzyme-telsettochemical biosensor
suggests enzymes, cofactors and mediators to beohitired on an electrode [8].
Immobilization prevents enzymes from being consumedashed away and maintains

the interface. By immobilization an electron trarspathway between the enzyme and



the electrode is built to supply the enzyme witbcebns or protons for it to function
continuously. In order to be immobilized, enzymeauldobe physically entrapped in
polymer matrices or chemically bounded onto antedee surfaceBy coupling enzymes
to an electrode, molecular interactions betweeretteymes and the target analyte can be

directly converted into electrical signals thateefs the analyte concentration [9, 10].

The transducer of an enzyme-based electrochemiocaktsor, the electrode,
converts the collective response of enzymes irgotetal signals. To be more specific,
the enzyme-modified electrode is used as the wgrkilectrode of an electrochemical
cell which often consists of a working electrode,caunter electrode, a reference
electrode and electrolyte. An electrochemical tacsr requires no labeling molecules
and is relatively simple and easy to miniaturizanttan optical transducer consisting of
light source, lens, filter and light sensor [11,].1% addition miniaturization of
electrochemical transducer can create microeleetrodhat are favored in
electrochemistry for its fast response, higher aido noise ratio and other advantages

[13].

The electrochemical instrumentation circuits canirbplemented by the popular
complementary metal—-oxide—semiconductor (CMOS) oeiectronics technology. As
proper electrochemical technique is determined, GVvipplication specific integrated
circuits (ASIC) can be customized and optimized iiterrogate an enzyme-based
biosensor. A commonly used potentiostat is theunsént for performing amperometry
to control the potential over a working electroael aecords the current flowing through
it. Microfabrication technology for making electexincluding thin film deposition and

photolithography is a subset of the tools of theisenductor industry for fabricating

2



CMOS integrated circuits (IC) [14]. A foundry is pable of producing the CMOS
electrochemical instrumentation ICs and electratdsw cost in mass production. Non-
standard processes can be performed post CMOSefdrazles, enzyme immobilization

and packaging.

Many fluidic handling lab-on-chip (LOC) devices Raween realized with
CMOS-compatible processes [15]. However, a distiack of integration of CMOS ICs
and LOC remains as a major obstacle toward minzstion of the entire instrumentation
system, which is appealing for many applicationsluding high throughput drug
screening, medical point-of-care, and biologicalesrch. Bring together microsystems
and LOCs onto a CMOS IC to be a lab-on-CMOS consitlee power of all,
significantly reduces footprint of the system, reesi the consumption and expenses of
analyte and consumables and enhances the detgmidormance. A microelectrode
array with incorporating microfluidic componentsncprovide parallelism to improve
throughput or redundancy to improve reliabilityaase of failures for fast simultaneous
high-throughput measurements. Very few microsysteitts electrochemical sensors and
corresponding circuits have been realized [16-Flgure 1.1 illustrates a conceptual
electrochemical biosensor array lab-on-CMOS based GMOS IC, with fluid delivery
to the electrode array on top. To the best of mowkedge, an enzyme-based lab-on-

CMOS has not been reported.
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Figure 1.1: The conceptual lab-on-CMOS device &iasf an electrochemic
biosensor, an electrode array, a microfluidic samphndling device and CMOS
integrated electrochemical instrumentation circ(fbr interpretation of the referen
to color in this and all other figures, the reatereferredto the electronic version
this dissertation.)

1.2 Enzyme-based Electrochemical Biosensors

Electrochemical biosensors are critical reviewedWgng [3], Grieshaber [22],
Wang [23] and Ronkainen [24]. Among them, enzymgelaelectrochemical biosensors
are more suitable for implementing on a CMOS clingnt affinity based biosensors
because it functions continuously that merit thetadf CMOS. Enzymes are excellent
molecular recognition elements for biosensors, rof€e great diversity, sensitivity and
specificity. Enzymes are known to catalyze abo0d0@ biochemical reactions. Compared
to DNA, aptamer and antibody-antigen that rely amding that are normally one-shot,
some enzymexidoreductase, provide label-free, continuous detection when uaed
bio-recognition element. Comparison of bio-recagnitelements with respect to their
recognition mode, transducer types, labeling resoénts and operation mode is shown
in Table 1.1. An example glucose, lactate, and yatel enzyme biosensor array on a

microfabricated gold electrode exhibited an oppatiuof applying to intensive blood



glucose monitoring [4]. Other bio-molecules suchaasno acid, steroid, alcohols can
also be detected by enzyme biosensors. Tablests2chmpounds that can be detected by

amperometric enzyme biosensors.

Bio-recognition Recognition Transducer L abel Continuous
element mode Free
R Optical
DNA probe Hydrogen bonds Electrochemical N N
Aptamer Affinity Optical N N
. . - Optical,
Antibody-Antigen Affinity Electrochemical N N
Reduction- Optical
Enzyme oxidization Electrochemical Y Y
Table 1.1: Comparison of bio-recognition elements.
Class Compounds
Carbohydrates Glucose, Lactose, Maltose, Fruckgdese, Galactose,
Sucrose, Cellobiose, Mannose, Arabinose
Amino acids Aspartate, Sarcosine, N-Benzoyl-L-tymesGlutamate, L-
Phenylalanine
Carboxylic acids Ascorbate, Pyruvate, Lactate, Mgl®@xalate, Glycolate,
Tartarate, Fumarate
Alcohols and Ethanol, Methanol, Cholesterol esters, Cholesterol,
Phenols Bilirubin, Phenol, p-Cresol, Catechol, o-Aminophkrm
Cresol, Dopamine
Amines and Acetylcholine, Uric acid, Hypoxanthine, Choline,Xhine,
Heterocycles Histamine, Putrescine
Aldehyde Formaldehyde
Inorganic ions Nitrate, Sulfite, Oxygen, Potassiom
Oxide and Peroxide | Nitric oxide, Hydrogen peroxide
Quinone Vitamin K
Steroids Testosterone, Estradiol, Bile acid
Azide Sodium azide
Hemoprotein Cytochrome c

Tablel.2: Substrates that can be detected lectrochemical enzvme biosensc
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To understandhie mechanisis of enzyme operation, a “lo@ac-key” hypothesis
model is describeth Figure 1... The active site of an enzyme shaped lik a pocket

with geometry suitabléor containing a specific group of moleculesh the chemical

group inside the pocket to attract, lock, convert anccask thespecific molecule.
ifo Oxidoreductase,

According to their functionality, enzymes are ciorized
Transferases, Hydrolases, Lyases, Isomerases, Ligases. Oxidoreductase, including

oxidase, dehydrogenase ¢peroxidasessociates with direct electron transfer, is siet

for constructingelectrochemical biosens [25].

substrates products

(™ (Y ) (Y ) (Y )

~. 7 “n\‘_J - \\‘i__’ - ;“‘\ﬁ._i- -
3

1
Figure 1.2Diagrams to show the “lo-andkey” hypothesis of enzyme acti. 1.
Substrates entering enzyme active sites; 2. Siibs-enzyme complex; 3. Substre-

products complex; 4. Products leaving comy
Enzymes laver the activatiorenergy that a reaction requirds.free solution, a

group of molecules, call cofactcs or co-enzymes, helgcover the enzymatic activ.
There are three naturenzyme cofactors, NAD, NADRand FAL, each serving

corresponding enzymel an organism, cofactorsrry electrons to or from enzyn to

recover the activity of enzyme are recycled as a part of metabolismamrenzyme-based

biosensorthe activation energy can be tuned to favor a m@actimmediately,the

enzymatic activitymust be recovered 1 continuous operation.
To constructselfcontained (autonomous) label-free bioseaseith enzymes,
enzymes and theicofactors ar immobilized on an electrode surfacThe activation
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energy of individual enzyme and its catalytic reacthat involves electron transfer can

be controlled by an excitation potential. As a edlive of electron transfer activity, the

resulting current is a function of the substratecamtration. For example, alcohol

dehydrogenase (ADH, EC 1.1.1.1) is a group of sesehydrogenase enzymes that
occurs in many organisms and facilitates the io@version between alcohols and

aldehydes or ketones. In the human body, thoseneezybreak down alcohols which

could otherwise be toxic. As a model for this reskasecondary alcohol dehydrogenase
(sADH), anOxidoreductase, once drained electrons, catalyzes the reactiomxalizing

ethanol CH3;CH,OH, substrate) to produce acetaldehy@d4{COH, product) is:

sADH
CH;CH,O0H < CH;COH + 2H

NAD + H & NADH

where nicotinamide adenine dinucleotide (NAD), dactor of ADH, is reduced as
ethanol is oxidized. When a biosensor with NAD infmtized is positively biased to the
point of oxidizing NADH, NAD is continuously recored. Enzyme activity is also
maintained by recycling process. The recycling psscof immobilized ADH enzyme,
along with cofactor and mediator, is illustratedFigure 1.4. The mediator facilitates
electron transfer, thus lowering the overpoterttoatirive the reaction and protecting the
enzyme from being denatured. An alcohol sensordasesADH can be realized by

measuring the current of transferred electrons.



enzyme cofactor mediator

NAD(P)H MED,,

Product NAD(P)* MED, 4

Dehydrogenase Cofactor

Enzyme Reaction Regeneration FIERERES

Figure 1.3: Immobilized enzyme along with cofacod mediator. Recycling of cofactor
and mediator maintains continuous enzyme activity.

1.3 Microfabricated Planar Microelectrode

As the transducer of an electrochemical biosentw, electrode transforms
chemical processes at the electrode surface irdotriglal signals for equipment to
interpret. Such an electrode where interested imatakes place is called a working
electrode. A working electrode gains its sensingcBjeity through surface modification.
Coupling an enzyme such &xidoreductase onto the electrode, molecular interactions
between the enzyme and the target molecules caroieerted directly into electrical

signals, as explained in Section 1.2.

A typical electrode system consists of a workingcegbde, a counter electrode
and a reference electrode. The performance ofeatretie system can be greatly affected
by its geometry [26]. A planar electrode systenadspted to integrate electrode system
on the surface of a CMOS potentiostat, microfaiocetechnology, the same technology
for fabricating CMOS chips, is used for making mmectrodes. The electrode
geometrical factors of a planar electrode systenwolie considerations of

microfabrication capability, electrochemical effgcénzyme activity, circuit layout, chip



size and surface profile, electrode materials, Breymmobilization method, packaging

and microfluidics.

Reference electrodes play a crucial role in an telekbemical system. It
establishes a constant potential standard in miegswand controlling the working
electrode potential, without being interfered byo#lolyte solution. To match the
geometrical requirements of planar microelectroggesn, traditional reference electrode
is not suitable. Miniaturized reference electrodas be constructed by microfabrication.
Microfabricated reference electrode in biosensipgliaations is reviewed by Sinwari,

etal. [27].

1.4 CMOSElectrochemical Instrumentation

An electrochemical instrument is a control and meament device that keeps the
potential of the working electrode at the desiredel with respect to the reference
electrode. At the same time, it records the curflemting between the working electrode
and the counter electrode. Such an instrumentn®aty referred to as a potentiostat. A
modern bench-top potentiostat is built with gengnalpose discrete electronic devices,

including a microprocessor to communicate with catapbased software.

The electrochemical techniques that a potentiostah perform include
potentiometry, coulometry, voltammetry and impedarspectroscopy. Potentiometry
measures the potential between two electrodes solation, which is related to the
concentration of the analyte. A selective indicagbectrode and a stable reference
electrode are required for potentiometry. Coulogneses applied current or potential to
completely convert an analyte. By integrating the&sging current, the number of
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electrons indicates the amount of analyte. Coulgmstgood for a small known volume
of analyte or titration. Voltammetry measures thaeptial of an indicator electrode
versus a reference electrode. Amperometry applasatant and/or varying potential at
an electrode's surface and measures the resultimgnt. This method can reveal the
oxidation and reduction potential of an analyte asdeactivity that relates to the analyte
concentration. Basics of electrochemical instruragon and techniques are introduced in

reference [26] and [28].

Electrochemical techniques that require complex @aualysis and interpretation
challenge the data processing capability, batiéeyaind cost of a portable device. For a
lab-on-CMOS, simple potential control and sensda dautput is highly desired. For a
particular electrochemical sensor, a suitable teglento extract the sensory response
may be found. Once a sensor is characterized, desdinpotentiostat functions of a

general potentiostat can be removed to optimiz&€MEOS potentiostat.

1.5 Challengesin Integration of Electrochemical Enzyme Biosensors and CMOS

Potentiostats

151 Overview

Figure 1.1 illustrates an example lab-on-CMOS platf integrating an enzyme-
based biosensor onto a CMOS potentiostat. The eestmsists of electrochemical
biosensors, electrode array, microfluidic samplendiiag structure and a CMOS
integrated electrochemical instrumentation circBiéme challenges are critical yet not
stressed in literature. These includes the CMOS8babronics interface, the

microelectrode array and the post-CMOS microfabivca on CMOS, the
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implementation of a CMOS electrochemical instrumamid the packaging of an

integrated circuit die for CMOS-microfluidics integion.

1.5.2 Enzymelmmobilization on CMOS

Basic requirements for enzyme immobilization aré oy to physically attach
enzyme to the electrode surface but also to cr@atelectron transfer pathway and that
maintains enzymatic activity. Furthermore, enzyrmgetage should be uniform across
the electrode, and the process should be suitabte bhtch fabrication. Two
immobilization methods, molecular self-assembly @I%nd conductive polymer co-

immobilization are evaluated in this thesis researc

Many MSA heavily depends on thiol-metal bondingotod the initial molecule
layers onto an electrode. Noble metals are usedusecof the strong affinity of sulfur
head groups for these metals. With self-assemblghade a mono-layer of enzyme is
formed on metal electrode surface, providing umfanzyme coverage from batch to
batch. One challenge for this method is to fadditalectron transfer between enzymes
and the electrode. Since the bonding moleculemnareonductive, electron transfer is
sluggish unless the electrons can acquire extreggrie hop across molecule layers or
facilitated by an electron transfer mediator. Tialienge in using MSA on a CMOS
electrode array is to avoid fouling of counter &lede and reference electrode by MSA

molecules, which reduces the CE and RE performance.

An alternative immobilization approach is to usecglopolymerized conductive
polymers. A challenge is to control the enzyme cage uniformity that affects time

response and sensitivity of the sensor. The conaugiolymer and the embedded
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enzyme could be selectively immobilized on the wagkelectrode only. The tradeoff is
that electropolymerization requires applying eliecpotential on the working electrode
for the polymerization to happen; however it is ddficult if the working electrode is

tied to a potentiostat as it would be in the lab@MOS platform. This thesis work
evaluates the MSA method and identifies an alter@ahethod suitable for immobilizing

enzyme on CMOS.

1.5.3 Microeectrode and Post-CMOS Microfabrication

Before fabricating microelectrodes on a CMOS cthiig electrode geometrical
factors of planar electrodes must be determinedsd@lgeometrical factors include shape,
size, spacing, and location. The design limitatitaxdors of a planar electrode system
involve microfabrication etc. as introduced in $a&ttl.3. Designing the microelectrode
is a system level decision making problem that iregLall of the above factors be taken

into account.

Post-CMOS microfabrication of the electrodes on C3d@ice introduces
practical challenges in photolithography and imtereection between electrodes and
CMOS. Firstly, during photolithography, when pheasist is spin-coated on the chip
during photolithography, the non-uniform buildupchip edges or conglomeration in the
chip center of photoresist greatly affects the igpalf photolithography. Secondly, the
sidewall of the contact openings in the passivat@iectric is steep which can break
down the interconnection between the chip and teetrede. Thirdly, since the chip’s
final passivation dielectric layer is not planadz¢he CMOS layout and the electrode

location needs to be carefully planned to mainsamooth electrode surface.
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Reference electrode plays an important role inawoihetry and amperometry.
However, for a lab-on-CMOS platform, constructidnaosolid-state planar reference or
pseudo reference electrode is limited by CMOS orG&vVcompatible processes. These
electrodes should be bio-compatible, not affectgdib-interface formation, and show
low drift in the test environment. Finally, the eegénce electrode fabrication formation

process must be scalable to fabricate on a CMQOS die

154 CMOSPotentiostat for Enzyme-based Biosensor Array

The first challenge is to determine a proper etettemical technique that can
extract the enzymatic sensory response in dir¢atioa with substrate concentration and
could easily be implemented to a CMOS potentiogtat. example, cyclic voltammetry
(CV) is a good electrochemical technique for anedytpurposes that could complicate
the system. The species and concentration canth@met from CV by the peak currents
and the potentials at the peaks. To implement C¥ ealf-contained CMOS IC, triangle
wave signal generator circuit should be designedotdput the excitation signal, data
digitization and storage should be available foriay data for using a microprocessor to
extract the peak information. An open challenge tas identify more suitable
electrochemical techniques for enzyme biosensdrdabald be effectively implemented

in a simple CMOS.

The following challenge is to architect a potertabgo support the determined
electrochemical technique. For example, to take atheantage of redox recycling by
applying amperometry on a pair of working elect®dsould be manipulated by

bipotentiostat architecture. Further, the idealeptibstat architecture should support
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electrode array for simultaneously readout. An iéckure that is expandable to an array

is appealing to replace the traditional adder gaistat structure.

155 Lab-on-CMOS Packaging

The major challenge is to enable a CMOS chip tokwora liquid environment
and to allow a high density microfluidic structureaccess the on-chip electrode array.
CMOS chip packaging process should free the chlopnfrisk of ion contamination.
Microfluidic structures are relatively larger th@@MOS chips thus demand surface
expansion for functional fluidic structures andeirtbnnections. Microfluidic structures
need a flat surface to bond to and reside on. 8aitiaveling is required for fluidic and

electrical connections.

The packaging material for Lab-on-CMOS should becompatible, chemically
inert and electrically insulating. Biocompatible ter@als are identified by ISO 10993, the
international standard set for evaluating the hbiggatibility of a medical device. The
device should be reliable and endurable for workimgharsh chemical environment
during enzyme immobilization and testing, withowtversely affecting the enzyme
activity and test environment. Inter-compatibili®f materials used in processes and

bonding of interfacial materials are major fabrigatchallenges.

The packaging materials and process should alsaldiermined by CMOS
compatibility. Process of higher than 400 °C mayseafailure of aluminum traces. The
packaging material should not require processingv@b400 °C. Certain metal ions

diffuse quickly in silicon. The bulk silicon shoulee properly protected from contacting
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aqueous solution during processes to avoid dettmhesffects on threshold voltage

chronically.

1.6 Research Goal

The goal of this research is to establish a LalsMOS methodology to highlight
the power of integrating microelectronics and bnssgs by demonstrating an
incorporation of enzyme biosensors onto electracieya formed CMOS instrumentation
and combines with microfluidics. This goal will behieved through analysis, judicious
selection and optimization of appropriate techn@egTo achieve this goal, efforts in
enzyme immobilization, planar electrode system fadication, and CMOS potentiostat
instrumentation are reported in Chapter 2, 3 andkghectively. Chapter 5 introduces a

Lab-on-CMOS scheme that allows integration of CM@® microfluidic structure.
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2 Electrochemical Enzymatic Bioelectronic I nterface

2.1 Overview

This research seeks solutions of integrating enzlyased biosensors on CMOS.
Enzyme-based biosensors were introduced in Settirrhe challenges for building up
enzymatic bioelectronic interface on CMOS are dised in Section 1.5.2. In this
chapter, two enzyme immobilization schemes areduced. One scheme uses MSA to
bind mono layers of linking molecules, cofactolecgon mediators and enzymes onto to
a gold electrode. The other scheme we invented mmwsbconductive polymer and
molecular self-assembly, referred to hereafter CPAMThe CP-MSA method uses
conductive polymers as initial layers, eliminatihg dependence of gold, and then binds

the cofactors and enzymes by molecular self-asseashthe MSA scheme.

2.2 Background

For enzyme biosensors based on oxidase enzymesulis&ate concentration is
indirectly deduced by detecting the byproduct, bgdn peroxide, produced during the
catalyzed oxidation reaction and diffused ontodbtector electrode. One of the inherent
drawbacks is the oxygen concentration dependenty. non-oxygen-dependant
substituent, dehydrogenases normally require dpeciffactors. To improve the poor
electron transfer efficiency from cofactors to élede surface, electron mediators are
added to the free solution as electron-carryingicke$ to improve mass transport. By
adding mediators, the destructive high over-po&trepplied to the protein interface is
mitigated. Instead of contained in solution, elestmediators have been co-immobilized

along with the enzymes and the corresponding cofedf7]. By constructing a direct
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electron transfer pathway from enzyme to electrou®,mediator in free solution is
involved, thus increasing the sensory current andinmizing the side-effects of
mediators. As an extension of this work, reseasclhee currently trying to simplify the
process by engineering mutant enzymes that emleetuttctions of both cofactors and

mediators.

Enzyme immobilization methodology for electrocheahisensors follows some
criteria. First, the active sites of enzyme shoblel accessible by substrate after
immobilization. Second, the enzyme has to mainthinctionality without being
denatured. Third, a facilitated electron pathwagrigcial for the sensitivity and stability

of the sensor.

There are many immobilization techniques availaldech as adsorption,
encapsulation, entrapment, cross-linking, and @ntalbonding. MSA method by
covalent bonding and conductive polymer entrapnmeethod are suitable methods for
application on a CMOS microelectrode because thleyanon-manual immobilization
on small electrode footprints and are individuadigdressable. The immobilization
methods using self-assembled molecules and polymad¢rices were critically reviewed

[2,8][29].

The target enzymeQxidoreductase, including oxidase and dehydrogenase,
requires cofactors or electron mediators to regtsractivity. In nature, there are only a
few types of cofactors for the above enzymes.|lttwad researchers to develop a sensor
platform by immobilizing those cofactors and thusresponding enzymes. Numerous

biosensors can be built based on such platformxblyaaging only the enzymes to detect
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correspondent biomolecues. This platform is pramgisn building an array of biosensors

for detecting several bio-molecules in biologicdkrance.

The objective of research in this chapter is teeeine suitable technologies for
immobilizing enzyme on post-CMOS microelectrodestivthe microsystem constraint
in mind, immobilization of dehydrogenase enzymeas@$/SA is evaluated and a new
immobilization scheme using conductive polymers &8A to overcome fabrication

limitations of MSA method is introduced.
2.3 Immobilization of Enzyme by Molecular Self-assembly

2.3.1 Background

Enzymes that are dependent on cofactors (NAD, NAb(:l? FAD) have been

immobilized on gold electrode by several MSA scherf®. The collaborators in Prof.
Worden’s lab have developed a novel immobilizatieethod using a hetero-functional
linker molecule [10]. The structure is shown in utig 2.1. It uses cysteine, a branched
amino acid having sulfhydryl, amino, and carboxyhdtional groups, as a linker. The
sulfhydryl group of cysteine provides thiol-Au bangl to anchor itself on gold electrode
surface. Cysteine also links to the electron medittiuidine blue O (TBO) through the

carboxyl group, and to the cofactor (e.g. NAIjQPmrough the amino group. This

structure is comparable with previously reportegprapches that bind the enzyme,

cofactor, and mediator in a linear chain.
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~ Gold electrode

Figure 2.1: Enzyme immobilized by molecular sedexably on gold electrode by
using a hetero-functional linker molecule.

2.3.2 Experiment

A 2mm diameter gold disk electrode was fabricatsthgt CMOS compatible
processes by physical vapor deposition of 5nm Drib® Au on dielectric substrate
followed by photolithography and lifting off. Theqresses are discussed in details in
Chapter 3. An alcohol sensor was developed on dle gJectrode by immobilizing site-
mutated secondary alcohol dehydrogenase (sADH 1868ihg the MSA method
described in Section 2.3.1. The modified electrad®s connected to a CHI 660
Electrochemical Workstation as the working eleatrodCyclic voltammetry (CV) was
performed to examine the sensor’s response. Thenpat swept from -200 mV to 400

mV at a scanning rate of 100 mV.A series concentration of several representairye

and chiral alcohols in 10X Phosphate Buffer Solu{BBS) was tested.

2.3.3 Resultsand Discussion

The cyclic voltammogram in Figure 2showed reduction peaks and the oxidation

peaks at 160mV (vs. Ag/AgCI reference electrodedl 00 mV respectively. The
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magnitude of peaks was found to increase with etheencentration in the tested range

from 5mM to 25mM.

8_
< 6 - M
=2 o« o7
= 47 *
[
L o2
5
UD 1 T 1
0 10 20 30

Concentration (mM)

Figure 2.2: CV plot and the calibration curve ofigas concentration of ethanol on
SADH I86A mutant enzyme immobilized electrode.

CV experiments were also performed on the sens@opropanol, butanol and
acetophenone substrates. Table 2.1 compares tivatgat current and the sensitivity of

both wild-type and mutant enzyme in those substnaspectively.

Experimental results show a functioning enzyme-thaseohol biosensor. The

experiment suggests MSA method can be utilizeddate an electrochemical enzymatic
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sensor interface on microfabricated gold electrddes method relies on gold or other
noble metals for the initial molecular bindings tthr@quire post-CMOS fabrication

process on a foundry CMOS chip.

Substrate Sensitivity (MAmMM ™ cm™)
Ethanol 0.71
Isopropanol 1.16
Butanol 0.29
Acetophenone 1.89

Table 2.1: The sensitivity results from the cydhaltammograms for the
CYS-TBO-NADP'-sADH 186A functionalized gold electrode in the

presence of different concentrations of alcoholkaiones. Acetophenorse
25% w:v acetonitrile in PBS.

24 Immobilization of Enzyme by Conductive Polymer

24.1 Background

An alternative enzyme immobilization technique fOMOS electrode is using
conductive polymer (CP), that is compatible withcen technology [30]. Since MSA
method requires gold electrode surface, to formhsarc interface onto a CMOS chip,
fabrication steps in addition to standard CMOS esses are required to deposit and
pattern gold working electrodes. Furthermore, toidthe counter electrode being fouled

by MSA thiol linking molecules, additional maskipgocesses or surface pretreatment of
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the counter electrode is needed. Otherwise, tleetefé area of counter electrode would
be greatly reduced by fouling. In contrast, CP lbarselectively synthesized on working
electrode without fouling other electrodes. Besid€® can be formed on CMOS
aluminum [31]. If it is true that enzyme immobiltzan can be achieved on CMOS
aluminum, compared to the MSA method, CP method hadlve the advantage in

processing time, materials cost and electrode inilmabon selectivity. The trade-off for

these advantages is the added complexity of applgmexternal potential on the target

electrode during polymerization.

Immobilization of biomolecules, including enzymesing CPs was reviewed by
Schuhmann [30], Wallace [32], Gerard [33], Ahup]] Cosnier [29], et. al. The
existing methods are co-entrapment of enzymes mductive polymer matrices and
adsorption of amphiphilic monomers and biomolecy28]. Co-entrapment method
produces a conductive polymer doped with multidgels of enzymes. Such as a
multilayer sensor based on the sequential eleatracdal polymerization of pyrrole or
pyrrole derivatives [35]It generates a larger sensory current than theosemgh a
monolayer of enzyme using MSA method, partly beeaafdarger enzyme coverage per
unit area. However, with the co-entrapment metleodyreater portion of immobilized
enzymes are buried in the conductive polymer medricetarding the sensor response.
Response time becomes more critical as the scadersdor array increases with fixed
instrumentation circuits. Another disadvantage meatrapment is the lack of control in
enzyme coverage uniformity, which is necessaryetiuce sensor-to-sensor difference.
Immobilization with enzyme monolayer avoids thosawbacks. A biotinylated glucose

oxidase monolayer was immobilized through an avimtidge [36]. Conductive polymer
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polypyrrole was used for covalent binding to glueosgidase to improve sensor response
time [37]. Direct electron transfer was shown polesbetween vapor phase polymerized

CP and GOx [38].

24.2 Design

In MSA method, phenylboronic acid is used to linkk NAD" or NAD(P)+ by

the double hydroxyl groups of the boronic acid. Thallenge is the linking molecules
are not conducting electrons, so electron mediataeeded. If a conductive media were
bind to electrodes and enzymes, electron mediatag be saved. A candidate is a
phenylboronic acid with amino group that can bectetgpolymerized, the precursor of
poly-aminophenylboronic acid, both shown in Figdr8. The double hydroxyl group is
not evolved in polymerization, suggesting that theme available to link enzyme

cofactors.

Instead of entrapping multiple layers of enzymesconductive polymer, a
monolayer of enzymes can be immobilized througltasesponding cofactor as by the
MSA method. This hybrid CP-MSA method can overcothe limitations in their
applications to CMOS. This enzyme immobilizatiorpagach has not been reported by

other researchers.
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Figure 2.3 Molecular structure of aminophenylboronic acid a&s polymerized forn

However, the polyaminophenylboronic acipolymer shows poor adhesion to me
electrode surface. To promote the adhesio initial layer ofconductive polyme poly-

pyrrole (PPy)was applie(39]. CMOS top metal layer, normally aluminurs an active
metal. By adding tartaric acid or saccharine, PRg successfully formed on alumini

without corrosior{40, 41.

This new designfeatures a PPy-pAPBAonductive polyme bi-layer, self-
assembled enzymeofacto by the double hydroxyl rgups on pAPB, surface and

attached cofactatependanenzymes, as shown in Figure 2.4.

enzyme
cofactor
pAPBA
PPy
electrode

Figure 2.4 Enzyme immobilized onto conductive polymer throwgltassemled
cofactor.
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24.3 Experiment

To validate the CP-MSA enzyme immobilization ide&p conductive polymer
layers were electropolymerized on gold electroddase, followed by bonding NAD
cofactor and sADH enzyme. Each formation step viasacterized. The formed alcohol

sensor was tested using cyclic voltammetry.

Gold electrodes were prepared by photolithograptuy@hysical vapor deposition
on glass substrate, as shown in Figure 2.5. Bed#teetropolymerization, to remove
absorbed organic contaminants the electrodes ieseaed using isopropyl and rinsed by
DI water. To remove the native gold oxide on thecgbdes, they were soaked in 0.1M
HCI for 10 minutes, rinsed with DI water and dri@dh nitrogen. To electropolymerize
pyrrole, a 100mM pyrrole solution was prepared ®X1PBS pH 7.4. The solution was
homogenized and degassed before using. The electtmhg with an Ag/AgCl reference
electrode and a gold counter electrode was thenemead to an Omni-101 potentiostat.

Two cycles of potential sweep from OmV to 600mV1admVv gt deposited a thin layer

of PPy on the electrode. The cyclic voltammogramwsdd a sharp increasing oxidation
current at over 400 mV, indicating the formatiorpofypyrrole. The electrode was rinsed
and transferred to 1 mM 3-aminophenyleboronic aoidition. To deposited a thin layer

of pAPBA on top of PPy, two cycles of potential ®pdrom 0 mV to 800 mV at 100 mV

-1
s~ were performed.
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Figure 2.5: A microfabricated 8-electrode arraydozyme immobilization experiments.

Raman spectroscopy was used to examine the formafi@onductive polymer
layers by the signature spectrum of their chemiiwadds. To confirm the formation of
PPy, over-oxidized PPy on roughened gold electmwa®e examined before and after the
formation of pAPBA. Figure 2.6 shows both of thbdked spectrums. The peaks of the
PPy spectrum are the signature peaks of benzyl amgno group, etc., confirming the
formation of PPy. The peak at wave number 1590esaprts C-C in the benzyl ring,
while the peak at wave number 1049 represents Th€ ratio of the height of the two
indicates the degree of oxidation. Because PPy&RBA are sharing similar molecular
structures, the spectrum of pAPBA and PPy are adikeeit the intensity at wave number
1590 and wave number 1049 differs. The higher ratiwave number 1590 over wave
number 1049 is due to the higher maximum poter@i@d mV, applied for polymerizing
APBA. At this potential, the already polymerizedyPWas further oxidized to a higher
oxidation state. The reflected PPy light from uméath the pAPBA adds to that of

pAPBA. The subtle differences are the small peaitsvéen wave number from 600 to
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800, which fall into the spectrum range of B-OH g that clearly differentiate PPy

and pAPBA. These results confirm the formation tdyaer of a pAPBA on PPy.

This hybrid method takes advantage of both condeicpolymer and self-
assembly. Without relying on gold surface, it pd®ms greater flexibility for choosing
electrode material including CMOS aluminum and ghearbon ink printed electrodes.
For immobilizing enzyme on the CMOS chip electraleface, gold deposition and
electrode patterning steps are saved. Compareldetself-assembly method, it spends

less steps, processing time and chemicals.
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Figure 2.6: Raman spectrum of PPy and PPy-pAPB#éolron roughened gold
electrode.
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After electropolymerization of pAPBA, the NAD cotfac and sADH were self-
assembled following published protocol for the M&#thods [10]. Briefly, the PPy-
pPAPBA electrode w soaked in 1 mM NAD solution farechour and rinsed thoroughly to
bind NAD. The PPy-pAPBA-NAD electrode was incubatedsADH I86A solution (6.8
mg/ml) for one hour and rinsed in running DI waterremove the loosely attached

enzymes.

244 Resultsand Discussion

To verify that the enzymes were immobilized on #hectrode and remained active, the
PPy-pAPBA-NAD-sADH I86A modified electrode was tedtusing cyclic voltammetry
in substrate solutions for the sensory responsweaft tested in isopropyl solutions of

various concentrations. Figure 2.7 shows the cyatitammogram. By recording the
oxidation current at 300 mV, the sensitivity 1.3anmv ‘e was observed from the

calibration curve. Unlike the MSA method, therens distinctive peak present in the
cyclic voltammogram. It matches Zayats’ experimem&sults. In Zayats’ model on
electron transfer, the exponential curves wereampt as a result of electrons hopping
over a band gap. Thus it is possible that becatifeecgood wiring provided by CP, no
electron hopping presented in the electron trangpeath, so there were no peaks in the
cyclic voltammogram. However, comparing with the M3nethod, the current is
smaller, which may be caused by lack of immobilizz@yme being immobilized, or
because the substrate was continuously consumedhéyenzyme without pre-
concentrating by electric force. Moreover, the maxin current is not limited by the
hopping of the electron over a driving potentialitfMyut having to drive the electrons to
hop, the potential to drive the sensor can be mdlutowering working potential is
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beneficial for reducing interference by other sahses that are transformed at higher

potential and contribute to the background current.
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Figure 2.7: Cyclicvoltamogram (top) and calibratmmve (bottom) of PPy-pAPBA-
NAD-sADH I86A modified electrode tested in isopropidanol concentration of
ranging from 0 to 1250 mM.

2.5 Conclusion

A monolayer of enzyme was formed on microfabricatkttrodes by both MSA
and CP-MSA methods. Experimental results suggest bwethods can be utilized to

create an electrochemical enzymatic bioelectroamsasr interface. The CP-MSA method
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developed by this thesis work does not requireld glectrode surface as its counterpart
does and therefore it is directly compatible witM@S process. CP-MSA is selective
and does not foul the counter electrode. In adulitib saves not only expensive gold
material, but also at least 50% of the processime.t Table 2.2 summarizes the
performance of these two methods. The CP-MSA bemeis favored from fabrication

point of view, but could benefit from sensitivitmprovement.

Immoblization Alcohol Sensor CMOS Process
Methods Sensitivity Compatibility Time
-1 -2
nAMM cm
MSA 1160 post-CMOS <12hrs
CP-MSA 1.30 Direct CMOS <6hrs

Table 2.1 Comparison of sensitivity, CMOS comp#ilaind process time of MSA and
CP-MSA methods applied to form an alcohol sensor.
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3 Planar Electrode System and Microfabrication

3.1 Oveview

To integrate an electrochemical electrode systenswiface of a CMOS chip
using foundry compatible microfabrication technigjughree electrodes system is
designed in a planar fashion. Section 1.3 introgldke role of working electrode, planar
electrode system performance and its geometry fa@od design considerations. The
challenges for realizing a planar electrode systmm CMOS exist in design and
fabrication, discussed in Section 1.5.3. In thsesech, issues involved electrode design
and fabrication is discussed in detail. For ela#ron chip, chip surface profile, circuit
layout and microfabrication are also considerece fitfinimum size of the microelectrode
is also limited by the enzyme activity after immidation. In respect of material, noble
metals such as gold are required for seeding tleas®embled bio-interface on the
working electrode. The noble metal counter ele@roduld be formed the same time.
But, the more complicated reference electrode requadditional processes, and remains

stable in test environment.

In this chapter, planar electrode system and matma¢ation background and
analysis are given in Section 3.2 and SectionR@totyping planar microelectrode array

and improvement on reference electrode are disdussgection 3.4 and Section 3.5.

3.2 Background

Microfabrication has been used for many applicaionmedicine and biology to

enhance the functions of conventional devices, ®sctools for molecular biology and
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biochemistry, tools for cell biology, medical dess; and biosensors [42].
Electrochemical sensors and microsystems were uigbtg reviewed in terms of
techniques and performance along with the issueSuayki [43]. Microfabrication of a
post-CMOS microelectrode system is an interdisegsly problem spanning materials,
microfabrication and electrochemistry. To date,rifadiion of microelectrodes on a
CMOS chip for enzyme-based electrochemical biossnbas not been reported. The
electrode geometrical factors of planar electrothese to be determined before
fabrication. The design of an electrode system ampmicated with electrochemical
effects, electrode materials, immobilization of ymes, enzyme activities, CMOS
circuits and the microfabrication capabilities withthe limitation of the small chip

surface area.

The geometries on microelectrode size, shape, gdpasitioning were studied
by Bard [26], Whiteman [13]et. al. Few researches have constructed on-CMOS
microelectrodes. Kovacst.al. has designed an electrode array for mercury anodic
stripping voltammetry [21]. Levinet.al. created a stepped-electrode process to simplify
fabrication [17]. Thewes’s group designed an CM@&I gnterdigitated electrode array
for redox recycling of probe molecules on immolatdz DNA probe [16]. A
microelectrode array was fabricated using CMOS ggs@nd electrolessplating [44]. To
date, the geometry of on-CMOS electrode desigmbadeen fully discussed. Research
on planar microelectrodes for redox enzyme-basedebisors on CMOS has not been

reported yet.

A crucial part of an electrochemical cell is refeze electrode. Microfabricated

planar reference electrode is a limitation of elmi¢ performance. Research on
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miniaturization of reference electrode and analysisthe parameters affecting its
performance, stability and lifetime, is sparse. Taéguirements for reference electrodes

are summarized in [27].

3.3 Analysisof Design Requirements

Well-established analytical electrochemical meth@d€h as cyclic voltammetry
and electrochemical impedance spectroscopy can dael o analyze the analyte
concentration. Although these methods are typicakyformed by using bench-top
instruments, the biosensor microsystem introduced the previous section is
advantageous in many aspects. As the transducéndontegrated biosensing interfaces,
the electrodes are firstly to be built onto théceih chip surface, targeting on building a
planar ultra-microelectrode array on the top of\&Q@S chip. The involved issues include
electrode configuration, geometry, material, anihlpdity etc. In this chapter, above

issues are addressed by reviews, theoretical disrssand experiments.

3.3.1 Electrochemical Electrode System

A typical electrochemical cell consists of threeotlodes: working, counter and
reference electrodes. We are only interested iarpia and excited reactions on the half-
cell of the working electrode. In the three-eledeg®ystem, no current passes through the
reference electrode. In a two-electrode systemathdiary electrode functions as both
the reference electrode and the counter electue potential on the auxiliary electrode
is easily affected by the current passing throughe. the electrode is polarized. Though
the polarization effect can be reduced by increpsie size of auxiliary electrode to at

least 100 times bigger than the working electrdte, drift of potential can hardly be
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ignored, in terms of noise and potential controkréasing the size of the auxiliary
electrode is often not practical. In applicationsew high density array is required, and
bulk silicon cannot be used as the auxiliary etady the usable chip area is limited to
within dimension of millimeters. Planar electrodes more feasible to be fabricated onto
the CMOS chip surface than 3D electrodes. The shiface is prioritized for building
the high density working electrode array. In allihaee-electrode transducer provides
more accurate and reliable potentiostat control keep the protein from being
accidentally denatured, as well as a less noisgentireadout. Low noise is especially
important to enhance the limit of detection, whia tvorking electrode is miniaturized

and the proteins do not carry out a significantentrin response of excitation.

3.3.2 Geometry of Planar Microelectrode

A working electrode plays a major role in an eledé system whose performance
is not only affected by its materials or modificatj but also its geometric factors. A
microelectrode is an electrode having its critidaihension in micrometers. As the
dimension of the electrode became less than trekrntess of the diffusion layer, a
microelectrode or an ultra-microelectrode presendsy properties that are favored in
aspect of electrochemistry. A microelectrode noly dmas great spatial and temporal
resolution, but also provides the properties ohhsgrrent density, fast to achieve steady
state current, low capacitance and immunity to hggution resistance. Thus, a
microelectrode or UME is more suitable for electramical sensors on-CMOS than a
regular electrode. By taking advantages of the oeiectrode, the consumption of
analyte can be minimized. In addition, because ercaelectrode can work in a high

resistance solution, a supporting electrolyte isrequired, which simplifies the fluidic
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delivery system and saves the precious space aigthtved a portable device. On account
of the low capacitance and rapid achievement cdstestate current, measurement of
chemical concentration can be made on a microsettorascale [13]. Fast response of
individual sensor is desired for a large sens@yartGeometric factors of other electrodes

also affect the performance of the electrode system

Planar (2-dimensional) electrode design is chosesr 8-dimensional electrode
arrangement to permit the fabrication on CMOS, algh 3-dimensional electrode
arrangement has some advantages. Current microdéibn techniques are designed to
work on a planar surface. The electrochemical Ia&MOS is based on an integrated
circuit with its surface area in the millimeter kcawvhich is suitable for microelectrodes
but limits the fabrication area to the small chipface. Once built, a microelectrode can
feed signals directly to the underlying CMOS citsui CMOS and compatible
microfabrication techniques, including thin filmpbesition, photolithography, lift-off, dry
etching etc., can be employed to fabricate micoigdde system. Limiting the design to
use CMOS-compatible only techniques allows the libpesl process to be transferred to
a foundry for scaling up the production. The saneofabrication process as CMOS can
construct a high density microelectrode array timgroves reliability by redundancy. A
microelectrode array can also accommodate sevéifakemt bio-interfaces to detect

multiple bio-molecules.

For a planar electrode system, the geometricalutagbthe three electrodes must
be optimized to performance. The working electragiel counter electrode should be
placed adjacent to (1) prevent loss of energy tjnooule heating across the solution

resistant, (2) prevent the possible change of moiuhicro-environment, eg. pH and (3)
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reduce resistance across the solution reduces haming time of the double layer
capacitance and speeds up amperometry readouttBygothe working and the counter
electrode close to each other, interference of ectn along the flux between them is
reduced too. Theoretically, the distance from tagerence electrode to the working
electrode should also be minimized to reduce theiRribution of IR loss for accurate
potential control. Since the flux between the wogkand the counter electrode may not
be uniformly distributed for a given geometry, tloeite from the reference electrode to
the working electrode is better chosen to be ataaepwith less dense flux, i.e. less
passing-by current, to minimize the | contributiointhe IR loss. In practice, because a
reference electrode is not as easy to be miniagdyizt is hard to put the reference
electrode close to the working electrode. Excepgtiane: the above IR loss can be
experimentally determined and then electrically pensated by the potentiostat; the
solution resistance is low; or enough supportirecteblyte can be added. Under these

circumstances, the reference electrode could lmeglaway from the working electrode.

3.3.3 Electrode Materials

Materials are chosen in compatible with microfadimn, chemical environment,
etc. For MSA method, the working electrode, goldcli®sen because it is chemically
inert. It has a wide enough electrochemical poéénindow for biosensor. Also, gold
planar electrode is easy to be microfabricatedthéamore, the gold-thiol bonding, a
strong covalent bonding, is widely used for attaghbiosensing elements. Besides, gold
is also used for counter electrode material. Anasf®r using gold electrode is that it is
not a standard foundry fabrication process. Eithepstly request on change of foundry

process or a post-CMOS process is required. Posd€Mold process can be chosen
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from thin film deposition or wet chemical platingrc be utilized, by weighing the pros
and cons. A pro for thin film gold is its surfaceatjty; the cons are bonding, alignment
and more steps of processing compared to platitegtriéplated gold has good quality
but hard to apply on aluminum and requires wiringsa power supply. Electroless
plating of gold on aluminum can be done within & fsteps, but the gold quality is

inferior to other gilding methods.

For reference material, the Nafion-coated Ag/Agé&ference electrode is chosen
over calomel reference electrode because it isompatible and easier to fabricate .
Nafion, provided by DuPond, is a sulfonated tetraféthylene copolymer with both
hydrophobic and hydrophilic regimes. The molecidaucture of Nafion is shown in
Figure 3.1. A conventional Ag/AgCI reference elede is a surface chlorinated silver
wire immersed in a 3M or 4M KCI solution to achiesanstant electrochemical potential
and enclosed in a cylinder with a glass frit toyde liquid junction as well as preserving

Cl ions. As the system is miniaturized into an intégd electrochemical interface,

fabrication of a planar reference electrode becontedlenging. Screenprinted silver,
Nafion and other coatings over AgCl have beenzdidlito fabricate planar reference
electrode by providing diffusion barrier, ion-selee path, and hydrolyzation-protection,

at same time maintaining the inner chloride ions.

3.4 Planar Microelectrode Array

3.4.1 Design

In order to prove a post-CMOS fabrication procedss planar 3-electrode system,

a prototype is designed for immobilizing enzymes.
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Figure 3.1: Electrochemical electrodes with 2x2 Wiay and embedded Ag/AgCl RE.

The working electrodes of Figure 3.1 are 2mm inditer, in a size that can
generate enough current for a normal bench-topngottat to detect after enzyme
immobilization. The surrounding counter electrode sufficient larger than working
electrodes. The traces leading to the working eldets and reference electrodes are

passivated with SU-8. The passivation leavings lhaoafined working electrode surface

area of 0.0314 c?n The 2x2 working electrode array were groupednia, teach group

shared one Ag/AgCI reference electrode.

3.4.2 Fabrication

The electrode array was fabricated on Si€ubstrate, mimicking surface of

integrated circuit for verifying process flow. Akavn in Figure 3.2, the process flow for

fabricating system consisted of 5 steps. The $igp was a thin film deposition of 20 nm

Ti/150 nm Au/200 nm Ag (Kurt J. Lesker Co., ClamfdPA) onto the Si@ substrate

using an Edward Auto306 thermal evaporator. Thersgstep was photolithography and
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wet etching to form the electrode pattern. The tpasifilm masks used for
photolithography were generated through a 3556 Stgiex Dolev 450 immagesetter
(Infinity Graphics, Okemos, MI). After spin coaginexposure, developing and post

development baking of the photoresist, the sampds wipped in to silver etchant
(NH4O0H : HyO> 1:1), gold etchant I: KI : H>O 4:1:4), and titanium etchant (HF >@

1 : 9) sequentially, leaving silver on all electeodites. Step 3 was removing the
unwanted silver on the working and counter ele@so@ith another mask, covering the
reference sites for protection before dipping siteer etchant. Step 4 was to chlorinate a
thin layer of Ag to AgCl by oxidizing Ag by B& Researchers found out the reliability of
AgCI reference electrode were proportional to thiekiness of AgCl [45]. Since only
200nm Ag was deposited, Ag need to be chlorinatdule preserving a layer of Ag on

Au contact without exposing AgCl to Au. 10mM Fe6blution was used. Because AgCl

has extreme low solubility productsls which equals 1.8><1%)0, and the concentration of

Cl of 10 mM Fed is 30 mM, AgCl can only go as high as 6%M in solution, from

which the amount of AgCl loss can be calculatece @mount of AgCl loss was further

minimized by limiting the volume of Fegkolution being used. After chlorination, the

. . . ) 2
silver chloride surface was rinsed with saturat€dl # remove absorbed ]Qf+e and Fe+,

and then dried with nitrogen. Generally, anode chégion was an alternative iron-free
method, with coulometry to determine the progreg$scblorination, wherever a

galvanostat is available. For our special purpdsmtegrated reference electrode on a
circuit chip, anodic chlorination is not convenienGas phase chlorination of Ag is

promising for the same purpose, resulting uniforrd denser packed AgCl [46]. Step 5
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was to cover AgCl with Nafion (Nafion 117 5% sobrtj DuPond) layer on the reference

electrode. Nafion allows only protons to pass thEmiorane, thus to keep the junction

conductive, while detaining the Cand Ag+ ions. With Nafion, the potential of the

reference electrode was kept stable from interfle, Br and $. The Nafion was
coated on the electrode and cured at’@fbr 1 h according to Moussy’s method [47].

An optional polydimethylsiloxan (PDMS) mold was paged to facilitate modification of
individual working electrode as well as protectialy the other electrodes from being

contaminated.

1. Deposit metals 4. Chlorinate Ag
RE Su-8
gy A
U, nm
Ti, 5nm TI%IAU
e ] Oxide \__ o _________JOxlde
2. Pattern electrodes 5. Coat RE
|RE ] |WE| Ii::E | A fd—“‘_NaﬁDn_ 1 Agf&gc'
== TuAu
| Oxide Oxide
3. Pattern Ag
[ ]
. .
| | Oxide

Figure 3.2: Fabrication sequence for integratedtedbchemical electrode arrays with
embedded Ag/AgCI reference electrodes.

3.4.3 Resultsand Discussion

After the electrode array was fabricated, it wasarahterized using cyclic
voltametry. The reference electrode was first tesitne microfabricated planar Ag/AgCI
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reference electrode was characterized by compatieg open potential versus a
commercial Ag/AgCI reference electrode over tim&w KCI solution, shown in Figure
3.3. The Nafion membrane was a dry film initial/hen dipped in to solution, the
sulfonic acid sites were hydrated for protons tontl through. Region A displays the
membrane potential fluctuated during the progrdsthe hydration of the hydrophilic
sulfonic acid site of the polymer. It is not prefiele to use this RE in Region A. In region
B, the potential is relatively stable, can be uded amperometry. The potential
fluctuation was largely due to the hydration precesd destruction of the Nafion
membrane. After about 5h, in Region C, the Nafioemhrane was not holding
membrane potential, indicating the corruption o thembrane. The Nafion thin film
finally failed because of hydrolysis. Since thesgldrit used in commercial electrodes,
there is potential difference even when equilibrissmreached. The reference electrode
thus acted as it would without a Nafion layer. Taterence electrode will perform like
pseudo reference electrode that the potential sgyeaffected. It is a complex process
that greatly affected the stability of referencecélode. Diffusion barrier and other
membrane can be added in attempt to fortify thectire. More sophisticated coatings
can improve long-term stability of microfabricat@m-chip reference electrode, and
applied when application requires. In next segt@rcoating method is developed to
provide diffusion barrier and a protective layetviieen Ag/AgCl and Nafion. Based on
the experiments, Ag/AgCI reference electrode stglnleeds to be improved. In Section

3.5, a Ag/AgCIl/PPy(C)/Nafion quasi-reference electrodes is developeddive the

stability issue.
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Figure 3.3: Potential difference between microfedtied planar on-chip Ag/AgCl
reference electrode and commercial Ag/AgCl elecr®d=8).

Individual working electrodes are examined with lcy@oltammetry using CHI
660B potentiostat (CH Instrument, Austin, Texas)potassium ferricynide. Figure 3.4
shows the experiment with microfabricated on-cHampr Ag/AgCI reference electrode.
The peak shift due to potential difference versummercial reference electrode can be
observed as expected. In addition to being affettedhe microfabricated reference
electrode, the difference and variety may also edwselectrode surface conditions or
convection by comparing the after-peak diffusionded regime approaching OV. By
using the on-chip reference electrode, the fornmaémtial shift is 16 mV and is stable
over experiments. All the working electrodes ar¢himi small variations, and can be

regard as identical.
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Figure 3.4: CV plots of 4 working electrodes in MK 3Fe(CN), 3M NacCl, scanning
rate 100 mV/S using on-chip Ag/AgCl reference etmae.

3.5 ReferenceElectrode

3.5.1 Introduction

Reference electrode is an electrode which has les@nd known electrode
potential. The potential represents the energyireduo take a charge from one side of
the electrode/electrolyte interface to the othelates to the chemical activities of the
constituents of the electrochemical reaction by Me¥nst equation. By employing a
redox system with constant concentrations of eastigpants of the redox reaction, a
high stability of the electrode potential can bacteed. Reference electrodes are used to
determine and control an electrode of interestirlactrochemical cell. Quasi-reference
or pseudo-reference electrode is so named becaudees not maintain a constant
potential; therefore, by definition, it is not auér reference electrode. However, its
potential depends on conditions in a well-defineahrrer; if the conditions are known,

the potential can be calculated and the electraaebe used as for reference potential.
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Fundamentals of reference electrodes and reviesuroént research can be found in [27,

48].

Common reference electrodes are standard and nonydrogen electrode,
saturated calomel electrode, copper/copper(ll)aseilfelectrode, silver/silver chloride
electrode, palladium-hydrogen electrode, iridiurditm oxide electrode etc. The
silver/silver-chloride (Ag/AgCl) reference electeds by far the most common type of
electrode used in biosensing applications due ® simple construction and
biocompatibility. According to Nernst equation, thklorine ion acts as the chemical
species in the operation of the electrode, andadsvity, which is related to its
concentration, has a significant impact on the tedee potential [49]. Other types of
reference electrode were also developed. YttribHstad zirconia membrane electrodes
were developed with a variety of redox couples,, &gNiO. Their potential depends on
pH. When the pH value is known, these electrodesbeaemployed as a reference with
notable applications at elevated temperatures.cAnmteadvance is a metal/PPy reference
electrode, which is solid-state and works in bajbheus and non-agueous environment
[50]. A solid state reference electrode is fabadator in situ voltammetric analysis in
solutions containing little or no added supporteigctrolytes, coated with an electrolyte

immobilized and protected with Nafion or polyuratbgd51].

Microfabrication procedure of planar reference wtmte includes base metal
deposition and patterning, activation to createrdference material such as AgCl, and
chamber interface formation. Thin film depositiscreen printing and electroplating are

often used for creating a patterned metal baseg2%54]. Then the reference material is
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applied as a form of mixture, chemically or electremically transformed [46, 54, 55].

The last step is coating with porous materialseds §L4, 47, 56-61].

In our integrated biosensor application, a bio-catiyle solid-state quasi-
reference electrode that works in buffed solutdesired. The quasi-reference electrode
should be produced by microfabrication processe$ @m be sized to match the
microelectrodes. In last section, an electrodeyamith Nafion coated reference electrode

was fabricated. The reference electrode providagrararference capability.

3.5.2 Design

To miniaturize electrochemical microsystems, miaboicated Ag/AgCl reference
electrodes have been investigated by Mowessgl . The potential of the bare Ag/AgCI
without ion-selective and diffusion barrier memlearhas been observed to be affected
by chloride concentration and other interferenddsanwhile, PPy has been used for

reference electrode. It can be formed on Ag/AgCGhaut additional patterning, and it

retains Aé' and Clions and provides ion-exchange capabilities.

The reference electrode is a crucial element iotedehemical biosensors. The
size and reliability of the reference electrode hameiting factors for miniaturizing
electrochemical systems. A microfabrication procedfor planar Ag/AgCl reference
electrodes utilizing polymer coatings is developHae reference electrode consists of an
evaporated Ti/Au/Ag thin film with a portion of tlsélver chlorinated to Ag/AgCl and bi-
layer polymer coatings. Electropolymerized polyplerseamlessly covers the AgCI to
serve as a diffusion barrier and an anion exchageation exchanging Nafion coating

layer compliments the ion exchange properties efgblypyrrole while blocking other
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interference ions. The structure of Nafion moleasldisplayed in Figure 3.5. It has both

hydrophobic fluorine carbon sites and hydrophiiol sites.

— CF2—CF2 -]—[—(llF—CFz 5= ﬁ
X y
[0 — CF2 — CF4+—0O —CF2—CF2—S—OH
|z |
CF3 @)
Figure 3.5: The molecular structure of Nafion.

The structure of the quasi-reference eleetraal illustrated in Figure 3.6. The

Ag/AgCI disk electrode is embraced by an un-clogett ring, because Nafion was
discovered having good bonding to gold because t®fthiol group. PPy(C) is

electropolymerized on Ag/AgCl to provide a diffusidoarrier and bonding agent to

Nafion.

Nafion..

PPy | . L AgCl
"
T _LEEH =

| Glass |

Figure 3.6: Microfabricated Ag/AgCI/PPy(@Nafion quasi-reference electrode
structure.



3.5.3 Fabrication

Ag/AgCIl/PPy(CDh/Nafion quasi-reference electrodes were fabricateda SiQ

substrate, presented in Figure 3.3. The size wasnlin diameter, and can further be
scaled down to microns. To achieve this, thin filofs5 nm Ti and 100nm Au were
evaporated on the substrate and patterned usiriglphography and wet etching to form
electrode bases and traces to an edge connec@mmAg was deposited over the Ti/Au

adhesion layers and patterned using lift off ovee teference electrode sites. The
electrodes were dipped in a 10 mM ferric chlorile@k) solution to chlorinate ~200 nm

of the silver layer to form an Ag/AgCl interfacehd electrode was then dipped into 100

mM pyrrole and 1M KCI solution. By running cyclioflammetry from 0 to 650 mV at

100 mV ' for one cycle, a layer of partially oxidized pojymwle doped with CI
(PPy(CI)) was formed over the AgCl. Finally, a 5% Nafiod71solution was spun

coated, cured at 120 for 1hr, and then soaked in 1M KCI for 60 mintse hydrophilic

clusters of Nafion could be hydrated to conductqms. To characterize the electrode,
the potential difference of the quasi-referencectedele, relative to a commercial

Ag/AgCI reference electrode was recorded usingta daquisition card and LabView.
The microfabricated Ag/AgCIl/PPy(QMNafion quasi-reference electrode is shown in

Figure 3.7:
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Figure 3.7: The photograph of the microfabricatedAqCIl/PPy(Cl)/Nafion quasi-
reference electrode.

3.5.4 Resultsand Discussion

The Ag/AgCIl/PPy(C)/Nafion quasi-reference electrode was tested inl KC
solutions. The results show that the polymer betagtabilized the potential of the

Ag/AgCI system, comparing with a bare Ag/AgCl etede in Figure 3.8. The PPy(LI

provides effective chloride diffusion barrier to imain constant Clconcentration at

Ag/AgCI interface. The potential changes with K@ncentration because KCI affects
the hydration state of the Nafion layer. Since hyelrated group passes proton, the
membrane potential is affected as a result. Thé-ioupotential of the two polymer

interface with the PPy as electron donor and thiioNas proton donor is secondly being
affected by the reduced carrier concentration asomsequence of the process of
dehydration due to the higher concentration of. Sdie slope of potential indicates the
progress of the process. The result shows thathh®ide dependence is significantly
reduced with the new electrode structure. Data \edten once a steady potential was

reached; ramping before steady state is due top#reetration of ions across the
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membrane and redox states of the PPy layer whereaotmation changes. Further tests in

multiple interfering ions can be performed to exaents rejection to interferences.
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Figure 3.8: Potential difference of microfabricasgf AgCl/PPy(CI-)/Nafion quasi-
reference electrode vs. commercial Ag/AgCI refeeeglectrode in various concentration
of KCI. In the plot, trace a and b are the Ag/AgE¥(Cl-)/Nafion quasi-reference
electrode; c is a bare Ag/AgCl electrode.

The membrane potential is a function of the pratoncentration in the solution.

The redox state of PPy is also affected by protwossing the Nafion layer. Figure 3.9
shows the potential difference of microfabricated)/AgCIl/PPy(Cl)/Nafion quasi-

reference electrodes vs. a commercial Ag/AgCl exfee electrode in standard pH
buffers. In the plot, trace a and b are the Ag/ABeY(CI)/Nafion quasi-reference

electrodes; c is a bare Ag/AgCI electrode.

49



210 + pH10.0 D
190

£ N
150 - B iiaaunts] NSO
130 - c
110 -
90 | pH4.0
70

50 -

Potential Differnece {mV)

1D 1 1 1
0 30 &0 Time (s)

Figure 3.9: Potential difference of microfabricategf AgCI/PPy(CI)/Nafion quasi-
reference electrode vs. commercial Ag/AgCI refeeeslectrode in standard pH buffers.

In the plot, trace a and b are the Ag/AgCI/PPy(Rkfion quasi-reference electrodes; c is
a bare Ag/AgCl electrode.

For biosensors operating in a pH-buffered solutitim potential can be
predetermined by using its potential value in stad¢H buffer and Nernst equation, so
the shift is tolerable. The Electrode fails afteolpnged use, due in part to cracks that

develop in the Nafion coating, which limits its tpterm application.

3.6 Conclusion

A fabrication process for microfabricating micragtede system on CMOS chip
was developed based on the understanding of etbemaistry, within limitations of
microfabrication capability. A prototype system wabricated and tested. The working
electrodes were identical and the reference eldetravere characterized. Geometry of
planar electrode was discussed in order to be mgaked on CMOS. To verify

microfabricated electrode with enzyme immobilizatica gold electrode array was

designed and fabricated. To overcome the limitatibNafion, Ag/AgCIl/PPy(C) and ph
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buffered The method was identified for fabricatiagreference electrode that can be

miniaturized to fit on a CMOS die.
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4 CMOSBipotentiostat

4.1 Overview

A potentiostat is the instrument to control a thedectrode cell and provides
current readout. For enzyme biosensor array and SEM@rk synergistically, redox
recycling mechanism can be utilized to increasesiteity and reduce the overall
electrode area. It requires a pair of interdigdaterking electrode under support of a
bipotentiostat, a potentiostat capable of contiglliwo working electrodes respectively.
In this chapter, the traditional adder potentioatad a new architecture of a bipotentiostat
are discussed in section 4.3. Redox recycling arceatric ring electrode is analyzed
experimentally and mathematically in section 4.ACKOS bi-potentiostat is reported in

section 4.5.

4.2 Background

Redox enzymes catalyze oxidation or reduction reastwith direct electron
transfer, making it highly suitable for electrocheah sensors that provide continuous
real-time monitoring of the target biomolecules.wéwer, some redox enzymes have
very small turnover rates, resulting in low biosensensitivity and low current levels
when miniaturized. The redox recycling effect cam utilized to electrochemically
magnify the faradic current using, for example, iarerdigitated electrode array with
enzyme immobilized on both working electrodes. Tupport redox recycling, a

potentiostat must have simultaneous control of NgEs.
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In the past two decades, significant research heen bdevoted to CMOS
integrated potentiostats, which have been appbetidny applications including anodic
stripping voltammetry to detect heavy metal ionk][high density electrode arrays with
low current readout [62], wide potential window [68xamining DNA match [20], for
reversible redox species [64], for neuron transrst{65], with wide dynamic range [66],
for detector array [54] and others. In additionablOS, a potentiostat was constructed
using thin film transistors [49]. However, potestiat architecture is not fully studied
[67]. A CMOS potentiostat supporting redox recygliwith redox-enzyme-based

biosensors has not been reported.

4.3 Potentiostat Architecture

4.3.1 Electrochemical Cell and Potentiostat

In electrochemistry, a potentiostat is a piecequiigment that is used to control the
potential of working electrode with respect to tieéerence electrode, reading out the
current flow through the working electrode while thxcitation wave form is applied on
it. Before designing a potentiostat, the basictatesd model of the electrochemical cell is
worth a discussion beyond textbook. Electrochemaedll is two or three electrode in
electrolyte. It can be modeled as an impedance arktiepped by connections to
electrodes as symbolized by Figure 4.1(a). The tkeypotential control is setting a
potential at the surface of working electrode, ehitre interested reaction takes place at

this potential. In an often seen circuit equivalerddel displayed in Figure 4.1(b), the

surface of electrode is labeled as point A, betw&ernworking electrode impedancg Z

and uncompensated solution resistange R is the tapping point of the reference
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electrode into the cell, the point of which electrtemical potential is certain. Point C is a

reference point in electrical circuit. A referenetectrode relates electrochemical
potential to the electrical world. Also in this nedZ- and R, represent the impedance

and compensated solution resistance on the coalgetrode side. Notice that the total

solution resistance between WE and CE is dividéal Ry, and R,, There values depend

on the tapping position of the reference electrmaé¢he current path between counter and

working electrode. A reference electrode has itpeidance & and solution resistance

RR, as shown Figure 4.1(c). Besides, the thermal dyoami the solid/liquid interface

established a potential, represented kpy B fact, there is virtually no current flow

through the reference electrode. Therefore, ierinat resistance, junction resistance and

capacitance can be omitted. The simplified equivaienpedance network with the

reference potentialggand is shown in Figure 4.1(d).

CE ? @
Zeo Z: Z
RE -~ . R EH RR R ER |i|RG
o_g ) CoiB ¢ o H—m @ o— e
o /Y At MU Zn Ry iRy
Zyy Zyy Q]Zw
L WE &

Figure 4.1: Electrochemical cell and its equivaleémpedance network. (a) A
electrochemical cell symbol. (b) The equivalent @dgnce network. (c) The
impedance network with the built-in potential antpbedance of RE, (d) A simplified
impedance network with the bi-in potential and of RE
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In an electrochemical cell the potential at the kireg electrode is concerned. By
analyzing current responses under excitation wakefpthe reaction on the working
electrode surface can be analyzed. Since the |altesft reference electrode in the
electrolyte is relatively stable, it is used as téference point to control the potential of
the working electrode by a potentiostat. A simp&geptiostat is shown in Figure 4.2,
where an op-amp is used for potential control.ifmslus E is inserted between RE and
WE. Further, by replacing the electrochemical eath equivalent circuit, the potential
control circuit model is shown in Figure 4.3 (d)appears more clear that the RE tapping

point is biased to g plus E versus ground, and that the working electrodeasmmded.

...H"‘a electrochemical
e cell
E ; -;-n...l _|_’--_._____-'
Bt | ~op-amp _|CE
REL ™)
il potential o/
SHITHIUS control WE

Figure 4.2: A simplified potentiostat control o\ar electrochemical cell.

Because of the portion of solution resistangetRe true potential on the working
electrode is less than the desired value by anrmpeaosated voltage dropjRcalled IR

loss. This loss could not be eliminated, but canrdmiced by minimizing Ror be

ignored if the inaccurate potential control is s@nificantly affecting the experimental

results. Mounting the reference electrode to tleeity of working electrode reduceg,R
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The potential control circuit applies potential dhigh counter electrode so that the
potential on the current path of current at thenpoif reference electrode follows the

excitation signal.

An alternative scheme of potential control circisitby inserting an excitation
signal from the working electrode, as shown in Fegd.3 (b) Scheme B. To differentiate,
the scheme in Figure 4.3 (a) is referred to asmeeh&. In Scheme B, the electrochemical

potential of the point of tapping is controlled &pproximate the same potential as

reference electrode. The excitatiop E applied from the working electrode versus

ground, as shown in Figure 4.3(b).

o [
—>~.__ CE >
+ + - //1 CE
(1) 1+ b
N R - RE
l 0 Ro
| 5 —is
Eg E, Er E} u
WE {:T \] WE

Figure 4.3 Potentiostats with the electrochemical cells feieplaced by tf
equivalent circuit models. (a) Scheme A: The exicitasignal k feeds through ¢
opamp. (b) Scheme B: The exiciation signglféeds through the working electrode.

To further study these two schemes, equivalentuitg©f scheme A and scheme

B are derived by converting the opamp negativetsipu grounds and outputs to voltage

sources A. The two schemes of potential control circuit medee simplified for better
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comparison, as shown in Figure 4.4. From KirchBofBltage law, a loop voltage for the

circuit in Figure 4.4 (a) is:

Er Ry, Z Er Ry Zyy
S ITLICT SR PE
7 Rg Rq
/- ) EX ZC T ZC _ E (//:\\)
\"‘_// W /-~ l\/ X\\'_l‘/’f
A Ay
(a) (b)

Figure 4.4 The equivalent circuit models of the two schermkpotential control ar
excitation signal insertion. . (a) Scheme A: Theition signal k feeds through ¢

opamp. (b) Scheme B: The excitation signaféeds through the working electrode.

—E)(—Ep + iR“ + lZW == O

The loop voltage for Figure 4.4 (b) is:

From above circuits and equations, we can obsdraethe voltages across the

working electrode are identical, if internal rearste of excitation is ignorable:
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From above equation, it is observed that the treekiwg electrode potential

versus the potential referengg, iZ\ ER equals tdEy - iRy which is desired excitation

Ex offsets by the uncompensatae], drop. From above analysis, the two schemes of

potential control have identical equivalent workiagctrode potential (ignore internal

resistance of excitation SOUrgg).

For an electrode array, it is desired that eaclctrelde can be individually
controlled by an excitation signal. To determine siitable potentiostat architecture, the

models of Scheme A and Scheme B are expanded tiipplawdhannels, as illustrated in

Figure 4.5. Scheme A requires subtractiygrom each additional channel by additional

subtractors. The control scheme B in is more harewedficient for applying excitation

signals on the multiple electrodes. As of electrgdemetry for both control schemes, it

is equally important to position the working electe as close as possible to redRge

whenever possible.
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Figure 4.5: The equivalent circuit model of expath&eheme A (top) and Scheme
B (bottom) to multiple channels;

4.3.2 Bipotentiostat Architecture

In some electrochemical experiments, two workingcebdes are required to
individually controlled and work simultaneously. ételectrochemical instrument is
called bipotentiostat. In Section 4.3.1, potentbshodels were expanded to support
array. Those models can be simplified to suppod thannels. The potentiostat of
Scheme A in Figure 4.5 is called “adder potentidstaecause the excitation signal is
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added to the reference potential at the inputsnadrealog adder. A circuit to implement

the scheme is comprised of buffers and currenbliage converter.

In the adder potentiostat, the potential at therezfce electrode tip approximates
the true potential on the working electrode in mitgi, equals to the excitation signal for
this first working electrode. To adapt an addereptibstat to simultaneously control a
second working electrode by this approach, thetaton potential is subtracted from the
excitation signal of the second working electrdad®iigh an analog subtractor, as shown

in Figure 4.6. The resulting signal is the differerof the two signals, used to bias the

second working electrode. At the interface Sfj 2lectrode, the potential difference

t L ) o .
versus the S.'L excitation signal recovers thgdZexcnatlon signal.

Potential f
Control fxsvﬁ
Circuit "1 F
Eir )
CE|
Electro- [ _
chemical [r—
Cell
WE WE
Current e ’_‘WT
Readout | -~ I
Circuit ““t-lj_ 4
e2-e1 Di:k\_

Figure 4.6: A bi-potentiostat based on traditicsddler potentiostat architecture.
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The above adder potentiostat approach is comptigatpotential control because
it employs the potential of the first working elexte. Moreover, the error introduced by
the uncompensated potential loss as shown in thatien below is propagated to the

second working electrode.
EX - lZW - ER + lRu_

An alternative approach is as suggested by the ealamalysis in section 4.1,
removing the excitation signal from the adder araibg the working electrode with it.
In this approach, the reference potential is dsaated with excitation signal, so each
working electrode is biased with the original eatdn signal without additional

arithmetic processing, as illustrated in Figure 4.7

mep P

Potential M -

Control Erinn 7o
Circuit Has 'L;)

Electro- | ]
chemical
Cell

Current
Readout
Circuit

-
Gut:\;]::
E1E§j Ezfga

AGND L AGND .

Figure 4.7: (a) A bipotentiostat by expanding Schefy the traditional adder-
potentiostat architecture. (b) A bi-potentiostatdtectrode array based on Scheme B

with two parallel channels.
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As a result, Scheme B saved two opamps for perfaynmversion of e2 and
subtraction of el out of e2, compared to Schemeotentiostat circuit illustrated in
Figure 15.46 in Bard’s book [26]. Because of theseefits, the Scheme B architecture is

adopted. The impact of saving two opamps on CMQ@8ukis discussed in Section 4.5.

4.4 Redox Recycling on Concentric Ring Electrode

4.4.1 Background

The current of enzyme biosensor is a function afyere activity, electrode
geometry and substrate concentration. For on-chgyrae modified electrode, the chip
surface area is limited and the enzyme activitirxied. Increasing the sensitivity of the

sensor can reduce the sensor footprints to allovesensors on the chip surface.

44.1.1 Redox Recycling

We assume the reversible reactions below take placa pair of electrodes at

reduction potential and oxidation potential respety:

R—nee 0

O+ne<R

where R and O represent the reduction and oxidatiate, n is the number of electrons

involve in the reaction, and e is an electron.

In traditional electrochemical system, the speciesluding the concerned
analytes migrate toward the working electrode @ad¢ the electrode surface after being
transformed. The reverse transformation will ngbgen until a favoring potential being

applied. The current is limited by mass transfetuding diffusion and migration when
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the species are transformed quicker than repledisiee migration is proportional to the
electric field strength. According to Fick’'s law dafiffusion, the current density is
proportional to the bulk concentration of the spedieing transformed. For a given size

of electrode, the detection limit is thus limited.

__p ac
/= dx
To improve the limit of detection on an electrodeletermined size, an additional

working electrode can be situated close by, prefgnaithin the distance of the diffusion

layerl, determined by equation below:

l=+v2Dt

whereD is diffusion coefficientt is the time span of experiment. The limit of datet
can be improved in several aspects by this additivorking electrode. By setting it to a
potential of the reverse reaction, the transforsjeecies consumed at one electrode are
reproduced at the other, locally increasing theceatration of the reacting species, thus
to increase the concentration gradient for diffasamd current density in consequences.
In addition it increases the electric field by agkx potential difference and a shorter
distance, promoting the migration of charged spetiais increases the background
current as well. Since the species being reducedxalized at one electrode and
oxidized or reduced on the other without diffusingp the bulk solution, it reduces the

invasion of the environment being tested. Thisnewn as “redox recycling”.
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To realize redox recycling, the two electrodes mfirgerdigitated band array are
often set to reduction potential and oxidation pt# respectively. It also requires a
bipotentiostat to control the potential on eaclctetele independently. The geometry of
the interdigitated array electrode (IDA) and bipaitestat are discussed further in the

next sections.

4.4.1.2 Concentric Ring Electrode

From the discussion in previous section, an IDA base advantages over a
traditional disk electrode. From the analysis, skeady state current of an IDA, unlike
disk electrode, is a function of time, though iga@e when the length to width ratio is
sufficiently large [26]. The disk electrode is dtaht steady state, but the interior of the
disk supports very little electrochemistry so cam éliminated. The resulting ring
electrode resembles the behavior of a disk eleeteodi is more area-efficient. A carbon
film-based interdigitated ring array electrodes wvdgsigned as detectors in thin-layer
radial flow cells [68]. A e-beam lithography micatiricated gold ring electrode array
was constructed for redox chemicals [64]. Not omlyelectrochemistry, were ring
electrodes also applied for detecting surface edegtographic signals with high spatial

selectivity [69].

The concentric ring structure combines disk and ,|@Ad can benefit from both
of the advantages and avoid the disadvantagesn Agample shown in Figure 4.8 shows
a 90 um concentric ring electrode fabricated on.5u® AMI C5N CMOS process

through MOSIS.
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Figure 4.8: An exampleconcentric ringeefrode fabricated on a bipotentiostat chi
CMOS 0.5um technology. The diameter of the outer ring i180

A mathematical model was developed based on diffusquation, and its
boundary conditions were defined in Appendix. Trhizdel can be used for finite element
analysis using software tools such as COMSOL Mhigfscs to estimate the diffusion

current at redox recycling to evaluate the ele@rgeometry factors.

4.4.2 Fabrication of Concentric Ring Electrode

To investigate the redox behaviors on a concemimg electrode, a concentric
rings-disk electrode was fabricated. It comprisddtwo neighboring ring working
electrodes, an outer ring counter electrode andraer disk reference electrode. The disk
electrode in the center is in a diameter of 2.54. mhe disk electrode is surrounded by
three concentric ring electrodes each has an opeatithe same direction for wiring. The
first, the second, and the third rings are 0.7 nfi"g mm, and 0.75 mm width,
respectively, noted as WE1, WE2 and CE respectividlg gap between the first and the
second ring electrodes and the second and the ¢léndrodes are 50m and 250um,

respectively, shown in Figure 4.9.
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Figure 4.9: A concentric ring electrode fabricated glass substrate, including two
neighboring working electrodes, WE1 and WE2, aaurding ring counter electrode
and CE a disk reference electrode RE.

The electrode in Figure 4.10 was prepared by phi/sapor deposition of 5nm Ti
followed by 100nm Au on glass slides. Then phdtoliraphy and wet etching were

applied.

4.4.3 Resultsand Discussion

To explore the redox recycling capability of theattode in Figure 4.10 was

coated with ionic liquid BMIBE to study the redox behaviors of nitro aromatic
compounds. BMIBEis able to absorb nitro compounds vapor suchlagratrobenzene

(ENB) in atmosphere. The electrochemical measur&sneere done with an EG&G 273
potentiostat. The scan rate of cyclic voltammetrgswi00 mV/s. Differential pulse
voltammetry (DPV) was done with a pulse height 82V, a scan rate of 20 mV/s, and

a pulse width of 50 ms.

The experiment was conducted in air and in 1 mM ENBMIBF4. The results

of CV showed the two reduction processes of the BEN@Bwvn in Figure 4.10. Typically, a

reversible reduction and a consequent irreversietiction were observed. The first
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reduction peak at -1.7 V (vs

to a nitro anion radical (

electrochemically and chem

. Au) corresponds wreduction of the nitro (-NZC)) group

—Nz(j). In most electrolyte solutions this reduction is

ically reversible. Theosel reduction of ENB at -2 V (vs.

Au), mostly irreversible, is related to the protanghe electrolyte solutions. In this step,

the nitro radical anion is fur
The oxygen peak at -1.25 V

be used as a reference.
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Figure 4.10CVs of bmiBF4 exposed in air and in ENB saturated a

DPV was conducted to help identify the redox reieygel In the experiment, one

working electrode was fixed beyond the oxidatioteptial of nitro anion radical at -1.6

V (vs. Au). Te differential

current was plotted. A ma

pulse was applied ore tbhther working electrode and the
gnified reduction curreah be reserved, which is due to the
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regenerated nitro group. On the contrary, the offeak was diminished because the
oxidation reaction was irreversible. It's unablel® replenished once consumed, even
though the potential on the other working electrexes set to a potential beyond its

oxidation point.

7 bmiBF4 in ENB saturated air
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Figure 4.11DPV plots of bmiBF4 exposed in air and in ENB sated air.

The above results experimentally proved the curreagnification effect of a
redox reversible species on a microfabricated aamnicering electrode. From these
result, we can predict that it is promising thatimilar current magnification effect will

work on an enzyme-modified concentric ring electrod
45 Result and Discussion

A CMOS bipotentiostats were fabricated using AMBOn process through

MOSIS [14]. The feedback resistors were replacedswiiching capacitors for better
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matching in the trade-off of control complexity. ébipotentiostat is constructed by

using the op-amps from the earlier adder potemtiosin this CMOS bipotentiostat, the

potential control pin ¥ompis tied to ground. The two readout circuits arganallel. The

two excitation signals bias the two working eled#s. The functional structure of the
circuit is as shown in Figure 4.8. The chip alsoiea an on-chip three by three electrode
array formed on top of CMOS metal 3, including @ ek concentric ring working

electrodes locate in chip center.

Figure 4.12 below shows the layout of the CMOS taptostat with concentric

ring electrode on the chip. The chip size is X5&9mm. Each readout channel occupies
600pumx280um, or 0.168 MmThe two opamps in the potential control blockdus&o
identical class A-B opamps, 390umx173um each,(lﬁ?()mn%. If an adder potentiostats
were to adopt those opams in their readout aritieneetuits of additional channels, each
channel uses two additional opamps, the extravaoedd be 0.134 mf Based on above

assumption, each additional channel of a potegtiasting the new architecture saves

44.37% area.

The offsets were tested and adjusted through thgnyinput. By connecting

WE1 or WE2 to a Keithley 2400 source meter, theeanirto voltage (-V) converter
readout channel was characterized for subsequemsurements. Figure 4.13 shows the
I-V converter calibration curves ranging from 1A to 10 nA, adjusted by changing the

clock frequency.
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Readout Channel 1

Figure 4.12:A CMOS bipotentiostat with concentric ring electeoénd the circui
architecture. The chip size is 1x1.69mm.

The final test steps include circuit test, sengst and final system testhe
integrated potentiostat works in either single ctemode or du-channel bipotentiost:
mode. The test of the potentiostat follows the hieid method as the previous vers
of potentiostat. Once configured in bipotentiostadde, it is to adapt ncentric ring
electrode to readout the current on both genegmatdrregenerator electrode. The pac

integrated potentiostat die is to be tested bedomyme is being immobilized ¢

The example fructose biosensor was assembled onnman5by 5 mm IDA
fabricated on oxidized silicon using photolithograplagposition of Ti/Au and li-off.
The IDA had 5pum wide fingers and um gaps. The MDH enzyme was immobilized
the IDAs following published procedur(10]. It was then fixed in glutaric acid for :
minutes. The functionality of the MDH modified ID#vas tested using a CHI 7!
commercial bipotentiostat in the presence of 200 D-fructose in pH 6.0 phosphe
buffer solution. A platinum counter electrc and an Ag/AgCl reference electrode w

used for subsequent experime
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Figure 4.13: Readout opamp I-V conversion outpuiOft KHz, 50 KHz and 10 kHz
clock frequencies.
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A cyclic voltammetry experiment of redox recyclimgs conducted by sweeping
the potential on WE1 while WE2 was set to 0.2V.ureg4.14 (a) shows the D-fructose
reduction peak at 0.03V and the D-mannitol oxidaf@ak at about 0.2V vs. Ag/AgCI.
This data established the potential range for sylEs® chronoamperometry experiments.
As expected, the cyclic voltammogram shows a reoinichbeak current under redox
recycling (3.3nA) that is 27% higher than withouedox recycling (2.6nA),

demonstrating the enhanced sensitivity of redox ydeqy.
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Figure 4.14: D-Fructose sensor response on MDH feddilDA. (a) Cyclic
voltammetry of 200 mM D-furctose with (solid) andtiwout (dotted) redox recyclii

(top). (b) Chronoamperometery of 400 mM, 200 mMl &0 mM Dfructose witl
redox recycling (bottom).
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In a chronoamperometry experiment, in order to suea the fructose
concerntration, the commercial bipotentiostat wasfigured by setting to perform a
potential step from E1 at -0.1V on WE1 to E2 atV0@h WE2 versus an Ag/AgCI
reference electrode. The steady-state currents rgecgded at 250ms after applying the
potential steps. Then the CMOS bipotentiostat wamected to the fructose sensor to
perform above chronoamperometry in 100mM, 200mM 30@mM fructose solutions.
The output voltage was converted to concentratginguthe |-V calibration curves. For
comparison, chronoamperomtetry experiments weresatepd using a commercial
bipotentiostat in 400mM, 200mM and 50mM fructoseluson. The fructose
concentration measured by both CMOS bipotentiastdt commercial bipotentiostat are
plotted in Figure 4.15, demonstrating that our CM®®otentiostat shows good

agreement with standard commercial instrumentaftidns research was published in

500 -
. Triangle: CMOS bipotentiostat
s 400 1 Diamond: Comercial bipotentiostat
S
.S 300 A A
@
2 200 A A *
(D)
(&]
S 100 -
@)

0 T )

0 50 100
Current (MA)

Figure 4.15:Fructose concentration vs. current measured by mnmcia
potentiostat and the CMOS bipotentiostat. Diamoradked data isrom CHI 76(
bipotentiostat. Triangle marked data are from tMOS bipotentiostat.

[14].
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4.6 Conclusion

A new bipotentiostat architecture was constructeteplace bipotentiostat based
on traditional adder potentiostat. A CMOS bipotesiat was structured to support redox-
enzyme-based biosensors, providing simultaneousnpat control over two WEs,
sufficient potential window and current readoutganflexibility for offset adjustment.
The new architecture saves 44.37% area for eadticadd channel implemented using
AMI 0.5um CMOS process and previously published opamp. Axathzyme-based
biosensor was shown to work seamlessly with the GMéipotentiostat in applying
chronoamperometry to determine biomolecule cona#ofr. A fructose sensor was
created by molecular self-assembled MDH on a matnotated gold IDA. Interrogated
in the redox recycling mode, the sensor exhibitedeahanced sensitivity of 27%.
Chronoamperometry experiments using the CMOS bipotgtat showed good
consistency in accordance with a commercial bigaistat. Success with the fructose
sensor suggests that, by exchanging the redox enzyyva CMOS bipotentiostat can be
used to enhance sensitivity of other redox-enzyasedl biosensors for detecting

glucose, alcohol and other important biomolecules.
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5 Lab-on-CMOS System Integration

5.1 Oveview

The advance of IC technology allows integratingelettrochemical instrument on
a single chip, such as potentiostat and impedapeet®scopy circuits. Using the
microfabrication technique employed by IC industnyicroelectrodes can be directly
formed at the time of ICs fabrication by foundry after foundry by post-CMOS process,
allowing on-chip chemical sensing. Biosensing cdpplran be added to the electrode
by immobilizing biosensing materials. The challengd integrating biosensors on
CMOS die exist on their compatibilities during peeses and tests. The sensors must be
in contact with the solution, but the circuits mbst protected from liquid [63]. CMOS
chip should avoid being contaminated of alkali, m@por other ions; otherwise, those
ions will diffuse into silicon and cause drifting threshold [70]. Processes in high
temperature and would cause CMOS material degeorerag., aluminum alloy. High
electric field will cause migration of electronsgccamulation and breakdown [71].
Passivation materials should be biocompatible ablg @& survive harsh chemical

environment. All materials should be compatiblehwiticrofabrication.

Electrochemical biosensor sensors, correspondiaglorg circuits, and sample
handling microfluidic devices have been realizedhwCMOS and CMOS-compatible
processes. However, a distinct lack of integratibthese components remains as a major
obstacle toward miniaturization of the entire systeA few researchers have been
attempting to integrating biosensors directly on @Mdies. The few known CMOS-

microfluidic integration approaches have been bugbn wirebonded die in industry
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standard packages. Hindered by bonding wires, porating complex microfluidic
structures has not been achieved. CMOS die levegjiation provides opportunities to
improve packing density [18]. The reliability of enofabricated planar interconnects on
pre-fabricated CMOS has been demonstrated [23]faBoCMOS die level packaging

with microfluidic using microfabricated interconniedas not been reported.

This chapter describes a die level CMOS-microfluiditegration approach using
microfabricated interconnects routing signals frar€MOS die padframe to edge of a
carrier chip to create an extended planarized seirflar complex microfluidic structures.
Key features of this new “lab-on-CMOS” process wad complex microfluidic
structures and batch-fabrication capabilities. Tthessis work reports the lab-on-CMOS
integration scheme and its application on enzynsatbebiosensors. Major processes
include electroless plating, microfabricated plamaring, silicon chip carrier micro-
machining, surface leveling, metallization and pl@ation. The CMOS potentiostat
reported in Chapter 4 is prepared and packed isttican carrier by those processes and

then integrated with a PDMS microfluidic mixer.

5.2 Packaginga CMOSDiefor Microfluidics

Biosensor formation and test in ion containing iktlenvironment is detrimental for
CMOS. lon solution is conductive, can cause CMQO@&tstircuits if exposed. Some ions,
such as alkali and copper diffuse quickly in sitaaill cause transistor threshold drifting,
and unrecoverable circuit malfunction. A generdé ns that only the electrodes should
be exposed to the solution. The rest area of a C@3nust be properly passivated to

block the circuit from contacting with liquid.
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Another challenge is incorporating high density moiltidic structures with
CMOS. CMOS package should provide real estate #matommodates complex
microfluidic structures with micro channels runniagross the chip. A planar surface is
desired for leakage-free bonding and continuougd flllow. Microfluidic channel
crossing the chip edge over to chip should be evehcontinuous to eliminate turbulent
flow. The packaged CMOS should survive harsh chah@ovironment during enzyme-

based biosensor formation, and the packaging psctesuld not denature the enzyme.

CMOS-microfluidics integration works were done ap tof a factory packed
chip. In this approach, a CMOS die is seated otobobdf the open cavity of an industrial
standard dual inline package (DIP) or quad flatkpge (QFP), with the CMOS pads
wirebonded to contacts around the perimeter ofcthaty. The exposed metal bonding
wires, the bonding ball and the pads should belatsd. Obviously, the bonding wires
are obstacles for incorporating microfluidic sturets. The bonding of microfluidic
structure to the chip should be enduring and leakkge. Researchers have been
unsuccessful in dealing with above issues. Otheustrial standard IC packaging
technologies, such as chip size package (CSP) alhdytd array (BGA), use solder
bumps instead of bonding wires and have higheripgatensity. However, the solder
bumps elevate the chip surface level, and are dtdtacles for microfluidic channels.

CMOS-microfluidic integration on those types of kage have not been reported so far.

This research uses microfabricated planar interectisn and passivation to
provide planar surface for microfluidics for enzwy@sed biosensor integration.

Microfluidic structures can be added on after engyimmobilization. Key processes
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such as leveling, planarization, low temperatureC?B oxide for permanent PDMS

bonding were used to resolve the challenges.

5.3 Lab-on-CMOSIntegration Procedure

An even and continuous flat surface is the key uocessful lab-on-CMOS
integration introduced in Section 1.1. High qualptyotolithography is fundamental for
microfabrication, requires a flat surface to disggenexpose and develop photoresist
evenly. A flat surface is essential to planar iodenection and microfluidic sealing and
continuity. A carrier is placed on a silicon wa¥fehich serves as a flat bed. A CMOS die
is flipped, facing down to the flat bed, fitted onthe cavity and fixed. The chip and

carrier assembly is released from the flat bed.

The lab-on-CMOS integration process flow is illaseéd in Figure 5.1. After the
chip is prepared by gold plating, a silicon cariemprepared using DRIE to create a
cavity in size of the chip, with some tolerancesshown in Step 1. The second step is to
mount the chip and carrier on a wax covered glasfemwith their face down, followed
by a fixing step, Step 3, to fill the trench betweship and carrier with filling materials
such as epoxy and to cap the opening to improvéhamecal strength. Then the CMOS
chip and silicon carrier assembly is released ftbm glass wafer, cleaned and coated
with a thin layer of polyimide around the gap betweéhe CMOS chip and carrier, shown
in Step 4. In Step 5 and Step 6, the assembly imlired with thin film gold and
passivated with thick polyimide and oxide to furtipanarize the surface. Step 7 opens

the polyimide above the electrodes, exposing thetedes to fluid. Then the electrodes
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are ready to be modified by enzyme. In Step 8, MBptional microfluidic structure

can be added onto the assembly.

STEP 1: DRIE Carrier STEP 2: Mounting
photoresist flipped CMOS chip
- chip
siliean carrier
backing wafer glass wafer
STEP 3: Fixing ) STEP 4: Bridging
cSp apagy e thin polyimide bridge
glass wafer eap
STEP: 5 Metalization STEP 6: Passivation& Panarization
polyimide/oxidey,
[ = |
STEP 7: Exposing Electrodes STEP 8: Microfluidic Integration

electrode contas:; s

Figure 5.1: Lab-on-CMOS integration process flow.

531 CMOSDiePreparation

Aluminum pads and electrodes on the CMOS die wéateg with gold over to
avoid corrosion due to hydroxide in common photistedeveloper. Electroless gold
plating over CMOS aluminum has been proven to hmessful [23, 72, 73]. In this
process, the CMOS die was cleaned to remove orgamtaminants, then was etched

slightly with aluminum etchant to remove aluminuxide and expose fresh aluminum.
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An intermediate zincation step replaced a thin dayealuminum with zinc to permit

subsequent deposition of a nickel film. After cleanthe nickel in dilute hydrochloride

acid (10%) briefly, gold plating was performed bypmging the CMOS chip into

immersion gold solution. Zinc, nickel and gold pigt solutions were acquired from
Transene Company (Danvers, MA). To examine theeglajold, a pad was cross-
sectioned using focus ion beam. As shown in FiguPe about 2um plated metals fills
the contact opening without noticeable metallizatan the overglass surrounding the
contact. To verify if the metals would survive cheats used in photolithography, the
chip was then soaked in 5% sodium hydroxide forQutes. No sign of attack on the
metals was observed under a microscope, indicativeg chip pads are safe for

photolithography using hydroxide based developer.

overglass

cmos oxide

Figure 5.2: A cross-section view of a CMOS padrafiectroless plating of zinc,
nickel and gold.
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5.3.2 Silicon Carrier Micromachining

A silicon chip carrier was used to host the CMO%$ @nd broad the surface to
match a microfluidic device. A silicon chip carreprepared by etching a cavity through
a silicon piece that would hold the CMOS chip. danfi the cavity, potassium hydroxide
(KOH) wet etching and dry etching were evaluate@Hwet etching through a (100)
silicon wafer creates sidewall slopes. Mask ded$aynwet etching should compensate
undercuts and sidewall slopes. Double side polisivater should be used to allow
photolithography on both side. Dimension controkéiothe opening is challenging partly
due to undercuts and the inconsistent etch ratesacthe cavity caused by bubble-
trapping especially when etching goes deep. Thaltneg wide opening on one side of
the silicon carrier facilitates chip placement aqrdvides self-adjusting by gravity, but
the chip tends to lean and rotate in the cavitym@ared to KOH wet etching, deep
reactive ion etching (DRIE) process allows predsaensional control with negligible
undercuts and thus is preferred. DRIE also creadesd corners that help evenly
distribute the gaps between the die and the caB&sed on experience, a cavity 10um
lager than the CMOS die on each side is ideal.rAMRIE, 1um thermal oxide is grown
on the chip carrier to insulate the silicon sulistrbefore subsequent metallization.
Silicon carriers can be produced in batch usinghalevwafer. The described lab-on-

CMOS integration processes can also perform in mafe!.

A silicon chip carrier was prepared by etching aitygathrough a 10mm square of
silicon wafer, where the size of the cavity is 10|ager than the CMOS die on each side.

A DRIE process created straight side walls for geedimension. DRIE also creates
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rounded corners that allow leveling of the gapsveen the die and the carrier. The etch

rate using STS Pegsus DRIE tool was 0.3024 pm/s.

Dry-wet-dry thermal oxidation was performed to gate a silicon oxide coating
over the carrier. The oxidation layer provided gadectrical insulation in addition to
polyimide. It is easy for water-based polyimidebt® evenly distributed on hydrophilic

silicon oxide instead of bare silicon.

5.3.3 Surface Leveling and Fixing

Surface leveling of the chip and carrier is critidar continuity of planar
interconnects and microfluidic channels. To achieveron-scale leveling, a unique
process using wax was developed for the lab-on-CNs@8orm. The chip carrier was
place with its face down onto an Apiezon wax (M&htdrials, Manchester, UK) coated
glass wafer. A CMOS chip was then placed faced dmimthe cavity of the carrier as
shown as illustrated in Step 2 of Figure 5.1. Thg carrier and the chip were initially
self-leveled by gravity. Before fixing the chip andrrier together, the wax was heated
under vacuum to 150 °C to reflow and to expel aioldes. The reflowed wax further
leveled the chip and carrier. The front of the chim carrier were attached to wax at

cooling down.

The thickness of the wax coating is critical to Huecess of integration. In order
to control wax coating thickness, the Apiezon waaswdiluted in xylene at 1:2, 1:4 and
1:8 and spun coated at 1000, 2000 and 3000rpmAdtet. the wax dried, its thickness
was characterized using surface profiler. PlotEigure 5.3 give the wax thickness as a

function of spin speed and diluting ratio. In expemt trials, thinner coatings did not
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provide adequate sealing; while thicker coatingessovely extruded into the gap
between chip and carrier. 2um Apiezon wax coatiraps iound appropriate. It was

achieved by spin-on 1:2 Apiezon wax at 1000rpm.

After wax reflowing, epoxy was applied to fill tlgap and to fix the CMOS chip
to the carrier as shown in Figure 5.1 (Step 3).h# tglass cap was attached to the
backside of the chip-carrier assembly to provideclmeaical support to prevent carrier
breakage along the sides of the cavity during sy handling. Although several
fixing materials were explored, EPO-TEK 302-3M epdEpoxy Technology, Billerica,
MA) was chosen because Apiezon wax has low sotubilithe solvent of the epoxy, so
it does not mix the wax. Further, the expoxy rasistxylene and cholorobenzene used to
remove wax. Low viscosity, low shrinkage and chehare other desirable properties

exhibited by this epoxy.

The chip-carrier assembly was released from thesghaafer by dissolving wax in
xylene, and then cleaned using xylene, chlorobexzisopropyl alcohol and deionized

water in sequence.

5.34 Planar Wiring

As shown in Fig. 5.3, because of wax flowing irte gap, a shallow trench was
formed unfilled by the fixing material in the froside of the chip-carrier assembly. The
depth of this trench is critical for successfulctlieal and fluidic interconnection across

the gap and was controlled by controlling the wagkness discussed previously.
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Figure 5.3: Spiren Apiezon wax thickness as a function of spin dped wax diluted ii
xylenes at 1:8, 1:4 and 1

Although the trench depth can be minimized by adrsélection of wax conditions,
cannot be eliminated. Tfill this trench to create an even and continuawsage before
metalization, a polyimide layer was applied, witle tadded advantage of smoothing
sharp edges of the silicon carrier and chip. PI42p8lyimide precursor was obtain
from HD MicroSystens (Parlin, NJ). A polyimide precursor diluted by thinner at 1::
was prepared, spun on the surface of the assembligait baked. S1813 photoresist \
spun on, soft baked, exposed and developed. The Heseloper also etches
unmasked polyimiderpcursor. As shown in Step 4 of F5.1, the polyimide ring acts ¢
a bridge over the trench providing an even andicoatis surface for metallizatio

Characterization of the bridge structure is disedsa the Results section belc

Planar interconrcts leading the CMOS chip pads to finger contatthe edge:
of the carrier were formed using liftoff tl-film metals. Ti/Au (5nm/100nm) we
deposited by thermal evaporation after photolitapfy. Tilted rotation durin

evaporation improves metal coage on the slopes of the trenches and pad wellsl
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electrodes (for electrochemical sensors) on the GMAlp were formed at the same time

as the interconnects, as shown in Step 5 of Figure

5.3.5 Passivation and Planarization

Following metallization, a second polyimide layerasvapplied to insulate
interconnects and form the bottom plane of the ofiigidic structure, as illustrated in
Step 6 of Figure 5.1. A thick polyimide layer wased to further planarize the surface.
The polyimide was patterned as described in SedfiioB to expose the on-CMOS
electrodes and contact fingers at the edge ofaheec, as illustrated in Step 7 of Figure
5.1. A 500nm silicon dioxide layer was then depabiover polyimide by plasma
enhanced chemical vapor deposition (PECVD) at 2Q0 &hd patterned using
photolithography and HF wet etching. The oxide pmtes an adhesion layer for the
PDMS fluidic structure and insulates the polyimfdam the fluid channel. For a higher
quality oxide, PECVD could be done at a higher terajure (~300 °C); however, this
would cure the polyimide and require alternativégraing tools such as O2/CF4 plasma

dry etching or laser ablation.

5.3.6 Microfluidic StructureIntegration

The final step in the lab-on-CMOS integration psxevas to attach the PDMS
microfluidic structure to the chip-carrier assemlay illustrated in Step 8 of Figure 5.1.
The PDMS and the oxide surface were treated in @xygasma for enhanced bonding
[6]. PDMS was chosen for the microfluidic structupecause it permits electrode
modification with sensitive materials, such as eneymmobilization, before attachment

of the microfluidic structure.
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A fluidic structure of four mixers was designedan6mm by 10mm footprint,
with the detection channels designed to run actiesselectrochemical sensors on the
CMOS chip. An SU 8 master was created by photdithphy using a transparency file
photomask of the design. The channel height wasn?2@efined by the thickness of SU
8. Silane was vapor-primed on the master for easgli@y. Sylgard PDMS (Dow
Corning, Midland, MI) was mixed and cured. The stawe was cut out and released for

use.

5.4 Result and Discussion

;10

‘ bridge |~ Ipad |4 1
\ : r 120
700 200 300\ T 00" Tum

carrier @Y chip
side M side

Figure 5.4 Surface profile from the carrier to the CMOS c¢hipeasured befo
metallization, passivation and planarization. Batt@icture is a SEM image «
interconnects over the bridge after metalizationsdale profilometer plot, confirmi
the continuity of metal traces routing the chip paalthe carrier perimeter over the
via the bridge. Note: the horizontal isxscale is 10x the vertical scale. The .
position on the vertical axis is the elevationtw tarrier.
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A previously reported CMOS potentiostat chip [8]swaepared by gold plating bonding
pads. A silicon chip carrier with a cavity matchitige size of the potentiostat chip was
fabricated using an STS Pegasus DRIE tool. The-cduiper assembly was constructed

using the integration process described by Figute 5

The surface profile of the polyimide bridge betwélee CMOS chip and the carrier
was characterized by a Dektak 3 surface profilometed is plotted in Figure 5.4. The
plot shows shallow slopes were created by polyiniiliag the gap and covering the
sharp silicon edges. Notice that the x-axis is H@ale of the y-axis and that the
maximum slope along the surface is only 10°. TheetifSEM image in Figure 5.4
confirms the metal traces were continuous overtthach. Using probe station, the
interconnect resistance was measured from padsderfcontact to be 8.4+ as

shown in Table 5.1. The current load capacity was 600mA, sufficient for the CMOS

Measured Wire Net (Q)
9.5 0.6 8.9
8.4 0.6 7.8
8.9 0.6 8.3

9 0.6 8.4
9.2 0.6 8.6

Average 8.4

Std 0.4

Table 5.1: Resistance from terminal to terminait@ig2).

potentiostat, as shown in Figure 5.5. Furthermtire,carrier and the CMOS chip were
properly leveled, leaving the chip-carrier heigittedence of only 1um as shown in the

plot of Figure 5.4.
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A 4-channel PDMS microfluidic mixer was constructétie PDMS structure was
treated under oxygen plasma and attached to tli@csuof the chip-carrier assembly, as
shown in Figure 5.6. A toluidine blue-O solutionsvpassed through the structure as
shown without leakage. Electrical and fluidic cledesization indicates successful
integration of the lab-on-CMQOS platform. The lab-©NMOS device connected to a PCB
interface board that allows on-CMOS electrochemisahsors to be tested in a

microfluidic environment.
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< 600
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Fiaure5.5: Current load test of planar wir
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microfluidic
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Figure 5.6 Surface profile from the carrier to the CMOS c¢hipeasured befo
metallization, passivation and planarization. Inset SEM image of interconnisoove
the bridge after metalization, to scale profilomgtéot, confirming the continuity «
metal traces routing the chip pads to the carrggmpeter over the gap via the bric
Note: the horizontal axis scale is 10x the vertgzalle. The zero pition on the vertice
axis is the elevation of the carrier.

5.5 Conclusion

A new lab-on-CMOS platform for integrating micrafiics, on-CMOS electrode
arrays, and CMOS electrochemical instrumentatidp elas introduced. The fabrication
process involving a CMOS die and a silicon chipgieamwas described, and a prototype
assembly was demonstrated. Electrical and fluidiaracterizations verify successful

integration of the lab-on-CMOS platform.
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6 Summary, Contributionsand Future Work

6.1 Summary

The mysteries of the vast unexplored world of byglchave been motivating
scientists to leverage micro/nanotechnology usafigdn-chip devices and microsystems.
The power of microelectronics has not been adetyuexplored to enhance the signaling
between biology and silicon. This thesis work idirces a lab-on-CMOS platform
concept that enables integration of biosensorijren top of a CMOS chip to establish

continuous bio-to-silicon interaction pathways.

This research developed methodologies of optimizimg integration of redox
enzyme-based electrochemical biosensor, microfatedc electrode and CMOS
instrumentation with breakthroughs in those ardag. molecular self-assembly enzyme
immobilization method was evaluated, leading to tlewvelopment of a fabrication-
favored method combining conductive polymers andleowar self-assembly. An

miniaturized CMOS-compatible Ag/AgCI/PPy(ZNafion quasi-reference electrode was

developed. A parallel bi-potentiostat architectwaes developed replacing the traditional
adder-potentiostat architecture to support redayalerg. An example fructose sensor
was developed and the chronoamperometry technicage implemented through the
CMOS bipotentiostat to extract analyte concentratwathout needs of further data
processing. Finally, a unique CMOS die packagirgeste featuring a silicon chip carrier
and microfabricated planar interconnections walig@ed to incorporate a microfluidic

structure. The individual areas of contribution smenmarized as below.
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6.2 List of Contributions

a. Introduced a methodology for integration of redox-enzyme-based biosensor

arrays with a CMOS instrumentation chip

This is the first known research into integratidnao enzyme-based biosensor
onto a CMOS electrochemical instrument chip usinglGS compatible electrode
system. In order to minimize the footprint of @ridoreductase enzyme-based biosensor
to fit on CMOS, redox recycling, a signal ampliicm mechanism was utilized to
increase sensitivity, and a concentric ring eletdron CMOS chip surface. A CMOS
bipotentiostat was developed for placement directhderneath the concentric ring
electrode, enabling measurement using the chrone@metry technique to extract the

analyte concentration directly.

b. Developed a novel CP-MSA technique to immobilize enzyme on aluminum

A conductive polymer molecular self-assembly (CPAYS enzyme
immobilization method was developed as an alteraato the MSA method for direct
immobilization on CMOS aluminum without post-CMO®apolithography. With CP-
MSA, the enzyme can be selectively immobilized oultiple working electrodes and
does not foul the counter electrode like the ad#itve MSA process does. This method
eliminates the dependence on gold and saves at36%s processing time compared to

MSA.

c. Developed electrochemically optimized, CMOS compatible, planar electrode

systems and fabrication processes
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Planar electrode systems were designed and fadlitatsimultaneously establish
optimized for 1) post-CMOS microfabrication, 2) initerface quality and 3)
electrochemical performance. For the first timejobe recycling on a concentric ring
electrode was introduced to increase sensitivitg #n reduce footprint of a redox-
enzyme-based biosensor so that it can be implechemeCMOS. A CMOS-compatible

Ag/AgCIl/PPy(CI)/Nafion quasi-reference electrode process was ldped to enable

down scaling and placement within a short distdrm® the working electrode, uniquely

improving on-chip electrode density.

d. Introduced a new bi-potentiostat architecture for effectively implementing onto

CMOS

A new bipotentiostat architecture was designed wppert enzyme redox
recycling through interdigitated electrodes. Bylaemg traditional adder-potentiostat
architecture, the new architecture reduces cigamplexity and thus silicon area by 44%
for each additional channel. The new architectus® @ompletely avoids propagated

potential control errors.

e. Introduced a novel lab-on-CMOS package platform that enables high

performance CMOS biosensor arrays to utilize complex microfluidics

A lab-on-CMOS platform concept was introduced tralvides an expanded area
beyond the CMOS chip surface to allow integratibrc@amplex microfluidics. Through
an innovative leveling process, a surface heidfierdince between the CMOS chip and a

silicon carrier of only 1um was achieved. Microfabted planar interconnection was
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shown to successfully replace traditional bondingesvor solder bumps. Integrity of the

microfluidic structures was verified through expeental measurement.

6.3 FutureWork

This research has established the foundation fab-an-CMOS platform. Future
full integration of enzyme-based biosensors on aOSVbi-potentiostat would further
demonstrate the power of combining microelectrgnmgrofabrication and biosensor

technologies. To achieve this goal, the followingrks are crucial:

a. Enzyme biosensors on concentric-ring electrode

Using the mathematic model developed by this rebedinite element analysis of
concentric ring electrode can help predict currgererated by the sensor. Electroless
gold plating on the concentric ring electrode iguieed for using MSA method.
Immobilization using CP-MSA method needs improvetran sensitivity and validation

on CMOS aluminum concentric ring electrodes.

b. A saf-contained CMOS el ectrochemical instrumentation

This research uses some off-chip auxiliary circaitsl a DAQ. A self-contained
CMOS bipotentiostat with digital control logic taterface with a wireless device will
greatly enhance the optimization of biosensors¢telehemical instrumentation and

electrochemical techniques as a system.

c. Characterization of on-chip planar electrodes in microfluidic channels
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Off-chip biosensors were used for characterizing@3Mbipotentiostat in this
research. On-chip biosensors using the concentiec @lectrode can be characterized
show its advantages over a disk electrode of theesarea. Once packed in microfluidic
channels, the performance of the on-chip electrodas be characterized, with

commercial potentiostat and then with the CMOS clip Ag/AgCI/PPy(Cl)/Nafion

guasi-reference electrode can be fabricated on @€ khip.

d. Microfluidicintegration

A suitable microfluidic structure such as mixingdaseparation could be designed
and characterized to demonstrate the sample hgnctipability provided by the die-level
lab-on-CMOS packaging scheme. More sophisticateskipa or active microfluidic

devices could be built on the chip carrier usiig@n micro machining.
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APPENDIX

95



Modeling of Redox Recycling on Concentric Ring Electrode

To characterize the concentric ring electrode, aser that it is in a solution of
specie®. One working electrode, defined as generator rdet is initially set at a
potential where® is not reduced. The other electrode, defined gsnerator, is initially
set to a potential where the reduction produ oxidized. A step waveform is applied
att = 0, so thaO is to reduced t® at the generator electrode; at the same timehanot
step waveform is applied on the regenerator eldetso that a portion of the reduded
transported onto generator can be oxidize@.tdhe concentration @ is increased by
the regenerated locally on the regenerator electrode. As a consecgl, the regenerated

O that diffused onto generator electrode increasesdduction current.

The diffusion of a planar electrode occurs in disiens both normal to the
electrode plane and radical with respect to thensgtrical axis. Consider the generator

electrode in a cylindrical coordinate system, tlfision equation is written as follows:

1 0C,(r,2,t) 0%C,(r,z,t) N 10C,(r,z,t) N 0%C,(r,z,t)
D, dt B ar? r or 072

where r describes radial position normal to the atisymmetry at = 0, andz describes

linear displacement normal to the plane of thetedde atz = 0, with Dg for diffusion

coefficient, ¢ for concentration at the electrode surface andttifoe. Assuming the

initial solution is homogenous, then concentratdi® equals to the bulk concentration

C, all over the solution, including the electrodeface.
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C,(r,z,0)=C,

After the perturbation, the bulk concentration deef the solution remains

unchanged both radically and normal to the eleetédne.

lim C,(r,z,t) = C,

T—00

lim C,(r,z,t) = C,
Z—00

If the kpn ring electrode is a generator electrode, thenatijacent (k-1) and

(k+1) t, ring electrode is a generator electrode. In betvtbe rings, there is no flux of

C, into or out of the mantle, since there is no rieadn the gap.

dC,(r,z,t)
=0
0z

(rk+d/2STSrk+1_d/2 andrk_1+d/2ST‘ST‘k—d/2)

wherery, is the central radius of thepkring electrode, d is the width of the ring. Thegri

radius of the outer ring is larger than the innieg byd, 13,4 > 13, + d , making sure

the rings are not overlapped. Above conditions iapb the situation where the solution

is homogenous before the perturbations and whereclbctrolyte extends beyond the
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limit of the diffusion layer. After the experimehegins, we assume the concentration of

O is driven to zero at the electrode surface:

C,(r,0,)=0, (n—%,<r<n+94/,,t>0

Similarly, the diffusion equation of the regenerattectrode is:

1 0Cr(r,z,t) 0%2Cr(1,2,t) N 10Cx(7,2,t) N 0%2Cr(1,2,t)
Dy ot B dr? A or 072

Initial conditions of the regenerator electrodes evnsidered as follows. There is
NoR in presence at the beginning of the process @t the solution. The concentration

of R equals to zero on the regenerator electrode sudsovell as in the bulk solution.
CR (T, Z, O) == O

After the perturbation begins, the bulk concentratof R deep into the solution

remains zero both radically and normal to the ebelet plane.

lim Cr(r,z,t) =0

T—00

lim Cr(r,z,t) =0

Z—>00
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As the nearby generator electrode, there is nodfiCy into or out of the mantle

in the gap between the (ki yegenerator and thepkor (k-2 generator electrode.

0Cr(r,z,t)
=0
0z

(Te—p + d/z <r<rp_q-— d/z and 1,_1 + d/z <r

S7”k—d/2)

whereTy, 1 is the radius at the center of th@.k ring, a regenerator electrode, d is the

width of the ring. After the experiment begins, wssume the concentration Rfis

driven to zero at the regenerator electrode surface
CR(T,O,t):O, (T'k_l_d/zSTSTk_1+d/2,t>O)

After the experiment beginé), is reduced t® at the k ring generator electrode
and transports to the adjacent (y1and (k+1y), regenerator electrodes. The reduction

reaction starts witl’, , after the diffusion layer formed, is limited mass transport. As
a result, a wave dt is produced and then followed by a steady reptemis If O is fully

converted taR without any delay, the product concentratign approximately traces the
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concentration 0O right next to the electrode surfaze= § (§ = 0), Cy(7,d,t). This

Cr adds to the boundary conditions of the diffusiqoation of the regenerator electrode.
CR (T, O, t) = CO (Tr 5; t)

(rk—d/zSrSrk+d/2,t>O,6—>O)

The generate@ transports from {k ring generator electrode to the adjacent (k-
1) and (k+1y, regenerator electrodes. Considering only diffugiontion of the mass

transport, after a time dely, it is re-oxidized on the regenerator electrodes.

ta = (e — 1%-1)*/(2Dg)

The re-oxidized) carries the same temporal and spacial conceniratiafile as

theR produced on the generator electrode, nditrgecﬂ. On the regenerator electrode, the

total concentration of) is Cgegadding to the existing in situ.
crotal(r,0,t) = Cy(r,0,t) + C,°(r,0,¢)

(rk_l—d/z SrSrk_1+d/2,t>O,6—>O)
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Total
do

The increase updates the boundary condition of the diffusionaggun of

the generator electrodes, increasing the reductiorent in a dynamic fashion due to the
interaction of the generation and regeneration. Btendary condition of the outmost

ring and innermost ring is a special case of tinermings.

Due to the complexity of the problem, the analytisalution of the partial
differential equation is not tempted. However sitféasible to model the concentric ring
electrode using finite element analysis programd do derive the current-time

relationship graphically by applying the boundaoyditions discussed above.
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