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Abstract

Reduction in electrode size down to nanometers dramatically enhances the detection
sensitivity and temporal resolution.Here we explorenanoelectrode arrays (NEAsnd
nanoparticlesn building high performancéiosensrs

Vertically aligned carbon nanofibers (VACNFs) diameter ~100 nmvere grown ora
Si substrate using plasma anlkced chemical vapaieposition SiO, embedded CNF NEAs were
then fabricated using techniques likhemical vapor depositiprmechanical polishingand
reactive ion etchingwith CNF tipsexposed at the final stephe effect of the interior structure
of CNFs on electron trafier rate (ETR) was investigated by covalently attaching ferrocene
molecdes to the exposed end of CNF&nomalous differences in the ETR were observed
between DC voltammetry (DCV) and AC voltammetry (ACVhe findings from this study are
currently beingextended to develop an electrochemical biosensor for the detection of cancerous
protease (legumain). Preliminary results with standard macro glassy carbon electrodes show a
significant decrease in ACV signal, which is encouraging.

In another study, NEA as employed toapture andletect pathogenic bactexaingAC
dielectrophoresis (DEP) amdectrochemical impedance spectroscopy (EIS)aAcDEP device
was fabricated using photolithograplpyocesseso definea micro patternedgxposeé active
region onNEA and a microfluidic channel omacrgeindium tin oxide electrodeEnhanced
electric field gradienat the exposed CNF tips washieved due tthe nanometer size of the
electrodes, because of which each individual exposed tip can act as a potentiabDEd t
capture the pathogen. Significadécreasein the absolute impedance at the NEA walso
observedy ElSexperiments.

In a final study, we mdified gold nanoparticles(GNPs) with luminol to develop
chemiluminescencgCL) basedblood biosensorModified GNPs werecharacteried by UV-Vis,

IR spectroscopy andEM. We have applied thi€L methodfor the detection of highly diluted

blood samples, in both intact and lysed forms, which releas&scéetaining hemoglobin to
catalyze the luminoCL. Particuérly, the lysed blood sample can be detected even affer 10
dilution (corresponding to ~0.18 cells/well). This method can be readily developed as a portable

biosensing technique for rapid and ultrasensitive pafitiare applications.
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Abstract

Reduction in electrode size down to nanometers dranfigtieahances the detection
sensitivity and temporal resolutiorHere we explorenanoelectrode arrays (NEAsnd
nanoparticles in building high performartmesensrs.

Vertically aligned carbon nanofibers (VACNFs) diameter ~100 nmvere grown ora
Si sulstrate using plasma emmced chemical vapor depositi&iO, embedded CNF NEAs were
then fabricated using techniques likhemical vapor depositiprmechanical polishingand
reactive ion etchingwith CNF tipsexposed at the final stefphe effect of thenterior structure
of CNFs on electron transfer rate (ETR) was investigated by covalently attaching ferrocene
molecules to the exposed end of CNFs. Anomalous differences in the ETR were observed
between DC voltammetry (DCV) and AC voltammetry (ACVhe findings from this study are
currently being extended to develop an electrochemical biosensor for the detection of cancerous
protease (legumain). Preliminary results with standard macro glassy carbon electrodes show a
significant decrease in ACV signal, whigs encouraging.

In another study, NEA was employed to capture @etéct pathogenic bacteaingAC
dielectrophoresis (DEP) amdectrochemical impedance spectroscopy (EIS)aAcDEP device
was fabricated using photolithograplpyocesseso definea micro patternedgxposeé active
region on NEA and a microfluidic channel omacreindium tin oxide electrodeEnhanced
electric field gradienat the exposed CNF tips washieved due tthe nanometer size of the
electrodes, because of which each indigidexposed tip can act as a potential DEP trap to
capture the pathogen. Significadécreasein the absolute impedance at the NEA walso
observedy ElSexperiments.

In a final study, we mdified gold nanoparticles(GNPs) with luminol to develop
chemilumnescencéCL) basedblood biosensor. ModifieGNPs werecharacteried by UV-Vis,

IR spectroscopy andEM. We have applied thi€L methodfor the detection of highly diluted

blood samples, in both intact and lysed forms, which releaséscéetaining hemglobin to
catalyze the luminoCL. Particularly, the lysed blood sample can be detected even after 10
dilution (corresponding to ~0.18 cells/well). This method can be readily developed as a portable

biosensing technique for rapid and ultrasensitive pafitiare applications.
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Chapter 1 - Introduction

This dissertation describes the developmte of biosensing strategies utilizing
nanoelectrode arrays (NEAs) and nanoparticles (NPs) for their appleatiopathogen and
trace blood detection respectively. It also details a key finding of the unique advantage offered
by nanoelectrodasiade of vetically aligned carbon nanofibers (VACNESyhich can be used to
build high performance electrochemical biosensmrgancerous protease detection

In this chapter| will begin by giving anoverview on the conceptof biosensors
conventional detectiomethods,and nanomaterialthat are currentlemployedfor biosensing.
This will leadusto an introductiorof NEAs and NPs based biosensing stratediesll conclude

the chapter with an outline of tlkssertation

1.1 Principlesand significanceof biosensors

Principle

Biosensor is a device which can be used to detect and qudifiEyent targetanalytes.
International Union of Pure and Applied Chemistry (IUPAC) deflaes b i o s e mdevee a s
that uses specific biochemical reactions mediated by tesbdazymes immunosystems,
tissuesprganelleor whole cells to detect chemical compounds usually by electrical, thermal or
optical signalé®. Several interdisciplinary researchers from areas like chemistry, physics, life
sciences, electrical engineering, chemical engineering, mechanical engineandg,
nanotechnologyave been actively contributing tavds the progress afevelopingbiosensors
for various applicationsThe concept of lbsensors emerged due to current demand for rapid,
cheap, and eagp-use methods, for qualitative and quantitative determination of different
analytes. Biosensors find thir applications in fields like medicinal or clinical research,
environment and food safety (meat galltry industries), agriculturahspectionsand military
investigations The functionof biosensoramainly relieson the combiration oftwo components
(1) a biologicaly selective materials such as enzyme, antibody, DNA, and (2) a
physicochemical transduces shown irFigure1.1.? The speificity of a biosensor depends on
the selectivity of the materials derived from the biological organisms. Biosensors respond
selectively to the targedr analytevia a specific receptor (biological material)and convert

biological recognition eveninto an electionic signalwith the help ofa transducerin general,
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biosensorsare expected tbe advantageousompared to the traditional methods, and be able to

provide reliablereal time signal®** The unique combination of biological element in direct
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. - . > Antibody Electrochemical (voltammetry ac and

dc,amperometry, impedance, etc.)
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Peizoelectrical
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Figure 1.1 Schematic showing the concepidalifferentcomponents of a biosensor.

When designing biosensors, it is essential to study and understand each component that
constitutes this complex system as well as all the factors that influence its performmgcice
some cases miglimit its us.>® Though there hse beena largenumber of reports published in
the field of biosensor, several aspects require further careful optimization and improvements
Most of the developments are hirreée die to inadequate or insufficient understanding of the
underlying mechanisry which the materialfunctions Since in many cases the type of material
used is related to the transducer, a considerable attdrasoto bepaid to the type and nature of
thetransducematerial employed for biosensingdvancements made by the materials chemists
haveboostdthe development of nesensingmaterials This led to thaiseof novel materialsto
construct biosensors, not just to simplify the assay, but alsogtrip fulfilling the key
requirements like reproducibility, biocompatibility, cost and large scale production capability.

One of he key requirementswhen constructing diosensoris to make sure thathe
biological material issuccessfly attacled to theelectrode a process governed by various
interactions between the biological component and the sémaonsducer)nterface.Advanced
immobilization technologies capable of depositing biologicalitive material onto or in close
proximity of the transdeer surface havéeen reported.Compared to the case where the

biomolecule is physically adsorbedig van der Waals forces, ionic binding or hydrophobic



interactions) the biosensors where the biomolecule is covalently attached to the surface of the
transducer pradesshorter response time agdod stability especially for long term storagé.
Hence, in all our approaches we generally employ carbodiimide-lanksss like 1-ethyl3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) along withhydrosuccinimide
(NHS) as a catalyst, which helps in the formation of more stable corh@BXC reacts with
activated carboxyl -COOH) groups on the traducer and then with the amine group of
biomolecule forming a strong amideCONH) bond.Severalmaterias (as supportlke noble
metal nanoparticles polymers, compositesand carbonbased nanmaterials have been
extensivelyemployedfor biosensing®? In this regard the biocompatibility of theelectrode
materialplays acritical role.
Significance

Biosensors find their applicatismn areas like clinical andon-clinical use, food
and poultry industry, and military applications. The major clinical application so far is for blood
glucose sensing because of thugemarket demand. Biosensors are also popular forchinical
applications involving environmentatonitoring of bioagerstlike Anthrax, Plague, etc. Another
key application of biosensors is towards developing pafitiare devices, forapid screeningf
certain disease&arly detection and diagnodiss been proved fgreatly reduce thdirect cost
of patient care associated with advanced stagesaofy diseases:or example,iese costs have
been estimated to be &willion*® and $90billion** for cancer and diabetes, respectively.
Currently, cancer can loketected by monitoring the concentration of certain antigeeszymes
present in thebl oodstream or ot her bodily puids,
Correspondinglypne can develop a biosensor utilizing specific biomarkers for cancer that can
save time and cost of the diagnodisespite their widespread clinical uddpsensorshave a
number of potential limitationsindering their commercial adoptiofror examplepiofouling
and reliable functionalization strategy are some of the issues that are encourtieretbre,

there is a need to develapore efficient and reliableiosensing ad detection technologies.
1.2 Traditional detection techniques:merits and limitations

1.2.1 Techniques currently used for pathogen detection
Microscopic, culture, biochemical, immunological, and genetic techniques are various

commonly used pathogen ddien techniquesPathogenic bacteria cause variety of diseases
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when a human being isfected. Among themEscherichia coli(E. coli) is the most common

one which can cause urinary infection, sepsis, meningitis, and most commonly, enteric diarrhea.
The mos devastating serotyp&,. coli O157:H7is an enterotoxigenicE. coli strain which can
causeserious food borne illnesses and death in young children and Elfeighree major
methodologies for pathogen detection are enrichment (a culture technemzgmelinked
immunoassay (ELISA, an immunological technique)d nucleic acid based molecular detection

(a genetic technique).

Cultural methods have been used doer a century, and are still the gold standard for
bacterial detectiorlhis method relies on inoculation of the culture medium and then incubating
at optimum growth conditions, to allow cell multiplication, which results in a culture of the
organism. Culral characteristics like colony morphology, size, thickness, smoothness, color
etc., can therfurther be used to identifyparticular bacteriaSince colony morphology alone
cannot lead one to identifylmcterium, physiological properties of bacteria Iselective media
(allowing certain group of bacteria to grow), and metabolic/enzymatic characteristics are used.
One of the biggest disadvantage or limitation with culture methatlisslabor intensive, takes
approximately 37 days to complete thest and is not suitable fatapid detection of darge
number of sample¥.

Immunoassay techniques are based on the interaction between an antigen (from
pathogen) and antibody (human or animal origin), and this technique requires detection or
quantification of this interaction. This specific antigamtibody recognition mechanism Hasen
used to develop several immunological methimithe screening or identification pathogeit
bacteriaELISA or Enzymelmmuno Assay (EIA) is the most popular of this category, which has
been adopted to detect antigens that originate specificaly fne targeted bacterial pathogen.
The concept oELISA is schematically shown iRigure 1.2'° Briefly, anti-bacterial antibody is
attached to addid surface, and fienbacteria possessing the corresponding antigemaduaed,
they will be capturedby the antibody. The second antibody that reacts with another part of
bacteria will be addedvhich islinked to an enzyme that will generademeasureable product
when a substrate is added. Related but slightly variant techniques ilnmunomagnetic
separation, lateral flow and latex agglutination method areusisdfor pathogen detectiot¥2°
Immunological assays (especially ELISA), are relativigt, sensitive, and specifi.*?%

However, the disadvantagenclude crosseactivity that can lead tdalse positive resulis



susceptibility to background interference under low microbial populaiwh lack of stable

antibodieg>?*

substrate

Product

(with measurable optical,
electrical, or other signal)

bacteria

(antigen) —> antibody

ELISA
Figure 1.2 Schematic showingthe concept of immunoassay technique enzimked

immunoassayELISA).

Nucleic acid based molecular detection methods can be divided into two major
categories: hybridization based microggaand polymerase chain reaction (PCR) amplification
based detectiondMlicroarray technology was first reported in 1995 by Schena & ahd
Lipshutz et af® Microarray refers to a checkerbodikle ordering of probe molecules on a
surface. It is equivalent of a spreadsieetmolecular leve])where each celif the spreadsheet
contains a specific probe designed to detect a given far§A microarray relies on the
hybridization of complementary bapairs of the probe and target strankisdetection arrays,
sequences fra multiple closely related pathogens, and in most cases, multiple sequences from a
single pathogen are used. The power of microarray for pathogen detection is that through one
hybridization, one can detect many pathogens at the same time, as one mictoprcay easily
hold tens of thousands of DNA sequences. Disadvantage of using microarray for pathogen
detection is that the sensitivity is lpwt requires large amount ddbeled DNA/RNA, it is
expensive, and time consuming.

PCR is a molecular techniguelying on in vitro amplification of a DNA fragment via

enzymatic replications. Due to its exponential amplification nature, PCR is thesersstive
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detection metho®?° In regular PCR, mducts of PCR amplification (amplicons) are usually
separated on agarose gel, stained and the resultant fluorescent DNA bands are Retgdtad.

PCR only detects after ampdétion, hence sometimes also referred as-pmdt PCR.
Alternatively, realtime PCR technique allows detection of amplicons while they are formed
upon each cycle of amplification, and the amount of input template can be quantified by
recording the signalising a cameraCompare to regular PCR, re@he PCR provides higher
specificity for the detection, requires smaller amplicon size (75 to 200 base pairs), and reactions
can be done very fast, i.e., within an hour, or even shorter. However, this metiobeksn
sophisticatedinstrument expensive fluorescent dyes and reagendsid extensive sample

preparationAlso, it restrictsfor sampleanalysisin laboratory environment.

1.2.2Rising issues oblood contamination

Blood-borne contaminants are a major lanrhealth threatHepatitis is a leading cause
of liver disease afflicting humans worldwidépproximatelyonethr d of t he wor | dés
is infected with either Hepatitis Br Hepatitis Cvirus, the two mosprevalent forms of hepatitis.
Both fornms are spreading rapidly. The most prevalent form in the United States, Hepatitis C, has
infected at least 150 million people worldwide. One weltumented mechanism of transfer of
the Hepatitis C virus from persdao-person is via transfer of seruainted materials such as
needles and shared intravenous fluids, through improper or inadequate blood handling
procedures. Indeed, major outbreaks of Hepatitis and other viral and bacterial infections have
resulted from transfer of blood between patients linics and hospitals due to inadequate
safeguards against reuse of contaminated material. Remarkably, there are no methods currently
available that are sufficiently sensitjvapid and portabléo immediately assess levels of blood
and/or viral contamiation of commoruse méerials in these settings. The research work
presented in chapter 5 of this thesis details our approach towards developing a novel biosensor
which can reliably detect bloodhich utilizes gold nanoparticles (GNPs) and lumindle
performed some preliminary experiments, the results of which indicatéothidevels of DNA
or RNA can be detected withur approach.

1.2.3The luminol test forblood detection
Luminol test is a chemical test used to detect the presence of blood. Thisl mepends

on the presence of haemoglobiuminol when reacts with appropriate reaggegenerated blue
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colored light The mechanism of light productiofis shown in Figure 133%%* The
chemiluminescencéCL) reaction of luminol generally utilizes Fefrom hene asa catalyst and

requires two equivalents of base to deprotonate the nitrogen protons, leaving a negative charge
which then undergoes resonance to form anateabn’’ Then a cyclic addition reaction of the

oxygen at the two carbonyl carbons takes place with the oxygen provided by peroxide {with Fe
catalyzing the breakdown of peroxide into oxygen and water), leading to the expulsigimof N

the gaseous form. This step leads to the formation-ain®ophthalate (an excited form of
luminol).Li ght emi ssi on peak®d 428 hmistgdnerateavhile edcteomsgt h o f

return to the ground stat&3!

NH; o} NH, 0 NH, 0~
/H o) \
N 2 0H N~ N
— - I
N \ NE‘: / N
H
0 0 Og
Luminol Dianion Dianion
l H,0,/Fe’
NH; o NH; o) NH, o)
ot‘&‘.- @ Intersystem P
) 0 crossing >
+ Light -—— - + N,
C)Iel {425 nm) or:. or:)
0 0 0
Ground state Singlet dianion Triplet dianion

Figure 1.3 The reaction and echamsh involved in the generation of blue colored
chemiluminescence by luminoh presence of reagents NaOH,(Q4, and F&" containing
analytes.



1.3 Nanomaterials for biosensingadvantages and challenges

Nanotechnologythe creation offunctional materials,devices,and systemsthroughthe
control of nanoscalematerials®®> hasrecentlybecomeone of the mostinfluential fields at the
fore front of analytical chemistry®® In recent years there has been a tremendous growth
towards application of nanomaterials in biosensdtanomaterials like carbon nanotubes, gold
nanoparticles, nano magnetic beads, nanocomposites, and quantum dots in particular, have been
widely used for biosensing.he materialsmentionedare attractiveprobe @andidatedecausef
their (1) small size (usually1 to 100 nm) andcorrespondinglyyarge surfaceo-volumeratio, (2)
chemicallytailorable physical properties which relate directlyto size,composition,and shape
(3) unusuatargetbindingproperties(4) overall structuralrobustness, (§)rovideuniqueoptical
or electricalproperties and (6) minimizes surface foulingof the sensingsystems’’

Improving the current bioandytical techniquesand methodologiesand finding novel
conceptsandapplicationan bioanalysisarethetwo areas wherenore and mor@anotechnology
and nanosciencetudies are focusle Advancesin nanotechnologwaffect existing technologies
andleadto the developmenbf novel bioanalyticatools and techniqueghroughimprovements
in speedf analysislower samplerequirementsandthe ability to performmultiple detectionsn
smalker devicesNovel biosensingsystemghatrequirelesssamplematerialarebeing developed
so asto performsophisticatedestsat the point of care(for example detection dflood glucose
level using a hand held device within fraction of secondsand make possiblethe multiplex
analysis.The comparablsizeof nanomaterials and biomolecules has allowed the integration of
biological systems with nanteter sizd structures,building novel hybrid nanobigensorswith
excellent proprties and function¥’

Though nanomaterials proyéo be advantageous, in numerous ways for the development
of novel hybrid biosenss, they face many challeng&€ne of the major challenge is to reliably
fabricate nanoelectrodes or synthesize nanopatrticles, with higher degree of icoptrgsical
(size and morphology, and chemical (type of ligand, and ligand exchange)perties 6 the
nanomaterialsin some cases functionalization may pose a bigger challenge, mostly due to
insufficient understanding of the surface chemistry. In this case, it may be necessary to carry out
multiple-stepreactions to functionalize and algomight be necessaryo do passivabn of the

electrode surfac® prevent nosspecific adsorption



1.4 Nanoelectrode array (NEA)for biosensing

Since lijima discovered carbon nanotubes (CNTs) in 1991, CNTs have attracted
enormous interest due togh electron @nsfer ratg® and high electroactivity®*° CNTs have
great potential in applications such as nanoelectronics, biomedical engineering, and biosensing
and bioanalysi& It has been reported that CNTs have better compatibility with biomaterials,
leading for the development of new carbon based nanoscale d&Vit8sveral research groups
have employed bundles of CNT&® CNT membrane®® polymerCNT composited! and CNF
modified electrodes as effective electrochemical biosetis8t®. Aligned CNT arrays are also
used for RNA, DNA, enzyme, and protein sensthg">* Previousy, several research groups
have usediligned CNT array to fabricatéEA for several biosensing strategies (including Prof.
Jun Li).Some of the key applicatiomsnployingCNT NEA are discussed below.

1.4.1Glucose sensing
There isa huge demand for bloodlucose monitoring because of which considerable
effort has been made by several researchers to build a reliable glucose bio$éesor.
measurement principle relies on immobilization of oxidase enzyme to the surface of different
electrodes and detect thaignal (current)associated with the redox biological reaction.
Selectivity and sensitivity can be usually enhanced by using artificial mediators and selective

|55

membranesA mediator and membrane free strategy was then reportealst al” using low

site density CNT NEA for glucose detection.
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Figure 1.4 Glucose biosensor based GNT NEAs. (a) Embedded CNT NEA with exposed
CNT tips. (b) Electrochemical treatment of tBBIT NEAs for functionalization. (c) Coupling of
the enzyme (G&) to the CNT NEAs(Adapted with permission fromef. 55. Copyright © 2004

American Chemical Sociely

A low density CNT NEA embedded in a polymer (epoxy) matrix with only the very end
tips exposed was used. The CNT NEA was then electrochemically treated in 1.0 M NaOH at 1.5
V for 90 s to generatearboxyl functional groups at the exposedstifthen éazyme glucose
oxidase(GOx) was functionalizeavith the assistance a0 mg/ml aqueous solution &DC and
NHS. The electrochemical (amperometric) experiments were performed in a starelaoctr8de
setup, whereNEA serves as working electrode (WE), Agl@l as reference electrode (RE), and
a platinum wire as auxiliary or counter electrode (CE). Amperometric signttie calibration
plot was recorded under steadate conditions in a 0.1 M phosphate buffer (pH 7.4) by
applying a potentiabf -0.2 V to the WE. Amperometric response at the NEA glucose biosensor
was measured by adding 2 mM glucose solution. The response upon successive addition of

glucose solution is shown Figure 1.5.The insetshowsthe calibration plotThe linear response
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of the currat signal wabservedup to 30 mM glucose concentration, higher than the value (15

mM) requiredfor practical usage.
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Figure 1.5 Amperometric response of a CNT NEA biosensor to successive addifiensnM
glucose. (Adapted with permission fromef. 55. Copyright © 2004 American Chemical
Society.)

1.4.2 DNA sensing

FunctionalizedCNTs and carbon nanofibers (CNFs) with a specific probe of DNA have
been employed as DNA sensofsee Figure 1.62°%°° Each individual CNT acts like an
individual nanoelectrodand the smaller diameter (I®0 nm) is close to the size of DNAs
which makes the CNT NEAs very sensit For example, Li et a” ®® andKoehne et at**> 8
havedemonstrated ultrasensitive DNA detection usingTONEA based on mediator amplified
guanine oxidationas shown inFigure 1.®. DNA probe was directly attached to the exposed
CNT tips by forming an amide bond usiBdPC and NHS. Extremely high sensitivities were
achieved, with a CNF NEA on a 20 x 26n° microcontact, an estimated <1000 hybridized
targets could be easily detected.
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Figure 1.6 Schematic of NEAfor ultrasensitive DNA detection based on mediaimplified
guanine oxidation(a: Adapted with permission from red1. Copyright ©2003, IOP Publishing
Ltd; b: Adapted with prmission fronref. 57. Copyright © 203, American Chemical Sociely.

Figure 1.7a shows SEM images of a DNA sensor consisting of a 3 x 3 array of
individually addresses CNelectrodes on a silicon wafer covenedh a 500 nm thick thermal
oxide. The electrodes and contact lines are 200 nm thick Cr patterned wiithatyfaphy. Eah
electrode can be varied from 2 x 2 to 200 x O (Figure 1.7b)consisting of a vertically
aligned multi walled CNT (MWCNT) array grown by plasma enhanced chemical vapor
deposition (PECVD) from 10 to 20 nm thick Ni catalyst filnisgure 1.¢ andFigure 1.7d
shows MWCN' arrays grown on 2m and 200 nm diameter Ni catalytic spots prepared by UV
and ebeam lithography, respectively. The spacing and spot size can be precisely controlled in
both the techniques while designing the ma$ke diametersf the MWCNTSs can be controlled
between 30 and 100 nm during the PECVD growth proddss, the density of the CNTs at
each spot can be varied by changing the thickness of the Ni film. A tetraethoxysilane (TEOS)
chemical vapor deposition (CVD) process is ampt to encapsulate each CNT and the
substrate surface with a conformal $ftm. This is then mechanically polished to planarize and
expose the tips of the CNTBigure 1.2 andFigure 1.7f shows the embedded CNT array with
different patterns after pohing. The aligned MWCNT NEAs shown Figure 1.7can detect
DNA down to few attomoles providing faster, cheaper, and simpler solutions for molecular

diagnosis particularly for early cancer detection, pointare uses.
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Figure 1.7 SEM images of (a) 3 x 3 CNF electrode arrays. (b) Arrays of MW@Nndles on
one of the electrode pads. (c, d) Array of MWI&Ngrown from UVlithography and deam
patterned Ni catalytic spots, respectivelg, f) Surface of polished MWCN€&lectrode arrays
grown on 2um and 200 nm catalytic spots, respectively. Panetf Gme 48 perspective views
and panels (e and f) are top views. Scale bars: (ap@0@b) 50um, (c) 2um, (d) 5pum, (e) 2
pm, and (f) 2um. (Adapted with permission fromef. 57. Copyright © 203, American

Chemical Society.)
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1.43 Importanceof rapid bacteria detection

As discussed abovén section 1.2.1)the gold standard traditional cultural bacterial
identification methods are toolarious and time consumingmmunological methods though
widely used they suffer from sensitivity and specificity issues. Microarray, a molecular detection
technique is a very powerful tqobut it is very expensivetime consuming, and not very
sensitive.So far, PCRbased methods are most promising as they are very sensitive, can be
multiplexed, and very reliable. However, PCR reactions require a special machine, thus is not
portable, most procedures take® hours, prePCR sample preparations also takeses. The
research work presented in chapter 4 of this thesis explores the possibility of develapielg a
free electronicdetectionof pathogens. Theonceptrelies on using NEA (seeFigure 2.}, and
we demonstrate that we can successfulignipulatesingle E. coli cell electronically. NEA
consists of millions of VACNFs, free standing on Si substrate and embedded; is&iBigure
2.1). Electronic techniques have been long recognized for their potential in quick biomolecular
analysis*®? Individually addressed microelectrode arrays (MEAs) have been commercialized
for molecular diagosis®®*®’ Microelectrodes in interdigitated arrays (IDAS)® or other
configurationd' have also been used for capture and manipulation of cells or charged
biomolecules using electrical forces. Thoughas mot been realized yet, the sample preparation
and sensing microdevices can be integrated through microfluidic interconnectsimgteachip
for highly miniaturi2Zd and automated multiplex detection. The concept of electronic biochips is

attractive fo pointof-care and fieledeployable portable systems.

1.5 Nanoparticles based biosensing

Nangarticles with sizesfalling in the rangel t0100 nm, behavedifferently from bulk
materials with respect totheir physical, chemical, and electronic properties This can be
associatedvith unusualphenomenauch as quantumsize effects, surfaceeffects andmacre
quantumtunnelingeffects’? Further,it is observedhatthe unique catalytipropertiesofferedby
such nanomaterialscan lead to substantial signal amplification for the transduction of
biomolecularecognition event of a biosensGrTherefore with the integration ofnangarticles
in to their construction,the analytical performanceof biosensorshas shownremarkable
improvement.The use of nangarticleshasalso facilitated the effectiveutilization of existing
detection methods and provided many new signal transductionschemes with excellent
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sensitivity, high selectivity,and longterm stability. The research work disgssed in chapter 5 of
this thesis utilizes gold nanoparticles {8 nm) to build biosensor for the detection of blood.
Let us look at some of the studidene by other researchexsho utilized GNPs for various

biosensing applications.

1.5.1 Gold nanopdicles based biosensors

Gold nanoparticles (GNPs) show strong absorption in the visible region dae to
phenomenon termed as surface plasmon resonance (SPR)isthe collective oscillation of
conduction baneélectronswith visible frequencies of lighwithin metal nanoparticlesVhen the
size of the nanopatrticle is much smaller than the wavelength of incident light, at any given point
the nanoparticle experiences a relatively
pushes the electrons dlbgether to one side of the particlehe movement of conduction
electrons upon light excitation leads to a buildup of polarization charges on the particles surface
which acts as a restoring force, allowing a resonance to occur at a particular frequecicys w
known as thesPRfrequency*”® Factors such as size, shape, surface charge, and the dielectric
constant of the surrounding medium influence the SPR frequénisywell known that well
dispersedsNPs display different color at different size, as showRigure 1.8° Colloidal gold
of different shape and size displays different color due to the dependence of absorption at
different wavelengths. For examplerdar and asymmetric GNPs absorb longer wavelengths
whereaghe smallerand spherical GNPabsorb shorter wavelengths

2nm 5nm 50nm 100nm 200nm

Figure 1.8 Nanometersized monodispersed gold colloids of different sizes ir,wéth trace
amounts of citrate, tannic acid and potassium carbonate

(http://lwww.tedpella.com/gold html/goldsols.Htm
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GNPs based clorimetric biosensors

On one hand the wetlispersedGNPsdisplayred color (5100 nm), but on the other
hand aggregate GNPs appear blue in color. Takiirggphenomenon as the basdong with
some otherminor strategies several facileGNP-based colorimetric biosensotsave been
developed.”"® By merely looking at the change in the colnr naked eye or by measuring the
UV-visible absorbancef the solution one can predict the presence or absence of a particular
analyte For example, Jena et dldeveloped a GN#Based biosensdo quantitatively determine

the polyionic drugs such as protamine and heparin as shdvgurel1.9.

@ > Q .

.‘?‘.r

e

(): AuNP .ﬂwff : Protamine .- : Heparin

Figure 1.9 Schematic showing protamuiieduced aggregation of gold nanoparticles and heparin
driven deaggregation of gold nanoparticléédapted with permission fromef. 79. Copyright ©

2007, with permission from Elsevier

Figure 1.9 illustrates the reversible aggregationatggregationconcept used for the
sensing of polyionic drugs, protamiaad heparinin this study, itrate stabilized GNPs (5nm)
were synthesized ihouse using standard sodium botwydride (NaBH) reduction method.
Protamine aggregation experiments were done by gradually adding fixed volume of certain
concentration protamine to the native GNP solution, and the absorptionaspastrrecorded
after each additiomAll experiments were carried out in both-idaized water (pH 6.8) and PBS
(pH 7.4), and in both the cases the results were the same.

The assynthesized GNP colloidablution displaysn intense SPR absorpti(see cure
ain Figure1.10) in the visible region of the electromagnetic spectrgming red color to the
GNP solution.Once the protamine solution is addeghregation GNPsccurs, whichresuls in

change of color from red to blue. Ths also evident by theed shift in the absorptiorurves
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from 514 nm to 550 nm, as shown in curves b and [Eignre 1.10. The color changecan be
readily reversedrom blue to redby deaggregating the GNRsy usinga suitablereagentwhich

in this case is heparimhe absorption curvevas blue shifted when heparin was added to the
protamineGNP mixture (curve d ifrigure1.10).

0.5
0.4

0.3

Absorbance

300 ' 400 500 600 ' 700 ' 800

Wavelength / nm
Figure 1.10 Absorption spectra illustrating the protamimeluced aggregation and heparin
driven deaggregation of GNPs. (a) GNPs alone, (b, c) after the addition of protariipg/ml
(b) and 1.6 pg/ml (c), (d) after the atidn of heparin (10.2 pg/ml). nset showsthe
corresponding colorimetric respongAdapted with permission fromef. 79. Copyright © 200,

with permission from Elseviér

Anotherinteresting approacis to covalently attach a specific sequence of Ddfobe)
to the GNPs and thgrerformhybridizationwith the targebn the lateral flow stripgas shown in
Figure 1.11). When the GNP-probesare captured at the test zoamad control zoneof the
biosensorcharacteristiced bands can be observed enabling one to visdatict DNA, which
canbefurther quantified by measuring the intensities with a portable strip reader.

Based on this concept, Mao et®alsuccessfully developed a rapid, and sensitive
disposable nucleic acid biosensor (DNAB). The biosensors response was linear over the range of
1-100 nM target DNA under optimum catidns and under enhanced conditions the biosensor
was capable of detecting minimum of 50 pM target DNA. However, the colorimetry based
detection requires that there are sufficient GNPs, i.e. the number of GNPsddéquieiable

detection is usually kge. In other words, we need more probe labeled GNPs at the test and
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control zone. We address this issue in chapter 5, where we demonstrate that this problem can be

overcome witha more sensitive chemiluminescent method

Sample Conjugate Nitrocellulose
Pad Pad membrane

1

Sample
(Target DNA)

Test Conirol Absorption Backing

Line Lm&
p'\?-' = 8.
- Y,

Au NP-DNA probe 2 Streptavidin- Streptavidin-
cnjugatep DNA Probe 1 DNA Probe 3

-9

Figure 1.11 Schematic illustration of the disposable lateral flow nucleic acid biosensor based on
gold nanoparticles labeled with probéadapted with permission fromef. 8). Copyright ©
2009, American Chemical Society.)

1.6 Dissertation outline

The dissertation comprise$the following major sections:

Ch apt egives la brief introduction about theoncept ofbiosenscs and role of
nanotechnologyor the developnent ofhigh performance biosensofollowing which some of
thecurrentapproacheby researcherasingNEAs andNPsfor variousbiosensingapplicationss
discussedThis formsthe basis and motivation to use NEAs and GN#ftdiosensing

Chapter 2 explainsa briefprocedure and experimental details about theidation of
NEA, which is followed by the details of materials and methods used for the research work
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presented in chapter 2 and chapter 3. At the end of this chapter, electrochemical characterization
of macro glassy carbon electrode (&Er&nd NEAsis discussed.

Chapter 3 an accepted papgsublished inElectroanalysi$™ This chapter describem
extensive electrochemical study done on NEAs to address the issue of slow electron transfer rate
offered compared to the GEGBy NEAs when we use DC voltammetry. It also discusses on how
to overcome this issugy using AC voltammetry instead of DC voltammetry. With our results
we prove that if appropriate electrochemical technique is used NEA may prove to be
advantageous, especially for the development high performance biosémisorancerous
protease detection

Chapter 4 an accepted papgublished inElectrophoresig? This studyis abou using
NEA for electronic manipulation gbathoges and measuring impedance change at the NEAs.

To achieve this goah microfluidic device was constructed using-pNotolithography. After a
reliable device fabricadn method was established, tiiatvicewas used to electronically capture
pathogenicE. coli cells using a phenomenon called dielectrophoresis. Also, change in the
impedance at the NEA was recorded during the capture and reldaseotif

Chapter 5 provisional patent application has bedad andmanuscript in preparation
In this study we explore the possibility of usingpdified GNPs fordifferent applications like
blood and DNA (future studyyletection. GNPs were functionalized with luminahich when
reacts withappropriate reagentsnd blood as a catalyst wiligenerateCL signal A detailed
optimizedprocedurdor the functionalization andthen thecharacterization of GNPs at different
steps is given. This chapter also discusses the results of lysed and unlysed sheep blood detection
Also, towards its use fdbNA biosensing we discuss keyeliminary results.

Finally, Chapter 6 summarizes the major findings of this work and explains the future

research directions.

19



Chapter 2 - Fabrication and Characterization of Vertically
Aligned Carbon Nanofiber (VACNF) NEA

Reproduced in part by permission of th@hn Wiley and Sons
Published asSyed, L. U.; Liu, J.; Prior, A. M.; Hua, D. H.; Li, Electroanalysi2011,
23,17091717.

2.1 Introduction

CNFsare a subgroup of MWCNTSs, which are grown by PECY5*®* Though CNFs
and MWCNTSs share some common properties such as high aspect ratio, superior mechanical
strength, and high electrical conductivity along the axial direction, it is noteworthy that PECVD
process produces conical graphitic layers stacked on top of each other forming figemboo
structureas shown irFigure 2.1°° ® It is well knownthat there are several advantages offered
by nanoelectrodes(NEs) in the NEA (Figure 2.} form for sensitive electroanalytd
application$® But the development in this arelaas been limitedecause of the difficulties
involved in the fabrication procedurg8o far,Pr o f . draup haddembrsstrated reliable
means to fabricate randomly grown free standing VACNF NEA embeddeiélectric silicon

dioxide Gioz).51-52, 57-58, 81-82, 90

Figure 2.1 Schematic of nanoelectrode array fabricatti vertically aligned carbon nanofibers
(VACNFs) embedded in SiOmatrix. The dark black col@d circle indicats it is the tip of the
exposedCNF, and the grey circle indicatesexposedCNF.
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2.2 Fabrication of NEA
Fabrication of CNF NEA involvefour major steps: (1ontact netal (hiromium Cr)
andcatalyst(nickel, Ni) deposition on &ilicon (Si) (100)substate, (2) PECVD based growth of
vertically alignedCNFs, (3) SiQ encapsulation, (4) planarizing and reactive ion etching (RIE) to
expose theips of embedded CNF3he sequence of steps involved in fabrication prodsss
shown inFigure 2.2. Theexperimentatetails of each step are discussed below.

2.2.1 Contact metal andtatalystdeposition
The first step in the fabrication process is sputtating al cmx 2 cm Sisubstratevith
CrandNi. This is accomplished with a Gatan ion beam sputter coater. Siearstratas
coated withl00 nm ofCr and 22.5 nm oNi using an ion beam witenergy of10.0 keV. During
the depositionite sampled rotated at 35 rpm, tilted af &nd rocked at a rate of £&. This
produces a coating rate of 1.2 A/s forand 0.6 A/s folNi. Cr acts a common metal contact

layerwhich connecs millions of NEs and Ni acts as a catalyst tioe growth of CNFs

2.2.2Plasma enhanced chemical vapor deposition (PEC\ar) VACNF growth
After the metals are deposited, forest like VACNFs can be grown on the coated silicon

wafer usinga custom maddixtron Black Magic PECVD system. First, tiNd catalyst coated in

the prevous step is annealed at 50D for 60sin the vacuum with a base pressure-0f11 mbar

Then, the wafer is exposed &oetylene C,H,) andammonia NH3) with flow rates of 63 and

250 sccm, respectiveBnd 5.48 mbar processing pressufide sample ishen heated to 80T

while the DC plasmais started %20 V and40 W drive). A this temperatureand plasma
conditions a 20min depositionyields a VACNF array with fiber diameters ofi3@0 nm and
lengtts o f ~5 & m, a s (Figuee r2id)¥. Eaehd CNB 15 vegi€aly aligned and

freestanding on the surface of Si substrate.

2.2.3 Silicon dioxide (Sig) encapsulation
In order to provide mechanical stability to the array and to insulate the bottomeGr lay
and CNFs, theasgrown CNF substrates coated with SiQ using CVD system in a home built
tube furnace from Thermo Electron Corporation. After evacuating the chamber to a base pressure
of <100 mTorr, the chamber (with -gsown CNF chip) is heated to G3C. Tetraethyl

orthosilicate (EOS a precursor for Sig) is then deposited at a vapor pressure of ~350 mTorr
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for 4 hrs and ~400 mTorr for 3 hrs. Si@rms a conformal film, filling the free space between
the individual fibers as well as the substré@te’ hr deposition ensures complete coverage of the

CNFs, as confirmed by SENFigure 2.2).

(@)

and NiDeposition 4

Si/Si0,

lPECVD
[ 1] ]|

lTEOSCVD
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. 2.m » 5% 9,

Si/Si0,

Figure 2.2 (a) Different geps involved in the fabrication process\VACNF NEA fabrication
are shown in sequential manndb) SEM image of freestandingsgrown vertically aligned
CNFs (48 view) after PECVD (c) SEM image (tolown view) of CNFs after being
encapsulated with Sgusing TEOSCVD. (d) SEM image (tolown view) of the surface of an
embedded CNREA after reactive ion etching and mechanical polishiniy arrows indicating
different featuresand thediameter of exposed CNF i460-150 nm.The scale bars for (b), (c),
and (d) are 1, 5, @m respectively.
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2.2.4 Planarizationand reactveion etching (RIE)

The excess Sifand part of the CNFs were removed by the combination of mechanical
polishing to planarize the substrate and RiEhniquesPlanarization was donmaanually using
0.3 um Alpha micropolish alumina (Buehler, Lake BIuff) for 2 hrs to planarize the surface.
RIE (NaneMaster, NRE3000) wathenused to etch away Sdrom top and expose the tips of
CNFs(seeFigure 2.21). Oxygen (10 sccm) and CHI2 sccm) gases at 200 W and 250 mTorr
were used to etch the dielectric.eTHensity of exposed CNF tips can be easily controlled by the
etching time. Electrical resistance at the surface of the NEA chip was measured using two point
probes of a hand held multimeter to monitor gregress of the etching and the number of
exposedCNFs.After RIE, a planarization step was performed using QudSAlpha micropolish
aluminato remove the debris from NEA chiRoutine practice is teepeat the polishing/etching
procedure withthe NEA chip until the resistance measured using multimstbeiween 500
1000 Y.

2.3 General experimental details for chapter 2 and dapter 3

2.3.1 Materials
The following reagents were used as recei&C, NHS, sodium hydroxide, potassium
chloride (all from Fisher Scmific, Inc) and potassium ferrocyanide (s Organics).
AminomethylferroceneRcCHNH,) wasprepared by a modification of the reported procetiure
from the treatment of ferrocenecarboxaldehyde with hydroxylamine and sodium acetate
trinydrate in refluxing ethanol and water for 6 h followed by reduction of the resulting oxime (a
mixture of cis and trandsomer$ with lithium aluminum hydriddy refluxing in tetrahydrofuran

for 2 h.All solutionswere madeisingl 8 . 2-cnM@asistivity deionizedDI) water.

2.3.2Preparation of FeCH,-NH, modifiedglassy carbon electrode (GCE) and NEA
The WE, which in most of the case is eithemmmercialmacroGCE or CNF NEA was
first electrochemically etched in 1 M NaOté introduce carboxylic groups. Thikelps to
selectively functionalize Fc moiety ¥&H,-NH, by forming an amide bond facilitated by EDC
and NHS. Functionalizatiowas donen two steps. In the first step both GCE electrode and NEA
were incubated for 2 hrs at roo@mperature (RT) in aqueous solution o inM EDC and
NHS, andrinsed withDI water. In the second steglectrodes were incubated with ethanolic
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solution of 10 mM Fc-CH,-NH, for ~16 hrs at RTAfter the incubationboth electrodesvere

rinsedwith ethaml and then dried in a stream 0$.N

2.33 Electrochemicalmeasurements
Electrochemical experimeniscluding direct current DC) cyclic voltammetry (CV),
alternating currentXC) voltammetry (ACV) were done using CHI440A (CH Instruments) and
electrochemial impedance spectroscopy (ElSasperformed using PARSTAT 2273 (Princeton
Applied Research) in a standaretl@ctrode setip using a Teflon cell with a 3 mm diameter O
ring which makes seal with working electro®®E). A typical electrochemica¢éxperimeral set
up is shown irFigure2.3. GCE or NEA serves a8/E, PtwireasCEand Ag/ AgCl (sat

asRE.
" @@
1

Figure 2.3 (a) Shows 3electrode setip using a teflon cell with workindextrode at the bottom.

(b) Crosssectional schematic of the same ¢ekhown

DC CV of redox species in bulk solution
CV experiments with redox species in bulk solution were performed to characterize the
electrochemical behavior dhe CNF NEAusing 1mM K4Fe(CN)}in 1.0 M KCI solution. CV
was recorded byampingthe potentiaof the WE)from -0.25 to +0.75 Mvs RE)at different
scan rateand the resultant current is plottesl potential
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DC CV of surface-attached redox species
After functionalizaion of GCE and NEA with F€H,-NH,, CV experiments were

carried out in 1.0 M KCI solution (i.e. without any electroactive species in solution) and potential
at the WEwasrampedfrom -0.05 to +0.65 V at different scan ra@sd the resultant current is

plotted vs potential

ACV experiments
ACV experiments were carried out before and after functionalizationGrM1KClI

solution. The electrode potenti@dC) was rampedfrom -0.05 to +0.65 V at a scan rate of 10
mV/s and an AC voltagaith anamplitude of 3 mVwas applied to the DC potential rartgs

shown inFigure 2.4.
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Figure 2.4 (a) The waveform of the staircase DC potential ramp; (b) Schematic of the AC
sinusoidal wave of certain amplitea and frequency superimposed on the staircase DC potential

ramp (adapted from CHI440A user manaslLi Lab).
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The AC frequency was varied from-10,000 Hz The electrde potential was varied as a
staircase waveform from the initial potentia.05 V) b the final potential (+0.65 V) with an
increment of 5 mV at each step. The step width (i.e. Sample Period) was fixed at 0.5 s. The AC
sinewave of 25 mV amplitude was superimposed on the DC staircase ramp and the phase
sensitive response of AC signals femt and phase angles) were recorded. fesiltant
amplitude of theAC current was plaed vs. the electrode potential at each step as AC
voltammogram.

Electrochemicalimpedance pectroscopy (EIS) experiments

EIS is also called AC impedance spectroscapythis techniquewe apply a potential
perturbation (usually a sine wave) and observe the current response, vétgdaisine wavef
the same frequency, but with a different amplitude and phase than the applied potent{@aswave
shown inFigure 2.5). During this processhe impedance of a cell or electrodecantinuously
measured as a function of frequency. In contrast to the techniques like CV, where a large
perturbation is used to drive the electrode reaction, EIS us&sAC excitation signal (usually
5-25 mV,p) to studythe behavior of an electrochemical sgd. EIS has been very commonly
employed by researchers to understand the underlying electron transfer mechanism, both in
aqueous and organic mediufig? For the research work that is described in this thesis, EIS has
been used mainly for two purposes, 1) to understand the mechanism of electron transfer
phenomenon athe NEA and GCEfunctionalized with redox functionaioiety, and 2) to
measure the change in the net impedance value after a pathogen has been captured using a
phenomenon called dielectrophoresis.

The impedance (Zpf an electrochemical systeman be measad by applying a
sinusoidalpotential over dargefrequencyrange (IMHz to 1 mHz) of small sinusoidal potential
E=EKsinWm). The resultant current wil/ al so be a si.
= lp sin(wt +.(Theratio of the amplitud of the applied voltage and resulting current in an ac
circuit is known as impedance(Z Ey/lp), which isa frequencydependent quantity consisting
of a real part (4 and an imaginary part (€) asgivenby the Ejuation 2.1
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Figure 2.5 Principle of electrochemical impedance spectroscdjne electrochemical cell is

excited by an sinewave of AC voltage and the resultant output AC current is obtained.

Z(W) =Zgrel j Zim=2Zocodi T j Zo sinl (2.0

Commonly, EIS datais plotted asa Nyquist plot (the imaginary impedance vs. real
impedance at discrete frequenciesBode plos (theabsoluteampedance or phase vs. logarithm
of frequency) The EIS is usually modeled witdin equivalent circuit which mainly contaids
major componentsresistor (R), capacitor(C), constant phase eleme(@PE) and warburg
impedance (£). Whena sinusoidal potentias appliedthrough a pure resistor with a value of R,
it will result in an impedance value equal ttte resistance oR, and a phase shift O at all
frequenciesThis indicatesthat a pure resist will not have an imaginary part, thus the current
resulting through the resistor will be in phase with the applied voltage across the rédistora
pure capacitor is used in place of stsi, the resulting impedances e q u al to 1/ |
phaseangle will be-90° (" / 2 ) . Unli ke a resistor, a capaci
component. It is dependent on frequency andotiteut current through the capacitor is phase
shiftedby -90° with respect tahe applied voltage.

EIS experiments wereepformed in 1 M KCI solution by applying an AC amplitude 20
mV and frequency scanned from 100 kHz to 100 mHz. During the EIS measurement, the
working electrode was hel d at a DC bias of
electrode).Once the impeda® spectraof the system under study were obtainpdrameters
governing the electrochemical processese extracted by fitting the datfirst according to
Randl& equivalent circuitand if necessary the circuit has to be modified to justify the system

27



under investigationIn these circuitsresistors and capacitors are connedtegharallel or in
seriesdepending on the physical model of tekectrochemical cellThe fitting parameters
obtained werehen used for the calculation of electrdransfer rate(ETR) constant by AC
method.

2.4Electrochemical characterization of GCEs and NEAs

After theRIE step infabricationof NEAs, theyweretreated with 1 M HN@to dissolve
the Ni catalyst at the exposed CNF tips, followed by chronoamperometry treatnie@tNh
NaOHby holding the potentiadt 1.2 Vfor 20-30 s
Two probe current-voltage (-V) measurement of VACNF NEAs

I-V measurement of the CNF NEA was done in-paint contact fashion. The twmoint
contacts were made using spring loaded gold, gisshown in Figure 2.6digure2.6b shows a
typical two terminall-V curve of CNF NEA.The |-V curve is linear, consistent with earlier

published report& %

(a) . (b) ta
Potentiostat .
3
: 2
o
T T 0 T T T 1
-1 0 1 2
I I -2 Voltage, V
4]

Figure 2.6 (a) Schematic showing the twerminal experimental sefp forl-V measurement. (b)

Thel-V curve ofembeded vertically aligned carbon nanofiber nanoelectrode arrays

CV characterization of GCEsand NEAs

CV with redox species dissolved in bulk solution is commonly used to characterize the

electrochemical properties of th&E. CV is a potential sweep method &rle potential is
repeatedlyvaried linearly with time at a constant sweep fa¢éween two potential limitsto
obtain a currenpotential (-E) curve. This technique igery useful inillustratingthe reversibility
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of a reaction, diffusion mode (linear cadial) of the redox species at the electrode surface,
diffusion constan{Dy) for a reactant, and to estimate the number of electrons (n) invohaed in
particularelectrochemicalreaction®® Typical CV obtained for a reversible, one electron reaction
(Equation 22) atdifferent scan rates witstandardnacro GCEand NEAwith redox species (1.0

mM K4Fe(CN) in 1.0 M KCI) in bulk solutionare shown in Figure 2.7. Commonly, the
experimental conditions during CV measurement are such that the capacitive current is small
compared tohte faradaiccurrent(current due to electron transfeflso, in case of redox couple
Fe(CN)*>'* the concentration of Fe(CN) ( i OCaing Fe(CNY" ( i Rean) bereadily described

by the Nenst Equation2.3.

O+e—R (2.2)

o

_ o FE(CN), 10
E=E o.osgzogc%wg (2.3)

whereE is the applied potential arif s the formal electrode potential.

As seen inFigure 2.7a, in case of GCE, when the scan begins at a positive potential,
capacitie current flows for a certain time and when the potential is neAfaEadaic current
begins to flow due to reduction of the speci
(closer to BY the reduction current increases. ButEss more negativehan the B2 the
reduction reaction leads to the droptime sur face concentration of
in the current which is |imited by the diffu
around E s thus observed for the reductiof # O0 near t hAllthisWwikresulr ode s
in an i-E curve which looks like the scan toward negative potentidtigure 2.7a. When the
potenti al scan is reversed towar didizezdaAspghesi t i v ¢
potential approaches’® a peak is emerged due to the oxid
current. This results in aepk with the opposite current comparing to the forward scan inEhe
curve inFigure2.7a. The choice of initial and switching potential depends on the electroactive
(redox species employed. The switching potential should be at least 35/n mV beyond the peaks
in order to observe a clear peak in the reverse diré8amal the initial potential has to be chosen
in such a way that there are mterfering electrode reactions occurring at that potential.
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GCE NEA
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Figure 2.7 Cyclic voltammetry measurements idinM K4Fe(CN)6 and 1.0 M KCI performed
on the GCHa) and CNF NEA(b) respectively Each set bmeasurements was performed at a
series of scan rates of 0.020, 0.10, 0.50, and 1.0 V/s.

For a macrelectrode like GCE, a reversible redmactiongives a peaishaped CV,
regardless of the scan rate. This is due to the linear diffusion of the amalyte &lectrode
surface. The peak curreng)(is given by theEquation2 .4 at 25°C.®° It is important to note that

1/2

thei, is directly proportional to the™“, whereu is the scan rate in V/s.

i =0.44enFAC, | MO (24)
RT

In the above equation is the number of electrortsansferred A is the area of the

electrode (crf), Dy is the diffusion coefficient (cffs) of the speciesand G is the bulk
concentration ofhe speciegmol/cm?).

For an embedded disk electrode (NEA), fioear radial diffusion from the edge starts to
dominate over planar diffusiodue to the fact thahe electrode radius (r) is reduced below the
thickness of the diffusion layer. Correspondingly, the CWewhanges from a pair of peak
shaped redox waves to a sigmoidhépe(assea in Figure2.7b), indicating the formation of a
steady statevhich has thdixed diffusion layer thicknes3.he sigmoidal shape also indicates that
the NEs are well separated with each othedjcatingthat the density of exposed CNFs is low.
This is necessary for biosensibgcause, with high density of exposed CNF chips, the diffusion
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