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ABSTRACT

The use of nanoparticles in electroanalysis is an area of great research
interest, which is rapidly growing. There are enormous amount of work
carried out on the synthesis, characterization and applications of
nanoparticles. This review article summarizes the recent advancement of

nanoparticle research in electroanalysis.
© 2011 Trade Sciencelnc. - INDIA

INTRODUCTION

In nanotechnol ogy, aparticleisdefined asasmall
object that behavesasawholeunitintermsof itstrans-
port and properties. Nanoparticlesare sized between
1to 100 nm, though; the s zelimitation can berestricted
to two-dimensions. Nanoparticlesmay exhibit Sze-re-
lated intensive propertiesthat differ significantly from
bulk materials. TABLE 1 showsthes zerange of some
common nanoparticles. Asshowninthetable, thesizes
of the nanoparticlesare comparabl e to that of biologi-
ca moleculessuch asenzymes, receptorsand antibod-
ies. Asaresult, these nanoparticles can offer unprec-
edented i nteractionswith biomol eculesboth on the sur-
faceand insgdethe cdlls. Nanoparti clesmade of semi-
conductorslike CdS, CdSe may belabeled as quan-
tumdotsif they aresmall enough (< 10 nm) to provide
thequanti zation of eectronicenergy levels. Such quan-
tum dotsare used asdrug carriersand imaging agents.
Semi-solid nanoparticleslikeliposomesare currently
used dinicaly asddivery sysemsfor anticancer drugs
and vaccines.
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A number of physica properties(mechanicd, opti-
cal, eectricd etc.) changed significantly, asthedimen-
sion of the system decreases. A bulk materia should
have congtant physical propertiesregardiessof itssize.
Size dependent properties such as quantum confine-
ment in semiconductor nanoparticles, surface plasmon
resonancein somemeta nanoparticlesareobservedin
nanomaterids. The nanoparticlessuch asquantum dots
exhibit quantum-mechanical behaviour. They aresome-
timescdledartificid aiomsduetothesimilar behaviour
of freeeectronsin them. Thesefreeeectronscan only
occupy certain permitted energy states. A nanoparticle
with dimensionsbel ow thecritical wavelength of light
rendersthem trangparent. Nanoparticleshavevery high
surfaceareato volumeratio. Thelargesurfaceareato
volumeratioimpartsexce lent cata ytic property togold
nanoparticles. Thelarge surface areaof nanoparticles
leadsto strong interaction between theintermixed ma-
teriad sinthecompositesto provide special properties
such asincreased material strength/ increased hesat re-
sistant. Moreover, nanoparticles have been found to
impart someextrapropertiesto variousday to day prod-
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ucts. Nano zinc oxide (ZnO) hassuperior UV blocking
properties compared to bulk matter. They areusedin
sunscreenlotions. Clay (silica) nanoparticlesincorpo-
rated into polymer matrices enhancere-inforcement
leading to stronger plastics, verified by ahigher glass
trangition temperature and other mechanical property
tests.

Nanoparticlesof metals, semiconductorsandinor-
ganic compounds(e.g., oxides, sulphides, etc.) areof a
few nanometers (1-50 nm) in size containing afinite
number of atomsand comparableto largebiomolecules
likeenzymesand antibodies. They aremostly obtained
ascolloida sols. Michael Faraday wasthefirst to syn-
thesize agold hydrosol in the mid-19" century!. In
1951, Turkevich and co-workers had carried out the
synthesisand characterization of water solublegold
colloidsof 18 nmsizeby el ectron microscope?. Inearly
1990’s Brust and Schiffrin®® reported the synthesis of
alkanethiolate-protected gold nanoparticles, whichare
also known asmonolayer-protected clusters (MPCs).
They aredifferent from metd colloidsbecausethey can
berepeatedly dried and isolated from common organic
sol ventswithout decomposition and aggregation. Thus,
nanoparticles can offer amethod whereby asurface
can bemultifunctionalized to create abroad spectrum
of functiondity. MPCsare synthesi zed using abottom-
up approach, suggesting that a wide variety of
nanomateridsarepossblefromasmal number of build-
ing blockg“. Nanoparticlesare created with avariety
of coretypes and capping ligandsto create water or
organic sol vents sol ubl e products with desired func-
tions. Themaost well-studied nanoparticlesinclude semi-
conductor quantum dots, carbon nanotubes, paramag-
netic nanoparticles, liposomes, gold nanoparticlesand
many otherg>®.

Theunique propertiesof nanoparticlessuch asen-
hanced masstransport, high surface area, high surface
to volumeratio, excellent catal ytic property and im-
proved signd to noiseratio can provide severd advan-
tagesindectroanaysis. Thus, nanoparticlescan beuti-
lized for dectroanaytica applications.

Enhanced masstransport of nanoel ectrodesfacili-
tatesthestudy of fast € ectrochemica processes. Crystd
planesareexposed a the nanosca eto provideimproved
current response and catal ytic property.

The electroanalytical applications of such
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nanoparticles have been found to be quite extensive.
Theaim of thispaper isto provide updated overview
of gpplicationsof nanoparticlesin electroandysis. Due
to spacelimitations, acompletereview of dl recent work
on thisimportant subject isnot possible. However, we
only summarizeafew representative examples, includ-
ing our ownwork. Fabrication of nanoparticle-based
devicesis cost-effective compared to conventional
macroel ectrode based devices. Thus, thereisagreat
deal of scopefor further study in thisareaof electro-
chemidry.

DISCUSSION

Inthisreview, we havediscussed the synthessand
practical eectroanaytical applicationsof silver, gold,
paladium and platinum nanoparticles.

Silver nanoparticles

Silver (Ag) isthemost common materiasused as
electrode. It hasthe highest e ectrical conductivity of al
metalsandishighly stable. It can catalyze many reac-
tionsincluding thedecomposition of hydrogen perox-
ide(H,0,). Ag nanoparticlescan besynthesized by vari-
ous methodsas given below.

Reduction of asilver sdtinthepresenceof astabi-
lizing agent isthe most common method to synthesize
colloidal Ag nanoparticles. Stabilizing agentslikecit-
rate, oleate, humic acid and cetyl trimethylammonium
bromide (CTAB) arecommonly used™. Recently, a-
cyclodextrin hasbeen used as stabilizing agent to pro-
duce Ag nanoparticlesin water™. The common re-
ducing agentsare ascorbic acid, sodium borohydride
and glucose. Thesize and the shapeof thenanoparticles
can be controlled by varying different parameters. A
mixtureof ethyleneglycol (EG) and polyvinylpyrolidone
(PVP) and a suitable reducing agent can be used to
produce cubic nanoparticles. Nanoparticlesof vari-
ous morphologies have been synthesized, including
prisms, rods, wires, platesand belts. Microwave hegt-
ing and biomol ecul es can be employed to prepareAg
nanoparticles*?. Stabilizing agentssuch asstarchand
basicamino acidssuch asL-lysineand L-arginineas
reducing agents have been employed to synthesizeAg
nanoparticles. Synthesisby areverse microemulsion
system has also been employed™?.

The biocompatibility of certain colloidal
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nanoparticlesmakesthemidea to study theelectron
transfer processes of biomolecules. Ol eate stabilized
Ag nanoparticlesof averagediameter 15 nm have been
applied in the analysis of cytochrome c'. The
nanoparticle can enhancethee ectron transfer process
between cytochrome ¢ and the e ectrode as compared
withbulk Ag. DNA immohbilized Ag nanopartideshave
been produced by amodified version of the famous
Turkevich method. Thismethod involvesan Ag salt
(AgNO,) and sodium citrate asreducing agent with mild
heating. Charged citrate ions adsorb onto the
nanoparticle surfaceto prevent their aggregation, and
thus, can gabilize. Predominantly spherica nanopartidles
of average diameter 66 nm were synthesize and ap-
pliedfor thedectrochemica sensing of Ag-tag-labelled
DNA, immobilized onapencil graphite electrode ™.

Ag nanoparticles can a so be synthesize by elec-
trochemi cal methods such as electrochemica deposi-
tion, typically by potentiometric techniques, such as
pulsed or constant potential application. Dominguez-
Renedo et a.[*¥! have determined Cr (V1) by usingAg
nanoparticle screen-printed electrodes. Wu et al.[*7)
havesynthesized Ag-DNA hybrid nanoparticlesby tem-
plate e ectrodeposition method, where DNA molecule
can act asatemplate. DNA moleculescan prevent the
aggregation of Ag nanoparticleswith enhancement of
cataytic activity for thereduction of H,O, and glucose.
Casello and Contursi®® have used Ag nanoparticles
modified glassy carbon (GC) electrode to study the
electroreduction of nitrophenolic compounds.
Biocatal ytic deposition of Ag nanoparticles hasbeen
utilized in €lectrochemica immunoassaysto providean
ultrasengtive, low limit of detection method for thede-
termination of immunoglobulin G (IgG)™. Yanget d [
have studied the electroanalysis of H,O, using com-
positefilms of nanoscale Ag on multiwalled carbon
nanotubes. Similarly, Ag nanoparticlescan beeectro-
plated onto carbon nanotubeto detect DNA hybrid-
ization process?!. Oyamaand hisgroup had been car-
ried out a lot of experiments on the attached Ag
nanoparticlesontoindiumtin oxide (ITO) surfaces?!.
They used theAg nanoparticlesmodified ITO dectrode
to study various el ectron transfer processes.

Gold nanoparticles
Gold (Au) nanoparticlesarevery useful asthey can
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replacebulk gold éectrodein variousd ectroanal ytical
application dueto the biocompatibility aswell asexcd-
lent catal ytic property of Au nanoparticles. Recent re-
viewsfocustheA u-nanoparticle based biosensors. Au
nanoparticles can be synthesized both by chemica as
wel| ase ectrochemica methods.

Brust and Schiffrin® reported the synthesis of
akanethi olate-protected gold nanoparticles, which are
also known asmonol ayer-protected clusters (MPCs).
Thiol-capped MPCshavereceived more attention be-
cause of their ease of creation, water and air stability,
electrochemica and optica propertiesand their ability
to besurface-functionalized by theaddition of biologi-
caly relevant ligands. These M PCsfind potential ap-
plicationsin sensorsand other devices. They havein-
tense colors due to surface plasmon resonance phe-
nomenon and their energy levelsarequantized dueto
small size. Gold MPCscanrangeinsizefrom 1to 10
nm, containing approximatey 55-1000 gold alomswith
molecular weights between 10 and 200 kDa.

Inspiteof theconsiderable progressin synthesizing
monodi spersed thiol-capped MPCs, there have been
only onereport on their electrochemical synthesisin
literature?. Lakshminarayanan et a. have synthe-
sized thiol-monolayer protected gold nanoparticlesby
theprocessof dectrochemica dissolution of goldinan
ethanol-water mixture. Themgor advantageof thedec-
trochemica method over traditional Brust method, is
the synthesisof MPCsin the absenceof aphase-trans-
fer cadyst and thein-stuformation of acontrolled num-
ber of nanoparticlesstabilized by thiol monolayers. The
ability of theAu nanoparticlesto provide stable envi-
ronment to immobilize biomoleculeshasled to thede-
velopment of various biosensors such as enzyme
biosensors, DNA sensorsand i mmunosensors. Enzyme-
based el ectrodes can be fabricated by immobilizing
enzymes such asglucose oxidase, horseradish peroxi-
dase and tyrosinase on colloidal Au nanoparticles.
Electropolymerization techniquesarea so employed to
fabricateimmobilization matricesfor the nanoparticles
and gppropriate biomol ecules. Common polymerslike
polypyrrole, polyaniline and chitosan are used to
immobilzeAu nanoparticles. Jenaand Rgj!?! adopted
asol-gel derived thiol-functionalized silicate network
on aAu macroelectrodeto facilitatethe self-assembly
of au nanoseeds. They used this system for the
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TABLE 1: Nanoparticlesizerange

Nanoparticle Sizein nm
Fullerenes 1
CdSe Quantum dots 8
Dendrimers 10
DNA (width) 2
Proteins 5-50
Viruses 75-100

amperometric detection of toxic Cr (V1).

The e ectrodeposition of Au nanoparticleshasbeen
employed toimmobilize variousenzymesfor thefabri-
cation of Au-nanoparticlebased biosensors. A tyrosi-
nase bi osensor wasfabricated the e ectrodeposition of
Au nanoparticleson GC el ectrodefollowed by the at-
tachment of appropriateenzymeby cross-linkingwith
glutard dehyde. Thisbiosensor wasused to detect phe-
nolic compounds like phenol, catechol and caffeic
acid®l,

Similarly, an amperometric biosensor for
hydoxanthinewasfabricated by the el ectrodeposition
of Au nanoparticles on a carbon paste el ectrode’l.
Xanthineoxidasewasimmohilized by cross-linkingwith
glutard dehydeand bovineserumabumin, whichdlows
adetection potentid of 0.0V to beemployed instead of
typical detection potentia of 600 mV. Thus, theinter-
ference by ascorbic acid during the detection can be
minimized. Thismethod can be gppliedto thedetermi-
nation of hypoxanthineinfoodstuffs.

Compton and hisgroup'?” fabricated asystem by
depositing mesoporousgold on the surface of boron-
doped diamond (BDD) dlectrodeto detect arsenic (111)
in phosphate-buffered media.

Zhang et a.[@ studied the e ectrocata ytic activity
of three-dimens ond monolayer of 3-mercaptopropionic
acid assembled on Au nanoparticle arrays towards
biomoleculessuchasNADH, ascrobicacid (AA), uric
acid (UA) and dopamine.

Zhang et al.[**3%U also studied attached Au
nanoparticleson ITO surfacesthrough an e ectrochemi-
cal method. TheAu nanoparticle-ITO eectrodescan
provideinteresting e ectrochemical and e ectrocataytic
properties towards various heterogeneous electron
transfer reactions. These el ectrodeswere usedfor the
electrooxidation of UA, AA, dopamine, norepineph-
rine and epinephrine®?. These el ectrodes can provide
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biocompati ble matrix for theimmoabilization of hemo-
globin (Hb). Smilarly, amediator freeH,O, sensor was
deve oped by immobilizing myoglobin onto thesurfaces
of Au nanoparticle/ITO matrix®.

Oyamaand hisgroupin collaboration with Goya’s
groupinIndiaused theseAu nanoparticlemodified I TO
electrode surfacesfor the electrochemical analysisof
various biomolecules such as UA, paracetamol,
atenolol, using adifferentia pulsevoltammetrictech-
niques>3l,

Palladium nanoparticles

Pdladium (Pd) isatransition metal, which can be
used asapotential devicefor hydrogen storagedueto
itsability to adsorb hydrogen. Pd can a'so beused as
multilayer ceramic capacitors, CO detection, catalysis
and organic synthesis. Pd can behaveasacataystin
thefamous Suzuki and Heck reaction.

Thereareafew examplesof colloidal synthesisof
Pd nanoparticles. Guy et a.*® and Burton et al . had
carried out the synthesis of colloida Pd nanoparticles.
Pd nanoparticlesintegrated with amulti-wal led carbon
nanotube network fabricated on the surface of aGC
€l ectrode exhibits biocompatibility and can beused as
ahighly sensitive DNA hytridizati on biosensort*.

Xia’sgroup succeeded in the synthesis of mono-
disperse Pd nanocubes in EG/PVP organic system,
through aseed etching process by using FeCl, asetchant
wherethe cube dimension wasfound to be dependent
ontheconcentration of thisetchant™. Such kind of cubic
nanostructures can be employed asatemplatefor the
formation of nanoboxesand nanocages used as SERS
substrates“?. M ost recently, Rafail ovich and co-work-
erssynthesized therectangular Pd nanoparticles, includ-
ing nanocubes and nanorods, under the assistance of
CTAB and trisodium citrate“Yl. Berhault et d. investi-
gated thefactorsinfluencing kinetic or thermodynamic
controlled Pd nanocrystal s synthesis on the basis of
seed-mediated growth with CTAB“2,

Tian and his group*® took a simple approach to
synthesize nearly monodisperse Pd nanocubes and
nanodendritesinwater at room temperaturewith mod-
erateyield (60-70%). The morphol ogy can be tuned
by the addition of somedifferent concentration of for-
eilgn haides. Moreover, the synthesized nanocubesand
nanodendritesaresinglecrysta with face-centered cu-
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bic (fcc) structure and different sizes can be obtained.
They have aso utilized these Pd nanocubes and
nanodendrites aspossible SERS substrates.

Pd nanoparticles have been electrochemically de-
posited onaBDD eectrodefromasolutionof PdCl, in
1 M H,SO, by potentia sweep technique and fixed
potential deposition. Atomicforcemicroscopic andy-
siswasused toimagethes ze of the Pd depositsand an
average nanoparticlediameter of 100 nmwasreported.

Single-walled carbon nanotubes have been used
asasubstrate for electrodeposited Pd nanoparticles
for thefabrication of ahydrogen gas sensor by Mubeen
et a. withimproved sensitivity and limit of detection
over other reported findings.

Platinum nanoparticles

Platinum (Pt) meta haspropertiessimilar tothose
of paladium (Pd), ruthenium (Ru), osmium (Os),
rhodium (Rh) andiridium (Ir). Pt can beused asindus-
trial cataystsand can befound inthecatal ytic convert-
ersof vehicles. Itismoreexpensivethan bothAuand
Ag. Pt wiresareoften usedin electrochemistry aselec-
trodes due to their stability and conductivity. Pt
nanoparticlesare synthesized inasimilar way toAg
and Au nanoparticles. Colloidal Pt nanoparticlesare
synthesized by thereduction of H,PtCl inthe presence
of acitrate capping agent. Thecolloida Pt nanoparticles
can then befunctionalized with nucleic acids. These
materials were used as labels for the amplified
biorecognition of DNA hybridization, aptamer/protein
recognition events and tyrosinase activity. The
electrocatalyzed H,O, reduction a Pt nanoparticle-la-
bel senabled theamplified analysisof tyrosnaseviathe
oxidation of tyrosine methyl ester functionalized Pt
nanoparticles, in association with a boronic acid
functionalized gold el ectrode“.

Pt nanoparticles can be deposited on an el ectrode
substrate by e ectrochemical deposition from an aque-
oussolution of Pt salts. Pt macroel ectrodes have been
shown to beuseful inthe detection of highly toxix ar-
senic, exhibitinglow limit of detectionwith anodic strip-
ping voltammetry. However, meta ssuch ascopper, lead,
zincandiron caninterfere, asthese metals get co-de-
posited during stripping voltammetry dongsdearsenic.
This problem can be solved asthe catal ytic oxidation
of As(lll) toAs(IV) by Ptisnot affected by the pres-
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ence of copper. The use of nanoparticlesin particular
can aso helptoimprovethe selectivity of the system.
Duetotheresulting potentid shift, theanaytical pesks
can bedistinguished from common interference,
Ptisknownto bean excdlent catayst for methanol
oxidation. It can bea so applied a thenanoscade, which
hasimplicationsfor thedirect methanol fue cell. How-
ever, itisimportant to overcomethe associated prob-
lems of methanol fuel cellssuch ascatayst poisoning
and dow electrodekinetics. Pt nanoparticleswerede-
posited on amulti-walled carbon nanotube paste e ec-
trode at aconstant potential (1 mM K_PtCl, +0.1 M
K,SO,) and theresulting el ectrode wasimplemented
asworking dectrodein methanol oxidation.

Nanoparticle-based e ectrochemical DNA sensors

Nanoparticleoffersversatilewaysfor interfacing
DNA hybridization recognition eventswith electro-
chemical signal transduction process. By successfully
addressingtheissuesof high sengtivity, sdectivity and
multi-target detection capabilities, thisnanoparticle
based electrochemical DNA biosensors will have a
major impact upon dlinica assays, environmenta moni-
toring and food safety.

Recent studies have focused at developing
nanoparticle based e ectrica DNA biosensorsfor gene
detection. This particle- based protocol for electro-
chemicd detection of DNA isbased ontheuse of col-
loidd gold tags, semiconductor quantum dotsor mag-
netic beads. These nanoparticlesoffer aversatileway
for interfacing DNA recognition with e ectrochemical
signd transduction and amplification of resulting elec-
trical signal. Most of these protocols are commonly
dependent on ahighly sensitiveeectrochemicd strip-
ping measurement of the metal tracers. Stripping
Voltammetry isapowerful eectroanalytical technique
for the detection of traceamount of metalsintherange
of ppb (partsper billion), itshigh sengitivity isattributed
to the pre-concentration step, during which thetarget
metal s are accumul ated/deposited on to theworking
electrode. Compared to the pulse-voltammetric
method, stripping voltammetry can exhibit alower de-
tection limit of three or four ordersof magnitudefor
detecting DNA hybridization events. Such ultra-sensi-
tivedectrical detection of metal tagscan beutilized to
provideaversatileand e egant tool for the detection of
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DNA.

Severad groupshave deve oped nanoparti cle-based
electrochemica DNA hybridization assayd*#9. Such
protocols are based on capturing the gold*” or silvertd
nanoparticlestothehybridized targets, followed by acid
dissolution and anodi ¢ stripping voltammetric measure-
ment of themetd tracer. Thetarget immobilization has
been accomplished in connection to streptavidin-coated
magnetic beads*?, through the use of chitosan or
polypyrrole surface layers*. Picomolar and sub-
nanomolar level of the DNA target havethusbeen de-
tected.

Wang et a ™ described an e ectrochemicd proto-
col to detect DNA hybridization based on thefabrica-
tion of themetal marker dongthe DNA backbone. This
new protocol relieson DNA-templateinduced fabri-
cation of conducting nanowiresasamodeof capturing
the metal tags. Such approach was applied to grow
Ag, Pdor Pt clusterson DNA templates.

Mirkin and hisco-workershave developed an ar-
ray based el ectrical detection utilizing oligonucleotide
functionalized gold nanoparticles and closely-spaced
interdigitated microe ectrodes®. Theoligonucleotide
probewasimmobilized in the gap between two micro-
electrodes. The DNA hybridization event thuslocal-
ized gold nanoparticlein the e ectrodegap, and dong
with subsequent Ag deposition |eads to measurable
conductivity signas. Thistechniquecan offer high sen-
gtivity with 0.5 picomolar detection limit.

Magneti c beadshave a so been used for triggering
thed ectron-transfer reactionsof DNA. Willner and co-
workershave carried out bio-d ectrochemica processes
suchasDNA oxidation using externd magneticfield®,

Dueto their tunabled ectronic properties, semicon-
ductor quantum dots such as CdS, CdSe nanoparticles
have generated alot of interest for optical DNA detec-
tion. Willner et al. reported a photoel ectrochemical
transduction of DNA sensing eventsin connection to
DNA cross-linked CdS nanoparticlearrays®l. Wang
et al.> reported on the detection of DNA hybridiza-
tionin connection to CdS nanoparticletracersand strip-
ping voltammetric measurementsof Cd. A nanoparticle-
promoted Cd precipitation was used to enlarge the
nanoparticletagand amplify thestripping DNA hybrid-
ization signa. Thismethod have shownlow detection
limit of 100 femtomolar. Such protocol wasalso ex-
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tended to ZnSor PbS nanocrystals.

Itispossibleto further enhancethe sensitivity by
employing multipletagsper binding events. Thiscan be
accomplished in connection to polymeric microbeads
carryingmultipletracersexterndly or internally. Com-
bining theadditiona amplification unitsand processes,
such bead-based multi-amplification protocol smeet the
high sensitivity demands of electrochemical DNA
biosensors.

Therearesomeexcellent review articlesbased on
theuse of metal nanoparticlesin eectroanalysi 58,
Most of thesereviewsdedt with theutilization of metal
nanoparticlesto modified € ectrode surfaces, which can
befurther effectiveineectrochemica andyss. Inare-
cent review articleby Oyama®, hemainly focused the
recent development of nanoarchitectures or
nanostructures based on metal nanoparticlemodified
electrodesfor electroanalysis. Our review articlefo-
cused onthesynthesisand d ectrochemica gpplications
of meta nanoparticlesand nanoparticlemodified e ec-
trodes.

Summary

Thisreview aticleillustratesan updated version of
the recent development on the applications of
nanoparticlesin eectroanaysis. From consideration of
thework discussed in thisreview, it can be concluded
that nanoparticlesplay animportant roleinthefield of
electroanalyss. Theunique propertiesof nanoparticles
can be exploited to enhance the response of various
electroanalytical techniques. At present, most of the
work isempirical in nature. It isexpected that system-
aticvoltammetricand sructurd cheracterizationwill pro-
videamore systematic basisto futurework.
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