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ABSTRACT

Nanoparticles are playing an increasingly important role in the develop-
ment of biosensors. The sensitivity and performance of biosensorsis being
improved by using Nanoparticles for their construction. The use of these
Nanoparticles has allowed the introduction of many new signal transduc-
tion technologies in biosensors. In this report, a comprehensive review of
Application of nanoparticlesin Quartz Crystal Microbalance biosensorsis
presented. The main advantages of QCM in sensing fields include high
sengitivity, high stability, fast response and low cost. In addition, it pro-
vides label-free detection capability for bio-sensing applications.Firstly,
basic QCM’s design and characterization are described. Next, QCM
biosensors based on modification of quartz substrate structure and their
applications are digested. Nanoparticles and their utilizationin analysisare
thenillustrated. These include Nanoparticlesin bio applicationsthat cover
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INTRODUCTION

Nanoparticleanayssisaragpidly growingresearch
areawith applicationsinavariety of fieldsincluding
energy, nanocomposite materids, theenvironment and
healthcare. Nanoparticlesarebeing incorporated into
materialssuch as solar panels, nanomachines, and a
variety of thinfilmsand coatingsto generate morede-
sirable properties. Between the different applications
theuseof NPsfor biosensingisshowing anincreased
interest for severa areassuch asclinical analysig?,
environmental monitoring®®as well as safety and
security.NPsinvolvementsin DNA, proteinand even
cdl sensing systems have recently been the hottest top-
icsin nanobiotechnol ogy. Although their useand ben-
efitsareunquestioned, thereare still potential risksin
their widespread use to health and the environment.

Therefore, thereisaneed for new techniquesfor char-
acterizing nanoparticlesincludingther interactionswith
surfaces, each other and their stability in the environ-
ment. Quartz Crystal Microbalance (QCM) isanana
lytical techniquethat providesin-situ analysisof inter-
actionstaking place at surfaces. Themain advantages
of QCM in sensing fieldsincludehighsengtivity, high
stability, fast response and low cot. In addition,it pro-
vides label-free detection capability for bio-
sensngapplications. Being labd ed freg, it digoenseswith
thetime and cost demanding labeling step, and also
eliminatesany possbleinterference of the“true” bind-
ing processdueto the presence of thelabels.Giventhe
specid importanceof bio anaysis, weintendinthisre-
view to overview someof themgor advancesand mile-
stones in the field of Quartz Crystal Microbalance
biosensors based on NPs underlying the different ap-
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proaches reported so far. Since the nanoparticles
andbiomol eculestypicaly meet at the same nanometer
length scal e, thisinterdisciplinary approachwill contrib-
uteto the establisnment of anovel field, descriptively
termed immunosensing nanotechnology
ornanoimmunosensing. NP based immunosensing sys-
temsare proving to assist inthe devel opment of new
and versatile protein detection methods.

In this report, firstly, basic QCM’s design and
characterizationare described.Next, QCM biosensors
based on modification of quartz substratestructureand
their applicationsare discussed.Nanoparticlesand their
goplicationsinanayssarethenillustrated. Theseinclude
nanoparticlesinbio gpplicationsthat cover nanoparticles
in Quartz Crystal Microba ancebiosensors.

QUARTZ CRYSTAL MICROBALANCE

Piezod ectricity isdefined as€ ectric polarization pro-
duced by mechanica strainincertain crystds, thepolar-
ization being proportiond to the straint®. The Curies
firstobserved piezod ectricity in 1880 asapotentid dif-
ferencegenerated acrosstwo surfacesof aquartz crystal
under strain™. The converse piezod ectric effect, thede-
formation of gpiezod ectric materid by anapplied eec-
tricfield, waspredicted by Lippman®. Thuswhenathin
wafer from apiezod ectric crysd suchasquartzisplaced
inandternatingd ectricfield of theright frequency it will
oscillatein amechanically resonant mode ofthe wafer.
The resonancefrequency depends upon theangleswith
respect to the opticalaxis at which the wafer was cut
fromasinglecrysd andinversdy onthecrystathickness.
Quartz crystd microbaance(QCM) devicesderivefrom
piezod ectric quartz crysta resonatorsthat resonated ec-
tromechanically inathickness-shear mode(TSM) (Fig-
ures 1,2).0wing to piezoe ectric effects, the resonant
propertiesof crysta can beinfluenced by externad physi-
cd loading, whichmay becdassfiedintotwo maintypes,
gravimetricandvisood adticloading. Inthefirst case, gravi-
metricforcedueto massrigidly deposited onthecrysta
surfaceisbaanced by aforceoriginating from the shear
gradient insdethecrystd, leading to theresonancefre-
guency shift (Af g) whichisgoverned by Sauerbrey’s
equationi 014
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Figure 1 : Schematic diagram of Quartz Crystal
Microbalanceinstr umentation. (Crystal isheld between two
o-rings) Reproduced with permission from refl, Copyright
2008 Elsevier

Figure2: Crygalsused in aQCM .Reproduced with permis-
sion from refl¥, Copyright 2004 Elsevier

v /(Kq/pqg)
fo= TR T
wheref  isthefundamenta resonancefrequency, AM
Isthemassdeposited on QCM surface, A istheactive
electrodeares, vistheacousticwavevelocity, p, isthe
density of crystal (2.648 gcmfor quartz), q isthe
shear modulusof the cut face (2.947x10 gcm™ 2 for
AT-cut quartz) andt, isthecrystal thickness. Withthis
loading effect, QCM has beenroutingly used for thick-
nessmonitoring in phys cal vapor deposition processes.
For the viscoel astic loading, resonance frequency is
changed dueto acoustic-fluid dampinginteractionwhen
QCM operatesinviscod astic medium such asliquid2.
Unlikegravimetricloading, there arelarge changes of

Au Tudian Yournal



ACAIJ, 15(1) 2015

Somayeh Heydari and Gholam Hossein Haghayegh 19

dissipation factor and resonant resi stance dueto en-
ergy lossesof shear wavethat travelsthrough non-rig-
idly adsorbed layerg**-1¢, Theviscosdl astic resonance
frequency shift (Af ), dissipationfactor change (AD)
and resonant resi stance change (AR) aregiven by:
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wherep ,+ | andk areviscosity, density and electro-
mechanical couplingfactor of theliquid medium, re-
spectively. Both dissipation factor and resonant resis-
tance can be directly measured experimentally. The
combined measurementsof frequency shift and changes
inthedissi pation factor and resonant resistance have
been termed, QCM-D and QCM-R, respectively!*”,
With the combined massand viscosity—density effects,
QCM canbeappliedfor bio/chemica sensing by coat-
ingwithachemicaly or biologicaly senstivefilmtosense
very small amount of adsorbed gases such asvolatile
organic compounds (V OCs)*89 and environmental
pollutants?*-22 and liquid phasebiochemicas.

A guartz crystal microbalance (QCM) measuresa
massper unit arealby measuring thechangein frequency
of aquartz crysta resonator. Theresonanceisdisturbed
by theaddition or remova of asmall massdueto oxide
growth/decay or film deposition at the surface of the
acoustic resonator. The QCM can be used under
vacuum, ingasphase (“gas sensor”, first use described
by King)? and morerecently inliquid environments. It
isuseful for monitoring therate of depogtioninthinfilm
deposition systemsunder vacuum. Inliquid, itishighly
effectiveat determining the affinity of molecules(pro-
teins, in particul ar) to surfacesfunctionalized with 3to
investigateinteracti ons between biomol ecul es.

There has been arapid increasein the number of
publicationsrelated to QCM sensing applicationsdur-
ing thelast few decades (Figure 3). QCMshave been
used for multifariousapplicationsin variousdisciplines
of science and technol ogy for the detection of metalsin
vacuum, vapors, chemica anaytes, environmenta pol-
lutants, biomol ecul es, disease biomarkers, cells, and

—— Fuyl] Paper

Figure3: A summary of thenumber of papers(for specific
analytesby class) referencing‘QCM” in thetitle, Keywor ds
or Abstract™®. Reproduced with per mission fromr &f®, Copy-
right 2007 John Wiley & Sons, Ltd

pathogens. They ared so employed for deposition rate
monitoring, e ectrochemical deposition, corrosion stud-
Ies, detection in gas chromatography, and controlling
thicknessand composition of sputtered materids. Pres-
ently, therearesevera companiesthat aredealingwith
QCM-based systems.QCM provides oneof the most
promising sensor technol ogy based onitslowcog, rgpid
response, portability, nonhazardous|abd -freered-time
procedure, and high sensitivity, which isideal forthe
sensitive online detection of analytes and holds a
greatpromisefor the next-generation sensors.

QCM ASA BIOSENSOR

Nowadaysthe applications of sensorsareavery
promising research field sincethey ind application in
many different areas®* . Biosensorsareanincreas-
ingly important technol ogy inthedetection of compounds
ranging from pesticidesto biol ogical weapons. Typi-
caly, biosensors consist of abiologica macromolecule
that isimmobilized on the surface of asignd transducer,
asshowninFgure4. Asthemacromol ecule binds spe-
cificaly totheligand being detected, the signal trans-
ducer can measureaphysical changedueto the bind-
ing event. Thetransducer usually detectsachangein
resistance, pH, heat, light, or massand then converts
that datato anelectrica signal to becollected and pro-
cessed. One promising type of detector isthe Quartz
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A ndian W



20 Application of nanoparticles in quartz crystal microbalance biosensors

ACAIJ, 15(1) 2015

Full Peper ——

2 4
. o
- > .’_ :> electroactive = .
o N substance ectrod
b. 3 "_ Enzyme D
>_» pH change Smi;mduw
" 3 Antibody [ pH electrode
R =
Y [ ganism
u .”— ::> Light ——m»  Photon counter
o0
g h’_ = D mass change — e~ Piezoelectric device
* , P
=
materials transducers

Figure4: Schematicfor generic biosensor

Crystal Microbalance (QCM). The QCM isapiezo-
€l ectric mass-sensing device. A QCM deviceworks
by sending an electrica signal through agold-plated
quartz crystal, which causesavibration at somereso-
nant frequency. The QCM then measuresthefrequency
of oscillationinthecrystal. When used asabiosensor,
the QCM can detect changesin frequency of thecrys-
tal dueto changesin masson thesurfaceof thecrystd.

The sensitivity and specificity of QCM-based
biosensorsis dependent on the immobilization of
recognitionlayer. For examplevariousstrategieshave
been employed for thetimmobili zation of antibodieson
thecrystal surface. Passiveadsorption of antibodieshas
been themost widely usedmethod. However, it leads
to random immobili zation of antibodies on the surface,
which may not bein functionalyactiveorientation. The
crystallizable fragment (Fc)-bindingproteins such as
proteinA, protein G- and proteinA/Gare employed for
oriented immohbilization of antibodieson thegol d-coated
QCM surface suchthat their antigenbindingsites (Fab
region) arecompletely freefor bindingantigens. Another
strategy employstheinitia generationof amino groups
on the QCM surface by treatment with3-
aminopropyltriethoxysilanefollowed by theactivation
ofamine-functionaized surfacewith glutaraldehydeto
generateal dehyde groups, which bind to the antibody
throughitsamino groups. Theinteractions between thi-
ols andgold are very strong and have aso been ex-
ploited forantibody binding by employing self-as-
sembl ed layers ofthiol sand sul phides. Theavidin-bi-
otin interactions have al sobeen employed, wherethe
avidin/streptavidin-coated QCM gol d-surfaceisbound
to the biotinylated antibody. Otherapproaches based
ontheuseof polydectrolytes, polymers,and Langmuir-

Hnalytical CHEMISTRY o

Blodgett films havea so been used.

QCM biosensors have been employed in the la-
bel-free detection of an incredibly broad range of
analytes; frominterfacial chemistriesand lipid mem-
branesto smal moleculesand wholecd1S*. They pro-
vide auniquemethod for observingin situ eventsin-
volving ‘soft matter’, in which changes in contact me-
chanics, interfacia dynamics, surface roughness, vis-
coel agticity, density and masscan bemonitoredinred
time®4, Thisleve of information content goes be-
yond that produced by many more widely adopted
optical techniquesthat are used to analyse molecul ar
changes occurring in biochemical processes. Acoustic
sensor technology isthushighly interdisciplinary and has
encompassed advances and improvementsfrom elec-
trica engineersto cdll biologists.Braunhut et d adapted
thequartz crystal microba ance (QCM) biosensor tech-
niqueto study responsesof human mammary epithdia

- Frequency shift (Hz)

-100 1 1 1 I 1
0 50 100 150 200 250 300

Time (sec)
Figure5: Typical responseof PEDOT particlestoNH, gas
(20 ppm) (a) nanoparticlesand (b) conventional particles
Reproduced with per mission from refl®l, Copyright 2007
Elsevier
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Figure6: (a) X-ray crystallographic structureof an 1gG antibody (upper part); A schematicrepresentation of IgGand a
simplified scheme of theantibody’sstructure(lower part). (b) Thepapain (upper part) and thethe pepsin (lower part)
cleavages. (c) Functionalization of awhole | gG or aFab by a M ono-Sulfo-NHS-AuNP viafr eeamino groups (upper part);
monomaleimidoAuNP bindsthe Satom after thereduction of thedisulfidebond starting fromthewholelgG (lower part, Ieft)
orfrom F(ab’) 2 (lower part, right)®. (d) An activated by EDC AuNP coated with gluthatione, asspacer arm, reactswith an
IgG, alsoactivated by EDCP®, () TEM imagesof AuUNPs(lft part) and AuNPsconjugated with I gG (right part). Imageshows
athinwhitelayer, called “halo” effect, surrounding the surface of the AuNPsindicatingcoating with protein.Reproduced

with per mission fromr eft, Copyright 2010 Elsevier

tumor cellsto taxaned*™. Taxanesare used for thetreat-
ment of many human cancers, asfirst- and second-line
chemothergpeutics.

Theultimate goa in any biosensor devel opment
projectisitsusefor actual sampledetection. Recently,
therehasbeen aninterest in biosensorswith aptamers
ashio-recognition € ements, but reported examplesal
deal with standards, not human serum.In comparison
to antibodies, aptamer receptors have anumber of ad-
vantages. The main advantageisthe avoidance of the
use of animals for their production. Moreover, the
aptamer select ion process can be mani pul ated to ob-
tain aptamersthat bind to aspecific region of thetarget

and with specific binding propertiesunder different bind-
ing conditiong**, In order to verify thedifferencesof
aptamer-based biosensor and antibody-based biosen-
sorinclinical detection, Yao et a carried out acom-
parison of the performance of aptamer-based and anti-
body-based quartz crystal microbalance (QCM)
biosensorsfor thedetection of immunoglobulin E (IgE)
in human serum®l, Wu et d developed aDNA piezo-
el ectric biosensing method for rea -time detection of
Escherichiacoli O157:H7 inacirculating-flow sys-
tem®2, The QCM system was also applied in the de-
tection of PCR-amplified DNA from real samples of
E.coli O157:H7. Theresultant H% of the PCR-ampli-

——  Analytical CHEMISTRY
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fied double-strand DNA was comparableto that of the
synthetictarget T-104AS, asingle-strand DNA. The
piezoel ectric biosensing system has potentid for further
applications. Thisapproach |aysthe groundwork for
incorporating themethod into anintegrated system for
rapid PCR-based DNA analysis.

NANOPARTICLES

Oneof themaost important functionsof nanoparticles
iscatalysis, especially with noble metal nanoparticles,
whichhave high catalytic activity for many chemical
reactions.Because nanomaterials also have good
biocompatibility, they are used to immobilize
biomoleculesfor thefabricationof biosensors. Sensitiv-
ity and other attributes of biosensors can beimproved
by using nanomaterials in their construction.
Nanomaterials, or matriceswith at |east one of their
dimensionsranging in scaefrom 1 to 100 nm, display
uniquephysical and chemicd featuresbecause of effects
such asthequantum sizeeffect, mini sizeeffect,surface
effect and macro-quantum tunnel effect.

Nanoparticlesin bioapplications

Nanoparticleshavenumerous poss bleapplications
in biosensors. For exampl e, functiona nanoparticles
(electronic, optical and magnetic) bound to biological
mol ecules (e.g.peptides, proteins, nucle c acids) have
been developed for use in biosensors to detect
andamplify varioussignas. Someof the nanoparticle-
based sensorsinclude the acoustic wavebiosensors,
optical biosensors, magnetic and electrochemical

biosensors. The structure of 1gG, the most used anti-
body inimmunosensi g assays,has been determined by
X-ray crystallography (Figure 6a, upper part)which
showsaY-shapeform consisting of threeequal-sized
portions,loosely connected by aflexibletether™l. The
antibodiesare constitutedby two heavy and two light
polypeptidechanslinked between themasshownin FHg.
6a(lower part). The C regionsdeterminetheisotype of
the antibody whereasthe variableregionsof oneheavy
and onelight chain constitute an antigen binding site
(ABYS). Thedigestion ofantibody with papain (Figure
6b upper part) and pepsin (Figure 6b lowerpart) pro-
teases producesseveral smaller fragmentsthat may be
usedingtead of theorigina antibody for immunosensing
applications.Immunoassays are based on theinterac-
tion between the antibodyand the antigen, in particular
between theABS and the epitope.Infact thisinterac-
tion gives high specificity and sensitivity to
theilmmunoassay. In order to functionalizethelg, the
connection oflabelsthrough threemain groups: -NH,, -
COOH and—SH have beenperformed. Figure 6¢ (up-
per part) showstwo examplesof conjugation ofmono-
sulfo-NHS-AuNPswith anantibody throughtheamino
group.A conjugation of monomaemidoAuNPs (Fig-
ure 6c, lower part) with anantibody, through the—SH
group, isaso shown. Theuse of thethiolgroup for the
functiondizationisagood way to control thedirectionof
the bond between thelabel and the antibody, and pre-
vent theinvolvement of theABS. Figure 6disan ex-
ampl e of conjugation through the carboxyl group re-
ported by Ahirwa et . They connected thecarboxi-
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Figure7: Schematicillustration of the sensing process of theamplifying system based on Au nanoparticle-covered QCM
surface. Reproduced with per mission from r eft®?, Copyright 2004 Elsevier
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term of theantibody with anAuNP by glutathioneused
asaspacer. The C-termregionisagood point to attach
thelabel, sinceitisfar fromtheABSand should allow
the mol ecul einteraction with theantigen. TheAuNP
modification with protein can even beobserved by TEM
(Figure6e)™,

Nanoparticles in Quartz Crystal Microbalance
biosensors

Quartz crystal microbalanceshave emerged inthe
last few yearsasversatilebiosensorsdemonstrating re-
markableachievementssuch ashigh sensitivity and la-
bel free detection>¢%8l, |n the quartz crystal microbal-
ance, thebioreaction generates achangein the mass,
reordering thechargesinthe surface of the piezod ectric
material and giving riseto achangeintheresonant fre-
guency of the microbalance. Theuseof NP labelsin
sandwich assays can increase both the surface stress
and themassof theimmunocomplex, allowingthein-
crease in sensitivity of theseelectromechanical
assays.This was the case in work reported for the
detectionof human 1gG™¥ and aflatoxin B1® at clinical
relevant levelsusing AuNPsasamplification agentsin
adynamic mode quartz crystal microba ance biosensor.

Quartz crystal microbalance biosensorswere de-
veloped to greetly improvethe sengitivity and limitsof
detection®y, In the mass-amplified quartz crystal
mi croba anceassay variant of thistechnol ogy, antibody
modified sol particlesindirectly bind to and ectrode sur-
face by complexing to an analyte that has been itself
captured by an antibodyimmobilized on the el ectrode
surface. The large mass of the bound sol particles
greatlyaffectsthevibrational frequency of thequartz
crystal and thisisused asthe basisfordetection. The

(1) @) @)

—— Fyll Peper

assay can becarried out in the competitivemode. The
preferred diameter of sol particlesisintherange of 5-
100 nm. Other high-density particles (e.g. Au, P,
CdS, TiO2, polymers) may be also suitabl €623,

Recently chu et al developed a label-free
gliadinimmunosensor by applying 25 nm gold
nanoparticles (AUNPs) to the surface of abare QCM
electrode’®l. Also arapid and sensitivequartz crystal
mi crobalance (QCM) bi osensor combined with gold
nanoparticleamplificationfor diagnossMycobacterium
tubercul osiswasdevel oped byK aewphinitet a®. The
label free QCM was successfully developed with high
sengtivity, specificity, low cost and convenience, this
technique may proveto beapowerful tool for an early
diagnosisof M. tuberculoss.

DNA -conjugated nanoparticles can beused to en-
hancethesigna produced upon hybridizationto asur-
face-bound single-stranded template® 4. They candso
be usedtoincreasethe surfaceareaavailabletoimmo-
bilize the DNA template on asensort”™>"", Detection
sensitivity isgenerally intheregion of 10°-10° M,
with onereport of zeptomolar (10% M) quantities of
specific nucleic acid™. Maet al.[" used amixture of
HAuUCI, and NH,OH to enlarge the gold particles.
However, it hasbeen shown that 20 nmisthe optimal
particlesizefor maximaly increasing the sengtivity as
thelarger particles suffer from weaker binding to the
surfaceand arethereforel ost on exposureto flow!®. A
quartz crystal microbaance(QCM) DNA sensor, based
on the nanoparticleamplification method, wasdevel -
oped for detection of Escherichiacoli O157:H71®Y, A
thiolated single-stranded DNA (ssDNA) probe spe-
cafictoE. coli O157:H7 wasimmobilized ontothe QCM
sensor surfacethrough self-assembly (Figure 8). The
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Figure8: llugtration of the sensor fabrication and detection procedur e Reproduced with per mission from refl®4, Copyright

2006 Elsevier
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Figure9: Amplified detection pathsof asingle-base mismatch in nucleicacids: (a) using avidin and biotin-labeled liposomes.
(b) Using an avidin—Au-nanopar ticle conjugate and the catalyzed deposition of gold. (c) Using an avidin—-alkaline phos-
phatase bioconjugateand thebiocatalyzed precipitation of theinsoluble product 4 Reproduced with per mission from r ef®4,

Copyright 2002 Elsevier

hybridization was induced by exposing the ssDNA
probeto the complementary target DNA, and resulted
inthemass change and therefore frequency change of
the QCM.

The enhancement of asingle strain DNA probe
linked to the sensor surfaceisof crucial importancein
DNA molecule recognition. By means of nanogold
modification of the sensor surfacein addition to the
nanogoldamplifier, DNA detection sengtivity higher than
10**mol/L wasobtained in aQuartz Crystal microbal-
ance (QCM) system, much higher than the ordinary
QCM sensor without surface modification by nanogold
(Figure 7).

Recently aDNA probefunctionalized quartz crys-
tal microbalance (QCM) biosensor was devel oped to
detect B. anthraci sbased on the recognition of its spe-
cific DNA sequences, i.e., the 168 bp fragment of the
Ba813 genein chromosomesand the 340 bp fragment
of thepag genein plasmid pXO1®, Willner et a de-
scribed threedifferent methodsfor theamplified detec-
tion of a single-base mismatch in DNA using
microgravimetric quartz-crystal-microba anceastrans-
duction means (Figure 9)®4. All methodsinvolvethe
primary incorporation of abiotinylated base comple-
mentary to the mutation sitein the analyzed double-

Hnalytical CHEMISTRY o

stranded primer/DNA assembly. Thedouble-stranded
assembly isformed between 25 complementary bases
of the probe DNA assembled ontheAu-quartz crystal
and thetarget DNA. One method of amplificationin-
cludestheassociation of avidin- and biotin-labeled li-
posomesto the sensing interface. The second method
of amplified detection of the base mismatch includes
theassociation of an Au-nanoparticle-avidin conjugeate
to the sensing interface, and the secondary Au-
nanoparticle-catalyzed deposition of gold on the par-
ticles. Thethird amplificationrouteincludesthebinding
of theavidin-alkaline phosphatase biocatalytic conju-
gate to the double-stranded surface followed by the
oxidative hydrolysis of 5-bromo-4-chloro-3-indolyl
phosphatetotheinsolubleproduct indigo derivativethat
precipitates on thetransducer. Comparison of thethree
amplificationroutesreved sthat the catalytic depodtion
of gold on theAu-nanoparticle/avidin conjugateisthe
most sensitivemethod, and thesingle-basemismatchin
theanalyzed DNA isdetected with asensitivity that
correspondsto 3x1016 M.

A novel amplification route for DNA detection
based on thedeposition of gold onal0 nmAu-colloid/
avidin conjugatelabel acting asa‘seeding’ catalyst is
described by Weizmann et al (Figure 10)®d,

Au Tudian Yournal
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Microgravimetric quartz-crystd-microbdancemeasure-  of a27-basenucleic acid fragment; (ii) analysis of the
ments are employed to transduce the catalyzed depo-  entireM 13f DNA (7229 bases); and (iii) detection of a
gtion of gold onthepiezodectriccrystas Threediffer-  single-basemismatchinaDNA. Ultrasengitive detec-
ent DNA detection schemesaredescribed: (i) analysis  tion of DNA isaccomplished by the catalyzed deposi-

A Biotin Avidin

e ]

(2)or(4) * )&AI
aa Ll OO0
N\ >

VOO OO AT AuCl +NHOH OO 00 I Au

Klenow fragment o )& Au
dNTP mix
+biotin-dNTP f¢ O
)fAl Z;)" Au
’2 Au Au
2 R
AuCly” + NH,0H -
e ‘
@ P
Mutation
B site Biotin-dCTP

(6) l (5) L= Au
ev

Polymerase
(Klenow fragment)

el

AuCl; + NH,OH \,oog\/\

(1) 5'“AGCGTAGGATAGATATACGGTTCGCGC-3'
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Figure10: (A) Amplified detection of DNA by: (a) association of an Au-avidin conjugateand catalytic deposition of Au; (b)
polymer ase-induced replication of DNA followed by theeectrolessdepostion of gold on an Au-avidin conjugatelinked tothe
double-stranded assembly. (B) Amplified detection of asinglebase mismatch in DNA by thecatalytic deposition of Au on an

Au-avidin conjugatelinked to thelabeled double-str anded assembly.Reproduced with per mission from reft®!, Copyright
2001
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tion of gold, detectionlimit4 1 x 10> M.

A rapid and sengitivedetection method for theearly
diagnosisof infectiousdenguevirus (DENV) urgently
needsto be developed by chen et a®9. Inthisstudy, a
circulating-flow quartz crystal microbalance (QCM)
biosensing method combining oligonucleotide-
functionalized gold nanoparticles(i.e. AUNP probes)
used to detect DENV hasbeen established. The sensi-
tivity and specificity of the present DNA—QCM method
with nanoparticletechnology showed it to be compa-
rableto thefluorescent real-time PCR methods. More-
over, themethod described herein was shown to not
require expens ve equipment, wasl abd-freeand highly
sensitive.Scodeller et a reported afully integrated
cor€’shell nanoparticle system responsive to glucose!®”.
The system is comprised of self-assembled glucose
oxidase and an osmium molecular wireon core’shell
Aunanoparticles.

Inaninteresting work Krozer et al, investigated a
new and generic approach for integration of molecu-
larly imprinted nanoparticlesinto sensing systemg®,
Nanoparticles can beeaslly immobilized onflat trans-
ducer surfacesthrough asupporting polymer filmusing
Spin-coati ng, and thethickness of the nanoparticle coat-
ing canbeeadly controlled by changing thenanoparticle/
polymer ratio and the solid content of the nanoparticle
suspension.

Recently asimple and sensitive sensor method for
cancer biomarkers|prostate specificantigen (PSA) and
PSA-dphal antichymotrypsn (ACT) complex] andysis
was devel oped, to be applied directly with human se-
rum (75%) by using antibody modified quartz crystal
mi crobal ance sensor and nanoparticlesamplification
system®l, A QCM sensor chip consisting of two sens-
ing array enabling the measurement of an activeand
control binding eventssmultaneousy onthe sensor sur-
facewas used in thiswork. With the achieved detec-
tionlimitin serum samples, thedevel oped QCM assay
show a promising technology for cancer biomarker
anayssin patient samples.

Maet a reported anew amplificationroutefor hu-
man lung carcinomacel | detection based on the detec-
tion of gold deposition on an Au-antibody conjugate
label acting asa“seeding” catalyst!™. Quartz crystal
microbalance (QCM) was employed to measure the
catal yzed deposition of gold on the piezod ectric crys-

Hnalytical CHEMISTRY o

tals. The gold-coated quartz crystal was modified by
polystyrenefilms, which provided asubstratefor anti-
body immohilization by physica adsorption (Figure11).
Thepolystyrenefilmssgnificantly improvethesurface
smoothness of the electrode. Compared to the con-
ventiond EnzymdinkedimmunosorbentAssay (ELISA),
the method described hereinisalesstime consuming
procedure and gives comparabl e detection sensitivity
of humanlung carcinomacdlls, ca. 100 cellsmL™. This
will beof great significancein thediagnosisof thisdis-
ease.

A highly sensitivequartz crystal microbaancewith
diss pation monitoring (QCM-D) biosensor for protein
was developed using aptamer-functionalized gold
nanoparticles (Apt-GNPs) for amplification®. Human
a-thrombin, animportant physiologica proteasefound
in blood, was chosen asthetarget protein. Captured
by immobilized aptamers, thrombin was determined on-

<>-

HAuUCIy/NH,OH

-Cr@

Figure1l: Thegold-coated quartz crystal wasmodified by
polystyrenefilmsReproduced with per mission from r eff*?,
Copyright 2002 Royal Society of Chemistry
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lineusing Apt-GNPs to enhance both frequency and
diss pation signds. Thefabricated sandwich of aptamer/
thrombin/A pt-GNPs on chip surfacewas confirmed by
atomic force microscopy (AFM). Compared to direct
assay, thedetectionlimit for thrombinwasdownto 0.1
nM, yielding about 2 ordersof magnitudeimprovement
insengtivity. For thefirst time, thedual -signa enhance-
ment of Apt-GNPson QCM-D sensing was demon-
strated, and such design could provideapromising de-
tection gtrategy for proteinswithtwohbindingstes.inan
interestingwork Kaufman et a, described the adsorp-
tion characterigticsof threeproteins[bovineserum a-
bumin (BSA), myoglobin (Mb), and cytochrome ¢
(CytC)] onto self-assembled monolayers of
mercaptoundecanoic acid (MUA) on both gold
nanoparticles (AuNP) and gold surfaces (Au)i®3. The
combination of quartz crystal microbal ance measure-
mentswith dissipation (QCM-D) and pH titrations of
theu-potentia provideinformation on layer structure,
surface coverage, and potentia . A new quartz crysta
mi croba anceimmunoassay method based on anovel
transgparent immunoaffinity reactor was devel oped for
clinical immunoassay byTang et d'®. To construct such
an affinity reactor, resonatorswith afrequency of 10
MHz werefabricated by affinity binding of functiondized
gold nanoparticles (nanogold) to quartz crystal with
immobilized specificligand for thelabe -freeand ysisof
the affinity reaction between aligand and itsreceptor.
[Recombinant human tumor markers, carcinoembryonic
antigen (CEA) was chosen asamodd ligand.]. Com-
pared with the conventional enzyme-linked
immunosorbent assay, the proposed immunoassay sys-
temwassmpleand rapid without multiplelabdingand
separation steps. Importantly, the proposed immunoas-
say system could befurther devel oped for theimmobi-
lization of other antigensor biocompounds.

Su et d fabricated Novel low-humidity sensorsby
thein situphotopolymerization of polypyrrole/Ag/TiO,
nanoparticles (PPy/Ag/TiO, NPs) compositethinfilms
on aquartz-crystal microbalance (QCM)®. The sen-
sitivity increased with the doping amount of TiO, NPs,
Additionally, based on the dynamic andysisof adsorp-
tion, theassociation constants of water vapor molecules
with PPy/Ag and PPy/Ag/50 wt% TiO, NPscompos-
itethinfilmswere estimated to be 81.6 and 227.9M,
respectively, explaining theeffect of adding 50wt% TiO,

—— Fyll Peper

NPsto PPy/Ag; thesengtivity tolow humidity increased
asthe association constant increased. Also asensitive
method for anmoniagas anaysiswasdevel oped with
Conducting polymer poly (3,4-ethylenedioxythiophene)
(PEDOT) nanoparticles by reverse micelle method,
which could bewell dispersed in water or alcoholic
solvent with ultrasonic treatment(®. Compareto elec-
trica conductivity of conventionad PEDOT particles(ca
0.5 S/cm), theas-prepared palletized nanoparticleshave
higher conductivity (ca. 10.2 S/cm) and the conductiv-
ity varies with the doped and de-doped states of
PEDQOT. Asfor sensing property, it hasbeen found that
QCM device coated with nanoparticles showsfaster
response and recovery to 20 ppm ammoniagas (ca.
50 s) than that of conventional PEDOT particles(Fig-
ure5). The PEDOT nanoparticle covered device ex-
hibitsa most linear relation to lower NH, gas concen-
tration and showsasaturatetendency of gassengitivity
with theincrease of gas concentration over 500 ppm.
Oneof theapplicationsof QCM techniqueisstudy
nanoparticle self-assembly processes, nanocomposite
materials and track nanoparticle interactions in the
environment.Self-assembly isaprocesswheresimilar
parti cles spontaneoudy bind to oneanother toform new
materials, coatingsor filmswith avariety of desirable
properties (Figure 12). Thesetype of mass sensitive
techniqueishighly useful to study monol ayer formation,
enzymeimmobilization, selective sensing of small or-
ganic or large biomolecules. For example, recently
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Figure 13 : Nanocomposite materialsanalysig®
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Crooks and coworkers have shown that hyperbranch
polymer monolayersand poly(amidoamine)dendrimer
monolayerscaninteract with small organic molecules™
%1, Similarly Kepley and coworkers have used
copper(I1) ionsbound on SAM to selectively and re-
versibly detected organophosphonate®. Host—guest
interactions can bemonitored by highly ordered cavi-
tated monolayers as shown using calix®
resorcinarend’™, These cavited monolayershaveahigh
affinity towards perchloroethyleng’®. The QCM tech-
nology enables one to measure the kinetics of
nanoparticle salf-assembly processes, measurethere-
sulting thickness, massand structural propertiesof the
self-assembled film and com-pare the self-assembly
processunder different conditions such astemperature,
solvent typeor concentration, flow or static environ-
ment and particletype.

Modifying polymer filmswith nanoparticlestoform
nanocomposi te materia s hasbecomeauseful method
to modul atethe structural propertiesand other charac-
teristicsof thinfilmsto havemoredesirable properties
and better stability (Figure 13). The QCM-D technol-
ogy can beused to study changesinfilmthicknessand

Figure14: Nanoparticleinteractionsin theenvir onment!®l
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Figure15: Procedurefor Nanoparticle Assembling bythe
Chélating I nteractionsbetween Divalent (Transition)M etal
lonsand Pyridine M oieties®@ Reproduced with permission
fromrefll®, Copyright 2002 American Chemical Society

rigidity dueto the additional of nanoparticles. Proper-
tiessuch asthickness, viscosity, storageand lossmodu-
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Figurel6: Schematic of the mixed—assembly cross-linking routefor the preparation of Au nanoparhclenetwor k-typethin
film. Reproduced with permission from r ef’®, Copyright 2007 Elsevier

lusof nanocomposite materia scan bemeasured, inred
time, by QCM. Thereis concern that nanoparticles
stableinthe environment could causesignificant hedth
issues. The QCM technology can a so beused totrack
nanoparticlestability andinteractionsunder environmen-
tal conditionswithavariety of red-lifesurfacessuch as
glass, metalsand natural organic matter (Figure 14).
Thetechnique cantrack thekinetics, extent and stabil-
ity of nano-particle deposition onto different surfaces
andindifferent environmenta conditions.

Chen et al described the fabrication of gold
nanoparticle surfacethin filmsby taking advantage of
the strong compl exation interactionsbetween trangtion
metd ionsand pyridinefunctiona groups(Figure15)1%,
Thethickness(layers) of thepartidethinfilmswasreadily
controlled by the repetition of the alternate dipping
cycles, asmonitored by quartz crystal microba ance
(QCM).

Liuand hu showed interaction between myoglobin
and hyaduronicacid intheir layer-by-layer assembly by
guartz crystal microbalanceand cyclic voltammetry
studied®, Quartz crystal microbalance (QCM) and
CV wereused to confirm thefilm growth and charac-
terizethefilms. Shen et a investigated ameansof pro-
ducingAu nanoparticle network-typethinfilmsthat are
derived by aone-step mixed-assembly cross-linking
route, can avoid nonspecificinteractions, and provide
maximum binding to aspecific target (Figurel6)™™.

CONCLUSION

Quartz crystal microbaanceshave emergedinthe

last few yearsasversatilebiosensorsdemonstrating re-
markable achievementssuch ashigh sensitivity and la-
bel free detection.In the quartz crystal microbalance,
the bioreaction generates achangein the mass, reor-
dering the chargesin the surface of the piezoelectric
materia and giving riseto achangeintheresonant fre-
guency of the microbalance. Its detection range and
sensitivity are not quite as goodas some other |abel-
free sensor technol ogies (e.g. surface plasmon reso-
nance). Theuse of NP labelsin sandwich assays can
increase both the surface stress and the mass of the
immunecomplex, alowingtheincreasein sengtivity of
these e ectromechanical assays. Thisprogresswill re-
quireanincreased understanding of boththeoretical and
experimental aspectsof therelation among changesin
frequency, energy disspation, and NPs. These advance-
mentswill haveatremendousimpact ontheversatility
and effectivenessof the QCM infuture gpplications.In
thisreview, application of nanoparticlesin Quartz Crys-
tal Microbal ance biosensors has been extensively re-
viewed. The theoretical/experimental analysis,
designand appli cations of quartz crystal microbaance
biosensors combined with nanoparticles
amplificationhave been discussed. These biosensors
present as a detection option that can beeffectively
empl oyed to Specific pathogen related requirements. The
prospects are low detection limit, less time
consuming,economical, biocompetible, preciseand ac-
curatelikefeatures.New nanoparticlesneed to be ex-
plored for useinthese biosensors. Therefore, QCM is
areatively new and promisingresearch areaworthy for
further exploration.
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