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ABSTRACT

Heavy metal pollution is a serious problem that affects our environment
and health profoundly. Taking advantage of the nanotechnology and
nanomaterials, researchers have been exploring new nano-biosensors for
sensitive, selective, quantitative and rapid detection of heavy metals. This
review articlefocuseson the recent progressin the research of fluorescence
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with nucleic acidsincluding aptamers and DNAzymes.

© 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Modern industries have brought tremendous ben-
efitsto human beings, but ontheother hand, aso caused
severepollutionsincluding heavy-meta pollutionwhich
posesacongtant threat to our environment and the pub-
lic hedtht). Asweknow, many heavy-metal € ements
or their ions are highly toxic even at tracelevel. For
example, exposure of mercury canlead fatal damages
to brain, nervous system and other organg?. Uptake of
lead may cause various neurotoxic effectsand espe-
cidly doharmto children brain developmentt®. Chro-
mium (V1) has been reported to be human toxic for
causing lung, liver and kidney diseases. Silverions
can do harm to human health by inactivating sulfhydryl
enzymes and interacting with various metabolites®.
Copper isan essentia € ement inmany biological pro-
cesses. However, increased level of copper ionscan
induce gagtrointestina disturbancefor ashort period of

time, whilelong time exposure causesdamages of pro-
teins, nucleic acids and organg®. In addition, many
heavy metd scannot be degenerated naturaly, so they
will beaccumul ated through food chainsand eventudly
do harmto human beingg™.

To protect the public hedlth, itistherefore exigent
to deve op technol ogy that can quickly monitor and ana-
lyzetrace heavy-meta sin our environment. Actualy,
therearedready somewiddy utilized conventiond todls,
such as atomic absorption/emission spectroscopy!®,
inductively coupled plasmamass spectrometry’®, mass
spectrometry™® and etc. However, most conventional
approachesnormdly requireexpensveinsrumentsand
involve complicated and time-consuming operations.
Therefore, researchersaredtill Strivingto searchfor new
methods which can examine trace amount of heavy
meta seasily, rapidly and cost-effectively. For thispur-
pose, research and devel opment of miniatureand € egent
biosensorsarecurrently of specid interest. Generaly, a
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biosensor containsthree components. asensitivebio-
logica dement that recognizesthetarget andyte, atrans-
ducer or detector dement that transformsthesigna upon
interaction with thetarget anayte, and asensor reader
unit. For thebiological e ement, DNA moleculesare
widely used because they can bereadily synthesized
according to therequired sequence of baseswhich can
interact withvaried heavy metas. For example, these-
guence contai ning thymines can be designed and syn-
thesized to probe Hg?* becausethethyminescan inter-
act withHg? toform T-T hairpin structure™. Asfor
the sensor signal, fluorescence measurement has at-
tracted specid attention because of itshigh sengitivity,
easy quantification and adaptability for infield detection
applicationg*?. In fact, many biosensors containing
DNA recognition unit and fluorescence transducer
mechani sm have been proposed and devel oped. For
example, Akira Ono et al. have devised an
oligodeoxyribonucleotide (ODN)-based sensing sys-
tem and made use of fluorescence resonance energy
transfer (FRET) to detect Hg?* and Ag* iong*34, For
the choi ceof fluorophores, somefluorescent dyessuch
as TOTO-3 and Sybr Green 1 (SG) show dramatic
fluorescence enhancement upon binding to double-
stranded DNA (dsDNA) compared to relatively weak
fluorescence upon binding to single-stranded DNA
(ssDNA). Based onthefolding of thymine-rich ssSDNA
into dsDNA in the presence of Hg?*, Chang et al.[*
and Wang et a .19 utilized TOTO-3 and Sybr Green 1
(SG) respectively for Hg?* detection. Lin et al ! uti-
lized SG to detect Ag* based on the interaction be-
tween cytosineand silver ions. Daveet d .18 achieved
both detection and removal of Hg?* through thymine-
rich DNA functionalized polyacrylamidehydrogel.

To obtain high performancebiosensors, now anew
trendistointroduce nanomateria sand nanotechnol ogy
into the biosensor design. Thiscan beattributed toin-
vention and discovery of many new nanomateridswhich
possess excellent propertiesin optics, magnetics, e ec-
tronicsand etc. Application of proper nanomaterias
canimprovethedetection sensitivity of biosensorssig-
nificantly. For example, Liu et d.1*% used Rhodamine B
isothiocyanate (RBITC)-poly(ethyleneglycol) (PEG)-
modified gold nanoparticlesfor Hg?* detection. Intheir
design, Hg* canremovethe RBITC fromtheAu sur-
faces, resultingin therecovery of RBITC fluorescence.
Li et .9 utilized poly(methacrylic acid) (PMAA)-
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templated Ag nanoclustersfor Cu?* detection. Guo et
a2 detected Hg?* with high sengitivity and selectivity
through denatured bovine serum abumin (dBSA) sta
bilized Ag clusters. BesidesAu/Ag nanoparticlesand
nanoclusters, someother functionaized nanomaterias
can a so be employed for heavy metal detection. For
example, Jung et a .22 designed aminonaphthalimide-
functionalized Fe,0,@SiO, core/shell magnetic
nanoparticlesfor detection of Hg*" and CH_Hg* ions,
and Wang et a . achieved multipleand quantitative
detection of heavy metd including Cu?, Cd*, Zn#* and
Hg?* in aqueous solution based on 1,4-
dihydroxyanthragquinone (1,4-DHAQ) derivativeand
9-fluorenylmethyl chloroformate (Fmoc-Cl) co-modi-
fied Fe,O, magnetic nanopartica's (MNPs). Water-
soluble and stable quantum dots (QDs) areal so used
for heavy meta detection. MohamedAli et d . capped
glutathione (GSH) on CdTe and CdZnSe and applied
them for selectivedetection of P?". Chan et a.[® de-
vel oped 16-mercaptohexadecanoic acid (16-MHA)
modified CdSe QDsfor detection of Cu?*. Recently,
someone-dimensiona nanomaterialsarealso utilized
for heavy metal detection such asnanorods?! carbon
nanotubes?’, nanofiberg?,

In view of the above mentioned advantages of
nanomateriasand high sengitivity of fluorescence de-
tection for biosensor design and application, another
emerging trend for the heavy-metd sensor designisto
modify thenanomateiralswith certain speciad DNA se-
quencesthat can recognize and capturethetaget heavy
meta ionsso that both detection sengitivity and speci-
ficity can beimproved. For such asensor design, how-
ever, itiscrucid to find theright sequence of the DNA
specific to the target analytes. Normally, DNA mol-
eculesarestablized by virtue of theforcessuch aselec-
trostatic force, n-stacking and hydrogen forces!®. The
specific structural and functiond nucleic acidsthat ei-
ther have high binding affinity or excellent catalytic ac-
tivity toward thetarget are called aptamers. Aptamers
are obtained by means of Systematic Evolution of
Ligands by Exponential Enrichment (SELEX), a
protocol first proposed by Gold group and Szostak
groupindependently™3Y, The SEL EX techniquemakes
use of anucleic acid library (10%-10® sequences of
aptmers) and involvesthree processesincludingidenti-
fication or selection of gptamersfor target molecules,
removal of non-binding ligandsand amplification of
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bound gptamers®2. Thelarge gptamer pool ensuresthe
structure, function and sequence variety of aptamers,
whereasthe separation step which requires sometimes
special seperation protocol $3*3¢ playsavital rolein
SEL EX to guarantee the specific binding between the
aptamer and thetarget. Dueto accurate control in se-
guencesynthess, desired versatility and sability, many
aptamers have been successfully found and isol ated
which can bind specifically toward alarge number of
targetsranging from organic molecules®, proteing®!,
bacteria®, and cancer cellg*°4Y, and also to various
metal ions such as K4, P24l Cyl) Zn4,
U014l and etc.. For example, It isfound that thym-
ine-thymine (T-T) base pairsin aDNA sequence can
interact with Hg?*™", cytosinein DNA caninteract with
Ag. Actually, because of the high selectivity, the
aptamers have becomeideal recognition components
for biosensor designinthe combination of with varied
detecti on techniques such as el ectrochemistry*, reso-
nance scattering spectroscopy!*?, surface enhanced
Raman spectroscopy (SERS)™, col orimetry!s:5% and
etc..

APTAMER-NANOMATERIAL BASED
BIOSENSORS

As foregoing explicated, with the aid of
nanotechnol ogy, aptamer application and variousfluo-
rescence sensing mechanisms, many novel nano-
biosensorsfor heavy metd detection arebeing exploited.
Todatealot of of intelligent heavy-metal sensorswith
the combination of nanomaterials, aptamersand fluo-
rescence detection mode been proposed and exploited.
Inthefollowing, wewould attempt to give somerepre-
sentative examplesto demonstrate the research and
development on this aspect.

Wang et d . made use of FAM modified andrich-
T basescontained DNA and achieved colorimetricand
fluorescence detection of Hg?* Figure 1. The detection
mechanismisasfollows: because ssDNA can bebound
to citrate protected gold nanoparticles stronger than
dsDNA, so the ssDNA can protect Au nanoparticles
from aggregation™!. Inthe presenceof Hg?*, ssSDNA is
folded into dSDNA, leading to theaggregation of Au
nanoparticles and the corresponding colorimetric
change. Correspondingly, thefluorescence of thedye
isrecovered, and so the changeof fluorescenceintenisty

isproportiond to thecontent of Hg?* quantitatively. Such
abiosensor exhibitsadynamic responserangefor Hg?*
detectionfrom 9.6 x 10810 6.4x10° M with thelower
detectionlimit of 4.0x108 M.
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Figurel: Theschematic plot showsthe mechanism for the
colorimetric and fluor escencedetection of Hg?1

Theorganic dyesworking asthedonor inthe FRET
mechanism can berepl aced by fluorescent quantum dots
(QDs). Actualy, QDscan offer somesuperior optical
properties compared to organi c dyes because QDs not
only overcomethe problem of photobleaching, but also
possess high quantum yield, broad excitation spectrum
and multiplexed detection ability™. Li et d* declared
ananometal surface energy transfer (NSET) strat-
egy for ppb grade detection of Hg?* Figure 2. They
introduced CdS/ZnS core/shell QDsastheenergy do-
nor, Au nanoparticles asthe energy accepter, and thym-
ines contained mismatch DNA moleculesasthelink-
ers. Inthepresence of Hg?, thefluorescence of QDsis
guenched because the distance between the QD and
Au nanoparticlesisshorten duetoformation of T-Hg?*-
T pairsbetween themismatch DNA. By recording the
dramatic change of fluorescenceintensity, Hg?* can be
probed with thelower detectionlimit 0.4 and 1.2 ppb
in the buffer solution and in the river water, respec-
tivey.

Similarly, Huang and co-workers® adopted the
“turn on” approach for Hg?* detection. They used QDs
asthedonor and Au nanoparticlesasthe quencher. Due
tolong-lifetimefluorescenceand unique photophysical
propertiesof QDs, together with the excellent quench-
ing performanceof Au nanoparticles, high sengtivity with
thelower detection limit 0.18 nM for Hg?* detection
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hasbeen achieved. Intheexperiment, the 33-mer sngle-
stranded DNA (stranded A) withaMn:Cd/ZnS QDs
attached at the 5’ end was hybridized with a 10-mer
single-stranded DNA (strand B) with a gold
nanoparticle attached at the 5’ end. This results in en-
ergy transfer from the Mn:CdS/ZnS QDsto thegold
nanoparticles, |eading to adecreasein thetime-gated
fluorescenceintensity of theMn:CdSZnSQDs. Inthe
presence of Hg?, thefolding of strand A leadsto the
release of strand B, so that the fluorescence of the
Mn:CdS/ZnS QDsisincreased.
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Figure2: Theschematic plot explainstheprinciplefor the
QD/DNA/Au nanopar ticle-base sensor for Hg? detection™,

Liu et al.> a so employed “turn on” approach for
sdectiveand senstive Hg?* detection using thyminerich
gptamer modified Au nanopariclesand OliGreen. Inthe
presence of Hg?*, the conformation of DNA changes
from straight to fol ded conformeation because of thefor-
mation of T-Hg?*-T pairs, and someof DNA molecules
arerdeased fromAu surfaceinto solution and then con-
jugated with OliGreen. The enhanced fluorescence of
OliGreen canthusbe used for quantitative detection of
Hg?* ions. Besidesthe enhancement or the quenching
of fluorescence, some other kinds of fluorescence de-
tection methods have al so been explored. Yeet al .[®
present anovel fluorescence polarization assay (FPA)
based biosensor for Hg?* detection Figure 3. Owing to
the enhancement arising from gold nanoparticlesand
specifity dueto theformation of T-Hg?*-T complexes,
thisbiosensor presentshigh sengitivity with 1.0nM for
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Figure3: Theschematicplot illustratesthe mechanism for
Hg? detection based on fluor escence polarization enhance-
ment by gold nanoparticled®

Grapheneisasingle-atom-thick and two-dimen-
sond carbon materid with remarkabledectronic, ther-
mal, mechanical propertied®-¢2, It has been reported
that graphene oxide (GO) can be bound to DNA
nucl eobases and nucleosides®®. GO can bebound to
sSDNA tightly based on thernt-stacking interaction while
dsDNA cannot be absorbed on graphene surface’®.
Therefore, GO can quench thefluorescence of thedye
labeled on sSDNA, and the fluorescence can berecov-
ered when the ssDNA moleculesarereleased fromthe
surface of GO. Based on this principle, Fan et a.[®]
have successfully detected Ag+ with concentration as
low as20 nM Figure4. Thisdevice obtainsmultiple
detection ability and hasthe potential for other heavy
metals detection. Similarly, carbon nanoparticles
(CNPs) can aso be used asaquencher for Ag* detec-
tionf®el,

Graphene Oxide

Ad' gsso sso% No Ag"

$S0: 5'-FAM-CTCTCTTCTCTTCATTTTTCAACACAACACAC-3’
Figure 4 : The schematic illustration of the fluorescence
sensor for Ag*ionsbased on thetarget-induced conforma-
tional change of a silver-specific cytosine-rich oligonucle-
otide(SSO) and theinter actionsbetween thefluor ogenic SSO
probeand grapheneoxide®



92 Aptamer-nanomaterial based binsensors for fluorescent detection

RRBS, 9(3) 2014

Review

Noblemetal nanoclusterstypically consist of no
morethan tens of atomswith dimension normally less
than 2 nm. Becausethedimensioniscomparabletothe
Fermi wavelength of e ectrons, they obtain molecule-
likepropertiessuch asexhibiting strongand digtinct fluo-
rescence. Au® and Ag clusterd® can berespectively
synthesized by using BSA and ethoil asthestabilizing
protector, and they have been adopted to detect
Hg?®™ and monitor Cu? ™. Compared withthe BSA
and ethoil modified nanoclusters, DNA-templateed Ag
nanoclugtersshow higher quantumyied. Changand co-
workert™ found that DNA can be used asthe stabiliz-
ing agent to synthesizeA g nanoclustersdueto thestrong
affinity between Ag and the cytosinesin the single-
stranded DNA, and they fabricated Ag nanoclusters
by using 12 cytosi ne bases contained single-stranded
DNA as the template. Taking advantage of DNA
microarrays, Robert and co-worker™ created new Ag
nanoclusterswith fluorescencetunabl e throughout the
visible and near-IR region. And the as-synthesized
nanoclusters have been used asthefluorescence donor
for Hg?* detection. Theabsorption and fluorescence
characters of DNA-mediated Ag clusters can be ad-
justed through design of DNA sequence. Thymine-rich
oligonucleotides can beused to synthesi ze blue/green-
emittingAg nanodugters, whilecytosine-rich oligonucle-
otides can be used as templates for synthesis of Ag
nanoclusterswhich can emit either red- or bule/green
fluorescence. Guo et a.[¥ have used DNA protected
Ag nanoclusters asfluorescent donor to detect Hg? in
water. They synthesized the sequence of
5’ CCCCCCCCCCCC 3’ -stabilized Ag nanoclusters
which havetheexcitai on and emission wavel engths at
580 and 650 nm respectively. Thisfluorescent probe
showsthe good sel ective recognition to Hg* and the
detection limit reaches5nM. Su et d™ developed a
simplefluorescence sensor which combined with the
properties of DNA-Cu/Ag nanoclusters and 3-
mercaptopropionic acid (MPA). MPA can quench the
fluorescence of DNA-Cu/Ag nanoclusters because
MPA can be conjugated to the surface of Cu/Ag
nanoclustersthrough thethiolsand inthe meantime, it
weakenstheinteraction between the DNA and metal
clusters. With addition of Cu?* into solution, thethiols
formed Cu-thiolscomplexesand they can beoxidized
to formdisulfide compounds. For thisreason, thiolsin-
duced fluorescence quenching of Cw/Ag nanoclusters

can be recovered in presence of Cu?". Such asade-
tection way may provide the detection of Cu?* at the
concentration aslow as 2.7 nM, and it provides the
potentia for Cu?* detection in pond water samplesand
Montanasoil™.

Besides aptamers, another functional DNA mol-
eculescalled DNAzymes can also beused for biosen-
sor desgin. DNA zymes can catalyze many of thereac-
tionssuchasRNA/DNA cleavageand ligation worked
asproteinenzymes ™. A seriesof heavy-meta specific
DNAzymes have been obtai ned through theinvitro
sl ection method including Po? ™, Cu?7, Zn?+™ and
UO,>1, For example, aPb* dependent DNAzyme,
named the8-17 DNAzyme, show very high activity in
the presence of Pb?*. Whenthemeta concentrationis
less than ppb grade, only Pb** can activate the reac-
tion®. Dueto their unique propertiesof high stability,
low cost and ease of synthesis, they are applied for
novel biotechnologica applications, especidly for heavy
metal detection. Lu’s group directed systematic work
for utilization of DNAzymeswith cleavageactivity for
detection of heavy metals such as Pb?8, Cu?8,
Zr#¥ and UO, 2%, Wu et a1 introduced akind of
sensitiveand specific fluorescence sensorsfor Po* and
Cu?* detection with QDsand DNAzyme, respectively
Figure 5. They made use of FRET between QDsand
thethe quencher labeled ontheend of DNAzyme, and
the fluorescence of QDsisenhanced whenthe DNA
sequenceiscleavaged by DNAzyme upon addition of
heavy metds. Thiswork dso demongtratesthemultiple

Quencher

ZnS shell
Cleavage -

- Silica shell
Substrate

DNAZ‘_«‘I!’IL‘/‘

l @® Metal ion

@\: \ ‘ /
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Figure5: Theschematicillustratesthe mechanismfor the
QD-based catalytical DNAzymesto metal ionsthefluores-

cence from the QD is restored due to the cleavage of the
DNAzymesubstrate’®
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TABLE 1: Alist of DNA functionalized nanomaterialsfor
fluor escence detection of heavy metals

Probe-design Target LOD Réf.
Au/DNA-FAM Hg** 40nM 54
Quantumdot/DNA/Au Hg** 2nM 57
Au-DNA/ DNA-QD Hg®  018nM 58
Au-DNA/OliGreen Hg** 25nM 59
Au-DNA/DNA-FAM Hg** 1.0nM 60
DNA-Ag nanoclusters Hg** 5nM 74
Au-DNA/ DNA-QD Hg®  049nM 86
DNA-QDs Hg®/ Ag" 2/200ppb 87
ssDNA-graphene Ag’ 5nM 65
ssDNA-carbon nanaoparticles ~ Ag’ 500 pM 66
DNA-Cu/Ag nanoclusters cu** 27nM 75
DNA-Ag nanoclusters cu** 8nM 88
DNA-Ag nanoclusters cu** 10nM 89
DNAzyme-Au cu* /P 1/AnM 90
DNAzyme-QDs Pb*/Cu?* 0.2/0.5nM 85
DNA-QDs/graphene Po** 90pM 91

detection ability of QDsand high detection sensitivity
for heavy metdls.

CONCLUDING REMARKSAND OUTLOOK

With combination of the merits from both
nanomateria sand biomaterials, the research on nano-
biosensors now attractsincreasing attention. For the
gpplication of nanotechnology, versatile nanomaterias
can beemployed, including Aw/Ag nanoparticlesand
nanoclusters, quantum dotsand nano-carbon materids
such as carbon nanotubes and graphene, which are
currently of specid interest. For theuseof biomaterials,
because assorted aptamerscan bereadily synthesized
and utilized to recognize and capture target anal ytes,
they have now becomeafavorite candidatefor thebio-
sensor design. For the sensor signd recording, themea:
surement of fluorescence hasbeen widdly adopted due
toitsadvantage of high sengitivity and convenience. In
addition, thewaysfor the fluorescence measurement
can bevaried, such asrecording of intensity change,
color change, FRET signd switching-onand/or off and
etc. Assuch, aptamer-based nano-biosensorsprovide
high sengitivity, diversity, rapidity and convenience, and
show apromising potentia intheapplicationfor rapid
detection of traceheavy metdsintheenvironment. The

> Review

devel opment for the research of nano-biosensorsis
booming. Thisreview articletherefore only givesa
glimpseof thergpid development inthisresearchfield,
and definitely, there are many other good examples
missed in thisarticle. With theemphasison thetreat-
ment of heavy-metal pollution, and with the devel op-
ment in nanoscience, bioscience and optical technol -
ogy, weexpect that moreexciting resultswill comeout
inthenear future,
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