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Biosensors

Semiconductor nanoparticles, or quantum dots (QDs), have unique
photophysical properties, such as size-controlled fluorescence, have
high fluorescence quantum yields, and stability against photo-
bleaching. These properties enable the use of QDs as optical labels for
the multiplexed analysis of immunocomplexes or DNA hybridization
processes. Semiconductor QDs are also used to probe biocatalytic
transformations. The time-dependent replication or telomerization of
nucleic acids, the oxidation of phenol derivatives by tyrosinase, or the
hydrolytic cleavage of peptides by proteases are probed by using
fluorescence resonance energy transfer or photoinduced electron
transfer. The photoexcitation of QD-biomolecule hybrids associated
with electrodes enables the photoelectrochemical transduction of
biorecognition events or biocatalytic transformations. Examples are
the generation of photocurrents by duplex DNA assemblies bridging
CdS NPs to electrodes, and by the formation of photocurrents as a
result of biocatalyzed transformations. Semiconductor nanoparticles
are also used as labels for the electrochemical detection of DNA or
proteins: Semiconductor NPs functionalized with nucleic acids or
proteins bind to biorecognition complexes, and the subsequent disso-
lution of the NPs allows the voltammetric detection of the related ions,
and the tracing of the recognition events.
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nescence properties of QDs originate
from radiative electron-hole recombi-

1. Introduction

Semiconductor nanoparticles (NPs) or quantum dots
(QDs) have unique photophysical properties that offer
significant advantages as optical labels for biosensing. Typical
for semiconductor QDs are high fluorescence quantum yields,
stability against photobleaching,!'! and size-controlled lumi-
nescence properties.> ! The efficient fluorescence and stabil-
ity of QDs improve sensitivity and prolong lifetime in their
use as optical labels. The size-controlled luminescence
functions of QDs illustrate the major advantages of QDs as
optical labels, as particles of the same material with variable
sizes may be used as fluorescent labels for the parallel
multiplexed analysis of different analytes. Furthermore,
unlike molecular fluorophores which have narrow excitation
range, semiconductor QDs have broad absorbance bands.
This property allows the excitation of QDs of various sizes at
a common wavelength manifold while imaging, in parallel, the
fluorescence of the different QDs. Also, effective methods to
synthesize semiconductor QDs and to chemically modify the
surfaces of the QDs by functional capping monolayers or thin
films were developed in recent years.” These functional QDs
allow the secondary tethering of ligands or receptor units to
the surface of the QDs, thus yielding QD-ligand conjugates in
which the NP acts as an optical transducer for recognition of
sensing events occurring at the surfaces of the NPs.*]

Quantum dots are also photoelectrochemically active.[')
Photoexcitation of the semiconductor QDs results in the
transfer of electrons from the valence band to the conduction
band, thus yielding electron-hole pairs. Whereas the lumi-
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nation, trapping of conduction-band electrons in surface traps
yields sufficiently long-lived electron-hole pairs to permit the
ejection of the trapped electrons to electrodes (or a solution-
solubilized electron acceptor A) giving rise to the photo-
electrochemical current. The ejection of the conduction-band
electrons to the electrode, with the concomitant transfer of
electrons from a solution-solubilized electron donor D, yields
an anodic photocurrent (Figure 1 A). In contrast, transfer of
the conduction-band electrons to a solution-solubilized elec-
tron acceptor, followed by the supply of electrons from the

anodic photocurrent cathodic photocurrent

Figure 1. Photocurrents generated by semiconductor NPs associated
with electrodes: A) anodic photocurrent, B) cathodic photocurrent.
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electrode to neutralize the valence-band holes, yields a
cathodic photocurrent (Figure 1B). Numerous studies on
the assembly of semiconductor QDs on surfaces and the
photoelectrochemical functions of the systems have been
examined. For example, monolayers and multilayers of
cadmium sulfide nanoparticles were fabricated on a gold
substrate covered with alkanedithiol self-assembled mono-
layers (SAMs) by alternate immersion of the substrate into
ethanolic solutions of dithiols (1,6-hexanedithiol or 1,10-
decanedithiol), and dispersion of CdS nanoparticles (ca. 3 nm
in diameter), the latter of which were prepared in sodium
bis(2-ethylhexyl)sulfosuccinate (Aerosol OT, AOT)/H,O/
heptane reversed micelles.'!! Photocurrent action spectra of
the electrode were recorded in the presence of triethanol-
amine as an electron donor. In another example, very high
photocurrent quantum yields were achieved when CdS nano-
particles were attached to carbon nanotube (CNT)-modified
gold electrodes.'? The photoelectrochemical functions of
semiconductor QD assemblies on electrode supports were
extensively studied for the development of solar cells that
convert solar light energy into electrical power.!*

QDs, with their unique fluorescence properties and
photoelectrochemical functions, are photoactive materials
for the development of sensor systems. For example, a CdSe/
ZnS dual QD system was used to measure potassium ions in
aqueous solutions.'”! Two quantum dots of different sizes
were employed: a 3.2 nm QD (4., =545 nm) served as the
energy donor, and a 5.6 nm particle (4., =635nm) as the
energy acceptor. A [15]crown-5 ether receptor was bound to
each particle using a lipoic acid linker. The crown ether
showed selectivity for potassium ions and formed a QD
(545 nm):K*:QD (635 nm) sandwich complex upon addition
of the metal ion. Formation of the complex resulted in the
differently sized quantum dots coming close enough together
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to engage in energy transfer. A ratiometric response was
therefore realized upon increasing the levels of potassium
ions, the emissions at 545 nm and 635 nm decrease and
increase, respectively. In a different example, a ratiometric
QD-based pH sensor was synthesized by attaching a pH-
sensitive squaraine dye to the surface of the QDs."® Temper-
ature sensing is an intrinsic property of QDs, and (CdSe)ZnS
QDs in poly(lauryl methacrylate) matrices show linear and
reversible changes in the fluorescence in the temperature
range of 315 to 100 K.

QDs show great promise as photonic labels for bioana-
lytical applications. The similar dimensions of QDs and
biomaterials, such as enzymes, antigens/antibodies, protein
receptors, or nucleic acids, suggest that electronic communi-
cation between the QDs and the specific recognition site or
biocatalytic processes of the biomaterials in the hybrid
nanosystems may exist. These electronic interactions may
lead to the optical or photoelectrochemical transduction of
the biological events. Furthermore, the incorporation of the
biomaterial/QDs hybrid nanostructures into cellular environ-
ments could combine the targeting functions of the biomol-
ecules with the superior photophysical properties of QDs to
explore and control intracellular processes.

Substantial progress has been made in the utilization of
semiconductor QDs as optical labels or photoelectrochemical
and electrochemical transduction elements for the sensing of
biorecognition and biocatalytic processes. Recent review
articles summarize the progress in the application of the
fluorescence properties of QDs in bioanalysis.”**? Herein,
however, the emphasis will lie on the use of the QDs as optical
labels that follow dynamic biochemical transformations, or as
photoelectrochemical transduction means for biorecognition
events or biocatalytic transformations.

2. Water Solubilization and Functionalization of
Quantum Dots with Biomolecules

The superior photophysical features of semiconductor
QDs (high fluorescence quantum yields and stability against
photobleaching) are usually observed in organic solvents, and
their introduction into aqueous media is usually accompanied
with a drastic decrease in the luminescence yields of the QDs.
This effect presumably originates from the reaction of surface
states with water, a process that yields surface traps for the
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conduction-band electrons.’®! As biorecognition events or
biocatalytic transformations require aqueous environments as
the reaction media, it is imperative to preserve the lumines-
cence properties of the QDs in aqueous systems. Methods to
stabilize the fluorescence properties of semiconductor QDs in
aqueous media have been reported, including surface passi-
vation with protective layers, such as proteins,***! and the
coating of the QDs with protecting silicon oxide films®*?” or
polymer films."*! Although these methods successfully
preserve the photophysical properties of the QDs, the
passivation layers prevent the useful application of the QDs
in bioanalysis that involve following dynamic biochemical
processes.

Quantum dots can be employed as optical labels that
probe dynamic biological processes, such as biocatalyzed
reactions or structurally induced biomolecular transforma-
tions, using fluorescence resonance energy transfer (FRET)
or electron-transfer quenching as photophysical probing
mechanisms.®*3! The sensitivity of these photophysical
processes to the distance separating the donor—acceptor or
chromophore—quencher pairs prevents, however, the use of
the passivated fluorescent QDs as optical
probes for dynamic bioprocesses because
of the thick stabilizing capping layers
associated with the nanoparticles. Thus, a
delicate balance between the nanostruc-
ture of the modifying capping layer asso-
ciated with the QDs and its effect on the
photophysical features of the particles
must be maintained. Several methods to
synthesize water -soluble QDs that retain
high fluorescence yields of the particles
have been reported.””*%! These methods
use water-soluble molecular or macromo-
lecular capping agents that associate with
the surface of the QDs by covalent or
ligand—ion interactions to yield monolayer
or thin-film capped particles (Figure 2).
For example, CdSe QDs with a narrow size
distribution that reveal a high fluorescence
quantum yield (25 %) were synthesized by
a single-step procedure in water using
glutathione (GSH) as a stabilizing
agent.*  Similarly, glutathione-capped
CdTe (GSH-CdTe) QDs with tunable
fluorescence (500-650 nm) and quantum
yield as high as 45% were synthesized in
aqueous media and employed for the
staining of fixed cells.”® The single-step
synthesis of thiolated cyclodextrin-modi-
fied CdSe/CdS core-shell QDs resulted in
water-soluble QDs with a quantum yield of
46 % in water.”®

Another method for the preparation of
water-soluble QDs relies on the exchange
of native organic ligands linked to the QD,
such as trioctylphosphine oxide (TOPO)
or octadecylamine (ODA), with thiolated
water-soluble ligands in a water-organic
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two-phase system. The most common thiolated molecules
used to stabilize semiconductor QDs in aqueous media are
thiolated aliphatic carboxylic acids, such as mercaptoacetic
acid (MAA),”>31 mercaptopropionic acid (MPA), or mer-
captoundecanoic acid (MUA). To achieve higher stability,
bidentate surface ligands composed of derivatives of dihy-
drolipoic acid (DHLA) were used for the preparation of
water-soluble CdSe/ZnS QDs.***! The DHLA ligands pro-
vide stable interactions with the QD surfaces owing to the
bidentate chelate effect of the dithiol groups. Also, lipoic acid
units tethered to poly(ethylene glycol) spacers that were
functionalized with linkable functionalities for biomolecules
were used to modify the QDs."**!l These modifiers eliminate
nonspecific adsorption processes and also provide anchoring
sites for the covalent immobilization of the biomolecules.
Other thiol-containing materials, such as peptides with a
polycysteine adhesive domain, were used to synthesize water-
soluble QDs.[*2%1 Recently, QDs were stabilized by exchang-
ing ODA with water-soluble dendrons to yield water-soluble
QDs with quantum yields of 36 %.[* Interestingly, internally
facing carboxylate groups on the dendrons retained a higher

Exchange
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Figure 2. Modification of semiconductor QDs with functional encapsulating layers for water solubiliza-
tion and preservation of luminescence properties and/or secondary covalent modification of the surface
with biomolecules. A) Exchange of the organic encapsulating layer with a water-soluble layer; a)—

d) thiolated or dithiolated functional monolayers, €) glutathione layer, f) cysteine-terminated peptide,

g) thiolated siloxane, h) carboxylic acid-functionalized dendrone. B) Encapsulation of QDs stabilized
with an organic encapsulating layer in functional bilayer films composed of i) a phospholipid
encapsulating layer, and j) a diblock copolymer.
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quantum yield in water compared with an internally facing
thiol group.*” Instead of exchanging the organic capping
layer used in the synthesis of the particles, amphiphilic
polymers can be used that have both a hydrophobic side chain
that interacts with the organic capping layer and a PEG
backbone for water solubility.***l Such QDs retained their
quantum yields (55 %) upon transfer to aqueous media.

Several methods have been used for the attachment of
biomolecules to quantum dots. The most common methods
involve the coupling of primary amines tethered to the
biomolecules to carboxylic acid residues on the encapsulating
layer associated with the nanoparticles. Although this method
is suitable for DNA modified with a single primary amino
group at its end,™ it may lead to crosslinking, and even
aggregation, when used with proteins that contain carboxylic
and amine residues. Proteins engineered to have a positively
charged domain,” or positively-charged proteins, such as
avidin™® or papain,® can be electrostatically attached to the
negative surface of carboxylic acid-modified QDs. Antibodies
that include free exposed thiol groups, after reduction with
DTT, were conjugated to QDs that have free amine function-
alities in their capping layer using heterobifunctional cross-
linkers, such as succinimidyl 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate (SMCC).P! A polyhistidine tag con-
sisting of six histidine residues binds carboxy-functionalized
QDs. By adding a polyhistidine tag to proteins,**? anti-
bodies,* short peptides,®" and DNA, assembly of these
biomolecules on surfaces of QDs was achieved.

The capping layer associated with the QDs not only
preserves the photophysical properties of the nanoparticles,
but often enables the modification of electrodes with QDs.
For example, CdS nanoparticles modified with 2-aminoetha-
nethiol and 2-mercaptoethanesulfonate were covalently cou-
pled to a 3,3-dithiobis(succinimidyl propionate)-modified
gold electrode.’® Tunneling spectroscopy (TS) of a single
particle whose size was determined from a scanning tunneling
microscopy (STM) image successfully allowed the determi-
nation of the band-gap energy of the size-quantized particle.
Similarly, CdS nanoparticles capped with p-aminothiophenol
were electrochemically polymerized into a gold electrode
functionalized with a p-aminothiophenol monolayer.F”! Pho-
tocurrents generated by the electrode in the presence of
triethanolamine are strongly dependent on the redox state of
the dianiline bridging unit. Alternatively, CdSe QDs capped
with mercaptopropionic acid were covalently bound to 11-
amino-1-undecanethiol self-assembled monolayers on gold
electrodes.”® The process was followed by surface plasmon
resonance (SPR), and it was found that binding saturates at
submonolayer coverage. Instead of using covalent binding,
hydrogen bonds have been used to assemble CdS NPs on
electrodes, using barbiturate-based thiolated compounds on
both the NPs and the electrodes.™)

3. Semiconductor Quantum Dots as Optical Labels
for Bioanalysis

Functionalized semiconductor QDs have been used as
fluorescence labels in numerous biorecognition events, [0
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such as immunoassays for protein detection (Figure 3A) or
the analysis of nucleic acids (Figure 3 B). For example, CdSe/
ZnS QDs were functionalized with avidin groups and used as

A) 5£; B)

QD QD

antigen .

antibody

Sensing surface

Figure 3. The fluorescent analysis of: A) an antigen by antibody-
functionalized QDs, and B) DNA by a nucleic acid-functionalized QD.

Sensing surface

fluorescent labels for biotinylated antibodies. Fluoroimmuno-
assays utilizing these antibody-conjugated NPs were success-
fully used in the detection of protein toxins (staphylococcal
enterotoxin B and cholera toxin).**! Similarly, CdSe/ZnS
QDs conjugated to appropriate antibodies were applied for
the multiplexed sandwich fluouroimmunoassay for the simul-
taneous detection of four toxins (cholera toxin (CT), ricin,
shiga-like toxin1 (SLT), and staphylococcal enterotoxin B
(SEB)) by using differently sized QDs (Figure 4A), and
performing the reaction in single wells of a microtiter plate, in
the presence of a mixture of all four QD-antibody conjugates
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Figure 4. A) The parallel optical analysis of antigens in a well array
using the fluorescence of differently sized quantum dots. B) The
fluorescence spectrum observed for the four analytes (concentration:
1 pgmL™) by the differently sized QDs (a), and deconvoluted spectra
of individual toxins: b) CT, c) ricin, d) SLT, and e) SEB. Reprinted in
part with permission from Ref. [67]. Copyright 2004 American Chem-
ical Society.
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(Figure 4B),”! thus leading to the fluorescence that encodes
for the toxins. In another example, multiplexed immunoassay
formats based on antibody-functionalized QDs were used for
the simultaneous detection of Escherichia coli O157:H7 and
Salmonella  typhimurium™! and for the discrimination
between the diphtheria toxin and the tetanus toxin pro-
teins.[l This was achieved by the modification of QDs having
two different emission wavelengths with the respective anti-
bodies.

Conventional DNA fluorescent microarrays are based on
the sandwich hybridization of target DNA between a capture
probe attached to a surface and a fluorophore-modified
signaling probe. Recently, the use of DNA-functionalized
QDs as signaling probes for DNA microarrays was demon-
strated. Fluorescent QDs were used for the detection of
single-nucleotide polymorphism in human oncogene p53 and
for the multiallele detection of the hepatitis B and the
hepatitis C virus in microarray configurations.””! DNA-func-
tionalized CdSe/ZnS QDs of different sizes were used to
probe hepatitis B and C genotypes in the presence of a
background of human genes. The discrimination of a perfectly
matched sequence of the p53 gene in the presence of
background oligonucleotides that included different single-
nucleotide polymorphism sequences was detected with true-
to-false signal ratios higher than 10 (under stringent buffer
conditions) within minutes at room temperature.

QDs were also used for microRNA detection in a
microarray configuration.”!! Streptavidin-conjugated QDs
were used to label miRNA targets biotinylated at their 3’

NN,

—_—
biotin-labeled miRNA

glass surface

B) o o
o o © o o
tﬁNlﬂLﬂDODG
o o - & N b O 6 o
c © ™ M = M © = o W = o
=4
=
"
2
108
=] T
g .
]
£ 104
§ -
Ew- s %
3 [
Y 102 .
10! 10 10° 10

[Modal miRNA]/pM

Angewandte

termini, and hybridized with the corresponding complemen-
tary DNA probes immobilized on glass slides. The resulting
fluorescence from the QDs that labeled the miRNAs was then
used as readout signal (Figure 5A). Analysis of a model
system indicated that the detection limit for analyzing
miRNA was about 0.4 fmol and the detection dynamic
range spanned across two orders of magnitude, from 156 to
20000 pM (Figure 5B). The method was applied to develop an
assay for profiling 11 miRNA targets from rice (Figure 5C).
Additionally, siRNA screening was accomplished by using
QD-conjugated hybridization probes, together with mRNA
amplification and Cy5 labeling. Hybridization between the
Cy5-labeled mRNA sense sequence and the siRNA antisense
sequence conjugated to the QD was followed by FRET
analysis."

DNA/QDs conjugates were used as fluorescence probes
for the fluorescence in situ hybridization (FISH) assays. In
such assays, genomic DNA is denaturated and then allowed to
hybridize with a fluorescent-labeled DNA sequence to
visualize the presence or absence of specific DNA sequences
in the chromosomes. For example, the QD-based FISH
labeling method was used for the detection of the Y
chromosome in human sperm cells.”” Similarly, the QDs-
based FISH method to analyze human metaphase chromo-
somes was reported." The researchers showed that QD-
labeled DNA gave a higher signal-to-noise ratio and was
more photostable than commonly used fluorophores, such as
FITC and Texas Red (Figure 6 A). To show its applicability to
clinically important disease genes, the researchers used the

glass surface

B high

low BT

Figure 5. Analysis of miRNA by means of fluorescent QDs. A) Organization of the streptavidin-labeled QDs on a DNA/miRNA duplex bound to a
glass support. B) Fluorescence intensities detected upon analyzing different concentrations of a target miRNA (upper panel), and derived
calibration curve (lower panel). C) Analysis in an array format of 11 target miRNAs from rice. Reprinted in part from Ref. [71] with permission of

the Oxford University Press.
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Figure 6. A) Comparison of the photostability of the QD-nucleic acid/
chromosome hybrid (a) with the stability of Texas Red (TR) nucleic
acid/chromosome (b), and fluorescein isothiocyanate (FITC)-fuctional-
ized nucleic acid/chromosome (c). B) FISH imaging of a) HER2 gene-
low copy human lymphocytes, and b) HER2 gene-amplified SK-BR-3
breast cancer cells by nucleic acid functionalized QDs complementary
to the HER2 gene. Reprinted in part from Ref. [74] with permission of
the Oxford University Press.

QD-labeled DNA for the detection of the human epidermal
growth factor receptor 2 (HER2) gene (Figure 6 B), which is
an oncogene related to breast cancer. Approximately 25-
30% of breast cancers will have a high copy number of this
gene, and it is associated with increased disease recurrence.
The FISH technique was also used for the multiplex cellular
detection of different mRNA targets,”” and was used to
visualize a pUCI8 plasmid inside Escherichia coli HB101
bacteria.l”®l
Signal enhancement and multiplexed analysis was ach-
ieved by QDs attached to beads, or QDs incorporated in
polymer bead matrices. The attachment of many QDs to a
single bead results in the enhancement of the emitted light
signal, and the use of differently sized QDs, and in particular,
ratios of differently sized QDs, allows multiplexed analysis by
the QD-encoded beads. Gene expression was analyzed by
QDs that were linked to magnetic microbeads (Figure 7).[")
QDs of different sizes were attached at various ratios onto
different magnetic microbeads. The spectrum of the resulting
microparticle provided an optical code for the specific
composition of the particles. The QD-functionalized particles
each included the substitution of the QD coding with a
specific capturing nucleic acid. In the specific example, two
magnetic beads, each with a different QD code, are function-
alized with two different nucleic acids, 1 and 2, on their QD
codes. In the presence of the biotinylated cRNA analytes, 1’
and 2, hybridization to the functionalized microbeads occurs.
The hybridization events are then transduced using a versatile
tracer composed of an IR-emitting QD linked to avidin (3).
The readout of the hybridized cRNAs is then accomplished
on a surface using the IR-emitting QDs as tracer units for the
7608
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Figure 7. Multiplexed analysis of cRNAs using QD-bead composites
as capturing codes and an IR-emitting QD-avidin hybrid as a versatile
optical reporter unit. Adapted in part from Ref. [77]. Copyright 2006
American Chemical Society.

microparticles that underwent hybridization. The subsequent
optical detection of the respective codes enables the identifi-
cation of the nucleic acid that participated in the hybrid-
ization. The method enabled not only the multiplexed
analysis of different cRNAs, but also the quantitative
measurement of gene expression by monitoring the IR-QD
emitted light intensity. QD composite beads were also used
for the detection of DNA hybridization using a dye as a tracer
unit.® Alternatively, sandwich assay formats used antibody-
coated QD-bead composites and a dye-labeled antibody as
reporter element. These latter systems were employed for the
detection of different markers involved in infectious dis-
eases””! and autoantibodies.®

Different sensing schemes have been developed in which
QDs were used as FRET donors. A common method for
FRET-based sensing of an analyte involves the displacement
of a bound quencher.® For example, the association of
maltose to the hybrid composed of the maltose-binding
protein was examined by the application of a CdSe/ZnS QD
linked to the maltose binding protein (MBP).*) These
particles were interacted with a f-cyclodextrin—-QSY-9 dye
conjugate, resulting in the quenching of the QDs lumines-
cence (Figure 8 A). Displacement of the dye-labeled sugar
from the protein upon addition of maltose resulted in the
regeneration of the luminescence of the QDs (Figure 8B).
This method enabled the development of a competitive QD-
based sensor for maltose in solution.

A competitive QD-based assay for the detection of the
explosive trinitrotoluene (TNT) has also been developed.®*”
CdSe/ZnS QDs were functionalized with a single-chain
antibody fragment that selectively binds TNT. The analogous
substrate trinitrobenzene (TNB) was covalently linked to the
quencher dye BHQ10 (4) and was bound to the QD/antibody
conjugate; the associated substrate quenched the fluores-
cence of the QDs (Figure 9 A). In the presence of the TNT
analyte, the quencher TNB-BHQ10 conjugate was compet-
itively displaced. This eliminated the FRET process between
the QD and the dye, and switched on the fluorescence of the

Angew. Chem. Int. Ed. 2008, 47, 7602 —7625
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Figure 8. A) CdSe/ZnS QDs for the competitive assay of maltose
using the maltose binding protein (MBP) as sensing material and f3-
cyclodextrin—QSY-9 dye conjugate 3-CD-QSY-9 as FRET quencher.

B) The fluorescence changes of the MBP-functionalized QDs with
increasing concentrations of maltose. Reprinted by permission from
Macmillan Publishers Ltd, Nature Materials, Ref. [39].

QDs (Figure 9B). Competitive QD-based assays were also
used for the detection of glycoproteins.’®

Another method for FRET-based biosensing involves the
structural changes of proteins upon interaction with their
substrates. This method was used for the assembly of a
reagent-free QD-based sensor for maltose.[®! CdSe/ZnS QDs
were functionalized with the maltose binding protein mutant,
MBP41C, which includes a cysteine at a peristeric site that
does not take part in the maltose binding properties. This
residue was specifically labeled with a fluorescent dye, Cy3,
which acts as a FRET acceptor from the QD. Upon binding
maltose, MBP undergoes conformational changes that alter
the environment surrounding the dye, thus changing its
fluorescence in a concentration-dependent manner
(Figure 10). These conformational changes result in both
the enhanced FRET from the QDs to the dye, and the
enhancement of the nonradiative decay of the dye.

The hydrolytic functions of a series of proteolytic enzymes
were analyzed by the application of QD-modified dye-labeled
peptides that acted as reporter units for the biocatalytic
transformations, and used the FRET process as a readout
mechanism.P*%% CdSe QDs were modified with different
peptides that included peptide sequences with specific
cleavage sites for different proteases, and quencher units
were tethered to the termini of the peptides. The fluorescence
of the QDs was quenched in the presence of the quencher-
peptide capping layer. The sequence-selective hydrolytic
cleavage of the peptides by the respective protease resulted
in the removal of the quencher units, and this restored the
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Figure 9. A) Competitive analysis of TNT by the anti-TNT antibody associ-

ated with CdSe/ZnS QDs and using BHQ-10 as quencher. B) Derived
calibration curve for the analysis of TNT. Reprinted with permission from
Ref. [82]. Copyright 2005 American Chemical Society.
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Figure 10. Control of the FRET process between CdSe and Cy3-func-
tionalized maltose binding protein (MBP) upon association of maltose
and induction of a conformational change in MBP. (From Ref. [84]).

fluorescence of the QDs. For example,®™ collagenase was
used to cleave the rhodamine Red-X dye-labeled peptide 5
linked to CdSe/ZnS QDs (Figure 11 A). Whereas the tethered
dye quenched the fluorescence of the QD, the hydrolytic
scission of the dye and its corresponding removal restored the
fluorescence of the QDs (Figure 11 B).

The hybridization of complementary nucleic acids and
dynamic biocatalytic transformations on DNA were reported
using QDs and FRET processes. CdSe/ZnS QDs conjugated
to nucleic acids have been used to follow the biocatalyzed
replication of DNA.® CdSe/ZnS NPs were functionalized
with the DNA primer 6, which is complementary to a specific
domain of M13 mp18 DNA (7). Hybridization of the single-
strand DNA 7 with the nucleic acid-functionalized QDs 6 was
followed by the replication of the resulting duplex in the
presence of polymerase and the dNTPs nucleotide mixture
that included Texas Red-functionalized dUTP (8). This
process resulted in the incorporation of the dye labels into
the DNA replica (Figure 12A). The Texas Red dye was
selected to act as energy acceptor, as its absorption spectrum
overlaps the emission spectrum of the QDs. The FRET
process from the semiconductor NPs to the incorporated dye
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Figure 11. A) CdSe/ZnS QDs for the optical analysis of the protease-
mediated hydrolysis of the rhodamine red-X-functionalized peptide 5.
B) The decrease in the fluorescence of the dye and the corresponding
increase in the fluorescence of the QDs upon interaction with different
concentrations of collagenase. Reprinted with permission from

Ref. [85]. Copyright 2006 American Chemical Society.
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Figure 12. A) The optical detection of M13 phage DNA 7 by nucleic
acid functionalized CdSe/ZnS QDs. The replication of the analyte in
the presence of the dNTPs mixture with Texas-Red-labeled dUTP 8
results in the incorporation of the dye into the replica and stimulates a
FRET process. B) Time-dependent fluorescence changes upon incorpo-
ration of the dye 8 into the DNA replica and the analysis of the M13
phage DNA after a) 0, b) 10, c) 30, and d) 60 min. Reprinted with
permission from Ref. [88]. Copyright 2003 American Chemical Society.

units resulted in emission from the dye, with the concomitant
quenching of the fluorescence of the QDs (Figure 12B). This
process not only enabled the primary hybridization of the
analyte DNA 7 with the nucleic acid probe 6 to be detected
and amplified, but also allowed the dynamics of the time-
dependent replication process to be followed.
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A similar approach was used to follow telomerase activity,
as telomerase is considered as an important cancer marker.
The telomeres are sequences composed of G-rich constant
repeat units that protect the genetic information in the
chromosomes. During the cell life cycle, the telomeres are
shortened, and at a certain chain length an intracellular signal
that terminates cell proliferation is activated.® ! In certain
cells the telomerase, a ribonucleoprotein, is accumulated,
which results in the elongation of the telomere chains parallel
to their natural shortening; as a result, immortal cells are
formed. In over 95% of various cancer cells, elevated
amounts of telomerase have been observed, and the enzyme
is considered as a versatile marker for malignant or cancerous
cells.”"*?I To analyze telomerase activity, CdSe/ZnS QDs were
modified with the nucleic acid primer 9 that is recognized by
telomerase (Figure 13 A). In the presence of telomerase, and

A) FRET ‘Jr/
hv;
9 o "
Telomerase,
——- D
oI :
5
CdSefZnS  telomerization "
ﬁr;,':
B) C)

Fluorescence

Figure 13. A) The optical analysis of telomerase activity by the incorpo-
ration of the Texas-Red—dUTP (8) into the telomeres associated with
CdSe/ZnS QDs. B) Time-dependent fluorescence changes upon telo-
merization of 9-functionalized QDs in the presence of telomerase
extracted from 10000 Hela cells, dNTPs (0.5 mm), and Texas-Red
dUTP (100 pm) at time intervals of a) 0, b) 10, ¢) 30, and d) 60 min.
(C) AFM image of the telomeres generated on the QDs. Reprinted
with permission from Ref. [88]. Copyright 2003 American Chemical
Society.

the nucleotide mixture dNTPs, which included Texas Red-
functionalized dUTP 8, the telomerization of the nucleic acid
associated with the QDs proceeded, and the Texas-Red-
labeled nucleotide was incorporated into the telomeres
(Figure 13 A). The FRET process from the QDs to the dye
units enabled the dynamics of the telomerization process to
be followed (Figure 13B).*™ Formation of telomeres on the
QDs was also imaged at the molecular level using atomic
force microscopy (AFM), and telomere chains as long as
300 nm were observed with the QDs, implying that about 1000
nucleotides were incorporated into the telomeric strand
(Figure 13C).

The FRET quenching of CdSe/ZnS QDs was used to
follow hybridization of DNA in QDs/molecular beacon (MB)
conjugates.”>*! MBs consisting of a QD and a quencher
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molecule Q tethered to opposite termini of a single-strand
DNA oligonucleotide hairpin structure were used. In the
absence of a target DNA, the oligonucleotides existed in a
hairpin structure in which the QDs and the quencher were in
close proximity. In this configuration, FRET quenching of the
QDs occurred, and no fluorescence from the QDs was
observed. The hybridization of the target DNA with the
single-strand loop of the oligonucleotide hairpin opened the
stem duplex region, and the QD and quencher units adapted
an extended configuration. The increased spatial separation
of the QD from the quencher restored the fluorescence of the
QD (Figure 14 A).

For example, CdSe/ZnS QDs were linked to the 5" end of a
hairpin nucleic acid that included at its 3’ end the quencher
molecule 4-(4'-dimethylaminophenylazo)benzoic acid
(Dabcyl), and were used to detect single base mismatches
with long-term optical stability.””! Similarly, three differently
sized CdSe/ZnS QDs were conjugated to different hairpin
DNAs which were linked at their other end to the black-hole
quencher-2 (BHQ?2) units, and then were used in the multi-
plexed detection of DNAs.” These molecular beacons
showed high target discrimination upon hybridization with
the complementary target DNA, single-base-mismatched
target DNA (SMT), and nonspecific DNA (NST) (Fig-
ure 14B). A 90% fluorescence intensity increase was
observed in the presence of complementary target DNA
relative to the system that included a nonspecific target DNA.

A) Q
Moleular
Beacon INSNS
T Fluorescence

Target DNA A\{/
QD
hy Nr hv @
FRET ;f/

Normalized Fluorescence

520 540 560 580

Wavelength / nm

480 500
Figure 14. A) Optical detection of DNA by a hairpin nucleic acid
functionalized with QDs and quencher units Q. B) Fluorescence
intensities: & without target DNA, m with target DNA: 5-AAACC-
CAAACCCAAA-3', A single-base mismatched target DNA (SMT): 5'-
AAACCCGAACCCAAA-3', x non-complementary target DNA (NST): 5'-
AGGTATGCTCACCTT-3'. Reprinted in part with permission from IOP
Publisher Ltd. from Ref. [94]
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The FRET process occurring within a duplex DNA
structure consisting of tethered CdSe/ZnS QDs and a dye
was applied to probe DNA hybridization and the DNase I
cleavage of the DNA.® CdSe/ZnS QDs functionalized with
the nucleic acid 10 were hybridized with the complementary
nucleic acid 11 functionalized with Texas Red (Figure 15 A).
The time-dependent resonance energy transfer from the QDs
to the dye units was used to monitor the hybridization process.
After cleavage of the double-strand DNA with DNase I, the
intensity of the FRET band of the dye decreased, and the
fluorescence of CdSe/ZnS QDs increased (Figure 15B). The
luminescence properties of QDs only partially recovered,
owing to the nonspecific adsorption of the dye onto QDs.

Aptamers are nucleic acid sequences that specifically bind
proteins or low-molecular-weight substrates. The aptamers
are selected from a combinatorial library of 10°-10'® DNAs
using systematic evolution of ligands by exponential enrich-
ment (SELEX). The recognition properties of aptamers were
used extensively to develop electrochemical® ! and opti-
cal® 1% sensor systems. QDs were also used to probe the
formation of aptamer—protein complexes.'’!l An anti-throm-
bin aptamer was coupled to QDs, and the nucleic acid
sequence was hybridized with a complementary oligonucle-
otide—quencher conjugate (Figure 16). The fluorescence of
the QDs was quenched within the QD-aptamer/quencher-
oligonucleotide duplex structure. In the presence of thrombin,
the duplex was separated, and the aptamer underwent a
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Figure 15. A) Assembly of CdSe/ZnS and Texas-Red-tethered duplex
DNA. B) The fluorescence spectra of a) the 10-functionalized CdSe/
ZnS QDs, and b) the DNA duplex 10/11 tethered to the QDs and the
Texas-Red chromophore. c) After treatment with DNase |. Reprinted
with permission from Ref. [96]. Copyright 2005 American Chemical
Society.
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Figure 16. The analysis of thrombin by protein-induced separation of
the anti-thrombin aptamer blocked by a quencher-functionalized
nucleic acid that restores the fluorescence of the QDs. (Adapted in
part from Ref. [101]).

conformational change to the quadruplex structure that binds
thrombin. Displacement of the quencher units from the
blocked aptamer activated the luminescence functions of the
QDs and an approximate 19-fold increase in their fluores-
cence intensity was observed. In a related study, thrombin was
detected by the anti-thrombin aptamer conjugated to PbS
QDs.['" Upon binding of thrombin to aptamer-functionalized
QDs, selective fluorescence quenching was observed as a
result of a charge-transfer process from thrombin to QDs.
This method enabled thrombin to be detected at concen-
trations down to 1x10~°M, and it showed high selectivity in
the presence of high background concentrations of interfering
proteins.

In addition to proteins, QD-based aptamer sensors can be
used for the detection of low-molecular-weight molecules.'*!
An aptamer to adenosine monophosphate (AMP; 12) was
hybridized near the 3’ end with a short nucleic acid sequence
13 which was linked to a QD, and hybridized on the 5’ end to a
short nucleic acid sequence 14 attached to a gold nano-
particle, thus creating aggregates in which the fluorescence of
the QD was quenched by the gold NPs (Figure 17 A). In the
presence of adenosine, the aptamer underwent a conforma-
tional change, releasing the freely diffusing QDs and gold
NPs. As the distance between the QDs and the gold NPs
increased, the QDs regenerated their fluorescence. As the
separation of the aggregate was controlled by the concen-
tration of adenosine, the resulting fluorescence provides a
quantitative signal for the analyte (Figure 17B). A similar
system was applied for the analysis of cocaine.!'"”

Owing to their bright and stable fluorescence, quantum
dots can be imaged at the single-particle level,"™'® which has
led to the development of an extensive research area related
to biosensing at the single nanoparticle level.' One
approach for single-particle detection involves the co-local-
ization method (Figure 18). In this approach, two differently
colored QDs modified with recognition sites for the analyte
are passed, at high dilution, through the detector. Whereas in
the absence of the analyte only the fluorescence of individual
QDs is occasionally briefly observed, in the presence of the
analyte, aggregation of the QDs occurs, and upon passage of
the aggregate, the fluorescence of the two QDs are simulta-
neously activated. This method was, for example, applied for
the detection of the small protein tumor necrosis factor a
(TNF-0) by its antibodies."® Two CdSe QDs of different
sizes were modified with the anti-TNF-a antibody. Co-
localization of the QDs occurred in the presence of the
TNF-a analyte, and upon passage of a low volume through a
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Figure 17. A) Analysis of adenosine monophosphate (AMP) by fluores-
cence quenching of functionalized QDs by gold nanoparticles. The
anti-adenosine monophosphate aptamer 12 bridges the CdSe QD
functionalized with nucleic acid 13 and the nucleic acid 14-modified
with gold NPs to form the respective aggregate. Upon analysis of
AMP, the aggregate is separated, and the fluorescence of the QDs is
switched on. B) Fluorescence intensity changes with respect to the
concentration of AMP. Inset: enlargement of the calibration curve in
the region 0.0-0.4 mm of AMP. Reprinted in part with permission from
Ref. [103]. Copyright 2007 American Chemical Society.

confocal microscope detector, the fluorescence of the two
QDs was initiated. A related co-localization method involved
the spreading of the analyte co-localized QDs on surfaces and
the imaging of the two fluorescence signals from the co-
localized QDs. QD-based co-localization was also used for
the detection of DNA!1%! and whole bacteria.l!

Another single-particle fluorescence-based method for
biosensing combines FRET and the co-localization of fluo-
rophores as the means of detection. In the presence of an
analyte, a dye-labeled recognition complex is assembled on
fluorescent QDs, which are then subjected, under flow, to two
detector channels to simultaneously analyze the fluorescence
of the QD and the FRET emission of the dye. The two
emissions are observed simultaneously only if co-localization
has occurred. This type of single-particle FRET (sp-FRET)
sensors was applied to DNA 11 and RNA/protein inter-
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Figure 18. Analysis of TNF-a by the co-localization of two antibody-
functionalized QDs of different sizes. Reprinted in part with permis-
sion from Ref. [108]. Copyright 2006 American Chemical Society.

actions."'”l For example, a target DNA 17 was sandwiched
between a dye-modified reporter probe 15 and a biotinylated
capture probe 16, and assembled on streptavidin-conjugated
QDs (Figure 19 A).l%! Fluorescent bursts are only detected
by both the donor and acceptor detection channels when the
target is present (Figure 19 B). This QD-based assembly had a
detection limit of about 5 fm, which is almost two orders of
magnitude below the sensitivity of molecular beacons under
the same conditions. Interestingly, whereas the distance
separating the donor-acceptor pair dominates FRET pro-
cesses, it was found that FRET occurred in DNA duplexes
even at relatively long distances under flow conditions. It was
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Figure 19. A) The analysis of a target DNA 17 at the single-particle
level by the co-localization of a hybrid consisting of the target DNA
hybridized with the probe (15) modified with Cy5, and the capture of
nucleic acid 16-functionalized QDs. B) Fluorescence response of the
CdSe/Cy5 hybrid system in the presence of the analyte 17
(4.8x107'°m) upon excitation of the QDs at 1 =488 nm: a) fluores-
cence of the QDs at 4.,,=610 nm, b) fluorescence of Cy5 at

Aem=1690 nm. C) Fluorescence response of the CdSe/Cy5 hybrid
system in the absence of the analyte 17 upon excitation of the QDs at
A =488 nm: a) fluorescence of the QDs at 4,,,=610 nm, b) fluores-
cence of Cy5 at 4., =690 nm. Reprinted by permission from Macmillan
Publishers Ltd, Nature Materials, Ref. [109], copyright 2005.
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suggested that the double-strand DNA bends result in shorter
distances between the termini-tethered donor—acceptor units,
a process that enables effective FRET."!

Whereas the initial FRET-based biosensing schemes
applied the QDs as energy donors, several recent studies
have used the QDs as energy acceptors. Conventional organic
dye molecules that emit at a shorter wavelength than the
adjacent quantum dot do not give rise to any significant
FRET process owing to the long exciton lifetime of the QD
acceptor compared to that of the dye, combined with
substantial direct excitation of the QD at the dye excitation
wavelength.!"¥ This difficulty may be resolved, however, by
using lanthanide complexes that exhibit long-lived lumines-
cence lifetimes. Indeed, in a model biotin—avidin biosensing
system, in which compounds were labeled with terbium (18)
or europium complexes as donors and QDs as the acceptors,
FRET was found to occur (Figure 20).""*!" The suitablility of

Figure 20. FRET in a hybrid assembly consisting of terbium-labeled
avidin and biotinylated CdSe/ZnS QDs. Reprinted in part with permis-
sion from Ref. [115]. Copyright 2006 American Chemical Society.

lanthanide—QD pairs for sensing of biomolecules still needs to
be demonstrated, as the high background fluorescence from
direct excitation of the QDs is anticipated to be a fundamen-
tal limitation in these systems.

Using bioluminescence as the source of the resonance
energy transfer (BRET) to the QDs solves the problems
associated with an external illumination source, thus creating
self-illuminating quantum dots.''*! This effect was demon-
strated with Luc8, a variant of R. reniformis luciferase,
coupled to carboxylic acid capped CdSe/ZnS quantum dots.
Upon addition of coelenterazine (19), which is a luminescent
substrate of the luciferase enzyme, emission peaks at both
480 nm (coelenterazine emission) and 655 nm (QD emission)
appeared (Figure 21). This method was also applied to the
sensitive detection of proteases.!'”! Using genetic engineer-
ing, the short peptide 20 having 15 amino acids, including the
sequence-specific substrate to the MMP-2 protease and a six-
histidine tag, was fused to the C terminus of the Luc8 protein.
The coordination of nickel(II) ions to the histidine tag
resulted in the association of the engineered protein to the
QDs, and BRET was observed upon the addition of coelen-
terazine to the system. Treatment of the engineered protein
with MMP-2 resulted in the proteolytic scission of the
peptide, which prevented the association of the Luc8
enzyme with the QDs and eliminated the BRET signal
(Figure 22).
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Figure 21. A) Energy transfer within a Luc8-fucntionalized CdSe QD
system upon the addition of coelenterazine(19) and O,. Luc8 stim-
ulates the generation of chemiluminescence at 1 =480 nm, and the
emitted light excites the QDs and results in the emission at 655 nm.
B) Emission spectrum from the Luc8-fucntionalized QDs upon reac-
tion with coelenterazine, (19) /O,. Reprinted by permission from Mac-
millan Publishers Ltd, Nature Biotechnology, Ref. [116], copyright
2006.

Although all of the previous systems included the FRET
process as the photophysical mechanism to probe biorecog-
nition events and biocatalytic transformations, electron trans-
fer quenching may be used as an alternative route to follow
these processes. The activity of different enzymes was probed
by electron-transfer quenching of semiconductor QDs.

In analogy to the analysis of the conformational changes
of the maltose binding protein (MBP) upon association of
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maltose by the FRET process (see Figure 10), the electron-
transfer quenching of CdSe QDs was used to follow the
binding of maltose to MBP.""®¥l MBP-coated CdSe QDs were
functionalized with a ruthenium complex attached to the
protein, and electron-transfer quenching of the metal com-
plex upon addition of maltose was used to sense the
monosaccharide (Figure 23). Similarly, solvation changes

CdSe”

e Maltose (CdSe”
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(NH,),R{" ?gﬂ
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=

&

Figure 23. Controlling the degree of photoinduced electron-transfer
between CdSe and MBP functionalized with [Ru"(phen) (NH;),] upon
association of maltose, and the structural alteration of the electron
transfer distances. phen = phenanthroline. Reprinted with permission
from Ref. [118]. Copyright 2005 American Chemical Society.

upon association of the substrate to the protein binding site
could be probed by electron-transfer quenching of a ruth-
enium(II) complex linked close to the binding site on QDs
functionalized with the binding protein. CdSe QDs were
functionalized with the intestinal fatty acid binding protein
that was further modified with the ruthenium(IT) complex.
The fluorescence changes as a result of solvation differences
upon binding of fatty acids to the protein were then used to
probe the analytes.'"’!

In a further example, the activity of tyrosinase was
analyzed by CdSe/ZnS QDs."™ The QDs were capped with
a monolayer of methyl ester tyrosine 21. The tyrosinase-
induced oxidation of the tyrosine units to
the respective dopaquinone units gener-
ated active quencher units that suppressed
the fluorescence of the QDs (Figure 24 A).
Depletion of QD fluorescence upon inter-
action with different concentrations of
tyrosinase was used to follow the tyrosinase
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Figure 22. A) The detection of the activity of a matrix metalloproteinase (MMP) by the
cleavage of the His-labeled peptide 20 tethered to Luc8 using bioluminescence resonance
energy transfer to the CdSe QDs. In the absence of MMP-2, the peptide stays intact, and the
bioluminescence induced by Luc8 in the presence of 19/0, is detected together with the
bioluminescence-induced emission of light from the QDs. In the presence of MMP-2,
peptide 20 is cleaved, resulting in bioluminescence by Luc8 and 19/0, only. (From

Ref. [117]).
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optical detection of this biocatalytic bio-
marker by the QDs might be a useful
diagnostic system.

The tyrosinase-stimulated oxidation of
phenol residues was also employed to
monitor the activity of thrombin with
QDs!"™ The CdSe/ZnS QDs were func-
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Figure 24. A) Analysis of tyrosinase activity by the biocatalytic oxida-
tion of the methyl ester tyrosine-functionalized CdSe/ZnS QDs to the
dopaquinone derivative that results in the electron transfer quenching
of the QDs. B) Time-dependent fluorescence quenching of the QDs
upon the tyrosinase-induced oxidation of the tyrosine-functionalized
QDs: a) 0, b) 0.5, c) 2, d) 5 and e) 10 min. Reprinted in part with
permission from Ref. [120]. Copyright 2006 American Chemical Soci-
ety.

tionalized with peptide 22 that includes specific sequences for
cleavage by thrombin and the tyrosine site. The tyrosinase-
induced oxidation of tyrosine units yielded dopaquinone units
that quenched the fluorescence of the QDs (Figure 25 A). The
hydrolytic cleavage of the peptide by thrombin removed the
quinone quencher units and restored the fluorescence of the
QDs (Figure 25B).

A further bioanalytical application involves the chemical
control of the luminescence features of QDs by biocatalytic
processes."!! Hydrogen peroxide quenches the luminescence
of CdSe/ZnS QDs, presumably by the formation of surface
oxide traps of the conduction band electrons. This approach
enables the quantitative analysis of H,O, by QDs. These
H,0,-sensitive QDs were then applied to develop optical
biosensors for different H,O,-generating oxidases. For exam-
ple, fluorescein-labeled avidin-functionalized CdSe/ZnS QDs
were used for the optical analysis of glucose (Figure 26 A).
Biotinylated glucose oxidase was linked to the particles, and
the H,0O, product, formed upon the biocatalyzed oxidation of
glucose by O, acted as the surface modifier of the QDs,
resulting in the quenching of the luminescence. The fluo-
rescein dye tethered to the avidin is a H,O,-insensitive
fluorophore and acts as reference to probe the fluorescence
changes of the QDs by H,O,. The luminescence quenching of
the QDs was enhanced as the concentration of glucose was
elevated, and the system enabled the quantitative ratiometric
analysis of glucose (Figure 26B). A similar approach was
applied to follow the H,0O, generated by the acetylcholine
esterase/choline oxidase cascade, and it also enabled the assay
of acetylcholine esterase inhibitors by the luminescence
function of the system.
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Figure 25. A) Sequential analysis of tyrosinase activity and thrombin
activity by the tyrosinase-induced oxidation of the tyrosine-containing
peptide 22 associated with the CdSe/ZnS QDs that results in electron-
transfer quenching of the QDs, followed by the thrombin-induced
cleavage of the dopaquinone-modified peptide to restore the QDs
fluorescence. B) Fluorescence of QDs modified with 22 (a), after
reaction of the QDs with tyrosinase for 10 min (b), and thereafter
treatment of the dopaquinone-functionalized QDs with thrombin for

6 min (c). Reprinted in part with permission from Ref. [120]. Copyright
2006 American Chemical Society.

4. Chemiluminescence of Semiconductor Quantum
Dots for Bioanalysis

Chemiluminescence!'?*124 and biochemilumines-
cencel 1?7 are common transduction signals in bioassays.
In addition to photoluminescence, cathodoluminescence,*!
chemiluminescence (CL),"* and electrochemiluminescence
(ECL)"1%] have been observed with semiconductor quan-
tum dots. The fact that electrochemiluminescence of QDs
involves electron transfer between electrochemically gener-
ated nanocrystal species and coreactants suggests that QDs
could act as ECL sensors. The major advantage of ECL
analysis is the absence of any background signal that may
arise from the photoexcitation of nonspecific adsorbates.
Hydrogen peroxide is a biologically important coreactant to
which ECL of QDs is sensitive. For example, a CdSe
nanoparticle film on a paraffin-impregnated graphite elec-
trode generated ECL upon the application of a potential
(-=12V vs. Ag/AgCl) in the presence of H,0,."* The
resulting chemiluminescence was related to the concentration
of H,0, in the solution (Figure 27). The detection limit was
below 1 pm, with high reproducibility (relative standard
deviation of 1.18% at 10 um H,0,).
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Figure 26. A) Ratiometric analysis of glucose by biotinylated GOx
associated with the fluorophore-labeled avidin—-CdSe/ZnS QD conju-
gates. B) Top: Time-dependent ratiometric fluorescence analysis of
glucose (5 mm) by GOx-modified QDs after 0, 2, 5, 10, 15, and

20 min. Bottom: Quenched fluorescence of the GOx-functionalized
CdSe/ZnS QDs upon analyzing different concentrations of glucose for
a fixed time interval of 10 min. (From Ref. [121]).
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Figure 27. Potential-induced electrochemiluminescence by CdSe QDs
upon addition of various concentrations of H,0,: a) 0, b) 0.5, ¢) 1,

d) 3, and e) 10 uM. Inset: calibration curve. Reprinted with permission
from Ref. [131]. Copyright 2004 American Chemical Society.

The proposed mechanism for the electrochemical gener-
ation of chemiluminescence in the presence of QDs and H,0O,
is outlined in Equations (1) to (5). The electrochemical
reduction of QDs yields the radical-anion charged species
that react with H,O, to form the hydroxyl radical as the
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oxidizing agent. The concomitant oxidation of the QDs by
hydroxyl radicals was suggested to yield the radical cation QD
species. Subsequent recombination of the radical anion and
the radical cation yields excited QDs that emit light as a result
of the sequence of dark reactions.

CdSe QDs + e~ — R~ R = [CdSe QD] 1)
R +H,0, — R+ OH + OH" )
R+ OH — OH +R'* 3)
R +R*" — R+ R* 4)
R* — CdSe QD + hv 5)

It is important to separate two types of ECL in quantum
dots. Band-gap chemiluminescence!"**'* has a luminescence
spectrum that matches the photoluminescence spectrum, and
therefore is size-dependent and tuneable. Frequently, how-
ever, the chemiluminescence originates from surface states.
Under these conditions, the ECL spectrum will be red-shifted
and not size-dependent. Although this effect may limit
applications for multiplexing, for general sensing schemes,
such as H,O, sensing, ECL from surface states is as efficient
and sensitive as band-gap ECL.'*? Based on the electro-
luminescence mechanism above, ECL sensors for biologically
important scavengers of hydroxyl radicals, such as GSH, were
developed.'* By quenching the hydroxyl radicals, less hole-
injected QDs are created according to Equation (3), and
therefore less excited QDs are produced. In addition to
hydrogen peroxide, dissolved oxygen can also be an ECL
coreactant by the following pathway [Eq. (6)]:

0, + 2R~ +2H* - 2R* + 2H,0, (6)

Dissolved oxygen is a more efficient coreactant for ECL
production than H,O, at the same concentration,!* which
may explain why, in the presence of glucose oxidase and its
substrate glucose, the ECL was quenched and not enhanced.

All of the ECL systems discussed above were based on
cathodic ECL that occurs at very negative potentials. How-
ever, anodic ECL was shown to be useful for the detection of
catechols, such as dopamine and adrenaline."* The oxidized
catechols produced on the electrode probably quenched
energy transfer rather than electron transfer, as the addition
of B-mercaptoethanol to the solution, a known quencher of
dopamine oxidation, caused the ECL signal to recover almost
completely. Detection limits for dopamine were less than
1 puMm.

Finally, chemiluminescence of a CdS NPs solution in the
presence of H,O, as a coreactant was shown to be sensitive to
a wide variety of biological molecules and metal ions.'*"!

5. Semiconductor Nanoparticles for Photoelectro-
chemical Bioanalysis

Photoexcitation of semiconductor QDs not only leads to
luminescence properties, but the photogenerated electron—
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hole species may also electrically communicate with electrode
surfaces. The photoexcited QDs confined to electrode
surfaces might directly communicate with the electrode
surface by injection of the conduction-band electrons into
the electrode, or by the sequential ejection of the conduction-
band electrons to an electron acceptor solubilized in the
electrolyte solution and the transfer of electrons to the
valence-band holes (Figure 1). These two routes lead to the
generation of an anodic photocurrent or cathodic photo-
current, respectively. Various QD-DNA hybrid systems!*’%)
or QD-protein conjugates!** !l were assembled on electro-
des, and the control of the photoelectrochemical properties of
the QDs by the biomolecules has been demonstrated.

A layer-by-layer deposition of nucleic acid-functionalized
CdS QDs on electrodes was followed by the photoelectro-
chemical transduction of the assembly process.*”! The system
demonstrated the amplified analysis of a DNA by photo-
current transduction. Semiconductor CdS NPs with diameters
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of (2.6 + 0.4) nm were functionalized with one of the thiolated
nucleic acids 23 or 24, which are complementary to the 5’ and
3’ ends of target DNA molecule 25 (Figure 28). An array of
CdS NP layers was then constructed on a gold electrode by a
layer-by-layer hybridization process using the target DNA as
crosslinker of CdS QDs functionalized with nucleic acids
(Figure 28 A). Illumination of the array in the presence of the
sacrificial electron donor triethanolamine (TEOA) resulted
in the generation of a photocurrent, which increased with the
number of layers of CdS NPs generated on the electrode
(Figure 28 B). The photocurrent action spectra followed the
absorbance features of the CdS NPs, implying that the
photocurrents originated from the photoexcitation of the
CdS nanoparticles. The ejection of the conduction-band
electrons into the electrode occurred from the QDs that
were in intimate contact with the electrode support. This
hypothesis was supported by the fact that [Ru(NH;)s]*" units
(E’=—-0.16 V vs. SCE), which were electrostatically bound to
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Figure 28. A) Layer-by-layer deposition of CdS NPs functionalized with 23 and 24 and crosslinked with 25. The association of [Ru(NH;)¢*" to the
DNA array facilitates charge transport and enhances the resulting photocurrent. B) Photocurrent action spectra generated by different numbers of

CdS NP layers: a) no CdS NPs, b)—e) one to four layers. Photocurrents were recorded in the presence of triethanolamine (2x1072m).

C) Effect of

[Ru(NH;)¢** (5x107°M) on the intensities of the photocurrents of layered CdS NP assemblies: a), b) two layers of CdS NP in the absence and

presence of [Ru(NH;)¢*"
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, respectively, c),d) four layers of CdS NP in the absence and presence of [Ru(NH;)¢*"
recorded in the presence of triethanolamine (2x1072M). (From Ref. [137]).
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the DNA, enhanced the photocurrent from the DNA-CdS
array. The [Ru(NH;)¢]*" units acted as charge-transfer
mediators that facilitated the hopping of conduction-band
electrons from CdS particles, which lacked contact with the
electrode owing to their separation by the DNA tethers
(Figure 28 C). The electrical contact of the photoexcited QDs
with the electrode surface through the DNA bridging units is
of fundamental interest.

Charge transport through DNA is a subject of scientific
controversy, and whereas several studies claimed that DNA
acts as a conducting matrix,'"*? most results suggest that
nucleic acids with a random distribution of bases behave as
insulators."*¥ The low photocurrents observed with semi-
conductor QDs separated by duplex nucleic acids from the
electrode might support the insulating features of DNA, and
suggest that the photocurrents originate from QD-nucleic
acid hybrid structures in which the particles are in close
contact with the electrode. The ability to intercalate redox-
active components into duplex DNA may, however, provide a
means to electrically contact the photoexcited semiconductor
QDs with the electrode by charge transport through the
intercalated units. Indeed, redox-active intercalators incorpo-
rated into double-strand DNAs that bridge semiconductor
QDs to electrodes not only show enhanced photocurrent
generation, but they enabled the potential-biased control of
the photocurrent direction generated by the QDs.'* The
dithiolated single-strand DNA 26 was immobilized on gold
surfaces and hybridized with the complementary dithiolated
ssDNA 27, which bridged the CdS nanoparticles to the
surface (Figure 29 A). The intercalation of doxorubicin (28)
into the duplex DNA provided charge transfer relay units that
enhanced the resulting photocurrent. A four-fold increase in
the photocurrent intensity was observed relative to the system
that lacked the intercalator units (Figure 29 B).

Self-assembly of CdS NPs on an electrode surface and
photocurrent generation were employed as a readout method
for the operation of a DNA machine (Figure 30 A).l* The
system consisted of a DNA track 29 that included a
recognition sequence (I), a nicking sequence generated
upon the formation of a duplex structure (II), and a reporter
sequence (IIT). Upon hybridization of 29 the analyte 30, and
in the presence of polymerase/dNTPs and the nicking enzyme
Nb.Bbvcl, the DNA machine was activated. This was
reflected by the replication of the track and the subsequent
scission of the resulting duplex. The nicking process initiated
the further replication of the track and the displacement of
the nucleic acid 31. The displaced product 31 then interacted
with an electrode modified with the nucleic acid 32, comple-
mentary to the 3" end of the product 31 and CdS NPs
functionalized with the nucleic acid 33, complementary to the
5’-end of the generated product 31. This interaction resulted
in the self-assembly of the CdS NPs on the electrode and the
generation of a photocurrent (Figure 30B).

The formation of an electrical contact between semi-
conductor QDs and electrodes in the presence of proteins is
more problematic because of the insulating features of
proteins.'*! The tailored organization of semiconductor
QD-protein hybrid assemblies on electrodes may, however,
lead to electrically contacted architectures that are controlled
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Figure 29. A) Photocurrent enhancement for CdS NPs linked to duplex
DNA by the intercalation of doxorubicin 28 into the double-strand
assembly. (B) Photocurrent action spectra for the CdS NPs/DNA
duplex assembly a) without and b) with intercalator 28. Photocurrents
were recorded in the presence of triethanolamine (20 mwm). (From

Ref. [138]).

by the linked proteins. In both configurations, the semi-
conductor QDs are directly linked to the electrode. The
proteins are associated with the QD surface, and the control
of the photoelectrochemical functions of the semiconductor
QDs may then be accomplished by two general paths: 1) low-
molecular-weight redox proteins might interact with the QDs,
and the electrical contact between the conduction-band
electrons/valence-band holes and the redox centers of the
proteins might effect the photocurrents of the hybrid system;
and 2) the biocatalyst may be tethered to the QDs, and their
reaction products might act as electron-acceptor or electron-
donor units, which may then activate the photoelectrochem-
ical functions of the QDs.

Enzymes or redox-active proteins were linked to semi-
conductor QDs, and the resulting photocurrents were used to
assay the enzyme activities and to develop further biosensors.
Cytochrome c-mediated biocatalytic transformations were
coupled to CdS NPs, and the direction of the resulting
photocurrent was controlled by the oxidation-state of the
cytochrome ¢ mediator.'*! The CdS NPs were immobilized
on a gold electrode by a dithiol linker, and mercaptopyridine
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Figure 30. Photoelectrochemical readout of the sensing of a nucleic
acid by a DNA machine. A) Amplified analysis of the target DNA 30 by
a DNA machine that generates the sequence 31. The association of
the CdS NP functionalized with 33 on the electrode proceeds by
bridging the NPs with the waste product 31. B) Experimental photo-
currents observed a) in the absence and b) in the presence of the
target DNA (1x107°m). The DNA machine was operated for 90 min.
Reproduced from Ref. [139] by permission of The Royal Society of
Chemistry.

units, acting as promoter units that electrically communicate
between the cytochrome c¢ and the NPs, were linked to the
semiconductor NPs (Figure 31). In the presence of reduced
cytochrome c, the photoelectrocatalytic oxidation of lactate
by lactate dehydrogenase (LDH) proceeded with the gen-
eration of an anodic photocurrent (Figure 31 A). Photoexci-
tation of the NPs resulted in the ejection of the conduction-
band electrons into the electrode and the concomitant
oxidation of the reduced cytochrome c by the valence-band
holes. The resulting oxidized cytochrome c subsequently
mediated the LDH-biocatalyzed oxidation of lactate. Sim-
ilarly, cytochrome c in its oxidized form was used to stimulate
the bioelectrocatalytic reduction of nitrate to nitrite in the
presence of nitrate reductase (NR), generating a cathodic
photocurrent (Figure 31B). The transfer of conduction-band
electrons to the oxidized cytochrome c was complemented by
the transfer of electrons from the electrode to the valence-
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Figure 31. Generation of photocurrents by the photochemically induced
activation of enzyme cascades by CdS NPs. Photochemical activation
of the cytochrome c-mediated A) oxidation of lactate in the presence of
LDH, and B) reduction of nitrate by nitrate reductase (NR). C) The
photocurrents generated by the biocatalytic cascades in the presence
of various concentrations of the substrates lactate and nitrate.
Reproduced from Ref. [140] by permission of The Royal Society of
Chemistry.

band holes of the NPs that restored the ground state of the
NPs. The cytochrome c-mediated biocatalyzed reduction of
nitrate to nitrite thus enabled the formation of the cathodic
photocurrent when the electrode potential was biased at 0 V
vs. SCE. The photocurrents generated by the biocatalytic
cascades at various concentrations of the different substrates
(Figure 31 C) show that the photoelectrochemical functions of
semiconductor NPs could be used to develop sensors for
biocatalytic transformations. A related study employed CdSe/
ZnS QDs capped with mercaptosuccinic acid as the protecting
layer for the generation of photocurrents in the presence of
cytochrome c.'*!

The use of enzymes as catalysts which generate a product
that stimulates the generation of a photocurrent by QDs was
demonstrated by an acetylcholine esterase-based biosensor
for the enzyme inhibitors."*!) CdS NPs were assembled on a
gold electrode, and the NPs were further modified with
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Figure 32. A) Assembly of a CdS NP/AChE hybrid system for the
photoelectrochemical detection of the enzyme activity. B) Photocurrent
action spectra observed in the presence of a) 0, b) 6, c) 10, d) 12,

e) 16, and f) 30 mm acetylthiocholine 34. Inset: Calibration curve of
the photocurrent at 1 =380 nm at various concentrations of 34.

C) Photocurrent spectra for the CdS/AChE system in the presence of
34 (10 mm): a) in the absence of inhibitor 36, b) upon addition of the
inhibitor 36 (1x107°m), and c) after rinsing the system to remove the
inhibitor, and addition of 34 (10 mm). Reprinted with permission from
Ref. [141]. Copyright 2003 American Chemical Society.

acetylcholine esterase (AChE; Figure 32A). The biocat-
alyzed hydrolysis of acetylthiocholine 34 by acetylcholine
esterase generated thiocholine 35, which acted as an electron
donor for the photogenerated holes in the valence band of the
CdS NPs. The resulting photocurrents were controlled by the
concentration of the substrate (Figure 32B), and the photo-
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current intensities were depleted in the presence of inhibitors
of acetylcholine esterase, such as 1,5-bis(4-allyldimethylam-
moniumphenyl)pentan-3-one dibromide 36 (Figure 32C).
The system was suggested as a potential sensor for chemical
warfare agents that act as inhibitors of acetylcholinesterase.
Further photoelectrochemical detection of enzyme activity
was demonstrated with the analysis of tyrosinase.'*! CdS
nanoparticles functionalized with a thiolated tyrosine methyl
ester 37 were reacted with tyrosinase/O,, and the resulting
dihydroxyphenyl methyl ester was linked to a phenylboronic
acid monolayer-functionalized electrode (Figure 33 A). The
resulting photocurrent in the presence of triethanolamine
(Figure 33B) was then used to analyze the enzyme activity.
The detection limit for analysing tyrosinase was 0.2 U.

A) OH
a3 - Tyrosinase
cds ’ 1. o,
] —_—
2. Citric

a7 \cH, Acid

Decomposition
Products

Figure 33. A) Tyrosinase/O,-stimulated oxidation of CdS NPs function-
alized with 37 to form the L-DOPA methyl ester product. B) Assembly
of the L-DOPA methyl ester nanoparticles on a gold electrode for the
generation of photocurrent. Reprinted in part with permission from
Ref. [146]. Copyright 2008 American Chemical Society.

6. Semiconductor Nanopatrticles as Electrochemical
Labels for Biorecognition Events

The dimensions of semiconductor nanoparticles and their
easy surface modification with biomolecules make them ideal
high-surface-area, soluble, electrochemical tracers for biore-
cognition events. The subsequent chemical solubilization of
the semiconductor nanoparticle labels, and the electrochem-
ical stripping off of the released ions, provide quantitative
readout signals for the labeled biomolecule analytes. This
electrochemical sensing method is also useful in amplifying
the recognition event, as numerous ions are released upon the
dissolution of an individual NP.

Semiconductor NPs were employed as labels for the
amplified electrochemical detection of proteins!™*"* and
DNA .51 The use of different semiconductor NPs enabled
the parallel analysis of different targets, using the NPs as
codes for different analytes. For example, CdS-semiconductor
nanoparticles modified with nucleic acids were employed as
labels for the detection of hybridization events of DNA.'*
Dissolution of the CdS in the presence of 1M nitric acid,
followed by the electrochemical reduction of cadmium(II) to
cadmium(0), resulted in accumulation of metal on the
electrode. The subsequent stripping-off of the cadmium
metal by oxidizing to cadmium(II) provided the electrical
signal for the DNA analysis. This method was developed
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further by using magnetic particles functionalized with
nucleic acid probes as sensor units that hybridize with the
analyte DNA, and nucleic acid-functionalized CdS NPs labels
that hybridize with the single-strand domain of the analyte
DNA and trace the primary formation of the probe/analyte
double-strand complex. The magnetic separation of the
magnetic particle/CdS NP aggregates crosslinked by the
analyte DNA, followed by the dissolution of the CdS and
electrochemical collection and stripping-off of the cadmium
metal provide the amplified electrochemical readout of the
analyte DNA. This system combines the advantages of
magnetic separation of the trace amounts of CdS NPs
associated with the DNA recognition events with the
amplification features of the -electrochemical stripping
method. Highly sensitive detection of DNA is accomplished
by this method (detection limit 100 fmol, reproducibility
standard deviation 6 % ).

Semiconductor NPs of various compositions can act as
codes for the simultaneous and parallel analysis of different
antibodies or DNAs. A model system for the multiplexed
analysis of different nucleic acids with semiconductor NPs
was developed (Figure 34 A)."* Three different kinds of
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magnetic particles were modified by three nucleic acids 38a—
¢, and subsequently hybridized with the complementary
target nucleic acids 39 a—c. The particles were then hybridized
with three semiconductor nanoparticles (ZnS, CdS, and PbS),
which were functionalized with nucleic acids 40a—c comple-
mentary to the target nucleic acids associated with the
magnetic particles. The magnetic particles allowed the easy
separation and purification of the analyte samples, and the
semiconductor particles provided non-overlapping electro-
chemical readout codes that transduced the specific kind of
hybridized DNA. Stripping voltammetry of the respective
semiconductor nanoparticles yielded well-defined and
resolved stripping waves, which enabled the simultaneous
electrochemical analysis of several DNA analytes. This
method was further extended for coding unknown single
nucleotide polymorphisms (SNPs) using different encoding
QDs."™ This procedure relies on the ZnS, CdS, PbS, and CuS
NPs modified with four different mononucleotides and the
application of the NPs to construct different combinations for
specific SNPs that yielded a distinct electronic fingerprint for
the mutation sites.
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Figure 34. A) Parallel electrochemical analysis of different DNAs using magnetic particles functionalized with probes for the different DNA targets,
and specific nucleic acid-functionalized metal sulfides as tracers. B) Simultaneous electrochemical analysis of the proteins thrombin and lysozyme
using a competitive assay in which thrombin modified with CdS QDs and lysozyme modified with PbS QDs are used as tracers. C) Square-wave

stripping voltammograms corresponding to the simultaneous detection of lysozyme (a) and thrombin (b): 1) no (a) and no (b); I1) 1 ugL

' (@), no

(b); 1) no (a), 0.5 pgr™" (b); IV) 1 ugL™' (a), 0.5 ugL™' (b). Reprinted in part with permission from Ref. [97]. Copyright 2006 American Chemical

Society.
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An analogous strategy was used for the multiplexed
immunoassay of proteins!'™! with simultaneous analysis of
four different antigens. The arsenal of inorganic labels for the
parallel multiplexed analysis of biomolecules and the level of
amplification was further extended by using other metal
sulfide composite nanostructures. For example, InS nanorods
provided an additional resolvable voltammetric wave, and the
nanorod configuration of the label increased the amplification
efficiency owing to the higher content of stripped-off metal
from the nanorod configuration relative to a spherical NP
structure.!*®

This method to encode biomolecular identity by semi-
conductor NPs was extended to the parallel analysis of
different proteins by their specific aptamers.””] A gold
electrode was functionalized with aptamers specific for
thrombin and lysozyme (Figure 34B). Thrombin and lyso-
zyme were labeled with CdS and PbS NPs, respectively, and
the NP-functionalized proteins acted as tracer labels for
analysis of the proteins. The competitive displacement of the
respective labeled proteins associated with the surface by the
analytes, followed by the dissolution of the metal sulfides
associated with the surface and the detection of the released
ions by electrochemical stripping, enabled then the quantita-
tive detection of the two proteins (Figure 34 C).

7. Conclusions and Perspectives

The unique photophysical properties and functions of
semiconductor QDs have found growing interest in nano-
biotechnology. The high fluorescence yields of QDs, their
stability against photobleaching, and the size-controlled
luminescence features of QDs has led to the development
of different biosensing platforms. Apart from the advantages
of using the QDs as effective luminescent labels, the multi-
plexed parallel analysis of targets by size-controlled lumines-
cent QDs that act as coding labels shows great promise for
future bioanalytical applications. The nanometer dimensions
of QDs allows their incorporation into cells, and in vitro
imaging of the QDs in different intracellular domains has
already been demonstrated. The incorporation of functional-
ized QDs into cells to follow dynamic intracellular metabolic
processes at the single-cell level also provides exciting future
opportunities. The charge-ejection functions of semiconduc-
tor QDs hold also great promise for future nanomedical
applications of QDs. The ejection of conduction-band elec-
trons of semiconductor NPs into oxygen, and the formation of
cell-destructive agents is well established,™ and such
particles have been suggested as cancer therapy materials.
The successful incorporation of QDs into cells suggests that
cell-targeted QDs could be synthesized and eventually act as
tumor cell killers.

The use of biomolecule-QD hybrid systems for photo-
electrochemical applications is still in its infancy, but the use
of such hybrid structures for biosensing has been demon-
strated. Future applications of these hybrid structures include
the use of the hybrid structures as templates for the
fabrication of devices. For example, DNA acts as a template
for the synthesis of metallic nanowires by the reduction of

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

I. Willner et al.

metal ions linked to the DNA backbone.™ The QD-
stimulated photoelectrochemical reduction of ions associated
with DNA may then lead to metal-semiconductor-metal
nanostructured devices.

The extensive use of semiconductor QDs as light harvest-
ing components for solar cells may benefit from biomolecule
(specifically DNA)-semiconductor QD nanostructures.['?”)
The biomolecules may act as templates for metallic nanowires
that trap the conduction-band electrons of the photoexcited
QDs. This process could lead to enhanced charge separation
and increased efficiencies of the resulting solar cells. The use
of semiconductor nanoparticles as electrochemical tracers of
biorecognition events are further possibilities for these nano-
structures in bioanalysis. Nanoparticles of different composi-
tion provide a spectrum of labeling units that enable the
multiplexed analysis of different targets, and together with the
intrinsic amplification feature of the nanoparticles, adds a
new dimension to their use in bioanalysis.

The rapid progress in tailoring functional biomolecule—
semiconductor particle hybrid systems and their application
in various bioanalytical applications indicates that the use of
QDs goes beyond simple fluorescent labels. QDs as optical
reporter units of biocatalytic transformations, their use for
in vitro probing of intracellular processes, and the possibility
of using the photoexited electron-hole pair for invivo
analysis and the stimulation of chemical transformations
establish an exciting new field with bright perspectives for
analysis, nanomedicine, and eventually, in vivo nanoelectron-
ics.
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