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Abstract This contribution introduces strategies for the sensitive detection of
oligonucleotides as bio-analytes binding from solution to a variety of probe archi-
tectures assembled at the (Au-) sensor surface. Detection principles based on surface
plasmon optics and electrochemical techniques are compared. In particular, cyclic-
and square wave voltammetry (SWV) are applied for the read-out of ferrocene
redox labels conjugated to streptavidin that binds to the (biotinylated) DNA targets
after hybridizing to the interfacial probe matrix of either DNA or peptide nucleic
acid (PNA) strands. By employing streptavidin modified with fluorophores the
identical sensor architecture can be used for the recording of hybridization reactions
by surface plasmon fluorescence spectroscopy (SPFS). The Langmuir isotherms
determined by both techniques, i.e., by SWV and SPFS, give virtually identical
affinity constants K4, confirming that the mode of detection has no influence on
the hybridization reaction. By using semiconducting nanoparticles as luminescence
labels that can be tuned in their bandgap energies over a wide range of emission
wavelengths surface plasmon fluorescence microscopy allows for the parallel read-
out of multiple analyte binding events simultaneously.
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10.1 Introduction

The question as to which detection method — electrical/electrochemical or optical
schemes — eventually will win the race for the most powerful transducer principle
in bio-sensing is still completely open. The option for higher integration density
on chips or in any other array format and the ease of coupling the output signals
directly to data analysis electronics certainly points to electrical detection schemes,
however, optics is still leading in terms of sensitivity: fluorescence spectroscopy
and, in particular, single photon detection are routine methods with unmatched
detection limits while the well established electrochemical techniques do not allow
for the monitoring of such extremely low currents. And single electron (transistor)
recordings are yet to be combined with the aqueous environment needed for bio-
affinity studies [1].

A very reasonable experimental approach to further tackle this question is
the parallel use of an optical scheme and an electrochemical technique for the
simultaneous recording of binding events of bio-analytes from solution to inter-
action partners covalently attached to the sensor surface via functional architectures
assembled at the transducer/analyte solution interface. Surface plasmon resonance
spectroscopy [2] and cyclic or differential pulse voltammetry [3] are very well suited
for such a combination approach: the (noble) metal substrate needed for the resonant
excitation of a propagating surface plasmon mode at the metal/buffer interface
can be simultaneously used as the working electrode of a regular three electrode
electrochemical set-up. This way, bio-affinity studies can be performed with both
techniques in parallel.

A certain limitation to this approach, however, is given by the need to design
and assemble the interfacial layer deposited at the sensor surface for an optimized
performance of the respective transduction principle. We will demonstrate this for
a series of hybridization studies between surface-attached oligonucleotide catcher
probes and their (fully complementary or mismatched) target sequences from
solution. These target analytes were labeled with streptavidin that was either
derivatized with ferrocene for the electrochemical detection or with a chromophore
suitable for surface plasmon fluorescence spectroscopic investigations [4].

The use of semiconducting nanoparticles, quantum dots, offers interesting
aspects for both schemes: The tunability of the emission wavelength via bandgap
engineering of the quantum dots allows for multiple parallel recording of simul-
taneous binding events on an array sensor by color multiplexing [5]. On the
other hand, the manipulation of the energy level of the substrate (by applying an
electrical potential) and, hence, the electronic interaction between substrate and
nanoparticles — covalently ‘wired’ to the (Au-) electrode — promises interesting
coupling schemes [6] and the use of the observed new photo-electrochemical
phenomena for completely unconventional biosensor recording principles1.
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10.2 Experimental Apparatus

A schematic of the employed combination set-up is given in Fig. 10.1a. The basic
instrument is a classical surface plasmon resonance (SPR) spectrometer in the
Kretschmann configuration. The thin Au layer evaporated onto the base of the
coupling prism is used simultaneously as the active metal/dielectric interface that
guides the evanescent surface plasmon mode and can be employed as the working
electrode in a typical electrochemical set-up. The two common modes of operation
in SPR — the angular scans and the time-dependent kinetic recordings at a fixed angle
of incidence — are schematically given in Fig. 10.1b, c, respectively. By attaching, in
addition to the working electrode, also a counter and reference electrode to the flow
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Fig. 10.1 (a) Schematic of a surface plasmon spectrometer in the prism-coupled Kretschmann
configuration in combination with electrochemical instrumentation; (b) angular scan SPR measure-
ments before (left curve) and after a thin film deposition, e.g., a layer of capture probes assembled
(right curve); (c) kinetic SPR measurement taken as a function of time at a fixed angle of incidence
(and observation), cf. (b); (d) schematic of a cyclic voltammogram taken by the electrochemical
set-up coupled to the SPR instrument
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cell, classical electrochemical techniques, e.g., cyclic voltammetry (cf. Fig. 10.1d),
square wave voltammetry (SWV), or impedance spectroscopies [3] can be employed
for the functional characterization of interfacial architectures.

A further extension of this combination set-up will be presented in Fig. 10.8:
a fluorescence detection unit is attached in a way that the photons emitted by
chromophores that are sufficiently close to the interface to be excited by the surface
plasmon modes can be detected either as a function of the angle of incidence (tuning
the resonance) or as a function of time for kinetic recordings [7].

Depending on whether electrochemical or surface plasmon optical measurements
are to be performed the interfacial architectures assembled at the sensor surface
need to fulfil different requirements: in order to optimize the electron transfer from
a redox label to the electrode that is — in one way or another — the basis for
electrochemical biosensing the redox-active unit has to be wired to the electrode
interface in a most efficient way. The assembly of the sensor coating that were
used for surface hybridization studies is schematically given in Fig. 10.2: onto
the bare Au substrate a binary mixture of thiolated PNA oligonucleotides (i.e.,
the synthetic mimics of natural oligonucleotides with a neutral pseudo-peptide
backbone [8]) of a particular sequence (HS-PNA) are co-adsorbed with a diluent
molecule, mercaptohexanol (MCH), that optimizes the lateral packing of the probe
oligonucleotides for the hybridization reactions (Fig. 10.2a). After hybridization
of biotinylated target strands from solution to the probe matrix at the sensor
surface (Fig. 10.2b), the biotin groups are ‘decorated’ in a 1:1 stoichiometric ratio
by streptavidin molecules that carry a number of ferrocene molecules covalently
attached to the protein through a spacer (Fig. 10.2c). A schematic of the protein
structure and one ferrocene spacer unit are given in Fig. 10.2d.

Table 10.1 summarizes details of the employed molecular structures and the
specific sequences of probe and target PNAs and DNAs [9]. In addition to the probe
HS-PNA-P1 with a 15-mer recognition sequence coupled via the spacer groups
to the thiol unit for the linking to the Au substrate the equivalent DNA analogue
with the same recognition sequence P1, however, with a spacer unit of 15 thymines
and a biotin anchor that allows the molecule to be assembled onto a streptavidin
monolayer employed in the optical experiments as a generic binding matrix (cf. also
Fig. 10.10) was used. For studies on mismatch discrimination another probe DNA,
i.e., the biotin-DNA-P2 was used. This recognition sequence differs by a single base
(underlined and in italics in Table 10.1).

The target strands follow two different molecular construction principles: for the
electrochemical detection the DNA targets used are all modified with a biotin group
at the 5’ end. This will allow for the coupling of the ferrocene-labeled streptavidin
as redox-markers after hybridization (cf. the scheme given in Fig. 10.2b, c). For the
surface plasmon fluorescence spectroscopic experiments the targets in one case were
also modified with a biotin which after hybridization, however, were detected via the
binding of a fluorophore-labeled streptavidin molecule. For the color multiplexing
experiments QDs emitting at different wavelengths (cf. Table 10.1) were directly
coupled to the various targets.
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Fig. 10.2 Interfacial architecture self-assembled at the sensor surface for electrochemical read-
out of hybridization reactions: (a) onto the Au substrate used for SPR- and electrochemical
measurements a binary mixture of thiolated PNA strands and mercaptohexanol (MCH) as diluent
molecules are forming a functional monolayer; (b) after hybridization with biotinylated target
strands resulting in DNA duplex formation, ferrocene-labeled streptavidin can be bound to the
surface layer (¢). Some structural details of the ferrocene-labeled streptavidin Fc-Stv are shown
in (d). Typically, 9 ferrocenes are attached to one streptavidin resulting in a corresponding
amplification of the binding signal

Table 10.1 Probe and target sequences used in the experiments

Name Nucleotide sequence
Probes
HS-PNA - P1 Cys-leg1]¢ - TGT ACA TCA CAA CTA - NH2
0
0
Cys-leg1]s: HS K AN g
NH, Ofg

Biotin - DNA - P1 §'-biotin - (TTT)s- TGT ACATCA CAACTA-3
Biotin - DNA - P2 5'-biotin - (TTT)s -TGT ACG TCACAACTA -3

Targets
T1 - biotin 3'- ACA TGT AGT GTT GAT - biotin - &
T1 - QDggs 3'-ACATGT AGT GTT GAT -QDgg5-

T2 - QDgss 3'-ACATGC AGT GTT GAT -QDgg5- ¥
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10.3 Electrochemical Sensing of Hybridization Reactions

The combination of the electrochemical cell with a surface plasmon spectrometer
allows for the structural characterization of the sequential assembly of the interfacial
architecture by surface plasmon optical (angular and/or time-dependent) scans
followed by the functional assessment of the resulting sensor surface coating by,
e.g., cyclic voltammetry. This is documented in Figs. 10.3 and 10.4, respectively,
for surface architectures based on the assembly of thiolated molecules directly
onto the Au substrate. This results in the formation of a functional monolayer
exposing a specific nucleotide sequence to the target strands injected subsequently
into the sample cell. The minute shift of the SPR resonance curve upon binding of
the targets to the surface probe layer (cf. Fig. 10.3, dots to solid curve) indicates the
limited sensitivity of SPR in this case of a small analyte molecule (small molecular
mass compared to a typical protein) bound to the surface at a moderate surface
density. Only upon decoration of the hybrid monolayer with a layer of streptavidin
bound via the target-attached biotin-groups results in a significant shift of the SPR
angular scan curve that could be used for a more quantitative analysis of the affinity
of this hybridization reaction. Effectively, the streptavidin acts as a mass label in
SPR detection. From the angular shift of A@ = 0.25° one calculates a thickness of
the streptavidin layer of c. Ad=2.1 nm (assuming a refractive index of n = 1.45),
corresponding to a protein density of about 1.3-10'2 cm™2.
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Fig. 10.3 SPR curves recorded in 20 mM PB buffer with 0.005% Tween 20 after PNA/MCH

immobilization (dots), after hybridization with 500 nM target (solid curve) and after Fc-Stv
adsorption (200 nM, dashed curve). The inset is an expanded view of the SPR minima part
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Fig. 10.4 SPR kinetic curve measured at a fixed incident angle (6 = 55.7°): (a) injection of 200
nM Fc-Stv after rinsing a 1 WM non-complementary biotinylated target solution through the cell;
(b) rinsing with buffer; (c) injection of 500 nM fully complementary biotinylated target; (d) after
rinsing and then injection of 200 nM Fc-Stv; (e) rinsing with buffer; (f) rinsing with 50 mM NaOH
in order to regenerate the probe matrix; (g)—(k) repeating the steps (b)—(e)

The equivalent kinetic experiment and a few more reference scans are shown
in Fig. 10.4. After assembling the probe matrix and injecting an analyte solution
with fully mismatched target strands (a), rinsing with neat buffer results in the
complete return of the reflected intensity at this fixed angle of observation to the
reference level (b). Injection of the complementary, biotinylated target results in
a small increase of the reflectivity (c) which — upon injection and binding of the
ferrocene-labeled streptavidin (Fc-Stv) — shows the strongly amplified reflectivity
increase expected from the angular scans displayed in Fig. 10.3 (d). Regeneration
of the probe matrix by injecting a 50 mM NaOH solution through the flow cell (f)
results in the return of the reflected intensity to the level measured prior to any
hybridization. This observation and the displayed fully repeatable hybridization,
i.e., association/dissociation (regeneration) cycle added in Fig. 10.4 indicates the
excellent control over the supramolecular functional architecture and the stability of
the attached components upon repeated hybridization cycles (Fig. 10.4g-k).

Figure 10.5 shows a series of cyclic voltammograms taken with a sample that was
prepared by hybridizing the fully matched target T1-biotin from a 500 nM solution
to the surface-bound probe matrix and decorating the hybrids by a monolayer
of Fc-Stv [10]. The flexibility of the double strand and the six glycine residues
of the linker used to couple the ferrocene to the streptavidin allow for a rather
effective electron transfer from the redox site to the electrode and vice-versa. The
CV curves recorded at different scan rates are perfectly symmetrical, indicating a
fully reversible electron transfer reaction. The peak currents are proportional to
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Fig. 10.5 Cyclic voltammograms of Au/PNA/fully complementary target/Fc-Stv measured in
buffer with different scan rates, i.e., 0.4, 0.5, 0.6, 0.7, 0.8, 1.0 and 1.2 V/s from inside to outside,
respectively. The inset shows the linear relationship between peak currents and scan rates

the scan rates, confirming a surface-controlled redox reaction only (cf. the insert
in Fig. 10.5). The slightly broadened peak width (i.e. 120 mV compared to the ideal
value of 90.6 mV for a reversible one electron surface transfer reaction) possibly
indicates some ferrocene interactions and a random distribution of the redox labels
within the film. Assuming that one biotinylated target can bind one streptavidin and
that all Fc sites are electroactive the amount of bound DNA target can be calculated
by integrating the current under the anodic (or cathodic) charge transfer wave in the
CV. The obtained value of I" = 1.1-10'2 cm ™2 corresponds well to the value obtained
by SPR (1.3-10'> cm™2, see above), indicating that, indeed, most of the ferrocenes
are electroactive.

The number of bound DNA molecules, hybridized to the PNA matrix depends on
the target concentration in the bulk solution, cy. In particular, at low concentration
only a fraction of the maximum PNA/DNA duplexes at the interface can be formed.
With increasing concentration of ¢y more and more hybrids are formed until
eventually a complete monolayer is asymptotically reached. Within the Langmuir
model which requires certain conditions to be met, e.g., that all binding sites are
equivalent and that the association and dissociation rate constants do not depend on
the coverage, a simple relation for the coverage, I', at the sensor surface and the
bulk concentration ¢ holds:

0 = Kaco /(1 + Kacop) (10.1)
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where 6 is the fractional coverage defined as 6 = I'/T";,x and Iy is the maximum
coverage given by the number density of PNA probe strands at the sensor surface.

With the sensor architecture presented in Fig. 10.2 we can assume that one
biotinylated target strand is able to bind to one Fc-labeled streptavidin molecule.
Hence, the recorded current should be proportional to the DNA target coverage and
will allow for the determination of the affinity constant Kx:

I(C()) = ImKAC() /(1 + KAC()) (102)

Figure 10.6 displays a series of SWV curves taken after Fc-Stv was bound to
the biotinylated target strands after they hybridized to the sensor matrix from bulk
solutions of different concentrations, as indicated. Clearly, with increasing target
concentration the corresponding redox peak currents increase. If these peak currents
are plotted as a function of the bulk target concentration cy, the saturation behavior
is found (cf. Fig. 10.7, (-{-)) as expected from the Langmuir model that has been
demonstrated by optical techniques to describe this process at the sensor interface
very well. If fitted to the Langmuir model according to Eq. 10.2, an affinity constant
of Ky =1.5-108 M~ is found (Fig. 10.7, blue curve). This value agrees well with
other reports based, e.g., on the use fluorescently labeled targets, in particular, if
differences in the interfacial architecture, i.e., the coupling chemistry, the spacer
length, the probe density, etc., are taken into account.

10.4 Fluorescence Spectroscopic Sensing of Hybridization
Reactions

As it has been introduced recently, fluorescence detection schemes in combination
with the optical field enhancement mechanisms operating at resonant surface
plasmon excitation result in significant sensitivity gains for biosensing applica-
tions: for proteins binding to a quasi-3D matrix a limit of detection (LOD) of
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Fig. 10.7 Langmuir isotherms of PNA/DNA hybridization constructed from the electrochemical
data presented in Fig. 10.6 (-{-) and from the surface plasmon fluorescence data shown in Fig. 10.9
(-W-) and fitting curves (red for SPFS data, blue for electrochemical data)

co =500 aM [11], and for PCR hybridization to a 2D probe layer a LOD of
co = 100 fM [8] have been reported. As mentioned before the attachment to a regular
SPR set-up required for surface plasmon fluorescence spectroscopy (SPFS) is rather
trivial: a lens in front of the metal-coated prism base that guides the surface plasmon
wave collects the fluorescence photons emitted from chromophores that are within
the range of the evanescent surface mode. After passing an attenuator (in order to
restrict the count rates to the linear response range of the detector) and a bandpass
filter (for discrimination of the fluorescence emission against merely scattered light)
this photoluminescence is then recorded by a photomultiplier tube or — in case of
the microscopic mode of operation (cf. below) — by a color CCD camera. The whole
arrangement is mounted to the SPR instrument in such a way that it rotates in the
angular mode with the prism thus recording fluorescence photons emitted normal to
the interface. The scheme of this instrumental setup is given in Fig. 10.8.

The possibility to employ fluorescently-labeled streptavidin (Fluor-Stv) (instead
of the ferrocene-labeled analogue) for the decoration of surface-hybridized bi-
otinylated target strands allows for a direct comparison of SPFC data with the
electrochemical results presented in Figs. 10.6 and 10.7, respectively [10]. To this
end, a series of angular SPFS curves were recorded after hybridization of targets
from solutions of different concentrations and after the binding of Fluor-Stv. The
results are summarized in Fig. 10.9. Similar to the current in the case of the
SWYV scans, here, the fluorescence intensity increases as one increases the bulk
concentration of the target solutions, cy. Note the slight shift of the angular peak
position of the maximum intensity (which is also reflected in the slight shift of the
position of the reflectivity minima) upon the increase in surface coverage of the
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Fig. 10.8 Schematics of a surface plasmon fluorescence spectrometer, based on a normal SPR
instrument with an attached fluorescence detection module. A photomultiplier tube (PMT) is used
as the detector in the spectroscopic mode; however, in the imaging mode (cf. Fig. 10.11) a color
CCD camera can be attached

bound streptavidin. Similar to the peak currents of the SWV scans the plot of the
peak fluorescence intensities as a function of ¢ (cf. Fig. 10.7, -l-) shows the typical
Langmuir isotherm behavior with the saturation at higher concentration (Fig.10.7,
blue curve).

As one can see by the almost perfect superposition of the SWV and the SPFS
data both methods give nearly identical K4-values and, hence, confirm that both
methods detecting their respective, yet very similar labels (Fc-Stv vs. Fluor-Stv)
and the quantitative analysis of the data is not affected methodologically. As far as
the sensitivity of the two techniques is concerned one should also expect similar
limits of detection because the S/N levels in both data sets are rather equivalent
(cf. Figs. 10.6 and 10.9).

The general interest in sensor platforms that allow for the parallel detection of
multiple binding events typically requires a chip format in which the individually
sensing elements functionalized for a particular analyte are arranged in an array
matrix [12]. Read-out can then be achieved either in a serial manner (e.g., by a
fluorescence scanner) or in a parallel way by a (microscopic) imaging mode [13].

The use of semiconducting nanoparticles, quantum dots (QDs), offers an alter-
native approach based on the possibility to engineer their emission wavelength by
size (quantum confinement) or compositional control of their bandgap energy [14].
This way, very similar labels that all can be excited by the same laser wavelength



274 W. Knoll et al.

—®"=0nM 1

084 -7 77T TN ¥ -e- 1M |
g Ty 0 A 5aM 10 ‘é_

O3 =v-10nM { o
0.6 : ~
@ >
g f
= c
= 0.4 3]
o £
[—

I @
4 =
0.2- 3
w
o
o]
“ 3
0.0 | Bhibucsd'é¥Soun e -

46 48 560 52 54 56 58 60 62‘
Incident angle 6 / deg

Fig. 10.9 A series of angular reflectivity (dotted and dashed) curves and SPFS scans (curves
with symbols) taken after the hybridization of biotinylated, fully complementary target strands
from solutions of different concentrations and the decoration of the duplex layer by fluorophore-
derivatized streptavidin (Fluor-Stv). Note the slight shift of the angular peak position due to the
increasing surface density of bound streptavidin; dotted curve: before hybridization, dashed curve:
after hybridization with 500 nM target followed by binding of Fluor-Stv

but which emit in different luminescence colors can be synthesized and attached
to the respective bio-analytes. Color multiplexing thus allows for the simultaneous
recording of the binding signals of a whole set of analyte molecules in a mixture [5].

This concept and its implementation for surface hybridization studies is schemat-
ically given in Fig. 10.10. Here, the initial concept for the functional assembly of the
sensor coating is modified by first assembling a monolayer of a binary mixture of
10% of a biotinylated thiol derivative laterally diluted by 90% of mercaptohexanol.
Onto this coating a streptavidin monolayer as a generic binding matrix is assembled
to which other biotinylated units can be attached, e.g., different oligonucleotide
probe strands. Their base sequences are complementary to different DNA targets
in the analyte solution which, in turn, are coded on different colors by carrying QDs
of different emission wavelengths. Their simultaneous recording after hybridization
allows for a multiple detection of a variety of analytes in parallel.

An example along this concept is demonstrated in Fig. 10.11. The flow cell
was equipped with four Au electrodes that could be used as SPR/SPFS substrates
[15]. After the general assembly of a protective coating to all electrodes (i.e., a
poly (ethylene oxide) thiol SAM (PEO-SAM)) the flow cell was mounted to the
spectrometer. The individual potential control of the four electrodes could then be
used for the sequential functionalization of each Au area separately. Firstly, one of
the electrodes was subject to a cathodic scan thus reductively desorbing its PEO-
SAM, generating a bare, clean Au surface. Injecting sequentially (i) the binary
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Fig. 10.10 Interfacial architecture optimized for multiple parallel surface hybridization studies
in the color multiplexing mode with semiconducting nanoparticles emitting fluorescence light at
different wavelengths: Onto the Au substrate a binary monolayer of biotinylated thiols mixed
with OH-terminated thiols as diluent molecules is self-assembled, followed by the binding of a
monolayer of streptavidin. To this generic binding matrix a mixture of different biotinylated probe
oligonucleotides are assembled. They can specifically hybridize to their respective complementary
target strands which are sequence-coded by quantum dots of different colors

(biotin-/OH-) thiol mixture, (ii) streptavidin and then (iii) a specific biotinylated
PNA oligonucleotide solution (e.g., the Biotin-DNA-T1, cf. Table 10.1) results
in the selective functionalization of this electrode only, while the other ones still
remain protected by their PEO-SAM. By a step-and-repeat procedure eventually
all electrodes are functionalized with no cross-contamination from one area to the
neighboring electrode.

This way, the electrode array in Fig. 10.11 was functionalized with Biotin-DNA-
P1 (P1), Biotin-DNA-P2 (P2), a mixture of both probes for the color multiplexing
experiment, and a PEO-SAM used as an inert reference (cf. Fig.10.11a).

After injection of a 200 nM solution of the T2 target, coded with QDs emitting
at A =655 nm, the surface plasmon fluorescence microscopic image displays the
expected red color on the second and forth electrode (from top to bottom, cf.
Fig. 10.11b) that both expose to the analyte solution the probe strand P2 which
is fully complementary to T2 (cf. Table 10.1). The third electrode shows only a
very faint reddish color corresponding to only a minute surface binding according
to the significantly reduced affinity for T2 hybridizing to P1 which represents a
mismatch 1 (MM1) situation with an affinity constant about two orders of magnitude
lower than MMO. The reference electrode covered with the PEO-SAM remains
completely dark.
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Fig. 10.11 Surface plasmon fluorescence microscopy: (a) Schematic arrangement (fop view) of
the probe oligonucleotides P1 and P2 and a mixture of both, as indicated, on a four-electrode
chip for hybridization studies with target oligonucleotide strands labeled with quantum dots;
(b) SPFM image showing the red color emitted after the hybridization of the target T2 which
is complementary to P2 and is carrying a QD emitting at A = 655 nm; (¢) SPFM taken after the
hybridization of a second injected target sequence T1, fully complementary to P1 and coded with
a QD emitting at A = 565 nm. Note the (artificial) mixture of red and green in the CCD camera to
result in a yellow color

After rinsing and injecting the T1 solution the result shown in Fig. 10.11c
is obtained after the hybridization reaction was completed. The third electrode
exposing the MMO probe P1 turns green corresponding to the binding of the targets
T1 with their QDs emitting at A =565 nm. The forth electrode remains red (the
emission appears to be more intense only because the integration time was increased
in order to account for the lower quantum yield of the green emitting QDs), while
the PEO-SAM also in this case appears to be completely inert.

The second electrode area now looks yellow. However, this is only a (well-
known) artefact of the color CCD camera that mixes red and green to yellow. The
same result was obtained upon the injection of a solution mixture of the target
analytes rather than their sequential injection. Analysing the emitted light via a
spectrometer clearly demonstrates that only light originating from green and red
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emitting QDs is recorded. This experiment demonstrates that color multiplexing is
an option for multiple analyte sensing; however, it requires the spectral analysis by
a spectrometer for the unambiguous identification of the emitted colors.

10.5 Conclusions

The presented results document that both, fluorescence-optical and electrochemical
principles, are well suited to monitor bio-analyte binding from the aqueous phase
to specific functional sites assembled at the sensor surface. Although the read-
out of redox labels doesn’t quite reach the sensitivity of fluorescence recordings
electrochemical techniques offer the advantage of giving direct electrical signals
that can be used for data analysis.

Very attractive for both methods are semiconducting nanoparticles. The possi-
bility of tuning their emission wavelength makes them very attractive labels in
photoluminescence studies, e.g., for color multiplexing in parallel schemes for
multiple analyte detection. One must bear in mind, however, that complications arise
from the still unsolved problem of the luminescence blinking of QDs [16].

Particularly promising are schemes that couple the electronic orbitals of QDs to
the Fermi-level of the metallic substrate. This way a completely new principle for
the interplay between QDs as light emitting fluorophores and their electron donating
or accepting properties are conceivable and should give rise to novel ways for the
sensitive detection of bio-analyte binding [17].
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