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For the detection of oligonucleotides a sandwich-like detection strategy has been developed by which
the background fluorescence is significantly lowered in comparison with surface-bound molecular
beacons. Surface bound optical molecular beacons are DNA hairpin structures comprising a stem and a
loop. The end of the stem is modified with a fluorophore and a thiol anchor for chemisorption on gold
surfaces. In the closed state the fluorophore is in close proximity to the gold surface, and most of the
fluorescence is quenched. After hybridization with a target the hairpin opens, the fluorophore and surface
become separated, and the fluorescence drastically increases. Using this detection method the sensitivity
is limited by the difference in the fluorescence intensity in the closed and open state. As the background
fluorescence is mainly caused by non-quenched fluorophores, a strategy to reduce the background
fluorescence is to cut the beacon in two halves. First a thiolated ssDNA capture probe strand (first half) is
chemisorbed to a gold surface together with relatively short thiol spacers. Next the target is hybridized by
one end to the surface-anchored capture probe and by the other to a fluorophore-labeled reporter
probe DNA (second half). The signal readout is done by surface plasmon fluorescence spectroscopy
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(SPFS). Using this detection strategy the background fluorescence can be significantly lowered, and the
detection limit is lowered by more than one order of magnitude. The detection of a target takes only a
few minutes and the sensor chips can be used for multiple detection steps without a significant decrease
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Introduction

In recent times there is a growing interest in the development
of sensor platforms for the simple and fast detection of
specific oligonucleotide sequences (DNA or RNA).'™*° For the
label-free detection of oligonucleotides in solution, different
fluorescence based detection strategies applied in hybridiz-
ation probes,""'* Tagman probes,'*'* Scorpions,"® or mole-
cular beacons (MBs),'"® have been developed. Among the
different probes MBs, which have been introduced by Tyagi
and Kramer in 1996, are widely used.””® MBs are DNA
hairpin structures comprising a stem equipped with a fluoro-
phore and a quencher in close proximity as well as a loop
structure with a sequence complementary to that of the target.
During hybridization with the target the hairpin opens, the
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fluorophore and the quencher get separated, and the fluo-
rescence is switched on. While most MBs are applied in solu-
tion, there are also reports describing the use of molecular
beacons at the solid-liquid interphase.”’*' For this purpose
the MBs were attached to a surface by different means. In the
pioneering work of Miller, Krauss, et al. the molecular beacons
were equipped with a thiol anchor (besides the chromophore)
and adsorbed to a planar gold surface, which also served as
the fluorescence quenching unit.**?*?**° The corresponding
fluorescence measurements were carried out by confocal fluo-
rescence microscopy.>®*® Following this approach, it was even
possible to discriminate between a fully complementary
single-stranded DNA (ssDNA) target and a target bearing a
single base mismatch.>*?°7*%3% [n 2011, Li et al. have used the
same MB sequence as used previously by Miller, Krauss,
et al®® for electric field assisted surface plasmon-coupled
directional emission measurements (SPCE).>> SPCE has been
introduced in 2004 by Lakowicz as a new method of fluo-
rescence detection, which can be seen as the inverse process
of surface plasmon resonance (SPR) adsorption of thin metal
films.>® As an alternative to optical “signal on” sensors (detec-
tion of the fluorescence increase upon hybridization), the MB

This journal is © The Royal Society of Chemistry 2016
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concept has been adopted by Heeger, Plaxco, and coworkers
for electrochemical sensors.>***” For this purpose the fluoro-
phore has been replaced by a redox probe. After hybridization
with the target the distance between the redox probe and gold
electrode (i.e. the solid support) will change. Depending on
the design of the MBs including the number of stem-loop
structures, the distance between the redox probe and Au elec-
trode may increase or decrease upon hybridization leading to a
decrease®** or increase®*° in the current for reduction and
(re)oxidation of the redox probe (“signal off” or “signal on”
sensors). Seminal work towards understanding and improving
the performance of electrochemical DNA sensors and develop-
ing new sensing architectures has been carried out in the
groups of Heeger, Plaxco, and Ricci.>*?*™° In our previous
work we have used surface plasmon fluorescence spectroscopy
(SPES)***™** as a better and faster readout technique than fluo-
rescence microscopy for optical “signal on” sensors.** For
sensor chip preparation fluorophore (Cy5) labeled MBs
equipped with three dithiane anchors were coadsorbed with
short thiols serving as spacers on a gold-coated glass slide.
The working principle of this MB-SPFS sensor is shown in
Scheme 1. Rather close to the surface the fluorescence is
quenched by energy transfer to the gold surface (the MB is in
the closed state). Upon hybridization with the target the dis-
tance between the gold surface and fluorophore increases, and
the fluorophore can be excited by the enhanced evanescent
field caused by the surface plasmons. On the other hand, the
intensity of the evanescent field decays exponentially with dis-
tance. Hence, there is an optimum distance for fluorescence
detection for the MB in the open state, at which strong exci-
tation without significant quenching can be achieved. For
maximum fluorescence intensity an optimum distance of
about 20 nm orthogonal to the surface has been estimated
(the exact value depends also on the physical properties of the
applied fluorophore).*!

During our work we have studied the same beacon
sequence as Miller, Krauss et al. in their pioneering research on
surface bound MBs,*® and additionally we have studied a new
significantly longer sequence for which we pointed out the
differences.** We optimized the surface chemistry (i.e. the con-
ditions for self-assembly, the choice of the thiol spacer, and
the thiol anchor of the MB) leading to homogeneous sensor
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Scheme 1 Working principle of the MB-SPFS sensor as described in
ref. 44.
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surfaces. Our SPFS-MB sensors comprise a low detection limit
(down to 500 pM), a fast response time (5-20 min), and they
can be reused several times. We even observe a linear behavior
between the fluorescence increase and target concentration
when the hybridization is carried out only for five minutes.**

To further decrease the detection limit of our SPFS-MB
sensors we need to increase the difference in fluorescence
intensity between the open and the closed state of the MBs,
i.e. to minimize the fluorescence signal in the closed state
and/or to maximize the fluorescence after hybridization with
the target. A strategy to maximize the fluorescence in the open
state is to optimize the length and orientation of the fluoro-
phore with respect to the surface after hybridization with the
target. A distance has to be reached at which quenching is
avoided and strong fluorescence excitation is possible. In this
contribution we focus on minimizing the fluorescence inten-
sity in the closed state (the background fluorescence), which is
(disregarding instrumental parameters) mainly caused by
fluorophores close to the surface, which are not completely
quenched. The most efficient way to diminish this fluo-
rescence is to remove the fluorophore. This can be literally
done quite easily by cutting the beacon into two pieces. As
shown in Scheme 2 this will result in a sandwich-like detection
procedure.'®*>™*8

First the surface has to be modified with the thiol-anchored
part of the MB serving as a capture probe. Next the target is
hybridized to the capture probe before finally the fluorophore-
modified reporter probe is hybridized. Following this sand-
wich-like procedure theoretically the target will be detected
only if it is complementary to capture and reporter probes.
Furthermore, there will be no fluorescence originating from
the fluorophore, since the fluorophore can bind only to the
surface, if the target is present (assuming there is no unspeci-
fic binding). However, if this procedure is carried out using
exactly the same sequence and number of bases as previously
for the intact MB for comparison, serious problems will arise.
The separated capture probe and reporter probe sequences
may be too short for efficient hybridization with the target at
room temperature. In addition even in the absence of the
target a false positive signal may be obtained if the stem
region of the capture probe and reporter probe hybridize (even
though the intensity of this signal is expected to be low since

Cutting New detection False
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MB N signal
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Scheme 2 By cutting the MB into two pieces a sandwich-like detection
strategy arises. Following this strategy a nick remains in the final dsDNA
structure, which is absent in the initial MB structure after hybridization
with target. Furthermore, a false positive signal may be detected by this
strategy as shown on the right.

Au Au
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Scheme 3 Detection strategies applied in this work. (A) (1) The sensor
chip is modified with a capture probe of 20 bases. This is followed by
the adsorption of a mixture of mercaptobutanol and mercaptopropionic
acid (MCB/MPA, 1:1) to remove non-specifically adsorbed ssDNA (for
clarity not shown). (2) A target of 40 bases is captured. (3) A fluorophore-
comprising reporter probe is hybridized, readout by SPFS is possible.
(B) (1) The sensor chip is modified with a capture probe of 20 bases as
before. (2) A target of 60 bases is captured. (3) A fluorophore-compris-
ing reporter probe is hybridized at the upper end of the target, readout
by SPFS is possible. (4) The dsDNA/ssDNA/dsDNA assembly is stiffened
by a patch of 20 bases.

the fluorophore is located close to the surface). Furthermore
after the target and reporter probe are bound to the capture
probe a nick will remain in the MB as shown in Scheme 2, by
which additional flexibility will be introduced.

Therefore the distance between the fluorophore and surface
may be different than for the intact MB. For these reasons we
refrained from using the same sequence and number of bases
as previously for the MB comprising 36 bases with a detection
limit of 500 pM.** Instead we used a capture probe of 20
bases, a reporter probe of 20 bases, and a target of 40 bases as
outlined in Scheme 3A. The same capture probe and reporter
probe comprising 20 bases each can also be employed to trace
a target comprising 60 bases as shown in Scheme 3B.
After hybridization of the capture probe and reporter probe
with the target at the outer ends, a flexible internal region
of 20 bases remains at the target. This internal region
can be later stiffened by hybridization with a patch, ie.
complementary ssDNA of 20 bases. As it was our interest to
study the general effects of the structural properties of DNA
assemblies on the molecular scale we did not choose a
sequence belonging to a specific genetic disease or disorder.
Instead sequences were chosen, which allowed unambiguous
hybridization.

Experimental section

Chemicals

Chemicals for buffer preparation (NaCl, Tris, MgCl,, NaH,PO,)
were purchased from Roth Chemicals. The thiols 4-mercapto-
1-butanol (MCB), 6-mercaptohexanol (MCH), 11-mercapto-1-
undecyl dihydrogen phosphate (MDPA), and 3-mercapto-1-
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propanesulfonic acid sodium salt (MPS) were purchased from
Sigma-Aldrich Chemie GmbH, (Steinheim, Germany), and
3-mercaptopropionic acid (MPA) was purchased from Alfa
Aesar GmbH & Co. KG (Karlsruhe, Germany). These com-
pounds were used as received without further purification.

All oligomers were purchased from Eurogentec S.A. Liege
Science Park, (Seraing Belgium) or from Metabion GmbH,
(Martinsried Germany). For SPFS measurements a ssDNA
capture probe (CP) comprising 20 bases (5'-AAC TAC TGG GCC
ATC GTG AC-3') modified at the 5-end with three dithiane
groups”®?? introduced by the use of dithiol-phosphoramidite
(6750.6 g mol ™), as well as the ssDNA reporter probe (RP) with
20 bases (5-TGA GGT GAA AGT GTG AGT GC-3') modified with
a Cy 5® at the 3-end (7115.2 ¢ mol™") were used. Two types of
targets with different lengths, 40 bases (5-GCA CTC ACA CTT
TCA CCT CA G TCA CGA TGG CCC AGT AGT T-3') with
12151.9 ¢ mol ™" and 60 bases (5-GCA CTC ACA CTT TCA CCT
CA GCA TCA GTC TCT CGT ACA GT GT CAC GAT GGC CCA
GTA GTT-3') with 18281.9 g mol ™" were analyzed, respectively.
For patching studies, the patch containing 20 bases (5-ACT
GTA CGA GAG ACT GAT GC-3') with 6166.1 g mol™" can be
hybridized with the centered sequence of the 60 bases target.

Preparation of the gold substrates

SPR-chip preparation: gold substrates were prepared by
vacuum evaporation of gold (48 nm layer thickness) onto
cleaned glass slides (npxy; = 1.515 at 633 nm), which were pre-
coated with a thin titanium layer (1.5 nm) to improve
adhesion. The gold substrates were freshly cleaned prior to use
by treatment with a piranha solution (3:1 concentrated
H,S0,/30%H,0,, CAUTION: piranha solution reacts violently
with most organic materials and must be handled with
extreme care) for 5 min at room temperature and then rinsed
with pure water.

SPR and SPFS

For SPR and SPFS a commercially available setup from
Res-Tec (Resonant Technologies, Framersheim, Germany)
was used.

Immobilization procedure

The thiolated ssDNA was adsorbed on the SPR chip in the fol-
lowing way. The capture probe DNA was dissolved in Tris
buffer and adsorbed to the gold surface for 1 h. The thiolated
ssDNA (modified with three 1,2-dithiane rings) was used at a
concentration of 5 pM. After adsorption was completed, the
surface was rinsed with buffer and MQ water. To replace non-
specifically adsorbed DNA strands and saturate free sites at the
gold surface, in the next step a mixture of low-molecular
weight thiols was adsorbed.’ Equimolar amounts of mercap-
tobutanol (MCB) and mercaptopropionic acid (MPA), dissolved
in water at a 1 mM overall concentration, were adsorbed on the
DNA-gold surface for 30 min followed by rinsing with MQ
water. Besides these thiols, other thiols were investigated as
spacers as well. Each step of surface modification was moni-
tored by SPR.

This journal is © The Royal Society of Chemistry 2016
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Calculation of the surface coverage of the capture probe

From the shift in the SPR angular scan curves measured
before and after preparation of the capture probe layer, the
surface coverage of the capture probe was calculated as already
described before.***> By fitting the angular scan curves
measured before and after layer formation to a Fresnel
algorithm assuming a refractive index n, of 1.5 for DNA,>® the
thickness d, of the individual DNA layers can be obtained. For
this purpose the software WinSpall (version 3.0.2.0, Max
Planck Institute of Polymer Research, Mainz, Germany) was
used. Furthermore, the mass of the DNA films after adsorption
of the capture probe can be calculated using Feijter’s
equation.>

Ny — Nsol

M =d, dn/dc

In Feijter’s equation d, is the thickness of the layer, and 1,
and ng, are the refractive indices of the layer and buffer,
respectively.’* The quotient dn/dc is the refractive index incre-
ment of the adsorbed layer.* Assuming a value of dn/dc =
0.175 cm® g~ ' for DNA,* n, = 1.5, and ng = 1.33, a value of M
(ng cm™?) was obtained for the capture-probe layer. In order to
calculate the surface coverage in mol cm™>?, the values
obtained for M in ng cm™? were divided by the molecular
weight (6750.6 ¢ mol™") of the capture probe with three
dithianes. The molecular weight of the capture probe with
three dithianes is much larger than that of MCB/MPA
(6750.6 g mol ™" > 106 g mol™"). Therefore the contribution of
the MCB/MPA spacers was neglected at ratios between the
capture probe and MCB/MPA of (5:0), (5:10), (5:50), and
(5:125). However, for the capture probe surfaces prepared by
co-adsorption of the capture probe and thiol spacers at an
overall ratio of 5:250 the surface coverage of the capture probe
was rather low, and the signal contribution from MCB/MPA
could not be neglected anymore during the calculation of the
surface coverage. Therefore in a control experiment SPR sensor
chips were modified with MCB/MPA only, following the same
procedure (not shown). To determine the surface coverage of
the capture probe DNA, the surface bound mass calculated for
the control experiment was subtracted from the surface bound
mass calculated for the sensor chips modified with capture
probe DNA and MCB/MPA.

Results and discussion
Optimization of the sensor performance

As first measurements showed that the new detection strategy
is working, we used the three component detection strategy
outlined in the steps 1-3 in Scheme 3A with the target com-
prising 40 bases (T40) in order to optimize the experimental
conditions with respect to the salt composition of the buffer
solution (it is known that the presence of mono- and bivalent
cations has a strong influence on the DNA hybridization
efficiency’®) and the procedure for the preparation of the
sensor chip. As a capture probe we used the (1,2-dithiane)s

This journal is © The Royal Society of Chemistry 2016
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modified ssDNA, since by the use of six sulfur-gold (or
sulfur-silver) bonds a highly stable functionalization of metal
surfaces can be obtained.”””® To keep the experiments
straightforward, the reporter probe and the target were first
hybridized in solution before they were added to the capture
probe-modified surface rather than carrying out the steps 2
and 3 of Scheme 3 stepwise. For this purpose 100 pL of target
solution (at different target concentrations) were first mixed
with 100 pL of a 100 nM solution of the reporter probe at a
concentration of 100 nM for five minutes and then incubated.
As in our previous studies of surface bound MBs,** for all
experiments 2 mM Tris-buffer at pH 7.5 was used as standard
buffer. As shown in Fig. S1A and S1B in the ESI,{ the NaCl
and the MgCl, concentrations were varied. The best perform-
ance, iLe. the largest fluorescence increase during the detec-
tion event was obtained at a NaCl concentration of 200 mM
and an MgCl, concentration of 6 mM. Using this salt concen-
tration, in Tris buffer a larger increase in fluorescence during
the detection of T4 than in phosphate buffer could be
obtained (shown in Fig. S1C¥). Therefore 2 mM Tris-buffer at
pH 7.5 containing 200 mM NaCl and 6 mM MgCl, was used
for all further measurements. Next different sensor chips pre-
pared by co-adsorption of the capture probe at a concen-
tration of 5 uM and equimolar mixtures of MCB/MPA at
different concentrations were compared. To complete the
sensor chip preparation the adsorption of the capture probe
was followed by incubation with a mixture of MCB/MPA
(0.5 mM each) in pure water for 30 min before the surface
was rinsed with buffer. From the shift in the SPR angular
scan curves measured before and after preparation of the
capture probe layer the surface coverage of the capture probe
was calculated as described elsewhere.** For surfaces prepared
with a ratio between the capture probe and MCB/MPA of 5: 0,
5:10, 5:50, 5:125, and 5:250 surface coverages of 1.6 X
107" mol em™? (d4 = 1.1 nm), 1.5 x 10™** mol cm™2 (1.0 nm),
1.3 x 107" mol em™ (0.9 nm), 0.7 x 10°"" mol cm™>
(0.5 nm), and 0.4 x 10~ mol cm™? (0.3 nm) were calculated,
respectively from the obtained values for the surface thickness
given in brackets.

As shown in Fig. 1 the best performance was obtained at
the highest surface coverage of the capture probe. For this
purpose the capture probe had to be adsorbed in buffer in the
absence of MCB/MPA for 1 h before a mixture of MCB/MPA
0.5 mM each in pure water was incubated for 30 min followed
by rinsing the surface with buffer. This resulted in a surface
coverage of 1.6 x 10" mol cm ™. From this surface coverage a
center to center distance of 3.2 nm between two adjacent
ssDNA capture probe strands can be calculated as shown in
the ESIt (during this calculation the geometrical surface area
was used and any effects of surface roughness were neglected).
Besides, a mixture of MCB/MPA longer thiol spacers such as
MCH and MDPA, and MPS were evaluated as well. As shown in
Fig. S2 in the ESIT the best performance was obtained with the
mixture of MCB and MPA, possibly because the short thiols do
not sterically hinder the hybridization of the target at the
surface.

Analyst, 2016, 141, 5784-5791 | 5787
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Fig. 1 SPR (black) and SPFS (red) angular scan curves measured at sur-
faces prepared by chemisorption of the capture probe at a concen-
tration of 5 pM mixed with different concentrations of equimolar
MCB/MPA (the total concentration of thiol spacers was 0 pM, squares;
10 pM, down triangles; 50 pM, up triangles; 125 pM, diamonds; 250 uM,
stars). Thereafter a mixture of 1 mM MCB/MPA (each 0.5 mM) in water
was incubated for 1 h before the surface was rinsed with buffer. Sub-
sequently 5 nM T4 mixed with 50 nM reporter probe was incubated for
10 min, followed by rinsing with buffer for 5 min, before the angular
scan curves were collected.

Determination of the detection limits for the targets
comprising 40 and 60 bases, T, and T,

During the optimization of the sensor performance the repor-
ter probe and the target were first hybridized for 5 min in
solution before they were added to the capture probe-modi-
fied surface. The detection limit was determined by this pro-
cedure as shown in Fig. 2, and also by carrying out the steps
2 and 3 of Scheme 3 stepwise as shown in Fig. S3 of the
ESL.f For both procedures a detection limit of 50 pM was
determined. The resulting architecture at the surface of the
sensor chip comprises a Cy5-labelled surface grafted dsDNA
structure with an overall length of 40 base pairs (bp). The
resulting detection limit is 10-20 times lower than the detec-
tion limit determined previously for MBs with 36 and 38
bases.** By following the new detection strategy outlined in
Scheme 3A the background fluorescence could be lowered
from around 1.5 x 10° photomultiplier counts per second
(cps) obtained for the MBs in the closed state** to around
6.5 x 10° as shown in Fig. 2 and S3.1 Also for the detection of
the longer target comprising 60 bases Teo, the two different
detection procedures, ie. pre-hybridization of the target and
reporter probe vs. stepwise hybridization at the surface as
outlined in the steps 1-4 of Scheme 3B, were compared. Also
for the longer target Tg, a detection limit of 50 pM was
obtained for both procedures as shown in Fig. S4 and S5 of
the ESI.t Apparently the increase in the target length from 40
to 60 bases has no strong influence on the fluorescence
intensity and on the detection limit. A detailed comparison
of the detection of the targets T4 and Teo at the same sensor
chip follows in the next section. It is worth noting that for
the concentration dependent measurements shown in Fig. 2
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Fig. 2 Determination of the detection limit for the 40 bases target
(T40). For signal readout 100 pL target solution (at different target con-
centrations) were first mixed with 100 pL of a 100 nM solution of the
reporter probe and then incubated. (A) SPFS kinetic scan curves
measured at a fixed angle of 68.8° for target concentrations from 0 nM
to 50 nM. The fluorescence signal (red) is shown for several detection
events carried out at the same chip. In between the individual detection
events the sensor surface was regenerated by rinsing with pure water
followed by equilibration with buffer until a stable fluorescence back-
ground was reached (black). (B) Average fluorescence signal of three
measurements on the same sensor chip detected after 10 min incu-
bation with the mixtures and subsequent rinsing with buffer. The
threshold (dashed line) is equal to the sum of the blank and three times
of standard deviation (SD). The blank is the average value of negative
control (0 nM target). The error bars show the confidence interval for
P =0.95.

a final reporter probe concentration of 50 nM was used, and
therefore the maximum target concentration studied systema-
tically was 50 nM. In an additional experiment the target and
reporter probe concentrations were both increased to 500
nM. In that case the fluorescence increase was so strong
(>2.8 x 10 cps) that the shutter in front of the photomulti-
plier closed in order to prevent the photomultiplier from
being damaged.

This journal is © The Royal Society of Chemistry 2016
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Comparison of the detection of the targets T,, and T, at the
same sensor chip

In order to compare the detection of the targets T,o and Te, at
the same sensor chip both targets were detected at a concen-
tration of 5 nM as shown in Fig. 3. To limit the number of
involved steps, the target was hybridized with the reporter
probe prior to incubation at the sensor surface. After detection
of the targets T, and Teo the sensor surface was regenerated
by rinsing with pure water (resulting in complete dehybridiza-
tion of the target) followed by equilibration in buffer solution.
As can be seen from Fig. 3, when the surface is rinsed with
buffer solution after incubation with the forty bases target T,o
hybridized with the reporter probe for 5 min, there was a
slight further increase of the fluorescence signal, which might
be explained by the hybridization of further target molecules
due to convection. When rinsing with buffer was continued for
a few minutes the fluorescence signal became constant. We
explain the rather large increase in fluorescence after incu-
bation with the target hybridized with the reporter probe by
the assumption that the resulting dsDNA hybrid comprising
40 bp with a length of about 14 nm is standing more or less
upright at the surface (at a certain angle). Furthermore, the
capture probe molecules are grafted to the surface at high
density resulting in electrostatic repulsion between individual
capture probe strands, and between target strands and the
target containing the dsDNA structure. Therefore the Cy5
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Fig. 3 SPFS kinetic scan curve comparing the fluorescence increase for
the detection of the target T4 (A) and the target T before (B) and after
incubation with 200 pL of a solution containing the patch at 10 nM (C).
The targets were incubated after mixing 100 pL of target solution
at a concentration of 10 nM with 100 pL of a solution containing
the reporter probe (RP) at 100 nM (final target concentration: 5 nM).
After detection of the targets the sensor surface was regenerated by
dehybridization with pure water followed by equilibration with buffer.
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labeled dsDNA assembly is expected to be pushed away from
the surface and oriented towards the solution. As a conse-
quence the Cy5 dye is located at a distance at which the
quenching by energy transfer to the gold surface is already
relatively low, and the fluorescence can be strongly excited by
the evanescent field. When the larger target Tgo was incubated
after hybridization with the reporter probe the increase in the
fluorescence signal was initially quite low as shown in Fig. 3.
Even though the surface grafted dsDNA substructure of 20 bp
is expected to be oriented away from the surface pointing
towards the solution, the centered 20 unpaired bases of the
target comprise a highly flexible region, which allows the outer
dsDNA substructure of 20 bp bearing the Cy5 label to approach
the surface rather close. Therefore the majority of the fluo-
rescence signal is quenched. The situation changes during
incubation with the patch. By hybridization of the patch with
the centered flexible region of the target a rather stiff dsDNA
assembly of 60 bp with an overall length of about 20 nm is
formed, which is more or less standing at the surface increas-
ing the distance between the fluorophore and surface and
thereby causing a large increase in the fluorescence signal.
The fact that the fluorescence signal becomes even stronger
than for the detection of the forty bases target T,, implies that
for the target Teo the Cy5 dye is located further away from the
surface and thus less of the fluorescence is quenched. This
seems reasonable since the dsDNA assembly of 60 bp can be
expected to be standing at the surface nearly with the same
angle as the dsDNA assembly of 40 bp.

Reusability of the sensor chip

As is shown in Fig. 2 (see also ESI, Fig. S3-S51) complete de-
hybridization of the target by rinsing with pure water was poss-
ible and the sensor chips could be used several times without
significant fluctuation. By estimating the relative standard
deviation (RSD) of the fluorescence increase over three inde-
pendent detection events as shown in Fig. 2B, values between
0.9% and 4.8% were achieved, depending on the target
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Fig. 4 SPFS kinetic scan curve collected during the detection of the
target T4 incubated after mixing 100 pL of a target containing solution
at a concentration of 10 nM with 100 pL of a 100 nM solution (final
target concentration: 5 nM) and subsequent rinsing with buffer solution

at a flow rate of 3 mL min™™.
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concentration (0 nM, 0.9%; 0.05 nM, 1.6%; 0.5 nM, 2.5%; 5
nM, 4.8%; 50 nM, 2.3%). The high stability of the capture
probe layer during multiple hybridization/dehybridization
steps might be attributed to the three dithiane rings used for
chemisorption of the capture probe.>”*® Also the mild dehybri-
dization procedure by rinsing with pure water may help to con-
serve the sensor surface.**>” When in contrast to rinsing with
pure water the sensor chips were rinsed with buffer solution
after hybridization with the target, after a few minutes the fluo-
rescence signal became constant. A corresponding experiment
for the detection of the target T,o is shown in Fig. 4.

Conclusions

A new sandwich-like strategy has been developed to detect
oligonucleotide targets of variable lengths after hybridization
to a surface grafted capture probe by SPFS. Even though the
targets are hybridized also to a reporter probe, the detection
strategy can be termed label-free, since individual targets can
be detected directly without previous chemical modification.
Following the new detection strategy the background fluo-
rescence could be significantly lowered in comparison with
the use of ordinary surface grafted molecular beacons. As a
result the detection limit could be decreased by at least one
order of magnitude down to a concentration of 50 pM. This
detection limit was reached for the forty bases containing
target T4 and for the sixty bases containing target Te, (for the
latter target the detection procedure included patching). The
fact that a similar detection limit can be reached for both
targets seems reasonable, since the fluorescence intensity for
the detection of T, at a fixed concentration is only about 20%
higher than that of T4 (as shown in Fig. 3). The detection
limit did not depend on the sequence of the detection pro-
cedure, i.e. whether the target and reporter probe were hybri-
dized prior to incubation or the hybridization steps were
carried out stepwise. In the current study we did not investi-
gate the influence of single base mismatches, and a possible
disadvantage during the detection of long targets might be
that with increasing target length, ie. with an increasing
number of bases, the influence of a single base mismatch will
become less pronounced. Here the sandwich-like detection
strategy offers plenty of possibilities for tailor-made solutions.
If for instance the mismatch has to be discriminated at the
bases close to one of the ends of the target sequence, either
the length of the capture probe or the length of the reporter
probe can be chosen rather short in order to enlarge the influ-
ence of a single base mismatch on the hybridization event at
that part. If the mismatch is expected at the center region of a
longer target, longer sequences for capture and reporter
probes could be applied in combination with a rather short
and thus sensitive patch, which is used to trace the mismatch.
To further increase the sensitivity against single base mis-
matches, locked nucleic acid (LNA) or peptide nucleic acid
(PNA) could be applied instead of DNA, since for these DNA
analogues less base pairs are sufficient for strong hybridiz-
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ation at room temperature. As a consequence the influence of
one mismatch will be more pronounced. By the use of LNA or
PNA instead of DNA, the detection of relatively short targets
such as micro-RNA also becomes possible following the sand-
wich-like detection strategy. Based on the sandwich-like detec-
tion strategy a modular construction system becomes
available, which can be applied for the label-free detection of
any type of oligonucleotide. The detection of a single target
takes only a few minutes, and the sensor chips can be reused
many times. With respect to the detection limit it is worth
noting that we give the corresponding value in the unit of a
concentration. Due to the employed flow cell a total volume of
200 pL was injected for about 15 min leading to a detection
limit of 50 pM. As the volume of the applied flow cell is
around 100 pL there is a rather large distance between the
surface and the opposite cell wall, and thus we are working at
semi-infinite diffusion instead of binding all molecules
present in the sample. Due to the fact that in principle fluo-
rescence measurements allow the detection down to the single
molecule level,’® it should be possible to significantly lower
the detection limit (defined as a concentration or alternatively
as an absolute number of molecules bound to a certain
surface area) already by improvements of the experimental
setup (e.g. by microfluidics using a thinner flow cell with
smaller volume).
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