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Introduction

A surface plasmon field-enhanced fluorescence
reversible split aptamer biosensory

K. Sergelen,®®< B. Liedberg, ©° W. Knoll® and J. Dostalek { *2

Surface plasmon field-enhanced fluorescence is reported for the readout of a heterogeneous assay that
utilizes low affinity split aptamer ligands. Weak affinity ligands that reversibly interact with target analytes
hold potential for facile implementation in continuous monitoring biosensor systems. This functionality is
not possible without the regeneration of more commonly used assays relying on high affinity ligands and
end-point measurement. In fluorescence-based sensors, the use of low affinity ligands allows avoiding
this step but it imposes a challenge associated with the weak optical response to the specific capture of
the target analyte which is also often masked by a strong background. The coupling of fluorophore labels
with a confined field of surface plasmons is reported for strong amplification of the fluorescence signal
emitted from the sensor surface and its efficient discrimination from the background. This optical scheme
is demonstrated for time-resolved analysis of chosen model analytes — adenoside and adenosine tri-
phosphate — with a split aptamer that exhibits an equilibrium affinity binding constant between 0.73 and
1.35 mM. The developed biosensor enables rapid and specific discrimination of target analyte concen-
tration changes from low uM to mM in buffer as well as in 10% serum.

often limited by the background signal and bleaching of
fluorophore labels. This problem may be overcome by the use

In recent years, a rapidly increasing number of analytical
technologies have taken advantage of cost-effective production
and flexibility in the design of oligonucleic acid aptamer
ligands."™® Among others, aptamer biosensors found their
applications in sensitive analysis of species that serve as bio-

markers of cancer,”® cardiovascular diseases,”® and
inflammation®™" as well as for the detection of patho-
3,12,13

gens. The optical readout of the specific interaction of an
aptamer ligand with a target analyte mostly utilizes
fluorescence.'*™® The majority of fluorescence-based aptamer
biosensors rely on distance-dependent fluorescence resonance
energy transfer (FRET)'”'® or quenching of the fluorescence
signal in the vicinity of graphene'*'®*° and other quench-
ers.”"?> The performance of fluorescence-based biosensors is
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of surface plasmon resonance (SPR) biosensors which provide
a facile platform for the direct detection of a target analyte that
does not require labels.>*>® SPR aptamer biosensors exploit-
ing localized surface plasmons supported by metallic nano-
particles’®?®>” and propagating surface plasmons travelling
along thin metallic films'' were reported. Moreover, surface
plasmon optics can be employed for the amplification of the
fluorescence assay readout by probing of aptamer binding
with plasmonically enhanced intensity of the electromagnetic
field. This phenomenon was exploited with the use of
propagating surface plasmons on metallic surfaces®* " as well
as with localized surface plasmons supported by metallic
nanoparticles spiked to the analyzed liquid sample.**?*
Besides the plasmon-enhanced fluorescence (PEF) intensity,
this detection scheme typically decreases the lifetime of
the used fluorophore labels which reduces the effect of
bleaching.****

The sandwich format is routinely used in immunoassays
for the detection of medium and large molecular weight ana-
Iytes. In this method, one antibody is attached to a sensor
surface to capture the target analyte from the analyzed sample.
Subsequently, the surface is reacted with the second antibody
that is labeled with a reporter (e.g. fluorophore or nano-
particle).*® These two antibodies are designed so that they
bind to different epitopes of the target analyte without steric
hindrance. This approach is generally not possible for low
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molecular weight analytes. Aptamers on the other hand provide
an interesting alternative to established immunoassays and they
are particularly attractive for rapid detection of low molecular-
weight analytes.'®'”'®?® Single strand oligonucleotide aptamers
were also implemented in biosensors utilizing a sandwich
assay.”’° In contrast to immunoassays, they offer means to
design sandwich-type assays even for low molecular weight
analytes’®™** by using an aptamer sequence divided into two sep-
arate strands in a way that allows maintaining the binding activity.

The sandwich aptamer assay was utilized for continuous
sensing of biologically active analytes*® which was reported for
time-resolved measurements of species secreted by cells to
their local environment. Indeed, the vast majority of bio-
sensors rely on high affinity ligands. Then regeneration proto-
cols need to be applied to strip the captured analyte from the
ligand for their repeated use.*®*” However, such regeneration
complicates the operation in emerging applications such as
cell-on-chip*® or therapeutic drug monitoring.*® In principle,
more facile monitoring of time dependent analyte concen-
tration variations can be utilized by low affinity ligands.>*">* In
sandwich aptamer assays that utilize SPR metallic nano-
particles as reporters, usually multiple aptamer (oligo-
nucleotide) strands are attached which often leads to avidity-
enhanced irreversible interactions with the analyte. This can
be overcome by tedious purification steps®” or with the use of
fluorophore tags that do not increase affinity.”*

The use of weak affinity ligands for reversible fluorescence-
based sandwich assaying is challenging due to the high fluo-
rescence background and weak specific signals associated with
the analyte capture. We report herein the implementation of
PEF as a sensitive readout method for reversible split aptamer-
based fluorescence biosensing. A split DNA aptamer®>>® that
binds to ATP and adenosine was chosen for a proof of concept
demonstration of real-time continuous monitoring of concen-
tration changes without the need of regeneration.

Experimental
Materials

Adenosine 5-triphosphate disodium salt hydrate (ATP), adeno-
sine, guanosine, sodium chloride, magnesium chloride hexa-
hydrate, tris hydrochloride, 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) and polyethylene glycol sorbitan
monolaurate (TWEEN 20) were obtained from Sigma-Aldrich
(Austria). Neutravidin  protein was purchased from
ThermoFisher (Austria). Biotinylated alkane PEG thiol (BA
thiol, SPT-0012D) and (11-mercaptoundecyl) triethyleneglycol
(PEG thiol, SPT-0011) were purchased from SensoPath
Technologies Inc. (USA). Buffer solutions were prepared using
ultrapure water (arium pro, Sartorius Stedim) with all reagents
used as received. The ATP and adenosine binding split DNA
aptamer™ sequences Biotin 5-TTTTTTTTTTAGA GAA CCT
GGG GGA GTA T-3' (segment S1-Biotin) and AlexaFluor647N 5'-
TTTTTTGC GGA GGA AGG TAG AG-3' (segment S2-AF647) were
synthesized by Integrated DNA Technologies (Belgium). The
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serum sample was collected from a healthy donor using a
Vacuette Z Serum Clot Activator (Freiner Bio One, Germany),
centrifuged for 10 minutes at 1800g and stored at —20 °C until
analysis.

Sensor chip preparation

Sensor chips were prepared on BK7 glass substrates which
were subsequently coated with 2 nm chromium and 50 nm
gold films by thermal vacuum evaporation (HHV Auto306 Lab
Coater). The thickness of gold was chosen to maximize the
coupling strength to propagating surface plasmons based on
previous work reported in the literature.”” The gold surfaces
were rinsed with ethanol, dried under a stream of air and
immersed in 1 mM ethanolic solution with BA and PEG thiols
dissolved at a 1:9 ratio. This ratio was reported as optimum
for the immobilization of oligonucleotide strands by streptavi-
din-biotin interactions.’® After 48 hours of incubation under
an argon atmosphere, a mixed self-assembled monolayer
(SAM) was formed on the gold surface which was subsequently
rinsed with ethanol and dried under a stream of air. A 10 mM
HEPES buffer (pH = 7.4) containing 150 mM NaCl, 5 mM
MgCl, and 0.005% Tween 20 was used throughout the immo-
bilization of the ligand. Initially, 0.5 mL of 50 ug mL™" neutra-
vidin solution was flowed over the mixed thiol SAM for
25 minutes to form a monolayer.>” Then, 0.5 mL of 1 pM solu-
tion of biotinylated split aptamer segment 1 (S1-Biotin) was
reacted with the surface for 25 minutes in which the saturation
was reached. After each incubation step, the sensor surface
was rinsed for 10 minutes with buffer.

Optical measurements

For the optical measurements, an instrument that combines
surface plasmon resonance (SPR) and surface plasmon field-
enhanced fluorescence (PEF) was used as described pre-
viously.>® Briefly, the sensor chip with the mixed thiol SAM
was optically matched to an LASFNO glass prism with refractive
index matching oil (Cargille Inc., USA) and a flow-cell was
clamped onto its top. The volume of the flow-cell was 10 pL
and it consisted of a PDMS gasket (thickness of ~130 pm) and
a transparent glass substrate with drilled inlet and outlet
ports. Liquid samples were transported via a tubing (Tygon
LMT-55) with a 0.25 mm inner diameter at a flow rate of 15
pL min~". This assembly was mounted onto a rotating stage and
a monochromatic transverse magnetically (TM) polarized HeNe
laser (Aex = 632.8 nm) beam was coupled to the prism. The
angle of incidence € was controlled to resonantly excite the
propagating surface plasmons (PSPs) on the gold surface by
the Kretschmann configuration of the attenuated total reflec-
tion method. The reflected light intensity R was measured by
using a photodiode detector connected to a lock-in amplifier
(EG&G, USA). In addition, the fluorescence intensity F emitted
at wavelength A, = 670 nm through the flow-cell in the direc-
tion normal to the gold surface was collected with a lens (focal
length 30 mm, numerical aperture NA = 0.2). Two bandpass
filters (transmission wavelength A.,, = 670 nm, 670FS10-25,
Andover Corporation Optical Filter, USA) and a notch filter

This journal is © The Royal Society of Chemistry 2017
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(central stop-band wavelength A, = 632.8 nm, XNF-632.8-25.0
M, CVI Melles Griot, USA) were used to block the excitation
light at Acx. Afterwards, the beam at .., was coupled to a multi-
mode optical fiber (FT400EMT, Thorlabs, UK) and detected
with an avalanche photodiode (Count-200-FC, Laser
Components, Germany). The fluorescence light intensity F was
measured using a counter (53131A, Agilent, USA) in counts per
second (cps). Both the reflectivity and fluorescence signals
were recorded using the software Wasplas (Max Planck
Institute for Polymer Research, Mainz, Germany). Time
resolved measurements of reflectivity R and fluorescence
intensity F were performed at a fixed incidence angle 6.

Split aptamer assay

In the split aptamer assay, the HEPES buffer solution with 100
nM S2-AF647 aptamer (concentration derived from data shown
in Fig. S21) was continuously flowed over the sensor surface
with immobilized aptamer S1-Biotin. After establishing a
stable baseline in the acquired fluorescence signal F,, in about
15 minutes, sequential analysis of samples with the target
(ATP, adenosine) and reference (guanosine) analytes was per-
formed. These analytes were spiked into the buffer with 100
nM S2-AF647 and each sample was allowed to react with the
surface for 5-8 minutes until a steady level of fluorescence
signal F(t) was reached.

Results and discussion
Surface plasmon field-enhanced fluorescence split aptamer assay

As can be seen in Fig. 1, the used split aptamer ligand is com-
posed of two segments. The segment S1-Biotin was immobi-

Sample

flow
f With analyte Without analyte
$2-AF647 /> stBiotin

___——> Streptavidin

L

| SAM
Analyte

Gold film
Glass substrate
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—> Analyte
*;c\ §-TTTTTTTTTT AGAGAACCTGGGGGAGTAT -3' —> S1-Biotin
W j A
o
5-TTTTT TGCGGAGGAAGGTAGAG -3’ —> S2-AF647

Fig. 1 Schematics of the split aptamer sandwich assay and surface
architecture.
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lized on the sensor surface by using the biotin tag, while the
second segment S2-AF647 carrying Alexa Fluor 647 label was
contained in a solution above the surface. Split aptamer
sequences that specifically bind to adenosine and ATP were
adopted from studies reported in the literature.>>® In the
presence of the target analyte, the segment S2-AF647 forms a
complex with tethered S1-Biotin, whereas in the absence of the
target analyte the segments do not interact. The S2-AF647
binding events triggered by the presence of the target analyte
were monitored by probing of the gold sensor surface with
resonantly excited surface plasmons - PSPs. The excitation of
PSPs generates an increased intensity of electromagnetic field
at a wavelength of A, = 633 nm which coincides with the
absorption band of the used fluorophore. Due to its confined
field profile, the PSP-enhanced excitation of fluorophores
occurs only in the close proximity of the sensor surface (below
<100 nm). The fluorescence light intensity F that was emitted
perpendicularly to the surface at a wavelength of Ae;,, = 670 nm
was collected and detected in time.

The intensity of the emitted fluorescence signal is strongly
dependent on the distance of the fluorophore from the gold
surface.”® In order to prevent quenching occurring at short dis-
tances of <10 nm, surface architecture with a neutravidin
spacer layer was used for the immobilization of the S1-Biotin
segment. Then the affinity binding occurs further away from
the gold and the effect of quenching is substantially reduced
as reported previously for the surface plasmon-enhanced fluo-
rescence detection of DNA hybridization.®®

Aqueous samples with varying concentrations of ATP were
prepared. Each sample was spiked with the same concen-
tration of aptamer segment S2-AF647 of 100 nM and flowed
over the sensor surface for 5-8 min. Upon the flow of samples,
a series of fluorescence intensity scans F(0) were measured for
different angles of incidence @ of the excitation laser beam at
Aex- As shown in Fig. 2, strong fluorescence intensity F was

5x10

4x1 0 Bulk ATP concentration Surface
3x10° ——0
5
%’”05 A 0.125mM
iy x10
2 ~ —#—0.25 mM
©O, 4 —8—0.5mM
W, —a—1mm ﬂ
g 6x10* —s—2mM >’ o
8 sx10f
C
8 axt0t
(7]
g 3x10*
=] 4
T 2x10
1x10*
G
0
46 47

Angle of incidence, 9 [deg]
Fig. 2 Angular fluorescence intensity spectra F(9) measured upon the

affinity binding of ATP to the sensor surface from samples with ATP con-
centration from 0.125 to 2 mM.
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observed at angles 6 below the critical angle (6. = 47.3 deg).
This fluorescence signal originates from fluorophores dis-
persed in the bulk solution that are excited with a laser beam
partially transmitted through the gold layer. When increasing
the angle 6 above the critical angle 6., the fluorescence signal
F drops and an additional fluorescence peak is observed at a
higher angle Ospr ~ 57 deg. This peak is ascribed to the
fluorescence signal emitted from the surface when PSPs are
resonantly excited at A.. Interestingly, when increasing the
concentration of ATP in the solution, the fluorescence signal
below the critical angle 0. does not significantly change. In
contrast, probing of the sensor surface with the confined field
of PSPs at angle Ospr is accompanied by fluorescence intensity
that increases with ATP concentration. The reason is that
below the critical angle 6. the measured fluorescence signal
F mostly originates from the fluorophore labeled segment of
the aptamer S2-AF647 that is contained in the bulk solution.
This signal apparently masks the response due to the affinity
binding on the sensor surface. However, above the critical
angle 0. the fluorescence excitation via the enhanced intensity
of the evanescent PSP field occurs. Such optical enhancement
is selective for the surface and efficiently makes the affinity
binding of the target analyte distinguishable from the bulk.
The simultaneously measured angular reflectivity spectra R(6)
(Fig. S31) reveal no measurable shift in the SPR angle (rep-
resented as a minimum of the respective reflectivity dip) as the
local refractive index variations associated with low molecular
weight analyte binding are too weak.

Time-resolved fluorescence readout

In order to measure the fluorescence response upon the
affinity binding of the target analyte in time, the angle of inci-
dence was fixed at @ = 57 deg where the strongest fluorescence
enhancement was observed. Firstly, a steady baseline in the
fluorescence signal F, was established for a flow of a blank
sample with 100 nM S2-AF647. Then, a series of samples
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spiked with the target analytes (ATP or adenosine) and the
reference analyte (guanosine) were sequentially injected.
Increasing the concentration of adenosine leads to a gradual
increase of the fluorescence signal F which saturates in about
5-8 min (see Fig. 3, left). For the highest injected ATP concen-
tration of 2 mM, the equilibrium fluorescence signal
F increased by a factor of ~4 with respect to the baseline F,.
For the ATP concentrations above 2 mM, the fluorescence
signal reached saturation. Compared to ATP, the binding of
adenosine showed a stronger response and for the concen-
tration of 5 mM the fluorescence signal increased by a factor
of ~22 with respect to F,, reaching saturation. This observation
can be ascribed to differences in the interaction of ATP and
adenosine with the split DNA aptamer. Possibly the weaker
association of ATP with the aptamer complex than that of ade-
nosine can be attributed to the strong negative charges of both
ATP and the fluorophore AF647 conjugated split aptamer
segment S2-AF647. The reference analyte guanosine did not
interact with the selected aptamer.

Importantly, the interaction of the split aptamer with the
target analytes is fully reversible. When switching the flow of
samples to a blank buffer sample with the same concentration
of S2-AF647, but without the target analyte, the fluorescence
signal quickly drops to the original baseline F, in 1 minute.
The right panel in Fig. 3 confirms the full reversibility of the
assay and demonstrates the potential for real-time continuous
sensing by running several cycles of injection of the sample
series with increasing ATP concentration. In the context of
applying such a sensor for therapeutic drug monitoring, there
would be a need to reach time resolution that is comparable to
the drug half-life (mostly hours to days) or time to reach the
peak concentration of the drug (30 min to >hours).®*** The
presented assay offers a much faster response as the sensor
signal reaches equilibrium in several minutes after a change of
the target analyte concentration. Indeed, it should be men-
tioned that the response time is probably dictated by diffusion

1 AP 0

)

2™ cycle 3" cycle

Fluorescence int. F [cps]

1% cycle

/L
T T T T T T 7/ T T T

0 5 10 15 20 25 30 40 60 80 10
Time, t [min]

Fig. 3 The titration measurements illustrating the reversibility of the split aptamer based assay. Left. The red and blue lines indicate the specific ana-
lytes ATP and adenosine, respectively, and guanosine as the negative control (green line). Right. Demonstration of the reversible and reproducible
detection of the assay for 3 rounds of ATP detection. Concentrations of analytes are indicated in sequential numbers: 0 — 0; 1 — 0.062 mM;
2-0.125mM; 3 -0.25mM; 4 - 0.5mM; 5 -1mM; 6 - 2 mM; 7 — 3 mM; 8 — 5 mM, respectively.
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of the analyte to the surface and mixing of solutions in the
used flow injection.

Calibration curves

From the titration experiments presented in Fig. 3, the equili-
brium response was determined for each concentration as the
difference of equilibrium signals AF = F — F,. The established
calibration curves for ATP and adenosine are presented in
Fig. 4 together with a fit using the Langmuir isotherm.
From these data, the equilibrium dissociation constant K4 for
the affinity interaction of ATP and adenosine with the split
aptamer was determined. This parameter was obtained as the
half saturation concentration and it yields a K4 of 0.35 mM
and 1.35 mM for ATP and adenosine, respectively (Fig. S47). It
is worth noting that these values are in the range proposed for
reversible continuous sensing, K4 > uM.>° In addition, they are
about two orders of magnitude higher than those for the
affinity interaction with the native (not split) aptamer in the
bulk solution, Kg ~ 6 uM.>® The weaker affinity with respect to
the reported heterogeneous assay can be partially attributed to
the labeling of aptamer strands with fluorophores which was
observed before (Kg = 273 uM>*).

The limit of detection for the assay was determined for
each calibration curve as the concentration at which the value
of 3 times the standard deviation of the background signal F,
(30 =2.5% of F, for ATP and 3¢ = 2% of F, for adenosine) inter-
sects with the fitted calibration curve. The LOD values of
78 uM and 42 pM were determined for ATP and adenosine,
respectively. Such a detection limit is not sufficient for the ana-
lysis of ATP or adenosine as a biomarker in clinical samples
such as plasma® or extracellular space®® where they are
present at concentrations in the low nM range. However, it
may be feasible to apply a similar split aptamer for the sensing

= ATP
10°4 = Adenosine
4
10 -§ LODAdenosine= 42 “’M

103-5

LOD,.,= 78 uM

Fluorescence int. change, AF [cps]

. T M T
10 100 1000
Concentration, C [uM]
Fig. 4 Calibration curves of the detection of ATP and adenosine ana-
lytes. Each data point (AF) is derived from triplicate titration measure-

ments as in Fig. 3. Calibration curves were fitted with the Langmuir iso-
therm model.
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Fig. 5 Comparison of the calibration curves of ATP and adenosine
detection measurements in buffer and 10% serum.

of the cellular sub mM levels of ATP®” in cell-on-chip systems
that are combined with fluorescence microscopy.®® Plasmonic
amplification of the fluorescence signal in such a detection
scheme can be implemented with the use of an epifluores-
cence readout as reported before by our group.?® In addition,
the limit of detection can be improved by using more powerful
plasmonic amplification schemes®® and by using biointerfaces
that accommodate higher amounts of ligands such as those
relying on 3D hydrogel matrices.”” Moreover, depending on
the needed time resolution in the monitoring of target analyte
concentration changes, the implementation of ligands with
higher affinity would directly translate to an improved LOD.

Assay performance in real samples

Finally, the performed split aptamer assay was tested for the
analyte spiked into 10% serum with the same concentration
ranges as used for sensing in buffer. Detection was performed
in triplicate and from the obtained calibration curves, the LOD
of the sensor in 10% serum is slightly increased to 122 pM
for ATP and 58 pM for adenosine (Fig. 5). Although there is
slight loss in the LOD of the reported assay in diluted serum,
the reversible detection of analytes is retained (Fig. S51) and
the overall biosensor performance is comparable to that in
buffer.

Conclusions

A DNA split aptamer assay with a surface plasmon field-
enhanced fluorescence sensor was demonstrated to allow for
reversible and label-free detection of small molecular weight
analytes, ATP and adenosine. Real-time probing of the analyte/
aptamer specific interaction with the spatially confined
surface plasmon field enabled the efficient suppression of the
effect of the fluorescence background. A fully reversible
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aptamer biosensor with a detection limit in the low micro-
molar range was established. The applicability of the sensor
scheme was proven for 10-fold diluted serum and the revers-
ible detection of concentration changes of the analytes was
possible in the time range of minutes. The reported reversible
sensing scheme can pave a way for the future development of
continuous optical sensors for the many medically relevant
markers that require close monitoring, which is vital to the
improved evaluation and treatment of patient states’" or it may
find its application in lab-on-chip systems for the rapid monitor-
ing of cellular constituents and metabolites over time.*®
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