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Abstract

A Love-wave biosensor array has been desi gned by coupling aptamers to the surface of a Love-wave sensor chip. The sensarchip consists
of five single sensor elements and allows label- free, real-time. and quantitative measurements of protein and nueleic acid binding events
in concentration-dependent fashion. The biosensor was calibrated for human a-thrombin and HIV-1 Rev peptide by binding fluorescently
labelled malecules and correlating the mass of the bound melecules to fluorescence intensity. Detection limits of approximately 75 pg/em?
were obfained., and analyte recognition was specific. The sensor can easily be regenerated by simple washing steps. We further demonstrate
the versatile applicability of the sensor by immobilizing single -stranded DNA (ssDNA for the detection ofthe corresponding counter-strand.

C 2004 Elsevier B.V. All rights reserved.

Kevwouds: Love-wave biosensor armay:, Aptamer; Thrombim, Rev

1. Introduction

Acoustic wave sensors have proven to be powerful devices
for the detection and quantification of different physical ja-
rameters such as mass loading [1]. albeit in most examples
applications were restricted to non-liquid environments.
When mass is loaded onto the surface of these sensors, the
propagation velocity of acoustic waves decreases, resulting
in a reduction of resonance frequency or in alteration of
the phase shift between output and input signal. Love-wave
sensors as a special type of surface acoustic wave (SAW)
sensors use shear horizontal waves guided in a laver on
the surface of the sensor to reduce energy dissipation of
the acoustic wave to the Auid and to increase the surface
sensitivity. Therefore, they offer high enough sensitivity to
detect mass loadings in liquids as low as 1.7 ng/em? [2].

Several examples show that SAW Love-wave sensors can
be derivatized with antibodies as receptors for cognate ana-
Ivtes [2.3]. An alternative class of receptor molecules with
similar properties as antibodies are aptamers. They can be
evolved and synthesized in vitro [4], offer high specificity
in target recognition, and can be used for the detection of a
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wide range oftarget analytes. Liss et al. [5] created a hiosen-
sor by immobilizing immunoglobulin E (1gE) aptamers on
a quartz erystal microbalance. This physical transducer re-
sulted in a detection limit of 3.3 ng/em”. However, most an-
alytical tasks in biological experiments require much higher
sensitivity.

Inn this paper, we report the combination of aptamer/ligand
recognition with detection by SAW Love-wave sensors.
It is shown that highly sensitive analyte detection can be
achieved in parallel fashion opening up the possibility of
using this sensor-principle in an array format. The sensor is

characterized with respect to sensitivity, selectivity, and re-
generability, and the results are directly compared to the BI-
Acore 3000 system [6]. As an example foran aptamer/ligand
pair we chose the extensively characterized DNA ap-
tamer against the multifunctional serine protease thrombin.
Playing a pivotal role in the blood coagulation and antico-
agulation cascades, it is a relevant target protein for drug
discovery. In order to obtain alternative efficient anticoagu-
lants, aptamers against thrombin have been developed [7.8].

2. Experimental

Love-wave sensors were fabricated by standard physi-
cal vapour deposition (PVD) techniques and lithography.
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Fig. 1. Design of sensor chip and sealing.

A 500pm ST-cut quartz substrate was covered with a
Cr/AwCr layver (12/300/12 nm) by means of magnetron
sputtering. This layer was structured by photolithography
and ion beam etching (1BE) to shape the inter-digital trans-
ducers (IDTs) and contact pads. The IDT fingers were
structured with a periodicity & of 28 um. exciting acoustic
waves perpendicular to the wafer's erystallographic X-axes
at a working frequency between 138 and 142 MHz. Each
IDT consists of 25 finger-pairs and 50 reflectors. The sen-
sors were fabricated with an 1DT centre-to-centre distance
of 448mm (160 ), and an acoustic aperture of 2.1 mm
(75 A). Both a 8i0; guiding layer and a second CriAu
laver (12/100 nm) were deposited by (reactive) magnetron
sputtering. A 5.4 pwm guiding layer resulted in the highest
sensitivity for mass loading in water (data not shown), The
upper CriAu layer was structured by photolithography and
etched by IBE as an electric shielding. The sensors were
structured with the shielding not overlapping the 1DTs.
In water and saline solutions, this shielding design maxi-
mally reduced interference from electromagnetic cross-talk
between the sensor’s input and output signal. Further-
mare, the Au-surface can be used to immobilize receptor
malecules by means of thiclated SAMs. Subsequently,
the SiCh; layer was structured by hydrofluoric wet etching
to form the wave guiding. The final 1BE step laid open
the contact pads of the DT structure. Finally, the wafer
was cut with a dicing saw into 20mm x 20 mm sensor
chips.

A network analyzer (Rohde & Schwarz, ZVCE), or alter-
natively an I'Q-demodulator with integrated frequency syn-
thesizer {Maxim, MAX 2312) was used for the read out of
the sensors. No impedance matching electronics was used.
The different sensor elements on each chip (Fig. 1) were ad-
dressed by a solid-state multiplexer circuit. An asymmetric
feeding (one side of the IDT grounded) was chosen to sim-
plify the multiplexer. although cross-talk can be greatly re-
duced by symmetric feeding. The network analyzer and the
multiplexer circuit were monitored by a personal computer
with a program developed in LahView.
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Fig. 2. Coupling of aptamers to Au-surface.

A Aow-through cell (PMMA) was developed to flow lig-
uids over the sensor elements. The liquids were sealed with
a Viton seal ring in a rectangular area against the contact
pads (Fig. 1), The liquids were pumped with a constant flow
rate by a peristaltic pump (Ismatec, Reglo Digital), or al-
termatively by a HPLC pump { Sun Flow 100, Sun Chrom).
Probes were injected with a probe sampler (Spark Holland,
MIDAS). Due to the defined probe volume of 200wl and
constant buffer flow, the injection time of the analvte was
limited. Measurements were performed at a constant tem-
perature of 23°C,

The sensor surface was cleaned by etching in a TePla
200 plasma system for 3 min (Power 300 W, O pressure
I.0 mbar). The alkanethiol SAM was immobilized on the
shielding layer by immersing the sensor for at least 12h
in an ethanolic Il-mercaptoundecanoic acid {Aldrich) so-
lution. After rinsing the sensor with ethanol, the SAM
was activated with an amine coupling kit (BR-1000-50,
BlAcore) with 400 mM EDC, 100mM NHS, and | M
ethanolamin-hydrochloride solution (pH 8.5). Subsequently,
Spm DNA thrombin aptamers (5-GGT GGT GGT GGT
GTT-3"), or alternatively 1 wm RNA Rev peptide aptamers
(5-GGG UGU CUU GGA GUG CUG AUC GGA CAC
C-3") were applied to the surface to couple to the SAM by
carboxylamide bonds (Fig. 2). Unbound alkanethiols were
blocked with 1 M ethanolamin pH 8.5,

Thrombin DNA aptamers were synthesized on an Expe-
dite 8909 DNA Synthesizer (AME Bioscience). Rev peptide
RMNA aptamers were synthesized by Dharmacon. Both ap-
tamers were diluted in water. The two serine proteases hu-
man alpha thrombin and poreine pancreatic elastase {Sigima)
were solved in thrombin binding buffer {1 M Tris-HC1 pH
T2, 5M NaClL 3M KCLand I M MgClz). Elastase was used
as a control substance in binding experiments. Thrombin
was labelled with the FluoReporter FITC Protein Labelling
Kit from Molecular Probes (F-6434). Rev peptide with the
sequence NHa-TROARRNRRERWRERQR-COOH or with
the same sequence, but provided with an N-terminal 6-
[Fluorescein-5(6-carboxamido]hexanoy]l modification were
synthesized by Metabion. Peptides were solved in Rev bind-
ing buffer (30 mM Tris—HCI pH 7.4 and 20 mM KCl}.

DNA binding studies were performed with 5-AA A AAA
AAA AAA AAA AAA AAA AAA ACC OCC COOC CCC
CCC CCC OCC CCC CCC CCT ATA GTG AGT CGT
A-Y (M = 21376 Da) and 5-TAA TAC GAC TCA CTA
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TA-3 (M = 6125 Da). which were synthesized by MWG
Biotech. The DNA strands were diluted in DNA binding
buffer containing 10 mM Tris—HC1 pH 8.3, 1.5 mM MgCla,
and 50 mM KCL.

Reference sensors were prepared by pipeting bovine
serum albumine (Sigma) on two sensor elements of a sensor
chip and incubating for 30 min. The signal of the reference
sensors was recorded simultaneously with the signal of the
aptamer-derivatized sensors.

Control experiments were performed with a BlAcore 3000
system using chips with a Au-surface from the SLA kit AU
{BR-1004-05, BlAcore). Surfaces were prepared accord-
ing to the Love-wave sensors. Contrary to the Love-wave
sensor, the aptamers were coupled to the BlAcore chip in
Aow-through. The mass loading on the BlAcore chips was
calculated assuming that a signal change of one response
unit equals a mass loading of | pg/ mm?’ [G].

3. Results
A1 Apramer immobilization can be directly monttored

The immobilization process was monitored by rinsing
the sensor with | l-mercaptoundecanoic acid (Fig. 3A). The
injection of 1 l-mercaptoundecanaic acid resulted in a phase
shift of 14.7£2.7°. Assuming, the sensitivity determined for
both thrombin protein and Rev peptide {see next section) can
be applied to the alkanethiol, this phase shift corresponds
with a mass loading of 36 &+ 1lngiem?®. A full-coverage
phase of 1 l-mercaptoundecancic acid (M = 218 Daj on Au
{111y results in an area per molecule of 21.6 A? [9]. cor-
responding with a theoretical mass loading of 168 ng:'cm:.
Comparing the calculated mass loading with this theo-
retical mass loading, the sensor surface is covered with
| l-mercaptoundecanoic acid by 21%. It has been shown that
the head groups of alkanethiols as is the carboxyl terminus
hinder the development of a quasi-crystalline structure [9].

After the functionalization of the Love-wave sensor with
the SAM and the activation with EDC-NHS, the binding of
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the aptamers to the sensor surface was subsequently moni-
tored with the Love-wave sensor (Fig. 3B). Since the acti-
vated alkanethicls are instable, a slight drift can be detected
during this measurement. The coupling of the thrombin ap-
tamers to the SAM resulted in a phase shift of 2.0 £ 0.6,
which corresponds with a mass loading of 4.9 4 | 9 ng/em?,
assuming the sensitivity for protein can be applied to DNA
molecules. Compared with a densely packed monclaver
of thrombin aptamer (240 |1>__',-'cmz_ assuming a diameter of

21 A and a molecular weight of 4964 Da), only of the

a0
)

sensor surface are covered by the aptamer. Increasing the
thrombin aptamer concentration could increase the aptamer
density on the sensor surface. but results in a decreased
binding constant for the thrombin (data not shown) as
the steric hindrance of thrombin at the binding process
increases,

3.2, Limit of detection is less then -&'I’Jpgx‘c-naz

The sensitivity of the sensors to biomolecules was de-
termined by binding fluorescently labelled protein to the
aptamer-derivatized Love-wave sensor. Fig. 4A shows the
relative phase change of the single sensor elements of a
Love-wave sensor chip coupled with thrombin aptamer as
flucrescently labelled thrombin is applied to the sensor
chip. The injection resulted in a phase shift of —16.24+£0.7".
The intensity of bound flucrescent thrombin was measured
with a Fujifilm FLA-3000 phosphor imager. A calibration
curve was determined by pipeting and drying of fluores-
cent thrombin of known concentrations to an Au-covered
Si-substrate. The mass of thrombin bound to the sensor
chip was derived from the calibration curve. Mass loading
of 38.7 £ 5.7 ng/em? was determined. Compared with a
densely packed monolayer of thrombin (m = 385 ng iem?,
calculated assuming a diameter of 4.3 mm and a molecular
weight of 33.6 kDa [10]). the bound thrombin covers 10%
of the surface. The sensitivity of the Love-wave biosen-
sor for thrombin was calculated by dividing the measured
phase shift through the determined mass loading. resulting
in 419 & 64° em/ug. The noise of 0.01° results in a limit
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Fig. 3. Binding of 11-mercaptoundecancic acid to sensor surface (A) and coupling of thrombin aptamer to 11-mercaptoundescanoic acid (B). Buffer

solutions were pumped continuously with a Aow mte of 27 wl/min.
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Fig. 4. Binding of fluorescent thrombin to thrombin aptamer (A) and binding of Rey-peptide to Rev aptamer (B) immobilized on Love-wave sensor
chips. In each experiment, the signals of the sensor elements were measured simultaneously, Buffer solutions were pumped continuously with a flow

rate of 85 wlimin.

of detection of about 72 £ ll]ag.-’c*rn2 for biomolecules,
assuming a confidence level of 3 (90.7%0).

In the same way, the sensitivity of a Love-wave sensor
chip derivatized with the anti-Rev aptamer was determined
using the Rev peptide epitope. Fig. 4B shows the binding
of Rev peptide by a Love-wave sensor coupled with Rev
aptamer. After injecting the peptide. a significant phase shift
of 2.0+ 0.67 was detected corresponding to a mass loading
of 54+ 1.5 |'|__s:.fc1112. The sensitivity was caleulated as 390 &
190 C|112.-"|..Lg which results in a limit of detection of 77 &
36 pg,-"cmz. The slight drift might result from interactions of
the SAM s carboxyl-groups with the buffer solution, since
the RNA aptamer is coupled with lower concentration than
the thrombin DNA aptamer.

3.3, Thrombin detection is specific

Fig. 5 shows the difference of the sensor signal and the
reference signal imvestigated over ime for a Love-wave sen-
sor (A and for a BlAcore chip (B). The injection of elastase
{5 puhd) resulted in a phase shift of —0.2° on the Love-wave
sensor and of a change of 4+ 143 mesponse units on the
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BlAcaore chip. These results correspond with a mass loading
of I=l._'?|15."L‘|112 (BlAcore) and of 0.5|13_:.-"cn13 (Love-wave
sensor). When thrombin was injected, the difference of the
sensor signal and the reference signal of the Love-wave
sensor decreased by —7.5° and of the BlAcore chip by
T44 response units corresponding with a mass loading of
T44 |1g,.-"cr|12 (BlAcore) and of 17.9 |1g,-"cm‘." {Love-wave sen-
sor). Compared with the injection of elastase, the injection of
thrombin resulted in a mass loading which is 36-fold higher
in the Love-wave sensor system and five-fold higher in the
BlAcore system. This is in the same range as results using
filter binding and gel shift assays (data not shown). These
data show that the specificity of the sensor system directly
correlates with the specificity of the anti-thrombin aptamer
for its ligand. The lower specificity of the BlAcore system
might result from coupling the aptamers in fAlow-through.
The mass loading on the BlAcore chip is generally higher
than cnthe Love-wave sensor. This can result from the lower
dead volume in the flow-through cell of the BlAcore system
{0.6 uly compared with the Love-wave system ( 14,5 pl)y. It is
also notable that the mass loading of the Love-wave sensor
was calculated using a calibration constant determined for
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Fig. 5. Binding of elastase and thrombin to thrombin aptamer coupled to Love-wave sensor (A] and o BlAcore chip (Bl Buffer solutions were pumped

continuously with a flow mte of 40 wlimin,
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Fig. 6. Binding of thrombin and regeneration of Love-wave sensor with immobilized thrombin aptamer. Bound thrombin is washed off by pH-shift with
NaOH. The buffer salution was pumped comtinuously with a fow rate of 40 limin.

thrombin (see last section). In contrast, the mass loading of
the BLAcore chip was calculated using the general BlAcore
conversion factor for protein. Due to the small sensitive area
of the BLAcore chip and limitations of the phosphor imager.
this conversion factor could not be verified for thrombin by
an analogous calibration measurement.

3.4 Drerative regeneration af the sensor

Bound thrombin can be washed off at increased pH with
0.1 M NaOH. Fig. 6 shows the relative phase change of a
sensor element coupled with thrombin aptamer for multiple
binding and regeneration steps. The sensor signal reaches the
base line after each regeneration step. Thus bound thrombin
is washed off and the sensor surface is not degenerated. The
evaluated data of different sensor elements of one sensor
chip is shown in Table 1. Within the range of deviation, the
phase shift resulting from mass loading is stable. Therefore
the binding of thrombin by the aptamers is not diminished.
and the sensitivity of the sensors is maintained.

The finding that the sensor can be regenerated by a sim-
ple pH-shift is an important result because it opens up the
possibility to use the same sensor several imes, allowing

further investizations, e.g. titration of analytes. Fig. 7 shows
the relative phase change of a thrombin aptamer coated
Love-wave sensor for multiple binding and washing steps.
An equilibrium state of the single binding processes could
not be oblained, since the injection time of our experimental
setup is limited. Although the thenmodynamic equilibrium
was not reached, an affinity-like constant of 300 nM could
be derived {Fig. 8), which lies above the range of affinity
constants determined by affinity chromatography (450 nM
[L171. fiber-optic biosensor (300 nM [12]), and filter binding
(200nM [8]).

3.5 Immabilization and binding of DNA

Fig. 9 shows the relative phase change of a Love-wave
sensor element with immobilized and activated |1 -mercapto-
undecanoic acid and of a reference element as ssDNA is
applied. The following results are expressed as the differ-
ence of the sensor and reference elements. The first injec-
tion of ssDNA (M = 21376 Da) resulted in a phase shifl
of —4.5 £ 0.4 for the coupling of ssDNA to the activated
SAM. The injection of a fragment of the second, comple-
mentary strand (M = 6125 Da) resulted in a phase shift of

Table 1

Relative phase change A of sensor elements at multiple injections and washing steps of thrombin, average over injections A, and average over sensars
Injection A Agn Ay Aipy Agps Ayt At Aym Ajpm

Sensor clement 1 —12.1 —12.1 —131 — 130 —-12.7 —13.1 —12.4 —-12.7 —12.7 + 04
Sensor element 2 —10.5 —10.5 —10.7 —10.9 —10.8 —11.1 —1a.7 —11.0 —108 + 0.2
Sensor element 3 —14.6 —15.4 —135 —156 —13.8 —15.1 —14.5 —14.7 —14.9 + 0.6
Average —-124 4+ 21 —-127+£25 -131 £24 —-1324+24 12415 -1314+£20 —-125+1.9 -128%x19 12.8 £ 2.1
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Fig. 7. Binding of thrombin with different concentrations to thrombin aptamer immobilized on Love-wave sensor and regeneration by pH-shift with
MaOH. The buffer solution was pumped continuously with a flow mte of 40 plimin.



ML Sehlensog et wl. [ Sensors and Acluigtors B 103 {2004) 308315 a3

—_— L]
"
£ [ '
=
] 1
1w
g Meded DnaBiteBind (Mencal Diging
i Equatian: y = B & {K] + )
24 4 Biems 114 200
K1 a5 04
04 = |K p— |
[
T T T T T T
0 1 2 | 4 5

Thrombin concentration [pM)]

Fig. 8. Phase shift of sensor signal after injection of thrombin with
different concentrations, and estimation of affinity-like constant K.

—1.4 £ 0.2°. This can be explained by selective binding of
the complementary strand to the previously bound ssDNA.
The reference element showed a slight phase shift after the
injections of DINA, however, almost all of the weakly bound
DNA was washed off by DNA binding buffer.

The sensitivity for the molecular weight was calculated by
dividing the phase shift through the molecular weight of the
bound DNA. Within the range of deviation. both measure-
ments resulted in the same sensitivity (—0.22 £0.037/kDa).

At the same analyte concentration and the same flowrate,
the binding of thrombin to a Love-wave sensor derivatized
with the anti-thrombin aptamer resulted in a phase shift
of —4.2 &+ 1.0 (data not shown). Related to the molecu-
lar weight (M = 33600 Da), the sensitivity for thrombin is
=0 13£0.037kDa and, thus, is slightly lower than for DNA.
The difference can be explained by the different shape and
stiffness of the analytes, which can influence the viscosity
at the sensor surface and therefore has an influence on the
sensor signal. In contrast to DNA. which couples directy
to the SAM, thrombin is bound to its cognate aptamer and
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Bl zingle strandad DNA (S M) alamant
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Fig. 9. Binding of DNA 1o SAM immobilized on Love-wave sensor and
binding of fragment of complementary strand. The sensor and reference
signals were measured simultanecusly, The buffer solution was pumped
continuously with a flow mte of 43 pl/min.

therefore the bound amount depends on the aptamer con-
centration on the sensor surface.

4. Discussion and summary

The combination of a Love-wave sensor with an
aplamer-based sensor surface allows the detection of small
molecules without limitation of antibodies such as the prob-
lems of producing antibodies against toxic substances. Ad-
ditionally, aptamers can be synthesized in large scales and
therefore the production cost of such aptamer-derivatized
biosensors is comparably low. By using the Love-wave
sensor as physical transducer, a highly sensitive biosensor
is created allowing label-free detetection of binding events.
Thus, no medification of the analvte molecules is necessary
which is time consuming and {often) results in diminished
binding.

Compared with an aptamer sensor published by Liss et al.
. which is based on a bulk acoustic wave sensor and
offers a detection limit of 3.3 |1g,:'u|112. the limit of detection
of 72+ 11 |Jg:£.‘|112 {thrombin) and of 77 £ 36 pg:cmz {Rev
peptide) is significantly lower.

The rapid real-time analysis of specific binding events is
comparable to measurements with the BlAcore system in
terms of reproducibility and signal response but with much
lesser production costs, higher reliability and lesser suscep-
tance to failure. However, it was determined that less ana-
Iyte is bound to the surface of the Love-wave sensor than to
the surface of the BlAcore chip. This discrepancy could be
resolved by improvemnents in the fluidies of the Love-wave
sensor system. To verify the sensitivity (“conversion factor™)
of the BlAcore system, labelled protein could be bound to
the surface of a chip similar to the Love-wave sensor.

Within the range of deviation, the sensitivity for throm-
bin (419 + 64 CI'|12-'|.L§J corresponds with the sensitivity for
Rev peptide {390 £ 84 CI11:.'|..Lg]. Experiments with sensors
derivatized with other aptamers could determine one sensi-
tivity applicable to proteins in general as is being used in
the BlAcore system.

The possibility to regenerate the sensors by a simple
pH-shift opens up a wide range of applications, e.g. titration
of analytes. In the experiments, presented in this publica-
tion, the sensor signal showed to be stable over several bind-
ing and washing steps. However, the working lifetime of the
sensor surface yet has to be determined. The time limitation
of the analyte injection can be overcome by improving the
fluidic systemn. Thus it should be possible to measure equi-
librium association and dissociation constants,

Shown is the possibility to easily expand the sensor to
other usage, i.e. measurement of ssDNA-—ssDNA binding.
The sensitivity however differs between the rigid protein and
the flexible ssDNA, which could be explained by viscoelastic
effects due to the properties of the analyte. The Love-wave
sensors can be calibrated by hinding fluorescently lakelled
ssDNA and determining the bound mass by intensity,

5
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enabling quantitative ssDNA-ssDNA  binding measure-
ments.

The immobilization of the SAM and the coupling of the
aptamer to the SAM can be monitored. This enables the
Love-wave sensor for calibration during the fabrication pro-
cess, if the immobilization or coupling is reproducible. For
the immobilization of the SAM. the mass loading, which
was caloulated with the sensitivity for thrombin and Rew
peptide, differs from the theoretically expected mass load-
ing. Even though this sensitivity could not be applied to the
alkanethicls, this method might be useful for calibration of
sensors relatively to each other.

Further investigations of the molecules bound to the
Love-wave sensor surfi are possible with a second
method added externally to the sensor set up. For example,
by combination with mass spectrometry, the structure of the
bound analyte or of the cognate ligands can be investigated
and thus the limitations of the Love-wave sensors can be
overcome [13].
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