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Abstract

It is known that acoustic sensor devices, if opatan liquid phase, are sensitive not just to tteessn

of the analyte but to various other parameterd) siscsize, shape, charge and elastic constarite of t
analyte as well as bound and viscously entraineterwahis can be used to extract valuable
information about a biomolecule, particularly ietlcoustic device is combined with another sensor
element which is sensitive to the mass or amountradlyte only. The latter is true in good
approximation for various optical sensor techniquBsis work reports on the development of a
combined surface plasmon resonance / surface aceste sensor system which is designed for the
investigation of biomolecules such as proteins dYAD Results for deposition of neutravidin and

DNA are reported.
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Introduction

In the field of biosensing both optical and acaustensors have been widely used in the past.
Optical sensors are sensitive to, e.g., the ref@dahdex of the analyte which has been shown to be
linearly related to the deposited mass [1]-[4].sfp& the existence of some reports [5]-[7], cutyen
available optical technology does not generallpvalifor the detection of the conformation of an
analyte and the way it is bound to a surface. These optical techniques cannot supply much
information about the analyte beyond its mere preseOn the other hand, mass is detected reliably

and the amount of analyte can easily be quantified.

In contrast, acoustic sensors are sensitive nattjushe presence of the analyte but to other
physical parameters, such as size, shape, chadgelastic constants of the analyte as well as bound
and viscously entrained water [8]-[12]. Consequentlaluable information can potentially be
extracted from a measurement using this type ad@emowever, because of the multiple parameters

influencing the measurement, a single output sigftah cannot be unambiguously interpreted.

Different strategies exist to circumvent this peshl One approach is to use two acoustic
parameters, such as acoustic frequency and dissipavhich will respond in different ways to
different analytes. Provided a theory exists tocdbe the dependence of these output parameters on
the relevant physical characteristics of the expent, conclusions about the latter can be drawp [11
[13]. However, since both acoustic frequency anergndissipation are non-linearly related to some
physical characteristics such as viscosity, deraitgf conformation of the bound analyte, acoustic
measurements still do not provide a direct mearexéxtly quantify the bound mass the way optical

sensors do.

Therefore, many attempts have been made to coropiital and acoustic sensors into a single set-
up. Rishporet al. used a combination of ellipsometric, acoustic, alattrochemical detection on a
single surface to study the growth of a polyanifiira [14]. KéRBlingeret al. combined a QCM (quartz
crystal microbalance) with SPR (surface plasmowomnasce); the latter is a well established optical
technique for detection of biomolecules in solutid¥ith this set-up they were able to detect the
binding of bovine serum albumin and antibodiesh® $ensor surface [15]. However, their system
used two different sensor chips for acoustic anticalpdetection; in this case, differences in the

fabrication and preparation of the two sensor se@dacould lead to discrepancies in the results.

Laschitschet al. used a QCM with surface corrugation which senadptical coupling of a light
beam in a SPR grating configuration set-up. Thigr@gch was used to follow streptavidin binding
[16]. While their system permits optical and ac@ustetection on a single surface, the surface

corrugation will influence the signal measured lhg acoustic sensor [8], [17]. Remarkably, the value



for the streptavidin layer thickness measured leyatoustic device was lower than expected, a result

which could not be unambiguously explained [16].

Thus, another approach was taken by combining é58W- (shear horizontal surface acoustic
wave) sensor with SPR in the conventional Kretseitimaonfiguration [18]. This configuration
permits the use of a single smooth surface for kameous optical and acoustic detection [19]. The
combination with another experimental techniquehsag electrochemical detection is easily possible.

This set-up was used to detect electrodepositiampper and deposition of S-layer proteins [19].

Various alternative approaches have been propbdsadakaet al. have combined a QCM with a
simple and rugged optical fiber set-up to providmmpact, low-cost system for biosensing [3]. Wang
et al. have combined QCM-D (QCM with dissipation monit@) with a modified reflectometry set-
up [4]; this system was used to study lipid, pmtand peptide binding by evaluating acoustic
frequency, dissipation, and the reflectometer raspd20]. These investigations have demonstrated
that quantitative extraction of physical parametgtser than the amount of analyte is indeed passibl

with suitable combinations of acoustic and optgsisor elements.

In this work the design of such a set-up for biegam applications is discussed. There is a

particular need for the combined acoustic / optggdroach in biosensing for various reasons:

¢ Many biochemical reactions have to be conductdidjind phase.

« Water will be coupled to most biomolecules in thenf of a rigidly attached hydration shell
and / or in the form of viscous drag [2], [10], [21

» As a result of the latter, acoustic sensors arsitbemto size and shape of the target molecule
[10], [11], [22]. This is important since the confmtion and shape of a biomolecule can
change as a result of a biochemical reaction draage in environmental conditions [6], [10],
[11].

The system developed for this work is based on mnuercially available SPR system.
Neutravidin and various double-strand DNA molecudlase been used to measure the performance of
the set-up. Questions addressed include whethaptan acoustic waveguide should be used, and

whether acoustic dissipation should be exploited #érd signal parameter.



Materials and Methods

Chemicals and biochemicals

Three biotinylated ds (double strand) DNA molecubédifferent chain lengths were used in this
work. Two of them, 132 and 198 bp (base pairspeesvely, were prepared from pBR322 plasmid
using PCR (polymerase chain reaction) as descrgregiiously [11]. A straight 90 bp dsDNA
molecule was also used and its nucleotide sequengigen in [11]. Neutravidin was obtained from
Pierce. Tris buffer was prepared by dissolving 3@ tris-(hydroxymethyl) amino methane pH 7.5
(Biomol, “pure” grade), 10 mM MgGI(Sigma, anhydrous), and 10 mM KCI (Riedel-de-Ha#a,) in
deionized and filtered (Barnstead Nanopure) walterbuffer was autoclaved before use. Poly(methyl
methacrylate) (PMMA) powder (Aldrich, medium moléauweight) was dissolved in 2-ethoxyethyl
acetate (Aldrich, >99%).

Apparatus

The SPR instrument used for this work was a ReicBBr 7000 refractometer. A new flow cell was
designed in-house and fabricated by Reichert Amalytinstruments. It exposes a slightly larger
surface area (5.6 mmx 4.4 mm) to the liquid than the companies standihodv cell and
accommodates the electrical contacts needed foripe of the acoustic device. A network analyzer
(Hewlett Packard 8753ES) was used to generate ¢hasac wave and to detect frequency and
dissipation; the time gating function of the instient was activated. Measurements were conducted

under flow conditions using a peristaltic pump §8it Minipuls 3) and a flow rate of about [B0min.

Sensor devices

The SPR/SH-SAW sensor devices were designed inchaumsl fabricated at Nottingham Trent
University. The acoustic transducers (IDTs) andrtetal surface needed for reflection of the SPR
light beam were produced in a single step by déipgsiO nm Ti and 50 nm Au on a substrate of 0.5
mm thick 42.5°-rotated Y-cut, 90° X-propagation dmaThe sensor employs a single delay line
design with a wavelength of 48n, corresponding to a frequency of operation of Ubz. Each IDT
contains 41 pairs of split fingers. PMMA (abouufn thick) was spin-coated onto the IDTs only,

followed by heating to 195°C for 2 hours. A schemat the sensor design is shown in figure 1.
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Figure 1: Cross-sectional view of the SPR/SH-SAW sensor device with flow cell (not drawn to scale).




Methods

Immediately prior to the start of each experiméet $ensor chip was subjected to plasma cleaning for
1 min (Harrick Plasma Cleaner PDC-002, “HI” setjinfhe entire experiment was conducted in tris
buffer. At the beginning of the measurement thessenvas kept under buffer flow until a stable
baseline was recorded. Then the flow system watclsed to neutravidin solution (1.7 pM in tris
buffer). The neutravidin was allowed to depositootiite gold surface, followed by buffer flow. Next,
biotinylated dsDNA strands were added in variousceatrations as stated below, followed again by
buffer flow. After each experiment the device wiased with detergent. All experiments were carried
out at room temperature (25°C).

Results and Discussion

Quartz was chosen as the substrate material fasethgor chip since its refractive index is witHie t
range required by the SPR instrument. Figure 2aslioe acoustic transmission spectrum for the ST-
quartz sensor chip. In the experiments describéowbeo waveguide was deposited in the area
between the IDTs in order to avoid interferencédnVPR operation (see figure 1). However, this leads
to a high insertion loss of the acoustic signalisTHetrimental effect has been minimized by
depositing a waveguide material (PMMA) only on iBE's where it does not interfere with SPR
operation [23]. Figure 2a shows that a total insertoss of 32 dB can be achieved in air. In liquid
environment this value increases by 1.5 to 2 dBusThhe resulting signal level is sufficient for

network analyzer operation.
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Figure 2: Acoustic transmission spectrum for the ST-quartz sensor chip in air, given for a frequency
band around the SH-SAW frequency of 106 MHz (a). Normalized SPR angle scans for the same chip
in water and tris buffer (b).



Because of the birefringence of quartz a wide asgkn of the SPR instrument shows an
interference pattern which depends on the oriemtadf the quartz substrate with respect to theglan
defined by the incident and reflected SPR beam [IBiks distortion is minimized if the orientatioh o
the sensor chip is chosen such that the SH-SAWoisggating parallel to the above plane. Figure 2b
shows the SPR angle scans for water and tris huféemalized to air, in the relevant range of asgle
The minimum in the scans is due to coupling of SRR beam to the surface plasmon; it is the position
of this minimum which is tracked in order to momitteposition of analyte molecules onto the surface.
In this range of angles no distortion due to bingfence is observed. The remaining interference
pattern is restricted to higher angles and, theeefdoes not interfere with SPR operation. Even

misalignment of the sensor chip by one or two degjan easily be tolerated.

Figure 3 shows typical experimental data. The a@frequency response is shown in figure
3a, and the simultaneously measured SPR respopd@ilih(micro refractive index units) is given in
figure 3b. In this case the DNA was added in twocsssive steps. Concentrations of 1.46 and 3.1
pg/ml of 132 bp dsDNA, respectively, were used. Bigdof the biomolecules is reflected in each of
the two signals shown, but the two signals resporaifferent ways to the analytes. This can be seen

when comparing the ratio of the responses of DNAetatravidin.
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Figure 3: Deposition of neutravidin and binding of 132 bp dsDNA on a SPR/SH-SAW sensor chip at
the times indicated in the graph. The frequency response of the SH-SAW (a) and the SPR response (b)
are shown for the same experiment.



The latter becomes more evident when plotting tleguency response versus the SPR
response, as demonstrated in figure 4. In this rexpat, neutravidin deposition was followed by
binding of 90 bp dsDNA (1.0jag/ml). Data points are fitted with linear curvese tslopes of which
are given in the graph. Based on the assumptidrttibeSPR signal is proportional to the mass of the
analyte, the slopes in figure 4 are proportionahtoratio of total vibrating mass, including hytitva
shell and viscously entrained water, to the maghafinalyte only. Figure 4 indicates that theorafi
vibrating mass over analyte mass for dsDNA is #ofaaf 2.87 higher than for neutravidin. This is in
good agreement with the factor of 2.7 obtainedLdj for a QCM by comparing the vibrating mass in
liquid environment with the dry mass of the analyte order to obtain an error estimate the
experiment was repeated many times with DNA sampldsvo different sizes (132 bp and 198 bp,

see below).
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Figure 4: Ratio of the (negative) acoustic frequency to SPR signal for deposition of neutravidin (NAv)
and successive binding of 90 bp dsDNA. The data points are shown as symbols; the lines are linear
fits.

Note that for dsDNA the data points in figure 4 fad a straight line. This indicates that the
amount of vibrated mass per molecule does not deparsurface coverage, in agreement with [11]
and [22]. The data points for neutravidin also €alla straight line, although a small curvaturecapg

in the beginning of the deposition, conceivablyidgating structural rearrangements.

Fig. 5 shows the acoustic and SPR responses fmugaconcentrations of 132 bp dsDNA.
Note that the neutravidin-biotin binding is irresdnle. According to Fig. 5, different DNA
concentrations will therefore result in differetdpes (kinetics) but approach the same plateatevailu

left long enough. This behavior is equally reflecte the acoustic and SPR signals.
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Figure 5: Acoustic frequency response (a) and SPR response (b) for binding of 132 bp dsDNA at the
indicated concentrations (in xg/ml) to neutravidin (neutravidin deposition is not shown). The flow
system was switched to DNA at time O min. Rinsing with buffer isindicated by arrows for the higher
concentrations.

If the reaction is aborted in order to obtain vasdDNA surface coverages, the ratio of
acoustic frequency response to SPR response cplotbed as a function of surface coverage. This
was done in figure 6. Within the scatter of theadatints there is no significant deviation fronirear
fit, again indicating that the amount of vibratecas® per molecule does not depend on surface

coverage. The slope of the resulting linear fitLli88 Hz{iRIU, with an error of £0.10 HpRIU

(standard deviation {/ﬁfor n=6 data points). For neutravidin a value &00(x0.01, n=7) HZ(RIU
was obtained. This results in a value of 2.75 (3p.or the ratio between 132 bp dsDNA and
neutravidin. For 198 bp DNA a similar ratio of 2.@.14, n=7) was obtained (results not shown).

Both ratios are in excellent agreement with thédiaof 2.7 obtained in [10].
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Figure 6: Ratio of the (negative) acoustic frequency to SPR signal for various surface coverages of
132 bp dsDNA. Filled circles indicate the final plateau value for each individual experiment. The
curveisalinear fit with slope indicated in the graph.

Conclusions

In this work a combined SPR/SH-SAW sensor designdeen presented which permits simultaneous
optical and acoustic detection of biomolecules @mgle surface. A smooth gold surface is used and
no waveguide is deposited between the IDTs in cdlensure a reliable, repeatable response which is

easy to interpret.

The results obtained support the conclusion thatojbtical response reflects the mass of the
analyte only while the acoustic response is morenptex reflecting the involvement of
hydrodynamics at the interface. While the distimctbetween analyte mass and total vibrating mass
can be made using a single acoustic device bywollp a wetting / drying procedure [10], the device
presented here is designed to perform this taskdhtime as the layer of biomolecules is deposited
This is useful if the conformation of a biomolecidgechanging in the course of an experiment. It was
demonstrated that this goal can be achieved witttmitneed for a waveguide in the sensing area
which is in contact with the liquid, and withoutadwating the acoustic dissipation. It was found tha
deposition of a waveguide only on the IDTs (which lacated outside the flow cell) is a useful means

to reduce the insertion loss of the device to aepiable level.

However, while the system presented here can digsh between the optical and acoustic
masses of the analyte, it has been stated befatethb ratio of acoustic dissipation to acoustic
frequency contains additional information aboutdlze and shape of a biomolecule [11], [22]. Fer th
current set-up the signal-to-noise ratio for theustic dissipation is low, resulting in a signifnta
change in dissipation only for DNA but not for newidin (results not shown). Therefore, it is
desirable to modify the current design in ordeintwease the acoustic sensitivity. This can be diyne
increasing the acoustic frequency and / or by apglg waveguide not only on the IDTs but on the
entire delay line of the device [24], [25]. Thesssign modifications will also permit the use of an

electronic set-up which is more compact and moi@@dble than the network analyzer used for this
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study. Since the penetration depth of the SPR (~2®) is smaller than effective waveguide
thicknesses (> 1im), the SPR beam will have to be reflected not loe dubstrate / waveguide
interface but on the waveguide / liquid interfaCensequently, the waveguide must have a refractive
index near that of quartz, and the gold layer lmabe deposited on top of the waveguide. This is
technically feasible, and experiments with différermveguide materials are currently being carried
out. Such a design modification will extend thegamf applications accessible to the SPR/SH-SAW

device and further increase the amount of inforomasiupplied by the system.
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