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Abstract— Direct detection biosensors aim at detecting molecu- harmonic admittance computation for the modelling part, and
lar (antibody-antigen, DNA hybridation, cell attachment) binding  an experimental part focusing on the combination of acoustic
events by means of electrical, mechanical or optical effects. A and optical methods in order to identify relevant physical

guantitative analysis of the amount of material bound to the t fthe | h d it d obtical index both
surface requires the knowledge of the physical properties of the parameters or the layer such as aensity and optical Inaex bo

layer, namely optical index/dielectric constant, density, thickness, related to solvent content of the layer, thickness and viscosity
and a proper model of the interaction of this layer with the of the layer. Other effects such as surface roughness are not
probing field (acoustic or optical). We here focus on the in- jncluded in these models.

situ identification of the physical properties of thin organic

(polymer and protein) layers bound to a substrate supporting the

propagation of surface acoustic waves. In order to resolve some Il. EXPERIMENTAL SETUP

uncertainty on the resulting acoustic parameters, we propose the . . . .
simultaneousprobing of the same bound layer by optical methods ~ The experimental setup has been described in detail pre-
(surface plasmon resonance) in a combined instrument as a Vviously [6]. Basically, a Love mode acoustic wave sensor is

means to uniquely identify the physical properties of the layer, made of a stack of 1.2zm PECVD-depositedSiO, coated
namely the density, optical index, viscosity and thickness of the ith 50 nm Aw on an ST-quartz wafer. The acoustic wave-

layer. We illustrate this technique for protein layers of collagen - b : -
and fibrinogen. We then propose two models — transmission line length is 40um: this value will be used in all models presented

and harmonic admittance computation — for analyzing these data here. A liquid cell made of SU8 [7] confines the liquid to the

and extract a quantitative viscosity information. gold-coated sensing area. The open well thus formed is filled
with buffer solution for a baseline measurement, followed by
|. INTRODUCTION protein mixed in this same buffer, and finally buffer for a

Acoustic gravimetric sensors have been classically usB@al baseline measurement. During all these steps the coupling
for rigid mass detection, typically during cleanroom-type thifurface plasmon resonance (SPR) angle at a fixed wavelength
film vacuum deposition [1]. When extending these techniqué§ 670 nm is monitored (1 curve of reflected intensity vs.
to measurements in liquid media such as in the case l8ger incidence angle in & 8ange per second), as well as the
biosensors, it has been for long noticed that the frequency siifagnitude (insertion loss) and phase of the acoustic signal
observed is not consistent through a simple proportionalii@nsmitted through the sensor is measured by a HP4396A
factor with masses of molecules bound to the surface. Théiiwork analyzer.
observations were made early in electrochemistry experimentdVe observe (Fid,|1, top) a very large insertion loss increase
in which current measurement provide an independent estitring collagen (30Q:g/ml) adsorption (-6.2 dB), hinting at
mate of the deposited mass, and more recently in biochemit¢ fact that the adsorbed layer strongly interacts with the
experiments [2]. An additional contribution to the gravimetri§urrounding solvent and hence dissipates acoustic energy. The
effect is the viscous interaction of the acoustic wave withPR coupling angle shift is 723%nand the phase shift of the
the surrounding solvent. Depending on the characteristics asfoustic sensor is -19:1
the layer (solvent concentration, roughness [3], [4], density, Fibrinogen (460ug/ml) displays (Fig[]L, bottom) similar
thickness, viscosity) the relative contribution of the viscousends with an SPR coupling angle shift of 755 and the
interaction to gravimetric might be predominant [5] or negliphase shift of the acoustic sensor of -13.But a markedly
gible. A proper analysis of the interaction of acoustic sensdmver insertion loss drop upon adsorption in thed0072 dB
requires a model including both contributions as well as releange, with a larger uncertainty range because of some drift
vant numerical constants to include in the models. Our purposkthis quantity during this particular experiment.
here is to tackle both aspects: fast and phenomenologicalhese are the values we will attempt to fit in the models
transmission line model or slower but physically accuratdescribing the physical properties of the adsorbed layer.
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. _ o The former model is based on an equivalent transmission
Fig. 1. Top: adsorption kinetics measurements of 3@0ml collagen on . . . . . . .
hydrophobic thiol coated gold supporting simultaneously optical SPR (toff1€ model including a viscous interaction component in the
and acoustic Love-mode SAW (middle and bottom). Bottom: adsorptidorm of a shunt capacitanc€ = %, i being the shear
kinetics measurements of 4@@y/ml fibrinogen on hydrophobic thiol coated _,: : : : 1 :
gold with the same experimental setup. stiffness, p!acgd in series with a cpnductaﬁb& i being

the dynamic viscosity, as shown in Fig. 2. The bound mass
component is included as the inducfoe= p with p the density

One issue concerns the phase to frequency conversion: 8lfne layer. 3
openloop measurements monitor a phase variation at fixed' Ne latter — specifically developed to address the problem
frequency close to the maximum transmission frequency (8 modelling damping effects of Surface Acoustic Waves
seen on a network analyzer). The transmission line mod&¥AW) by an ideal newtonian fluid — is based on a Fahmy-
indeed computes at fixed frequency the phase variation ad@er eigenvalue representation of the elastic propagation
function of the adsorbed layer material properties (thickneg¥oblem. This calculation has been extended to include viscous
density, viscosity). On the other hand the mixed-matrix moditéractions through a stresk;; to strain S;; relationship
computes a full transfer function of the stack of layers aniff'ttén as

from these we deduce a frequency shift (as computed by o . (2 N N

searching the position of the maximum of the modulus of Ty == P+ 577—( Sk | 0ij + 2wnSiy

the transfer function) and the insertion loss per WaVEIengthv{ﬁ]erew is the angular frequencyP is the fluid pressure

dfedUCﬁj _f C(;n5|d_er|r(]?g tha_t ;he retLaxatl(;]n time of a reSOnab%portional to the displacement divergence via the fluid

of quality factor@ is > periods — throug compressibilityy: P = —-2-, ¢ is the compressive viscosity
IL/X = 20 x logio(e) x 7/Q and n the shear (absolute) visgosity. We have verified that

in the case of Love mode (which are purely shear waves)

However the frequency shift is to be converted to a phase shife compressional viscosity does not affect the result: we will

or comparison with the transmission line model and the ex ays take the tabulated value for wates 2.8 cP.

f pari ith th ission i del and the expexkways take the tabulated value f te= 2.8 cP




In both cases we use the same material parameters  BS
modelling the propagation of a Love mode surface acous |
wave on ST-cut quartz coated with 12n Si0O, and 50 nm I oot
Au. We have used the somewhat unustial = c55 = cg6 = ;o -0.081
8.31 GPa coefficient as experimentally deduced from tF [

dispersion curve experimentally observed during wet etchil
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— ' 9 Fig. 4. Simulation with the same parameters as those ofFig. 3, with this

3 s : : : w : w : : : time the parameter in abscissa being the thickness analyzed a on wide range
o s e e ey e to reach the penetration depitof the shear wave in liquid (depth probed by
the acoustic sensor) while the various curves display viscosity variations from
12 1 to 3.1 cP by steps of 0.7 cP. Dotted lines are for a layer density of 1.40

Lo~ (mostly protein), solid lines for a layer density of 1.10 (mostly solvent). The

) thick horizontal lines at\ fo = 0.022 MHz and AIL = 0.5 dB indicate the
experimental values observed during fibrinogen adsorption on hydrophobic
thiols.
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IV. RESULTS AND DISCUSSION

Fig. 3. Insertion loss and resonance frequency shifts upon thin film adsorption . . . . .
on a stack made of ST-quartz (substrate) coated withulnPECVD-Si0O5, We have observed the adsorption kinetics of various kinds

50 nm Au, the whole simulation being performed with an infinite top-of proteins selected for their expected different mechanical

most medium of water. The parameters under investigation are the thickn ; ; ; ;
density and viscosity of the adsorbed thin (protein) film. Top: the parameter(b%éhawors' Our previous studies focused on globular proteins

abscissa is the viscosity, while the successive curves display increasing I;@ﬁ [11] which were expected to behave as mostly rigid
thicknesses from 0 to 50 nm by steps of 5 nm, the density of the layers bela(yers containing only a small proportion of solvent within
kept constant ap — 1.4 glem’. For comparison, the viscosity of pure watery ‘compact stack of proteins adsorbed on a surface. On the
is 1 cP while water mixed with glycerin (80% weight to weight) leads to a . . . .
solution with viscosity 60 cP at 20C. other hand fibrinogen and collagen are fibrous proteins with
elongated structure which display a geometry consistent with
Figs.[3 and I display the variation of resonance frequentgyers strongly interacting with the surrounding solvent and
and insertion loss for our geometry (a sensing length bence expected to display significant viscous contribution.
4.9 mm=122.5): as would be expected, the evanescent shdadeed, raw acoustic results strongly hint at such a behavior:
acoustic wave at frequencgfy~ 118.5 MHz probes only to a quartz-crystal microbalance with dissipation measurements [2]
few skin depthsy = , /-. = 52 nm. A more surprising result indicate strong dissipation increase upon protein adsorption

wpf h . . . .
is the enhancement of the signal, both as a frequency shift %hydrophoblc—tmol coated gold surfaces, while the insertion

damping enhancement when the thickness reaches valuel§i§ Of surface acoustic wave sensors display an important

the 50-70 nm range depending on the viscosity. Similarly, f§fration. , _ y

a given thickness, the damping signal is strongly enhanced fo/Vé NoW include in these new models, in addition to the

shear viscosities in the 3 to 5 cP range and mostly independ&fssically used gravimetric interaction,

of the density of the layer. « as a new variable the viscosity of the adsorbed layer and
In parallel to these acoustic models, an optical model hence a new component in the model

providing the reflection coefficient of a stack of planar layers « as & new measured quantity the insertion of the surface

as a function of coupling angle at a given wavelength has acoustic wave sensor.

been used to predict the SPR angle shift as a function of layeMWe identify the ratio of the insertion loss variation during

thickness and optical index (Fif] 5). We have assumed hehe experiment (from baseline before adsorption to baseline

that the optical index is a weighted function of the proteiafter adsorption of a biochemical layer, both measurements

to solvent fractionz € [0 : 1]. Here again for large layer being made in the same reference buffer) to the phase shift

thicknesses, the evanescent optical wave is no longer ablevéoiation as a relevant estimate of the relative contributions of

probe the change in dielectric constant during adsorption avidcous to gravimetric effects.
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In order to interpret the resulting data and extract relevant
physical quantities characteristic of these layers — viscosity,
layer thickness, density and optical index — we have devel-
oped two models including viscoelasticity as newtonian fluid
interactions.

Interestingly, we can conclude from these models:

« there exists a low viscosity range for which the insertion
loss strongly amplifies the transduction signal,

« the AIL and Ay signals saturate for layer thicknesses
beyond 150 nm, consistent with the propagation depth
of the evanescent shear acoustic wave for a working
frequency around 125 MHz.

However, these models are insufficient to interpret all data

and specifically the very large insertion loss increase?(dB)
upon adsorption of these very viscous layers.

layer thickness (nm)

Fig. 5. Top: simulation of the SPR dip minimum position as a function of
protein to solvent fractionaz() meaning the optical index varies from 1.33
(pure water) to 1.45 (pure protein layer) ms= z X 1.45+ (1 — z) x 1.33.

For thin layers the SPR dip positition shifts linearly with the thickness of thel4]
layer. Bottom: same simulation for a thicker layer: we see here the penetration
depth of the evanescent optical field leading to a decreasing angle shift with
increasing thickness. Only very diluted layezs¢ [0 : 0.1]) can lead to SPR
angle shifts compatible with experimental measurements for such a thick Iayé?’.]

6
However, within reasonable density rangese([1 : 1.45]) “
for the protein layer and for all possible viscosity values
analyzed here, the Newtonian fluid interaction with the shegf,
acoustic wave is unable to fit experimental data of insertion
loss variations during collagen adsorptigh(L. > 2). We thus (8]
conclude that a simple Newtonian fluid model is insufficient to
accurately represent the behavior of the biological layer probed
by the acoustic sensor and that an extension to the Maxwelli
fluid representation is needed, possibly including additional re-
laxation, non-linear and delayed effects. This implementation
is much more difficult than that of the Newtonian fluid sinc
the delayed relaxation of the fluid interacting with the acoustic
wave leads to non-linear terms and is hence unsuitable for a
transmission line model.
[11]
V. CONCLUSION

We have presented experimental results based on com-
bined acoustic and optical methods monitoring the adsorption
kinetics of collagen and fibrinogen on hydrophobic thiols.
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