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Abstract: The present work deals with the development of a Love-wave biosensor for the diagnosis of
the modification of cell viscosity. The relevant device performance such as insertion loss, attenuation,
phase velocity, and sensitivity needs to be analysed as a function of the device structure and also
regarding the effect of the liquid loading. In this study, we used an analytical model based on the
equation of motions for a Love wave propagating in a three-layer structure. We show that the effect
of the viscous coupling leads to insertion losses and a phase shift that impact the acoustic ratio. A
comparison between experimental and theoretical results showed a good agreement between the
behaviours as it was observed for the phase shift vs. the insertion loss with a limited difference in
values (3.11/3.09—experimental/simulation for the sensitivity to the viscosity for different insertion
losses) due to the assumptions made on the model used.

Keywords: Love wave; biosensor; viscosity; analytical model; acoustic ratio; ZnO

1. Introduction

Biosensors have found their place in today’s society, and this has been proven with
the COVID-19 pandemic, which is why the biosensors market is expected to grow at a 7.5%
compound annual growth rate (CAGR) during the forecast period of 2021–2026 [1].

In the domain of the cell, it has been shown that their mechanical properties can
differentiate normal cells from cancerous cones [2]. It is therefore of prime importance
to be able to detect the modification of these parameters. Typical mechanical properties
of a cell include elasticity, deformability, adhesiveness, viscosity, and many others. It has
been shown that infected cells have distinctive viscoelastic properties. A direct correlation
was found between increasing deformability and the progression of a fibroblast cell line
from a normal to a tumorigenic phenotype [3]. As an example, it could be used to compare
non-tumorigenic cells, which are less deformable and more viscous than cancerous ones [4].
It has been shown that under strong deformations, the cytoskeleton behaves as a viscous-
fluid-like material, and a way to study the cell material is to consider it as a Newtonian
fluid [5]. Wang et al. [6] have shown the potential of using cytoplasmic viscosity in cell-type
classification and cell-status evaluation in order to demonstrate abnormal cellular functions
of cancer cells that alter cytoskeletons.

Several techniques are currently available in elucidating these mechanical properties
such as atomic force microscopy (AFM), micropipette aspiration, and optical trapping. The
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interest on this multidisciplinary research field has soared thanks to the development of
micro and nanotechnology [7], and surface acoustic wave devices are one of these technolo-
gies. Love surface acoustic waves (L-SAW) can access a high level of sensitivity. L-SAW is
sensitive to different physical properties such as conductivity, viscosity, viscoelastic changes,
or elastic stiffness of the propagation medium as well as biological properties such as mass
density [8,9]. In fact, the L-SAW platform is made of a piezoelectric substrate bounded by a
thin guiding layer (GL) at the surface where L-SAW that has shear horizontal polarization
can propagate with a strain energy mostly confined within the GL. Consequently, for a
fluid in contact with the surface of the GL, L-SAW displays high sensitivity and propagates
with very low loss since the acoustic energy is weakly transferred into the fluid. Due
to this huge amount of possibilities to associate different substrates, guiding layers, and
sensitive layers, it is of prime importance to be able to determine what choices should be
made to obtain the best acoustic response considering the intended application. For that
reason, modelisations are of main importance to simulate a priori the main parameters
that should be fixed. Different approaches should be considered in terms of simulation
like those based on the coupling of the mode model developed by Hashimoto [10,11]. The
finite element (FE) model is an accurate method to simulate our problem of dispersion of
the Love wave under viscous liquid. Indeed, this method allows to take into account the
complete structure with the interdigital transducers (IDTs) while offering a strong method
of solving the wave equations [12].

We studied the behaviour of circulating moncoytes THP-1 cell under the influence of
mechanical excitation. These cells are a human monocytic cell line derived from an acute
monocytic leukemia patient. We showed that the mitochondrial activity of the stressed
cells by SAW would be decreased at 2 W without death, whereas it would be exacerbated
at 500 mW whatever the applied dose. The transcriptomic study highlighted the impacts of
ultrasound on cell mitochondria, which even for a slight increase in their activity would
cause a response to hyperoxia sufficiently controlled not to induce cell death [13]. By
using L-SAW, we would like to be able to identify cytoskeletal THP-1 cell alterations by
measuring the variation in the fluid viscosity due to mechanical strain.

In this article, we present an analytical method that includes the fluid loading and
the viscosity to model our layered structure in Love-wave configuration. To resolve the
equations, we considered the material as isotropic, and we neglected the piezoelectricity.
For such an analytical approach, the IDTs were omitted due to their small thickness with
respect to the wavelength [14,15]. This analytical analysis is compared to experimental
results to validate its use for Love-wave sensor optimization to detect biological liquid.

The governing equations are introduced in Section 2 while considering our layered
structure. The sensor sensitivity is then studied as a function of the thickness of the
guiding layer. In Section 3, the L-SAW biosensor is developed. Two different structures,
ZnO/Quartz AT− X + 90 and ZnO/LiNbO3 36YX are presented with different responses.
The insertion losses ∆IL and the phase shift ∆Φ are used to explain the Newtonian regime
and the sensitivity. Then, the acoustic ratio ∆IL

∆Φ is introduced to present the interaction
between the sensor and the sensitive layer. In the last section, we make a comparison
between the experimental data and the simulation in order to understand the limitations of
our model and therefore to know its application framework.

2. Analytical Model of the Love-Wave Structure

Love waves are polarized transverse waves. They present low radiation in fluids and
a good sensitivity [16], so they should be used in biological applications where fluids are
present. They are obtained by depositing a thin layer on top of the substrate. The shear
velocity in the layer must be lower than that of the substrate to obtain the confinement of
the wave.

2.1. Physical Formulation of the Problem

In this part, we consider the propagation of a Love wave in a system composed of a
piezoelectric substrate (SUB) and a waveguiding layer (GL) on top of it and an additional
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viscous layer (VL). The mechanical displacement of the Love wave uy is polarized along
the y-axis, perpendicular to the direction of propagation x with the waveguide surface at
z = −w (Figure 1).

Viscous liquid
(!VL,"VL)

Layer ("GL,#GL)

Substrate
("SUB, #SUB)

z

x
y

-w

Figure 1. Scheme of the Love-wave structure with the 3 stacks [17].

The substrate and the wave-guiding layer are considered to be rigidly coupled, and
the equation of motion in each part should be given by:

ρ
∂2uj

∂t2 = µ∇2uj (1)

where ρ is the density of the material; µ is the shear modulus; and uj is the displacement field.
Considering the liquid on top of the structure, one may consider the Navier–Stokes

equation under the assumption that the liquid is viscous and incompressible.

∂νVL
∂t

=
ηVL
ρVL
∇2νVL (2)

where νVL is the fluid velocity and ηVL the fluid viscosity.
The assumption used is that the GL and the liquid are isotropic layers. The surface

wave is considered to be a pure mechanical wave without electrical properties. As the Love
wave propagates in the y direction, we only solve the equation along this axis. Moreover, as
the model is considered in the x-z plane, the derivatives along the y-axis cancel out. For a
harmonic solution, the wave function uy can be expressed as uy = Uy(x, z) · exp(i(kx−ωt)),
where ω is the angular frequency, and k is the complex wavenumber. The shear modulus
of the guiding layer is µGL = C44 with C44 an elastic constant. The displacement field
and the stress components Ti3 present a continuity at the interface between the GL and
the substrate.

uSUB
y |z=0 = uGL

y |z=0 and TSUB
i3 |z=0 = TGL

i3 |z=0 (3)

∂uGL
y

∂t
|z=−w = νGL

y |z=−w and TVL
i3 |z=−w = TGL

i3 |z=−w (4)

From the above theoretical approach, the complex wave number k can be expressed as
k = k0 + jα where k0 = ω

ν determines the phase velocity, and α is the attenuation coefficient
of the Love wave.
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Based on these two parameters, it is then possible to evaluate the insertion loss shift
(∆IL) and the phase shift (∆Φ) [18,19]:

∆IL(dB) = (α1 − α0)× 20 log(e)× D (5)

∆Φ(rad) =
(

ω

ν1
− ω

ν0

)
× D (6)

where the indices 0 and 1 are the non-perturbated and perturbated state, respectively, and
D is the distance between the IDTs.

These last equations provide a relation between the experimental data (IL, Φ) and the
physical parameters of the device, which appear through the attenuation α and the phase
velocity ν.

2.2. Results

Based on the theoretical approach of Campbell and Jones [16] and McHale [14,20],
we determined the dispersion curve and the sensitivity of our two layer systems made of
a substrate (Quartz AT or LiNbO3 36YX) and a wave-guiding layer (ZnO). The reduced
Equation (7) to determine the mass sensitivity was obtained from Moreira et al. [21]:

Sm =
1

ρGL

f0

vGL

(
d
dz

ln(v)
)

z=−w
(7)

where ρGL is the density of the guiding layer, and w is its thickness.
Figure 2a shows the phase velocity calculated for a wavelength of λ = 40 µm and

for two different substrates, Quartz AT − X + 90 and LiNbO3 36YX. Their thickness was
fixed to 1 mm, and their velocities (vSUB) were 5100 ms−1 and 4800 ms−1, respectively.
The ZnO wave-guiding layer parameters were ρGL = 5.665 kg m−3 and vGL = 2650 ms−1.
The horizontal axis is a dimensionless parameter of the GL thickness normalized by the
wavelength λGL. One may note that the phase velocity is between the two limit values,
which are the substrate velocity and the guiding-layer velocity.

Using this theoretical approach, we determined the relative thickness of the ZnO layer
to obtain the maximum sensitivity (Figure 2b). The obtained values were h/λ = 0.0725 for
the ZnO/Quartz AT−X + 90 and h/λ = 0.135 for the ZnO/LiNbO3 36YX with the phase
velocity VZnO/Quartz AT−X+90 = 4364 ms−1 and VZnO/LiNbO3 36YX = 3932 ms−1. Considering
the wavelength value, the ZnO layer thicknesses were hZnO ≈ 2.8 µm and hZnO ≈ 4.9 µm,
which was 86% thicker for the second structure. These two ZnO thicknesses will be used
for the experimental devices.
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Figure 2. Theoretical calculated phase velocity (a) and mass sensitivity (b) for the first Love mode as
a function of normalized guiding-layer thickness.

3. Love SAW Biosensors
3.1. L-SAW Development

Two different structures were studied based on their temperature stability and their
electromechanical coupling coefficient: ZnO/Quartz AT−X + 90 and ZnO/LiNbO3 36YX,
respectively.

Due to the relatively high velocity contrast between the ZnO guiding layer and the
substrate, it is possible to generate waves with a better confinement near the surface.
The PMMA guiding layer is also largely used because it has a low shear velocity of
≈1600 ms−1. Nevertheless, PMMA is strongly attacked by acetone and lightly attacked by
ethanol. Therefore, the sensor could not be cleaned with acetone nor ethanol. We could not
use lift off for the deposition of the Au layer in the sensitive path as lift off requires acetone
immersion. In addition, the PMMA guiding layer will generate high losses with such
thickness. Furthermore, the ZnO film presents piezoelectric properties with a relatively
high electromechanical coupling coefficient (K2) and a negative temperature coefficient
of frequency (TCF) leading to a thermally compensated structure and a zero-power flow
angle when combined with AT-cut quartz [22]. Lastly, we developed a deposition process
to have a thick guiding layer with limited attenuation.

The SAW device characteristics are:

• Quartz AT and LiNbO3 36YX substrates (1 mm thick)
• Interdigital transducers (UV photolithography, 10 nm Ti + 100 nm Au, periodicity = 40 µm),

SPLIT fingers
• ZnO GL (RF magnetron sputtering process, highly oriented c-axis, ≈2.8 µm and

≈4.9 µm thick, respectively)
• Sensitive gold area on top of the GL (10 nm Ti + 50 nm Au).
• Velocity: VZnO/Quartz AT−X+90 = 4364 ms−1, VZnO/LiNbO3 36YX = 3932 ms−1.
• Operating frequency : fZnO/Quartz AT−X+90 = 114.33 MHz, fZnO/LiNbO3 36YX = 96.25 MHz.

Two different thicknesses of ZnO film were deposited by classical RF magnetron
sputtering. Thicknesses up to 8 µm of ZnO have been obtained [23]. The deposition process
and the optimization of the deposition conditions for (002) textured ZnO film growth
have been described elsewhere and applied for fabrication of our SAW sensors [24]. The
deposition parameters are summarized in the Table 1.
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Table 1. Summary of ZnO sputtering parameters, adapt from [23] .

Target ZnO (∅4 inch)
Gases 8 sccm O2

8 sccm Ar
Temperature 170 ◦C
Target power 150 W RF
Total pressure 3× 10−3 mbar

Figure 3a represents the microfluidic cell with the SAW device. We observed on
the bottom part of the microfluidic cell, two L-SAW dedicated to the sensing part and
two Rayleigh surface acoustic wave (R-SAW) devices, which will be used to actuate the
fluid (not used in this study). The SAW design is specific for the ZnO/Quartz AT, where
the X + 90 direction generates a Love wave, whereas the X direction is for the Rayleigh
one. The Rayleigh wave generates an elliptical wave in the direction of propagation.
The longitudinal component of the wave interacts with the liquid above by generating a
compressional wave and thus a streaming in the liquid [25]. We also see the pool where the
fluid is set (upper part) and the electrical contacts to make the measurement. The insertion
loss of the transmission response (S21) for both structures ZnO/Quartz AT− X + 90 and
ZnO/LiNbO3 36YX (Figure 3b) under water were done in the microfluidic cell.

b)a)

R-SAW

L-SAW
Bottom part

Upper part

Pool

Electrical contacts

Figure 3. Microfluidic cell and ZnO/Quartz AT− X + 90 structure (a); insertion loss of the transmis-
sion response (S21) observed with fluid (water) interaction for both L-SAW devices (b).

3.2. Biosensors Responses

According to the works of Wu et al. [26] and Furnis et al. [27], a cell monolayer
cytoskeleton presented changes of viscosity in the range of 1 cP to 4 cP in experiments
of adherent cells. The L-SAW biosensor is characterized with different aqueous glycerol
solutions corresponding to (0–40% vol) of glycerol in water. Such a method is widely
used and allows to calibrate the performance of SAW sensor setups [28–30]. In fact, the
bio reactions will generate a change in fluid viscosity that should be simulated by such a
mixture. Based on the theoretical approach proposed by Cheng [31], we were able to extract
from the mixture above our range of viscosity (1 cP–4.25 cP). From Figure 4a, we may note
that there is a linear relationship between the phase shift and the insertion losses for both
structures. As it was explained by [32,33], the velocity and the attenuation of the complex
wave propagation factor are proportional to the amplitude and the phase of the wave. It has
been shown that both ∆IL and ∆Φ are proportional to the square root of the density ρVL and
the viscosity ηVL of the liquid. This linear relationship stays linear until a critical viscosity
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for which the fluid behaviour changes from a Newtonian to a Maxwellian one. As it was
shown by Saha et al. [34] by using the relaxation time τ = ηVL/µVL and the frequency, it is
possible to know whether the film has a rigid or viscous behaviour. For Newtonian fluid,
the shear stiffness (µVL) effect is reduced compared to the viscous component (ωηVL). So,
the predominant mechanism of energy dissipation is the acoustic losses.

To obtain the main features due to the contact of the biomolecule with the sensor, we
will monitor the acoustic ratio. This parameter is the ratio of the amplitude shift versus the
phase shift ∆IL/∆Phase(dB/rad) [35–37]. Considering the value of this ratio, it is possible
to determine if the interaction between the sensor and the sensitive layer is more viscous or
rigid. Figure 4b shows the normalized acoustic ratio as a function of the viscosity for both
structures. The normalization was made to limit the effects related to the manufacturing
process (difference between thicknesses, wavelength, and. . .). We may note that the relative
ratio for the ZnO/Quartz AT−X + 90 device increased from 1 to 1.67, whereas it decreased
from 1 to 0.45 for the ZnO/LiNbO3 36YX device. The variation was greater for the first
structure (0.67), which was in good agreement with Figure 2b. These opposite behaviours
should be attributed to the wave types generated by both crystal cuts. It is well known
that the ZnO/Quartz AT− X + 90 structure will generate a pure Love wave, whereas the
ZnO/LiNbO3 36YX structure induces a Rayleigh wave and a Love wave simultaneously.
So, the observed decrease in the acoustic ratio for the second one may be associated to
R-SAW, which causes high attenuation, so high insertion losses in the liquid. The viscous
effect was preponderant for the ZnO/Quartz X− AT + 90, whereas it was the mass effect
for the ZnO/LiNbO3 36YX structure. Nevertheless, we may note that the response of both
structures tends to a steady-state value as the viscosity became important.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
IL(dB)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

(ra
d)

(a)

ZnO/Quartz AT+90
ZnO/LiNbO3 36YX

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Viscosity (cP)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

IL
/

(b)

ZnO/Quartz AT+90
ZnO/LiNbO3 36YX

Figure 4. Experimental phase shift vs. insertion loss for different fluid viscosity (a) and relative
acoustic ratio as a function of the viscosity (b) for both structures.

4. Discussions

Based on the theoretical approach, we used our simulation in order to optimize the
design of our Love-SAW devices. Moreover, as the loading liquid is considered to be
Newtonian, it will generate perturbation on the wave. We would then determine from the
phase-shift and the attenuation-shift measurements the fluid viscosity and density.

Figure 5a shows that there is a linear relation between ∆IL and ∆Φ for both structures.
One may note that, as it was observed on Figure 4a, there is a linear relation between ∆Φ
and ∆IL confirming the Newtonian behaviour of the fluid. Moreover, there is quite a good
agreement between the experiment and the simulation as it is shown in Table 2.
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Table 2. Linear-regression results for both ZnO/Quartz AT − X + 90 and ZnO/LiNbO3 36YX
structures obtained on experimental and simulated data.

ZnO/Quartz AT − X + 90 ZnO/LiNbO3 36YX

Experimental ∆Φ = 0.15 · ∆IL + 0.02, R2 = 0.99 ∆Φ = 0.15 · ∆IL− 0.01, R2 = 0.99
Simulation ∆Φ = 0.12 · ∆IL + 0.001, R2 = 0.99 ∆Φ = 0.12 · ∆IL + 0.001, R2 = 0.99

So, the viscous loading gives rise to a surface perturbation that is directly connected to
mechanical impedance. Both the amplitude and phase shifts should be characterized by
the following equations:

∆IL(dB) = SVisc/IL ·
√

ρVLηVL (8)

∆Φ(rad) = SVisc/Φ ·
√

ρVLηVL (9)

where SVisc/IL and SVisc/Φ are the sensitivity of the amplitude and the phase upon viscous
loading, respectively. Such a relation remains linear until the liquid stays Newtonian.

Table 3 synthesises the different values. There was quite good agreement for the
ZnO/Quartz AT − X + 90 amplitude sensitivity and for the ZnO/LiNbO3 36YX phase
sensitivity between the experimental and the simulated data. As discussed in the previous
section, the ZnO/Quartz AT − X + 90 structure was more sensitive to the viscous effect,
whereas the ZnO/LiNbO3 36YX structure was more sensitive to the mass effect. This is in
good agreement with the correspondence observed between simulation and experiment.
As it was observed in Figure 2b, the sensitivity of the ZnO/Quartz AT − X + 90 device
was slightly better than the other device. On the contrary, the ZnO/Quartz AT − X + 90
phase sensitivity was 25% lower for the simulated data compared to the experimental one,
and the ZnO/LiNbO3 36YX amplitude sensitivity was 16% higher for the simulated data
compared to the experimental one. This should be attributed to a lack of precision in the
developed simulation model.

Table 3. Amplitude and phase sensitivities for both ZnO/Quartz AT−X + 90 and ZnO/LiNbO3 36YX
structures obtained on experimental and simulated data.

ZnO/Quartz AT − X + 90 ZnO/LiNbO3 36YX

Experimental (SVisc/IL; SVisc/Φ) (3.11; 0.47) (2.41; 0.35)
Simulation (SVisc/IL; SVisc/Φ) (3.09; 0.35) (2.86; 0.32)

Figure 5b presents the simulated acoustic ratio as it was presented in Figure 4b for
the experimental data. For the ZnO/Quartz AT − X + 90 structure, the behaviour of both
responses, experimental and simulated, have the same behaviour, but the values are far.
We may note that the range of values is limited in the simulation (1–1.003) compared
to the experiment (1–1.7). For both structures, the viscosity does not exceed the critical
value [19] where there is a transition from the Newtonian to the Maxwellian region due
to a modification from viscous to viscoelastic fluid, so the steady state value was not
observed. For the ZnO/LiNbO3 36YX structure, the simulated response was in complete
disagreement with the experimental response.

These mistmatches on the acoustic ratio should be attributed to the assumptions made
in the theoretical approach. First, the piezoelectricity was not introduced in our model. This
assumption is valid for the Quartz substrate (K2 = 1.4%) but not for the LiNbO3 substrate
(K2 = 16%). Moreover, for both devices, the ZnO layer adds its own piezoelectricity.
Second, the ZnO/Quartz AT − X + 90 device presents a pure Love wave, which is not the
case for the second device where part of the energy will generate a Ralyeigh wave. So, the
equation taking into account such a propagation should be added to the model. These
assumptions create errors on the determination of the insertion loss and the phase, both of
which are involved in the acoustic ratio.
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Figure 5. Theoretical phase shift vs. insertion loss for different fluid viscosity [0.9 cP− 4.2 cP] (a) and
relative acoustic ratio as a function of the viscosity (b) for both structures.

5. Conclusions

In this article, we presented two Love-SAW biosensors. The ZnO/Quartz AT −
X + 90 and the ZnO/LiNbO3 36YX structures have proven their sensitivity to viscous
liquid. The observed responses show that the behaviour is in the Newtonian regime.
The ZnO/Quartz AT − X + 90 structure is more sensitive to the viscosity, whereas the
ZnO/LiNbO3 36YX structure proved to be more sensitive to the mass effect. Considering
the experimental responses, we showed that the ZnO/LiNbO3 36YX device does not
generate only a Love wave. From the simulation approach, the phase-shift versus the
insertion-loss responses give a good approximation for both structures. Amplitude and
phase sensitivities to viscosity were also in good agreement. For the acoustic ratio, the
model is not efficient, and a complementary equation must be added.
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