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ARTICLE INFO ABSTRACT

Keywords: A constitutively increased intracellular pH that is higher than the extracellular pH is emerging as a hallmark of
Surface acoustic wave (SAW) cancer and determining pH could play a significant role in the measurement of drug responsiveness of tumor
Microfluidic cells. However, a non-invasive, touch-free and real-time pH sensing as a research tool is lacking and remains a
PH Sensor major unmet need. The purpose of the current study is to investigate a microfluidic surface acoustic wave (SAW)
’?irr:(frroi ds sensor platform capable of monitoring pH in cell and tumoroid cultures. A novel multi-layer guided SAW sensor

integrated into a microfluidic channel was investigated theoretically and experimentally in detail for pH bio-
sensing. Sensitivity and capability of the layer guided Love wave device was modeled using the finite element
simulation. The model was verified experimentally, and a study monitoring pH of cell growth media is pre-
sented. This novel pH sensor is based on a 13.91 MHz center frequency SAW device coated with ZnO (500 nm)
and IrO, (30 nm) layers to increase the sensitivity. A change in mechanical and electrical properties of the
conductive IrO, layer was observed resulting from electrical corrosion induced by pH solutions affecting the
charge distribution, SAW phase velocity and attenuation. By measuring the frequency shift induced by the
change in SAW phase velocity between the test group and control group, the pH value of cell culture media from
H460 cancer cell culture plates from day O to day 5 can easily be determined. To improve the sensitivity and
stability of the sensor, a finite element method was used to optimize the layer thicknesses. Taken together, the
results of experiments show the potential application of this device to be integrated with microfluidic channels
and used in determining pH changes in longitudinal tumor cell cultures.

1. Introduction

Dysregulated pH is emerging as a hallmark of cancer because can-
cers show a 'reversed' pH gradient with a constitutively increased in-
tracellular pH that is higher than the extracellular pH, which enables
cancer progression by promoting proliferation (Kapus et al., 1993;
Pouysségur et al., 1985; Srivastava et al., 2007; Stock and Schwab,
2009), the evasion of apoptosis (Lagadic-Gossmann et al., 2004;
Matsuyama et al., 2000), metabolic adaptation (Christofk et al., 2008;
Dietl et al., 2010; Kuwata et al., 1991), migration and invasion (Ayad
et al., 2008; Martin et al., 2010). An increased understanding of pH
sensors is expected to provide insight into the molecular basis for pH-

dependent tumor cell behaviors, information on the central role of pH
sensors in tumor cell adaptations and assistance in assessing tumor drug
response. However, the approaches to determining pH changes in long-
term tumor or tumoroid cultures are limited. Specifically, a non-in-
vasive, touch-free and real-time pH sensing as a research tool remains a
major challenge to advancing tumor cell biology (Vonau et al., 2005).

Thus, the measurement of pH values is a key parameter in cell
biology as it serves as an indicator of important changes to the status
and growth phase of cell cultures. The traditional pH glass potentio-
metric (Shibata et al., 2013; Vonau et al., 2005) has limitations, such as
limited shape, large size and mechanical fragility, making it difficult to
integrate into microfluidic culture platforms. MEMS-based pH sensors
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have been widely studied, such as the ISFET pH sensor (Lu et al., 2018),
capacitive pH sensor (Davidovikj et al., 2017), potentiometric pH
sensor (Salazar et al., 2016) and conductimetric pH sensor (Y. Chen
et al., 2013). The capacitive pH sensor is based on capacitive changes
resulting from different concentrations of H" and OH" in the solution
(Shamsul Arefin et al., 2014). The capacitive sensor is not an ideal
choice for solutions containing multiple types of ions where each ion
changes the capacitance of the solution. The ISFET pH sensor is a more
complex sensor design which measures the current flow through a small
conduction channel between source and drain (Hizawa et al., 2007).
The ISFET pH sensor requires very high power for FET operations and a
sophisticated fabrication process. A conductimetric pH sensor can
measure the conductivity of a pH-responsive layer such as hydrogel or
other polymers (Korostynska et al., 2007). The polymer sensing layer
swells or shrinks in response to hydration caused by the pH of a solu-
tion. This sensor requires current flow through the sensing layer which
is not applicable to most in vivo studies. The drawback of the con-
ductivity pH sensor is that it is not ion-selective, and it measures the
combined effect of all ions in the sample solution.

Many researchers have reported different new potentiometric pH
sensors based on varies materials and structures. It was found that the
metal oxide electrodes, such as TiO,, RuO,, IrO, and ZnO, have re-
sponses towards different pH solutions (Fog and Buck, 1984; Gill et al.,
2008; Usman Ali et al., 2011; Xu and Zhang, 2010). However, most of
them require a large amount of sample solution and voltage applied to
the surface in contact with the cell culture media. Surface plasmon
resonance (SPR) based fiber optic sensors have been used as a novel
device to detect the pH of small amounts of liquid (Mishra and Gupta,
2013; Prabhash et al., 2017; Singh and Gupta, 2012). The pH measured
by SPR is the result of the refractive index changes which are caused by
the swelling/shrinkage of the hydrogel layer in response to different pH
values. This sensor has a short response reaction time, good stability
and good sensitivity. However, it has some disadvantages, such as high
cost, large complex structure, high sensitivity to shock and bulky de-
sign.

There are different types of acoustic waves commonly used as bio-
sensors. These include Rayleigh wave, Lamb wave, shear horizontal
wave (SH-SAW) (including Love wave), Quartz crystal microbalance
(QCM) and Thin-film bulk acoustic resonator (FBAR) (Bunroddith et al.,
2018; Chen et al., 2015; Hsu et al., 2009; Onen et al., 2012a; Pantazis
et al., 2010). For biomedical in vivo sensor design, elimination of the
current and voltage flow in the media is a critical issue which requires
low power consumption and touch-free design between electrode and
media. The acoustic wave-based sensor has these natural advantages
compared to ISFET, capacitive, potentiometric and conductimetric pH
sensors. The FBAR operates at a very high frequency which can also
create an ultra-high sensitivity (D. Chen et al., 2013; Wang et al., 2014).
However, the FBAR can only detect the mass loading including the mass
density and viscosity but cannot directly detect the conductivity and
permittivity changes in the sample loading (Chen et al., 2017, 2015).
QCM can add a pH reactive polymer layer to measure the polymer mass
loading by shrinkage and swell (Ayad et al., 2010; Jagur-Grodzinski,
2006). Quartz crystal microbalances (QCM) are the most-commonly
used BAW devices which are fabricated by sandwiching a bulk piezo-
electric material with top and bottom metallic electrodes. QCM can
excite a bulk thickness shear wave which can be used in both dry and
liquid applications. However, the sensitivity and resolution of the QCM
pH sensor are relatively low compared to SAW FBAR device (Fu et al.,
2017). The propagated wave energy of Rayleigh wave and Lamb wave
sensors is distributed not only across the substrate surface but also into
the substrate. This causes the Rayleigh and Lamb waves to be directly
coupled with the media on top and damped by the mass loading, which
makes these two types of wave insensitive to the mass changes in liquid
sensing (Onen et al., 2012b). The SH-SAW is composed of interdigital
fingers (IDTs) fabricated as periodic rectangular electrodes with uni-
form lengths and gaps. Electrical stimulation of these IDTs creates the
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SAW used for biosensing. The guided wave in the SH-SAW (Love wave)
can be enhanced by the layer properties to further concentrate the wave
energy on the substrate surface and thus increase the sensitivity of the
device. The Love wave device can create a very high sensitivity level
similar to FBAR device but at a low frequency (Fu et al., 2017). Due to
the low damping coupling in a liquid environment, SH-SAW and Love
wave devices have already been widely used as gas and liquid sensors
due to their high accuracy, label-free, touch-free sensing and small
volume sample consumption capabilities (Wang et al., 2015). ST-cut
Quartz and 36°Y-cut LiTaOg are the two the most common substrates to
generate SH-SAW. However, the electroacoustic coupling coefficient
(K?) of ST-cut Quartz (0.0016) is much smaller than that of 36°Y-cut
LiTaO3 (4.7) (Lam et al., 2004; Pang et al., 2013).

Zinc oxide (ZnO) is a relatively common material in piezoelectric
and photoacoustic fields. Many SAW devices are coated with ZnO to
increase sensitivity and reduce insertion loss (Chang et al., 2006; Powell
et al., 2004). These devices are used for different applications such as
pH sensors, UV sensors and biosensors. Iridium oxide (IrO,) is a widely
used material for pH MEMS sensors which can provide a rapid and
stable response in different media because of its high conductivity
(Kakooei et al., 2013). The sensing principle is based on the transition
function of electrical corrosion between two oxidation states (Baur and
Spaine, 1998).

2IrO, + 2H" + 2 <>Ir;,03 + H,0 (€D)]

In this study, we investigated the potential to enhance the sensi-
tivity of oxide hydration changes to create a novel pH sensor with high
sensitivity using a surface acoustic wave generation of a potential-dis-
tributed wave at the surface IrO, layer for longitudinal pH measure-
ments in tumor cell cultures.

2. Experiment
2.1. Materials

A 99.5% purity 2” diameter and 0.125” thick IrO, target bonded
with cooper backplate and a 99.9% purity 2” diameter and 0.125” thick
ZnO target bonded with cooper at backplate were purchased from AJA
international Inc (MA, USA). 36°Y-cut X propagated LiTaO3 wafers were
purchased from University Wafer Inc (CA, USA) and two gain RF am-
plifiers (Olympus 5073PR and Olympus 5072PR) were purchased from
Olympus NDT Inc (Santa Clara, CA, USA). A digit frequency counter
Agilent 53220A was purchased from Agilent Technologies Inc (Santa
Clara, CA, USA) and an oscillator Tektronix TS2001C was purchased
from Tektronix Inc (Beaverton, OR, USA). BenchVue Universal Counter
software was licensed by Keysight Technologies (Santa Clara, CA, USA).
H460 cell line was purchased from American Type Culture Collection
(Manassas, VA, USA). HyClone™ RPMI 1640 culture media was pur-
chased from GE Healthcare Life Scences (Pittsburgh, PA, USA).
Commercial pH meter was purchased from Denver Instrument (Co,
USA). Standard pH buffer solution was purchased from Sigma-Aldrich
(WI, USA), Slygard@184 Silicone Elastomer kit was purchased from
Dow Corning Inc (MI, USA). Hoechst 33342 was purchased from
NucBlue, Life Technologies (MA, USA).

2.2. Design and fabrication of bio-sensor

Before the fabrication, a guide layer sensitivity comparison between
ZnO and IrO, was investigated by using the wave perturbation theory.
A thorough parametric study on sensitivity and perturbation was done
for ZnO and IrO,. The results were compared to optimize the design.
The wave transmission study was based on a full time-dependent ana-
lysis to obtain the dynamic response of the impulse signal simulated
devices in order to study the electrical perturbation on the substrate
surface and find the limitation of the device. The final layer thickness
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Table 1

Device parameters used for the simulation and fabrication of the IDT

transducers.
Parameters Settings
Wavelength () 300 pm
Number of reflecting fingers 30 pairs
Finger width 75 um
Wavelength of reflecting fingers 297 um
Number of fingers 30 pairs
Well diameter 6.5mm
SAW velocity 4160 m/s
ZnO layer thickness 500 nm
IrO2 layer thickness 30nm
Operation frequency 13.91 MHz

was varied to balance the sensitivity and the wave transmission re-
flection ratio. Then the IDTs were fabricated by microfabrication
techniques with feature parameters listed in Table 1. Further detail on
the fabrication process can be found in our earlier publication
(Guldiken et al., 2012). The ZnO film was deposited by an RF sputtering
system at a deposition rate of about 120 nm per hour under a low
substrate temperature of 180 °C, with 6sccm Ar and 6sccm O,, and a
100 W RF power. The IrO, thin film was also deposited by RF sput-
tering. Prior to deposition, the chamber was pumped down to 1 x 108
Torr. The substrates for sputtering substrates were 36 Y-cut X propa-
gated lithium tantalate with transducer features on top (chrome layer
100 nm). Sputtering was performed in a pure Ar environment with a
lower RF power of 80 W to mitigate potentially damaging bombard-
ment of the growing IrO, film. We also used room temperature which
generates lower stress on the surface of lithium tantalate piezoelectric
material since the IrO, is a conductive metal oxide.

2.3. Preparation of cell culture media

For growing cell tumoroid cultures, we used a fiber-inspired smart
scaffold (FiSS) developed by our lab, which generates tumor-like or-
ganoids from seeded tumor cells, hence called tumoroids. FiSS was
prepared by electrospinning as described previously (Girard et al.,
2013). FiSS was placed into a 6 well plate and 200,000 H460 lung
cancer cells were seeded into each well in RPMI media containing 10%
fetal bovine serum and 1% penicillin-streptomycin. Media (7 mL) was
used in each well and cells were cultured on the scaffold for six days.
Successful growth of cells on 3D scaffold as tumoroids was confirmed
by staining the cells with Hoechst 33342 and then capturing images
using fluorescence microscopy.

2.4. Experiment protocol for SAW measurement

H460 human lung adenocarcinoma cells were maintained in RPMI
media containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. All cells were cultured in 6 well plates in a humidified
incubator at 37 °C in a 5% CO, atmosphere. 1 mL of cell media super-
natant in total was collected from a different well each day from day 0
to day 5. Half a minute after the frequency counter started to record,
100 pL of each culture media was placed on the test well of the chip and
100 pL of fresh culture media was taken from the same incubator and
placed on the control well to record the relative frequency response for
a duration of 10 min. A standard laboratory potentiometric pH meter
was calibrated with standard pH buffer solution and then cleaned prior
to each measurement of cell culture media at the same time to compare
the pH value from the device. After recording each sample, the cell
suspension was removed and the well was washed with three changes
of PBS followed by three changes of water to clean the sensing area.

The frequency changes were measured by comparing the frequency
shift between the test group to the control group as shown in Fig. 1.
During the experiments, the frequency counter measures the frequency
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Filters — Amplifier
Test group

Mixer

— Frequency
counter

Filters — Amplifier
Control group

Oscilloscope

Fig. 1. (A) Conceptual view of the double guide layer of SAW sensor. (B)
Fabricated and assembled resonator and fluidic well. (C) The finger pairs under
the microscope. (D) Illustration of the experiment setup.

shift in two groups at the same time and transfers the real-time data to
the computer. With the help of the BenchVue software, a programmed
data flow process handles the 6 data points generated by each group
every second. The software records and plots the control group re-
corded frequency (f,) minus the test group recorded frequency (f;) then
divides by the control group recorded frequency (f,). From the per-
turbation theory, when the Love waves propagate through the sensing
area, the phase velocity changes due to the mass loading changes at the
surface of the IrO, and the conductivity of the cell media in Egs. (2) and
(3). The data is then sorted by Matlab® and plotted out in normalized
relative frequency shift.
Change in velocity:
_ K_sz (01/@)*+(& — erer) (a1 + pizo)

AV N fek

14 f fo 2 (a1/w)? + (& + epipzo)? 2)
Change in attenuation:
Aa _ K_52 (01/w)(erer + Epipzo)
k 2 (a/w)* + (& + pezo)® 3)

3. Results and discussion
3.1. Multiple layer perturbation analysis

A numerical method was designed to optimize the thickness of the
IrO, and ZnO thin film layer as a guiding layer. The mathematical
model was based on previous reports from the perturbation analysis
model (McMullan et al., 2000; Onen and Guldiken, 2014). The substrate
and the guiding layers were assumed to be elastic and isotropic mate-
rials without significant electrical perturbation. The analysis is based on
the dispersion equation and sensitivity equation (Egs. (1) and (2) in the
Supplementary material) verified by McHale et al. (2002) which de-
pends on the dispersion curve, guiding and perturbing mass layer
properties (Onen, 2013). Other leaky properties of SH or SSBW waves
were also neglected, since only the Love waves were effective in energy
confinement to the surface. The analysis was performed with the non-
dimensional thickness (z) defined as z = dgef/vg°, where d, is the
thickness, f is the frequency and v° is the shear velocity in guiding
layer. Shear horizontal polarized wave propagation was investigated
step by step by dispersion solution and perturbation analysis (McMullan
et al., 2000; Onen and Guldiken, 2014).

The comparison of the ZnO and SiO, layer sensitivity on the device
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Fig. 2. (A) Dispersion curve with SiO,/IrO,
and ZnO/IrO, guiding layer at 14.0 MHz (B)
Perturbation analysis method to calculate the
sensitivity of multiple layers SAW-based
sensor. At the single layer mode, the sensitivity
of the SiO,/LiTaO3 is almost the same as ZnO/
LiTaO3; device. (C) The IrO,/ZnO/LiTaO3
create higher sensitivity with thin layer thick-
ness requirement compared to IrO2/SiOs/
LiTaOs3.

= Zn0O without IrO,
— Si0; without Ir(),
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is shown in Fig. 2. Fig. 2A illustrates the dispersion curve of two dif-
ferent guiding layers with the same top layer of IrO,. The SiO, dis-
persion curves have smoother transition regions and lower slopes. The
lower slopes illustrate a smaller velocity difference between the sub-
strate and guiding layer which results in lower sensitivity (Onen and
Guldiken, 2014). Fig. 2B shows the device model with a fluid layer and
a single pure guide layer on top of the substrate (Liquid/ZnO/LiTaO3
and Liquid /SiO,/LiTaOs3). This figure shows that the SiO, and IrO,
have similar sensitivity at the same thickness ratio (film thickness di-
vided by wavelength) with the peak sensitivity at thickness ratio (guide
layer thickness/wavelength) € = 0.42. But after the IrO, layer is de-
posited on top of the ZnO layer, the ZnO layer revealed two advantages
compared to SiO,. Fig. 2C shows that ZnO has higher sensitivity than
the SiO, layer and it also reduced the layer thickness requirement to
reach maximum sensitivity by almost half (ez,0= 0.24, esi02= 0.42).
ZnO significantly reduced the layer thickness requirement to create
high sensitivity for the device. From these results, the maximum sen-
sitivity is created at the thickness ratio of ZnO equal to 0.24 with almost
2-fold sensitivity compared to the pure ZnO guiding layer's maximum
sensitivity peak. However, the perturbation analysis is based on the
theory of a linear elastic model with lossless substrate and it is hard to
show the electric perturbation on the surface.

Acoustic propagation mass sensing within multi-thin-layer systems
is essential for optimization of gravimetric sensors. Perturbation ana-
lysis is an easy method to set up a simplified model. The actual wave
propagation problem on the piezoelectric substrate involves an aniso-
tropy layer, piezoelectricity, and three-dimensional wave diffraction. It
is very complicated and not feasible for numerical methods to model all
of these features. It is also not possible for numerical methods to ana-
lyze the electrical properties of the wave mode such as velocity phase,
electrical perturbation, and wave transmission. The finite element
method provides a more suitable method to analyze the wave trans-
mission and electrical perturbation. The deposited ZnO is a piezo-
electric guiding layer for this Love device, and the IrO, thin layer on top
of ZnO works as both a guiding layer and pH sensitive layer. Due to the
conductive properties of the metal oxide IrO,, the conductivity of the
IrO, and the media on top of the layer will affect the electrical per-
turbation on the guiding layer. Additionally, the electric equilibrium
reaction at the surface will affect both the conductivity and the mass

0
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0
Thickness Ratio

= Zn0 (0.75 um) with [rO,
= ZnO (1 um) with IrO,

= Si0, (0.75 um) with 1IrO,
= SiO2 (1 um) with [rO,

loading.
3.2. Finite element analysis

A COMSOL finite element model was built to simulate the wave
propagation properties including the wave transmission, mass loading
limitation and electrical perturbation on the substrate in Fig. 3. The
simplified 3D model consists of a two-port resonator design with a ZnO
thin layer and IrO, thin layer on top of a Lithium tantalate substrate
with 4 mesh nodes per wavelength. The mesh consisted of 47,352 do-
main elements, 24,734 boundary elements and 2412 edge elements.
The total number of nodes is 926,222 as shown in Fig. 3A. A time-
dependent analysis was conducted to calculate the response from the
interdigital output finger with a short impulse signal. The total sam-
pling time for the whole simulation was 4400 ns (nano second) with a
sampling frequency of 1000 MHz. The impulse voltage was applied to
the input electrodes while V. and V_ were applied to the even and odd
fingers.

Vo= +1 V, ikl ns
T 0V, t>1 ns

V=0

Fig. 3B, C, and D show the electrical potential distribution at the
surface of the device and the mechanical surface wave's electrical
propagation along the detection area from Ons to 1500 ns. The simu-
lation results in Fig. 3E and F were verified by the fabricated device. In
Fig. 3E the simplified 3D model with 100 nm Cr IDTs, 500 nm ZnO and
30 nm IrO, layer matches the physical device's first two wave modes
with peaks of 13.907 MHz and 15.34 MHz. However, due to the sim-
plified 3D simulation model with only one single pair of input/output
interdigital fingers and one reflecting finger for each side, the third and
fourth mode of the wave is not perfectly matched with the experimental
results. The mechanical wave phase velocity is affected by the mass
loading and electrical properties of the surface and media. The simu-
lation results show that the surface acoustic wave energy loss increases
at the surface when the thickness of the IrO, thin layer increases as
compared in Fig. 3E and Fig. 3F. The surface acoustic wave is damped
by the IrO, thin layer and starts to cease propagation at a thickness of
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Fig. 3. (A) Completed mesh of the model with
one pair of IDTs (interdigital transducers) and
one pair of reflecting fingers at both input and
output port. (B), (C) and (D) are the surface
acoustic wave electrical perturbation at the sur-
face of Lithium Tantalate. (E) Comparison be-
tween simulation and experiment frequency re-
sponse for the device (with 100nm Cr IDTs +
500nm ZnO + 30nm IrO,) from 12MHz to
20 MHz. (F) Comparison between simulation and
experiment frequency response for the device
(with 100 nm Cr IDTs + 500nm ZnO + 70 nm
IrO02) from 12 MHz to 20 MHz. (G) The frequency
spectrum of different IrO, coating layers on the
device measured by the network analysis.
Increasing the IrO, layer on the top of the device
decreases the Insertion loss. After depositing
~100 nm IrO, on the surface, the acoustic wave
ceased propagating at the surface by the con-
ductive IrO, layer. (H) The device model re-
sponse to different mass loading changes of the
IrO, layer.

70 nm as shown in Fig. 3E. Fig. 3F shows that at the increased thickness
of IrO, device of 70 nm compared to the thickness 30 nm in Fig. 3E, the
transmission ratio reduces from —32.6dB a lot to —37dB. The ex-
perimental device reduces the transmission ratio from —30.8dB to
—50.3dB. The simulation results match the experiment results in
Fig. 3F. However the transmission ratio is 13.3 higher than the
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experiment. The operation frequency of the device slightly decreases as
the thickness of the IrO, increases both in the simulation results and
experiment results in Fig. 3F and in Fig. 3G. The mass loading changes
at the surface of the IrO, layer result in the phase velocity and fre-
quency shift. In Fig. 3H, the simulation results illustrate that if the IrO,
mass loading even slightly increases from 1ng to 2ng, the frequency
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Fig. 4. (A) SEM surface topographical image of a ZnO thin film. (B) (C) and (D) SEM surface topographical image of a IrO,, thin film. (E) EDS diffraction analysis of
the device. (F) XRD diffraction analysis of the device to find the 2theta for the IrO, thin layer.

decreases and the insertion loss goes down.
3.3. Morphology of the guiding layer

After the device was fabricated, the SEM, XRD, and EDS images
were captured to investigate the morphology of the ZnO and IrO, layers
as illustrated in Fig. 4. Fig. 4A is an SEM surface topographical image at
100K magnification of a ZnO thin film with thermal annealing at
300 °C. The image shows that the surface of the RF deposited ZnO thin
flat film layer. Fig. 4B and Fig. 4C is the topographical image at 50 K
and 100 K magnification of the IrO, thin film layer. Fig. 4D is the cross-
section view of the IrO, layer. Fig. 4E and Fig. 4F is the EDS and XRD
diffraction analysis of the device with ZnO and IrO, thin film layer. The
IrO, has two peaks with 2theta at 34.7° and 54.3°.

3.4. Cell media measurements

Electrical perturbation occurs due to interactions between the
electrical potential and the liquid. It is also referred to as acoustoelec-
trical interaction. The properties of the liquid that contribute to elec-
trical perturbation are the conductivity (o) and the permittivity (¢). The
conductivity of the sampling solution is also related to frequency shift
from Egs. (2) and (3). The SAW propagated with multiple fluxes of
momentum energy on the surface of IrO,. The momentum will reduce
to become a force on the electron which is also referred to as acous-
toelectrical interaction. For the acid region, the conductivity of the film
decreases the result of the interaction as the pH value increase. From
Eq. (3), a larger o leads a smaller phase velocity. Thus, the conductivity
of the media layer increases as the phase velocity decreases. The re-
sonant frequency of the propagated SAW is relative to the phase velo-
city at a fixed wavelengths device. Therefore, a decrease of the resonant
frequency of the device should be detected on low pH media. In Eq. (1)
when the pH value decreases, it will result in more IrO, translating to
Ir,03, which will slightly decrease the mass of the IrO, layer and
slightly increase the frequency as shown in the simulation results
Fig. 3H. There is only maximum ~1.7 ng mass changes if all the IrO,
translates to the Ir,O3 in the detection well. In the simulation results
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Fig. 3H, 2 ng mass changes lead to less than 400 Hz shift. The shifts of
charge distribution on ZnO layer caused by changes in IrO, layer's
electrical properties dominate the phase velocity changes. Similar
analysis shows the expected results in the alkaline region, as the in-
teraction between hydroxide and metal oxide layer (IrO, and ZnO) also
enhances the guiding layer conductivity (Qiu et al., 2011).

A standard pH buffer solution was prepared to calibrate the re-
sponse of the device to different pH solutions both inside the incubator
and at atmosphere outside the incubator. The CO, level and tempera-
ture inside the incubator affect the pH and function of the device. The
device calibration determines the relationship of the relative frequency
shift to standard pH value both in the incubator and at atmosphere. The
change in IrO, relative permittivity and electrical conductivity due to
the metal oxide corrosion on the surface will result in the phase velocity
of the propagated wave shift. As discussed previously, the relative
frequency shift is equal to the frequency of the reference device minus
the working device divided by the reference frequency. The operation
frequency of the working device decreases as the pH value decreases as
both the relative permittivity and the electric conductivity increase.
The relationship between the pH value and frequency shift is nonlinear
due to the nonlinear change of the conductivity and mass loading which
shows the polynomial fit curve in Fig. 5. Both the fit curves for atmo-
sphere and incubator environment have the R* = 0.99. At pH 3, the
device has a maximum frequency shift of 0.296 ppm (0.000296). The
frequency shift at atmosphere is larger than the shift inside the in-
cubator which is to be expected. The relationship between the standard
pH value and the relative frequency shift provides the conversion
equation to convert the relative frequency to pH value for cell culture
experiments.

After the pH value of the standard solution is recorded, a pH value
of cell culture media is measured from day O to day 5. The frequency
shift from day O to day 1, day 4 to day 5 is much smaller than the
frequency shift from day 2 to day 3, from day 3 to day 4. A maximum
0.0591 ppm (0.0000591) was measured at day 5 as illustrated in
Fig. 6A. Additionally, the relative frequency shift on the y-axis in
Fig. 6A is converted to standard pH value by the relationship in Fig. 5
and replotted in Fig. 6C (atmosphere) and Fig. 6D (incubator). The cell
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Fig. 5. (A) The SAW-based sensor is tested by standard pH solutions to record the frequency response. Since the CO, concentration and temperature will affect the

pH, pH is measured both inside incubator and at atmosphere.

media from day O to day 5 was also measured by commercial instru-
ment and compared to the IrO,/Zn0O/LiTaO3 device in Fig. 6 C and D.
We found that the SAW acoustic device measured pH value was
1.0-3.05% smaller than the value from the commercial device value at
atmosphere, and 2.25-3.75% smaller than the value from the com-
mercial device value inside the incubator. This discrepancy could be
caused by several factors. First, the conversion from the average fre-
quency shift to standard pH includes a calculation error. Second, the
cell culture media from day 1 to day 5 is slightly different than unused
cell media on the working device in its mechanical and electrical
properties such as density and dielectric constant. Third, the ZnO layer
may contribute an effect to the phase velocity of the device. The ZnO/
LiTaO; SAW-based (500 nm ZnO layer) device without IrO, layer is
tested by standard pH solutions at atmosphere to record the frequency
response. Fig. S6 shows that without the IrO, layer, the ZnO sensitivity
is quite low compared to the device with IrO, layer Fig. 5.

The experiment results show the advantage of the unique design by
using multiple layers. The ZnO layer works as a guiding layer helping

the wave propagation to concentrate energy and charge potential at
ZnO layer which increases the sensitivity of the device. ZnO also works
as a dielectic shield layer between the IDT fingers and IrO, conductive
layer. The most important feature is that waves propagating at the ZnO
intermediate layer can be easily affected by changes in electrical
properties through the conductive IrO2 layer. Therefore, piezoelectric
surface charge and the voltage potential at the ZnO layer will be af-
fected by the IrO, layer's chemical reaction and charges. We compare
our design to other acoustic-based pH sensors in Table 2. The device
based on the bare ZnO layer has a little high sensitivity by etching the
surface ZnO, which has stability and repeatability issues and can only
be used for the disposable device.

4. Summary and conclusions

In this study, a multi-layer guided surface acoustic wave sensor was
investigated theoretically and experimentally in detail for pH bio-sen-
sing. Shear horizontal layer guided surface acoustic wave (SAW) device

Fig. 6. (A) The relative frequency response
of the device to cell culture media in dif-
ferent days both in atmosphere and in-
cubator measurements. (B) Day 5 H460
tumoroids on scaffold stained with
Hoechst. (C) The comparison between the
commercial pH meter measured cell media
pH value and device measured value at
atmosphere from day O to day 5. (D) The
comparison between the commercial pH
meter measured cell media pH value and
device measured value inside the incubator
from day O to day 5.
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Table 2
Comparison to other acoustic-based pH sensors.

Literature Type Top layer Sensitivity pH resolution
material (AfIf)/pH)
Qiu et al. Single layer ZnO 43 x10*
(2011) love wave
Ayad et al. QCM Acid 2.0 x 10°
(2008) copolymer
layer
This paper Multiple IrO,/Zn0O 5.9 x 10° 0.011
layer love
wave

sensitivity and capability was modeled using perturbation analysis
mode and finite element method. The model was verified experimen-
tally, and a surface acoustic wave pH biosensor study was presented. A
novel pH sensor based on 13.91 MHz center frequency SAW device was
coated with ZnO and IrO, guided and sensitization layers to increase
sensitivity. The change in conductivity of ZnO and IrO, induced by pH
solutions affects SAW phase velocity and attenuation. By measuring the
frequency shift induced by a change in SAW phase velocity between the
work group and control group, the pH value in a target cell culture
media can be determined. To improve the sensitivity and stability of the
sensor, multiple methods to fabricate the ZnO layer on shear horizontal
wave devices were compared. The results of experiments show the
potential application of this device to be integrated with microfluidic
channels used in cancer biology and in regenerative medicine.
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