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ABSTRACT: The present study is concerned about the development of highly
sensitive and stable microfluidic pH sensor for possible identification of circulating
tumor cells (CTCs) in blood. The precise pH measurements between silver—silver
chloride (Ag/AgCl) reference electrode and zinc oxide (ZnO) working electrode
have been investigated in the microfluidic device. Since there is a direct link
between pH and cancer cells, the developed device is one of the valuable tools to
examine circulating tumor cells (CTCs) in blood. The ZnO-based working
electrode was deposited by radio frequency (rf) sputtering technique. The poten-
tial voltage difference between the working and reference electrodes (Ag/AgCl)
is evaluated on the microfluidic device. The ideal Nernstian response of
—43.71165 mV/pH was achieved along with high stability and quick response
time. Finally, to evaluate the real time capability of the developed microfluidic
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device, in vitro testing was done with A549, A7rS, and MDCK cells.
KEYWORDS: circulating tumor cells, thin films, ZnO, sputtering, pH sensor, in vitro testing

1. INTRODUCTION

Despite decades of efforts, identification of circulating tumor
cells (CTCs) in patient blood remains one of the major
challenges in clinical diagnosis. The ability to isolate or identify
the rare circulating tumor cells (1—5 CTC in 10° cells in 1 mL
of blood) has the greater potential in medical field for the early
detection of cancer in patients.' > Numerous methods have
been developed in recent years to recognize CTCs from the
whole blood. However, one of the first and most widely
researched CTC identification technique is size-based filtration.
The technique is time-consuming and fabrication cost of
such recognition devices is quite expensive.4_6 Moreover, an
increasing trend of more cancer deaths daily demands a novel
device which can perform better to identify CTCs from blood
to identify metastasis. In recent days, a deterministic lateral
displacement (DLD)-based microfluidic device has shown
versatility to identify CTCs from blood. Antibody-modified
microdevices already demonstrated remarkable performances
to capture CTCs, but their fabrication complexity limits their
usage in clinical laboratories.” ™ Fortunately, there is plenty of
research showing the link between pH and cancer. It is believed
that tumor cells can preferentially convert glucose and other
substances into lactic acid (pH); hence, it turns the intracellular
fluid slightly acidic.'”'" Generally, the pH of the cancer
extracellular environment is known to be 6.2—6.9 compared
with 7.3—7.4 of the normal cells. Also, pH values can be used as
an indicator for disease diagnostics, medical treatment
optimization, and monitoring many biochemical processes
inside the body,'”™"> but pH electrode technology has not
changed much in the last few decades after the first pH meter
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constructed by Arnold Beckman in 1934.'° The conventional
glass rod pH sensor has certain disadvantages in clinical
applications. Miniaturization of pH sensors for biomedical
applications created rapid interest in developing a new type of
planar sensors with high sensitivity. Many thick and thin film
technologies for pH sensor were developed so far in the last few
decades without giving special attention to the miniaturized
electrodes. With microfluidic technology, it is possible to deal
with very small samples for pH-sensing purposes. A poly-
dimethylsiloxane (PDMS)-based microfluidic device is the
material of choice for many researchers due to their low cost
and ease of fabrication.”””'” Moreover, the advantages of the
combined electrodes are easy handling and temperature equality
of both electrodes.

Numerous systematic studies of various metal oxides like
ZnO,ls_ZO WO3,21 Ir203,22 MnO,23 and Ru0224 as pH sensors
have been investigated recent years. Among these, ZnO is a
well-known amphoteric oxide which reacts with both acids
and bases. In addition, its polar and nonpolar surfaces along
with high crystallinity nature makes them one of the poten-
tial candidate for pH selective element.”>~>" However, in the
previous reports, various types of pH sensors fabricated based
on ZnO like potentiometric,25 surface acoustic wave,*”
resistance®** and extended gate field effect transistor.> Kang
et al. studied the pH-sensing characteristics of single ZnO
nanorod prepared by thermal evaporation technique in the
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Table 1. Optimized Deposition Parameters for ZnO and Au
Thin Films

parameters ZnO thin film  Au electrode
substrate glass glass
flow rate of Ar gas S0 sccm 80 sccm
sputtering time 60 min 10 min
distance between target and substrate 40 mm 50 mm
microwave power 100 W 100 W

microchannel, but the stable sensing operation of the sensor
was achieved only when illuminated with UV rays."” Menzel
et al. also studied the pH-sensing characteristics of the C4F8
polymer coated ZnO nanowires in a microfluidic platform
and achieved the sensitivity of —2.063 uS/pH."® Oh et al. also
fabricated surface acoustic wave based ZnO nanoparticle pH
sensor.”® A flexible-type pH sensor developed by Maiolo et al.
using ZnO nanowalls and achieved the sensitivity near
Nernstian response.”* In most cases, reference electrode was
used separately, and there is no detailed characterization about
response time and stability. Hence, toward miniaturization we
have planned to integrate the reference/working electrodes and
microfluidic channels in a single platform. Toward this end,
ZnO thin film was grown on glass substrates by radio frequency
(xf) sputtering. Previously, ZnO thin films has been grown by
many methods such as spray pyrolysis,*>*° rf/dc sputtering,®’
pulsed laser deposition,”®*” spin-/dip-coating,”* hydrother-
mal,*® jon beam,*' and molecular beam epitaxial methods.**
Sputtering techniques have the distinct advantages of high

uniformity, high purity, good adherence, dense coating to the
underlying substrate, controlled deposition rate, and high
degree of crystallinity.””** Furthermore, Ag/AgCl ink was used
as reference electrode on glass substrate instead of a separate
Ag/AgCl glass electrode. The advantage of using Ag/AgCl ink
as reference electrodes is it can be coated on metal like Au,
Ag, Pt, and so on, dries quickly, and is ready to use imme-
diately. Also, the proposed straight single microfluidic channel
greatly simplify the design and fabrication of master molds. If
complicated patterns are formed on the microfluidic struc-
tures, then complicated fabrication processes are required,
thereby resulting in high manufacturing costs and time. The
fundamental advantage of this channel is reduced consump-
tions of the reagents, reduced contamination, and highly effi-
cient experimental output. The key technology of this present
research work is exploiting the unique pH sensor and bio-
chemical properties of the blood; together with the advance-
ment of the microfluidic devices, we have demonstrated a
fabrication of simple and novel microfluidic pH sensor for
possible identification of CTCs in blood. Finally, we have
evaluated detection range, sensitivity, and durability for long-
term experiments.

2. MATERIALS AND METHODS

2.1. Film Deposition. The reference and working electrodes were
housed in a thin glass substrate. Prior to electrode deposition, glass
substrates were washed with piranha solution to remove organic
residues and then with mild detergent (Cica Clean, Kanto Chemical
Co. Inc,, Japan) in an ultrasonic bath for 30 min. At first, a thin layer of

Figure 1. Microfluidic device fabrication scheme.
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Figure 2. (a) XRD pattern of the ZnO thin film, (b) XPS survey scan spectra, and (c) Zn 2p and (d) O s narrow scan spectra of ZnO thin film.

gold (Au) with thickness around ~SO nm was deposited through
electron cyclotron resonance (ECR) sputtering as a contact electrodes.
The working electrode is made up of 120 nm thick ZnO thin film with
the surface area of 5 mm?® was deposited by rf sputtering technique.
Circular ZnO target (Furuuchi Chemical Corporation, Japan; purity
of 99.99%.) with 1 in. diameter and 2 mm thickness was used as a
source. The reference electrode is made up of 100 um thick Ag/AgCl
ink (ALS Co., Ltd., Japan) with the surface area of 3 mm® Ag/AgCl
reference electrode was prepared by coating Ag/AgCl ink on Au
electrode and dried for 30 min in ambient atmosphere. The working
and reference electrodes were separated by a distance of S mm. The
various sputtering parameters like argon (Ar) flow rate, sputtering
time, distance between substrate to target, and microwave power for
Au and ZnO thin films were given in Table 1.

2.2. Microfluidic Device Fabrication and Measurement
Setup. The complete microfluidic device fabrication scheme is given
in Figure 1. At first, SU-8 2100 photoresist was spin-coated on Si wafer
and subjected to UV exposure through photomask with the desired
microfluidic channel pattern to create a master mold. UV exposure
dose was maintained at 260 m]J/cm?”. Furthermore, the pattern was
developed in the etching solution. PDMS and cross-linker (Sylgard
184) were mixed in the ratio of 10:2 and poured onto the master
mold, then degassed and cured at 70 °C for overnight. Finally, the
cured PDMS was peeled off from the master mold and bonded with
glass substrates predeposited with working and reference electrodes
using plasma bonding. The microfluidic channel is 140 ym wide,
70 pm wide, and 30 mm long. Entry and exit holes were made in the
size of 2 mm using small puncher. Then, silicone tubes were attached
on both holes, and pH buffer solutions were carefully passed through
the microfluidic channel using a syringe pump. Next, pH-sensing
studies were conducted using a two-electrode configuration setup. The
potential differences between working and reference electrodes with
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respect to various pH buffer solutions (Horiba, Japan) were measured
by using pH/mV meter (CL-9D02, Chemical Equipment Co., Ltd,
Japan).

2.3. Characterization Techniques. The structural studies
were characterized using X-ray diffraction (XRD) (LabX XRD 6100,
Shimadzu, Japan) and X-ray photoelectron spectroscopy (XPS) (PHI
Quantum 2000, Physical Electronics, Inc.,, USA). Morphological and
topographical studies were analyzed using field-emission scanning
electron microscopy (FE-SEM) (JEOL, JCM 6000, Japan) and laser
microscopy (VK-X200, Keyence, USA). The elemental composition of
ZnO thin film was analyzed using energy dispersive X-ray analysis
(EDS). Morphological images of the cells (A7rS, AS49, and MDCK)
were taken under an inverted microscope (Eclipse Ti, NIKON
Instruments Inc., USA).

3. RESULTS AND DISCUSSION

3.1. Structural Studies. Crystal structure of the ZnO thin
film was analyzed using XRD and the diffraction pattern is
shown in Figure 2a. The diffraction peaks were indexed
according to Powder Diffraction File (PDF) no. 36—1451
(International Center for Diffraction Data (ICDD), 2006),
which corresponds to hexagonal wurtzite structure. The pro-
minent diffraction peaks at 34.14, 36.17, and 47.48° cor-
responds to (002), (101), and (102) planes, respectively. The
high intensity (002) crystal plane indicates that the crystal
grows along the C-axis which is perpendicular to the surface
of the substrate. The other diffraction peaks ((101) and (102))
revealed that some crystallites were grown at random orienta-

. . L . 44,45
tion. The crystallite size is evaluated using Scherrer’s formula™"*

(eq 1) as
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Figure 3. FESEM images of the (a) Ag/AgCl ink and (b) ZnO thin film. Topography and surface roughness of the (c) ZnO thin film and

(d) Ag/AgCl ink.
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Figure 4. EDS spectra of the ZnO thin film.
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where 0.94 is the shape factor for spheres, 4 is the wavelength of
the X-ray, f is the full width half-maximum of dominant crystal
plane (002) in radians, and 0 is the diffraction angle ((002)
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crystal plane). The estimated crystallite was size was found to be
8 nm. XPS measurements for ZnO thin film have been carried
out after etching a surface about 20 nm with an Ar ion beam in
order to eliminate the atmospheric contaminants. XPS survey
scan spectra is shown in Figure 2b. The spectrum solely shows
the elements such as Zn and O without any impurities, con-
firming the high purity of the deposited film. Zn core level peaks
(Figure 2c) found at 1020.88 and 1043.94 €V are attributed to
2p3, and 2p,,, respectively. The binding energy difference
between 2p;,, and 2p,/, is 23.06 eV which confirms the phase
confirmation of ZnO.*® O 1s core level spectra is shown in
Figure 2d. Two Gaussians peaks fitted for O 1s spectra posi-
tioned at 529.26 and 531.12 eV. The lower binding energy at
529.26 eV is assigned to O*~ ions in the Zn—O bonding of the
wurtzite ZnO crystal structure.”” The binding energy surround-
ing 531.12 eV corresponds to O~ ions in the oxygen deficient
regions within the matrix of ZnO."*

3.2. Morphological, Elemental and Topographical
Analysis. The morphology of ZnO thin film and Ag/AgCl
was analyzed using FE-SEM and laser microscope as shown in
Figure 3a—d. Ag/AgCl micrographs (Figure 3a) depicted that
unevenly sized sheetlike morphology accumulated randomly.
The ZnO micrographs (Figure 3b) clearly revealed that high-
quality, crack-free homogeneous microstructure. The mean
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Figure S. (a) Optical and (b) 3D image of the microfluidic channel.

diameter of 50 nm grains were evenly distributed throughout
the films. To understand more about Ag/AgCl and ZnO, the
surface topography (Figure 3c,d) has been monitored by laser
microscope to determine the film roughness. The average
roughness (RMS) of the scanned surface area of S0 um by
50 pm for ZnO thin film was around 32 nm, and for Ag/AgCl],
it was around 2.14 um. Figure 4 shows the EDS spectra of
the ZnO thin film. The sample contains Zn, O, Si, Al, and C.
The presence of little C is from atmospheric contents or
may be from the carbon tape. The Al and Si may arose from
the substrate. Elemental mapping of the Zn and O revealed
the nonstoichiometric oxygen deficiency. Figure Sab shows
the topography of the microfluidic channel. The microfluidic
channel is 140 pym in wide, 70 ym in depth, and 30 mm
long.

3.3. pH Sensing Studies. In the following, we demon-
strated the pH-sensing studies of the microfluidic device
fabricated using Ag/AgCl and ZnO thin films. The testing
procedure schematic of the microfluidic pH sensor is presented
in Figure 6a. The photograph of the final developed device
is shown in Figure 6b. pH-sensing studies were done by
potentiometric method according the potential difference
between the reference electrode (Ag/AgCl) and working elec-
trode (ZnO). First, after plasma bonding of the PDMS mold
with electrodes, the microfluidic device was sterilized with
ethanol and washed with deionized water after each pH
test. The pH level of each test solution was confirmed by a

5197

commercial pH glass electrode. The sensitivity of the developed
microfluidic device was validated by passing various pH buffer
solutions for a period of time at room temperature through
the microfluidic channel with the support of syringe pump. We
tested the pH-sensing capability of the developed microfluidic
device with the flow rate of 120 yL/min thrice in various pH
solutions in order to validate the sensitivity, reproducibility, and
stability behaviors. The tests began with the most acidic buffer
(pH 1.68) and increased gradually to the most alkaline buffer
(pH 9.18).

3.3.1. Sensitivity. Figure 7a shows the potential responses
of four different pH solutions from 1.68 to 9.18. To con-
firm consistency, the tests were done three times. The three
test results showed the sensitivities of —43.25, —43.22, and
—44.23 mV/pH with correlation coefficients of 0.9599, 0.9590,
and 0.9679, respectively. Figure 7b shows the pH responses
tested in reversible order with four different solutions from
9.18 to 1.68. The three test results showed the sensitivities of
—43.63, —43.35, and —44.59 mV/pH with correlation coeffi-
cients of 0.9648, 0.9555, and 0.9417, respectively. Nearly
identical values were obtained in all three tests. The pH versus
voltage curve exhibited high linearity over a wide pH range
with an average sensitivity of —43.7116 mV/pH. The potential
difference in each pH solution stayed almost constant with
minimal drift of £3 mV/hour. Moreover, the minimal drifts
were very small when compared with the potential changes to
recognize various pH levels. According to previous literatures,
potenztizai9 ;ioeviation less than +5 mV is acceptable in many
cases.”

3.3.2. Flow Rate and Stability. The developed microfluidic
device exhibited high sensitivity throughout a wide pH range.
Apart from sensitivity, there are several key parameters that
need to be considered when selecting the sensor for real time
application. In the case of microfluidic devices, sensor stability
and the effect of flow rate are extremely important to maintain
the usage of sensor over long time. The output characteristics
with respect to flow rate from 24 to 120 yL/min is shown in
Figure 7c. The results indicated that no significant change was
observed with various flow rates. To check the stability of the
device, time domain pH monitoring for continuous usage was
recorded over a short time period, and the results were shown
in Figure 7d. The flow rate and stability studies demonstrate
that good reliability and durability of the microfluidic device
over a wide range of flow speed over a long period of time.
Long-term stability of the sensor allow manufacturers to build
sensor with minimum calibration which also reduces the total
cost of the sensor.

3.3.3. Response Time. Response time of the microfluidic pH
sensor of each pH buffer solutions were tested. Generally,
response time is defined as time taken to attain 90% of its stable
potential.>® Before measurement the microfluidic channel was
flushed with water and air.

Figure 8a—d shows typical response time characteristics of
the microfluidic sensor. This implies that the time taken to
reach stable potential was short. A rapid step change was
noticed once the pH solution passed through the microfluidic
device. After 3 similar experiments, we concluded that the
average response time was 29 s. The quicker response time
resulted in minimizing the total analysis time.

3.4. pH-Sensing Mechanism. Usually metal oxides will get
hydrolyzed in the presence of water to form hydroxide on the
surface. The polar hydroxyl (—OH) groups may cause the
surface to attract and physically adsorb a single layer or several
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Figure 6. (a) Experimental scheme of the pH measurement setup and (b) photograph of the fabricated microfluidic device.

additional layers of polar water molecules. When ZnO surface
interacts with an electrolyte, surface charge will develop
through various mechanisms like adsorption of ions, accumu-
lation/depletion of charge species at the surface, or physical
adsorption of charged species on the surface. At first,
H*-specific binding sites present on ZnO can hydrogenate
after contact with electrolyte solution. These binding sites can
protonate or deprotonate resulting in a change in surface
charge according to electrolyte pH.*>” Since ZnO is an
amphoteric oxide, it is not surprising that it can react with both
acidic and basic solutions. The probable acid and base reactions
(egs 2 and 3) on ZnO surface are given as™®

For acid:

ZnO + 20H™ + H,0 — Zn(OH),~ ()
For base:

ZnO + 2H,0" + 3H,0 — Zn(H,0);" 3)

The potentiometric device constructed here using AglAgClIl
CI” as a reference electrode supplied at constant potential
against ZnO thin film electrode. The overall structure of the
potential cell (eq 4) in this research work was as follows:

AulZnOlITest Electrolyte CI |AgClIAu 4)

According to the Nernst equation,”* the standard electrode
potential can be denoted as

_ 2.303RT

E=E, "

pH (s)

where Ej is the standard ZnO electrode potential, R is the univer-
sal gas constant (8.314 J/mol K), T is the absolute temperature
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(298 K), and F is the Faraday constant (96 487.3415 C mol™").
At room temperature, the Nernst equation gave a slope value of
59.1 mV/pH. As shown in Figure 7a,b, the potential difference
of the ZnO thin film is linearly dependent on the pH value of
buffer solutions ranging from 1.68 to 9.18. Even though the
obtained sensitivity was lower than the theory value,
minimum electrolyte solution, quick response time, and
minimal drift with respect to flow rate mark this developed
device distinctive. The sensitivity of the ZnO thin film largely
depends on its surface to volume ratio and oxygen vacancies.
EDS mapping also evidence of more oxygen vacancy (Zn/O =
45.99:34.29 atom %) in ZnO thin film which resulted in
increasing number of binding sites for electrochemical pro-
cesses. The unsaturated dangling bonds at the surface are
usually compensated by reactive molecules such as H,O
and favors for more adsorption/desorption process.”’ Since
ZnO has a high density of binding sites for H" and OH",
at lower pH levels (<7), the potential difference is high due to
greater diffusion of (H*) on ZnO surface, but at higher
pH levels (>7), the potential difference is low due to ZnO
losing a proton from OH™ and forming a negatively charged
surface.®” Also, it is worth noting that this kind of electrode
could work well in the highly corrosive systems due to its
wide sensing range. Compared to the response times of a few
minutes in other reports, the response of our sensor was
shorter and reliable compared with different pH solutions.
This may be due to not only solid—liquid interaction in
the much closed channel but also the absence of environ-
mental turbulences. The high sensitivity of the ZnO thin
film may be attributed due to smaller grains which can pro-
vide more active area and polycrystalline nature of the
films resulted in high oxygen vacancies could assist to sense
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Figure 7. pH-sensing responses (a) from 1.68 to 9.18, (b) from 9.18 to 1.68. (c) Flow rate studies with respect to various pH solutions and

(d) stability nature of the developed microfluidic device.

H* concentration.”” The overall sensing performance of the
developed devices is compared with the available literature
reports based on ZnO, and the same is shown in Table 2. This
clearly tells us that the microfluidic device has the high
sensitivity, high stability, and short response time with a small
amount of liquid.

4. IN VITRO EVALUATION

One of the most important criteria in order to verify the quality
of the developed CTC recognition device is in vitro testing.
Therefore, to evaluate the capability to differentiate the dif-
ference between three cells (A549, A7rS, and MDCK), a model
was proposed and evaluated. AS49 human lung cancer cells
(CCL-185, ATCC), A7rS rat embryonic aortic smooth mus-
cle cells (CRL1444, ATCC), and MDCK dog kidney cells
(CCL-34, ATCC) were cultured in low-glucose (1 g/L)
DMEM (Gibco) supplemented with 10% fetal bovine serum
(SAFC Biosciences), 1% antibiotic—antimycotic, and 1%
nonessential amino acids (Gibco). Cells were maintained in a
5% CO, incubator at 37 °C. Cells were adjusted to a density
of 1 X 10° cells/mL in the medium. The low- and high-
magnification microscope images of the cells were shown in
Figure 9a—f. Prior to conducting experiments, the on-chip inlet
and outlet probes were connected with cell culture vials and
syringe pump. The cells were introduced in to the micro-

fluidic chip via high-purity tubing driven by syringe pump.

5199

To provide optimum temperature and sterile environment
of the cells, the microfluidic device and cultured cells vials were
kept inside the CO, incubator. The flow rate of the cells were
set at 120 pL/min. As apparent from the real-time cells data
(Figure 9g), the developed device has the ability to differentiate
the three different cells having different pH values. Since the
size of the A7rS cells is very large (<100 um), the number
of cells that can pass through the channel is limited resulted
in poor response. Likewise, we can see the clear difference
between the DMEM medium and DMEM medium containing
cells (A549 and MDCK). Also, the A549 and MDCK cells are
smaller (<10 pm) than A7rS cells, leading to large potential
difference in the sensor. There are still much more detailed
experiments and modeling is in progress to clearly understand
the interaction of various cells with ZnO surface.

5. CONCLUSION

In this paper, we successfully fabricated a microfluidics-based
pH sensor using rf sputtered ZnO thin films and Ag/AgCl ink.
The fabricated sensor exhibited the super-Nernstian response
of 48 mV/pH. Undoubtedly, quick detection time and enhanced
measurement capability provided by the developed microfluidic
device is a valuable additional tool to identify CTCs in the
blood either with or without DLD devices. The pH-sensing
measurements show reproducible potentials for each pH value
with shorter response times. The fabricated pH sensor exhibits
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Figure 8. Response time analysis with respect to various pH buffer solutions (a) 1.68, (b) 4.01, (c) 6.86, and (d) 9.18.
Table 2. Comparison of ZnO-Based pH Sensor Performance with the Present Research Work
pH sensitivity response time
sensor types sensor materials range (mV/pH) (s) electrolyte volume references
extended gate field effect transistor ZnO thin film 2-12 38 immersed in S3
electrolyte
extended gate field effect transistor coaxial—st.ructured ZnO/silicon 1-13 46.25 immersed in S4
nanowire electrolyte
shear horizontal surface acoustic ., nanoparticle 27 immersed in 30
wave electrolyte
extended gate field effect transistor In—Ga—ZnO nanoparticle/Si 2—-10 S0 60 immersed in SS
nanowire electrolyte
interdigitated electrode array ZnO thin film 2—-10 372 S 2 mL 56
intracellular ZnO nanotube 4-12 —45.9 300 immersed in S7
electrolyte
biological species ZnO nanorod 4-12 —284 300 irtrﬁecgzﬂ’ti: S7
extended gate field effect transistor passivated intrinsic zinc oxide 4-12 44.01 immersed in S8
nanorod electrolyte
extended gate sensing zinc oxide nanorod 4-12 53.55 immersed in 59
electrolyte
electrochemical iridium oxide 15-12 -517 2 immersed in 2
electrolyte
extended gate field effect transistor amo_rphous indium—gallium zinc 3-10 592 less than 300 immersed in 60
oxide electrolyte
extended gate field effect transistor ZnO—Ta thin film 1.3-12 41.56 immersed in 61
electrolyte
potentiometric ZnO thin film 2-9 4371 29 5 mL present
work
several advantages like simple processing steps which appro- try to attempt to identify CTCs in blood using the fabricated
priate for mass production. Furthermore, in near future, we will device. The ability to provide a high sensitivity, negligible effect
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Figure 9. Inverted microscope low- and high-magnification images of
(a and b) A7rS, (c and d) AS49, (e and f) MDCK cells, and (g) pH-
sensing responses of the microfluidic device with various cells.

on microfluidic flow rate, and high stability are the key impact
of this research work.
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