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The abundant bio-markers in saliva provide a new option for non-invasive testing. However, due to the
presence of impurities in the saliva background, most of the existing saliva testing methods rely on pre-
processing, which limits the application of saliva testing as a convenient means of testing in daily life.
Herein, a disposable-gate AlGaN/GaN high electron mobility transistor (HEMT) biosensor integrated with
a micro-sieve was introduced to solve the problem of signal interference caused by charged impurities
in saliva for HEMT based biosensors, where the micro-sieve was utilized as a pre-treatment unit to
remove large particles of impurities from saliva through the size effect and thus greatly improving the
accuracy of detection. The experimental results showed that the HEMT based biosensor has excellent
linearity (R? = 0.9977) and a high sensitivity of 6.552 pA dec™ for urea sensing from 1 fM to 100 mM in
0.1x PBS solution. When it comes to artificial saliva detection, compared to the HEMT sensor without

the micro-sieve (sensitivity = 3.07432 pA dec™), the sensitivity of the HEMT sensor integrated with the
Received 28th March 2024 Y h d al ¢ h M t ifv that be detected i tual sali
Accepted 24th May 2024 micro-sieve showed almost no change. Moreover, to verify that urea can be detected in actual saliva,

urea is sensed directly in human saliva. The addition of the microsieve module provides a new way for

DOI: 10.1039/d4ay00551a biosensors to detect specific markers in saliva in real time, and the designed HEMT biosensor with the
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1. Introduction

With the rapid advancement of sensing technology, analysis of
human exocrine fluid is being considered as a promising non-
invasive alternative to blood analysis." Saliva is a complex
mixture of liquids comprising mainly protein, urea, uric acid,
microorganisms, enzymes and various electrolytes.” It is one of
the most easily accessible exocrine fluids for humans with
healthy individuals producing 1-1.5 L per day through their
salivary glands.® Studies have shown that levels of certain
markers in saliva are significantly correlated with levels of the
corresponding markers in the blood.*** Studies have demon-
strated significant correlation between certain markers in saliva
and corresponding markers in blood; thus saliva can be regar-
ded as “extracellular blood” that can reflect the physiological
state of the body without invasive methods.>™**
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microsieve function has a wide range of application potential in rapid saliva detection.

Urea (ure) is produced when proteins break down in
mammals’ bodies.'® Recent research has shown that measuring
levels of urea in saliva can be used as an effective way to diag-
nose various illnesses such as kidney problems,'>'”** lung
disease,?" infections,?>*® diabetes mellitus,"*** cancer,*®
hypertension,**” and others. The current method for detecting
salivary urea involves using absorption spectrometers.”® The
authors Wang et al.*® presented OFUS (fiber-optic urea sensing),
a cost-effective and user-friendly real-time detection system,
designed for the precise identification of urea levels in saliva.
This system works by breaking down urea into ammonia which
then causes a color change in a pH indicator. On another note,
Alev-Tuzuner et al® used polyethylene glycol (PEG)-based
hydrogels with immobilized enzymes called ureases. They
applied these hydrogels onto pH paper creating distinct bands.
The primary focus of biosensor research is to enhance sensor
sensitivity or reduce costs. However, the majority of these
endeavors solely concentrate on enhancing the sensor's
performance. The potential presence of protein, bacteria, cells,
and low urea levels in saliva can result in inaccurate test
outcomes and ultimately lead to misdiagnosis, which is often
overlooked. Additionally, false results may arise from possible
bleeding gums as well as remnants of food and beverages in the
oral cavity.® To address these challenges effectively, it would be
beneficial to consider a method inspired by blood sample pro-
cessing that utilizes centrifugation (CF) for eliminating cells,
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bacteria, and macromolecules with the aim of improving
measurement accuracy. However, in order to implement this
method, it is necessary to have centrifugal equipment, which
unfortunately hinders the portability of urea sensing systems.
Moreover, the cost of centrifugal equipment is usually higher,
making it impractical for everyday use. Hence, there is an
urgent requirement for a cost-effective and uncomplicated
solution to purify intricate saliva samples along with a highly
sensitive sensor for swift detection.

FET biosensors, which are based on field-effect transistors,
are widely recognized for their distinct advantages such as their
ability to be miniaturized and integrated into systems, conve-
nient signal detection, and label-free operation.**** Among FET-
based biosensors, the AlIGaN/GaN high electron mobility tran-
sistor (HEMT) is particularly favored for biosensing due to its
non-toxic nature, compatibility with biological systems, and
stability in various chemical environments.***® The exceptional
responsiveness of the highly sensitive two-dimensional electron
gas (2DEG), located near the surface of the AlIGaN/GaN HEMT
sensor, enables effective detection of changes in surface
potential.*”** Recent applications have successfully demon-
strated the use of AlGaN/GaN HEMT sensors in detecting
proteins (biomarkers/antigens),’”** ions,****®* DNA hybridiza-
tion events,*** and pH levels***** within solution or serum
samples. However, a challenge remains in directly and rapidly
detecting biomolecules in complex physiological solutions like
saliva or blood. This difficulty primarily arises from time-
consuming centrifugation processes, dilution operations, and
bulky testing equipment that hinder the development of
specialized AIGaN/GaN HEMT biosensors designed specifically
for use with physiological solutions. Therefore, it is crucially
important to find a cost-effective and straightforward solution
that can purify intricate saliva samples while enabling rapid
detection using AlGaN/GaN HEMT biosensors.

In this study, we propose a microsieve module-based AlGaN/
GaN HEMT sensor for the direct detection of urea in saliva, as
illustrated in Fig. 1. Additionally, we employ a straightforward
surface modification and specific binding technique, where one
end of the urease enzyme is immobilized onto the disposable
grid detection surface of the sensor while the other end is
attached to urea to initiate an enzymatic reaction. The interac-
tion between urea and urease induces a change in the surface
potential of the disposable gate, enabling precise measurement
of urea levels by regulating the channel carrier concentration of

Fig. 1 Three-dimensional model of the disposable gate AlGaN/GaN
HEMT sensor based on a microsieve.
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the AlGaN/GaN HEMT. Our sensor demonstrated excellent
linearity (R> = 0.98986) in detecting urea in artificial saliva,
exhibiting high sensitivity to urea concentrations ranging from
1 mM to 10 M with a sensitivity of approximately 5.20229 pA
dec™, effectively covering the required range for saliva detec-
tion. The design of our disposable gate HEMT device efficiently
isolates the sensing area from the operating area, minimizing
damage caused by repeated biological functionalization and
enhancing the device's aspect ratio and active sensing area. In
a 0.1x PBS solution, our sensor can achieve an impressive low
detection limit of 1 fM and a wide detection range spanning
from 1 fM to 100 mM. These findings underscore the significant
potential of utilizing microsieve-based AlGaN/GaN HEMT urea
sensors for in vitro analysis applications while introducing an
innovative approach for saliva analysis.

2. Materials and methods

2.1 Reagents and chemicals

The zinc acetate (C,;H¢O,Zn-2H,0), sodium hydroxide (NaOH),
zinc nitrate (Zn(NOs),), and hexamethylenetetramine (HMTA)
utilized for synthesizing zinc oxide nanorods (NRs) were
procured from Aladdin, a Shanghai-based supplier. Ethanol-
amine (EA) and glutaraldehyde (GA) were obtained from Sino-
pharm Chemical Reagent Co., LTD. Bovine serum albumin
(BSA), urea, glucose, and phosphate-buffered saline solution
with a pH range of 7.2-7.4 were also sourced from Aladdin in
Shanghai, China. Urease was acquired from McLean located in
Shanghai, China. Artificial saliva with a pH range of 6.6-7.1 was
obtained from Shanghai Yuanye Biotechnology Co., LTD.
Microsphere powder with particle sizes ranging between 3 and 5
um was purchased from Xiamen Yongchengxin Plastic Co., LTD
while the microporous membrane with a pore size of 0.45 pm
was sourced from Changde Beekman Biotechnology Co., LTD.
The deionized water used throughout this study underwent
purification using the Milli-Q water purification method to
ensure its quality and purity remained consistently high during
the conducted experiments.

2.2 The microfabrication of disposable gate-AlGaN/GaN
high electron mobility transistor (HEMT)

The urea sensor with a disposable gate-AlGaN/GaN HEMT
structure consists of two components. The heterojunction chip
is utilized for the fabrication of the AlGaN/GaN HEMT chips,
where a sapphire substrate is employed to grow the buffer layer
(1.5 pm gallium nitride), barrier layer (18 nm AlGaN), and cap
layer (1.5 nm gallium nitride). To achieve mesa separation, the
Cl,/BCl; inductively coupled plasma (ICP) etching technique is
employed. A mixed alloy layer of Ti/Al/Ni/Au is then deposited
on a 100 um surface and subjected to rapid thermal annealing
at 880 °C for 45 s in an N, environment to form ohmic contact.
Electrode layers (Ti/Ni/Au) are evaporated using an overlapping
deposition method. The gate contact electrode (Ti/Ni/Au) for
HEMT devices is prepared through the sputtering technique.
Fig. 2 illustrates the preparation diagram of the AlGaN/GaN
HEMT structure. On a SiO,/Si wafer, the disposable chip for

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Fabrication process of the AlGaN/GaN HEMT sensor.

sensing purposes is prepared by depositing a multilayer film of
Ti/Au using the sputtering method with a thickness of 120 nm.
After the growth of zinc oxide nanorods, the disposable gate
chip is connected with the AlIGaN/GaN HEMT chip by gold wire.

2.3 Preparation and modification of zinc oxide nanorods by
disposable gate chips

The two-step hydrothermal method was utilized for the
synthesis of zinc oxide nanorods (ZnO NRs) on a disposable gate
chip. To prepare the seed solution, NaOH (0.03 mol) and C,-
H¢0,Zn-2H,0 (0.01 mol) were dissolved in anhydrous ethanol,
followed by refluxing and magnetic stirring at 500 rpm for 2
hours under a water bath temperature of 60 °C. The resulting
transparent and clear zinc oxide seed solution was applied onto
the clean surface of the disposable gate chip after ultraviolet
ozone treatment for 30 minutes. Subsequently, the inoculated
chips are vacuum-dried and annealed at 150 °C for 30 min. For
growth, a mixture of Zn(NO;), (0.1 mol), HMTA (0.1 mol) and
deionized water is stirred until completely mixed to obtain
a growth solution. The disposable gate chip is then inverted and
suspended in this solution for 3 hours at a temperature of 95 °C
to facilitate contact with the growth medium. After the growth
process is completed, the surface impurities are removed by
rinsing with deionized water, and milky white films (ZnO NRs)
are attached to the observation surface. Finally, annealing at
80 °C for an additional 30 min allowed further growth of ZnO
NR viscosity in the disposable gate region, as confirmed by
electron microscopy analysis shown in Fig. 3.

The bioreceptor on the surface of the disposable gate chip
coated with NRs underwent modification enabling detection of
target analytes. To improve hydrolysis stability, it received a thor-
ough cleaning and oxidation treatment through exposure to

Fig. 3 Growth of zinc oxide nanorod arrays on a disposable grid gold
film in field emission scanning electron microscopy (FESEM) images,
(a) top view and (b) front view.
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ultraviolet ozone for thirty minutes. Following this step, it was
soaked in deionized water for twelve hours prior to immersion in
an EA-containing solution for twenty-four hours. Subsequently,
sequential washing with ethanol and deionized water effectively
removed any residual ethanolamine that remained unbound after
which drying occurred utilizing N, gas. Next, glutaraldehyde (at
a concentration of 1.25%) is used as a powerful fixative and acti-
vator to crosslink disposable gate chips for 3 h at room tempera-
ture. After rinsing with deionized water, urease (0.1 mmol) is
combined to the chip for 12 h at 4 °C. Finally, the chip is immersed
in 1% BSA solution to block any non-specific binding caused by
the unmodified urease molecular chain. Fig. 4a illustrates the
entire process visually, and Fig. 4b shows the I-V diagram before
and after the device modification. After these modification steps
are completed, the disposable gate chip and HEMT chip are
routed and packaged to fabricate the urea biosensor.

2.4 Operation mechanism of disposable gate AlGaN/GaN
HEMT urea sensor

Because AlGaN/GaN HEMTs are particularly sensitive to
changes in surface potential, even small charge shifts in the
gate region can produce carrier coupling in the channel,
resulting in a change in source drain current (I4) at a fixed Vys,
as shown in the following equation:*

2
Vd s

€AIGaNMopEG W
2

L. =
ds Ld

(Vo — Vi) Vs —
where e,16an represents the AlGaN dielectric constant, u is the
electron mobility of 2DEG, Vg is the gate voltage generated by
surface conditions, Vr is the threshold voltage, W and L are the
channel width and length, respectively, and d represents the
total distance between the biological reaction charge center and
the 2DEG channel.*® The equation shows that the variation of Iy4
of the disposable gate AlGaN/GaN HEMT is related to the vari-
ation of the surface potential of the disposable gate.

urease

CO(NH,), + 3H,0 == 2NH, " + HCO;™ + OH~

In this study, detection is achieved by introducing a urea
solution into the sensing region of an AlGaN/GaN HEMT
disposable gate chip, the experimental detection device of the
disposable gate AlGaN/GaN HEMT sensor based on a micro-
sieve has been shown in Fig. 5. Upon enzymatic reaction
between uncharged urea and urease occurs, the resulting reaction

a NH N N, N, N, NHy
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&
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Fig. 4 (a) Biofunctionalization of disposable gate electrodes. (b)
Changes in output characteristic curves before and after sensor
biofunctionalization.
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Fig. 5 Experimental detection device of disposable gate AlGaN/GaN
HEMT sensor based on a microsieve.

Signal acquisition

follows the aforementioned process.** The presence of EA on the
sensing film protects ZnO from corrosion, while the hydroxyl
group (-OH) on the surface of ZnO reacts with analyte, which
would modify its surface potential and enhance positive charge. As
a result, there is an increase in 2DEG concentration, leading to
a corresponding rise in Iy at a fixed source under constant Vy.

3. Results and discussion

3.1 Performance of AlGaN/GaN HEMT urea sensors in 0.1x
PBS buffer

The urea concentration tested was 1 fM to 100 mM and dissolved
with 0.1x PBS. Measurements were started with 0.1x PBS as the
baseline. Using the designed sensor, urea is detected in real time
at Vgs = 1.5V, as shown in Fig. 6a. After adding a target solution
containing 1 fM urea to the sensor using a transfer fluid gun,
a sudden peak is observed (mechanical interference caused by
the use of a transfer fluid gun dynamic addition, as this inter-
ference can cause a change in the ionic state in the solution and
appears as a peak), followed by a rapid drop in the current within
30 seconds. However, the current does not return to the baseline
but maintains a steady value above the baseline. This is because
there is a sensing device on the disposable grid for urease to react
with urea, resulting in a significant rise in the Iy, current (Fig. 6a).
The current response for real-time urea measurements is
extracted as leakage current from the baseline, Al = I4syrea —
Ias0.1x pBsy ldasurea fOr each order of magnitude of the current
change caused by urea concentration. As shown in Fig. 6b, it has
good linearity (R*> = 0.9977) and excellent sensitivity (6.552 pA
dec™ ") in the range of 1 fM to 100 mM. As expected, the current
gradually rose as the urea concentration increased. In addition,
to verify that this current response signal was caused by an
enzymatic reaction between urea and urease, a pipette gun was
used to continuously add 10x PBS, 10 mM glucose, and 10 mM
cortisol to the sensor sensing area, and a sudden peak current
was observed, followed by a rapid decline to the baseline level
within 30 seconds. When 1 mM urea solution was added, the I
value showed a significant increase, which verified the current
response sensing of specific reactions on the disposable gate.

3.2 Urea determination in artificial saliva by AlGaN/GaN
HEMT biosensors with or without the microsieve module

In our work, we put the microsieve module into FESEM (Fig. 7),
observed the morphology and pore distribution of the microsieve
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Fig. 6 (a) Relationship between /g5 of urea from 1 fM to 100 mM in
0.1x PBS solution and time. (b) Calibration curves of /45 and different
urea concentrations. (c) Verification of the specific response of urea
signal from urease-modified disposable gate AlGaN/GaN HEMT
Sensors.

module, and checked whether the aperture of the microsieve
module used can achieve the role of screening macromolecular
impurities (3-5 um). Using an electron microscope of 5 um
(Fig. 7a), it could be found that the pore size of the microsieve
module is mainly 0.5-1.2 pm, which can block macromolecular
impurities to achieve the effect of purifying the physiological
solution environment. Fig. 7b shows the morphology of the
microsieve module under 10 um electron microscopy. It can be
seen that the pore distribution of the microsieve module is rela-
tively uniform, and the liquid and the small molecule target to be
measured can flow normally when the detection solution is added
by dripping. The addition of the microsieve module not only
cleans the physiological solution environment, but also enables
the tested substance to enter the biodetection area of the
disposable grid chip smoothly through the microsieve module to
complete the subsequent biodetection.

Fig. 7 The growth of a microscreen module on a disposable grid gold
film in a field emission scanning electron microscope (FESEM). (a)
Using a 5 um electron microscope, it can be shown that the pore size
of the microsieve module ranges from 0.5 um to 1.2 pm. (b) Using a 10
um electron microscope, it can be observed that the pore distribution
of the microsieve module is uniform.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Detection of /45 curve with urea concentration from 1 mM to
1 M by the sensor without a microsieve. (b) A/ calibration curve for
sensors without a microsieve. (c) The sensor with a microsieve detects
the Iy4s curve with a urea concentration of 1 mM to 10 M. (d) Calibration
curve for Al of the sensor with a microsieve.

Using a designed sensor, urea was detected under real-time
conditions of Vg3 = 1.5 V, as shown in Fig. 8a. After using
a pipette to add 0.1x PBS, 1 mM glucose, and 1 mM cortisol to
the sensor, a rapid drop in current was observed within 30
seconds, and then the current returned to the baseline. The
introduction of urea solution into Iy showed significant
differences. After adding 1 M of urea to the solution to be tested,
I4s tended to be saturated and its sensitivity was greatly reduced.
The sensitivity of the designed sensor (3.07432 pA dec ') was
significantly reduced when detecting the urea range of 1 mM to
1 M, compared to detection in 0.1x PBS solution (Fig. 8b). This
shows that the complex physiological environment will cause
interference to the sensor, making the detection results of urea
inaccurate.

When we add the microsieve module to the sensing area of
the disposable gate AlGaN/GaN HEMT urea sensor, urea
detection is performed in artificial saliva, as shown in Fig. 8c.
For devices with a microsieve module, the maximum detection
limit of urea was increased from 1 M to 10 M before
approaching saturation, and the biosensor sensitivity (5.20229
nA dec™ ") was significantly improved after the addition of the
microsieve module, as shown in Fig. 8d. This shows that the
addition of the microsieve module reduces the interference of
the microspheres and other impurities in the artificial saliva to
the sensor, which greatly improves the performance of the
sensor and makes the detection results more real and reliable.

3.3 Bioassay of AlGaN/GaN HEMT biosensors modified with
and without the microsieve module in actual saliva

To further confirm that the microsieve module can make HEMT
sensors more accurate in real saliva solutions, we compared the
detection of urea current signal changes in saliva with and
without the microsieve sensor, as shown in Fig. 9. As shown in
Fig. 9a and b, when human saliva solution was added to the
sensor without the microsieve module, the current signal did

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Urea determination using AlGaN/GaN HEMT biosensors in
human saliva. (@) No microsieve HEMT sensor. (b) Microsieve HEMT
sensor.

not show a significant increase but a decrease, indicating that
our device could not detect accurate and reliable urea sensing
data in saliva. When we added human saliva solution to the
sensing area of the sensor with the microsieve module, the
current signal showed a significant increase in response, AI of
about 5 pA, which is consistent with the sensitivity data detec-
ted in artificial saliva. It was confirmed that the AlGaN/GaN
HEMT biosensor without the microsieve module could not
directly detect urea in human saliva or could cause inaccurate
detection. The AlGaN/GaN HEMT biosensor based on the
microsieve module can screen impurities and reduce environ-
mental interference, so that the urea response current is basi-
cally not affected, making urea detection and detection results
more accurate. Therefore, the AIGaN/GaN HEMT biosensor
based on the microsieve module can achieve the application
requirements of direct detection of urea in the human saliva
environment.

4. Conclusion

In conclusion, we present the study of a disposable gate AlGaN/
GaN HEMT biosensor based on a microsieve module for the
detection of urea content in saliva. The addition of the micro-
sieve structure enhanced the detection sensitivity of the sensor
in artificial saliva (5.20229 uA dec™ ') to achieve a high detection
limit (10 Mmol). In addition, our designed disposable gate
HEMT sensor has a high sensitivity of about 6.552 pA dec™ " for
urea from 1 fM to 100 mM in 0.1x PBS solution, which corre-
lates with actual salivary urea analysis. Compared to current
urea biosensors, our optimized sensor shows a wider linear
range and lower detection limits. Our disposable gate AlGaN/
GaN HEMT biosensor based on a microsieve module is much
simpler than today's centrifuge and expensive laboratory
equipment. The AlGaN/GaN HEMT biosensor cannot be used to
detect analytes in physiological solution.
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