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We demonstrate a scalable and facile lithography-free
method for fabricating highly uniform and sensitive In,O; nanoribbon o’ 2 .
biosensor arrays. Fabrication with shadow masks as the patterning method Y s
instead of conventional lithography provides low-cost, time-efficient, and
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high-throughput In,0; nanoribbon biosensors without photoresist -

contamination. Combined with electronic enzyme-linked immunosorbent
assay for signal amplification, the In,O; nanoribbon biosensor arrays are /).
optimized for early, quick, and quantitative detection of cardiac biomarkers
in diagnosis of acute myocardial infarction (AMI). Cardiac troponin I
(cTnl), creatine kinase MB (CK-MB), and B-type natriuretic peptide
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(BNP) are commonly associated with heart attack and heart failure and

have been selected as the target biomarkers here. Our approach can detect label-free biomarkers for concentrations down
to 1 pg/mL (cTnl), 0.1 ng/mL (CK-MB), and 10 pg/mL (BNP), all of which are much lower than clinically relevant cutoff
concentrations. The sample collection to result time is only 45 min, and we have further demonstrated the reusability of the
sensors. With the demonstrated sensitivity, quick turnaround time, and reusability, the In,O; nanoribbon biosensors have
shown great potential toward clinical tests for early and quick diagnosis of AMIL.
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acute myocardial infarction diagnosis

very year, about S million patients visit the emergency

department because of chest pain symptoms, but only

10% of these patients experience acute myocardial
infarction (AMI)." If an initial electrocardiogram (ECG)
assessment at the emergency department reveals a ST-segment
elevation, the patient is placed at high risk for AMI, or heart
attack, and the established medical procedures are administered
to the patient. However, the ECG sensitivity may be as low as
50%,” > and patients who show no ST elevation can still be at
high risk for unstable angina or non-ST-segment elevation
AMI. For this reason, cardiac biomarkers have become
increasingly important for swift risk stratifying and diagnosing
patients who may still need immediate treatment.

The effectiveness of the biomarkers to properly diagnose and
triage chest pain patients is based on several factors. First, the
test turnaround time should be short because early treatment of
myocardial infarction is crucial to recovery. The American
Heart Association has stated a recommended turnaround time
of 60 min and a preferred turnaround time of 30 min from
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sample collection to result reporting.” Second, obtaining the
trend in the cardiac biomarker concentration in the hours after
a patient’s arrival is a crucial addition to the initial cardiac
biomarker reading for accurate diagnosis. Current biomarker
trends are collected through serial biomarker readings, such as
testing at 0, 30, 60, and 90 min after patient arrival at the
emergency department.” Such fast turnaround times are
difficult to achieve in a central laboratory setting and are
often aided by a point-of-care (POC) device.” Additionally,
multiple cardiac biomarker testing may improve the diagnosis
process of heart attack over single biomarker testing.” The
National Academy of Clinical Biochemistry has recommended
testing for an early biomarker that elevates within the first 6 h
of chest pain in conjuncture with an AMI-specific biomarker
that is increased in the blood even after 6—9 h."’ Point-of-care
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platforms are ideal for multiple cardiac biomarker testing with
fast turnaround times, but current POC devices lack the good
sensitivity and high specificity of central laboratory biomarker
testing.'" For POC devices to more effectively aid rapid
decision making in both the emergency department and in the
field, there is a need for further investigation of emerging sensor
technology in order to bridge the performance gap between the
POC device and central laboratory testing for cardiac
biomarkers.

Great progress was made with silicon nanoribbons fabricated
using top-down methods, which have been shown to be highly
sensitive, scalable, and uniform.'*'® However, the fabrication
process is rather complicated; for example, it needs oxidation,
photolithography, and wet etching. Moreover, Si nanoribbon
devices usually require silicon-on-insulator wafers, which are
expensive. Semiconducting metal-oxide-based biosensors have
several advantages, such as the use of low-cost Si/SiO, wafers
and the ease of fabrication when compared to silicon-based
biosensors. By using the shadow mask fabrication method, we
can choose many kinds of substrates, such as Si/SiO, wafers,
glass, or even plastic substrates; however, some of the
commercially available plastic substrates may not be compatible
with the photoresist baking step used for photolithography,
which would make the shadow mask approach advantageous.
Furthermore, in comparison with multiple-step cleanroom
fabrication, fabrication with shadow masks is cost-efficient,
highly reliable, photolithography-free, room-temperature pro-
cessing and can be performed without using a cleanroom. In
addition, nowadays shadow masks can be obtained rather easily
by submitting the mask design to commercial service providers
(such as Photo Sciences Inc.), and the size of the shadow masks
can be as large as 6 in., making wafer-scale fabrication very easy.

Indium oxide (In,O;) field-effect transistors (FETs) have
been shown to be real-time and label-free detectors with superb
signal-to-noise ratio and the potential for integrated multi-
plexing.'"*™"® The quick response time makes the In,Oj
nanoribbon sensors especially advantageous for analyzing the
first blood-drawn sample, from which rapid decisions can be
made for the patients’ treatment. The small device-to-device
variation demonstrated previously'* can provide good statistical
confidence for calibrating cardiac biomarker concentrations.
Furthermore, In,O; nanoribbon sensors can provide quantita-
tive analysis for a large detectable concentration range spanning
at least 4 orders of magnitude and a detection limit in the
picogram per milliliter range.'* This sensitivity can help to
differentiate biomarker changes at each serial reading. Due to
the electronic sensing, the final product enjoys facile interface
and compactness while having the capability to integrate with
other microfluidic and electronic functional groups, such as
wireless data output.'” These properties make In,O; nano-
ribbon sensors well-suited for analyzing medical conditions
such as heart attack that require urgent POC medical attention.
However, in our previous work, two steps of photolithography
were performed to produce In,O; nanoribbon sensors, which
may increase the cost and the fabrication time significantly. It is
therefore highly important to develop a low-cost, time-efficient,
and scalable lithography-free process to produce In,0;
nanoribbon FETs, which may generate broad impact to
applications such as chemical sensing,”’~** protein detec-
tion,>** cancer diagnosis and prognosis,25 infectious disease
diagnosis, biomedical research,’”?® and even thin film
transistors for displays and macro electronics.

Here, we present a lithography-free process for the
fabrication of highly sensitive and scalable FET-based In,O,
nanoribbon biosensors. The nanoribbons are prepared by
sputter-coating In,O; through a shadow mask onto a substrate
and have a ribbon-like cross section of ~16 nm in thickness, 25
pum in width, and 500 pm in length, followed by metal electrode
deposition through another shadow mask. The devices
fabricated by shadow masks show good electrical performance
in both ambient and aqueous environment, with the surfaces
never exposed to undesirable chemicals like photoresist or e-
beam resist. In addition, In,O; nanoribbon devices also show
good performance in pH sensing experiments. Through all the
sensing experiments, we have demonstrated that In,0,
nanoribbon biosensors fabricated using shadow masks can be
used to quantitatively detect three cardiac biomarkers within
the concentrations relevant to clinical diagnosis with the
turnaround time ~45 min. We further demonstrated tests using
spiked cardiac biomarkers in diluted human blood. Lastly, by
first applying regeneration buffer to the used sensor surface to
antibond the antigen—antibody conjugation and then repeating
the sensing experiments, we demonstrated the reusability of the
In,O; nanoribbon biosensors with very small variation of each
sensing result.

RESULTS AND DISCUSSION

Indium oxide as an active channel material has been shown to
function effectively in the biosensing platform. In this work, we
fabricate the nanoribbon devices using a shadow mask
technique on 3 in. silicon substrates covered with 500 nm
thick silicon oxide. Figure la shows the schematic diagram
depicting the fabrication process. The first shadow mask step
defines the dimension and position of the nanoribbons by
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Figure 1. In,O; FET-based biosensors fabricated by a shadow mask.
(a) Schematic illustration of the lithography-free biosensor
fabrication procedure. The first layer shadow mask was attached
onto the SiO,/Si substrate. In,0; thin films were deposited by RF
sputtering. After the first layer shadow mask was detached and
replaced with the second layer, 1/50 nm Ti/Au was deposited to
the surface by e-beam evaporation. By removing the second layer
shadow mask, we obtained a FET-based biosensor with pristine
surface. (b) Optical image of a 3 in. wafer of an In,0; nanoribbon
biosensor. (c) Magnified image of a biosensor chip with five
nanoribbon devices in one group. (d) SEM image of two In,O,
nanoribbon devices (L = 500 ym, W = 25 um). (e) Atomic force
microscopy image of a ~16 nm thick In,O; nanoribbon.
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Figure 2. Electrical characterization of the In,O; nanoribbon biosensor. (a) Family of Ig—Vjg curves measured in ambient environment.
Drain current as a function of drain voltage with the back gate voltage varying from 0 to 50 V in steps of 10 V. (b) Drain current versus back
gate voltage with drain voltage fixed at 1 V. Current was plotted in logarithmic scale on the left axis and in linear scale on the right axis. (c)
Family curves of Ig—Vpg measured in 0.01X phosphate-buffered saline with the liquid gate varying from 1 to 0.5 V in steps of 0.1 V. (d) Drain
current versus liquid gate voltage with drain voltage fixed at 1 V, also plotted in linear and logarithmic scale. (e) Change in threshold voltage
with pH ranging from S to 10 and obtained with a pH sensitivity of ~60.5 mV/pH. (f) Real-time responses obtained from an In,O,
nanoribbon device exposed to commercial buffer solutions with pH 5—10.

attaching the shadow mask onto the SiO,/Si wafer. Then the
In,0; ribbons were deposited using radio frequency (RF)
sputtering with a thickness ~16 nm. We obtained well-defined
nanoribbons by simply removing the shadow mask instead of
lift-off as in photolithography. The source and drain electrodes
were defined using the second shadow mask. After the
alignment and attachment, we deposited 1 nm Ti and S0 nm
Au using electron-beam evaporation. The whole process is
photoresist-free, so it not only simplifies the fabrication process
but also avoids the effect of any photoresist residue in the later
sensing experiments. Figure 1b shows a photograph of 28
groups of In,O; nanoribbon FETs patterned over a 3 in. wafer
using shadow masks, and each group contains five FET devices
(Figure 1c). Here, each chip has an array of sensors, so that we
can use multiple devices in each round of biosensing to study
the uniformity and consistency. In addition, biosensor arrays
can be used for multiplex sensing to detect multiplexed antigens
in one chip in the future. The scanning electron microscope
(SEM) image of the channel regions (Figure 1d) shows that the
nanoribbons are identical and have very clear edges. In this
structure, the channel width and length were 25 and 500 pm,
respectively. Furthermore, In,O; nanoribbons are smooth, with
16 nm thickness (Figure le). Thickness is the key factor for
sensitivity. In our previous work,'* we demonstrated that the
optimum thickness of the In,O; nanoribbon should be within

23 nm (Debye length). Here, we obtained nanoribbon
thickness of 16 nm, which is very close to the optimum
thickness. The width and length of the channel are also believed
to affect the sensitivity when they are comparable to the Debye
length; however, such channel width and length are beyond
what we can pattern with shadow masks.

The electrical characterization of the devices was first carried
out in ambient environment by measuring the output and
transfer characteristics as a function of drain and back gate
voltages. Figure 2a,b shows family curves of drain current—
drain voltage (Ins—Vpg) and drain current—gate voltage (Ipg—
Vgs) with drain voltage fixed at 1 V. High back gate voltage is
required to turn on the device due to the presence of very thick
back gate oxide. The output characteristics of the FET devices
illustrate n-type transistor behavior with good saturation, and
the In,O; FETs show high field-effect mobilities (¢,,) of 13.09
+ 1.39 ecm® V7' 57! (averaged over SO devices) and on/off
ratios (I,,/I.¢) above 107. The edge of devices fabricated using
shadow masks is not as sharp as the edge of devices fabricated
using photolithography. However, the shadow masks we used
have small thickness of 125 ym and can be attached to the Si/
SiO, wafer with no visible gap between. In addition, the
sputtering system we use has a rather long working distance of
~15 cm between the sputtering target and the substrate,
making the “shadow” due to the edges of the shadow mask
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Figure 3. In,O; nanoribbon biosensor and electronic ELISA for cardiac troponin I (cTnlI), creatine kinase MB (CK-MB), and B-type
natriuretic peptide (BNP) detection. (a) Schematic diagram of the antibodies capturing specific antigens in buffer solutions. (b) Schematic
illustration of the electronic ELISA sensing setup. (c) Real-time sensing results of 1, 10, and 300 pg/mL of cTnl antigens in 1X PBS. (d)
Average sensing results of three devices from three concentrations of cTnl proteins in 1X PBSr marked as a black square and one
concentration of troponin I in diluted human whole blood marked as a red dot. Error bars represent standard deviations of three devices. (e)
Real-time sensing results of 0.1, 1, and 3 ng/mL of CK-MB proteins in 1X PBS. (f) Average sensing responses from different concentrations
of CK-MB. (g) Real-time responses of 10, 50, and 90 pg/mL of BNP proteins in 1X PBS. (h) BNP biomarker concentrations versus signal for
three concentrations of BNP in 1X PBS and one concentration in diluted human whole blood.

almost negligible. We statistically analyzed 50 devices randomly
selected from a wafer, and as the result shown in Figure S1, our
devices showed very good uniformity, which is almost
comparable to the uniformity of previous devices made using
photolithography.

For biosensing applications, it is necessary that these devices
can be operated in a wet environment. Hence, the devices were
measured with the active channel materials immersed in a
microwell filled with electrolyte solution (0.01X phosphate-
buffered saline (PBS)). A Ag/AgCl reference electrode is used
to apply bias to the electrolyte to stably operate the biosensor,
which is referred to as a liquid gate. The performance of liquid-
gated In,O; FETs is shown in Figure 2c¢ (Ips—Vpg) and 2d
(Ins—Vgs)- It illustrates that the biosensor device is efficiently
controlled in the wet environment, and the In,O; FETs have
good FET behavior with saturation and low driving voltage.

In order to determine the pH sensitivity of the In,O; FETs,
we selected six devices randomly from the wafer, and recorded
their response to pH solutions. The pH sensing is based on the
protonation/deprotonation of the OH groups on the surface
due to the pH of the electrolyte, and resultant changes in local
FET electric fields, which cause changes in the conductance and
current. The shift in threshold voltage was calculated using the
extrapolation in the saturation region and found to be 60.5 +
2.44 mV/pH at room temperature, close to the ideal result of
59.1 mV/pH at 25 °C.”” Figure 2f shows the real-time sensing
response of a nonfunctionalized In,O; FET to standard pH
calibration solutions. The initial current I, was obtained by
using PBS to stabilize the device, and then the PBS was
sequentially changed to commercial pH buffer solutions
ranging from pH 10 to pH S. The drain current responded
quickly and log-linearly to each pH buffer.
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Direct electrical detection of biomolecules in their
physiological environment is often impeded by the Debye
screening from the high salt concentration in the sample
solutions.”® Sandwich enzyme-linked immunosorbent assay
(ELISA), on the other hand, detects signals associated with the
reactions between a test solution and the conjugated enzymes
on secondary antibodies instead of the biomarker. The
sandwiched structure not only overcomes the Debye screening
from salts in the fluid but also incorporates an amplification
scheme to improve the signal-to-noise ratio, which can be much
higher than direct analyte detection without amplification,
especially when the amount of analytes is small.

In the following In,O; nanoribbon sensing experiments, we
applied an electronic ELISA technique that uses pH change due
to urease enzyme activities as the amplification signal. Figure
3a,b shows the schematic diagram depicting the electronic
ELISA process. Prior to using In,O; FET biosensors for
biomarker detection, the surfaces were treated with phosphonic
acid to confer phosphonic linker molecules to the indium oxide
surface. Subsequently, we functionalized our devices with N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride/N-
hydroxysuccinimide (EDC/NHS) chemistry to immobilize the
capture antibodies on the surface of In,O; FETSs, as mentioned
in the Experimental Methods section and in our previous
papers.'>*”*° This was followed by a washing step that
removed unbound capture antibodies (all binding steps
described below were followed by three washes). A bovine
serum albumin solution was used to prevent nonspecific
protein adsorption to the chip and reservoir sidewalls, which is
a typical blocking step used in conventional colorimetric ELISA
protocols to minimize nonspecific binding.”" This was followed
by introducing known concentrations of the antigen-containing
samples to the sensor for antigen—antibody binding (Figure
3a). The biomarkers were contained either within the
physiological fluid sample of the patient or in a solution of
buffer for experimental purposes. The biomarkers were
subsequently captured by the antibodies, and any unbound
ones were washed off. Next, a solution of biotinylated
secondary antibodies, which are also specific to the cardiac
biomarker, was introduced to the sensors using incubation, and
the secondary antibodies bound to the biomarkers. After rinsing
out unbound biotinylated antibody, we introduced streptavidin
solution in PBS. The biotin end of the secondary antibody
group was used to bind to a streptavidin, which in turn was
bound to a biotinylated urease, the last solution to incubate the
sensor.

When a solution of urea is introduced to the nanoribbon
sensor surface with this sandwich structure, the urea causes an
increase in the pH of the solution due to consumption of
protons according to the following reaction.

urea + 2H,0 + H* —— 2NH} + HCO;

The urease reaction raises the pH of the solution, leading to
deprotonation the surface hydroxyl groups on the In,O;
nanoribbon, ultimately lowering the surface potential. The
increase in negative surface charges is responsible for the
decrease in conduction of the n-type In,O; nanoribbon FETs.
The pH change is easily detected by the In,O; nanoribbon
sensors because the catalytic reaction promoted by urease
amplifies the charge generated by the binding of the analyte by
orders of magnitude over the direct binding between the
antigens and the capture antibodies."**" This amplifies the

detection signal, allowing the sensor to detect very low
concentrations of the antigen. Furthermore, the solution for
the pH detection step is independent of the fluid containing the
biomarker because the solutions are rinsed out after each step.
This allows cardiac biomarkers to be collected in physiological
samples such as whole blood without the limitation of the
Debye screening effect, which complicates detection schemes
based solely on direct binding between the antigens and the
capture antibodies."

Troponin, a Food and Drug Administrative approved
biomarker for AMI, is the biomarker of choice for evaluating
chest pain patients for possible heart attack. Troponin I and T
are released into the bloodstream due to the death of cardiac
muscle cells; therefore, troponin I and T are not present in the
blood of healthy people. Elevated blood troponin levels have a
positive correlation to the risk of death in the heart disease
patients, and the biomarker is a good §uide for identifying
patients for certain types of treatment.*”*> The 99th percentile
of a reference decision limit (medical decision cutoff) for
cardiac troponin (cTn) assays is over 40 pg/ mL.** In the first
biomarker detection experiment, we used troponin I as the
model cardiac biomarker to demonstrate that the In,O,
nanoribbon biosensors can be used to optimize the electronic
ELISA assay turnaround time by shortening the incubation of
the cardiac biomarkers to 30 min in total. The incubation times
of target analytes, biotinylated secondary antibodies, streptavi-
din, and biotinylated urease enzymes were 10, 10, S, and S min,
respectively.

We performed experiments with known concentration of
cardiac troponin I (¢Tnl) in 1X PBS, namely, 1, 10, and 300
pg/mL, to build a standard curve covering the beginning of the
second (%luartile for non-AMI patients to the median of AMI
patients.”* At time t = 0 in Figure 3¢, the devices were rinsed
with and submerged in 0.01X PBS when the baseline current
was taken. The buffer was then replaced with 10 mM urea in
0.01X PBS at around 200 s as indicated by the arrow. It shows
the real-time responses from three sensors when the urea
solution was introduced into the sensing chamber that was
previously incubated in 1, 10, and 300 pg/mL of cardiac
troponin I (cTnl) in 100 uL of 1X PBS. The urease—urea
interaction drastically reduces the device conductance by 25.3,
42.5, and 69.5% of the baseline signal, respectively. Figure 3d
shows the average normalized responses for each c¢Tnl
concentration mentioned earlier. Each data point was calculated
from three sensors monitored simultaneously during the
experiment. The sensing response decreases exponentially
upon the decrease in the concentration of c¢Tnl target
molecules. The current of the In,O; nanoribbon sensor drops
to about 42% of the baseline at a troponin concentration of 10
pg/mL and 25% at a concentration of 1 pg/mL. The sensitivity
corresponds to about 17% conduction change per decade of
biomarker concentration change. This is beneficial for covering
a large range of concentrations for biomarkers such as c¢Tnl,
whose elevation in AMI patients is high. The pH changes
between the buffer solutions used for the baseline and the final
solutions in the sensing chamber were measured to be 0.17,
0.87, and 2.17 by a commercial Mettler Toledo pH meter. The
averaged results were plotted in the Supporting Information
(Figure S1). These increases in pH are consistent with the
decreases in conduction of the In,O; nanoribbon devices.
Moreover, the total sample collection to result time is around
4S min, meeting the expectation of 1 h for practical use in
diagnosis of myocardial infarction.
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Figure 4. Real-time sensing results of cardiac biomarkers in diluted human whole blood. (a) Schematic diagram of antibodies that were
anchored on the biosensor surfaces capturing specific biomarkers in diluted human whole blood. (b) Real-time sensing results of 10 pg/mL of
cTnl in 10X diluted human whole blood, and the averaged results were plotted as a red dot in Figure 3d. (c) Real-time sensing results of 300
pg/mL of CK-MB in 10X diluted human whole blood, and the results were plotted as a red dot in Figure 3f. (d) Real-time sensing results of
30 pg/mL of BNP in 10X diluted human whole blood, and the results were plotted as a red dot in Figure 3h.

In addition to cTnl, the blood biomarker creatine kinase-MB
(CK-MB) has long been used for AMI detection. Including the
detection of CK-MB can improve early diagnosis of AMI
because the level of CK-MB increases within 2—4 h after
cardiac muscle injury.”> The CK-MB level in the blood is
relatively high compared to other biomarkers, with an
interquartile range level of non-AMI patients at 0.6 to 1.7
ng/mL and that of AMI patients from 1.5 to 10.5 ng/mL.35
Thus, the detection of CK-MB must be able to distinguish the
concentration change less than 1 order of magnitude for
effective diagnosis. We repeated the sensing for 0.1, 1, and 3
ng/mL, and the results are shown in Figure 3e, and the pH
changes measured by a commercial pH meter are shown in
Figure S2. Heart failure is strongly indicated when the blood
sample has 30 ng/mL CK-MB before dilution or 3 ng/mL with
10X dilution. The average of data from three sensors for each
concentration is plotted in Figure 3f with standard deviations
plotted as the error bars. At 0.1 ng/mL, the current is ~33% of
the baseline, and at 1 ng/mL, the current is ~60% of the
baseline, yielding a difference equivalent to 27% of the baseline
for a concentration difference of a decade. This large sensing
response enables detection of minute changes in concentration,
such as from 250 to 300 pg/mL or 2.5 to 3 ng/mL before 10X
dilution. In addition, the small device-to-device signal standard
deviation makes readout at this precision possible using the
In,O; nanoribbon sensor platform.

Beside ¢Tnl and CK-MB, B-type natriuretic peptide (BNP)
is also associated with heart failure and has been shown to
substantially improve AMI diagnosis when included in a
multiple cardiac biomarker panel.** More importantly, for
blood samples taken when chest pain patients first arrive at the
emergency department, BNP is shown to have quicker response
for AMI diagnosis than other cardiac biomarkers such as CK-
MB and troponin, which do not elevate until at least 2 h after
the onset of AMI symptoms.”” In fact, even when a patient’s
troponin level is normal, a BNP concentration greater than 100

pg/mL is a good indicator of AML BNP higher than 900 pg/
mL is considered severe heart failure.’”® In order to simulate
quantitative detection of BNP in patients’ blood, we first
obtained a standard calibration curve with known concen-
trations of BNP in buffer. As shown in Figure 3g, we have
targeted BNP concentrations of 10, 50, and 90 pg/mL. For
each of the three concentrations, three In,O; nanoribbon
sensors were used in the electronic ELISA assay as described in
the previous sections. For the smallest concentration of 10 pg/
mL, the current drops to ~60% of the baseline after the
introduction of 10 mM urea solution. For the 50 and 90 pg/mL
detection, the current drops to 72 and 77% of the baseline,
respectively. The average and the standard deviation for each of
the three concentrations are plotted in Figure 3h, and the pH
changes measured by a commercial pH meter are shown in
Figure S3. We also performed the orthogonal tests for the three
biomarkers to verify that our technology can distinguish these
different biomarkers, and the results can be found in the
Supporting Information.

Detection of cardiac biomarkers in whole blood is essential
to POC sensor platforms used for situations where complicated
patient blood processing is not possible and defeats the purpose
of fast, cheap, and convenient disease testing. The main
problems for FET sensor detection caused by whole blood are
the nonspecific binding of nontarget proteins and the Debye
length screening from salts. Recent efforts to process whole
blood for FET sensors have been demonstrated using a
microfluidic chip,39 desalting columns,* and filtration."® In this
work, we have made some improvements and demonstrated
that by applying electronic ELISA assay on In,O; nanoribbon
sensors, we can detect cardiac biomarkers such as ¢Tnl, CK-
MB, and BNP in whole blood without any sample processing at
all, as described below.

Cardiac biomarkers, cTnl, CK-MB, and BNP, are spiked with
healthy human whole blood (purchased from Innovative
Research) to simulate an AMI patient sample with a c¢Tnl
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Figure S. Reusability of In,O; nanoribbon biosensors. (a) Schematic diagram of the regeneration process by applying 50 mM NaOH to the
used sensor surface. After antibodies release antigens, the sensors are ready to repeat sensing. (b) Real-time responses of 100 pg/mL cTnl
proteins in 1X PBS. (c) Real-time sensing responses from the same concentration of cTnl and the same devices after regeneration. (d) Real-
time response of the same sensors after three more cycles of the regeneration and sensing process.

concentration of 100 pg/mL, a CK-MB concentration of 3 ng/
mL, and a BNP concentration of 300 pg/mL, all indicating mild
heart failure. Due to the fact that the human whole blood is
very viscous, which may affect the sensing results, a real patient
sample would be first diluted 10 times to be detected by the
nanoribbon sensor. We note that this sample dilution is not due
to the difficulties in ionic screening and does not filter out any
nonspecific proteins or blood cells. To simulate this sample
preparation, 100 uL of healthy whole blood was first diluted
with 1X PBS to 930 pL. Then 10 uL of 1 ng/mL cTnl, 50 uL
of 6 ng/mL CK-MB, and 10 uL of 3 ng/mL BNP in 1X PBS
were added to the diluted whole blood to simulate 10 pg/mL
cTnl, 0.3 ng/mL CK-MB, and 30 pg/mL BNP in 10X diluted
whole blood. This sample was used to incubate the nanoribbon
sensors prepared with capture antibodies, as shown in Figure
4a. The remaining steps of the electronic ELISA assay followed
those described in previous sections. Figure 4b—d shows the
real-time signal when 10 mM of urea in 0.01X PBS is
introduced to each sensor. The current drop is 40.6% for 10
pg/mL cTnl, 43.3% for 0.3 ng/mL CK-MB, and 67.5% for 30
pg/mL BNP. In Figure 3d,fh, the average responses of the
three In,O; nanoribbon sensors for this detection are placed on
the calibration curve as red dots. The graph shows that the
deviation of the detection signal from the calibration curve are
all below 5%. This falls within the device-to-device variation
and is expected for the experiment.

Because the cardiac biomarker concentrations are elevated in
AMI patient, it is important for diagnosis and treatment to
obtain the trend in the cardiac biomarker concentration in the
hours after the patient’s arrival. The reusability of the In,O;
nanobiosensor can give results every hour when the sensing is
repeated. What’s more, the reusability of the biosensors is also
cost-effective. Following the regeneration process of antibodies
and antigens,*’ we applied S0 mM NaOH as regeneration
buffer (from GE Healthcare) to a sensor that had already been
used for ¢Tnl biomarker sensing. As shown in Figure Sa, when
the sensors are rinsed with washing buffer, the proteins will

antibond the capture antibody. After being rinsed with 1X PBS,
the proteins will all be washed away, leaving the antibody still
active and bonded to the surface of the sensor. To demonstrate
that the sensors can still work well after being washed, we start
from incubation with samples containing c¢T'nl biomarkers and
repeated the electronic ELISA process as before. Figure Sb—d
shows the sensing results for the first time, the second time, and
the fifth time, respectively. They all fall around 60%, indicating
that the regeneration process can efficiently wash proteins away
and leave sufficient capture antibodies for reusability.

We note that while this paper focuses on In,O; nanoribbon
sensors, our approach is not limited to In,O; and can be
applied to many other materials, such as other kinds of
semiconducting metal oxides, as long as the semiconducting
material can be deposited through a shadow mask, including
InGaZnO, ZnO, InN,*** and SnO,. In our previous work,"*
we studied several possible materials, such as In,O5, InGaZnO,
Sn0O,, ZnO, and tin-doped indium oxide (ITO). In the study,14
InGaZnO and SnO, showed higher resistance, higher threshold
voltage, and lower on/off ratio than the In,O; samples; ITO
showed poor gate dependence, and ZnO showed poor stability
in an aqueous environment. CdO, NiO, and other possible
materials may also be suitable to work as channel materials,
which need further investigation.

In a production setting, further improvements can be made
for even better uniformity by monitoring the nanoribbon film
thickness after sputtering and chemical modification to reduce
the device-to-device variation down a fraction of a percentage.
Such highly uniform batches of sensors can give good statistical
confidence for their reported biomarker concentrations. This
confidence level combined with a turnaround time of 45 min is
a good basis for improving current POC devices for cardiac
marker detection in an emergency situation. Moreover, the
platform can be integrated with other electronic components
for better data analysis.
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CONCLUSIONS

In conclusion, we have demonstrated the fabrication of highly
uniform and scalable In,O; nanoribbon biosensor chips using
two simple shadow masks to define the position and dimension
of metal electrodes and nanoribbons, and the devices have
shown outstanding performance. Furthermore, In,O; nano-
ribbon devices show good electrical performance in the
aqueous condition when gate voltage is applied through the
liquid gate electrode. In addition, the In,O; nanoribbon devices
show good performance in a pH sensing experiment with
change in conduction by a factor of 12 when pH is reduced
from 10 to S. Through all the sensing experiments, we have
demonstrated that In,O; nanoribbon biosensors fabricated by
shadow masks can be used to quantitatively detect three cardiac
biomarkers within the concentrations relevant to clinical
diagnosis with the turnaround time of ~45 min. We further
demonstrated tests using spiked cardiac biomarkers in diluted
human whole blood, with results consistent with the calibration
curve established using PBS. Lastly, by applying a regeneration
buffer to the used sensor surfaces to antibond the antigen—
antibody conjugation and repeating the sensing experiments,
we demonstrated the reusability of the In,O; nanoribbon
biosensors with very small variation of each sensing results.

EXPERIMENTAL METHODS

Materials. A 3 in. 500 nm SiO, on Si wafers was purchased from
SQI. Au and Ti for metal sources of electron-beam evaporation and an
indium oxide (In,O;) sputtering target with purity of 99.99% were
obtained from Plasmaterials. 3-Phosphonopropioninc acid with a
purity of 94%, EDC with a purity of 98%, and NHS with a purity of
98% were purchased from Sigma-Aldrich. Shadow masks for
patterning were purchased from Photo Science. Troponin I
monoclonal antibodies, troponin I proteins, biotinylated troponin I
monoclonal antibodies, CK-MB antibodies, CK-MB proteins,
biotinylated CK-MB antibodies, BNP antibodies, and BNP proteins
were purchased from Fitzgerald Industries. Biotinylated BNP
polyclonal antibodies were purchased from Abcam.

Shadow Mask Fabrication Method. A SiO,/Si wafer was rinsed
with acetone and isopropyl alcohol before being dried in a nitrogen
stream before the fabrication process. After solvent cleaning, the SiO,/
Si substrate was placed on a hot plate at 120 °C for 5 min to repel all
solvent residual and cooled in room temperature. After the cleaning
process, the first shadow mask was attached to the SiO,/Si wafer to
pattern the channel area. Then the In,O; ribbons were deposited by
RF sputtering (by Denton Discovery 550 sputtering system in NRF).
By simply removing the shadow mask, we obtained well-defined
nanoribbons. The source and drain electrodes were defined by the
second shadow mask. After using an aligner to pattern the source and
drain area, we attached the shadow mask and the substrate. Deposition
followed with 1 nm Ti and S0 nm Au by employing electron-beam
evaporation. After deposition, the shadow mask was removed and
yielded a pristine surface.

Characterization. Optical microscopy images were taken with
Olympus microscope. Atomic force microscopy imaging was
performed on a Digital Instruments DI 3100 under tapping mode.
The SEM images were taken with a Hitachi S-4800 field-emission
scanning electron microscope. Electrical characteristics of the In,0;
TFTs were measured with an Agilent 4156B Precision semiconductor
parameter analyzer in ambient environment. Electrical characteristics
in a wet environment and sensing results were measured with an
Agilent 1500B semiconductor analyzer.
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