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ABSTRACT: The thin film transistor (TFT) is a promising biosensor system with great sensitivity, label-free detection,
and a quick response time. However, even though the TFT sensor has such advantageous characteristics, the
disadvantages hamper the TFT sensor’s application in the clinical field. The TFT is susceptible to light, noise, vibration,
and limited usage, and this significantly limits its on-site potential as a practical biosensor. Herein, we developed a fully
packaged, portable TFT electrochemical biosensor into a chip form, providing both portability through minimizing the
laboratory equipment size and multiple safe usages by protecting the semiconductor sensor. Additionally, a safe
environment that serves as a miniature probe station minimizes the previously mentioned disadvantages, while providing
the means to properly link the TFT biosensor with a portable analyzer. The biosensor was taken into a biosafety level 3
(BSL-3) laboratory setting to analyze highly pathogenic avian influenza virus (HPAIV) samples. This virus quickly
accumulates within a host, and therefore, early stage detection is critical to deterring the further spread of the deadly
disease to other areas. However, current on-site methods have poor limits of detection (105−106 EID50/mL), and because
the virus has low concentration in its early stages, it cannot be detected easily. We have compared the sample
measurements from our device with virus concentration data obtained from a RT-PCR (virus range: 100−104 EID50/mL)
and have identified an increasing voltage signal which corresponds to increasing virus concentration.
KEYWORDS: chip sensor, rapid detection, avian influenza virus, label-free detection, portable biosensor

The progress of electrochemical biosensors based on a
thin film transistor (TFT) in recent years has been
impressive, and electrochemical biosensors are being

constantly proposed, with each sensor possessing advanced
capabilities compared to its predecessor.1−10 However, some
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main problems that are characteristic of the electrochemical
biosensors have yet to be completely addressed.11 One such
problem is the cumbersome equipment that is characteristic of
such biosensors. TFT-based electrochemical biosensors require
two portions for detailed analysis: a biochemical interaction/
sensing component and a signal detection/analysis component.
Generally, depending on the semiconductor utilized, the last
portion includes a bulky probe station. Such equipment,
although contributing significantly to the biosensors’ advan-
tages, cannot be deployed efficiently to analyze on-site field
samples. In particular, facilities that host pathogenic viruses,
such as highly pathogenic avian influenza viruses (HPAIV), are
limited in their utilization of TFT-based electrochemical
biosensors.
The recent HPAIV epidemic that originated from China had

reached its neighbors in South Korea and Japan.12,13 The
annual migration of water fowl from the Chinese mainland has
affected poultry stocks far away as the migratory birds become
unwilling and unaware carriers of various variations of the
HPAIV.14,15 Additionally the virus has mutated and has also
reached as far as Africa due to the migratory patterns and
interaction of migratory birds from different regions.16 China

and South Korea had their respected poultry population
decimated, while Europe and Africa also reported record high
numbers for infected poultry; for South Korea, the recent 2016
outbreak affected the poultry industry to such an extent that
the country had to import eggs from overseas countries. The
HPAIV which crossed continents was found to have originated
in Asia and became mutated as the migratory birds crossed
continents.17,18 To properly understand the information
between the HPAIV and its hosts, the virus was isolated and
injected within avian organisms within a biosafety level 3
(BSL-3) laboratory.
A number of different methods have been used to detect the

HPAIV (Table 1). Quick on the spot analysis utilizes rapid test
kits, which utilize an antibody−antigen reaction mechanism
specialized in either cloacal swab samples or mouth swab
samples. However, these rapid test kits have a poor limit of
detection (LoD) and cannot identify the HPAIV below a
certain concentration threshold.19 Naturally, a detailed sample
analysis is undertaken by different methods. The current
standard utilizes the reverse transcription polymerase chain
reaction (RT-PCR) to amplify the nucleic acid components
inside the HPAIV and lower the LoD.20,21 Other methods

Table 1. AIV Detection Methods between Biosensorsa

type target molecule limit of detection background solution sample type on site ref

rapid test kit nucleoprotein 105 EID50/mL lysis buffer swab sample O 19
RT-PCR nucleic acid 101 EID50/mL RT-PCR kit solution swab sample X 21
indium−tin-oxide TFT biosensors nucleoprotein 0.8 pM 0.01× PBS cultivated cell sample X 35
silicon nanowire field-effect transistor antigen 9.6 pM unknown synthetic viral surface antigen X 36
portable TFT sensor nucleoprotein 102 EID50/mL lysis buffer swab sample O this work

aMost biosensors provide either a low LoD or portability but fail to provide both. Additionally, such biosensors have yet to undergo field test to
prove they can detect the AIV from real samples.

Figure 1. Overall schematic of the packaged biosensor. (A) Packaging and wiring process of the packaged biosensor; the semiconductor
portion was extracted from a semiconductor wafer and placed onto a circuited internal PCB layer, where it was subsequently wired using
gold wires. The wired semiconductor was then packaged into an external PCB for eventual usage in its respective casing and was sealed with
an epoxy layer to prevent degradation of the semiconductor. (B) Minimal pieces required for the packaged biosensor sensor (image is not
scaled).
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include using the enzyme-linked immunosorbent assay
(ELISA) or isolating the virus.22,23 However, the methods
mentioned above either are subject to low sensitivity or require
a time-consuming complex process.
The rapid test kit is subject to poor specificity between 25

and 50%, and a poor LoD of merely 104.5−105 EID50/mL.19,24

The RT-PCR is also not without its own fallacies. As the RT-
PCR utilizes sample amplification at its earlier stages, it is
subject to error amplification, which only increases as the RT-
PCR undergoes more cycles. Indeed, sometimes the RT-PCR
itself suffers from reproducibility, and depending on the
expertise of the handler, it may cause a cycle difference of up to
10 cycles.25,26 Additionally, to properly document the presence
of an AIV, both oral and cloacal samples should be analyzed
together.27 As a result, methods to properly detect AIV within
cloacal samples have garnered interest.
In this work, we have expanded upon the dual gate of the

previous sensor and packaged the TFT device into a small and
easily transportable state; henceforth, this packaged TFT-based
electrochemical biosensor will be identified as a packaged
biosensor. This packaged biosensor did not require the heavy
analyzing equipment of its predecessors and can be deployed
to the site of analysis, which in this case here was a
government-certified quarantine institution, such as a BSL-3
laboratory. The basis of the packaged biosensor utilizes the
flow of electricity through a transistor which can be affected by
charge containing antigen−antibody reactions near the
electricity tunnel. The antibodies used for the biosensor are
the same antibodies used by the rapid test kit and allow for the
direct comparison between those two different platforms. By
analyzing the electric current itself, the biosensor is capable of
quantitatively assessing the virus amount inside a sample.
The advantages of the packaged biosensor (Figure 1)

include the following: (1) the disease or virus in question can
be measured without additional chemical deactivation or
neutralization; (2) the packaged biosensor is covered and
sealed with an epoxy layer, which prevents the degradation of
the biosensor device, leading to a longer and more stable
lifespan; (3) the packaged biosensor can be deployed to
environments unsuitable for large-scale equipment, such as a
biosafety level 3 laboratory, or into the field.
The portable biosensor utilizes a modified and tailored

metal−oxide semiconductor field-effect transistor (MOSFET)
structure. Instead of the traditional MOSFET structure, the
biosensor utilizes a dual gate structure and operation, where
the thickness of the top gate oxide layer and bottom gate oxide
layer are tailored to 14 and 750 nm, respectively, to enhance
the sensitivity. The dual gate structure was suggested to utilize

the capacitive coupling observed between the top gate oxide
and bottom gate oxide in dual gate transistors and
consequently to obtain greater sensitivity.
To properly test and use the advantages of the packaged

biosensor, the packaged biosensor was deployed to measure
the HPAIV H5N6 in a BSL-3 laboratory and was used to
analyze a diverse range of samples. This virus is of particular
interest due to its evolving characteristics.28−31 Oral swab
samples, cloacal swab samples, and feces samples from 6 week
old ducks were analyzed and then compared to RT-PCR
measurements (Figure 2). Additionally, to see if the packaged
biosensor was capable of sensing the HPAIV from different
avian types, mallard oral swab samples were also analyzed.

RESULTS AND DISCUSSION
Validating the Electric Characteristics of the Pack-

aged Biosensor. Before the packaged biosensor can be
deployed on site in the near future for data accumulation and
analysis, the functionality of the packaged biosensor in the
BSL-3 laboratory was tested. Because the TFT biosensor will
be comparing the voltage measurement values between a
reference measurement and sample measurement, it is
imperative to first confirm the stable passage of the current
from the source to the drain of the biosensor. Additionally,
antigen−antibody reactions upon the reservoirs of the
extended gate will influence the flow of the current depending
on the amount of antigen within the sample solution and
provide sample voltage measurements. Figure 3A describes the
drain current versus drain voltage experiment, which was
initially conducted to test the feasibility of the packaged
biosensor. The approximate point of saturation of a drain
voltage value of 0.2 V and the drain current increase as the
applied voltage increases indicates not only a stable interaction
between the SiO2 gate oxide and the silicon channel layer but
also the fact that the biosensor retains its electrical character-
istics even after the packaging process.
An additional test for the feasibility and stability of the

packaged biosensor was conducted. In Figure 3B, the stability
of the packaged biosensor for a prolonged period of time in
two different media was analyzed. The phosphate buffered
saline (PBS) and lysis buffer from general AIV rapid test kits
were chosen for different reasons. PBS is typically used as the
standard medium to check the stability and characteristics of a
packaged biosensor. The lysis buffer was chosen as it is
required in this research as the background medium. The lysis
buffer is also required to obtain the nucleoproteins located
within the AIV. The time interval of 32 min was chosen
because the maximum time required to obtain the biosensor

Figure 2. Variety of samples were prepared for measurement within the BSL-3 laboratory. Two main species, mallards and ducks, were
grown to 6 weeks of age. They were then injected with the H5N6 avian influenza virus. The virus was incubated within their respective hosts
and were collected through oral swabs and cloacal swabs from ducks, oral swab samples from mallards, and feces samples from ducks. The
samples were initially analyzed through RT-PCR, and the samples which showed substantial results were selected to be taken and compared
by the packaged biosensor.
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signal from the AIV sample was 30 min. This 30 min time
interval is limited by the 20 min minimum reaction time of the
antigen−antibody reaction. This particular time interval of 20
min reflects the time needed for complete saturation of the
antibody−antigen reaction (Figure S2). The remaining 10 min
includes the signal measurement time and the cleaning
procedure, where a gel loading tip was utilized to aspirate
the sample and carefully wash the well three times with 100 μL
of 1× PBS. For PBS, a slight decrease in the signal was
detected as the time progressed. Although the results showed
some fluctuation, the fluctuations were miniscule, and
especially in the case of the lysis buffer solution, the signal
error from the first signal measurement and last signal
measurement at 32 min was calculated to be 3.8%.
Figure 3C shows the sensitivity of the packaged biosensor by

measuring the change in voltage per the change in pH level.
The resulting voltage change per pH was revealed to be 0.6 V/
pH, but this value is smaller than that in our previous works,
which gave values of 2.0 and 1.8 V/pH, respectively.3,32

However, the voltage change per pH value of 0.6 V/pH is still
well within working parameters as its value is greater than the
Nernst limit of 0.06 V/pH33,34 by a factor of 10. This shows
that the packaged biosensor is suitable to be utilized as a highly
sensitive sensor.

Nonspecific Binding Test with a Newcastle Virus and
No Antibody Coating. To determine the specificity of the
antibody, we added the Newcastle virus as it is similar to the
HPAIV. The Newcastle virus is generally used to determine
the specificity of an AIV antibody. As can be seen in Figure 4A,
high Newcastle virus concentrations of 105 and 106 EID50/mL
were added and were allowed to react with the HPAIV-specific
antibodies for 20 min. Their effects on the voltage shift were
then measured according to the detailed protocol in the
Materials and Methods section. The voltage shifts from these
two concentrations are 0.010 and 0.011 V.
A second control test was conducted to see whether the

antigens influenced the readings by reacting with the sensing
gate well surface even without the lack of antibodies. The
extended gate was prepared in the same method, but the
antibody conjugation step was omitted to produce “antibody-
less” extended gates. Then, HPAIV H5N6 concentrations of
105 and 106 EID50/mL were added to these “antibody-less”
reservoirs. After reacting for 20 min, the samples were
removed, the well was washed and the sample measured.
The small voltage shifts of two H5N6 concentrations indicate
that there were no nonspecific binding reactions between the
H5N6 antigens and the sensing gate surface. The highest shift
value given by a Newcastle virus concentration at 106 EID50/
mL was designated as the highest noise level for our packaged
biosensor. Consequently, as can be seen in Figure 4B, when we
conducted a standard experimental test where controlled
amounts of HPAIV (from 101 to 106 EID50/mL) were
measured, this noise level of 0.011 V was deemed to be a
pseudo threshold for our LoD. Any signal reading below this
threshold was deemed to be “unread”.

Initial HPAIV Detection from Duck and Mallard
Samples. The packaged biosensor was utilized for a diverse
array of oral and swab sample measurements. The HPAIV
concentration data from the samples were obtained from RT-
PCT values and then compared to our packaged biosensor
measurements to see if there was any correlation between an
increase in concentration from the RT-PCR values and our
packaged biosensor voltage shift measurements. Figure 5A
shows the recorded packaged biosensor signal compared to the
EID50/mL values of random duck oral and cloacal swab
samples identified from RT-PCR. When the RT-PCR values
corresponded to low EID50/mL concentrations, a fluctuating
voltage shift can be observed from the packaged biosensor.
The RT-PCR value for such small EID50/mL concentrations
was also extrapolated using data from higher concentrations,
indicating the value given by the RT-PCR at 101 EID50/mL is
also tentative at best. Therefore, it is natural for the packaged
biosensor to have a hard time analyzing swab samples with
such small concentrations. The resulting voltage shift of the
three out of five samples is smaller than the threshold voltage
of 0.011 V measured, and considering that two samples
showed a voltage shift of approximately 0.02 V, the range of
the result is large for small concentrations.
Figure 5B shows a positive signal shift of the packaged

biosensor as the concentration of the HPAIV in the swab
sample increases. The linear fit, when compared to the
standard curve line obtained beforehand, has a smaller slope

Figure 3. Electric characteristics of the packaged biosensor. (A)
Drain current vs drain voltage characteristic of the packaged
biosensor. (B) Signal stability of different buffer solutions for 32
min. (C) Voltage shift at different pH values.
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and smaller voltage shift values. This is because the samples
were real oral swab samples stored in the lysis buffer before
measurement, whereas the samples of the standard curve were
pure HPAIV viruses suspended in lysis buffer; the physiological
conditions of the ducks will affect the reading of the packaged
biosensor.
Additionally, in Figure 5C, mallard oral samples were also

analyzed. The ability to identify HPAIV within mallard samples
is significant. Because the packaged biosensor was designed to

be taken with research specific to the field for wildlife avian
sample analysis, it was imperative that the packaged biosensor
was able to identify HPAIV in samples of mallard origin.
Compared to the duck oral samples, the mallard oral samples
showed a similar state for low concentration oral samples. A
fluctuation was seen in the first three low concentration oral
samples. Figure 5D indicates an increase in the voltage shift
signal of the packaged biosensor as the concentration of the
HPAIV increases. The linear fit shows a more gradual slope

Figure 4. Control experiments for the study. (A) When AIV similar to the Newcastle virus reacts with the HPAIV antibodies and is then
washed away, a miniscule shift in voltage can be seen. The striped white boxes indicate a voltage shift recorded when no antibodies were
attached to the well surface. (B) Concentration of the HPAIV increases by a factor of 10, and a nearly linear voltage shift increase can be
detected. The LoD is 102 EID50/mL.

Figure 5. Measured signal values resulting from (A) oral and cloacal swab samples in ducks and (C) oral swab samples in mallards. The
columns represent the measured biosensor signals recorded in the swab samples from their respective species. (B,D) Increase of measured
signals as the concentration of EID50/mL increases.
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than that of the duck’s version. Because the samples were real
oral swab samples from mallards, which exhibit different
physiological conditions from the ducks, the results will vary.
The characteristics of mallard oral samples influence the
packaged biosensor readings at lower concentrations, although
that effect eventually lessens as the HPAIV concentration
increases.
HPAIV Identification in Raw Feces Samples. To see

whether the packaged biosensor was capable of identifying the
HPAIV within feces samples, feces samples from HPAIV-
injected ducks were acquired and diluted with the lysis buffer
to form a 0.5 mg/mL solution. This concentration was
determined as it is the concentration of feces samples which
are read by the RT-PCR. Before the actual sample could be
measured, the effects of a different buffer solution had to be
analyzed. Feces samples, although they are diluted in the lysis
buffer like oral and cloacal swab samples, ultimately affect the
signal from the device due to the solid material floating around
within the feces/lysis solution. Therefore, as indicated in
Figure 6A, a control test to identify the signal shift from the
feces itself was done. Because the background solution is pure
lysis buffer, the voltage difference between two pure lysis buffer
samples was set to zero. In Figure 6B, all the feces sample
measurements were taken by subtracting the voltage shift of
the feces/lysis solution from the pure lysis buffer solution. The
greatest concentration of 0.5 mg/mL gave a noise value (feces
threshold) of 0.032 V.
Overall Comparison between the Biosensor Meas-

urement and RT-PCR Values. Figure 7 indicates the overall
HPAIV measurement from injected ducks. The signal from the
packaged biosensor was once again compared to the values
from the RT-PCR. At low HPAIV concentrations in feces (101

EID50/mL), the signal from the packaged biosensor was all
below the feces threshold of 0.032 V. However, at higher
concentration, the packaged biosensor was able to identify the
signal from the feces sample. The ability to detect the feces
samples with high concentrations of HPAIV while not
detecting the HPAIV at low concentrations indicates that the
packaged biosensor functions properly across a specific
threshold for feces samples too.
Although the number of mallard oral samples and duck feces

samples was small due to the difficulty in proper procurement,
a substantial number of oral and cloacal swab samples were

measured for this experiment. A total of 70 samples of either
oral or cloacal origin were measured by the packaged
biosensor, and the results were compared to the concentration
values given by RT-PCR. Once again, as the concentration of
the HPAIV within a sample increases, the packaged biosensor
signal also showed a corresponding increase.
However, the range of the measurement also increased as

the HPAIV concentration increased. Multiple factors explain
this phenomenon. First of all, although RT-PCR is the
standard for identifying unknown concentrations within a
sample, it measures a different object than the packaged
biosensor; RT-PCR measures the amount of DNA through
amplification. However, the packaged biosensor measures the
signal from the sample depending on the concentration of
nucleoproteins within the sample. A precise relationship
between the amount of DNA and nucleoprotein has yet to
be concretely known. Moreover, samples will differ depending
on the condition of the duck. A higher HPAIV concentration
will lead to more diverse concentrations regarding the

Figure 6. In preparation for real field sample analysis, the biosensor was tested to see if it could properly detect the HPAIV. (A) Measured
signals of different feces concentrations on the packaged biosensor shift. (B) Comparison of readings between the packaged biosensor and
the RT-PCR.

Figure 7. Final 70 swab sample analysis. As the concentration of
the HPAIV increases, an increase in the average signal of the
packaged biosensor can be seen. Additionally, the range of the
packaged biosensor signal also increases as the HPAIV
concentration increases. The numbers inside the parentheses
indicate the number of samples taken. The top limit and bottom
limit of the whiskers indicate 95 and 5%, respectively. The square
with the X is the average, and the number within the parentheses
indicates the number of samples recorded.
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psychological aspects of the duck specimen. This can be seen
in the narrow range and lower concentrations compared to the
wider range at higher concentrations. Nevertheless, a positive
increase of the packaged biosensor signal corresponding to an
increasing concentration of HPAIV is seen.

CONCLUSION
In this study, we have fabricated a fully packaged portable
biosensor that is not limited by cumbersome laboratory
equipment in its use, and it was utilized in a BSL-3 institute to
quantitatively measure HPAIV samples from a number of
different sources. Additionally, we have demonstrated its
performance using various tests to confirm its possible usage as
an on-site detection device that has a multitude of applications
in the field. A diverse range of samples with various strains of
HPAIV in oral, cloacal, and feces samples which contained a
HPAIV strain H5N6 were analyzed within the BSL-3
laboratory. The results from these samples were then
compared to the EID50/mL concentrations which were
calculated from the CT values provided by RT-PCR tests.
Through comparison with the RT-PCR concentration results,
we were able to see that our packaged biosensor had a voltage
signal which was proportional to the EID50/mL concentrations
from the RT-PCR. As the EID50/mL concentrations of the RT-
PCR increased in various samples, the packaged biosensor was
also able to detect an increasing signal in the same samples.
Consequently, the packaged biosensor can be used as a point
of care detection device not only for HPAIV but also for other
viruses, as well. In an era where point-of-care devices are the
target of many researchers due to their potential to serve as
field analysts and bedside diagnostic equipment, such a
proposition is with great merit.

MATERIALS AND METHODS
Materials. Glutaraldehyde, ethanolamine, and N-hydroxysuccini-

mide, and bovine serum albumin were obtained from Sigma-Aldrich,
USA. 1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochlor-
ide was purchased from Thermo Sciences, USA. The lysis buffer was
obtained using the same lysis buffer from the rapid test kit (Bionote:
RB2501MH).
HPAIV Sample Preparation. A control experiment was under-

taken where the HPAIV strain H5N6 (108.5 EID50/mL) was injected
and diluted into pure lysis buffer solution to obtain the wanted
concentration (101−106 EID50/mL). These different concentrations
were then measured to observe the effects the concentration had on
the packaged biosensor voltage.
Real HPAIV Sample Extraction from Ducks and Mallards.

Real swab samples, oral and cloacal, were obtained from 6 week old
ducks and mallards which were injected with the H5N6 virus on the
first day of the sixth week, as can be seen in the schematic of Figure 2.
A total number of 12 ducks and 6 mallards were prepared to serve as
hosts for the virus. The swab samples were then added to 200 μL of
1× PBS buffer for storage until further use. To prepare the samples for
measurement, 50 μL of the swab sample was mixed with 50 μL of lysis
buffer to expose their nucleoproteins for measurement with a
packaged biosensor.
The samples chosen to be taken with the packaged biosensor were

isolated after obtaining them from the 6 week fowl and processing
them with the RT-PCR for initial assessment. The samples with
results that were too miniscule for the RT-PCR to detect were
discarded as they could not serve as a comparison to the samples
results which would be taken by the packaged biosensor. Samples that
provided significant values were measured with the packaged
biosensor, and the results between the packaged biosensor and RT-
PCR were then compared to see whether the packaged biosensor
could function properly as planned.

Feces samples from 6 week old ducks injected with the HPAIV
were diluted in a lysis buffer solution to a concentration of 0.5 mg of
feces per 1 mL of lysis buffer. The same protocol was used to obtain
both the 0.05 and 0.005 mg/mL concentrations.

Packaged Biosensor Fabrication. The detailed structure and
fabrication procedure of the dual gate TFT device portion was
described in our previous work.19 The packaged biosensor was
manufactured as seen in the schematic in Figure 1. A small portion of
the silicon on insulator wafer which contained the TFT device was cut
and set upon a printed circuit board (PCB). The PCB which is wired
directly to the TFT device will be called the internal PCB. The TFT
was then wired by gold wires to silver contact pads, which were placed
upon the internal PCB. The TFT-wired PCB 1 was then set upon and
connected to an external PCB and was covered with an epoxy layer.
The wiring for this process also used gold wires and silver contacts.
Once the TFT, internal PCB, and external PCB had been properly
connected, we termed this complex the packaged biosensor. The
silver contact pads on the bottom of the packaged biosensor connect
to the packaged biosensor casing, which in turn is connected to our
sensing gate, the sensing portion. The packaged biosensor and casing,
as can be seen in Figure 1B, are eventually connected to an analyzer,
which sends the results to a computer for electrical signal analysis.
The casing is connected by triaxial cables to a current−voltage
sourcemeter. The casing functions as a miniature probe station and
serves to minimalize unwanted noise and minimal light interference.

To manufacture the sensing gate, which contains the surface upon
which the antibody antigen reaction takes place, a RF magnetron
sputter (50 W, 3 mTorr, 20 sccm argon gas flow) was used to place a
50 nm thick tin dioxide layer on top of an ITO glass. A
polydimethylsiloxane (PDMS) reservoir was then attached to this
ITO glass through O2 plasm exposure (5 min). The attached PDMS
had wells that had a surface small area of 50 mm2.

Antibody Fixation to the Bottom Surface of the Sensing
Gate. The reservoir area was subject to O2 (5 min) to provide −OH
functional groups to the well bottom of the EG. 3-(Aminopropyl)-
triethoxysilane (APTES, 5%) was then inserted into the reservoir for 1
h at room temperature to form −NH2 functional groups on the
reservoir bottom. The APTES was removed, and the reservoir was
washed with deionized water. Glutaraldehyde was then added, and the
reaction occurred at room temperature for 2 h. The glutaraldehyde
was removed, and the reservoir was washed with a 20 mmol 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid. HPAIV antibodies in
PBS were added to the reservoir (0.05 μg/mL) for 1 h at room
temperature. The antibodies were removed, and the reservoir was
washed with PBS. Ethanolamine (1 M) was added for 1 h, removed,
and then washed with PBS. Next, 50 mg/mL bovine serum albumin
was added for 1 h, removed, and then washed with PBS.

General Measurement Procedure. The voltage measurement
obtained from the TFT biosensor is the difference between a
reference curve and a measurement curve. The reference curve is the
voltage measurement of the reference solution (blank solution
without the target antigen of interest), which in this experiment is
the lysis buffer. The reference solution is taken in the antibody-coated
reservoir.

After taking the voltage measurement of the reference solution, the
blank lysis buffer is taken out and replaced with a virus-containing
sample that was prepared in a 1:1 ratio as mentioned above. This
virus-containing sample was then allowed to react for 20 min. After 20
min, the sample was taken out and the reservoir was washed with the
lysis buffer three times to remove any unbound virus antigen. Then
100 μL of pure lysis buffer was added, and the measurement curve
was obtained. The final signal voltage change measurement is the
difference between the two obtained curves.

HPAIV Detection Test. The HPAIV strain H5N6 was measured
within a BSL-3 environment due to its deadly characteristics. The
HPAIV was injected into a lysis buffer (Rapid AIV Ag test kit
RG1501MH) solution that had a 1:1 ratio by composition. The
HPAIV was allowed to react with the HPAIV antibodies on the
bottom surface of the sensing gate for 20 min. This same process
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happened at HPAIV concentrations of 102, 103, 104, 105, and 106

EID50/mL.
The HPAIV H5N6 was taken within a BSL-3 laboratory due to its

harmful nature. Additionally, this provided an environment where the
samples were able be measured directly without any prior treatment
such as formaldehyde deactivation or contamination during transport.
Sample reading for the H5N6 AIV was also taken within the BSL-3
laboratory to simulate an on-site direct analysis environment. This
experiment was conducted under a drain voltage of 6 V and a bottom
gate sweep voltage ranging from −10 to +20 V.
The reference curves for the two different HPAIV subtypes were

obtained by subtracting the antigen-added sample solution from the
reference solution. A lysis buffer background solution (100 μL) was
initially measured. The background solution was then extracted, and a
sample solution with the HPAIV antigen (1:1 ratio) was added into
the bottom surface of the sensing gate (100 μL) and then allowed to
react with the HPAIV antibody-coated reservoir floor for 20 min.
After 20 min, the reservoir was washed with the lysis buffer to wash
away the unreacted HPAIV antigens and reinjected with a pure lysis
buffer solution (100 μL).
All samples were analyzed with an identical method. An initial

background lysis buffer solution that did not possess any HPAIV
antigens was added to the well and had its reading recorded. This
reference solution was then taken out, and the well had the sample
added to the well. After 20 min, the sample solution was washed with
PBS to wash away antigen molecules that did not bind to the
antibodies, and a reference solution was added once again to analyze
voltage change that was a result of only the captured antigens.
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