
Aptamer-Based Field-Effect Transistor for Detection of Avian
Influenza Virus in Chicken Serum
Jae Kwon,§ Yeonju Lee,§ Taek Lee,* and Jae-Hyuk Ahn*

Cite This: Anal. Chem. 2020, 92, 5524−5531 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Early diagnosis of the highly pathogenic H5N1 avian
influenza virus (AIV) is significant for preventing and controlling a
global pandemic. However, there is no existing electrical biosensor
for detecting biomarkers for AIV in clinically relevant samples such
as chicken serum. Herein, we report the first use of an aptamer-
functionalized field-effect transistor (FET) as a label-free sensor for
AIV detection in chicken serum. A DNA aptamer is employed as a
sensitive and selective receptor for hemagglutinin (HA) protein,
which is a biomarker for AIVs. This aptamer is immobilized on a
gold microelectrode that is connected to the gate of a reusable FET
transducer. The specific binding of the target protein results in a
change in the surface potential, which generates a signal response of
the FET transducer. We hypothesize that a conformational change in the DNA aptamer upon specific binding of HA protein may
alter the surface potential. The signal of the aptamer-based FET biosensor increased linearly with the increase in the logarithm of HA
protein concentration in a dynamic range of 10 pM to 10 nM with a detection limit of 5.9 pM. The selectivity of the biosensor for
HA protein was confirmed by employing relevant interfering proteins. The proposed biosensor was successfully applied to the
selective detection of HA protein in a chicken serum sample. Owing to its simple and low-cost architecture, portability, and
sensitivity, the aptamer-based FET biosensor has potential as a point-of-care diagnosis of H5N1 AIVs in clinical samples.

Avian influenza viruses (AIVs) pose a crucial threat to the
poultry industry and public health. The highly pathogenic

H5N1 AIV causes severe disease in poultry with almost 100%
mortality rate.1 It can cross the species barrier and infect
humans directly. The first human infection caused by H5N1
was reported in Hong Kong in 1997, with 18 cases and 6
deaths.2−4 The World Health Organization has reported 861
human cases of H5N1 infection, including 455 deaths, since
2003.5 This virus can easily spread from person to person and
thus lead to a global pandemic. Therefore, rapid detection and
prevention of H5N1 AIV are required to control its outbreak.
Conventional methods for detecting H5N1 AIV include

virus isolation culture,2,3 identification of influenza-specific
RNA by reverse-transcription polymerase chain reaction,6 and
direct antigen detection by enzyme-linked immunosorbent
assay.7 These methods are generally effective but require time-
consuming procedures, bulky and expensive equipment, and
trained technicians, which limits their applications in on-site
use. As an alternative, label-free electrical detection of H5N1
AIV based on field-effect transistors (FETs) is suitable for
portable applications in field tests because it provides rapid
signal response, hand-held readout system, low cost, and easy
operation.8−10 An FET is greatly advantageous for a transducer
because it offers superior limit of detection, which is as low as
the picomolar level, analysis of a small sample volume, and
scalable manufacturing process.11−13

Besides transducers, appropriate selection of bioreceptors is
also critical to achieve high performance. DNA aptamers,
which are artificial DNA segments that bind to a specific target
molecule, are considered a suitable bioreceptor for the
detection of H5N1 AIVs.14 Compared with antibodies, DNA
aptamers have advantages in on-site use in terms of high
chemical stability, low production cost, easy chemical
modification, tunable binding affinity, and reproducibility.15

DNA aptamers targeting H5N1 AIVs have been applied for
other types of transducers, such as fluorescence,16,17 surface
plasmon resonance,18,19 impedance,20,21 and electrochemis-
try.22,23 However, there is a lack of research on H5N1 AIV
detection using an aptamer-based FET biosensor and its
working principle, even though the concept and applications of
aptamer-functionalized FETs in biosensing have been stud-
ied.24−29 Moreover, there is no existing FET-based biosensor
for the detection of H5N1 AIVs in clinically relevant samples
such as chicken serum.
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This is the first paper to report on the FET-based detection
of H5N1 AIVs by using DNA aptamer as a bioreceptor. The
DNA aptamer was designed to capture hemagglutinin (HA)
protein, a glycoprotein found on the AIV surface. The DNA
aptamer was functionalized on a sensing part (i.e., extended
gate) of the FET transducer, and the specific binding with HA
proteins resulted in a change in the electrical characteristics of
the FET transducer. Our aptamer-based FET sensor could
detect HA proteins at picomolar levels in both buffer solution
and chicken serum. We investigated the specificity of the DNA
aptamer by measuring the signals from other interfering
proteins. Our analysis of the electrical characteristics of the
FET provided the transduction mechanism based on a
conformational change in the DNA aptamer, induced by
binding of HA protein. In addition, the detection ability for
charged biomolecules was confirmed through pH-sensing
experiments. Figure 1 shows a schematic of our aptamer-
based FET sensor and the experimental procedure.

■ EXPERIMENTAL SECTION
Materials. To test the device as a charge sensor, pH buffer

solutions (pH 3−11) were purchased from Samchun Pure
Chemical Co., Ltd. (South Korea).
The influenza A H5N1 (A/VietNam/1203/2004) Hemag-

glutinin/HA Protein (His & Fc Tag), which is the target for
H5N1 AIV detection, was purchased from Sino Biology
(China). The specific DNA aptamer against the HA protein
contained the sequence of 5′-GTG TGC ATG GAT AGC
ACG TAA CGG TGT AGT AGA TAC GTG CGG GTA
GGA AGA AAG GGA AAT AGT TGT CCT GTT GTT
GCC ATG TGT ATG TGG G-3′.23,30 To form covalent
bonds with the gold electrode using a thiol group, the DNA

aptamer was hybridized with thiol-tagged DNA oligonucleo-
tide (SH-5′-GGA TCA ATC ATG G CA A-3′). The DNA
aptamer was also hybridized with HRPzyme-tagged DNA
oligonucleotide (5′-TTT GGG TAG GGC GGG TTG GGC
CCA CAT ACT TTG TTG ATC C-3′) to create the DNA 3
way-junction (3WJ). All DNA sequences were synthesized by
Bioneer (South Korea). The predicted multifunctional DNA
structure was described in our previous study.23 Hemoglobin,
bovine serum albumin (BSA), and myoglobin for a selectivity
test were purchased from Sigma-Aldrich (United States). For a
clinical trial, a chicken serum was purchased from Thermo
Fisher Scientific (United States) and the HA protein was
dissolved with 10% chicken serum. A phosphate-buffered saline
(PBS) solution (pH 7.4) was purchased from Fisher Scientific
(United States).

Fabrication of Sensing Electrode. Sensing electrodes
with metal layers (Cr/Au = 3 nm/100 nm) were fabricated on
a 4-in silicon wafer with a 90 nm-thick layer of SiO2 via
conventional semiconductor processes including photolithog-
raphy, electron-beam evaporation, and lift-off process. The
fabricated wafer was then diced into small pieces (1 × 0.8 cm).
The dimension of the sensing electrode was 2 × 2 mm or 3 × 3
mm.
For the pH sensing experiment, a pH-sensitive dielectric

(Al2O3 or SiO2) with a thickness of 15 nm were deposited on
the sensing electrode by electron-beam deposition. No
additional modification of the sensing electrode was performed
for the detection of HA proteins, because thiol linkers in DNA
aptamers can bind on the Au surface of the sensing electrode.
A reservoir for storing the test solutions was constructed using
a silicone elastomer (Kwik-Cast, World Precision Instruments,
Inc.). Representative optical microscopy images of the

Figure 1. Schematic of the extended-gate FET for (i) pH sensing and (ii) AIV detection. For pH sensing, the Au electrode of a sensing part (i.e.,
extended gate) is modified with a pH-sensitive dielectric (i.e., Al2O3 or SiO2). Hydrogen ions are reversibly bound on active sites of the dielectric,
and the surface charge results in the surface potential depending on the pH value. For AIV detection, the Au electrode of the sensing part is
functionalized with DNA aptamer specific to HA protein, which is displayed on the AIV and used as a target protein. Surface potential is generated
due to a conformational change in DNA aptamer induced by the binding of HA protein. In both experiments, the generated surface potential is
transferred with an FET transducer by connecting the sensing part to the gate of the FET transducer, where the drain current (ID) is measured as a
function of the gate voltage (VG) applied with a reference electrode inserted into the target solution. The surface potential shifts the transfer
characteristics (ID−VG) and modulates the threshold voltage (VT), defined as a gate voltage to flow the certain drain current. VT, as a sensing signal
in this study, is dependent on the pH and concentration of HA protein.
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fabricated sensing electrodes are provided in Supporting
Information (Figure S1).
Immobilization Method. The three fragments of DNA

3WJ were assembled into one unit by an annealing process
through heating at 80 °C for 5 min, followed by cooling down
to 4 °C at a rate of 4 °C/min using a Thermal Cycler (Biorad,
United States). The assembled DNA aptamer was confirmed
by native-tris boric acid magnesium polyacrylamide gel
electrophoresis in our previous study.23 A 3 μL drop of the
assembled DNA aptamer (1 μM) was cast on the sensing
electrode for 3 h, followed by cleaning with deionized water to
remove the unreacted DNA aptamers and then drying with
nitrogen gas. The sensing electrode was then incubated with a
3 μL drop of PBS buffer or chicken serum containing the target
HA protein for 2 h, followed by rinsing with deionized water to
clean the unbound HA protein and drying with nitrogen gas.
Surface Morphology Investigation by Atomic Surface

Microscopy. The surface of the sensing electrode (i.e., Au
surface) after each functionalization with the DNA aptamer
and HA protein was investigated by atomic surface microscopy
(AFM) in the tapping mode (Nanoscope IV/Multimode,
Digital Instruments, United States). A phosphorus-doped
silicon probe (RTESP, Bruker, United States) was employed
for imaging of samples within a 1 × 1 μm scanning area. The
surface roughness and vertical distance of the Au electrodes
were obtained after each functionalization. The surface
roughness and vertical distance of each image were obtained

using the NanoScope software. The root-mean-square rough-
ness (Rq), maximum height (Rmax), and roughness average (Ra)
indicate the standard deviation of height, highest peak of the
surface, and absolute value of the height of the surface profile,
respectively.

Electrical Characterization. A commercially available n-
type MOSFET (2SK3018T106, ROHM) was utilized as a
readout transistor (i.e., FET transducer) to convert the surface
potential on the sensing electrode to the drain current. The
sensing electrode was connected to the gate terminal of the
FET transducer. A test solution was placed on the sensing
electrode, and then, an Ag/AgCl reference electrode (MF-
2052, Bioanalytical Systems, Inc.) was immersed into the
solution. The transfer characteristics of the extended-gate
FETs were measured with a SourceMeter (Keithley 2614B).
The drain current under a drain voltage of 50 mV was
measured while the gate voltage applied to the reference
electrode was swept from −0.35 to 2 V and the source terminal
was electrically grounded.
The threshold voltage (VT) is a sensing signal, which is

defined as a gate voltage for the flow of the drain current of 1
μA in the subthreshold region. This constant-current method
can reduce the effect of the parasitic resistance; this leads to
less noise in the extraction of VT as compared to the
extrapolation method.31

The limit of detection (LOD) was calculated according to
the equation = σLOD

S
3.3 , where σ is the standard deviation of

Figure 2. pH sensing characteristics of the extended-gate FET with pH-sensitive dielectrics deposited on the sensing electrode. (a) ID−VG
characteristics of Al2O3-depoisted extended-gate FET as a function of pH. (b) VT of the extended-gate FET versus pH. A higher pH sensitivity is
observed in the Al2O3 layer compared to the SiO2 layer. (c) Time-resolved pH measurement with the Al2O3 sensing layer. The sensitive and stable
pH sensing results as a proof-of-concept confirm the biosensing ability of the extended-gate FET by detecting a change in the surface potential.
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the response (or the standard deviation of y-intercepts of
regression lines) and S is the slope of the calibration curve.32

The calibration curves were produced using N > 3 samples
within a dynamic range.
To increase the sensing signal using low ionic strength,33 0.1

× PBS and 0.001 × PBS were used as measurement buffers for
detecting HA protein in purified buffer and chicken serum,
respectively. The effect of Debye screening is discussed in the
Results and Discussion.

■ RESULTS AND DISCUSSION
pH Sensing Characteristics. As a well-known proof-of-

concept example for confirming the detection ability of the
proposed sensor for charged biomolecules, we conducted a pH
sensing experiment by modifying the sensing electrode with a
pH-sensitive dielectric (i.e., Al2O3 or SiO2). As the pH value
decreased, the drain current (ID) versus gate voltage (VG)
shifted to the left in the Al2O3-deposited device (Figure 2a).
Similar shifts of the curve by the pH value were observed for
the SiO2-coated device (Figure S2). The sensing mechanism is
based on the site-binding model,34,35 where active sites are
derived on the sensing dielectrics to capture and release
hydrogen ions (Figure 1). At a lower pH value, a relatively
large number of positively charged hydrogen ions in the buffer
solution were bound on the active sites of the dielectric, and

thus, generated positive surface potential, resulting in a
decrease in the threshold voltage, VT. In contrast, positively
charged hydrogen ions were detached from the active sites at a
higher pH value and the surface potential was reduced. Figures
2b and c show that VT, as the sensing signal, is linearly
dependent on the pH value on both Al2O3 and SiO2 surfaces
with high reproducibility. This proof-of-concept experiment
indicates that our extended-gate biosensor can sense a change
in the surface charge and detect the charged species,
particularly HA proteins in this study.
The device with the Al2O3 layer exhibited a pH sensitivity

higher than that with the SiO2 layer. The difference in the
sensing signal at the same pH value (i.e., the same
concentration of hydrogen ions) indicates that the sensitivity
depends on the choice of the sensing material. For maximizing
detection sensitivity in biosensing, the choice of receptor and
its immobilization method should be considered.

Surface Characterization. An analysis of surface rough-
ness and vertical distance extracted from AFM images
confirmed the immobilization of the DNA aptamer and HA
protein on the Au electrode. The values of surface roughness
(Rq) were 0.492, 0.948, and 2.245 nm and those of the vertical
distance were 1.797, 3.482, and 6.127 nm for the bare Au
electrode, DNA aptamer, and HA protein, respectively (Figure
S3). The increased values of both the surface roughness and

Figure 3. Detection of HA protein in a buffer solution. (a) ID−VG characteristics of the extended-gate FET with no surface treatment (bare Au),
immobilization of DNA aptamer on the Au electrode (DNA aptamer), and binding of HA protein on the DNA aptamer-functionalized electrode
(HA protein). (b) VT shift caused by the DNA aptamer and HA protein. The opposite direction of the VT shifts indicates the opposite polarity of
the surface potentials generated by the DNA aptamer and HA protein. (c) ID−VG characteristics and (d) VT shift of the aptamer-immobilized
extended-gate FET with different concentrations of HA protein dissolved in a buffer solution. The measured data are fit to the Sips model (solid
line).
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vertical distance confirmed a proper modification of the Au
electrode with the DNA aptamer and subsequent binding of
HA protein. The surface analysis values were similar to those
achieved in our previous studies, indicating that the
synthesized DNA aptamer can be immobilized on the Au
electrode properly.23,36

Detection of HA Protein in Buffer Solution. Figure 3a
shows the ID−VG curves for bare Au electrode, immobilization
of DNA aptamer, and HA protein binding. The resulting VT
shift of the extended-gate FET was related to the surface
charge on the sensing electrode. A positive VT shift after the
immobilization of DNA aptamer on the extended-gate FET
(Figure 3b) was caused due to negative charges on the DNA
backbone.37,38 In contrast, the binding of HA protein with the
DNA aptamer resulted in a negative VT shift (Figure 3b); this
indicates that positive charges were induced on the extended-
gate FET. As the concentration of the HA protein was
increased, the ID−VG curves shifted to the left in parallel; this
generated a more negative VT shift (Figure 3c). As shown in
Figure 3d, the measured data for the VT shift could be
expressed by the Sips model,39,40 providing a generation of the

Langmuir isotherms as Δ = +V V c K
c KT m

( / )
1 ( / )

a

a
A

A
, where c is the

concentration of the HA protein, KA is the equilibrium
dissociation constant, Vm is the maximum signal with all
binding sites occupied, and a is a characteristic parameter to
present a distribution of binding energies. The best fit to the
data for the HA protein in a buffer solution provides fitting
parameters KA = 169 pM, A = −180 mV, and a = 0.26. The VT
shift was linearly proportional to the log concentration of HA
protein in a dynamic range of 10 pM to 10 nM (Figure 3d).
The signal (20−140 mV) and limit of detection (∼5.8 pM) of
our sensor were comparable to or higher than those of other
aptamer-based FET sensors.24,25,27−29 However, direct com-
parisons could not be made due to different aptamer and target

biomolecules. Various FET-based approaches have been
proposed for AIV detection,8−10,41−43 but this work is the
first study to demonstrate the applicability of DNA aptamer as
a bioreceptor, as summarized in Table I. The sensitivity and
dynamic range of our sensor were compared to those of the
previously reported FET-based sensors for AIV detection. A
significantly high performance of our sensor could be achieved
via a simple extended-gate approach based on a disposable
sensing part and a reusable FET transducer; this is suitable for
a low-cost diagnosis because expensive fabrication processes
for nanoscale devices are dispensable.13 Our aptamer-based
FET sensor can also be applied to a chicken serum sample that
is closer to a clinical condition as compared to a buffer
solution; this will be discussed later.
The sensing mechanism for most of the FET-based

biosensors involves an intrinsic charge of the target
biomolecules, which is determined by their pI values.44

When the pI value is lower (or higher) than the buffer pH,
the target biomolecules develop a negative (or positive)
charge. In particular, HA protein (pI value = 6.5) is negatively
charged in the buffer solution (pH 7.4).45 However, the
negative charge of the HA protein cannot explain the negative
VT shift observed in the measurement (Figure 3d), which
indicates the accumulation of positive charge on the sensing
electrode. As an alternative to the intrinsic charge of the target
biomolecule,8,10,41−43 a conformational change of the DNA
aptamer should be considered. Previous studies on DNA
aptamers as receptors of FET sensors demonstrated that
target-induced conformational changes of a DNA aptamer in
proximity of an FET channel modulated the channel current.28

As negatively charged DNA aptamers were reoriented away
from the FET channel, “effective” positive charges were
induced on the surface. Accordingly, we hypothesized that in
the present study, the DNA aptamer with a negatively charged

Table I. Comparison of Previously Reported FET-Based Sensors for AIV Detection

solution bioreceptor target FET-type LOD dynamic range reference

chicken serum DNA aptamer HA protein extended gate 5.9 pM 10 pM−10 nM this work
cloacal swab antibody nucleoprotein extended gate 103 EID50 mL−1 102−105 EID50 mL−1 10
1× PBS antigen antibody silicon nanowire 1 nM N/A 8
1× PBS DNA probe DNA target reduced graphene oxide 50 pM 10 pM−100 nM 43
0.1× PBS DNA probe DNA target silicon nanowire 1 fM 1 fM−10 pM 41
0.01× PBS glycan HA protein ion-sensitive Si-FET few aM 500 zM−500 pM 42

Figure 4. Selectivity of the extended-gate FET after functionalization of DNA aptamer for interfering proteins. (a) ID−VG characteristics and (b) VT
shift by various proteins (hemoglobin, BSA, and myoglobin).
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backbone moved away from the sensing electrode surface upon
target capture, thereby increasing positive charges and
decreasing VT. Further research on conformational changes
using fluorescence resonance energy transfer is required to
comprehensively elucidate the exact underlying mechanisms.28

The DNA aptamer could be immobilized on the Au
electrodes with different chemical linkers, such as cysteamine
and 6-mercaptohexanoic acid, for functionalization (see
Supporting Information). The magnitude of the signal at a
given concentration of the HA protein was similar in both
immobilization methods. However, the electrical stability
under multiple gate sweeps was better in the direct
immobilization of the DNA aptamer using thiol modification
of the DNA end (Figure S4). In addition, this one-step
modification allowed a simple, rapid, and low-cost fabrication
of sensors.
Selectivity. A selectivity test of aptamer-functionalized

sensors was conducted to examine the effect of nonspecific
binding on the sensor characteristics. Figure 4 shows that other
nonspecific proteins such as hemoglobin, BSA, and myoglobin
generated a sensor signal; however, the observed value was less
than that of the specific target (i.e., HA protein) in the same
concentration. This type of the noise signal caused by
nonspecific binding is typically observed in aptamer-based
FET sensors.29 The interference caused by nonspecific binding
can be reduced by controlled passivation of the sensing
electrodes outside the receptors.27

The VT shift caused by nonspecific binding had a negative
value, indicating the generation of a positive charge on the
sensing surface. Because the nonspecific proteins were
negatively charged in the neutral buffer solution (pH
7.4),46−48 we speculate that a little conformational change in
the aptamer occurred due to nonspecific binding. The binding-
induced conformational change effectively suppressed the
noise signal produced by a binding event itself, which generally
occurs in electrochemical transduction through charge transfer
on the surface. Despite using the same aptamer as the receptor,
the FET-based sensor showed a lower noise level for
nonspecific binding, compared to the electrochemical
method.23

Detection of HA Protein in Chicken Serum. A chicken
serum sample containing HA proteins was utilized to check the
feasibility for on-site AI detection. As the concentration of the
HA protein spiked in the chicken serum increases, the ID−VG

curve was shifted to the left in parallel (Figure 5a). The
direction of VT shift in the serum (Figure 5b) was the same as
that in the buffer solution (Figure 3d), confirming the same
sensing mechanism. The measured data for the VT shift were
also fit to the Sips model39,40 described in the previous section.
We obtained the fitting parameters KA = 178 pM, Vm = −180
mV, and a = 0.14. The dynamic range and limit of detection
were 10 pM−10 nM and 5.9 pM, respectively. However, the
sensitivity for HA detection degraded in the serum (12.4 mV/
dec), compared to the buffer solution (26.7 mV/dec). The
reduction in sensitivity was consistent with that in a previous
study for detection of the malaria biomarker, where the
complex nature in the serum medium hindered interaction
between the aptamer and biomarker.29 It is worth noting that
the extrapolated signal at zero concentration is higher in the
buffer solution. Other proteins, except for the target
biomolecules, create nonspecific binding to achieve a noise
signal, as already seen in Figure 4.
A lower ionic strength of the measurement buffer resulted in

a higher sensing signal (Figure S5). This result is consistent
with those of previous studies, where the effect of ionic
strength on the signal of FET-based sensors was studied.49,50

The charged biomolecules were screened using the dissolved
solution counterions, which is called Debye screening.51

Outside a certain characteristic length, termed the Debye
length, the electric potential arising from the charged
biomolecules decayed exponentially toward zero with an
increase in distance.49 The enlargement of Debye length
using a buffer solution with lower ionic strength is a good way
to increase the sensing signal. However, the diluted buffer
solution may degrade the binding efficiency between the
receptor and the target.33 Short receptors within the Debye
screening length are preferred to enhance the sensitivity in
antibody-based receptors.52 The special design of DNA
aptamers to make a structural change to move into the
Debye screening length is a strategy for overcoming the
limitations of Debye length.28

■ CONCLUSIONS
We demonstrated the use of a label-free electrical biosensor
based on a DNA aptamer-immobilized extended-gate FET to
detect HA protein, a biomarker of H5N1 AIVs, in chicken
serum. Its simple and low-cost architecture, based on a
reusable FET transducer and disposable sensing part with

Figure 5. Detection of HA protein in a chicken serum sample. (a) ID−VG characteristics and (b) VT shift of the aptamer-immobilized extended-gate
FET with different concentrations of HA protein spiked in a chicken serum. The measured data are fit to the Sips model (solid line).
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direct immobilization of a sensitive and selective DNA
aptamer, made it highly advantageous for biosensing. The
multifunctional aptamer provided various functionalities,
including target recognition, immobilization, and signal
transduction. The aptamer-based FET biosensor could detect
the target HA protein with a low detection limit of 5.8 pM in a
wide detection range of 10 pM to 10 nM with a high sensitivity
of 26.7 mV/dec in a buffer solution. Furthermore, the
proposed FET biosensor was successfully applied for analysis
of a diluted chicken serum sample to detect low concentrations
of HA protein down to 5.9 pM in a wide linear range of 10 pM
to 10 nM with sensitivity of 12.4 mV/dec, enabling the analysis
in real samples. Probable mechanism underlying the observed
negative VT shift may be explained by reorientation of the
negatively charged DNA aptamer away from the sensing
electrode surface, which would increase the surface potential.
The specificity of the biosensor was confirmed with relevant
interfering proteins such as hemoglobin, BSA, and myoglobin.
The aptamer is cheaper compared with other bioprobes that
can pave the way for mass-production of AIV biosensors.
Further integration of our aptamer-based FET biosensor with
the microfluidic system and a portable readout circuit will offer
rapid, easy-to-use, and portable detection to enable point-of-
care diagnosis in real samples.
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