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ABSTRACT: Detection of disease biomarkers from whole
blood is very important in disease prevention and manage-
ment. However, new generation assays like point-of-care or
mobile diagnostics face a myriad of challenges in detecting
proteins from whole blood. In this research, we have designed,
fabricated, and characterized a portable biomedical sensor for
the detection of cardiac troponin I (cTnI) directly from whole
blood, without sample pretreatments. The sensing method-
ology is based on an extended gate electrical double layer
(EDL) gated field effect transistor (FET) biosensor that can
offer very high sensitivity, a wide dynamic range, and high
selectivity to target analyte. The sensing methodology is not
impeded by electrostatic screening and can be applied to all
types of FET sensors. A portable biomedical system is designed to carry out the diagnostic assay in a very simple and rapid
manner, that allows the user to screen for target protein from a single drop of blood, in 5 min. This biomedical sensor can be
used in hospitals and homes alike, for early detection of cTnI which is a clinical marker for acute myocardial infarction. This
sensing methodology could potentially revolutionize the modern health care industry.

In recent years, there has been increased attention toward
health monitoring systems, more importantly, cardiac

monitoring through smart electronic gadgets and hospital-
based tests such as electrocardiography (ECG) and hemody-
namics.1−4 However, health status information delivered via
smart gadgets is not sufficient to diagnose or monitor
underlying diseases. Hospital-based tests are labor intensive
and cannot be performed at the comfort of homes or work
places, which renders many people all around the world with
inaccessibility to emergency medical attention. Cardiovascular
diseases (CVDs) remain as the major cause of mortality all over
the world, affecting developing economies more than the
developed ones.5,6 Molecular biomarkers have been reported to
be highly efficient diagnostic and prognostic markers of CVDs,
and clinicians have arrived at the consensus of using molecular
cardiac biomarkers along with conventional biomarkers or
indices such as age, medical history, and cholesterol levels, for
better CVD risk assessment and prevention.7,8 For example, the
diagnosis and prognosis of acute myocardial infarction (AMI) is
dependent on a blood test for cardiac troponin I (cTnI), a

protein-based marker of cardiac muscle injury along with
electrophysiology tests.9,10 Currently, spectrophotometric
methodologies such as ELISA, electrochemiluminiscence,
immunoturbidimetry, and surface plasmon resonance (SPR)
are used in hospitals to monitor MI in patients.11−14 These
tests can be performed only in hospitals or specialized
diagnostic centers, requiring trained laboratory staff. They are
also very expensive and time-consuming. The inaccessibility
and unaffordable high prices of the current CVD diagnostics
endangers the lives of millions of people all around the globe.
Field effect transistor (FET)-based biosensors have been

considered as a highly sensitive and cost-effective diagnostic
platform for the detection of several biological analytes ranging
from nucleic acids to cellular targets.15,16 Previously, several
FET-based biosensors have been implemented using silicon
nanostructures,17 compound semiconductors,18 and novel 2-
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dimensional materials.19,20 However, the advancement of FET-
based biosensors was hindered due to the phenomenon of the
charge screening effect, which screens off the applied potential
within the Debye length.21,22 This restricted the use of FET-
based biosensors to low electrolyte test samples which
significantly affects the binding kinetics and integrity of
biosamples.
Several methods have been proposed in the past to overcome

the charge screening effect and apply FET-based biosensors to
the detection of biomarkers in whole blood.22−24 However,
these methodologies require elaborate and complicated sample
pretreatment methods such as repeated washing and enrich-
ment, dilution, and desalting. These steps add to the complexity
of the biosensing system yet do not ensure the physiological
environment preservation to provide reliable biological signal
acquisition. As a result, the sensing methodologies do not
possess sufficient merit to counter the conventional laboratory-
based spectroscopic techniques. Previously, we developed an
electrical double layer (EDL) gated FET biosensor for the
direct detection of target analytes in physiological salt
concentration buffer (1× PBS) and human serum samples,25

without extensive pretreatments or a washing process.
In this study, we have developed a portable biosensor system

that can detect cTnI from a single drop of blood, in 5 min, in a
minute fraction of the cost of current CVD diagnostics. We
designed, fabricated, and characterized an extended gate EDL
FET biosensor to detect cardiac troponin I (cTnI) from whole
blood samples, without the use of extensive sample pretreat-
ments such as dilution or desalting. The sensor exhibits high
sensitivity, specificity, and wide dynamic range of detection in
purified cTnI samples, whole blood spiked with cTnI, and
clinical whole blood samples. If fresh whole blood samples
(untreated) are being used, simple gravitational separation of
blood cells can be employed by facing the sensor chip
downward. It is also shown that gravitational separation of
blood cells is not required if the whole blood samples have
been treated with anticoagulant. Along with preserving the
biosample integrity, we have simplified the whole cTnI assay
format in such a way that, in a commercial biosensor system,
the consumer would be able to perform the test with few assay

protocols, requiring only 5 min of test duration and very low
sample volume (<10 μL). These features enable our sensing
methodology to be at par or transcend the benefits and utility
of conventional diagnostics, with bright prospects in point of
care and mobile diagnostic systems.

■ METHODS
The steps involved in sensor fabrication methods, sensor
measurement (described in Figures S1 and S2), and sensor
regeneration techniques are detailed in the Supporting
Information.

Sensor Surface Functionalization. Monoclonal antibody
(mAb) to cTnI is purchased from Hytest Inc. mAb and
cysteamine hydrochloride are mixed together in the molar ratio
of 10 000:1. The mixture is incubated for 15 min at 37 °C in a
reaction tube followed by incubation on the sensor surface for
1.5 h in room temperature. The sensor is further incubated at 4
°C for 12 h after which unbound antibodies are washed away in
PBS.

Purified cTnI Samples. Purified cTnI is purchased from
Abcam and diluted to desired target concentrations in 1× PBS
(pH 7.4, 150 mM NaCl, 10 mM PO4

3−) containing 4% bovine
serum albumin (BSA). BSA is added in the test solution to
simulate the real conditions of blood serum samples.

Clinical cTnI Samples. The clinical whole blood samples
are obtained from patients admitted to the hospital as per the
IRB No. 16MMHIS112. The whole blood samples are collected
from different individuals at different times, in a vacutainer
treated with anticoagulant. The whole blood samples with
undetected cTnI are collected from a healthy individual, in a
vacutainer treated with anticoagulant, as per the IRB No.
10610HE074.

■ RESULTS
Figure 1 depicts the structure of extended gate EDL FET
sensor. In each pair of gold electrodes, one electrode finger
serves as the reference gate electrode which is biased with
pulsed gate voltage Vg, and the other electrode finger serves as
the sensing electrode which is connected to the gate terminal of
the MOSFET. The schematic diagram of the extended gate

Figure 1. Structure and protocols of the extended gate EDL FET biosensor. (a) Schematic diagram of the extended gate EDL FET sensor. (b) Real
image of the portable biosensor system interfaced with a laptop to display the results. Inset shows the sensor chip connected to the MOSFET.
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FET sensor is shown in Figure 1a, and the top view image is
shown in Figure 1b. The open areas on the pair of gold
electrodes which are separated by a fixed gap are regarded as
the sensing region of the extended gate FET sensor.
For whole blood testing, venous blood samples are collected.

A single drop of blood sample is dropped on the sensor chip,
and the chip is upturned and held in the downward facing
position for 5 min. After the incubation period, electrical
measurement is carried out using the portable biosensor system
and results are displayed on the computer interfaced with the
system. The assay protocols are illustrated in Figure S3. No
additional protocols are required for carrying out the whole
blood testing.
When test solution is dropped on the sensing region and

biased with a pulsed gate voltage, the applied potential drops
across the test solution, instantly creating an electrical double
layer on the interfaces of the reference gate electrode and
sensing electrodes, setting up a solution capacitance Cs. Since
the sensing electrode is connected to the MOSFET, the applied
potential also drops across the gate oxide dielectric of the
MOSFET, which leads to a change in the transistor channel
conductivity. Therefore, the applied gate voltage Vg drops
across the solution and the gate oxide, modulating the
transistor drain current, as shown in eq 1.

= Δ + ΔV V Vg s ox (1)

Where Vg is the applied gate bias and Vs and Vox are the
potential drops across the solution and the MOSFET gate
oxide, respectively.
The potential drop across the test solution, Vs, which creates

the solution capacitance, Cs, modulates the potential drop
across the gate oxide of the MOSFET. In an electrical circuit,
the impedance is described by eq 2 and the total capacitance in
a series circuit, by eq 3.
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where Cs and Cox are the solution capacitance and the oxide
capacitance, respectively, which are connected in series circuit, j
is complex function, and ω is angular frequency.
From eq 4, we can infer that potential drops across the

solution and the gate oxide, which creates Cs and Cox,
respectively, modulates the transistor drain current. When the
ion concentration in the test solution increases, the solution
capacitance Cs increases, which increases the potential drop in
the gate oxide Vox and hence the transistor drain current. This
means that, in high ionic strength solutions such as 1× PBS or
physiological fluids such as whole blood, Cs increases, leading to
an increase in transistor drain current. Thus, the sensor gating
mechanism can overcome the limitations of charge screening in
traditional FET-based biosensors because the high field applied
to the sensor via the reference gate electrode-sensing electrode
pair can modulate the channel drain current. As seen in eq 4,
this type of sensor is indeed an ion gated or EDL gated high
field FET biosensor. Throughout this study, we do not rely on
the absolute transistor drain current (ID) but the difference in
drain current before and after applying gate voltage (ΔID). The
ΔID is denoted as current gain or simply gain of the FET,
synonymous to transconductance gain gm of traditional

Figure 2. Electrical characteristics of whole blood on sensor surface. (a, b) Untreated blood dropped on the device facing up and down, respectively.
(c, d) Pretreated (anticoagulated) blood dropped on the device facing up and down, respectively. (e, f) Electrical response of the sensor with
untreated and pretreated (anticoagulated) whole blood, respectively.
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MOSFET. Current gain is preferred over the absolute drain
current as sensor signal because absolute ID is more prone to
variations due to thermal noise and external impedance loading
effects. On the other hand, current gain ΔID which is the
difference in drain current before and after applying Vg is a
more stable and consistent sensor index.
Sensor Response in Whole Blood. The electrical

characteristics of testing whole blood samples is shown in
Figure 2. Human blood consists of one-half of a liquid portion
containing proteins and another half of blood cells such as red
blood cells (RBCs), white blood cells (WBCs), and platelets.
Blood cells possess the ability to form highly contracted and
dense clots. In this study, we have investigated two types of
blood samples: fresh, untreated whole blood samples and
pretreated whole blood samples (containing anticoagulant).
Figure 2a−d shows the schematic representation of conditions
used to test whole blood samples and the effect of whole blood
on the sensor chip. When untreated blood is dropped on the
sensor surface, it starts to coagulate in 4−5 min. On the other
hand, the pretreated blood samples do not coagulate due to the
presence of anticoagulants. However, the blood cells can still
sediment to the bottom because of gravity. Figure 2a shows the
blood clot formation in the droplet of untreated whole blood
sample dropped on the sensor chip which is held in a
downward facing position. A blood clot is a highly dense
collection of RBCs which is encapsulated in a mesh of platelets
and insoluble fibrin strands. The clot quickly settles to the
bottom along the force of gravity. On the other hand, as seen in
Figure 2b, when the droplet of pretreated whole blood sample
is dropped on the sensor which is then held in a downward
facing position, the blood cells do not form a close packing as
observed in blood clots but, eventually, settle to the bottom,
acting along the force of gravity. The sedimented blood cells
are not closely packed together and have loose intercellular
junctions. In Figure 2c, the schematic represents the effect of
dropping untreated whole blood sample on the sensor chip
which is held in an upward facing position. The blood cells
coagulate and form a dense blood clot which settles to the
bottom, on to the sensor surface. When pretreated whole blood
sample is dropped on the sensor chip held in an upward facing
position, the blood cells sediment to the surface of the sensor,
as shown in Figure 2d. In this case, the blood cells, that
sediment at the bottom, do not form a dense aggregate. Instead,
they have loose intercellular junctions (like in Figure 2b) and
very weak or no adhesions to the sensor surface. The electrical
response of sensor in the above listed scenarios is depicted in

Figure 2e,f. As seen in Figure 2e, when untreated whole blood
sample is tested, the sensor signal remains steady for the
duration of the test, when the chip is facing downward. The
formation of a blood clot and its sedimentation does not
significantly affect the sensor response. In contrast, when the
chip is facing upward, the current gain of the sensor decreases,
indicating the physical changes related to the clotting process
within the droplet of blood. On the contrary, when pretreated
blood sample is dropped on the sensor surface, as in Figure 2f,
the electrical response of the sensor does not show significant
changes, when the sensor is facing upward or downward. This
means that, although the blood cells sediment to the bottom,
the applied electric field can still drop across the solution and
reach the gate oxide of MOSFET and modulate the channel
conductivity.

Purified cTnI Detection in 1× PBS with 4% BSA. Figure
3 describes the characteristics of cTnI detection in 1× PBS with
4% BSA. cTnI specific monoclonal antibody is used as the
receptor to capture cTnI present in the test solution. The
reference gate electrode is functionalized with the antibody as
described in the Methods section, and the immobilization of
antibody can be verified electrically. Figure 3a depicts the
change in sensor signal after antibody immobilization. When
antibody is immobilized, or target protein is bound to the
antibody, the charge distribution in the local region of the EDL
changes, which effectively changes Cs.

25 Thus, the change in Cs
can modulate the Vox and hence current gain of the sensor. In
Figure 3, the y axis is differential gain, which is the difference of
current gain of gold electrodes with and without immobilized
antibody (gain of sensing gold electrodes minus gain of bare
gold electrode). This differential gain is a useful sensor index as
it can dynamically monitor the changes in the solution
capacitance with respect to the bare gold electrode, for each
individual droplet of test solution, whereby eliminating any
variations originating from external sources such as temperature
and humidity of test environment, fluid pressure, droplet
consistency, and surface energy. After verifying the antibody
immobilization, the sensor is used to test for cTnI prepared in
1× PBS with 4% BSA. The reason for adding 4% BSA in buffer
is to mimic the physiological conditions of human serum in
which albumin is the most abundant protein. Figure 3b shows
the calibration curve for cTnI detection in 1× PBS with 4%
BSA. The cTnI values tested are 0 (1× PBS with 4% BSA),
0.024, 0.24, 2.4, and 24 ng/mL. When the cTnI concentration
increases, the current gain of the FET sensor decreases. The
sensor exhibits very high sensitivity in high salt concentration

Figure 3. Sensor characteristics in 1× PBS with 4% BSA. Sensor response is noted as the differential current gain which is defined as the difference of
current gain of gold electrodes with and without antibody. (a) The change in sensor response upon surface functionalization. (b) Calibration curve
for cTnI detection in 1× PBS with 4% BSA.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b05018
Anal. Chem. 2018, 90, 2867−2874

2870

http://dx.doi.org/10.1021/acs.analchem.7b05018


and can detect cTnI over a wide dynamic range, which is
relevant to the clinical concentration range of cTnI. The results
in Figure 3b demonstrate that the sensor can directly detect
cTnI in physiological salt concentrations, without suffering
from the drawbacks of charge screening or interference due to
high concentration of background proteins such as albumin.
Purified cTnI Detection in Whole Blood. In Figure 4, the

sensor characteristics of detection of cTnI in whole blood

samples are elucidated. The whole blood sample used to
perform this experiment is treated with anticoagulant. The cTnI
concentration in the blood samples is predetermined to be less
than the detection limit of the laboratory instrument. The
whole blood sample is then spiked with different concentrations
of cTnI ranging from 0.024 to 24 ng/mL. Figure 4 shows the
calibration curve for testing cTnI in spiked whole blood
samples. The cTnI values tested are 0 (undetected cTnI in
blood), 0.024, 0.24, 2.4, and 24 ng/mL. The inset graph shows
the calibration curve in log scale, to demonstrate the linearity of
the sensor. The current gain of the sensor decreases in a
concentration dependent manner, as was observed in the
detection of purified cTnI samples (Figure 3b). The results
depicted in Figure 4 demonstrate the capability of the extended
gate EDL FET sensor to directly detect target protein in whole
blood samples, without any extensive sample pretreatments

such as dilution, desalting, or filtering. The sensor also
demonstrates high sensitivity and wide dynamic range (0−24
ng/mL) which are important sensor characteristics for clinical
diagnostics.

cTnI Detection in Clinical Whole Blood. Figure 5 shows
the results of testing clinical whole blood samples obtained
from patients admitted to the hospital due to relevant
symptoms of cardiac distress. The cTnI values in the blood
samples have been determined using standard laboratory
equipment. Figure 5a,b depicts the sensor calibration curves
for cTnI detection in clinical whole blood samples, for sensor
chip facing downward and upward, respectively. The cTnI
values tested are 0.08, 0.75, 1.94, 7.64, 12.52, 14.51, and 16.59
ng/mL. The current gain decreases in a concentration
dependent manner in both cases, which agrees with the data
provided in Figures 3 and 4. The current gain of bare electrodes
will not vary consistently (as the sensing electrode), because it
is not functionalized with receptor. Therefore, when the
difference of gain values of the sensor and bare gold electrodes
is taken, the y axis may have negative values, as seen in Figure 5.
The electrical response of the sensor is not significantly affected
by the sedimentation of blood cells in the anticoagulated whole
blood samples. The sensors exhibit high sensitivity and wide
dynamic range of detection of cTnI (0.08−16.59 ng/mL).
More importantly, the whole blood samples are obtained from
different patients, at different times, yet the sensor response
follows the concentration dependent trend which is observed in
purified cTnI samples and spiked whole blood samples. This
means that the interference from nonspecific signals arising
from patient to patient blood sample variations does not
severely impede the electrical characteristics of our sensor.
The sensor is washed in mild protein elution buffer and 1×

PBS to remove any nonspecific binding on the sensor surface.
The protein elution protocols and electrical test results of
sensor regeneration are detailed in Figure S4. Each test solution
sample is dropped on the sensor and incubated for 5 min
before recording the current gain. During this time, the specific
binding, which is the antibody−antigen binding, achieves steady
state and dominantly contributes to the change in electrical
signal, and the nonspecific binding is relatively very low. This is
because nonspecific binding typically has a much lower reaction
rate as opposed to specific antibody−antigen binding. None-
theless, between each cTnI concentration test, the sensor
surface is regenerated by eluting the bound cTnI and other
background proteins and cells away. In this way, during every
test, we can control the background response, by keeping the

Figure 4. Sensor characteristics in whole blood samples spiked with
cTnI. The cTnI concentrations in the whole blood samples are 0
(undetected cTnI), 0.024, 0.24, 2.4, and 24 ng/mL.

Figure 5. Sensor characteristics in clinical whole blood samples. Calibration curve for cTnI detection in clinical whole blood samples with (a) the
device facing down and (b) the device facing up. The cTnI values in the blood samples are 0.08, 0.75, 1.94, 7.64, 12.52, 14.51, and 16.59 ng/mL.
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nonspecific binding to a bare minimum. In both cases (device
facing upward and downward), the accumulation of blood cells
or background proteins does not cause interference in testing,
as we can see that the sensor surface can be cleaned effectively
(Figure S4), using the protein elution−washing procedure.

■ DISCUSSION
One of the major concerns in a protein detection assay using
whole blood samples is the interference from blood cells which
make up about half the volume of blood. Previously, label free,
protein detection from whole blood was achieved by the means
of a complex microfluidic purification chip followed by
detection using the FET biosensor.23 However, it is not a
practical approach toward designing a low cost, in vitro
diagnostic assay for rapid protein biomarker screening. In
another study using DNA-based electrochemical sensor, protein
detection in whole blood has been demonstrated.26 However,
such a sensing method would require additional labeling
reagents and is not applicable for all types of immunoassays. In
our study, the purpose of holding the sensor chip in a
downward facing position during the incubation period is to
gravitationally separate blood cells from the plasma to minimize
their interference. In fresh, untreated blood samples, blood
clots are formed in 4−5 min which settle to the bottom with an
increased terminal velocity compared to normal cells.27 In this
way, when the sensor chip is facing downward, the blood cells
can be quickly and efficiently separated from the plasma.
Accordingly, when the device is facing upward, the blood clots,
which are highly contractible and dense, settle on the sensor
surface which leads to a decrease in sensor signal. Interestingly,
while using pretreated whole blood samples (containing
anticoagulant), electrical results shown in Figures 2f and 5b
demonstrate that the sensor response is not adversely affected
by the sedimentation of blood cells, even with the device facing
upward configuration. This can be explained by the overall
change in impedance of coagulated and anticoagulated blood
and from the morphological shape of the blood cells. Electrical
impedance is a method that is commonly used in hematology
analyzers in hospitals today.28 Previous studies have reported
that the electrical impedance of blood samples increases upon
clot formation and the change in impedance is used to
dynamically monitor the blood clotting process.29−31 It is also
shown that, when the concentration of anticoagulant is
increased, and hematocrit is decreased, the impedance of
whole blood decreases.31,32 This confirms that a larger blood
clot contributes toward larger impedance. However, that does
not fully explain the electrical results obtained using our FET
sensor. Electrical impedance sensors that study the interaction
of cells to the substratum and neighboring cells have been
reported previously.33,34 In these studies, it has been reported
that when the confluence of cells on the substrate increases, the
electrical impedance increases. This is attributed to the
decreasing cell to substrate distance and tight intercellular
junctions, which increases the electrical impedance. The cell−
cell adhesion is significantly increased during coagulation which
leads to tight intercellular junctions and higher density of
coagulated cells.27 The change in morphology of RBCs from
discoid to polyhedral, revealed in a recent study,35 suggests the
decreased cell−substrate distance during coagulation. In
another study, it has been shown that, with increasing adhesion
and spreading of cells on the substrate, the ions within the EDL
are displaced, leading to an increase in electrical impedance.36,37

When our sensor is facing up, in untreated blood samples, clot

formation occurs which is highly dense and compact. This can
be viewed as the scenario of increased adhesion to the sensor
substrate, as the drag force acting on the highly dense blood
clot is higher than normal cells. Therefore, the sensor signal
decreases due to increased impedance. On the other hand, in
pretreated blood, the blood cells sediment on the sensor surface
(when it is facing upward) but do not clot. This can be viewed
as poor adhesion to the sensor surface with loose intercellular
junctions and comparatively less electrical impedance. This can
explain why our sensor response is not significantly affected by
the presence of blood cells on the sensor surface, in pretreated
blood samples. Although the electrical results are quite
convincing, it may still be preferred to perform the electrical
testing with the sensor chip facing downward in order to
gravitationally separate the blood cells from plasma, to avoid
any interference, however minor it may be, from affecting the
test results. By doing so, the end user still does not need to
perform any additional assay protocol, thereby not compromis-
ing on the simplicity and robustness of the assay.
The results shown in Figures 4 and 5 not only display high

sensitivity and wide dynamic range of detection but also
demonstrate the specificity of the sensor to the target protein.
The whole blood sample used in the experiment contains
several background proteins which are present in large
quantities, several orders of magnitude higher than the target
protein concentration. However, the sensor signal is a
concentration dependent curve, which can be attributed to
the very less sample incubation period required (5 min) and to
the sensor mechanism. In this sensor, when the target protein
undergoes specific binding with the receptor, local charge
distribution within the EDL changes which influences the
solution capacitance Cs and hence modulates the channel
conductivity. The background proteins on the other hand do
not have sufficient time to develop strong electrostatic
interactions which leads to almost no change in sensor
response. This gives rise to specificity of sensor toward target
protein. This is also preserved in testing clinical whole blood
samples, which are obtained from different patients. Every
individual will have slight variations in their blood samples, in
the levels of metabolites, cell counts, clotting factors, and serum
proteins. Results shown in Figure 5 show that the sensor can
still respond with a target protein concentration dependent
curve, demonstrating specificity across different whole blood
samples from different patients. However, the sensitivity in
higher concentrations of cTnI (around 20 ng/mL) is lower
than that in low concentrations. This is primarily due to the
high affinity of the receptor to the target. The sensing
characteristics can be improved by using a combination of
antibodies with KD values in low and high concentrations of
cTnI to obtain a linear response over a wide dynamic range.

■ CONCLUSION
The extended gate design of the EDL FET sensor used in this
study has several advantages. The sensing region is located on
the detachable and replaceable sensor array chip consisting of
gold electrode pairs which is connected to the MOSFET. In
this way, a single FET can be used to test several sensor array
chips which reduces the variations arising from FET to FET
sensor and brings down the cost even further. It may even be
used in a “disposable after use” fashion. This is of importance as
a point of care or mobile diagnostic device, as reliability and
affordability are the major concerns in such systems. More
importantly, this method of biomolecule detection can be
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extended to all types of FETs including commercial MOSFETs
such as the one used in this study, compound semiconductor-
based FETs with unique electrical properties and novel 2-
dimensional material-based FETs which can offer extremely
high sensitivities. Since the biological solution does not touch
the FET, there arises no issues of biocompatibility of FET or
drift in electrical response. Thus, the combination of gold
electrode pair and FET can be used to detect any biomolecule
via molecular recognition assay. Gravitational separation of
blood cells in whole blood samples is adopted to easily avoid
any interference from blood cells. It is also demonstrated that, if
clot formation is prevented using anticoagulants, gravitational
separation is unnecessary, as the sensor response is not
adversely affected by the accumulated cells. The test results in
purified cTnI samples prepared in 1× PBS with 4% BSA, whole
blood samples spiked with purified cTnI, and clinical whole
blood samples demonstrate very high sensitivity and specificity
and a wide dynamic range of detection. We believe this sensing
methodology can revolutionize the point of care and mobile
diagnostics industry, better the prospects of affordable health
monitoring assays, radically bring down the cost of commercial
diagnostics, and shorten the time between diagnosis and
medical intervention.
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