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Abstract

Nanowire/nanotube biosensors have stimulated significant interest; however the inevitable device-
to-device variation in the biosensor performance remains a great challenge. We have developed an
analytical method to calibrate nanowire biosensor responses that can suppress the device-to-device
variation in sensing response significantly. The method is based on our discovery of a strong
correlation between the biosensor gate dependence (dlqs/dVg) and the absolute response (absolute
change in current, 41). In,03 nanowire based biosensors for streptavidin detection were used as the
model system. Studying the liquid gate effect and ionic concentration dependence of strepavidin
sensing indicates that electrostatic interaction is the dominant mechanism for sensing response. Based
on this sensing mechanism and transistor physics, a linear correlation between the absolute sensor
response (41) and the gate dependence (dlgs/dVy) is predicted and confirmed experimentally. Using
this correlation, a calibration method was developed where the absolute response is divided by
dlgs/dVg for each device, and the calibrated responses from different devices behaved almost
identically. Compared to the common normalization method (normalization of the conductance/
resistance/current by the initial value), this calibration method was proved advantageous using a
conventional transistor model. The method presented here substantially suppresses device-to-device
variation, allowing the use of nanosensors in large arrays.
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Introduction

Biological sensors based on nanowire/nanotube field effect transistors (FETS) are one of the

most promising applications of bionanotechnology. As a proof of their promising capabilities,
nanowire/nanotube sensors have been used to detect a large variety of biological molecules,

ranging from proteins to nucleotide sequences;1~15 to monitor enzymatic activities;16 and to
observe cellular signaling/responses,1’~1° with sensitivity and response time comparable or

better than conventional techniques (ELISA). An important challenge holding back the
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practical application of nanobiosensors to bio-analytical measurements is the device-to-device
variation in the device properties such as conductance, threshold voltage, and
transconductance. This variation exists between devices on different substrates as well as
between devices within an array on a single substrate.20: 21 This results in unreliable detection,
making quantitative analysis difficult. This challenge must be addressed to bridge the gap
between academic research and practical use of the technology.

While effort has been devoted to the fabrication of more uniform devices,? 2 22740 there have
been few reports tackling the problem with a data analysis approach. Recently it was reported
that the Langmuir isotherm model can be used to calibrate the sensor performance of carbon
nanotube biosensors.! While this method is effective in reducing response discrepancies, it
requires testing of several different analyte concentrations for each device to use Langmuir
fitting, developing a unique calibration curve for each device. We report herein an analytical
method to calibrate nanowire biosensors, which gives significantly suppressed device-to-
device variation in sensing response. We use the correlation between the biosensor gate
dependence and the absolute responses (absolute change in current, A1) as the basis of the
calibration method. In,O3 nanowire FET based biosensors for streptavidin were used as a
model system, to demonstrate that an electrostatic interaction is the dominant sensing
mechanism. We developed a calibration method involving dividing the absolute response by
dlgs/dVg for each device, which markedly improved the device-to-device variation, as verified
by the much reduced coefficient of variance (CV) from 59% for the absolute response to 25%
for the calibrated response, respectively. The superiority of this calibration method to the
common normalization method is shown mathematically using a conventional transistor
model, and experimentally confirmed. Our method is a significant step forward toward the
broader application of nanowire biosensors.

Results and Discussion

Variation of as-made biosensors

Our sensing devices based on indium oxide nanowires were fabricated following a previously
developed procedure.* 42: 43 The only deviation from this procedure is a novel design of
interdigitated source and drain electrodes that resulted in high yield (Figure 1a—c). Details of
the fabrication are in the method section. We note that this procedure allows inexpensive and
scalable fabrication with an uniformity similar to the one obtained with an aid of Langmuir-
Blodgett assembly.20 The uniformity of our device in terms of threshold voltage is shown in
Figure S1. Figure 1a shows the photograph of a complete 3” wafer with multiple biosensor
chips. Figure 1b shows one of the chips and the inset displays a typical device with interdigitated
electrodes, which serve to increase the effective channel width and subsequently the probability
of contacting multiple nanowires for each device. In this design, we used three different
effective channel widths of 480, 780, and 2600 um, with fixed channel length of 2.5 pm.
Typically one device of 780 um channel width contains about 10 nanowires in the channel as
shown in Figure 1c. The inset shows a magnified SEM image of one nanowire in the channel.
The use of multiple nanowires per sensor offers high device yield (~70%) and small device-
to-device variation (Figure S1). The above described procedure also allows for device
fabrication on unconventional substrates, such as polyethylene terephthalate and glass.
Moreover, biocompatible, FDA-approved materials such as parylene can be used as the
substrate, allowing for in-vivo, flexible sensors.

The transistor properties of the devices were characterized, with the Si substrate as a back gate
and 500 nm SiO», as a dielectric layer. Plots of drain-source (D-S) current (l4s) versus D-S
voltage (Vgs) under different gate voltage (V) for a typical transistor are shown in Figure 1d.
The device exhibited a MOSFET like transistor behavior, and the linear regime can be well
described by the conventional MOSFET equation (Eq.1, see also Figure S2);
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A Vds
lag=epee,——

a4 I (Vg = Vr):gm * (Vg = Vr)

(1)

where e is the elementary charge, x is the device mobility, ¢ is the permitivity of vacuum, &; is
the permitivity of SiO,, A is the area of the channel, d is the spacing of the capacitor, L is the
channel length, V1 is the threshold voltage, and gy, is the transconductance of the device. The
linearity of 145 at small Vg confirms the negligible contact resistance. The on/off ratio of this
device reached ~10°. By carefully optimizing the density of NWs, we have demonstrated that
about 70% of the devices showed an on/off ratio > 102. Only those were used in the following
experiments.

Throughout this paper, we employed liquid gate measurements, in order to characterize and
evaluate our devices under conditions as close as possible to the active sensing condition. This
method was developed previously to gain insights on how biomolecules interact with sensors.
44 Our experimental setup for active measurements using the liquid gate configuration is
schematically illustrated in Figure 1e. A device-under-test was fitted with a Teflon cell and the
cell was then filled with 1 ml of phosphate buffered saline (PBS) solution. An Ag/AgCl
reference electrode was inserted in the buffer that served as a liquid gate.*®> We confirmed that
the leakage current is negligible compared to the current through the nanowires via control
experiments (Figure S3 and ref. 44).46 For real-time biosensing experiments, after establishing
a baseline, analyte solutions of interest were added to the buffer, and the change of the device
characteristics was monitored over time. We note that for some of the measurements done
below (Figure 1f, 2b, and 5a), continuous mixing of the buffer was performed by applying a
constant continuous flow of air to the surface of the buffer solution in order to 1) minimize the
mechanical/electrical perturbation to the system due to the addition of the analytes and 2)
accelerate the mixing of the solutions.

We used streptavidin (S-Av) as the analyte and biotin as the receptor, since the system has
been studied extensively.4”: 48 Biotin was attached to the nanowire surface through previously
developed chemical procedure for our In,O3 nanowire biosensors.* A typical result of a real-
time biosensing measurement is shown in Figure 1f, where three devices functionalized with
biotin were exposed to a solution of 100 nM streptavidin att =100 s in 0.01x PBS. The change
upon exposure, in terms of the absolute change in Igs (41), was 210, 95, and 35 nA for devices
2,1, and 3, respectively. Clearly, there is a significant device-to-device variation.

Elucidation of Sensing Mechanism

We first investigated the physics leading to sensing signals for our InoO3 nanowire biosensors
using biotin and streptavidin (S-Av) as a receptor/analyte model system. The change in the
l4s-Vg Characteristics upon exposure to streptavidin (100 nM) was examined.** The experiment
was carried out in 0.01x PBS. Figure 2a shows typical l4s-Vg curves from a device before and
after exposure to a solution of 100 nM streptavidin, where a clear difference was observed
indicating successful sensing. The direction of the response is consistent with previous reports,
which suggested that streptavidin contains amine base groups closer to the binding pocket,
resulting in bringing positive charges close to the nanowires.3: 49 We found that the change of
the 1y5-Vg after the binding can be described as a parallel shift of the 1ys-Vy by ~14 mV (Figure
S4). These observations were consistently reproduced over a large number of devices. Based
on the observations, we attributed doping of nanowires by the analytes as the dominant sensing
mechanism for In,O3 nanowire biosensors in the conditions used here, since under other
possible mechanisms proposed before, such as change in dielectric constant and mobility, it
must be accompanied with a change in the transconductance.** 50 We note that the observed
shifts in the 135-Vy are not due to device instability over time or a perturbation caused by adding
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aliquid, as verified by repeatedly measuring the l4s-Vg and monitoring the change of on-current
(lgs at Vg = 0.6 V) over time. The change in lgs-V curves was only observed with the
introduction of streptavidin (Figure S5), while the current was stable before the introduction
of streptavidin. We also note that there was no change when PBS was added to the solution.
Furthermore, we have conducted a control experiment to confirm the binding of streptavidin,
in which the nanowires with biotin were exposed to a solution of streptavidin tagged with 10
nm Au nanoparticles. The inset in Figure 2a is a typical SEM image of an In,O3 nanowire after
the exposure, showing the binding of streptavidin molecules with the gold particles onto the
nanowires.

The results described above show that “doping” is the dominant mechanism behind the
generation of a sensing signal. Such doping can be classified into two categories: charge
transfer®® and electrostatic interaction.4 The former depends on the alignment of the chemical
potential between the analyte and the sensor®! as well as on the charge transfer resistance.>2
In contrast, the electrostatic interaction does not require the direct transfer of carriers through
the interface, and has a characteristic screening length (Debye length, Ap) associated with the
dielectric properties of the environment through which the electrostatic interaction takes place
(buffer and In,O3 nanowire in our case).>3 54 To establish which type of doping is at the origin
of the sensing mechanism for our biosensors, the device response to 100 nM streptavidin was
tested in buffers with three different electrolyte concentrations, thus different Debye lengths.
Figure 2b shows lqg versus time plots in 1x PBS (black, Ap=0.7nm), 0.01x PBS (yellow,
Ap=7nm), and 0.0001x PBS (blue, Ap=70nm), when the device was exposed to 100 nM
streptavidin solution at t = 100 s. The extracted relative response is plotted versus ionic
concentration in Figure 2c. The strong dependence of the responses to the ionic concentration
indicates that the sensing is done by electrostatic interaction rather than charge transfer for our
In,O3 nanowires.

Correlation between Transistor Performance and Biosensor Performance

Based on the device characteristics described above, we propose a metric to predict/calibrate
the biosensor performance in terms of the absolute response (41). The metric dlgs/dVg will
correlate the absolute response (41) with the change in effective gate voltage induced by binding
of biomolecules. The correlation of dlgs/dVy to the device sensitivity was investigated as
follows: I45-Vq measurements were performed on several devices using a liquid gate in 0.01x
PBS, and dlgs/dVg determined at Vg5 = 200 mV. The devices were then exposed to 100 nM
streptavidin, and the l4s-Vg measurement was performed again. The absolute response (41) for
each device was calculated, and correlated to dlgs/dVg by linear fitting. Data points at Vg = 0.6
V were used for the analysis here. Shown in Figure 3 is a plot of the absolute response versus
dlgs/dVg with a linear fitting (black solid line) for five different devices. The fitting yielded a
correlation coefficient of ~0.98, proving the solid correlation between those two values. We
note that a similar analysis at different gate voltages also revealed consistent results. This
correlation was used to calibrate the sensor responses as shown in the next section.

While it is not the main point of this paper, we note that the correlation can be also used to
predict the behavior of a given transistor as a biosensor. As a consequence, a feedback loop
can be used to design improved biosensors with shorter feedback time. In addition, the results
indicate one can tune the magnitude of the response of a biosensor by applying an appropriate
gate voltage to maximize the value of dlgs/dVy. In fact, the plot of dlgs/dVg versus the absolute
response revealed a clear correlation between them, and the gate voltage that gives the
maximum dlgs/dVg gives the maximum absolute response (Figure S6). Further discussions can
be found in the supporting information.
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Calibration of Sensor Response

The metric dlgs/dVg can be used to calibrate the sensor response. We have found that this
calibration is achieved by dividing the absolute responses (41) by dlgs/dVg, which is hereafter
referred to as “calibrated response.” As an example, Figure 4a shows absolute responses plotted
against the device identification numbers together with an average of the responses before the
calibration. By performing the calibration, we significantly reduce the device-to-device
variation as shown in Figure 4b. The improvement was statistically verified by calculating the
coefficient of variation (CV) for each set of data, where CV is defined as follows:

cv=Z
M (2)

where ¢ is the standard deviation and x is the mean. CV was reduced from 59% for the absolute
response to 16% for the calibrated response, confirming the much reduced device-to-device
variation after calibration. For comparison, we also performed the conventional normalization
method, where the current/resistance/conductance was normalized by the initial value. The
result is shown in Figure 4c. CV of the normalized response is 25%, which is slightly higher
than that of calibrated response. This is as expected according to the analysis shown below.

We also performed the same calibration on the data shown in Figure 1d to show that the method
works for real-time measurements. Figure 5 shows the plots of the resultant calibrated
responses. It is clear that the large device-to-device variation observed in Figure 1d is
significantly reduced by the calibration, confirming the applicability of our method to real-
time biosensing. We note that the calibrated responses (change) of ~14 mV for the real-time
measurement are consistent with the number observed for the 13s-Vq measurement (~14 mV).

The physical meaning of this calibration is to translate the response (change) in current to
responses (change) in voltage that is delivered by the analyte. This translation leads to an
advantage of our calibration method compared to the conventional method where the change
was normalized by the initial conductance/current/resistance, as shown below. Applying the
conventional MOSFET model (Eq.1),%° 14 before/after the exposure to proteins can be
expressed as follows:

A Vg
Ipefore=€pL1€€11 T TX(Vg -Vi) (3a)

A Vg
Iaﬁm':eﬂ233r2ET(Vg - Vrg) (3b)

where the characters with subscript 1 are for the parameters before exposure to biomolecules,
and subscript 2 for the device after exposure to biomolecules. Our metric dlgs/dVg can be
expressed as:

4 & )

When electrostatic interaction is the dominant sensing mechanism, Iy Can be written as:
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A V,{.- A Vds
Laier=em1 €811 ET‘(Vg — Vi)=emisen 5 —= (Ve = (V +AV)) )

where 4V is the equivalent gating voltage (potential) induced by the biomolecules. Using these
equations, we can express the normalized response (41/1p) as follows:

AT [emee,.l AV, - V,,) - episen 4=V, - (VT1+AV)>] AV

I() - eulga,.lg%(vg - VTI) _(Vg - V['l) (6a)
while the calibrated response (41/(dlgs/dVg)) can be expressed as follows:
Al (eulsamgvz*(vg - V) - quisen 5 (V, - (V,.1+AV>)J _
dlys A Vs -
ﬁ ep1ee G (6b)

As can be seen in the equations (6a and b), the normalized response is still affected by V11,
which is subject to device-to-device variation. On the other hand, the calibrated response is no
longer a function of the device performance, and it only depends on the equivalent gate potential
induced by the biomolecules (4V). Therefore, our calibration method is superior to the
conventional normalization since it excludes the device-to-device variation in terms of
threshold voltage variation. Indeed, this was experimentally confirmed by us, as the normalized
response showed larger CV (25%) than that of the calibrated responses (19%) as previously
shown in Figure 4. Our method is a powerful tool for calibrating the sensor response of
biosensors, especially for devices in which it is more challenging to get uniform Vr, such as
carbon nanotube biosensors. We note that biosensing experiments are usually carried out with
small Vs (i.e., in the linear regime) to avoid electrochemical reaction which may be induced
by large Vgs; however, the method works as long as Igs is linearly dependent on Vg within small
variation (equivalent AV induced by binding of biomolecules). Even for the saturation regime,
while Iys is proportional to ng over a large range, the 1ys-Vg within small variation of Vg can
still be approximated with a linear curve.

Conclusions

In summary, we have performed a comprehensive study on In,O3 nanowire biosensors, and
successfully developed a calibration method to reduce the device-to-device variation in the
sensor responses. The method is based on a correlation we found between the absolute
responses and the gate dependence of the biosensors measured by means of a liquid gate. Our
study of the sensing mechanism of In,O3 nanowire biosensors using streptavidin as a model
analyte first revealed that electrostatic interaction is the dominant sensing mechanism, similar
to other nanowire biosensors (mostly based on silicon nanowires). Based on the sensing
mechanism, we proposed that there is a strong correlation between the responses of the
biosensors and gate dependence of the devices, and the correlation was confirmed
experimentally. Lastly, using the correlation, we developed a data analysis method to calibrate
the sensor performance by dividing the absolute response by the gate dependence of each
device. Then we successfully reduced the device-to-device variation in the sensor response as
verified by the reduced CV from 59% before the calibration to 19% after the calibration. We
believe our method will be useful for other nanowire and nanotube FET-based sensor arrays,
making multiplexed sensor arrays a practical solution for measuring/monitoring multiple
analytes (biomarkers) simultaneously.
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In,0O3 nanowires were grown on a Si/SiO» substrate using the laser ablation method and
dispersed in isopropanol by sonication. The suspension of nanowires in isopropanol was
dropped onto a Si/SiO, substrate, typically a 3” wafer, generating a random distribution of
nanowires, with roughly 1 nanwires per 100 um?2. The thickness of the SiO, capping layer was
500 nm, unless otherwise stated. Following that was deposition of metal contacts using
photolithography and lift-off technique. A bilayer of 10 nm Cr and 40 nm Au was used as the
contact for our case.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) An optical micrograph of a 3” wafer with multiple biosensor chips. b) A photograph of one
chip with an inset showing an optical image of the interdigitated electrodes. ¢) A SEM image
of multiple InoO3 nanowires between the source and drain electrodes. The inset is a magnified
image of an individual nanowire. d) I4s-Vgs plots under different V. e) Schematic diagram of
the sensing setup illustrating an FET biosensor device operated by the liquid gate. f) Typical

plots of the change in current versus time for three devices which were exposed to streptavidin
(S-Av) of 100 nM at t = 100 s in 0.01x PBS. Vs 0f 0.2 V and Vg of 0.6 V were used for the

measurement.
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Figure 2.

a) lgs versus Vg using the liquid gate before (red) and after (blue) exposure to streptavidin of
100 nM in 0.01x PBS. b) Plots of current versus time in PBS of different levels of dilution.
The devices were exposed to 100 nM streptavidin at t = 100 s. Vs 0f 0.2 V and Vg 0of 0.6 V
were used for the measurement. c) Relative responses extracted from Figure 2b plotted against
the logarithm of the ionic concentration.
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Figure 3.
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Plots of absolute response versus dlgs/dV for five devices. The solid line represents the fitting
assuming a linear correlation, which yielded a correlation coefficient of ~0.98.
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a) Plots of the absolute responses for five devices versus the device identification number before
the calibration. b) Same plots after the calibration. The vertical axis was switched to the
calibrated response. ¢) Same plots after the conventional normalization. The vertical axis is

the normalized response.

ACS Nano. Author manuscript; available in PMC 2010 December 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ishikawa et al.

Calibrated response (mV)

Page 14

U
-

D
S
I

f—
-
I

-

_—
O
I

0.01x PBS

Figure 5.
Plots of the calibrated response using the data shown in Figure 1d.
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