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Abstract
A novel single-walled carbon nanotube (SWNT) based biosensor for real-time detection of organophosphate has been
developed. Horizontally aligned SWNTs are assembled to desirable electrodes using AC dielectrophoresis technique.
Organophosphorus hydrolase (OPH) immobilized on the SWNTs by nonspecific binding triggers enzymatic
hydrolysis of organophosphates (OPs), such as paraoxon, consequently causing a detectable change in the
conductance of the SWNTs. The conductance change is found to be correlated to the concentration of
organophosphate. Our results suggest the novel biosensor has great potential to serve as a simple and reusable
platform of sensing organophosphate on a real-time basis.
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Recently, one-dimensional nano-material carbon nano-
tubes (CNTs) have been explored intensively for various
sensor applications. For example, taking advantage of its
high surface/volume ratio, as well as its properties to
enhance electrocatalytic activity and promote electron-
transfer reactions, CNT has been used to modify electro-
chemical electrodes to detect various species, such as
glucose [1, 2] and NADH [3]. On the other hand, because
of efficient charge transfer between CNTs and surface-
anchored molecules, CNTs, especially semiconducting sin-
gle-walled carbon nanotubes (SWNTs), exhibit high sensi-
tivity to variations of surrounding electrostatic environ-
ments. Therefore, except for those CNT-based electro-
chemical sensors, CNTs are also a promising material for
electronic sensors, e.g., sensors based on the structure of
CNT field effect transistor (CNTFET). These CNT based
electronic sensors include gas sensors for nitrogen dioxide
[4], ammonia [4, 5] and carbon dioxide [6], and biosensors
for proteins [7 – 12], DNA hybridization [13], glucose [14]
and etc. However, most of these biosensors developed are
based on CNT conductance change induced by binding
events, such as antigen-antibody binding and DNA hybrid-
ization.
Organophosphorous (OP) compounds are among the

most toxic substances and they are thus commonly used as
pesticides, insecticides and chemical warfare agents [15].

There has been growing demand of reliably on-site mon-
itoring OP compounds. Common laboratory-based analyt-
ical techniques for detecting OP compounds primarily
include either gas or liquid chromatography. Both processes
are expensive and time-consuming [16]. In the past decade,
biosensors based on inhibition of acetylcholine esterase
(AChE) have been widely used for detecting OP com-
pounds. Unfortunately, such inhibition biosensors typically
have very poor selectivity and do not function on a real-time
basis. They are only for single use due to the irreversible
inhibition of enzyme activity. Recently, fast and direct
detection of OPs is possible by applying the biocatalytic
action of organophosphorous hydrolase (OPH), where OPs
were used as the sensor substrates. As a result, OPH is
extremely attractive for the potential application in detect-
ing OP compounds [17]. The CNT-based OPH amperomet-
ric biosensors have been reported recently for organo-
phosphates [18, 19], but they are still based on multi-walled
carbon nanotubes (MWNTs) modified electrochemical
detection.
In this paper we demonstrate the first OPH-functional-

ized SWNT based electronic biosensor for real-time OPs
detection (Fig. 1). SWNTs are assembled to bridge elec-
trode pairs using AC dielectrophoresis technique. Organo-
phosphorous hydrolase (OPH) immobilized on the SWNTs
by nonspecific binding triggers enzymatic hydrolysis of
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paraoxon, consequently causing a detectable real-time
change in the conductance of the SWNTs. The fabrication,
detection mechanisms, and advantages of the enzyme
functionalized SWNT electronic sensor are discussed in
detail in the following sections.
The nonspecific binding (NSB) of OPH on the SWNTs

was confirmed by atomic force microscopy (AFM) images
shown in Figure 2a. BeforeOPH immobilization, the height
of the SWNTs was constant over its length. While, after
OPH immobilization, the average height was found to
increase from 3 to 5 nm. This increment in the height is in
good agreement with OPH dimension of a few nanometers
observed by Lei et al. [20]. The spontaneous adsorption of
OPH is attributed to the strongly hydrophobic interaction
between the SWNTs and enzyme [21 – 23].
OPH NSB can be further verified from the downward

shift in the I –Vg curves of the SWNT sensors before and
after OPH binding as shown in Figure 2b. The gate voltage
Vg was applied to the silicon substrate. This phenomenon
can be interpreted as follows. First of all, the adsorbed
enzyme could induce a significant scattering potential and
act as carrier scattering sites along the SWNTs [11], leading
to a decrease in the conductance. Secondly, it has also been
reported that protein adsorption can reduce the work
function of gold electrodes [10]. As a result, the height of
the Schottky barriers (SB) between the metallic electrode
and SWNTs is increased and the resistance to hole transport
in the SWNTs is also increased, thus a decrease in channel
conductance. Electron donation of amine groups of OPH is
the third possible mechanism [8]. The schematic of the
SWNT sensors is shown in Figure 1b.
Preliminary result shown in Figure 3 suggests OPH-

functionalized SWNT sensors are sensitive to paraoxon. In
order to eliminate the influence of pH change on the
conductance due to the enzymatic hydrolysis of paraoxon,
all samples were prepared in 0.01 M pH 7.4 phosphate
buffer solution and all measurements were conducted in the
same buffer. The device was first wetted with 1 mL buffer.
The addition of 1 mL buffer did not cause any significant
conductance change of thewetted SWNTsensors.However,

when 1 mL of 50 mM, 200 mM and 1 mM paraoxon in
phosphate buffer was injected using a pipette, the conduc-
tance of the sensors showed a rapid decay to a new saturated
conductance. Figure 3 inset a showed the relative conduc-
tance change of the device as a function of calculated final
concentration of paraoxon. The nonlinear response to

Fig. 1. a) SEM picture of a typical SWNT sensor. Well aligned SWNT networks connect the electrodes. The scale bar is 1 mm. b)
Schematic of paraoxon detection based on an OPH functionalized SWNT electronic sensor.

Fig. 2. a) AFM images of a typical SWNT sensor before and
after OPH immobilization. The scale bar is 1 mm. b) I –Vg curves
of the SWNT sensor before and after OPH immobilization.
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paraoxon concentration might be attributed to saturation
kinetics of enzymatic reaction. After the device was heated
at 80 0C for 1 h to inactivate the enzyme, it showed an
insignificant response to 1 mM paraoxon (Figure 3 inset b).
Additionally, the as-prepared CNTFET without immobi-
lized OPH showed an insignificant response to 1 mM
paraoxon as well (Figure 3 inset c). Both of control experi-
ments suggest thatOPHdoes play a key role in the detection
of paraoxon.We also test the re-usability of the devices. The
responses of another OPH functionalized SWNT sensor to
the buffer and paraoxon buffer solution, respectively, were
examined and they showed similar characteristics as the
previous device (Figure 4). After the device was rinsed and
blown dry with N2, the second round of measurement was
conducted. One can see that before paraoxon addition, the
baselines of the two round experiments were nearly over-
lapped. Interestingly, the devicewas still active to respond to
paraoxon in the second round test. In comparison with the
first round, the relatively small and slow response could be
caused by the fact that some noncovalently immobilized
OPH molecules were washed away during rinsing process
before the second round detection.
The mechanism of the conductance decreasing with

paraoxon addition is still under investigation. We suppose
that the sensing signal may come from the hydrolyzed
products, or OPH molecules themselves. OPH hydrolyzes
paraoxon to generate p-nitrophenol (PNP) and diethyl
phosphate.According toour experimental results elsewhere
[24], PNP increases the conductance while diethyl phos-
phate decreases the conductance. Interestingly, the mixture
of same concentration of PNP and diethyl phosphate only
cause a decrease in the conductance. From these observa-
tions, we hypothesize that hydrolyzed products could

contribute to the conductance change. Furthermore, it has
been suggested that in the catalytic reactionOPHundergoes
deformation [14], resulting the change of charge status on
the surface of enzyme. This deformation could not only
affect charge transfer of enzyme molecules to the bulk part
of SWNTs, but also further change the height of SB at the
contact region between SWNTs and metallic electrodes,
since CNTFET is basically a SB-FET [25] and the adsor-
bates on the contact region may affect the conductance of
CNTFET through SB height modulation. Since the exact
mechanisms of OPs detection by OPH functionalized
CNTFET are not clear yet, more experiments with opti-
mized device structure are needed, for example, control
experiments on devices with only contact region or channel
region exposed so that the effects of contact part and bulk
part of SWNTs during the OPs sensing could be distin-
guished.
In conclusion, we have demonstrated a novel biosensor

for real-time organophosphate detection using enzyme as
the molecular recognition elements and SWNT bundles as
the transducer. The real-time electrical conductance re-
sponse of the sensors to the addition of paraoxon is
attributed to the enzymatic hydrolysis. Changes of charge
status of enzyme and the “electron” or “hole” doping effect
of enzymatically hydrolyzed products are likely to be the
dominant factors for the conductance response. Compared
to the electrochemical detection method, the novel biosen-
sors could serve as a simple and low-cost platformwith real-
time and re-usability biosensing capability.

Experimental

1 mg commercial SWNTswith 95%purification (MERInc.)
were firstly suspended in 100 mL deionized water with 1
wt% sodium dodecyl sulfate (SDS). The suspension was

Fig. 3. Real-time response of an OPH functionalized SWNT
sensor to phosphate buffer and different concentrations of
paraoxon. The SWNT channel of the sensor was immersed in
1 mL buffer initially. The p-type silicon was connected to ground.
Inset (a) shows relative conductance change of the device as a
function of OP concentration. Inset (b) shows the response of a
device with inactive OPH. Inset (c) shows the response of as-
prepared CNTFET without OPH to paraoxon.

Fig. 4. The response of another OPH functionalized SWNT
sensor to phosphate buffer and paraoxon. After the first round
test, the device was rinsed and blown dry with nitrogen. Before
the second round real-time measurement, 1 mL phosphate buffer
was used to wet the SWNT channel. The p-type silicon was
connected to ground.
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ultra-sonicated for 2 h, followed by centrifuged at
10000 rpm for 1 h. The upper 80% of the suspension was
decanted for the second round of centrifugation. After that,
the well-dispersed suspension was ready for connecting the
SWNTs to the electrodes. The SWNT sensors were fabri-
cated on p-type silicon wafers with a 500 nm thick SiO2
layer.Apair of 20-nmTi/40-nmAuelectrodeswas patterned
on the SiO2 layer using conventional e-beam deposition and
photo-lithography processes. AC dielectrophoresis method
was used to assemble SWNTs to the electrode pairs [26, 27].
After a 2 mL droplet of the SWNT suspension was intro-
duced to the device area, anACbiaswith 10 Vpeak-to-peak
voltage at a frequency of 6 MHz was applied for 1 min. In
order that the biomaterials can well adsorb on the surface of
the SWNTs, the devices were rinsed with deionized water
and soaked in it for overnight to completely remove SDS
residuals [28, 29]. Selective electrical burnout [30] process
was applied to remove metallic SWNTs and ensure a better
electric contact between the semiconducting SWNTs and
electrodes. From Figure 1a, one can see well aligned SWNT
bundles bridging the electrode pairs. Organophosphorous
hydrolase was used to functionalize the SWNT bundles
through nonspecific binding. A trace volume of OPH
solution (in 0.01 M pH 7.4 phosphate buffer) was intro-
duced onto the SWNTs by a pipette. After one hour the
samples were rinsed with deionized water to remove
unbound enzyme and buffer residuals and dried with
nitrogen. The electrical properties of the SWNT sensors
were characterized using a precise semiconductor parame-
ter analyzer (HP 4156B) at room temperature. During the
measurements, the voltage difference between the electro-
des was kept at 200 mV.
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