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a b s t r a c t

In this paper, the use of carbon nanotube biosensors toward alga cell detection was examined. The biosen-
sor devices were fabricated on complete 4 in. wafers by first growing carbon nanotubes (CNTs) and then
depositing metal electrodes using a shadow mask. In addition, we decorated the biosensors with metal-
clusters resulted in enhancing the sensitivity by 2000-folds and has enabled the detection of streptavidin
down to 10 pM concentration. This sensitivity enhancement was attributed to activation of CNT chan-
nels due to formation of Schottky junctions between CNTs and metal-clusters. Real-time cell detection
has been successfully carried out using the CNT biosensors for two kinds of alga related to brown tides:
Aureococcus anophagefferens and BT3. Functionalization of the CNT biosensors with the monoclonal anti-
body for A. anophagefferens has led to detection at a concentration of 104 cells/ml, with sensitivity lower
than 104 cells/ml projected based on the signal-to-noise ratio of the sensors. Further functionalization

with tween 20 led to suppression of non-specific binding of BT3 and enabled label-free and selective
detection of A. anophagefferens. These nanobiosensors may find potential applications for environmental
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. Introduction

Detection of chemical agents and biological species using nanos-
ructured materials has shown significant progress in recent years,
riven by the high demand for superior analytical tools in areas
uch as environmental monitoring, new drug screening, and dis-
ase diagnostics. Various detection techniques have been proposed
nd demonstrated using a wide variety of nanomaterials (Elghanian
t al., 1997; Gerion et al., 2003; Kong et al., 2000; Star et al.,
006a; Hu et al., 2007; Kind et al., 2002; Kolmakov et al., 2005;
rossman et al., 2000). Among such emerging technologies, detec-

ion of biomolecules using semiconducting nanowire (NW) and
arbon nanotube (CNT) field effect transistors (FETs) has attracted
onsiderable interest, since it offers excellent sensitivity owing to
arge surface-to-volume ratios of NWs and CNTs, label-free detec-
ion, real-time sensing, and apparatus simplicity (electrical read
ut). The successful detection of various biological species with
xcellent performance using such NW/CNT devices testifies to the

reat potential of this novel technology (Cui et al., 2001; Chen et al.,
003; Star et al., 2003, 2006b; Li et al., 2004, 2005; Bunimovich et
l., 2006; Stern et al., 2007; He et al., 2007; Byon and Choi, 2006;
o et al., 2005; Gui et al., 2007).
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E-mail address: chongwuz@usc.edu (C. Zhou).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.03.001
sis.
© 2009 Elsevier B.V. All rights reserved.

In spite of these successful demonstrations, application of
such nanobiosensors toward cell identification remains relatively
unexplored (Panchapakesan et al., 2005; Shao et al., 2008).
Accurate, sensitive and rapid identification of cells is, however,
extremely important in areas such as medical diagnosis, biological
research, and environmental monitoring. As an example, Aureo-
coccus anophagefferens (A. anophagefferens) is a noxious, 2–3 �m
pelagophyte alga that has been shown to cause outbreaks of ‘brown
tides’ in estuaries of the mid-Atlantic coastal of the U.S. (Anderson
et al., 1989). High abundances of this alga have devastating envi-
ronmental impact and adversely effect commercial shellfisheries.
A. anophagefferens has few distinguishing morphological features,
and therefore cannot be differentiated from non-toxic, co-occurring
species such as BT3. Considerable effort has been made toward the
development of detection tools for A. anophagefferens (Popels et al.,
2003; Aridgides et al., 2004).

Conventionally, immunofluorescent staining of A. anophagef-
ferens with a polyclonal antibody followed by a manual counting
using a microscope has been widely employed to enumerate A.
anophagefferens (Aridgides et al., 2004). Recently, a colorimetric,
enzyme-linked immunosorbent assay (ELISA) performed in 96-well

microtiter plates was developed for more rapid quantification of A.
anophagefferens in large numbers of samples (Caron et al., 2003).
However, those techniques require multiple steps for labeling,
which limits the throughput, and also a bulky and expensive optical
setup is needed for the measurement. In addition, those techniques

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:chongwuz@usc.edu
dx.doi.org/10.1016/j.bios.2009.03.001
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Fig. 1. (a) An optical micrograph of devices on a co

argely depend on manual operations which require intensive train-
ng on the user. For further facilitation of biological research on
rown tide, it is desirable to improve and/or develop new tech-
ologies with features such as cost-effective, on-site, real-time, and

abel-free sensing capability with minimal human intervention.
In this context, we demonstrate real-time and label-free detec-

ion of A. anophagefferens using metal-cluster-decorated carbon
anotube biosensors. Our CNT based electrical biosensors have
dvantages that complement the previously developed methods
nd are ideal for on-site and portable detection system, such as
ompact setup without bulky equipments, direct electrical read-
ut, automated data acquisition with minimal human intervention,
igh throughput, and easy operation. The devices were fabricated
y growing carbon nanotubes on complete 4 in. wafers and deposit-
ng metal electrodes, which demonstrates highly manufacturable
roduction of the sensors. Furthermore, the biosensor sensitiv-

ty was improved by 2000-folds using a highly controllable and
eproducible metal-cluster-decoration technique. This led to the
etection of streptavidin, which was used as a model case, at a con-
entration of 10 pM. Real-time cell detection has been successfully
arried out using the CNT biosensors for both A. anophagefferens
nd BT3, with sensitivity down to 105 and 104 cells/ml, respectively.
onoclonal antibody for A. anophagefferens was used to function-

lize the device, and it led to detection of A. anophagefferens at
concentration of 104 cells/ml with a signal-to-noise ratio of ∼7,
hich suggests possible sensitivity lower than 104 cells/ml. Further

unctionalization with tween 20 led to suppression of non-specific
inding of BT3 and enabled label-free and selective detection of
. anophagefferens. These nanobiosensors have great potential for
nvironmental monitoring and disease diagnosis.

. Materials and methods

.1. Device fabrication

CNTs were grown on a degenerately doped Si wafer with 500 nm
iO2 on top via chemical vapor deposition (CVD) method with Fe
anoparticles formed from ferritin molecules as catalysts. Diluted
olution of ferritin in de-ionized water (D.I. water) was put on the
i/SiO2 wafer and kept for 1 h at room temperature, resulting in
eposition of ferritin molecules onto the substrate. The substrate
as then washed with D.I. water, followed by calcination in air at

00 ◦C for 10 min, allowing formation of Fe nanoparticles. After the
alcination, the substrate placed in a quartz tube was heated to

00 ◦C in hydrogen atmosphere, and once the temperature reached
00 ◦C, methane (1300 sccm), ethylene (20 sccm), and hydrogen
600 sccm) were flowed into the quartz tube for 10 min, which
ields a CNT network on the substrate. Following the growth was
atterning of source-drain electrodes, done by depositing 10 nm Cr
e 4 in. wafer. (b) Schematic diagram of the device.

and 30 nm Au through a Cu shadow mask. The channel width and
length of the resultant devices were 5 mm and 100–200 �m, respec-
tively. Oxygen plasma was then performed for 1 min in order to etch
unwanted CNTs while covering the channel areas with poly(methyl
methacrylate) (PMMA). Metal-clusters were then deposited onto
entire devices to improve sensitivity as shown later, which was done
by evaporating 3 Å Cr and 5 Å Au using an e-beam evaporator. Fig. 1a
shows an optimal micrograph of the biosensor array on a complete
4 in. wafer after whole process, with a schematic diagram of the
device structure shown in Fig. 1(b). A device yield of 100% was easily
accomplished through our fabrication, due to the use of nanotubes
networks (Snow et al., 2006). The device uniformity was statisti-
cally analyzed, and a histogram of the device resistances produced
through one round of fabrication is shown in Fig. S1. A gaussian fit
to the histogram (the blue line in Fig. S1) reveals a mean of 31.20 k�
and a standard deviation of 8.32 k�. 56% of the devices exhibited
resistance in a narrow range of 20–60 k�.

2.2. Electrical measurement

For biosensing in solution, the device was firstly mounted onto
a homemade teflon cell, and 0.2 ml of phosphate buffered saline
(PBS) (pH 7.4, 0.14 M NaCl) was injected into the cell. A Pt wire
was inserted into the buffer, which acts as a reference electrode
(ground potential) during sensing. The schematic diagram is shown
in Fig. S2. Drain–source voltage (Vds) of 10 mV was then applied
while keeping the Pt wire at ground potential, and Ids was mon-
itored during solutions of interest (10–20 �l) were added to the
buffer. We note that at least three devices were tested for each
measurement, and all devices showed similar behavior. We also
note that the figures shown are the typical results for each experi-
ment. The concentrations of proteins and cells shown in following
tests and figures represent the actual concentrations to which the
devices were exposed. We emphasize that the whole measurement
setup is compact that fits within 30 cm × 50 cm area as shown in
Fig. S3.

2.3. Cell preparation

Cells used in this study were prepared following Ref. 25. Strain
CCMP1794 of A. A. from Barnegat Bay, New Jersey, was cultured
in modified f/2 medium at 20 ◦C under a 12:12 h light:dark cycle
in an incubator with light intensity of ∼200 �E m−2 s−1. A cul-
ture of BT3 (unidentified coccoid cell), which was isolated from

a brown tide in Great South Bay, NY in November of 1986, was
grown in f/2 medium (minus silica) at 20 ◦C. Cells were harvested
in late exponential phase and preserved with a final concentration
of 1% glutaraldehyde. Cells were filtered onto 0.22 �m Millipore
filters and subsequently resuspended in 10 mM PBS-T (Sigma). Cell
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Fig. 3. Plots of normalized conductance versus time during exposure to streptavidin
ig. 2. Source-drain current (Ids) versus gate voltage (Vg) before (red) and after (blue)
he cluster deposition. Insets: SEM images of carbon nanotubes before and after the
luster deposition, respectively. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)

bundances were determined using a hemacytometer and standard
icroscopical counting techniques.

. Results and discussion

Interestingly, we found that by adapting a simple metal deposi-
ion technique, one can obtain significant sensitivity improvement
or the CNT biosensors decorated with metal-clusters. Deposition of

etal-clusters onto CNTs/NWs was reported to efficiently enhance
he sensitivity of chemical sensing devices (Kolmakov et al., 2005;
tar et al., 2006a; Kong et al., 2001), but the effect of metal-cluster-
ecoration on biosensing has not been investigated or reported.

n this study, we demonstrate using metal-cluster deposition to
mprove the performance of biosensors for the first time. Though
ncreased sensitivity was previously demonstrated by angle depo-
ition of metal contacts using a shadow mask for carbon nanotube
etwork biosensors (Byon and Choi, 2006), this process can be hard
o control. Compared to this method, our technique reported here
as better controllability and easy to reproduce. The SEM images
f the CNTs before and after the deposition are shown in the insets
f Fig. 2, which clearly show the formation of metal-clusters on
he CNTs. Fig. 2 shows the source–drain current (Ids) versus gate
oltage (Vg) measurements in air on the devices before/after the
luster deposition. An increased conductance by a factor of 2.63 at
g = 0 V and disappearance of gate dependence were observed after
he cluster deposition. The weakened gate dependence is believed
o be due to screening effect by the metal-clusters. Screening effect
s shielding of an electric field by materials, which is a well-known
henomenon. (Israelachvili, 1991). When there are metal-clusters
n nanotubes, the electric field induced by the gate potential is
creened by the metal-clusters, and thus the gate dependence of
he nanotube device is weakened. A similar trend has been reported

reviously, where sensitivity enhancement was also demonstrated
y angle deposition of metal contacts (Byon and Choi, 2006).

Sensitivities of the devices with or without the metal-cluster
oating were subsequently compared using streptavidin (SA) as a
odel case. The sensing responses of device conductance (G) nor-
solutions with different concentrations for devices without metal-cluster coating,
and with metal-cluster coating, respectively. The inset in (b) shows detection of
streptavidin of 20 nM.

malized by initial conductance (G0) plotted versus time for devices
without and with metal-clusters are shown in Fig. 3(a) and (b),
respectively. The arrows in the figures indicate the timing when
SA solutions of each concentration were exposed to the devices.
As shown in Fig. 3(a), the device without metal-clusters exhibited
no conductance change upon exposure to SA solutions up to 2 nM,
and a conductance drop by ∼4% was observed only after exposure
to a SA solution of 20 nM (Fig. 3(a) inset). The device with metal-
clusters, on the other hand, exhibited pronounced sensitivity, as
shown in Fig. 3(b), where a conductance drop of ∼1% appeared upon
exposure to SA of 10 pM, and another drop of ∼3% was observed
upon exposure to 100 pM SA. Several devices with/without metal-
clusters were tested, and consistent results were observed. That
is, devices with metal-clusters exhibited higher sensitivity than
devices without metal-clusters by two to four orders of magni-
tude. More information can be found in Fig. S4, which shows the
measured data from two other devices.

We attribute the mechanism of the sensitivity improvement to

activation of carbon nanotubes by formation of Schottky junctions
between the deposited metal-clusters and CNTs. Previous report by
Chen et al. (2004) has suggested that transport properties of CNT
devices are more susceptible to protein adsorptions at the vicin-
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ig. 4. Plots of normalized conductance versus time during exposure to A. anoph
nophagefferens (A. anophagefferens) and BT3 cells, respectively. The insets at the
etal-clusters, respectively.

ty of metal–CNT interfaces rather than at CNT channels. Similar
bservations were also made for DNA sensing using CNT biosen-
ors (Gui et al., 2007; Tang et al., 2006). Based on our observation
nd these reports, we suggest that deposition of metal-clusters onto
NTs increases the number of metal–CNT junctions, which results

n increased number of “hotspots”, where adsorption of proteins
an modulate the transport properties around the spots most effi-
iently. This scenario is schematically illustrated in Fig. S5. Further
ontrol experiments were also performed, where we used nan-
tube sensors with the source and drain contacts passivated by
MMA. The detail can be found in Fig. S6. Briefly speaking, the
assivated devices without metal-cluster-decoration exhibited no
esponse to 100 nM SA. This is consistent with previous report and
an be understood as the metal electrode/nanotube Schottky junc-
ion is shielded from SA adsorption. In contrast, similar devices with

etal-cluster-decoration displayed significant conductance drop
fter exposure to 100 nM SA. This confirms the important role of
he metal-cluster/nanotube Schottky junctions. We estimated the
ensity of metal-clusters to be 2–3/100 nm2 from the SEM image in
ig. 2. This density could be controlled by evaporating the metal of
ifferent thickness. We expect that increasing the density of metal-
lusters would result in more number of hot spots, thus increase the
ensitivity. However, when the density of metal-clusters reaches
point where they start to form a continuous pathway, it will

orm metallic wires coating nanotubes that would not respond to
iomolecules. As a result, it is expected that maximum sensitivity
ill be achieved when the density of metal-cluster is optimized.

With the devices described here, a series of systematic studies
ere conducted, which led to the demonstration of selective algal

ensing. First, non-specific binding of algal cells on the devices was
nvestigated. Devices with the metal decoration were exposed to
uspensions of two types of cells, A. anophagefferens and BT3, and
lectrical conduction through the devices was monitored during
he exposure. BT3 is a co-occurring microalga (it is similar in size
nd morphology to A. anophagefferens but is a different golden alga
ith no known toxic effects), and was used as a control sample to
emonstrate specificity to A. anophagefferens. Light micrographs of

. anophagefferens and BT3 are displayed in the insets of Fig. 4(a)
nd (b), respectively, indicating their similar morphologies. Non-
pecific binding of both cells, as illustrated in schematic diagrams
hown as insets in Fig. 4(a) and (b), respectively, had significant
nfluences on the device conductance. The normalized conductance
ens and BT3, respectively. The insets at the top are optical images of Aureococcus
le are schematic illustrations of A. anophagefferens and BT3 on the devices with

plotted versus time is shown in Fig. 4(a), where the exposure to
a suspension of A. anophagefferens of 105 cells/ml induced a con-
ductance decrease of ∼26%, and further exposure to a suspension
of 2 × 105 cells/ml resulted in additional conductance decrease of
∼12%. Non-specific binding of BT3 was also found to decrease the
device conductance by 2% with concentrations of 104 cells/ml, an
additional 3% with 2 × 104 cells/ml, and an additional 10% with
105 cells/ml, respectively (Fig. 4(b)). We temporary attribute the
decrease in conductance to the modulation of the metal/nanotube
Schottky junction by the biological moieties on the cell membranes
such as receptor proteins. This will be discussed later again. Nev-
ertheless, this experiment reveals that CNT biosensors (with metal
coating) are able to sense the binding of algal cells, while care must
be taken to suppress non-specific binding to establish selectivity as
in the case for protein and DNA sensing (Chen et al., 2003; Star et
al., 2006b; Byon and Choi, 2006; So et al., 2005).

Coating with a surfactant, tween 20, which has been used to
prevent non-specific binding of proteins onto many solid surfaces
including CNTs (Chen et al., 2003; Byon and Choi, 2006; So et
al., 2005; Williams et al., 2006; Lee et al., 2002; Agudelo and
Portus, 2000) was adopted here toward suppression of algal cell
non-specific binding. One control experiment was performed to
examine the feasibility of this strategy, and the result suggested
that coating with tween 20 was able to suppress the non-specific
binding of algal cells. The details can be found in the supporting
information (Fig. S7).

For selective detection of algal cells, devices must be functional-
ized with a receptor to selectively capture the target alga. Here we
adopted the previously developed monoclonal antibody (MAb) for
A. anophagefferens as the receptor molecule (Caron et al., 2003). A
control experiment was first conducted to examine our chemistry
for immobilization of the MAb and sensing capability of the devices
upon the functionalization. Non-specific binding due to hydropho-
bic interaction was used to attach the MAb of A. anophagefferens to
metal-cluster-decorated devices as follows. The nanotube biosen-
sor chip was first washed with acetone and isopropanol for 15 min
each, and 40 �l of the MAb solution was introduced to cover the

device. The chip was immediately placed in a fume hood and kept
at 0–4 ◦C for 24 h. The presence of metal-clusters made the use
of AFM inappropriate to examine immobilization of the MAb, but
immobilization of the MAb was confirmed by the decreased con-
ductance of the device after the binding of MAb (data not shown).
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Fig. 5. Normalized conductance versus time plot of a device with (blue)/without
(red) monoclonal antibody during exposure to solutions of A. anophagefferens. The
inset at the top is a schematic of a device with antibody capturing A. anophagefferens
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ells. The inset at the bottom is a SEM image of alga cell captured onto CNT network
ecorated with metal-clusters and antibody. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

he sensing capability of the device was subsequently examined.
he device structure following functionalization is illustrated as an
nset of Fig. 5. The conductance versus time plot is shown in Fig. 5.
or comparison, the plot for a device without MAb is also shown.
he device with MAb responded to a suspension of 104 cells/ml
f A. anophagefferens with a decreased conductance of ∼2%, while
he device without MAb showed only ∼0.5% change to a suspen-
ion of A. anophagefferens at same concentration. The enhanced

esponse could be due to the increased binding capacity of the
evice toward A. anophagefferens by the aid of MAb. The capturing
f A. anophagefferens was directly confirmed by visual inspection of
he devices with SEM after the sensing experiments. We observed

ig. 6. (a) Schematic illustration of the sequential operations to demonstrate selective re
uring sequential exposure to BT3 and A. anophagefferens, respectively, for a device with a
lectronics 24 (2009) 2967–2972 2971

several of captured A. anophagefferens cells on CNT network dec-
orated with metal-clusters and with MAb, as shown in the inset
of Fig. 5 of the SEM image (only one cell is present in this fig-
ure). We note that modulation of Schottky junctions by capturing
DNAs/proteins by probe molecules covering the nanotube–metal
Schottky junctions has been reported in several reports (Chen et
al., 2004; Gui et al., 2007; Tang et al., 2006). The antibody used in
our study is similar in size to these antibodies, and therefore the
binding of A. anophagefferens on the antibody is believed to mod-
ulate the Schottky junctions and result in the conductance change.
This experiment confirms the successful functionalization of our
biosensor with MAb. Furthermore, our data clearly shows signifi-
cant sensing signal amplitude for 104 cells/ml, and thus the lowest
detection limit for the sensors could be smaller than 104 cells/ml.

Finally, selective sensing of A. anophagefferens was demon-
strated by coupling the above developed chemistry. The func-
tionalization of devices for this experiment was done by first
immobilizing the MAb in the same manner as the above-mentioned
experiment. The devices were subsequently soaked in a tween
20 solution for passivation of the remaining exposed nanotubes,
metal-clusters, and metal contacts. Following functionalization,
selectivity of the device was tested as shown in the schematic dia-
gram of our sequential operation for selective sensing (Fig. 6(a)).
The corresponding conductance versus time plot is shown in
Fig. 6(b). First, the device was exposed to a suspension of BT3
(8 × 105 cells/ml) at t = 46 s (step II in Fig. 6(a)), and this caused
negligible conductance change within 100 s. A suspension of A.
anophagefferens was then introduced into the buffer (step III in
Fig. 6(a)), and a conductance drop by ∼2% was observed, indicat-
ing selective capture of A. anophagefferens. This experiment clearly
demonstrates that our sensor is capable of sensing A. anophageffer-
ens selectively over BT3.

4. Conclusions

In summary, our study has revealed that CNT biosensors have
great potential to achieve highly cost-effective detection of harm-
capability. Such sensors were made through a highly manufac-
turable method, and the sensitivity was improved by a factor of
2000 using metal-cluster coating, with streptavidin as an example.
The metal-cluster-decoration should be a generic effect, and we

cognition of A. anophagefferens cells. (b) Normalized conductance versus time plot
ntibody and tween 20 functionalization.
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Stern, E., Klemic, J.F., Routenberg, D.A., Wyrembak, P.N., Turner-Evans, D.B., Hamilton,
972 F.N. Ishikawa et al. / Biosensors an

elieve other metals that can form Schottky junctions with nan-
tubes can deliver similar performance. Non-specific binding of A.
nophagefferens and BT3 was found to cause conductance drops in
etal-cluster-decorated CNT biosensors. The devices were func-

ionalized with monoclonal antibody for A. anophagefferens, and
sed to detect A. anophagefferens at a concentration of 104 cells/ml,
ith possible sensitivity lower than 104 cells/ml judged from the

ignal-to-noise ratio. Tween 20 coating was used to suppress sig-
aling due to non-specific binding of BT3. Finally, combined with an

mmunological approach, our device exhibited selective detection
f A. anophagefferens against another microalga (BT3). Comparing
ur approach with previous methods, our approach has proved the
dvantages such as rapid analysis (∼10 min), compact and inex-
ensive detection system, and easy operation as expected, while
aintaining moderate sensitivity (possible lowest detection limit

104 cells/ml) and detection range up to 106 cells/ml. The sensitiv-
ty may be further improved by fine-tuning/innovating the device
abrication and functionalization, such as catalyst size/material,
anotube density, growth condition, channel length, contact mate-
ial, metal-cluster-decoration, and use of a linker molecule to attach
onoclonal antibody. Overall, while there is still room for improve-
ent, our study has successfully proved the concept of using CNT

iosensors as an inexpensive, convenient, and user-friendly detec-
ion scheme for A. anophagefferens. Furthermore, our approach of
lectrical, rapid, inexpensive, and label-free detection of algal cells
an be easily expanded toward detection of other types of cells, such
s pathogenic bacterial cells for food monitoring, and malignant
ells for diagnosis.
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