Exploring the Chemical Sensitivity of a
Carbon Nanotube/Green Tea Composite

Yanan Chen," Yang Doo Lee,™* Harindra Vedala, Brett L. Allen, and Alexander Star*

Department of Chemistry, University of Pittsburgh and the National Energy Technology Laboratory, Pittsburgh, Pennsylvania 15260, United States. "These authors
contributed equally to this work. *Present address: Display and Nanosystem Laboratory, College of Engineering, Korea University, Seoul, Republic of Korea.

ABSTRACT Single-walled carbon nanotubes (SWNTs) possess unique electronic and physical properties,

which make them very attractive for a wide range of applications. In particular, SWNTs and their composites

have shown a great potential for chemical and biological sensing. Green tea, or more specifically its main

antioxidant component, epigallocatechin gallate (EGCG), has been found to disperse SWNTs in water. However,

the chemical sensitivity of this SWNT/green tea (SWNT/EGCG) composite remained unexplored. With EGCG present,

this SWNT composite should have strong antioxidant properties and thus respond to reactive oxygen species

(ROS). Here we report on fabrication and characterization of SWNT/EGCG thin films and the measurement of their

relative conductance as a function of H,0, concentrations. We further investigated the sensing mechanism by

Fourier transform infrared (FTIR) spectroscopy and field-effect transistor measurements (FET). We propose here

that the response to H,0, arises from the oxidation of EGCG in the composite. These findings suggest that SWNT/

green tea composite has a great potential for developing simple resistivity-based sensors.
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ROS - hydrogen peroxide -

relative humidity

ingle-walled carbon nanotubes

(SWNTs) continue to be of increasing

importance in a variety of areas in-
cluding materials and life sciences.' ~® Be-
cause of their size (approximately 1—3 nm
in diameter, T wm long) and their unique
physical and electronic properties, that is to
say, high tensile strength, chemical stabil-
ity, and electrical conductivity, SWNTs are
an ideal material to interface with biologi-
cal systems. For many biological applica-
tions, however, their dispersibility in aque-
ous media becomes the main problem.
There have been a variety of methods de-
veloped to increase dispersion of this ma-
terial in water by noncovalent functionaliza-
tion including using surfactants,’
polymers,'®'" and biomolecules such as
DNA, peptides, polysaccharides, and
proteins.'” '® Recently, it has been shown
that green tea can disperse nanotubes in
aqueous solutions.’®

Made solely from the leaves of Camellia

sinensis, green tea has undergone exten-
sive research for its antioxidant abilities."”
Specifically, antioxidant properties can be
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derived from the presence of catechins.
These organic compounds, which are a
group of water-soluble polyphenols,'® con-
sist of epicatechin (EC), epicatechin gallate
(ECG), epigallocatechin (EGC), and epigallo-
catechin gallate (EGCG).'® Studies have
shown that such compounds possess bio-
logical activity exhibiting not only antioxi-
dant behavior?®?" but antitumor®*?3 and
anticancer®®” 26 effects as well. Among anti-
oxidants present, EGCG is the most abun-
dant and has the strongest activity.?” This
compound reacts readily with reactive oxy-
gen species (ROS) such as superoxide (0,7),
hydroxyl radicals (€0OH), and hydrogen per-
oxide (H,0,).2®

Here we examine the chemical sensitiv-
ity of a SWNT/EGCG composite to H,0, ex-
posure. This composite material was charac-
terized by transmission electron microscopy
(TEM), atomic force microscopy (AFM), Fou-
rier transform infrared (FTIR) spectroscopy,
Raman spectroscopy, and
ultraviolet—visible—near-infrared
(UV—vis—NIR) absorption spectroscopy in
thin films. Additionally, electrical conductiv-
ity of the SWNT/EGCG composite was mea-
sured on interdigitated Au electrodes upon
exposure to H,O, vapors, relative humidity,
and varying concentrations of H,0, in wa-
ter. Two different device architectures,
namely, a SWNT/EGCG premixed compos-
ite and a SWNT/EGCG layer-by-layer com-
posite, were tested for their response to
H,0,. The mechanism of the electrical re-
sponse to H,0, was further evaluated by
comparing the SWNT/EGCG composite with
bare SWNTs and by adding Fe,O; nanopar-
ticles (NPs) into the composite in order to
generate ®OH radicals by Fenton catalysis.?®
We also performed FTIR spectroscopy and
studied the response of a SWNT/green tea
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Figure 1. (a) Chemical structure of epigallocatechin gallate (EGCG). (b) Photograph of four vials with green tea (left), SWNT
and green tea (middle left), 4.4 x 10~* M EGCG sonicated with ca. 1 mg of SWNTs (middle right) and SWNTSs in water (right).
(c) UV—vis—NIR absorption spectra of SWNT (black), EGCG (green), and SWNT/EGCG (red) as thin films on quartz. Inset dis-
plays a photograph of transparent SWNT/EGCG conductive film on a quartz slide. (d) FTIR spectrum of bare SWNTs (black),
EGCG in MeOH (4 x 10~* M) (green), and SWNT/EGCG composite after heating at 140 °C for 20 min (red).

composite in a three-electrode electrolyte-gated field-
effect transistor (FET) configuration to investigate the
sensing mechanism.

RESULTS AND DISCUSSION

Using green tea and EGCG (Figure 1a), SWNTs were
dispersed in water through sonication. Figure 1b shows
these suspensions in water, which were stable for up
to three months. As the catechin comprises phenol
groups, it is thought that dispersion occurs through
w—r stacking with the nanotube’s graphitic lattice. Pre-
sumably, the noncovalent interaction between SWNTs
and cathechin leads to the disaggregation of SWNT
bundles and provides a stable dispersion by sonica-
tion."® To study the interaction between EGCG and car-
bon nanotubes, spectroscopic measurements were
taken of a spray-cast film on a quartz slide using
UV —vis—NIR spectroscopy. The resulting spectrum is a
superposition of SWNTs and EGCG spectra (Figure 1c),
in a good agreement with previous solution studies.'®
It should be mentioned here that the thin films of the
SWNT/EGCG composite for UV—vis—NIR studies were
prepared by spray-casting the solution to a quartz slide
at 140 °C to prevent nanotube agglomeration through
drying and provide uniform films. EGCG was stable to
this thermal treatment because, after the heating, the
EGCG absorption spectrum in the composite demon-
strates no shift compared to pure EGCG (prepared by
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drop-casting EGCG solution and drying at room tem-
perature) (Figure 1c). Furthermore, an FTIR spectrum of
the SWNT/EGCG composite (heated at 140 °C for 20
min) showed peaks (e.g., 3360, 1610, 1450, and 1140
cm ™) characteristic of EGCG (in MeOH), yet additional
evidence of the composite thermal stability (Figure 1d).
In fact, the SWNT/EGCG composite shows no degrada-
tion up to 200 °C, according to thermogravimetric
analysis (TGA) (Figure S1, Supporting Information).
Combined with TGA results, the spectroscopic results
confirm that this composite is stable at the tempera-
ture we adopted to prepare the thin films. Interactions
between SWNTs and EGCG in the composite were fur-
ther characterized by Raman spectroscopy. The Raman
spectra of a SWNT/EGCG composite and pristine SWNT
were mostly similar (Figure S2), indicating noncovalent
interaction between EGCG and SWNT with a negligible
effect on SWNT vibration modes.>° To confirm EGCG
coverage and provide information about composite
surface morphology, we characterized the composite
using AFM and TEM. In AFM images, the surface of the
SWNT/EGCG composite appears to be covered un-
evenly (Figure S3a), clearly showing different morphol-
ogy from pristine SWNTSs (Figure S3b). Similar change in
morphology was observed in TEM imaging. SWNTs in
the composite are covered with an amorphous coating
(Figure S4). Because of the difficulty in dispersing pris-
tine SWNTs in water (refer to Figure 1b), for AFM and
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Figure 2. (a) Schematic illustration of a SWNT/EGCG composite device consisting of Si/SiO, substrate and metal contacts.
(b) Optical images (scale bar = 500 um) and scanning electron microscope (SEM) image (scale bar = 2 um) of the SWNT/
EGCG film deposited on CERDIP package with a Si chip containing four interdigitated Au electrodes (interelectrode spacing
of 10 wm). (c) Relative conductance versus time dependence of four interdigitated devices (shown in different colors) coated
with the SWNT/EGCG composite cycled between H,0, and H,0 vapor pulses (H,0, concentration was calculated as 45 ppm).
(d) Relative conductance versus time dependence of four interdigitated devices coated with the SWNT/EGCG composite
cycled between dry N, and N, bubbled through different saturated salt solutions generating different levels of relative hu-

midity (%).

TEM, we used SWNT suspension in DMF to provide in-
formation of uncovered, bare SWNTs.

The thin films of the SWNT/EGCG composite were
both transparent and conductive (Figure 1c, inset). The
electrical conductance of the films (10 films) was mea-
sured as 271 = 61 pS. These values are comparable to
325 * 105 S conductance of thin films made from
bare SWNTs (13 films) prepared by spray coating a
SWNT suspension in DMF at 180 °C. Taken into ac-
count the thin film thickness measured by AFM (Figure
S5a), the conductivities can be calculated as 22.9 = 5.1
and 27.4 £ 8.9 S/cm for SWNT/EGCG and SWNT thin
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films, respectively (see Supporting Information for cal-
culation details). The small decrease in the thin film con-
ductivities could be due to the conformal coating of
EGCG on the individual SWNTs, thereby causing an in-
crease in internanotube separation.

In order to examine the chemical sensitivity of the
composite to varying concentrations of H,0,, vapors
SWNT/EGCG composite devices were fabricated by
drop-casting SWNT/EGCG on Si chips with four interdig-
itated Au electrodes (Figure 2). Conductance measure-
ments on composite devices were carried out on a cus-
tom test-board using Zephyr software.' Using a
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Keithley 2602 dual-source meter and Keithley 708A
switching mainframe, we monitored all devices on a
single chip at a given time.

We first investigated the effect of H,0, vapors by
measuring relative conductance (AG/Gy) versus time as
H,0, vapors were pulsed using N, as a carrier gas. De-
vices were tested under a constant applied voltage of
50 mV at room temperature. H,O, vapors were pulsed
at 30 min intervals, with saturated water vapor acting as
the “off” state. Water and H,0, vapors were generated
by passing 660 sccm (standard cubic centimeters per
minute) of N, gas through bubblers filled with deion-
ized water and 1 M H,0, solution, respectively. As
shown in Figure 2c, device exposure to H,0O, vapors re-
sulted in a conductance increase and the device re-
sponse was constant during the test. Bare SWNT de-
vices, however, showed no obvious response to H,0,
vapors, and no stable baseline was achieved under de-
vice exposure to high relative humidity (Figure S6a). By
using saturated water vapor as the “off” state, we at-
tempted to isolate the composite response to H,0, va-
pors from any effects of relative humidity. However, the
effect was not fully eliminated. The H,O, concentration
in the vapor was calculated®? to be 45 ppm, and its ef-
fect on the composite conductance was largely masked
by the change in relative humidity. The measured rela-
tive humidities of H,O vapor and H,0, vapor were 92
and 80%, respectively.

In fact, SWNT/EGCG composite devices have a large
response to water vapors. Figure 2d shows the normal-
ized response of the composite device to the effects of
relative humidity by pulsing varying relative humidity
using N, as a carrier gas. Briefly, controlled relative hu-
midity was created by passing N, gas through different
saturated salt solutions including LiCl, K,COs;, NaCl, and
KH,PO, corresponding to relative humidities of 11.3,
43.2,75.3, and 96.6%, respectively.>*3* Relative humidi-
ties were pulsed at 10 min intervals, with dry N, acting
as the “off” state. As relative humidity increases, con-
ductance of SWNT/EGCG devices decreases. It is also
quite notable that this response is 1 order of magni-
tude larger for the SWNT/EGCG composite over that of
bare nanotubes (Figure S6b,c).

Such a decrease in conductance for the SWNT/
EGCG composite is typical of most SWNT/polymer
composites.>>® EGCG, hydrophilic in nature, has a
high affinity for water. As this layer gets hydrated, two
effects may occur. The first effect involves the expan-
sion of the EGCG composite, at high relative humidity,
as we confirmed by volume change of the composite.
The composite expands twice when relative humidity is
increased from 0 to 100% (Figure S7). As swelling of
this composite occurs, nanotubes are separated fur-
ther apart and the percolation through the SWNT net-
work is decreased, resulting in a decrease in conduc-
tance. Additionally, water molecules can create charge
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traps on nanotube networks,®” resulting in the change
in the conductance.

To overcome effects of relative humidity, we per-
formed liquid measurements. The stability of the SWNT/
EGCG thin films in aqueous environment was tested
by measuring the thickness of the thin films before and
after their exposure to water for 4 h and monitoring
the conductance of the thin film immersed in water.
The small variation in the thin film thickness (Figure
S5a,b) and the stable conductance over the test time
(Figure S5¢,d) indicated insignificant leaching and con-
firmed the film stability. We have already made mention
that EGCG is a strong antioxidant and, as such, should
have a specific response for ROS such as H,0,, as op-
posed to response of the thin films to water. In liquid
measurements, the composite should be fully hydrated,
and thus, the conductance change will be only due to
the result of ROS in the solution. We examined SWNT/
EGCG composite devices for changes in conductance in
real time. Devices were initially exposed to four addi-
tions of 10 pL of deionized water to create a stable hy-
drated layer within SWNT/EGCG composites. As can be
seen from Figure 3a, the initial exposure to 10 wL of wa-
ter elicited the same conductance decrease as wit-
nessed in the relative humidity experiments. After four
additions of deionized water, any subsequent response
should be solely due to the concentrations of H,O,. An
addition of 107* M H,0, (10 wL) resulted in a slight in-
crease in the conductance of the device. Then the
higher concentrations of H,0, (1073 and 1072 M) were
added subsequently, and the responses increased ac-
cordingly. As a control experiment, bare nanotube de-
vices were tested for the same concentrations of H,0,,
as well as the initial additions of deionized water. As can
be seen from Figure 3b, after additions of deionized wa-
ter, the bare SWNT device cannot reach a stable base-
line as effectively as the SWNT/EGCG composite, which
may be due to the hydrophobicity of bare nanotubes,
and the device has no obvious response to the subse-
quent additions of H,0,.

The response of the SWNT/EGCG composite to H,0,,
however, is relatively smaller than the response to wa-
ter. To explore a method to improve the H,O, response,
we adopted layer-by-layer architecture to fabricate the
SWNT/EGCG device (Figure 3¢, inset). We first deposited
SWNTs (DMF suspension) onto the electrodes using a
dielectrophoresis (DEP) method.*® After washing with
DMF and drying at 180 °C, the chips were incubated
with EGCG solution (in water, 4.4 X 104 M) for 2 h to
deposit EGCG on the surface of SWNTs and then
washed with deionized water and dried in ambient con-
ditions. This device architecture demonstrated im-
proved response to H,O, (Figure 3c). H,0, concentra-
tion as low as 5 X 107® M was detected with signal-to-
noise ratio of 8. The improvement in the sensor
performance can be attributed to two factors, namely,
dielectrophoretic assembly of nanotube between the
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Figure 3. Relative conductance versus time response to varying

concentrations of H,0, of (a) SWNT/EGCG premixed com-

posite, (b) bare SWNT device, (c) SWNT/EGCG layer-by-layer composite, (d) SWNT/EGCG/(Fe,0; nanoparticles) layer-by-layer
composite, and (e) SWNT/(Fe,O; nanoparticles) layer-by-layer composite. Insets show the schematic device architectures.
(f) Relative conductance change versus concentration plot of SWNT/EGCG (black) and SWNT/EGCG/(Fe,03 nanoparticles)
(red). (g) Fenton’s catalysis mechanism includes the coordination of Fe** by polyphenols in EGCG, subsequent iron reduc-
tion and semiquinone formation, and reduction of Fe** to form a quinone species and Fe?* (reaction 1). H,0, is reduced by

Fe?*, resulting in the formation of ®OH radical (reaction 2).*

metal electrodes and layer-by-layer deposition of EGCG
on bare SWNTs. DEP aids in alignment of the nano-
tubes between the electrodes and results in increased
field-effect mobility as compared to devices fabricated
by drop-casting.®® Layer-by-layer deposition of EGCG
results in direct contact of nanotubes with metal elec-
trodes, thereby reducing the contact resistance.

The proposed mechanism for the conductance re-
sponse to H,0, is derived from the antioxidant proper-
ties of EGCG, which has been the subject of much
debate.*°~** Catechins are oxidized by radicals and
thus lose electrons, which segues into the response for

NTANTY ] .
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SWNT/EGCG devices. Presumably, interactions between
EGCG and SWNTs are such that some electron density
is transferred between the species. As EGCG is oxidized
and loses electrons, it may be that this causes subse-
quent withdrawal of electron density from the nano-
tube network, resulting in an increase in the majority
charge carrier, holes, and increasing conductance.

To further investigate the mechanism of the conduc-
tance response of SWNT/EGCG composite to H,0,, we
designed another experiment in which an Fe,O; nano-
particle solution was drop-casted on the electrodes
modified with SWNTs and EGCG using layer-by-layer

www.acsnano.org
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ions from the Fe,O; nanoparticles first coordi-
nate with EGCG phenol group, followed by
subsequent semiquinone formation, and re-
duction of Fe3* to form quinone species and
Fe?™ *3*44 The Fe?" ions formed in this process
will then react with H,0, to form reactive oxy-
gen species ®0H, which in turn will oxidize
EGCG. The higher degree of EGCG oxidation
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leads to the observed increased relative con-
ductance response of the SWNT/EGCG com-
posite. This further suggests that the relative
conductance response of SWNT/EGCG com-
posites to H,0, arises from the antioxidant
property of EGCG and the electron transfer be-
tween SWNTs and EGCG.

To confirm that EGCG is actually oxidized
upon H,0, exposure, we analyzed FTIR spec-
tra of the composite before and after exposure
to 1072 M H,0,. Figure 4a shows the possible

Before H,0, oxidation products of EGCG with H,0,.23° As

Wavenumbers/icm”

Figure 4. (a) Chemical structures of possible oxidation products of
EGCG with H,0, (refs 23 and 40). (b) FTIR spectrum of SWNT/EGCG
composite before (black) and after exposure to 1072 M H,0, (red).

setup (Figure 3d,e). While the SWNT/(Fe,03 NP) system
showed insignificant improvement for H,O, detection
over bare SWNTs and worse performance compared to
SWNT/EGCG, a combination of EGCG and Fe,O; nano-
particles has positive synergy for H,0, detection with
SWNTs. As can be seen from a calibration plot for
SWNT/EGCG and SWNT/EGCG/(Fe,03 NP) devices (Fig-
ure 3f), the H,0, responses can be increased to more
than 100%, due to the presence of Fe,03 nanoparticles.
A similar effect was observed when the SWNT/EGCG
composite was mixed with Fe,O; nanoparticles and
drop-casted on the device chip. Compared to Figure
3a, a significant increase in H,0, signal was observed
(Figure S8). The observed increase in H,0, signal can be
explained by the additional ®OH generation via Fen-
ton'’s catalysis mechanism shown in Figure 3g. The Fe3*

4000 3500 3000 2500 2000 . 1500 1000

can be seen in Figure 4b, the peak changes
(from 1601 to 1714 cm™" and from 3360 to
3440 cm ™) indicate the formations of quinone
groups and a carboxyl group, characteristic of
EGCG oxidation products (1 and 2). We hy-
pothesize that EGCG oxidation and the subsequent
electron transfer lead to the SWNT/EGCG composite re-
sponse to H,0,.

To further understand the sensing mechanism and
show application of green tea in chemical sensing, we
studied the effect of H,O, concentrations on SWNT/
green tea composite conductance in a liquid gate FET
configuration. It has been demonstrated in earlier re-
ports that an electrolyte-gated FET configuration can be
effectively used for understanding the interaction of
various molecules (charged ions or biomolecules) with
SWNTs.*>~*” Figure 5a shows the Iy versus V,, for a
SWNT/green tea composite device measured at differ-
ent concentrations of H,0,. A gradual shift in the
threshold voltage for each curve was observed with
the increasing concentrations of H,O, from 1074 to 1072
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Figure 5. (a) Current versus liquid gate potential curves of SWNT/green tea composite device acquired before (black solid)
and after adding 10~* M (red dot), 10~ M (blue dash), and 10~ M (green dot dash) H,0.. Inset shows the schematic illustra-
tion of the liquid gate FET testing device setup. (b) Threshold voltage shift versus H,0, concentration plot.
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M (Figure 5b). This shift toward positive gate voltages
indicates a p-doping of the FET device, which can be at-
tributed to electron withdrawal from the channel by
the H,0, molecules. These results strongly correlate
with the SWNT/EGCG data shown in Figure 3a, which
show the increase in relative conductance with increas-
ing concentrations of H,0,.

CONCLUSION

In conclusion, we studied SWNT/green tea and SWNT/
EGCG composites using various characterization meth-
ods and, most importantly, present here the chemical

METHODS

Materials. HiPco single-walled carbon nanotubes (SWNTs)
were purchased from Carbon Nanotechnologies, Inc. (Grade/
Lot# P2/P0329). Epigallocatechin gallate hydrate (EGCG) was ob-
tained from TCl America, and green tea was purchased from
Amore Pacific. N,N-Dimethylformamide (DMF) and hydrogen
peroxide (30%) were purchased from EMD chemical and J. T.
Baker, respectively. Fe,O3 nanoparticles were purchased as nan-
opowder from Sigma (544884, <50 nm). All reagents were used
as received without further purification.

Preparation of SWNT and Green Tea or EGCG Composites. The fabrica-
tion of the composites was carried out by sonicating approxi-
mately 1 mg of SWNTs in 20 mL of 0.3 mg/mL green tea (or 4 X
10~* M EGCG) at room temperature (Sonicator: Branson 5510)
for 1 h. The solution was then centrifuged (Fisher Scientific cen-
trific model 228) at 3400 rpm for 15 min. The supernatant was
then filtered and washed with deionized water subsequently to
remove any unbound green tea (EGCG). The resulting material
was then dispersed in water to obtain SWNT/green tea (SWNT/
EGCG) suspension (resulting concentration 0.05 mg/mL).

Thin films on quartz slides for spectroscopic analysis were
made by spray coating a heated quartz slide (140 °C) with the
above SWNT/green tea (SWNT/EGCG) suspension. Thin film of
bare SWNTs were prepared by spray coating SWNT suspension
in DMF at 180 °C.

Thin Film Characterization. Spectroscopic measurements were
made using a UV—vis—NIR spectrophotometer (Lambda 900,
Perkin-Elmer Instruments). FTIR was performed on a Nicolet Ava-
tar 360 FTIR spectrometer. SWNT/EGCG composite (solid) was
ground with KBr finely, and the powder mixture was then
crushed in a mechanical die press to form a translucent pellet
through which the beam of the spectrometer can pass. SWNT/
EGCG composite after exposure to H,0, in solution was filtered
and dried. A pellet of this material was made in the same way as
mentioned above. FTIR of EGCG was taken by drop-casting and
drying a solution of EGCG in methanol on a NaCl salt window.

Scanning electron microscopy (SEM) was performed on a
Philips XL30 FEG microscope at an accelerating voltage of 10
keV to characterize the morphology of deposited thin films.
Transmission electron microscopy (TEM) images were obtained
with a Philips/FEI Morgagni microscope. The electron-beam ac-
celerating voltage of the TEM was held constant at 80 keV for all
imaging. All samples were suspended in water, drop-casted
onto a lacey-carbon TEM grid (Pacific Grid-Tech), and allowed
to dry in ambient conditions. Atomic force microscopy (AFM)
characterization was carried out on a Multimode scanning-probe
microscope (Veeco). Samples were prepared by spin-coating
SWNT/EGCG composite (suspended in water) onto a freshly
cleaved sheet of mica surface. After 45 min of drying in ambi-
ent conditions, the images were taken. Tapping-mode experi-
ments using supersharp tips (AppNano ACL-SS) (2 nm) allowed
for the intricate characterization of all samples. Raman measure-
ments of the thin films were performed on a Renishaw inVia Ra-
man microscope (excitation wavelength 633 nm).

Metal interdigitated devices (Au/Ti, 100 nm/30 nm) with in-
terelectrode spacing of 10 um were patterned on a Si/SiO, sub-
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sensitivity of the composites to ROS. Because of EGCG's
antioxidant properties and hydrophilic nature, this com-
posite exhibits sensitivity to hydrogen peroxide in aque-
ous solution. We propose that these responses are the re-
sult of the oxidation of EGCG and electron transfer
between EGCG and SWNTs. The H,0, response was fur-
ther improved by changes in the device architecture and
the use of Fe,05; nanoparticles, which promote ROS for-
mation through Fenton'’s catalysis. Such solid-state electri-
cal measurements indicate that SWNTs functionalized
with common or garden green tea have great potential
for electronic detection of ROS.

strate using conventional photolithography. One chip (2 mm X
2 mm) containing four identical devices was then set into a 40-
pin ceramic dual in-line package (CERDIP) and wire-bonded us-
ing Au wire. Devices were subsequently isolated from the rest of
the package by epoxying the inner cavity. Fabrication of bare
SWNTSs' conductance measurement was made by sonicating ap-
proximately 1 mg of SWNTs in 20 mL of DMF and drop-casting
40 pL of the dispersion directly on the Si chip in the package de-
vice mentioned above. The fabrication of SWNT/EGCG compos-
ite devices was carried out by drop-casting 40 pL of a SWNT/
EGCG suspension on a chip and allowing it to dry in ambient
conditions. For the layer-by-layer SWNT/EGCG device architec-
ture, SWNTs were first deposited onto the electrodes by dielec-
trophoresis (DEP) method using a SWNT suspension in DMF (Ag-
ilent 33250A 80 MHz Function/Arbitrary Waveform Generator,
10 MHz, 8.00 Vpp). After washing with DMF and drying at 180
°C, the devices were incubated with 4.4 X 10~* M EGCG solu-
tion. For SWNTs/EGCG/Fe,03 nanoparticle devices, a SWNT/
EGCG device was first prepared and Fe,O; nanoparticle suspen-
sion in water was then drop-casted on the electrodes and
allowed to dry.

Conductance measurements on composite devices were car-
ried out on a custom test-board using Zephyr software.>' Using
a Keithley 2602 dual-source meter and Keithley 708A switching
mainframe, we were able to monitor all devices on a single chip
at a given time. Device switching was performed at 500 ms, dis-
playing near-real-time responses for each device.

To investigate the sensing mechanism of H,0, and show ap-
plication of green tea in chemical sensing, we studied the re-
sponse of the SWNT/green tea composite in a three-electrode
electrolyte-gated field-effect transistor (FET) configuration. In
this setup, a home-built fluid chamber was mounted on the CER-
DIP package to hold a small volume (100 L) of electrolyte. The
conductance of the SWNT transistor device was tuned using
double-distilled water as electrolyte, as depicted in Figure 5a. A
Ag/AgCl reference electrode connected to a voltage source (Kei-
thley 4200) was used a gate electrode. A liquid gate potential
was applied to the reference electrode with respect to grounded
drain electrode, while maintaining a constant bias voltage (10
mV) between the source and drain voltage. To obtain a negli-
gible leakage current (10 nA), the gate potential was scanned
from —750 to 750 mV.
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