HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 103903(2005

Complementary response of In  ,O3 nanowires and carbon nanotubes to
low-density lipoprotein chemical gating

Tao Tang, Xiaolei Liu, Chao Li, Bo Lei, Daihua Zhang, Mahsa Rouhanizadeh,
Tzung Hsiai, and Chongwu Zhou®

Dept. of E.E.-Electrophysics and Biomedical Engineering, University of Southern California,
Los Angeles, California 90089

(Received 19 August 2004; accepted 31 January 2005; published online 4 Margh 2005

In,O5; nanowire and carbon nanotube transistors were used to study the chemical gating effect of
low-density lipoproteins(LDL). The adsorption of LDL on these two different surfaces was
investigated, which revealed a tenfold more LDL particle adsorption on carbon nanotubes than on
In,O5 nanowires because of hydrophobic/hydrophilic interactions. The conductance of field-effect
transistors based on nanowires and nanotubes showed complementary response after the adsorption
of LDL: while In,O5 nanowire transistors exhibited higher conductance accompanied by a negative
shift of the threshold voltage, the nanotube transistors showed lower conductance after the exposure.
This is attributed to the complementary doping type ofGf nanowires(n type) and carbon
nanotubegp type). © 2005 American Institute of PhysidDOI: 10.1063/1.1881783

One-dimensional nanostructures, such as metal-oxidB-100 with lysine residues harboring functional jHo the
nanowires and carbon nanotubes, are attracting considerald&idized form(Apo B-100 with diene and N§ in the arte-
attention due to their superior sensing performance, andal wall, it initiates the development of plaque formation
many applications have been demonstrated in several fieldgiown as atherosclerosis.The average diameter of LDL
such as toxic gas sensifg, protein sensin§;® and DNA  particles is 22 nm. Their lipid components are enclosed with
sensing®** In sensing systems provided by nature, for ex-a monolayer of about 700 hydrophobic phospholipids and
ample, the human nose, only tens of sensors are used tae protein component is the hydrophilic apoB-100 protéin.
provide information that can be evaluated to distinguishWe have previously reported the chemical gating effect of
~10? different odors with the help of subsequent “patternLDL using In,O5 nanowires. This letter will focus on the
recognition” in the human brailf. Analogous to this natural comparative studies between carbon nanotubes aj@;In
approach, artificial noses can be realized using multi-sensdranowires. We studied the binding of LDL particles between
array connected with microprocessors. In this approach, s&arbon nanotubes and,D; nanowires. A tenfold difference
lectivity is not obtained by special functionalization of indi- in LDL binding was observed using atomic force microscope
vidual sensor units but by the subsequent pattern recognitio%FM)- More interestingly, complementary sepsing re-
process. This technique has considerable potential for sen§POnses have been observed betwegdmanowire and
ing in a complicated environment and has been widely uticarbon nanotube field-effect transistors after exposure to

lized in commercial multi-sensor arrays. One key require-DL particles. Exposure to h©; nanowire resulted in an
ment of this approach is to gain complementary andncreasein conductance along with a negative threshold volt-

sometimes redundant information on the effect of multiple®d€ Shift while the opposite occurred with carbon nanotube

sensors exposed to various chemicals. Inspired by this, we
have studied the chemical gating effect of low-density lipo-
proteins(LDLs) on two nanosensing materials;,®s nano-
wires and carbon nanotubes. These two materials are
complementary to each other, as carbon nanotube field-effect
transistors(FET9 normally showp-type transport behavior
while In,O5 nanowires display-type semiconductor behav-
ior. In addition, carbon nanotubes are hydrophobic while
In,O3 nanowires are hydrophilic.

Low-density lipoprotein was chosen as the target mol-
ecule in this letter for two main reasor$) it is an important
marker to detect individuals at risk for cardiovascular dis- ©
ease; specifically, coronary artery disease is the leading cause
of death in the United State€) LDL consists of hydropho-
bic lipid component and hydrophilic protein component
known as Apo B-100Fig. 1(a) insefl. LDL is the major
cholesterol transport agent in human plasma. As LDL par-
ticles undergo redox reaction from the reduced fdipo

FIG. 1. (Color onling (a) AFM images of an 1pO; nanowire andb) a

) carbon nanotube after LDL attachment. Inset: Schematic diagram of a LDL

dauthor to whom correspondence should be addressed; electronic ma'b'article.(c) Schematic diagram of LDL attached to a nanowii. LDL
chongwuz@usc.edu attached to a nanotube.
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based devices. We attribute this complementary sensing ef- @ Tn, O; Nanowire
fect to the chemical gating effect. or nanotube

In preparation for studying the chemical gating effects, Hefoe  por
initial studies on LDL particle binding to h®©5; nanowires \
versus carbon nanotubes were performed. Nanowire and @
nanotube suspensions were prepared by longtime vigorous
sonication in isopropyl alcohol and dichloroethane, respec-
tively. In,O; nanowires were synthesized using a laser abla-
tion process and details can be found in our previous
publication® Single-walled nanotubes were produced using
the HiPCO(high-pressure carbon monoxjdarocess by Car-
bon Nanotechnology Inc. and used without further purifica-
tion. Several drops of each suspension were spun onto clean
Si substrates covered with 500 nm $i@hich left abundant
well-separated nanowires or nanotubes atop the Si@ace.
Meanwhile, LDL suspension was prepared by sonicating 0.1
mg LDL particles (Sigma-Aldrich in ~1 ml pure water
(HPLC grade, VWR for 1 h. The Si/SiQ substrates deco-
rated with nanowires or nanotubes were then incubated in the
LDL suspension overnight. Af.ter th_at' the samples W(,:"reFIG. 2. (Color onling (a) Scheme for LDL adsorption on nanowire/
taken out of the LDL suspension, rinsed thoroughly usinghanotube transistorgb) SEM image of an Ig0; nanowire transistor(b)
pure water, and blown dry under a compressed nitrogen flowsEM image of a carbon nanotube transistor.

Atomic force microscopy was subsequently utilized to
carefully examine the sample surfaces. Figur@s and 1b) o )
display two typical images of LDL adsorption on an,@ showq in Figs. (o) a}nd 1d). On the othgr hand, the d|ffer—.
nanowire and a carbon nanotube, respectively. By using theNce in the nanowire and nanotube diameters should give
topographic height from these images, the diameter of thdifferent surface areas for this interaction to occur. As a re-
nanowire and the nanotube was determined to be about 18¥It, the overall attachment efficiency is directly linked to the
and 1.5 nm, respectively. This is consistent with the valuegroduct of the active surface areas of the LDL particles and
obtained from the manufacturer for nanotubes and our owf1€ nanowires/nanotubes. An order-of-magnitude estimate
previous studies on kD; nanowires’ The lateral resolution ¢an be made by assuming the hydrophobic and the hydro-
of AFM imaging on nanoscale objects is compromised by thedhilic interactions are of similar strength, and this Iead_s_ to an
tip radius and is usually considered less revealing than thexpected ratio of 6.4:1 between the coverage densities for
height information. Considerable amount of particles can bd&anotubes and nanowires, which is quite close to the ratio of
found on the sample surface after the LDL incubation, as~10:1 determined from the AFM measurements.
shown in Figs. (a) and Xb). The height of these particles Wlth increasing incubation time, more and more LDL
(18 nm is quite close to the average diamet@® nm of particles were found to adso_rb_ onto the sample surface pre-
LDL, ** therefore confirming they are indeed individual LDL Sumably because LDL precipitated out of the suspension.
particles. Further comparison between the nanowire anfventually a layer of LDL coated the whole surface includ-
nanotube samples revealed different efficiency in LDL ading the electrodes after incubation for 48 h, lending a good
sorption on nanotube and nanowire surfaces. In Fig),1 Starting point to the chemical gating studies. Figu(@ 2e-
only about 2 or 3 LDL particles can be found attached to thePicts a schematic diagram of the chemical gating experiment.
In,O5 nanowire, whereas almost the entire nanotube in FigAn In,O; nanowire or a carbon nanotube acted as the con-
1(b) was decorated with LDL particles. An estimation of the ductive channel in the field-effect transis{®ET) structure,
LDL coverage density was made by counting LDL particlesand the substrate coated with a Si@yer was used as a back
attached to nanowires and nanotubes found at different loc&ate, while the LDL deposited on the surface functioned as
tions. A tenfold difference in the coverage density was delocal chemical gates. Figureshi? and Zc) display two scan-
rived from the estimation, with values being 1.5 LDL par- Ning electron micrograph(SEMs of an In,O5 device and a
ticles perum for In,O; nanowires and 16.3 for carbon carbon nanotube device, respectively. For thglndevice,
nanotubes. an InO5; nanowire with a diameter of 30 nm was found

We tentatively attributed this difference in the coveragebridging two Ti/Au electrodes with a channel lengt2 um.
density to the hydrophilic/hydrophobic interaction betweenThe channel length of the carbon nanotube transistor is
the LDL particles and the nanowires/nanotubes. The surfacé #m, as defined by the photolithography process. The nano-
of LDL is known to include a small hydrophilic area made of tube height is determined to bel.6 nm using atomic force
the apoB-100 protein and a large hydrophobic area made dhicroscopy, thus confirming it is an individual nanotube.
phospholipid molecules. Indeed data provided in the To ascertain the chemical gating effect, all the measure-
literaturé* reveal that nearly 2.3% of the surface is coveredments were conducted in a vacuum chamber to avoid com-
by the apoB-100 protein, while the rest 97.7% is covered byplexity caused by water in electrical measurement. Figures
hydrophobic phospholipid molecules. According to the gen-3(a) and 4a) show two sets of current-voltagé-V) curves
eral principle of hydrophobic and hydrophilic interaction, of the In,O; nanowire transistor and the carbon nanotube
hydrophobic carbon nanotubes should attract LDL particlesransistor with the gate bia¥/;=0, where conductance
with the phospholipid part facing the nanotube, whilgQgn  change in opposite directions can be clearly observed. The

nanowires should attract the apoB-100 Eart of LDL, asln,Oz; nanowire device exhibited a zero bias resistance of
Downloaded 13 Apr 2005 to 128.125.8.116. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 3. (Color onling (a) I-V curves of an 1g0; nanowire device before  FIG. 4. (Color onling (a) I-V curves of a carbon nanotube transistor before

and after exposure to LDUb) |-V, curves of the same device before and and after exposure to LDL(b) I-V, curves of the same device before and
after exposure. Herg=-0.1 V. after exposure. Herg=0.1 V.

0.56 M() after exposure, as compared to a resistance of 6.07

MQ before the exposure. In contrast, the nanotube devicgons' Qhemmal gating exper!ments performed with both
showed an increase of resistance from 1.70 Mefore the hanowire and nanotube transistors revealed enhanced con-

LDL exposure to 75.6 M afterwards. In addition to the ductance for 103 nanowires and reduced conductance for

resistance change, the chemical gating properties of the&?rbon nanotube dewces.upon LPL exposure,yvh|ch IS inter-
two kinds of devices were further investigated by monitoringprem(JI as the local chemical gating of the amino groups on
the dependence of the source-drain current on the gate bidsDL Particles. Our work represents a step forward toward
Figures 3b) and 4b) display two sets of-V, curves before using co_mplementary _mult|pl_e nanosensors for identifying
and after LDL incubation, respectively. A constant drain-SPECi€s important for biomedical research and health care.

source bias/=-0.1 V was applied for the h®; nanowire The authors acknowledge the support of a NSF CA-
device whileV=0.1V was used for the carbon nanotubeREER Award, a NSF CENS Award, and a SRC MARCO

device. A threshold voltage shift from 6.4 to11.7 V can be
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