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a b s t r a c t

A low-cost, label-free, ultra-sensitive electric immunoassay is developed for the detection of swine
influenza virus (SIV) H1N1. The assay is based on the excellent electrical properties of single-walled car-
bon nanotubes (SWCNTs). Antibody–virus complexes influence the conductance of underlying SWCNT
thin film, which has been constructed by facile layer-by-layer self-assembly. The basic steps of conven-
tional immunoassay are performed followed by the electric characterization of immunochips at the last
eywords:
arbon nanotube
wine influenza virus H1N1
iosensor
irus sensor

mmunoassay

stage. The resistance of immunochips tends to increase upon surface adsorption of macromolecules such
as poly-l-lysine, anti-SIV antibodies, and SIVs during the assay. The resistance shift after the binding
of SIV with anti-SIV antibody is normalized with the resistances of bare devices. The sensor selectivity
tests are performed with non-SIVs, showing the normalized resistance shift of 12% as a background. The
detection limit of 180 TCID50/ml of SIV is obtained suggesting a potential application of this assay as
point-of-care detection or monitoring system. This facile CNT-based immunoassay also has the potential

atfor
to be used as a sensing pl

. Introduction

The novel H1N1 swine influenza virus (SIV) has spread world-
ide resulting in a pandemic consisting of 135,000 cases and 816
eaths by mid-2009 (Khan et al., 2009). The SIV causes an acute
espiratory disease and is transmissible to humans causing high
ever, lethargy, nasal discharge, coughing, and dyspnea (Choi et al.,
002). The pandemic influenza A is transmitted from person to
erson by exposure to infected secretions. Conventional meth-
ds of virus diagnosis including virus isolation, polymerase chain
eaction (PCR), and enzyme-linked immunosorbent assay (ELISA)
equire extensive sample handling, laboratory infrastructure, and
ong sample-to-result time (Lee et al., 1993). Although the reverse
ranscriptase-PCR demonstrated the lowest detection limit of less
han 0.1 TCID50/ml for SIV (Lekcharoensuk et al., 2006), it was offset
y the need for sophisticated bench-top instrumentation, tedious
nd time-consuming sample preparation, and inclusion of trained
ersonnel. Furthermore, the amount of sample available is often

ery small e.g., blood and cerebrospinal fluid from a neonate. Hence,
t is desirable to develop a simple, sensitive, reliable and inexpen-
ive antigen detection technique.
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m for lab-on-a-chip system.
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Immunosensors are analytical devices that yield sensi-
tive, selective, and measurable signals in response to specific
antigen–antibody interactions. They play the role of direct monitor-
ing of molecular recognition event and consequently the diagnosis
of pathogens. A variety of immunosensors has been developed
using different transducers that exploit changes in mass (Vaughan
et al., 2001), heat (Pizziconi and Page, 1997), electrochemical
(Plekhanova et al., 2003; Sadik and Van Emon, 1996; Sklaal, 1997),
or optical properties (Duendorfer and Kunz, 1998; Kubitschko et al.,
1997; Marks et al., 2000). Of various transduction mechanisms,
the electric detection of viruses (Dastagir et al., 2007; Mannoor
et al., 2010; Nebling et al., 2003) has a potential to revolution-
ize traditional laboratory assays for pathogen detection, since it
can be implemented easily overcoming disadvantages of the tradi-
tional assay. The portable personal devices including electrometer
unit can be used to measure electrical signals from the assay. It is
advantageous to point-of-care detection application in that other
transduction mechanisms need the expensive and sophisticated
instruments to measure output signal. For example, expensive
quartz crystals and precise optical gears should be used in quartz
crystal microbalance and surface plasmon resonance, respectively.

The carbon nanotubes (CNTs) are one of the most promising

materials for the rapid detection of human and animal pathogens
due to their excellent properties (Rica et al., 2008). The CNT-based
biosensors have attracted much attention due to the availability
of inexpensive off-the-shelf building blocks, miniaturized devices
for small sample volumes and excellent transducing properties. In

dx.doi.org/10.1016/j.bios.2011.01.029
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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ddition, CNTs enable a better biotic–abiotic interface due to their
ize similarity and the immobilized biomolecules preserve their
ioactivities such as enzymatic reactions and recognition func-
ions (Rica et al., 2008). The unique electrochemical transduction
unctions found previously (Lee and Cui, 2009b, 2010) sustain the
pplication of CNTs to biosensing toward the label-free detection.
astly, sensing platforms exploiting nanomaterials can be miniatur-
zed to realize an autonomous one-shot sample-to-result bioassay
ia a sensing array incorporated into micro/nanofluidic systems.

Nanomaterials were widely used for the electrical detection of
mmuno-reaction. Label-free and real time detection of virus was
one through silicon nanowire transistors (Patolsky et al., 2004).

t showed discrete conductance change upon binding/unbinding
f virus to the accepter molecules immobilized on nanowire. Fur-
hermore, metal oxide nanowires were used to detect biomarker
-protein for severe acute respiratory syndrome virus using anti-
ody mimic proteins resulting in sensitivity of sub-nanomolar
oncentration (Ishikawa et al., 2009). Hepatitis C virus RNA was
lectrically detected in the range of pico-molar concentration via
WCNT field effect transistors (Duendorfer and Kunz, 1998). Anti-
emagglutinin was detected through immune-reaction on the
ack-gate SWCNT transistor where hemagglutinin was immobi-

ized. The detection limit of 5 × 10−8 mg/ml was found, which was
hree orders lower magnitude than the conventional ELISA tech-
ique. Influenza virus hemagglutinin could be a target molecule by

mmobilizing anti-hemagglutinin on the CNT FET surface (Takeda
t al., 2007).

Herein, we report self-assembled CNTs random network thin
lm for the electrical detection of SIV H1N1. The resistance shifts
pon virus binding were normalized with the resistance of bare
evices, which extended the detection range with decreasing the
hannel length of CNT resisters. The CNTs networks were able to
uccessfully detect as low as 180 TCID50/ml of SIV using normal-
zed resistance shift upon immunobinding of viruses. The sensor
electivity was shown against non-SIV viruses e.g., transmissible
astroenteritis virus (TGEV) and feline calicivirus (FCV). Based on
ombinative low-cost fabrication method of large-scale microfab-
ication and self-assembly, the immunochip is disposable after
ssay and designed as an on-site diagnostic tool to promptly con-
rol the epidemic viruses. Therefore, this facile CNT-based electric
mmunoassay has potential applications as a point-of-care test or a
omponent for lab-on-a-chip system. Furthermore, the antibody-
ased assays can be utilized for developing portable assays for
linical diagnosis of SIV H1N1, combining with micro/nanofluidic
ystems.

. Experiment

.1. Materials and methods

Carbon nanotubes (90% of SWCNTs, 95% of CNTs, diameter:
–2 nm, length: 5–30 �m, SSA: 300–380 m2/g) used in this study
ere from Nanostructured and Amorphous Materials, Inc., Hous-

on, TX. Pristine SWCNTs were functionalized as done previously
o graft hydrophilic carboxylic groups for the stable dispersion
o water (Lee and Cui, 2009b). As a result of chemical function-
lization in concentrated acid, carboxylic groups were induced,
hich was evidenced by Fourier Transform Infrared spectroscopy
emonstrating a strong peak at 1760 cm−1 (Lee and Cui, 2009a).
olyelectrolytes used for layer-by-layer assembly as a polyca-

ion and polyanion were poly(diallyldimethyammonium chloride,
DDA, Mw = 200–350k, Sigma–Aldrich) and poly(stylenesulfonate,
SS, Mw = 70k, Sigma–Aldrich), respectively. The concentration of
DDA and PSS used was 1.4 wt% and 0.3 wt%, respectively, with
.5 M sodium chloride (NaCl) for better surface coverage. Poly-l-
tronics 26 (2011) 3482–3487 3483

lysine (PLL, 0.1 wt%, Sigma–Aldrich) was used to immobilize the
anti-SIV antibody physically on the surface of SWCNTs.

Stable interface of nanotubes with biomolecules is essential for
successful detection of target biomolecules. Covalent conjugation
of antibodies on carboxylated CNTs using cross linker carbodiimide
such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
has been widely used. However, it requires special consideration
on the wet chemistry such as choice of buffers and inter-protein
conjugation. Furthermore, CNTs themselves have a strong affin-
ity for biomolecules by means of electrostatic and hydrophobic
interactions. It is not yet clear if covalent conjugation through car-
bodiimide cross linker is differentiated by electrostatic physical
adsorption (Gao and Kyratzis, 2008). Therefore, we adopted a sim-
ple electrostatic interaction to immobilize antibody by employing
PLL. The blocking buffer consisted of bovine serum albumin (BSA;
Fraction V Solution 7.5%, Invitrogen Corp.) diluted to produce a 3%
concentration in 1× PBS (KCl: 2.67 mM, KH2PO4: 1.47 mM, NaCl:
137.93 mM, Na2HPO4·7H2O: 8.06 mM).

Antiserum containing anti-SIV antibody was obtained from the
National Veterinary Services Laboratory (NVSL, Ames, IA). The anti-
body titer determined by haemagglutinin inhibition (HI) assay was
1:1280. The antiserum was diluted 100-fold in 1× PBS to immobi-
lize on SWCNTs. The SIV strain used in this study was obtained from
the archives of the Minnesota Veterinary Diagnostic Laboratory
(MVDL), University of Minnesota, Saint Paul, MN. The stock virus
was propagated in Madin–Darby canine kidney (MDCK) cells. Cells
infected with SIV were disrupted by three freeze–thaw cycles and
cell debris was removed by centrifugation at 2000 × g for 10 min
at 4 ◦C. The supernatant was collected, aliquoted (1 ml each in
cryovials), and stored at −80 ◦C until the day of use. Appropriate
dilutions of the stock virus were prepared in 3% BSA/PBS solu-
tion. Transmissible gastroenteritis virus (TGEV), a coronavirus of
pigs, and feline calicivirus (FCV) used for determining specificity of
the test were also from MVDL. The TGEV and FCV were grown in
ST (swine testicular cells) and Crandell–Rees feline kidney (CRFK)
cells, respectively.

2.2. Virus titration

The titration of FCV, TGEV, and SIV was done in CRFK, ST, and
MDCK cells, respectively. Serial 10-fold dilutions of each virus were
prepared in Eagle’s Minimal Essential Medium (MEM). Virus dilu-
tions were inoculated in monolayers of appropriate cells grown in
96-well microtiter plates using four wells per dilution. After the
plates were incubated at 37 ◦C for 96 h, they were examined micro-
scopically for virus-induced cytopathic effects (CPE). The highest
dilution showing CPE was considered as the end point. Virus titers
were calculated as previously described (Reed and Muench, 1938).

2.3. Fabrication of the immunochip

A standard 4 inch silicon (Si) wafer with thermally grown sili-
con dioxide (SiO2 2 �m thick) was cleaned in a piranha solution (3:1
H2SO4:H2O2) at 120 ◦C for 15 min, rinsed thoroughly with a copious
amount of deionized water (DIH2O), and dried with a nitrogen (N2)
stream. Chromium (Cr, 300 Å) and gold (Au, 1000 Å) were electron-
beam evaporated onto the Si/SiO2 substrate and patterned for two
electrodes using photolithography. Photoresist window was pat-
terned to allow SWCNT to be assembled only on the conducting
channel area. After the development of photoresist, oxygen (O2)
plasma was used to remove the residual photoresist completely on

the opening window at a power of 100 W for 1 min with O2 flow
rate of 100 sccm as well as to make the surface hydrophilic, which
is beneficial to the subsequent LbL assembly. The SWCNT multi-
layer thin film was assembled between microfabricated electrodes
as a resistor. For thin film construction, two bi-layers of (PDDA/PSS)
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ig. 1. The fabricated carbon nanotube thin film immunochips: (a) schematic of a
mage of the individual chip, SEM images of metal (Cr/Au) electrode pattern (c) and
n a 24-well plate for use in immunoassay. Conductance of SWCNT thin film change

ere firstly self-assembled as a precursor layer on the patterned
ubstrate for the charge enhancement followed by the assembly of
PDDA/SWCNT)5 as an electrochemical transducing material. The
ipping time used for polyelectrolytes and SWCNTs was 10 and
5 min, respectively. The silicon wafer was diced using wafer cut-
ing system (Disco DAD 2H/6T).

.4. Electric immunoassay
The resistance of the chips was measured using digital multi-
eter and recorded before the assay. Individual chips were sorted

ccording to their channel length into 24-well tissue culture plates
nd the immunoassay was performed as follows. The chips were
ncubated in 0.3 ml of 0.1 wt% PLL for 1 h. The aqueous PLL was
ividual immunochip with close-up hierarchy of SWCNT multilayer, (b) an optical
NTs multilayer thin film between two electrodes (d), and (e) sorted immunochips
to antibody–virus complex.

removed and 0.5 ml of distilled water (DW) was added. The plates
were placed on a shaker for 2 min followed by the removal of
DW. The rinsing process was repeated two more times followed
by drying with nitrogen (N2) stream. The resistance of the chips
was measured and recorded. Next, 0.5 ml of 1:100 dilution of anti-
SIV antibody in 1× PBS was added followed by incubation at 4 ◦C
for 24 h. The immunochips were washed three times each in PBS
and in DW followed by drying with N2 stream and the measure-
ment of resistance. To prevent nonspecific binding, 0.5 ml of 3%

BSA/PBS was added. After incubation for 3 h at room temperature,
3% BSA/PBS was removed, chips washed in PBS and DW as described
above, and resistance measured after drying. The devices were then
incubated in 0.3 ml of various dilutions of SIV H1N1, TGEV, and FCV
in 3% BSA/PBS and incubated for 1 h followed by rinsing, drying, and
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Fig. 3. The electrical characterization of SWCNT immunochips: (a) the resistance of
layer-by-layer assembled SWCNT resistor with the width of 1 mm and thickness of
Dilution

ig. 2. Titers for serial 10-fold dilutions of FCV, TGEV, and SIV stocks used for the
ssay: the concentration exhibited a good linear relationship with the dilution.

esistance measurement. As a negative control, 3% BSA/PBS without
ny virus was used. The resistance shifts upon virus binding were
ormalized in three different ways: (a) with the resistances of bare
hips (Rchip), (b) with the resistances after PLL assembly (RPLL), and
c) with the resistances after anti-SIV antibody binding (RAb). The
esistance shifts were normalized as follows:

R∗
x = Rvirus − RAb

Rx
(1)

here x can be chip, PLL, or Ab indicating the resistance of bare
evices, after PLL, and after antibody assembly, respectively.

. Results and discussion

The SWCNT immunochip structure fabricated in this study is
chematized in Fig. 1(a) including close-up hierarchy of thin film
nd antibody–virus complexes. It is a two-terminal device where
he conductance of SWCNT thin film is subject to change due to the
oncentration of antibody–virus complexes. The diced individual
mmunochip is in size of 1 cm × 1 cm and SWCNT thin film was pat-
erned so that it was confined to the conducting channel as shown
n Fig. 1(b). The conducting channel dimension is 1 mm wide and 10,
0, and 50 �m long as shown in Fig. 1(c). The SEM image of SWCNT
lm in Fig. 1(d) demonstrates a random network of SWCNTs, which
lays the role of transducer upon virus binding to its antibody. The

mmunochips were sorted into 24-well plates as shown in Fig. 1(e)
n order to perform immunoassays.

Serial 10-fold dilutions of each virus showed the relationship
ith dilutions, as shown in Fig. 2. Undiluted FCV, TGEV, and SIV
1N1 samples had concentration of 3.16 × 107, 5.62 × 105, and
.77 × 105 TCID50/ml, respectively. A TCID50 (50% tissue culture

nfective dose) means that the pathogen produces pathological
hanges in 50% of the cell cultures inoculated with the indicated
irus amount.

I–V measurement was performed for the fabricated SWCNT
esistor at the atmosphere, which demonstrated a linear relation-
hip between current and voltage in both forward and backward
iases in the range from −1 to 1 V indicating an ohmic contact
etween SWCNT film and metal electrode as well as among SWC-
Ts. The fabricated SWCNT resistors with variable lengths of 10,
0, and 50 �m possessing constant 1 mm width and 38 nm thick-

ess were tested. Ten different devices from a same batch were
ested and resistances were extracted by linear curve fitting, fol-
owed by plotting them as a function of channel length with the
tandard errors as error bars as shown in Fig. 3(a). The resistance
as found to increase linearly with the conducting channel length
38 nm at variable channel lengths, and (b) the effect of surface adsorption on the
resistance of chips with channel lengths of 10, 20, and 50 �m. Resistances signifi-
cantly increase upon surface adsorption of PLL. Error bars indicate standard error
from 10 devices in a batch.

demonstrating relationship of R = 29.1 × L + 140, where R and L are
in unit of � and �m, respectively.

The resistance measurement was also performed at each step
of the immunoassay. The measured resistances of bare, PLL coated,
and anti-SIV antibody assembled chips are shown with the standard
error as error bars in Fig. 3(b). The resistance increases significantly
upon PLL assembly presumably due to the drastically decreased
charge carrier transfer caused by surface adsorption. However, it
should be noted that antibody assembly on PLL layer does not
influence resistance apparently as much as PLL does on SWCNTs.
Once PLL is adsorbed on the sensitive CNT surface, there must be a
significant electrostatic and/or structural change to induce observ-
able resistance change. This suggests that the resistance changes
after immunobinding of SIVs due to their charge carrier donat-
ing/accepting property and/or huge structure compared to SWCNT
and antibody. The physical adsorption of viruses influences the
electrical properties of SWCNT thin film which, in general, increases
resistivity.

The resistance shifts after SIV binding at various virus dilutions
are shown in Fig. 4. The resistance shift tends to increase with

increasing concentration of SIV. The higher the SIV concentration,
the more SIV adsorbs on the surface resulting in increased resis-
tance of SWCNT film. Immunochips with 10 �m channel length
exhibit a resolution down to 104-fold dilution, but the saturated
resistance change at high concentrations from undiluted to 102-
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ig. 4. Resistance shift upon immunobinding of SIV on channel lengths of 10, 20,
nd 50 �m: binding tends to increase with the concentration of SIVs. This suggests
ontrollable detection range and detection limit in terms of sensing area.

old dilution is observed. On the other hand, the plateau at high
oncentration is not observed in immunochips with 20 and 50 �m
hannel lengths. However, it is noted that those devices show a
esolution at 103-fold dilution. The reason for the significant devi-
tion at lower concentration and control immunochips with 20 and
0 �m channel lengths is that open binding sites in anti-SIV anti-
odies over the large area might be susceptible to other molecules
resent in a virus solution, causing unstable resistance shift. This

ndicates that the sensing area plays an important role in control-
ing the detection range and limit of detection. The larger sensing
rea can detect a higher concentration, yielding a lower resolu-
ion, which further suggests the use of nanoscale conducting gap
r nanoscale individual materials could yield higher resolution. It
s noticeable that the sensitivity of 30–40 �/decade is observed on
ach detection range irrespective of the sensing area.

The resistance shifts on virus binding (Rvirus − RAb) on 10 �m
hannel length were normalized in order to address the variation
n resistance of bare chips as depicted in Fig. 5. The average and
tandard error were extracted from 5 sets of immunoassay. The
mount of virus bound corresponds to the resistance shift, and it
s dependent on the amount of antibody as well. The immobilized

ntibody is proportional to effective binding area on PLL, ultimately
n SWCNT film. For this reason, variation in amount of SWCNT,
LL, and antibody is resolved by normalization. Once the resistance
hifts were normalized with the resistances of bare chips (Rchip), the

ig. 5. The normalized resistance shift with the resistance of bare chips (Rchip), PLL
oated (RPLL), and anti-SIV antibody assembled chips (RAb) in 10 �m channel: the
ensitivity increased significantly upon normalization with bare chips while the
lateau is observed from undiluted to 102-fold dilution in the normalization with
RPLL) and (RAb). The error bars indicate standard error from 5 sets of assays.
Fig. 6. Sensor selectivity tests of 10 �m channel immunochips against TGEV and
FCV based on normalization with the resistance of bare chips (Rchip). The error bars
indicate standard error from 5 sets of assays.

sensitivity is about 7.3%/decade on the range of undiluted sample to
103-fold dilutions. However, the sensitivities upon normalization
with the resistances after PLL (RPLL) and antibody adsorption (RAb)
were almost the same, which is about 5.9%/decade on 101- to 103-
fold dilutions. Moreover, the discernible signal was obtained on the
saturated region, undiluted to 102-fold dilution when only resis-
tance shift was considered in Fig. 4. Therefore, increased sensitivity
and extended detection range could be obtained by employing
appropriate normalization method.

The selectivity tests were conducted against TGEV and FCV using
all 10 �m channel chips, and a typical result is shown in Fig. 6.
All resistance shifts were normalized with the resistance of bare
chips (Rchip) since it yielded the increased sensitivity in Fig. 5. The
average and standard error here also were determined from 5 sets
of immunoassay. The normalized resistance changes for FCV and
TGEV were within 12% and 9% in all dilutions, while the normal-
ized resistance shifts for SIV showed more than 25% on the range of
undiluted to 103-fold dilution. The reason for a higher background
signal for FCV than for TGEV assay might be a significant nonspecific
binding of virus presumably due to 2 orders higher concentration
of the undiluted virus stock as identified in Fig. 2. The control and
104-fold dilution of SIV revealed background signal of less than
10%. As a result of selectivity test, the detection of SIV is selec-
tive down to 103-fold dilution (1.77 × 102 TCID50/ml). The range of
influenza viral particles 103–105 TCID50/ml has been found in the
infected swine nasal samples (Reichmuth et al., 2008). Therefore,
the electronic detection of SIV, which revealed a detection limit
of about 180 TCID50/ml, has the potential for rapid on-site diagno-
sis and/or monitoring. These results are comparable to detection
limit of 610 TCID50/ml SIV using microchip-based electrophoretic
immunoassays (Reichmuth et al., 2008).

4. Conclusions

The SWCNTs network can be used as a low-cost, label-free,
ultra-sensitive, and electric detection of SIVs. The electrical resis-
tance increased upon surface adsorption of macromolecules such as
PLL. Furthermore, the immunobinding of SIV on the sensor surface
notably changed the resistance of SWCNTs thin film. The resistance
shifts upon virus binding were normalized with the resistance of
bare chips, which enhanced the sensitivity and removed the plateau

at high concentration. The detection limit of SWCNT network for
SIVs has been obtained as 103-fold dilution from multiple tests
with about 10% background signal. The selectivity test also indi-
cated that 103-fold dilution of SIV could be detected against FCV
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nd TGEV. The detection limit of 103-fold dilution of SIV amounts
o 180 TCID50/ml. The antibody-based assays can be utilized as a
ortable device for the clinical diagnosis of SIV H1N1. The facile
lectronic detection of viruses via CNTs resistors can be used as the
oint-of-care detection and the component of lab-on-a-chip. Fur-
hermore, it can be extended to other elegant analytical assays once
t is combined with micro/nanofluidic systems.
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