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Carbon nanotubes (CNTs) have shown great potential as sensing component in the
electrochemical, field effect transistor and optical sensors, because of their extraordinary
onedimensional electronic structure, thermal conductivity, tunable and stable near-infrared
emission. However, the insolubility of CNTs due to strong van der Waals interactions limits their
use in the field of nanotechnology. In this study, we demonstrate that non-covalent ultrathin gold
nanowires functionalized multi-walled carbon nanotube (GNW-CNT) hybrid sensing agents show
highly efficient and selective immune molecular sensing in electrochemical and near-infrared
photoacoustic imaging methods. A detection limit of 0.01 ng/mL for the Alpha-Fetoprotein (AFP)
antigen with high selectivity is shown. The extraordinary optical absorption, thermal and electric
conductivity of hybrid GNW-CNTs presented in this study could be an effective tactic to integrate
imaging, sensing and treatment functionalities.
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Carbon nanotubes (CNTs) classified as single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTs), have been attracting much interest since they were first introduced in
1990s, because of their excellent chemical stability, high thermal and electronic
conductivity, and broad spectral optical absorption. Therefore, CNTs have been intensively
investigated in many emerging applications, including field-effect emitters,1, 2 solar cells3–5
and hydrogen storage medium.6–8
In recent years, CNTs have shown great potential in biomedical applications, such as
bioimaging, sensing and drug delivery in cells and animals due to their strong optical
absorption, high thermal conductivity and long-circulating characteristics.9–13 Particularly,
CNTs absorb light in the near-infrared (NIR, such as700–900 nm), where tissue optical
scattering and absorption reaches minima, thus they can image more deeply within tissues
with high spatial resolution. CNTs have been used in various biomedical imaging
applications, such as NIR photoluminescence imaging,14 Raman imaging,15, 16 magnetic
resonance imaging (MRI)17, 18 and photoacoustic (PA) imaging.19–24 However, due to their
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highly hydrophobic property, surface functionalization of CNTs should be performed to
obtain high water solubility and biocompatibility before bioconjugation process. In the past,
the chemical covalent or physical non-covalent approaches have been employed for surface
functionalization.25–29 Chemical reactions are most widely studied to covalently
functionalize CNTs by using harsh experimental conditions, such as strong acids or
oxidants, but they usually create a number of defects on the sidewalls of CNTs and affect
their electronic and optical properties.30 Non-covalent interactions utilize the surfactant or
polymers to coat on CNTs, which show promises to increase their water solubility, prevent
the aggregation and enhance their biocompatibility.31 However, non-covalent interactions
between CNTs and surfactant or polymers are not stable in the biological fluids, and
simultaneously preserving the optical property of the CNTs remains as a central challenge.
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In this study, we develop in-situ solution-phase synthesis of ultrathin gold nanowires
(GNWs) incorporated MWCNTs as a model sensing system, in which non-covalent
functionalization is shown to provide efficient electrochemical sensing and NIR PA
imaging. The ultrahigh surface to volume ratio of the MWCNTs and in-situ GNWs synthesis
allows for efficient inside and outside non-covalent functionalization. Since ultrathin gold
nanowire surfaces exhibit excellent biocompatibility to incorporate additional surface
functionalities,32, 33 the resulting water-soluble hybrids exhibit high optical absorbance
while obtaining the abilities of bioconjugation, and also extraordinary thermal conductivity
than that of MWCNTs, which is an important property for PA imaging. Additionally, we
show the hybrid GNW-CNTs can be selective for detecting Alpha-Fetoprotein (AFP)
antigen as the model system, using both electrochemical and NIR PA imaging techniques.
AFP antigen is the early indicator of hepatocarcinogenesis and an important biomarker of
hepatocellular carcinoma (HCC), which is the most common type of liver cancer.34–36 Our
results demonstrate that the GNW-CNT hybrids can offer a promising alternative for noninvasive detection of AFP antigen.
In the following report, the structure of solution-phase GNW-CNTs will be firstly
introduced. Moreover, we will show the PA imaging characteristics based on unique optical
and thermal properties of the hybrid system. The GNW-CNTs hybrids for sensing the AFP
antigen using both electrochemistry and PA imaging will also be presented.

RESULTS AND DISCUSSION
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Figure 1(a) shows the schematic structure of the GNW-CNT hybrids. The GNW-CNTs are
consisted of multi-walled carbon nanotube core with a diameter of 40~60 nm, which is noncovalently incorporated with ultrathin gold nanowires. In order to enhance water solubility
of GNW-CNT, the cetyltrimethylammonium bromide (CTAB) and sodium citrate was used
to transfer GNW-CNT hybrid phase from hexane to water. The well dispersed GNW-CNTs
with relatively uniform size were highly water-soluble due to gold nanowire surface
functionalization. Transmission electron microscopy (TEM) analysis of the GNW-CNTs
(Fig. 1(b)) demonstrates that the gold nanowires with a diameter about 1 nm are
incorporated outside and inside MWCNTs. Surface morphology of hybrid GNW-CNTs thin
films by atomic force microscopy (AFM) confirms the fiber-like structure, shown in Fig.
1(c). The photoabsorption spectra of the GNW-CNTs (Fig. 1(d)) show a transverse plasmon
absorption in the visible region (510~530 nm) and a wide longitudinal resonance peak in the
IR region. Compared to the absorption spectrum of MWCNTs (Supplementary Fig.2), we
attribute the IR absorption from high aspect ratio of ultrathin gold nanowires.37 To confirm
this localized surface plasmon resonance (LSPR), we study the refractive index effect of the
solvent medium on the photoabsorption of GNW-CNT hybrids. Three different solvents
have been applied: hexane, Carbon tetrachloride (CCl4), and Carbon sulfide (CS2) with
refractive indices of 1.37, 1.46, and 1.63, respectively. The inset of Fig. 1(d) indicates that
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the absorption band from GNW-CNTs redshifts with increasing refractive index, which
confirms the LSPR feature of ultrathin gold nanowires incorporated CNTs, but not scattering
or sample impurities.38 The absorption of GNW-CNTs in hexane over 1600 nm incident
light wavelength was not included in the figure, because the hexane shows extremely high
intensity noise and strong interference in the signals from GNW-CNTs.
For PA applications, we explore the PA signal amplitudes of MWCNTs, GNW-CNT
hybrids, MWCNTs mixed with GNWs, and GNWs, shown in Fig. 2. Figure 2(a) shows
corresponding maximum amplitude projection (MAP) PA images. Figure 2(b) through 2(e)
show the PA signals and the signal profile at the horizontal dashed line position in (a),
respectively. The GNW-CNT hybrids exhibit significantly stronger PA signal amplitudes
than that of MWCNTs and GNWs. Since the PA imaging is an absorption-based technique,
the enhancement in PA amplitude are a result of the increase in optical absorption of GNWCNT hybrids. Particularly, the PA amplitude of GNW-CNTs was also stronger than that of
the randomly mixed GNWs and MWCNTs. The enhancement of GNW-CNT over CNT
mixed with GNW was calculated to be about 25.66%. We attribute such PA signal
amplitude increase to the enhanced absorption from NIR plasmonic resonance of GNWs
under 820 nm laser wavelength used in the PA imaging. Therefore, GNWCNTs exhibit
higher optical absorption than that of MWCNT, and leading to strong PA signals.
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In addition, the GNWs are wrapped and incorporated into MWCNTs to facilitate the
formation of percolation network and the interaction between GNW and MWCNT which
will enhance thermal transfer and the overall thermal conductivity of the hybrids structure.
In addition, the PA signal amplitude is dependent on the applied laser fluence and the
MWCNT concentration. Figure 3(a) shows a nonlinear signal enhancement as the laser
fluence increases at 820 nm laser wavelength. We postulate that the nonlinear PA signal
increase is originated from the change of thermal expansion coefficient at the high laser
fluence during the local temperature increase with thermal coupling.39–41 It is consistent
with previous reports that the PA amplitude of MWCNTs exhibits a linear relationship as
their concentration increases (Fig. 3(b)). However, the amplitude from the GNW-CNT
hybrids shows a drastic enhancement starting from ~1.5 µg/mL CNTs concentration
compared to the MWCNTs. This result further confirms that the integrated structure of
GNWs and MWCNTs can result in enhanced optical absorption and improved thermal
properties, and thus, stronger PA signal amplitude. The morphological change of GNWs
under long laser exposure was also observed. TEM images (Fig. 3(c) and 3(d)) show the
melting behavior of GNWs on MWCNTs before and after high intensity laser energy, in
which the GNWs were disconnected into rods slowly and into spheres eventually over time.
A similar process has been reported for the gold nanowires under HRTEM analysis.42 Also,
we found that the GNW-CNTs melted faster than those free GNWs which were not attached
on the MWCNTs (see Supplementary Fig.3), which could be attributed to the high thermal
conductivity of CNTs to transfer heat to the GNWs causing the melting behavior. This
characteristic may have the potential as cancer drug carrier for the drug release into the
targeting area under the laser irradiation for future drug delivery and cancer treatment.43
For specific molecular sensing and targeting applications, we explore the GNW-CNT
hybrids by functionalizing GNWs with the antibody, which is specific to the AFP antigen.
Figure 4(a) shows the schematic of each step for the immune test using the electrochemistry
method. In this test, GNWs on the surface of MWCNT can facilitate the Au-S interaction
with the thiol groups of Cys residues in anti-AFP,44 which enhances the affinity of anti-AFP
to GNW-CNT. Figure 4(b) shows the redox peak current under different testing conditions.
The redox peak current of the GNW-CNT modified electrode is significantly higher than
that of bare electrodes without GNW-CNTs, suggesting that the GNW-CNTs film enhances
electron transfer by providing a more conductive medium for the electron movement. After
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the electrode was coated with anti- AFP antibody and bovine serum albumin (BSA) films,
the peak currents of the electrode decreased significantly as a result of the low conductivity
of anti-AFP/BSA films. In addition, the incubation of electrode with AFP antigen caused the
peak current to decrease even more. Figure 4(c) shows that the peak current has a nonlinear
decrease as AFP antigen concentration increases. The presented results were obtained from
repeated experiments, and a small data spread range from the error bar showed an excellent
reproducibility of this electrochemical sensing. As AFP concentration increases, the signal
change to concentration ratio is decreased. This result can be understood by the
consideration of the molecular size. As the concentration of AFP antigen increases, the
incoming molecules were sterically hindered by the existed bioconjugated antigen. The
result from the immune test using electrochemistry confirms the capability of GNW-CNTs
for simple and robust bioconjugation. Based on the traditional protocol, the limit of
detection (LOD) is estimated to the concentration corresponding to three times of the
standard deviation of the noise. The standard deviation from our repeated experiments
without AFP was shown 0.13 µA. The difference of signal amplitude with AFP at a
concentration of 0.01 ng/mL, and without AFP is about 0.87 µA. It should be noted that 0.01
ng/mL AFP can be detected with this sensor by considering the standard deviation (0.39 µA)
lower than 0.87 µA.
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To further investigate the feasibility of GNW-CNTs to detect AFP antigen, PA imaging
immune test was conducted. Figure 5(a) shows a similar bioconjugation process for the PA
imaging immune test. The biotinylated monoclonal antibody (BMA), which attached on the
bottom of the microplates, was not well dispersed but accumulated on the corner as shown
in Fig. 5(b). The PA imaging was performed on both treated wells and controlled wells. In
Fig. 5(c) and 5(d), the weak PA signal amplitudes can be observed from the controlled
wells. In the PA images of treated wells (Fig. 5(e)–5(h)), the bright area, showing the
enhancement in the PA signals, indicates the existence of the GNW-CNTs and demonstrates
that AFP antigen coupling to anti-AFP antibody conjugated GNW-CNTs can be monitored
by the increase in the PA signal amplitude. In addition, the bright area matches very well
with the location of the BMA. To quantify the change of PA amplitude after linking antiAFP antibody conjugated GNW-CNTs with different concentrations of AFP, we calculated
averaged PA amplitude enhancement in the approximate BMA immobilized region (Fig.
5(b)). Figure 5(i) shows the calculated PA amplitude as a function of AFP antigen
concentration. The PA amplitude shows a linear enhancement until 5 ng/mL AFP antigen
concentration, below which the antibody functionalized GNW-CNTs were gradually
immobilized on the increasing number of AFP antigen, leading to the increased PA signal
amplitude. However, when AFP antigen concentration is higher than 5 ng/mL, the PA
amplitude reaches a saturation level, which agrees with the result from electrochemistry
method, and can be attributed by the sterically hindering of large molecular size AFP
antigen.
In order to demonstrate that GNW-CNT hybrids have better sensing sensitivity than GNW,
the immune test using GNW as the sensor was performed. First, anti-AFP was immobilized
on the surface of GNWs by mixing two solutions for 12 hours. Second, bovine serum
albumin (BSA) was added to the resulting solution for blocking nonspecific absorber site on
the GNWs for another 2 hours. Third, 25 µL AFP serum was pipetted into the assigned
biotinylated monoclonal antibody (BMA) coated microwells with different concentrations
for incubating at room temperature and washed by PBS solution after 20 minutes in order to
link the antibody to BMA. BMA were overdosed than AFP. Finally, 100 µL of the anti-AFP
antibody conjugated GNWs were added to each well and washed again by PBS solution
after 20 minutes. The PA images were obtained on the treated microwells with different
AFP concentrations as shown in figure 1. From the images, we can observe very weak PA
signals from the center of the microwells at 25 ng/mL and 50 ng/mL AFP concentrations. At
ACS Nano. Author manuscript; available in PMC 2014 September 24.
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75 ng/mL and 100 ng/mL AFP concentrations, PA signals become stronger because of the
attachment of more GNWs on the microwells. However, we can observe very strong PA
signals at 5 ng/mL AFP concentration with GNW-CNT as the sensor. Therefore, it is
concluded that GNW-CNT hybrids have a much better sensitivity than GNWs.

CONCLUSIONS
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In summary, we demonstrate solution-phase synthesized ultrathin gold nanowires
incorporated carbon nanotube hybrids as both NIR photoacoustic imaging and efficient
electrochemical sensing agents. Non-covalent ultrathin gold nanowire functionalized CNTs
preserve the extraordinary optical and thermal properties, and more importantly, exhibit high
water solubility and further biological molecule functionalization. The presented hybrid
golden carbon nanotubes own high optical absorption, thermal and electric conductivity. We
showed that high selectivity and sensing efficiency of hybrid GNW-CNTs by conjugating
with targeted molecules. In addition, the morphology change under laser exposure and high
thermal conductivity of CNTs also facilitates the disconnection process of GNWs, which
could open up potential applications by releasing the drug conjugated on the GNWs into the
targeted area under the laser illumination at certain intensity. Moreover, we showed that
GNW-CNT conjugated with anti-AFP antigen has the ability to specifically link to the AFP
antigen, and demonstrated a detection limit of 0.01 ng/mL for the AFP antigen with high
selectivity, as one model detection system.

EXPERIMENTAL METHODS
A. In-situ synthesis of ultrathin GNW-CNTs
In a typical synthesis, MWCNTs were dispersed in hexane with 0.5 mg/mL concentration.
Then, 100 µL oleylamine (OA) mixed with 3 mg HAuCl4 was added to the 2.5 ml
MWCNTs and hexane mixture, followed by the addition of 150 µL triisopropylsilane (TIPS)
to form a solution. Then the reaction proceeded at room temperature without stirring for 24
hours. The final products were centrifuged, washed by ethanol and finally redispersed in
hexane for further investigation.
In order to enhance water solubility of GNW-CNT, the following modification process has
been performed. A mixture of 0.1 M cetyltrimethylammonium bromide (CTAB) and 0.01
mM sodium citrate was added to GNW-CNT solution for phase transfer from hexane to
water. The transfer will be completed after at least 24 hours. GNW-CNT in water was used
for immune test.
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B. PA imaging system setup
The system schematic is show in Supplementary Figure 5. The system consists of an
ultrasound transducer, a laser system, and receiving electronics. A Qswitched Nd:YAG laser
(Surelite; Continuum, Santa Clara, CA) was used to pump a tunable OPO laser (Surelite
OPO PLUS; Continuum, Santa Clara, CA) to obtain a 820 nm wavelength laser with a 10Hz pulse repetition rate. The produced laser light forms a ring shape illumination after
passing through several prisms and a conical lens and then is refocused inside the sample by
an optical condenser. The subsequently generated ultrasonic waves are detected by a 5-MHz
focused ultrasonic transducer (SU-108-013; Sonic Concepts, Bothell, WA) which was
mounted in the middle of the condenser lens. The conical and condenser lenses were driven
by a 3D translation stage to enable the transducer to mechanically scan the targeted region.
Two prisms were used to enable the optical beam-folding for a 2D mechanical scanning.
Prism Y could only move on the Y direction, whereas prism XY could move on both X and
Y direction. The recorded photoacoustic signals by the transducer were amplified through a
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pre- amplifier (5072PR; Olympus-NDT, Waltham, MA) and then collected by a PC through
an A/D Scope Card (CS21G8-256MS; Gage, Lockport, IL) with a 250-MHz sampling rate.
This design has been presented by Song et al.45 for deep PAI, and proved to generate goodresolution photoacoustic images in deep regions inside soft tissue.46
C. PA signals amplitude comparison among four nanoparticles
Four particles solutions dispersed in DI water were injected into tygon tubing with GNWs
and MWCNTs concentrations of 0.35 mg/mL and 0.5 mg/mL for PA imaging. Laser
wavelength and laser fluence used in this experiment was 820 nm and 14 mJ/cm2,
respectively.
D. Electrochemistry immune test
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In electrochemistry assessment of the functionalization capability of GNW-CNTs, The
patterned gold electrode was sputtered 100 nm using Sputter Coater on a Si substrate. First,
40 µL GNW-CNTs were spin-coated on the cleaned electrode at 1800 r/min for 30s and the
electrode was washed with DI water. Second, 30 µL of anti-AFP antibody solution was
dropped on the electrode for 12 h at 4 °C to anchor the antibody on the surface of the
electrode. Third, 40 µL bovine serum albumin (BSA) solution was dipped on the electrode
for about 2 h at 4 °C in order to block possible remaining nonspecific bind of GNW-CNTs
active sites. At last, 30 µL AFP serum at different concentrations were dipped on the
electrodes for linking with the anti-AFP antibody for about 20 min. The obtained electrode
was then washed carefully with DI water and stored at 4 °C before using. The schematic of
the bioconjugation process is shown in Fig. 4(a). Cyclic voltammograms of the different
steps of modified electrodes were then carried out in pH 7.5 PBS buffer containing 1.0
mmol/L Fe(CN)63−/4− (Fig. 4(b)).
E. Photoacoustic immune test
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Anti-alpha fetoprotein (AFP) antibody was immobilized on the surface of GNW-CNTs by
mixing two solutions for 12 hours. Then, Bovine serum albumin (BSA) was added to the
resulting solution for blocking nonspecific absorber site on the GNW-CNTs for another 2
hours. The anti-AFP antibody conjugated GNW-CNTs were ready to use. For the treated
group, 25 µL AFP serum was pipetted into the assigned biotinylated monoclonal antibody
(BMA) coated microwells with different concentrations for incubating at room temperature
and washed by PBS solution after 20 minutes in order to link the antibody to BMA. BMA
were overdosed than AFP. Then, 100 µL of the anti-AFP antibody conjugated GNW-CNTs
were added to each well and washed again by PBS solution after 20 minutes. For controlled
group 1, only anti-AFP antibody is added to the AFP-incubated well. For controlled group 2,
bare GNW-CNTs, which were not conjugated with anti-AFP antibody but blocked by BSA,
were added to the AFP-incubated well. The laser wavelength and fluence used in the
immune test was 820 nm and 14 mJ/cm2, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Schematic of GNW-CNTs; (b) TEM image, scale bars: 50 nm. Inset scale bar: 20 nm; (c)
AFM image, scale bars: 100 nm; (d) Absorption spectra of GNW-CNTs. The inset shows
the red-shift in the LSPR maximum with increasing solvent refractive index.
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Figure 2.

(a) PA MAP image of four particle solutions in tubings (from left to right: plain MWCNTs,
MWCNTs wrapped with GNWs, MWCNTs mixed with GNWs, and pure GNWs); (b–e) PA
signals from particle solutions; (f) Signal profile at the horizontal dashed line position in (a).
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Figure 3.

(a) PA signals amplitudes from GNW-CNTs as a function of laser fluence; (b) PA signals
amplitudes as a function of CNTs concentration. The error bars represent the standard
deviation in five measurements, blue line: PA amplitude from MWCNTs, red line: PA
amplitude from GNW-CNTs; (c–d) TEM images showing gold nanowires degradation upon
long exposure to the high-energy electron beam during HRTEM analysis, scale bars: 20 nm.
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Figure 4.

(a) Schematic of the bioconjugation for the electrochemistry immune test. (b) Peak current
amplitude in different steps of modified electrodes. (c) Peak current as a function of the AFP
antigen concentration.
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Figure 5.
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(a) Schematic of the controlled and treated methods of the immune tests using GNW-CNTs;
(b) A schematic shows the location of the Biotinylated Monoclonal Antibody (BMA) on the
bottom of the microplates. (c–d) PA images on controlled microplates; (e–h) PA images
from treated microplates with different AFP concentrations as labeled. (i) PA signals
amplitudes from GNW-CNTs as a function of AFP antigen concentration. (j) PA images
from treated microplates with different AFP concentrations as labeled when only GNWs
were used as sensor.
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