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Three-dimensional gold nanoarchitecture was fabricated
by layer-by-layer (LbL) deposition of gold nanoparticles
(AuNPs) and multiwalled carbon nanotubes (MWCNTs)
on a glass substrate for a highly sensitive plasmonic
biosensor using a conventional UV-vis instrument. Car-
boxyl-functionalized MWCNTs were reacted with 3-mer-
captopropyltriethoxysilane (MPTES) to introduce multiple
thiol groups onto MWCNTs. A self-assembled monolayer
(SAM) of AuNPs on a glass chip was sequentially dipped
into MPTES-functionalized MWCNTs (MWCNT-Si-SH)
and AuNPs to form multilayers of AuNPs on MWCNTs.
Such three-dimensionally assembled AuNPs provided a
large surface area and multiple binding sites within a few
steps of modification and microporous structures of
multilayered MWCNTs to allow a high accessibility of
target molecules. It was shown that the bulk refractive
index (RI) sensitivity of these multilayered AuNPs (three-
dimensional chip) appeared to be 5.6 times better than
that of a monolayer of AuNPs on a glass chip (two-
dimensional chip). The three-dimensional chips were
further used for a biomolecular binding study, showing a
detection limit as low as 0.5 nM for streptavidin and 3.33
nM for anti-human serum albumin (HSA), both of which
were ∼20 times higher than the sensitivity of the two-
dimensional chips.

The phenomenon of localized surface plasmon resonance
(LSPR), which results from the plasmonic response of noble
nanometallic particles to incident electromagnetic waves,1 can be
exploited in the label-free sensing of analytes and also in devices
such as nanoscale biosensors.2-4 Binding of analytes on metallic
surfaces causes a change in the local refractive indices (RIs) of
the surrounding dielectric, resulting in either a shift in the spectral
extinction peak or a change in the peak intensity. Transmission
spectrometry, which is relatively simple and inexpensive, can be
used for LSPR sensing of 10-100 nm particles in the UV-vis

region,5-7 whereas conventional SPR operates in total internal
reflection mode, thus requiring a sophisticated detection system.
In addition to LSPR’s superiority to SPR, the strong demand for
rapid, cost-effective, and high-throughput measurements has led
to the development of a chip-based assay consisting of metal
nanoparticles immobilized on a substrate.8-13 However, the
fabrication of nanostructured LSPR sensors that are sensitive to
a conventional UV-vis instrument is still a challenging task mainly
because LSPR signals are often weak because of the low density
of nanoparticles in the defined surface area. Herein, we report on
the fabrication of a three-dimensional structure of AuNPs con-
structed on carbon nanotube (CNT) templates for a highly
sensitive plasmonic biosensor using a conventional UV-vis
instrument.

Various strategies, including nanoparticle design, nanofabri-
cation techniques,14-16 and improvement of instrumental resolu-
tion,17 have been introduced to achieve highly sensitive molecular
detection. The feasibility of single-molecule detection has recently
been demonstrated.7,18 Since the introduction of chip-based assays
using nanoparticles immobilized on a transparent substrate,9 most
subsequent research has focused on the application of a monolayer
of nanoparticles on a solid support, a so-called two-dimensional
(2D) chip.8-10 However, the sensitivity of 2D chips under
conventional UV-vis instruments is confined by the limited
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density of nanoparticles on a substrate. To the best of our
knowledge, there have been only a few attempts to create three-
dimensional (3D) LSPR structures to increase the nanoparticle
ensemble density.19-23 Gu and co-workers19,20 developed a metal-
coated macroporous film using silica spheres. They have shown
that both the LSPR of the metal nanoparticles and the stop band
of the silica spheres could be used to measure the binding events
of biomolecules. Ye et al.21 reported a simple strategy for
fabricating multilayers of AuNPs on a glass surface by alternating
the deposition of bifunctional cross-linkers and AuNPs; this
approach showed enhanced sensitivity compared to a monolayer
of AuNPs. However, the tiny space between the layers of AuNPs
keeps target molecules from binding to their receptors that reside
below the surface of the AuNP structures. This motivated us to
create highly accessible AuNP structures that provide high
ensemble density and offer sufficient room for the diffusion of
target molecules within AuNPs layers.

CNT-metallic nanoparticle composites were introduced for
use in heterogeneous catalysis24 and hydrogen sensing.25 Despite
their potential applications in biomolecule detection, until now
there have been no reports of metal nanoparticle-decorated CNTs
for LSPR-based biosensors. Here, we present a novel strategy for
fabricating high-density, multilayered AuNPs on MWCNT tem-
plates using LbL deposition (namely, 3D chips). MWCNT was
used as a framework for AuNP assembly because of its unique
characteristics. First, MWCNT possesses a large surface area and
multiple binding sites. Second, the multiple layers of MWCNT
would have microporous structure that could allow biomolecules
to diffuse into the inner layers of the MWCNT. 3-Mercaptopro-
pyltriethoxysilane (MPTES) was used to functionalize MWCNT
for the first time. Conventional aliphatic bifunctional thiols provide
only one SH group. On the other hand, the thiol-silane introduces
multiple SH groups into each binding site of MWCNTs because
of its self-polymerization capability, thus allowing high-density
AuNPs on the MWCNT template.

EXPERIMENTAL SECTION
AuNP Synthesis. Gold nanospheres (13 nm) were prepared

by sodium citrate reduction of HAuCl4 ·3H2O as described
previously, with slight modifications.26,27 All glassware used for
AuNPs preparation was thoroughly washed with aqua regia (3:1
HCl/HNO3), rinsed extensively with distilled water, and then
dried in an oven at 100 °C for at least 1 h. Forty microliters of
2.5 M HAuCl4 and 100 mL of Millipore water were added to a
two-neck flask. After the condenser had been connected to one
neck of the flask and a stopper placed in the other neck, the
flask was placed on the hot plate to reflux with stirring. When
the solution began to reflux, the stopper was removed. Then,

10 mL of 38.8 mM sodium citrate was quickly added and the
stopper was put back in place. After being refluxed for an
additional 20 min, the system was allowed to cool to room
temperature while being stirred. The AuNPs were then filtered
with 0.45 µm acetate filters and stored at room temperature.

UV-Vis Measurements. All absorption spectra were re-
corded with a Shimadzu UV-2450 spectrophotometer in transmis-
sion mode. A rectangular quartz cell with dimensions of 20 mm
(length) × 2 mm (width) × 20 mm (height) was designed in house
to hold the glass chips.

Bulk Solution Refractive Index Study. RI studies were
performed by immersing the 2D/3D chips in water (n ) 1.333),
ethanol (n ) 1.36), butanol (n ) 1.396), dimethylformamide (n )
1.431), and dimethyl sulfoxide (n ) 1.478). The extinction spectra
were recorded with a Shimadzu UV-2450 spectrophotometer.

Microscopy. FE-SEM was performed on the JEOL instrument
(JSM-6700F) at an acceleration voltage of 5 kV and a working
distance of 7-8 mm. Samples on glass chips were coated with Pt
for 30-60 s at 20 mA, whereas samples on silicon wafers were
observed under FE-SEM without a Pt coating.

Functionalization of MWCNTs. MWCNT-COOH [outside
diameter of 20-30 nm, inside diameter of 5-10 nm, length of
10-30 µm, 1.23% COOH (m/m)] was purchased from Chendu
Organic Chemistry Co. Ltd., Chinese Academy of Sciences.
Purification was performed via sonication in 5 M HCl for 4 h at
room temperature to remove metal catalysts. The purified MWCNT-
COOH was filtered, washed with deionized water until the pH
reached 7, and dried in a vacuum. Then, 15 mg of MWCNT-COOH
was left to react with 30 mL of 10% MPTES in ethanol and refluxed
for 3 h under constant stirring and with the temperature
maintained at ∼70 °C. The entire reaction was conducted in a
nitrogen atmosphere to prevent the oxidation of SH. The MWCNT-
Si-SH was centrifuged at 4500 rpm for 15 min, washed with ethanol
three times to remove the excess MPTES, and vacuum-dried at
60 °C for 3 h.

Fabrication of the 3D Chip. Figure 1 shows the steps for
the fabrication of the 3D chip. The detailed procedures are as
described below. (1) Microscope coverslips (18 mm × 18 mm,
No. 1.5, Thermo Fisher Scientific Inc.) were cleaned in a “piranha”
bath (30% H2O2 mixed in a 1:4 ratio with concentrated H2SO4)
at 60 °C for 15 min and then thoroughly rinsed with water and
ethanol. (2) The slides were incubated in a 10% solution of
APTES in ethanol for 2 h, resulting in the formation of an
amino-terminated, self-assembled silane monolayer (SAM) on
the glass surface. The cover glass was then washed with
ethanol, sonicated in ethanol three times for 3 min each, and
then dried at 120 °C for 2 h. (3) The silanized glass coverslips
were subsequently immersed in a AuNP solution (∼13 nM)
for 2 h to form a self-assembled monolayer of AuNPs on both
sides of the glass (2D chip). (4) The 2D chips were then
modified with MWCNT by immersion in a 0.1 mg/mL solution
of MWCNT-Si-SH in dimethylformamide (DMF) for 3 h under
constant stirring. The chips were picked out, rinsed with
deionized water, and dried with a nitrogen stream. (5) The
chips were immersed in the AuNP solution again for 2 h to
immobilize the AuNPs onto the MWCNTs. The chips were then
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rinsed with deionized water and dried with nitrogen. (6) Steps
4and5wererepeatedtoobtainmultiple layersofMWCNT-AuNP
composites.

Biotin-Streptavidin Binding Investigation. The 2D/3D
chips were modified by the formation of a self-assembled mono-
layer (SAM) of 11-amino-1-undecanethiol hydrochloride (11-AUT,
Aldrich), which was achieved by incubation of the chips in a 1
mM solution of 11-AUT in ethanol for 1 h at room temperature.
The 11-AUT-functionalized chips were then immersed in an
ethanol solution containing 0.1 M 1-ethyl-3-[3-(dimethylamino-
)propyl]carbodiimide (EDC, Sigma), 0.02 M N-hydroxysuccinim-
ide (NHS, Sigma), and 1 mM biotin (Sigma) for 2 h at room

temperature, rinsed three times with ethanol, and stored in PBS
(0.1 M, pH 7.4) at 4 °C until further use. For the streptavidin
binding studies, the biotin-functionalized chips were incubated in
0.7 mL of streptavidin in PBS with a concentration ranging from
0.001 to 100 µg/mL for 1 h. For the real-time binding study, an
extinction spectrum was acquired at 550 nm for 2D chips and at
630 nm for 3D chips. The biotin-saturated streptavidin samples
were prepared via incubation of a PBS solution with 20 µg/mL
streptavidin and 1 mM biotin for 2 h before use.

Antibody-Antigen Binding Investigation. A self-assembled
monolayer (SAM) of 11-mercaptoundecanoic acid (11-MUA, Al-
drich) was formed on the surface of AuNPs by incubation of the

Figure 1. Schematic of the steps involved in the fabrication of the 3D AuNP biosensor on a glass surface.

Figure 2. Schematic diagram of MWCNTs functionalized with MPTES.
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2D/3D chips in a 10 mM solution of 11-MUA in ethanol for 30
min. The SAM was rinsed in ethanol followed by distilled water.
The 11-MUA-attached chips were activated for protein immobiliza-
tion with an aqueous solution containing 0.1 M EDC and 0.02 M
NHS for 2 h. Then, the SAMs were incubated in PBS (0.1 M, pH
7.4) containing 2.5 mg/mL HSA (Sigma) for 2 h. The HSA-
functionalized glass chips were stored in PBS at 4 °C until further
use. Antibody binding events were examined via measurement
of the UV-vis absorption spectra of the HSA-functionalized chips
before and after incubation in anti-HSA (clone HSA-11, ascites
fluid, Sigma) solutions for 1 h.

RESULTS AND DISCUSSION
The overall fabrication procedure of the 3D chip is shown in

Figure 1. The procedure includes three main steps: modification
of MWCNTs with SH, fabrication of monolayered AuNPs, i.e., 2D
chips, and LbL deposition of CNTs/AuNPs. 3-Mercaptopropyltri-
ethoxysilane (MPTES) was adapted to functionalize MWCNTs

instead of the conventional aliphatic bifunctional thiols. MPTES
is known to undergo self-polymerization in an ethanol solution.
Therefore, we hypothesize that a number of SH groups can be
introduced by (1) self-polymerization of MPTES after it binds to
individual COOH groups in the side wall of MWCNTs, where a
relatively small number of COOH groups are available, and/or
(2) reaction of MPTES with several COOH groups, e.g., on both
ends of MWCNTs, where more COOH groups are available
(Figure 2). Such high-density SH groups introduced onto the
MWCNT surface allow a number of AuNPs to be immobilized. In
parallel, MWCNTs were utilized to provide (1) a large surface
area and multiple binding sites within a few steps of modification
and (2) microporous structures of multilayered MWCNTs to allow
high accessibility of target molecules.

There are two methods that have been widely used for the
fabrication of monolayered AuNPs on glass substrates: one that
uses silane with a thiol functional group and another that uses

Figure 3. (A) UV-vis absorption spectrum of a self-assembled monolayer of AuNPs, i.e., 2D chip (0 layer, black line) and 3D chips with one
to five layers of MWCNT-AuNP composites on glass surfaces. (B) Photos of MWCNT-AuNP chips with different numbers of MWCNT-AuNP
layers. The color changes from light pink to dark blue indicate an increasing number of MWCNT-AuNP layers. (C) SEM image of a 2D chip.
(D) MWCNTs tethered on AuNPs. (E) One layer of MWCNT with AuNPs on a Si wafer. (F) Five layers of MWCNT with AuNPs on a Si wafer.
Note that AuNPs in panels C and D appear to be larger than those in panels E and F because of Pt coating for SEM imaging in panels C and
D. The scale bar is 100 nm.
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silane with amino groups. In AuNP conjugation on a glass surface,
MPTES was always used for the former method28,29 and 3-ami-
nopropyltriethoxysilane (APTES) for the latter.9,10 On the basis
of our preliminary results, we adapted APTES for 2D chip
fabrication because of its relatively easy chemistry (no need for
inert conditions) and better reproducibility, which are consistent
with other reports.11,30

Figure 3C-F shows the FE-SEM images of the overall steps
in the fabrication of the 3D chip. A monolayer of AuNPs is
homogeneously distributed on a glass surface, and no aggregation
is observed in Figure 3C. Figure 3D shows functionalized
MWCNTs tethered on the layer of AuNPs via thiol-Au conjuga-
tion. One and five layers of MWCNT-AuNP composites are
shown in panels E and F of Figure 3, respectively. Note that panels
E and F show 3D chips on electrically conductive Si wafers with
the same chemistry and no platinum coating for SEM imaging
because the MWCNT-AuNP composites on glass substrates
cannot be seen clearly after Pt coating.

The enhancement of sensitivity in 3D chips compared to that
in 2D chips was measured on the basis of the extinction spectra
of UV-vis absorption (Figure 3A). UV-vis absorption increased
dramatically with the number of layers of MWCNT-AuNP
composites up to five layers, because of the high density of AuNPs
dispersed in each layer of the MWCNTs. The UV-vis absorbance
of the five-layer chip was nearly 10 times that of the monolayered
AuNP chip. λmax, the wavelength of peak absorbance, was
observed to shift from ∼530 nm (for the monolayer) to ∼600
nm (for five layers) after LbL deposition of MWCNT-AuNP
composites, possibly because of the aggregation of some
portion of AuNPs during the LbL fabrication.

We examined the ability of the 3D chips to transduce changes
in the surrounding medium’s RIs into the absorption spectrum.
We found that the sensitivity of 3D chips increased with the
number of MWCNT-AuNP layers, but the reproducibility was

compromised beyond three layers. Three-layer MWCNT-AuNP
composites were therefore selected as showing the best balance
between sensitivity and reproducibility for 3D chips. Figure 4
shows the absorption spectrum of three-layer 3D chips (A) and
2D chips (B) in different solvents, with refractive indices in the
range of 1.333-1.478. Both 3D and 2D chips exhibited a red shift
in the peak wavelength, along with an increase in peak intensity
as a function of the RIs of the solvent. Panels C and D of Figure
4 show a linear fit for changes in peak absorbance (∆Amax) and
peak wavelength (∆λmax), respectively, as a function of the RIs.
∆Amax and ∆λmax were 1.5925 AU/RI unit (RIU) and 61.29 nm/
RIU, respectively, for the 3D chip but 0.2853 AU/RIU and 53.85
nm/RIU, respectively, for the 2D chip, indicating that the
spectral responses of the 3D chip to changes in the surrounding
medium’s RIs were much superior to those of the 2D chip.
Via comparison of the optical behavior of monolayer and
multilayer nanoparticle structures, a large change in the RIs
in the intensity and only a small change in the RIs in the
wavelength likely indicate that the increase in RIs is primarily
attributed to the number of particles, while other effects such
as interaction between nanoparticles are minimal. On the other
hand, changes in ∆Amax showed much less batch-to-batch
variation than the λmax (data not shown), possibly because of
the random distribution and uneven coupling of AuNPs within
the multilayer structures.21 The ∆Amax was therefore selected
to quantify biomolecule binding on the MWCNT-AuNP
composites.

To validate the feasibility of using the 3D chip as a LSPR-based
biosensor, biotion and streptavidin were used as model proteins
for receptor-analyte binding experiments. A significant increase
in the intensity of absorbance was observed in the biotin-
functionalized 3D chip after incubation in a series of solutions with
different concentrations of streptavidin for 1 h at room tempera-
ture. The ∆Amax was proportional to the streptavidin concentra-
tion, which varied from 0.607 (with control PBS) to 0.725 (100
µg/mL streptavidin), as seen in Figure 5A. Figure 5B represents
the time-dependent streptavidin binding on the biotin-functional-
ized 3D chips, showing that both the binding kinetics and the
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Figure 4. UV-vis absorption spectra of (A) 2D and (B) 3D chips (three layers) in solvents with different RIs: (a) water (n ) 1.33), (b) ethanol
(n ) 1.36), (c) butanol (n ) 1.3957), (d) DMF (n ) 1.431), and (e) DMSO (n ) 1.4785). Comparison between 2D and 3D chips of the dependence
of (C) ∆Amax and (D) ∆λmax on the RIs of the surrounding medium.
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maximum amount of protein bound to the surface at steady state
are directly related to the concentrations of biomolecules in a
solution. These results are consistent with previous observations.9,31

A solution of 20 µg/mL biotin-saturated streptavidin was used to
validate the specific binding of streptavidin (Figure 5B, a). The
absence of changes in absorbance in the biotin-saturated strepta-
vidin solution confirmed that the increase in absorbance upon
incubation with streptavidin can be attributed to molecular
recognition between streptavidin and biotin tethered to the chip
surface.

Figure 5Cb shows a dose-response curve of streptavidin
applied to biotin-functionalized MWCNT-AuNP surfaces using
∆Amax. A linear rage of 0.1-25 µg/mL with an R2 of 0.9945 can
be estimated from the sigmoidal calibration plot. The corre-
sponding detection limit was estimated to be 0.03 µg/mL (0.5
nM), based on a signal-to-noise ratio (S/N) of 3. The
dose-response curve of the 2D chip is also plotted in Figure
5Ca for direct comparison with that of the 3D chip. A dynamic
range of 1.0-50 µg/mL and a detection limit of 0.6 µg/mL (10
nM) were estimated for the 2D chip. Overall, 3D chips exhibited
a wider dynamic range and a 20-fold lower detection limit than
the 2D chips.

The 3D chips as LSPR-based biosensors were further validated
by HSA and its antibody. Figure 5D shows the dose-response
curves of ∆Amax as a function of anti-HSA concentration for HSA-

functionalized 2D and 3D chips. The corresponding detection
limits were estimated to be 10 µg/mL (∼66.7 nM) and 0.5 µg/
mL (∼3.33 nM) for the 2D and 3D chips (based on a S/N of
3), respectively. The low sensitivity of anti-HSA detection
compared to that of streptavidin could mainly be attributed to
the different affinity of the binding pairs as the dissociation
constants for the streptavidin-biotin and HSA-anti-HSA com-
plexes were reported to be 10-15 and ∼10-9 M, respectively.32

CONCLUSIONS
In conclusion, we reported a novel method for the fabrication

of three-dimensionally assembled AuNP films by LbL deposition
of MWCNTs for the application of highly sensitive plasmonic
biosensors in conventional UV-vis instruments. Some original
and important findings of this study are as follows. (1) Highly
dense and accessible AuNPs were created by the introduction of
multiple SH groups onto MWCNT surfaces. (2) The fabrication
of 3D chips can be easily accomplished by repeated dipping of
substrates into a MWCNT-Si-SH solution followed by a AuNP
solution. (3) Compared to 2D chips, 3D chips exhibited a 5.6-fold
better spectral response in bulk refractive index change, resulting
in an ∼20-fold higher sensitivity and wider dynamic range in
biotin-streptavidin and HSA-anti-HSA recognition. This 3D chip
has many potential applications in microarray-based LSPR sensors,
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Figure 5. Comparison of 2D and 3D (three layers) chips for receptor-analyte detection. (A) Absorption spectrum of biotin-functionalized 3D
chips assayed with streptavidin at (a) 0, (b) 0.1, (c) 1, (d) 10, and (e) 100 µg/mL. (B) Absorbance intensity of biotin-functionalized 3D chips at
630 nm as a function of time in (a) 20 µg/mL biotin-saturated streptavidin, (b) 0.1 µg/mL streptavidin, (c) 1 µg/mL streptavidin, (d) 10 µg/mL
streptavidin, and (e) 100 µg/mL streptavidin. (C) ∆Amax for biotin-functionalized (a) 2D and (b) 3D chips as a function of streptavidin concentration.
(D) ∆Amax for HSA-functionalized (a) 2D and (b) 3D chips as a function of anti-HSA concentration. Error bars in panels C and D represent the
standard deviation (n ) 3).
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in which the LSPR signal is often weak because of the low density
of nanostructures in the defined surface areas.
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