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Au Nanowire—Au Nanoparticles Conjugated System which Provides
Micrometer Size Molecular Sensors
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Abstract: We report a new type of mo-
lecular sensor using a Au nanowire
(NW)-Au nanoparticles (NPs) conju-
gated system. The Au NW-NPs struc-

The number of the Au NPs attached to
the NW is reproducibly proportional to
the concentration of the avidin, and is
also proportional to the measured sur-

face-enhanced Raman scattering
(SERS) signals. Since this well-defined
NW-NPs conjugated sensor is only a
few micrometer long, we expect that

ture is fabricated by the self-assembly
of biotinylated Au NPs on a biotinylat-
ed Au NW through avidin; this creates
hot spots between NW and NPs that
strongly enhance the Raman signal.

nanomaterials

Introduction

Metal-metal nanostructures with a very small gap at the
junction can play important roles in the development of effi-
cient bio/chemical sensors via surface-enhanced Raman scat-
tering (SERS),!" since they provide a region of very intense
electromagnetic fields, “hot spots”, in the metal gap.” In the
hot spot areas, the Raman signal of molecules is greatly in-
creased, allowing the detection of even a single molecule
under ambient condition.”! Furthermore, SERS spectra pro-
vide a signature for specific chemical groups that can be
used for the identification of analytes.”

Noble metal nanoparticles (NPs) and nanowires (NWs)
are two important elementary nanostructures that have at-
tracted great interest as SERS-active platforms because of
their well-defined geometry and simple fabrication.” A
number of NP-based nanostructures have been fabricated,
and SERS-sensors employing metal nanowires have been
also developed such as a single NW on a film (SNOF) and
NW pairs.”! Recently, a SERS-active system combining a
NW and NPs have attracted much attention. While many in-
teresting optical properties of these nanostructures such as
polarization dependence and remote excitation of SERS sig-
nals were observed,®™ ! molecular sensors employing this
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development of multiplex nanobiosen-
sor of a few tens micrometer size
would become feasible by combining
individually modified multiple Au NWs
together on one substrate.

nanowires -

NW-NPs structure have not been successfully fabricated
yet.

Herein, we report a new biomolecule detection method
using a Au NW-Au NPs conjugated system. We found that
the concentration of a target molecule can be reproducibly
determined from the number of NPs attached on the NW as
well as the SERS intensity. Furthermore, this sensor can be
fabricated into the size of a few micrometers because it em-
ploys only a single Au NW. We expect that a multiplex bio-
molecule sensor of a size of tens of micrometers could be
constructed by combining individually functionalized multi-
ple Au NWs.

The well-studied biotin—avidin system with a high binding
affinity (K, ~10”m™') is selected for the detection test
(Figure 1). Since avidin, a tetrameric protein, can bind up to
biotinylated molecules (i.e., antibodies, inhibitors, DNA)
with minimal impact on its biological activity,””’ the detection
of avidin provides a convenient and practical pathway for
extending the analyte accessibility of biosensor. The Au NW
and NPs modified with biotin were self-assembled upon the
addition of avidin to the solution and NW-NPs conjugated
systems were formed. These self-assembled Au NW-NPs
structures were visualized by scanning electron microscope
(SEM) and also confirmed by SERS measurements
(Figure 2). The biomolecule sensing through this NW-NPs
conjugated system retains high selectivity and label-free de-
tection. SERS spectra were obtained over the concentration
range 107 M < [avidin] < 107 m.
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Results and Discussion

Fabrication of Au NW-NPs structure is based on self-assem-
bly of Au NPs to an atomically smooth surface of a Au NW
through biotin—avidin interaction. Hot spots are generated
at Au NW-NPs junctions and the target molecules are collo-
cated in these hot spot regions. Figure 1 shows a schematic
representation of a self-assembled Au NW-NPs structure.
Au NPs (~10 nm diameter) were purchased and Au NWs (~
150 nm diameter) were synthesized on a c-sapphire substrate
by a vapor transport method."*"! The Au NWs are single-
crystalline and have atomically flat facets. The surfaces of
Au NWs were modified in the stock solution of EZ-Link
biotin HPDPP and rinsed by excess of solvents. In a similar
manner, Au NPs were functionalized by adding 2 pL of a
0.4 mm stock solution of EZ-Link Biotin HPDP in NPs solu-
tion. The biotinylated Au NWs were incubated in an avidin
solution first and then immersed into a biotinylated Au NPs
solution to fabricate Au NW-NPs structures through the
binding of biotin and avidin. After washing to remove non-
specifically bound NPs, the SEM and SERS measurements
were carried out.

4 > s A,
V- 4 " Biotinylated 3+ %"
Biotinylation & .-."‘.l\ Au NPs _l__.._}

A EZ-Link Biotin HPDP

-+ Avidin

Figure 1. Schematic illustration for the detection of avidin by the biocon-
jugated Au NW-NPs system. Au NPs were captured on a Au NW by
biotin—avidin recognition, resulting in the creation of a SERS-active Au
NW-NPs structure. The chemical structure of the EZ-Link Biotin HPDP
is shown.

Figure 2a shows the SEM image of a typical Au NW-NPs
structure assembled by biotin—avidin interaction. The NPs
are clearly discerned, densely attached, and evenly distribut-
ed over the whole Au NW without aggregated NPs. Thus
these conjugated NW-NPs can provide strong SERS spectra
with an intensity proportional to the avidin concentration.
Few NPs were observed, on the other hand, on the NW sur-
face when the self-assembly of NPs and NW were per-
formed using pure phosphate-buffered saline (PBS) solution
without avidin (Figure 2b). This shows that the Au NW-
NPs structure can be formed only in the presence of avidin.

A strong SERS signal is observed from the Au NW-NPs
conjugated system assembled in the presence of avidin
(upper spectrum in Figure 3a) and featureless spectrum
except for a weak Si band is obtained when the biotinylated
Au NW is exposed to biotinylated NPs in the absence of
avidin (lower spectrum in Figure 3a). The SERS spectra
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Figure 2. SEM images of a) Au NW-NPs system by biotin—avidin interac-
tion with avidin concentration of 10-°m and b) non-specifically bound Au
NPs onto Au NW without avidin. Evenly distributed Au NPs are clearly
seen in a), while few Au NPs are identified in b).

were measured at the midsection of Au NW-NPs system
and the laser polarization was perpendicular to the long axis
of NW. This result is consistent with the observations in mi-
crographs of Figure 2. The SERS signal is not enhanced in
the absence of NPs attached on the NW because it is very
hard to excite surface plasmon of Au NW without the NP.[™
The enhanced SERS signal obtained from Au NW-NPs
structure verifies that the coupling between NW and NP
generates a hot spot and also suggests that a single NW-
NPs conjugated structure can be employed as a SERS
sensor for biomolecule detection.

The SERS spectrum of a Au NW-NPs structure shows
several Raman bands from 1000 to 1600 cm™, originating
from EZ-Link Biotin HPDP molecules captured in the gap
between the NW and NPs. The Raman spectrum obtained
from EZ-Link Biotin HPDP in solid state shows an identical
Raman spectrum. These Raman bands are mainly attributed
to the pyridyl group of EZ-Link Biotin HPDP because the
SERS spectrum in Figure 3a is quite similar to the reported
spectra of pyridinethiol.'”! In this experiment, the pyridyl
group plays a role as a label for enhanced Raman signal.

We have estimated the enhancement factor (EF) by the
formation of Au NW-NPs structure through the following
equation:(']

EF = (Isgrs X Npu)/UToux X Nsgrs)

where Igs and Iy, are the peak intensities for the SERS
and bulk spectra of the 1005 cm™! band, N, is the number
of molecules contributing to a bulk spectrum, and Ngggs is
the number of molecules at the hot spot regions. Ny, was
determined based on the focal volume of our Raman system
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Figure 3. a) SERS spectra obtained from the bioconjugated Au NW-NPs
structure (upper spectrum) and biotinylated Au NW exposed to biotiny-
lated Au NPs in the absence of avidin (lower spectrum). The inset is an
optical microscope image of Au NW-NPs structure. The k£ and E vectors
indicate the incident direction of laser light and the polarization direc-
tion. The scale bar denotes 5 pm. b) Schematic representation of the esti-
mated hot spot region and calculating expression of Ngggs. c)—d) Polar
plots of integrated SERS intensities of 1005 cm™' Raman band with re-
spect to O at the center and the tip of the NW-NPs conjugated system,
respectively (see inset of a).

(~0.5 femtoL) and the density of EZ-Link Biotin HPDP in
solid state (~0.5 gcm™), so that N, is about 2.8 x 10°. Ngggs
was estimated by calculating the surface area of a single Au
NW-NP hot spot region, dividing it by the molecular area
of a single EZ-Link Biotin HPDP, and then multiplying the
number of NPs in the laser spot (~500 nm diameter). We
chose the hot-spot region for which the NW-NP gap is less
than 3 nm and the surface area of this hot-spot region was
calculated as shown in Figure 3b. The molecular footprint of
EZ-Link Biotin HPDP was assumed ~0.4nm” and the
number of Au NPs illuminated by the laser light was deter-
mined about 250 from Figure 2a, therefore, the calculated
Ngers is about 1.0x10°. The intensity ratio of SERS from
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Au NW-NPs system and bulk spectrum of EZ-Link Biotin
HPDP is about 94. Finally, the EF of Au NW-NPs structure
was calculated to be 2.6x10°. Note that the molecule does
not have an absorption band around 633 nm. Further en-
hancement of the SERS intensity can be achieved by opti-
mization of the laser wavelength to induce resonance
Raman effects.

Figure 3c—d show polarization dependence of integrated
SERS intensities of 1005 cm™ band from the Au NW-NPs
structure. At the center, the SERS intensity is maximized
when the polarization is perpendicular to the NW axis and
minimized when the polarization is parallel. This polariza-
tion dependence was best-fit to an Ae ®°cos’d + C function.
In this expression, the exponential decay was used to de-
scribe the photobleaching induced SERS signal decrease.
The surface plasmon can be excited differently at the tip
and the center of the NW-NPs structure by the laser polari-
zation. At the tip of NW-NPs system, there is a distribution
of the surface angles with respect to a fixed laser polariza-
tion, leading to rather isotropic polarization angle depend-
ence. When a single NP is attached to the midsection of a
NW, strong polarization anisotropy has been observed.[*><l
Since many NPs are self-assembled onto the NW in this ex-
periment, the observed polarization dependence represents
that of the collection of many hot spots. On the other hand,
at the tip of the NW the local structure is similar to a hemi-
sphere capping a cylinder. Hence, the polarization anisotro-
py disappears at the large sphere uniformly covered with
small NPs. Similar polarization dependence of NW-NPs
structure has been recently reported by Moskovits group.

Figure 4a exhibits the dependence of the SERS spectrum
from Au NW-NPs structure on the concentration of avidin.
The PBS solutions of avidin with a concentration range
107®m < [avidin] < 107M were examined by the method
illustrated in Figure 1. An intense SERS spectrum was ob-
tained when the concentration of avidin was higher than
10*m. At 10~°m, the SERS intensity became much weaker
and at the concentration below 107'"m, Raman signal was
hardly detectable. These SERS spectra agree well with the
SEM images of Figure 4b in that the number of captured
Au NPs increases as the concentration of avidin increases.
This result clearly shows that the SERS enhancement is ap-
proximately proportional to the number of constructed
NW-NP hot spots and the number of NPs attached onto
NW strongly related with the concentration of avidin. Since
Au NWs have atomically smooth surfaces and NPs are
evenly distributed over the whole NW without aggregates,
the measured SERS signals from the NW-NP structure is
proportional to the number of NW-NP hot spots and nonli-
nearly dependent on the concentration of target avidin. The
nonlinearity and apparent saturation of the SERS signal and
NP density at higher concentrations are due to the finite
size of the NP and could be relieved by employing smaller
diameter Au NPs. The reproducible concentration depend-
ence of SERS signals from a SERS-active platform as ob-
served by this NW-NPs structure is considered as one of the
most important properties for an optimum sensor.
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Figure 4. a)-b) SERS spectra and corresponding SEM images obtained from Au NW-NPs structure with various avidin concentrations. ¢) Number of at-
tached Au NPs onto Au NW surface and SERS intensity as a function of avidin and BSA concentration.

In addition, we tried to detect a nonspecific binding pro-
tein, bovine serum albumin (BSA) instead of avidin in order
to confirm that the SERS enhancement is dependent on the
specific recognition of avidin. Figure 4c shows the number
of Au NPs attached on the NW surface and SERS intensity
versus concentration of protein curves. The number of NPs
was counted from the SEM image of Au NW-NPs structure
inside a surface area of ~10* nm? Self-assembled Au NW-
NPs structure was not observed when the biotinylated Au
NW was treated with increasing concentrations of BSA, in-
dicating that the self-assembly leading to conjugated NW-
NPs structure is highly specific for the biotin—avidin interac-
tion.

Conclusions

In conclusion, we have demonstrated that biotinylated Au
NPs were self-assembled on a biotinylated Au NW through
the agency of the target avidin, creating hot spots between
the NW and NPs that strongly enhance the Raman signal.
By measuring SERS spectra for various concentrations of
avidin and BSA, we found that label-free avidin can be de-
tected with high sensitivity and selectivity and this single Au
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NW-NPs structure can be a well-defined SERS sensor. We
expect that development of multiplex nanobiosensor of a
few tens of micrometer in size becomes feasible by individu-
ally modifying multiple Au NWs and combining them to-
gether on one substrate.

Experimental Section

10 nm Au NPs were purchased from Sigma—Aldrich and Au NWs were
synthesized on a c-sapphire substrate by direct evaporation of pure Au
powder (99.99%, Sigma-Aldrich) which was described previously.”"!
The Au NWs were transferred one by one onto a Si substrate using a
custom-built nanomanipulator.” The Si substrates were modified with
methoxy-polyethylene glycol (M-PEG) silane via a self-assembly tech-
nique before the transport of NWs.'"? The Au NWs on a Si substrate
were incubated in a 4mm stock solution of EZ-Link Biotin HPDP
(Pierce) for 24 h and rinsed by excess of solvents. The Au NPs were func-
tionalized by adding 2 pL of a 0.4 mm stock solution of EZ-Link Biotin
HPDP. The mixture was shaken and allowed to set for 24 h. The unbound
biotin molecules were purified away by a second round of centrifuga-
tions. The biotinylated Au NWs on a Si substrate were immersed in PBS
solution of avidin (Sigma—Aldrich) for 3 h and washed by pure PBS solu-
tion. These Au NWs were incubated in biotinylated Au NPs solution for
3 h and Au NW-NPs architectures were formed by biotin—avidin interac-
tion. The control experiment was carried out using BSA (Sigma—Aldrich)
instead of avidin. The SEM images were taken on a Hitachi S-4800 oper-
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ated at 10 kV. The SERS spectra were obtained with a homemade micro-
Raman system based on the Olympus BX41 microscope. The 633 nm ra-
diation of He-Ne laser (Melles Griot) was used as an excitation source
and the laser light was focused on a sample through a x100 objective
(NA =0.7, Mitutoyo). The polarization direction of laser was controlled
by rotating a half-wave plate. The SERS signals were recorded with a
thermoelectrically cooled electron multiplying charge coupled device
(EMCCD, Andor) mounted on the spectrometer with a 1200 groove per
mm grating.
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