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Abstract
We report TERS imaging of individual 50-nm, biotin-labeled gold nanoparticles bound to a
streptavidin-derivatized glass slide. Individual gold nanoparticles detected by a nanoparticle TERS
tip generate Raman enhancements in both the biotin and streptavidin signals. These results
indicate that nanoparticles are capable of investigating nanoscale spatial and chemical
environments with non-resonant Raman enhancements.

Nanoparticles are commonly used as labels for imaging in biological systems. The electric
fields established, from the collective oscillation of conduction band electrons, known as the
localized surface plasmon resonances (LSPR), in silver and gold nanostructures give rise to
the electromagnetic enhancement involved in surface-enhanced Raman spectroscopy
(SERS).1 Studies have shown that the enhanced field generates substantial Raman
enhancements from molecules with electronic transitions that overlap with the LSPR, a
technique commonly known as surface-enhanced resonance Raman spectroscopy (SERRS).
The utility of functionalized-nanoparticles is well known. The narrow spectral bands
characteristic of Raman provide opportunities for multiplex labeling. While SERRS tags are
proving to be useful,2–5 it would be advantageous to use the Raman enhancements of
nanoparticles to investigate the intrinsic molecules present in a sample.6 Tip-enhanced
Raman scattering (TERS) merges SERS and atomic force microscopy (AFM) to obtain
chemical, structural and spatial information simultaneously.7, 8 A distinct advantage of
TERS is the enhanced Raman scattering in the tip’s immediate vicinity, which is generally a
much smaller area than a diffraction limited laser focus; however, individual nanostructures
often do not generate sufficient enhancements to distinguish samples with large far-field
backgrounds. Since the largest SERS enhancements arise from nanoparticle junctions,
combining nanoparticle labels with a nanoparticle TERS tip appears beneficial for
amplifying the Raman signal associated with individual nanoparticles. Thus, we have
combined nanoparticle labels with TERS imaging methodology to enhance the intrinsic
Raman scattering of a protein – ligand complex with spatial resolution of approximately 50
nm.

We observe Raman scattering from a single biotin-labeled nanoparticle on a streptavidin-
derivatized glass slide. Samples were prepared by pipetting 20 μL of 0.05% solution of
monodisperse 50-nm gold nanoparticles functionalized with biotin (Nanocs, Inc) onto the
streptavidin-functionalized slides and allowing the sample to air dry. Similar to previous
experiments,9 the TERS microscope places an AFM (Nanonics MV4000) in the sample
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position of an upright microscope. A 35-mW, 633-nm HeNe laser irradiates the sample at
normal incidence. Using a glass pipette with a 100-nm gold nanoparticle at the apex for our
TERS tip, we simultaneously collect an AFM topographical map and generate an enhanced
Raman signal at the tip position. The tip is irradiated with 0.5 mW of laser power. To avoid
polarization artifacts associated with linear light in a backscattering geometry,10 radial
polarization was achieved using a liquid crystalline mode converter (ArcOptix). Focused
radial polarization has been shown to induce a longitudinal mode at the focus that results in
increased enhancement normal to sample, improving coupling to the AFM tip.10, 11 The
Raman backscattering signal is epi-collected through the objective and sent to a
spectrograph (Horiba Jobin Yvon iHR320), equipped with a 600 grooves/mm grating to
disperse the signal onto a CCD camera (Jobin Yvon, Synapse). Raman images were
collected with 1-second spectral acquistions spaced every 20 nm during an AFM scan.

We performed an AFM scan to find isolated nanoparticles for TERS analysis. During the
TERS scan, the electromagnetic field surrounding the nanoparticle AFM tip generates an
enhanced Raman signal as shown in Figure 1. As the tip is scanned across the streptavidin
surface, scattering corresponding to the vibrational modes of the protein are observed. There
is a large area of streptavidin that produces a weak signal seen in the upper right corner of
Fig 1d as evident in the corresponding spectrum (Fig 1a, blue). Vibrational bands are
observed at 960, 1160(shoulder), and 1500–1600 cm−1 associated with the, Trp/Val, C-N/
Trp/Val/Lys, and Trp modes of the protein, respectively. Enhancement was verified by
repeating the scan with the nanoparticle-AFM tip retracted from the surface (Fig 1c) where
no Raman scattering was observed above the noise. The strongest Raman spectra comes
from the small area that also contains the biotin-labeled nanoparticle (Fig. 1a, red). In the
spectrum of the nanoparticle, the features at 560, 870,1030, 1160,1270, and 1345 cm−1 are a
combination of the biotin and streptavidin signals; however, the bands at 962, , 1400–1600
cm−1 correspond only to streptavidin. Tryptophan residues comprise a majority of the
observed streptavidin spectrum, while features between 1160–1280 cm−1 are associated
with other amino acid residues.12

When the nanoparticle tip comes into proximity of a biotin-functionalized nanoparticle
bound to the streptavidin protein, a dramatic increase in signal is observed. The increased
signal originates from two effects associated with coupled nanostructures. It has been
demonstrated that the maximum SERS enhancements occur in the gap or crevices between
nanostructures.13 By bringing the nanoparticle tip into proximity of the functionalized
nanoparticle, molecules residing in the junction will exhibit increased scattering. As shown
in Figure 1a, Raman spectra taken at various points during the scan, show the difference
between an area with streptavidin only and an area where the streptavidin has bound a
biotin-labeled nanoparticle. In previous studies, the biotin contributes only a small
component to the Raman spectrum of the biotin-avidin complex, which was attributed to
either a much weaker biotin Raman cross-section12, 14 or a shielding effect by the protein, as
the biotin is bound within the avidin.15 Instead, the biotin band at 680 cm−1 is the most
prominent feature present in the spectrum of the nanoparticle – tip dimer. It is reasonable to
expect that biotin, unbound to streptavidin, is present on the top of the nanoparticle and
resides in the junction formed with the nanoparticle tip.

The second effect is attributed to a shift in the plasmon frequency associated with coupled
nanostructures. We measured the plasmon resonance frequency of our 50 nm at 530 nm. As
a second gold nanoparticle is brought close, the individual plasmons interact and shift the
observed plasmon resonance to longer wavelenghts. A dimer of gold nanoparticles red-shifts
the plasmon band maximum above 600 nm. 16–18 This shift moves the plasmon resonance
closer to the 633 nm laser excitation wavelength and increases the enhancement of the
Raman signal from molecules surrounding the nanoparticle dimer. This enhanced Raman
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signal increases the Raman scattering from the streptavidin protein bound to the biotin
molecules on the nanoparticle giving rise to the spectrum shown in Figure 1a.

Previous reports have examined the interaction between metallic TERS tips and metal
surfaces. Pettinger and coworkers showed that an Au-STM tip coming into contact with
single crystal Au surface exhibited a signal increase as the gap distance was decreased.19

The enhancements observed in these experiments are sufficient to detect picomole quantities
of nucleotides.20 Recently, Novotny and colleagues showed that a nanoparticle tip
interacting with dye-functionalized nanoparticles exhibited a similar dependence.21 The
Raman intensity vs. the tip-nanoparticle separation distance follows a Lorentz line shape in
agreement with these previous reports. In Figure 2a, the Raman intensity associated with the
680 cm−1 band of biotin exhibits a larger magnitude of enhancement consistent with the
larger fields expected within the junctions. The 962 cm−1 band of streptavidin also shows an
increase indicating significant enhancement exists surrounding the exterior of the
nanoparticle-complex.

The full width at half maximum (FWHM) of the signal increase (Fig. 2b) is 50 nm, the size
of the biotin-labeled nanoparticle. The coupling of the LSPRs of the two nanoparticles is a
short range effect, generating the greatest Raman enhancements when the AFM tip is in
close proximity to the biotin-functionalized nanoparticle. The observed FWHM suggests
that the distance dependence of the red shift in the LSPR upon dimer formation is controlled
by the smaller nanoparticle.

The biotin-streptavidin complex is often utilized due to it’s stability and high binding
affinity with a dissociation constant of 10−15 M.22 Numerous studies have characterized the
binding site in an effort to understand the extremely tight binding. This binding results from
a non-covalent interaction where streptavidin forms a classic β-barrel structure with one end
containing the binding site which is shaped similar to a biotin molecule. The streptavidin
signals detected provide direct insight into the chemical nature of streptavidin binding
complex. The streptavidin signals at, 962, 1030 (shoulder), 1170 (shoulder), 1340–1365,
1576 cm−1 that are observed to be strongly enhanced by the nanoparticle-tip complex are
assigned to bands associated with the amino acid tryptophan. A small band shift between
free and complexed streptadvidin show these tryptophan residues are located within the
binding region of the protein.12 Since the SERS enhancement is known to rapidly decrease
as you move away from the particle, it is expected that the binding pocket residues should
show the greatest enhancement. Moscovits and coworkers similarly reported SERS
enhancements of proteins from amino acid residues near a thiol-linker that bound to
nanoparticles to form a dimer-complex.23 There is enhancement of other protein modes in
comparison to the far-field spectrum, but the greatest signal enhancements are associated
with residues directly involved in the binding interaction.

The critical aspect for the detection of these non-resonant molecules is the formation of the
dimer-complex. Utilizing the AFM tip to form the dimer, we gain both signal enhancement
and spatial resolution. As evident in Figure 2, the spatial resolution of our spectroscopic
imaging experiment is 50 nm, as determined by the onset of enhancement to the maximum
in the Raman signal. This value matches the size of our functionalized nanoparticle and
suggests that gains may be possible utilizing smaller nanoparticle probes.

The ability to image and directly detect the residues involved in protein – ligand binding
opens new avenues to exploring receptor function of proteins in cellular environments. The
molecules detected here do not rely on an electronic enhancement enabling the study of any
molecule – receptor interaction using nanoparticles as probes of cellular membranes.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The Raman spectra (a) from selected points of the TERS image are shown. Peak
assignments are provided in the electronic supplemental information. The Raman maps are
displayed corresponding to the 680 cm−1 band of biotin (b) with and (c) without the TERS
tip, the Streptavidin 962 cm−1 feature (d) with the TERS tip, and of (e) a blank region at
1800 cm−1. The circles and numbers in Fig. 1d correspond to the numbered spectra in panel
a. The scale bar in all images (b–e) is 100 nm.
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Figure 2.
The upper graph shows Raman spectra in line with the biotin-labeled nanoparticle at (i) 40
nm, (ii) 20 nm, (iii) 0 nm, (iv) −20 nm, (v) −40 nm, and (vi) −60 nm from the centroid of
the nanooparticle. The lower graph depicts the intensity profile associated with the 680 cm−1

and 962 cm−1 band of biotin and streptavidin, respectively. The FWHM of both traces is 50
nm. The points are experimental data, the solid line is a fit to a Lorentz line.
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