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ABSTRACT

We show how to change optically the distance between two protein-linked gold nanoparticles by Raman-induced motion of the linker protein.

Rayleigh scattering spectroscopy of the coupled-particle plasmon allows us to compare the inter-nanoparticle distance of individual protein-

linked gold nanoparticle dimers before and after surface-enhanced Raman scattering (SERS). We find that low-intensity (50 HW/pm?) laser
light in resonance with the nanoparticle-dimer plasmon provokes a change of the inter-nanoparticle distance on the order of 0.5 nm whenever

SERS from the proteins connecting the nanoparticles can be observed.

Metallic nanostructures increase Raman signals by a factorof single nanoparticle dimers, that the interaction between
of up to 1342 making surface-enhanced Raman scattering the molecule and the hot spot eventually drives the dimer
(SERS) a highly sensitive and selective detection method into a configuration where the hot spot Rayleigh resonance
for nucleic acidg’® for proteins®’ and even for single s spectrally detuned from the Raman laser.
molecules*® Significant transfer of ground state population We produce nanoparticle dimers by linking biotin-func-
to excited vibrational states of SERS-active molecules hastjonalized gold nanoparticles with streptavidin (SA) as
been reporteé? While chemical enhancement also contrib- jjlustrated in Figure 1b. Gold nanoparticles with a diameter
utes}* the main cause of the SERS effect is the enhancementof 40 nm are coated with biotinylated bovine serum albumin
of the local electric field at hot spots of a nanostructured (BSA-Bi). We add 150 streptavidin molecules per nanopar-
substraté?** Hot spots arise where localized nanoparticle ticle and allow clusters of nanoparticles to form over several
plasmons couple to each other. The simplest system, in whichhoyrs. Electrostatic repulsion between the nanoparticles is
this coupling of plasmons can be studied, is a dimer of two syppressed by incubating at pH 5.5 where the zeta potential
spherical gold nanoparticles of equal size (Figure 1a). Here, js reduced tadt = —7.0+ 0.8 mV (from¢ = —26.4+ 0.3
the nanoparticle plasmons couple strongly and a hot spotmv at neutral pH). Submarine agarose gel electrophoresis
arises in the interparticle gap if the polarization of the incident is ysed to analyze and purify the sample. The inset of Figure
I|ght is in line with the dimer axis. A SERS effect has been 1c shows a photograph of the ge| In the left |ane, the Samp'e
observed for this polarizatiof* containing biotinylated nanoparticles and streptavidin has
Previous studies have focused on how SERS depends oOrseparated into three bands corresponding to monomers,
the hot spot. In contrast, we show in this report that Raman- dimers, and larger multimers. In the right lane, a control
active molecules can act back on the hot spot, pushing thesample without streptavidin migrates as a single band toward
nanoparticles apart or pulling them together. Such a changethe positive electrode, confirming that the clusters are indeed
of the inter-nanoparticle distance can be accurately measuredinked by streptavidin as illustrated in Figure 1b.
by Rayleigh-scattering spectroscopy because even sub- ager electrophoresis, the dimer band (indicated by an

nanometer variations in the interparticle distance cause agq\y) is excised and the nanostructures are retrieved from
SUbSL?E“al sphectral shift of tlh? Eoupled nanoparticle plas- y,q ge| by electroelution. Transmission electron micrographs
mon.®*"We show, using Rayleigh and Raman spectroscopy e the one in Figure 1c show that the sample consists mostly
F Ludwio-Maximilians-Universita Manch of dimers (about two-thirds of the particles, the rest occurring
t Rtgc“ﬁggbggx;@'siﬁ:”j;;nﬂgﬁfs' aMnchen. as monomers). Electron microscopy at higher magnification
8 University of Cambridge. (as in Figure 1d) confirms that the particles are almost
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a The sample is investigated with a microscope setup that
allows us to measure consecutively Raman and Rayleigh
scattering spectra of the same nanometer-sized object with
short switching delays (Figure 2a). For Rayleigh scattering
measurements, white light from a 100 W halogen lamp is

focused at large angles onto the sample using a dark-field

Rayleigh Raman

& condenser with high numerical aperture (NA1.2—1.4).

. As depicted in Figure 2a, the scattered light from a single
nanoparticle dimer in focus is collected by a water immersion
objective lens (108, NA = 1.0) and then polarization
analyzed before being spectrally resolved in a grating

e . 30 nm spectrometer and detected with a nitrogen-cooled, back-

illuminated CCD camer& For Raman scattering measure-
Figure 1. (a) A noble metal nanoparticle dimer encloses an ments, light from a HeNe laser is passed through a 632.8
interstitial hot spot where surface-enhanced Raman scattering camm laser-line filter. The polarization of the laser beam can
occur. The Rayleigh scattering spectrum contains information aboutpe adjusted with &/2 plate. The laser is coupled into the

the inter-nanoparticle distancéb) Experimental realization of : : -, :
scheme (a). Gold nanoparticles (40 nm) coated with biotinylated microscope with a nonpolarizing beam splitter. The Raman

bovine serum albumin (BSA-BI) are linked together by streptavidin signal is c_ollec_ted with the same Spectromet_er and CCD ‘_"‘S
(SA). (c) After synthesis, the dimers are purified by gel electro- the Rayleigh signal except that the polarization analyzer is
phoresis (inset, left lane). Three red bands are discernible, whichreplaced by a long-pass edge filter that transmits the Raman
originate from single particles with streptavidin, dimers)( and Stokes signal and blocks resonantly scattered laser light.

clusters of more than two particles, respectively. The biotinylated . . . .
nanoparticles without streptavidin (right lane) migrate in a single Rayleigh spectroscopy permits detection of changes in the

band slightly faster than the monomers with streptavidin, probably distance between the gold nanoparticles with high sensitivity.
due to their smaller effective radius. Transmission electron mi- Two orthogonal plasmonic resonances are excited by light

croscopy of a sample extracted from the second band of the left polarized along the dimer axis and perpendicular to it. When
g:}nte shows that]fhisr’]f‘l"‘?d fgnSiStT\l m?stly r?fdimerts-lThe int(?rparéidethe field vectorE is perpendicular to the dimer axis the
e i o i 1 A senepesic SCALETINg SPECI features & maxiTim whose frequency
dimer. The particles are spherical with a diameter of 40 nm. !S very close to that of the, Smgle'pa}rt'c'e pla_smon. WEen

is parallel tod, the scattering peak is red-shifted compared
spherical and uniform in size and allows us to determine to the single-particle plasmon. Rayleigh spectra of three
precisely the interparticle distances. We find that the different gold nanoparticle dimers are shown in the upper
interparticle distances are broadly distributed from about 0.5 part of Figure 2b. The closer the nanoparticles are, the
nm to an upper limit of about 13 nm. Particles touching each stronger is the coupling between their plasmon oscillations
other without any gap are not observed. The maximum and therefore the larger is the splitting between the two
distance of 13 nm corresponds to the length of a fully resonances. In order to deduce quantitatively the interparticle
stretched BSA-Bistreptavidin-Bi-BSA linker. Dimers with distanced = |d| of the dimers from their Rayleigh scattering
smaller distances have an angled linker configuration. spectra, we compare the measured resonance positions with

a b

o

Rayleighf fRaman

Raman
laser

Raman scattering intensity

0
Raman /ase’po/ 8 »
(deg) z2ation P \&®

~ dark-field .,

Rayleigh scattering intensity
N D OO NDNO N O N DN O

condenser

o

18 20 22 24
white light illumination photon energy (eV)

Figure 2. (a) Experimental setup. A transmission mode dark-field microscope is combined with an epi-illumination Raman setup. Thus,
Raman and Rayleigh scattering spectra can be observed for one and the same gold nanoparti¢t® Eixperimental Rayleigh scattering

spectra from nanoparticle dimerskdffield polarizations parallel (solid lines) and perpendicular (dashed) to the dimer axis, in comparison

with calculated scattering cross sections (lowest panel). Strong coupling between the nanoparticle plasmons leads to a large energy splitting
between the orthogonal Rayleigh modes, and the coupling is the stronger the closer the nanopatrticles are. Therefore large energy differences
correspond to small distances and vice versa. In this way, the Rayleigh scattering spectrum is indicative of the dimer geometry and in
particular, the interparticle distance. Comparison of the experimental and theoretical results yields experimental distances of 2, 3, and 6 nm
for the three measured spectra (top to bottofr).Typical polarization-dependent Raman spectra. Raman scattering is strong when the
polarization of the exciting laser is parallel to the dimer axisgfAd 180)—leading to strong field enhancement in the interparticle-gap

and is absent for perpendicular polarization.
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Figure 3. Moving nanoparticles with Raman scatterir{g) The initial on-axis Rayleigh scattering resonance of a nanoparticle dimer
corresponding to an inter-nanoparticle distance of 2.3 fiinThe dimer from (a) is exposed to laser illumination with the frequency
indicated by the red line in (a) and polarization as shown in (d). The initially strong SERS signal becomes fairbatfter. (c) The

particles have moved apart by 1 nm, which becomes apparent as a blue-shift of the on-axis dimer resoA&ee3ymeV.(e and

A different dimer ¢l = 1.1 nm), where the particles move closer by 0.6 nm as can be deduced from a red shift of the resordfiee by

130 meV. Both in (a)(c) and (e) and (f) the plasmon peak has become detuned from the exciting laser frequency. Therefore the SERS
effect is weaker, which explains the diminishing Raman sigiagdnd g Graphical illustrations of the motion of the nanoparticles in both
cases.

calculation&® shown in the lower part of Figure 2b. For small  spot, to charge transfer, and to various other mechariists.

d the dependence of the low-energy resonance frequency orThe possibility that the Raman process itself can change the
the particle-to-particle distance is very steef/(ill = 16 hot spot that favors it has not been considered, since this
meV/A atd = 1 nm), which allows us to detect distance effect cannot be detected by measurement of Raman scat-
changes in the angstrom range likely to go unnoticed whentering alone. However, the Rayleigh scattering spectrum

Raman microscopy is combined with atomic force micros- after SERS in Figure 3c shows clear evidence for such a

copy or scanning electron microscopy? This holds true  process. The scattering peak has blue-shifted to 2.12 eV,

even when there are higher order resonances in the longiyhich corresponds to an increased interparticle distahce
tudinal-mode dimer scattering spectrum. Such higher order ¢ 3 3 hm.

resonances have been calculated in ref 20 and experimentally . .
observed in ref 21. In the sequence shown in parts-@ of Figure 3 the

With the same setup that allows us to measure Ray|eighinterparticle distancq has increased after Raman scattering.
scattering, we can also observe Raman scattering from theVVe lso observed dimers whefelecreases and the plasmon
inter-nanoparticle hot spot. The fact that the Raman signal Shifts to lower energy. One example is shown in parts e and
does indeed originate in the hot spot becomes apparent inf Of Figure 3 where the distance decreased from 1.1 nm
the polarization dependence of the Raman intensity shown(Figure 3e) to 0.4 nm (Figure 3f). The extent and direction
in Figure 2c. We see that the Raman signal is maximal whenof the shift varies from dimer to dimer. However, the
light field E and interparticle axid are aligned (©and 180), detuning of the on-axis-plasmon from the spectral position
since this is the situation where there is a strongly enhancedof the Raman laser is a general pattern observed in all cases
electric field in the interparticle gaff;the Raman signal is  where a Raman signal is detected. The polarization depen-
lowest whenE is orthogonal tod (90°), and the field dence of the Rayleigh scattering spectra always remains
enhancement is comparatively small. unchanged, which means that the orientation of the dimer

Now we combine the Rayleigh and Raman techniques. axis always remains fixed in space.

First, Rayleigh spectra are measured to obtain the initial
distance and orientation of the dimer. Then, the dimer is
exposed to laser light of moderate intensity1Q0 W/unv),
which is polarized along the interparticle axisand Raman

spectra are collected. Finally, another Rayleigh spectrum is . ) . .
recorded under white-light illumination. polarization (Figure 4a) and proceed by exposing the dimer

lllustrative data are shown in parts-a of Figure 3. Before to Raman laser light polarized along the interparticle axis.

exposure to the Raman laser, the on-axis Rayleigh scattering/OWeVer, in contrast to the situation in Figure 3b, no SERS
spectrum peaks at 2.07 eV (Figure 3A), which corresponds signal is obserV(_ad (Figure 4b). After a collection time of

to an interparticle distance of 2.3 nm. Then the dimer is 1000 s, we switch off the Raman laser to measure a
exposed to light from the 632.8 nm line of a HNe laser ~ Postexposure Rayleigh spectrum. In this case the Rayleigh
for 10 min, and Raman scattering is measured (Figure 3b).Spectrum after exposure to the Raman laser (Figure 4c) is
SERS signals from the hot spot, shown in Figure 3B, identical to the Rayleigh spectrum before exposure (Figure
fluctuate in intensity and spectral position and become faint 4a). The crucial point is that in all the cases, where no Raman
after about 6 min. The fluctuations have been attributed to scattering is observed, we do not observe a spectral shift in
movement of the Raman-active molecules through the hotthe Rayleigh scattering spectra either. In contrast, the

In some cases, a dimer does not show a Raman signal
when exposed to light polarized along its axis. Such a case
is depicted in parts -ac of Figure 4. Again we start by
measuring a Rayleigh scattering spectrum for the on-axis

Nano Lett., Vol. 7, No. 9, 2007 2755



> 7o g
= ‘@
) 0 z
£ 4 b =
o 0 g
E 0 £
5 0 _./ QE,500 - O% g
§ 81c = %I 8 g
@» 14 K= c
5 1000 k=)
2 4. 600 1000 1400 ©
% |Raman shift| (cm'1) %‘
24 / «
0= T

1.8 2.0 2?2 2..4 2.6
d % N
E

Figure 4. The inter-nanoparticle distance remains constant when no Raman emission is olggiMeel initial on-axis Rayleigh scattering
resonance of a nanoparticle dimer=€ 3.8 nm).(b) The dimer is illuminated with laser light polarized along the interparticle axis, such

that an interparticle hot spot forms. However, no SERS signal is obsgig)ethe Rayleigh spectrum after exposure to the Raman laser

is unchanged with respect to £d) The lack of Raman scattering and induced distance change can be explained with the assumption that
the linker protein is situated outside the SERS hot q@ptand(f) Rayleigh scattering spectra from another dinte+=(3.6 nm). In this case

the Raman laser is polarized perpendicular to the interparticle axis. Therefore, it excites the high-energy plasmon resonance shown as a
dashed line in the initial Rayleigh spectrum. No SERS signal is observed, and the Rayleigh scattering spectrum is not affected by exposure
to the Raman lasefg) Here, the lack of Raman scattering and induced distance change is due to the fact that no hot spot forms for this
polarization of the incident field.

0.4

mSERS "
02 A @®no SERS

resonance and the laser become detuned, the interparticle
hot spot becomes less “hot”, and therefore Raman activity
L] . subsides. Let us first consider the case where both decreasing
' Raman activity and a distance change are detected. In this
case, the protein that governs the interparticle distance is
situated entirely or, more likely, partly in the interparticle
i ] & ] hot spot (Figure 3d). When the dimer is exposed to on-axis-
0.2 - L ] polarized light of the correct frequency, a huge enhancement
of the electric field can lead to a population of vibrational
. . . . . . levels of the molecules in the hot sp8tThe excitation of
190 1.95 2.00 2.05 210 2.15 mechanical degrees of freedom will eventually lead to
resonance energy before SERS (eV) conformational changes of the protéiln turn, the con-
formational change of the protein leads to an increase or
Figure 5. Shift of the longitudinal-mode Rayleigh scattering decrease in the interparticle distance because the protein is
resonance energyE vs initial resonance energy. Data points from the building block that governs this distance (Figure 3d).
dimers that show SERS are represented as red squares, those fromihjs process is more likely for larger field enhancement in

dimers that do not show SERS are show as blue circles. A strong ; ; : ;
correlation between SERS activity and change of the resonancethe interparticle gap. Turning this around, we see that when

energy becomes apparent: dimers with SERS show a resonance{‘he dimer aSS‘%”_‘eS_ a geometry_ Whgre there 'S_ low f'eld
shift, dimers with no detectable SERS do not. enhancement, it is likely to stay in this conformation. This

explains both that the plasmon resonance shifts away from

interparticle distance changes noticeably when a dimer doestbheecolfnsg vt/r:g;;ng\)/’e?:}?n;hat the average Raman signal

show SERS. In Figure 5 the shift of the resonance energy ) ) _
AE is plotted against the initial resonance energy for the [N the case where no Raman signal is detected, the protein
two groups of dimers. The graph shows an almost perfectllnkmg the_ particles lies out§|de the _hot spot (Figure 4d).
correlation between the detection of a Raman signal and aThe protein does not experience a field enhancement and
change of the dimer distance that detunes the nanostructurdéhus it is not vibrationally excited either, and therefore it
resonance with respect to the Raman laser. We conclude thaf€ither produces a measurable Raman signal nor provokes
the Raman excitation of the vibrational degrees of freedom & change in the interparticle distance. A similar scenario
of the protein eventually leads to changes in its conformation a@pplies when the laser light is polarized perpendicular to the
which concomitantly change the distance of the metal dimer axis and therefore cannot induce a large electric field
nanoparticles by up to a nanometer. in the interparticle gap (Figure 4gy). The protein may be
Considering the typical long-term evolution of Raman located in the interparticle gap, but the molecule experiences
scattering in Figure 3B, we see that the intensity of the only a weak electric field, and neither a Raman signal nor a
Raman spectra is diminished. This corroborates our previouschange in inter-nanoparticle distance is observed.
conclusion that Raman excited molecules change the inter- We have considered several alternative explanations for
particle distance. As the distance changes, the plasmonthe movement of the nanoparticles, but none of them can

0.0 F [ i‘ii

L
L

resonance shift AE (eV)
HIH
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explain the observations satisfactorily. First, it might be active molecules might continue until they are finally

assumed that the absorption of light energy by the nanopar-spatially driven out of the hot spot.

ticles in the focused laser beam causes them to melt or at
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