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ABSTRACT Design of nanoparticles for surface-enhanced Raman
scattering (SERS) within suspensions is more involved than simply
maximizing the local field enhancement. The enhancement at the
nanoparticle surface and the extinction of both the incident and

scattered light during propagation act in concert to determine the

observed signal intensity. Here we explore these critical aspects of signal
generation and propagation through experiment and theory. We

)

obtain longitudinal surface plasmon resonances that incrementally spanned 600—800 nm. The Raman reporter molecule methylene blue was trap-coated

synthesized gold nanorods of six different aspect ratios in order to

near the surface of each nanorod sample, generating SERS spectra, which were used to compare Raman signals. The average number of reporter molecules
per nanorod was quantified against known standards using electrospray ionization liquid chromatography mass spectrometry. The magnitude of the
observed Raman signal is reported for each aspect ratio along with the attenuation due to extinction in suspension. The highest Raman signal was obtained
from the nanorod suspension with a plasmon resonance blue-shifted from the laser excitation wavelength. This finding is in contrast to SERS
measurements obtained from molecules dried onto the surface of roughened or patterned metal substrates where the maximum observed signal is near or

red-shifted from the laser excitation wavelength. We explain these results as a competition between SERS enhancement and extinction, at the excitation

and scattered wavelengths, on propagation through the sample.
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urface-enhanced Raman scattering (SERS)

is a vibrational technique whose pro-

mise for chemical sensing has been
debated since the 1970s." A primary design
objective in SERS optimization is to tailor the
surface plasmon resonance relative to the
laser excitation wavelength. This is because
the on-resonance field enhancement at the
surface of the plasmon-active material can
increase the Raman signal intensity of near-
by molecules by several orders of magni-
tude. In the case of SERS on immobilized
silver nanostructures, the maximum signal
enhancement was observed if the plasmon
band position was red-shifted compared
to the laser excitation wavelength.? On
the basis of these studies, researchers have
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fabricated rationally designed nanoparticles
for biomedical applications® such as highly
sensitive assays® and multiplexed imaging.
The stable signals and multiplexing capabil-
ities of these nanoparticles offer an attractive
alternative to fluorescence-based techniques.®”
For example, a recent report notes that a
SERS-based approach can outperform an
enzyme-linked immunosorbent assay (ELISA) 2
Nanoparticle-based SERS assays could, thus,
provide novel sensing capabilities that com-
plement or improve present technologies
and lead to next-generation clinical diagnostics.
For example, Moskovits et al. have extended
such studies to quantitatively confirm the ratio
of cancerous to noncancerous cells in samples
with two different reporter molecule—antibody

* Address correspondence to
murphycj@illinois.edu,
rxb@illinois.edu.

Received for review September 24, 2012
and accepted February 25, 2013.

Published online February 25, 2013
10.1021/nn305710k

©2013 American Chemical Society

ACAT AN
VOL.7 = NO.3 = 2099-2105 = 2013 @L%N {\)

WWwWW.acsnano.org

2099



Nanorods

|

Figure 1. Photographs demonstrating extinction effects in
solution. Upon laser illumination, minimal extinction
(scattering + absorption) is observed in water (left cuvette).
In contrast, suspensions of gold nanorods in water exhibit
extinction under illumination (right cuvette). (a) Laser illu-
mination under ambient lighting. (b) Laser illumination
without ambient lighting.

combinations.® Using labeled nanoparticles as Raman
reporters to achieve contrast in deep-tissue measure-
ments is currently an active area of research.'®"’

Light scattering, absorption, and fluorescence aris-
ing from the tissue limit the choice of Raman excita-
tion wavelengths to the near-infrared (NIR) spectral
region.'? In this spectral region (700—1100 nm), gold
nanorods'® and nanoshells'* can be used as effective
SERS-active nanoparticles as they exhibit a tunable
plasmon band'> where tissue has low absorption.'?
Additionally, the presence of the nanoparticles dis-
persed throughout the tissue adds absorption and
scattering effects to the Raman measurement as the
light propagates. In this way, nanoparticles that would
be injected into tissue behave much like in colloidal
suspensions.

For suspensions, as opposed to substrates, account-
ing for light propagation and attenuation is vital. While
the resonant plasmon helps to enhance the Raman
signal, attenuation by absorption and scattering com-
plicates experimental design and optimization.'® Upon
plasmonic excitation for anisotropic shapes like rods,
the maximum electric field, on average, is at the tips of
the rods; therefore, SERS signals will be dominated by
events at the tips of the rods. The overall extinction of
the nanorods depends not only on their shape but also
on their absolute size: larger nanorods, for the same
aspect ratio, lead to more extinction, with little relation
to the qualities of the rod tips. Therefore, it is not a
surprise that, in colloidal solution, SERS and extinction
effects need to be unraveled.

This effect is clearly visible in a solution of nanopar-
ticles. For example, Figure 1 shows a photograph of a
laser beam traversing two cuvettes, illustrating extinc-
tion effects in solution. The cuvette on the left in both
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Figure 2. (a) Schematic of a gold nanorod with a (red)
poly(acrylic acid) coating, followed by methylene blue
reporter molecules (blue) and a polyallylamine hydrochlor-
ide (green) trap coat. (b) Corresponding zeta-potential for
aspect ratio 3 gold nanorods as a function of layer coating
corresponding to the stages in (a). (c) Quantification of the
number of methylene blue reporter molecules per gold
nanorod as a function of aspect ratio.

panels, containing water, displays minimal scattering
and absorption, resulting in minor attenuation of the
laser beam. The cuvette on the right, containing gold
nanorods in suspension, shows that the laser beam is
unable to penetrate effectively through the cuvette,
due to a combination of absorption and scattering of
light by the nanorods. Therefore, when performing
SERS experiments on such nanorods in solution, Raman-
scattered light would be similarly extinguished. There-
fore, it is important to understand that there is an
antagonistic interplay between extinction and SERS
enhancement in the observed Raman signal collected
from colloidal suspensions and therefore in biological
sensing.

Here we explore the competition between SERS
enhancement and extinction on propagation through
the sample. We investigate the dependence on plas-
mon resonance frequency by using gold nanorods of
six different aspect ratios which provide longitudinal
surface plasmon resonances at wavelengths spanning
600—800 nm. The Raman reporter, methylene blue,
was trap-coated with a polyelectrolyte layer near the
surface of each nanorod. SERS spectra were acquired
using a 785 nm excitation wavelength in transmission
mode. In order to compare signals across batches of
nanorods, the average number of reporter molecules
per nanorod was quantified using electrospray ion-
ization liquid chromatography mass spectrometry
(ESI-LC-MS). We report the Raman signal per nanorod as
a function of aspect ratio, correcting for the attenuation
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due to extinction in suspension using methanol as an
internal standard.

RESULTS AND DISCUSSION

SERS measurements are typically based on Raman
reporter molecules attached directly to the surface of
the nanoparticles by either covalent or electrostatic
interactions.'” Other reports have examined the use of
SERS using reporter molecules separated at fixed dis-
tances from the surface of the nanoparticles by em-
ploying a dielectric silica shell.'”® Here, we utilize a
polyelectrolyte dielectric layer to wrap gold nanorods
of a variety of aspect ratios.'® A schematic of this tech-
nique is illustrated in Figure 2a. First, positively charged
CTAB-capped gold nanorods were wrapped with ne-
gatively charged poly(acrylic acid) (PAA). We then at-
tached methylene blue reporter molecules by electro-
static interactions. The reporter molecules were then
trap-coated by an additional polyallylamine hydro-
chloride (PAH) polyelectrolyte layer.?° Layer wrapping
was confirmed at each step by zeta-potential measure-
ments (Figure 2b) and electronic absorption spectra as
previously described.?" Shifts in the longitudinal plasmon
peak of 5 nm or less are observed as the surface func-
tionalization proceeds (Supporting Information Figure S1).
The polyelectrolyte coating also stabilizes the as-
synthesized CTAB-capped gold nanorods from aggre-
gating in polar protic solvents.?? As an approximate
guide, assuming a 2.5 nm thick CTAB bilayer and
1.5 nm thicknesses for the polyelectrolyte layers,'®?!
the Raman reporter dyes should be about 4 nm from
the metal surface. There is no apparent aggregation in
solution, as suggested by the lack of plasmon band
broadening. In the case that two nanorods are in
contact, the spacer layers guarantee that the reporter
molecule is approximately 4 nm away from the prox-
imal metal surface and about 12 nm away from the
distal metal surface. Although we cannot rigorously
prove that there are zero aggregates in solution, these
relative distances suggest that the reporter molecules
are not expected to lie in hot spots.

The number of reporter molecules per nanorod was
quantified for each aspect ratio by ESI-LC-MS.2" We
found that the average number of reporters per gold
nanorod was 100—300 reporter molecules (Figure 2c).
These ESI-LC-MS measurements were carried out in
triplicate for three independent batches, for each
aspect ratio of nanorods. The means of 9 measurements
per aspect ratio, with attendant error bars of one standard
deviation from the means, are shown in Figure 2c with
further details in Figure S2. The values of 100—300
reporters per nanorod are far fewer than monolayer
coverage. For example, methylene blue adsorbs to charged
surfaces from water with a footprint of 0.66 nm?2 A full
monolayer of methylene blue, hence, would imply ap-
proximately 3000 molecules per nanorod. Therefore,
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Figure 3. Reference spectra. (a) UV/vis of 15 uM methylene
blue in methanol. (b) Raman spectrum of 500 xM methylene
blue in methanol. (c) Raman spectrum of neat methanol.

experimental loadings are less than 10% of monolayer
coverage. Using these values, we compare the experi-
mentally observed SERS signal intensity from each gold
nanorod suspension and relate them to theory.

To characterize the observed spectral signatures, we
present three reference spectra in Figure 3. The electronic
absorption spectrum of methylene blue in methanol is
shown in Figure 3a. An absorption maximum can be seen
around 670 nm with a shoulder at 650 nm, both of which
are blue-shifted from the Raman laser excitation wave-
length of 785 nm. This should minimize any chemical
resonance effects such as those observed in surface-
enhanced resonance Raman spectroscopy (SERRS).

For Raman measurements, we collected the signal
from a sample of methylene blue polyelectrolyte-coated
gold nanorods resuspended in methanol. This approach
was first introduced by Kneipp and co-workers** and
has the benefit that the methanol Raman band at
1030 cm™' % can serve as an internal standard. For
reference, the Raman spectra of methylene blue in metha-
nol and of neat methanol are shown in Figure 3b,c.

We synthesized gold nanorods with aspect ratios
from 2 to 4.5, resulting in a systematic variation of the
longitudinal plasmon resonance band. Figure 4a shows
the electronic absorption spectra of each of the gold
nanorod suspensions after the final PAH polyelectro-
lyte trap coating. On the same spectral axes, we also
depict the laser excitation wavelength with a red
dotted line and the resulting Raman spectrum (black
curve) for reference. Traditionally, Raman spectra are
reported in terms of Raman shift from an excitation
wavelength, as shown in Figure 4b, where the spectra
are normalized for concentration and the number of
reporter molecules per rod and then offset for clarity.
From the shaded region in Figure 4a, it is obvious that
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AR 4.5, orange), normalized to concentration plotted on the same axes as the position of the Raman excitation wavelength
(red dots) and the resulting Raman spectrum (black). The spectral region shown in Figure 5b is highlighted by shadow in
Figure 5a. (b) Surface-enhanced Raman spectrum of methylene blue attached to six different aspect ratios of gold nanorods
bearing PAA polyelectrolyte layer (offset for clarity) normalized for gold nanorods and reporter molecule concentration.

the extinction profile of higher aspect ratio nanorods in
suspension overlaps both the spectral profile of the
Raman excitation laser and the wavelengths of Raman
scattered photons. The largest Raman signal is ob-
served for nanorods that have a plasmon band blue-
shifted from the excitation frequency. To quantify the
recorded signal, we examined both the reporter Ra-
man signal as well as that of the suspending medium
(methanol).

Two spectral features to characterize our suspen-
sions are the Raman band originating from methanol
at 1030 cm™ ' shift and the Raman band originating
from methylene blue at 1616 cm ™' shift (Figure 5).2°
The signal intensity at 1030 cm™"' shift should only
decrease from extinction of the Raman excitation
wavelength since we assume methanol is not en-
hanced by the gold nanorods.>* However, the Raman
signal from the reporter at 1616 cm™" shift will be
affected by the location of the longitudinal surface
plasmon resonance determined by the aspect ratio of
the gold nanorod suspensions. By examining these
two bands as a function of aspect ratio, we illustrate the
effects of the competing physical processes. In addi-
tion, we can select an aspect ratio that would provide
the largest Raman signal in suspension.

Extinction measurements (Figure 4a) and Raman
measurements of the methanol band (Figure 5) pro-
vided two estimates of the extinction due to nanorods.
This extinction is quantified in Figure 6a. The compet-
ing process of SERS electromagnetic enhancement
when extinction effects are considered to be negligible
(i.e., substrate measurements) is presented in Figure 6b.
A prolate-spheroidal approximation for the rods was
used to estimate absorption-free electromagnetic en-
hancement.”’ It is clear from Figure 6 that maximum
extinction of the Raman excitation occurs near the
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Figure 5. Comparison of Raman spectra acquired from gold
nanorod suspensions bearing polyelectrolyte layers plus
methylene blue reporter in methanol. The variation in
Raman intensity for the methanol bands is illustrated by the
peak at 1030 cm " which varies as a function of aspect ratio.
Gold nanorod suspensions are normalized for concen-
tration and the number of reporter molecules per gold
nanorod.

maximum of electromagnetic enhancement. The collected
signal seen in Figure 5 illustrates this competition.

As the SERS signal will vary as a function of the
nanoparticle concentration and the number of report-
er molecules per nanoparticle, it is important to ac-
count for these variations in order to understand the
spectral data. Using theory, we account for these
experimental variations between samples. The ob-
served Raman spectra are quantified using the reporter
signal at 1616 cm ™' shift for each aspect ratio. These
results are shown in Figure 7. The normalized Raman
signal in transmission mode from a suspension of gold
nanorods can be shown to be equal to'®
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Figure 6. (a) Blue dots: Experimentally observed extinction
of Raman excitation at 785 nm. Red triangles: Difference in
Raman band at 1030 cm ™ shift with neat methanol and
each aspect ratio of gold nanorods suspended in methanol.
(b) Predicted electromagnetic enhancement from varying
aspect ratios of spheroids in the quasi-static limit. Mean-
free electron path and depolarization/radiative damping
corrections were applied.
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Figure 7. Determined average per particle extinction-modified
enhancement factor GR'® (G as a function of aspect ratio)
from eq 2; some error bars are smaller than the data points.

e~ MCen(@olhp _ o ~MCoxl@hp
R(w, @0, p, h) = AR®(Gy(w, wo))

M
where the frequencies wy and w correspond to the
incident light and the Stokes' shifted frequencies,
respectively, A is the effective cross-sectional area of
the illuminating and collecting beams, R? is the Ra-
man signal from a single reporter molecule absent the
nanorod, p is the concentration of the nanorods in the
solution, N indicates the number of bound Raman

mCext(w) - mcext(wo)

MATERIALS AND METHODS

Materials. Hydrogen tetrachloroaurate(lll) hydrate (HAuCl,- 3H,0,
>99.999%), sodium borohydride (NaBH4 99.99%), and silver
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reporter molecules, h is the interaction path length,
Coxt is the extinction cross section of the individual
nanorods, m is the refractive index of the solution, and
(Gnlw,wq)) is the ensemble-averaged extinction-
modified enhancement factor. The ratio in eq 1 models
the propagation of incident light and Raman scattered
light through the suspension and is a form of Beer's
Law. This expression can be simplified if the number of
reporter molecules is small, in which case the ensemble-
averaged, extinction-modified enhancement factor
(Gplw,mg)) can be linearized, that is, (Gy(w,wo)) =
(G(w,we)Ny = (G(w,we)XN). This allows us to obtain
the averaged per particle extinction-modified enhance-
ment factor.

Rlw, wo, o, h)  MCext(®) — MCexr(wo)
R(O)<N> e*mcexx(wo)hp — e*mcext(w)hp

)

The single-particle, extinction-modified enhancement
factor was computed using eq 2 and is shown in
Figure 7. A maximum per-particle signal enhancement
is found at an aspect ratio of 2.75, with 2.5 also within
error bounds. This implies that maximum observed signal
occurs with gold nanorods blue-shifted from the laser
excitation wavelength. This differs from the field en-
hancement maximum expected at an aspect ratio of 4.

(Glw, o)) =

CONCLUSION

In contrast to SERS experiments of immobilized
nanoparticle substrates, where absorption effects are
minimal, a significant extinction contribution is realized
for SERS particles in suspension. In analyzing the signal
generation and recording rigorously, we have demon-
strated that Raman-active molecules do not provide
monolayer coverage of our polyelectrolyte-bearing
nanorods as usually assumed. In our experiments, load-
ings are less than 10% of the expected maximum for
monolayer coverage. The calculated ensemble-
average signal intensity based on experimentally de-
termined molecular coverage suggests the maximum
Raman scattered signal is obtained from that plasmon
resonance that is blue-shifted from excitation. This
implies the use of nanorods of lower aspect ratios for
optimal sensing. Extinction is an important considera-
tion in combination with maximal SERS enhancement
when designing tagged Raman probes for suspension
applications such as collecting Raman reporter signal
through tissue. Efforts toward refining our model by
accurately spatially localizing reporter binding sites on the
gold nanorods are currently underway in our laboratories.

nitrate (AgNOs, >99.0%) were obtained from Aldrich and used
as received. Methylene blue (>82%) with the remainder in
organic salts, cetyltrimethylammonium bromide (CTAB, >99%),
and ascorbic acid (CgHgOg, >99.0%) were obtained from Sigma
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Chemical and used as received. The polyelectrolytes poly(acrylic
acid), sodium salt, M,, ~ 15000 g/mol (35 wt % solution in H,0)
(PAA), and polyallylamine hydrochloride, M,, ~ 15000 g/mol
(PAH), were obtained from Aldrich and used without further
purification. Sodium chloride (NaCl, >99.0%) was obtained and
used as received from Fischer Chemicals. All solutions were
prepared using Barnstead E-Pure 18 MQ-cm water. All glass-
ware used was cleaned with aqua regia and finally rinsed with
18 MQ-cm water.

Gold Nanorod Synthesis. CTAB-coated gold nanorods of aspect
ratio (AR) 2, 2.5, 2.75, 3, 3.5, and 4.5 corresponding to dimen-
sions35+2nNnm x 17+ 1mnm, 39+ 6 nm x 16 =4 nm, 40 £+
5nmx14+£2mm,434+4nm x 15+ 1nm,45+£3nm x 12+
1 nm, and 48 £+ 3 x 11 & 1 nm were synthesized as previously
described.?® The gold nanorods were purified twice by centri-
fugation (8000 rpm, 2 h).

Polyelectrolyte Layer-by-Layer (LBL) Coating. We coated the gold
nanorods with PAA and PAH using an adapted procedure'® to
maintain the nanoparticle concentration throughout each step.
For each polyelectrolyte layer, we prepared stock aqueous
solutions of PAA (—) or PAH (+) at concentrations of 10 mg/
mL prepared in 1 mM NaCl and a separate aqueous solution of
10 mM NaCl. To 30 mL aliquots of twice centrifuged CTAB gold
nanorods (0.15 nM in particles) we added 6 mL of PAA or PAH
(+) solution followed by 3 mL of 10 mM NaCl. The solutions were
left to complex overnight (12—16 h) before purification using
centrifugation (5000 rpm, 2 h). We then centrifuged the super-
natant and concentrated the two pellets to minimize losses in
gold nanorod concentration. Zeta-potential measurements and
UV—vis absorption measurements were made between each
layering step to confirm successful coating without aggregation
of the gold nanorods.

Zeta potentials were measured on a Brookhaven ZetaPALS
instrument. Absorption spectra were recorder on a Cary 500
UV—vis—NIR spectrometer, and transmission electron micro-
scope images were taken on a JEOL 2100 cryo-TEM microscope
ata 200 kV accelerating voltage. All TEM grids were prepared by
drop-casting 10 uL of purified gold nanorods on a holey carbon
TEM grid (Pacific Grid-Tech). A ThermoScientific Sorvall Legend
X1 centrifuge in a “swinging bucket” orientation was used for
purification as detailed below.

Methylene Blue Gold Nanorod Complexation. We used the same
initial concentration of gold nanorods (0.15 nM) prior to addi-
tion of 10 uL of a stock T mM methylene blue solution to 0.99 mL
of gold nanorods, to give a final methylene blue concentration
of 1 uM during complexation. The mixture was left for an hour
before removing excess reporter molecules using centrifuga-
tion (2350 rcf, 15 min). The supernatant was also centrifuged,
and both pellets were concentrated to maintain gold nanorod
concentration. The concentrated pellet was then resuspended
to 1 mL with DI water before adding 0.2 mL of PAH (10 mg/mL)
in 1 mM NaCl and 0.1 mL of 10 mM aqueous NaCl solutions. This
mixture was left overnight before purification by centrifugation
(2350 rcf, 15 min); again, the supernatant was also centrifuged
(2350 rcf, 15 min), and the pellets were concentrated. For final
purification, we dialyzed the aqueous solutions in Spectrum
Laboratories 100k MWCO G2 membranes against 4 L of Barn-
stead E-Pure (18 MQ-cm) water for 48 h. Any remaining un-
bound methylene blue molecules and excess polyelectrolyte
were removed via centrifugation followed by dialysis in a
100 kDa cutoff membrane. By using a membrane pore size
5 times larger than the molecular weight of the polyelectrolyte
used, any multilayer polyelectrolyte bundles that may have
formed during synthesis should be removed.

ESI-LC-MS Quantification of Methylene Blue. For electrospray ion-
ization liquid chromatography mass spectrometry (ESI-LC-MS)
quantification of the number of methylene blue molecules,
we centrifuged the methylene blue complexed polyelectrolyte
gold nanorods (2350 rcf, 15 min) and the supernatant again
(2350 rcf, 15 min) before concentrating the pellets. We resus-
pended the pellet in 50 uL of methanol, and the gold nanorod
cores were then etched by adding 0.010 mL of 1 M KCN and
waiting 1—2 h. It was observed that etching had completed once
the solution turned colorless. KCN itself does not disturb the mass
spectral analysis of methylene blue (see Supporting Information).

SIVAPALAN ET AL.

All data in Figure 2c are the results of triplicate measurements
for each of three independent batches of nanorods for each
aspect ratio.

The ESI-LC-MS analysis was performed in Metabolomics
Center at UIUC with a 5500 QTRAP mass spectrometer
(AB Sciex, Foster City, CA) which is equipped with a 1200 Agilent
LC. Analyst (version 1.5.1, Applied Biosytems) was used for data
acquisition and processing. An Agilent Zorbax SB-Aq column
(5u, 50 x 4.6 mm) was used for the separation. The HPLC flow
rate was set at 0.3 mL/min. HPLC mobile phases consisted of A
(0.1% formic acid in H,0) and B (0.1% formic acid in acetonitrile).
The gradient was as follows: 0—1 min, 98% A; 6—10 min, 2% A;
10.5—17 min, 98% A. The autosampler was kept at 5 °C. The
injection volume was 1 uL. The mass spectrometer was oper-
ated with positive electrospray ionization. The electrospray
voltage was set to 2500 V; the heater was set at 400 °C; the
curtain gas was 35, and GS1 and GS2 were 50 and 55, respec-
tively. Quantitative analysis was performed via multiple reaction
monitoring (MRM) where m/z 284.2 to 240.1 for methylene blue
was monitored. Calibration curves were run on methylene blue
standards in the presence of cyanide, from 0.01 to 0.1 uM concen-
trations; our data found 0.029—0.108 1M concentrations (Figure S2).

Raman Spectroscopy. For Raman acquisition, the dialyzed gold
nanorod samples were centrifuged to concentrate the pellets
(2350 rcf, 15 min) and the supernatant poured off. The samples
were then resuspended in 2 mL of methanol (HPLC Fischer
Scientific, >99.9% purity) and placed in a quartz cuvette. Triplicate
samples were synthesized, with seven spectral acquisitions of each
sample collected to minimize the signal-to-noise ratio.

Raman spectra were acquired on liquid samples in transmis-
sion mode (LabRAM, Horiba). The excitation wavelength for all
measurements was 785 nm with a 30 s acquisition time. The
Raman shift from 400 to 1800 cm ' was collected at ~9 cm ™"
spectral resolution. Laser light was focused through a 1 cm path
length cuvette with a 40 mm focal length lens and collected
with a 125 mm focal length lens to collimate the transmitted
light and direct it to the spectrograph. Laser power at the
sample was 25 mW. Between measurements, the cuvette was
rinsed with aqua regia (3:1 HCI/HNOs) followed by multiple
rinses with Barnstead E-Pure (18 MQ-cm) water and methanol.
For Raman measurements, the gold nanorod concentrations
were 0.36, 0.36, 0.31, 0.33, 0.33, and 0.29 nM for aspect ratios 2,
2.5, 2.75, 3, 3.5, and 4.5, respectively, necessitating a small
correction to the recorded data which did not change the
relative trend observed in the Raman spectra between aspect
ratios. Electronic absorption spectra were confirmed before and
after Raman measurements.
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