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controlled resonance coupling create bright
surface-enhanced resonance Raman nanotagst

Alison McLintock,® Hye Jin Lee® and Alastair W. Wark*?

The preparation and characterization of stable and non-aggregated colloidal suspensions of gold nanorod-

molecular dye complexes which exhibit very bright surface-enhanced resonance Raman scattering
(SERRS) signals is described. A systematic study was performed where both the localized surface plasmon
resonance (LSPR) of the nanorod and the molecular resonance of dyes adsorbed onto the rod surface were
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selectively tuned with respect to the laser excitation wavelengths. Resonance coupling was found to be a
significant factor in the overall SERRS enhancement. The polymer stabilized nanorod-dye conjugates were
prepared without the added complexity of nanoparticle aggregation as well as having good control over

the surface coverage and orientation of the dye molecules. Furthermore, we demonstrate that this new
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1. Introduction

Understanding and controlling the interaction between the
localized surface plasmon resonance (LSPR) of gold and silver
nanoparticles and light-absorbing molecular dyes is a rapidly
emerging research area." Hybridization between plasmonic and
molecular resonances can give rise to a variety of distinct
optical properties which depend on the surface density and
assembly behaviour of the dye adsorbed on the nanoparticle
surface, the relative spectral overlap of both constituents as well
as the distance between the dye layer and nanoparticle surface.
A number of experimental®™ and theoretical>™* investigations
have been recently reported characterising hybrid dye-metal nano-
particle structures. Of particular interest is the development of
nanoparticle-enhanced spectroscopies including surface-enhanced
Raman spectroscopy (SERS),"> resonance energy transfer,'®
plasmon-enhanced fluorescence'” and fluorescence quenching."®

Surface-enhanced resonance Raman scattering, SE(R)RS
or SERRS, is a phenomenon that can occur when the laser
excitation wavelength, the nanoparticle localized SPR and the
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class of Raman nanotags greatly outperforms an approach based on quasi-spherical gold nanoparticles.

electronic resonance of the molecular chromophore in contact with
the nanoparticle surface all spectrally overlap to some extent.'*?°
The relative importance of the multiplicative contributions to
the overall SERRS signal from both the local electromagnetic
field associated with LSPR and the molecular resonance Raman
enhancement is an issue that continues to be debated in
the literature. In addition, even further enhancement of the
Raman signal from colloidal suspensions of gold and silver
nanoparticles (NP’s) is typically achieved via nanoparticle
aggregation. The formation of hot-spots within small clusters
of Ag quasi-spherical nanoparticles has enabled single mole-
cule SERRS measurements to be demonstrated.>® However,
aggregation also makes profiling the LSPR contributing to the
enhanced SERRS response much more complex, with para-
meters such as cluster size, distribution in size, relative NP
orientations and spacing within each cluster, location of probe
molecules and changes in particle concentration all important.
Consequently, the design of stable colloidal suspensions of
bright SERRS-active probes which can be potentially used
across a wide range of sensing and imaging applications has
continued to be an area of intense research.

In this report, we prepare a series of monodispersed and
stable colloidal suspensions of gold nanorod—-dye hybrid nanos-
tructures and demonstrate their potential as a new class of
bright SERRS-active substrates. A significant advantage of gold
nanorods (NR’s) is the ability to selectively tune the LSPR excita-
tion across most of the visible and near-infrared (NIR) regions of
the electromagnetic spectrum.”® In contrast, monodispersed
gold quasi-spherical particles are limited to resonance wave-
lengths of ~510-600 nm and aggregation is necessary to achieve
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significant SERS enhancements at common laser excitation
wavelengths such as 633 and 785 nm. Furthermore, the nanorod-
dye conjugate system also enables resonance coupling between
the rod LSPR and dye to be explored over a range of wave-
lengths and a small number of studies have recently been
reported by Wang et al.’'" and others®*** using extinction
and fluorescence spectroscopy measurements.

However, even fewer investigations of the SERRS properties
of gold nanorod-dye systems have been reported to date.
Recently, von Maltzahn et al.>® compared a series of NIR dyes
via the formation of mixed polyethylene glycol-dye monolayers on
the nanorod surface to establish the brightest probe candidate
for SERRS imaging in cells at 785 nm. Pal et al.>’ performed
SERRS measurements at 633 nm on rod aggregates prepared by
drop-casting on a glass surface while Cai et al. have modelled
the Raman spectrum of 3,3’-diethylthiadicarbocyanine iodide
(DTTCI) enhanced by nanorod films.”® Gabudean et al. have
recently demonstrated the dual use of metal-enhanced fluores-
cence and SERS on nanorods.>® Recently, Murphy et al.,
reported a SERS study utilizing a dye reporter molecule spaced
away from the rod surface via adsorption on a polyelectrolyte-
coated layer, followed by wrapping with another polymer layer
to encapsulate the dye.*® They showed that the maximum SERS
enhancement is obtained where the plasmon resonance is blue-
shifted with respect to the single laser excitation wavelength
used in their study with optimal signals reported when the LSPR was
approximately 50 nm blue shifted from the laser excitation. This
work was also transmission based, rather than a back-scattering
configuration, therefore extinction losses along the sample
path length are an issue. Also, an initial study by our group*
demonstrated that the side-by-side assembly of gold nanorods,
which had a NIR dye sequestered into the surfactant bilayer
surrounding each nanorod, could be controlled and also
resulted in an enhanced SERRS response.

Here, we systematically prepare and characterize different
combinations of gold nanorods and dyes whose target resonances
strongly overlap at either 633 or 785 nm. As well as controlling
factors such as dye surface coverage on the rod surface,
the conjugates were wrapped with a polymer layer to achieve
long-term stability and signal reproducibility. This enabled
comparison between different nanoparticle conjugates and to
demonstrate the effective use of the CTAB layer for both
sequestering the dye molecules and maintaining their orienta-
tion and thus enhanced Raman spectral profile. In particular,
the observation of large SERRS intensities while circumventing
the need to induce particle aggregation and the generation of
interparticle hot-spots represents a model system for promoting
investigations of plasmon-dye resonance coupling and in the
rational design of SERRS probes.

2. Experimental
2.1. Chemicals

Cetyltrimethylammonium bromide (CTAB), hydrogen tetra-
chloroaurate (HAuCl,), ascorbic acid, silver nitrate (AgNO;),
sodium borohydride (NaBH,), sodium citrate tribasic dihydrate,
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3,3'-diethylthiadicarbocyanine iodide (DTDCI), 3,3'-diethylthia-
tricarbocyanine iodide (DTTCI), poly(sodium 4-styrenesulfonate)
(PSS) ~70 kDa, sodium chloride (NaCl), poly(diallyldimethyl-
ammonium chloride) (PDDAC), cyclohexane and magnesium
sulphate were all purchased from Sigma-Aldrich and used as
received. All solutions were prepared using Millipore water.

2.2. Nanorod synthesis

Two nanorod solutions were prepared using a modified version of
the procedures developed by Sau and Murphy®> and Nikoobakht
and El-Sayed.*® A key difference was that the reaction volume
was scaled up to 1 L to give a large volume of stock NRs to avoid
problems associated with batch to batch variations. Further-
more, the samples were centrifuged and resuspended four times
in 1 mM CTAB. Each step dilutes the original 0.2 M CTAB stock
~40-fold on replacing the supernatant following centrifugation
such that we assume the CTAB concentration is sufficiently close
to 1 mM. Establishing a consistent CTAB concentration was
critical for the reproducible formation of mixed CTAB-dye layers
around the nanorod surface. Samples were characterised using
UV-vis measurements to determine the LSPR position, and to
calculate the sample concentrations.

2.3. Preparation of NR-dye conjugates

1 mM DTTCI and DTDCI stock solutions were prepared in
MeOH, and further diluted in water immediately prior to addition
of the desired volume of dye to 6 ml of stock NR solution to give
a bulk dye concentration of 0.5, 1, 5, 10, 20 or 50 uM and
the samples were left to equilibrate overnight (~16 hours) at
27 °C. Next, PSS coating of the conjugates was carried out by
adding 1.2 ml of 10 mg ml~" PSS in 5 mM NaCl dropwise to the
NR-dye conjugate solution while stirring rapidly. After a few
minutes the samples were then centrifuged at ~4774g for
20 min and resuspended in 6 ml of water; this was repeated a
further three times to remove excess bulk dye and CTAB
molecules. Additional characterization of the particle concen-
trations and aggregation state of the NR-dye conjugate con-
centrations was performed using a NanoSight LM20 and
accompanying Nanoparticle Tracking Analysis software as well
as UV-vis spectroscopy.

2.4. Preparation of spherical gold nanoparticles

Gold nanoparticles were prepared by a variation of the Turkevich
method.>* Here, 100 mg of HAuCl, was added to 490 ml water,
heated to boiling and then reduced using 105.7 mg of sodium
citrate tribasic dihydrate in 10 ml water to afford colloidal gold
with an average diameter of approximately 38 nm. An extinc-
tion coefficient of 7.8 x 10° M em " was used to calculate the
nanoparticle concentration.>®

2.5. SERRS measurements

All SERRS measurements were performed using a Renishaw
InVia Raman inverted microscope system, equipped with a
20x long working distance objective. Two excitation sources
were used at 632.8 nm and 785 nm along with an 1800 or
1200 gr per mm grating respectively. The typical laser power at
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633 nm was 1.0 mW while for 785 nm laser powers of 12.0 mW
and 1.2 mW were used depending on the nanotag signal
intensity obtained. Specifically, 12 mW was utilised at conju-
gates prepared using dye concentrations of 10 uM and below
while 1.2 mW was used at higher concentrations. Also, sample
spectra acquired at both laser powers and normalized with
respect to a cyclohexane reference under identical condi-
tions could be directly compared. Samples were analysed
through transparent bottom micro-titre plates with 300 ul of
the nanorod conjugate solution placed in each well. A signal
collection time of 10 s per spectra was used. Cyclohexane was
used to optimise the signal collection as well as to provide an
intensity reference for data normalization. For each spectrum
reported, a minimum of three sample aliquots in separate wells
were acquired and compared. For experiments involving the
controlled aggregation of quasi-spherical nanoparticles 1 pl of
1 M MgSO, was added to 500 pl of colloid followed by mixing.
All spectra were processed and background corrected using
Grams/Al software (version 7.0).

2.6. Scanning electron microscopy (SEM)

SEM images were obtained using an FEI Sirion 20 ultra-high
resolution Schottky field emission scanning electron micro-
scope with FEI software. Further details and representative
images are provided in the ESLT

3. Results and discussion
3.1. Design and preparation of nanorod-dye conjugates

Gold nanorod (NR) sizes and dyes were selected which had
resonances closely matching one of two common Raman excitation

« DTTClor DTDCI

618 nm 770 nm

'S | 1 1 1

400 500 600 700 800 900
Wavelength (nm)
DTDCI

Risoncy

Fig. 1

View Article Online

wavelengths (633 and 785 nm) and which were then selectively
combined to create a range of NR-dye conjugates. An outline of
the strategy used for the preparation of stable and SERRS-active
NR-dye conjugates is shown in Fig. 1(a). The bilayer of CTAB
surrounding the nanorod is responsible for both directing the
rod shape during synthesis and maintaining colloidal stability.
However, the presence of this bilayer also complicates subsequent
surface functionalization, and this has previously hindered the
use of nanorods for SERS-based applications. Furthermore,
CTAB has a fairly weak affinity for the gold (110) longitudinal
face and a net desorption from the rod surface starts to occur
when the bulk concentration is lowered below ~ 0.5 mM, which
results in colloidal instability when cleaning. Consequently, the
CTAB concentration in the prepared nanorod stock solutions
was fixed at 1 mM by performing a minimum of four repeat
centrifuge and resuspension (in 1 mM CTAB) steps after the
NR synthesis.

Following the preparation of the nanorod stock solutions,
the first step in Fig. 1(a) shows the addition of a reporter dye,
either DTDCI (Fig. 1(e)) or DTTCI (Fig. 1(f)), to form a mixed
layer of CTAB and dye. Instead of replacing the CTAB, both our
group®! and another®® have shown that hydrophobic molecules
can be sequestered into the CTAB bilayer with high efficiencies.
A further advantage of maintaining the CTAB bilayer is that it
controls the orientation of the dye with respect to the NR
surface, even at very low dye fractional surface coverages. The
second preparative step involves wrapping the positively charged
NR-dye assembly with a polyelectrolyte layer of PSS. The polymer
wrapping has a number of roles: it encapsulates the conjugate
and enables the subsequent removal of any excess dye and CTAB
from the bulk solution, and also stabilises the conjugate,
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(a) Schematic showing the simple two-step preparation of the NR-dye conjugates. A mixed CTAB-dye layer is first formed before stabilizing the conjugate with

a PSS polyelectrolyte wrapping. (b) Schematic overview of the various NR-dye combinations prepared. Extinction profiles of (c) nanorod stock solutions used and
(d) 5 uM DTDCI and DTTCI in MeOH. The chemical structures of the (e) DTDCI and (f) DTTCI dyes are also shown.
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resulting in reproducible SERRS signals when comparing
repeat preparations as well as after several months’ storage.

Different combinations of nanorods and dyes were compared
as summarised in Fig. 1(b) to observe and quantify the effect of
altering the nanorod plasmon resonance and the dye molecular
resonance. Fig. 1(c) and (d) show the extinction spectra for the
NR and dye stock solutions used respectively. The first NR stock
solution featured transverse and longitudinal plasmon peaks at
516 nm and 618 nm respectively, along with an average rod
length of 16 nm and an aspect ratio of 2.0. The second NR
sample had transverse and longitudinal peaks at 511 nm and
770 nm respectively, for which an average length of 47 nm and
an aspect ratio of 4.3 were measured. For both stock solutions,
the particle concentration was fixed at ~1 nM based on
extinction coefficients of 2.5 x 10° and 4.6 x 10° M~ cm ™'
respectively at the /., of the longitudinal LSPR.>” The choice
of DTDCI and DTTCI as Raman reporter molecules was based
on the fact that they are both strongly absorbing (4ax = 646 nm
and 754 nm respectively) close to the 633 and 785 nm laser
excitation wavelengths. In addition, both dyes are structurally
very similar differing only in the length of the polymethine
chain and have poor water solubility.

The formation of a mixed CTAB-dye layer is supported by
several experimental observations. These include comparing
the improved stability of the dye absorbance spectrum in 1 mM
CTAB solution compared to water only where the dye molecules
form aggregates (see Fig. S2, ESIT). In addition, fluorescence
spectroscopy (Fig. S3a and b, ESI) shows quenching quickly
occurring upon the addition of dye to the NR solutions com-
pared to when nanorods are absent. The large Raman signals
described later support the adsorption of dye molecules onto
the nanorod surface, and with the bulk CTAB concentration
fixed at 1 mM no destabilization of the colloid solution was
observed at dye concentrations as high as 50 pM. When
preparing the conjugates, each sample was left overnight to
reach a steady-state fractional surface coverage of dye prior to
PSS wrapping.

Considerable effort was made during the preparation of the
NR-dye conjugates to ensure that no significant level of particle
aggregation took place following the addition of the dyes
and in the final conjugate solution as even a small fraction of
aggregates can potentially have a significant impact on the bulk
SERRS intensities obtained, as well as cause a shift in the
nanorod LSPR.*" Also, in order to quantitatively compare different
conjugate solutions, the particle concentrations were kept constant
throughout the preparation and analysis processes. A number of
complementary techniques were utilised to determine whether
or not aggregates were present and to monitor the particle
concentrations of the samples, including the analysis of extinc-
tion spectra, SEM (see Fig. S1, ESIf) and also the application of
NanoSight video tracking analysis.*®

3.2. Observation of resonance coupling

A series of NR-dye conjugates were prepared where both the NR
and the dye have overlapping resonances, or the NR and dye
have different resonances. A fixed aliquot volume taken from
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Fig. 2 Extinction spectra of PSS-wrapped nanorod-dye conjugates prepared at
a number of dye concentrations (0, 0.5, 1, 5, 10 uM) and a fixed nanorod
concentration (arrow indicates direction of longitudinal plasmon resonance shift
and also increasing dye concentration). (@) 618 nm NR with DTDCI; (b) 770 nm NR
with DTDCI; () 618 nm NR with DTTCI; and (d) 770 nm NR with DTTCI.

the same nanorod stock solutions was used for each preparation
and to which a range of bulk dye concentrations (0.5-50 uM)
were added and left overnight. The conjugates were then
polymer wrapped followed by centrifugation and resuspension
(3x) in water to ensure that excess bulk dye is removed from
the solution and then characterized using UV-vis spectroscopy,
with the results shown in Fig. 2. This approach ensures that
there is no contribution from any remaining free dye whose
concentration will be at least two orders of magnitude lower than
the UV-vis detection limit of ~0.5 uM, and that the spectral shift
is due to dye adsorbed onto the nanorod surface. All four
combinations of nanorods and dyes resulted in both dampening
and a spectral shift of the longitudinal plasmon peak, with both
effects increasing at higher dye concentrations. It can be seen in
Fig. 2 that the relative positions of the dye and rod resonances
are important. Both the size and direction of shift, either to the
blue or red, depends on both the relative absorbance wave-
lengths of the dye and the nanorod.

The size and direction of the longitudinal LSPR shift varies
depending on the NR-dye combination in question. When
DTTCI is adsorbed onto the 618 nm NR sample, the longitudinal
plasmon undergoes a small red shift of ~3 nm. When the same
dye is adsorbed onto a 770 nm NR sample, the shift direction
remains the same, but the size of shift increases up to approxi-
mately 20 nm for a 50 uM bulk dye concentration. DTDCI
displays very different behaviour when it is adsorbed onto
618 nm NRs, the plasmon undergoes a blue shift of up to
24 nm. When adsorbed onto a 770 nm NR, the direction of shift
changes to the red, and is still significant, at up to around
32 nm. In all cases, the amount of shift has been shown to be
dependent upon the bulk dye concentration, with increased dye
surface coverage resulting in increased plasmon shift and
increased dampening of the signal. Similar trends have been
reported by Ni et al.'® who reported a net blue shift in the
longitudinal plasmon peak position when the Am.x of the
adsorbing dye was greater than the longitudinal plasmon peak
position, and a net red shift when the initial longitudinal
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plasmon maximum was greater than the absorbance of the
adsorbing dye.

A significant difference in our results compared to several
recent studies on metal nanoparticle-dye systems is that no
Rabi splitting was observed where the LSPR band develops into
two bands. This effect appears to be associated with instances
where dye molecule aggregates (which support excitons) are
interacting with the nanoparticle surface, and is most dramatic
where the LSPR and molecular resonance have the biggest
overlap and also at larger dye fractional surface coverages.’*™*!
The absence of plasmon band splitting observed here despite a
larger bulk excess of dye molecules is attributed to differences in
control over the dye assembly around the nanorod involving a
relatively uniform dispersion of non-aggregated single dye mole-
cules. Maintaining a stable CTAB bilayer around each rod limits
the extent to which both the DTTCI and DTDCI dyes used here
assemble into J-aggregates. In pure water, both dyes quickly self-
assemble, while in 1 mM CTAB solution the dye absorbance
spectra are much more stable (see Fig. S2, ESIf). The observation
of “weaker” dye-nanoparticle resonance coupling (i.e. smaller
LSPR shifts with no plasmon band splitting) has also been
reported®*” in contrast to studies where the molecular stacking
and orientation of the dye molecules on the metal nanoparticle
surface is relatively uncontrolled'®?***® resulting in “strong”
exciton-plasmon coupling (i.e. larger LSPR shifts and band
splitting). In this initial study we have focused on performing
a quantitative SERRS study where the CTAB bilayer provides
good control over the dye behaviour on the nanorod surface.

3.3. SERRS analysis

The SERRS signals of the different combinations of dyes and
nanorods summarized previously in Fig. 1(b) were then system-
atically acquired at both 633 and 785 nm laser excitation
frequencies. In each case, a fixed volume of the nanorod stock
solution was exposed to dye concentrations ranging from
0.5-50 uM before polymer wrapping and subsequent removal
of excess bulk dye, CTAB and PSS via repeat centrifugation and
resuspension. A combination of extinction spectral monitoring,
SEM and dynamic nanoparticle imaging and tracking measure-
ments were performed for each of the samples to ensure that
the nanorods were monodispersed with negligible levels of
particle aggregation. Furthermore, the intensities of the SERRS
spectra reported were normalized with respect to a cyclohexane
reference acquired under identical conditions (i.e. laser power
and focus, sample volume, integration time) as the sample
measurement. This was to promote a direct comparison of
spectral intensities acquired between samples at different laser
excitation wavelengths and laser intensities.

Fig. 3 clearly shows that the SERRS response increases when
higher bulk concentrations of DTTCI dye are utilized to prepare
the PSS-wrapped nanorod—-dye conjugates due to an increase in
the number of dye molecules encapsulated in the CTAB bilayer.
At bulk dye concentrations above ~20 pM, further changes
in the SERRS intensity are much less which suggests that a
maximum dye loading has been achieved at the steady-state
conditions employed. In addition, Fig. 3 shows that the relative
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Fig. 3 SERRS spectra obtained for a series of PSS-wrapped rod-dye conjugates
prepared using a fixed concentration of NR's (Anax = 770 nm) and various
concentrations of DTTCI dye. A bulk CTAB concentration of 1 mM is also
maintained throughout. Laser excitation wavelength = 785 nm. The spectra have
been vertically offset to allow comparison.

peak intensities in the spectral profile did not change as a
function of dye concentration. This suggests the dye orientation
on the nanorod surface is maintained by the CTAB bilayer
unlike the data shown later (in Fig. 6) where the spectral profile
changes as a function of dye surface coverage in the absence of
CTAB. It is also important to point out that no difference in the
spectral profile was observed when comparing suspensions
before or after PSS wrapping.

The change in SERRS signal as a function of bulk dye
concentration was found to fit a Langmuir adsorption isotherm
(see Fig. S5a, ESIt) which gave an equilibrium affinity constant
of Kags = 1.07 (£0.1) x 10° M~". This is about an order of
magnitude higher than the value obtained by Alkilany et al. for
the partitioning of 1-napthol into the CTAB bilayer.>® Ideally, it
would be preferable to also measure the ratio of dye molecules
free in the bulk solution to that adsorbed on the nanorod surface
using UV-vis spectroscopy, however we found that the tendency
of the free dye molecules to aggregate over longer periods of
time, especially for DTTCI, prevented sufficiently accurate
measurements (see Fig. S2 in the ESI}). Repeat measurements
where the DTDCI dye is instead loaded onto nanorods from the
same stock solution (4. = 770 nm) are also shown in the ESIT
(Fig. S4 and S5b) indicating similar concentration dependent
behavior was also observed.

A comparison of the normalized SERRS intensities acquired
for different nanorod-dye combinations is summarized in
Fig. 4 and 5, which allowed a number of observations to be made.
Each sample was analyzed at both 633 and 785 nm excitation
and the bulk dye concentration was fixed at 5 pM during
the rod-dye conjugate preparation. In order to quantitatively
compare the relative SERRS intensities for the different combi-
nations, Fig. 5 summarizes different selected peak intensity
values for each of the spectra shown in Fig. 4. The values were
obtained from peak maxima and minima intensity positions
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(described in the Fig. 5 caption) extracted prior to baseline
correction and used as a numerical indicator with which
relative SERRS intensities could be compared.

Control measurements acquired in the absence of dye
molecules for both the stock solution nanorods in 1 mM CTAB
and for PSS-wrapped rods are provided in the ESL,f Fig. S7. Using
identical laser powers, integration times and particle concentra-
tions it can be clearly seen that both CTAB and PSS have a
negligible contribution to the SERRS spectral profiles shown in
Fig. 3-5. Also shown in the ESIf in Fig. S8 are resonance Raman
spectra for both the DTDCI and DTTCI dyes deposited onto a
planar gold film to quench the fluorescent background signal.
Significantly greater laser powers and accumulation times were
required than for the solution-based measurements. For DTDCI,
no resonance Raman spectrum was obtained at 785 nm, only at
633 nm, while for DTTCI resonance Raman spectra at both
excitation wavelengths were observed. The poorer signal-to-noise
for the resonance Raman measurements indicate that the overall
SERRS enhancement is due to a combination of molecular and
plasmon resonance contributions.

A. Changing laser wavelength. It is expected that the
largest SERRS enhancements will be obtained when both the
dye and nanorod resonances overlap with the excitation wave-
length.*®** This is clearly seen in Fig. 4(a) where both the
DTDCI dye and nanorod resonances overlap with the 633 nm
laser resulting in a SERRS intensity ~ 2.7 times greater than the
normalized signal obtained when the measurement is repeated
at 785 nm excitation. In Fig. 4(d) and 5(d), where both the
DTTCI dye and nanorod resonances predominantly overlap
with the 785 nm laser, the relative differences in normalized
SERRS signals between 633 and 785 nm excitation is even
greater, about 25-fold higher at 785 nm. The larger contrast
observed between the two different SERRS measurements in (d)
compared to the smaller difference between the two spectra in
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2 o DTDCI 646nm | DTDCI 646nm _|
8 40
>
2 30F 4 .
[ RN S L. o
g 2 .
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Fig. 4 Normalized SERRS spectra obtained at an excitation wavelength of
785 nm and 633 nm. All the data shown is for conjugates prepared using a
5 uM bulk dye concentration: (a) 618 nm NR, DTDCI; (b) 770 nm NR, DTDCI;
(c) 618 nm NR, DTTCI; and (d) 770 nm NR, DTTCI. Each spectrum is normalized
with respect to a cyclohexane standard and baseline corrected.
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Fig. 5 Comparison of normalized SERRS intensities for the corresponding
spectra and excitation wavelengths showed previously in Fig. 4(a)-(d). The
intensity of a representative peak was obtained by finding the maximum peak
height at 1245 (+2) cm™' and subtracting the minimum at 1195 (+5) cm™" for
DTDCI. The process was repeated for DTTCI using the maximum peak height at
1241 (+£2) cm~" and subtracting the minimum peak height at 1195 (+5) cm~".

(a) is different from what would be expected based on each dyes
absorption spectrum shown in Fig. 1. The DTTCI dye has a
broader absorption spectrum partially overlapping with both
laser wavelengths while DTDCI has very little overlap at 785 nm
excitation. However, significantly different extinction behavior
was observed in Fig. 2 for both systems with the LSPR peak
in (a) blue-shifting further away from 633 nm while in (d) a red-
shift closer to 785 nm occurs on dye adsorption.

The changes in SERRS intensities observed on switching
between 633 and 785 nm excitation were observed consistently
for conjugates prepared at all bulk dye concentrations (1-50 pM).
Thus, with the exception of the rod-dye combination in sample
(a), the relative SERRS intensities obtained for 785 nm excitation
were consistently larger than that obtained at 633 nm excitation
for samples (b-d).

B. Changing the dye resonance. Information on the effect of
changing the molecular dye resonance on the SERRS intensity
can be obtained from the spectral pairs in Fig. 4(a) and (c) where
the rod-dye conjugates were prepared from the same stock
solution of nanorods (Amax = 618 nm). At 633 nm excitation,
the SERRS signal is ~3.5x higher for the DTDCI dye in Fig. 4(a)
than the DTTCI dye in Fig. 4(c) as expected due to the overlap in
the dye and laser wavelengths. Similarly, at 785 nm excitation,
the SERRS signal associated with the DTTCI dye in Fig. 4(c) is
more than 5-fold greater than the corresponding measurement
in Fig. 4(a) and also larger than the DTDCI signal at 633 nm
where the rods and dye are both resonant with the incident laser.
This may in part be due to slight differences in fractional surface
coverage between the DTTCI and DTDCI dyes on the nanorods.

A similar comparison can also be made between Fig. 5(b)
and (d) involving the larger aspect ratio nanorods (Amax =
770 nm). For both dyes, the spectral intensities were greater
at 785 nm laser excitation than 633 nm, even for DTDCI.
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This initially suggests that the rod LSPR is playing a slightly
more dominant role in the overall SERRS enhancement than the
dye. On the other hand, when comparing (c¢) and (d) in Fig. 4 and
5, the DTTCI signal from the short rod (off-resonance) is nearly
the same as the longer rod (on-resonance) which strongly
suggests the resonance contribution of the dye is the stronger
effect. However, it is important to point out that comparing (b)
and (d) with different rod sizes (stock solution concentrations
are similar) involves differences in available surface areas and a
comparison between (c) and (d) is more accurate since they were
prepared from the same rod solution.

Ultimately, understanding of the relative importance of the dye
and rod contributions to the overall SERRS signal also depends on
knowing the distribution of dye molecules between the rod ends and
sides and if this changes as a function of dye fractional surface
coverage. The LSPR electromagnetic field enhancements are greatest
at the rod ends, rather than along the particle sides* and thus dye
molecules located at the ends will have a relatively larger contribu-
tion to the SERRS intensities, however, the CTAB layer at the rod
ends has a lower molecular density and this will affect the dye
adsorption in this region since the strong surface affinity of the dye
for the rod surface is based on the CTAB bilayer. Further work is
underway involving a study at the single particle level including
control of the incident light polarization parallel and perpendicular
to both rod axes and will be reported in a future publication.

C. Quantification of SERRS intensities. Because both dyes
used in this study are strongly fluorescent, the determination of
an absolute SERRS enhancement factor was not possible.*>*
Instead, we have focused on performing a relative study between
different dye-rod combinations and a comparison between
nanorod and quasi-spherical nanoparticles is also discussed
in the next section. Furthermore, comparison of the data in
Fig. 4 clearly shows that even though DTDCI and DTTCI are
structurally very similar, the SERRS spectra are significantly
different (see Fig. S6 in the ESIf for extended spectra). Since all
the SERRS data presented are normalized with respect to the
signal from a neat solution of cyclohexane acquired under
identical conditions, we instead calculated the differential
Raman cross-section (dopr/dQ) focusing on the two dye-rod
combinations (a) and (d) at excitation wavelengths of 633 and
785 nm where the brightest signal was obtained. Details of the
calculation are provided in the ESI.f For DTTCI-rod (Amax =
770 nm) conjugates prepared at a dye concentration of 50 uM
(corresponding to the largest SERRS signal in Fig. 3) a (dor/dQ)
of ~3.9 x 107%° cm?® sr ' was obtained. Similarly, for the
DTDCI (50 pM)-rods (Amax = 618 nm) combination which
resulted in the highest SERRS intensity at 633 nm excitation,
a (dog/dQ) of ~1.4 x 107%° cm? sr™' was determined. These
results also reflect the ~2.5-fold difference in intensities
observed between the relevant intensities in Fig. 5(a) and (d)
at 633 nm and 785 nm respectively for conjugates prepared at
a different bulk concentration.

The calculated differential cross-section values are compar-
able with the brightest signals obtained in the recent study
by Amendola and Meneghetti*® who quantified the SERS
response for a range of spherical nanoparticle, dye-label
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combinations and which also contained a significant subpo-
pulation of aggregated nanoparticles. To gain further insight, a
direct comparison of the relative brightness of the nanorod-dye
conjugates versus labelled spherical nanoparticles is described
in the next section.

D. Comparison of nanorod versus spherical shapes. Since
the majority of SERS studies performed to-date have focused on
the use of colloidal solutions of quasi-spherical metal nano-
particles, we next compared the relative SERRS response of the
nanorod-dye conjugates with gold nanoparticles prepared by
the well-established citrate reduction method. A stock solution
with an average diameter of 38 nm was prepared (see Fig. S9
in the ESIf for SEM image). Instead of creating a mixed CTAB-
dye bilayer on the surface of the spherical particles, where
the molecular density and bilayer organization is likely to be
significantly different between the rod and spherical morphol-
ogies, we adopted an approach where the positively charged
DTTCI was directly introduced to the negatively charged citrate-
stabilized nanoparticle solution in a manner comparable with
previous investigations. The aim was to simply establish the
maximum SERRS signal for the quasi-spherical nanoparticle-
dye system (which would not be obtained in a mixed monolayer
system) and compare signal levels with that obtained for the
maximum signals obtained for the monodispersed nanorod-
DTTCI conjugates described earlier in Fig. 3. This approach
also allowed some insight into the importance of the CTAB
bilayer in controlling the dye orientation with respect to the
nanoparticle surface.

Fig. 6 compares normalized SERRS spectra obtained at
785 nm excitation for polymer-wrapped DTTCI-rod conjugates
and quasi-spherical nanoparticles. When DTTCI was introduced
to the citrate-stabilized Au colloid stock solution, nanoparticle
aggregation started to occur at bulk dye concentrations above

high DTTCI concentration

- W
200000

3
s
_3 r (b) non-aggregated
£ 100000 |-
: - L
2 N
£ 0 + t + b 4 aggregated
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& 20000 -
& (c)
g 15000 (- \
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Fig. 6 Normalized SERRS spectra at 785 nm excitation for (a) monodispersed
solution of polymer-wrapped DTTCl-rod conjugates prepared with a 50 uM bulk
dye concentration; (b) aggregated quasi-spherical Au nanoparticles in the
presence of 2 uM DTTCl and MgSQy, representing the maximum SERRS obtained
from this system. Measurements at a lower DTTCI concentration of 0.05 pM are
shown for quasi-spherical Au particles (c) following aggregation induced by
MgSO, and (d) non-aggregated.
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~0.05 puM (see Fig. S10 in the ESIT). Therefore, in order to first
compare the signal from non-aggregated spherical particles, Fig. 6(d)
shows the SERRS spectrum obtained at a bulk dye concentration of
0.05 uM. When an optimal amount of MgSO, aggregating agent was
added to this solution to maximise the SERRS enhancement, a
relatively modest ~2-fold increase in intensity was observed (see
Fig. 6(c)). Comparison of the spectra in (c) and (d) show similar peak
profiles, both of which are markedly different from the spectra
obtained for the nanorod-dye complexes. However, when higher
DTTCI concentrations are introduced to the quasi-spherical nano-
particle colloid, the resulting SERRS profile was very similar to that
of the rod-dye conjugates (compare Fig. 6(a) and (b)). This empha-
sizes the role of the CTAB bilayer in controlling the orientation of the
dye on the nanorod surface while the average orientation of the dye
on the citrate-stabilized quasi-spherical particles must vary with dye
fractional surface coverage. The relationship between the molecule
orientation on a nanoparticle surface and the SERS spectral profile
has been described elsewhere.””*®

The SERRS spectrum of the polymer-wrapped dye-rod conju-
gates in Fig. 6(a) represents the maximum signal obtained at a fixed
nanorod concentration of ~1.1 nM with no nanoparticle aggrega-
tion. The most intense peak in (a) is ~ 24 fold greater than the most
intense peak obtained for the non-aggregated quasi-spherical
particles in Fig. 6(d). The role of nanoparticle aggregation to
increase SERRS signals is well-established, and the spectrum in
Fig. 6(b) represents the maximum response obtained following a
series of repeat measurements involving the aggregation of the
quasi-spherical nanoparticles at higher DTTCI concentrations (see
Fig. S11 in the ESIT for additional spectra). Comparing (a) and (b),
the signal for the non-aggregated rods is approximately 10% higher
than for the aggregated spheres. The concentrations of the nanorod
(~1.1 nM) and quasi-spherical (~0.26 nM) stock solutions are not
identical while the surface area of the average spherical particle is
~1.8x greater than that of the nanorods. It is also reasonable to
assume a significantly higher dye fractional coverage on the citrate-
stabilized spheres than the CTAB-coated rods. Thus the difference
in the total number of dye molecules adsorbed onto a nanoparticle
surface in both cases will be considerably less than a factor of two.
Given that inducing aggregation results in orders of magnitude
increase in the SERRS response of spherical particles*® and the fact
that the normalized SERRS signal associated with the monodis-
persed nanorod-dye conjugates is comparable with the aggregated
spherical system provides evidence that the nanorod-dye conju-
gates are significantly brighter. Recently, we have shown that the
controlled side-by-side assembly of the nanorod-dye conjugates
can result in up to a ~4-fold increase in signal.*' Furthermore,
when rod aggregation is performed in a random fashion in the
presence of DTTCI, then an even larger increase in intensity is
easily achieved, such as the example shown in Fig. S12 in the ESLT

An absolute comparison between spheres and rods is difficult
to achieve due to the complexity associated with factors such as
dye surface coverage, orientation, available surface area and
particle size distribution. However, these results clearly demon-
strate nanorod-dye assemblies to be extremely promising SERRS
substrates compared to more conventional spherical colloidal
particles of similar dimensions. In the future, it will be interesting
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to compare the nanorod-dye system quantitatively with other
single encoded SERS particles which typically use thiol-PEG
and/or silica coatings for encapsulation of reporter molecules.*

4. Conclusion

A series of stable, monodisperse suspensions of polymer-wrapped
gold nanorod-dye conjugates were prepared and their optical
extinction and SERRS properties characterized by selectively tuning
both the plasmon resonance of the nanorod and the molecular
resonance of the dye with respect to the laser excitation wavelengths
(633 nm and 785 nm). A particular advantage of our approach is its
simplicity with bright Raman signals obtained without nanorod
aggregation and good control over the surface coverage and orienta-
tion of reporter molecules on the nanorod surface. In comparison,
most efforts at producing SERS probes have involved an aggregation
step during their preparation which is relatively uncontrolled***%*
with a recent trend in the literature towards achieving greater
aggregation control as part of the SERS optimization process.”>>*
Further static and dynamic studies at the single nanoparticle level
are currently underway to investigate the polarization dependence of
the SERRS response and assess if there is a preferential adsorbance
of dye, at least initially, on the rod ends or sides. This will also let us
assess the percentage of particles that are SERRS active and compare
with other substrates such as nanostars,> capsules®° and aggre-
gated systems. We have clearly shown the nanorod-dye platform to
be a highly promising class of SERRS labels that offers a number of
advantages. The polymer-wrapped conjugates were found to be very
stable, allowing a significant Raman signal to be obtained after
months of storage. The use of polyelectrolyte layers both as a
platform for subsequent biofunctionalization®” and to also signifi-
cantly reduce the cell toxicity of CTAB-coated nanorods®® has also
been demonstrated. In particular, we hope the simplicity of the
system will further promote the rational design of SERRS substrates
for use in a wide range of applications.
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