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Abstract

Surface-enhanced Raman scattering (SERS)-active plasmonic nanomaterials have become a
promising agent for molecular imaging and multiplex detection. To produce strong SERS intensity
while retaining the non-aggregated state and biocompatibility needed for bioapplications, we
integrated near infrared (NIR) responsive plasmonic gold nanostars with resonant dyes for
resonant SERS (SERRS). The SERRS on nanostars was several orders of magnitude greater than
signals from SERRS on nanospheres and non-resonant SERS on nanostars. For the first time, we
demonstrated quantitative multiplex detection using 4 unique nanostar SERRS probes in both in
vitro solutions and ex vivo tissue samples under NIR excitation. With further optimization, in vivo
tracking of multiple SERRS probes is possible.
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Introduction

Plasmonic nanomaterial offers great potential for surface-enhanced Raman scattering
(SERS) bioapplications. Because SERS detection has less photobleaching and narrower
Raman bands (10-20 cm™1) than fluorescence detection (400-800 cm™1),1 SERS offers
superior multiplexing potentials to fluorescence; such bioapplications have been
demonstrated on many occasions.2~/ Although SERS in vivo detection has been
reported,8-12 SERS multiplexing in vivo remains a challenge mainly due to the low signal-
to-noise ratio (SNR) from the weak SERS signal on isolated gold nanoparticles under the
near-infrared (NIR) excitation.13-16 Aggregation or clustering was frequently applied for
obtaining higher SERS from “hot-spots” but also resulted in larger particle size distribution
and batch-to-batch inconsistency; both of which are unfavorable for practical bioimaging
applications. Therefore, our strategy has been focused on (1) creating uniquely-shaped
plasmonic nanoparticles with plasmon bands in the NIR range and self-generated “hot-
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spots” without the need to aggregate nanoparticles, (2) selecting resonant dyes in the NIR
range for producing intense surface enhanced resonant Raman scattering (SERRS) signals,
and (3) encapsulating each nanoparticle with a protective layer to avoid dye leaching and to
reduce aggregation under a physiological environment.

Our group has recently developed plasmon-tunable surfactant-free nanostars (NS) exhibiting
strong two-photon photoluminescence and SERS.17-19 For the last two decades, our
laboratory has been involved in the development and application of various SERS plasmonic
platforms ranging from nanoparticles, nanopost arrays, nanowires and nanochips.20-23 A
recently developed highly monodisperse gold NS can be a new promising nanomaterial for
invivo SERS multiplexing. NS have not only plasmon bands tunable in the NIR tissue
optical window,18 but also multiple sharp branches acting as “hot-spots” for the “lightning
rod” effect.18 24 Previous studies have shown a superior SERS enhancement factor on NS
than on spheres.19: 25-26 Recent reports also exemplified the potential of biocompatible NS
on invitro SERS imaging.11 27-29 To further illustrate the feasibility for in vivo multiplex
detection, the NIR resonant SERS (NIR-SERRS) has been exploited on nanorods or spheres
by other groups.13: 16 SERRS typically has enhancement that is several orders magnitude
greater than non-resonant SERS; the maximal SERRS intensity usually coincides with the
electronic transition of the dye used.39-33 Since NS embrace both NIR plasmon and more
numerous branches than nanorods, combining NIR resonant dyes on NS may further
enhance the SERRS response for practical in vivo multiplex detection. To date, although
numerous NIR dyes are commercially available, a successful implementation of these dyes
for NIR SERRS probe fabrication and multiplex detection has not yet been reported.

In this study, we report a facile synthesis of bovine serum albumin (BSA)-protected NIR-
SERRS probes made of plasmonic gold NS. Due to the intrinsically narrow Raman peaks,
spectral fitting of the entire fingerprint allows for accurate quantification of each SERRS
probe. Quantitative multiplexing of 4 NIR-SERRS probes was achieved in sample solutions
(in vitro) and then through excised chicken skins (ex vivo).

Experimental Methods

Chemicals

Gold (111) chloride trihydrate (HAuCly), sodium citrate tribasic dihydrate (NasCit), L(+)-
ascorbic acid (AA), silver nitrate (AgNO3), hydrochloric acid (HCI), O-[2-(3-
mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (Myy 5,000; SHPEGs), 4-
mercaptobenzoic acid (4-MBA), ethanol (EtOH), methanol (MeOH), sodium dodecyl sulfate
(SDS), bovine serum albumin (BSA), phosphate-buffered saline (PBS), NIR dyes (IR-780,
IR-792, IR-797, IR-813; Figure S1) were purchased from Sigma-Aldrich (St. Louis, MO).
All chemicals were used as received. Millipore Synergy ultrapure water (DI) of resistivity =
18.2 MQ cm was used in all aqueous solutions. All glassware and stir bars were cleaned with
aqua regia solution and oven-dried before use. (Caution: aqua regia is extremely
dangerous. Please use it with extra caution.)
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Gold Nanostar NIR-SERRS probe synthesis

Gold nanostars were synthesized using a seed-mediated method modified from our previous
report.18 Briefly, in 10 ml 0.25 mM HAUClI, solution, 10 pl of 1N HCI and 100 pl of 12 nm
citrate gold seeds were added followed by 100 pl of 2 % SDS, 100 pul AgNO3 and 50 pl 100
mM ascorbic acid under stirring (700 rpm). A roughly 0.1 nM of NS was obtained. 10 ul of
NIR dyes (1 mM in pure methanol or ethanol) was added under continuous stirring (ca.
103-104 dye molecules per particle). After 1 hour, a final concentration of 0.2 % (w/v) BSA
was mixed for another hour. The solution then underwent centrifugation washing (2000-
3000 xg) in PBS 1x and was kept under 4 °C for storage.

Gold nanospheres and silver nanospheres NIR-SERRS probe synthesis

For gold nanospheres, in 20ml 1 mM HAuUCIy solution, 10 pl of 1IN HCI and 100 pl of 12
nm citrate gold seeds were added followed by 100 pl of 2% SDS and the addition of 50 pl
100 mM ascorbic acid under stirring (700 rpm). For silver nanospheres, in 10 ml of 100 mM
AgNOj3 solution, 100 pl of the 12 nm citrate gold seed solution was added followed by 100
pl of 2% SDS and a mixture of 50 pl of 200 mM AA and 10 pl of HCI.1® Final particle
concentrations were approximately 0.15-0.2 nM. A NIR dye (ca. 103-10* dye molecules per
particle) was added following the procedure above.

Structural, size, optical, and Raman characterization

Transmission electronic microscopy (Tecnai G2 Twin, FEI, OR) was used for structural
analysis. The particle hydrodynamic size distribution and concentration were determined by
nanoparticle tracking analysis (NTA 2.1; build 0342) using NanoSight NS500 (Nanosight
Ltd. UK). A UV-VIS spectrophotometer (Shimadzu UV-3600; Shimadzu corporation,
Japan) was used to collect the extinction spectrum. A portable Raman spectrometer
(Xantus-1, Bayspec, USA) equipped with a 785 nm laser was used for Raman measurement.

SERRS Multiplexing

The freshly prepared NIR-SERRS probes were pre-diluted to obtain similar peak intensities
for all probes in the 500-700 cm™1 region. The final probe concentrations were within
10~100 pM. The SERRS spectrum from each diluted probe was collected as reference
spectra. For in vitro study, mixtures of different volume ratios were placed in a glass vial
and examined directly through the Raman spectrometer. For ex vivo study, layers of chicken
skin (ca. 1 mm thick/layer) were used to simulate subcutaneous injection. This allows for
more control of the tissue thickness. For consistency, only the flat but not the follicle region
was used. Chicken skin was kept moist in PBS and laid flat on a coverslip on top of a
depression slide containing 70 pl of prediluted NIR-SERRS probes (as probe reference) or
NIR-SERRS probes mixture.

The spectral decomposition procedure, which was adapted from Lutz et al.,2 was processed
using Matlab (R2012a, MathWorks, MA). The decomposition is based on the assumption
that the mixture spectrum comprises of spectra from references and an unknown polynomial.
Experimentally, spectra were collected from all references and mixtures. Instead of
evaluating a few unique SERRS peaks in a narrow spectral region, whole spectra with

Anal Chem. Author manuscript; available in PMC 2014 May 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuan et al.

Page 4

wavenumbers ranging from 200-1500 cm™1, which contains the distinctive Raman signature
of each dye, were loaded into Matlab’s workspace without any background subtraction. The
decomposition process utilizes Matlab functions (Isqr and fmincon) to determine the best fit
of the 4 reference spectra to the mixture spectrum. A free-fitting polynomial was introduced
to reduce the fitting error.2 Matlab analysis subsequently generated the minimally
constrained coefficients (i.e. the fraction) for each reference spectrum and a polynomial
background. The final output contains the signal fraction (normalized to 1) of each reference
and a polynomial.

Results and discussion

Figure 1A illustrates the schematics of NIR-SERRS probes fabrication. The gold NS were
prepared based on our previously reported method but with the addition of 0.02 % sodium
dodecyl sulfate (SDS), which formed a bilayer (ca. 3~4 nm) on top of the gold surface to
stabilize nanoparticles and to ensure their isolated state upon the addition of hydrophobic
NIR dyes. Without SDS, a small amount (e.g. 10 nM) of NIR dyes destabilize the gold
surface causing early aggregation. The presence of SDS not only stabilizes the nanoparticle
but also facilitates the adsorption of positively-charged hydrophobic NIR dyes (e.g. IR-780,
IR-792, IR-797, IR-813) onto the metal nanostar surface, generating strong SERRS intensity
upon dye addition (Figure 1B). Furthermore, SDS coated on the anisotropic star-shape,
instead of a spherical shape, may entrap more dye molecules onto the NS surface.26 In
contrast, negatively-charged NIR dyes (e.g. IR-725, IR-783) showed only fluorescence
background (Figure S2). Furthermore, a similar response, but of lower SERRS intensity was
also observed on NS coated with poly(sodium 4-styrenesulfonate) (PSS, MW 70,000; data
not shown). It is possible that the sulfonate groups of the SDS help to attract positive dyes
but keep the negative dyes away from the metal surface. In contrast to PSS, which also has
the sulfonate group, the alkyl chains of the SDS may also help to adsorb the hydrophobic
portions of the dye.

Combining the SDS-facilitated dye adsorption with NIR responsive dyes and NS, the
SERRS responses from these SDS-coated NIR dye-labeled NS were several orders greater
than those made of non-resonant dyes or isolated spherical nanoparticles. In a non-
aggregated state, SERRS is typically more intense than non-resonant SERS.30-33 Although
NS were previously shown to generate stronger SERS than from spheres under NIR
excitation,19 25-26 NS labelled of a non-resonant dye (e.g. 4-MBA) still has much weaker
signal than that from a resonant dye (e.g. IR-780; Figure 2A). In addition, NS also
outperformed gold and silver spheres under similar experimental conditions (Figure 2B). It
is reasonable to believe that the presence of multiple hot spots and NIR plasmon on NS
contribute to such a major increment.1® However, when particles aggregate without the use
of SDS, spheres may even generate stronger SERRS than NS (data not shown). Without
aggregation, non-resonant SERS on spherical nanoparticles is unlikely to produce sufficient
signal for in vivo applications. However, SERRS from aggregation is hardly reproducible
hence limiting its quantification potential. Therefore, we focused on the synthesis and
characterization of non-aggregated SERRS probes in this study.
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Nanostars of different plasmon peak positions were investigated for the highest SERRS
response. It is generally regarded that the best excitation is slightly blue-shifted with respect
to the plasmon maximum.34 For NIR-SERRS probes of broad plasmon, however, the best
excitation may shift towards the opposite direction. It is noteworthy that matching the
excitation with the plasmon peak may induce strong surface plasmon resonance but suffer
from SERRS signal loss from the background absorption. Such absorption in the Stoke shift
region (800-900 nm) for 785-nm excited NIR-SERRS probes has a detrimental effect on the
absolute SERRS intensity. By investigating nanostars with plasmon peaks below, at, and
above the excitation wavelength, we observed that the less the absorption in the 800-900 nm
range the stronger the absolute SERRS intensity (Figure 3).

To achieve biocompatibility and physiological stability, bovine serum albumin (BSA) 0.2 %
(w/v) was introduced to the above solutions. Both BSA and PEG have been exploited for
enhancing the biocompatibility of nanoparticles for many bioapplications. In our study, BSA
was chosen rather than PEG due to its ability to protect the NS from reshaping and
aggregating in PBS (Figure S3). Positively-charged BSA may adsorb onto the sulfonate
layer or anchor onto the gold metal surface via the cysteine residues on the BSA in order to
provide steric protection of NS.26 BSA also helps to encapsulate the NIR-SERRS probes to
prevent leaching of the NIR dyes. The BSA-protected SERRS probes remain SERRS-active
for at least two weeks. Encapsulation method for a longer operation lifetime is still under
investigation. In addition, it is noteworthy that the BSA-protected probes’ isolated state was
maintained through multiple washes in PBS; such state was confirmed by the nanoparticle
tracking analysis (NTA). In contrast, even though PEGylation has been frequently applied
for steric protection, centrifugal washing in PBS led to numerous small clusters, which could
be observed through NTA (Figure S3). Such clustering on spherical nanoparticles strongly
enhances the SERS signal but suffers from broad size distribution and wide batch-to-batch
inconsistency. In short, it is of utmost importance to ensure the biocompatibility and
physiological stability of the SERRS probes before introducing to bioapplications.

Quantitative SERRS multiplex detection was first performed using liquid samples in vials
(in vitro) then through excised chicken skins (ex vivo). In vivo multiplexing has previously
been achieved by simple peak comparison or multivariate spectral fitting.2 13 15-16 Both
methods lack the power to decompose broad complex Raman spectra and to identify the
signal fraction of each probe from the mixture. Hence, both methods are not suitable for
analyzing NIR-SERRS spectra, which typically contain a strong fluorescence background
and complex overlapping peaks. To quantitatively decompose complex SERRS spectra
without fluorescence subtraction, we applied a spectral decomposition method reported by
Lutz et al. that was based on the least-square regression using reference spectra and a free-
fitting polynomial.2 Such a method is rapid and easy to implement; it offers satisfactory (<
0.5 % error) fitting results (Figure S4, S5). For in vitro multiplexing, different mixing ratios
of 4 SERRS probes were placed in glass vials and analyzed through spectral decomposition
(Figure S4). The analytical SERRS signal fractions obtained were in good agreement with
the predetermined SERRS probe mixing ratios (Figure 4). The spectral decomposition can
be achieved in a wide range of concentrations under a short collection time due to high
signal-to-noise ratio (SNR) from the NIR-SERRS probes. However, errors and false

Anal Chem. Author manuscript; available in PMC 2014 May 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuan et al.

Page 6

positives still existed in the in vitro multiplexing, most likely due to the complex
overlapping SERRS spectra from NIR dyes of the similar chemical structure superimposed
on the low spectral resolution (10 cm™1) from the portable Raman spectrometer used.
Upgraded detector and multiple sampling may reduce the error rate. With further
refinement, the strong NIR-SERRS together with background subtraction-free spectral
decomposition may facilitate the practical application of quantitative SERRS multiplexing.

For ex vivo multiplex detection, we examined the SERRS spectra through several layers of
chicken skin to mimic the subcutaneous detection in animal. A single layer of skin (ca. 1
mm) produces 95% (98% for 2 layers) of signal reduction (Figure 5A), which originates
primarily from the tissue scattering/autofluorescence, absorption from NS, and simplistic
optical setup. This signal reduction is in agreement with the findings from Mohs et al,3°
where the effect of the tissue thickness was fully investigated. We have found that even with
the strong SERRS signal, the through-skin intensity from non-aggregated SERRS probes
was still not strong enough for proper multiplexing. For measurement through skin, although
being excited in the tissue optic window, the tissue autofluorescence added a strong
fluorescence background. Furthermore, the tissue scattering greatly reduces the SERRS
excitation/collection efficiency through the simplistic portable Raman spectrometer hence
generating lower SERRS signal and higher noise; a low SERRS/background ratio together
with a low SNR greatly lessens the spectral decomposition quality. To acquire stronger
SERRS, data was collected with higher laser power and longer integration. The resulting
signal fraction was close to the predetermined ratio but not as good as the in vitro ones
(Figure 5B, Figure S5). Higher irradiation energy resulted in noticeable heating of the
SERRS probes; such phenomenon is favorable for photothermal therapy, but the higher
temperature would increase the rate of dye leaching from the metal surface hence more
fluorescence background. For future in vivo multiplexing experiments, a refined optical
setup and multiple sampling with precaution on probe heating will be required. A
biocompatible nanoplatform that induces strong absolute SERRS intensity (high SERRS/
background ratio) and resists thermal degradation would be ideal. Whether controlled
aggregation or isolated NS better suit the in vivo applications remains to be studied. With
further optimization, in vivo SERRS multiplexing can be more achievable.

Conclusion

In this study, we demonstrated the application of plasmonic gold NS to fabricate strong
NIR-SERRS probes for in vitro and ex vivo multiplex detection for the first time. Having
both the nanoparticles’ plasmons and dyes in the NIR region together with the unique SDS-
coated star-shape geometry to entrap more dye produces SERRS signals several orders of
magnitude more intense than those with non-resonant dyes or spherical counterparts. Even
though a strong fluorescence background is always present in SERRS, quantitative
multiplexing can still be achieved with high precision with in vitro samples and, to a lesser
extent, with ex vivo tissue samples. Optimization in probe fabrication, data sampling, and
optics design will further improve in vivo multiplex SERRS detection.
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Figure 1.
(A) Schematics of NIR-SERRS probe synthesis. (B) Baseline-subtracted SERS spectra from

probes made of 4 different NIR dyes (785 nm excitation, 100 mW, 100 ms, 10 averages).
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(A) Baseline-subtracted SERS spectra (offset) from probes made from 1 uM of IR-780 (red)
and 4-MBA (black) on NS; SERRS intensity from the former was several orders of
magnitude greater than intensity from the latter. (B) Baseline-subtracted SERRS spectra
(offset) from 1 uM of IR-780 added onto nanostars (red), gold spheres (blue) and silver
spheres (black) of similar sizes. The spectra were collected under 785 nm excitation (100
mW, 100 msec, 10 averages).
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Figure 3.
(A) TEM of 3 types of nanostars (NS1-NS3) investigated. NS3 has the most number of

branches. (B, C) Extinction spectra and background-subtracted SERRS spectra (right) of
SDS-coated NS1-NS3 labeled with IR-780 1 uM. Even though NS3 has more sharp
branches, the SERS intensity was lower than that from NS1, which has less absorption
background in the Stoke shift region (800-900 nm). The SERS spectra were collected under
785 nm excitation (100 mW, 100 msec, 10 averages). The dash line is the position of the
785 nm laser.
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Quantitative in vitro multiplexing of 4 SERRS probes (10-100 pM; blue: IR-780, red:

IR-792, green: IR-797, purple: IR-813). Spectral range of 200-1500 wavenumbers was used
for analysis. An error (the average difference between measured fractions and the
predetermined ratio) of 9.6+3.7 %. Data was collected under 785 nm excitation (200 mW,
500 ms, 10 averages).
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Figureb5.
(A) Normalized SERRS intensity through layers of chicken skin. Error bars are in the black

dot. (inset) Background subtracted SERRS spectra through 0 (blue), 1 (red), 2 (black) layers
of chicken skin. (B) Quantitative ex vivo SERRS multiplexing of 4 SERRS probes (blue:
IR-780, red: IR-792, green: IR-797, purple: IR-813). An error of 30.2+3.0 % was observed.
Data was collected under 785 nm excitation (400 mW, 10 sec, 1 accumulation).
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