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In the ongoing search for ever-brighter surface-enhanced Raman scattering (SERS) nanoprobes,
gold nanostars (AuNSs) have emerged as one of the best geometries for producing SERS in a
nonaggregated state. Despite their high enhancement factor, optical extinction from plasmon-
matched nanoparticles can greatly attenuate the overall SERS intensity. Herein, we report the
development of a new hybrid bimetallic NS-based platform that exhibits superior resonant SERS
(SERRS) properties. In this new nanoplatform, coating AuNSs with a subtotal layer of silver
(AUNS@AQ) can further increase their SERRS brightness by an order of magnitude when being
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interrogated by an off-resonant excitation source. Silica-encapsulated AUNS@Ag nanoprobes
were injected intradermally into a rat pelt, where SERRS was readily detected with higher signal-
to-noise than nanoprobes prepared from AuNS. Moreover, these off-resonance AUNS@Ag
nanoprobes did not cause any gross photothermal damage to tissue, which was observed with the
plasmon-matched AuNSs. This novel SERRS-active hybrid nanoprobe exhibits high SERRS
brightness and offers promising properties for future applications in sensing and molecular

imaging.

1. INTRODUCTION

In recent years, much effort has been devoted to the development of nanoparticles with the
brightest SERS possible. While spherical gold and silver colloids have long been used in
SERS studies, aggregation is typically required to generate the “hotspots” of
electromagnetic field for high SERS enhancement. Although this can give extremely low
limits of detection, reproducibility becomes an issue when aggregation is relied upon.1-2 To
overcome this problem, nanoparticles with intrinsic hotspots, such as nanorods and AuNSs,
can be employed. AuNSs exhibit superior SERS properties owing to their tunable plasmon,
for matching the excitation wavelength, and multiple sharp branches, each with a strongly
enhanced electromagnetic (EM) field localized at its tip.3—>

Our laboratory has extensively characterized the electro-magnetic properties of AuUNSs and
their use in SERS.5~7 We have previously developed AuNS-based SERS nanoprobes for in
vitro applications®-10 and are now interested in developing ex vivo!! and in vivo
applications, which present several challenges. The first issue we observed was the
extremely high attenuation of SERS signal when attempting to detect the particles through
tissue. The second issue found was the efficient photo-thermal transduction of AUNS
solution, causing unwanted localized thermal trauma. It was interesting to note that when
using a commercially available SERS nanoprobe based on aggregated AuNPs, the signal
attenuation due to self-absorption was lower and heating of the solution after laser excitation
was minimal. Such phenomena can be explained by the mismatch between the extinction
maximum of these nanoparticles and the wave-length of the incident laser, hence limiting
photothermal transduction and self-absorption of the Raman scattered light. Other reports
have recently shown that plasmon matching is not as desirable as once thought when
performing SERS measurements in solution.1112 |t was therefore of interest for us to
develop highly SERS active (i.e., highest brightness factor) nanoparticles without the
aforementioned disadvantages.

Two strategies were employed in this study. One is to use resonant dyes to generate resonant
SERS (SERRS). The other is to modify the composition and plasmon band of the
nanoparticles to enhance their optical properties. Silver coating is a well-known method to
blue-shift the surface plasmon resonance and increase the SERS activity of gold
nanoparticles. This process allows the monodisersity of gold nanoparticles to be preserved
while taking advantage of the superior optical properties of silver. Although silver coating
has previously been applied to various gold nanoparticles, there have been no reports about
the coating of silver on AuNSs for making SERS nanoprobes.13 Herein, we describe a
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method to coat AuUNSs with different amounts of silver, resulting in an order of magnitude
increase in SERS brightness. By blue-shifting the plasmon of the particles, there is a
significant decrease in the amount of self-absorption and transduced heat when irradiating
with a NIR laser. The optimal silver coating on AuNS was found to occur immediately
before the branches were completely embedded into the silver shell. These silver-coated
gold nanostars (AUNS@AQ) were used to make silica-coated SERS nanoprobes that were
injected into rat skin ex vivo to demonstrate the potential of using this novel SERS platform
in biological applications.

2. EXPERIMENTAL SECTION

2.1. Materials

Gold(l1) chloride trihydrate (HAuCl,4 3H,0), L(+)-ascorbic acid (AA), tetraethyl
orthosilicate (TEOS), trisodium citrate dihydrate, sodium borohydride (NaBH,4), 1 N
hydrochloric acid solution (HCI), hexadecyltrimethylammonium bromide (CTAB, product
H9151), Dulbecco’s phosphate buffered saline (PBS), O-[2-(3-Mercaptopropionylamino)
ethyl]-O”-methylpoly(ethylene glycol) (mMPEG-SH, MW 5K), 4-mercaptobenzoic acid
(PMBA), IR-780 iodide, 3,3"-diethylthiadicarbocyanine iodide (DTDC), 3,3'-
diethylthiatricarbocyanine iodide (DTTC), and 1,1°,3,3,3",3"-
hexamethylindotricarbocyanine iodide (HITC) were purchased from Sigma-Aldrich (St.
Louis, MO) at the highest purity grade available. Silver nitrate (AgNO3, 99.995%) was
supplied by Alfa Aesar (Ward Hill, MA). Ammonium hydroxide (NH4OH, 29.5%), carbon-
coated copper TEM grids, 1 mL disposable syringes, 27G x % in. needles, and 200 proof
ethanol (EtOH) were obtained through VWR (Radnor, PA). All glassware and stir bars were
thoroughly cleaned with aqua regia and dried prior to use. Ultrapure water (18 MQ-cm) was
used in all preparations.

2.2. Instrumentation

Raman spectra were recorded with a PIX1S:100BReX CCD mounted to a LS-785
spectrograph (1200 grooves mm™1 grating), controlled by LightField software, from
Princeton Instruments (Trenton, NJ). A 785 nm diode laser was fiber-coupled to an
InPhotonics RamanProbe (Norwood, MA) for excitation, with a power of 150 mW at the
sample; the collection fiber of the RamanProbe was coupled to the entrance slit of the
LS-785 spectrograph. Absorption spectra were collected with a FLUOstar Omega plate
reader (BMG LABTECH GmbH, Germany). A FEI Tecnai G2 twin transmission electron
microscope (Hillsboro, OR) was used to acquire transmission electron microscopy (TEM)
micrographs. Particle size distributions were measured by Nanoparticle Tracking Analysis
(NTA) on a NanoSight NS500 (Amesbury, UK).

2.3. Gold Nanostar Synthesis (AuNS)

Three types of AuNS were synthesized as previously reported.” A 12 nm gold seed solution
was prepared by adding 15 mL of 1% trisodium citrate to 100 mL of a boiling solution of 1
mM HAuCI,. This solution was kept boiling for an additional 15 min, cooled to room
temperature in an ice bath, filtered through a 0.22 um nitrocellulose membrane, and stored at
4 °C until use. To produce the AuNS, 100 uL of the gold seed was added to a 10 mL
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solution of 0.25 mM HAuCI,4 containing 10 puL of 1 N HCI, immediately followed by the
simultaneous addition of 50 uL 0.1 M AA and 100 pL of AgNOs3 (0.5, 1, or 3 mM; samples
designated S5, S10, and S30 based upon the final concentration of AgNO3) under moderate
stirring. The concentration of the silver nitrate solution controls the branch length and
branch number of the resulting AuNSs. After synthesis, 100 uL of 0.1 M CTAB was added
to the AuNS solution and left stirring for 5 min. The particles were then centrifuged at 2000
rcf for 20 min at 4 °C, the supernatant was discarded, and the particles were redispersed in
10 mL of 1 mM CTAB solution.

2.4. Gold Nanosphere Synthesis (AuNP)

CTAB stabilized AuNPs were obtained by the method of Jana et al.1* Gold seed was
prepared by the addition of 0.6 mL of freshly prepared, ice-cold NaBH, to a 20 mL aqueous
solution containing 0.25 mM HAuCI,4 and 0.25 mM trisodium citrate. Growth solution (0.25
mM HAuCI, in 0.08 M aqueous CTAB) was prepared while the seed particles were aged for
2 h. Seeded growth was performed by mixing 7.5 mL of growth solution with 50 pL 0.1 M
AA and then adding 2.5 mL of the gold seed solution while stirring; this is designated set A.
After 10 min, 1 mL of set A was added to 9 mL of growth solution containing 50 pL of 0.1
M AA, producing set B. This process was repeated two more times to obtain sets C and D.
The particles from set D are ~30 nm in diameter and were used for subsequent silver
coating. Set D was washed three times by centrifugation (3000 rcf for 30 min at 4 °C) and
redispersion in 1 mM CTAB solution.

2.5. Silver Coating of Gold Nanoparticles (AUNS@Ag and AuNP@AQ)

A 1 mL aliquot of the washed AuNS/AuNP solution was transferred into a 1.5 mL
centrifuge tube. The sample was briefly vortexed after each subsequent chemical addition. A
small volume (varied between 0 and 15 uL) of 0.1 M AgNO3 and an equivalent volume of
0.1 M AA were added to the solution. The reduction of silver by AA was initiated by the
addition of NH,OH (2 pL), at which point the color of the solution began to darken. After
about 5 min, the solution color had stabilized, indicating completion of the reaction. The
various silver-coated AuNS samples were designated according to the volume of AgNO3
added (e.g., S30@ Ag5 for S30 AuNS coated using 5 pL of 0.1 M AgNO3). The silver-
coated AuNS was then labeled with dye by adding 1 uM final concentration of the desired
dye (dissolved in MeOH) to the solution, allowing it to sit for 15 min, centrifuging at 2000
rcf for 10 min, discarding the supernatant, and re-dispersing in water.

2.6. Silica Coating (AUNS@Ag@SiO»)

Silica was coated onto the labeled AUNS@Ag using an established protocol.1® To the 1 mL
sample of dye-labeled particles prepared above, 5 uL of 1 mM mPEG-SH was added and
allowed to react for 1 h. The solution was washed once by centrifugation (2500 rcf, 10 min)
and then dispersed in 900 uL of EtOH with 200 pL of water. Silica coating was initiated by
adding 18 uL of NH,OH followed by 5 uL of 10% TEOS in EtOH to the solution. The
reaction was allowed to proceed for 12 h, at which point the sample was washed twice by
centrifugation at 3000 rcf for 5 min and redispersed in water.
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2.7. Silver-Coated Nanostar 2D Modeling

The 2D simulations were performed using COMSOL Multiphysics 4.3b with the RF
module. The gold AuNS model consisted of a 50 nm core, with six equally spaced branches
of ~25 nm in length. The silver coating process was modeled by overlaying increasingly
larger spheres of silver onto the AuNS, until it became completely embedded in the silver
shell. The dielectric functions of gold and silver were calculated using the Lorentz—Drude
model from Johnson and Christy.18 The nanoparticles were excited with an x-polarized
plane wave propagating along the y-axis in the wavelength range from 400 to 800 nm.

2.8. SERS Nanoprobe Injections

A shaved rat pelt was provided by Dr. Bruce Klitzman. Prior to injection, 1 mL of
AUNS@Ag@SIiO, was centrifuged at 3000 rcf for 5 min and the supernatant discarded. The
particles were then redispersed in 100 pL of PBS, giving a particle concentration of about 1
nM. A 1 mL disposable syringe with a 27G needle was used to draw up ~50 pL of the PBS
particle solution. The needle was inserted tangentially to the skin (intradermal) with the
bevel facing upward, and ~25 L of the solution was injected. The rat pelt was then placed
under the focus of the Raman probe to collect SERS spectra.

3. RESULTS AND DISCUSSION

3.1. Synthesis and SERS Characterization

The AuNSs used in this study were prepared according to our previous report.}” To better
characterize the silver coating process, three types of NSs were prepared: S5, which have
low branch numbers and length, an average particle size around 50 nm, and an extinction
maximum at 650 nm; S10, which have low branch numbers with an increased branch length,
an average particle size around 60 nm, and an extinction maximum at 750 nm; and S30,
which have high branching, an average particle size around 70 nm, and an extinction
maximum at 850 nm. The particles are designated by the final concentration of AgNO3
(used to control the branching) in the reaction mixture (e.g., S30 is prepared with 30 pM
final concentration of AgNO3). After synthesis, CTAB was added as a surfactant to stabilize
the particles, which were then purified by centrifugation to remove any unreacted reagents.

Silver coating of the NSs was performed in a similar manner to previous reports on the
coating of gold nanorods with silver and modified from our previous method for gold seeded
growth of monodisperse silver nanospheres.18.19 In this study, the CTAB-stabilized AuNSs
are used as seeds for the growth of a silver shell. Ascorbic acid serves as the reducing agent,
with silver nitrate used as the precursor to elemental silver. After adding AA and AgNO3 to
the AuNS seed solution, NH4OH is introduced to increase the pH, initiating the reduction of
Ag* to Ag® by AA. An immediate color change is observed after the pH adjustment. The
extinction maximum of the solution begins to blue-shift from the NIR region. After about 5
min, the color of the solution stabilizes, indicating completion of the silver coating reaction.
A range of silver-coated samples were prepared, from 0 to 15 L of 0.1 M AgNO3 added per
mL of NS solution. These samples are referred to by the NS type@ Ag#, where the # is the
volume of silver added in pL per mL of NS solution; thus, 1 mL of S10 coated using 5 pL
0.1 M AgNOs solution would be designated SI0@AQ5.
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To understand the silver coating process, we used S10 as a model where the coating process
was monitored by UV/vis spectroscopy and TEM. Figure 1 shows the extinction spectra of
S10 coated with various amounts of silver, along with TEM images of a few representative
samples. The plasmon band of the S10 progressively blue-shifts from around 750 nm down
toward 500 nm as the amount of silver coating is increased. We have previously shown that
the NIR plasmon maximum position of AuNSs is mainly controlled by the aspect ratio of the
branches protruding from the core.” Upon silver addition, it can be seen from the TEM
images that the coating develops from NS core and expands outward. This process
effectively decreases the aspect ratio of the branches that protrude from the silver shell,
resulting in the observed blue-shift in their plasmon maximum and decreased plasmon
intensity in the NIR range.

To further investigate the observed plasmon shift, theoretical modeling using the finite
element method in COMSOL Multiphysics was performed. A 2D AuNS model was
designed with a 50 nm core and six equally spaced branches of 25 nm in length. To simulate
the silver coating process, increasingly larger spheres of silver were overlaid upon the AUNS
core. The radius of the silver spheres used ranged from 30 to 50 nm, in steps of 5 nm. A
plane wave polarized in the x-direction, traveling along the y-axis, was used to excite the
particle in the wavelength range of 400-800 nm, evaluated in 10 nm steps. As can be seen in
Figure 2, the theoretical model shows the same trend as the experimental data, with the
plasmon blue-shifting as the amount of silver is increased. The two plasmon peaks seen in
the simulation can be attributed to the core for the shorter wavelength peak and the branches
for the longer wavelength peak. This model also shows a decrease in the intensity of the
branch plasmon peak relative to the core plasmon peak as the size of the silver shell is
increased, which is in agreement with the experimental spectra.

For SERS intensity evaluation, we chose to compare the overall SERS brightness of the
nanoparticle samples in lieu of calculating their enhancement factors, which tend to be
inaccurate as a consequence of assumptions made in their determination.! Factors that would
interfere with an enhancement factor calculation for these particles include the irregular
shape of the nanoparticles making it difficult to calculate their surface area to determine the
number of dye molecules that can bind per particle, the use of CTAB leading to more than a
monolayer of dye coverage per particle, and self-absorption of the particles reducing the
measured Raman signal.1112

The SERS properties of these SI0@Ag were then examined and compared with silver-
coated gold nanospheres (AUNP@AQ). The AuNP were prepared by a seeded growth
method in CTAB solution. UV/vis extinction spectra and TEM images of the AuNP can be
found in Figure S1. All samples were labeled with 1 uM of DTDC and allowed to sit for 15
min before SERS measurements. Figure 3 shows the collected spectra from the various
S10@Ag (Figure 3A) and AUNP@Ag (Figure 3B). The AUNP@AQg exhibit much lower
SERS than S10@Ag, which is to be expected if the particles are in a nonaggregated state.1:6
Note that the signal intensity from the SI0@Ag can be an order of magnitude higher than
that of the AUNP@Ag. To more accurately compare the SERS intensities, the spectra were
background subtracted and then the intensity of the peak around 1580 cm~! was integrated.
The integrated intensities for the SI0@Ag and AUNP@Ag samples are shown in Figures 3C
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and 3D, respectively. The maximum enhancement for the SI0@Ag is found at SI0@Ag4,
with an 11 * 2 times increase in signal intensity than S10 alone. The AUNP@Ag exhibit a
maximum enhancement at AUNP@AQ1, with a 2.2 + 0.3 times increase in signal.

To examine the contribution of attenuation due to extinction on the observed increase in
SERS intensity, ethanol was used as an internal standard to normalize the measured spectra.
Since the ethanol Raman peaks are not enhanced by the nanoparticles, any observed
intensity variation can be attributed to changes in the extinction of the solution near the laser
wavelength. Silver-coated S10 samples were prepared and labeled with pMBA. The pMBA
dye was chosen for this study due to its thiol functionality, which will keep the dye
molecules tightly bound to the nanoparticle surface in the presence of ethanol. Each sample
was spiked to contain 10% ethanol before SERS measurements were performed. Spectra
were acquired with a 1 s exposure time at 785 nm with 250 mW power at the sample. Figure
4 shows the integrated signal intensity recorded for the pMBA peak at ~1580 cm~1 (Figure
4A), the ethanol peak at ~880 cm™1 (Figure 4B), and the normalized pMBA peak intensity
(Figure 4C). The maximum SERS brightness is observed around Ag5, which is similar to
what was shown above in Figure 3. The Raman signal from the ethanol internal standard
behaves as expected, which increases as the AuNS plasmon is progressively blue-shifted
away from the laser wavelength. When the intensity of the pMBA peak is normalized by
that of the ethanol, the measured SERS brightness actually decreases as more silver is
added. This suggests that reduced attenuation, achieved by blue-shifting the nanostar
plasmon away from the laser excitation wavelength, plays a significant role in the SERS
signal enhancement that is observed in Figure 3. The silver coating itself may also be
contributing to the enhanced un-normalized SERS brightness; however, single-particle
SERS measurements would need to be performed to investigate this effect, which is beyond
the scope of this study.

3.2. AuNS Comparison and SERRS Evaluation

To compare the SERRS variation among different types of AuNSs, S5 and S30 were also
evaluated to validate the synthesis method and experimental observations as obtained with
the S10. Figure 5 shows the progression of SS@Ag and S30@Ag of increasing amounts of
silver. As previously observed, the silver deposition begins mainly on the core of the
particles, spreading outward as the amount of silver is increased until the branches are
completely covered, resulting in a quasi-spherical shape. The smaller S5 are shown to have
their branches mostly covered at lower amounts of silver than the larger S30. Magnified
views of uncoated S30 and S30@Ag7 are shown in Figure S2, clearly showing branches of
the NSs protruding from the silver shell.

Figure 5 shows the extinction spectra for both SS@Ag and S30@Ag as the amount of silver
is varied. The S5 plasmon is around 650 nm while the S30 plasmon is around 850 nm; in
both cases, the extinction maximum blue-shifts to ~500 nm and increases in intensity with
increasing amounts of silver. Note that there is no peak observed at ~420 nm, where the
plasmon peak of silver nanospheres occurs, suggesting no nucleation of silver particles. The
blue-shifting NS plasmon, along with the absence of a plasmon peak at ~420 nm, is
indicative of silver shell formation on the AuNS.
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To fabricate the SERS nanoprobes with the highest brightness, several factors were taken
into consideration. Resonant SERS was employed because it generates multiple orders of
magnitude higher SERRS signal than nonresonant SERS on nonaggregated AuNSs. In
addition, we have shown that when using resonant dyes, a plasmon that is blue-shifted from
the excitation provides the highest signal, as self-absorption effects are minimized when the
plasmon is off-resonance from the excitation.1! Previously, we used sodium dodecyl sulfate
(SDS) as a surfactant on AuNS to aid in stabilization and dye adsorption. It is believed that
the hydrophobic bilayer formed by the SDS helps to entrap dyes near the particle surface.
We have found that CTAB can act in the same manner and exhibits about 2—3 times higher
signal intensity than particles stabilized with SDS. The longer hydrophobic chain of CTAB
(16 carbons) versus SDS (12 carbons) likely provides a larger volume for trapping dye
molecules.

To investigate the effect of the various silver coatings on resonant Raman enhancement,
AUNS@Ag samples were labeled with a NIR resonant dye, IR-780, for surface-enhanced
resonant Raman scattering (SERRS) measurements. Figure 6 shows the SERRS brightness
of SS@Ag and S30@Ag with various amounts of silver. The raw SERRS spectra of SS@Ag
(Figure 6A) and the integrated, background-subtracted signal intensity at 730 cm™! (Figure
6B) are shown. At its highest brightness, with SS@Ag3, the signal is enhanced 16 + 2 times
over the S5. For S30@Ag (Figure 6C,D), the highest intensity is observed at S30@Ag7,
which is 9 £ 1 times higher than the signal of S30. It is worth noting that the maximal
SERRS brightness was found on AuNSs with subtotal silver coating. Correlated with the
TEM images from Figure 5, it is apparent that the maximum Raman signal enhancement
occurs right before the gold tips become completely embedded in the silver shell. More
silver does not always lead to higher SERRS response. A near-total silver coverage retains
the hotspots from the AuNS tips while lowering self-absorption from the NS solution to
yield the strongest SERRS. In contrast, spherical silver coating with a mismatched plasmon
maximum but no sharp tips had a SERRS brightness that was only slightly greater than the
initial NS sample.

To ensure these nanoprobes were not aggregated, which would cause anomalously high
Raman signals, the size distributions of S30@Ag were evaluated by NTA, both before and
after dye labeling (Figure S3). No significant increase in particle size was observed after dye
labeling, adding confidence that the particles remained in a nonaggregated state. The
observed drop-off in Raman signal intensity after a certain amount of silver coating further
supports the claim that particles remain nonaggregated after dye labeling. Once the ideal
amount of silver coating is surpassed, the mostly spherical-shaped particles can be prone to
aggregation, which would cause a marked increase in Raman signal.

The amount of sliver coating required for optimal SERRS appears to depend on the AuNS
used. Although the exact amount of silver is not available in this study, the progression in
the extinction spectra and TEM images clearly characterize the silver amount
semiquantitatively. Among the three types of NSs, they vary in core size, branch length, and
number. Based on the TEM findings, the particle geometry (e.g., core size and branch
length/number) may dictate the required silver amount to obtain subtotal coverage on the
AUNS for optimal SERRS. With S5 having a smaller core and few broad branches, the
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amount of silver required for subtotal coverage is less than that from S30, having a larger
core and more sharp branches. The actual amount of silver coating required for optimal
SERS/SERRS, however, needs to be determined experimentally based on particle size and
shape.

3.3. SERS Nanoprobe for Bioapplications

In order to make SERS/SERRS nanoprobes suitable for bioapplications, it is necessary to
encapsulate the particles in an inert material, e.g., silica. Coating the Raman nanoprobes
with silica protects the dye on the particle surface for greater structural stability and prevents
unwanted adsorption of other molecules that may generate their own Raman signal. We
prepared SERS nanoprobes using three different carbocyanine dyes (DTDC, DTTC, and
HITC) to demonstrate the potential for multiplex detection. Thiol-PEG was used to stabilize
the particles when transferred into ethanol for silica coating by a modified Stéber method.20
The PEG layer also acts to facilitate silica condensation onto the surface of the particles,
presumably through hydrogen bonding.1®> This method was found to be equally effective at
encapsulating both AUNS@Ag and bare AuNS. The measured particle size distribution
(Figure S4) showed no obvious signs of aggregation after silica coating. Figure 7 compares
the Raman signal intensity from silica-coated, DTTC-labeled S30 and S30@Ag7. It is
shown that after silica coating, the order of magnitude in signal difference between the S30
and S30@Ag7 is maintained. The TEM micrographs show that both particle types were
completely coated and in a hon-aggregated state.

To show the potential of our new AUNS@Ag in biological applications, the prepared SERS
nanoprobes were injected into a rat pelt for ex vivo detection. To prepare the particles for
injection, the solutions were concentrated 10 times and dispersed in sterile PBS. The particle
solutions were drawn up into 1 mL syringes with a 27G needle. About 25 pL of each SERS
nanoprobe was injected into the skin at different locations. The injection volume produced a
small welt, with the particle solutions clearly visible through the skin (figure inset). Note
that the injection of the nonsilver coated nanoprobe looks darker than the others because of
the original solution color; the AuNS solution is a dark gray color while the AUNS@Ag
solution is reddish-orange. The injection area was then swabbed with an alcohol pad before
optical interrogation with the Raman probe.

As seen in Figure 8, three AUNS@Ag@SIO, (DTTC, HITC, and DTDC) and one
AUNS@SiO, (DTTC) were measured through the dermis. The S30@Ag7-DTTC@SiO;
(Figure 8A) showed a higher signal-to-noise ratio than the S30-DTTC@SiO, (Figure 8B),
demonstrating stronger SERRS from S30@Ag@SiO, than from S30@SiO,. The difference
in signal intensity from resonant (DTTC and HITC) and nonresonant (DTDC) dyes is shown
in Figure 8, with the resonant dyes providing an order of magnitude higher signal than the
nonresonant dye. Also, non-resonant S30@Ag-DTDC@SiO, has comparable intensity as
the resonant S30-DTTC@SiO,. SERRS on AUNS@Ag@SiO», clearly has stronger signal
intensity than its nonresonant SERS and non-silver-coated counterparts.

Another benefit of the AUNS@Ag SERRS nanoprobes is that the extinction maximum no
longer occurs in the region of the laser excitation. When the plasmon peak matches the laser
wavelength, a small area of burnt tissue can be seen in the center of the AUNS@SiO,
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injection site (blue circle, Figure 8 inset) after the measurement had been performed (150
mW power, 1 mm spot size, ~20 s exposure). The laser power at the sample had to be
decreased below 40 mW in order to prevent any visible damage when measuring the AuNS-
based probes. In contrast, no adverse effects on the tissue were seen for the
AUNS@Ag@SIO, after laser interrogation, even under 250 mW for 20 s. Importantly, the
photothermal effect did not affect the SERS signal of the particles over this period of time,
even when the laser power was increased to 250 mW (Figure S5). It should be noted that
there are many variables that could affect the observed photothermal response, including
depth of the particle injection, concentration of the particle solution, volume of solution
injected, and the type and pigmentation of skin. Therefore, although matching the laser
excitation to the surface plasmon resonance of nanoparticles will generate the highest
electromagnetic field enhancement for SERS, we show here that this is not always desirable,
as doing so can lead to unintended tissue damage, along with extinction-based attenuation of
SERS signal.

4. CONCLUSIONS

In this report we describe in detail the synthesis, characterization, and application of a novel
hybrid bimetallic platform, AUNS@Ag, for SERS/SERRS detection. The amount of silver
coating was optimized to blue-shift the plasmon while retaining the hotspots on sharp tips,
hence giving the greatest SERS/SERRS brightness. The morphology of the particles was
assessed by TEM, while the optical properties were characterized with UV/vis spectroscopy
and Raman spectroscopy. In the optimized configuration, AUNS@Ag provided over an
order of magnitude of signal enhancement compared to uncoated AuNS. The enhancement
is most likely due to the offresonance plasmon that reduces background self-extinction.
Silica-coated, dye-labeled AUNS@Ag and AuNS were prepared for entrapping the dyes and
preserving the nonaggregated state of the particles. To demonstrate the potential for these
particles in biolabeling applications, ex vivo detection was performed following intradermal
injection of the SERS/SERRS nanoprobes into a rat pelt. Raman signal was detected from
all three AUNS@AQg nanoprobes, and the measurements did not cause any noticeable
photothermal damage, which could occur when the particles’ surface plasmon resonance
coincide with the incident light. These new, ultrabright SERS particles will be further
developed for sensing and imaging applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Extinction spectra of S10 with increasing silver coating (left). TEM images of the corresponding S10@Ag samples (right). Scale

bars are 25 nm.
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Figure 2.
Simulated |EJ* as a function of wavelength for the models shown on the right. An x-polarized plane wave traveling along the y-

axis was used for excitation. The value of |E|4 was calculated at the tip of the upper-right branch in the particle models. Scale
bars are 25 nm.
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Figure4.
Recorded signal intensity of the pMBA peak at ~1580 cm~ (A), the ethanol peak at ~880 cm™! (B), and the ethanol normalized

PMBA signal (C). Spectra were recorded at 785 nm, 250 mW, 1 s exposure. Error bars are £1 standard deviation (n=7).
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Figure5.
UV/vis extinction spectra of SS@Ag (A) and S30@Ag (B) of varying amounts of silver coating, as indicated in the legends,

accompanied by representative TEM micrographs for both types of NS. Scale bars are 50 nm.
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Figure6.

SERRS measurement of SS@Ag (A, C) and S30@Ag (B, D) with various amounts of silver coating, labeled with IR-780. Raw

SERRS spectra for SS@Ag (A) and S30@Ag (B) are shown. Spline chart of the background-subtracted integrated signal
intensity at 730 cm™1 for SS@Ag (C) and S30@Ag (D) samples. Error bars are +1 standard deviation (n = 3). All spectra were
recorded with a 100 ms exposure time using a 785 nm laser (150 mW power at the sample).
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Figure7.
Comparison of Raman signal intensity from S30-DTTC@SiO, (A, blue) and S30@Ag7-DTTC@SIO, (A, red), collected with a

100 ms exposure time. The spectra have been background subtracted and offset for clarity. TEM micrographs of the Ag0 and
Ag7 SERS nanoprobes are shown in (B) and (C), respectively. Scale bars are 100 nm.
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Figure8.

Raman spectra (background subtracted) recorded from different SERS nanoprobes after intradermal injection into a rat pelt: (A)
S30@Ag7-DTTC@SIO», black; (B) S30-DTTC@SiO», blue; (C) S30@Ag7-HITC@SiO», green; (D) S3S0@Ag7-DTDC@SiO,,
orange. The inset at top right shows the injection sites, each outlined in the color that matches the corresponding spectrum

above.
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