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Anisotropic Silica Coating on Gold Nanorods Boosts their
Potential as SERS Sensors

Sean M. Meyer® and Catherine J. Murphy?:”

Abstract

Gold nanorods are well-known surface-enhanced Raman scattering substrates. Under longitudinal
plasmonic excitation, the ends of the nanorods experience larger local electric fields compared to
the sides of the rods, suggesting that Raman-active molecules would be best detected if the
molecules could preferentially bind to the ends of the nanorods. Coating the tips of gold nanorods
with anionic mesoporous silica caps enabled surface-enhanced Raman scattering (SERS) detection
of the cationic dye methylene blue at lower concentrations than observed for the corresponding
silica coating of the entire rod. By analyzing the intensity ratio of two Raman active modes of the
methylene blue and the surface plasmon resonance peak shift of the gold nanorod composites, it
can be inferred that at a low concentration of methylene blue, molecules adsorb to the tips of the
tip coated silica gold nanorods. Functionalization of the anionic silica endcaps with cationic groups
eliminates the SERS enhancement for the cationic methylene blue, demonstrating the electrostatic
nature of the adsorption process in this case. These results show that anisotropic silica coatings
can concentrate analytes at the tips of gold nanorods for improvements in chemical sensing and
diagnostics.

Introduction

Gold nanorods (AuNRs) are plasmonic nanomaterials which possess intense electric fields at their
surface under resonant excitation.! The induced electric fields, in addition to the large absorption
and scattering cross sections, are central to their applications in surface-enhanced Raman scattering
(SERS) sensors?, photothermal heaters’, plasmon-assisted sensors*®, plasmon enhanced
fluorescence of nearby molecules,’”? and photocatalysts.® Their unique anisotropic shape affords
two distinct resonant frequencies, with one relating to the length of the rod (longitudinal plasmon)
and the other to the width of the rod (transverse plasmon). For an anisotropic shape like a nanorod,
the longitudinal plasmon has a significantly larger extinction cross section than the transverse
plasmon and this phenomenon results in the tips of the AuNRs exhibiting considerably stronger
field enhancements than the sides of the AuNRs under longitudinal excitation.'® The intrinsic
hotspots that exist on AuNR tips are the source for much of their efficacy as plasmonic
nanomaterials despite constituting a small percentage of their total surface area.>!!-12

Because the tips produce a much stronger field enhancement, much attention has been paid to
localize analyte molecules at the tips of the AuNRs to exploit the enhanced electric field at the
AuNR surface, mainly for SERS and fluorescence enhancement.!->19-22 Various methods to direct
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analyte or probe molecules to the tips of AuNRs such as the utilization of the lower areal density
of the surfactant layer on the tips of the AuNRs,!4!5 orienting the nanorods in such a way to block
the sides from accepting molecules, !¢ 17 and binding supposed “tip” and “side” specific molecules
to target the different crystal faces of the nanorod.'®!® While “tip-specific” adsorption is apparently
possible, these systems suffer from drawbacks which hinder their applicability: 1) the solution-
based measurements and protocols suffer from poor reproducibility because of induced
aggregation which non-uniformly creates plasmonic hotspots, 2) fixing dry nanoparticles on the
surface of a substrate similarly suffers from non-uniform plasmonic hot spot formation and 3)
extensive surface modification could block incoming analytes and make the surface of the AuNRs
inaccessible.

Porous silica shells are well-known as a coating material for AuNRs that retains colloidal stability
in a biocompatible environment, but still allows for analytes to traverse the mesopores to reach the
gold core.?>?* For instance, Gao et al. utilized thick uniform silica shells with 2-3 nm pores around
AuNR cores to sense, via SERS, analyte molecules smaller than 2 nm in diameter while
maintaining the particles’ colloidal stability.>> Sans-Ortiz ef al. determined that growing sharp
golden tips through the pores of the uniform silica shell could be used to enhance adsorbed analyte
signals at the tip surface.?’Interestingly, there are many reports of synthesizing anisotropic silica
shells where only the tips of the Au nanostructure is coated in porous silica. The concentration of
the free surfactant template in the AuNR solution, silica precursor, and other factors such as pH
and cosolvent used for the silica precursor, can be exploited to form spherical porous shells isolated
just at the tips of the AuNRs while keeping the particles colloidally stable.?’-33 Yin et al. performed
photodynamic therapy using end-coated AuNRs and utilized lower laser powers to induce high
levels of cancer cell death, hypothesizing that the localization of the photoactive molecule towards
the active tips of the AuNRs helped improve their efficacy.??Surprisingly, even though extensive
reports of successful anisotropic synthesis exist, to our knowledge, there are limited investigations
utilizing these particles in a sensing application.?3

In this work, AuNRs were coated with mesoporous silica either all over or specifically on the tips
by a template directed hydrolysis-condensation reaction of tetracthyl orthosilicate (TEOS). These
substrates were then utilized to monitor overall changes in SERS intensity from the adsorption of
a representative molecule with high affinity to silica, methylene blue. In addition, the AuNRs were
analyzed via ultraviolet-visible extinction spectroscopy (UV-Vis-NIR) to determine the plasmonic
peak shift following methylene blue adsorption. These results give a basic framework to both
synthesize and utilize end-capped AuNRs for sensing applications and demonstrate their efficacy
over completely coated AuNRs for applications that benefit from the enhanced local electric field
on the AuNR surface.

Experimental Methods
Instrumentation

Transmission electron microscopy (TEM) micrographs were taken using a JEOL LaB4 2010
operating at 200 kV. The ultraviolet-visible near-IR spectra were taken using an Agilent Cary
5000. The dynamic light scattering, and zeta potential measurements were taken using a Malvern
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Zetasizer. The Raman measurements were all performed with a Delta Nu 785 nm Raman system
operating at 120 mW with a 50-micron spot operating with a right-angle setup and optical
microscope attachment to view the sample.

Chemicals and Materials

All chemicals and materials were used as received. Cetyltrimethylammonium bromide (CTAB,
>99%), gold chloride trihydrate (HAuCly * 3H,0, >99% trace metals basis), sodium borohydride
(NaBH4,>99%), sodium hydroxide (NaOH, >98%), tetraethyl orthosilicate (TEOS, >98%), silver
nitrate (AgNO;, >99%), p-hydroquinone (>99%), methylene blue trihydrate (reagent grade), 3-
aminopropyltriethoxysilane (APTES, >99%), n-decane (>98%), and methanol (HPLC grade) were
purchased from Millipore Sigma. Ethanol, 200-proof was purchased from Decon Labs. All
nanopure water was purified with a Barnstead Nanopure II System (18 MQ).

Synthesis of AuNRs with longitudinal plasmon band maximum at 785 nm.

To make AuNRs, a seed-mediated method from Vigderman et al. was used.’* All glassware used
was first cleaned with aqua regia (3:1 concentrated HCI: concentrated HNOj3) and rinsed copiously
with nanopure water. All seed and rod growth were performed at room temperature of 27 °C. All
stocks solutions were made fresh except the CTAB and HAuCl,*3H,0.

First, small CTAB coated gold seeds were synthesized. To do so, 9.5 mL of 0.1 M CTAB was
added to a 20 mL scintillation vial equipped with a Teflon coated magnetic stir bar. Then, 0.5 mL
of 0.01 M HAuCl,*3H,0 was added and allowed to mix evenly with rapid stirring. Next, 10 mL
of'ice cold 0.01 M NaBH,4 was prepared by adding 46 mg of NaBH, in 0.01 M NaOH and diluting
this solution ten-fold in 0.01 M NaOH. With rapid stirring to the gold solution, 0.46 mL of this
0.01 M NaBH, /0.01 M NaOH mixture was added. After 1 minute of stirring, the stir bar was
removed, and the seeds were aged for 1 hour at room temperature before use in the next step. To
a 500 mL flask, 285 mL of 0.1 M CTAB was combined with 15 mL of 0.01 M HAuCl4*3H,O and
0.42 mL of 0.1 M AgNOs;. After gentle agitation by swirling the flask to evenly mix the contents,
15 mL of 0.1 M p-hydroquinone was added and mixed again. 30 seconds after achieving a colorless
solution, 4.2 mL of seed solution was added all at once, mixed again, and the flask was covered
with Teflon film and allowed to age undisturbed overnight for 16 hours. The next day, the colorful
solution was divided amongst 7x 50 mL centrifuge tubes and centrifuged at 3000 rcf for 30
minutes. The pellets were combined to a total of 35 mL in a new 50 mL centrifuge tube with
nanopure water and centrifuged again at 1500 rcf for 30 minutes. After this round of centrifugation,
10 mL of 1 mM CTAB was added to the pellet and transferred to a new 15 mL centrifuge tube.

To remove spherical impurities, depletion induced purification was chosen based on a method
from Park et al.’? First, 5x 50 mL centrifuge tubes were filled with 40 mL of 0.2 M CTAB. Then,
2 mL of the rod solution was added to each tube and mixed well and allowed to sit undisturbed
overnight in a 29 °C water bath. The next morning, the gray particulate at the bottom was isolated
by removing the pink supernatant and adding 5 mL of nanopure water. The colorful solutions were
combined and centrifuged once at 1500 rcf for 30 minutes, then dispersed for long term use in 20
mL 1 mM CTAB. Using an extinction coefficient for these sized rods in the literature at their
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plasmon band maximum (1.62 x 10'° M-'cm! at 780-800 nm)?°, the particle concentration of the
20 mL stock was found to be 3.8 nM.

Growth of Silica Shells (Full Coat) on AuNRs

To grow silica as a full shell on the AuNR’s, a procedure adapted from Abadeer et al. was used?.
To start, 10 mL of 1 nM AuNRs was prepared by diluting 2.6 mL of the 3.8 nM rod stock with 1
mM CTAB in a 15 mL centrifuge tube. Then, the solution was centrifuged at 1800 rcf for 20
minutes, after which the supernatant was totally removed, leaving a small pellet in roughly 0.1 mL
of solution. To this pellet, nanopure water was added to a total of 10 mL. Then, 100 uL of 0.1 M
CTAB was added to the solution and the tube was agitated gently for at least 4 hours to equilibrate
with the AuNRs. After this step, 45 uL of 0.1 M NaOH was added and the tube was agitated gently
again for 45 minutes. Meanwhile, a solution of 20 % (v/v) TEOS in methanol was prepared
immediately before use by diluting 0.2 mL of neat TEOS with 0.8 mL methanol. Then, 110 pL of
20% (v/v) TEOS in methanol was added and the solution was sonicated for 30 seconds. The silica
shells then grew for 16 hours overnight at room temperature with gentle agitation.

To purify the silica-coated AuNRs they were centrifuged at 1600 rcf for 20 minutes and the
resulting pellet was dispersed into 10 mL of methanol with sonication. This solution was sonicated
for 30 seconds, then heated to 50 °C in a water bath for 10 minutes, and finally sonicated again for
30 seconds before centrifugation at 1500 rcf for 20 minutes. This heating and sonication step,
followed by centrifugation, was repeated a total of 5 times, with the last 2 rounds ending with
dispersion in 10 mL of ethanol instead of methanol. The particles were stored for long term use in
10 mL of ethanol at this point and are indefinitely stable at room temperature.

Growth of Silica Shells (End Coat) on AuNRs

The growth of end-coated silica shells is based on several procedures. Extremely minute changes
in TEOS concentration induces drastic changes in the resulting morphology of the silica shells, so
to ensure the end capped particles are formed in high quality, 3 small variations in the TEOS were
used to pinpoint the correct parameters. In 3 individual 1.5 mL Eppendorf tubes labelled A, B, and
C, 1 mL solution of 1 nM AuNRs in 1| mM CTAB was prepared by diluting the AuNR stock with
1 mM CTAB. Then, these were centrifuged at 1700 rcf for 15 minutes and the supernatant was
carefully removed as completely as possible. After removal of the supernatant, 1 mL of nanopure
water was added to each tube followed by sonication to disperse the pellet completely. Then 8 pL.
of 0.1 M CTAB was added to each tube, followed by sonication and equilibration with gentle
agitation for 20 hours. The next day a solution of 10 % (v/v) TEOS in ethanol was prepared
immediately before use by diluting 0.1 mL of neat TEOS with 0.9 mL ethanol. Using this solution
9, 12 or 15 pL was added to A, B, and C, respectively. After 1 hour of gentle agitation at room
temperature following the addition of TEOS, 4 uL of 0.1 M NaOH was added to all tubes and
allowed to grow overnight for 18 hours under gentle agitation.

The next day, the particles were centrifuged at 1200 rcf for 20 minutes, then dispersed into 1 mL
pure methanol. Then, these particles were all subjected to the same centrifugation, heating, and
sonication steps as for the fully coated silica rods. To do so, the 1 mL of prepared particles were
centrifuged at 1400 rcf for 20 minutes and the resulting pellet was dispersed into fresh methanol.
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Aftewards, they were sonicated at 50 “C for 10 minutes and then centrifuged at 1400 rcf for 20
minutes. The pellet was then dispersed into fresh methanol and the process was repeated a total of
5 times. After the 2™ round, the pellet was dispersed/heated in ethanol. In total, particles were
washed 3 times in methanol and 2 times in ethanol, thus ending up dispersed into 1 mL ethanol
total. After the washing steps, the particles sat overnight and the small amount of floc that crashed
to the bottom of the centrifuge tube was removed by decanting the supernatant into a new tube.
The floc was discarded, and the purified supernatant was used for further studies. The highest
quality batch was determined via TEM and used for the later experiments.

SERS Measurements

To perform the SERS measurements, first the rods were diluted in ethanol to identical optical
density at 400 nm and peak extinction at an optical density of ~1.5. As an example, for the 50 nM
methylene blue sample, 200 pL aliquots of the AuNRs with silica were added to a 1.5 mL
Eppendorf tube carefully at the bottom to avoid losing solution to the sides of the tube. Then, using
a 1.05 uM methylene blue solution in ethanol, 10 L was added and mixed gently with the tip of
the pipette. The aliquots were then placed in the sonicator for 30 seconds then left to sit capped
overnight. The synthesized rods are made in 1 mL aliquots, so to ensure enough rods are available
for triplicate results, 40 uL of sample were placed in the well of a 384 well plate and then subjected
to SERS analysis. Then, SERS measurements were performed by placing the plate under the
Raman objective and taking one spectrum per well at 15 seconds integration time. To perform
other concentrations of methylene blue, the concentration of the 10 pL aliquot added was changed
to adjust for the final total concentration (0 nM, 50 nM, 200 nM, 500 nM, 1 uM, 5 uM, and 20

uM).
LSPR Shift Measurements

The extinction spectrum for each rod type was used to determine the peak wavelength shift
following methylene blue adsorption. Using the same samples as in the SERS measurements, 70
pL aliquots were removed from the SERS samples and were transferred to a micro-cuvette. This
micro-cuvette was used to take the extinction spectrum from 760-820 nm with 0.1 second
integration time at 0.2 nm intervals.

Large-Pore Silica and APTES Modification

Large-pore silica was synthesized from a method by Kang et a/ 37 which utilizes the swelling of
the CTAB micellar template by dispersing a small quantity of a non-aqueous phase within the
micelles. The resulting expanded micelles should lead to an increase in pore size to ~6 nm.3? First,
an aqueous solution of 1.5 mM CTAB and 1.5 mM decane was prepared. To do so, in a 100 mL
volumetric flask, 36.4 mg of powder CTAB was added followed by the dropwise addition of neat
decane using a 100 pL pipette to add 21.3 mg (29.2 uL) of decane to the powdered CTAB. Then,
the flask was filled with nanopure water to 100 mL and put into a water bath at 50 °C then equipped
with a Teflon coated stir bar to gently stir for 1 hour. After complete dissolution of the powder and
decane, the solution was poured into two 50 mL centrifuge tubes and sonicated for 1 hour. The
emulsion is stable above 27 “C indefinitely.
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To grow the large-pore silica on the surface of the AuNRs, 10 mL of 0.2 nM AuNRs was prepared
in 1 mM CTAB in a 15 mL centrifuge tube. Then, the particles were centrifuged at 1600 rcf for 20
minutes and the supernatant was completely removed. Afterwards, 10 mL of the CTAB/decane
solution was added, followed by 5 minutes of sonication and overnight agitation at room
temperature. After equilibration, 30 L. of 0.1 M NaOH was added, followed by 10 minutes of
sonication. Then, 40 pL of 20% TEOS in methanol was added, followed by 30 seconds of
sonication and overnight incubation at room temperature. The particles were first centrifuged at
1300 rcf for 20 minutes, then the pellet was dispersed into pure methanol. Then, the tube was
heated to 50 °C and sonicated for 5 minutes. Following this, the rods were centrifuged again, and
the pellet was re-dispersed into 10 mL of methanol. This heating, sonication, and centrifugation
were repeated 5 times total. After the 2" round, the pellet was dispersed into 10 mL of ethanol for
the rest of the cleaning cycles. The rods were eventually stored in 2 mL of ethanol after the last
cycle of cleaning.

The large-pore silica AuNRs were functionalized with 3-APTES. First, 1 mL of rod solution was
added to a 1.5 mL centrifuge tube and heated to 50 °C in a water bath. Meanwhile, 1% APTES
(v/v) in ethanol was prepared by adding 10 pL of neat APTES to 1 mL of ethanol. The tube
containing the particles was then immersed in a sonication bath at 50 °C and, during sonication,
20 pL of the APTES solution was added. Following 30 seconds of sonication, the tube was then
put back into the 50 °C water bath to functionalize. After 30 minutes, the rods were sonicated again
for 30 seconds and returned to the 50 °C bath. They were then allowed to sit at 50 “C overnight for
16 hours. The next day, they were sonicated for 30 seconds then centrifuged at 1700 rcf for 15
minutes and re-dispersed into pure ethanol. This was repeated 4x. Finally, after the fourth
centrifugation cycle, the particles were concentrated into 500 pL of ethanol for later use. The
particles were then characterized via TEM, UV-Vis-NIR extinction, and zeta potential.

Results and Discussion

Anisotropic chemistry on anisotropic nanomaterials is a grand challenge in the field of colloid
science.**? The ability to chemically functionalize colloidal nanomaterials at defined positions
with sub-nm resolution enables improved assembly of these structures as well as improved
functionality.
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Figure 1: (A) Logarithmically scaled electric field intensity map for the gold nanorods under
excitation at the longitudinal plasmon band maximum. The map was made using nanoDDSCAT.
The intensity was calculated assuming a solvent refractive index of 1.33, and the dipole spacing
was set to 1.5 dipoles per nanometer. Red corresponds to the most intense electric field, blue the
least. (B) Scheme of methylene blue (MB) adsorption to silica for the end-capped silica AuNRs vs.
the fully coated AuNR:s.

It is well-known that upon longitudinal plasmon band excitation, the local electric field is
concentrated at the tips of gold nanorods, enabling surface-enhanced Raman scattering (SERS) of
molecules (Figure 1A).4142 In principle, if molecules could preferentially bind strictly to the ends
of gold nanorods instead of uniformly coating the nanorods, the detection limit would be lowered
by a factor of ~3-4 at a minimum, consistent with the decreased surface area required for binding
(Figure 1B). Thus, in this work, gold nanorods were coating with mesoporous silica uniformly
(AuNR@Full) or anisotropically on the ends (AuNR@End).

First, AuNRs exhibiting longitudinal plasmon bands at ~785 nm, a common laser wavelength,
were synthesized using a well-known technique from Zubarev and coworkers.?* The dimensions
of the AuNRs were 81.4 = 7.6 nm in length and 24.0 = 2.3 nm in width, and they had an average
aspect ratio of 3.4 + 0.5. Their extinction spectra in water and a representative TEM micrograph
of the rods are shown in Figure 2A and 2B, respectively. The as-prepared rods were coated with
cetyltrimethylammonium bromide (CTAB) from the synthesis and were subsequently subjected to
a silica coating procedure based on several reports.®2733 The porous silica shell is a result of a
hydrolysis and condensation reaction involving tetraethyl orthosilicate (TEOS). The CTAB acts
as a soft template to direct growth on the surface of the AuNRs by attracting negatively-charged
silica precursors in solution to its positively-charged trimethylammonium headgroup. This
reaction occurs in basic aqueous conditions and at room temperature making them simple, yet
effective means to control the silica shell growth on AuNRs. The CTAB layer has a lower density
on the tips of the AuNRs* which is a result of the increased curvature in this region, allowing
careful control of the CTAB and TEOS concentrations to produce shells of porous silica that either
fully encapsulate the AuNRs, or grow strictly at the tips.
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Figure 2: (4) UV-Vis-NIR extinction spectra of the CTAB-coated gold nanorods in water (black),
full-shell silica-coated gold nanorods in ethanol (red), and end-shell silica-coated gold nanorods
(blue) in ethanol. The dashed line denotes 785 nm (the laser excitation wavelength). TEM
micrographs of the (B) CTAB coated, (C) AuNR@Full, and (D) AuNR@End rods, respectively.
All scale bars are 100 nm.

Utilizing these principles, AuNRs with both types of shells were synthesized, and characterization
data are presented in Figure 2C-2D. The AuNR@Full and AuNR@End have similar average
mesoporous silica shell thicknesses of 18.7 = 1.3 nm and 21.5 + 2.4 nm, respectively; thus, analyte
molecules must traverse the porous channels to reach the core to be sensed on the tips. For the
AuNR@EnNd, 80% of the total rods counted in the TEM measurements had no silica on the sides
and only on the tips. The porous shells were still filled with CTAB following the synthesis, so a
sonication and heating procedure was performed to release excess CTAB from the pores.** The
LSPR maximum of the AuNR@Full and AuNR@End in ethanol were blue-shifted in comparison
to the CTAB coated AuNRs in water. As shown by Rowe et al.?6, the blue shift is further indication
of removal of the CTAB template from the silica pores because the presence of CTAB molecules
themselves should induce a strong red shift in the plasmon band maximum. The zeta potential
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values of each of the AuNR composites in ethanol following purification were -18.4 + 2.0 mV and
-25.3+ 3.0 mV for the AuNR@Full and AuNR@End, respectively. The extinction spectra of each
rod show they are colloidally stable and experience a small plasmonic shift as silica is added to
the AuNR from the change in refractive index. The AuNR@ZFull are more red-shifted than the
AuNR@End because the complete shell induces refractive index changes over the entire rod as
opposed to just at the tips which is expected based on previous reports.*> The pores are roughly 3
nm in diameter, and serve as a convenient way to introduce analytes to the gold surface.?>267 The
representative analyte, methylene blue, has a fluorescent transition at ~650 nm which is far from
the excitation wavelength of 785 nm, and is a well-known Raman scatterer. Moreover, methylene
blue is a cation, and thus should be electrostatically attracted to the anionic silica surface that are
terminated in surface hydroxyl and silanol groups.**4® According to the literature, as well as
plotting in Avogadro (data not shown), the methylene blue molecule is less than 1.3 nm long and
~0.5 nm wide assuming a flat orientation, and therefore should fit easily into the silica pore
channels.*-3

The SERS measurements were performed in ethanol using identical concentrations of full- and
end-modified AuNRs based on matching the extinction at 400 nm. Exposing the CTAB coated
AuNRs to large quantities of methylene blue or ethanol resulted in extreme aggregation, leading
to uncontrolled and irreproducible SERS spectra, so these were not used in the experiments. The
intense extinction at 785 nm for both the AuNR@Full and AuNR@End means that the use of an
internal standard is required to effectively compare the different concentrations. The strong
absorptive properties of AuNRs suggests that Raman-scattered light can be extinguished by other
AuNRs in colloidal solution. Therefore, we use a relatively low optical density AuNR solutions in
ethanol for the experiments; ethanol has an intense Raman signal at ~880 cm™! that serves as an
internal standard. 3! The methylene blue was added in small increments to analyze both cases
where the AuNR surface should be incompletely coated (< 1 uM) and saturated (> 1 pM) with
methylene blue.>?

4.0 ( __ 4.0 (B)
= 35 = 35,
% 251 % 2.5
T €
S 201 2.0
g 2.0 \ @) @) g @) [Methylene Blue]
Q 1.5- wal © 1.51 20 uM
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Figure 3: Raman spectra taken for increasing methylene blue concentrations for the (A) full silica
and (B) end silica coated gold nanorods. The spectra are offset for clarity. The large peak at 883
cm! is the ethanol solvent peak. The methylene blue concentration range was from 0 — 20 uM.
The numbers in the spectra correspond to the peak # in Table 1.
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The SERS spectra of methylene blue for both the AuNR@Full and AuNR@End substrates in
colloidal solution are shown in Figure 3A and 3B respectively. The most intense peaks in the
SERS spectra for methylene blue are listed in Table 1 and are based on multiple literature reports.
33-38 There is a strong peak around 500 cm™! which arises from the same molecular mode as the
strongest peak at 447 cm!; this 500 cm™! peak was not used in the analysis. The peaks present in
the blank spectra are from the ethanol only, and the value at 883 cm! is used to normalize the
intensity values in Figure 4. Importantly, both rod types share their most intense peaks with one
another, meaning the adsorption of the molecule is by identical means in both cases: the methylene
blue molecule is likely interacting with the AuNR via the nitrogen atoms in the ring and pendant
ethyl ammonium groups.33->8

Table 1: Peak assignments for SERS peaks of methylene blue.

Peak # Peak Position (cm™!) Peak Assignment

1 447 C-N-C deformation

2 770 C-H in-plane bending
3 1390 C-N symmetric stretch
4 1620 C=C in plane stretch

The intensity profiles shown in Figure 4A-D give a strong indication of how the methylene blue
is adsorbed to the AuNR composites. At very low concentrations (between 0-1 pM), the SERS
intensity of the AuUNR@End particles is significantly greater than that of the AuNR@Full particles
(red vs. black data). Every major peak in the case of AuNR@Ends exhibit a SERS intensity at 1
uM that the AuNR@Full particles require 10-20 uM to achieve. The strong electrostatic affinity
methylene blue has towards silica is the dominant factor to concentrate analyte at the tips, and at
low methylene blue concentration, before the surface coverage is 100% the SERS intensity should
always be higher for the AuNR@End. Eventually, the methylene blue concentration is high
enough to fully saturate the AuNR surface and the SERS intensities become comparable for both
cases.
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Figure 4: Normalized intensity of different methylene blue Raman peaks relative to internal
ethanol Raman peaks for (A) 447 cm™ (B) 770 cm™ (C) 1390 cm™' (D) 1620 cm™!. The AuNR@Full
and the AuNR@End colloidal substrates are shown in black and red, respectively.

Table 2: Limit of detection for each molecular mode calculated based on a fit line for 50-500

nM.
Mode (cm™) LoD for AuNR@PFull (nM) LoD for AuNR@End (nM)
447 26 21
770 240 58
1390 290 53
1620 120 54

Using the concentration range between 50-500 nM, the limit of detection could be determined for
the AuNR systems (Figure 5). The limit of detection was found by fitting a logarithmic equation
to the concentration points between 50-500 nM for the MB at each peak and solving for the
concentration needed to induce an intensity equal to the blank value at 447 cm! plus three standard
deviations. Table 2 shows the calculated limits of detection for each peak for the different cases.
In all cases, the AUNR@End show lower limits of detection. In the case of the peak at 447cm’!
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there is a minimal difference but comparing the other peaks at 770 cm™!, 1390 cm™!, and 1620 cm!
there is a difference of two to four-fold depending on the peak. While the limit of detection
difference is not negligible, the major difference in efficacy between these particles lies in the
higher concentration regimes where the intensity difference becomes much greater. This supports
the hypothesis that at low concentration of analyte the analyte is concentrated at the tips in the
AuNR@End which causes the methylene blue to experience a stronger electric field thus lowering
the overall limit of detection.
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Figure 5: The signal profile from 50 — 500 nM for the peaks at (A) 447 cm™ (B) 770 cm-1 (C) 1390
cem™ and (D) 1620 cm™! for the AuNR@Full (black) and the AuNR@Ends (red). These points are
fitted to a logarithmic equation and the slope was extracted to determine which concentration
causes the SERS intensity to be higher than the intensity with no methylene blue added plus 3
standard deviations.

To better understand how the molecules are oriented with respect to the AuNR surface, it is
possible to use the intensity ratios between SERS peaks. An important mechanism in SERS is
surface selection rules: different modes in a molecule will experience varying degrees of
electromagnetic enhancement depending on if the tensor of the Raman active mode is aligned with
the electric field.>*®0 Therefore, the electromagnetic field resonating perpendicularly from the
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AuNR surface aligns more strongly with Raman modes whose tensors are perpendicular to the
AuNR surface. The relative angle between the direction of the electric field from the AuNR and
the direction of the Raman tensor of the molecule can affect the intensity of specific Raman modes
Despite the fact the sides of the rod have much lower field enhancement than the tips, they still
have some field enhancement at the longitudinal SPR wavelength and provide more surface area
for analytes. This will still give a strong SERS signal that will be convoluted with the signal from
the tips and can be used to analyze this phenomenon.

The mode at 447 cm! which arises from the out of plane deformation of the C-N-C bond in the
pendant ethyl ammonium group is strongly dependent on this angle, whereas the mode at 1620
cm™!, which belongs to the in-plane C=C stretch, is not affected by changes in the relative angle to
the Au surface.’®>” Changes in the ratio between these two peaks indicates whether the molecule
is situated more perpendicular or parallel to the surface, and is shown in Figure 6. A smaller ratio
indicates a more parallel-like orientation, and a larger ratio would indicate a more perpendicular
orientation.®! Figure 6 shows the ratio between their normalized intensity. Over the entire
concentration range of methylene blue the AuNR@Full exhibits a relatively constant ratio of the
intensities at 447 cm': 1620 cm™!, suggesting that the molecules are at roughly the same angle
from the AuNR surface. This should be expected for a uniformly coated AuNR surface. The
AuNR@End has a downward trend, indicating that as more molecules are added, they begin
exhibit more parallel-like orientations with respect to the gold surface. The lack of a mesoporous
silica shell in the middle of the rod means there are fewer restrictions on how a molecule may sit
with respect to the surface and allow for a variety of side-on and end-on molecular orientations.
This data further backs up the notion that analytes are initially directed to the tips for the
AuNR@End at low methylene blue concentrations, and as more is added they eventually will coat
the entire nanorod. In the case for AuNR@Full, analytes approach the rod indiscriminately due to
the affinity for the entire rod, rather than just the tips. Interestingly, the molecular mode at 1620
cm! associated with the parallel electric component with respect to the gold surface have higher
limits of detection and are therefore enhanced less as the peak at 447 cm™!, which serves as further
evidence to the adsorption scheme pointed out from Figure 6.



Nanoscale
14

8- 'silica el
£ /Q//e\
(8]
o 2
S 6] A
= % s
- ~
< 0
£ 4+ 3
o > LR
N~ 7~ N\ A .
< u
N >
52 R
° o
= 0
@0 - =

N
N > ¢ o
0.1 1 10
\T . SN

Methylene Blue (uM) | Au

Figure 6: (4) The ratio of the peaks at 447 cm™: 1620 cm™! for full silica (black) and end coated
(red) AuNRs following exposure to varying amount of methylene blue. (B) a representation of the
molecular orientation when the analyte is (top) in a pore and (bottom) not in a pore. The yellow
represents the gold surface and the gray background represent the silica/pore channels.

Another property of AuNRs is the sensitivity of their plasmon band positions to changes in the
local environment.!>¢ Changes in the refractive index around the AuNR induces plasmonic
wavelength shifts directly related to several factors, as shown in Equation 1, and can be used to
infer how the analytes are positioned on the AuNR surface.!

-2t

AALSPR =m * An * (1 — eT) (1)

Where A spg is the peak shift of the plasmon measured from the UV-Vis-NIR measured in nm,
m 1is the refractive index sensitivity (nm / refractive index unit), An is the refractive index shift
resulting from incoming molecules near the surface, ¢ is the thickness of the layer (nm), and / is
the decay distance of the electric field (nm). The refractive index sensitivity is dependent on the
intensity of the electric field where the analyte is placed, with areas of stronger intensity inducing
larger peak shifts. The change in refractive index will also be dependent on where on the AuNR
the analyte is placed because the refractive index difference is greater when the methylene blue is
adsorbed to gold as opposed to in the silica matrix.+61:62

To compare the AuNR@Full and the AuNR@End particles with respect to LSPR shifts as a
function of analyte adsorption, it is important only to examine possible differences between the
value for m and An because the molecules will be identical, and as shown previously in Figure 6,
they apparently adopt the same orientation with respect to the gold surface in the low concentration
range. The thickness of the molecular layer will be the same, and while the field decay distance is
longer for the tips, the methylene blue must get very close to the gold surface which mitigates the
effect of this difference. The LSPR shift results for the AuNRs are shown in Figure 7. The
AuNR@End case at low concentrations (50 nM to 1 uM) have larger LSPR peak shifts than does
the AuNR@Full. The stronger electric field at the tip of the AuNR increases the value of m in
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Equation 1 compared to the side, therefore if analytes are direct to the tips initially a stronger peak
shift should occur.5%! At higher concentrations once the methylene blue begins to saturate the
entire AUNR@End surface by coating the sides and filling the pores of the silica shell , a larger
refractive index change between the bare gold and the methylene blue equates to a large jump in
the peak shift. In conjunction with the SERS evidence that for the peaks at 447 cm!' and 770 cm’!
the intensity reaches a maximum for the AuNR@Ends at ~500 nM, beyond which adding more
analytes does not change the signal. Therefore, we infer the tips produce most of the SERS signal.
In support of this notion, the SERS signals acquired at 500 nM for the AUNR@End is similar to
the signals for the AUNR@Full once the surface is saturated. This data reinforces the notion that
methylene blue is directed to the tips of the AuNRs in the low concentration range and inevitably
covers the entire particle.

1.05+
12 -
[Mblue]
1.00

-
o
1

0.954

Normalized Extinction

0.90 4

©o
1

0.85 T T 1
760 780 800 820

Wavelength(nm)

1.05

[Mblue]
1.004 =

LSPR Peak Shift (nm)

0.951

Normalized Extinction

0.90

0 L T T L | T T L |
0.1 1 10
0.85

[Methylene Blue] (uM) o0 a0 00 w20

Wavelength (nm)

Figure 7: The LSPR wavelength shift of the full silica (black) and end coated (red) AuNRs
following exposure to varying amount of methylene blue.

Finally, to demonstrate an additional handle to control analyte adsorption, AuNR@Full were
synthesized with larger pores and coated with cationic 3-aminopropyltriethoxysilane (3-APTES)
and exposed to a methylene blue at varying concentration (Figure 8A). Attempts to functionalize
the AuNR@End induced strong agglomeration, making colloidal stability a problem, so the
AuNR@Full were used. The hypothesis under consideration was that for cationic, filled pores, the
cationic analyte would not be able to access the gold nanorod surface and therefore SERS signals
would be greatly reduced. The literature method used notes a clear expansion of the pores via TEM
which we see as well (Figure S1), 37 and Egger et al. mentions the increase in size of decane-
swelled CTAB micelles should be 6-12 nm, which results in larger pores in a resulting porous
silica nanoparticle.® Additionally, this increase in pore size compensates for the volume decrease
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of the pore channels as a result of functionalization with 3-APTES, such that methylene blue
molecules can still reach the gold core. The AuNRs used were 93.5 = 9.3 nm by 31.6 £ 4.0 nm in
length and width, respectively. 3-APTES is a positively charged silane group capable of attaching
to the surface of the silica inducing a strong positive charge to the AuNR@ZFull, shifting their zeta-
potential value to 31.1 + 1.4 mV. If the same concentration of AuNRs is subjected to methylene
blue, it more than 5 uM to reach a signal above the limit of detection (Figure 8B, 8C), or rather, a
measured Raman intensity that was greater than the instrument response with no analyte added
and three standard deviations added. Interestingly, the SERS signature is different as well. There
is now a strong peak at ~240 cm!, and 655 cm™! which correspond to Au-N or Au-S stretch and
the C-S-C deformation mode, respectively. 473 The major peaks relating to the C-N-C mode are
absent as well, which indicates a different conformation is required for the methylene blue to enter
the silica pore and the molecule sits with the sulfur containing group directed towards the surface.
This evidence supports the notion that electrostatics govern this analyte-SERS substrate
interaction, and modification of the porous membrane can be used to control which types of
molecules can access the AuNR surface.

1 (B)

o
=3
>

o

=)

&
!

o

=3

=
1

(A)

a.u.)
>

-
N
1
o
2
L

-
=]
1
o
o
S
!

Normalized Raman Intensity (a.u.)
g

o
=4

o
©
1

Methylene Blue [uM]

[Methylene Blue]
A s, ©)

4
o
1

I
'S
|

e
N
1

0.0 4

Normalized Raman Intensity (

T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000

Raman Shift (cm™)

Normalized Raman Intensity (a.u.)

-0.01

1 10
Methylene Blue [pM]
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Conclusion

Porous coatings on the ends of gold nanorods, compared to uniform coverage around the gold
nanorods, allow the possibility of improved detection by SERS of appropriate analytes. The results
from the SERS intensity profiles for a representative cationic dye show that the AuNR@End
system has a lower limit of detection than the analogous AuNR@Full system, indicating that the
dye preferentially binds at the modified tips of the AuNR and thereby having a lower limit of
detection in solution. The LSPR peak shift data is consistent with this claim by revealing a more
intense peak shift at identical low concentrations, implying the analyte molecules experience a
more intense electric field at low analyte concentrations for the AuNR@End than the AuNR@Full
substrates. Finally, functionalizing the shells with a positively charged molecule acts as a
gatekeeper to dissuade methylene blue from entering, requiring much larger concentrations of this
analyte to detect a SERS signal.
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