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ABSTRACT: Three-layer core—shell plasmonic nanorods (Au/Ag/SiO,—NRs),
consisting of a gold nanorod core, a thin silver shell, and a thin silica layer, were
synthesized and used as optical imaging probes under a differential interference
contrast microscope for single particle orientation and rotational tracking. The
localized surface plasmon resonance modes were enhanced upon the addition of
the silver shell, and the anisotropic optical properties of gold nanorods were
maintained. The silica coating enables surface functionalization with silane
coupling agents and provides enhanced stability and biocompatibility. Taking
advantage of the longitudinal LSPR enhancement, the orientation and rotational
information of the hybrid nanorods on synthetic lipid bilayers and on live cell
membranes were obtained with millisecond temporal resolution using a scientific
complementary metal-oxide-semiconductor camera. The results demonstrate that
the as-synthesized hybrid nanorods are promising imaging probes with improved
sensitivity and good biocompatibility for single plasmonic particle tracking
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experiments in biological systems.

ingle particle tracking (SPT) is a powerful tool to study the
dynamics of cellular and molecular processes, such as
membrane dynamics,"* viral infection,® and intracellular
transport.“’5 A large collection of imagin§ probes, including
fluorescent molecules,é’7 quantum dots, ¥ and plasmonic
nanoparticles,”’*™'® have been visualized with the aid of
various optical microscopy techniques. While it has become a
routine practice in SPT experiments to identify the trajectory of
an imaging probe, it is more difficult to resolve the dipole
orientation of the probe in real time, which may be essential in
understanding the underlying biological functions. Recently,
considerable efforts have been made to overcome this
challenge. Techniques such as fluorescence golarization
microscopy,”® dark field polarization scattering," defocused
orientation and position imaging,”"? photothermal imaging,"'
correlation slpectroscopy,lz’14 total internal reflection scattering
microscopy, ~'” and differential interference contrast (DIC)
microscopy'®'® have been developed for single particle
orientation and rotational tracking, which was coined as
SPORT."?°
Gold nanorods (AuNRs) have been used extensively in
SPORT experiments because of their high photostability, good
biocompatibility, and most importantly, anisotropic optical
properties arising from their localized surface plasmon
resonance (LSPR). Great success has been achieved on the
AuNR synthesis using seed-mediated methods to fabricate a
variety of AuNRs with different sizes and aspect ratios and thus
the resulting tunable extinction spectra across a wide spectral
range.”"*> Compared with gold nanocrystals of similar size,
silver nanocrystals exhibit stronger LSPR responses with more
intense electric field enhancement and stronger absorption and
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scattering. However, the synthesis of anisotropic silver
nanorods (AgNRs), especially for the smaller sizes (<100 nm
in length) that are better suited for biological studies, is more
difficult than that of AuNRs in terms of size and shape
uniformity control.>*** Since silver shares the same face
centered cubic crystal structure with gold and their lattice
mismatch is as small as 0.27%, AuNRs are suitable templates for
epitaxial silver growth to form Au/Ag core—shell nanorods
(Au/AgNRs).*>~* The optical properties of Au/AgNRs can be
finely tuned by controlling the aspect ratio of the AuNR cores
and the amount of silver grown on the gold surface.”
Moreover, the formation of Au/AgNRs induces multiple
plasmonic bands that differ from single-component nanocryst-
als.

In view of the intrinsic cytotoxicity and unstable nature of the
silver shells in aqueous solution,”*"** encapsulation of Au/
AgNRs within a thin silica layer to form a three-layer core—shell
nanorod structure, which will be referred to as Au/Ag/SiO,—
NR in this Letter, can provide the necessary protection in
biological imaging applications. The silica coating also improves
the colloidal stability of Au/AgNRs, maintains the rod shape,
and enables further surface functionalization with silane
coupling agents for potential bioconjugation.®* > Surface
modification of the silica shell usually involves covalent
attachment; therefore, this avoids cysteine residue replacement
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of thiol ligands, which is often used in gold or silver surface
functionalization.*®

In the present study, Au/Ag/SiO,—NRs were synthesized
and tested for SPORT experiments. Millisecond/submilli-
second temporal resolution was achieved in imaging the fast
dynamics of Au/Ag/SiO,—NRs rotating on synthetic lipid
membranes and live cell membranes. To the best of our
knowledge, this study demonstrates for the first time the
development and application of hybrid core—shell nanorods as
a new type of rotational probe.

The first step in synthesizing Au/Ag/SiO,—NRs was to
prepare AuNRs using a seed-mediated growth method in
aqueous solution utilizing cetyltrimethylammonium bromide
(CTAB) as capping agent to maintain colloidal stability.”" The
average diameter, length, and aspect ratio of the synthesized
AuNRs obtained from the TEM images (Figure Sl in the
Supporting Information) were 22.8 + 3.2 nm, 52.6 = 7.2 nm,
and 2.3 + 0.2, respectively. Their transverse and longitudinal
LSPR wavelengths were centered at 517 and 632 nm, as shown
in the UV—vis extinction spectrum (Figure 1, green curve).
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Figure 1. Normalized UV—vis extinction spectra of AuNRs, Au/
AgNRs, and Au/Ag/SiO,—NRs in water. All the spectra are
normalized to the longitudinal dipolar plasmonic peak at 632 nm.
The inset is a representative TEM image of Au/Ag/SiO,—NR and the

colored arrows indicate gold-only (green), silver-coated (red), and
silica-coated (blue) samples.

In the second step of synthesis, a thin silver layer (~7 nm
thick) was degosited onto the AuNRs following a published
procedure.”>>” The thickness of the silver coating was
controlled by adjusting the amount of AgNO; precursor.
Upon the addition of silver onto the AuNR cores, the
extinction peak at the lowest energy wavelength was blue-
shifted and new plasmonic bands appeared at higher energies.
Figure S2 in the Supporting Information illustrates the UV—vis
extinction spectra of the Au/AgNRs with three Ag/Au molar
ratios of 0.11, 0.22, and 0.34. As the Ag/Au molar ratio
increases, the silver shell becomes thicker and the longitudinal
LSPR wavelength is blue-shifted from 632 nm to 575, 537, and
503 nm, respectively. This blue shift is attributed to the reduced
aspect ratio of the nanorods after the silver coating and the
increased silver loading on gold dominates the optical
properties. This plasmonic band shift can be used to estimate
the Ag shell thickness as well as to direct further
syntheses.”****° The Au/AgNRs with the Ag/Au molar ratio
of 0.11 maintained the original cylindrical rod shape. Figure S2
curve b in the Supporting Information shows the four
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Figure 2. Relative DIC intensity traces of (A) slow rotation and (B)
fast rotation, corresponding to the shaded gray and green areas in
Figure SS in the Supporting Information. Four hundred (400)
consecutive recorded DIC images for (A) and (B) are stitched
together (from left to right and from top to bottom) and shown as (C)
and (D), respectively. Scale bar is S ym.

plasmonic bands at 339, 400, 506, and 563 nm. The rise of
two higher energy bands at shorter wavelengths is believed to
be due to the octupolar plasmonic modes, with the peaks at 506
and 575 nm corresponding to the transverse and longitudinal
dipolar plasmonic modes.”>*”** At higher Ag/Au molar ratios,
the rod shape was no longer maintained and a large fraction of
irregular silver shells was observed (data not shown). Only the
rod-shaped Au/AgNRs made with the Ag/Au molar ratio of
0.11 were used in the following synthesis and imaging
experiments.

In order to improve the stability and reduce the intrinsic
toxicity of silver, a dense silica layer was added as the last
synthetic step. Figure 1 compares the normalized UV—vis
extinction spectra of AuNRs, Au/AgNRs, and Au/Ag/SiO,—
NRs. In these measurements, the colloidal solutions were kept
at the same concentration to minimize the dilution effect.
Figure 1 (inset) shows a representative TEM image of the
core—shell structure with average dimensions of ~46 nm X 64
nm. Due to the relatively low lattice mismatch (0.27%) of the
two metals, the Ag shells grow almost perfectly upon the
AuNRs through epitaxial deposition. We also found that the Ag
shell thickness increases faster along the lateral direction than at
the tips, which leads to the reduction of the aspect ratio of Au/
AgNRs from the original AuNRs. In view of their relative
extinction intensities, the longitudinal dipolar plasmonic mode
increases by roughly a factor of 3 in Au/AgNRs compared to
that of the original AuNRs. The baseline in the UV-—vis
extinction spectrum of the Au/Ag/SiO,—NR solution is
elevated because of scattering caused by silica, as reported
previously.*®

Following the synthesis, the Au/Ag/SiO,—NRs were imaged
under a DIC microscope equipped with a Hamamatsu ORCA-
Flash 2.8 scientific CMOS camera, which allows imaging at
millisecond or submillisecond temporal resolution. In addition
to the enhanced LSPR response from the silver coating, the
blue shift of the LSPR wavelength from 632 nm (AuNRs) to
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Figure 3. Differentiation of the Au/Ag/SiO,—NRs (highlighted in the red circles) from other cellular features using three filters, (A) 480 + 40 nm,
(B) 588 + 29 nm, and (C) 700 = 13 nm. Scale bar is 4 ym. These images were taken sequentially. The nanorod and many cellular features changed

their location and/or morphology during the imaging time.

563 nm provides another noticeable gain in the camera’s
quantum efficiency and therefore sensitivity.

In our previous studies, the DIC contrasts, defined as the
difference between the brightest and the darkest intensities
divided by the average local background intensity, of nano-
particles were shown to be wavelength dependent and the
longitudinal LSPR was more sensitive to the environment than
the transverse LSPR.'®*® Herein, the DIC contrast of an
immobilized, randomly oriented Au/Ag/SiO,—NR is plotted as
a function of excitation wavelength (Figure S3 in the
Supporting Information). The highest DIC contrast for this
particle was found when a 585 + 29 nm filter was used for
illumination, which corresponds to the longitudinal dipolar
plasmonic band.

DIC images of two immobilized Au/Ag/SiO,—NRs on glass
slides were recorded at different exposure times and stitched
together to make Movie S1 in the Supporting Information,
which is played at 30 frames per second (fps). These two
particles in the movie were nearly perpendicular to each other
as their DIC images showed the totally bright and totally dark
patterns. During these measurements, the light source was kept
at the maximum output power (100 W), and the overall
intensity decreased linearly as expected when shorter exposure
time was used (Figure S4 in the Supporting Information). The
relative bright and dark intensity measurement errors were
increased from ~1% at S0 ms to ~5% at 0.5 ms for both
nanorods (Table S1 in the Supporting Information). Because of
the LSPR enhancement due to the silver coating, the core—
shell hybrid nanorods were detectable at a temporal resolution
as fast as 0.5 ms, which is approximately an order of magnitude
faster than the previously reported fastest temporal resolution
of 2—5 ms.>"’

A 360° rotation study of the Au/Ag/SiO,—NRs was carried
out by rotating the sample stage with 10° increments to
position the nanorods in different orientations while exciting at
the longitudinal LSPR wavelength of 563 nm. The orientation
angle @ was defined as the angle between the long axis of the
nanorod and the “dark” polarization direction of the DIC
microscope (Figure SSA in the Supporting Information). The
“bright” polarization direction is named after the fact that a
completely bright DIC image is obtained when the nanorod’s
long axis aligns with this polarization direction (¢ = 0), while
the “dark” polarization direction corresponds to a completely
dark DIC image. Figure SSB in the Supporting Information
shows the complete rotation set of disproportionate bright and
dark DIC image patterns. The DIC images change periodically
as the nanorod’s long axis rotates against the polarization

4098

directions. This is in good agreement with the polarization-
dependent rotation behaviors of plasmonic nanoparticles that
have been extensively investigated in gold nanorods and
nanowires."** In view of the periodic changes, a correlation
between the bright and dark intensity traces is observed: the
bright and dark intensities increase and decrease in the same
direction. This orientation/polarization dependence is the
foundation for the use of Au/Ag/SiO,—NRs as SPORT probes.

Dynamic tracking of the Au/Ag/SiO,—NRs was first
performed on synthetic lipid bilayers. The nanorods were
introduced onto the synthetic lipid bilayers in a chamber and
bound to the membrane through nonspecific interactions.
Movies were recorded at a temporal resolution of 1 ms under
588 + 29 nm illumination. Figure S6 in the Supporting
Information shows the DIC intensity traces extracted from a
representative 4 s (4000 frames) movie. The autocorrelation
analysis of the DIC bright and dark traces'® reveals that the
nanorod’s rotation speed fluctuates constantly. Representative
examples of slow and fast rotation are given in Figure 2. The
mean relaxation times of these two cases are 0.59 s (slow) and
0.024 s (fast).

To demonstrate the suitability of the new rotational probes
for live-cell imaging, AS49 human lung cancer cells were used
as a model system, which provided a dynamic surface for
rotational studies. Despite the much more complex cellular
environments, the wavelength dependent properties of these
SPORT probes are easily distinguished from other cellular
features by using different band-pass filters. Three band-pass
filters (480 + 40 nm, 588 + 29 nm, and 700 + 13 nm) were
used to identify the nanorods. As shown in Figure 3, the 588 +
29 nm filter, which covers the longitudinal LSPR band, results
in a high-contrast DIC image of Au/Ag/SiO,—NRs that is
distinct from the background. With either 480 + 40 nm or 700
+ 13 nm band-pass filters, the Au/Ag/SiO,—NRs disappear
into the background due to the low contrast achieved at these
wavelengths, which are far away from the LSPR bands.

In the live-cell imaging experiments, the Au/Ag/SiO,—NRs
were added into a chamber with AS49 cells attached on the
coverslip. Movies of the dynamic rotation of these nanorods
were recorded at different exposure times of 1, S, and 50 ms.
The DIC intensity traces and the corresponding sets of
consecutive DIC images were plotted in Figure S7 in the
Supporting Information. The autocorrelation analysis of the
DIC bright and dark traces gives mean relaxation times of 11
ms at the temporal resolution of 1 ms, 23 at $ ms, and 115 at 50
ms. Higher temporal resolution helps to unveil fast rotational
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dynamics, even though the overall intensity inevitably decreases
as the single-frame exposure time decreases.

In summary, we have successfully synthesized Au/Ag/SiO,—
NRs with well-controlled size and shape for SPORT. These
optically anisotropic hybrid plasmonic nanorods exhibit
orientation/polarization and wavelength dependent behavior
in DIC microscopy. With the enhancement of the longitudinal
dipolar LSPR after silver coating, these nanorods provide
sufficient sensitivity for detection at millisecond temporal
resolution on both synthetic lipid bilayers and live cell
membranes. Surface modification of the silica layer of the
hybrid nanorods will enable versatile applications in SPORT.
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Experimental details, additional figures, and a movie as
mentioned in the text. This material is available free of charge
via the Internet at http://pubs.acs.org.
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