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silica shell}
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Plasmonic gold nanorods (AuNRs) have been widely applied as optical orientation probes in many
biophysical studies. However, characterizing the various three-dimensional (3D) orientations of AuUNRs in
the same focal plane of the objective lens is a challenging task. To overcome this challenge, we
fabricated single AuNRs (10 nm x 30 nm) coated with either an elliptical or spherical mesoporous silica
shell (AuUNRs@mSiO,). Unlike bare AuNRs and elliptical AuNRs@mSiO,, spherical AuNRs@mSiO,
contained randomly oriented AuNR cores in 3D space, which could be observed on the same focal
plane within a single frame by differential interference contrast (DIC) microscopy. The spherical
AuNRs@mSiO, thus achieved high-throughput detection. The proposed approach can overcome the
limitations of the current gel-matrix method, which requires vertical scanning of the embedded AuNRs

rsc.li/rsc-advances to capture different focal planes.

Introduction

Direct visualization and tracking with optical probes at high
spatial and temporal resolution can reveal the complex
dynamics and interactions in chemical and biological
processes.'? By investigating the rotational dynamics of
nanoprobes, we can uncover a new dimension of information
that is hidden in conventional three-dimensional (3D) single-
particle tracking. Recently, plasmonic anisotropic gold nano-
rods (AuNRs) have been popularized as orientation probes in
single-particle rotational tracking because their shapes induce
anisotropic optical properties,*® large scattering and absorp-
tion cross-sections,” high photostability,” and excellent
biocompatibility.>**

Using polarization-based in-focus and defocused orientation
imaging methods, researchers have determined the 3D orien-
tations of individual AuNRs wunder dark-field (DF)
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microscopy,>***  differential interference contrast (DIC)
microscopy,***** and total internal reflection scattering (TIRS)
microscopy.’®"” Recently, interference-based DIC microscopy
has detected the fast rotational motions of AuNRs with high
temporal and spatial resolution in dynamic environments, such
as complicated living cells. DIC microscopy is insensitive to the
light scattered from the surrounding cellular components and
maintains its high-throughput capability in live cell imaging.
Sensitivity to scattered light is the main drawback of scattering-
based DF and TIRS microscopes.*®

Despite the recent advances in single-particle rotational
tracking techniques, depositing and characterizing AuNRs with
random 3D orientations on a glass slide on the same focal plane
for DIC microscopy is a challenging task. Vertical scanning by
the agarose gel-matrix method (or polyvinyl alcohol-matrix
method) has characterized the out-of-plane spatial orienta-
tions of single AuNRs embedded with random 3D spatial
distributions in a gel matrix.* However, DIC microscopy can
determine only the 3D orientations of the AuNRs on different
focal planes as the sample is scanned along the z-axis.

In this study, we demonstrate that when deposited on a glass
slide, single AuNRs (10 nm x 30 nm) inside a spherical meso-
porous silica shell (AuNRs@mSiO,) randomly orient on the
same focal plane in 3D space.'”'® Therefore, DIC microscopy
can characterize the random orientations of single
AuNRs@mSiO, with high-throughput on the same focal plane
within a single frame. We demonstrate that DIC polarization
anisotropy can effectively resolve the azimuthal angle ¢ of the
AuNR cores inside the spherical silica shell. In comparison to

This journal is © The Royal Society of Chemistry 2020
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the previous work using defocused DF microscopy based on
a pattern matching method, DIC microscopy can provide faster
and more accurate angular information of spherical
AuNRs@mSiO, without sacrificing the much reduced signal
intensity.'®

Experimental
Materials and chemicals

L-Ascorbic acid, silver nitrate (AgNOj;), sodium borohydride
(NaBH,), sodium hydroxide (NaOH), 2,6-dihydroxybenzoic acid,
tetraethyl orthosilicate (TEOS), gold chloride trihydrate
(HAuCl4-3H20), cetyltrimethylammonium bromide (CTAB)
were obtained from Sigma-Aldrich (St Louis, MO, USA). Gold
nanorods (AuNRs, 25 nm X 73 nm) were purchased from
Nanopartz (Loveland, CO, USA). Deionized water (18.2 MQ cm)
was prepared by a Sartorius Arium®Pro Ultrapure water system.
All glassware was cleaned using aqua regia. Special care has to
be taken when researchers handle aqua regia.

Characterization of the synthesized AUNRs@msSiO,

We used transmission electron microscope (TEM, JEL-2100F,
JEOL, Japan) and scanning electron microscope (SEM, JSM-
6500, JEOL, Japan) to characterize the AuNRs@mSiO,. The
TEM images were analyzed based on a custom MATLAB script
previously reported with some subroutine implemented in the
image processing toolbox of MATLAB. Furthermore, a Varian
Carry 300 UV-vis spectrometer (Agilent Technologies) was used
to characterize the ensemble extinction spectrum of the
AuNRs@mSiO,.

Sample preparation for single particle study

The samples for single particles studies were prepared as
follows: the colloid solution was first diluted with 18.2 MQ pure
water to a proper concentration. The diluted solution was then
sonicated for 10 min at room temperature. Samples were
prepared by drop casting the diluted AuNRs@mSiO, solution
on pre-cleaned glass slides. Subsequently, a 22 mm x 22 mm
No. 1.5 coverslip (Corning, NY, USA) was placed on the glass
slide. Throughout all of the experiments, the concentration of
AuNRs@mSiO, deposited on the glass slide surface was main-
tained at about 1 pum™> to facilitate single particle character-
ization without inter-particle interaction and LSPR coupling.

Differential interference contrast microscopy

We performed DIC microscopy using a Nikon inverted micro-
scope (ECLIPSE Ti-U, JAPAN). DIC microscopy consists of a set
of two Nomarski prisms, two polarizers, and a quarter-
waveplate. We illuminated the samples by an oil immersion
condenser with a NA of 1.4. The DIC signals coming from the
sample were collected by a Plan Apo oil-immersion objective
(100x, NA = 1.4). To obtain DIC images with high quality, we
used an Andor EMCCD camera (iXon Ultra 897, UK). We then
used Image J and Matlab to analyze the collected DIC images.
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Results and discussion

Elliptical and spherical AuNRs@mSiO, particles were fabri-
cated by a slightly modified literature protocol,**** and were
structurally characterized by TEM and SEM. Fig. 1A is a TEM
image of the synthesized AuNRs with an average length and
diameter of 30 nm and 10 nm, respectively. Elliptical (thin shell)
or spherical (thick shell) mesoporous silica was coated on the
AuNRs by the above-mentioned modified method (Fig. 1B and
C).*?* The elliptical mesoporous silica shell was 31.7(+4.8) nm
thick, while the spherical mesoporous silica shell was
52.7(+5.7) nm thick (Fig. 1B and C). Additional TEM images
showing many nanoparticles are provided in Fig. S1.T We then
obtained the UV-vis absorption spectra of the AuNRs and
AuNRs@mSiO, (elliptical and spherical) dispersed in water
(Fig. 1D). The longitudinal surface plasmon resonance (LSPR)
peaks of the naked AuNRs and the spherical AuNRs@mSiO,
appeared at 769 and 794 nm, respectively. The red shift in the
latter LSPR peak was caused by the mesoporous silica shell
coating.

Thus far, AuNRs have been randomly oriented in 3D space by
embedding them in agarose gel matrix. The 3D orientations
must then be determined on successive focal planes by scan-
ning along the z-axis (Fig. S21). However, the gel-matrix method
is time consuming, cumbersome, and inconvenient for a 360°
rotational study. Furthermore, LSPR coupling can occur among
adjacent AuNRs, causing a spectral shift in single-particle
characterization.

In our spherical AUNRs@mSiO, fabrication, LSPR coupling
between two adjacent AuNRs is prevented by the outer shell,
which is advantageous for single-particle spectroscopic
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Fig. 1 (A-C) TEM images of (A) bare AuNRs, (B) elliptical

AUNRs@mMSiO, (red curve), and (C) spherical AuNRs@mMSiO, (blue
curve). (D) Overlaid UV-vis extinction spectra of bare AuNRs (yellow
curve), elliptical AuNRs@mSiO, (red curve), and spherical
AuNRs@mSiO, (blue curve). The anisotropic AuNRs yielded two
distinct LSPR peaks.
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characterization (Fig. 1C and S1Ct). However, the silica shell
can block the interaction of AuNRs with the medium. Further-
more, during the drop-casting for sample preparation, the
naked AuNRs were deposited parallel to the glass slide, so were
tilted by almost the same angle from the glass surface (see
Fig. 2A). The elliptical AuNRs@mSiO, with the thin silica shell
were also tilted at very similar angles, with low degrees of
freedom in the z-direction (Fig. 2B). In contrast, within the silica
shells of the spherical AuUNRs@mSiO, deposited on the glass
slide, the AuNR cores were randomly oriented on the same focal
plane (Fig. 2C), with different projected lengths. As shown in
Fig. 1C and 3A, the 3D orientations of the AuNRs in the shells
influenced the projected lengths of the AuNRs. This situation
completely differed from that of bare AuNRs (Fig. 1A and S1Af¥).
The random 3D orientations of many AuNRs in the silica shell
was further verified by SEM (see Fig. 3B and S37).

We then investigated the spatial orientations of single AuNR
(10 nm x 30 nm) cores in the silica shell by DIC microscopy.
The experimental setup of the single-particle microscopy and
spectroscopy is presented in Fig. S4.f As an interferometry-
based technique, DIC microscopy resolves the optical path
difference between two orthogonally polarized beams (B1 and
B2, designating the bright and dark axes, respectively) separated
by a Nomarski prism (Fig. S51). The azimuthal angle (¢) and
polar angle () of the AuNR core are defined in Fig. S6.1 The DIC
captured single spherical AuNRs@mSiO, particles in the same
focal plane at their LSPR wavelength (i.e., at 750 nm) (Fig. 3C). It
should be noted that in DIC microscopy, the different bright

A Bare AuNRs (w/o Shell)

B AUNRs@mSiO, (w/ Elliptical Shell)

C AuNRs@mSiO, (w/ Spherical Shell)

Fig. 2 (A) Schematic of bare AuNRs deposited on a glass slide. Their
projected lengths are almost the same. (B) Schematic of elliptical
AuNRs@mSiO, particles and their projections on a glass slide. (C)
Schematic of spherical AUNRs@mSiO, particles with their AUNR cores
randomly oriented in the shell. Their projected lengths depend on their
spatial orientations, which are freely available in 3D space.
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Fig. 3 (A) TEM image of spherical AuNRs@mSiO, with randomly
oriented AuNR cores inside the silica shell. (B) SEM image of spherical
AUNRs@mSiO, particles, and (C) DIC image of AuUNRs@mSiO, parti-
cles, showing their different orientations on the same focal plane. The
color image was generated in ImageJ for better demonstration of
bright and dark DIC images of AuNRs@mSiO,. Note that high-
throughput detection is possible.

and dark patterns correspond to different in-plane orientations
of the AuNR cores deposited on the glass slide. Therefore, we
could achieve high-throughput, high-contrast DIC imaging of
spherical AuUNRs@mSiO, particles with various orientations
within a single image frame.

The polarization dependency of the spherical
AuNRs@mSiO, imaging was measured at their LSPR wave-
length (750 nm) on a rotational stage moved from 0° to 360° at
10° increments. Fig. 4A is a DIC image of two spherical
AuNRs@mSiO, particles (labelled AuNR1@mSiO, and
AuNR2@mSiO,) measured at 750 nm. As shown in Fig. 4B and
S7,t the DIC images of AuUNR1@mSiO, periodically changed as
the rotation angle increased. The polarization dependency of

Spherical AuUNR1@mSiO,

DIC Image
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Fig. 4 (A) DIC image of spherical AUNRs@mSiO,. (B) DIC images of

spherical AuNR1@mSiO, captured at different rotational angles
(interval = 30°). (C) Dark and bright intensities of spherical
AuNR1@mSiO, as functions of rotation angle. (D) DIC polarization
anisotropy computed from the dark and bright intensities of the
spherical AuNR1@mSiOs.

This journal is © The Royal Society of Chemistry 2020
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the DIC images was further confirmed in AuNR2@mSiO,
(Fig. S81). In addition, the bright and dark intensities of
AuNR1@mSiO, were periodic functions of rotation angle and
were anti-correlated at both LSPR wavelengths (769 and 794
nm), informing that when the dark intensity decreases, the
bright intensity increases (Fig. 4C). In this study, the measured
dark and bright values consist of the darkest and brightest
pixels within a region around a particle, respectively. The bright
and dark intensities at each LSPR wavelength were well fitted to
sin®(¢) and cos*(¢) functions, respectively. More specifically, the
orthogonally polarized bright and dark intensities of
AuNR@mSIiO, are given by*>'®

)
) 1)

According to eqn (1), the AuNR orientations are directly
determinable from the bright and dark intensities of the
polarized DIC images. In practice, however, the precision might
be affected by intensity fluctuations of the light source, focus-
drift in the vertical direction, and other disturbances. This
limitation can be overcome by the DIC polarization anisotropy
P, defined by eqn (2).** The DIC polarization anisotropy P can
be conveniently computed from the bright and dark intensities
of AUNR@mMSIiO,:

_ Iyn — IpN @)
Ign + IpN

Here, Iy x and Ip y are the normalized bright and dark intensi-
ties at the LSPR wavelengths, respectively. As the polarization
direction increased from 0° to 360°, the DIC polarization
anisotropy of the AuNR1@mSiO, varied between —1.0 (AuNRs
alignment along the dark axis, ¢ = 0° or 180°) and 1.0 (AuNR
alignment along the bright axis, ¢ = 90° or 270°) (see Fig. 4D).
Being based on the intensity ratio rather than the absolute
intensities, the DIC polarization anisotropy is resistant to
intensity instabilities and provides reliable and accurate angle
measurements." Moreover, the DIC polarization anisotropy
depends only on the azimuthal angle ¢, and not on the polar
angle 0 of the AuNRs.® After determining the azimuthal angle ¢
of AuNRs@msSiO, by DIC polarization anisotropy, we can
determine their polar angles 6 by eqn (1).

Next, we compared the polarization angles of the spherical
AuNRs@mSiO, and the elliptical AuNRs@mSiO, with the thin
silica shell. The polarization angles of the elliptical
AuNRs@mSiO, particles were measured at their LSPR wave-
length (750 nm) on a rotational stage shifted at 10° increments
from 0° to 360°. Fig. S9f shows the DIC images of the elliptical
AuNR1@mSiO, measured at their LSPR wavelength at different
rotation angles. Again, the bright and dark intensities of the
elliptical AUNR1@mSiO, were periodic functions of rotational
angle (Fig. S10At), and the measured DIC polarization anisot-
ropy values well agreed with the calculated values (Fig. S10B¥).
After determining the azimuthal angle ¢ of the elliptical
AuNRs@mSiO, by DIC polarization anisotropy, we determined
their polar angles 6. As shown in Fig. 5A, the polar angles ¢ of
the AuNR cores inside the elliptical silica shell varied between

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Histograms showing the polar angle () distributions of (A)
elliptical AUNRs@mSiO, and (B) spherical AuNRs@mSiO,, determined
from the DIC measurements.

60° and 90°. In addition, the polar angles 6 of bare AuNRs
without the shell also varied between 60° and 90° (Fig. S117).
However, the AuNR cores inside the spherical silica shells were
distributed over a wider range (0-90°, see Fig. 5B) because more
degrees of freedom, especially in the vertical direction, were
available to the AuNRs in the spherical shells.

Finally, to clearly demonstrate the advantage of the spherical
AuNRs@mSiO, fabrication over the conventional gel-matrix
method, we imaged tilted AuNRs (of average size 25 nm x 73
nm) embedded in a 2% agarose gel matrix. DIC images of
AuNRs were obtained by scanning along the z-direction with
a vertical step size of 40 nm (Movie S1t). Fig. S12t1 shows
consecutive DIC images of the AuNRs with random 3D orien-
tations in the gel matrix, obtained on different focal planes. The
different focal planes of the AuNRs in the gel matrix are clarified
in Fig. S12.1 This result confirms that without vertical scanning,
DIC microscopy cannot observe the random spatial orientations
of the AuNRs in the standard gel-matrix embedding. In
contrast, the spherical AuNRs@mSiO, enables a high-
throughput determination of the 3D orientations of the AuNR
cores in the silica shell on a single focal plane of the objective;
moreover, it prevents LSPR coupling among the nanoparticles.

Conclusions

In summary, the spatial orientations of single AuNRs (10 nm X
30 nm) coated with mesoporous silica shell (AuUNRs@mSiO,)
were observed by DIC microscopy. The silica shell prevented
LSPR coupling among the AuNR cores. Unlike the bare AuNRs
and elliptical AuNRs@mSiO,, spherical AuNRs@mSiO, depos-
ited on a glass slide allowed random 3D orientations of the

RSC Adv, 2020, 10, 29868-29872 | 29871
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AuNR cores on the same focal plane. These orientations were
detected with high-throughput and high-contrast efficacy
within a single frame. Our approach newly characterizes the 3D
random orientations and polarization dependences of AuNRs
on the same focal plane by DIC microscopy. The main limita-
tion of the gel-matrix method, namely, the need for observing
many focal planes along the z-direction, is thereby removed.
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