This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Direct Observation of In-Focus Plasmonic Cargos via Breaking
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Breaking the angular degeneracy arising from the 2- Live Cell Imaging of Clathrin-mediated Endocytosis
fold optical symmetry of plasmonic anisotropic nanoprobes is S g o Y wisting motiony o Fosten
critical in biological studies. In this study, we propose differential < G T
interference contrast (DIC) microscopy-based focused orientation AN i
and position imaging (dFOPI) to break the angular degeneracy of
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catalyzed fission under DIC microscopy
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characterized with high throughput and produced distinct dough-  ~Wll=ugy - Wil ‘ - ... ..‘ “ ‘.ﬂ.
nut-shaped DIC image patterns featuring two lobes in the . e ——— ————
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AuNRs with large scattering cross sections. Interestingly, rotation

of the lobes was observed in the focal plane for a large AuNR (>100 300 nm
nm) tilted by more than ~20° from the horizontal plane as the

rotational stage was moved by 10° in a rotational study. From the rotation-dependent characteristic patterns, we directly visualized
counterclockwise/clockwise rotations without the angular degeneracy at the localized surface plasmon resonance wavelength.
Therefore, our dFOPI method can be applied for in vivo studies of important biological systems. To validate this claim, we tracked
the three-dimensional rotational behavior of transferrin-modified in-focus AuNRs during clathrin-mediated endocytosis in real time
without sacrificing the temporal and spatial resolution. In the invagination and scission stage, one or two directed twist motions of
the AuNR cargos detached the AuNR-containing vesicles from the cell membrane. Furthermore, the dFOPI method directly
visualized and revealed the right-handed twisting action along the dynamin helix in dynamin-catalyzed fission in live cells.
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several polarization-based far-field imaging methods, including
dark-field (DF) polarization microscopy,'” photothermal

Local orientation sensing with optical probes is crucial for aRaet ) ) i
heterodyne imaging,”” total internal reflection scattering

understanding nanoscale biological processes such as ribozyme

folding," myosin walking,”*> dynamin-assembly twisting,* and microscopy,'” differential interference contrast (DIC) polar-
ATPase rotation.””° Fluorescent molecules are commonly ization anisotropy,”’™*’ and light-sheet microscopy.”***
used as the optical sensors in nanoscale orientation sensing.” Nevertheless, the significant drawback of polarization-based
However, fluorescent molecules are degraded by stochastic in-focus measurements has been attributed to the angular
transitions between the off and on states' "' and are prone to degeneracy arising from the 2-fold optical symmetry of the
photobleaching.'z Recently, anisotropic gold nanorods AuNR within the four quadrants of the Cartesian coordinate
(AuNRs) have shown promise in overcoming the aforemen- system. In our previous study, we documented a polarization-

tioned challenges associated with fluorescent probes because
their anisotropic shape provides advantageous optical proper-
ties”>™"> such as high photostability, large absorption and
scattering cross sections, ° and excellent biocompatibility.'”
It is essential to overcome the angular degeneracy of a
AuNR probe in biological observations. This holds significant
importance, as the fundamental biological property lies in the
chirality of biomolecules and their assemblies, exemplified by
left- or right-handed helices. The focal plane has been utilized
to investigate the spatial orientations of individual AuNRs by

based in-focus method capable of extracting partial three-
dimensional (3D) angular information from individual tilted
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Figure 1. (A) Schematic of the spherical AuNRs@mSiO, particles with their AuNR cores randomly oriented in the mesoporous silica shell. Their
projected lengths depend on their spatial orientations, which are freely available in 3D space. (B) TEM image of the spherical AuNRs@mSiO,. (C)
Overlaid UV—vis extinction spectra of the bare AuNRs (blue curve) and spherical AuNRs@mSiO, (red curve). The anisotropic AuNRs yielded
two distinct LSPR peaks. (D) TEM image analysis based on a custom MATLAB script of the length (major axis) and diameter (minor axis) of the
AuNRs with and without a spherical mesoporous silica shell. The inset shows the coefficient of variation (CV) values to compare the variation of
the major length of both nanoparticles (AuNRs@mSiO, and bare AuNRs).

AuNRs at the focal plane. This method effectively eliminated
the angular degeneracy through integrating DIC polarization
anisotropy with DIC image pattern recognition.22 However,
there still exists a need to develop a more accurate and simpler
method to overcome the angular degeneracy in DIC
polarization anisotropy and directly visualize rotational
directions without the need for a cumbersome pattern
recognition method.

Recently, the 3D orientations of out-of-focus AuNRs have
been observed by DF microscopy without angular degeneracy;
in particular, by defocused orientation and position imaging
(DOPI) techniques,”'***™*° which exploit the electron-
transition dipole approximation and the angular anisotropy
of dipole radiation. Unfortunately, the low intensity of the
DOPI techniques reduces the ability to obtain accurate
orientations. To improve the accuracy of orientation angle
measurements, DOPI techniques alternate between defocused
and focused imaging.3 Hence, in the realm of biological
studies, DOPI techniques face challenges in efficiently tracking
fast dynamic motions and orientations with both high spatial
and temporal resolution.

To address the difficulties in existing rotational-tracking
methods, we propose a DIC microscopy-based focused
orientation and position imaging (dFOPI) method. Character-
ization was conducted on single in-focus AuNRs enveloped by a
spherical mesoporous silica shell, referred to as AuNRs@
mSiO,, at their longitudinal localized surface plasmon
resonance (LSPR) wavelength with high throughput under
DIC and DF microscopes. We demonstrate the usefulness of
the dFOPI method in biological systems by tracking the 3D
rotational dynamics of in-focus AuNRs without angular
degeneracy and with high temporal resolution in live cells.
More notably, we directly visualized the action and direction of
dynamin-assembly twisting during the invagination and
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scission stage of clathrin-mediated endocytosis (CME) in
live cells.

The current study employed spherical AuNRs@mSiO, for the
following reasons. First, the presence of a spherical outer shell
in AuNRs@mSiO, provides a means to circumvent the LSPR
coupling among neighboring AuNRs, offering an advantage for
single-particle spectroscopy. Second, when drop-casting is used
for sample preparation, AuNRs lacking the shell align parallel
to a glass slide, resulting in tilting angles nearly identical to
those of the glass slide (see Figure S1). On the contrary, when
spherical AuNRs@mSiO, are placed onto a slide, the AuNRs
within the silica shell exhibit random 3D orientations within
the identical focal plane (Figure 1A).%%*" Therefore, high-
throughput characterization of image patterns as well as optical
properties for individual AuNRs having random 3D
orientations within the identical focal plane can be
accomplished, overcoming the drawbacks of the conventional
gel matrix technique involving the scanning of embedded
AuNRs in a vertical direction (Figures S2 and $3).>%*'

In the present study, we employed large AuNR cores (39 nm
X 123 nm, aspect ratio (AR) = 3) covered by a mesoporous
spherical silica shell to obtain their 3D orientation-dependent
image patterns under DF and DIC microscopy and to better
understand the scattering contributions to the final DIC image
patterns. The synthesis of spherical AuNRs@mSiO, followed a
protocol from the literature with slight modifications.’”*?
Structural characterization was conducted by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). An SEM image of the synthesized AuNRs before the
coating of the mesoporous silica shell is shown in Figure S4,
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Figure 2. Single-particle correlation study between SEM and DF microscopy. (A) SEM image of three single spherical AuNRs@mSiO,. (B) DF
scattering image of the three AuNRs@mSiO, in (A). (C) Defocused scattering image of the AuNRs@mSiO,. (D) Single-particle scattering spectra
of the AuNRs@mSiO, within the yellow squares indicated in (B). (E) Polarization-dependent scattering intensities of the three AuNRs@mSiO, as

a function of polarization angle from 0 to 360° with 10° steps.

and they have an average diameter and length of 39(+4.2) and
123(+13.7) nm, respectively. Figure 1B illustrates a TEM
image of the synthesized AuNRs@mSiO, after the coating of
the spherical silica shell. The approximate thickness of the
mesoporous silica shell in a spherical shape was determined to
be around 214 (+18.6) nm. Figure 1B demonstrates variations
in the projected length of AuNRs within the silica shell, which
is influenced by their 3D spatial orientations. Additional SEM
and TEM images of many AuNRs are presented in Figures S5
and S6. Figure 1C demonstrates the ensemble spectra of the
AuNRs in water. The AuNRs without a silica shell exhibit a
longitudinal LSPR peak at 761 nm, whereas the AuNRs@
mSiO, exhibit a longitudinal LSPR peak at 785 nm, indicating
a red shift of the peak induced by the presence of the silica
shell.

For the statistical analysis of TEM images, numerous AuNRs
were measured for each sample, including bare AuNRs and
AuNRs@mSiO,. A specialized MATLAB script, incorporating
a subroutine within the image processing toolbox of the
software, was employed for the analysis of TEM images.”* As
shown in the projected TEM images in Figure 1B,D, the length
(major axis) and diameter (minor axis) of the spherical
AuNRs@mSiO, varied much more than those of the AuNRs
without a shell. Furthermore, as displayed in the inset of Figure
1D, the coefficient of variation (CV) for AuNRs@mSiO,
surpasses that of bare AuNRs, indicating a higher statistical
variation in the major axis of AuNRs@mSiO,. Therefore,
electron microscopy techniques confirmed the successful
synthesis of AuNRs@mSiO, with a spherical silica shell.
Additionally, the AuNR cores within the shells were observed
to have random 3D orientations, as illustrated in Figure 1A.

In this single-particle study, we established a correlation among
the SEM, DF, and DIC microscopy images of the identical
AuNRs (Figures 2 and S7—S8). In this correlation study,
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identical AuNRs were identified using a TEM grid (Figure S8).
The size and shape of the fixed AuNRs on the slide were
investigated by using SEM. Through SEM imaging, we
guaranteed the measurement of only single AuNRs (Figure
2A). In this study, we first investigated individual AuNRs (39
nm X 123 nm) within a mesoporous silica shell by DF
microscopy. The configuration utilized for single-particle
microscopy and spectroscopy is presented in Figure S9. An
objective lens collected the scattered light by the AuNR cores
within the silica shell, directing it to either an EMCCD camera
or a spectrograph in DF microscopy (Figure S10).

To ascertain the 3D spatial orientation of individual AuNRs
within the silica shell, we utilized the defocused orientation
imaging method, relying on the electron-transition dipole
approximation.'* Deliberately shifting the focus away from the
nanoprobe’s focal plane allows for insights into the orientation
of the nanoprobe’s emission dipole, achieved through the
examination of the scattered field distribution in the blurred
image.'**® The azimuthal angle (¢) and polar angle () of the
AuNRs are defined in Figure S11. Figure 2B displays a
correlated DF scattering image of individual AuNRs@mSiO,
on the focal plane, while Figure 2C depicts a defocused image
of the scattered light from identical AuNRs@mSiO,, captured
with a defocusing distance of approximately 1 ym. Figure 2D
shows the scattering spectra for three AuNRs@mSiO,
embedded in water, indicated within the yellow squares in
Figure 2B. The average LSPR peak for the three AuNRs@
mSiO, appeared at approximately 714 nm, aligning with the
trends seen in the ensemble spectra in Figure 1C. Initially,
polarization-dependent imaging was performed under scatter-
ing-based DF microscopy for the AuNRs@mSiO, with linearly
polarized light of 700 nm and systematically rotating the
polarizer in 10° intervals from 0 to 360°. The scattering
intensity of the three AuNRs@mSiO,, as depicted in Figure
2E, exhibited periodic variations with respect to the polar-
ization angle, aligning well with a sin*(¢) function. The 3D

https://doi.org/10.1021/jacsau.3c00594
JACS Au 2023, 3, 3436—3445


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00594/suppl_file/au3c00594_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00594?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00594?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00594?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00594?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

D Measured

AuNR3@mSi020 AuNRZ@mSi02m AuNR1@mSi02>

1um

G Simulated

Figure 3. Determination of 3D spatial orientations of the three AuNRs inside the spherical shell through defocused orientation imaging. (A—C)
TEM images of spherical (A) AuNR1@mSiO,, (B) AuNR3@mSiO,, and (C) AuNR3@mSiO,. (D—F) Measured defocused image patterns of the
three AuNRs@mSiO,. The white dashed line indicates the single dipole orientation. (G—1I) Corresponding best-fit simulated scattering patterns for
the three AuNRs@mSiO,. (J—L) 3D spatial orientations of the three AuNRs@mSiO, determined through pattern match analysis. The red line
shows the determined 3D orientation and the blue-dotted line is the corresponding in-plane projection.
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Figure 4. Characterization of spherical AuNRs@mSiO, under DIC microscopy. (A) Definition of the 2D azimuthal angle ¢ and the 3D polar angle
6. (B) DIC images of AuNR1@mSiO, at azimuthal angles ¢ of 0, 30, 60, 90, 120, and 150° at the LSPR wavelength of 700 nm. A complete set of
DIC images at the wavelength is provided in the Supporting Information. (C) DIC intensities (top) and the computed DIC polarization anisotropy
P (bottom) of the AuNR at the LSPR wavelength as functions of the rotation angle. I and I, indicate the bright and dark background intensities,

respectively.

spatial orientation of the AuNRs within the shell at the LSPR
wavelength had a pronounced effect on the intensities of DF
scattering. The distinct in-plane orientations within the
spherical shell are supported by the observed phase difference
among the three AuNRs@mSiO,.

Detailed analysis was carried out on the defocused images
(Figure 2C) for determining the polar angle (0) and azimuthal
angle (@) of the three AuNRs@mSiO,. AuNRs, significantly
smaller than the incident light wavelength, can be treated as
electric point dipoles.'* In accordance with the electrostatic

approximation, we can quantify the collective scattering
electric field emanating from an AuNR by linearly super-
imposing three distinct scattering electric fields (Figure
S11)."**° Consequently, we can resolve the spatial orientation
of a single AuNR through analyzing the field distribution from
each dipole.

As illustrated in Figure 2B, the scattered light by a AuNR
was concentrated into a solid bright spot at the focal plane,
offering limited insight into the 3D spatial orientation of the
AuNR emission dipole. Nevertheless, when the AuNR was

3439 https://doi.org/10.1021/jacsau.3c00594
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situated approximately 1 um away from the focal plane, the
distribution of the scattering intensity in the blurred image
yielded information regarding the orientation of the AuNR
emission dipole (Figures 2C and 3). The in-plane orientation
angle @ can be easily derived from the two-lobe scattering
pattern that demonstrates an angular anisotropy (Figure 3D—
F). In this study, the program developed by Enderlein and
Bohmer was utilized for estimating the polar angle 6. The
program calculates the distinctive intensity distribution
originating from an emitter having three emission dipoles
oriented perpendicularly, each possessing different emission
strengths.36’37 We can estimate the spatial orientation of
AuNRs by referring to their corresponding field map. The
most accurate calculated scattering patterns were achieved
through fine-tuning the parameters that define the orientation
angles and emission strength from three orthogonal dipoles in
the AuNRs (Figure 3G—I). Toprak et al. conducted measure-
ments on the 3D orientation and stepping behavior of
individual bifunctional rhodamine probes linked to one of
the calmodulins in the light-chain domain (LCD) of myosin V
while it traverses along actin. The reported angular accuracy of
DOPI of the fluorescent molecules was approximately +5°.” In
this investigation, the azimuthal and polar angles of AuNR1@
mSiO, were ascertained as 68 and 155° respectively, by
comparing the measured scattering pattern with the simulated
scattering pattern that provided the best fit (Figure 3])."***
Furthermore, the azimuthal and polar angles of AuNR2@
mSiO, and AuNR3@mSiO, were approximated to be 85 and
85° (Figure 3K), and S5 and 77° (Figure 3L), respectively.
Thus, through the application of defocused imaging, we were
able to efficiently characterize the 3D spatial orientations of
individual AuNR cores (39 nm X 123 nm) enveloped in a shell
within a single frame on the identical focal plane. These
findings were in agreement with the 2D orientations identified
through SEM imaging (Figure 3A—C).

Next, we examined the three fixed AuNRs@mSiO, (Figure
2) under DIC microscopy, specifically at 700 nm near their
LSPR wavelength (Figure S12). High-throughput DIC
orientation imaging of individual AuNRs within the spherical
shell in the same focal plane was achieved (Figure S13),"*!
and DIC signals from the AuNRs within the silica shell were
used for investigating their characteristic optical properties.”””’
To explore the dependence on wavelength and polarization, a
rotational analysis of AuNR1@mSiO, was conducted by
incrementally rotating a stage in 10° steps from 0 to 360° at
the LSPR wavelength. Figure 4A illustrates the definition of the
polar angle 8 and azimuthal angle ¢ of the AuNR in DIC
microscopy. The DIC images of AuNR1@mSiO, at 700 nm
exhibited periodic variations corresponding to the rotation
angle (Figures 4B and S14). Moreover, the brightness and
darkness of AuNR1@mSiO, exhibited periodic variations that
were observed to be anticorrelated at the LSPR wavelength.
This indicates that an increase in bright intensity corresponds
to a decrease in dark intensity and vice versa (Figure 4C). The
bright and dark intensities were well represented by sin*(¢)
and cos*(¢) functions at each LSPR wavelength, respectively.
Thus, the bright and dark intensities of the AuNR can be
formulated as'*>'®

I o sin*()sin*(9)

Iy & cos*(g)sin*(6) (1)
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respectively. We can directly compute the spatial AuNR
orientation using the bright and dark intensities, as given in eq
1. However, in practical scenarios, precision might be
influenced by vertical focus drifting, intensity fluctuations in
the light source, and other factors. To mitigate these effects, we
instead calculate the DIC polarization anisotropy P as””*'

Ln—Dbn

)

where Iy and Ipy are the normalized bright and dark
intensities at the LSPR wavelength, respectively. The DIC
polarization anisotropy of AuNR1@mSiO, ranged from —1
(when the AuNR aligned with the dark axis, ¢ = 0° or 180°) to
1 (when the AuNR aligned to the bright axis, ¢ = 90° or 270°)
(Figures 4C and S15). Expressed as intensity ratios, the DIC
polarization anisotropy experiences fewer impacts from
fluctuations in intensity when compared to the absolute-
intensity form, making it a more accurate and reliable method
for angle measurements.”’ Furthermore, the DIC polarization
anisotropy is determined exclusively by the azimuthal angle ¢
and does not necessitate consideration of the polar angle 8 of
the AuNR.”’

Ln+ by

Comprehending the direction of rotation is crucial for
deciphering the fundamental mechanisms of biological
processes that encompass chiral biomolecules and their
assemblies, such as left- or right-handed helices. Thus, far,
the 3D orientations of out-of-focus AuNRs have been resolved
by defocused orientation imaging methods, which remove the
angular degeneracy but greatly reduce the intensity. In myosin
analysis, Toprak et al. reported that owing to the low intensity
in the defocused imaging mode, the temporal resolution of
DOPI is only 1-2 fps.” Thus, defocused imaging methods are
better suited for characterizing static events than dynamic
events.

Besides the DOPI techniques, angular degeneracy (Figure
S16) has been recognized as a significant limitation of
polarization-based in-focus measurements. As the azimuthal
angles +¢@ and —¢ in the four quadrants cannot be resolved,
ambiguous rotational motions such as counterclockwise/
clockwise rotations cannot be distinguished. However, in the
previous study, we presented that through the combination of
DIC image pattern recognition with DIC polarization
anisotropy, it becomes possible to overcome the limitation of
angular degeneracy in single in-focus AuNRs (25 nm X 73 nm,
AR = 3) tilted relative to the horizontal plane.”” It is worth
noting that four different image patterns were used for
identifying the precise quadrant where the AuNR was located.
However, continued efforts need to be made to develop more
efficient and accurate polarization-based methods to go beyond
the previous pattern recognition method allowing for the
identification of the exact quadrant only, and to directly
visualize detailed rotational directions of single in-focus AuNRs
with high angular resolution.

In this paper, we proposed the dFOPI technique to break
the angular degeneracy in DIC polarization anisotropy by
directly visualizing rotational directions and to overcome the
limitations of current DOPI techniques. As shown in Figure
S17, we found that some AuNR cores showed distinct
doughnut DIC patterns having two lobes in the peripheral
area in the same focal plane, as indicated by a black arrow. The
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Figure S. Breaking the angular degeneracy in DIC microscopy. (A) Doughnut-shaped image pattern of AuNR1@mSiO, measured at 700 nm. The
azimuthal angle is 180°. (B) DIC image patterns of an Anura as the azimuthal angle ¢ varies from 140 to 220° in 10° increments. The white dotted
lines indicate the orientation of the AuNR. The azimuthal angle is easily distinguished as + ¢ or —¢ with respect to the dark axis. (C) Doughnut-
shaped image pattern of AuNR2@mSiO, at 700 nm. (D) DIC image patterns of the AuNR as ¢ varies from 140 to 220° in 10° steps.

resultant image in DIC microscopy is formed through the
interference of two mutually shifted, phase-delayed, and
orientation-sensitive scattering images (Figure S12). Con-
sequently, the distribution of the electromagnetic field can be
encoded artificially into the DIC point spread function (PSF),
creating distinguishable DIC image patterns of in-focus AuNRs
with different orientations.”” The scattering cross sections of
plasmonic nanoparticles are typically 4—5 orders of magnitude
greater than those of fluorescent dye molecules,"""* therefore,
the relatively strong scattered light from the AuNR (>100 nm;
Figure 1B) in 3D space can be projected onto the DIC PSF. In
this way, the scattered light significantly contributes to the final
DIC image patterns (Figure S12), as also supported by our
previous work.”” For further confirmation, we imaged single
AuNRs (25 nm X 73 nm, Figure S18) with the same AR of 3
by DIC microscopy while rotating the stage in steps of 10° at
the LSPR wavelength (700 nm) of the AuNRs. When the
AuNRs were drop-cast, they lay flat on the glass slide, and the
two lobes in their peripheral area were barely visible (Figure
S19). However, the two lobes of larger AuNRs with the same
AR (39 nm X 123 nm) were highly visible at 700 nm (Figures
5 and S14). Furthermore, the two lobes contrasted most
strongly when an AuNR was aligned along the dark
polarization direction (¢ = 0 or 180°), and the contrast
reduced as the AuNR rotated away from the axis (Figures S
and S14). It should be noted that a completely dark DIC
pattern was observed in principle for a single AuNR when it
was aligned with the dark polarization direction (Figure 44, ¢
= 0 or 180°) under DIC microscopy. Therefore, the rotation-
dependent contrast in Figure S can be attributed to the
polarization-sensitive scattering intensity arising when the
AuNRs were excited by the two linearly polarized beams of the
DIC microscope and the appearance of the lobes in large
AuNRs (>100 nm) is attributed to the scattering contribution
to their DIC image patterns.

More notably, the lobes of AuNR1@mSiO, with a polar
angle of 68° (or a tilting angle of 22° from the horizontal
plane) rotated as the rotational stage was moved by 10° in the
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focal plane (Figure SB). The complete set of DIC images of
AuNR1@mSiO, at 700 nm were collected and are shown in
Figure S20. The rotation of the two lobes depended on the
angle of rotation. Thus, the spatial 2D orientation of a AuNR
was directly estimable from the DIC image patterns, and the
azimuthal angles —¢ and +¢ can be distinguished with respect
to the polarization direction in the focal plane. Moreover, the
doughnut-shaped DIC patterns with two lobes were also
observed for AuNR2@mSiO, and AuNR3@mSiO, with polar
angles of 85 and 77°, respectively, but were not rotated with
the rotational angle (Figures SD and S21—S22). This suggests
that in the final DIC PSF of the AuNR (Figure S), the lobe
rotations were associated with tilting of the AuNR from the
horizontal plane. From the repeated measurements with more
AuNRs@mSiO,, we deduced that the cutoff 6 to show the lobe
rotations was about 70°. This result is consistent with the
cutoff 8 of 70° to show a sufficient difference between the DIC
images of a tilted AuNR and a flat-lying AuNR (25 nm X 73
nm) in our previous study.”” Furthermore, the rotations of the
lobes with distinct image patterns can be ascribed to the
scattered light from the inclined AuNR, which was projected
onto slightly varied positions in the interfered DIC images, as
also supported by our previous work.”” In addition to the static
study, the rotations of the two lobes were further captured in a
video recording of the bare AuNRI1 (39 nm X 123 nm, without
the shell) rotating on a synthetic membrane with the lobe
rotations (Figure S23 and Movie S1), indicating that the
dynamics can be observed on frame-rate time scales.

Gaining insight into the translational and rotational move-
ments of single AuNRs on cell membranes has the potential for
enhancing our comprehension of essential cellular processes
such as drug delivery mechanisms and endocytosis. Thus, as a
next step, we chose transferrin-modified AuNRs (39 nm X 123
nm, without the shell) undergoing rotation on cell membranes
as a representative model system. This aimed to confirm the
usefulness and applicability of this technique in tracking and
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Figure 6. DIC imaging of a transferrin-coated AuNR without the shell during clathrin-mediated endocytosis (CME). (A) Schematic of the
complete CME process, which internalizes the AuNR in the AS49 cell. (B) DIC image of AuNR3 landed on the cell membrane. (C) Changing DIC
intensities of AuNR3 in the two polarization directions during the CME process. (D) Tracking the direction of AuNR3 during the second twisting
action through the changing DIC pattern. The characteristic doughnut-shaped patterns of AuNR3 with two lobes rotate to the right over time.

resolving rapid rotational dynamics in real biological systems
such as receptor-mediated endocytosis (or CME). In this
study, transferrin-coated AuNRs, lacking the silica shell, were
employed to induce their selective attachment to transferrin
receptors on the cell membrane, facilitating CME. In addition,
transferrin-coated AuNRs without the shell will give the same
result as AuNRs having the silica shell (AuNRs@mSiO,) under
DIC microscopy. Being based on interferometry principles,
DIC microscopy is ideally suited to decipher the rotational
dynamics of AuNRs in live cell imaging.zo’22 DIC microscopy
resolves the difference in the optical path between two
polarized beams (B1 and B2) that are separated by a Nomarski
prism and oriented perpendicular to each other (Figure S12).
This interference-based method is immune to the influence of
light scattered by neighboring cellular components and retains
a high-throughput capacity. Therefore, it is advantageous for
single-particle rotational tracking and can study fast rotations
in live cells.

In this study, we captured a video (Movie S2) with a
temporal resolution of 100 ms (10 fps) at 700 nm, illustrating
the rotational motions of bare AuNR2 on a live cell membrane
(Figure S24A). 10-consecutive frames were selected from
Movie S2 that displays clear DIC image patterns and
transitions of two lobes (Figure $24B). Notably, the azimuthal
angle ¢ and the rotational directions of in-focus AuNR2 were
directly visualized and tracked from the focused DIC patterns
with two lobes (Movie S2). DIC polarization anisotropy was
calculated based on 10 images to ascertain the azimuthal angle
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@, while DIC image patterns were utilized to observe rotational
directions within the four quadrants (Figure S24C), followed
by the determination of polar angle 6 by eq 1 (Figure S24D).
More detailed procedures for determining 3D orientation
angles are provided in the Supporting Information (2—9 and
2—10). Therefore, we demonstrated that the dFOPI method
can be effectively used for tracking the 3D orientations and
rotational directions of single AuNR probes in the focal plane
without angular degeneracy and scalifying the reduced signal
intensity and temporal resolution in dynamic biological
environments.

Beyond the demonstration in biological systems, we further
used the dFOPI technique to answer real biological questions
in in vivo biological systems. We tracked and revealed the
endocytosis process in live cells by employing transferrin-
modified AuNRs as a model system. Endocytosis is a
fundamental cellular process that transports substances into
the cell. Among the various endocytic pathways, CME is a vital
process through which cells internalize various biological
components by enveloping them within the cell membrane.*
Dynamins participate in the ultimate scission stage of CME,
leading to the release of newly formed vesicles.”**~* Different
models, such as t\mstlng4 3 and constriction,”*™*° have been
proposed to elucidate how dynamin assembly severs the neck
of the clathrin-coated pit (CCP). According to the constriction
and twisting models,* dynamin molecules self-assemble into a
helical collar structure at the neck of the nascent vesicle, and
the helical dynamin assembly generates a twisting motion
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during guanosine-3'-triphosphate (GTP) hydrolysis." The
twisting motion produces a longitudinal tension that breaks
the vesicle from the cell membrane.

In this study, we recorded a movie (Movie S3, 10 fps) that
characterizes the rotational motions and internalization of a
tilted AuNR during the CME process of AS49 cells. By
removing the angular degeneracy, our proposed dFOPI
technique allowed for visualization of the twisting motions
and directions (right-handed or left-handed) of the dynamin
assembly during the CME process, which has been a challenge
previously in revealing the CME mechanism (eg, twisting
direction) in live cells. Figure 6A schematizes the complete
CME process that internalized transferrin-coated AuNR3
(without the shell) in AS49 cells. Initially, transferrin-coated
AuNR appeared on the cell membrane, indicating cellular
uptake of the AuNR (Figure 6B). The fast rotation of AuNR3
on the membrane manifested in flickering images and
fluctuating DIC intensities (Figure 6C). The flickering images
were convenient representations of the rotating AuNR3 on the
cell membrane. Over time, the rotational freedom of the AuNR
on the A549 cell membrane diminished gradually. The slowed
rotational motions yielded increasingly fewer fluctuations in
the DIC intensities (Figure 6A,C). The gradual loss of
rotational freedom indicated that the AuNR was enclosed in
CCPs. At 1.7 s, the rotational motions of the AuNR ceased for
several tens of seconds.””"” When the rotation completely
ceased (at 4.80—15.2 s), the AuNR intensity remained bright
and nearly constant. Thereafter, the AuNR intensity in the
DIC image changed from completely bright to dark, indicating
that the AuNR3 rotated by ~90° (the first twisting motion in
Figure 6C). The dark intensity remained nearly constant from
19.2 to 33.1 s, then reverted to completely bright, indicating
the second twisting motion through 90° (Figure 6C). The
second bright image remained at 74.1 s. At this time, the DIC
image of the AuNR transitioned from bright to dark, followed
by intermittent flickering images, indicating that the active
rotational motion was regained after the fission (Figure 6C).
Finally, the internalized vesicle was translated from the original
entry spot. During the CME process, the 2D in-plane
orientation of the AuNR3, shown in Figure 6C, was
determined from the DIC polarization anisotropy P (Figure
$2S, Supporting Information 2—11). Afterward, the 3D out-of-
plane orientation of the AuNR3 can be determined by eq 1, as
clearly demonstrated in Figure S24D.

The important observations in Figure 6 require further
discussion. First, the AuNR3 was twisted once or twice before
scission of the CCPs (Figure 6C), consistent with the previous
studies."”*” We, therefore, confirmed that dynamin provides
the dominant driving force that removes buds from the cell
membrane by twisting motions.*’ Second, dynamin is a right-
handed helix, and reportedly demonstrates right-handed
twisting activity (or corkscrew-like motions) along the
dynamin helix, which tightens and constricts it for catalyzing
the fission process."”*” To reveal the right-handed twisting
activity, which has been experimentally detected using
defocused DF imaging with much reduced intensity, X-ray
crystallography, and cryo-electron microscopy,*”***” we care-
fully tracked the twisting direction of AuNR3 during the
second twisting action, observing a shift in the DIC pattern
from entirely dark to entirely bright (Movie S3). Figure 6D
shows the characteristic doughnut-shaped patterns of AuNR3
with two lobes. More interestingly, both lobes rotated to the
right over time (indicated by the black dotted line of Figure
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6D). The complete set of DIC images during the second
twisting motion is presented in Figure S26. Therefore, by
combining our dFOPI technique with in-focus AuNR probes,
we could directly visualize and elucidate the right-handed
twisting motions of dynamin-catalyzed membrane fission
during the in vivo CME process.

In summary, we presented a dFOPI method to break the
angular degeneracy of single AuNRs by directly visualizing
rotational directions and to overcome the limitations of current
DOPI techniques. Single in-focus AuNRs (39 nm X 123 nm)
inside a mesoporous spherical silica shell generated distinctive
doughnut-shaped DIC image patterns, featuring two lobes in
the peripheral area owing to the scattering contribution of the
AuNRs. More interestingly, a rotation of the lobes was
observed on the focal plane for the AuNRs tilted by more than
~20° from the horizontal plane as the rotational stage was
moved by 10° in a 360° rotational study. Therefore, our
proposed dFOPI technique allowed us to directly observe
counterclockwise or clockwise rotations without angular
degeneracy and to resolve the 3D orientations for single in-
focus AuNRs without sacrificing temporal and spatial
resolution. The dFOPI technique effectively tracked the 3D
orientations of the AuNRs as they rotated on AS49 cell
membranes, validating the usefulness and applicability of the
technique in in vivo biological systems. More importantly, we
tracked the characteristic rotational motions of an in-focus
AuNR during the CME process in a live cell. We observed the
dynamin-induced twisting activity that tenses the neck of the
endocytic vesicle prior to scission. Our dFOPI technique
revealed a right-handed twisting motion of the in-focus tilted
AuNR during the dynamin-catalyzed fission of live cells.

Both transmission electron microscopy (TEM, JEL-2100F, JEOL,
Japan) and scanning electron microscopy (SEM, JSM-6500, JEOL,
Japan) were utilized for structural analyses of AuNRs@mSiO,.
Moreover, a UV—vis spectrometer from Agilent Technologies was
utilized for recording heterogeneous LSPR ensemble spectra for bare
AuNRs and AuNRs@mSiO, in water.

The procedure for preparing samples for single-particle investigations
is outlined as follows. Initially, the colloidal solution of AuNRs@
mSiO, was thinned with distilled water. Afterward, the thinned
solution underwent sonication at room temperature for 10 min.
Subsequently, we prepared samples through applying the thinned
solution onto precleaned glass slides using drop-casting. The prepared
slide was then covered with a 22 mm X 22 mm No. 1.5 coverslip from
Corning, NY. In entire experimental procedures, the density of
AuNRs@mSiO, casted onto the slide was consistently kept at around
1.0 yum™2 to enable the characterization of individual AuNRs.

DF imaging was carried out using an in-house setup consisting of a
Nikon inverted microscope (ECLIPSE Ti—U, Japan), an EMCCD
camera (iXon Ultra 897, U.K.), and specialized image analysis
software. In DF mode, a Nikon DF condenser and a Nikon Plan Fluor
100 X 0.5—1.3 oil iris objective lens were employed. DF scattering
images of AuNRs within a silica shell were captured by an Andor
iXonEM+ CCD camera. The acquired images underwent analysis
with Image] software. Additionally, DF spectra were obtained by
using an Andor CCD camera (Newton DU920P-OE, UK.) and an
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Andor spectrometer (SHAMROCK 303i, SR-3031-A, U.K.). In the
analysis process, the scanning stage was manipulated to position the
sample at the designated location, ensuring that the objective lens
collected the scattered light only from the chosen area. The scattered
light was subsequently guided to the spectrometer, where it
underwent dispersion by a grating (300 lines/mm) and was captured
by a Newton CCD camera (Andor, U.K.). The background spectrum
was obtained from a particle-free region.

A Nikon inverted microscope (ECLIPSE Ti—U, JAPAN) equipped
with two polarizers, a pair of Nomarski prisms, and a quarter-wave
plate was used for DIC microscopy. The prepared samples were
irradiated with an oil-immersion condenser featuring a numerical
aperture (NA) of 1.4. An objective lens (Plan Apo oil-immersion type,
100X, NA = 1.4) was used for gathering the DIC signals emanating
from the sample. High-quality DIC images were captured using an
Andor EMCCD camera (iXon Ultra 897, UK.) and subsequently
analyzed with Image] and MATLAB.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00594.

Materials and chemicals; preparation of AuNRs
encapsulated with silica shell; cell culture; rotational
study under DIC microscopy; determining the azimuthal
angle of AuNR in DIC microscopy; DIC polarization
anisotropy; defocused orientation imaging, simulation of
scattering patterns of AulNRs; preparation of synthetic
membrane on glass slide; scattering contribution to DIC
image of single AuNR, efc; single particle correlation
study between DF microscopy and DIC microscopy;
photograph to show the experimental setup for single
particle microscopy and spectroscopy, and working
principle of DIC microscopy (PDF)

Movie to show the characteristic doughnut-shaped DIC
image patterns of in-focus AuNR while rotating on the
synthetic membrane, this movie was recorded at the
temporal resolution of 100 ms (10 frames per second,
fps) (Movie S1) (AVI)

Movie to show the characteristic doughnut-shaped DIC
image patterns of in-focus AuNR while rotating on the
live cell membrane, this movie was recorded at the
temporal resolution of 100 ms (10 fps) (Movie S2)
(AVI)

Movie to show the characteristic DIC image patterns of
in-focus AuNR3 during the clathrin-mediated endocy-
tosis process in live cell, this movie was recorded at the
temporal resolution of 100 ms (10 fps) (Movie S3)
(AVI)
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