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Abstract

An integrated multifunctional light-sheet nanoscopy (iMLSN) combined with differential interference contrast, total internal
reflection, epifluorescence, a super-resolution radial fluctuation-stream module, and a wavelength-dependent light sheet was
developed to simultaneously realize the six-dimensional (6D) vector-valued (three coordinates + rotational dynamics (azimuth
and elevation angles) + transport speed) tracking of anisotropic nanoparticles in single living cells. The wavelength-dependent
asymmetric scattering of light by gold nanorods was used to trigger signals depending on the polarizer angle, and real-time
photo-switching was achieved by turning the polarizer, obtaining a series of super-resolution images, and tracking using
different polarization directions and two channels. This technique was employed to directly observe native gold nanorods
(AuNRs; 5 nm diameter X 15 nm length) and surface-functionalized AuNRs during their endocytosis and transport at the
upper and attaching side membrane regions of single living cells, revealing that the AuNRs bound to the membrane recep-
tors. The nanorods were subsequently internalized and transported away from the original entry spots. Detailed dynamic
information regarding the rotation properties and endocytosis speed during the transmembrane process was also acquired
for each region. The developed technique can be considered useful for the real-time monitoring of intracellular transport at
various regions in single living cells, as well as for 6D vector-valued non-fluorescence super-resolution imaging and tracking.

Keywords Six-dimensional tracking - Anisotropic nanoparticle - Multifunctional light-sheet nanoscopy - Single living cell -
Bioimaging - Fucoidan

Introduction uptake and transport of pharmaceuticals [1], virus-cell

interactions [2], and working mechanisms of motor proteins

Single-particle tracking (SPT) has been applied to numerous
biological applications due to its ability to elucidate the
dynamics of complex intracellular processes, such as the
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[3]. Various biological processes in living cells are usually
accompanied by translational and rotational movements [4].
In particular, the SPT technique was combined with surface-
functionalized gold nanorods (AuNRs) exhibiting excellent
photostability [5], high biocompatibility [6], and desirable
anisotropic scattering properties [4] to realize dynamic
tracking in engineered environments and living cells. Such
a technique can be applied in dark-field (DF) microscopy
[7], total internal reflection (TIR) scattering microscopy
[8], differential interference contrast (DIC) microscopy
[9], and light-sheet (LS) microscopy [10]. For example,
DF microscopy has been used to track the transmembrane
process of peptide-modified gold nanoparticles in three
dimensions [11] and capture the rotation and orientation
dynamics of individual AuNRs at the cell sidewall [7].
The main challenge associated with DF microscopy is the
distinguishment between the individual optical probes and
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the cellular organelles in a crowded cellular environment
[12]. Another common technique for live cell imaging is
TIR microscopy [2], which reduces the background noise
and enhances the image contrast. However, TIR microscopy
can only detect events taking place within the evanescent
field (i.e.,~200 nm) [2]. Alternatively, parallax-DIC
microscopy has been developed to track single AuNRs over
five dimensions (three-dimensional (3D) coordinates plus
azimuth and elevation angles) for elucidating the dynamics
of intracellular cargo transport [9]. However, when the size
of the imaging probe is reduced, detection by DIC imaging
becomes more challenging [13].

AuNR tracking probes measuring at least several tens
of nanometers (i.e., diameters > 25 nm) are often used in
SPT studies and have been reported to exhibit significant
effects on cellular uptake, cell dynamics, and intracellular
transport [14, 15]. Furthermore, since the intracellular
mobility of labeled target molecules depends on the size
of the label [16], small imaging probes are required for the
labeling or tracking of biomolecules in complex cellular
environments. As a result, the dynamic tracking of small
imaging probes in living cells continues to attract growing
attention in the field of SPT. Regarding the detection of tiny
plasmonic nanoparticles, photothermal imaging utilizing the
absorption cross-sections of plasmonic nanoparticles could
track 5-nm antibody-modified gold nanoparticles in living
cells [17]. However, the applicability of this method on cell
imaging is limited by the potential disruption of biological
specimens caused by the high-power laser beam required
for photothermal imaging and the heat generated upon
nanoparticle irradiation [4].

To overcome these limitations, we modified the light-
sheet-based microscopy to develop multifunctional LS
nanoscopy. The LS was focused using an illumination objec-
tive lens which excited the scattering of plasmonic nano-
particles to a maximum, thus improving the ability to detect
tiny plasmonic nanoparticles. Furthermore, the LS could be
adjusted to illuminate the distinct regions of cells with thin
optical sectioning [18], which increased the imaging depth
of microscopy and produced good signal-to-noise ratios as
well as less photobleaching and phototoxicity.

Herein, we report the development of an iMLSN
system and method for spatiotemporal 6D vector-valued
SPT of tiny native (5 nm in diameter) and functionalized
AuNRs (i.e., fucoidan-conjugated AuNRs (Fu-AuNRs))
during transmembrane and intracellular transport, at
various regions of single living cells. The developed
technique significantly increased the potential for real-
time detection and tracking of the superlocalization and
motional behavior of tiny single nanoparticles at various
regions of living cells. In addition, IMLSN could achieve
long-time live-cell imaging with an excellent signal-to-
noise ratio, owing to the thin LS illumination. The entire
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transmembrane and intracellular transport processes
of single imaging probes have been revealed with high
accuracy using the iIMLSN technique.

Materials and methods
Materials

Native AuNRs and cetyltrimethylammonium
bromide—capped AuNRs (CTAB-AuNRs) were purchased
from Nanopartz (Salt Lake City, UT, USA). AuNRs
of different sizes were used in this work, i.e., 5-nm
AuNRs (5 nm diameter X 15 nm length), 25-nm AuNRs
(25 nm diameter X 90 nm length), and 40-nm AuNRs
(40 nm diameter X 80 nm length). Fucoidan from Fucus
vesiculosus, dynasore hydrate, polyvinyl alcohol (PVA),
glycerol, agarose, poly-L-lysine solution (PLL, 0.01% w/v
in H,0), and trypan blue solution (0.4%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Roswell Park
Memorial Institute Medium (RPMI-1640) was purchased
from GenDEPOT (Barker, TX, USA). Dulbecco’s
phosphate buffered saline (DPBS) was purchased from
HyClone Laboratories (Logan, UT, USA). MitoTracker
Green (E,/E,,=490/516 nm) and Hoechst 33342
(E/E,,=350/461 nm) for cell staining were purchased from
Invitrogen (Carlsbad, CA).

6D iMLSN system

The 6D iMLSN system (Fig. 1 and Fig. S1) was developed
at our laboratory based on our previously reported prism-
based 3D integrated light-sheet super-resolution microscopy
system (Fig. 1a) [19, 20]. The 6D iMLSN system was
combined with LS, TIR, epifluorescence (EF), DIC,
and super-resolution radial fluctuations (SRRF-stream)
modules, and the dimensions of the generated light-sheets
were measured and analyzed [21] (see the “Supplementary
information” for details).

Preparation and characterization of Fu-AuNRs

The conjugation of fucoidan on the AuNR surface
(Fu-AuNRs) was conducted following a previously
reported method [22] based on the electrostatic interaction
between the cationic -N*(CH;); group of CTAB and the
anionic sulfate group of fucoidan (see the “Supplementary
information” for details).

For the imaging of the AuNRs embedded onto solidified
PVA, a PVA solution (20 mL) was prepared following a pre-
viously described protocol [23]. The AuNRs were fixed onto
solidified PVA to investigate the scattering intensity bias
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Fig. 1 Proposed 6D integrated multifunctional light-sheet nanos-
copy and spatiotemporal single-particle tracking approach. a Sche-
matic of the iIMLSN system used for AuNR tracking in live cells. b
Use of astigmatism imaging to superlocalize the AuNR trajectory in
three dimensions (x, y, z). ¢ Combinatorial approach using p-pol (red)

from the chromatic aberrations of the illumination objec-
tive lens (see the “Supplementary information” for details).

In addition, the AuNRs and Fu-AuNRs were character-
ized by transmission electron microscopy (TEM, 2100F,
JEOL Ltd, Tokyo, Japan) [24], UV-vis spectroscopy
(MultiSpec-1501, Shimadzu, Tokyo, Japan), dynamic
light scattering (802DLS, Viscotek, Westborough, MA,
USA), and Fourier transform infrared (FT-IR) spectros-
copy (Perkin Elmer, Inc., Norwalk, CT, USA) [19] (see
the “Supplementary information” for details).

Cell culture for single-particle tracking in live cells

Human lung cancer cells (A549) placed on a coverslip were
incubated with native AuNRs and Fu-AuNRs for 1 h, followed
by the staining of cell mitochondria and nucleus. Finally, the
cell coverslip was subjected to 6D iIMLSN for image acquisi-
tion (see the “Supplementary information” for details).

and s-pol (green) lasers to calculate the azimuth (¢) and elevation (6)
angles. d Use of translational speed analysis to determine the instan-
taneous speed (v) of AuNRs during the 6D spatiotemporal tracking
process

Analysis of spatiotemporal single-particle tracking
data

The obtained raw images were preprocessed using ImageJ
(NIH) and MATLAB (Mathworks, Torrance, CA, USA)
software. The trajectories (x-, y-, and z-coordinates) of sin-
gle AuNRs were superlocalized in three dimensions using
the astigmatism method (see “Supplementary information”
for details) [21].

Results and discussion

Integrated multifunctional light-sheet nanoscopy
The 6D iMLSN system (Fig. 1 and Fig. S1) possesses a
number of desirable properties, including ability to achieve

cell imaging through super-resolution radial fluctuations
(SRRF-stream) and DIC microscopy, dual-wavelength
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detection, astigmatism imaging, and superlocalization.
Based on the experimental requirements, different setup
combinations could be selected. Table 1 shows the limita-
tions of different imaging techniques applied in SPT field. In
the experiments, AuNRs were used as the imaging probes,
and their journey inside single living cells was monitored
in real time. The generated two light sheets (a thickness
of ~1.4 pm and a length of ~11.5 um for the 698 nm laser
and a thickness of ~ 1.2 pm and a length of ~ 10 um for the
532 nm laser; Fig. S2) were smaller than the height of the
cancer cell layer (e.g., A549 cells, ~4—6 pm) [25]. Thus,
only parts of the single living cells were illuminated, which
reduced the background and photodamage during live cell
imaging. AuNRs with lengths of several tens of nanometers
were clearly distinguished by DIC and scattering analy-
sis (Fig. S3a—f). As previously reported, when the size of
the AuNRs is reduced, their detection by DIC microscopy
becomes challenging [13]. Indeed, the smaller 5-nm native
AuNRs (5 nm diameter X 15 nm length) showed poor image
contrast in the DIC image, while the longitudinal surface
plasmon resonance (LSPR) and transverse surface plasmon
resonance (TSPR) scattering images of the excited AuNRs
exhibited good signal-to-noise ratios (Fig. S3g-1). Therefore,
iMLSN was able to detect the tiny 5-nm AuNRs on cover-
slips (Fig. S3) and track random translational movement of
tiny AuNRs in 100% glycerol (Movie S1).
Astigmatism-based methods are common techniques
in 3D super-resolution imaging [21]. Here, we inserted a
cylindrical lens (f=1,000 mm) into the imaging pathway
to change the orientation and ellipticity of the image point
spread function (PSF) as the z-position varies (Fig. 1b).
To localize the z-coordinates of biomolecule-conjugated
AuNRs, we constructed a calibration curve of the PSF widths
by scanning immobilized fucoidan-conjugated AuNR (5 nm
Fu-AuNRs) at z-intervals of 10 nm (Fig. S4a). The center

Table 1 Comparison of multidimensional SPT techniques

position (z=0 nm) was defined as the average focal plane
in which the PSF width in the x-direction (w,) equaled that
in the y-direction (w,). The PSF became ellipsoidal along
the x- and y-axes when it was below and above the average
focal plane, respectively (Fig. S4b). After comparison of the
w, and w, values of the experimental PSF with those of the
calibration curves, the obtained z-positions of the AuNRs
were corrected due to a refractive index mismatch [21].
Given that many biological processes involve the
rotational movement of cargo [4], we tracked the in-plane
and out-of-plane rotational dynamics of the AuNRs by
investigating the effects of excitation laser polarization
direction and AuNR orientation (transverse vs. longitudinal)
on the polarization properties. Specifically, a short-
wavelength horizontally polarized (s-pol) laser and a long-
wavelength vertically polarized (p-pol) laser were selected
to induce TSPR and LSPR in the AuNRs (Fig. 1c). The
in-plane or out-of-plane rotation of the AuNRs resulted in
periodic changes in the scattering intensity due to the effects
of TSPR and LSPR. A dual-view (DV) device allowed these
scattering intensity changes to be simultaneously recorded
by an electron-multiplying cooled charge-coupled device
(EMCCD) camera [19] and enabled the motion trajectory
and resolutions of the in-plane and out-of-plane rotational
dynamics to be determined. To monitor the rotation and
orientation of the 5-nm AuNRs, we used 532-nm s-pol
and 698-nm p-pol light sheets to excite the TSPR and
LSPR, respectively. As shown in Fig. 1c, the LSPR (CHI)
scattering intensity increased upon the rotation of a flat-
lying AuNR to a vertical position. When the longitudinal
axis of the AuNR was parallel to the polarization direction
of the 532-nm s-pol laser, the TSPR was minimally excited
to yield the weakest scattering intensity (CH2), whereas
this intensity was maximized when the longitudinal axis
was perpendicular to the polarization direction of the laser.

Imaging technique Probe size Application Limitations Reference
(DXL,
nm)
DF microscopy 43 x84 Direct observation of the orientation dynamics  Difficult to distinguish between the individual [7]
of single anisotropic nanoparticles optical probes and the cellular organelles in a
crowded cellular environment
TIR microscopy  25x60 Simultaneous translational and rotational imag-  Only appropriate for detecting the events taking [8]
ing with s- and p-polarized light place within the evanescent field
DIC microscopy ~ 40x80 Elucidating the dynamics of intracellular cargo ~ Small nanoparticles are nearly invisible [9]
transport by 5D SPT
SNaPT 5 Tracking individual 5-nm gold nanoparticles in ~ Potential disruption of biological specimens by  [17]
live cells the high-power laser beam
iIMLSN 5x15 Real-time 6D SPT of single tiny anisotropic Resolve the rotation angle in the range of 0-90° This work

nanoparticles in live cells

D, diameter; L, length; DF, dark field; TIR, total internal reflection; DIC, differential interference contrast; SNaPT, single nanoparticle photo-

thermal tracking; iMLSN, integrated multifunctional light-sheet nanoscopy
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The instantaneous speed (v) of the AuNRs was
calculated during the transmembrane process (Fig. 1d)
and then used to examine the motional modes of the
AuNRs that were caused by AuNR — cell interactions.
Fluorescence staining is commonly employed to
understand the intracellular transport and distribution of
target molecules within a cell; thus, epifluorescence (EF)-
based SRRF-stream detection was used to reconstruct the
raw fluorescence images [26]. Because fucoidan exhibits an
anticancer effect and can interact with mitochondria [27],
the mitochondria and nucleus of a single living cell were
stained using the MitoTracker Green and Hoechst 33342
fluorescence dyes, respectively. The morphology of a
single live A549 cell was imaged by the DIC and EF modes
(Fig. S5a—c). Following the SRRF-stream technique, the
locations of the mitochondria and nucleus could be defined
more precisely than in the corresponding raw fluorescence
images (Fig. S5d). This combined technique thus permits
the intracellular dynamics and localization of an imaging
probe to be analyzed more accurately in a single living
cell. The adopted approach also enabled simultaneous
tracking with 6D vectors, namely, the spatial trajectory (x,
v, 2), instantaneous speed (v), and rotational behavior (¢
and 60) of the anisotropic plasmonic AuNRs during their
transmembrane and intracellular transport.

Functionalization of AuNRs for single-particle
tracking

Nanorods are useful in the context of live cell imaging
owing to their small size, which results in fewer
morphological defects, shorter membrane wrapping time,
and enhanced cell internalization [15, 28]. Because surface
ligands and charges are known to affect the cell-nanoprobe
interactions [15], the morphology, size, and optical/surface
properties of native AuNRs, CTAB-AuNRs, and Fu-AuNRs
were probed using TEM, UV-vis absorbance spectroscopy,
FT-IR spectroscopy, and zeta potential measurements
(Fig. S6). The conjugation of fucoidan on the AuNR
surface was achieved via electrostatic interactions between
the cationic -N*(CH;); group of CTAB and the anionic
sulfate group of fucoidan. Fu-AuNRs exhibited a rod-like
morphology (5 nm diameter X 15 nm length) as well as
TSPR and LSPR absorption peaks at 520 and 730 nm,
respectively. Moreover, after conjugation with fucoidan,
the zeta potential of AuNRs became negative (—24.7 mV
for Fu-AuNRs) (see the “Supplementary information” for
details). Similarly to sulfated polysaccharides, fucoidan
contains abundant L-fucose and sulfate ester groups
(Fig. S6a) and exhibits antitumor, antiviral, and anticancer
properties [27]. Thus, Fu-AuNRs are considered as drug
carriers whose SPT imaging is valuable for revealing the
internalization process of drug carriers.

Characterization of AuNRs using the iMLSN system
for single-particle scattering

Because the scattering intensity from a AuNR depends on its
relative orientation and the local power density of the light
sheet [8], individual AuNRs fixed on a transparent polymer
(i.e., polyvinyl alcohol, PVA) were used to confirm whether an
offset caused by the chromatic aberration of the illumination
objective lens took place. As a proof of concept, the individual
5-nm native AuNRs fixed on solidified PVA were observed
by 6D iMLSN (Fig. S7). We found that the LSPR and TSPR
scattering intensities of the AuNRs illuminated by both 532-
and 698-nm light-sheets increased only slightly compared
with those of the AuNRs illuminated by any single light
sheet (Fig. S7e and f). These results indicate that the bias
from the chromatic aberration of the illumination lens is
negligible when calculating the AuNR orientation, which can
be attributed to the low illumination powers of the light sheets,
the DV device, and the corresponding band-pass filters that
are specific to the LSPR and TSPR scatterings of the AuNRs.

To immobilize Fu-AuNRs on coverslips, clean coverslips
were immersed in a PLL solution for 30 min. After washing
with deionized water (three times) and drying at 25 “C for 2 h,
the coverslips were coated with PLL to promote the adsorption
of the negatively charged nanoparticles. The localization
precision of the IMLSN system was evaluated by immobilizing
Fu-AuNRs on a PLL-coated coverslip for multiple frames at
an exposure of 10 ms. The x-, y-, and z-coordinates obtained
for each frame afforded a 3D location distribution, with
standard deviations (o) of 2.9, 2.7, and 6.2 nm in the x-, y-,
and z-directions, respectively (Fig. S8a). The corresponding
full width at half maximum values (FWHM =2.350) in the
above directions equaled 6.8, 6.3, and 14.6 nm, respectively
[11]. We also evaluated the localization of the individual
Fu-AuNRs in live cell (Fig. S8b). The standard deviations (o) of
the localization distributions in the x-, y-, and z-directions were
slightly larger than those of the AuNRs fixed on the PLL-coated
coverslip, which could be due to fluctuation of the distributions
within the live cells. These results indicate the ability of IMLSN
to localize fixed AuNRs and the individual Fu-AuNRs present
in single living cells in a highly precise manner.

In addition, Fu-AuNRs were immobilized on a PLL-
coated scratched coverslip to confirm the accuracy of our
imaging system for superlocalizing the positions of moto-
rial nanoprobes (Fig. S9). The iMLSN stage motion was
controlled in the z-direction using a z-motor, and in the
x- and y-directions by manual operation. After superlocal-
izing the 3D coordinates of the AuNRs during the iIMLSN
stage motion, the average distance between two AuNRs
was calculated (Fig. S9c—e). All calculated distances were
comparable with the measured distance between NRs
(i.e.,~6.04 pm), indicating that our imaging system could
accurately superlocalize the positions of motorial AuNRs.
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Deciphering the motion of various AuNRs by 6D
iMLSN

The anisotropic and plasmonic AuNRs are widely used to
track both spatial movement and rotation [4]. The motions
of 5 nm native and Fu-AuNR species were tracked in 100%
glycerol (Fig. 2 and Fig. S10). It was revealed that the high
viscosity of glycerol [29] limited the movement of Fu-AuNRs
within the range of micrometers [10], thereby resulting in
narrower translational diffusion ranges compared with those
of native AuNRs (Fig. S10). The native AuNRs exhibited
stronger fluctuations in the x-, y-, and z-directions (Fig. S10c),
while Fu-AuNRs exhibited smaller x-, y-, and z-displacement
ranges (Fig. 2¢). The mean squared displacements (MSDs)
of the trajectories of the native AuNRs and Fu-AuNRs
were calculated to determine the AuNR motion type. The
MSDs were linearly proportional to the log time (Fig. S11),
thereby suggesting the occurrence of Brownian diffusion.
The gradient was steeper for the native AuNRs, indicating
the restricted movement of Fu-AuNRs in glycerol. The
corresponding diffusion coefficients (D,), which represent
the freedom of Brownian motion, were estimated to be 0.095
and 0.018 pm? s~! for the native AuNRs and Fu-AuNRs,
respectively. The native AuNRs (16.9 + 15.4 um s~!) exhibited
a higher average instantaneous speed than Fu-AuNRs
(2.8 + 1.7 um s71), result that is in agreement with their
3D trajectories and displacements (Fig. 2d and Fig. S10d).
Moreover, the movement speeds of the native AuNRs and
Fu-AuNRs exhibited intense heterogeneity owing to their
random movement in glycerol [30].

The rotational behavior of the AuNRs was also
restricted by the high viscosity of glycerol, as revealed

by their normalized TSPR and LSPR scattering intensity
traces. More specifically, the scattering intensities varied
with random on—off bursts, indicating the occurrence of
random in-plane and out-of-plane rotations. However,
the scattering intensities and flickering frequencies of
the native AuNRs differed considerably from those of
Fu-AuNRs. The native AuNRs exhibited faster TSPR
and LSPR intensity fluctuations between the maximum
and minimum values, whereas the Fu-AuNRs exhibited
slower and less intense fluctuations (Fig. 2e and Fig. S10e).
The corresponding ¢ and 6 values were calculated and
fast and wide-angle rotation was evident for the native
AuNRs (Fig. S10f). After modification with fucoidan,
the rotational behavior of AuNRs became even slower,
especially the out-of-plane rotation (elevation angle,
0, Fig. 2f). The differences in movement and rotation
between these species were attributed to the interactions
between the AuNR surface and surrounding solution. The
long molecular chain and abundant hydrophilic functional
groups of fucoidan [31] can increase the frictional force
and numbers of hydrophilic interactions and van der Waals
forces between the AuNRs and glycerol molecules [10].
Surface modification increased the weight and volume
of the AuNRs and reduced the movement speeds of the
modified derivates, which could also contribute to the
distinctly different motions of the different species. Based
on these results, the native AuNRs are expected to move
more freely in glycerol, followed by the Fu-AuNRs.
Overall, our results indicate that the developed 6D
vector-valued iIMLSN system is suitable for studying the
movement and rotational behavior of surface-modified tiny
anisotropic nanoparticles in solution.

Fig.2 Deciphering the real- a
time spatiotemporal SPT motion 06l
of a 5 nm Fu-AuNR in 100%
glycerol using 6D iMLSN. a 2D
and b 3D trajectories of a single 03
Fu-AuNR, and c its correspond- [
ing displacements along the x-, =
y-, and z-axes. d Instantaneous > 0.0
speed, e normalized intensities, :
and f calculated angles of a
single Fu-AuNR as a function 03 .
of time. The red dot and triangle ~0.6 0.3
denote the start and end points
of movement, respectively
215 e 20 LSPR TSPR f %0 6 [}
I
£10f :’:1'5/NWFN\JM 607
= L0 Q@
— [<)
° c
g ° & 05 <%
)
00 1 2 3 4 5 0O 1 2 3 4 5 OO 1 2 3 4 5
Time (s) Time (s) Time (s)

@ Springer



Microchim Acta (2023) 190:54

Page70of11 54

Real-time motion of AuNRs at the plasma
membrane with dynasore-mediated inhibition

The wavelength-dependent super-resolution-based iIMLSN
technique was used to collect different sample information
by variation in the detection mode employed. For example,
LS microscopy detected the imaging probes in whole cells
by optical z-sectioning with a thin light-sheet. More specifi-
cally, Fu-AuNRs at different z-heights within the microm-
eter range were observed in A549, RAW264.7, and HeLa
cells by LS nanoscopy (Fig. S12a—d), while Fu-AuNRs
with z-heights within the hundred nanometer range (i.e., the
evanescent field layer) were observed by TIR microscopy
(Fig. S12e-h). These results indicate that the iIMLSN tech-
nique allowed tracking of the cell internalization process of
various single AuNRs on the upper part and attaching side
of single living cell membranes. Furthermore, the effect of
the size of AuNRs on the cellular uptake was investigated
(Fig. S13). It was revealed that 5x 15 nm Fu-AuNRs were
internalized to a range of 2 — 3 times larger than 40 X 80 nm
and 25X 90 nm Fu-AuNRs, due to the shorter membrane
wrapping time required for 5 X 15 nm Fu-AuNRs [15]. This
result shows that tiny imaging probes are favorable for cel-
lular uptake and can minimize the interference with target
molecules [14]. Therefore, the 5 X 15 nm AuNRs were used
as imaging probes for further study.

According to previous reports, cells take up Fu-AuNRs
in the culture medium via receptor-mediated endocytosis
[10, 27]. This finding was confirmed by incubating A549
cells with Fu-AuNRs under normal conditions (37 ‘C and
5% CO,, control), at 4 °C, and in the presence of dynasore
hydrate (80 uM), which was introduced to inhibit receptor-
mediated endocytosis [32]. Compared with the control, the
uptake of Fu-AulNRs was reduced by half when the A549
cells were incubated at 4 °C (Fig. S14). Furthermore, when
the A549 cells were treated with dynasore hydrate, the
uptake of Fu-AuNR was 4.5 times lower than that of the
control experiment, thereby confirming that the uptake of
Fu-AuNRs was dependent on the incubation temperature
and endocytosis process [9]. Furthermore, the single-par-
ticle motional behaviors of the 5 nm Fu-AuNRs at different
membrane regions of the single living cells were observed
in the presence of dynasore hydrate (Figs. S15 and S16).
When Fu-AuNRs bind to the cell membrane, they gradu-
ally lose their translational and rotational behaviors and tend
to rotate in-plane [9]. After incubating dynasore hydrate-
treated A549 cells with the Fu-AuNRs for 4 h, the NRs
adhered to the upper part and attaching side of the cell mem-
brane (Figs. S15a—c and S16a—c). The motional behaviors
of the Fu-AuNRs were monitored over 1 h, and images were
acquired every 20 min. The Fu-AuNRs showed lateral dif-
fusion within a small region in addition to rapid intensity
fluctuations (Movie S2 and Movie S3), thereby indicating

their simultaneous in-plane and out-of-plane rotation at the
upper part and attaching side of the cell membrane. The
Fu-AuNRs remained bound to the cell membrane after 4 h
of incubation, although those present on the upper part and
attaching side maintained their fast in-plane and out-of-plane
rotation without any apparent loss in rotational freedom over
a period of 1 h (Figs. S15d and S16d). These results indi-
cated that the Fu-AuNRs present in the culture media could
not be endocytosed by the live cells under dynasore hydrate
treatment, thereby confirming the mechanism of receptor-
mediated endocytosis.

Spatiotemporal tracking of the AuNRs in single
living cells by 6D iMLSN

We initially tracked the motion of various AuNRs during
the transmembrane process at the upper cell membrane
after incubating A549 cells with the 5 nm native AuNRs
and 5 nm Fu-AuNRs for 1 h (Fig. 3, Fig. S17, Movie S4).
Given that the negative surface charge of the cell hindered
AuNR attachment to the cell membrane, the various AuNRs
exhibited a range of motions and rotations. Because of the
weak negative charge of the native AuNR surface, active
lateral movements were observed (Fig. S17a—c) in addition
to in-plane and out-of-plane rotation (Fig. S17d). The nega-
tively charged Fu-AuNRs initially tended to undergo active
translational movement (Fig. 3a-c) and out-of-plane rota-
tion on the cell membrane (Fig. 3d). The various AuNRs
gradually lost their translational and rotational freedoms,
and movement essentially stopped temporarily for the native
AuNRs (Fig. S17d) and Fu-AuNRs (Fig. 3d). This period
with limited movement and active rotation corresponded
to the assembly of endocytic vesicles around the AuNRs.
These results demonstrate that the surface functional groups
and surface charges of imaging probes affect their motional
behaviors on the cell membrane [33].

At the end of the quiet periods, the AuNRs clearly
exhibited translational motion in the z-direction (red arrows,
Fig. 3b and Fig. S17b), indicating their cell internalization.
Notably, the Fu-AuNRs exhibited an out-of-plane angle
of 83° at the end of the quiet period, thus suggesting
that internalization took place with the longitudinal axis
of the NRs almost perpendicular to the upper part of the
cell membrane. This result indicates that fucoidan binds
to the cell receptors [27], although electrostatic repulsion
also exists between the negatively charged cell membrane
and negatively charged Fu-AuNRs, ultimately resulting
in uptake with a high out-of-plane angle. After the
corresponding quiet periods, the active lateral movements
and rotations were restored, indicating that the AuNRs had
been transported into the cells. Different rotational motions
were observed for the two species during intracellular
transport. As can be seen in Figure S17d, the native AuNRs
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Fig.3 Representative single 5-nm Fu-AuNR 6D spatiotemporal
tracking on the upper membrane of a single living A549 cell. a EF-
based SRRF image of a single A549 cell with a stained nucleus (blue)
and mitochondria (green). (Inset) 2D tracking trajectory of Fu-AuNR
indicated by the white line. The red- and yellow-dotted lines indicate
the contours of the cell and nucleus, respectively. The red circle and

rotated rapidly with large in-plane and out-of-plane angles
and the Fu-AuNRs exhibited a slow orientational change
without active rotation (Fig. 3d). These different motional
phenomena could be attributed to the sizes and surface
modifications of the AuNRs. We note here that these 5-nm
AuNR species are significantly smaller than the diameters
of the early endosomes (50—100 nm) [34]. Furthermore, the
Fu-AuNRs were tightly bound to the membrane receptors,
resulting in a weak rotational freedom with respect to the
early endosomes.

The motions of the Fu-AuNRs at the attaching side of
the A549 cell membrane (Fig. 4 and Movie S5) differed
from those at the upper part of the membrane because of
the obstruction of the coverslip and extracellular matrix
[18]. More specifically, the Fu-AuNRs at the attaching side
tended to exhibit active translational movement (Fig. 4a-c)
and slower out-of-plane and in-plane rotations on the cell
membrane (Fig. 4d). After a quiet period of ~48 s (Fig. 4d),

@ Springer

triangle denote the start and end points of movement, respectively.
b 3D tracking trajectory of a Fu-AuNR highlighted in the white line
in (a). The red arrow indicates the internalization of the Fu-AuNR.
¢ and d Corresponding speeds and descriptions of the different rota-
tional states of a single Fu-AuNR on the upper membrane of a single
live A549 cell

the Fu-AuNR was internalized through the attaching side
of the cell membrane, as indicated by a clear translational
motion in the z-direction (red arrow, Fig. 4b). At the moment
of endocytosis, the Fu-AuNR exhibited an out-of-plane angle
of 28° and an in-plane angle of 32° (Fig. 4d), indicating that
the NR longitudinal axis was almost perpendicular to the
attaching side during endocytosis. This result is similar to
that observed at the upper part of the cell membrane, which
suggests that negatively charged biomolecule-conjugated
AuNRs tend to adopt a perpendicular longitudinal axis in
relation to the cell membrane during endocytosis. Moreover,
the Fu-AuNR underwent a slow orientation change without
active rotation during its intracellular transport (Fig. 4d). In
particular, the DIC images of A549 cells at the initial and
end stages of SPT imaging using iMLSN showed that long-
term imaging as well as the biocompatibility of Fu-AuNRs
and fluorescent dyes of mitochondria and nucleus did not
affect the survival of the cells (Fig. S18).
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Fig.4 Representative single 5 nm Fu-AuNR 6D spatiotemporal track-
ing on the attaching side membrane of a single living A549 cell. a
EF-based SRRF image of a single A549 cell with a stained nucleus
(blue) and mitochondria (green). (Inset) 2D tracking trajectory of
Fu-AuNR indicated by the white line. The red- and yellow-dotted
lines indicate the contours of the cell and nucleus, respectively. The

Four additional SPT images of 5 nm AuNRs in single live
A549 cells were acquired by 6D iMLSN and summarized
(Fig. S19). Native AuNRs showed fast translational speed
and rotational movement due to the weak interaction
between native AuNRs and cell membrane. With the surface
modification of fucoidan, the interactions were increased
significantly because of fucoidan-receptor binding and high
viscosity of cell membrane [7]. Thus, Fu-AuNRs moved and
rotated slowly on cell membrane. At a certain point of time,
the movement speed and rotation of AuNRs slowed down
and a relatively quiet period was observed for all AuNRs.
During this period, the AuNRs showed minimal speeds
and slow orientation changes instead of active rotation,
indicating that AuNRs were enclosed in cell membrane.
The AuNRs with different surface modifications (native
and Fu-AuNRs) at various regions of cell membrane (upper
part and attaching side) exhibited different quiet durations

red circle and triangle denote the start and end points of movement,
respectively. b 3D tracking trajectory of a Fu-AuNR highlighted in
the white line in (a). The red arrow indicates the internalization of
the Fu-AuNR. ¢ and d Corresponding speeds and descriptions of the
different rotational states of a single Fu-AuNR on the attaching side
membrane of a single living A549 cell

and orientation angles to cell membrane. Therefore, the
developed iIMLSN can be considered useful for the real-
time monitoring of tiny imaging probes in single living cells,
as well as for 6D vector-valued non-fluorescence super-
resolution imaging and tracking.

Conclusion

We developed an iIMLSN system and method to track the
motion and rotation of single 5 nm AuNRs with 6D vectors
and decipher the motional and rotational behaviors of cargos
in living cells at a subdiffraction-limit resolution. Such a
resolution is significantly different to the ones achieved by
highly inclined and laminated optical sheet microscopy [35]
and other conventional light-sheet microscopy [18]. The
developed iIMLSN significantly improved the detectability
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of tiny (5 nm in diameter) plasmonic nanoparticles in
living cells. The real-time 6D vector-valued SPTs of
tiny native and surface-functionalized AuNRs at various
regions of single living cells were studied using the iIMLSN
technique. It was revealed that the surface modification of
imaging probes and endocytosis sites at different regions
of single living cells affected their motional and rotational
behaviors during endocytosis and intracellular transport.
Despite some limitations, the developed iMLSN technique
provided detailed dynamic information related to the
rotation properties and endocytosis speeds during the
transmembrane process at different membrane regions of
single living cells. Therefore, this method is suitable for
long real-time monitoring of drug delivery cargos, virus
infections, and relevant bioimaging fields, exhibiting
less photobleaching and phototoxicity issues related to
fluorescence dyes.
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