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A eukaryotic cell is a microscopic world within which efficient material trans-
port is essential. Yet, how a cell manages to deliver cellular cargos efficiently in
a crowded environment remains poorly understood. Here, we used inter-
ferometric scattering microscopy to track unlabeled cargos in directional
motion in a massively parallel fashion. Our label-free, cargo-tracing method
revealed not only the dynamics of cargo transportation but also the fine
architecture of the actively used cytoskeletal highways and the long-term
evolution of the associated traffic at sub-diffraction resolution. Cargos fre-
quently run into a blocked road or experience a traffic jam. Still, they have
effective strategies to circumvent those problems: opting for an alternative
mode of transport and moving together in tandem or migrating collectively.
All taken together, a cell is an incredibly complex and busy space where the
principle and practice of transportation intriguingly parallel those of our
macroscopic world.

Intracellular cargo transport plays a critical role in maintaining the
essential functions of living cells">. For cargo transport, vesicles are
constantly formed as a container at the cell membrane, endoplasmic
reticulum (ER), and Golgi apparatus** and transported by motor
protein-driven activity on cytoskeletal highways*®. During this trans-
port, cargos exhibit rich and intricate dynamic events such as direc-
tional movement, intermittent pausing, turn-around, and road change
at the intersection of cytoskeletal highways”®, similar to manufactured
vehicles operating in the urban road network (Fig. 1a). It is, however,
still unclear how these cargos overcome general traffic problems such
as road blockage and traffic congestion in the heavily crowded cellular
environment”™,

Our current understanding of cellular transport has been brought
about by fluorescence-based imaging techniques. The specificity,
sensitivity, multiplicity, and super-resolution capability of fluores-
cence microscopy are critical assets as a powerful tool for cell study.
Various issues about cargo transport have been addressed, including
motor protein dynamics in cytoplasmic environments™", vesicle

transport in 3D° cargo dynamics at cytoskeletal junctions™”,

interactions of cytoskeletal network, and organelles in transport at
high spatio-temporal resolutions'". Fluorescence-based methods are,
however, fundamentally limited in long-term live-cell imaging due to
photobleaching. Besides, they leave unlabeled cellular constituents
invisible, missing all the information about the local environment
except labeled target molecules, even though the unlabeled majority
likely dictates the apparent behavior of target molecules.

Here, we report the universal feature of intracellular traffic flow,
revealed by simultaneously tracking many unlabeled cargos transported
along cytoskeletal highways in a highly parallel fashion and for an
indefinitely long time using the interferometric scattering (iSCAT)
microscopy. The label-free and high-speed imaging by iSCAT allows us
to capture the quantitative and physical details of cargo transports and
to acquire a realistic picture of nanoscale logistics within living cells. The
enormous amount of cargo localization data (>10%) acquired at 50 Hz
throughout the entire observation time (~30 min) enables us to recon-
struct the fine architecture of cytoskeletal meshwork and visualize the
temporal evolution in traffic flow along the active cytoskeletal highways.
Intriguingly, cells intrinsically have an efficient transport strategy to
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avoid an intracellular traffic jam by forming a train of cargos or collec-
tively moving in the same direction, closely resembling our daily life.

Results

Cargos in directional motion are tracked in a complex cellular

environment via iSCAT microscopy

As a notable label-free imaging technique, the iSCAT microscopy has
drawn much attention due to high detection sensitivity'®?, ultrafast
tracking of dynamic nanoparticles’®”, 3D imaging capability”**, and
biological applications towards live-cell imaging” . To identify cel-
lular vesicles and learn how they appear in our home-built iSCAT
microscopy (Supplementary Fig. 1), we fed COS-7 cells with 20-nm
fluorescent polystyrene (f-PS) beads and visualized them with fluor-
escence and iSCAT microscopies simultaneously (Fig. 1b-g).

In the static background-removed iSCAT (SBR-iSCAT) image
(Supplementary Fig. 2a, c), various subcellular structures are visible
with enhanced contrast (Fig. 1c). Besides filamentous structures, large
and small globular objects are easily identifiable (yellow and red cir-
cles, respectively; Fig. 1c). Filopodia are also clearly observed at the cell
periphery (white arrows; Fig. 1c). However, identifying nanoscale car-
gos amid the complex cytoplasmic environment poses a significant
challenge. To selectively detect the scattering signals of the cargo, we
leveraged the dynamic properties inherent to the cargo’s motion. A
notable characteristic of cellular cargo transport is its (bi-)direction-
ality, punctuated by intermittent pauses. Other cytoplasmic con-
stituents appear relatively static or randomly jiggling. To discern
mobile cargos from such static objects and sort out directional cargos
from random walkers, we employed the time-differential iSCAT (TD-
iSCAT) method (Fig. 1d, Supplementary Fig. 2b, d). In the case of a
directionally moving cargo, the dipolar appearance of the cargo
reveals its moving direction, indicated by the arrow, which points from
dark to bright spots (Supplementary Fig. 2d). In contrast, the corre-
sponding SBR-iSCAT images fail to reveal the cargo, as the irregular
cytoplasmic background interferes with its detection (Supplementary
Fig. 2c). The TD-iSCAT image sequence displays the cargo vanishing
instantaneously at t=1.96 s (Supplementary Fig. 2d) when it altered
direction, implying a brief pause on a cytoskeletal track. The observed
separation between the bright and dark spots represents the dis-
placement of the cargo over the time interval At. The cargo’s move-
ment resembles that of a manufactured vehicle, as it slows down,
stops, turns around, and speeds up in the opposite direction (Sup-
plementary Fig. 2d). For backward motion, cellular cargos have two
options: engaging motor proteins with opposite directionality on the
same track or, less likely, using another track with opposite polarity.

Among f-PS beads identified by fluorescence microscopy (Fig. 1e),
only eight of them are co-localized in the TD-iISCAT image (Fig. 1d). The
trajectories of 32 f-PS beads were acquired by tracking their fluorescent
signals at 10 Hz (Fig. 1f). These trajectories could be classified into two
distinct types, directional or Brownian. From the representative data in
each type (Fig. 1g, Supplementary Movie 1, 2), the diffusion exponents
(o) that are the slopes of the MSD (mean squared displacement)-vs.-time
graphs are approximately 15 and 1 for directional and Brownian
motions, respectively, reflecting their markedly different dynamic
characteristics (Fig. 1h). Interestingly, we found that TD-iSCAT imaging
only captures f-PS beads in directional motion: the insets (Fig. 1g) show
that a Brownian f-PS bead, sharply imaged in the fluorescence channel, is
obscure in the iSCAT image while a directional f-PS bead with dimmer
fluorescence is detected, as shown in the lower and upper insets,
respectively. Thus, intracellular cargos are the main target of TD-iISCAT
imaging because many native non-fluorescent cargos without contain-
ing f-PS beads are readily visualized by TD-iSCAT as indicated by orange
circles (Fig. 1d). Although TD-iISCAT imaging may lose track of cargos
during pauses, the concurrent use of SBR- and TD-iSCAT imaging allows
for continuous, or near-continuous, tracking of the cargos, as demon-
strated in Supplementary Fig. 3 and Supplementary Movie 3.

Cargo-localization iSCAT microscopy reveals the underlying
active cytoskeletal highways

As described above, iSCAT directly captures the dynamic feature of
individual cargos transported along cytoskeletal filaments without
external labels. As a high-speed and time-unlimited label-free imaging
technique, iSCAT produces a large amount of imaging data and thus
provides a unique opportunity for statistical analysis. We note that
cargos in directional motion are confined on cytoskeletal tracks, and
the cargo location is a faithful proxy for a cytoskeletal foothold with
the cargo size representing the error in the transverse dimension. To
calculate the localization precision for a single cargo identified by TD-
iSCAT images, its physical dimension was measured from the com-
plementary SBR-iSCAT image. The bright or dark spots in the SBR-
iSCAT image, corresponding to the dynamic cargos observed in the
TD-iSCAT image, were analyzed using 2D-Gaussian fitting as shown in
Supplementary Fig. 4. The average size of a cargo measured was
393 + 62 nm (Supplementary Fig. 5). For bright and dark spots, exhi-
biting signal-to-noise ratios (SNR) of 6 and 4, respectively, the centers
of their Gaussian peaks can be localized with a precision of within
10 nm and 15 nm, respectively.

By collecting a vast number of cargo locations, one can recon-
struct the underlying cytoskeletal network. We define cargo location
by the center of the bright spot using the MOSAIC Image] plugin®. We
visualized the cytoskeletal network in lamellar and lamellipodium in a
COS-7 cell, which was reconstructed from ~ 10-million localization
points obtained from ~ 90,000 consecutive frames taken at 50 Hz
(Fig. 2a). The procedure of cytoskeleton reconstruction is also shown
in Supplementary Fig. 6a, b. The fine architecture of cytoskeletal net-
works was previously reported by fluorescence super-resolution
microscopic imaging’. Such super-resolution images were obtained
by point accumulation of fluorescent spots originating from photo-
switchable fluorophores directly labeled to cytoskeletons, detecting
the whole fluorophore-labeled cytoskeletal material. On the contrary,
the cargo-localization iSCAT collects the positional information of
individual mobile cargos, capturing the cytoskeletal ropeway selec-
tively along which cargos traveled during the observation time (Fig. 2a,
b). As expected, cytoskeleton highways are extended from the cell
body (upper-right corner) to the cell boundary. These parallel high-
ways are merged and spanned transversely along the cell boundary
(Fig. 2a). Their long, straight shape implies that they are built of stiff
microtubules. From the curvature-based approach reported
recently’®, we were able to determine the value of persistence length
(&) of cellular microtubule from its reconstructed shape, which was
several hundred micrometers and consistent with previously mea-
sured values under in vivo conditions (Supplementary Fig. 7)°**. The
direction of cargo movement is designated by the polarity of micro-
tubule: the (+) and (-) ends of the microtubule refer to the direction
toward the cell boundary and cell body, respectively. The traffic (or
cargo-localization) density map (Fig. 2c) shows the total counts of
cargo localization at each pixel through the whole recording of about
90,000 frames (4T ~30 min). Since ER, the continuous membranous
organelle surrounding the nucleus, is the departure station of vesicles
carrying just synthesized proteins, the traffic density in the cell body is
higher than in peripheral regions. The trajectory of an f-PS bead drawn
by its fluorescence is overlaid by a white line drawn on the traffic
density map and well-matched with the main traffic route identified in
iSCAT imaging (Supplementary Fig. 6g).

We also analyzed the speed of cargos in directional motion along
a cytoskeletal highway (Supplementary Fig. 6). The TD-iSCAT fre-
quently loses track of cargos whenever they intermittently stop
(Supplementary Fig. 2d). Thus, it is a delicate task to obtain a long
trajectory of cargo without the help of fluorescence imaging of the f-PS
bead that co-propagates with the cargo. Here, we selected 9 and 10
cargos moving to the (-) and (+) ends, respectively, continuously
tracked over at least 3s (> 150 consecutive frames) with iSCAT
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Fig. 1| Intracellular cargo transport in a complex cellular environment.

a Schematic illustration of intracellular trafficking based on the traffic map of Seoul,
Korea. Colors on each road section indicate traffic congestion (red: heavy, yellow:
medium, and green: light). The large gray oval in the center, complex purple
structures, and gray spots at the cell boundary represent the nucleus, cytoplasmic
organelles, and focal adhesions, respectively. b Schematic picture of intracellular
cargo transport along a cytoskeletal filament. Cargos bearing an f-PS bead can be
detected simultaneously with iSCAT and fluorescence microscopies. ¢ SBR-iISCAT
image showing intracellular structures in dark and bright contrast (blue arrows and
white-dotted oval: filamentous structures and their intersection; yellow and red
circles: large and small globular structures; and white arrows: filopodia). d TD-
iSCAT image of the same area as in ¢ to show the locations of moving cargos. In
¢, d, the grayscale legends represent iSCAT contrasts. e Fluorescence image of the
same area showing the locations of f-PS beads. Yellow circles marked with the same
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number in d, e indicate co-localized cargos and f-PS beads, respectively, signifying
f-PS bead bearing cargos. Orange and red circles mark spots observed in one
channel only (orange in d: cargos, and red in e: f-PS beads). White circles in

d, e show spots outside the cell. f, Trajectories of 32 different f-PS beads tracked at
10 Hz by fluorescence microscopy. g Trajectories of two f-PS beads representing
(bi-)directional or Brownian motions, indicated by blue and red arrows in

f, respectively. Insets: TD-iSCAT (left) and fluorescence (right) images of beads in
directional (upper) or Brownian (lower) motion. Color legends indicate cargo time
points along trajectories. h MSD-vs.-time curves of the particles in g. Solid and
dashed lines represent MSD curves for directional and Brownian particles with
diffusion exponent of a ~ 1 and 1.5, respectively. Lines with a =1 and 2 are shown in
green. In d-f, the cell boundary was indicated by a dashed blue line. See Supple-
mentary Fig. 2 and Supplementary Movies 1 and 2. Source data are provided in a
Source Data file.

(Supplementary Fig. 6c, d, respectively). Before evaluating the
‘instantaneous’ speed of cargo, we first acquired the ‘moving-averaged’
position to suppress noise in speed measurement. The x and y posi-
tions of cargo at 50 consecutive time points in a raw trajectory were
averaged to yield the position of the cargo in the 50-point time-aver-
aged (1s) trajectory (Supplementary Fig. 8 and Supplementary
Movie 4). Then, we calculated the instantaneous speed from the dis-
placement made by the cargo for 0.02 s and collected such data to get
the distributions of instantaneous speeds of cargos moving to the (-)
and (+) ends (Supplementary Fig. 6e). From the distributions, the
average speeds of cargos moving to the (-) and (+) ends were
0.45+0.19 um/s and 0.53 + 0.28 pm/s, respectively. Dynein and kine-
sin motors are the key players responsible for transporting cargos
toward the (-) and (+) ends of a microtubule, respectively®’. The
speeds of those proteins have been measured using single-molecule
techniques in vitro and in vivo, varying widely from 0.02 to 2 pm/s*?*,
indicating that our estimates are within the range of measured values.

Next, we investigated the temporal evolution of the traffic of
intracellular cargos, examining a sequence of traffic density maps,
each acquired at the time interval of 60 s and integrated for AT=180s
(Fig. 2d, Supplementary Movie 5). At AT=0 -180s, a packet of cargos
was visible in the red-oval area, moving to the cell boundary. At the
intersection of cytoskeletons, this packet was divided into two and
driven in opposite directions along the cell boundary. From TD-iSCAT

images, we could recognize individual cargos in a packet and count
them (Supplementary Fig. 9). During propagation, each packet was
elongated by combining it with additional cargos approaching from
the lamellar side, as indicated by red arrowheads in the 3™ and 4™
images. Once it reached the extruding edge of the lamellipodium, this
traffic flow gradually disappeared in the 5" and 6™ images. We also
observed that cargo packets converged toward the point from which a
filopodium is growing (Supplementary Fig. 10). More traffic packets
were formed in yellow-boxed regions (Supplementary Fig. 10b). We
found that the two vital traffic routes along the cell boundary appeared
as thick dark bands (white arrows) in the SBR-iISCAT snapshot (Sup-
plementary Fig. 10a), revealing the underlying structural element, actin
arcs, for directed cargo movement.

To support that intracellular traffic phenomena are microtubule-
based cellular events, we imaged a COS-7 cell expressing GFP-labeled
microtubules using F-iISCAT microscopy (Supplementary Fig. 11). The
cargo-localization density map (Supplementary Fig. 1le) exhibited a
remarkable correlation with the fluorescence image (Supplementary
Fig. 11d) obtained simultaneously. For instance, intersections of
microtubules (circles in Supplementary Fig. 11d) were co-localized with
areas of high cargo density in the density map (Supplementary Fig. 11e)
and common passageways for cargo transport (intersections of cargo
trajectories) (Supplementary Fig. 11f). Further analysis of the trajec-
tories of individual cargos superimposed on the TD-iSCAT snapshot
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Fig. 2 | Temporal evolution of cargo flow on active cytoskeletal highways.

a Cytoskeletal network reconstituted by cargo localization performed in TD-iISCAT
images (Fig. 1d). About ten-million cargo positions from ~ 90,000 consecutive
frames taken at 50 Hz (AT - 30 min) were used to make this map. b Zoomed-in
image of the orange-boxed area in a, showing the fine structure of cytoskeletal
highways. ¢ Cargo-localization density map. d Sequence of cargo-localization
density maps integrated for 9000 consecutive frames (AT=180s) taken from the
white-boxed region in c. Only six characteristic images are presented here. The
packet of cargos (red oval in the 1 image) was branched out at the intersection of
cytoskeleton highways. Then, these two packets rushed away in the opposite
directions to the protruding areas (I* to 4™ image). During this process, the traffic

density increases as other packets are combined at the intersections of cytoske-
leton highways (red arrowheads in the 3 and 4" images). Numbered red ovals in
the 3" and 4" images indicate the cargo packets, the numbers of which are counted
as shown in Supplementary Fig. 9. Once a packet reached the protruding area, it
was diminished (yellow circle in the 5 image). In a, ¢, purple arrowheads indicate
debris fluctuating outside the cell. In a, ¢, and d, the cell boundary was shown in a
dashed line (yellow) for visual guidance. In ¢ and d, the color legends represent the
cumulative cargo localization counts per pixel throughout the entire recordings of
90,000 and 9,000 frames, respectively. See also Supplementary Figs. 6, 9 and
Supplementary Movie 5. Source data are provided in a Source Data file.

(Supplementary Fig. 11f) revealed that the microtubule filaments con-
necting these intersections were frequently used as primary transport
routes. When microtubule polymerization was blocked by treatment
with 2 pM nocodazole, the traffic flows were significantly reduced
compared to the levels observed prior to treatment. (Supplementary
Fig. 12 and Supplementary Movie 6 and 7). This observation is con-
sistent with previous studies illustrating that the removal or stabiliza-
tion of microtubules through drugs can significantly decrease
microtubule-mediated vesicle transport® ",

Furthermore, we succeeded in uncovering the identity of some
cargos by concurrently tracking them in both iSCAT and fluorescence
channels. For example, we fluorescently labeled late endosomes (LEs)
in a COS-7 cell and identified 14 dynamically transported LEs among
others (yellow circles in Supplementary Fig. 13a, c). The trajectories of
the LEs were well-overlapped with dense regions of the traffic density
map reconstructed from the entire 15,000-frame image sequence,
taken over 300 s. Four representative trajectories of the LEs were well-
aligned with the cytoskeletal network revealed by cargo-localization

iSCAT (dubbed CL-iSCAT) (Supplementary Fig. 13e, f). See also Sup-
plementary Movie 3.

Cargos experience heavy traffic at the intersection of cytoske-
letal highways

One of the advantages of iSCAT for live-cell imaging is its capability of
providing the brightfield image of the entire cellular area, visualizing
dynamic events of interest as well as the static subcellular background
by applying SBR- and TD-iSCAT image processing methods. In our
case, the behavior of mobile cargos can be better elucidated in the
context of the local cellular environment, which is invisible in fluor-
escence imaging. iSCAT imaging reveals that a traffic jam occurs on the
cytoskeletal highways in a live cell. We observed that a jammed inter-
section was temporarily formed (Fig. 3a), and many cargo-like sphe-
rical objects were found at this intersection in the zoomed-in SBR-
iSCAT snapshot (left in Fig. 3a). Among them, the locations of 5 indi-
vidual objects exactly matched those of moving cargos identified in
the corresponding TD-iSCAT image (right in Fig. 3a). The number of
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Fig. 3 | Traffic jam at the intersection of the cytoskeleton. a SBR-iSCAT (left) and
TD-iSCAT (right) snapshots showing several closely located cargos (boxed area
drawn at t=780-960 s in Fig. 2d). Both bright and dark spots in the SBR-iSCAT
image (numbered yellow circles) are associated with dynamic cargos shown in the
TD-iSCAT image. In the red circle in the TD-iISCAT image, a few cargos are closely
jammed. b A total of 83 trajectories of cargos continuously tracked over 500 frames
(10 s) in 9,000 consecutive SBR-iISCAT images (180 s). Among them, the trajectories
of 49 cargos with sub-diffusive motion were plotted in gray. The trajectories of 34
cargos showing directional motion were drawn in different colors. ¢ MSD-vs.-time
curves of cargos traced in b (blue: cargos with directional motion; and gray: sub-
diffusive cargos). d Histogram of ‘instantaneous speed’ of cargo calculated from
the two different groups, directional (blue) and jammed cargos (gray), in b. The
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‘instantaneous’ speed was calculated from time-averaged data points (averaged
over 50 raw data points for AT =15s) at the interval of 0.02 s for the raw trajectories
drawn in b. Directional cargos are dominant over jammed cargos in the regime of
high-speed transportation (> 0.2 pm/s) (inset). e A representative trajectory of a
directional cargo (black trajectory indicated by the arrow in b) observed around the
jamming area. Color legend is used as in Fig. 1g. f x (time-averaged: green; raw:
yellow (see inset)) and y (time-averaged: blue; raw: purple (see inset)) positions of
the cargo in e. g, Instantaneous speed of the cargo in f calculated from 50-point
time-averaged x and y positions of the trajectory shown in f. Insets in f show the
scatter of x and y positions in the raw data with respect to their time-averaged
counterparts. See also Supplementary Fig. 8 and Supplementary Movie 4. Source
data are provided in a Source Data file.

cargos detected in the SBR-iISCAT images is considerably higher, in this
case approximately five times greater, than those detected in the
corresponding TD-iSCAT images, which exclusively display moving
cargos (Supplementary Fig. 14). A few cargos in the TD-iSCAT image
seemed to form a cluster (red circle in Fig. 3a).

Instead of tracking dynamic cargos by using TD-iSCAT imaging,
which is unsuitable for locally stalled cargos, we additionally tracked
bright spots identified from SBR-iSCAT imaging to investigate the dif-
fusion dynamics of cargos. A total of 83 trajectories, continuously
tracked over 500 consecutive frames (10 s) taken at 50 Hz, were over-
laid (Fig. 3b). Among them, 34 cargos represented in different colors
exhibited directional movement with a~1.5 as shown in the MSD-us-
time curve (Fig. 3b, c¢). Others were locally trapped and exhibited sub-
diffusive dynamics with o <1 (gray lines; Fig. 3b, c). The distribution of
instantaneous speeds calculated from all trajectories of sub-diffusive
cargos shows a positively skewed Gaussian shape with a mean value,
<v>=45.5+33.9nm/s (Fig. 3d). Compared to that of locally trapped
cargos, the measured average speed of directionally moving cargos is
higher, with <o>=92.6 +117.7 nm/s, with a distribution shifted towards
higher speed (Fig. 3d). One representative trajectory of a directionally
moving cargo (Fig. 3e), however, showed that it was also congested
intermittently throughout the observation time (Fig. 3f), and its
instantaneous speed, except for short periods of time marked by arrows
(Fig. 3g), is indistinguishable from those of sub-diffusive cargos.

Dynamical phenomena revealed in cargo transport resemble
commonplace events in transportation

The superb detection sensitivity of iSCAT allows various dynamic
events to be revealed in the process of intracellular cargo transport.
Interestingly, we found that some cargos move together as a pair,
namely “dimeric cargo” (Fig. 4a). For a long observation time (>130s),

cargos in such a dimeric form moved along the same path without
being separated. However, its journey was not smooth due to many
obstacles scattered along the course. The dimeric cargo moving
toward the cell boundary could not move any further after colliding
with a large cellular obstacle (time window ‘@’ in Fig. 4b). After stopping
or randomly jiggling for a while, it changed the direction of motion and
retraced its path (Supplementary Movie 8). Then, its direction of
motion changed once again by a head-on collision with another cargo
moving oppositely along the same path (arrow ‘b’ in Fig. 4b, Supple-
mentary Movie 9). The dimeric cargo stopped again at the surface of
the large obstacle (time window ‘c’ in Fig. 4b), turned around, and then
persistently propagated to the cell body (Supplementary Movie 10).

Despite experiencing a bumpy journey, the cargo remained
dimeric, suggesting that the dimeric cargos are generally stable. Within
a lamellipodial region (Fig. 2c), we monitored at least eight moving
dimeric cargos for ~ 30 min (Supplementary Fig. 15), indicating that
their existence is not a rare event. Long-term tracking of dimeric car-
gos was challenging due to their departure from the field of view or
signal interference, making it difficult to follow them to their final fate.
However, their long-term stability was evident as they all remained
bound throughout the entire observation period. In one exceptional
case observed in another COS-7 cell, a dimeric cargo split into two
monomeric cargos (Supplementary Fig. 16 and Supplementary
Movie 11). A cargo trimer was also observed to move together along
the same route (Supplementary Fig. 17, Supplementary Movie 12).
During translocation, one of the cargos was detached at ¢t =210.7 s, and
the rest (dimer) continued to move and turned around at the inter-
section of the cytoskeleton from ¢=215.7 s to 216.8 s.

During cellular cargo transport, dynamic events reminiscent of
car transportation were observed. One such example was found while
monitoring a dimeric cargo. As noted, dimeric cargos are interesting in
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Fig. 4 | Dynamic events revealed by a directionally transported dimeric cargo.
a Trajectory of a dimeric cargo (yellow oval) showing a directed movement, turn-
around, and intermittent pausing (upper: SBR-iSCAT snapshot, and lower: TD-
iSCAT snapshot), found in the black-boxed area in Fig. 1d. Here, the white and green
arrows indicate the starting point at ¢ = 0 and the turn-around point (time point ‘b’
in b) of the dimeric cargo, respectively. Color legend is used as in Fig. 1g. b x (blue)
and y (green) positions of the dimeric cargo obtained by averaging raw data taken
at 50 Hz for 1s. During the pausing periods (‘a’ and ‘c’), the dimeric cargo (yellow
circle in the left and right insets) interacts with a large spherical cytoplasmic
structure placed on the right side. At the time point of ‘b’, the dimeric cargo (yellow
circle in the middle inset) collided head-on with another cargo (red circle in the
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middle inset) moving in the opposite direction. ¢ Instantaneous speed of the
dimeric cargo calculated from time-averaged data points (averaged over 50 raw
data points for AT =1s), which was measured with the interval of 0.02 s for the raw
trajectory drawn in a. When the dimeric cargo was located too close to the large
spherical cytoplasmic structure, the automatic tracking program failed to work for
a short time indicated by the arrow. d MSD-vs.-time curves obtained from its whole
trajectory (~130s) drawn in (a) (black) and from each time interval of 10 s (13
curves in different colors as denoted in the color legend). e Histogram of the
‘instantaneous speed’ of the dimeric cargo obtained from (c). (Inset: rescaled his-
togram emphasizing low occurrence events.) See also Supplementary Fig. 18 and
Supplementary Movie 13. Source data are provided in a Source Data file.

their own right and reliable, making them preferred targets for our
cargo transport study. Their dumbbell shape allows for clear identifi-
cation as cellular cargos, distinguishing them from other monomeric
cargos in cargo-dense regions. Utilizing fluorescence-combined iSCAT
microscopy, we were able to simultaneously detect scattered light
from cargos and fluorescence from internalized f-PS beads for speci-
fication. This allowed us to identify a dimeric cargo straightforwardly
and accurately when associated with an f-PS bead (Supplementary
Fig. 18a, Supplementary Movie 13). In this instance, an f-PS bead was
identified as part of a dimeric cargo upon close examination using
iSCAT imaging. This dimeric cargo exhibited a sporadic journey
characterized by frequent stalling, turnarounds, and unsteady move-
ments. Interestingly, the dimeric cargo was put on hold because other
cargos crossed the intersection ahead of it (Supplementary Fig. 18f).
From an extensive collection of long-term tracking data, we observed
that the two cargo modules in a dimeric cargo move in a highly
coherent and correlated manner, suggesting that they must be phy-
sically bound. We present another compelling piece of evidence for
physical binding in a dimeric cargo, which is a ‘U-turn’ event during its
journey (Supplementary Fig. 19). This dimer, composed of two cargo
modules, was tracked for ~ 150 s. The trajectory shows that the dimer
makes a U-turn within the green-boxed area (Supplementary Fig. 19a,
Supplementary Movie 14). In the sequence of SBR-iSCAT images
showing the U-turn, the center locations of the front and rear cargos
are indicated by red and blue dots, respectively (Supplementary
Fig. 19b). After making a U-turn, the relative orientation of the two
cargos was reversed (the front-rear relationship between the two car-
gos remained unchanged). It indicates that only one of the cargos
(front) is actively transported by the associated motor protein on
cytoskeleton while the other one (rear) passively trails the active

tractor, hanging from it. Furthermore, the distance between the two
cargos (d) measured in 2D varied but no more than ~ 350 nm, which is
likely due to the 3D motion of the rear cargo (Supplementary Fig. 19¢).

It was recently reported that intracellular cargos move together
via ‘hitchhiking’. Some cargos literally can hitch a ride with nearby
motile cargos already associated with molecular motors®**. As shown
above, iSCAT can directly visualize the outcome of hitchhiking, multi-
meric cargo, even when some cargos lack f-PS beads inside. Capturing
the moment of hitchhiking is challenging, as it likely occurs at the early
stage of cargo transport and near the endoplasmic reticulum (ER),
where the cell’s interior is too crowded with cargos and other orga-
nelles for direct visualization using iSCAT. This concentration of car-
gos in the ER region increases the likelihood that they will couple
together. The hitchhiking process could be a rule rather than an
exception to boost the efficiency of logistics by implementing specific
adapter proteins bridging different vesicles*>*. Thus, it may be pro-
grammed for the cell's benefit, which is somewhat analogous to
carpooling.

Interestingly, the dynamic events described herein nicely match
various occasions encountered during car transportation: a car should
detour at roadblocks, wait for other vehicles to cross at the intersec-
tion, and come to a stop at the end of the road. It is of note that a
complete picture of cellular transportation is now made available by
the brightfield iSCAT microscopy.

Discussion

We demonstrated how iSCAT microscopy could effectively reveal the
critical information about intracellular cargo transport. Instead of
pursuing chemical contrast using fluorophores, iSCAT utilizes the
dynamic feature of transported cargos to discriminate them from
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other cytoplasmic objects with similar shapes and iSCAT contrasts.
Thus, iSCAT allows us to collect a large amount of data by detecting
scattering signals from all kinds of cargos moving directionally along a
cytoskeletal track over a long period of time. The massive localization
of cargos by iSCAT literally pictures the traffic of cargos and their
underlying cytoskeletal highways. Although our cargo-localization
iSCAT microscopy constructs the critical visual information with, in
principle, the same point localization method generally used in super-
resolution fluorescence microscopies*” ™, it reveals quite different
features for the following reasons. First, the current super-resolution
fluorescence microscopy shows the whole meshwork of cytoskeletal
material by accumulating localization points detected from photo-
switchable dyes, directly labeled to major components of the cytos-
keleton. In contrast, the CL-iISCAT microscopy reconstructs the net-
work from numerous localization points taken from actively
transported cargos along the cytoskeletal passage, not from the
cytoskeleton itself. Thus, it displays the cytoskeletal pipelines that are
being actively used at the moment of observation rather than the
whole structure of a cytoskeletal network. Second, as a label-free, high-
throughput imaging tool for extensive data acquisition, iSCAT cap-
tures the long-time evolution of cargo traffic flows on cytoskeletal
highways. In contrast, present-day super-resolution fluorescence
imaging is intrinsically limited due to the photobleaching of fluor-
ophores. Recently, several nonlinear vibrational microscopies with
chemical selectivity without fluorophore labeling have been intro-
duced for live-cell imaging at a high spatial resolution*®*’. However,
these techniques are insufficient to capture the fast dynamics of cargo
transportation in real-time. Thus, the dynamic imaging with the
extremely broad bandwidth demonstrated here is unprecedented in
fluorescence or vibrational microscopies.

In this study, we determined the locations of intracellular cargos
using CL-iSCAT microscopy, combined with image processing meth-
ods that extract the dynamic features of moving cargos from the
complex cytoplasmic landscape. However, continuous tracking of
label-free cargos is limited in duration, as image processing methods
tailored for dynamic entities (e.g., TD-iISCAT) may lose track of them
when they become momentarily immobile. Additionally, measuring
cargo locations can be challenging when cargos overlap with other
similar cytoplasmic objects or when their scattering signal is sig-
nificantly overshadowed by unwanted signals from unspecified cellular
environments. While the underlying active cytoskeletal structure can
be identified using CL-iISCAT microscopy, the reconstruction process
requires a substantial volume of data, comprising thousands of con-
secutive image frames taken over an extended period (-3 min). As a
result, tracking the temporal dynamics of cytoskeleton remodeling on
shorter timescales remains unattainable. Furthermore, while state-of-
the-art iSCAT technologies enable tracking the Brownian motion of
nanoparticles in a three-dimensional space, accurately measuring the
variation in their vertical positions within the highly crowded and
inhomogeneous cytoplasm remains challenging, due to the presence
of numerous optically heterogeneous cytoplasmic objects. Conse-
quently, the cargo-localization density map constructed by CL-iSCAT
microscopy should be considered a 2D projection of all cargos moving
in 3D within the depth of focus of our microscope. Recently, confocal-
type iSCAT microscopies have been developed, offering the ability to
investigate nanoscopic structures and dynamics in living cells**". With
its high-resolution detection capability, this imaging technique shows
substantial potential in unraveling the intricacies of 3D cargo traffic
phenomena along the complex cytoskeleton networks, given its apti-
tude for detecting nanoscopic displacements in the axial direction.

Our in vivo study showed that intracellular cargos regularly
experience heavy traffic throughout the cytoskeletal network. For
example, various dynamic events in cargo transport such as pausing,
turn-around, and jamming are elucidated by obstacles that block the
progress of the cargo, head-on collision with other cargos coming

from the opposite side, or abrupt halt at the intersection of cytoske-
letal highways. According to our observations, a cell has inherent
strategies for efficient cargo delivery to the destination through a
heavily crowded cellular environment. In the short time scale, the
traffic of cargos appears to be entangled and stagnant, but in the long
time scale, they collectively move in the same direction as a cluster of
cargos. In some cases, two or more cargos move together, being
directly connected. Our experimental observations strongly support
the recent hypothesis of intracellular transport by hitchhiking as one
strategy to increase the overall transport rate’®**, As summarized
above, the iSCAT approach would provide the unique opportunity to
investigate the time evolution of nanoscopic cellular constituents in
cytoplasmic context at high spatiotemporal resolution.

Methods

Cell culture procedures

COS-7 cells, monkey kidney fibroblast cell line, were cultured in a 35-
mm confocal dish (SPL, Korea) pre-coated with 0.1 mg/ml poly-D-
lysine (P7886, Sigma-Aldrich, USA) for good cell attachment. The
seeding density of COS-7 cells was 3 x10* cells per dish. Then, cells
were maintained at 37 °C in a humidified 5% CO, and 95% air atmo-
sphere in Dulbecco’s modified eagle medium (DMEM) (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and 1%
penicillin/streptomycin (Gibco, USA) for 1 day. Before iSCAT imaging,
20-nm f-PS beads were seeded into the sample dish and incubated for
6 h. It is known that f-PS beads incubated with COS-7 cells are spon-
taneously internalized, trapped in vesicles, and then actively trans-
ported along cytoskeletal networks by motor proteins, as
schematically depicted in Fig. 1b. Thus, directional cargos containing
f-PS beads are likely intracellular vesicles. For live-cell fluorescence
imaging, 2 pl of BacMam 2.0 reagent per 10,000 cells were added to
COS-7 cells in media. We used two different BacMam 2.0 reagents to
label tubulin (C10611, Invitrogen, USA) and LEs (C10588, Invitrogen,
USA). Cell samples were incubated for at least 16 h at 37 °C. For (F-)
iSCAT imaging, the sample dish was loaded into a mini-incubating
chamber (Chamlide, Live Cell Instrument, Korea) mounted on the
piezo stage (MZS500, Thorlabs, USA) to maintain the temperature and
pH in the sample dish during a long-term iSCAT live-cell imaging.

iSCAT setup

The fluorescence-combined iSCAT microscopy setup is illustrated
schematically (Supplementary Fig. 1). A continuous-wave diode laser
(OBIS-FP-647LX, Coherent, USA) illuminates the sample area by raster
scanning a weakly focused beam with a two-axis AOD (DTS-XY400-
647, AA optoelectronics, France). The telecentric lenses (T1 and T2,
f=500 mm, AC254-500-A, Thorlabs, USA) are used to image the input
beam onto the back focal plane of the high numerical aperture (NA) oil
immersion objective lens (100 x UPlanSApo, 1.4 NA, Olympus, Japan).
The reflected and the scattered lights from the sample are collected by
the same objective, reflected by the beam splitter (BS, BSW-10R,
Thorlabs, USA), and imaged with the tube lens (TL1, f=750 mm,
AC254-750-A, Thorlabs, USA) onto an sCMOS camera (PCO.edge 4.2,
PCO, Germany). The field of view is about 23 x 23 um? In order to
detect fluorescent signals from f-PS beads, two dichroic mirrors (DM1
(FF495-Di03, Semrock) and DM2 (FF552-Di02, Semrock)) were intro-
duced between the objective lens and the beam splitter. DM1is used to
reflect the excitation beam into the main beam path, and DM2 is used
to reflect the fluorescent signal out of the beam path and into the
detector. The light from an LED (SOLIS-3C, Thorlabs, USA) filtered by
an optical bandpass filter (F1, FF02-482/18-25, Semrock, USA) is used to
excite f-PS beads, and the fluorescent signal from them, selected by
DM2 and an optical bandpass filter (F2, FF02-520/28-25, Semrock,
USA), is projected onto an EMCCD via a tube lens (TL2, f=400 mm,
AC254-400-A, Thorlabs, USA). The resulting field of view is about
32x32 umA
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SBR-iSCAT image processing

In principle, the iSCAT image is obtained by combining the scattering
field from intracellular target objects with the reference field reflected
at the interface between the glass and the culture medium. The
intensity on the detector (/4¢) is given by

Lyer(o< |E, +E(?)=1,+1,+ 2,/ I cos @ @

where E, and £ are the reference and scattered light fields, respec-
tively, and ¢ is the relative phase between the two fields. As the scat-
tering intensity (/;) is negligible for small objects compared to the
reference intensity (/,), the third interferometric cross term becomes
the leading contribution from scattering objects. The iSCAT contrast
(C) is defined as

Czldet_lback=ldizzlslcosw 2)

where Iy, and Iq;¢ are the intensity by background and its difference
from Iy, respectively, and r and s are the reflection and scattering
coefficient, respectively.

The raw images from iSCAT inevitably include static non-uniform
background caused by uneven illumination or spurious speckles due
to back-reflections by or defects on optical elements placed along the
beam path, which deteriorates the quality of raw images. To eliminate
such a time-invariant background noise, we employed the static
background removed (SBR)-iSCAT image processing method (Sup-
plementary Fig. 2a, c). First, a temporal-median cell image was gener-
ated by averaging 10 consecutive raw images (4¢= 0.2 s) taken at 50 Hz
to reduce the level of shot noise fluctuations in iSCAT snapshots. Then,
we obtained an SBR-iSCAT image by subtracting a temporal-median
background image from the temporal-median cell image to obtain the
differential image and dividing the differential image by the back-
ground image, as written in Eq. S2 above. The temporal-median
background image was averaged for a stack of -~ 3,000 images
obtained from a cell-free zone on a glass substrate. The quality of
image is significantly improved thereby, and various cellular structures
are clearly revealed with enhanced contrast by merely removing the
stationary background with reduced shot noise.

TD-iSCAT image processing

Even with the enhanced contrast in SBR-iSCAT imaging, it is still diffi-
cult to identify intracellular cargos in the cytoplasmic space full of
unidentified subcellular objects with similar shapes and contrasts. To
capture dynamic cargos from the complex cytoplasmic landscape, we
used the time-differential (TD)-iISCAT image processing method
(Supplementary Fig. 2b, d) instead, highlighting dynamic cellular fea-
tures by suppressing quasi-static iSCAT signals from relatively sta-
tionary cellular substance. First, we obtained a temporal-median cell
image from 20 consecutive frames (4t=0.4s) taken at 50Hz. By
dividing a temporal-median image by another such image taken after
the time interval (47) of 0.2 s, a TD-iSCAT image was obtained. In the
image, individual cargos which move faster than 200 nm/s appear as a
pair of dark and bright spots, indicating the early and late positions in
the time interval averaged over for each image (4¢= 0.4 s). In contrast,
other static or randomly moving cellular entities fade or disappear due
to signal cancellation. Cargos slower than 200 nm/s would be self-
canceled because their signals fall in the same pixel (1 pixel ~ 40 nm)
within the time interval of 0.2 s. In the cases cargos backtrack, how-
ever, they would be counted multiple times.

Cargo localization and tracking via the MOSAIC Image]J plugin

The detection and tracking of multiple cargos from iSCAT images were
achieved by the MOSAIC Image] plugin®. Although this plugin was
developed as an analytic tool for fluorescence microscopy images, we

found that it is equally well suited for analyzing cargos captured in
both SBR- and TD-iSCAT images. There are three parameter values to
be set for cargo identification: particle radius (r), cutoff score (s.,,), and
intensity percentile (/,). The value of particle radius was set to be the
diffraction limit, Ar- = 122*1 where the numerical aperture (NA) and A
used for iSCAT detection are 1.49 and 647 nm, respectively. Thus, Ar- is
about 264 nm, corresponding to ~ 7 pixels in our iSCAT setup (1 pixel ~
40 nm). Accordingly, larger cargos with a radius > 7 pixels were
excluded, and two (or more) cargos less than 7 pixels apart could be
counted as a single cargo in our analysis. The cutoff score for non-
particle discrimination was not applied in our cargo identification and
set to ‘0. I, is the parameter to determine which bright pixels are
accepted as cargos. While the dynamic cellular features are only
highlighted in TD-iSCAT cell images, SBR-iSCAT cell images reveal the
whole cellular landscape, including static or randomly moving objects
with enhanced iSCAT contrast. To construct the cargo-localization
density map, we selectively detect dynamic cargos, each of which
appears as a pair of bright and dark spots in TD-iSCAT images, by
setting the value of /, to 0.3 (Supplementary Fig. 20). SBR-iSCAT
images were synchronously examined to detect locally stalled cargos
in a traffic jammed area (Fig. 3b) or cargos that are intermittently
stalled during a long journey (Supplementary Fig. 3) by applying a
different value of /, to 5.

For cargo localization to reveal the underlying active cytoskeletal
highways, the spatial coordinates of individual cargos are determined
in the TD-iSCAT image with the following localization precision,

o= {(SZ * 117;)} N {8ns4b2} 3

N qZN2

where s is the standard deviation of the point-spread function, N the
total number of detected photons of the scattered light, g the
equivalent dimension of a pixel in the sample space (-40 nm), and b
the background noise per pixel®***, Considering the full well capacity
of'the camera (~30,000 e ) given by the manufacturer, the values of N
and b are assumed to be about 7000 and 1500, respectively, measured
from a cell-free background area illuminated by 1mW light. Then, a
pair of bright and dark spots revealed in a TD-iSCAT image were
separately fitted with the following 2D Gaussian function,

2 2
_ _ (Xz’;g) + (,V;yci) (4)
fx)=Ae v' / +B

where A is the height of the peak with respect to the base level B, xo and
Yo are the positions of the center of the peak, and s, and s, are the
standard deviations of the position of a bright (or dark) spot (Sup-
plementary Fig. 4). From our measurements, the value of SNR is ~ 6 (or
~4) for a bright (or dark) spot, which allows localization of the center of
the Gaussian peak with a precision of ~ 10 (or -15) nm.

Instantaneous speed and MSD measurements from cargos’
trajectories

To obtain the trajectory of an individual f-PS bead-bearing cargo, the
position of the f-PS bead was manually (Fig. 1f) or automatically
(Fig. 1g) tracked from fluorescence images taken at 10 Hz. To auto-
matically track the motion of an f-PS bead using the MOSAIC Image]J
plugin, we set r=7, s.,,= 0, and /, = 1. Trajectories from individual f-PS
bead-free cargos (Figs. 3b, e, and 4a) were automatically obtained by
applying the plugin to SBR-iSCAT images instead of TD-iSCAT images
because the TD-iSCAT scheme fails to track cargos’ locations faithfully
whenever they are intermittently paused. The instantaneous speeds (v)
from the trajectories acquired in SBR-iISCAT images (Figs. 3g and 4c)
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were calculated from

_dr rt+An)—r()
e TR YA ©)

where ¢ and r(¢) are the time taken and the position of a particle at ¢,
respectively. Here, At is given by 1/f (Hz), which is 0.02 s. However, the
value of v calculated from a raw trajectory varies considerably, likely
for the inaccuracy in finding the center position of cargo due to
thermal noise. To suppress noise in speed measurement, we calculated
the value of v from a 50-point time-averaged trajectory, the cargo
position of which was given by the mean position of the cargo from 50
consecutive raw images (Supplementary Fig. 8). Markedly different
from the raw and 10-point time-averaged trajectories, the 50-point
time-averaged trajectories show that the baseline or minimum of v,
which would be the value of speed at the moment of intermittent
pause, is close to zero.

The MSD of a particle over a time interval t is defined as the
average squared displacement of the particle during the interval,
taken over N successive time lags:

N
MSD = %; [X(IAE +t) — X(iAL))? (6)

where x(7) is the position of the particle at time 1. A long-time particle
tracking (> 130 s) necessary for MSD analysis is feasible for a single f-PS
bead or an intracellular cargo as demonstrated with fluorescence
imaging (Fig. 1g, h) or SBR-iSCAT time-lapse imaging (Fig. 4b, d). In
contrast, cargo tracking is severely hampered in the bustling area
where cargos frequently jam because the images of cargos are often
overlapped there. Thus, we selected a relatively short trajectory of
each cargo for MSD analysis and continuously tracked for 150
consecutive frames (or 3 s) in the jammed area (Fig. 3b, c).

Statistics and reproducibility

The data presented in this work are representative of our experimental
results. We conducted iSCAT time-lapse imaging and collected more
than 10 different sets of data from different COS-7 cells cultured in the
presence or absence of 20 nm f-PS beads at temporally independent
periods. Most of the cargo trajectories shown in this work were
obtained from the same area (field of view: 20 x 20 um?) of a single cell
in Fig. 1c unless noted otherwise. From this area, ~ 10-million locali-
zation points automatically identified with the MOSAIC ImageJ plugin
were used to reconstruct the cytoskeleton network. By applying the
cargo-localization method to TD-iSCAT images, we showed that these
image data exhibited similar intracellular traffic phenomena including
the cargo flow by collective migration (Fig. 2, Supplementary Figs. 9
and 10), the traffic jam in a locally concentrated area of cargos (Fig. 3,
Supplementary Fig. 14), and the transport in the form of dimeric cargos
(Fig. 4, Supplementary Figs. 15-19). The sequences of cargo density
map images shown in Fig. 2d and Supplementary Fig. 10b were
obtained from two partially overlapped regions in the same cell, cor-
responding to the white (Fig. 2c) and purple boxed area (Fig. 2a).
Multimeric cargos were observed from 3 different cell culture dishes:
one from each culture was dedicated to a specific observation: the long
journey of a dimeric cargo (Fig. 4a, Supplementary Fig. 15), the
separation of a dimeric cargo (Supplementary Fig. 16), and the for-
mation of a trimeric cargo and its separation (Supplementary Fig. 17).
Turn-around events of a cargo were routinely observed (Fig. 4a, Sup-
plementary Figs. 18a and 19a). For the dual-channel F-iISCAT imaging of
COS-7 cells with GFP-labeled microtubules (Supplementary Fig. 11), we
acquired 6 data sets, taken from 6 different cell culture dishes. The
effect of nocodazole (Supplementary Fig. 12) was tested with 4 dif-
ferent cells cultured on different cell culture dishes. For the dual-
channel F-iSCAT imaging of COS-7 cells with GFP-labeled LEs, we

acquired 2 data sets, taken from two different cell culture dishes. The
average speed of cargos moving on cytoskeletal filaments is presented
in the form of the mean + standard deviation and mentioned in the
text. All figures were created using OriginPro (Origin lab), MATLAB
(MathWorks), or Illustrator (Adobe).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files.
All the raw data generated in this study are provided in the Source Data
file. The minimum data sets of the raw iSCAT cell images generated in
this study have been deposited in figshare (https://doi.org/10.6084/
mo.figshare.23826420). The whole sequences of the raw iSCAT cell
images and other relevant data that further support the findings of this
study are available from the corresponding authors upon request.
Source data are provided with this paper.

Code availability

The MATLAB code, ‘iView.m’, used in this study to generate SBR- and
TD-iSCAT images from raw iSCAT images has been deposited in fig-
share (https://doi.org/10.6084/m9.figshare.23826504).

References

1. Chevalier-Larsen, E. & Holzbaur, E. L. F. Axonal transport and neu-
rodegenerative disease. Biochim. Biophys. Acta 1762,

1094-1108 (2006).

2. Millecamps, S. & Julien, J.-P. Axonal transport deficits and neuro-
degenerative diseases. Nat. Rev. Neurosci. 14, 161-176 (2013).

3. Bonifacino, J. S. & Glick, B. S. The mechanisms of vesicle budding
and fusion. Cell 116, 153-166 (2004).

4.  McNiven, M. A. & Thompson, H. M. Vesicle formation at the plasma
membrane and trans-Golgi network: The same but different. Sci-
ence 313, 1591-1594 (2006).

5. Gross, S. P., Vershinin, M. & Shubeita, G. T. Cargo transport: two
motors are sometimes better than one. Curr. Biol. 17, R478-R486
(2007).

6. Ross, J. L., Ali, M. Y. & Warshaw, D. M. Cargo transport: molecular
motors navigate a complex cytoskeleton. Curr. Opin. Cell Biol. 20,
41-47 (2008).

7. Balint, S., Vilanova, I. V., Alvarez, A. S. & Lakadamyali, M. Correlative
live-cell and super-resolution microscopy reveals cargo transport
dynamics at microtubule intersections. Proc. Natl Acad. Sci. USA
110, 3375-3380 (2013).

8. Watanabe, T. M., Sato, T., Gonda, K. & Higuchi, H. Three-dimensional
nanometry of vesicle transport in living cells using dual-focus ima-
ging optics. Biochem. Biophys. Res. Commun. 359, 1-7 (2007).

9. Leduc, C. et al. Molecular crowding creates traffic jams of kinesin
motors on microtubules. Proc. Natl Acad. Sci. USA 109,
6100-6105 (2012).

10. Ross, J. L. The impacts of molecular motor traffic jams. Proc. Natl
Acad. Sci. USA 109, 5911-5912 (2012).

1. Conway, L., Wood, D., Tlizel, E. & Ross, J. L. Motor transport of self-
assembled cargos in crowded environments. Proc. Natl Acad. Sci.
USA 109, 20814-20819 (2012).

12. Sozanski, K. et al. Small crowders slow down kinesin-1 stepping by
hindering motor domain diffusion. Phys. Rev. Lett. 115, 218102 (2015).

13. Bergman, J. P. et al. Cargo navigation across 3D microtubule
intersections. Proc. Natl Acad. Sci. USA 115, 537-542 (2018).

14. Guo, Y. et al. Visualizing intracellular organelle and cytoskeletal
interactions at nanoscale resolution on millisecond timescales. Cell
175, 1430-1442 (2018).

Nature Communications | (2023)14:7160


https://doi.org/10.6084/m9.figshare.23826420
https://doi.org/10.6084/m9.figshare.23826420
https://doi.org/10.6084/m9.figshare.23826504

Article

https://doi.org/10.1038/s41467-023-42347-7

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

Lu, M. et al. The structure and global distribution of the endo-
plasmic reticulum network are actively regulated by lysosomes.
Sci. Adv. 6, eabc7209 (2020).

Lindfors, K., Kalkbrenner, T., Stoller, P. & Sandoghdar, V. Detection
and spectroscopy of gold nanoparticles using supercontinuum
white light confocal microscopy. Phys. Rev. Lett. 93,

037401 (2004).

Ortega-Arroyo, J., Cole, D. & Kukura, P. Interferometric scattering
microscopy and its combination with single-molecule fluorescence
imaging. Nat. Protoc. 11, 617-633 (2016).

Piliarik, M. & Sandoghdar, V. Direct optical sensing of single unla-
beled proteins and super-resolution imaging of their binding sites.
Nat. Commun. 5, 4495 (2014).

Young, G. et al. Quantitative mass imaging of single biological
macromolecules. Science 360, 423-427 (2018).

Kukura, P. et al. High-speed nanoscopic tracking of the position and
orientation of a single virus. Nat. Methods 6, 923-927 (2009).

Lee, I.-B. et al. Interferometric scattering microscopy with
polarization-selective dual detection scheme: capturing the orien-
tational information of anisotropic nanometric objects. ACS Pho-
tonics 5, 797-804 (2018).

Huang, Y.-F. et al. Coherent brightfield microscopy provides the
spatiotemporal resolution to study early stage viral infection in live
cells. ACS Nano 1, 2575-2585 (2017).

Lee, I.-B. et al. Three-dimensional interferometric scattering
microscopy via remote focusing technique. Opt. Lett. 45,
2628-2631 (2020).

Taylor, R. W. et al. Interferometric scattering microscopy reveals
microsecond nanoscopic protein motion on a live cell membrane.
Nat. Photonics 13, 480-487 (2019).

Hsiao, Y.-T., Tsai, C.-N., Chen, T.-H. & Hsieh, C.-L. Label-free dynamic
imaging of chromatin in live cell nuclei by high-speed scattering-
based interference microscopy. ACS Nano 16, 2774-2788 (2022).
Huang, Y.-F., Zhuo, G.-Y., Chou, C.-Y., Lin, C.-H. & Hsieh, C.-L. Label-
free, ultrahigh-speed, 3D observation of bidirectional and corre-
lated intracellular cargo transport by coherent brightfield micro-
scopy. Nanoscale 9, 6567-6574 (2017).

Park, J.-S. et al. Label-free and live cell imaging by interferometric
scattering microscopy. Chem. Sci. 9, 2690-2697 (2018).

Park, J.-S. et al. Fluorescence-combined interferometric scattering
imaging reveals nanoscale dynamic events of single nascent
adhesions in living cells. J. Phys. Chem. Lett. 11,

10233-10241 (2020).

Sbalzarini, I. F. & Koumoutsakos, P. Feature point tracking and tra-
jectory analysis for video imaging in cell biology. J. Struct. Biol. 151,
182-195 (2005).

Wisanpitayakorn, P., Mickolajczyk, K. J., Hancock, W. O. & Tiizel, E.
Measurement of the persistence length of cytoskeletal filaments
using curvature distributions. Biophys. J. 121, 1813-1822 (2022).
Brangwynne, C. P., Koenderink, G. H., Mackintosh, F. C. & Weitz, D.
A. Cytoplasmic diffusion: molecular motors mix it up. J. Cell Biol.
183, 583-587 (2008).

Gennerich, A. & Vale, R. D. Walking the walk: how kinesin and dynein
coordinate their steps. Curr. Opin. Cell Biol. 21, 59-67 (2009).
Alberts, B. et al. Molecular biology of the cell. 4th edition, New York,
Garland Science (2002).

Block, S. M., Goldstein, L. S. B. & Schnapp, B. J. Bead movement by
single kinesin molecules studied with optical tweezers. Nature 348,
348-352 (1990).

Breitfeld, P. P., McKinnon, W. C. & Mostov, K. E. Effects of nocoda-
zole on vesicular traffic to the apical and basolateral surfaces of
polarized MDCK cells. J. Cell Biol. 111, 2365-2373 (1990).
Hamm-Alvarez, S. F. & Sheetz, M. P. Microtubule-dependent vesicle
transport: modulation of channel and transporter activity in liver
and kidney. Physiol. Rev. 78, 1109-1129 (1998).

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Chenouard, N., Xuan, F. & Tsien, R. W. Synaptic vesicle traffic is
supported by transient actin filaments and regulated by PKA and
NO. Nat. Commun. 1, 5318 (2020).

Mogre, S. S., Brown, A. |. & Koslover, E. F. Getting around the cell:
physical transport in the intracellular world. Phys. Biol. 17,

061003 (2020).

Salogiannis, J. & Reck-Peterson, S. L. Hitchhiking: A non-canonical
mode of microtubule-based transport. Trends Cell Biol. 27,
141-150 (2017).

Mogre, S. S., Christensen, J. R., Niman, C. S., Reck-Peterson, S. L. &
Koslover, E. F. Hitching a ride: mechanics of transport initiation
through linker-mediate hitchhiking. Biophys. J. 118, 1357-1369 (2020).
Salogiannis, J., Egan, M. J. & Reck-Peterson, S. L. Peroxisomes move
by hitchhiking on early endosomes using the novel linker protein
PxdA. J. Cell Biol. 212, 289-296 (2016).

Betzig, E. et al. Imaging intracellular fluorescent proteins at nan-
ometer resolution. Science 313, 1642-1645 (2006).
Kanchanawong, P. et al. Nanoscale architecture of integrin-based
cell adhesions. Nature 468, 580-584 (2010).

Rust, M. J., Bates, M. & Zhuang, X. Sub-diffraction-limit imaging by
stochastic optical reconstruction microscopy (STORM). Nat. Meth-
ods 3, 793-796 (2006).

Shroff, H., Galbraith, C. G., Galbraith, J. A. & Betzig, E. Live-cell
photoactivated localization microscopy of nanoscale adhesion
dynamics. Nat. Methods 5, 417-423 (2008).

Evans, C. L. & Xie, X. S. Coherent anti-Stokes Raman scattering
microscopy: chemical imaging for biology and medicine. Annu.
Rev. Anal. Chem. 1, 883-909 (2008).

Choi, D. S., et al. Label-free live-cell imaging of internalized
microplastics and cytoplasmic organelles with multicolor CARS
microscopy. Environ. Sci. Technol. 56, 3045-3055 (2022).

Lim, J. M. et al. Cytoplasmic protein imaging with mid-infrared
photothermal microscopy: Cellular dynamics of live neurons and
oligodendrocytes. J. Phys. Chem. Lett. 10, 2857-2861 (2019).
Zhang, D., Wang, P., Slipchenko, M. N. & Cheng, J.-X. Fast vibra-
tional imaging of single cells and tissues by stimulated Raman
scattering microscopy. Acc. Chem. Res. 47, 2282-2290 (2014).
Kippers, M., Albrecht, D., Kashkanova, A. D., Luhr, J. & Sandoghdar,
V. Confocal interferometric scattering microscopy reveals 3D
nonoscopic structure and dynamics in live cells. Nat. Commun. 14,
1962 (2023).

Hsiao, Y.-T., Wu, T.-Y., Wu, B.-K., Chu, S.-W. & Hsieh, C.-L. Spinning
disk interferometric scattering confocal microscopy captures mil-
lisecond timescale dynamics of living cells,. Opt. Express 30,
45233-45245 (2022).

Lin, Y.-H., Chang, W.-L. & Hsieh, C.-L. Shot-noise limited localization
of single 20 nm gold particles with nanometer spatial precision
within microseconds. Opt. Express 22, 9159-9170 (2014).
Thompson, R. E., Larson, D. R. & Webb, W. W. Precise nanometer
localization analysis for individual fluorescent probes. Biophys. J.
82, 2775-2783 (2002).

Acknowledgements

This work was supported by IBS-R023-D1 and NRF-
2022R1A2B5B01002343 (S.H.); Global Research & Development Center
Program (2018K1A4A3A01064272, S.H.) through the NRF funded by the
Ministry of Science and ICT.

Author contributions

Conceptualization: J.P., S.H., M.C. Methodology: J.P., I.L., M.M. Investi-
gation: J.P., I.L., M.M., S.H., M.C. Writing - original draft: J.P., S.H., M.C.
Funding acquisition: S.H., M.C. Supervision: S.H., M.C.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:7160

10



Article

https://doi.org/10.1038/s41467-023-42347-7

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42347-7.

Correspondence and requests for materials should be addressed to
Seok-Cheol Hong or Minhaeng Cho.

Peer review information Nature Communications thanks Darius Kdster
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7160


https://doi.org/10.1038/s41467-023-42347-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Long-term cargo tracking reveals intricate trafficking through active cytoskeletal networks in the crowded cellular environment
	Results
	Cargos in directional motion are tracked in a complex cellular environment via iSCAT microscopy
	Cargo-localization iSCAT microscopy reveals the underlying active cytoskeletal highways
	Cargos experience heavy traffic at the intersection of cytoskeletal highways
	Dynamical phenomena revealed in cargo transport resemble commonplace events in transportation

	Discussion
	Methods
	Cell culture procedures
	iSCAT�setup
	SBR-iSCAT image processing
	TD-iSCAT image processing
	Cargo localization and tracking via the MOSAIC ImageJ�plugin
	Instantaneous speed and MSD measurements from cargos’ trajectories
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




