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ABSTRACT

Endosomes in cells are known to move directionally along microtubules, but their
rotational dynamics have rarely been investigated. Even less is known, specifically, about
the rotation of non-spherical endosomes. Here we report a single-Janus rod rotational
tracking study to reveal the rich rotational dynamics of rod-shaped endosomes in living
cells. The rotational reporters were Janus rods that display patches of different fluorescent
colors on the opposite sides along their long axes. When wrapped tightly inside endosomes,
the shape and optical anisotropy of these Janus rods enable the simultaneous measurements
of all three rotational angles (in-plane, out-of-plane, and longitudinal) and the translational
motion of single endosomes with high spatiotemporal resolutions. We demonstrate that
endosomes undergo in-plane rotation and rolling during intracellular transport and that
such rotational dynamics are driven by rapid microtubule fluctuations. We reveal for the
first time the “rock-and-roll” of endosomes in living cells, and how the intracellular
environment modifies such rotational dynamics. This study demonstrates a unique
application of Janus particles as imaging probes in the elucidation of fundamental

biological questions.



INTRODUCTION

Cells internalize materials into intracellular vesicular compartments known as
endosomes.! 2 Endosomes are carried on the cytoskeleton by molecular motors, sorted, and
delivered to intracellular locations.®> * The trafficking of endosomes regulates many
essential cell functions, from migration to proliferation, and many devastating human
diseases are caused by defects in this process.> ® Our ability to understand the pathogenesis
of those diseases and identify therapeutic targets critically depends on the availability of
methods to dissect the dynamics and mechanisms of endosome trafficking.

Single-particle imaging and tracking has been used widely to investigate endosome
trafficking in living cells.” ° In theory, one can precisely quantify the dynamics of single
endosomes and their interaction with subcellular structures by following their trajectories.
In fact, studies that examined the translational motion of endosomes have led to many
breakthroughs in understanding endosome transport.*% 1. 1213, 14 However, as research
progressed from in vitro systems where microtubules are reconstructed on glass surfaces
to studies inside living cells, measuring only the translational dynamics of endosomes
becomes insufficient. It is expected that the three-dimensional interactions experienced by
endosomes travelling inside cells will cause rotation, as well as translational motion, and
that such rotational motion could therefore provide valuable clues about the nature of these
interactions. Yet, little is known about how endosomes rotate in cells or how their rotation
correlates with the intracellular environment. So far, only a handful of studies have
monitored endosome rotation in intracellular trafficking, and these have all been done with

gold nanorods as imaging probes. Two of the studies, one by Xiao et al.'® and the other by



Chaudhari et al.'® were merely intended to demonstrate the feasibility of the technique
rather than investigating the transport of endosomes. Gu et al. reported the rotation of gold
nanorods inside endosomes during axonal transport.t” However, none of those methods
allow for the measurement of the rod rotation around the longitudinal axis because of the
optical symmetry of gold nanorods around that axis.

In this study, we demonstrate a new imaging method to simultaneously measure all three
components of rotational motion (in-plane, out-of-plane, and longitudinal) and translation
of rod-shaped endosomes in living cells. This method uses a novel type of dual-color Janus
rods as imaging probes. These Janus rods, made with a "sandwich™ microcontact printing
procedure, display two patches of distinct fluorescence on the opposite sides along their
long axes. Once internalized into endosomes, the shape and optical anisotropy of the Janus
rods allow direct visualization and measurement of the rotational and translational
dynamics of single endosomes in cells. This rotational tracking method uses wide-field
fluorescence microscopy, which is more suitable for live cell imaging than the interference-
based methods used with gold nanorods. We show that endosomes undergo in-plane
rotation and rolling during intracellular transport. When the rod-containing endosomes
pause on microtubules, they rotate and roll due to the rapid fluctuations of the microtubule
network. In contrast, they undergo little rotation while being actively transported by
molecular motors along microtubule tracks. Because some endosomes in cells exhibit
elongated shapes'® and some intracellular organelles (such as mitochondria) that undergo
motor-driven transport are also rod-shaped,'® our results shed new insights into
understanding the transport dynamics of such structures in cells.

RESULT AND DISCUSSION



Janus rods used in this study were made from silica rods that are 0.44+0.06 um (avezs.d.)
in diameter and 1.43+0.09 um (ave#s.d.) in length (Fig. S1a).2% 2! To render the silica rods
optically anisotropic, we created, on each rod, two fluorescent patches on the opposite sides
of the long axis, using a “sandwich” microcontact printing method (Fig. 1a).?% 2% In this
procedure, a monolayer of silica rods was pressed in between two PDMS stamps that were
pre-inked with polyethylenimine (PEI) Alexa Fluor-568 or PEI Alexa Fluor-647. The
fluorescently labeled PEI was transferred onto the opposite sides of individual rods upon
contact.

The dual-color Janus rods appear as two parallel long patches in 2D projection
epifluorescence images (Fig. S1b). The rotation and location of single Janus rods can be
measured based on the orientation and location of each patch, and the inter-patch distance.
The three rotational angles are referred to as the in-plane (azimuthal) angle ¢, out-of-plane
(polar) angle &, and rolling angle 6 (Fig. 1b). The in-plane angle ¢ was determined from
the orientations of the long axes of each pair of patches (Fig. 1c). The rolling angle 8 was
calculated from the projected inter-patch distance: 8 = cos™1(d/d,qx), in Which d is the
vertical distance between a pair of fluorescent patches at any given orientation in a 2D
projection image, and d,,,, IS the physical distance between the two patches, obtained as
the maximum of d when a Janus rod samples all rolling angles during imaging (Fig. 1d).
Because we cannot differentiate in projected wide-field fluorescence images rolling angles
that are either above or below the imaging plane, we can only obtain 8 angles from 0 to
using this method. The out-of-plane rotational angle § can be calculated using this
equation: § = cos™1(1/L,4x), in Which [ is the projection length of a patch at any given

orientation, and L,,,,, is the physical length of the same patch, which is obtained when a



rod lie flat within the x,y plane (6= 0). In our experiments, the rods inside cells were not
observed to exhibit any out-of-plane rotation, likely because microtubules in the adherent
cells are oriented mostly parallel to the surface. The tracking uncertainties in our living cell
experiments were 2+1° for in-plane angle ¢, 4£2° for rolling angle 6, and 104 nm for
translational motion (see Sl and Fig. S2).

For a Janus rod to faithfully report the rotation of the endosome that it resides in, the rod
must not be free to rotate inside the endosome. This was ensured through ligand-receptor
binding between the Janus rods and endosomes. The COS-7 cells used in this study were
transfected to express Fcy receptors and Janus rods were coated with the corresponding
ligand, immunoglobulin G (IgG) antibody. Fcy receptors bind to the IgG antibodies and
initiate cellular internalization of large particles.?* 2> Owing to the specific ligand-receptor
binding, = 70% of the IgG-coated Janus rods were internalized compared to < 10% of rods
without IgG (Fig. S3a). More than 80% (57 out of 71) of the internalized rods remained
tightly wrapped inside endosomes at 45 min after the addition of rods to cells, which was
the time window of our live cell imaging (Fig. S3b, c). Given the existence of ligand-
receptor conjugation and the tight fit of the endosome membrane, rotation of Janus rods
inside endosomes is unlikely.

Endosomes containing Janus rods were observed to move directionally over distances of
a few hundred nm to a few um, but frequently pause and switch moving directions in
between episodes of directional motion (Fig. 2a, Movie S1). Such translational movements
are characteristic of the active transport of endosomes driven by kinesin and dynein motors
along microtubules.' 26 As the rods travelled along, they also rotated both in-plane and

longitudinally (rolling) (Fig. 2a insets). The rotation and rolling were not continuous, but



occurred in short bursts that each lasted a few seconds. Moreover, each brief episode of
rotation or rolling was mostly unidirectional. For instance, the rod shown in Fig. 2a rolled
in one direction for 42.7° from 23.5 s to 27.5 s, and rotated in-plane for 16.8 ° between 52
sand 56 s.

When we matched the orientation of Janus rods to their translational trajectories, we
noticed two interesting phenomena. First, during episodes of directional transport that
appeared similar translationally, the rods were oriented in drastically different ways. As
shown in Fig. 2c-d, the Janus rod was oriented with its long axis nearly parallel to the
moving direction during a segment of directional motion between 0 s and 5.5 s (referred to
as My, Fig. 2c). The average angle between the long-axis of the Janus rod and its moving
direction, defined as angle a (Fig. 2b), was 9.0£12.2°. In contrast, the same Janus rod was
almost perpendicular to the moving direction during another similar episode from 52 to 56
sec, with an average angle o of 60.1+16.8° (referred to as My, Fig. 2d). When the rod
paused in between episodes of directional transport, it maintained its orientation (referred
to as Mo, Fig. 2e). The second interesting phenomenon observed was that the rotation and
rolling of rods appeared to occur during specific types of translational behavior (Fig. 2).

To quantitatively identify the correlation between the rotational and translational
dynamics of the rods, we plotted the x, y-displacements, in-plane angle ¢, and rolling angle
@ of the rod shown in Fig. 2 (Fig. 3a-b). M, and M1 movements and M, pauses were
identified based on both the angle o and translational displacement; episodes of rapid
unidirectional rotation and rolling were distinguished from stochastic noise based on the
amplitude of angular change (see details in Experimental Section SI, Fig. S4a, b). After

highlighting the different translational and rotational movements, we observed an obvious



correlation between them. It is evident that the rod exhibited active in-plane rotation during
the M . movements when the rod was oriented nearly perpendicular to its moving direction.
Active rolling occurred when the rod paused (Mo). In contrast, the rod exhibited no active
rotation or rolling during the My, movements when the rod aligned nearly parallel to its
moving direction. This strong correlation between the rotational and translational dynamics
was confirmed by results from 20 rods (Fig. 3c-d). The rods were not observed to rotate
in-plane and roll simultaneously.

The My, movements of rods observed in our experiments agree with previous reports that
tubular endosomes or mitochondria tend to align parallel to microtubules during their
transport.!> 2 This type of movement is expected, because it maximizes attachment
between the rod and the microtubule tracks. The M1 movements of rods are surprising, and
it was unclear what could cause this unusual translational dynamics. Another question was
the cause of the active rotation and rolling of the rods. To answer both questions, we
simultaneously imaged rod transport and the microtubules in living cells. We first
confirmed our expectation that the M, movements of rods correspond to their directional
transport along microtubules, during which the rods are oriented parallel to the microtubule
track (Fig. 4a). The My, movements are likely driven by dynein and kinesin, as we found
that inhibition of dynein led to more immobile rods and reduced the transport speed of the
mobile rods from 0.22 um/s to 0.13 pum/s (Fig. 4d). We also observed rapid microtubule
fluctuations: the filaments buckle and move laterally in a sweeping fashion, a phenomenon
consistent with previous reports.*! 28 Because of such microtubule fluctuations, rods that
paused on the tracks were pushed around, appearing to move translationally in a direction

perpendicular to their orientation and, simultaneously, to rotate in-plane (Fig. 4b). In such



cases, inhibition of dynein had no effect on either translational movement or in-plane
rotation (Fig. 4d-e). These results indicate that the M. movements of rods and the
associated in-plane rotation are both caused by forces from microtubule fluctuations.
Molecular motors have negligible contributions.

In addition, we found that almost all rods (10 out of 11) that exhibited rolling motion,
but little translational movement, were located in very dense network of microtubules (Fig.
4c). The inhibition of dynein again showed no effect on the rolling angle displacement
(Fig. 4e), but microtubule disruption significantly reduced the rolling dynamics (Fig. S4).
These results confirm that the rolling of the rods is also caused by microtubule fluctuations.
Given that a rod in microtubule-dense areas is in contact with multiple microtubules, it is
likely that forces exerted by fluctuating microtubules in three dimensions give rise to the
rolling of the rod, but also leads to stalled translational motion. A few important
conclusions can be drawn from the microtubule imaging results. First, the three types of
translational behaviors of the rods have different origins. The My, movements are from
active transport driven by molecular motors, the M 1 movements resulted from microtubule
fluctuations, and the pauses (Mo) occur when rods are in a dense microtubule network. A
rod during intracellular trafficking can exhibit all three types of movements. Second, the
rotation and rolling of rods are caused by microtubule fluctuations. Rods residing on
buckling microtubule filaments appear to rotate in-plane and ones in microtubule-dense
areas tend to roll. This explains the correlation between the rotational and translational
motion of the rods (Fig. 3).

CONCLUSION



In this study, we developed a single-rod rotational tracking method and used it to directly
visualize and quantify the rotational dynamics of endosomes during intracellular transport.
We fabricated Janus rods as imaging reporters that display two patches of distinct
fluorescence on the opposite sides of the long axis. The shape and optical anisotropy of the
Janus rods enables the simultaneous measurement of all three rotational angles (in-plane,
out-of-plane, and longitudinal) and translational motion of single rods with high
spatiotemporal resolutions. With the Janus rods tightly wrapped inside endosomes in cells,
we uncovered a rich spectrum of in-plane rotation and rolling dynamics of endosomes that
correlate with their translational transport. When the rod-containing endosomes pause on
microtubules, they rotate and roll due to rapid fluctuations of the microtubule network. In
contrast, endosomes undergo little rotation while being actively transported by molecular
motors along microtubule tracks. The single-Janus rod tracking method allowed us to
elucidate, for the first time, the rotation and rolling of rod-shaped endosomes, and more
importantly the underlying driving forces. Going beyond live cell imaging of endosome
dynamics, this tracking method is also expected to be a robust and useful tool for measuring
rod rotation in various processes, such as during assembly at fluid interfaces and in
chemically powered propulsion. Research on Janus particles has been mostly focused on
their synthesis, self-assembly, design of self-propelled micromotors, and biomedical
applications. In contrast, this study is one of the first few to demonstrate the potential of
using Janus particles for fundamental studies in cell biology.

EXPERIMENTAL SECTION
Cells and reagents. Polyvinylpyrrolidone was purchased from TCI America (Portland,

Oregon). 1-pentanol and sodium citrate dihydrate were purchased from Alfa Aesar



(Haverhill, MA).Tetraethyl orthosilicate (TEOS) was purchased from Acros (Geel,
Belgium) and the ammonia was purchased from BDH (Radnor, PA). Sylgard 184 silicone
elastomer kit was purchased from Dow Corning (Midland, MI). (3-
Aminopropyl)triethoxysilane (APTES), biotin N-hydroxysuccinimide ester (biotin-NHS),
bovine serum albumin (BSA), immunoglobulin G (IgG) from rabbit serum, colchicine,
ciliobrevin A, and tannic acid were purchased from Sigma-Aldrich (St. Louis, MO).
Biotinylated bovine serum albumin (BSA-biotin), Alexa Fluor 568 NHS ester, Alexa Fluor
647 NHS ester, and lipofectamine 3000 were purchased from Thermo Fisher Scientific
(Waltham, MA). Branched polyethylenimine (Mw 25 kDa) was purchased from
Polysciences (Warrington, PA). IgG was biotinylated with biotin-NHS and PEI was
conjugated with Alexa 568 NHS ester or Alexa 647 NHS ester. DNA plasmid pCMV Fcy
Rlla IRES neo and EMTB-3xGFP were purchased from Addgene (Cambridge, MA).
QIlAprep Spin Miniprep Kit was purchased from Qiagen Inc (Germantown, MD).
Glutaraldehyde solution (10%), osmium tetroxide solution (4%) and low viscosity
embedding media Spurr’s kit were purchased from Electron Microscopy Sciences
(Hatfield, PA). COS-7 cells were a kind gift from Prof. Jay Groves at University of
California Berkeley and originally purchased from American Type Culture Collection
(Manassas, VA). COS-7 cells were cultured in DMEM complete growth media
supplemented with 10% fetal bovine serum (FBS), 0.11 mg/ml (1 mM sodium pyruvate,
100 units/ml penicillin, and 100 pg/ml streptomycin). Ringer’s imaging buffer (pH = 7.2,
155 mM NaCl, 5 mM KCI, 2 mM CaClz, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM HEPES,
10 mM glucose) was used for all live-cell imaging. Sodium borate buffer (pH = 8.4, 100

mM boric acid, 75 mM NaCl, 25 mM sodium tetraborate) was used for PEI incubation on



PDMS stamps during microcontact printing. LB medium (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl, and 100 pg/mL ampicillin) was used for E coli bacteria culture.
Cytoskeleton stabilizing buffer (pH = 6.2, 500 mM NaCl, 50 mM PIPES, 15 mM MgCI2,
5mM EGTA, 5 mM sucrose) was used for cell fixation in microtubule imaging.

Synthesis of Silica Rods. Silica rods were synthesized following a previously reported
protocol 2% 2 Briefly, 30 g polyvinylpyrrolidone (K30, Mw 40,000 g/mol) was dissolved
in 300 mL 1-pentanol (98+%) in a 500 mL round bottom flask at room temperature
overnight. Then 30 mL ethanol (200 proof), 8.4 mL deionized water (Millipore) and 2 mL
freshly prepared sodium citrate dihydrate (99%) aqueous solution (0.18 M) were added
into the polymer solution. Emulsion formed after shaking the flask by hand. To obtain
uniform emulsion droplets, the emulsion solution was filtered through a polyvinylidene
fluoride filter (pore size: 0.45 um). After filtration, 6.75 mL ammonium hydroxide (28-30
wit%) and 3 mL tetraethyl orthosilicate (TEOS, 98%) were added sequentially. The solution
was mixed by shaking and then left undisturbed overnight at room temperature. Silica rods
grew in the emulsion droplets during this time. Silica rods were spun down at 3000 rpm
for 1 hour, re-dispersed in ethanol, and then centrifuged at 2000 rpm for another 20 min.
The ethanol rinsing step was repeated three times to remove most silica nanospheres. After
the ethanol rinsing, silica rods were dispersed in deionized water and spun down at 1500
rpm for 15 min. The water rinsing step was repeated until the supernatant reached a neutral
pH. The synthesized silica rods were 1.43 + 0.09 um (avezs.d.) in length and 0.44 + 0.06
pum (avets.d.) in diameter.

Fabrication of Janus rods. Silica rods were cleaned with piranha solution (H2SO4: 30%

H.0> = 3:1 viv), rinsed with deionized water, functionalized with (3-aminopropyl)



triethoxysilane (APTES), washed with anhydrous ethanol, and then re-suspended in
butanol. The rods were added to an air-water interface to self-assemble into a monolayer,
which was subsequently transferred onto a silicon wafer for use.?® To prepare the
polydimethylsiloxane (PDMS) stamp for “sandwich” microcontact printing (UCP),
monomer and curing agent from the Sylgard 184 silicone elastomer kit were mixed at a
ratio of 10:1 (w:w) in a petri dish, degassed in a vacuum oven, and baked for 18 hours at
70 °C. PDMS stamps were cut into squares (0.7 cmx0. 7 cmx0.1 cm). To “ink” the stamps,
100 pL polyethylenimine (PEI) Alexa 568 solution (0.4 mg/mL in sodium borate buffer)
was added on one side of the PDMS stamps and incubated for 20 min. After deionized
water rinsing, the “inked” stamp was dried and immediately pressed against the rod
monolayer. A pressure of 6x10* Pa was applied for 20 s before the stamp was peeled off.
Rods remained partially embedded in the stamp. Subsequently, a second stamp “inked”
with PEI Alexa 647 was pressed against the previous stamp with embedded rods for 20 s
for printing a second patch. Janus rods were harvested by brief sonication in 2% unlabeled
PEI aqueous solution. To coat the rods with immunoglobulin G (IgG), Janus rods were
incubated sequentially with BSA biotin (150 pg/mL in 1xPBS buffer) for 1 hour,
streptavidin (20 pg/mL in 1xPBS buffer) for 1 hour and biotinylated 1gG (15 pg/mL in
1xPBS buffer) for 1.5 hours.

COS-7 cell transfection. Ampicillin-resistant E. coli (strain: DH5a) containing pPCMV
Fcy Rlla IRES neo plasmid and E. coli (strain: DH5a) containing EMTB-3xGFP plasmid
were purchased from Addgene in the form of agar stubs. pCMV Fcy Rlla IRES neo plasmid
was provided by Axel Nohturfft (Addgene plasmid # 14948) and EMTB-3xGFP plasmid

was by William M. Bement (Addgene plasmid # 26741). 3 To prepare agar plates for



bacteria growth, solution containing 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, and
15 g/L agar was autoclaved and allowed to cool down to 55 °C. Ampicillin was
subsequently added at a final concentration of 100 pg/mL. 20 mL of the mixed solution
was poured into each petri dish. After solidification, the agar plates were sealed with
parafilm and stored at 4 °C. The bacteria were streaked on agar plates with a small wooden
toothpick and incubated overnight at 37 °C. Single colonies were isolated and inoculated
in 5 mL LB medium overnight at 37 °C under constant shaking (150 rpm). Plasmids were
extracted from the overnight culture using QIAprep Spin Miniprep Kit and stored in 10
mM Tris Buffer (pH = 8.5, Qiagen) at -4 °C and used within 30 days. The DNA plasmid
concentration was determined by measuring the absorbance at 280 nm using a NanoDrop
spectrophotometer. For long-term storage, 500 uL of the overnight culture was mixed with
500 pL of glycerol, and the mixed solution was frozen at -80 "C.

For cell transfection, COS-7 cells were seeded on pre-cleaned circular coverslip
(diameter = 40 mm) in a plastic petri dish 24 hours before the transfection. 0.30 million
COS-7 cells were seeded and on the day of transfection the confluency of the cells reached
approximately 70%. Lipofectamine 3000 was used as the transfection agent. For
transfection with only one type of DNA plasmid, 1.5 pg of plasmid and 5 pL of
Lipofectamine 3000 were mixed in 250 uL Opti-MEM reduced serum media for 5 min. In
cases of transfection with both DNA plasmids, 1 pg of Fcy Ila receptor DNA plasmid and
1 ug of EMTB-3xGFP plasmid were mixed and used for transfection. The COS-7 cells
were rinsed three times with Opti-MEM reduced serum media and kept in 2 mL Opti-MEM
reduced serum media. Subsequently the 250 uL. DNA-Lipofectamine mixture was added

dropwise to each petri dish. The cell media and DNA plasmid solution were mixed well by



gently shaking the petri dish for 1 min. The petri dishes were centrifuged at 300 rcf for 10
min at room temperature to increase the contact between the cells and DNA plasmid before
being put in incubation at 37 °C. After 3 hours of incubation, the cell medium was
exchanged to serum-containing DMEM media. After overnight incubation, the cells
normally reached complete confluency and were split into two petri dishes for another
overnight incubation before use.

Live-cell imaging. Cells were serum starved for 4 hours and incubated with IgG-coated
Janus rods for 15 min at 37 °C prior to imaging. Cells were kept in imaging buffer (pH =
7.2, 155 mM NaCl, 5 mM KCI, 2 mM CaClz, 1 mM MgClz, 2 mM NaH2PO4, 10 mM
HEPES, 10 mM glucose) at 37 °C throughout the imaging. All live-cell imaging was
finished within 45 min after addition of the Janus rods. Live-cell imaging was done using
the wide-field imaging mode on a DeltaVisionfOMX microscope system equipped with a
1.4ANA Olympus 100x oil objective and four Photometrics Cascade Il EMCCD cameras
(Light Microscopy Imaging Center, Indiana University). To disrupt microtubules, cells
after particle internalization were incubated with colchicine (final concentration of 200
pg/mL) for 1 hour at 37 °C before imaging.!” To inhibit the function of molecular motor
dynein, cells were incubated with ciliobrevin A (final concentration of 25 uM) at 37 °C for
30 min before live cell imaging, following a previously reported procedure.®?

Cell fixation and immunostaining of microtubules. COS-7 cells were fixed following
a cytoskeleton fixation protocol reported previously.* 3 To best preserve the structure of
microtubules during fixation, cells were first fixed at 37 °C for 90 sec in cytoskeleton
stabilizing buffer containing 0.4% (v/v) glutaraldehyde and 0.25 % (v/v) Triton-X. The

cells were subsequently fixed at 37 °C for 15 min in cytoskeleton stabilizing buffer



containing 3% (v/v) glutaraldehyde. To eliminate the auto-fluorescence of glutaraldehyde,
the fixed cells were incubated with freshly prepared 1xPBS buffer containing 0.5% (w/v)
NaBH4 for 15 min, washed three times with 1xPBS buffer, and then passivated with 1%
(w/v) BSA for 45 min. Microtubules in fixed cells were labelled with DM1a antibody
(500% dilution) for 30 min and then 2 pg/mL chicken-anti-mouse secondary antibody
Alexa Fluor 488 for another 30 min. 1% (w/v) BSA was added during both DM1a antibody
and secondary antibody functionalization steps to prevent non-specific adsorption. The
immunostained cells were imaged with a Nikon A1R-Al confocal microscope system
equipped with a Nikon 100x oil-immersed objective and a Hamamatsu C11440 camera
(Light Microscopy Imaging Center, Indiana University).

Transmission electron microscopy (TEM) experiments. Cell samples for TEM
imaging were prepared following a previously reported protocol with slight modification.
35,36 Cells were incubated with Janus rods at 37 °C for 45 min before trypsinization and
centrifugation. The cell pellet was fixed at room temperature for 1 hour by using a mixture
of 2.5% glutaraldehyde, 4% tannic acid and 2% paraformaldehyde in 1xPBS buffer.
Subsequently, the pellet was rinsed three times with 1xPBS buffer and stained with 1%
osmium tetroxide in 1xPBS solution for 30 min on ice. Cell pellets were dehydrated
sequentially in a series of ice-cold aqueous solutions containing 30 % (v/v), 50 %, 75 %,
90 %, 95 % and 100 % ethanol for 5 minutes each. Dehydration in 100 % ethanol was
repeated three times at room temperature. The dehydrated cell pellet was immersed
sequentially in resin infiltration solutions that contained ethanol and Spurr’s resin at
various concentrations (2:1, 1:1 and 1:2, v:v) for 30 minutes each at room temperature. The

cell pellet was infiltrated with 100% resin for three times, 30 min each time. Cells were



cured in 100% resin for 18 hours at 65 °C prior to microtome sectioning. Sections were
stained with 2% (w/v) uranyl acetate for 10 min and 3% (w/v) lead citrate for 5 min before
imaging. Samples were imaged with a JEOL JEM-1010 Transmission Electron Microscope
(Electron Microscopy Center, Indiana University).

Image Analysis

(1) Image registration and noise reduction. Image registration was done to correct for
optical shift between different imaging channels. 100-nm TetraSpeck fluorescent particles
(ex/em: 360/430 nm, 505/515 nm, 560/580 nm, 660/680 nm) were adsorbed on polylysine-
coated coverslips and the immobilized beads at a surface density of = 0.05 bead/um? were
used as markers for image registration. After sequential imaging of the marker particles in
three channels (ex: 488 nm, 561 nm, 640 nm), an affine transformation (Image J) was
applied to align images from 488 nm and 561 nm channels (referred to as target images) to
that from the 640 nm channel, which was used as the reference. The affine transformation
uses an intensity-based subpixel registration algorithm that transforms the target images to
minimize the mean-square intensity difference between the target images and reference
image (Fig. S4a-b, SlI). The transformations include translation, rotation, shear mapping
and scaling of the target images. A global mapping matrix was obtained to record all the
transformation steps and used to apply the same operations to the dual-color images of
Janus rods acquired in live-cell experiments. To determine registration inaccuracy,
position of individual marker beads in three channels was determined with a radial
symmetry-based particle localization algorithm.3’ In theory, the identified position for each
marker particle should be the same across all three channels, but in practice it shifts due to

registration inaccuracy. The inter-channel shift calculated from more than 150 marker



particles from 5 images was determined to be 11+ 6 nm (ave * s.d.) for between 561 nm
and 640 nm channels (Fig. S4c, Sl), and 8+5 nm for between 488 nm and 640 nm channels.

11+ 6 nm was used as the registration inaccuracy in our imaging experiments.

(2) Single-Janus rod tracking analysis. The xy-position and orientation of Janus rods
were measured from dual-color fluorescence images using custom algorithms written in
Matlab. The first step was to separate signal pixels from background in each image. All the
pixels in a single fluorescence image were first estimated as either signal or background
according to Otsu’s method.*® The median of all background pixels, a(n), was obtained as
the background level a. Standard deviation (&) of the background was determined using

the following equation:*°
o = median(la(n) — al)/0.67 1)

Pixels with intensity 46 greater than the background noise were determined as potential
signals. Adjacent signal pixels were grouped together into connected components. Only
connected components containing 30 or more pixels were identified as signals from a
printed patch on a Janus rod and analyzed further, whereas isolated pixels were discarded.
The center position of each identified patch was the intensity-weighted centroid of all
signal pixels. The in-plane orientation of each identified fluorescent patch was obtained
from the central image moments of its ellipse-shaped fluorescence profile using standard

computer vision algorithms. Briefly, the central image moments p,,, were calculated based

on following equation:

Wpa= 5, Tq(x-2)P (y-7)91(x,y) )



In equation (2), p and q are integers from 0 to 2, I(x, y) is the intensity of pixel (x,y),
and (x,y) indicates the x- and y-position of the identified centroid of a fluorescent patch.
The in-plane orientation of each fluorescent patch was determined as the eigenvector

associated with the larger eigenvalue for following matrix:

Hz20/Moo  M11/Hoo
H11/Hoo Moz/Moo

Once the in-plane orientations of both fluorescent patches of a single Janus rod were
identified, their average value was obtained to indicate the in-plane orientation, ¢, of the
entire Janus rod (Fig. 1c). This calculation results in two possible ¢ values that differ in 7.
In order to differentiate these two values, we set the imaging acquisition interval time short
enough, such that the rods did not rotate more than 2/z in-plane between two consecutive
frames. In image analysis, the initial orientation vector was set arbitrarily as either of the
two possibilities. In all following image frames, only orientation vectors that were less than

2/m away from the previous ones were selected.

The rolling angle, 8, was calculated based the instantaneous inter-patch distance d (Fig.

1d):
6 = cos™"(d/dmax) 3)

In equation (3), d is the vertical distance between projection profiles of a pair of
fluorescent patches on a single Janus rod, and d,,,, is the physical inter-patch distance,
obtained as the maximum of d when a Janus rod samples all rolling angles during imaging.
We noticed that occasionally the two fluorescent patches may not align perfectly in parallel

(Fig. S1b). Therefore, d was calculated as the addition of the distance from either patch



centroid to the average in-plane orientation vector. One limitation of this method is that it
cannot identify in the projected wide-field images whether the rolling angles are above or

below the imaging plane.

The out-of-plane rotational angle § can be calculated using this equation:

6 = cos™'(l/lnax) (4)

In equation (4), L is the length of the projected fluorescence image of a patch at any given
orientation, and [,,,,, is the physical length of a rod, which is obtained when a rod lie flat

within the x,y plane (6= 0).

(3) Calculation of mean-square displacement (MSD) and mean-square angular
displacement (MSAD). MSD was calculated as a function of lag time At based on the

following equation:
(Ar?(0)) = (Ir(t + 4t) —r(@©)I?) (5)

In equation (5), |r(t + At) — r(t)]| is the end-to-end displacement of a single particle
from time point t to t + At. Both in-plane and rolling MSAD were calculated using a
similar equation, where the rotational displacement was used in place of translational

displacement.

(4) Estimation of tracking uncertainty. In theory, both MSD and MSAD should be
zero at At = 0 s for particles undergoing Brownian motion. Therefore, any non-zero y-
intercepts in both plots indicate tracking uncertainty.*® We used this principle to estimate
the uncertainty of the single Janus-rod tracking analysis. To create Brownian motion of

Janus rods in cells, cells were treated with a pharmacological drug colchicine that disrupts



microtubules (Fig. S2a, S2b, Sl). A total of 12 particles from 6 independent samples were
imaged, and their MSD and MSAD were analyzed (Fig. S2c, S2d, S2e). The first 10 points
in the MSD and MSAD plots were each fitted well with a linear regression line, confirming
the Brownian motion of these particles. The tracking uncertainties were determined to be
10 £ 4 nm (mean % s.d.) for translational motion, 2 £ 1 ° (mean % s.d.) for in-plane rotation,

and 4 + 2 ° (mean = s.d.) for rolling.

(5) Categorization of translational and rotational motion of rods. Three different
types of translational behavior were identified based on the angle a and the translational
displacements. Segments of movements with end-to-end displacement > 0.5 pum within 5
sec were considered as directional motion, and ones with displacements < 0.3 um within 5
sec considered as pauses (Mo). Among the segments of directional motion, ones with
average angle a< 30° were considered as rods aligned nearly parallel to the moving
direction (M), whereas ones with average angle o> 60° were considered as rods oriented
almost perpendicularly (M1). Segments of rapid unidirectional rotation (referred to as
“active rotation”) were distinguished from stochastic noise based on the angular
displacement. The thresholds were defined as 15° within 5 s for in-plane rotation and 30°
for rolling. Episodes of rotation with amplitude larger than the threshold within 5 s were
considered as active rotation or rolling. The thresholds were chosen such that no active

rotation or rolling of rods was detected in cells with disrupted microtubules (Fig. S5, SI).
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FIGURES AND CAPTIONS
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Figure 1. (a) Schematic illustration of the fabrication of Janus rods. Silica rods were first
assembled into a closely packed monolayer on a silicon wafer. PEI Alexa 568 (red) and
PEI Alexa 647 (green) were printed alternatively onto the opposite sides of the rods via
microcontact printing. (b) A schematic showing three rotational angles of a rod to be
measured in this study. The in-plane (azimuthal) angle ¢ is the angle between the
projection of a rod on the x-y plane (imaging plane) and the x-axis. The out-of-plane (polar)
angle & is the angle between the long axis of a rod and the x-y plane. The longitudinal angle
6 indicates angular change around the long axis. (c) Tracking the in-plane orientation of a
single Janus rod in dual-color fluorescence images. The PEI Alexa 568 patch is in red and
the PEI Alexa 647 patch is in green. The single-Janus rod tracking algorithm identifies the
centroid of each fluorescent patch (indicated as the crosses) and the in-plane orientation of
each patch (indicated as the dotted lines). It then determines the centroid (indicated as the
solid dot) and the in-plane orientation (indicated as the solid line) of the entire Janus rod.

Scale bar: 1 um. (d) An end-view schematic showing the measurement of rolling angle 6.



The inter-patch distance of a single Janus rod in a 2D-projection in the dual-color
fluorescence image is indicated as d. The maximum of d is equivalent to the physical inter-

patch distance d,, -
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Figure 2. (a) The trajectories of the two fluorescent patches of a representative Janus rod
in a cell. Insets are dual-color fluorescence images of the Janus rod at different elapsed
times as indicated. Two patches are shown in red and green, and their overlapping area is
shown in yellow. Gray shades highlight representative segments of three types of
translational behaviors: movements during which rods are oriented nearly parallel (M) or
perpendicular (ML) to the moving direction, and pauses of rods (Mo). For clarity, the inter-
patch distance of the trajectories is scaled down to 25% of the original distance. Scale bar:
100 nm. Scale bar of the insets: 1 um. The trajectory is representative of >50 rods analyzed.

b) Schematic illustration of the definition of angle «, the angle between the long axis of



the rod and the instantaneous moving velocity v;. (c-e) Rod orientation (shown as short
black lines) overlaid with trajectories (shown as red lines) of the M, movements (0 s to 5.5
s), M1 movements (52 s to 57 s), and the M, pause (16 s to 27 s) as highlighted by the gray

shades in panel 2a. Scale bars: 100 nm.
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Figure 3. (a) X-displacement (blue) and y-displacement (black) of the rod shown in Fig.
2a are plotted against time. Segments of the M, and M1 movements are labelled in red.
Gray shades indicate pauses (My). (b) The rolling angle 6 (blue) and the in-plane angle ¢
(black) of the rod shown in Fig. 2a are plotted against time. The active rolling and in-plane
rotation are labelled in red in the shaded area. (c-d) Histograms showing the occurrence of

the in-plane rotation (c) and rolling (d) during the three types of translatioinal behaviors as



indicated. Data include a total of 40 active in-plane rotational events and 19 active rolling

events from 20 Janus rods.
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Figure 4. (a-c) Overlaid fluorescence images showing Janus rods and underlying
microtubules during the M, movements (a), M1 movements (b), and M, pauses (c). In all
images, the two fluorescent patches on Janus rods are shown in red and green, and their
overlapping areas are shown in yellow. Microtubules in cells are shown in gray.
Trajectories of the rods are color-coded with time according to the color bar. Each set of
images are representative of > 10 rods in cells. The yellow dash lines in (a) highlight the

microtubule track that the rod moves on and those in (b) highlight the morphology of the



microtubule track at 0 s. Scale bars: 1 um. (d) Bar graphs showing the translational speeds
of Janus rods during M, and M1 movements in cells with dynein inhibition (+Cilio) or
without (Ctrl). The error bars represent standard error. Statistical significance is highlighted
by the p-value (student’s t test) as follows: ***p < 0.001. Data include 70 My segments
and 65 M1 segments from 20 rods in control cells, and 55 My, segments and 40 M.
segments from 20 rods in ciliobrevin-treated cells. (¢) Box and scatter plots showing the
angular displacements of the in-plane rotation and rolling of rods in control cells (Citrl,
shown in black) or in cells with dynein inhibition (+Cilio, shown in red). Data within each
group are not significantly different, as shown by student’s t-test. Data include 40 active
in-plane rotational events and 19 active rolling events from 20 rods for the control group,
and 23 active in-plane rotational events and 14 active rolling events from 20 rods for the

ciliobrevin-treated group.
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