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embrane nanotubes, the newly

discovered nanotubular struc-

tures (50—200 nm in diameter)
which mediate membrane continuity be-
tween mammalian cells over a long dis-
tance, represent a novel biological prin-
ciple of cell-to-cell communication.'3
Membrane nanotubes are different from
the well-known filopodial bridges of cells,
as they are longer (up to several cell diam-
eters in length), exhibit a seamless and con-
tinuous membrane transition to the sur-
face of the connected cells, and hover in
the cell medium without attaching to the
substrate.*® Since the first report in 2004,
membrane nanotubes have been identified
between many types of cells, both in vitro
and in vivo."*%78 Up to now, much effort has
been made to study the cargo transport
via membrane nanotubes and their physi-
ological implications. Membrane compo-
nents,* Ca%*,° mitochondria,?® bacteria,'® mu-
rine leukemia virus,'" HIV-1° and prion’
were found to be transferred along mem-
brane nanotubes between cells over long
distances. However, some small cytoplas-
mic molecules like calcein were impeded,®
indicating a mechanism of selective trans-
fer. To date, whether nanoparticles such as
quantum dots (QDs) can be transferred
along membrane nanotubes is yet
unknown.

Semiconductor QDs are a new class of
fluorescent nanoparticles which have
gained wide applications in molecular im-
aging and nanomedicine due to their nar-
row and size-tunable emission spectra,
broad absorption profiles, and superior
photostability.’>'* The recent years have
witnessed a great success on using QDs for
cell and tissue labeling,'' membrane re-
ceptors imaging and tracking in live
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ABSTRACT In this work, we reported that the quantum dot (QD) nanoparticles could be actively transported

in the membrane nanotubes between cardiac myocytes. Single particle imaging and tracking of QDs revealed that

most QDs moved in a bidirectional mode along the membrane nanotubes with a mean velocity of 1.23 m/s.

The results suggested that QDs moving in the nanotubes were coordinately motivated by molecular motors. It

provides new information for the study of intercellular transportation of nanoparticles.

KEYWORDS: quantum dots - membrane nanotubes - intercellular
transportation - single particle tracking - molecular motor

cells,’®” siRNA delivery monitoring'® and
most recently for siRNA delivery as a carrier
reagent.'® Considering their increasing ap-
plications, it is vital to understand the intra-
cellular and intercellular properties of QDs.
Ruan et al. examined the cellular uptake and
intracellular transport of QDs in live cells

by spinning-disk confocal microscopy.'
They found that QDs modified by the cell-
penetrating peptide TAT were internalized
by macropinocytosis, and they proposed
that the cellular Tat-QDs were actively trans-
ported by the molecular machines (such as
dyneins) along microtubule tracks. How-
ever, the intercellular behavior of QDs was
not explored.

In this work, we reported for the first
time, the intercellular transport of QDs me-
diated by membrane nanotubes. Rat car-
diac myoblast cells (H9c2 cells) which can
form membrane nanotubes were used.
Streptavidin-coated CdSe/ZnS QDs were
found to be uptaken by the cells. Using ad-
vanced single particle imaging and tracking
technique, it was observed that the inter-
nalized QDs were transported bidirection-
ally along membrane nanotubes with a
mean velocity of 1.23 = 0.01 pwm/s. Further
analysis of the velocity of individual QDs
suggested that the QDs moving inside
membrane nanotubes were cooperatively
motivated by molecular motors. The results
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Figure 1. Images of membrane nanotubes (shown by arrows) among the cardiac myoblast H9c2 cells. A single membrane nanotube (A),
multiple parallel tubes (B), branched nanotubes (C), and membrane nanotubes network multiple cells (D) were observed. Staining the
cells with a-tubulin antibody (E) and rhodamine-conjugated phalloidin (F) indicated that the membrane nanotubes contained both mi-
crotubules and F-actins. The overlapped fluorescent image (G) of panels E and F, and the corresponding bright field image (H) were
shown. The membrane nanotubes and the connecting cells were stained with membrane dye DiD (I) and cytosolic entity fluorescent
probe CellTracker green (J). Typical contact mode deflection images of a membrane nanotube that was pulled apart before completing
AFM imaging (K) and an intact membrane nanotube between the cells imaged (L) were shown. Scale bars, 8 pm.

(

provide new information for the application of QDs in
cell imaging and drug delivery. Moreover, monitoring
QDs trafficking in membrane nanotubes may offer a
new approach to study the working mechanism of mo-
lecular motors under physiological conditions.

RESULTS AND DISCUSSION

Membrane Nanotube Formation Between H9¢2 Cells. Mem-
brane nanotubes extending from a few micrometers
to about 100 wm were observed among cultured H9c2
cells. They can form a single tube (Figure 1A), multiple
parallel tubes (Figure 1B), or branched tubes (Figure
1C) between two cells, or occasionally multiple tubes
connecting multiple cells (Figure 1D). Although cell-to-
cell molecular transport via membrane nanotubes from
stem cells or endothelial progenitor cells to rat cardiac
myocytes has been reported,>?° the membrane nano-
tubes between cardiac myoblast cell lines have neither
been observed nor characterized before. By labeling the
cells with DiD, a membrane-specific dye, membrane
continuity of nanotubes and their connecting cells was

) VOL.4 * NO.6 = HEET AL

shown (Figure 11). Besides, both nanotubes and the
connected cells were stained by cytosolic entity fluores-
cent probe CellTracker green, indicating the existence
of cytosolic entity in membrane nanotubes (Figure 1J).
These results confirmed that the membrane nanotubes
mediated both membrane and cytosolic connectivity
in H9c2 cells, consistent with the membrane nanotubes
previously reported in other cell types, such as PC12
cells, macrophages, and CAD cells.'”° The cytoskele-
ton component a-tubulin was only reported in the
membrane nanotubes between prostate cancer cells
or human macrophages;'®?" we then tested whether
the membrane nanotubes between H9c2 cells could be
stained with a-tubulin antibody and rhodamine-
conjugated phalloidin as well. As shown in Figure
1E—H, both microtubule and F-actin were revealed in
the membrane nanotubes we studied.

Membrane nanotubes are sensitive to mechanical
stress such as shaking of the culture dishes."” We tested
the strength of membrane nanotubes by imaging with
atomic force microscope (AFM), which was mounted on
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Figure 2. The fluorescence (A) and bright-field imaging (B) of
the membrane nanotubes after H9c2 cells were incubated with
QDs for 30 min. Scale bars, 8 pm.

the fluorescence microscope. Most membrane nano-
tubes were so delicate that they were pulled apart be-
fore completing the tip scanning (Figure 1K). A few
thicker nanotubes which were strong enough to keep
the connection between cells during AFM imaging
were measured to be about 1 wm in diameter (Figure
1L). As membrane nanotubes hovered in the culture
medium and might swing to-and-fro following the
moving of the AFM tip, the measured diameters by con-
tact mode AFM were expected to be wider than their
actual sizes (hundreds of nanometers).

Transportation of QDs in Membrane Nanotubes. Membrane
nanotubes physically connect H9c2 cells over long dis-
tances offer a specific and effective way of long distance
intercellular communication. To test whether nanopar-
ticles can be transported in the membrane nanotubes,
streptavidin-coated CdSe/ZnS QDs, with maximum
emission at 605 nm, were incubated with H9c2 cells.
Within 30 min, QDs were rapidly internalized into cells
(Figure 2A). Previous studies have shown that
streptavidin-conjugated CdSe/ZnS QDs could be hardly

internalized into cancer cells.?2~2> In our experi-
ment, if we replaced H9c2 cells with Hela cells, few
intracellular QDs were observed in Hela cells.
Therefore, uptake of QDs was cell-specific.

After 30 min incubation with H9c2 cells, many
QDs were observed not only inside cells but also lo-
cated in the connecting membrane nanotubes (Fig-
ure 2, Supporting Information, Movie S1). By time-
lapse fluorescence imaging, we recorded the
movement of QDs in membrane nanotubes. Judg-
ing from the blinking property, single QDs inside
the nanotubes were identified and tracked for
movement analysis."”

QDs in membrane nanotubes might originate from
direct internalization through the membrane of nano-
tubes themselves, or traffic from the connecting cells.
We confirmed the latter as we observed that several
QDs actively moved out from one cell body and conse-
quently moved into the connecting nanotubes, similar
to that of GFP-PrPwt vesicles transported between neu-
ronal cells.” Figure 3A presented such an example. The
QD hovered around the cell periphery for nearly 30 s.
Then it moved out of the cell, subsequently moved into
the connecting membrane nanotube and headed for-
ward with an accelerated velocity (Figure 3B, Support-
ing Information, Figure S1 and Movie S2). The corre-
sponding trajectory of the QD was shown in Figure 3C.
Besides, we found that some QDs moved completely
from one cell to another via membrane nanotubes
(Supporting Information, Figure S2 and Movie S3). The
results suggested the active transportation of QDs in
membrane nanotubes.

To reveal whether the QDs in membrane nano-
tubes were trapped inside any cellular organelle in

B

2.54
2.04
1.5
1.01
0.51
0.0

Velocity (um/s)

0 10 20 30 40 50 60
Time(s)

Distance To Origin (um)

10 20 30 40 50 60
Time(s)

Figure 3. Moving of one QD from the cell body into the connecting membrane nanotube. (A) Time series of the QD move-
ment. The curves marked the cell membrane and the arrows pointed to the QD we studied. The corresponding bright field
image was shown in the left corner, with the box drawing the frame of the time series pictures shown in the right and the ar-
row pointing to the nanotube within which the QD moved along (see also Supporting Information, Movie S2). The velocity
(B) and trajectory (C) of the QD were obtained.
ACCR N2
VOL.4 = NO.6 = 3015-3022 = 2010 ACS\JAN() ' 3017

www.acsnano.org



3018

Figure 4. Colocalization of QDs with membrane vehicles inside membrane nanotubes. (a) Bright field of the membrane
nanotube and (b—d) the fluorescence images of the boxed region. (b) Green fluorescence of the membrane vehicles shown
as swells (arrow), (c) red fluorescence of one QD particle (pointed by arrow), and (d) the overlap of images b and c. Scale
bar, 8 pm.

cells as previously reported,' H9c2 cells were incu-
bated with QDs for 30 min and then stained with a
membrane dye WGA, which was widely used to stain
plasma membranes and intracellular vesicles.?® It was
found that the QDs in membrane nanotubes were colo-
calized or encapsulated in the membrane dye stained
vehicles (Figure 4). However, no colocalization of QDs
and early endosomes was observed within membrane
nanotubes when we stained early endosomes (Support-
ing Information, Figure S3). This indicated the vehicles
for QD transportion in membrane nanotubes were
likely to be some cellular organelles other than early
endosomes.

Bidirectional Movement of QDs along Membrane Nanotubes.
One of the extraordinary features of QDs in membrane
nanotubes was their constant shuttling in a bidirec-
tional way along membrane nanotubes. From the
movie of QDs moving in the nanotubes (Supporting In-
formation, Movie S1), it was obvious that QDs reversed
directions every few seconds. The bidirectional motion
has been found to be widely adapted for transportation
of many molecular cargos along microtubules in cyto-
plasm, such as QD-TrkA vesicles, mitochondria, pigment
granules, endosomes, lipid-droplets, and viruses.'”?’~%°
The bidirectional motion is advantageous in dynamic
regulation, error correction, and the establishment of
polarized organelle distributions.?® Recently, vesicles
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moving inside thick membrane nanotubes between
macrophages have been reported as bidirectional as
well.'® In our study, we also found the bidirectional
moving of nanoparticles in the membrane nanotubes
between cardiac myocytes.

After recording the bidirectional movement of indi-
vidual QDs for 67.5 s, we calculated their moving dis-
tances along the membrane nanotubes from their re-
cording start points to end points. It was found that
with the bidirectional moving, more than 80% of QDs
actually headed toward one of the connected cells. Fig-
ure 5A showed the movement analysis of 11 observed
QDs moving between the two cells in Figure 2A (Sup-
porting Information, Movie S1). The majority of QDs (9
of 11 QDs) headed toward the upper left cell which was
poor in QDs. Only a few QDs (2 of 11) moved around
the original recording start point without a clear direc-
tion. For most QDs, they moved more than 4 pm in dis-
tance along membrane nanotubes. It seemed that the
cells containing less QDs tended to receive QDs from
those rich in QDs (Figure 2A, Supporting Information,
Figure S2, Movie S1, and Movie S3), thus directed trans-
port of nanoparticles between two connected cells
was possible. The QDs concentration in neighboring
cells might act as the driving force behind the direc-
tional transport by membrane nanotubes. This type of
directed transport through bidirectional movement has
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Figure 5. (A) Distance to the original recording start point (the red line, set as zero) of all moving QDs along the membrane
nanotubes in Figure 2A. (B) Histogram of velocities of QDs moving along membrane nanotubes (n = 154) (fitting with a

Gaussian function, curve).
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Figure 6. (A) Directed movement of one QD particle within membrane nanotubes (also see Supporting Information, Movie S4). The
trajectory (arrow points to the recording start point) (a) and distance (b) to the recording start point of the QDs. Two stages of diffu-
sive movement (before 40 s) and directed movement (after 40 s) were confirmed by the corresponding linear (c) and superlinear (d)
MSD-At plots. (B) An example showing a moving QD without a clear direction (also see Supporting Information, Movie S5). The trajec-
tory (arrow points the recording start point) (a), distance to the recoding start point (b), and MSD-At of the QDs (c) at different times.
The curves in panels A,c, A,d, and B,c are the fitting curves with the equation p(t) = vt + 2Dt (see Materials and Methods for details).

been reported to facilitate virus spread from infected
cells to uninfected cells, and organelles exchange be-
tween different types of cells.3>7:11:20

Figure 6A showed an example of the directed move-
ment of one QD particle along the membrane nano-
tube in detail (Figure 6A,a) (Supporting Information,
Movie S4). It was characterized by a backward and for-
ward movement around the original recording start
point for nearly 40 s, then speeded up and moved
straightforward for more than 12 um (Figure 6A,b).
The two stages of diffusive movement (before 40 s)
and directed movement (after 40 s) were confirmed by
the corresponding linear (Figure 6A,c) and superlinear
(Figure 6A,d) plots of mean squared displacement
(MSD) versus the time intervals of 0—4 s. The velocity
of the QDs kept fluctuating, with a maximum velocity
of 4.27 pm/s and minimum of 0.054 wm/s. Another ex-
ample of the moving QDs without clear direction was
represented in Figure 6B (Supporting Information,
Movie S5). The linear MSD plot in Figure 6B,c indicated
the free Brownian diffusion.3® The fluorescent blinking
property presented by the fluorescence fluctuation of
the two particles (Supporting Information, Figure S4)
confirmed that they were single nanoparticles.!”

The speeds of QDs traveling along membrane nano-
tubes were further quantified. The velocity distribution
of 154 individual trajectories of QDs moving in the
nanotubes between seven pairs of cells was shown in
Figure 5B with the mean velocity of 1.23 = 0.01 um/s,
which was in agreement with the reported velocity of
DiD labeled vesicles running inside membrane nano-
tubes.!® As this mean velocity value was similar to that
of dyneins or kinesins walking on intracellular microtu-

www.acsnano.org

bules under in vitro and in vivo conditions,'*3'~3* we

suspected that the movement of QDs along intercellu-
lar membrane nantoubes might also be mediated by
molecular motors on microtubules.

Bidirectional Movement of QDs Driven Coordinately by
Multiple Molecular Motors. The observed bidirectional
movement and the velocity of QDs all suggested the
possibility of their movement mediated by microtu-
bules and microtubular motors. The existence of micro-
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Figure 7. QDs were actively transported by microtubule motors. (A)
Colocalization of QDs and kinesin motors within membrane nano-
tubes: (a) bright field image of a membrane nanotube between two
connected cells and (b—d) the fluorescence images of the boxed re-
gion; (b) green fluorescence of the kinesin motors stained by kinesin
antibody (arrow), (c) red fluorescence of one QD particle (arrow), and
(d) the overlap of images b and c. (B) Forward and (C) backward veloc-
ity distributions of one typical QD particle in the membrane nano-
tubes. The mean velocity was 1.04 = 0.05 um/s (SD) and 1.16 * 0.09
m/s (SD) for the forward and backward movement of the QD, respec-
tively. The curves were the fitting curves with a Gaussian function.
Scale bar, 8 pm.
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tubules within membrane nanotubes (Figure 1E), to-
gether with the evidence of the colocalization of QDs
and kinesin motors within membrane nanotubes (Fig-
ure 7A) also supported the suspicion. Then, we analyzed
the forward and backward velocity of QDs separately
from the bidirectional movement. Figure 7B and 7C
showed the speed distribution of one representative
QD particle moving in the forward and backward direc-
tions, respectively. The forward and backward move-
ment displayed similar velocity distribution. The graphs
were highly spiked with a constant interval correspond-
ing to 0.3 wm/s for both directions. This distribution
pattern was rather similar to what Kural et al. reported
for peroxisome transport along microtubules inside
cells.3* Kural et al. proposed that the constant velocity
intervals moving in two directions suggested the coop-
erative movement driven by kinesins or dyneins along
microtubules without any apparent inhibition by the
opposite motors. If dynein or kinesin motors operated
simultaneously, then any compliance in the motor
stalks would cause a degradation of step sizes as well
as velocity, as one motor took a step while its competi-
tor was still bound to a microtubule.3* Therefore, the
number of molecular motors can be calculated from the
speed distribution. According to their method, since
the speed in the minus-end and plus-end by Gaussian
fitting to the histograms in Figure 7B and 7C were 1.04
and 1.16 pm/s, respectively, we estimated in our experi-
ment four active dyneins or kinesins molecular motors
associated with one QD particle in membrane nano-
tubes. This value was also in agreement to the previ-
ous theoretical estimation that two to five active mo-
tors were associated with vesicular cargos moving
toward either the plus or minus end of the microtu-
bule.3> Thus, our results suggested that QDs moving in-
side membrane nanotubes were motivated by mul-
tiple motors working in a cooperative way.

CONCLUSION

We provided the first evidence of intercellular trans-
portation of nanoparticles in membrane nanotubes.
The bidirectional movement, velocity distribution of the

MATERIALS AND METHODS

Cell Culture and QDs Incubation. Rat cardiac myoblast H9c2 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (Hyclone) at
37 °Cin a 5% CO, atmosphere. Cells were plated in a 35 mm
glass-bottom dish (Shengyou Biotechnology, China) for 24—40
h prior to membrane nanotubes observation. The 1 nM
streptavidin-conjugated CdSe/ZnS QDs (Molecular Probes, Qdot
605 streptavidin conjugate) were incubated with H9c2 cells for
30 min before observation.

Fluorescence Microscopy of the Stained Cells and Membrane Nanotubes.
1,1’'-Dioctadecyl-3,3,3’,3"-tetramethylindodicarbocyanine
perchlorate (DiD) (Molecular Probes), CellTracker green (Mo-
lecular Probes), and WGA Alexa Fluor 488 conjugate (Molec-
ular Probes) were used to stain the live H9c2 cells. For cytosk-

nanoparticles, and colocalization of QDs with kinesin
motors indicated that QD transportation was motivated
coordinately by multiple molecular motors. The inter-
cellular transport of QDs along membrane nanotubes
implied a new pathway for QD secretion from cells, be-
sides the reported secretion pathways such as excyto-
sis and vesicle shedding for nanoparticles.'*36

Membrane nanotubes were observed not only in
cultured monolayer cells, but also in vivo in the mice
corneal stroma and three-dimensional matrix cultured
cells as well.>8 Up to now, little is known about the mo-
lecular basis of membrane nanotubes formation. Only
recently, a mammalian protein, M-Sec, was reported as
a key regulator of membrane nanotube formation.?”
The physiological implications of membrane nanotubes
have been investigated including their roles in impor-
tant biological processes like embryogenesis, immune
defense, transfer of pathogens as well as cancer
development.*3® The study of intercellular transport of
QDs is expected to be of great interest in the further de-
velopment of QDs as cellular imaging probes and thera-
peutic reagents. For example, by microinjecting thera-
peutic molecule conjugated QDs to the carrier cells,
therapeutic molecules can be transferred to targeted
cells by membrane nanotubes for noninvasive cell
therapy.

Moreover, the bidirectional movement of QDs in
microtubule-containing membrane nanotubes pro-
vides vivid and long-term observations of how microtu-
bule motors work. QDs have been used to track the mo-
tion of an individual kinesin motor in vitro with 300 s
time resolution and 1.5 nm spatial precision, demon-
strating the ability of QDs to probe the operation of an
individual motor protein in living cells.3'3° As mem-
brane nanotubes are advantageous in relatively simple
environments, monitoring QDs moving in membrane
nanotubes represents a new approach to study the mo-
lecular motors under physiological conditions with
high spatial and temporal resolution, and long-distance
observation avoiding interference from complex
cytoplasm.

eleton, early endosomes, and kinesin staining, H9c2 cells
were washed in phosphate-buffered saline (PBS), permeabi-
lized in PBS containing 0.5% Triton X-100 for 10 min, and
fixed with 4% formaldehyde in PBS for 30 min at room tem-
perature. Purified mouse anti-EEA1 (BD Transduction Labora-
tories) and DyLight 488-conjugated goat anti-mouse IgG
(Jackson ImmunoResearch) (Molecular Probes) were used to
stain early endosomes. Microtubule was stained using the
rabbit anti human TUBA1 polyclonal antibody (Proteintech
Group, Inc.). F-actin was labeled with rhodamine phalloidin (Mo-
lecular Probes). Kinesin was stained using the antikinesin antibody
(Abcom).

The cells stained with different fluorescent dyes were im-
aged by the confocal microscope (FluoView FV1000 Olympus, Ja-
pan) with a 100 X /1.40NA oil objective and excitation wave-
lengths at 488 or 559 nm.
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AFM Imaging. AFM images were performed with Bioscope
(Veeco, Santa Barbara, CA) operating in the contact mode in lig-
uid. Silicone nitride cantilevers with spring constants of about
0.06 N/m were used. The topography and deflection images
were obtained with 256 X 256 pixels? at line rates of 0.5 Hz.

Imaging of QDs Transportation in Membrane Nanotubes. Fluorescence
imaging of QDs was performed with the wide-field fluorescence
microscope equipped with a 100X/1.45NA Plan Apochromat ob-
jective (Olympus, Japan) and a 14-bit back-illuminated electron-
multiplying charge-coupled device camera (EMCCD) (Andor iXon
DU-897 BV). The microscope was also equipped with a cell incu-
bation system (INU-ZIL-F1, TOKAI HIT) which ensured living cell
imaging at 37 °C in 5% CO,. QDs were excited at 488-nm by an
argon laser (Melles Griot, Carlsbad, CA). Movies were acquired at
a frame rate of 10 Hz using MetaMorph software (Molecular De-
vice).

QDs Trajectory and MSD Calculation. Single-particle tracking of
QDs was analyzed with MetaMorph software (Molecular De-
vice). The position of each QD vesicle was determined by locat-
ing the center of the fluorescence spots through a two-
dimensional Gaussian fit.

Mean squared displacement (MSD) was calculated for each
time interval At (At = ndt, 8t was 675 ms in our study) over a tra-
jectory by the equation:*

N—1—-n

1 .o _ . 2
N=1=n ; {Ix(idt + ndt) — x(idt)]” +

MSD (ndt) = N

y(dt + ndt) — y(id]1}

where (x(idt + ndt), y(idt + ndt)) is the spot position at a time in-
terval At after starting at the position (x(idt), y(idt)). N is the total
number of image frames, and n and i are integers, with n deter-
mining the time increment.

Plots of the MSD against the time interval were fit over the
first several time intervals to the equation: MSD [p(t)] = 2DAt +
V2At?, where V is the mean velocity estimated by fitting p(t) with
p(t) = 2DAt + V2A#? and D is the random, diffusive contribu-
tion.*!
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Supporting Information Available: Histograms of velocities of
the QD in Figure 3 (Figure S1). QDs exchanged between two ad-
jacent cells by passing completely from one cell to another via
membrane nanotubes (Figure S2). QDs were scarcely colocalized
with early endosomes in cells and membrane nanotubes (Fig-
ure S3). The fluorescence intensity fluctuations of the QDs in Fig-
ure 6A and Figure 6B (Figure S4). Imaging of QDs constantly
shuttling bidirectionally along several parallel membrane nano-
tubes between H9c2 cells (Movie S1). Imaging of the QD particle
moved out of a cell and subsequently moved into the con-
nected membrane nanotube (Movie S2). Transportation of the
QDs particle between two adjacent cells via membrane nano-
tubes (Movie S3). Examples of moving QDs with and without
clear directions in membrane nanotubes (Movie S4 and Movie
S5). This material is available free of charge via the Internet at
http://pubs.acs.org.
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