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Cell-cell communication is important for cellular differentiation,
organ function, and immune responses. In intercellular communi-
cation, the extracellular vesicles (EVs) play a significant role in deli-
vering the cargo molecules such as genes, proteins, and enzymes,
to regulate and control the ability of the recipient cells. In this
study, the observation of intercellular cargo transfer via dual-
colour imaging using upconverting nanoparticles (UCNPs) has
been demonstrated. Using this technique, the intercellular trans-
port via contact-dependent and contact-independent signaling in
live HelLa cells was clearly visualized with real-time, long-term
single-vesicle tracking. Furthermore, it was demonstrated that the
endocytosed UCNPs can be transmitted with the encapsulation of
EVs labelled with fluorescent proteins.

Introduction

Cell-cell communication is crucial for cell development, tissue
interactions, and immune response.’ The intercellular com-
munication with the transmission of biochemical signals can
be contact-dependent through cell surface molecules or
contact-independent through the secretion of extracellular
vesicles (EVs), which are cell-derived membrane vesicles
released from cells.>™* Intercellular communication via
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secreted EVs has been firmly established for more than two
decades, emphasizing the importance of functional cargos,
formed as proteins and nucleic acids transferred from one cell
to another in physiological and pathological processes.*™®

To understand cell-cell communication via EVs, the visual-
ization of EVs using fluorescence microscopy has been inten-
sively investigated. The internalization and trafficking of exo-
somes were demonstrated using lipophilic fluorescent dye using
real-time fluorescence microscopy.” The exchange and uptake of
EVs between different types of cells were visualized using multi-
plexed live-cell imaging based on palmitoylated fluorescent pro-
teins.® The endocytosis of EVs and release of their cargo were
identified through the expression of fluorescent proteins using
correlative light and electron microscopy.’

However, fluorescent proteins and/or organic fluorophores
undergo photobleaching, which restricts the imaging time.
Therefore, tracking cargo mediated by EVs in recipient cells
based on the labelling of fluorescent proteins on EV mem-
brane proteins, such as CD63, remains challenging. As a bio-
imaging probe, upconverting nanoparticles (UCNPs) have been
widely employed because of their various advantages, includ-
ing high photostability without photobleaching or photoblink-
ing that facilitates long-term tracking, uniform size and inten-
sity, low cytotoxicity owing to near-infrared (NIR) excitation, no
autofluorescence because of large anti-Stokes shift, and multi-
plexed emission with different activator doping under a single
light source.”™® UCNPs functionalized with poly(ethylene
glycol) (PEG), which are photostable for tens of hours,'® can
be internalized into a cell through endocytosis and moved in a
vesicle as a cargo along the microtubule by motor proteins.'?
Additionally, the cellular interaction of the PEGylated UCNPs,
including endocytosis, intracellular transport, and exocytosis
was reported in living HeLa cells."® Therefore, it can be
hypothesized that the PEGylated UCNPs exocytosed from cells
have the form of EVs, in particular exosomes.

In this study, the intercellular cargo transfer between HeLa
cells was visualized using multiplexed live-cell imaging based
on PEGylated UCNPs as cargos. The approach of two cells fol-
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lowed by cell adhesion and contact-dependent cargo transfer
between the cells was observed using single-particle tracking
(SPT). It was demonstrated that the endocytosed UCNPs can be
transmitted in the form of EV with fluorescent labelling of the
EV membrane, and their membrane moves with the cargo
rather than fusing with the plasma membrane in the recipient
cell. This technique is a powerful tool for tracking cargo in live
cells to monitor intercellular communication.

Results and discussion

Fig. 1 shows a schematic of intercellular particle transfer in
live cells using UCNPs. The sizes of the synthesized Er**-doped
UCNPs and Tm*'-doped UCNPs were 26 and 27 nm, respect-
ively (Fig. S1a and S1bf). The PEGylated Er*'-doped UCNPs
(Er-UCNPs) and PEGylated Tm**-doped UCNPs (Tm-UCNPs)
showed well-dispersion stability (Fig. S2a and S2df). The
hydrodynamic diameter of Er-UCNPs and Tm-UCNPs were
40.2 nm and 36.7 nm, respectively (Fig. S2b and S2ef). Er-
UCNPs and Tm-UCNPs were found to be have negative surface
charges (Fig. S2c and S2ff). Er-UCNPs and Tm-UCNPs were
excited by a single 980 nm laser, and their different emission
bands, 650 nm for Er-UCNPs and 800 nm for Tm-UCNPs
(Fig. Sict), were separated using the imaging system. Er-
UCNPs and Tm-UCNPs were internalized into two groups of
HelLa cells, respectively (Fig. 1a). Subsequently, the Er-UCNP-
incubated cells and Tm-UCNP-incubated cells were mixed and
cultured (Fig. 1b). It is advantageous to introduce UCNPs
without photobleaching or photoblinking for live-cell imaging,
which facilitates the real-time monitoring of intercellular
material transport in live cells for up to several tens of
hours,”* %222 much longer than that of organic

Er¥*-doped Tm?3*-doped
UCNPs UCNPs

Internalization
&
Separation

(a) Internalization
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fluorophores”** or fluorescent proteins.® The material transport
between cells was observed via a home-built dual-colour
imaging system (Fig. 1c and S37), which enables long-term par-
ticle tracking and transfer between live cells using a single
980 nm laser and monitoring of cell migration. Approximately
6 h after the mixed incubation, most cells contained one type of
internalized UCNPs, and no cells containing both Er-UCNPs
and Tm-UCNPs were detected (Fig. S4at), while some cells con-
tained both Er-UCNPs and Tm-UCNPs after approximately 12 h
after the mixed incubation (Fig. S4b¥). This indicates that the
UCNPs internalized in the original cells moved to other cells.
Based on this observation, the imaging and tracking of
UCNPs was performed between 6 and 12 h after the mixed
incubation (Fig. 2). Photoluminescence (PL) images of the two
types of UCNPs were obtained every second, and bright-field
images were obtained every 10 min. The transfer of UCNPs
between two HeLa cells from 10 h 20 min to 10 h 40 min post-
mixed-incubation is shown in Video S1.} Before the UCNP trans-
fer, only one type of UCNPs was found in individual cells, and
two cells, Cell A internalized by Er-UCNPs and Cell B interna-
lized by Tm-UCNPs, were far from each other at 8 h post-mixed-
incubation (Fig. 2a). Cells A and B gradually came closer
(Fig. S57), which may be attributed to cell migration through
chemotaxis,® probably because they move along the concen-
tration gradient of EVs secreted by the counterparts.”>>” The
two cells started to establish cell-cell junctions (Fig. 2b) and
then formed stable interfaces after 1 h (Fig. 2c). Two Er-UCNPs
(particles P and Q) in Cell A moved to the cell boundary
(Fig. 2d) after 12 min from the cell adhesion. Approximately
6 min later, particles P and Q that crossed the boundary moved
to Cell B (Fig. 2e and f). Additionally, cell division was observed
in Cell C during the continuous illumination of a 980 nm laser
(Fig. 2). This indicates that the irradiation with the laser at

(b) Mixed Incubation

Glass bottom dish

Live-cell — Live-cell Imaging
Incubator V=D VOt
Objective
Lens 980-nm
Cameras DM CW laser

M

(c) Imaging

Fig. 1 Schematic of an experiment for the long-term, real-time observation of intercellular cargo transport between Hela cells. (a) Two types of
PEGylated UCNPs (Er-UCNPs and Tm-UCNPs) were internalized in two independent batches of HelLa cells for 30 min. Next, UCNPs not internalized
are removed via centrifugation. (b) Two batches were mixed on a glass-bottom dish. (c) UCNPs internalized into Hela cells were excited using a
980 nm continuous-wave (CW) laser; the emissions from two types of UCNPs were separated by dichroic mirrors (DM) and collected simultaneously

every second by two cameras.

This journal is © The Royal Society of Chemistry 2022
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10 h 17 min

Fig. 2 Cell migration and material transfer via cell-cell communication in living HelLa cells. Images of Er-UCNPs, Tm-UCNPs, and bright-field are
overlaid. Cells A and B are originally incubated by Er-UCNPs and Tm-UCNPs, respectively. Cell C shows cell division, indicating very low phototoxi-
city during continuous irradiation. Particle P (blue circle) and particle Q (yellow circle) show that the Er-UCNPs were originally in Cell A and trans-
ferred to Cell B. Photoluminescence (PL) images of UCNPs were taken every second, and the bright-field images were taken every 10 min.
Timestamps represent the time after the mixed incubation. Scale bars represent 10 pm. Video from 10 h 20 min to 10 h 40 min is also available in

Video S1.1

several kW cm™2 of the live cells was not phototoxic, which is
consistent with the previous reports.'**>*' Furthermore, the
vesicles containing Tm-UCNPs in Cell B moved near Cell A
(Fig. 2). Material transfer from Cell A to Cell B strongly suggests
juxtacrine signalling of contact-dependent cell-cell communi-
cation to pass signalling cargos directly between cells.!

To confirm whether the transferred Er-UCNPs were in the
recipient cell (Cell B) in Fig. 2, SPT and mean-square displace-
ment (MSD) analysis were used (Fig. 3)."*?*** The MSD plot is
described by the following equation:

MSD (n7) = ——
Non (1)

D [@((E +m)7) = x(i0))+ (i + n)7) — y(i0))’]

i=1

where 7 is the acquisition time, and N is the total number of
frames. As a function of time, ¢ = ny, the motion is described
by the following equation:

MSD(t) = 4Dt" (2)

where D is the diffusion constant, and y is the exponent.®! The
motion is classified into two categories by the exponent: sub-
diffusion affected by cellular crowding or molecular inter-
actions when y < 1 and super-diffusion, such as active trans-
port, when y > 1. Trajectory P1 in Fig. 3b shows the movement
of particle P in Fig. 2 for approximately 2 min from 10 h
30 min post-mixed incubation. The exponent of Trajectory P1
is 1.12 during the tracking, which mainly indicates active
transport motion, implying that the vesicles are controlled by
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Fig. 3 Single-particle tracking (SPT) analysis of the transferred UCNPs
in living Hela cells. (a) Snapshot image at 10 h 40 min after mixed incu-
bation in Fig. 2. Boundaries of Cells A (containing Er-UCNPs) and B (con-
taining Tm-UCNPs) are indicated by red and green dashed lines,
respectively. (b) Projection image of UCNPs is shown in the video from
10 h 30 min to 10 h 40 min post-mixed-incubation. (c) Magnified image
of the white box in (b). Trajectories of UCNPs are separated into two: P1
and P2. (d and e) mean-square displacement (MSD) plots and their expo-
nent values of Trajectories P1 and P2 as 1.24 and 0.94, which indicate
active transport and sub-diffusion, respectively. Scale bars represent
10 pm.

the motor proteins of the recipient, ie., Cell B. After the
motion along Trajectory P1, the exponent of Trajectory P2 is
0.94, which shows sub-diffusion motion.** From Fig. 3c, the
final position of Trajectory P2 is negligibly different from the

This journal is © The Royal Society of Chemistry 2022
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initial position. The MSD analysis for Particle Q in Fig. 2 are
shown in Fig. S6.1 Similarly, Trajectories Q1 and Q2 in Fig. S6+
show the exponent values as 0.95 (sub-diffusion motion) and
1.13 (active transport), respectively. MSD analysis shows that
the transferred Er-UCNPs were regulated by the recipient cell.
This reveals more clearly that the transferred Er-UCNPs were
in Cell B, one of the Tm-UCNP-incubated cells. Their motion
is very similar to the movement of UCNPs internalized by
endocytosis inside vesicles along the microtubule by motor
proteins.™

To assess whether the UCNP cargos are transferred to the
recipient cell with the surface protein of EVs in contact-inde-
pendent cell-cell communications, the HeLa cells had been
transduced with a lentivirus vector encoding, red fluorescent
protein (RFP) conjugated with CD63, a tetraspanin highly
enriched in the intraluminal vesicles and EVs.** Fig. 4 shows
the z-projection of three-dimensional images of a CD63-RFP-
expressing HeLa cell (Fig. 4a and b) initially incubated with
Tm-UCNPs and a wild-type HeLa cell (Fig. 4c and d) initially
incubated with Er-UCNPs at 24 h after mixed incubation of the
two groups of HeLa cells, obtained via super-resolution radial
fluctuation (SRRF).** The fluorescence of RFP was distributed
in the CD63-RFP-expressing HeLa cell (Fig. 4a), indicating that
the RFP was successfully expressed in HeLa cells. The co-local-
ization of Tm-UCNPs and RFP in the CD63-RFP-expressing cell
(Fig. 4b) reveals that the existing Tm-UCNPs were internalized
in intraluminal vesicles or that the Tm-UCNPs were endo-
cytosed while being internalized in EVs from other CD63-RFP-

(a) CDB3-RFP (+)

(c) CD63-RFP

Fig. 4 Super-resolution radial fluctuation (SRRF) images of CD63-RFP-
expressed and wild-type Hela cells containing UCNPs. (a) Merged
image of Er-UCNPs, Tm-UCNPs, and CD63-RFP in CD63-RFP expressed
Hela cells. White dotted line shows the cell boundary. (b) Magnified
image of the white box in (a) without the bright-field image. (c) Merged
image of Er-UCNPs, Tm-UCNPs, and CD63-RFP in wild-type Hela cells.
White dotted line shows the cell boundary. (d) Magnified image of the
white-dashed box in (c) without the bright-field image. Yellow dots
marked with the yellow arrows show the co-localization of Tm-UCNPs
with CD63-RFP. Scale bars represent 10 pm.

This journal is © The Royal Society of Chemistry 2022
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expressing HeLa cells. Additionally, Er-UCNPs were evident in
the CD63-RFP-expressing HeLa cell (Fig. 4b), suggesting the
internalization of the cargo from the wild-type HeLa cells via
paracrine signalling, which is a type of cell-cell communi-
cation without cell-cell contact." In the wild-type HeLa cells
(Fig. 4c and d), the RFP fluorescence indicates that EVs exocy-
tosed from CD63-RFP-expressing HeLa cells were not fused
with the plasma membrane or endosome membrane of the
recipient cell, which is consistent with the EV internalization
via endocytosis and the suppressed release of EV contents due
to the neutralization of endosomal pH and accumulation of
cholesterol in endosomes.® Furthermore, Tm-UCNPs co-loca-
lized with CD63-RFPs were observed in the wild-type HeLa
cells (Fig. 4c), indicating that the cargos exocytosed from a
CD63-RFP-expressing HeLa cell and transferred to the wild-
type HeLa cell were encapsulated by the EVs.

Conclusions

In this study, a method for real-time monitoring based on the
dual-colour imaging of PEGylated UCNPs as cargos was pro-
posed to visualize intercellular communication. Using this
technique, the transport of intercellular materials was moni-
tored for several hours through SPT in live cells, without
chemical- or phototoxicity. It was demonstrated that cargo
transport between live cells that occurred in contact or at long
distances could be tracked at the level of a single vesicle.
Additionally, it was confirmed that the membrane and cargo
of EVs could be distinguished through the fluorescence
imaging of the membrane proteins of EVs and PL imaging of
UCNPs.

This technique, combined with fluorescence imaging will
help elucidate the fundamental roles of cells and their func-
tions within their communities. Additionally, nanoparticle-
containing EVs can contribute to fundamental studies of EVs,
such as the quantitative analysis of EVs depending on the cell
type, and environment using PL emitted from UCNPs as their
cargo. Furthermore, this technique is expected to not only
strengthen the understanding of biochemical events behind
intercellular interaction, but also to provide an opportunity for
developing next-generation cell-based therapeutics.

Materials and methods
Synthesis of UCNPs

UCNPs of B-NaYF;:20 mol% Yb*",2 mol% Er’* were syn-
thesized according to previously reported methods.>* Yttrium
acetate hydrate (0.312 mmol), ytterbium acetate hydrate
(0.08 mmol), erbium acetate hydrate (0.008 mmol) were dis-
solved in deionized water. The solution was added to a
mixture of 3 mL of oleic acid (OA) and 7 mL of 1-octadecene
(1-ODE) in a 50 mL two-neck round-bottom flask and heated
to 150 °C with stirring for 30 min. After cooling, 1.6 mmol of
ammonium fluoride and 1 mmol of sodium hydroxide dis-
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solved in methanol were added to the flask and heated to
50 °C with stirring for 30 min. The solution was heated to
100 °C under vacuum with stirring for 30 min to remove any
residual solvent. Subsequently, the solution was heated to
290 °C and maintained at 290 °C under argon for 2 h. After
cooling, the UCNPs were precipitated through the addition of
ethanol. After centrifugation, the nanoparticles were dispersed
in hexane. In the case of -NaYF,:20 mol% Yb**,1 mol% Tm?>*
UCNPs, 0.316 mmol of yttrium acetate hydrate, 0.08 mmol of
ytterbium acetate hydrate, and 0.004 mmol of thulium acetate
hydrate were used instead.

PEGylation of UCNPs and their characterization

UCNPs encapsulated in PEG-phospholipids were synthesized
as previously reported. The UCNPs (2 mg) in chloroform were
slowly added to an aqueous solution of 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy( polyethylene
glycol)-2000] (mPEG; Nanocs, Inc.) during tip sonication
(Branson Sonifier, USA) for 3 min, and the emulsion mixture
was vigorously vortexed and stirred for 2 h. After evaporating
the solvent, UCNPs were purified via centrifugation and dis-
persed in deionized water. The PEGylated UCNPs were charac-
terized by high-resolution transmission electron microscopy
(HR-TEM; JEM-1400 Plus, JEOL, Japan). Their particle size dis-
tribution and surface zeta potential were analysed using a par-
ticle size analyser (NanoZS, Malvern Instruments LTD, UK).

Internalization of UCNPs into HeLa cells

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% heat-inactivated fetal bovine
serum and 1% penicillin-streptomycin at 37 °C in a 5% CO,
incubator. HeLa cells were seeded in a T25 culture flask and
cultured for 2 d. HeLa cells were then detached using trypsin
ethylenediaminetetraacetic acid (EDTA) at a cell density of 10°
cells per mL. PEGylated Er- and Tm-UCNPs (5 mg mL ™", 20 pL)
were separately injected into the culture medium and incu-
bated for 30 min. After incubation, UCNPs that were not inter-
nalized into the cells but dispersed in the culture medium
were removed via centrifugation. After mixing the two types of
HeLa cells containing each type of UCNPs, the mixed HeLa
cells were seeded on a 25¢ glass-bottom dish and incubated
for 6 h in a cell incubator.

Observation of intercellular material transport using dual-
colour imaging

HeLa cells were placed on an inverted microscope (IX71,
Olympus) equipped with a live-cell incubator (Chamlide TC,
Live Cell Instrument). The sample was excited by a 980 nm
laser diode (AC1401-0600-0980-SM, Gooch & Housego) for PL
imaging. To collect the emission from Er-UCNPs and Tm-
UCNPs separately, bandpass filters (FF01-660/13, Semrock for
Er-UCNPs; F1 in Fig. S3f and FF01-800/12, Semrock for Tm-
UCNPs; F2 in Fig. S3t) were used. For dividing the dual-colour
emission, a 785 nm long-pass dichroic beamsplitter (LPD02-
785RU, Semrock) was used. Images were captured using two
electron-multiplying charge-coupled device (EMCCD) cameras
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(DU-888E-C00-#BV, Andor for Er-UCNPs; DU-888D-CO00-#EX,
Andor for Tm-UCNPs). PL images of UCNPs were obtained
every second, and bright-field images of HeLa cells were
obtained every 10 min.

Expression of RFP in HeLa cells

HelLa cells were seeded in a 6-well plate (SPL) for 24 h at a con-
centration of 5 x 10° cells per mL. RFP was transfected with
HeLa cells and fused to CD63 tetraspanin using a lentivirus
vector (pCT-CD63-RFP, System Biosciences) with a transfection
reagent  (Lipofectamine 3000 Transfection Reagent,
ThermoFisher Scientific). After 48 h of incubation, CD63-RFP-
expressing HeLa cells with Tm-UCNPs and wild-type HeLa
cells with Er-UCNPs were mixed on a glass-bottom dish. After
24 h of mixing, the sample was fixed with a 5% paraformalde-
hyde solution.

SRRF imaging

SRRF imaging was performed at a high spatial resolution of 50
to 150 nm. A single SRRF image was reconstructed with each
100 identical UCNPs and RFP images using the SRRF
microscopy software (Oxford Inc.). Scanning through the z-axis
was controlled using a piezo objective scanner for a three-
dimensional (3-D) SRRF. The sample was scanned with at a
depth of 500 nm along the z-axis, with a total scanning range
of 17500 nm. The acquisition time for the 3-D SRRF image
was approximately 1 s. The 3-D scanning was performed using
the 3-D piezo objective scanner with a home-made LabVIEW
software. For the dual-colour imaging of Er-UCNPs and Tm-
UCNBPs, two filters, 600/50 bandpass filter (ET600/50, Chroma
Technology) and 811/80 bandpass filter (ET811/80, Chroma
Technology), were used, respectively (Fig. S31). The analysis of
the co-localization of the UCNPs and RFP was performed
using the Image]J software.
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