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Tumor extracellular vesicles (EVs) exert vital role in mediating intercellular communication. Investigation on the
function of EVs will contribute to understanding of EV pathophysiology in cancer development. However, direct
visualizing the behavior of EVs in vivo still faces challenges. In this study, we develop fluorescently labelled EVs
derived from ovarian carcinoma (OC-EVs) utilizing lipid dye and protein-based membrane probes, which are
investigated in living cells and mice models by high-resolution fluorescence imaging and ultrasonic imaging.
Both membrane probes exhibit high labelling efficiency of EVs and good compatibility in vivo. The rapid
internalization of individual OC-EVs by different single living cells are monitored, together with the complex and
bidirectional exchange of EVs between normal and cancer cells. Furthermore, the enrichment of OC-EVs in ovary
is recorded, indicating the homing targeting capability of EVs. For more precise observation of the homing
process, in vivo ultrasonic imaging and fluorescence imaging are performed to evaluate the rapidly growing
ovarian tumor after administrating OC-EVs. The results show that OC-EVs can accelerate tumor growth and
promote the metastasis of primary tumors in mice, which provides valuable information in understanding the

development of ovarian carcinoma and pursuing potential solution for improved treatment.

1. Introduction

Extracellular vesicles (EVs) are lipid bilayer vesicles that are secreted
into the extracellular environment by all known organisms [1,2]. EVs
have been extensively investigated owing to the vital role in trans-
porting bioactive cargos and mediating the intercellular communication
to regulate various biological processes [3-6]. Therefore, knowledge of
EV biology and application has gained wide interest and grown rapidly
[7-10]. Typically, EVs have been employed as potential targets to study
the mechanism of cargo transport of cancer cells and their influence on
tumor development [11,12]. However, investigation on EVs’ function
faces challenges, for instance, lack of powerful live imaging tools, effi-
cient labelling strategies or suitable animal models [13-15]. In addition,
EVs preserve heterogeneity due to complex biogenesis, which put hur-
dles in EV biology and pathology research including cancer [16-18].

Recent years, it has been reported that a multitude of noninvasive

imaging methods has been investigated to explore the spatio-temporal
dynamics of nanoparticles in vitro and in vivo [19-21], by combining
with advanced labeling strategies [22,23]. For instance, fluorescently
labelled EVs have been visualized at cellular level or in vivo [24,25],
using lipid membrane dyes such as PKH67, DiR [26], Membright dyes
[14], or using fluorescent EVs secreted from genetically encoded cells
[15,27,28]. However, the visualized tracking EVs biodistribution and
the assessment on EVs’ function in tumor development has only been
sparsely investigated due to the above-mentioned challenges, which
limits the insights into EVs pathophysiology, especially in single vesicle
level [29].

Among the various cancer types, ovarian carcinoma is the gyneco-
logic malignancy with the highest case-to-fatality ratio, putting threaten
on female health worldwide [30]. It has been reported that EVs exert
crucial function in shuttle molecules to receipt cells and influence cancer
development [11,31]. In particular, the homing targeting ability of EVs
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contributes to cancer growth and metastases [32]. However, there is still
a lack of direct evidence on the function of ovarian cancer EVs in
affecting tumor progression.

Herein, we employ two labelling strategies to obtain fluorescently
labelled ovarian cancer derived EVs (OC-EVs) for exploring their role in
the development of ovarian carcinoma (Scheme 1). In one aspect, lipid
membrane probes including PKH67 and Mem560 (short for Mem-
Glow560) are used to stain EVs, which exhibit high labelling efficiency
and compatibility. In another aspect, EVs with fluorescent protein
membrane labels are obtained from genetically encoding cells. Based on
the two kinds of fluorescent EVs, the interaction of single EVs with in-
dividual cells, as well as the bi-directional EV exchange between normal
ovarian cells and ovarian cancer cells are recorded, providing in vitro
evidence of the homing potential of EVs to homologous cells. In vivo
monitoring the distribution of EVs unveil the hepatic-leading meta-
bolism process. Meanwhile, the enrichment of EVs in brain suggests the
capability of EVs in crossing brain-blood-barrier (BBB) and the accu-
mulation in ovary also demonstrated the homing ability of OC-EVs.
Finally, by applying genetically modified OC-EVs to in situ ovarian
tumor-bearing mice, the rapid growth of tumor is monitored and
recorded with fluorescence and ultrasonic imaging techniques, which
evidently demonstrate the homing ability of EVs in accelerating tumor
growth. Altogether, based on lipid and fluorescent protein membrane
probes, we successfully demonstrate the function of tumor EVs in pro-
moting ovarian cancer, thereby offering valuable information for
addressing other open questions in EV biology and promoting the
development of EV therapeutics.

Ovarian cancer cells
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2. Materials and methods
2.1. Isolation of EVs

EVs were obtained following the recommendations of the Interna-
tional Society of Extracellular Vesicles. Typically, EVs were extracted by
differential centrifugation at 4 °C (Eppendorf 5810 R centrifuge)
following the steps of 1) 300 x g, 10 min. 2) 2000 x g, 10 min. 3) 10,000
x g, 30 min. 4) Filtration of culture supernatant by 0.22 pm filter
(100 K, Millex, Millipore). 5) 5000 x g centrifugation for 30 min. 6)
100,000 x g ultracentrifugation (Hitachi CS150GXL) for 70 min to
obtain EV precipitate.

2.2. Labeling of EVs using PKH67 and Mem560

EV precipitation was suspended with 0.5 mL Diluent C. After adding
5 pL PKH67 dye (Sigma, 200 nM, final concentration) or Mem560
(Cytoskeleton, 200 nM, final concentration) solution, the mixture was
incubated at r.t. in dark for 5 min. Then the mixture was ultra-
centrifuged at 100,000 x g for 70 min to obtain precipitate. After
resuspension in 8 mL EV-free medium and centrifugation, PKH67/Mem
560-labeled EVs was obtained.

2.3. Construction of fluorescent protein expressed cell lines

Cells was seeded into 6-well plates and cultured for 12 h. According
to the MOI (multiplicity of infection) of cells and virus titer, the amount
of corresponding virus (overexpressing GFP or EpCAM:mCherry) was
added (virus volume = (MOI x cell number)/virus titer). After culturing
for 48 h, the infection efficiency was monitored until the fusion degree
reached about 80 %. Then the cells were cultured in 1 ug / mL puro-
mycin complete medium and changed every 2 days until complete

®

PKHE7 i Mems560
A H A

@ (O INDIRECT LABELING  EV EXCHANGE
¢
©

© .
Macrophage H © @ @ e . >0
- ikititibil P4 B .S Y
@ 3343838 33 The. N
P o O L ® e © EPCAM:mCheer\S GFP
® @ — —
Ovarian cancer cell @ @ 4/ \’© @ @ v ©@© ./
. © © e Ovarian cell © © \ - © ©
o IN VIVO & EX VIVO BIODISTRIBUTION QEV FUNCTION ON TUMOR GROWTH
< :7 v o 04,' Tumor growth
= “z,'b I ! |
% 14
%
\ [ P . L]
CERYT ol
H&E staining

Scheme 1. Schematic illustration of imaging and tracking of tumor extracellular vesicles to unravel the progression
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infection was observed under fluorescence microscope. Then the cells
were cultured under reduced concentration of puromycin.

2.4. Ultrasonic imaging of in situ ovarian carcinoma-bearing mice

All the animal experiments were approved by the Institutional Ani-
mal Care and Use Committee and Ethics Committee of Hainan Medical
University (Approval number: HYLL-2022-302). Female nude mice
bearing in situ ovarian carcinoma were randomly divided into model
group, PBS treated group and experimental group for further experiment
following the plan displayed in Fig. 6a. The size, volume and morpho-
logical changes of ovarian tumors nude mice were measured by ultra-
sonic imaging device (Vevo3100LT system).

2.5. Fluorescence imaging of healthy mice and tumor-bearing mice models

Female BALB/c healthy nude mice were randomly divided into
control and experimental groups. Mice were anaesthetized with iso-
flurane throughout the experiment. In the control group, only Mem560
dye (200 nM) was administrated via intraperitoneal or tail vein injec-
tion, while OC-EVs-Mem560 (1x10° particles/mL) were used in the
experimental group. In vivo and ex vivo imaging was performed using
IVIS Lumina XR III system (Aex / Aem = 555/570 nm, acquisition time
0.1 s). For mice bearing in situ xenotransplanted ovarian tumor, in vivo
and ex vivo imaging was performed after injection of OC-EVs-mCherry
(Mex / Aem = 587/610 nm, acquisition time 0.1 s).

3. Results and discussion
3.1. Membrane lipid dyes label EVs with high compatibility

To obtain fluorescent OC-EVs, we employed PKH67 and Mem560 as
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the lipid membrane binding probes. PKH 67 is the conventional lipid dye
which is commonly used for tracing of cell vesicles [33], while Mem560
is a new type of membrane probe to label cell membrane and EVs
(Fig. 1a) [34]. Before labelling, OC-EVs were characterized by trans-
mission electron microscopy (TEM), which displayed typical cup-shape
structure with an average size of 100 nm (Fig. 1b, i and enlarged image
in orange box). Additionally, western-blot analysis (WB) of OC-EVs
showcased obvious bands of CD63, TSG101 and EpCAM antibodies
(left, Fig. 1c), which demonstrated the successful isolation of OC-EVs.
Nanoparticle tracking analysis (NTA) revealed that OC-EVs had an
average diameter of 144.7 nm and a peak diameter of 133.0 nm (Fig. 1d,
i). These characterization results confirmed the successful isolation of
EVs [3]. OC-EVs were then labeled with Mem560 (OC-EVs-Mem560)
and PKH67 (OC-EVs-PKH67) dyes and analyzed by TEM, WB and NTA.
The TEM results of OC-EVs-Mem560 (Fig. 1b ii and the enlarged image
in green box) and OC-EVs-PKH67 (Fig. 1b iii and the enlarged image in
blue box), the similar WB bands of them with those of OC-EVs (middle
and right, Fig. 1c), together with the NTA results (Fig. 1d, ii & iii)
confirmed that the morphology, content and size of lipid dye labeled EVs
were not significantly affected after labelling, which demonstrated the
biocompatibility of lipid membrane dyes.

3.2. Genetically encoded reporters can specifically and brightly label cells
and EVs

In addition, we utilized a genetically approach to label cells and
obtain fluorescent protein labeled EVs by secretion. As illustrated in
Fig. 2a, ovarian cells were transfected with GFP to enable releasing of
EVs expressing GFP (HO23-EVs-GFP, upper panel), while ovarian cancer
cells were incubated with EpCAM-overexpressing mCherry to stably
express red fluorescence and secret EVs (OC-EVs-mCherry, lower panel).
Live-cell confocal microscopy of HO23-GFP cell revealed numerous
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Fig. 1. Characterization of the OC-EVs before and after fluorescent dye labelling. (a) Molecular structure of the membrane binding probe MemBright. (b) TEM of OC-
EVs, OC-EVs-Mem560 and OC-EVs-PKH67. Enlarged images of single EVs displayed in the bottom showed the respective boxed area of images in the top. Scale bars,
100 nm. (c) Western blot analysis of EVs with anti-CD63, anti-TSG101, anti-EpCAM, using GAPDH as loading control. (d) NTA results of i) OC-EVs ii) OC-EVs-
Mem560 (average diameter of 155.7 nm with peak diameter of 129.5 nm) and iii) OC-EVs-PKH67 (average diameter of 153.7 nm and peak diameter of

144.6 nm) showing the concentration (y axis) and diameter (x axis).
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Fig. 2. (a) Schematic diagram of cell membrane labelling with GFP (HO23 cells, top) or mCherry (EpCAM overexpression, OVCAR3 cells, bottom) and the secretion
of transfected EVs. (b) Live cell confocal fluorescence imaging of i) HO23-GFP cells and ii) OVCAR3-mCherry cells, the enlarged images of boxes area and the 3D
imaging of cells. Scale bars, 5 pm. (c) NTA results of EVs derived from i) HO23 cells ii) HO23-GFP cells and iii) OVCAR3-mCherry cells. (d) TEM of HO23-EVs, HO23-
EVs-GFP and OC-EVs-mCherry. Scale bars, 100 nm. (e) Western blot analysis of three types of EVs using CD63, TSG101 and EpCAM antibodies, using GAPDH as

loading control.

GFP-positive deposits surrounding the cell, suggesting the release of
vesicles by HO23-GFP cells (Fig. 2b, i, left and enlarged yellow boxed
region images, yellow arrow heads, and Fig. Sla i, ii). Additionally, the
GFP-positive deposits exhibited various sizes, indicating that GFP
labeled multiple vesicle-like structures (Fig. 2b, i, right panel 3D image).
The live-cell fluorescence imaging of OVCAR3-mCherry cells showcased
that mCherry uniformly labeled the plasma membrane and displayed
budlike structure on their surface (Fig. 2b, ii, left and enlarged white
boxed region images, white arrows, 3D image) and red puncta in the
extracellular region (white arrow heads) (Fig. Sla iii). Furthermore, the

particles released by HO23-GFP cells and OVCAR3-mCherry cells were
collected and characterized. The NTA results of HO-EVs-GFP (average
and peak diameter of 152.1 nm and 140.5 nm, respectively) and OC-
EVs-mCherry (average and peak diameter of 169.9 nm and 147.5 nm,
respectively) (Fig. 2c, ii and iii) were comparable with the size distri-
bution of HO23-EVs (average diameter of 158.5 nm and peak diameter
of 158.3 nm) (Fig. 2c, i). Additionally, the TEM images (Fig. 2d) and WB
results (Fig. 2e) suggested the successful isolation of HO-EVs, and
transfection of both HO23 cells and OVCARS3 cells, as well as the pos-
sibility of obtaining membrane protein labelled EVs with GFP or
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mCherry reporters.

3.3. High-resolution tracking of individual EVs interaction with diverse
cells

To understand how tumor EVs target specific cell types [14], we
investigated the interaction between OC-EVs and different cells
including macrophages, neutrophils, ovarian cells and ovarian cancer
cells. Firstly, after labeling macrophages with Mem560 (20 nM) and
Hoechst, OC-EVs-PKH67 were added and cocultured. The fluorescent
images in Fig. 3a revealed that OC-EVs-PKH67 penetrated the cell
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membrane and accumulated in the cytoplasm, exhibiting time depen-
dent trend in 60 min (Fig. 3b). Following, the interaction between in-
dividual OC-EVs and single cells were tracked. As showcased in Fig. 3¢
and Movie S1, single OC-EVs-PKH67 could be rapidly taken up by a live
macrophage cell within 44 s. The 3D imaging results clearly showed the
internalized green vesicle inside the red cell membrane (Fig. 3d and
Fig. S2a, b). These findings indicated the interaction between tumor EVs
and macrophages, which would promote tumor growth and invasion
[35]. Since PKH67 dye was reported to affect the observation of EVs
[14], we then utilized OC-EVs-Mem560 to interact with GFP-expressing
macrophage. As displayed in Fig. 3e and Fig. Slc, macrophage-GFP
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Fig. 3. (a) Fluorescence imaging of macrophages (RAW264.7) cocultured with OC-EVs-PKH67. Figures show the blue, green, merge channels and figure inset of
individual cells. (b) Fluorescence imaging of OC-EVs-PKH67 internalized in macrophages at different time and the quantitative result. (c) Dynamic tracking of the
interaction between macrophage-Mem560 and OC-EVs-PKH67. (d) The XZ and YZ display of 3D imaging of the cell in Fig. c. Time-dependent fluorescence imaging of
the interaction between (e) Macrophage-GFP and OC-EVs-Mem560 (f)-(g) showed interaction of OC-EVs-PKH67 with neutrophil-Mem560, HO23-Mem560 and
OVCAR3-Mem560. (i) Comparison of different internalization time of OC-EVs by various cells. Scale bars, 5 pm.
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could internalize individual OC-EVs-Mem560 in 70 s (Movie S2), con-
forming the efficiency of using both PKH67 and Mem560 labeling to
monitor OC-EVs. Neutrophils were also utilized to interact with
OC-EVs-PKH67, which could uptake EVs in around 133 s (Fig. 3f and
Fig. S3). Additionally, the interaction between OC-EVs and HO23 cells
or OVCARS3 cells were investigated, with HO23 cells exhibiting rapid
uptake of OC-EVs within 25 s (Fig. 3g, Fig. S4 and Movie S3). In the case
of OVCARS3 cells, OC-EVs-PKH67 moved towards OVCAR3 cell in
24.2 seconds and attached to the cell membrane (Fig. 3h), mapping of
z-line sequential images and the XZ and YZ display of 3D imaging
revealed that the observed OC-EVs-PKH67 embedded in the cell mem-
brane (Fig. S5 and Movie S4). These results demonstrated the homing
effect of tumor EVs to parental cells of the same origin, while exhibiting
much severe tendency to normal cells. Interestingly, after incubating
Memb560-labeled OVCAR3 cell in exosome-free medium, we noticed that
the labeled OVCAR3 could shed some vesicle-like red particles from
filopodia (Fig. S6, Movie S5), suggesting the biogenesis of EVs via
inheriting membrane contents from parental cell [2].

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2024.135975.

Following, we compared the time required for diverse cells to uptake
OC-EVs. As illustrated in Fig. 3i, macrophage-Mem560 took around 43 s

d

Cell incubation Cell co-incubation EV secretion and exchange

Remove
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b ovcar3-mcherry
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to internalize OC-EVs, while macrophage-GFP consumed about 70 s.
HO23-Mem560 could uptake OC-EVs within an average period of 29 s,
while HO23-GFP need around 84 s. Similarly, OVCARS3 cells could arrest
OC-EVs within about 23 s, however, OVCAR3-mCherry required 88 s. In
the case of neutrophils, about 109 s was needed to finish the internali-
zation. These results indicated that these cells were involved in the
transferring of tumor EVs, with macrophages, HO23 and OVCAR3 cells
capturing OC-EVs faster than neutrophil. Also, lipid dye labeled cells
consumed shorter time than lentivirus-infected cells. Importantly, the
internalization of OC-EVs by ovarian cells provided in vitro evidence of
the homing characteristics of EVs to homologous cells.

3.4. EVs release from transfected cells and exchange between cell
populations

Using a complementary strategy, we constructed fluorescent protein
labelled cells to obtain EVs for investigating the one-way and dynamic
exchange of EVs between different cell populations [13]. As displayed in
Fig. 4a, we inoculated OVCAR3-mCherry cells and HO23-GFP cells in
the two sides of a culture insert in one petri dish. After removing the
insert, the co-incubation of the two types of cells were monitored
(Fig. 4a and Fig. S7a, i). EVs were released and the existence of single

OVCAR3-mCherry HO23-GFP Merged

Enlarged

= o

f OVCAR3-mCherry / HO23-EVs-GFP

g HO023-GFP / OC-EVs-mCherry

Fig. 4. (a) Schematic illustration of co-incubation of OVCAR3-mCherry cells and HO23-GFP cells. Time-lapsed confocal imaging of (b) OVCAR3-mCherry cells and
(c) HO23-GFP cells. Scale bars, 5 pm. (d) Time-lapsed imaging of the internalization of OC-EVs-mCherry by a HO23-GFP cell within 84 s with time interval of 12 s.
Scale bars, 5 pm. (e) Live-cell imaging of EVs exchange and uptake between OVCAR3-mCherry and HO23-GFP cells. Magnification of boxes in merged panels are
shown in enlarged images. i) EVs released from two cell lines were observed in surrounding regions (while and yellow arrowhead). ii) EVs secreted from HO23-GFP
cell were observed inside the OVCAR3-mCherry cell (yellow arrowhead). iii) EVs secreted from OVCAR3-mCherry cell were found inside the HO23-GFP cell (white
arrowhead). Scale bars, 20 pm. (f) and (g) The 3D imaging of OVCAR3-mCherry cell and internalized HO23-EVs-GFP, and HO23-GFP cell with captured OC-

EVs-mCherry.
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EVs surrounding individual cells was recorded (Fig. 4b and 4c).
Time-lapsed imaging of OC-EVs-mCherry-exposed HO23-GFP cell dis-
played the movement of EVs towards recipient cell and final uptake
within 84 s (Fig. 4d). This result demonstrated the effectiveness in using
the protein membrane reporters to differentiate recipient cells from
tumor EVs. During co-incubation, both cell types were also found to
extend and release vesicles, which were then taken up by the other cell
type (Fig. 4e and Fig. S7a, ii-iv). The 3D imaging of a typical
OVCAR3-mCherry cell obviously showcased the internalized green
vesicles released from HO23-GFP cells (Fig. 4f and Fig. S7b). Similar
phenomenon was observed in a HO23-GFP cell with captured red vesi-
cles (Fig. 4g and Fig. S7c). These data collectively demonstrated the
biological process of ovarian cancer cells and normal ovarian cells,
including EVs’ release, intercellular communication of one-way delivery
and bi-directional exchange between cell populations.

3.5. In vivo distribution and toxicity of lipid dye labelled and genetically
encoded OC-EVs

Based on the in vitro experiment results, we then addressed the dis-
tribution and toxicity of lipid dye and fluorescent protein labelled OC-
EVs in vivo using 6-8-week-old healthy female BALB/c nude mice. As
displayed in Fig. 5a, i), the mice were pretreated 24 h before experiment
and injected with OC-EVs-Mem560 through intraperitoneal (I. P.) or tail
vein (I. V.) injection, with Mem560 dye as control. Then in vivo imaging
of mice in each group was performed at different time point till 7 d.
Afterwards, the mice were sacrificed to obtain organs for fluorescence
imaging. The studied mice were randomly divided into four groups:
Group I, L. P. injection of Mem560 dye; Group II, I. P. injection of OC-
EVs-Mem560; Group III, I. V. injection of Mem560 dye; Group IV, I. V.
injection of OC-EVs-Mem560. In vivo imaging was performed at different
time pointsof 1 h,2h,6 h,12 h, 24 h, 48 h, 72 h, and 7 d after injection.
In the control groups, fluorescence signals were observed mainly at liver
in nude mice 1 h postinjection and peaked at 12 h (Fig. S8a, c). Then the
fluorescence intensity gradually decreased over time and was neglect-
able on 7 d, indicating the hepatic-leading metabolism process. In
contrast, for the OC-EVs-Mem560 groups, fluorescence was detected at
different parts of the mice 1 h postinjection and could be detected until 7
d (Fig. S8b, d).

After in vivo imaging, the nude mice were sacrificed at each time
point to obtain the organs (brain, lung, heart, liver, kidney, spleen and
ovary) for ex vivo imaging. As showcased in Fig. 5b, the Mem560 dye
was mainly accumulated in liver (i and iii) [36] and peaked at 12 h
postinjection, then metabolized until 7 d. In the experimental groups,
the injected OC-EVs-Mem560 exhibited similar organ distribution and
time-dependent metabolization, but with distinguishable signal on 7
d (Fig. 5b, ii and iv). Fluorescence signal was also observed in kidney,
indicating the renal metabolization process. The obvious fluorescence
observed in brain showed the BBB-penetrating capability of
OC-EVs-Mem560, while the fluorescence in ovary demonstrated their
homing effect. Interestingly, we observed that OC-EVs-Mem560 accu-
mulated more in the brain via I. V. injection than L. P. injection, mainly
attributed to the rapid transfer through blood flow. The ex vivo imaging
of organs offered accurate distribution and quantification of adminis-
trated vesicles, in accordance with the in vivo imaging results displayed
in Fig. S8. Besides, the quantitative results of the fluorescence imaging of
organs (Fig. 5¢ and 5d) again confirmed that liver was the main organ
responsible for EV metabolism, following with kidney.

OC-EVs-mCherry was also investigated following the experiment
schedule in Fig. 5a (ii). As shown in Fig. Se, EVs were mainly enriched in
the liver, following by brain, kidney, spleen, lung and ovary, displaying
time-dependent distribution characteristics. Fluorescence signal was
peaked at around 24 h and gradually decreased over time, but was still
obvious until 7 d. The imaging of organs and quantitative results (Fig. 5f
and Fig. 5g) again demonstrated the hepatic and renal clearance of EVs
in vivo. Additionally, the longer metabolization time of protein labeled
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EVs in mice (highest at 24 h in liver) than lipid dye group (highest at
12 h in liver) was in accordance with the cell imaging results. Alto-
gether, we documented that both types of membrane probes could label
OC-EVs with high biocompatibility for in vivo imaging. Importantly, the
enrichment of OC-EVs in ovary evidently confirmed the homing tar-
geting capability of EVs.

3.6. Investigation on the effects of OC-EVs on metastatic growth of tumor
cells in vivo

Tumor EVs modulate cancer progression and influence the metas-
tasis of primary tumors [37-40]. We then established in situ xeno-
transplanted ovarian tumor bearing nude mice model (left ovary) and
utilized OC-EVs-mCherry to evaluate their in vivo function following the
plan in Fig. 6a. In situ ovarian cancer mice models were randomly
divided into experimental group and PBS group and treated with
OC-EVs-mCherry and PBS separately via L. V. injection. Afterwards, the
sizes of ovarian tumors were monitored by ultrasonic imaging. The body
weight (BW) and abdominal circumference (AC) were also measured.
When the tumor grew to around 1 mm®, the mice were sacrificed, and
the organs were observed ex vivo by photographing and fluorescence
imaging.

Representative mice photos were displayed in Fig. 6b. On day O,
compared to the healthy mouse in control group, a bulge was visible on
the lower left back of the model group. The ultrasonic imaging in Fig. 6¢
indicated the sizes of the ovaries of normal mice (control group, approx.
1.5 mm x 1.5 mm x1.5 mm), with no obvious blood signals. However,
in the model group, a cystic mass (approx. 9.3 mm x 6.2 mm x 7.1 mm)
could be observed in the left ovary, with typical solid tumor charac-
teristics of partially unclear boundary, uneven echo and rich blood flow
signals. Afterwards, mice in control and model group were sacrificed to
obtain the main organs for further measurement. As showcased in
Fig. 6d, the size of the ovary of representative control group was
1.76 mm x 2.07 mm x 2.01 mm. The left ovary of model mouse
exhibited irregular cauliflower like structure (Fig. 6d model group), with
hard texture and larger size (5.70 mm x 9.65 mm x 7.07 mm) than the
control group. Furthermore, the H & E staining of the main organs
(brain, liver and left ovary) of control and model groups were per-
formed. As shown in Fig. 6e, compared to the normal structure in control
group, the brain tissue in the model group showed obvious nucleus
shrinkage. Together with the pathological characteristics in liver and
ovarian tissues, the successful establishment of in situ ovarian cancer
mice model was confirmed.

Following, the in situ xenograft OVCAR3-tumor bearing nude mice
were randomly divided into experimental group and PBS group, which
were administrated OC-EVs-mCherry or PBS separately, following the
experimental plan in Fig. 6a. During the treatment process, we moni-
tored the ovary changes by ultrasonic imaging (Fig. 6¢ and Fig. S9) until
the tumor grew to around 0.9 mm® on day 11 (Fig. S9b). On day 14,
obvious enlarged bulges were observed on the lower left back part of the
PBS and OC-EVs-mCherry group (dotted black circles, Fig. 6b). Then the
mice in both groups were sacrificed to obtain main organs for further
measurement. As shown in Fig. 6d, the left ovaries of PBS and OC-EVs-
mCherry-treated groups both exhibited irregular cauliflower like struc-
ture, hard texture, and large size (4.46 mm x 6.80 mm x 6.78 mm and
9.73mm x 11.77 mm x 8.18 mm, respectively). Furthermore, H & E
staining of the main organs (brain, liver and ovary) of both groups
indicated that the PBS-treated group deteriorated worse than the model
group, suggesting the progression of tumor (Fig. 6e). Compared with the
PBS group, the deterioration of tissues in the OC-EVs-mCherry-treated
group was much severe, indicating the pathological function of OC-
EVs in accelerating tumor progression. Both groups exhibited gradu-
ally increased AC (Fig. S10a) and decreased BW, with the OC-EVs-
mCherry group much severe (Fig. S10b), owing to the development of
ovarian tumor. The changes of ovarian volume and tumor growth speed
of two groups were also evaluated based on the ultrasonic imaging
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Fig. 5. In vivo and ex vivo imaging of OC-EVs. (a) Bioimaging plan after using i) OC-EVs-Mem560 and ii) OC-EVs-mCherry via I. P. or 1. V. injection. (b) Ex vivo
fluorescence (FL) imaging of organs (brain, lung, heart, liver, kidney, spleen and ovary) harvested from the mice treated with i) Mem560 dye and ii) OC-EVs-
Memb560, 1. P. injection. iii) Mem560 dye and iv) OC-EVs-Mem560, I. V. injection. (c) and (d) are quantification results of images displayed in Fig. b ii) and iv),
analyzed by recording the photons/second/steradian (ph/s/sr) of each organ and normalized to that of the injected dose based on the fluorescence intensity. Data
shown as mean (n = 3). (e) Ex vivo imaging of main organs harvested from the mice treated with OC-EVs-mCherry via i) I. P. injection or ii) I. V. injection. (f) and (g)
quantification of imaging results displayed in Fig. e. Data shown as mean (n = 3).
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Control Model

OC-EVs-mCherry

Fig. 6. Investigation on the function of OC-EVs on tumor progression in mice models. (a) Schematic illustration of the experimental plan. (b) Photographs of the
representative mice of the control (day 0), model (day 0), PBS (day 14) and OC-EVs-mCherry (day 14) groups. (c) Ultrasonic imaging of the mice displayed in Fig. b,
images showed left (L) and right (R) ovaries from coronal, transverse views, and the blood signal. Scale bars, 1 mm. (d) Photographs of the reproductive system of the
mice in Fig. b. The size of left ovary was measured by a vernier caliper. (e) H&E-stained slices of the brain, liver and ovary of the mice in Fig. b. Scale bars, 50 pm. (f)
Ovarian volumes (mm?) of the left (L) and right (R) ovaries of the mice treated with PBS and OC-EVs-mCherry, measured by ultrasonic imaging (dayl-day 11) and
vernier caliper (day 14). (g) Ovarian tumor growth speed calculated from Fig. f and displayed in mm?®/d. (h) Photographs (left) and fluorescence imaging (right) of

organs harvested from the mice treated with PBS and OC-EVs-mCherry.

results on day 0-11 (Fig. 6¢ and Fig. S9b) and the measurement on day
14 (Fig. 6d). It could be seen from Fig. 6f and Fig. 6g, the tumor volume
and growth speed of OC-EVs-mCherry-treated group increased faster
upon time than the PBS-treated group (Figs. 6f and 6g, OC-EVs-mCherry
(L) & PBS (L)), suggesting the promotion function of OC-EVs-mCherry
on ovarian tumor. To our surprise, the right ovary of the OC-EVs-

mCherry-treated group (Figs. 6f and 6g, OC-EVs-mCherry (R)) also
exhibited obvious increment compared to the PBS group (Fig. 6f and 6g,
PBS (R)), probably attributing to the influence of OC-EVs.

Judging from the photographs of main organs of both groups, apart
from ovary, no obvious abnormalities in the other organs was observed
under naked eyes (Fig. 6h left panel). As displayed in Fig. 6h (right
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panel), evident fluorescence was observed in the organs (brain, lung,
liver and ovary) of OC-EVs-mCherry-treated group, with strong fluo-
rescence in ovary, again demonstrating evident homing capability of
OC-EVs and their function in promoting tumor growth.

4. Conclusions

In this study, we employed two types of membrane probes to obtain
fluorescently labelled EVs and successfully visualized OC-EVs in vitro
and in vivo. Based on the direct labeling of EVs by lipophilic membrane
probes (PKH67 and Mem560), we recorded the single vesicle internal-
ization by various cells (including macrophage, neutrophil, ovarian cell
and ovarian cancer cell). Using indirect labeling of vesicles by harvest-
ing EVs from lentivirus (GFP and EpCAM:mCherry) transfected cells, we
observed the one-way delivery and bidirectional exchange of EVs be-
tween normal ovarian cells and cancer cells. These data indicated the
liability of cancer EVs to interact with cells of the same origin, mainly
attributing to the homing characteristics of EVs. By administrating flu-
orescently labelled OC-EVs into mice models, the hepatic and renal
clearance process, as well as the homing effect of EVs were unveiled.
Furthermore, by injecting OC-EVs into xenotransplanted ovarian tumor
bearing nude mice, the function of OC-EVs in promoting tumor growth
was verified. In general, our findings supported the EV-mediated inter-
cellular communication, which were complex, multi-directional, far-
reaching, and homing. We also confirmed the metabolism routes of EVs
in vivo and the essential function of EVs in accelerating tumor devel-
opment. Future studies would focus on the underling molecular mech-
anism dominated in EVs influence on tumor progression, which would
provide potential targets for tumor treatment.
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