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ABSTRACT

Extracellular vesicles (EVs) are increasingly used as delivery vehicles for drugs and bioactive molecules, which
usually require intravascular administration. The endothelial cells covering the inner surface of blood vessels are
susceptible to the shear stress of blood flow. Few studies demonstrate the interplay of red blood cell-derived EVs
(RBCEVs) and endothelial cells. Thus, the phagocytosis of EVs by vascular endothelial cells during blood flow
needs to be elucidated. In this study, red blood cell-derived extracellular vesicles (RBCEVs) were constructed to
investigate endothelial cell phagocytosis in vitro and animal models. Results showed that low magnitude shear
stress including low shear stress (LSS) and oscillatory shear stress (OSS) could promote the uptake of RBCEVs by
endothelial cells in vitro. In addition, in zebrafish and mouse models, RBCEVs tend to be internalized by endo-
thelial cells under LSS or OSS. Moreover, RBCEVs are easily engulfed by endothelial cells in atherosclerotic
plaques exposed to LSS or OSS. In terms of mechanism, oxidative stress induced by LSS is part of the reason for
the increased uptake of endothelial cells. Overall, this study shows that vascular endothelial cells can easily
engulf EVs in areas of low magnitude shear stress, which will provide a theoretical basis for the development and
utilization of EVs-based nano-drug delivery systems in vivo.

1. Introduction

critical factors for drug delivery of nanoparticles travelling in the blood
vascular system [7]. Nanoparticles are prone to accumulate in the

Nanoparticles are a promising platform for delivering therapeutic
molecules directly to the disease site and preventing off-target organ
toxicity [1-4]. Therapeutic nanoparticles commonly require intravas-
cular administration, by which nanoparticles will enter the bloodstream,
circulate throughout the body, and extravasate out of the blood vessel
into the disease site to deliver their cargo [5,6]. As nanoparticles travel
in the blood, they pass around the bends and bulges of vessels and
contact cells or tissues. In this process, they will experience hemody-
namic forces that result in locally high nanoparticle accumulation in
some areas and subsequently differential toxicity and efficacy of di-
agnostics and therapeutics.

A previous study has shown that flow shear stress and velocity are
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bifurcation and oscillation regions of blood vessels, especially those near
the inner wall [8,9]. Blood flow velocities can increase locally by almost
four orders of magnitude, from below approximately 0.01 mm/s in
capillary vessels to greater than 500 mm/s in arterial vessels [10].
Furthermore, cardiovascular diseases are closely related to low magni-
tude shear stress including low shear stress (LSS), less than 5 dyn/cmz,
and oscillatory shear stress (OSS) in the artery. We recently reported that
endothelial cells are amateur phagocytic cells for cell debris engulfment
[11,12]. Furthermore, different flow stresses can influence the uptake of
nanoparticles by endothelial cells [13]. Determining the relationship
between vessel topology, local hemodynamics, and nanoparticle distri-
bution will enable the selection of nanoparticles with higher specificity.
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Extracellular vesicles (EVs) are nanosized membranous vesicles
produced by most kinds of cells [14]. They are enclosed by a lipid bilayer
that surrounds an aqueous core containing proteins, lipids, and nucleic
acids [15]. EVs are classified into exosomes, microvesicles, and
apoptotic bodies on the basis of their biogenesis, release pathways, and
sizes. EVs act as essential mediators to transfer bioactive molecules such
as mRNAs, miRNAs, and proteins to target cells [16,17]. Given their
ability to transfer bioactive components and surmount biological bar-
riers, EVs are increasingly being explored as a potential therapeutic
carrier for various applications [18]. However, to our best knowledge,
the distribution of EVs in the blood vessels and the interaction between
EVs and endothelial cells when they travel within the bloodstream are
unclear.

Recently, red blood cell-derived EVs (RBCEVs) have been widely
used as drug delivery carriers. Compared with EVs produced by other
cells, RBCEVs are easier to prepare, safe, and have long circulation time
[19,20]. Our previous research showed that the RBC-derived mem-
brane-based drug delivery system is an excellent strategy for athero-
sclerosis therapy through intravascular administration [21].
Furthermore, RBCEVs are representative delegates for the distribution
and engulfment of EVs in the blood flow because their membrane pro-
teins have no specific targeting function. Therefore, we reasonably hy-
pothesized that the uptake of RBCEVs by endothelial cells might also be
affected by different flow patterns and shear stress. In this study, we
used RBCEVs as the model of natural EVs to investigate the influence of
hemodynamics on the interaction between EVs and endothelial cells in
vitro and in vivo. The results showed that low magnitude shear stress
increased the engulfment of RBCEVs by endothelial cells in vitro and in
vivo, and LSS-induced endothelial cell oxidative stress is a regulator of
EVs uptake (Fig. 1).
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2. Materials and methods
2.1. Materials

1,19-Dioctadecyl-3,3,39,39-tetramethylindodicarbocyanine

perchlorate (DiD) was purchased from Biotium Inc. (Fremont, USA).
DAPI, cell total protein extraction kits, and N-acetyl-L-cysteine (NAC)
were provided by Beyotime Institute of Biotechnology (Jiangsu, China).
Antibodies against CD31 (ab28364) and Goat Anti-Rabbit IgG H&L
(Alexa Fluor® 488) (ab150077) were obtained from Abcam. r-Ascorbic
acid (VC) was purchased from Aladdin (Shanghai, China). Malondial-
dehyde (MDA), superoxide dismutase (SOD), and monocyte chemotactic
protein 1 (MCP-1) enzyme-linked immunosorbent assay (ELISA) kits
were provided by KeyGen Biotech (Nanjing, China).

2.2. RBCEVs derivation

RBCEVs were collected according to a previously reported method
with some modifications [21]. Briefly, fresh whole blood was collected
from male C57BL/6 mice (15-20 g) via orbital sinus puncture using
EDTA spray-coated tubes (Labtub, China) and subsequently centrifuged
at 600xg for 5 min at 4 °C (Centrifuge 5418 R, Eppendorf, Germany) to
remove the plasma and white buffy coat. Then, the resulting packed
RBCs were washed with 1 x PBS until the supernatant was clear. Next,
RBCs were suspended in 0.25 x PBS containing 0.2 x 10~> mol/L
EDTAK2 for 30 min at 4 °C for hemolysis, and then the inner contents of
RBCs were removed after centrifugation at 6500xg for 5 min. The
resulting pellet was collected and washed three times with 1 x PBS. The
collected RBC ghosts were resuspended in distilled water or saline. To
obtain RBCEVs, RBC ghosts were frozen and thawed repeatedly for three
times. Finally, RBC ghosts were extruded using an Avestin mini-extruder
(Avestin, LF-1, Canada, 100 nm polycarbonate porous membrane) 10
times to harvest RBCEVs. The harvested RBCEVs were stored at 4 °C.

Red Blood Cell

Red Blood Cell-Derived EVs
(RBCEVSs)

; ﬁlyiation %) égg

Carotid Artery Aorta

Zebrafish" XS

C Low Shear Stress

Low Shear Stress

@
[*) [+
[ +)
([ *]
'Y o ® ©
(J
o (@ (o (® (@
E Oscillatory Flow

©

— \,D\

JLC (®°(® )Lo

Fig. 1. Illustrations displaying that oxidative stress is involved in RBCEVs uptake by endothelial cells under low magnitude shear stress. (a) Preparation procedures of
RBCEVs. (b) Low magnitude shear stress (LSS and OSS) promotes the uptake of RBCEVs by endothelial cells in vivo. (c-e) LSS-induced oxidative stress of endothelial

cells is a regulator of EVs uptake.
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2.3. DiD@RBCEVs

To prepare DiD@RBCEVs, RBC ghosts (from 200 pL of whole blood)
after freeze and thaw were incubated with 1 pL of DiD (1 mg/mL) for 30
min. Then, they were centrifuged at 9500xg for 5 min at 4 °C and
washed three times with 1 x PBS to remove free DiD. Next, DiD-labeled
RBC ghosts were extruded with an Avestin mini extruder (Avestin, LF-1,
Canada, 100 nm polycarbonate porous membrane) 10 times to obtain
DiD@RBCEVs.

2.4. Characterization of RBCEVs

Analysis of zeta potential: The zeta potentials of RBCEVs and
DiD@RBCEVs were determined using a Malvern Zetasizer Nano ZS unit
(Nano ZS 90, Malvern, UK) with a He-Ne laser (A = 633 nm) at a scat-
tering angle of 90° at 25 °C.

Analysis of stability: The stability of RBCEVs and DIiD@RBCEVSs over a
period of 48 h was evaluated in terms of particle size. The EVs main-
tained excellent stability with no significant change in particle size.

Transmission electron microscopy (TEM) analysis: The morphologies of
RBCEVs and DiD@RBCEVs were observed by TEM at 200 kV (JEM-
2100F, JEOL, Japan). To prepare the TEM samples, RBCEVs and
DiD@RBCEVs suspension droplets were dripped on copper-coated mesh
grids for 2 min and rinsed in filtered 1 x PBS. EVs on the grids were
immediately fixed with 4% glutaraldehyde for 1 min and then nega-
tively stained with 2% (wt/vol) Na phosphotungstate for 1 min.

Nanoparticle tracking analysis (NTA): We measured the size and
concentration of EVs using NTA at VivaCell Biosceinces with ZetaView
PMX 110 (Particle Metrix, Meerbusch, Germany) and corresponding
software ZetaView 8.04.02. The isolated EVs samples were appropri-
ately diluted using PBS buffer (Biological Industries, Israel) to measure
the particle size and concentration. NTA measurement was recorded and
analyzed at 11 positions. The ZetaView system was calibrated using 110
nm polystyrene particles. The temperature was maintained at around
25 °C. All samples were measured three times.

2.5. Characterization of membrane protein

The membrane proteins were identified by sodium dodecyl sulfa-
te—polyacrylamide gel electrophoresis (SDS-PAGE). A total cell protein
extraction kit (Beyotime) was used to extract the proteins of RBCEVs and
RBC ghosts. The extracted proteins were run on 12% SDS-PAGE gel in a
running buffer using a Bio-Rad electrophoresis system at 70 V for 0.5 h
and then at 140 V for 1 h. Finally, the SDS-PAGE gel was stained with
SimplyBlue. The expression of CD47 was detected by immunoblotting
(WB). The lysate buffer containing 1% phosphatase inhibitor (Beyotime)
was used to lyse RBCEVs, RBC ghosts, and RBC for 15 min at 4 °C. The
lysis solution was centrifuged at 9500xg for 10 min at 4 °C. The su-
pernatant was collected, and the protein concentration was determined
by BCA protein analysis kit (Beyotime) [22]. The same amount of pro-
tein was separated from each sample with 12% SDS-PAGE and trans-
ferred to the polyvinylidene fluoride membrane (PVDF, Millipore, USA).
The transferred PVDF membrane was sealed with 5% milk and then
incubated with anti-CD47 primary antibody (anti-CD47 antibody,
ab175388, Abcam) at 4 °C for 12 h. Finally, the PVDF membrane was
incubated with HRP-coupled secondary antibody and observed by using
a ChemiDoc-XRS imaging system (Bio-Rad).

2.6. Cell culture

HUVECs and brain endothelial cells were obtained from the Cell
Bank of the Chinese Academy of Science (Shanghai, China). Cells were
grown in RPMI-1640 medium containing 10% fetal bovine serum (FBS)
at 37 °C in an atmosphere with 5% CO,.

399

Bioactive Materials 9 (2022) 397-410
2.7. RBCEVs uptake by endothelial cells in vitro

Endothelial cells were seeded in 6-well plates at a density of 1 x 10°
cells per well in 2 mL of RPMI-1640 medium containing 10% FBS and
cultured at 37 °C with 5% CO5 for 24 h. Before mechanical loading,
endothelial cells were washed with a fresh culture medium and starved
for 2 h. Then, they were placed on the corresponding mechanical
equipment and treated with 50 pg/mL of RBCEVs for 3 h.

2.8. Shear stress treatment in vitro

Orbital shaker system: HUVECs were inoculated on standard 6-well
plates in advance and incubated until the cells reached ~80% conflu-
ence. The 6-well plates were mounted on an orbital shaker and under-
went a two-dimensional linear translation in the horizontal plane (i.e.,
XZ plane). Each well was filled with 2 mL of liquid medium. The orbital
radius was 38 mm, and the orbital speeds were set to 162, 295, and 475
rpm to calculate the valuation of the shear stress in the cell well. Cells
were cultured at 37 °C and 5% CO,. The formula for the conversion
between rotational speed and shear force is as follows:

To=ax \/pxux2xzxf)

where 7, is shear stress, a is the orbital radius of rotation of the shaker, p
is the density of the culture medium, u is the viscosity of the medium,
and f is the frequency of rotation [23]. The shear stress in the cell well at
162 rpm, 295 rpm, and 475 rpm were about 5 dyn/cm? (LSS), 12
dyn/cm? (NSS), and 25 dyn/cm? (high shear stress, HSS), respectively.
The Reynolds number was calculated as wR?/v, where  is the rotational
speed of the orbital shaker, R is the radius of rotation of the cell well (13
mm), and v is the kinematic viscosity (1.012 x 107° m?/s). The Rey-
nolds number remained in the laminar regime.

Parallel-plate flow chamber: The cultured endothelial cells were sub-
jected to shear stress in a parallel-plate flow chamber as described
previously [24]. The formula t = 6 pQ/wh2 was used to calculate the
fluid shear stress (1), where Q is the flow rate and p is the dynamic
viscosity of the perfusate. The flow apparatus contained a peristaltic
pump and an oscillatory pump (a frequency of 1 Hz and peak amplitude
of 0.5 + 4 dyn/cm?) for 0SS and only a peristaltic pump for LSS (5
dyn/cmz), NSS (12 dyn/cmz), and HSS (25 dyn/crnz).

2.9. Labeling of lysosomes

The endothelial cells treated by DiD@RBCEVs were washed with 1 x
PBS for three times and incubated with 50 nM LysoTracker red (Beyo-
time, China) for 1 h. Then, the cells were washed with 1 x PBS for three
times before being stained with Hoechst 33342 (Beyotime, China). Ly-
sosomes were viewed and counted, and the colocalization of lysosomes
and EVs was examined by laser confocal microscopy.

2.10. Flow cytometry

1 x 10° HUVECs were inoculated on standard 6-well plates in
advance and incubated with DiD@RBCEVs. Then, the cells were treated
with different stresses for 3 h according to the requirements of the
experiment. The cells were digested with trypsin. The cells were
centrifuged at 150xg for 5 min and washed twice with 1 x PBS. Next,
use a cell filter to the cell mass so that it is uniformly dispersed. Flow
cytometry data were plotted and quantified using median fluorescence
intensity (MFI) using in FlowJo software (Treestar, Ashland, USA).

2.11. Oxidative stress detection
Intracellular ROS production was evaluated with a ROS fluorescent

probe CM-H2DCFDA (Genmed Scientifics, China). Briefly, after cell
treatment, the cells/frozen sections were incubated with 10 pM CM-
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H2DCFDA in PBS for 40 min in the dark at room temperature. Then, the
cells/frozen sections were washed with 1 x PBS for three times before
being stained with Hoechst 33342 and visualized under a laser confocal
microscope.

Endothelial cells were seeded in 6-well plates. NAC (20 mM) and VC
(10 mM) [25-27] were added to the culture medium, respectively. Then,
the sample was placed on an orbital shaker system under LSS and NSS,
respectively. After 1.5 h, RBCEVs were added and incubated for another
1.5 h. Endothelial cells were digested in trypsin. After centrifuging at
150xg for 10 min, the supernatants were removed and resuspended in 1
x PBS. Then, the samples were frozen and thawed three times at —20 °C.
The upper supernatants were collected by centrifugation. The clear
upper supernatants were collected for analysis of oxidative stress (MDA,
SOD) and inflammatory factors (MCP-1). The concentrations of MDA,
SOD, and MCP-1 were measured by ELISA kits according to the manu-
facturer’s instructions (KeyGen Biotech, Nanjing, China).

2.12. Animal model

All animals received care according to the guidelines in the Guide for
the Chongqing University Three Gorges Hospital, China. All animal care
and experimental protocols were carried out with review and approval
from the Laboratory Animal Welfare and Ethics Committee of Chongg-
ing University Three Gorges Hospital (SYXK2017-0026).

Zebrafish model: All adult and larval zebrafish were grown according
to guidance from China Zebrafish Resource Center. Zebrafish embryos
expressing green fluorescent protein (GFP) in endothelial cells under the
action of Fl1k1 promoter were collected. The GFP embryos in a Petri dish
were collected without removing the chorion. After 24 h post-
fertilization (hpf), the embryo was bathed in E3 standard fish liquid
and treated with 0.003% phenylthiourea (St. Louis Sigma-Aldrich,
Missouri Sigma-Aldrich) to prevent pigment formation. Zebrafish cul-
ture was carried out following the standard scheme [28]. Then, 48 hpf
larvae were anesthetized with 0.2 mg/mL of tricaine methane (Sigma,
USA) medium, and approximately 2 nL (50 pg/mL) of DID@RBCEVs was
injected into larval hearts. For imaging, the larval hearts were fixed on a
1% low melting point agarose (Thermo Fisher Science, Waltham, MA)
and placed on a glass cover slide imaging dish (Mattek, Ashland, MA) at
room temperature (24 °C). The images were obtained by using a laser
confocal microscope at 1, 3, 6, and 12 h after injection. The blood flow
velocities of arteries and veins of eight larvae were calculated.

Apoe™'~ mice model: Apoe™’~ mice in the C57BL/6 background were
housed in a specific pathogen-free animal facility. Eight-week-old male
Apoe™'~ mice were fed a western diet under a strict 12 h light cycle for 8
weeks. For testing the biodistribution of RBCEVs, the mice were then
randomly divided into three groups (n = 8) and injected with 150 pL of
the following via the tail vein: (a) PBS, (b) DiD, and (c) DID@RBCEVs.
After injection 1 h, the mice were euthanized. Then, the aorta and or-
gans were collected and washed three times with 1 x PBS to remove the
blood. For observing the accumulation of RBCEVs in the plaque at
different time points, the mice were randomly divided into three groups
(n = 3), each group was injected with 150 pL. DID@RBCEVs. At different
time points, the mice were euthanized. Then the aorta was collected and
washed three times with 1 x PBS to remove the blood. The images and
fluorescence quantification of the aorta and organs were performed
using the in vivo small animal optical imaging system (Perkin Elmer)
[29].

Partial ligation model: Eight-week-old male C57BL/6 mice were fed a
normal chow diet under a strict 12 h light cycle. The mice were anes-
thetized with an intraperitoneal injection of pentobarbital sodium (1%,
40 mg/kg; Dainippon Pharmaceutical, Tokyo, Japan). The left carotid
arteries (LCA) were separated using sterile surgical instruments. The
external carotid artery (ECA), internal carotid artery (ICA), and occipital
artery (OA) were ligated separately leaving blood flow only through the
superior thyroid artery (STA). As the sham group (RCA), the contralat-
eral right carotid arteries were separated but not ligated. After surgery,
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the mice were fed a chow diet under specific pathogen-free conditions
until injection. After ligation, the mice were divided into three groups:
(a) injection of 150 pL of PBS, DiD, or DiD@RBCEVs once; (b) injection
of 150 pL of PBS, DiD, or DiD@RBCEVs daily for three consecutive days;
and (c) injection of 150 pL of PBS, DiD, or DiD@RBCEVs daily for five
consecutive days. The mice in each group were sacrificed 1 h after the
last injection. Then, the LCA/RCA and organs were collected and
washed three times with 1 x PBS to remove the blood. The images and
fluorescence quantification of aorta and organs were performed using
the in vivo small animal optical imaging system.

2.13. Oil red O staining

The aorta was stained with Oil Red O to evaluate the degree of
atherosclerosis. Oil Red O staining was performed as previously
described [30]. A stock Oil Red O solution (Sigma-Aldrich) was prepared
by adding 150 mg of Oil Red O powder to 50 mL of isopropanol (Sig-
ma-Aldrich). The aorta was fixed with 4% paraformaldehyde and then
washed with 60% isopropanol. The aorta was stained for atleast 1 hina
freshly diluted Oil Red O solution.

2.14. Immunofluorescence

The cells or frozen sections were washed with 1 x PBS three times,
fixed in 4% paraformaldehyde for 15 min at room temperature, and
washed three times. The cells or frozen sections were blocked in 5%
bovine serum albumin for 1 h and then incubated overnight with CD31
antigen at 4 °C. On the second day, the cells or frozen sections were
washed three times and incubated with fluorescence-coupled secondary
antibodies for 2 h. The nuclei were stained with DAPI. The stained cells
were imaged under a laser confocal microscope.

2.15. En face preparations and staining

Mice were euthanized and perfused with 0.9% saline. The LCA and
RCA were harvested and fixed with 4% paraformaldehyde for 12 h on
filter paper. Thereafter, the tissues were washed with Tris-buffered sa-
line, and adventitia was removed. The luminal surfaces of the vessels
were blocked with 5% bovine serum albumin before incubation with
antigen CD31 diluted in blocker (1:100) for 1-2 nights at 4 °C. The
following day, the vessels were washed and incubated with
fluorochrome-conjugated secondary antibodies for 24 h. Samples were
counterstained with DAPI to show the cell nucleus and photographed
using a laser confocal microscope.

2.16. Uptake ratio of RBCEVs

The uptake ratio of RBCEVs was calculated using the following
equation: g/ x 100%, where a is the number of endothelial cells that

uptake RBCEVs and b is the number of total endothelial cells.

2.17. Statistical analysis

Statistical analyses were performed with Statistical Package for So-
cial Sciences. Data are presented as mean + SD. Experiments were
performed with a minimum of three replications. Tukey’s multiple
comparison test, a Mann-Whitney U test, or a Student t-test was used to
identify significant differences where appropriate. Significance is indi-
cated as no significance (ns), or P < 0.05 (*), P < 0.01 (**), P < 0.001
(***). Imaris was used for data simulation and 3D reconstruction.

3. Results

Low magnitude shear stress promotes uptake of RBCEVs by
endothelial cells in vitro. To confirm the characteristics of RBCEVs
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uptake by endothelial cells, RBCEVs were first prepared and detected by
NTA measurements and TEM. As shown in Fig. 2a and b, the NTA
revealed the dominant peak in the particle size distribution between
110 nm and 120 nm for RBCEVs and DiD-labeled RBCEVs (DiD@RB-
CEVs), respectively. The ¢-potentials of RBCEVs and DiD@RBCEVs were
—21 and —25 mV, respectively (Fig. 2¢). In addition, SDS-PAGE protein
analysis showed that RBCEVs and RBC ghosts were highly consistent in
protein bands (Fig. 2d), and Western blot analysis showed that the
functional protein CD47 also existed in RBCEVs (Fig. 2e). Furthermore,

Bioactive Materials 9 (2022) 397-410

the TEM images showed that RBCEVs and DiD@RBCEVs displayed
typical hollow vesicle structures of 80-100 nm (Fig. 2f and g). RBCEVs
and DiD@RBCEVs maintained relative stability within 48 h (Supple-
mentary Fig. 1). These results demonstrate the successful preparation of
RBCEVs that were of similar size and structure to natural EVs.

To verify whether the uptake of RBCEVs by endothelial cells can be
affected by different flow shears, the orbital shaker system was used to
simulate various flow shear conditions [31]. The working principle of
the orbital shaker system is shown in Fig. 3a. The shear stress
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magnitudes in the center of the equipment can be changed by adjusting
the rotational speed of the orbital shaker system according to the
computational formula [23,32]. Using this equipment, the laser confocal
images (Fig. 3b) showed that endothelial cells internalized RBCEVs in a
shear stress-dependent manner. Under HSS, few RBCEVs were engulfed
by endothelial cells. However, as the shear stress decreased, the uptake
of RBCEVs by endothelial cells was gradually enhanced. Flow cytometry
analysis further showed that the amount of RBCEVs uptake under LSS
was increased by 1.67-fold and 189-fold compared with that under NSS
and HSS, respectively (Fig. 3c and g). The endothelial cells have a
complete cytoskeleton under NSS and HSS, indicating that the state of
the cells is normal (Supplementary Fig. 2). Moreover, the uptake of

Bioactive Materials 9 (2022) 397-410

RBCEVs by endothelial cells showed a time-dependent manner (Sup-
plementary Fig. 3) and concentration-dependent manner (Supplemen-
tary Fig. 4) under the same shear stress. Meanwhile, the same
phenomenon in which LSS induces RBCEVs engulfment was observed in
the brain endothelial cells, another type of endothelial cells (Supple-
mentary Fig. 5). These results indicate that LSS can enhance the uptake
of RBCEVs. In addition, staining of lysosomes by LysoTracker (red
fluorescence) revealed endolysosomal trafficking of most internalized
RBCEVs in endothelial cells because the green RBCEVs and red lyso-
somes exhibited a high degree of colocalization under LSS (Supple-
mentary Fig. 6).

Besides the varying levels of shear stress, different flow patterns are
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Fig. 4. Uptake of RBCEVs by endothelial cells at different blood flow velocities. (a) Images were taken with a laser confocal microscope. RBCEVs were injected into
the heart. (b) Model diagram of zebrafish. (c) Blood flow velocities in the four different blood flow regions. (d) In the laser confocal image, the red puncta in the
square represent RBCEVs at four speeds. () Number of RBCEVs uptake per visual field (scale bar = 500 pm). (f) In the laser confocal image, white arrows point to
RBCEVs that were uptake by vascular endothelial cells at 3 h. (g) XYZ axis showed uptake in different directions. (h) Imaris 3D rendering and (i) front and lateral
view (n = 8) (scale bar = 100 pm). Significance is indicated as P < 0.05 (*), or P < 0.001 (***).
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also present in the dynamic environment of the bloodstream [33,34]. To
investigate the influence of uptake under different flow patterns, the
parallel-plate flow chamber that can mimic the flow dynamics of
vascular bifurcation or straight arteries was used to evaluate the uptake
of RBCEVs by endothelial cells under normal shear stress with laminar
flow (NSS) and OSS, respectively (Fig. 3d). As shown in Fig. 3h-m, more
RBCEVs were internalized by endothelial cells under OSS compared
with NSS. Meanwhile, the x-z and y-z views showed that these engulfed
RBCEVs were close to their perinuclear regions (Fig. 3n—p). The amount
of RBCEVs uptake by endothelial cells under OSS was approximately
2-fold greater than that under NSS (Fig. 3e). Moreover, we repeated the
endothelial cell uptake of RBCEVs under OSS, LSS, NSS, and HSS in the
parallel-plate flow chamber. Consistent results were obtained with the
orbital shaker system (Supplementary Fig. 7). In addition, the fluores-
cence intensity of RBCEVs uptake by endothelial cells under OSS was
3-fold brighter compared with that under NSS (Fig. 3f). Overall, these
results demonstrate that low magnitude shear stress can promote the
uptake of RBCEVs by endothelial cells.

LSS enhances the uptake of RBCEVs by endothelial cells in
zebrafish. Zebrafish larvae are widely used in studying nanoparticle
uptake due to their optical transparency and endothelial-specific fluo-
rescence-labeled transgenic lines [35]. The blood flow velocity was
evaluated by tracing the blood cells of zebrafish with a laser confocal
microscope in endothelial-specific transgenic fish Tg(flk:gfp) (Fig. 4a).
The results showed that the blood flow velocity in the dorsal aorta (DA)
was Vmax = 1500 mm/s (position 1) and decreased to Vmax = 500
mm/s at the arteriovenous junction and caudal vein (positions 2-3,
Fig. 4b and c). The above results showed that the caudal artery and
posterior cardinal vein (PCV) have different blood flow velocities.
Endothelial shear stress is proportional to blood viscosity. The calcula-
tion formula is endothelial shear stress = p x dv/dy, where p means
blood viscosity, dv means blood velocity, and dy means radial distance
from the wall [36].

To explore the effect of different blood flow velocities on the uptake
of RBCEVs in zebrafish, DiD-labeled RBCEVs were microinjected into the
heart of Tg(flk:gfp) zebrafish larva at 48 hpf, and the RBCEVs were traced
by laser confocal microscopy at the tail. As shown by the white square
(Fig. 4d), a multitude of RBCEVs aggregated at positions PCV 2 and 3,
which were significantly more than 1 and 4 at the DA (Fig. 4e). RBCEVs
were mainly uptake by endothelial cells in the PCV in the tail of
zebrafish at 3 h (Fig. 4f and g). We also verified the distribution of
RBCEVs at 6 and 12 h. RBCEVs were still present in the PCV at 12 h,
which further indicated that the endothelial cells on PCV were the most
important site for uptake of RBCEVs (Supplementary Fig. 8). Fluores-
cence images were further processed by Imaris (Fig. 4h and i) to reveal
the details of RBCEVs uptake by endothelial cells. The x-z and y-z views
of different cross-sections (Fig. 4h) and view of front and flank (Fig. 4i)
demonstrated that the RBCEVs were co-located with green fluorescent
endothelial cells and were prone to be engulfed in the area with a low
blood flow velocity.

0SS induces uptake of RBCEVs by endothelial cells in mice. The
partial ligation mouse model is a classical model to study the regulation
mechanism of OSS [37,38]. The flow at ligated part of the left carotid
artery (LCA) was disturbed flow with OSS [39,40], and the arrangement
of cells was disordered. The unligated right carotid artery (RCA) was
characterized with NSS, and the cells were aligned with the direction of
blood flow. Therefore, we used the LCA ligation model of C57BL/6 mice
to study the effects of OSS on the uptake RBCEVs by endothelial cells in
vivo. The process diagram is shown in Fig. 5a and b. The fluorescence
signals of RBCEVs in LCA and RCA were observed using a small animal
optical imaging system. As illustrated in Fig. 5c and d, almost all the
fluorescence appeared in the ligated parts. However, no apparent fluo-
rescence signal was observed in the DiD fluorescence dye or PBS injected
group. In addition, the fluorescence signal of the liver was obvious
(Supplementary Fig. 9). Our finding is consistent with previous reports,
wherein nanoparticles mainly accumulate in the liver, which are
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metabolized and eliminated [41].

To further observe the detail of RBCEVs uptake by endothelial cells,
the en face staining and frozen section at the LCA and RCA were detected
(Fig. 5e, h-i). Endothelial cells engulfed RBCEVs in the LCA. However,
they did not engulf RBCEVs in the RCA, demonstrating that OSS was the
main culprit of endothelial cells to engulf RBCEVs (Fig. 5f-g, h-i). The
RBCEVs of LCA-5 d were significantly greater than those of LCA-1 d and
LCA-3 d (Supplementary Fig. 10). Besides, we also found that endo-
thelial cells engulfed the gold nanoparticles (Supplementary Fig. 11) and
PLGA nanoparticles (Supplementary Fig. 12) under OSS in vivo. The x-z
and y-z view and Imaris 3D rendering (Fig. 5e’) indicated that RBCEVs
were embedded between the nucleus and the cytoplasm and entered into
the interior of the cells. These results further showed that OSS could
promote the internalization of RBCEVs by endothelial cells in vivo.

High uptake of RBCEVs by endothelial cells in atherosclerotic
lesions. Studies have confirmed that atherosclerotic (AS) plaques are
prone to occur at low magnitude shear stress (LSS and OSS) areas [42,
43]. To assess the effect of low magnitude shear stress on RBCEVs uptake
under the cardiovascular disease model, Apoe™’" mice were fed with a
high-fat diet for eight weeks followed by RBCEVs injection (Fig. 6a). Oil
Red O staining was used to detect the formation of aortic plaques in
Apoe™" mice, which further proved the model’s successful preparation
(Fig. 6d). As shown in Fig. 6b and c, an intense fluorescence signal
appeared in the aortic arch. The RBCEVs showed a marked increase
compared with the other two control groups, indicating that RBCEVs
were more likely to uptake by endothelial cells in the plaque area.
Compared with the PBS and DiD groups, DiD@RBCEVs uptake was
higher in endothelial cells of aortic plaques (Fig. 6e-i). We additionally
found that even if injected once in Apoe " mice, RBCEVs could be
detected at the plaque within 48 h (Supplementary Fig. 13). The fluo-
rescence signals in visceral organs were also mainly accumulated in the
liver (Supplementary Fig. 14). Taken together, the above results indicate
that low magnitude shear stress could enhance the engulfment of
RBCEVs by endothelial cells.

Oxidative stress is partially responsible for low magnitude shear
stress-induced RBCEVs uptake by endothelial cells. To further
explore how LSS mediated the uptake of RBCEVs by endothelial cells,
endothelial cells were subjected to different treatments as shown in
Fig. 7a. The results showed that endothelial cells treated with LSS all the
time had the strongest uptake for RBCEVs (Fig. 7b-d), which is consis-
tent with the finding that LSS may promote the aggregation of nano-
particles with the wall of the vessel and increase the time of contact
between endothelial cells and nanoparticles [13]. Moreover, compared
with endothelial cells treated with NSS all the time, endothelial cells
pretreated with LSS could enhance the uptake of endothelial cells. The
results indicate that the difference in uptake may be due to the changes
in cell function and behavior under LSS.

It is well-known that LSS and OSS can induce oxidative stress and
inflammation in cells [44,45]. Thus, intracellular ROS levels were
detected with 6-chloromethyl-2',7'-dichlorodihydrofluorescein diac-
etate, acetyl ester (CM-H2DCFDA) after different treatments (Fig. 7e).
When endothelial cells were treated with NSS, LSS, and OSS for 3 h,
respectively, the ROS of endothelial cells significantly increased under
LSS and OSS (Fig. 7f). Similarly, compared with RCA, the ROS of LCA
also significantly increased after carotid artery ligation in the mouse
model (Fig. 7g and h). Next, we used an Enzyme-linked immunosorbent
assay (ELISA) to detect the level of oxidative stress and inflammation in
the supernatant of endothelial cells with or without LSS for 3 h. As
shown in Fig. 7i, ELISA results showed that SOD protein level was
increased and MDA protein level was decreased under LSS, while
monocyte chemotactic protein 1 (MCP-1) protein expression level was
not significantly changed, suggesting that oxidative stress can be rapidly
induced by LSS. To elucidate whether the oxidative stress induced by
LSS could mediate the uptake of endothelial cells for RBCEVs, we further
added two general antioxidants r-ascorbic acid (VC) and N-acety-L-cys-
teine (NAC) to inhibit the production of intracellular ROS under LSS. We
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found that the ROS of endothelial cells was alleviated, and the uptake increase uptake for RBCEVs.
efficiency of endothelial cells for RBCEVs decreased significantly after

treatment with any of these antioxidants (Fig. 7j and k, Supplementary 4. Discussion
Fig. 15). Taken together, these results demonstrate that low magnitude
shear stress can induce oxidative stress of endothelial cells and then The biodistribution and uptake of nanoparticles by cells can
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Fig. 7. Low magnitude shear stress-
induced oxidative stress of endothelial
cells was a regulator of RBCEVs uptake.
(a) Model diagram of endothelial cells
uptake in different shear stresses. (c)
Laser confocal images of RBCEVs uptake
by endothelial cells in different shear
stresses. (b) and (d) Flow cytometry
analysis for uptake of RBCEVs by
endothelial cells in different shear
stresses. (e-f) ROS production was
measured by CM-H2DCFDA probe in
vitro. (g-h) ROS production was
measured by CM-H2DCFDA probe in
vivo. (i) SOD, MDA, and MCP-1 levels
were detected by an ELISA assay. (j—k)
Flow cytometry analysis of RBCEVs up-
take by endothelial cells treated with
two antioxidants. L: lumen. (n = 5).
Significance is indicated as no signifi-
cance (ns), or P < 0.001 (***).
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determine their therapeutic efficacy and toxicity in vivo [46-48]. In
previous reports, the interaction of synthetic nanoparticles with cells
and their distribution in the blood circulation system were well inves-
tigated in vitro cell experiments and some animal models [49,50].
However, few studies have investigated cell uptake in EVs under
different flow patterns of the bloodstream. It has been reported that LSS
(1.8 dyn/cm?) can promote the uptake of synthetic nanoparticles by
cells in vitro. After applying 10 dyn/cm?, the uptake by cells decreased
by 70% compared with LSS [51]. This finding indicated a strong
nonlinear relationship between flow rate and nanoparticle uptake by
cells. In addition, shear flow in governing the magnitude and feature of
cell-nanoparticle interactions [52]. Unlike artificial synthetic nano-
particles, EVs are a kind of bilayer membrane vesicle of biological origin
with good biocompatibility. Here, the uptake of RBCEVs by endothelial
cells under different shear stresses was studied. We found that LSS can
promote the uptake of RBCEVs by endothelial cells. Moreover, we
confirmed that OSS can enhance the uptake of RBCEVs by endothelial
cells. These findings indicate that flow patterns could influence the
uptake of natural nanoparticles by cells.

We further established two animal models, including the visual
zebrafish model and mouse carotid artery ligation model, to investigate
RBCEVs uptake by endothelial cells in vivo. In the zebrafish model, the
laser confocal real-time imaging and manual calculation showed that
the velocity of PCV in the tail was only a third of that in DA, which was
consistent with previous reports [53]. Subsequently, the uptake of
fluorescent-labeled RBCEVs was observed by a laser confocal micro-
scope. The results showed that RBCEVs were prone to be internalized by
endothelial cells in slow-flow regions (LSS). Moreover, on the basis of
the mouse carotid artery ligation model in our laboratory [28], which
was previously built to research atherosclerosis formation on the basis of
OSS in the vessel, we found that a large number of RBCEVs were
deposited and uptake by endothelial cells in established OSS regions. In
short, these results demonstrate that RBCEVs were preferentially inter-
nalized by endothelial cells in vivo, which may be due to the LSS or OSS
increased the contact time of RBCEVs between endothelial cells. In AS
mouse model, we confirmed that RBCEVs were prone to uptake by
endothelial cells in the lesion areas. In addition to RBCEVs, we also
verified the uptake of endothelial cells to solid nanoparticles such as
gold nanoparticles and PLGA in vivo. The results showed that low
magnitude shear stress could promote the uptake of nanoparticles by
endothelial cells. We believe that the uptake of all kinds of nano-size
particles could be uptake promoted by low magnitude shear stress.
Therefore, this strategy can be used to guide or apply to the natural
targeting mechanism of AS therapy.

Physical forces such as pressure and shear stress act as an oxidative
stress inducer to cells [54]. We also found that low magnitude shear
stress could promote the uptake of RBCEVs by endothelial cells due to
oxidative stress rather than inflammation. The reason may be that the
pro-inflammatory genes began to express later than oxidative stress
genes [55]. Thus, oxidative stress was involved in the aggravation of
uptake caused by low magnitude shear stress.

5. Conclusion

In this study, RBCEVs were used as a typical example of EVs to
investigate the influence of EVs engulfment by hemodynamics and the
amateur phagocytic potential of endothelial cells. Low magnitude shear
stress (LSS and OSS) can increase the uptake of RBCEVs by endothelial
cells in vivo and in vitro. Meanwhile, RBCEVs were preferentially inter-
nalized by endothelial cells in atherosclerotic plaque areas. Intriguingly,
we found that oxidative stress induced by low magnitude shear stress
acts as an accelerator to enhance endothelial cells uptake of RBCEVs.
These findings also provide new mechanism and orientation for low
magnitude shear stress-induced atherosclerosis development. We
anticipate that this work will open a window onto biomechanics-related
cell uptake and facilitate the development of therapeutic strategies for
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cardiovascular disease.
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