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A B S T R A C T

Small extracellular vesicles (sEVs) are recognized as promising detection biomarkers and attractive delivery ve-
hicles, showing great potential in diagnosis and treatment of diseases. However, the applications of sEVs are
usually restricted by their poor secretion amount from donor cells under routine cell culture conditions, which is
especially true for mesenchymal stem cells (MSCs) due to their limited expansion and early senescence. Here, a
microfluidic device is proposed for boosting sEV secretion from MSCs derived from human fetal bone marrow
(BM-MSCs). As the cells rapidly pass through a microfluidic channel with a series of narrow squeezing ridges,
mechanical stimulation permeabilizes the cell membrane, thus promoting them to secrete more sEVs into
extracellular space. In this study, the microfluidic device demonstrates that mechanical-squeezing effect could
increase the secretion amount of sEVs from the BM-MSCs by approximately 4-fold, while maintaining cellular
growth state of the stem cells. Further, the secreted sEVs are efficiently taken up by immortalized human corneal
epithelial cells and accelerate corneal epithelial wound healing in vitro, indicating that this technique wound not
affect the functionality of sEVs and demonstrating the application potentials of this technique.
1. Introduction

Small extracellular vesicles (sEVs), a subtype of EVs referred to the
size less than 200 nm, are lipid bilayer-enclosed nanovesicles naturally
secreted by almost all cell types into extracellular environment [1,2].
Although the sEVs were initially regarded as only a waste cleaner for
cellular metabolism, they are now recognized as a critical signal mediator
responsible for information transmission and substance delivery between
cells [3–5]. As intercellular cargo vehicles, sEVs not only play a signifi-
cant role in physiological processes involving inflammation suppression,
regulation of cell proliferation, angiogenesis, tissue repair, etc., but also
deeply involve in pathogenesis of cancer, neurodegenerative diseases,
cardiovascular diseases, infection diseases, etc. [6–9] Therefore, sEVs can
be used as promising biomarkers to study the mechanism of various
physiological and pathological activities [10], and can serve as natural
carriers to deliver exogenous cargos, including chemical drugs, nucleic
acids, proteins, and nanomaterials [11–14]. Despite a great potential of
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sEVs in biomedical researches, their practical applications are greatly
hindered by a critical technical challenge lying in the trivial secretion
amount of sEVs from donor cells [3,15]. This obstacle is especially true
for mesenchymal stem cells (MSCs) because of their limited cell expan-
sion capability [16]. After a few passages, the non-immortalized MSCs
are gradually senescent, which may alter functionality of the secreted
sEVs [17].

In order to enhance the secretion amount of sEVs, several attempts
have been made, such as cytokine regulation, ethanol stimulation,
oxidative stress, etc. [18–21] However, these methods require additional
biological or chemical agents in the cell culture system, altering the
physiological status of the donor cells and thereby affecting the func-
tionality of secreted sEVs [7,15]. In addition, physical stimulation serves
as a promising alternative and avoid the additives. Several groups have
tried to increase the secretion amount of sEVs based on physical stimu-
lation techniques, such as laser irradiation, ultrasound stimulation,
electricity effect, mechanical turbulence, etc. [9,22–25] However, these
.
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techniques usually require high-end, expensive, and bulky setups, lead-
ing to low sample throughput, inconsistent cell stimulation, insufficient
nutrition supply, and damaged cell viability [26,27].

On the other hand, micro-/nano-fluidic technologies offer the ability
to localize physical fields to cellular or subcellular scales, and thus
achieving more precise and homogeneous physical stimulation [28]. For
example, cellular nanoporation platform, which permeabilizes cell
membrane by nanochannel electroporation stimulation, was verified to
significantly increase the secretion amount of sEVs from different cell
types [29,30]. Alternatively, microfluidic cell squeezing can also per-
meabilize cell membranes, improving sample throughput while avoiding
low cell viability, Joule heating, and metal contamination [28,31],
showing great application prospects in boosting sEV secretion [32,33].
These techniques indicate that cells are well equipped to deal with
membrane disruption, this has been verified by latest study of membrane
repair pathways. Therefore, microfluidic-based mechanical squeezing
technique also holds great potential in secretion improvement of sEVs by
permeabilizing the cell membrane. Here we investigate a microfluidic
device to efficiently improve sEV secretion from human fetal bone
marrow-derived MSCs, and study the sEVs on corneal epithelial wound
healing.

2. Materials and methods

2.1. Cell culture

MSCs derived from human fetal bone marrow (BM-MSCs) were pur-
chased from Cyagen Biosciences. The cells were grown in the OriCell
medium consisting of 89% (v/v) OriCell basal medium, 10% (v/v) OriCell
fetal bovine serum (FBS), and 1% (v/v) OriCell penicillin-streptomycin
(PS). According to the manufacturer's instructions, the BM-MSCs at
passage 7 or earlier were used in all of the experiments. In addition,
immortalized human corneal epithelial cells (iHCECs) were purchased
from RIKEN BioResource Research Center and grown in DMEM/F-12
(Gibco) supplemented with 6% (v/v) FBS (Gibco), 1% (v/v) PS (Gibco),
and 10 ng/mL recombinant human epidermal growth factor (Pepro-
Tech). Both cells were cultured at 37 �C in a humidified incubator
(Heracell 150i, ThermoFisher) with an atmosphere of 5% CO2/95% air
(v/v).
2.2. Fabrication and operation of the SEED

The polydimethylsiloxane (PDMS)-based microfluidic devices were
made by soft lithography replica molding method [32,34]. Briefly, a
reusable SU-8 photoresist (MicroChem) master was fabricated on a sili-
con wafer (RDMICRO) by a two-step photolithography process on a mask
aligner (EV610, EV Group). Then, a 10:1 (w/w) PDMS mixture solution
(Dow Corning) of prepolymer and curing agent was poured onto the SU-8
mold and degassed. After curing at 80 �C overnight, the PDMS replica
was peeled off and punched to create inlet/outlet holes. Next, the PDMS
layer with a microfluidic channel was bonded to a clean glass substrate
via a plasma cleaner (PDC-MG, WEIKE). To prevent microbial contami-
nation, the device was sequentially sterilized with ultraviolet light and
75% (v/v) ethanol, followed by a washing step with sterile deionized
water (see Supplementary information section S2 for more details).

Further, BM-MSCs were collected from T25 cell culture flasks
(Corning) and resuspended in OriCell medium supplemented with 10%
(v/v) EV-depleted FBS (VivaCell). Size distribution of the cells was
measured by an automated cell counter (Countess 3, Invitrogen), the
average relaxed cell diameter was about 16 μm, whilst 73% cells were of
14–18 μm in diameter (see Supplementary information section S3 for
more details). Then, the cell suspension with a concentration of 2 � 106

cells/mL were injected into SEED and driven through the microfluidic
channel at different flow rates. After collected from the device outlet,
these BM-MSCs were recovered at room temperature for 5–10 min,
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followed by a washing step with fresh EV-free medium [31,35]. Next, 5
� 105 of device-treated cells were seeded in a T25 cell culture flask and
re-cultured in a humidified incubator for 48 h, which was determined by
a dynamic quantitative analysis (see Supplementary information section
S5 for more details). For the control group, BM-MSCs not treated by SEED
but incubated in the medium were seeded in a flask at the same density
and cultured under the same condition to set the base level of sEV
secretion. In addition, to observe the squeezing-induced permeabiliza-
tion of cell membrane, SEED-treated cell samples were imaged by scan-
ning electron microscopy (SEM, Gemini Sigma 300, Zeiss).

2.3. Numerical simulations

Flow field distribution within the microfluidic channel was simulated
by COMSOL Multiphysics software (COMSOL 5.3a, COMSOL) based on
finite element analysis (FEA). According to device layout, a two-
dimensional model was established along the middle cross-section of
the microfluidic channel with 10 fishbone-shaped squeezing ridges. The
computational study of flow field was modeled using steady Navier-
Stokes equation combined with continuity equation for laminar flow of
incompressible fluid. Input flow rate at the device inlet in the experi-
ments can be defined from the calculated flow velocity profile inside the
microfluidic channel (see Supplementary information section S5 for
more details).

2.4. Isolation and characterization of sEVs

Cell morphology of SEED-treated and untreated BM-MSCs were
observed via an inverted fluorescence microscopy (Axio Observer 7,
Zeiss) after culturing. Then, 5 mL of cell culture supernatant was har-
vested from a T25 cell culture flask, followed by a differential ultracen-
trifugation to isolate sEVs [3,36]. Briefly, cell culture supernatant was
centrifuged at 300�g for 10 min, 2000�g for 20 min, 4 �C, and 10,000�g
for 30 min, 4 �C (FC5816R, OHAUS), subsequently. Then, the resulting
supernatant was ultracentrifuged twice at 100,000�g for 70 min, 4 �C
(Optima XE-100, Beckman Coulter) to purify sEVs (see Supplementary
information section S6 for more details). Next, the pelleted sEVs were
resuspended in the filtered PBS (Gibco) or medium for subsequent
experiments.

Size and concentration of sEV samples were determined by Flow
NanoAnalyzer (N30E, NanoFCM) following manufacturer's instructions.
Measurement results were analyzed by NanoFCM software (Profession
V1.0, NanoFCM) to calculate sEV concentration, secretion amount and
size distribution. Moreover, average number of sEVs secreted from each
BM-MSC was calculated by dividing the total number of sEVs by the
number of BM-MSCs measured after re-culturing for 48 h (see Supple-
mentary information section S9 for more details). In addition,
morphology and protein markers (i.e., CD81, CD9, TSG 101, and Cal-
nexin) of sEVs were characterized by transmission electron microscopy
(Tecnai G2 spirit TEM, FEI) and western blot analysis, respectively,
where GAPDH was used as internal reference. The protein amount of
sEVs was also quantified by an BCA protein assay kit (Beyotime). Further,
expression levels of microRNA (miRNA) content in sEV samples were
evaluated by real-time quantitative polymerase chain reaction (RT-
qPCR), and eight miRNAs involving in corneal epithelial wound healing
were analyzed, including hsa-miR-21-5p, hsa-miR-138-5p, hsa-miR-
106a-5p, hsa-miR-99b-3p, hsa-miR-19b-3p, hsa-miR-28-5p, hsa-miR-
24-3p, and hsa-miR-151a-3p.

2.5. Evaluation of cell viability and stemness

Cell viability of BM-MSCs was assessed using a trypan blue exclusion
test after the collection of cell culture supernatant [15,37]. In brief, cells
in culture flasks were detached with 0.25% trypsin-EDTA (Gibco),
resuspended with PBS, and stained using 0.4% (w/v) trypan blue solution
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(Sigma-Aldrich). Then, the number of live and dead BM-MSCs were
quantitatively measured by an automated cell counter. Cell viability was
then calculated by dividing the number of live cells by total.

Further, analysis on BM-MSCs’ stemness was performed using a
human MSC surface marker detection kit (Cyagen). Referring to the
previous works [38,39], six typical surface markers were selected, among
which CD44, CD73, and CD105 were used as BM-MSC-positive markers,
CD11b, CD34, and CD45 were used as negative markers (see Supple-
mentary information section S8 for more details). Cells expressing MSC
surface-specific markers were then measured by flow cytometer (Novo-
Cyte 2060R, ACEA Biosciences) and the results were analyzed by
NovoExpress software (Agilent).

2.6. Cellular uptake of sEVs

iHCECs were seeded into 8-well chambered cover-glass plates
(ThermoFisher) at a density of 1.5 � 104 cells per well and cultured in a
humidified incubator for overnight. The sEV samples collected from
untreated and SEED-treated BM-MSCs were labeled with 3 μM lipophilic
fluorescent dye PKH26 (excitation peak: 551 nm, emission peak: 567 nm,
Sigma-Aldrich) according to the manufacturer's protocol. After incu-
bating at room temperature for 10 min, sEVs were ultracentrifuged at
100,000�g for 90 min to remove excess dye molecules, followed by
resuspending in DMEM/F-12 supplemented with 6% (v/v) EV-depleted
FBS. Then, 300 μL of PKH-26 labeled sEV samples were added into
each well and co-incubated with iHCECs at 37 �C for 14 h in humidified
incubator. Next, iHCECs were washed with PBS, fixed with 4% (w/v)
paraformaldehyde (PFA) solution (Beyotime), and stained with DAPI
(excitation peak: 364 nm, emission peak: 454 nm, Beyotime). After
washing with PBS, iHCECs were observed by an Axio Observer 7 inverted
fluorescence microscopy (see Supplementary information section S10 for
more details). The images were analyzed using Image-Pro Plus 6.0 soft-
ware (Media Cybernetics) to quantify the fluorescent intensity and
observe the distribution of PKH26-labeled sEVs.

2.7. In vitro scratch closure assay

A scratch closure assay was performed to investigate the effect of sEVs
derived from SEED-treated BM-MSCs on iHCEC migration. Briefly,
iHCECs were seeded into 24-well culture plates (SPL Life Science) at a
density of 1.8 � 105 cells per well. After adhering for 6 h, iHCECs were
serum-starved and grown overnight to 90% confluence. Then, the cell
monolayers were scrathed along the central line of each well using a
scratcher (SPL Life Science). Next, the scratched cell monolayers were
cultured in the sEV sample derived from SEED-treated BM-MSCs, sEV
sample isolated from untreated BM-MSCs, 4-fold diluted sample of the
SEED group, and serum-free DMEM/F12, respectively. After 0–30 h of
incubation, wound closure and cell migration were imaged serially using
the Axio Observer 7 inverted fluorescence microscopy (see Supplemen-
tary information section S11 for more details). Images were analyzed
using Image-Pro Plus 6.0 software to quantify the wound area and the
migration area.

Further, the effects of sEVs secreted by the SEED-treated BM-MSCs on
gene expression of the iHCEC cytokines were further investigated by RT-
qPCR. After incubation with four different samples overnight, the
scratched cell monolayers were washed twice with PBS, followed by
extraction of total RNA with QIAzol Lysis Reagent (QIAGEN) according
to manufacturer's protocol. RNA concentration was measured using a
spectrophotometer (DS-11 FX, DeNovix). Then, RT-qPCR analysis on
gene expression of cytokines related to corneal epithelial wound healing
(i.e., interleukin-6 (IL-6), transforming growth factor-beta 1 (TGF-β1),
and zona occludens-1 (ZO-1) was performed on a thermal cycler
(qTOWER3 G, Analytik Jena).
3

2.8. In vitro cell proliferation assay

5-ethynyl-20-deoxyuridine (EdU) assay was performed to investigate
sEVs secreted from SEED-treated BM-MSCs on proliferation of iHCECs
[40,41]. The iHCECs were seeded into 8-well chambered cover-glass
plates at a density of 1.2 � 104 cells per well. After adhering for 6 h,
cells were serum-starved and grown overnight in serum-free
DMEM/F-12. Then, iHCECs were incubated with four different sam-
ples, respectively. After 18 h of incubation, they were labeled with EdU
solution (Beyotime), fixed with 4% (w/v) PFA solution, permeated by
0.3% (v/v) Triton X-100 solution (Sigma-Aldrich), labeled with click
reaction buffer with Azide Alexa Fluor 647 (excitation peak: 650 nm,
emission peak: 670 nm, Beyotime), and stained by Hoechst 33,342
(excitation peak: 346 nm, emission peak: 460 nm, Beyotime), subse-
quently. Next, proliferation of iHCECs were observed by Axio Observer 7
inverted fluorescence microscopy (see Supplementary information sec-
tion S12 for more details). Fluorescence images were counted by
Image-Pro Plus 6.0 software to analyze the rates of EdU positive cells (the
number of EdU-labeled cells divided by the total number of cells labeled
by Hoechst 33,342).

Further, iHCEC proliferation was also measured using a CCK-8 assay
following previous protocols [11,42]. In brief, iHCECs adhered in 96-well
plates (Corning) with a density of 4� 103 cells per well were treated with
four different samples, respectively, for 18 h. Then, 10 μL of CCK-8 so-
lution was added into each well and incubated with iHCECs at 37 �C for 4
h. The optimal density (OD) value at 450 nm was measured using a
microplate reader (Synergy H1, BioTek).
2.9. Statistical analysis

Statistics data are presented as mean � standard deviation (SD) of
three independent replicates. Statistical analysis was performed with
one-way ANOVA with Tukey post hoc test (Originpro 2018 software,
OriginLab) for multiple comparison. The statistical significance, high
statistical significance, and no statistical significance are defined as P <

0.05 (*), P < 0.01 (**), and NS, respectively.

3. Results

3.1. Design and working principle

We developed a microfluidic device named “Small Extracellular
vEsicles Developer (SEED)” to promote sEV secretion from cells by the
stimulation of mechanical squeezing. Layout of SEED is illustrated in
Fig. 1A (more details described in the Supplementary information section
S1). The device consisted of four identical microfluidic channels with
height of 25 μm for processing multiple samples in rapid succession. Each
microfluidic channel integrated 10 fishbone-shaped squeezing ridges
with height of 17 μm that were fabricated on a PDMS layer by soft
lithography (more details presented inMaterials andmethods). The ridge
gap between the bottom of the squeezing ridge and the top of the glass
slide was used as the cell squeezing unit, where its size was set to 8 μm
(optimal operating parameter). As cells rapidly pass through the micro-
fluidic channel with ridge gap height smaller than cell size (Fig. 1B),
mechanical squeezing can effectively permeabilize the cell membrane
(Fig. 1C), thus stimulating cells to secrete more sEVs into extracellular
space (Fig. 1D) [32,43,44]. Ten squeezing ridges were used to repeatedly
exert mechanical compression to effectively permeabilize cell membrane
while avoid damaging cell viability (Fig. S4). A fishbone-shaped layout
was designed to focus cells to the center of the microfluidic channel and
to self-clear cell aggregates in the meanwhile. SEED was operated at a
sample throughput of 1 � 105 cells/min for 30 min without obvious
clogging inside the microfluidic channel.
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Mesenchymal stem cells derived from human fetal bone marrow (BM-
MSCs) were chosen to be stimulated by SEED due to their tissue regen-
eration potential [3,8,17]. BM-MSCs suspended in medium (Fig. 1E)
were introduced into the microfluidic channel through device inlet.
There are multiple squeezing ridges inside the channel with the ridge gap
smaller than cell size. As cells rapidly passed through the microfluidic
channel, they were repeatedly mechanically deformed by periodic
squeezing ridges, resulting in transient membrane disruption and cell
permeabilization (Fig. 1F). Thereafter, the treated BM-MSCs were
collected from device outlet and re-cultured in cell culture flasks
(Fig. 1G).
3.2. Performance characterization

Since the permeability of cell membrane is regulated by the strength
of mechanical squeezing, the relation between sEV secretion and
squeezing parameters was studied. Gap height and flow velocity are two
important parameters that affect the permeabilization of cell membrane
Fig. 1. Picture and schematic illustration of SEED to promote sEV secretion from BM
four identical microfluidic channels. The insets show scanning electron micrograph
channel with height of 25 μm (scale bar: 100 μm). (B) Schematic illustration of the de
the inlet and then collected at the device outlet, the treated MSCs are re-cultured to i
sEV secretion. While BM-MSCs rapidly pass through the microfluidic channel wi
compression from the squeezing ridges, resulting in transient cell membrane permea
membrane promote cells to secrete more sEVs. (E-G) SEM images of (E) untreated, (
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by altering squeezing ratio and deformation rate experienced by cells,
and therefore inducing different secretion amount of sEVs. To investigate
how the gap height affects sEV secretion from BM-MSCs, the devices with
different ridge gaps were fabricated. As shown in Fig. 2A, the squeezing
ratio is defined as the percentage reduction in cell diameter due to the
compression if cell diameter � gap height, while squeezing ratio is 0% if
cell diameter < gap height (more details described in the Supplementary
information section S5). The gap height was fabricated to 17.5 μm, 9.9
μm, 8.0 μm, 6.3 μm, and 5.2 μm, corresponding to the squeezing ratio of
0%–3%, 30%–45%, 43%–56%, 55%–65%, 63%–71%, respectively, tak-
ing most cells are of 14–18 μm in diameter. BM-MSCs with a concen-
tration of 2 � 106 cells/mL were introduced into SEED, while the flow
velocity of the sample fluid under the squeezing ridges was maintained at
200 mm/s by adjusting the input flow rates. Thereafter, the stimulated
BM-MSCs were collected from the device outlet and re-cultured for 48 h
in a T25 cell culture flask at a cell seeding number of 5 � 105.

The sEVs secreted from BM-MSCs treated by different SEED devices
were then characterized by nano-flow cytometry (NanoFCM) analysis.
-MSCs by mechanical stimulation. (A) Photograph of the device integrating with
s on the fishbone-shaped ridges (17 μm in height and 8 μm in gap) inside the
vice layout and experimental set-up. BM-MSCs are introduced into SEED through
solate sEVs. (C, D) Working principle of SEED to stimulate BM-MSCs to promote
th 10 ridge gaps smaller than cell diameter, they take repeated mechanical
bilization. As the treated BM-MSCs are re-cultured, the permeabilization of cell
F) SEED-treated, and (G) recovered BM-MSCs (scale bars: 1 μm).



Fig. 2. Enhancement of sEV secretion from BM-MSCs by SEED. (A) Schematic illustration on cell squeezing to define squeezing ratio. (B) Representative size dis-
tributions of sEVs isolated from BM-MSCs treated by different SEED devices with gap heights of 5.2 μm, 6.3 μm, 8.0 μm, 9.9 μm, and 17.5 μm, respectively. (C) sEV
number per cell produced by SEED-treated BM-MSCs at different gap heights. (D) Plot of cell viability after re-culturing for 48 h as a function of the gap height. (E) FEA
simulation of flow filed distribution in the microfluidic channel to illustrate the maximum flow velocity. (F) Size distributions of sEVs isolated from BM-MSCs treated
by SEED at maximum flow velocities of 100 mm/s, 150 mm/s, 200 mm/s, 300 mm/s, and 500 mm/s, respectively. (G) sEV number per cell produced by SEED-treated
BM-MSCs at different maximum flow velocities. (H) Plot of cell viability after re-culturing for 48 h as a function of maximum flow velocity. All error bars represent
mean � standard error of the mean (N ¼ 3 devices).
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Size distribution of sEVs secreted by stimulated BM-MSCs has a similar
pattern and an approximate size range of 40–200 nm (Fig. 2B). Never-
theless, sEV secretion amount is associated with ridge gap, as shown in
Fig. 2C. When the gap height is decreased from 17.5 μm to 8.0 μm, the
average sEV number secreted by each BM-MSC is improved, and the
largest secretion amount is obtained at the gap height of 8.0 μm, which
therefore is the optimal gap height to be used in subsequent experiments.
It has been demonstrated that gap height is negatively correlated to
compression strength [45], the compression can increase permeabiliza-
tion of cell membrane and stimulate cells to secrete more sEVs [29].
However, when gap height is decreased from 8.0 μm to 5.2 μm, a
reversed trend appears, which is caused by detrimental effects of me-
chanical stimulation on cell viability, excessive compression strength
5

leads to a decrease in the secretion amount of sEVs from BM-MSCs
(Fig. 2D).

Next, flow velocity on sEV secretion was further assessed using SEED
with gap height of 8.0 μm. As shown in Fig. 2E, FEA was performed to
investigate flow field distribution in the microfluidic channel (more de-
tails presented in Materials and methods). The flow velocity field shows a
parabolic profile along the depth direction of the ridge gap and the
maximum flow velocity is located at the apex of the curve. By adjusting
input flow rates at the device inlet, BM-MSCs were mechanically
deformed as they passed through the ridge gaps at different maximum
flow velocities of 100 mm/s, 150 mm/s, 200 mm/s, 300 mm/s, and 500
mm/s, respectively. NanoFCM results suggest that increasing the
maximum flow velocity from 100 mm/s to 300 mm/s results in a higher
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secretion amount of sEVs, while not changing their size distribution
pattern, as shown in Fig. 2F and G. However, when the maximum flow
velocity exceeds 300 mm/s, ultrafast cell deformation also leads to a
decrease in cell viability (Fig. 2H), thereby reducing the secretion
amount of sEVs from BM-MSCs. According to the abovementioned re-
sults, gap height of 8.0 μm (i.e., squeezing ratio � 43%–56%) and
maximum flow velocity of 300 mm/s are the optimal operating param-
eters for promoting sEV secretion from BM-MSCs, and they were then
used in the following studies.
3.3. Characterization of BM-MSCs and sEVs

Since yield and properties of sEVs are regulated by cell status [7,46],
the effects of mechanical squeezing on morphology, growth rate,
viability and stemness of BM-MSCs were then investigated after opti-
mizing experimental parameters of SEED. For comparison, cells of con-
trol group were incubated in medium but not treated by the device,
followed by re-culturing in a T25 cell culture flask at the same
cell-seeding density for 48 h. As show in Fig. 3A, BM-MSCs treated by
SEED (i.e., SEED group) present a fibroblast-like spindle-shaped
appearance, and their morphology is consistent with the untreated cells
(i.e., control group). Both SEED-treated and untreated BM-MSCs grow
normally in culture flasks, reaching approximately 80%–90% confluence
throughout the culture period. Afterwards, BM-MSCs were collected from
culture flasks and characterized using a trypan blue exclusion test (more
details presented in Materials and methods). Growth rates of BM-MSCs in
two groups are statistically similar (Fig. 3B), indicating that the cell
viability of BM-MSCs is not affected by mechanical squeezing under the
optimal condition (Fig. 3C). Further, in order to evaluate the stemness of
SEED-treated BM-MSCs, the collected cells were also tested by flow
cytometry on their expression of MSC-associated cell surface markers
(more details presented in Materials and methods). SEED-treated and
untreated BM-MSCs show (Fig. 3D) a positive rate over 95% for CD44,
CD73, and CD105, as well as a negative rate less than 2% for CD11b,
CD34, and CD45, which are in agreement with previous report [38].
Moreover, there is no statistically significant difference in surface marker
expression between the two groups of cells.

Furthermore, sEVs secreted from BM-MSCs upon mechanical stimu-
lation were investigated by characterizing their membrane morphology,
protein markers, particle number, size distribution, and miRNA content.
Transmission electron microscopy (TEM) shows that the nanoparticles
6

isolated from both SEED-treated and untreated BM-MSCs present a clear
membrane structure with cup-shaped or saucer-like morphology, the
results are in accordance with sEVs (Fig. 4A and B) [36]. It also confirms
that the topography of sEVs is not changed by SEED treatment. Western
blot analysis was preformed to identify the protein markers of the iso-
lated nanoparticles. As shown in Fig. 4C, both groups of nanoparticles are
positive for sEV-specific markers CD81, CD9, and TSG101, and negative
for endoplasmic reticulum marker Calnexin, identifying them as sEVs [3,
47].

Thereafter, particle number and size distribution of sEVs isolated
from both SEED-treated and untreated BM-MSCs were measured by
NanoFCM. As shown in Fig. 4D, each SEED-treated BM-MSC secretes on
average ~914 sEVs, while each untreated cell secretes on average ~234
sEVs, demonstrating that SEED can lead to approximate 4-fold increase in
the secretion amount of sEVs. This enhancement on sEV secretion was
also checked by protein quantification analysis (Fig. 4E). Although both
groups of sEVs show a similar size range of 40–200 nm, their size dis-
tributions are slightly different (Fig. 4F). Compared to the control group,
the proportion of sEVs derived from the SEED group in the size range of
40–80 nm is increased from 51% to 64%, while the proportion of sEVs
with larger size is accordingly decreased (Fig. 4G). Furthermore, the
miRNA content of sEVs secreted by both SEED-treated and untreated BM-
MSCs were characterized by RT-qPCR, eight key miRNAs involving in
corneal epithelial wound healing were analyzed, including hsa-miR-21-
5p, hsa-miR-138-5p, hsa-miR-106a-5p, hsa-miR-99b-3p, hsa-miR-19b-
3p, hsa-miR-28-5p, hsa-miR-24-3p, and hsa-miR-151a-3p [48–50]. As
shown in Fig. 4H, the gene expression of all miRNAs is not or minimally
altered by the SEED treatment, and there is no statistically significant
difference in miRNA levels between the two groups of sEVs.
3.4. Cellular uptake of SEED-induced sEVs

Non-retinal-derived adult stem cells, such as BM-MSCs, have been
widely studied for eye therapies, and have drawn much attention as an
alternative modality in the management of corneal diseases [51,52]. The
therapeutic effects of MSCs are widely mediated by MSCs differentiation
and paracrine signaling via EVs [53]. Therefore, here we used immor-
talized human corneal epithelial cells (iHCECs) and established a corneal
epithelial wound model in the next section to evaluate the SEED-induced
sEVs.

The sEV uptake by iHCECs was evaluated by observing cellular
Fig. 3. Characterization of BM-MSCs. (A) Cell
morphology of untreated (Control) and SEED-treated
(SEED) BM-MSCs after re-culturing for 48 h (scale
bars: 100 μm). (B) Number of total and live cells ob-
tained from different experimental groups. (C) Cell
viability of BM-MSCs upon different treatments. (D)
Expression of cell surface markers on BM-MSCs un-
treated and treated by SEED, respectively. CD44,
CD73, and CD105 are used as BM-MSC-specific
markers, while CD11b, CD34, and CD45 are used as
negative markers. All error bars represent mean �
standard error of the mean (N ¼ 3 devices, NS rep-
resents no statistical significance).



Fig. 4. Characterization of sEVs obtained from different experimental groups. (A, B) TEM images of sEVs secreted by (A) untreated and (B) SEED-treated BM-MSCs
(scale bars: 100 nm). (C) Western blot analysis on the protein markers CD81, CD9, TSG101, Calnexin, and GAPDH of sEVs from untreated (left column), SEED-treated
(middle column) BM-MSCs, and cell lysate (right column). (D) Number of sEVs secreted by each untreated cell and each SEED-treated cell. (E) Quantification of protein
amount in sEVs derived from each untreated cell and each SEED-treated cell. (F) Representative size distribution of sEVs isolated from BM-MSCs that are untreated
(Control) and treated by the device (SEED), respectively. (G) Histogram on the size distribution of sEVs isolated from different experimental groups. (H) RT-qPCR
analysis on expression levels of miRNAs involving in corneal epithelial wound healing. All error bars represent mean � standard error of the mean (N ¼ 3 de-
vices, *P < 0.05, **P < 0.01, NS represents no statistical significance).
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internalization of SEED-induced sEVs (i.e., SEED group) using fluores-
cence microscopy (more details presented in Materials and methods),
compared with sEVs secreted by untreated BM-MSCs as the control
group. In the experiment, sEV samples derived from SEED group (~7.9�
108 sEVs/mL) and control group (~2.0 � 108 sEVs/mL) were respec-
tively mixed with a staining working solution prepared by lipophilic
fluorescent dye PKH26, followed by an ultracentrifugation step to purify
the labeled sEV samples (Fig. 5A). To eliminate background noise, the
PKH26 working solution was also processed by the same experimental
procedures to set the basal level of residual PKH26 molecules (i.e.,
background group). Afterwards, 300 μL of sEV sample was added to
iHCECs and co-incubated for 14 h. For comparison, labeled sEVs from the
SEED group was diluted 4-fold (i.e., dilution group), followed by
7

incubation with iHCECs to determine the influence of mechanical
squeezing on sEV uptake. As shown in Fig. 5B, the fluorescent signal of
PKH26 dye is observed in the cells co-incubated with PKH26-labeled
sEVs, but not in the cells in the background group. Therefore, the sEVs
derived from both SEED-treated and untreated BM-MSCs can be taken up
efficiently by the iHCECs. Under the same imaging condition (Fig. 5C),
the average fluorescent intensity (F.I.) generated by PKH26 molecules in
each iHCEC of the SEED group increases approximately 4-fold compared
to that from the control group (Fig. 5D), indicating the significant
enhancement of the SEED treatment on sEV secretion. Moreover, when
the sEV sample derived from SEED-treated BM-MSCs is diluted 4-fold and
co-incubated with the iHCECs, the quantification results show that there
is no statistically significant difference in the F.I. per cell between the



Fig. 5. sEV uptake by iHCECs. (A) Schematic illustration on experimental procedures of labeling sEVs by lipophilic fluorescent dye PKH26. The sEVs are isolated from
both SEED-treated (SEED) and untreated (Control) BM-MSCs, while the 4-fold diluted sEV sample from the SEED group is regarded as Dilution group. To eliminate
background noise, PKH26 solution with identical dye concentration is processed by the same experimental procedure to set the basal level of residual PKH26
molecules (Background). (B) Fluorescence images on iHCECs (scale bars: 20 μm). SEED (first column), Control (second column), Dilution (third column), and
Background (fourth column) represent that iHCECs are co-incubated with the corresponding labeling samples for 14 h, respectively. (C, D) Fluorescent intensity (F.I.)
per cell of (C) nucleus and (D) PKH26 quantified from (B), normalized by the intensity of Control group. All error bars represent mean � standard error of the mean (N
¼ 3, **P < 0.01, NS represents no statistical significance).
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dilution group and the control group, meaning that the uptake amount of
PKH26-labeled sEVs into both groups of iHCECs is comparable. These
results suggest that mechanical stimulation under the optimal condition
does not affect the uptake activity of BM-MSC-secreted sEVs.
3.5. Effects of SEED-induced sEVs on corneal epithelial wound healing in
vitro

sEVs derived from MSCs have been widely used to promote tissue
repair, such as corneal wound healing, lung injury therapy, fracture
healing, liver fibrosis regression, etc., therefore showing promising
regenerative capability [8,17,52]. To investigate whether mechanical
treatment by SEED affected the functionalities of sEVs, an in vitro scratch
closure assay on corneal epithelial cells was performed (Fig. 6A). A
confluent monolayer of iHCECs was scraped using a scratcher with tip
size of 1 mm, and then co-incubated with sEV samples isolated from both
8

SEED-treated BM-MSCs (i.e., SEED group) and untreated BM-MSCs (i.e.,
control group), 4-fold diluted sEV sample from the SEED group (i.e.,
dilution group), and serum-free DMEM/F-12 medium (i.e., medium
group) for 0–30 h, respectively (more details presented in Materials and
methods). As shown in Fig. 6B, the edges of scratch wounds at different
time points are accurately traced with red lines through image processing
to obtain wound areas. Compared to the cells treated by culture medium,
sEVs secreted by BM-MSCs can effectively enhance the migration ability
of iHCECs (Fig. 6C). Since the BM-MSCs treated by SEED can secrete
more sEVs, the corneal epithelial wound in the SEED group heals faster
than other groups. When the wound area of iHCEC monolayer heals from
~10 � 105 μm2 (starting point of the scratch closure assay) to ~7 � 105

μm2, the incubation time of the control group requires 30 h, while the
SEED group takes only 16 h. It is worth noting that when corneal
epithelial wounds are co-incubated with 4-fold diluted sEV sample ob-
tained from the SEED group, the wound closure rate and migration area



Fig. 6. Effects of BM-MSC-derived sEVs on scratch closure healing of iHCECs. (A) Schematic illustration of experimental procedures on collecting sEV samples. The
sEV are secreted by both SEED-treated (SEED) and untreated (Control) BM-MSCs, while the 4-fold diluted sEV sample from the SEED group is regarded as Dilution
group. Medium group represents using same volume of serum-free culture medium. (B) Microscopic images on the scratch wound of iHCECs after incubating with
abovementioned samples for 0 h (first column), 6 h (second column), 16 h (third column), and 30 h (fourth column), respectively (scale bars: 100 μm). (C, D) Wound
area and migration area quantified from (B). (E-G) RT-qPCR analysis on mRNA expression levels of cytokines IL-6 (E), TGF-β1 (F), ZO-1 (G). All error bars represent
mean � standard error of the mean (N ¼ 3, *P < 0.05, **P < 0.01, NS represents no statistical significance).
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of iHCECs are comparable to those of the control group (Fig. 6C and D),
indicating that SEED does not alter the bioactivity of BM-MSC-secreted
sEVs. Following the scratch wound healing, the effects of
BM-MSC-secreted sEVs on gene expression of cytokines related to the
corneal epithelial wound repair were further analyzed. As shown in
Fig. 6E–G, the scratched iHCEC monolayer treated by the sEVs derived
from the SEED group shows an upregulation of IL-6, TGF-β1, and ZO-1
genes compared to other groups, which is consistent with previously
9

works on the corneal wound healing [52,54]. Due to their immunoreg-
ulatory mechanism, the upregulated mRNA IL-6 and mRNA TGF-β1 can
help to repair corneal epithelial damage and restore tight junctional
barrier function. Moreover, the increase in mRNA ZO-1 expression also
confirms that the enhancement of sEV secretion stimulated by SEED is
conducive to repair barrier function of the tight epithelial junction.
Meanwhile, there is no statistically significant difference in the expres-
sion of the above three mRNAs between the dilution group and the



Fig. 7. Effects of BM-MSC-derived sEVs on prolifera-
tion of iHCECs. (A) EdU analysis on iHCECs after co-
incubation with sEV sample derived from SEED-
treated BM-MSCs (SEED), sEV sample isolated from
untreated BM-MSCs (Control), 4-fold diluted sEV
sample from the SEED group (Dilution), and serum-
free DMEM/F-12 (Medium), respectively, for 18 h
(scale bars: 100 μm). (B) Rate of EdU positive cells
quantified from (A) by cell counting. (C) Cell prolif-
eration of iHCECs quantified by CCK-8 assays after co-
incubation with different samples. All error bars
represent mean � standard error of the mean (N ¼ 3,
**P < 0.01, NS represents no statistical significance).
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control group, indicating that the mechanical stimulation by SEED does
not alter the bioactivity of BM-MSC-secreted sEVs in regulating the gene
expression of IL-6, TGF-β1, and ZO-1.

Furthermore, the ability of sEVs derived from BM-MSCs to promote
iHCEC proliferation was assessed by 5-ethynyl-20-deoxyuridine (EdU)
analysis (more details presented in Materials and methods). As shown in
Fig. 7A, the number of EdU-labeled iHCECs is higher in SEED, control,
and dilution groups compared to that of the medium group, indicating
the enhancement of BM-MSC-secreted sEVs on iHCEC proliferation.
Quantitatively, the rates of EdU positive cells (EdU-labeled cells as a
percentage of total cells) in the abovementioned three groups are 46.5%,
37.3%, and 36.3%, respectively (Fig. 7B). Since SEED can stimulate BM-
MSCs to secrete more sEVs, iHCECs proliferation in the SEED group is
higher than that in the control group. Moreover, there is no statistically
significant difference in the rate of EdU positive cells between the dilu-
tion group and the control group, indicating that SEED does not alter the
bioactivity of BM-MSC-secreted sEVs in enhancing cell proliferation. In
addition, a CCK-8 assay was also performed to check the enhancement
effect by BM-MSC-secreted sEVs on proliferation of iHCECs (more details
presented in Materials and methods), similar experimental results were
also found (Fig. 7C). Taken together, the abovementioned scratch
closure, RT-qPCR, EdU, CCK-8 assays all demonstrate that mechanical
squeezing under the optimal condition does not affect the functionality of
BM-MSC-secreted sEVs, therefore promoting corneal epithelial wound
healing and indicating potential applications of this technique.

4. Discussion

In the past decade, microfluidic cell squeezing method has been
developed into one of the leading techniques for cell therapy [33],
representative works include cell squeezing devices [31], cell deforma-
tion chips [55], cell volume exchange for convective transfer platforms
[43], cell hydroporators [56], etc. In this technique, as cells rapidly pass
through a microfluidic confinement, mechanical stress triggers rear-
rangement of lipid molecules, thereby introducing transient nanopores
on cell membrane [32,57]. Currently, such technology has been
advanced into clinical trials (no. NCT04084951), generating engineered
cell vaccines for cancer immunotherapy ex vivo [58,59]. Despite the
considerable achievements in the disease treatment, the studies on
microfluidic mechanical squeezing were primarily used for intracellular
delivery of various exogenous cargos. In order to expand the application
fields of this technology and deliver a novel method, we have developed
a microfluidic device that can effectively stimulate BM-MSCs to secrete
more sEVs. Similar to the working mechanism of electrical stimulation
and acoustic excitation, cell membranes are permeabilized by mechani-
cal effect to generate transient nanopores (Fig. 1F), allowing influx of
Ca2þ into cytosol to stimulate sEV secretion of cells [9,15,23,29]. Ac-
cording to the stimulation principle of cell membrane disruption,
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theoretically, SEED-induced sEV secretion is independent of cell sources,
and therefore can be applicable across a variety of cells with narrow size
distribution, as long as the cell diameter is larger than the height of ridge
gap in the microfluidic channel [31,43].

Unlike to biochemical methods to improve sEV secretion, the
microfluidic mechanical squeezing platform does not require biological
or chemical additives, avoiding altering the physiological functions of the
donor cells and their secreted sEVs [15]. In addition, SEED was devel-
oped by microfluidic technology, enabling localization of mechanical
squeezing to the cellular scale and thus achieving more precise and ho-
mogeneous physical stimulation [26]. Moreover, since no external elec-
tric field is required, this technique can effectively avoid cell damage
caused by metal contamination, Joule heating, and pH changes [28]. As
presented in the experimental results, mechanical stimulation under the
optimal condition does not alter the viability and stemness of BM-MSCs,
and the secretion mount of sEVs from SEED-treated BM-MSCs is signifi-
cantly increased compared to the untreated cells, therefore accelerating
in vitro corneal epithelial wound healing. In future, this technique could
cooperate with the mechanical cell deformation platforms for intracel-
lular delivery. In this case, by microfluidic cell squeezing, a variety of
exogenous cargos can be loaded into the cells, and the mechanical
stimulation can also boost the cells to secrete more sEVs, thereby gen-
eration of more cargo-carrying sEVs could be envisaged, the latter as
smart cargo carrier for intracellular delivery holds great potential for
therapeutics due to their low immunogenicity, affordable cost, etc. [7,60,
61] Moreover, with the advantage of microfluidic cell squeezing tech-
nique in intracellular delivery of exogenous cargos with large size, such
as mRNA, plasmid DNA, nanomaterials, etc. [33,62], the SEED platform
is also expected to address the technical challenges of limited cargo size
and low loading efficiency faced by current sEV loading studies [29,63].

5. Conclusion

In this work, we have presented a microfluidic device to improve sEV
secretion from BM-MSCs. Rapid mechanical disruption transiently per-
meabilizes cell membrane, thereby stimulating cells to secrete more sEVs
into extracellular environment, while not negatively interfering cellular
growth state. Under optimal experimental conditions, the average
amount of sEVs secreted by each SEED-treated BM-MSC can reach
approximately 103, increased about 4-fold compared to untreated cells.
Characterization of cells and sEVs also confirmed that mechanical stim-
ulation presented here does not affect the functionality of BM-MSC-
induced sEVs, they can be efficiently taken up by iHCECs and effec-
tively accelerate corneal epithelial wound healing in vitro. Therefore, the
microfluidic mechanical squeezing is an effective stimulation method for
boosting sEV secretion and the SEED is expected to evolve into a robust
and versatile tool to improve sEV yield for biomedical applications.
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