
Biofabrication
     

PAPER • OPEN ACCESS

Scale-out production of extracellular vesicles
derived from natural killer cells via mechanical
stimulation in a seesaw-motion bioreactor for
cancer therapy
To cite this article: Jianguo Wu et al 2022 Biofabrication 14 045004

 

View the article online for updates and enhancements.

You may also like
3D bioprinted extracellular vesicles for
tissue engineering—a perspective
Pingping Han and Sašo Ivanovski

-

In vivo organized neovascularization
induced by 3D bioprinted endothelial-
derived extracellular vesicles
Fabio Maiullari, Maila Chirivì, Marco
Costantini et al.

-

The size and range effect: lifecycle
greenhouse gas emissions of electric
vehicles
Linda Ager-Wick Ellingsen, Bhawna Singh
and Anders Hammer Strømman

-

This content was downloaded from IP address 158.132.161.240 on 07/07/2023 at 09:40

https://doi.org/10.1088/1758-5090/ac7eeb
https://iopscience.iop.org/article/10.1088/1758-5090/ac9809
https://iopscience.iop.org/article/10.1088/1758-5090/ac9809
https://iopscience.iop.org/article/10.1088/1758-5090/abdacf
https://iopscience.iop.org/article/10.1088/1758-5090/abdacf
https://iopscience.iop.org/article/10.1088/1758-5090/abdacf
https://iopscience.iop.org/article/10.1088/1758-5090/abdacf
https://iopscience.iop.org/article/10.1088/1748-9326/11/5/054010
https://iopscience.iop.org/article/10.1088/1748-9326/11/5/054010
https://iopscience.iop.org/article/10.1088/1748-9326/11/5/054010


Biofabrication 14 (2022) 045004 https://doi.org/10.1088/1758-5090/ac7eeb

Biofabrication

OPEN ACCESS

RECEIVED

22 December 2021

REVISED

9 May 2022

ACCEPTED FOR PUBLICATION

6 July 2022

PUBLISHED

5 August 2022

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

PAPER

Scale-out production of extracellular vesicles derived from natural
killer cells via mechanical stimulation in a seesaw-motion
bioreactor for cancer therapy
JianguoWu1,2,3,12, Di Wu3,12, Guohua Wu4,12, Ho-Pan Bei5, Zihan Li3, Han Xu6, Yimin Wang3, Dan Wu3,
Hui Liu3, Shengyu Shi3, Chao Zhao7, Yibing Xu3, Yong He8, Jun Li9, Changyong Wang10, Xin Zhao5,∗
and Shuqi Wang1,2,3,11,∗

1 Department of Respiratory and Critical Care Medicine, Provincial Clinical Research Center for Respiratory Diseases, West China
Hospital, Sichuan University, Chengdu 610065, People’s Republic of China

2 National Engineering Research Center for Biomaterials, Sichuan University, Chengdu 610065, People’s Republic of China
3 Institute for Translational Medicine, Zhejiang University, Hangzhou, Zhejiang Province 310029, People’s Republic of China
4 Endocrine andMetabolic Disease Center, The First AffiliatedHospital, andCollege of ClinicalMedicine ofHenanUniversity of Science
and Technology, Medical Key Laboratory of Hereditary Rare Diseases of Henan; Luoyang sub-center of National Clinical Research
Center for Metabolic Diseases, Luoyang 471003, People’s Republic of China

5 Department of Biomedical Engineering, The Hong Kong Polytechnic University, Hong Kong Special Administrative Region of China
999077, People’s Republic of China

6 Department of Building Environment and Energy Engineering, Xi’an Jiaotong University, Xian, Shanxi Province 710049, People’s
Republic of China

7 Wellcome Trust-Medical Research Council Cambridge Stem Cell Institute and Department of Clinical Neurosciences, University of
Cambridge, Cambridge CB2 0AH, United Kingdom

8 State Key Laboratory of Fluid Power and Mechatronic Systems, Key Laboratory of 3D Printing Process and Equipment of Zhejiang
Province College of Mechanical Engineering, Zhejiang University, Hangzhou, Zhejiang Province 310029, People’s Republic of China

9 State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases,
Collaborative InnovationCenter forDiagnosis and Treatment of InfectiousDiseases, The First AffiliatedHospital, College ofMedicine,
Zhejiang University, Hangzhou, Zhejiang Province 310003, People’s Republic of China

10 Department of Neural Engineering and Biological Interdisciplinary Studies, Institute of Military Cognition and Brain Sciences,
Academy of Military Medical Sciences, Beijing 100850, People’s Republic of China

11 Institute for Advanced Study, Chengdu University, Chengdu 610106, People’s Republic of China
12 These authors contributed equally.
∗ Authors to whom any correspondence should be addressed.

E-mail: xin.zhao@polyu.edu.hk and shuqi@scu.edu.cn

Keywords: extracellular vesicles (EVs), natural killer cells (NKs), bioreactor, mechanical stimulation, cancer therapy

Supplementary material for this article is available online

Abstract
Extracellular vesicles (EVs) derived from immune cells have shown great anti-cancer therapeutic
potential. However, inefficiency in EV generation has considerably impeded the development of
EV-based basic research and clinical translation. Here, we developed a seesaw-motion bioreactor
(SMB) system by leveraging mechanical stimuli such as shear stress and turbulence for generating
EVs with high quality and quantity from natural killer (NK) cells. Compared to EV production in
traditional static culture (229± 74 particles per cell per day), SMB produced NK-92MI-derived
EVs at a higher rate of 438± 50 particles per cell per day and yielded a total number of 2× 1011

EVs over two weeks via continuous dynamic fluidic culture. In addition, the EVs generated from
NK-92MI cells in SMB shared a similar morphology, size distribution, and protein profile to EVs
generated from traditional static culture. Most importantly, the NK-92MI-derived EVs in SMB
were functionally active in killing melanoma and liver cancer cells in both 2D and 3D culture
conditions in vitro, as well as in suppressing melanoma growth in vivo. We believe that SMB is an
attractive approach to producing EVs with high quality and quantity; it can additionally enhance
EV production from NK92-MI cells and promote both the basic and translational research of EVs.
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1. Introduction

Extracellular vesicles (EVs) have been utilized to
deliver specific chemical compounds (e.g. proteins,
nucleic acids and metabolites) in cancer therapy (e.g.
metastatic breast cancer, lymphoma) due to their
enhanced penetrative properties arising from their
composition and nanoscale size [1, 2]. Recently, EVs
derived from immune cells such as natural killer T
cells (NK cells) have shown notable anti-cancer thera-
peutic potential with wide-spectrum efficacy, which
brings new treatment options for cancer patients
[3–10]. For example, NK cell-derived EVs (NK EVs)
have been demonstrated to harbor tumor inhibitory
molecules such as CD56, NCRs, NKG2D, perforin,
granulysin, and granzyme A-B, and exert cytotoxic
effects on cancer cells through Perforin/Granzymes
and Fas–Fas Ligand [11]. Unfortunately, inefficiency
in generating functional EVs with high quality and
quantity from their parental cells has significantly
impeded the development of EV-based fundamental
research and clinical translation [12, 13].

To circumvent these challenges, a number of
strategies involving biological and chemical cues as
well as mechanical approaches have been explored.
Certain genes such as STEAP3, syndecan-4 (SDC4),
and L-aspartate oxidase (NadB) in cells have been
targeted to promote EV production [14]. Cytokines
(e.g. TNF-α, IL-8, and leukotriene B4) have also
been added in cell culture to increase the produc-
tion of EVs from neutrophils [15]. These strategies,
unfortunately, are overcomplicated in design or
they need additional steps to remove the stim-
ulators from the product. In addition, chemical
reagents (e.g. cytochalasin B and ethanol), serum
deprivation, and hypoxia conditions have been used
to increase the EV production [16–19], but they
are often compromised by certain cytotoxic effects
and may reduce cell viability during long-term cell
culture. Inspired by naturally occurring EV release
by shear stress in blood vessels [20–23], mechanical
stimulation demonstrates its capability to enhance
EV production without detrimental effects on cells,
while maintaining or even increasing the function of
EVs [24–27]. Nevertheless, ultrasound [28] or high-
frequency acoustic irradiation [29]may fail to address
the reduction in cell viability when the exposure time
was over 15 min at their optimized power. Mech-
anical stretching is also used for enhancing EV pro-
duction [30]. Yet, mechanical stretching of cell-laden
scaffolds often suffers from inner insufficient nutri-
tion and oxygen supply, impeding their scale-up abil-
ity in EV production.

To increase EV production in a safe, scalable,
and continuous way, in this study, we developed a
seesaw-motion bioreactor (SMB) system with con-
tinuous fluidic flow for scale-out production of
EVs derived from NK-92MI cells for cancer therapy
(figure 1). Here, we not only developed a perfusion

system for long-term cell culture for EV produc-
tion, but also revealed the mechanism of enhanced
EV production from NK92-MI cells via mechanical
stimulation (i.e. seesaw motion). The seesaw-motion
in SMB induced sufficient mechanical stimulation
including turbulence and shear stress to cells with
minimal detrimental effects, activated exocytosis and
ultimately generated functional NK EVs with high
quality and quantity. Moreover, our SMB enabled a
relative long-term EV production under continuous
mechanical stress for 11 d, which was significantly
longer than the current EV production under chem-
ical, biological or mechanical stimulation (table 1),
featuring in potential scale-out EV production. We
envision that our SMB can be adapted to produce
EVs from a variety of functional cells with high qual-
ity and quantity, facilitating the exploration of EV-
related basic research and clinical translation.

2. Methods

2.1. Design and fabrication of SMB
The SMB system was designed to have a real-
time monitoring, environment-controlled platform
(RMECP) (figures 2(A(I)) and S1) and four mod-
ular bioreactors. The RMECP platform consisted of
a CPU control unit, a temperature control unit, a
gas flow control unit, a lighting unit, a UV steriliza-
tion unit, a real-time environmental monitoring unit,
an operation control unit, and a fluidic flow mon-
itoring unit. The system control unit was developed
based onARMCortex-M0 in C language, communic-
ating with the sensors in each control unit through
UART, I2C and SPI interfaces, and relaying signals
through an IO interface to control two electromag-
netic valves, a UV sterilization lamp, an illumina-
tion lamp, a heating device and a cooling fan, as
well as achieving parameter monitoring. The opera-
tion control unit facilitated human–computer inter-
actions through a touch screen, and the interface was
used to set parameters such as sterilization time, cul-
ture temperature, alarm threshold, gas concentration,
etc. In a word, the RMECP platform not only ensured
the optimal culture conditions, but also controlled
the seesaw movement of four modular bioreactors
simultaneously.

Each modular bioreactor consisted of two peri-
staltic pumps, a seesaw-motion shaker, an in-house
two-chamber culture device, and a pH sensor and
a medium reservoir (figures 2(A(II)) and S1). These
components were interconnected via silicone tubes to
allow for fluidic flow. The in-house two-chamber cul-
ture device (figures 2(A(III)) and S1) was designed
to have the upper chamber for NK cell culture and
the lower chamber for medium circulation. These
two chambers were connected through a PET mem-
brane with a pore size of 5 µm for efficient exchange
of nutrients and metabolic wastes, as well as for the
passage of EVs to the medium circulation. A porous
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Figure 1. Schematic depicting a seesaw-motion bioreactor (SMB) for scale-out production of NK EVs for cancer therapy. Human
derived NK cells are contiguously cultured in SMB for enhanced production of EVs under shaking culture conditions, which
confer mechanical stimulations (e.g. shear stress and turbulence) on cells and activate EV biogenesis, resulting in scale-out EV
production for cancer treatment.

Table 1. Current EV production under chemical, physical, biological or mechanical stimulations.

Approaches Cells Duration References

TNF-α, IL-8, and Leukotriene B4 Neutrophils 20 min [15]
Cytochalasin B HEK293 cells 10–20 min [16]
Chemical stimulation: Alcohol Huh7.5 cells 3 d [17]
Serum deprivation RPMI 8226 cells; U266 cells, KM3 cells 1 d [18]
Hypoxia MDA-MB 231 cells; SKBR3 cells; MCF7

cells
2 d [19]

Ultrasound Astrocytes 15 min [28]
High frequency acoustic wave U87-MG cells and A549 cells 30 min [29]
Cyclic stretch Primary human skeletal muscle cells 2 d [30]

support structure made of polydimethylsiloxane was
placed under the PET membrane to prevent the PET
membrane from collapsing. The volume in the upper
chamber was 20 ml, the volume in the lower cham-
ber was 250 ml, and the medium reservoir connec-
ted to the lower chamber contained 600 ml of RPMI-
1640 for continuous medium circulation with the aid
of two peristaltic pumps. It should be noted that there
was no directmedium infusion to the upper chamber,
and mass exchange (e.g. nutrients and metabolites)
was only achieved through liquid diffusion cross the
PET membrane. A gas exchange port with a 0.22 µm
filter was arranged in the upperNK cell culture cham-
ber to ensure efficient gas exchange with the internal
environmentwithin SMB. Therewas no oxygen injec-
tion, and 5% CO2 was maintained with the aid of a

CO2 sensor (MK462, Qin Chuang Sensor Technology
Co., Ltd, Shenzhen, China) in the gas flow control
unit. In each production batch, four modular biore-
actors were used, and a total of 3.48 l (870 ml × 4)
culture medium was obtained to isolate and concen-
trate EVs. The seesaw movement of the bioreactor is
shown in figure 2(B).

2.2. Cell culture
NK-92MI cells from American Type Culture Col-
lection were cultured in RPMI-1640 (Gibco, Mel-
bourne, Australia) supplemented with 1% penicillin-
streptomycin (Sangon Biotech, Shanghai, China)
and 10% fetal bovine serum (FBS) (Gibco, Mel-
bourne, Australia). It should be noted that FBS was
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Figure 2. Design of SMB and mathematical modeling of the fluidic dynamics. (A) Design of SMB for continuous production of
EVs. (I) Schematic illustration of 4 modular bioreactors with integrated sensors in SMB. (II) Each modular bioreactor consisted
of two peristaltic pumps, a seesaw-motion shaker, an in-house two-chamber culture device, a pH sensor and a medium reservoir.
(III) Design of the in-house two-chamber culture device for continuous EV production. (B) (I) Illustration the perfusion system
in SMB. (II) Illustration of the seesaw motion of the culture chambers. (C) Physical parameters simulated in SMB: shear stress
(Pa), turbulent energy (m2 s−2) and velocity (m s−1). The color bars show a maximum value of 5.5 Pa, 0.00015 m2 s−2 and
0.217 m s−1 for shear stress, turbulent energy and velocity to improve visibility. Shear stress (D), Turbulent energy (E), and
Velocity (F) at different angles (−10◦,−5◦, 0◦, 5◦, and 10◦) simulated at different shaking speed within SMB.

centrifuged at 110 000 × g for 48 h to remove for-
eign EVs from FBS. B16F10, A375 and HepG2 cells
were obtained from China Center for Type Culture
Collection (CCTCC) and were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Melbourne, Aus-
tralia) containing penicillin-streptomycin (1%) and
FBS (10%). The culturing condition for all cells was
37 ◦C and 5% CO2.

2.3. Modeling of mechanical stimulation in
bioreactors
To analyze the mechanical stimulation acting on NK
cells in quantitative terms, the fluidic flow in SMB
was modeled using a computational fluid dynam-
ics package (Fluent, ANSYS Inc., PA, USA). In this
model, the governing equations of the mass and
momentum conservation were solved to obtain the
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detailed distribution of flow velocity, shear strain rate,
vorticity, shear stress, energy dissipation, and turbu-
lent energy. The volume-of-fluid method was used
to track the deformation and motion of gas-medium
free surface to reproduce the physical flow in SMB. To
this end, the governing equationswere summarized as
follow:

1

ρq

∂

∂t

(
αqρq

)
+

1

ρq

[
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(
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Here, ρ is the fluid density; u is the velocity vec-
tor; q= 0 and 1 represent the gas and medium phase,
respectively; the volume fraction of the qth phase is
denoted by αq; p is the pressure; g is the gravitational
acceleration; and F is the gas-medium surface ten-
sion. The SST k−ω model is used to model the tur-
bulence in SMB, in which the transport equations are
given as follow:
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Here, σk and σω are the turbulent Prandtl num-
ber for the turbulence kinetic energy k and the
specific dissipation rate ω. Additional details with
regards to these governing equations can be referred
to the tutorials of Fluent software. To maintain the
second order accuracy for the solution of governing
equations for the velocity and pressure, the stand-
ard central difference scheme was used for the dis-
cretization of all spatial derivatives and the second
order upwind scheme was employed for the convect-
ive term. In the mathematical model, cell motion is
not tracked specifically, since cells flow almost freely
with local fluid motion [31]. In our device, the range
of Stokes number St in the device at a shaking speed
of 20 rpm was between 3.51× 10−5 and 4.58× 10−5,
which was smaller than 1, and cell motion was thus
neglected. Here, the Stokes number is defined as
St = (ρpdp2/18µ)/(L/u), where ρp is particle mass
density, dp is particle diameter, µ is liquid viscosity,
L is the characteristic length of the chamber, and u is
the local fluid velocity.

2.4. Characterization of cells cultured in SMB
To apply mechanical stimulations, the cell culture
chamberswere placed in a built-in shakerwith a speed
varying from 0 to 40 rpm. For cell culture, 1.0 × 107

NK-92MI cells were inoculated in the upper cham-
ber of the bioreactor containing 20 ml of RPMI-
1640 medium. The speed was set from 10 to 40 rpm
and cells were cultured for 3 dwithoutmedium circu-
lation. After 3 d, 1 ml of culture medium was collec-
ted from the upper chamber and imaged under a Zeiss
inverted fluorescence microscope (ZEISS, Germany).
Image J (NationalHealth Institute,USA) softwarewas
then used to measure the size of cell clusters. The
culture medium was centrifuged at 1000 g, and the
supernatant was harvested for EV isolation through
differential centrifugation. The viability of NK-92MI
cells at the upper chamber was measured using a
Live/Dead assay (Dojindo, Kumamoto, Japan). First,
calcein acetoxymethyl ester (Calcein AM) (3 µl) and
propidium iodide (PI) (3 µl) solutions were pipet-
ted to 1 ml of PBS for Live/Dead staining. Then, the
cells isolated from the upper chamber were incubated
with the prepared dye solution in darkness at 37 ◦C
for 15 min. Afterwards, the cells were imaged using
a fluorescence microscope, and ImageJ software was
used to quantify the number of live/dead cells. The
percentage of live cells in the total cells was determ-
ined as cell viability. In addition, cell counting was
used to measure the proliferation rate of NK-92MI
cells cultured in SMB for 11 d. The clusters were dis-
persed into single cells via pipetting before counting.
The proliferation rate was calculated by comparing
the number of cells before and after cell culture.

2.5. Real-time PCR (RT-PCR)
For RT-PCR, total RNA was extracted from NK92-
MI cells using a MiniBEST Universal RNA Extraction
Kit (Takara, Shanghai, China) following themanufac-
turer’s instructions. Then, a PrimeScript™RT reagent
Kit with gDNA Eraser (Takara, Shanghai, China) was
used to reversely transcribe the total RNA to cDNA.
An amount of cDNA equivalent to 50 ng of total RNA
(2 µl) was mixed with 1 µl 10 mM forward primer,
1 µl 10 mM reverse primer, 6 µl nuclease-free water
and 10 µl iQ™ SYBR Green Supermix (2 × concen-
tration, Bio-Rad) for RT-PCR set up. The primers of
Caspase 3 (ZN-XYW032), Caspase 8 (ZN-XYW035)
and Caspase 9 (ZN-XYW036) were purchased from
Zhien Biotechnology Co., Ltd (Hefei, China). A CFX
Connect™ Real-Time System (Bio-Rad) was used for
running RT-PCR and the data were processed by a
2−∆∆Ct method according to a previous work [32].

2.6. Optimization of flow rate for medium
circulation
To optimize the flow rate of the medium circulated
between the lower chamber and the medium reser-
voir for long term cell culture, 1.0 × 107 NK-92MI
cells were cultured in each modular bioreactor under
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medium flow rate of 0.2, 3 or 30 ml min−1 at the
optimized shaking speed of 20 rpm for 11 d. A volume
of 25 ml culture medium from the medium reser-
voir was harvested at day 3 and day 11. Then, EVs
in the culture medium were isolated through differ-
ential centrifugation and quantified using a bicin-
choninic acid (BCA) kit (Sangon Biotech, Shang-
hai, China). In addition, the lactate concentration in
culture medium, the glucose concentration within
NK-92MI cells, and the death percentage were con-
tinuously measured every day for 11 d. To this end,
1 ml of cell suspension was sampled from the upper
chamber every day and replaced with 1 ml of fresh
medium. The cell suspension was centrifuged at
1000 g to pellet the cells. The supernatant was used to
measure the lactate concentration using an LA Assay
Kit (Solarbio, Beijing, China). The cell pellet was used
to measure death percentage and the cellular gluc-
ose concentration within NK-92MI cells. Trypan blue
(0.4%, Invitrogen, Carlsbad, CA, USA) staining was
used to determine the death percentage. Before the
staining, the cell clusters were dispersed into single
cells via pipetting. The number of unstained (liv-
ing) cells was divided by the total number of cells to
get cell viability. For measurement of cellular glucose
concentration, the cell pellet was washed three times
using 1 × PBS and resuspended in 1 ml of 1 × PBS.
The cells were then lysed via ultrasonication (200 W)
for 3 s with an interval of 10 s on ice for 30 times.
After water bathing at 95 ◦C for 10 min, the lysed
cells were centrifuged at a speed of 8000 g at 25 ◦C for
10 min. The glucose concentration within the super-
natant wasmeasured using aGlucose Content Test Kit
(Solarbio, Beijing, China).

2.7. EV production, isolation and quantification
For EV production in SMB, 1.0× 107 NK-92MI cells
were inoculated in the upper chamber of each modu-
lar bioreactor containing 20 ml RPMI-1640 medium,
and the shaking speed was set to 20 rpm. During cell
culture, the culture medium was flowed at a speed
of 30 ml min−1. To present a dynamic course of EV
production, 25 ml culture medium from the medium
reservoir was harvested every day for 11 d, and sub-
sequently processed through differential centrifuga-
tion. In comparison, traditional EV production was
performed in flasks, in which 1.0 × 107 NK-92MI
cells were inoculated in 20ml of RPMI-1640medium
and cultured for 3 d.

EVs were isolated using differential centrifuga-
tion. After centrifugation for 20 min at a speed of
2000 g at 4 ◦C to remove big cell debris, the result-
ant supernatant was transferred into polycarbonate
tubes and centrifuged for 30 min at 4 ◦C at a speed
of 10 000 g to remove small cell debris. Finally, the
supernatant was centrifuged for 70 min at 4 ◦C at the
speed of 100 000 g. The resultant pellet was washed
with 25 ml of PBS and then centrifuged at 4 ◦C at
the speed of 100 000 g for 70 min. After removing the

supernatant, 100 µl of PBS was pipetted to resuspend
the EVs, and the resultant EVs was stored at−80 ◦C.

The resultant EVs was quantified using a BCA kit
according to the total protein associated with EVs.
In brief, 5 µl of EVs isolated from the culture media
was tested in parallel with bovine serum albumin
(BSA) standard solution. A multifunctional micro-
plate reader (SpectraMaxM5,Molecular Devices, San
Francesco, CA,USA)was used tomeasure the absorb-
ance at the wavelength of 562 nm. For BCA measure-
ment, three replicates were collected from four mod-
ular bioreactors for each experimental condition. The
yield of EVs per cell was calculated by dividing the
amount of EV-associated protein against the total cell
number.

Nanoparticle Tracking Analysis (NTA) was also
used to quantify the amount of EVs. The collected EV
solution was first diluted in PBS at a ratio of 1:100,
and then the size and number of EVs were meas-
ured using Nanosight NS300 (Malvern Instruments
Ltd,Malvern, UK). The capture settings forNTAwere
used as follow: number of captures (5), capture dura-
tion (30 s), screen gain (1.0), camera level (15), detec-
tion threshold (5), laser type (Blue 488), camera type
(sCMOS), and temperature (26.6 ◦C). ForNTAmeas-
urement, five videos were captured for each modular
bioreactor and four modular bioreactors were used
for each experimental condition.

2.8. EV characterization
The purified EVs and NK cells were imaged via trans-
mission electron microscopy (TEM). For imaging
EVs, 20 µL EV solution was placed onto a formvar-
carbon coated copper electron microscopy grid for
5 min, and filter paper was then used to absorb
the extra solution. Next, uranyl acetate (20 µl) was
pipetted to conduct negative staining for 1 min. Fil-
ter paper was used to dry the liquid, and the grids
were examined by operating a JEM-1010 transmis-
sion electron microscope (JEOL, Ltd, Tokyo, Japan)
at 80 kV. For NK cells, 5 × 106 cells were rinsed in
PBS (1 mol l−1) and immersed with glutaraldehyde
(2.5%) overnight at 4 ◦C for TEM imaging. Then,
the cell specimens were subsequently fixed using
osmium tetroxide (1%) in PBS for 1.5 h and embed-
ded in epoxy resin after dehydration through a graded
ethanol series. Staining was performed on ultrathin
sections (70 nm) using uranyl acetate and lead citrate.
For EVbiogenesis analysis, 20 cells from five replicates
for each condition were examined under TEM, and
multivesicular bodies (MVBs) only containing typ-
ical intraluminal vesicles (ILVs) with a characteristic
size of 50–150 nm and morphology were taken into
account.

2.9. Pharmacological inhibition of exosome
biogenesis
Exosome biogenesis was pharmacologically inhibited
by culturing NK cells with sulfisoxazole (SFX), which
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has been reported effective on inhibiting EV secre-
tion by triggering colocalization of MVBs with lyso-
somes for degradation [33]. A total number of 1× 107

cells were cultured in themedium containing 100 µM
SFX in SMB, and the shaking speed was set to 0 or
20 rpm.The cells exposed to themediumwithout SFX
in SMB at 0 or 20 rpm was used as control. Follow-
ing the coculture for 48 h, EVs in the medium were
harvested via differential centrifugation and analyzed
using NTA.

2.10. Western blot (WB)
NK cells cultured under static condition or in SMB at
20 rpm as well as EVs obtained from these two con-
ditions were lysed using RIPA Lysis Buffer containing
1 mM PMSF protease inhibitor (Solarbio Science &
Technology Co., Ltd, Beijing, China) and then cent-
rifuged at 12 000 rpm for 2 min to remove the insol-
uble materials. Next, the resultant lysate containing
30 µg lysed protein was mixed with 5× protein load-
ing buffer (Sangon Biotech, Shanghai, China) and
boiled for 5min. After cooling down on ice, the dena-
tured proteins were then loaded onto SDS-PAGE gel
(10%) and processed at 120 V for 100 min. After the
separated proteins were transferred to a PVDF mem-
brane (Millipore, Billerica, Ma, USA), and the mem-
brane was blocked with skimmed milk (5% w/v) at
room temperature for 2 h, antibodies against CD63,
Tsg101, HSC70 or Calnexin (all primary antibod-
ies used were from Abcam, Shanghai, China and
diluted at a ratio of 1: 1000) were incubated with
the membrane for 12 h at 4 ◦C. The membrane was
then washed five times in TBST buffer and incubated
with a horseradish peroxidase (HRP)-coupled sec-
ondary antibody (Goat anti-Rabbit, Abcam, Shang-
hai, China) at room temperature at a dilution ratio
of 1:2000 for 1 h. The membrane was washed again
five times in TBST buffer, and an ECL exposure solu-
tion (Abcam, Shanghai, China) was added for sig-
nal development. Bio-Rad chemiluminescence ima-
ging system (Hercules, California, USA) was used to
visualize the target proteins.

2.11. Enzyme-linked immunosorbent assay
(ELISA)
The concentration of CD63 and SDC4 within NK
cells cultured in SMB at 0 or 20 rpm was quanti-
fied using ELISA. Following cell culture for 48 h,
3 × 106 cells were harvested and washed three times
with 1 × PBS. The cells were treated by freezing and
thawing for five times, and centrifuged at 1500 g for
10min. The resultant supernatant was analyzed using
a human CD63 kit (Elabscience, Wuhan, China)
and a human SDC4 kit (Jianglai Biotechnology Co.,
Ltd, Shanghai, China) following the manufacturers’
instructions. The concentration of perforin-1, gran-
zyme A and granzyme B from 100 µg ml−1 EVs
derived from NK-92MI cells under static culture

(EVs-S) and EVs derived fromNK-92MI cells in SMB
at 20 rpm (EVs-B) were measured using Human
perforin 1, Human Granzyme A and Human Gran-
zyme B ELISA kits (Jiyinmei Biotechnology Co., Ltd,
Wuhan, China).

2.12. Protein analysis by mass spectroscopy (MS)
After reduction with 50mMdithiothreitol for 10 min
at 95 ◦C, EVs and cell lysates were alkylated with
iodoacetamide at 25 ◦C for 30 min and covered in
foil. Next, trypsin (Promega, Madison, Wisconsin,
USA) was used to digest the samples at a ratio of
1:50 (enzyme-to-sample weight) at 37 ◦C. After 12 h
digestion, 10% formic acid (FA) was used to termin-
ate the reaction. Subsequently, the digested peptides
were desalted in a ZipTip C18 (P10, Millipore Cor-
poration, Billerica, MA, USA). A SpeedVac (Thermo
Fisher, Waltham, MA, USA) was then used to dry the
resultant eluent, and the dried samples were recon-
stituted in 2% acetonitrile (ACN) containing 0.1%
FA. The resuspended peptides were loaded into a
BEH C18 nanoACQUITY Column (130 Å, 1.7 µm,
75 µm × 250 mm) and extracted using an elution
method at 200 nl min−1 for 120 min in 0.1% FA with
an escalating gradient of ACN. The resultant peptides
were then analyzed using an OrbitrapTM mass spec-
trometer with a full-mass scan of 300–1800 m/z and
a resolution of 70 000. The top 20 peaks were used
to perform subsequent fragmentation at an HCD
(higher-energy collisional dissociation) of 27% colli-
sion energy. The proteomic analysis was carried out
at 2.0 m/z isolation width and 35 000 resolution, and
the acquired raw data were comparedwith the human
UniProt database (www.uniprot.org/) viaMaxQuant.

2.13. Cytotoxicity of NK EVs to cancer cells in 2D
condition
To measure the tumor killing effect of NK-derived
EVs, in vitro cytotoxicity test was carried out in a
96-well plate. To this end, 1× 105 cells were seeded in
eachwell, and the plates were placed into an incubator
for 12 h (37 ◦C, 5% CO2). A375 cells were exposed
to media containing 0.0 or 9.0 µg of EVs-B for 5 h.
The cells were then stained using a Live/Dead kit
(Dojindo, Kumamoto, Japan) and assessed using an
inverted fluorescence microscope (Zeiss, Jena, Ger-
many). The number of live/dead cells was quantified
using ImageJ software to analyze the tumor killing
effects of NK-derived EVs. In addition, the apoptosis
of cells treated with or without NK-derived EVs were
assessed using an apoptosis kit (Biyuntian, Shanghai,
China) with the aid of a CytoFLEX LX flow cytometer
(Beckman, Brea, California, USA).

To investigate whether the killing effects of
NK EVs were tumor-specific, non-tumor liver cells
(HepLL) were incubated with 9 µg of NK EVs for 1.5,
5 and 12 h. In addition, liver tumor cells (HepG2)
were treated with or without 9 µg EVs derived from
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fibroblasts (FB EVs) for 1.5, 5, or 12 h to investigate
whether the cytotoxic effects were due to the use of
a high density of EVs. The cytotoxic effects of EVs to
cells were evaluated using theCCK-8 kit asmentioned
above.

2.14. Cytotoxicity of NK EVs on cancer cells in 3D
condition
For 3D cell culture, 1 × 106 A375, B16F10, or
HepG2 cells were mixed with 100 µl culture medium
containing 0.05 g ml−1 GelMA (GM-60, Yongqin-
quan Intelligent Equipment Co., Ltd, Suzhou,
China) and 0.0025 g ml−1 Lithium phenyl-2,4,6-
trimethylbenzoyl phosphonate (LAP, Yongqinquan
Intelligent Equipment Co., Ltd, Suzhou, China), and
the mixture was exposed to UV light for 10 s [34, 35].
Then, the cells were incubated in media containing
0 or 9.0 µg of EVs-B for 5 h. Finally, the cells were
stained using a Live/Dead staining kit and visualized
under an inverted fluorescence microscope.

2.15. Animal study
A total of 1 × 106 A375 cells in 100 µl PBS was
inoculated intradermally into nude mice (Zhejiang
Laboratory Animal Center, Hangzhou, China) to cre-
ate melanoma bearing mice. After 5 d, the mice were
injected intratumorally with 20 µg NK EVs in 50 µl
of 0.9% NaCl (referred to the NK EV-treated group)
or 50 µl of 0.9% NaCl solution (referred to the con-
trol group) every twodays. The tumor volume and the
body weight of the mice were measured three times
a week. All animal care and experiments followed
the animal experimentation protocols described by
the Animal Care Ethics Committee of Zhejiang Uni-
versity, and this animal study was approved by the
Animal Ethics Committee of Zhejiang University
(ZJU20200078).

2.16. Histological analysis
The mice were sacrificed on day 17, and the tumors
were harvested for histological analysis. The tumor
tissues were fixed in 4% paraformaldehyde, embed-
ded in paraffin and cut into slices with a thickness of
7 µm. After deparaffinization and rehydration, the
slices were hematoxylin and eosin (H&E) stained or
analyzed using a TUNEL kit (Ruchuang bio-tech,
China) following the manufacturer’s instruction.
Additional samples were permeabilized and incub-
ated with rabbit polyclonal antibodies against Ki67
(Dilution: 1:10 000, Proteintech, Rosemont, Illinois,
USA) or rabbit polyclonal antibodies against PCNA
(Dilution: 1:500, Proteintech, Rosemont, Illinois,
USA). After washing with PBS, the tumor sections
were stained using biotinylated streptavidin-HRP,
3,3′-diaminobenzidine and hematoxylin. Images
were captured using a NIKON ECLIPSE C1 micro-
scope and analyzed using Image Pro Plus 6.0 software.

2.17. Data analysis
The results were expressed by mean ± SD. Multiple
comparative analysis was completed via ANOVA, and
two-tailed Student’s t-test was used to determine the
statistical difference by analyzing whether a p-value
was less than 0.05 or 0.01. The data analysis was per-
formed using the GraphPad Prism 5 (GraphPad Soft-
ware Inc., San Diego, California, USA).

3. Results

3.1. Fluid simulationmodel of SMB
To understand the dynamics of physical stress in
SMB and the effects of physical stress on EV pro-
duction, we conducted computational simulation of
fluid dynamics in SMB under different shaking speed.
To clearly illustrate the spatial distribution of flow
field in the bioreactor, the isocontours of shear stress,
turbulent energy, and velocity magnitude were plot-
ted in figure 2(C). The simulation results showed
that the maximum shear stress, the maximum tur-
bulent energy, and the maximum velocity magnitude
in the bioreactor increased with the shaking speed
from 10 to 40 rpm at five different inclination angles
(i.e. −10◦, −5◦, 0◦, 5◦, and 10◦) (figures 2(D)–(F))
although the maximum vorticity and the maximum
shear strain rate showed no significant changes with
varying shaking speeds (figures S1(B) and (C)). The
range of mechanical parameters characterizing flu-
idic dynamics were summarized as below: 0–8.95 Pa
for shear stress, 0–42.05 s−1 for shear strain rate,
0–0.21 m s−1 for velocity, 0–1.59 × 10−4 m2 s−2 for
turbulent energy, 0–42.05 s−1 for shear strain rate,
and 0–23.97 s−1 for vorticity. The above results indic-
ated that this SMB system could induce mechanical
stimulation on cells cultured in this system in a con-
trolled manner.

3.2. Effect of shaking speed on NK-92MI cells in
SMB
To study the effect of physical stress on NK-92MI
cells in SMB, we cultured NK-92MI cells under dif-
ferent shaking speed (10, 20, 30, 40 rpm) without
medium circulation for 3 d (figure 3). The bright-
field images showed that the NK-92MI cells aggreg-
ated in clusters with a mean size of 76.60 ± 20.21
and 87.58 ± 27.11 µm under the shaking speed of
0 and 10 rpm, respectively (figures 3(A) and (C)).
Meanwhile, NK-92MI cells remained relatively dis-
persed with a mean size of 19.44± 3.19, 17.55± 1.96
and 17.31 ± 2.68 µm at a speed of 20, 30 and
40 rpm, respectively (figures 3(A) and (C)). In addi-
tion, Live/Dead staining showed that the cell viability
was 98.29 ± 0.40%, 98.17 ± 0.49%, 97.18 ± 1.11%,
96.52 ± 0.99%, and 37.19 ± 4.86% at 0, 10, 20,
30, and 40 rpm, respectively (figures 3(B) and (D)).
These results showed that the cell viability remained
over 95%, and there was no marked difference in
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Figure 3. Effect of shaking culture conditions on NK-92MI cells in SMB. (A) Bright-field microscopic images of NK-92MI cell
clusters cultured at a shaking speed of 0, 10, 20, 30 and 40 rpm. Scale bar= 50 µm. (B) Live/Dead staining images of NK-92MI
cells cultured at a shaking speed of 0, 10, 20, 30 and 40 rpm. Scare bar= 50 µm. (C) Analysis of the mean size of NK-92MI cell
clusters cultured at 0, 10, 20, 30 and 40 rpm using ImageJ (n= 3). (D) Viability of NK-92MI cells cultured at 0, 10, 20, 30 and
40 rpm (n= 3). (E) mRNA expression of Caspase 3 in NK-92MI cells cultured at 0, 10, 20, 30 and 40 rpm (n= 3). (F) mRNA
expression of Caspase 8 in NK-92MI cells cultured at 0, 10, 20, 30 and 40 rpm (n= 3). (G) mRNA expression of Caspase 9 in
NK-92MI cells cultured at 0, 10, 20, 30 and 40 rpm (n= 3). (H) Daily proliferation percentage of NK-92MI cells cultured under
0, 10, 20, 30 and 40 rpm (n= 3). The dotted red line indicates the level of 100% of cell proliferation. Data are presented as
mean± SD. ∗ indicates p < 0.05, and ∗∗ indicates p < 0.01.

the viability of cells cultured at 0, 10, 20 or 30 rpm
(figure 3(D)). When the shaking speed increased
to 40 rpm, detrimental effects on NK-92MI cells
was observed with a significant loss in cell viabil-
ity (figure 3(D)). RT-PCR results further showed the
level of mRNA expression of cell apoptosis related
Caspase-3, Caspase-8, and Caspase-9 in NK92-MI
cells at the shaking speed of 40 rpm was significantly
higher than the static culture, indicative of the activ-
ation of cellular apoptosis [36]. There was no sig-
nificant difference in the level of mRNA expression
of these three proteases in the cells cultured at shak-
ing speed lower than 30 rpm, compared to statically
cultured NK92-MI cells (figures 3(E)–(G)). Further-
more, cell counting data showed that the cell pro-
liferation rate was 135.7 ± 15.20%, 143.4 ± 2.59%,
103.2± 8.93%, 83.00± 6.88%, and 22.48± 1.40% at
the shaking speed of 0, 10, 20, 30, and 40 rpm, respect-
ively (figure 3(H)). There was no detrimental effect

found on the aggregation, viability and proliferation
of NK-92MI cells at low shaking speed. At a shaking
speed of 40 rpm, the viability and proliferation ofNK-
92MI cells were both less than 50%, and 40 rpm was
thus excluded from the following evaluations.

3.3. Effect of shaking speed on NK-92MI derived
EVs in SMB
To study the effect of shaking speed on the yield
of NK-92MI derived EVs, the amount of EVs was
quantified using both NTA and BCA for NK-92MI
cells cultured at different shaking speed (0–30 rpm)
without medium circulation for 3 d. The NTA results
showed that the EV production rose with increasing
shaking speed (237 ± 50, 335 ± 24, and 438 ± 50
particles per cell per day at a shaking speed of 0, 10,
and 20 rpm, respectively) (figure 4(B)). The rise in
the EV production was consistent with the protein
measurement data. The BCA quantification results
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Figure 4. Effect of shaking culture conditions on NK-92MI-derived EVs in SMB. (A) Biogenesis of two kinds of EVs
(microvesicles and exosomes). (B) The number of EVs released by NK-92MI cells in flasks or in a modular bioreactor in SMB at a
shaking speed of 0, 10, 20 and 30 rpm for 3 d. (C) TEM analysis of typical intraluminal vesicles (ILVs) and multivesicular bodies
(MVBs) within NK-92MI cells at 0 (I) and 20 rpm (II). Red boxes are magnified to show MVBs and typical ILVs, which are
highlighted in red round circles and blue arrows, respectively. (D) The number of ILVs per MVB within NK-92MI cells at 0 and
20 rpm (mean± SE, n= 20). (E) The number of MVBs per cell profile within NK-92MI cells at 0 and 20 rpm (n= 20). (F) The
number of ILVs per cell profile within NK-92MI cells at 0 and 20 rpm (n= 20). (G) Quantification of CD63 in NK-92MI cells at
0 and 20 rpm (n= 5). (H) Quantification of SDC4 in NK-92MI cells at 0 and 20 rpm (n= 5). (I) Comparison of EV numbers
released from NK-92MI cells treated with or without SFX at 0 or 20 rpm (n= 5). Data are presented as mean± SD. ∗ indicates
p < 0.05, and ∗∗ indicates p < 0.01.

Table 2. Protein per particle ratio of EV samples. Note: protein per particle ratio of EVs derived from NK-92MI cells under static culture
in flasks or under dynamic culture in SMB at different shaking speed (0, 10, 20 or 30 rpm) based on BCA and NTA measurements. Data
are presented as mean± SD (n= 3).

Culture type Shaking speed (rpm)
Protein per particle ratio
(pg per 103 particles)

Flask 0 6.89± 1.58
SMB 0 8.40± 2.43
SMB 10 6.58± 0.64
SMB 20 5.68± 1.16
SMB 30 4.53± 0.59

demonstrated that the amount of NK-92MI derived
EVs was 12.69 ± 2.69, 14.28 ± 2.69, 15.96 ± 1.85,
and 20.11± 1.50 pg per cell under the shaking speed
of 0, 10, 20, and 30 rpm, respectively (figure S3(A)).
The protein per particle ratio of the EV samples was
8.40± 2.43, 6.58± 0.64, 5.68± 1.16, and 4.53± 0.59

pg 10−3 particles under the shaking speed of 0, 10,
20, and 30 rpm, respectively (table 2). As the shaking
speed of 20 rpm significantly increased EV produc-
tion per cell with no detrimental effect on cell viabil-
ity and proliferation, we selected it for the following
experiments.
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3.4. Characterization of the biogenesis of NK-92MI
EVs produced in SMB
To explore the mechanism of how mechanical stim-
ulation affected the EV generation in NK-92MI cells,
we assessed the number of EV progenitor subcellu-
lar structures including ILVs and MVBs within NK
cell aggregates obtained in SMB at 20 rpm using
TEM (figures 4(C)–(F) and S4). Under static con-
dition, the number of ILVs per MVBs and the total
number of ILVs per cell was found 3.28 ± 0.35 and
9.40 ± 6.33, respectively. Under dynamic culture at
20 rpm, the number of ILVs per MVB increased to
4.90± 0.60, and the total number of ILVs per cell rose
to 18.08± 10.00. These data suggested that there was
an upregulation of ILV and MVB formation that led
to increased EVbiogenesis inmechanically stimulated
NK-92MI cells in SMB.

We then performed ELISA quantification of
CD63 (a characteristic marker of ILVs) and SDC4
protein (which recruits ALIX and a specialized multi-
protein called endosomal-sorting complex to facil-
itate the formation of MVBs within cells) [33, 37]
to characterize the biogenesis of NK-92MI EVs pro-
duced in SMB. The results showed that the concen-
tration of CD63 protein in NK-92MI cells at 20 rpm
(0.14± 0.05 ng per 106 cells) was significantly higher
than that in cells under static culture (0.07 ± 0.01 ng
per 106 cells) (figure 4(G)). In addition, the concen-
tration of SDC4 protein in NK-92MI cells at 20 rpm
was 2.84 ± 0.38 ng per 106 cells, which was remark-
ably higher than that in cells under static culture
(1.88± 0.76 per 106 cells) (figure 4(H)). The increase
in the concentration of both CD63 and SDC4 within
NK-92MI cells, together with the TEM analysis, sug-
gested that the mechanical stimulation significantly
enhanced the EV biogenesis through the formation of
ILVs and MVBs.

As EVs can also be generated through direct out-
ward budding from cell membrane [38], SFX (an
inhibitor of exosome secretion [39]) was used to
investigate whether the generation of membrane-
derived microvesicles was also affected by mechan-
ical stimulation and contributed to the increased
EV yield. Our NTA results showed that the num-
ber of EVs released from cells with SFX treatment
(788 ± 103 particles per cell) was significantly lower
than cells without SFX treatment at shaking speed
of 20 rpm for 48 h (927 ± 91 particles per cell,
mean ± SD, n = 5, p < 0.05, figure 4(I)). This result
indicated that the shedding of exosome was inhibited
by SFX. In addition, under SFX treatment for 48 h, the
number of EVs released by cells (788 ± 103 particles
per cell) at a shaking speed of 20 rpm was signific-
antly higher than that under static culture (507 ± 73
particles per cell, n = 5, p < 0.01). Considering the
shedding of exosomes was significantly inhibited by
SFX, the increase of EVs released fromNK-92MI cells
at shaking speed of 20 rpm was most likely attributed
to the enhanced shedding of microvesicles induced

by mechanical stimulation (figure 4(H)). In brief, the
TEM data and the pharmacological inhibition data
suggested that both the biogenesis of exosomes and
the shedding of microvesicles are enhanced through
continuous mechanical stimulation.

3.5. Production of NK-92MI EVs in SMB
To verify the long-term EV production capability
of SMB, NK-92MI cells were placed under dynamic
culture at 20 rpm continuously for 11 d using
an optimized flow rate to circulate the medium
between the lower chamber and the medium reser-
voir (30 ml min−1, figures 5(A)–(C) and S3). We
found that at a low flow rate of 200 µl min−1, the
cell viability remained above 90% from day 1 to day
10 but dropped to 79% on day 11 (figure 5(A)),
and the cell density dropped from around 0.5 × 106

cells per ml to 0.41 × 106 cells per ml on day
11 (figure S3(B)). Meanwhile, the cellular glucose
concentration decreased from around 0.5 pmol per
cell (from day 1 to day 10) to 0.08 pmol per cell
on day 11, indicative of an insufficient exchange of
nutrient in SMB at a flow rate of 200 µl min−1

(figure 5(B)). When the medium flow rate increased
to 3mlmin−1 or 30mlmin−1, glucose uptake became
stable, and cell viability and cell density maintained
over a period of 11 d. Moreover, the rate of lactate
accumulation in the cell culture chamber decreased
at higher flow rate, 30 ml min−1 (figure 5(C)).
Consequently, 30 ml min−1 was selected for long-
term cell culture due to its capability to maintain
cell viability and cell density, as well as to provide
efficient exchange of metabolic waste and nutrient.
The BCA protein assay and NTA results demon-
strated that EVs were enriched in 4 modular biore-
actors gradually over 11 d, and the total production
value reached up to 2 × 1011 particles per produc-
tion batch of 3.48 l over 11 d (figures 5(D)–(G)),
which was significantly higher than the traditional
flask culture (2.74 ± 0.89 × 1010 particles in four
T75 flasks over 3 d, figure 5(H)). Following ultracent-
rifugation, NK-92MI EVs harvested from the entire
SMB was suspended in 4 ml PBS; the final con-
centration was 4.93 ± 0.89 × 1010 particles ml−1,
and the protein content was 279.82 ± 6.7 µg ml−1

(figure 5(D)).

3.6. Characterization of NK-92MI EVs produced in
SMB
To compare the physical and biological properties of
NK-92MI-derived EVs produced by SMB at 20 rpm
(EVs-B) and by static culture (EVs-S), TEM, NTA,
Western Blot (WB), and mass spectrometry (MS)
were performed (figure 6). No significant difference
in morphology (figures 6(A(I, II))) or mean size
(figure 6(B)) was observed. The distribution of EVs-
S and EVs-B measured by NTA were both in the
range of 50–350 nm, with peaks around 93.5 nm
(figure 6(C(I))) and 119.5 nm (figure 6(C(II))),
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Figure 5. EV production in SMB. (A) Cell viability of NK-92MI cells over a culture period of 11 d at a flow rate of 0.2, 3 and
30 ml min−1. (B) Concentration of glucose (Glc) inside NK-92MI cells over a culture period of 11 d at a flow rate of 0.2, 3 and
30 ml min−1. (C) Concentration of lactic acid (LA) in cell culture chambers within SMB over a culture period of 11 d at a flow
rate of 0.2, 3 and 30 ml min−1. (D) Flow chart showing the process of EV production in SMB. (E) Time-response curves
presenting the dynamic course of EV production from day 1–11. The yield of EVs was quantified by measuring total protein mass
(BCA) and vesicle numbers (NTA). (F) Negative staining of concentrated EVs under TEM (scale bar= 500 nm). (G) NTA
analysis of EVs produced by four modular bioreactors in SMB (each curve was obtained by averaging 5 representative videos).
(H) The total number of EVs produced in SMB compared to traditional T75 flasks. Data are presented as mean± SD (n= 3).
∗ indicates p < 0.05, and ∗∗ indicates p < 0.01.

respectively. WB revealed that both TSG101 and
HSC70 proteins, which are the regulators of vesicular
trafficking, were expressed in all cells and EV samples.
In addition, both types of EVs exhibited CD63, a
benchmark surface protein of EVs. However, cal-
nexin, an endoplasmic reticulum marker naturally in
cell lysate, was not found in EV samples (figure 6(D)).
This suggested that the collected EV samples from cell
culture had negligible cellular debris contamination.

Additionally, MS results showed that the EVs
obtained from both SMB and static culture shared
130 different kinds of proteins, and the top 20
enriched proteins were listed in the heatmap
(figures 6(E) and (F)). In particular, Perforin is a
pore forming cytolytic protein found in the granules
of cytotoxic T lymphocytes (CTLs) and NK cells, and
the pores formed by it allow for passive diffusion of

a family of pro-apoptotic proteases known as gran-
zymes (e.g. granzyme A and B) into target cells to
induce cell apoptosis [40]. The concentrations of
perforin, granzyme A and granzyme B were thus
measured to indicate the potential mechanism of
anti-tumor by NK-92MI EVs. In 100 µg ml−1 EVs-S,
the concentration of perforin, granzyme A and gran-
zyme B was found 1.42 ± 0.05, 1.23 ± 0.07, and
1.53± 0.20 ng ml−1, respectively. In comparison, the
concentration of perforin, granzyme A and granzyme
B in 100 µg ml−1 EVs-B was 1.48± 0.06, 1.31± 0.05,
and 1.59 ± 0.13 ng ml−1, respectively. There was no
significant difference in the concentration of these
three proteins in EVs produced in static culture or
SMB (figure 6(G)). These results indicated that the
shaking culture conditions maintained the EV mor-
phology, structure and constitution.
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Figure 6. Characterization of NK-92MI derived EVs from static culture or SMB (20 rpm). (A) Representative TEM images of
EVs-S (I) or EVs-B (II). The boxes are magnified to show typical EVs. (B) Mean size of EVs-S and EVs-B measured using NTA
(n= 3). (C) NTA analysis of the size distribution of EVs-S (I) and EVs-B (II) in 200 µl PBS. Five videos were captured from each
sample for EV analysis. (D) Western blot analysis of isolated NK-92MI-derived EVs and their parental cells from static culture or
SMB, in which 30 µg of protein was loaded in each lane and probed with antibodies against CD63, Calnexin, HSC70 and Tsg101.
(E) Top 20 proteins identified by LC–MS/MS of EVs derived from NK-92MI cells generated through static culture or SMB.
(F) Venn diagram showing the protein content identified in EVs-S and EVs-B. (G) Concentration of perforin (PRF), granzyme A
(Gzm-A) and B (Gzm-B) in EV samples (static culture and SMB) measured using ELISA (n= 3). Data are presented as
mean± SD.

3.7. In vitro anti-cancer efficacy of
NK-92MI-derived EVs in SMB
NK-92MI EVs are characterized by their wide range
of anti-cancer efficacy and high specificity to cancer
apoptosis [41]. To investigate the anti-tumor effects of
NK-92MI EVs-B compared with their static counter-
part, 9 µg EVs-B or EVs-S were cultured with B16F10

cells, and 0 µg treatment served as a negative con-
trol (figures 7(A) and (B)). Compared to the negative
control, the cell viability of B16F10 cells treated with
EVs-S was 71.78 ± 4.51%, which was comparable to
that treated with EVs-B (72.75 ± 3.50%). These data
indicated that both types of EVs exerted comparable
anti-tumor efficacy on B16F10 cells.
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Figure 7. Tumor killing effect of NK-92MI-derived EVs under 2D condition. (A) Live/dead staining images of A375 after
incubation for 5 h with 9 µg NK EVs-S or EVs-B (n= 3). Live and dead cells are shown in green and red, respectively. Scale
bar= 200 µm. (B) Cell viability of A375 analyzed using ImageJ (n= 5). (C) Analysis of apoptosis induced by NK-92MI-derived
EVs (0 or 9 µg) in A375, B16F10, and HepG2 (n= 3). (D) Detection of apoptosis in A375, B16F10 and HepG2 after coculture
with or without 9 µg NK-92MI EVs using flow cytometry. (E) Viability of HepG2 cells treated with 9 or 0 (control) µg FB EVs for
1.5, 5 or 12 h (n= 3). (F) Inhibition effect of 9 µg NK-92MI EVs on cell viability of non-tumor liver cells (HepLL) and liver
cancer cells (HepG2) (n= 3). Data are presented as mean± SD. ∗∗ indicates p < 0.01.

To further assess the anti-tumor efficacy of EVs-
B, three tumor cell lines (A375, B16F10 and HepG2
cells) were incubated with or without EVs for 5 h.
Flow cytometry results showed that with EV treat-
ment, the proportion of apoptotic cells among
B16F10, A375, or HepG2 cells (31.06 ± 1.75%,
34.40 ± 1.59% and 13.96 ± 2.71%, respectively) was
significantly higher than that without EV treatment
(1.45 ± 0.60%, 0.93 ± 0.09%, and 1.35 ± 0.37%,
respectively) (figures 7(C) and (D)). These results

were further supported by Live/Dead staining and
CCK-8 assay both under 2D (on 96 well plates)
and 3D conditions (in GelMA hydrogels) (figure S5
and S6). Of note, the tumor killing efficacy was not
caused by the high density of EVs, since the viab-
ility of HepG2 was not affected by the addition of
FB-derived EVs (figure 7(E)). To further understand
whether the killing efficacy of EVs-B was specific
for tumor cells, HepG2 cells (liver cancer cells) and
HepLL cells (non-tumor liver cells) were treated with
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9 µg EVs-B for 1.5, 5 and 12 h. The cell viabil-
ity of HepG2 cells was significantly inhibited after
EV treatment, and the inhibition percentage was
16.83 ± 5.19%, 12.58 ± 5.07%, and 6.16 ± 2.01%,
respectively (figure 7(F)). In comparison, negligible
inhibition percentage (0.33 ± 0.15%, 0.95 ± 0.21%,
and 1.01 ± 0.82%, respectively, figure 7(F)) was
observed on HepLL cells, indicating that the EVs-B
have a specific tumor-killing effect. The above results
demonstrated that EVs-B have specific tumor-killing
effect on multiple tumor cells under both 2D and 3D
culture conditions.

3.8. In vivo anti-cancer efficacy of NK EVs
produced in SMB
The therapeutic effect of EVs produced in SMB was
investigated through in situ injection of EVs into
nude mice grafted with human-derived melanoma
(figures 8 and S7). The A375-bearing nude mice
were treated with 20 µg EVs at the tumor site every
two days or with an equal volume of 0.9% sodium
chloride (NaCl) (n = 6). A significant difference in
the tumor size was observed from day 7 to 17; the
tumor volume in the EV-treated group was signific-
antly smaller than that in the control group (p < 0.05,
figure 8(A)). On day 17, the tumor volume in the EV-
treated group was 370.96 ± 200.27 mm3, while the
tumor volume in the control group was much larger
(637.00± 95.64 mm3) (figure 8(A)). In addition, the
tumor weight in the EV-treated group (0.20± 0.10 g)
was significantly lower than that in the control group
(0.42 ± 0.07 g) on day 17 (mean ± SD, p < 0.01,
figures 8(B(I, II))). Of note, during the entire animal
study, the body weight of mice in the EV-treated
group showed no significant difference from the con-
trol group, indicating that the NK EVs had no det-
rimental effect on the growth of nude mice. Taken
together, the NK EVs produced in SMB were not only
safe for administration to mice, but also effective in
suppressing human melanoma.

The tumor-suppression effect of NK EVs pro-
duced in SMB was further evaluated via analysis of
tumor tissues. The hematoxylin and eosin (H&E)
staining results showed that the cell density in NK
EV-treated tumor was significantly lower than the
control tumor (figures 8(C) and (D(I))). In addi-
tion, NK EVs significantly downregulated the expres-
sion of Ki67 (a proliferation-associated antigen) and
a proliferating cell nuclear antigen (PCNA) in tumors
(figure 8(C)). The immunohistochemistry (IHC)
staining results showed that 55.19% of tumor cells
were Ki67 positive and 93.40% were PCNA positive
in the control group, whereas only 34.41% of tumor
cells were Ki67 positive and 78.50% were PCNA pos-
itive in the EV-treated group (figures 8(D(II, III))).
Furthermore, based on the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) res-
ults, NK EVs were effective in inducing apoptosis in
29.17% tumor cells, whereas no evident apoptotic

cells were observed in the control group (figures 8(C)
and (D(IV))). These results indicated that the NK
EVs produced in SMB could substantially suppress
tumor growth via inhibiting their proliferation and
inducing apoptosis in tumor cells in vivo. Altogether,
the in vitro and in vivo anti-cancer efficacy results
demonstrated that the shaking culture condition did
not exert detrimental effect on the biological function
of produced EVs.

4. Discussion

EVs have increasingly become an important research
avenue in translational medicine, and they have been
recently used as a new therapeutic platform for tis-
sue regeneration [42], neurodegenerative diseases
[43, 44], and cancer [45, 46]. However, inefficiency of
their generation in cells have dampened their devel-
opment in both basic research and clinical transla-
tion. Mechanical forces play a vital role in a wide
range of cellular activities including EV biogenesis
[21–23, 47–49]. Bearing this in mind, we developed
a custom-designed SMB and studied howmechanical
stimulation arising from controlled fluid flow affected
EV biogenesis in SMB. The mathematical simulation
results clearly suggested that this SMB system can be
used to induce mechanical stimulations on cells in a
controlled manner. Indeed, the mechanical stimula-
tion triggered the enhancement of the cellular biogen-
esis of NK EVs. This increased cellular biogenesis may
be due to the increased tension of the cell membrane
induced by mechanical forces. When NK cells were
cultured under dynamic flow conditions in SMB, the
folds and blebs on the cell membrane may become
flattened, leading to the depletion ofmembrane reser-
voir and increased membrane tension [50, 51]. As
a result, trafficking and exocytosis may be activated
in cells to restore the membrane reservoir [52, 53],
whichmay ultimately lead to the increased biogenesis
of EVs in SMB. In this study, the velocity, turbulence
and shear stress were altered together for increased
EV production. However, the individual role of velo-
city, turbulence and shear stress on cell culture and
EV production would be ideally further explored to
better understand EV biogenesis under single mech-
anical stimulations.

The SMB can efficiently enhance the biogenesis
of NK EVs. Over a 11 days’ production period at the
optimized shaking speed and medium flow rate, the
total production of NK-92MI EVs in SMB reached
up to 2 × 1011 particles which could support a treat-
ment of NK EVs on seven mice for 17 d, and this pro-
duction was significantly higher than that produced
in flasks (2.74 ± 0.89 × 1010 particles). The produc-
tion of EVs in SMB could be further scaled out by
replacing the culture medium in the medium reser-
voir with continuous long-term refreshing cell cul-
ture medium. Under flow conditions in SMB, meta-
bolic waste generated by cells can be removed from
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Figure 8. Therapeutic effect of NK-92MI-derived EVs on human-derived melanoma in mice. (A) Comparison of the tumor
volume in mice treated with or without EVs. The mice were injected with 20 µg NK-92MI EVs or an equal volume of 0.9% NaCl
every two days (starting from day 1) (n= 6). (B) Size (I) and weight (II) of melanoma tumors harvested from the EV-treated and
control group on day 17. (C) Representative images of H&E, IHC and TUNEL staining of tumor tissues from the two groups.
(D) (I) Analysis of the percentage of tumor cells via H&E staining (n= 6). (II) Assessment of Ki67 positive cells in tumors
(n= 6). (III) Assessment of PCNA positive cells in tumors (n= 6). (IV) Analysis of the percentage of apoptotic cells in tumor
tissue via TUNEL staining (n= 6). Data are presented as mean± SD. ∗ indicates p < 0.05, and ∗∗ indicates p < 0.01.

the upper chamber, and sufficient nutrient can be
supplied by circulatingmedium across the PETmem-
brane in SMB. In addition, most cells were trapped
in the upper chamber (figure S8) while EVs could
traverse the membrane between the upper and the
lower chamber of the culture device and accumu-
late in the medium reservoir due to the small size of
EVs. These factors lay the foundation for long-term
EV production in SMB by increasing the working
volume. As a result, scalable EV production could be

achieved through extended culture period in SMB.
Moreover, the cell density can be potentially increased
for enhancing EV production in SMB owing to effi-
cient mass exchange via diffusion under flow cell cul-
ture condition. As such, this SMB potentially allows
for enhanced EV production at higher cell density.
Altogether, our SMB is not only able to scale out EV
production by increasing the EV production per cell,
but also permits scalable EV production by increas-
ing the working volume of cell culture medium and
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cell density during the continuous flow-based cell
culture.

SMB was found able to increase the EV pro-
duction per cell and allowed for scalable EV pro-
duction, while maintaining the structure and func-
tion of EVs. NK EVs, produced in either dynamic
or static manner, were shown to share similar mor-
phology (figures 6(A)–(C)) and key tumor-killing
factor profile (figure 6(G)), as well as to exert similar
therapeutic effects on melanoma cells in 2D in vitro
experiments (figures 7(A) and (B)). Furthermore, we
demonstrated the capability of NK EVs produced
under mechanical stimulations to kill cancer cells
in vitro and suppress tumor growth in vivo. Never-
theless, it should be borne in mind that mechanical
stimulation might alter the expression of some key
proteins which regulate signaling pathways and lead
to bioactive changes [24, 25].

The ability to produce high quantity and high
quality EVs endows SMB with a potential wide usage
in EV- based research. In this study, our SMB was
applied to produce human derived NK EVs for an
allogenic treatment on nude mice. Administration of
allogeneic NK EVs is practical for clinical transla-
tion, as the NK cell line is easy to obtain. Particu-
larly, the administration of allogeneic NK cells has
proven clinically safe in patients for anti-tumor ther-
apy [54–58]. Although administration of autologous
NK EVs might not be always available due to the dis-
eased conditions in patients, it is the prime choice for
patient treatment. In this case, the number ofNK cells
extracted frompatients is generally limited [59].With
mechanical stimulation under a dynamic culture con-
dition, cells at a relatively low density can maintain
their viability and demonstrate enhanced EV produc-
tion. Thus, our SMB would be valuable for autolog-
ous NK EV production. In addition to allogeneic and
autologous NK cells, there is a myriad of applications
that calls for efficient production of high quality EVs
for research or clinical therapy. For example, SMB can
be potentially used in producing EVs derived from
gene-modifiedNK cells, where neuron-specific rabies
virus glycoprotein (RVG) peptides are expressed, for
treatment of glioma [60].

5. Conclusion

In this study, we developed a novel see-saw motion
bioreactor based on continuous mechanical stimula-
tion (e.g. shear stress and turbulence) arising from
controlled fluidic flow to increase the efficiency of EV
generation in cells in a scale-out manner. The SMB
significantly enhanced the EV biogenesis inNK-92MI
cells, and the efficiency of EVproduction inNK-92MI
cells substantially increased up to 438 ± 50 particles
per cell per day, compared to traditional flask cul-
ture (229± 74 particles per cell per day). In addition,
the total production reached up to 2 × 1011 particles
over a 11 day culture period. Most importantly, the

NK derived EVs in the SMB was found comparable
to those generated through static culture in terms of
morphology, structure, and function, despite the dif-
ferences in the protein constitution; they also clearly
demonstrated cancer-killing effects both in vitro and
in vivo. To facilitate EV-based research, our systemcan
be adapted and scaled up to several orders of mag-
nitude when considering key parameters such as flow
rate, cell type, cell density, mass exchange between
culture chambers andmedium reservoir, etc. This will
facilitate the exploration of EV-related basic research
and clinical translation.
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