
R
es

ea
rc

h 
Ar

tic
le

Comparison  of  extruded  cell  nanovesicles  and  exosomes  in  their
molecular cargos and regenerative potentials

Xianyun Wang1,2,3,4,5,6, Shiqi Hu5,6, Dashuai Zhu5,6, Junlang Li5,6, Ke Cheng5,6 (✉), and Gang Liu1,3,4 (✉)

1  Department of Cardiology, The First Hospital of Hebei Medical University, Shijiazhuang 050000, China
2  Scientific Research Data Center, The First Hospital of Hebei Medical University, Shijiazhuang 050000, China
3  Hebei Key Laboratory of Cardiac Injury Repair Mechanism Study, Shijiazhuang 050000, China
4  Hebei International Joint Research Center for Structural Heart Disease, Shijiazhuang 050000, China
5  Department of Molecular Biomedical Science, North Carolina State University, Raleigh 27607, North Carolina, USA
6  Department of Biomedical Engineering, University of North Carolina, Chapel Hill and North Carolina State University, Raleigh 27607, North

Carolina, USA
 

© Tsinghua University Press 2023
Received: 2 August 2022 / Revised: 30 November 2022 / Accepted: 3 December 2022

ABSTRACT
Extracellular  vesicles  (EVs)  generated  from  mesenchymal  stem  cells  (MSCs)  play  an  essential  role  in  modulating  cell–cell
communication  and tissue regeneration.  The clinical  translation  of  EVs is  constrained by  the  poor  yield  of  EVs.  Extrusion has
recently  become  an  effective  technique  for  producing  a  large  scale  of  nanovesicles  (NVs).  In  this  study,  we  systematically
compared MSC NVs (from extrusion) and EVs (from natural secretion). Proteomics and RNA sequencing data revealed that NVs
resemble MSCs more closely  than EVs.  Additionally,  microRNAs in  NVs are related to  cardiac repair,  fibrosis  repression,  and
angiogenesis.  Lastly,  intravenous  delivery  of  MSC  NVs  improved  heart  repair  and  cardiac  function  in  a  mouse  model  of
myocardial infarction.
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 1    Introduction
Mesenchymal stem cell (MSC) transplantation has attracted much
attention in the treatment of myocardial infarction (MI) and other
ischemic diseases. However, the bulk of systemically administered
MSCs was  trapped in  the  lung,  then the  liver,  and ultimately  the
spleen,  scarcely  reaching the injured heart  tissue [1–4].  Paracrine
activities  have  been  discovered  to  be  the  major  regulatory
mechanism  for  MSCs  in  regulating  tissue  healing.  Extracellular
vesicles  (EVs)  are  crucial  cell–cell  communicators  in  the
secretome  of  MSCs  because  they  transmit  biomolecules  such  as
proteins,  lipids,  and  non-coding  RNA  (miRNA,  lnRNA,  and
cirRNA)  to  activate  signaling  pathways  in  target  cells  [5–9].
Injected  EVs  have  been  shown  to  support  heart  repair  by
preserving  cardiac  function,  inhibiting  fibrosis,  promoting
angiogenesis,  and  reducing  inflammation  [10–14].  However,  a
fundamental  obstacle  to  clinical  translation and mass  production
is the low yield of EVs or exosomes.

Recently,  numerous  methods  for  producing  high-quality
exosomes  in  large  quantities  have  been  reported  [15].  The
repeatable large-scale production of MSC exosomes from human
adipose  tissue  using  tangential  flow  filtration  (TFF)  has  been
proposed to treat acute kidney injury, albeit still requiring a lot of
cells  [16].  A  nano-channel-based  nanopore  biochip  technology
could  boost  exosome  synthesis  more  than  50  times  [17].  Recent
research  has  looked  into  the  manufacturing  of  large-scale  yield

nanovesicles  (NVs)  utilizing  a  lipid  extruder  (LiposoFast  LF-50,
Avastin)  [18].  This  method  can  increase  nanovesicle  production
by  more  than  11-fold.  In  a  recent  study,  the  viability  and
efficiency  of  macrophage-derived  nanovesicles  loaded  with
chemotherapeutic drugs were established [18, 19].

The similarities  between EVs and NVs were initially  identified
in  our  earlier  study,  and  the  potential  for  cardiac  healing  in
myocardial  ischemia-reperfusion  injury  was  systematically
demonstrated  [20].  However,  the  biological  molecules  and  active
ingredients of NVs and EVs were not completely compared. The
fact  that  extruded  NVs  could  activate  mitogen-activated  protein
kinase (MAPK) signaling suggested that  they contained bioactive
cargo [18].  Using  proteomics  and RNA sequencing  methods,  we
compared  the  cargos  in  NVs  and  EVs  in  this  work.  Finally,  we
looked  into  how  cardiomyocytes  internalized  NVs.  In  a  mouse
model of myocardial infarction, we also compared the therapeutic
potential of intravenous NVs and EVs.

 2    Results

 2.1    Morphology  characterization  and  quantification  of
NVs
Cell-derived nanovesicles by extrusion have been characterized by
cell  membrane  structure,  while  the  source  and  nutrition
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component have not been described. Therefore, we first prepared
NVs  following  the  schematic  (Fig. 1(a))  and  then  analyzed  the
morphology,  characterization,  and  quantification,  comparing
them  with  EVs.  A  more  similar  protein  profiling  between  NVs
and  MSCs  rather  than  EVs  and  MSCs  was  proven  by  sodium
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)
(Fig. 1(b)).

Figures 1(c) and 1(d) indicated that  NVs possessed 3.5× times
the protein content and 4 times less RNA content than EVs based
on  the  same  number  particles,  respectively.  Additionally,  quality
and  quantity  of  extracted  RNA  measured  by  a  micro-capillary
electrophoresis system showed two clear peaks of ribosomal RNA
(28 and 18 s) in the groups of NV and MSCs indicating the MSC
source  of  NVs  (Fig. 1(e)).  But  it  is  worth  noting  that  small  non-
coding  RNA  (sncRNA)  also  exists  in  the  NVs,  implying  a
potential  regulatory  function.  Lastly,  the  morphology  analyses  by
transmission  electron  microscopy  (TEM)  and  size  distribution
examination  by  nanoparticle  tracking  analysis  (NTA)  were
completed,  respectively.  It  is  shown  that  NVs  and  EVs  shared  a
similar  lipid  bilayer  membrane  structure,  but  NVs  (~  193  nm)
were  larger  than  EVs  (~  143  nm)  (Figs.  1(f) and 1(g)).  These

results indicate that NVs are readily available nanocarriers to allow
more  access  to  produce  drug-loaded  nanovesicles  for  further
application in various diseases.

 2.2    Proteomics analysis of NVs
To identify  the  protein  components,  proteomics  analysis  of  NVs
was conducted to distinguish the main source of NVs. We tested
the  NV  lysate  for  MSC  organelle  markers  (GM130  for  Golgi
apparatus, calnexin for endoplasmic reticulum), and housekeeping
proteins  (glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)
and  β-actin).  In  the  detection  of  organelle  markers,  MSCs  and
NVs had similar expression profiles,  while exosomes had a lower
expression  level  of  these  organelle  proteins  (Figs.  2(a) and 2(b)).
The  similarities  in  organelle-specific  markers  between  NVs  and
MSCs  indicated  that  the  extruded  nanovesicles  kept  the
cytoplasmic  and  cytoskeletal  components  of  the  parent  cells
through the extrusion process.  In order to detect and analyze the
cytokine profile of NV cargoes, a proteome profiler cytokine array
assay,  incorporating  53  mouse  angiogenesis-related  proteins,  was
carried  out  to  check  for  various  cytokines.  The  results  indicated
that  NVs  and  MSCs  showed  a  more  similar  protein  profiling,
while  exosomes  displayed  a  greater  abundance  of  cytokines  than
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Figure 1    Morphological characterization of nanovesicles extruded from MSCs. (a) Schematic illustration of the generation process of NVs and EVs showing that EVs
take more time and more flasks to manufacture. (b) Total protein profiles acquired through SDS-PAGE. The (c) protein and (d) RNA yields from one billion NVs or
EVs.  (e)  A  comparison  of  RNA distributions.  (f)  TEM images  showing  the  particle  size,  structure  (clear  vesicles  enclosed  in  a  phospholipid  bilayer),  and  spherical
morphology of  NVs and EVs.  (g)  Size distribution results  indicated by NTA revealed that  NVs (~ 193 nm) are larger,  on average,  than EVs (~ 143 nm).  Data are
presented as the mean ± SD of five independent biological samples. *P < 0.05, **P < 0.01, and ***P < 0.001.
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MSCs and NVs (Figs.  2(c) and 2(d)).  The position of proteins of
interest  in  the  proteome profiler  cytokine  array  and the  different
expression levels in these groups are listed in Figs. S1(a) and S1(b)
in  the  Electronic  Supplementary  Material  (ESM),  respectively.
These results implied that NV proteins inherited from MSCs may
not  be  the  most  crucial  ingredients  for  the  NVs’ therapeutic
effects.  The  similar  expression  profiles  of  organelles  and
constitutively expressed proteins between MSCs and NVs proved
that NVs kept key cytoplasmic and cytoskeletal components from
their parent cells.

To confirm whether exosomes were the major components  of
NVs,  CD63-red  fluorescent  protein  (RFP)-exosomes-green
fluorescent  protein  (GFP)-MSCs  were  constructed,  which  can
release  CD63-RFP-exosomes  (Fig. S2(a)  in  the  ESM).  We
transferred  the  tetraspanin  CD63-RFP  cyto-Tracer  into  GFP-
MSCs, and purified the population of cells  that had taken up the
RFP  tracer  successfully  (Fig. S2(b)  in  the  ESM).  Successfully
constructed  CD63-RFP-exosomes-GFP-MSCs  were  amplified,
and a small sample was analyzed with flow cytometry to confirm
the dual expression of RFP and GFP. More than 90% of cells had
dual expression (Fig. S2(c) in the ESM). In addition, attached cells
with  or  without  conditioned  medium  also  indicated  a  successful
constructed  CD63-RFP-exosomes-GFP-MSCs  (Fig. S2(d)  in  the
ESM).  Then,  MSCs  were  stained  with  CM-DiD  to  label
cytomembrane  and  were  extruded  through  filter  membranes  of
ever-decreasing pore  sizes  (5  μm,  1  μm,  and 400 nm).  The flow-
through  in  every  extrusion  step  was  collected.  The  nuclear
components of the flow-through were stained with 4',6-diamidino-

2-phenylindole  (DAPI)  (Fig. S2(e)  in  the  ESM).  The  different
colors  are  due  to  different  components:  cell  membrane  (DiD,
white), cytoplasm (GFP, green), exosomes (RFP, red), and nucleus
(DAPI,  blue).  Fluorescence  confocal  microscopy  showed  that
particles  passing  through  the  5  and  1  μm  filters  lacked  size
uniformity. However, after being extruded through a 400 nm filter
membrane,  the  resulting  nanovesicles  had  a  homogeneous  size
distribution  (100–250  nm).  Most  of  the  NVs  contained  GFP-
positive  constituents  and nuclei,  but  some nuclear  fractions  were
not surrounded by a cell membrane, which was mainly due to the
existence  of  an  endomembrane  system.  Only  a  small  fraction  of
exosomes appeared in the NVs (Fig. S2(e) in the ESM). Therefore,
it  was  confirmed  that  the  main  cytoplasmic,  nuclear,  or  genetic
components were packaged into the NVs.

 2.3    Comparative  analysis  of  mRNA  expression  in  NVs
and EVs
To  verify  if  mRNA  exists  in  the  NVs,  the  cell  membrane  was
labeled with CM-DiD dye (purple),  and mRNA was labeled with
fluorescein  isothiocyanate  (FITC) (green).  After  the  co-culture  of
NVs  and  human-derived  cardiomyocytes  (HuCMs)  for  6  and
24  h,  the  green  fluorescence  intensity  showed  much  stronger
signals  in  the  NV  group  than  in  the  EV  group  (Figs.  3(a) and
3(b)),  indicating  the  potential  value  of  NVs  for  mRNA  drug
delivery  [9, 21].  mRNA  sequencing  was  further  conducted  to
verify  that  the  transcripts  were  intact  rather  than  fragmented  or
damaged  mRNA  in  the  NVs  (Figs.  3(c) and 3(d)).  Heat  map
analysis  of  differently  expressed  transcripts  indicated  a  similar
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Figure 2    Comparative analysis of major protein components in NVs, EVs, and MSCs. (a) and (b) The expression levels of organelle proteins (GM130 for the Golgi
apparatus  and calnexin  for  the  endoplasmic  reticulum) and housekeeping  proteins  (GAPDH and β-actin)  were  analyzed  by  Western  blotting.  (c)  Cytokine  arrays,
incorporating 53 proteins, showing the differences in cytokine profiles. (d) Distribution and expression abundance for the cytokines. Data are present as the mean ± SD
of three independent biological samples. *P < 0.05, **P < 0.01, and ***P < 0.001.
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transcription  profile  between  MSCs  and  NVs  (Fig. 3(e)).  Next,
differential gene expression was displayed in heat map (Fig. S3 in
the  ESM).  Together,  the  mRNA-seq  data  indicated  that  NV
cargoes  were  directly  derived  from  the  parent  cell  components
throughout  the  extrusion  process.  Although  a  small  fraction  of
mRNA  is  packaged  into  EVs  through  exosome  budding  and
releasing, mRNA is not the major content of exosomes. Therefore,
this  discovery  may  contribute  to  the  design  and  production  of
therapeutic  mRNA  being  delivered  by  NVs  to  treat  various
diseases.

 2.4    MicroRNA sequencing analysis for NVs and EVs
Proteomics and mRNA-seq data have confirmed a high similarity
between  MSCs  and  NVs,  while  the  components  for  exertion  of
function by NVs have not  yet  been demonstrated.  Accumulating
evidence has suggested that exosomes carry various cytokines and
nucleic  acids,  including  microRNAs,  long  noncoding  RNA,  and
mRNA. All of these components help to regulate cell growth and
biological  metabolism  [11, 22, 23].  Therefore,  we  investigated
whether NVs contain noncoding RNAs. To further investigate the
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Figure 3    Comparison of mRNAs in NVs, MSCs, and EVs. (a) and (b) FITC tagged mRNA contents in DiD-labeled NVs or EVs were detected after coculture with
HuCMs for 6 and 24 h. (c) Analysis of transcript content and (d) the number of differentially expressed transcripts. (e) Heatmap clustering analysis of the differential
expressions of transcripts. Data are presented as the mean ± SD of three independent biological samples in (a). *P < 0.05.
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differentially  expressed  miRNAs,  miRNA  sequencing  was
conducted  on  NV,  EV,  and  MSC.  miRNA  expression  profiles
were analyzed and compared among the three  groups (Figs.  4(a)
and 4(b)). The Venn diagram of detected miRNAs is displayed in
Fig. 4(c) and the differential expression characteristics are analyzed
by  volcano  plot  in Fig. 4(d).  Additionally,  the  differentially

expressed  miRNAs  were  identified  by  heatmap  (Figs.  4(e) and
4(f)),  which  showed  that  exosomes  highly  expressed  some
miRNAs  such  as  miR-192-5p,  miR-23a-3p,  miR-182-5p,  miR-
148a-3p,  miR-99a-5p,  miR-10a-5p,  and  miR-100-5p.  However,
MSCs and NVs shared the highly similar expressed miRNAs. The
miRNAs  retained  by  NVs,  like  miR-690  (regulates  mesenchymal
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Figure 4    Comparison of microRNAs in NV, MSC, and EV. (a) and (b) The relative abundance of different types of RNA, especially small  noncoding RNA, were
displayed. The (c) Venn diagram and (d) the Volcano plot analysis of the differentially expressed microRNAs. (e) and (f) Heatmap clustering analysis of the differential
expression of  microRNAs.  Each group’s  microRNA sequencing  showed 2  distinct  biological  repeats.  No-diff:  no  difference;  rRNA:  ribosome RNA;  tRNA:  transfer
RNA; snRNA: small nuclear RNA; snoRNA: small nucleolar RNA.
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stem  cell-induced  angiogenesis),  miR221-3p  (promotes  cell
proliferation,  is  cardioprotective,  and  inhibits  fibrosis),  miR-31a-
5p  (promotes  postnatal  cardiomyocyte  proliferation),  miR-222
(induces  cardiomyocyte  growth  and  proliferation),  Let-7d-3p
(cardiac  protection),  and  miR-93-5p  (attenuates  cardiac  damage)
were considered to be the major factors in cardiac protection after
they  were  internalized  by  several  heart  cells.  These  results
demonstrated  that  NVs  contain  a  certain  amount  of  noncoding
RNA from their parent cells.

 2.5    Internalization of NVs by cardiomyocytes
Due  to  the  highly  expressed  miRNAs  in  the  extruded  NVs,
internalization  of  the  NVs  by  different  types  of  cardiomyocytes
was performed for further functional testing. Thus, the absorbing
capacity  of  NVs by cardiomyocytes,  including the H9C2 cell  line
and  HuCM,  was  first  evaluated  by  flow  cytometry.  We  treated
cardiomyocytes  with  NVs  and  EVs  for  1,  3,  and  6  h.  Flow
cytometry showed a higher internalization ratio of EVs than NVs
at 1 h but quite an equal uptake level between NVs and EVs after
3  h  (Figs.  5(a)–5(c)).  How  NVs  were  internalized  by  these
cardiomyocytes  was  further  verified  by  pretreating  these  cells  for
1  h  with  diverse  endocytosis  blockers  before  adding  NVs.  The
endocytosis inhibitors applied here were cytochalasin D (Cyto D,
repressor  of  actin  polymerization),  chlorpromazine  (CHL,
targeting  clathrin-mediated  endocytosis),  dynasore  (DYN,
inhibitor  of  dynamin),  amiloride  (AMI,  targeting  Na+/H+ pump
related macropinocytosis), and filipin (FIL, inhibitor of cholesterol

synthesis).  Flow  cytometry  analysis  (Figs.  5(d) and 5(e))  showed
that DYN and Cyto D obviously inhibited the internalization ratio
of  NVs  in  both  H9C2  and  HuCM.  These  results  demonstrated
that  NVs’ internalization  by  cardiomyocytes  mainly  depends  on
dynamin and actin polymerization pathways.

 2.6    Protective effects of NVs on oxidative stress-induced
cardiomyocyte injury
The  cardioprotective  role  of  MSCs  or  MSC-exosomes  against
oxidative  stress-induced  myocardial  cell  apoptosis  and  reactive
oxygen  species  (ROS)  injury  has  been  demonstrated  in  previous
reports  [24, 25].  Thus,  we  hypothesized  that  NVs  derived  from
MSCs via extrusion might possess the effects of anti-apoptosis and
anti-oxidative  and  anti-mitochondrial  damage  under  hydrogen
peroxide stimulation.

The  generation  of  ROS  is  regarded  as  one  of  the  most
important causes of myocardial ischemia injury, and an oxidative
stress injury model in cultured cardiomyocytes was established by
treating  cells  with  50  μM  tert-butyl  hydrogen  peroxide  (TBHP)
(ROS model) or 1 mM hydrogen peroxide (cell apoptotic model)
for  4  h.  Flow  cytometry  was  conducted  to  analyze  the  levels  of
apoptotic  cells,  cellular  ROS,  and  mitochondrial  membrane
potential. The results revealed that pretreatment with NVs or EVs
for 3 h can significantly inhibit cell apoptosis (Figs. 6(a) and 6(b)),
decrease  ROS  production  (Figs.  6(c) and 6(d)),  and  reduce
aggregate/monomer  (A/M)  ratios  (Figs.  6(e) and 6(f))  in  H9C2.
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Figure 5    Internalization mechanisms of NVs by cardiomyocytes. (a)–(c) The absorptive capacities of NVs and EVs by H9C2 and HuCM were measured at different
time periods (1,  3,  and 6 h),  respectively.  (d) and (e) The molecular mechanisms of cellular internalization were evaluated by using different endocytosis inhibitors,
including CHL, AMI, DYN, Cyto D, and FIL. Data are presented as the mean ± SD of three independent biological samples. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figures  S4(a)  and  S4(b)  in  the  ESM  indicated  a  significant
decrease in ROS level  in HuCMs after  being precultured with 10
or  50  μg/mL  NVs  for  3  h.  10  or  50  μg/mL  NVs  could  also
promote the proliferation of HuCMs after coculture for 48 h (Fig.
S4(a)  in  the  ESM).  In  summary,  NVs  can  serve  as  a  therapeutic
agent  to  protect  cardiomyocytes  against  oxidative  stress-induced
apoptosis,  ROS  generation,  and  mitochondrial  damage  and  to
promote cardiomyocyte proliferation.

 2.7    Therapeutic benefits of NV infusion
In  order  to  evaluate  the  cardiac  protective  effect  of  NVs  in
myocardial  infarction,  20  μg  NVs  or  EVs  were  intravenously
administrated  to  mice  with  myocardial  infarction.  28  days  after
treatment,  cardiac  function  was  evaluated  by  ultrasonic

cardiogram  (UC)  and  infarcted  size  was  measured  by  Masson’s
trichome staining. Masson’s trichrome staining showed significant
decrease in infarcted size in both NV and EV groups compared to
the  meiosis  I  (MI)  control  group  (Figs.  7(b) and 7(c)).  The  UC
results (Fig. 7(d)) revealed a significant increase in left  ventricular
ejection fraction (LVEF, %) (Fig. 7(e)) and left ventricular fraction
shortening  (LVFS,  %)  (Fig. 7(f)),  an  obvious  decrease  of  left
ventricular  end-diastolic  volume  (LVEDv,  μL)  (Fig. 7(g)),  left
ventricular  end-systolic  volume  (LVESv,  μL)  (Fig. 7(h)),  left
ventricular end-diastolic dimension (LVEDd, mm) (Fig. 7(i)), and
left  ventricular  end-systolic  dimension  (LVESd,  mm)  (Fig. 7(j))
both in the EV and NV group.  However,  there was no statistical
significance  between  the  NV  and  EV  groups  except  for  the
LVESd.  Additionally,  the  toxicity  of  NVs  was  tested  by  serum
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Figure 6    The protective role of NVs against oxidative stress-induced cardiomyocyte injury. After pretreatment with a concentration gradient of NVs or EVs (2, 10,
50 μg/μL) for 6 h, H9C2 were subjected to 50 μM TBHP or 1 mM hydrogen peroxide (cell apoptotic model) for 4 h. (a) and (b) Flow cytometry was performed to
analyze  survival  cell  ratio  (Annexin  V/PI  double  staining),  cellular  ROS  level  (dich  lorofluorescin  (DCF)  fluorescence),  and  ((e)  and  (f))  mitochondrial  membrane
(tested by JC-1 assay) potential by counting A/M ratio. Data are presented as the mean ± SD of three independent biological samples. * P < 0.05.
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alanine aminotransferase (ALT) (Fig. 7(k)), aspartate transaminase
(AST)  (Fig. 7(l))  (for  liver  functions),  and  blood  urea  nitrogen
(BUN)  (Fig. 7(m))  levels  (for  kidney  functions),  revealing  no
hepatic or renal function impairment after NV therapy. Therefore,
the  cardiac  restoration  mechanism of  tail-injected  NVs  might  be
mainly attributed to the immunoregulation role of NVs which will
be studied in our future research.

 3    Discussion

MSCs have been broadly applied in basic and clinical research to
benefit  damaged  heart,  but  the  lack  of  efficacy  and  poor
engraftment in the heart, and the concerns of tumorigenicity and
immunological rejection severely limited further development and
translation [26, 27]. MSC-derived exosomes have been considered
the  most  crucial  component  for  functional  regulation  of  the
injured  heart  through  promoting  cardiac  preservation  and
angiogenesis, and inhibiting cardiac fibrosis and inflammation [28,
29]. However, the low yields, poor quality, and time consumption
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Figure 7    Therapeutic  benefits  of  intravenous  NV  infusion  in  a  mouse  model  of  acute  MI.  (a)  Schematic  showing  tail  vein  injection  of  NVs.  (b)  Representative
Masson’s trichrome staining images of control (PBS-treated MI mouse) and therapeutic groups (NVs-treated MI mouse, EVs-treated MI mouse) (Scale bar = 1 mm),
and (c) the quantification of infarct sizes. (d) Representative long-axis echocardiography images were taken to evaluate the cardiac function improvement. (e) LVEF, (f)
FS, (g) LVEDd, (h) LVESd, (i) LVEDv, and (j) LVESv were quantified respectively. The serum (k) ALT, (l) AST, and (m) BUN levels were respectively displayed. Data
are presented as mean ± SD of 3–5 independent biological replicates. ns, no significance. * P < 0.05, ** P < 0.01.
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of  MSC  exosome  isolation  severely  limit  the  translational
application  of  exosomes  [19, 30].  To  overcome  these
disadvantages,  large-scaled  nanovesicles  with  intracellular
components achieved by extrusion were explored and the effective
cargos and biological function were investigated in this research.

The  NVs  produced  by  cell  extrusion  through  different
nanopore-sized  polycarbonate  membranes  are  identified  to  have
cell  membrane  structure  by  TEM  imaging.  which  is  consistent
with  the  previous  study  [18, 31].  NV  manufacturing  by  lipid
extruder may produce more than 20 times as  many NVs as  EVs
from  similar  amount  of  cells  [21],  which  surpassed  the
approximately 2-fold yield of the previous study [18]. In addition,
one cell can give rise to more than 2500 nanoparticles in less than
1 h, while EVs take several days from cell culture to isolation. The
quantitative  analysis  of  protein  expression  profile  and  RNA
content  in Fig. 1 confirmed  more  similarity  between  NVs  and
MSCs  than  between  EVs  and  MSCs.  The  proteome  profiler
cytokine  array  (Fig. 2)  and  mRNA  sequencing  (Fig. 3)  furtherly
revealed  that  NVs  inherited  a  certain  amount  of  nutritional
ingredients  from  the  MSC  parent.  The  manufacturing  feasibility
and  high  productivity,  coupled  with  the  stability  and  therapeutic
efficacy of NVs, make them an ideal cell-free therapy candidate.

Up to now, although NVs produced by LF-50 have been shown
to  activate  MAPK1/2-regulated  kinase  and  have  the  ability  to
transfer  mRNAs  [18],  the  function  of  noncoding  components,
especially  the  microRNAs,  was  not  clear.  Exosomes  have  been
proven  to  serve  as “messengers” by  delivering  exosomal  cargo
including  microRNAs,  long  noncoding  RNA,  mRNA,  and  also
cytokines to target cells. After being internalized by recipient cells,
the  beneficial  factors  encapsulated  in  exosomes  help  to  regulate
tissue repair and biological metabolism [11, 23]. To determine the
intracellular  component  in  NVs  responsible  for  the  therapeutic
efficacy, the proteome cytokine array test, mRNA, and microRNA
sequencing  were  performed.  Consistent  with  our  assumptions,
NVs inherited  a  large  number  of  parent  cell-derived protein  and
miRNAs.

The  differentially  expressed  miRNAs  revealed  by  miRNA
sequencing provide important data support for further functional
verification. The differently expressed miRNAs like miR-221, miR-
222,  let-7d-3p,  and  miR-93-5p  have  been  disclosed  via  miRNA
sequencing.  It  has  been  reported  that  miR-93-5p  can  protect
H9C2  cells  from  hypoxia-induced  cell  injury  by  targeting
inhibition  of  Atg7-mediated  autophagy  and  TLR-4-mediated
inflammatory  response  [32].  miR-221  showed  cardio-protection
through  driving  cardiomyocyte  survival  and  inhibiting  fibroblast
activation  to  improve  cardiac  function  and  reduce  cardiac
remodeling  post-MI  [33].  miR-222  has  also  been  found  as  a
necessary factor for adult mammalian cardiomyocyte proliferation
to  restrain  heart  remodeling  [34].  Overexpression  of  let-7d-3p
could  reduce  cell  apoptosis  to  promote  cell  survival  by  targeting
HMGA2 under  hypoxic  conditions  [35].  miR-93-5p  was  verified
to  suppress  hypoxia-induced  autophagy  and  inflammatory
cytokine  expression  by  targeting  Atg7  and  toll-like  receptor  4
(TLR4)  [32].  These  functional  miRNAs  endow  NVs  to  preserve
cardiomyocytes  through  anti-apoptosis,  oxidation  resistance,  and
pro-proliferation  as  shown  in  this  study  (Fig. 4).  Therefore,  it  is
believed  that  the  extrusion  method  will  open  a  new  therapeutic
avenue to fight against heart damage induced by acute myocardial
ischemia.

During the cell  extrusion procedure, the lipid bilayer begins to
self-assemble  in  an  effort  to  stop  the  leakage  of  DNA  and  other
components [36].  As shown in Fig. S1 in the ESM, the abundant
DNA was packaged to NVs by extrusion,  which was detected by
DAPI  staining.  However,  no  proinflammatory  effect  of  NVs  was
seen  [20].  By  utilizing  this  capability,  we  can  create  gene-based

drugs for precision medicine in the future.
In  order  to  verify  the  cardiac  protection  of  NVs  in  MI,  two

cardiomyocyte  cell  lines  (H9C2  and  HuCM)  were  utilized  to
demonstrate the antioxidant stress and anti-apoptosis role of NVs.
First,  the internalization of NVs by cardiomyocytes was tested by
flow  cytometry  which  indicated  that  NVs  could  be  effectively
absorbed  by  H9C2  and  HuCM,  which  will  form  an  important
basis for further functional verification in vivo [18].

However,  there  has  been  a  lack  of  consensus  on  the
internalization mechanisms and uptake selectivity of nanovesicles,
which is  dependent on a number of variables such as the source,
size,  and  surface  charge  of  the  vesicles  [37–39].  Although  some
studies  suggested  that  all  cell  types  can  internalize  EVs,  others
proved  that  recipient  cells  preferentially  import  EVs  that
originated  from  themselves  [40, 41].  Additionally,  recipient  cells
exhibit  quicker  absorption  of  EVs  smaller  than  100  nm  [42]  .
Thus, NVs’ early slower uptake could be due to their larger sizes.
Future  research  is  needed  to  examine  the  uptake  selectivity  and
specificity of NVs to enhance their therapeutic application.

Next,  cardiac  preservation  function  of  NVs  against  oxidative
stress-induced  cell  apoptosis,  ROS  stress,  and  mitochondrial
damage  were  studied  (Fig. 6 and Fig. S4  in  the  ESM).  Although
the  myocardial  protective  function  has  been  provisionally
confirmed,  more  research  is  still  needed  to  fully  understand  the
potential role of NVs’ endosomal escape mechanism in enhancing
therapeutic  efficacy  [43–45].  Future  functional  improvement  can
be  achieved  by  designing  pH-activated  NVs  with  endosomal
escape  properties  [44].  In  addition,  endosomal  escape  is  not  an
issue  when  the  uptake  mechanism  is  cell-NV  fusion  instead  of
endocytosis. Therefore, these results primarily confirmed that NVs
possess  the  ability  to  protect  cardiomyocytes  from  myocardial
ischemia  injury,  which  provided  important  support  for  further
functional verification in the MI model experiment.

To  prove  the  repair  effect  of  NVs  in  ischemia-induced
myocardial injury, NVs were intravenously delivered through the
tail  vein.  Four  weeks  after  NV  treatment,  echocardiography
revealed a clear rise in LVEF and FS (Fig. 7). Masson’s trichrome
staining,  meanwhile,  revealed  a  less  infarcted  size.  These  effects
could  be  credited  to  the  cardiac  protection  of  NVs  against
oxidative  stress-induced  cell  apoptosis,  elevated  ROS  and
mitochondrial  membrane abnormalities  (Fig. 6 and Fig. S4 in the
ESM).

In  conclusion,  this  study  demonstrates  that  NVs  inherit  the
main  components  necessary  for  MI  repair  from  parent  MSCs.
Intact  transcripts  and  many  beneficial  miRNAs  were  assigned  to
NVs  after  a  series  of  extrusions.  These  extruded  NVs  had  an
important  recovery  effect  in  both in vitro and in vivo studies.
Therefore,  NVs  present  a  crucial  therapy  option  as  a  cell-free
option  replacing  MSC  treatment.  Finally,  the  NVs  can  be
optimized  through  cell  membrane  or  cytoplasmic  modifications
via genetic overexpression or knock-down methods in parent cells.
This  extrusion  production  of  NVs  provides  a  robust
manufacturing  technique  for  larger  yield  and  a  more  feasible
strategy  compared  to  EVs  [46–48].  Therefore,  a  cell-free
therapeutic  strategy  from extrusion-derived  nanovesicles  may  act
as  an  effective  and  feasible  treatment  method in  the  regenerative
and translational medicine field.

 4    Materials and methods

 4.1    Cell lines
MSCs (Cyagen, MUXMX-90011), GFP-MSCs (Cyagen, MUBMX-
01101),  HuCMs  (Celprogen,  36044-15),  and  H9C2  (Sigma-
Aldrich,  88092904)  were  grown  in  Iscove’s  modified  Dulbecco’s
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medium  (IMDM)  with  10%  fetal  bovine  serum  (FBS).  The
exosome  Cyto-Tracer,  pCT-CD63-RFP  plasmid  (System
Bioscience,  CYTO120RPA-1) was transfected to MSCs with GFP
label  using  Lipofectamine™  3000  (Invitrogen,  L3000015),  which
were then subjected to flow sorting.

 4.2    Myocardial infarction model
C57BL/6 mice  (male,  aged 8  weeks)  were  acquired from Jackson
Laboratories.  All  animal  studies  were  complied  with  the
Laboratory Animal Care and Use Guide provided by the National
Institutes of Health (NIH) as well as the Institutional Animal Care
and Use Committee (IACUC) of North Carolina State University
(approved  No.:  19-811-B).  Following  intraperitoneal  infusions  of
ketamine  and  xylazine  to  induce  anesthesia,  a  myocardial
infarction  model  was  created  by  strangling  the  left  anterior
descending  branch  with  a  6-0  Vicryl  suture.  Randomly,  three
groups  of  mice  (n ≥  5)  were  divided:  MI  +  phosphate  buffered
saline  (PBS)  group  (200  μL  PBS),  MI  +  EV  group  (200  μL
suspension with 20 μg EVs, equivalent to about 1 ⊆ 109 particles
produced by ~ 2 ⊆ 106 cells for several days), and MI + NV group
(200 μL suspension with 20 μg NVs, equivalent to about 5 ⊆ 109

particles  produced  by  ~  2 ⊆ 105 cells  for  several  hours).  At  4
weeks, heart function was monitored using an echocardiography,
and  the  extent  of  the  infarct  was  determined  using  Masson’s
trichrome staining.

 4.3    Preparation of extrusion nanovesicles and exosomes
Adherent MSCs were collected after reaching 80% confluency and
given  three  PBS  buffer  washes.  Then,  PBS  was  used  to  make  a
MSC  suspension  (2.5  ×  106 cells/mL),  and  LiposoFast  LF-50
(Avastin, York, UK) was used to push MSC suspension through a
set  of  polycarbonate  membranes  with  nanopore  sizes  (5,  1,  and
0.4  μm)  (Whatman).  NVs  were  concentrated  using  a  100  kDa
centrifugal filter unit at a 3500 g centrifugal force and subsequently
filtered  using  a  0.22  μm  syringe  filter  unit.  Following  that,
morphology and biological characteristics were examined.

For  exosome  preparation,  the  cells  were  cultivated  in  IMDM
basal  medium  for  an  additional  three  days  after  the  MSC
confluence reached about 80%. First, the conditioned medium was
collected and pelleted using 5000 g of centrifugation for 5 min to
remove  cell  debris  and  apoptotic  bodies.  For  additional
microvesicle  removal,  the  supernatant  was  passed  through  a
220  nm  filter.  A  100  kDa  ultra  centrifugal  filter  was  used  to
concentrate  the  EVs  that  included  exosomes  (Merck  Millipore).
For  upcoming  experiments,  the  morphology  and  biological
characteristics were further examined.

 4.4    Characterization of nanovesicles
TEM equipment was used to characterize the morphology of NVs
and  EVs  after  they  had  been  negatively  stained  for  5  min  after
already  being  fixed  with  2%  paraformaldehyde  and  dried  on  a
TEM  grid.  After  being  adjusted  to  the  proper  concentration,
dynamic  light  scattering  measurements  (DLS)  and  NTA  were
used to analyze the size distribution of the NVs and EVs and the
membrane zeta potential, respectively.

Then,  total  RNA  quantification  using  NanoDrop  One
(ThermoFisher)  and  protein  content  determined  by  the  BCA
protein  assay  were  carried  out  for  the  NV  and  EV  groups.  The
protein  profile  was  distinguished  by  SDS-PAGE  and  then
captured by a Bio-Rad imaging system. To further determine the
source of NVs, we employed western blotting to identify the levels
of  housekeeping  proteins  GAPDH  (Invitrogen,  Proteintech),  β-
actin  (Invitrogen,  MA5-15739),  and  organelle  markers  such  as
GM130  (NOVUS  biologicals,  NBP2-53420SS)  for  the  Golgi
apparatus  and  calnexin  (Proteintech,10427-2-AP)  for  the

endoplasmic reticulum. mRNA was labeled by the RNA Labeling
kit  (System  Biosciences,  EXOGR800A-1)  following  the
manufacturer’s instruction.

 4.5    The protection role of NVs on myocardial cell line
Particularly  after  reperfusion,  ROS  generation  in  myocardial
infarction can directly harm myocardial cells, leading to cell death
or metabolic disorders. As a result, cell injury modeling of oxidant
stress  was  created  by  stimulating  H9C2 and  HuCM with  50  μM
TBHP  or  500  μM  hydrogen  peroxide  (H2O2)  for  4  h.  After
cardiomyocyte pretreatment with different concentrations of NVs
(2, 10, and 50 g/mL) or EVs (2, 10, and 50 g/mL) for 2 h, TBHP or
H2O2 stimulation  was  subsequently  performed  for  another  4  h.
The  A/M  ratio  measured  by  the  JC-1  (Invitrogen,  T3168)  assay,
the  ROS  level  calculated  by  the  cellular  ROS  assay  kit  (Abcam,
ab113851), the anti-apoptotic role level analyzed by the annexin V-
FITC/PI apoptosis kit, and the proliferation and toxicity evaluated
by  the  cell  counting  kit-8  (CCK-8)  measurement  (Abcam,
ab228554) at various time points were conducted, respectively.

 4.6    Proteome profiler cytokine array assay
Following  the  manufacturer’s  instructions,  the  proteome  profiler
cytokine array (R&D system, ARY015) with 53 protein molecules
was  used  to  assess  several  cytokines.  A  mixture  of  biotinylated
detection  antibodies  was  added  to  600–800  g  of  protein  after
30  min  of  lysis  on  ice,  and  the  mixture  was  then  incubated
overnight  with  a  proteome  profiler  cytokine  array.  The  loose
material  was  subsequently  removed  by  washing  the  membrane.
The  final  step  involved  applying  streptavidin-horseradish
peroxidase (HRP) and chemiluminescent detection, which created
a signal at  each capture location corresponding to the amount of
protein bound.

 4.7    RNA sequencing
mRNA  (poly(A)  RNA  based  sequencing)  and  microRNA
sequencing  were  completed  by  LC  Sciences  company.  Heatmap
clustering  analysis  showed  the  differentially  expressed  mRNA  or
miRNAs among the MSC, NV, and EV groups. The examination
of the volcano plot showed the up- or down-regulated mRNAs or
miRNAs (represented by red and blue plots, respectively).

 4.8    Cardiac function assessment
Each  mouse  was  subjected  to  transthoracic  echocardiography
evaluation of heart function while under isoflurane anesthesia on
Day  0  (baseline),  Day  7,  and  Day  8  post  the  MI  modeling,
respectively.  Three  measurements  for  each  were  taken.
Researchers who were blinded to the animal and group identities
examined LVEF, FS, LVEDd, LVESd, LVEDv, and LVESv.

 4.9    Internalization and the mechanism analysis of NVs
The  absorbing  capacity  of  NVs  by  H9C2  and  HuCM  was
evaluated  using  flow  cytometry.  Cells  were  taken  to  analyze  the
DiD fluorescence signal using flow cytometry after the CM-DiD-
tagged  NVs  and  these  cells  were  cocultured  for  various  time
periods  (1,  3,  and  6  h).  How  NVs  were  internalized  by  these
cardiomyocytes  was  further  investigated  using  a  variety  of
endocytosis inhibitors, such as 50 mg/mL CHL, 50 mg/mL DYN,
100  mg/mL  AMI,  1  μM  FIL,  and  10  mg/mL  Cyto  D.  After
pretreatment with these inhibitors for 1 h, NVs were added for an
additional 3 h period of co-culture.  Finally,  the CM-DiD positive
cells were collected and analyzed using flow cytometry..

 4.10    Statistical analysis
At  least  three  times  of  each  experiment  were  carried  out
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separately.  Statistical  analysis  was performed using the GraphPad
Prism program (GraphPad Software). All information is displayed
as  mean  standard  deviation  (SD).  For  all  comparisons  between
two  groups,  the  two-tailed,  unpaired  student’s t-test  was  used  to
assess the results. In order to compare more than two groups, one
ANOVA  analysis  with  post  hoc  Bonferroni  correction  was  used.
Differences were considered statistically significant when P < 0.05.
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