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Abstract

Extracellular vesicles (EVs) carry a variety of bioactive molecules and are becoming a promising alternative to cell
therapy. Scale-up EV isolation is necessary for their functional studies and biological applications, while the traditional
methods are challenged by low throughput, low yield, and potential damage. Herein, we developed an ion osmolar-
ity-driven sequential concentration-enrichment strategy (IOSCE) for the EV isolation. IOSCE is composed of a novel
superabsorbent polymers (SAPs) for EV concentration and a charged polymer for EV enrichment. Based on the driving
force of ionic osmotic pressure, IOSCE can isolate EVs on a large scale from cell culture medium. The saturated water
absorption capacity of IOSCE is 13.62 times higher than that of commercial SAPs. Compared with the ultracentrifuga-
tion method, IOSCE exhibited a 2.64 times higher yield (6.33x 1 08 particles/mL). Moreover, the mesenchymal stem
cell-derived EVs isolated using IOSCE demonstrate strong biological activity and can reduce neuroinflammation

by affecting RNA metabolism and translation processes. IOSCE provides a cost-effective, high-throughput, and low-
damage method for the scale up EV isolation, which is promising for disease diagnosis and treatment.
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Introduction

Extracellular vesicles (EVs) are small phospholipid par-
ticles secreted by most cells, ranging in diameter from
30 to 1000 nm [1]. These vesicles play important roles
in cellular regulation and material exchange, as they
actively transport proteins, nucleic acids, and lipids [2—
4]. These features make EVs not only minimally invasive
biomarkers for various diseases [5—-8] but also potential
alternative to cell therapy. For example, mesenchymal
stem cell-derived EVs (MSC-EVs) are used to treat neu-
rodegenerative diseases, due to their abundance of anti-
inflammatory and neuro-modulatory factors [9-14].

The clinical application of EVs faces significant chal-
lenges in achieving large-scale production while main-
taining their biological activities. Ongoing clinical trials
often require over 10® EVs per dose, necessitating the
collection of substantial cell culture medium (CCM) over
several months [15]. Furthermore, conventional isolation
techniques struggle to achieve large-scale enrichment of
biologically active EVs. For example, ultracentrifugation
(UC) is considered the gold standard for EV isolation, but
it is often limited by instrument capacity and the shear
forces that can damage EV membranes [16-18]. Ultrafil-
tration (UF) and polymer precipitation, which have the
potential for scale-up enrichment, suffer from membrane
clogging and protein contamination, respectively, leading
to reduced enrichment efficiency and purity [19].

The strategy of using superabsorbent polymers (SAPs)
to concentrate CCM to reduce the initial sample volume

has opened a new way to prepare EVs on a large scale
[20]. However, due to the limitation of monomer types in
the formula, the current commercial SAPs have a limited
saturated water absorption capacity (4.5 mL/g), which
restricts their concentration ability. In addition, the
employment of size exclusion chromatography (SEC) for
isolating EVs from concentrated samples entails the labo-
rious collection of over 30 fractions to select samples of
the highest purity. This approach is hindered by low effi-
ciency and universality, posing a barrier to the efficient
and large-scale isolation of EVs. Consequently, the devel-
opment of more efficacious and universal concentration
and enrichment strategies holds importance for advanc-
ing the large-scale production of EVs.

In this study, we developed an ion osmolarity-driven
sequential concentration-enrichment strategy (IOSCE)
for scale-up EV isolation, encompassing two main steps:
concentration and enrichment. During the EV concentra-
tion process, we formulated a novel composition of SAPs
and investigated the effects of crosslinking degree, salt
concentration, and pH on the concentration capability,
which lead to a saturated water absorption capacity 13.62
times greater than that of widely-used commercial SAPs.
In the EV enrichment stage, charged polymer with scal-
able potential was used to neutralize the vesicle charge
to enhance the specificity, considering the negatively
charged nature of EV surfaces. Finally, we evaluated the
biological activity of MSC-EVs obtained using IOSCE and
found that MSC-EVs could reduce neuroinflammation by
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affecting RNA metabolism and transcription, demon-
strating their potential in clinical therapy.

Materials and methods

Materials

Sodium polyacrylate (SP), N-isopropylacrylamide,
N,N’-methylene-bisacrylamide, Iodoacetamide, DL-
Dithiothreitol, Ammonium bicarbonate and urea were
obtained from Sigma. The BV2 mouse microglial cell
line was purchased from the Shanghai Zhong Qiao Xin
Zhou Biotechnology Co., Ltd. Umbilical cord MSCs
used in this study was in accordance with principles of
the Declaration of Helsinki and was approved by the
Ethics Committee of the First Affiliated Hospital of the
Dalian Medical University (registration number: PJ-KS-
KY-2023-97). Other materials and the cell culture proto-
col are given in the Supporting Information (SI), Text S1
and S2.

Preparation and evaluation of the SAPs

A series of SAPs with varying degrees of cross-linking
were synthesized as follows: 0.72 mL of acrylic acid were
added to 4 mL of deionised water, followed by the addi-
tion of 0.26 g of sodium hydroxide to adjust the solution’s
neutralisation to 65%. Next, 0.485 g of N-isopropylacryla-
mide were dissolved with full stirring at 40 °C. After that,
0.006 g of potassium persulfate and varying proportions
of cross-linking agent were added. The solution was then
stirred at 600 rpm with a temperature of 40 °C. After
complete dissolution, the temperature was subsequently
increased to 60 °C with a reduction in stirring speed to
enhance polymer chain formation and cross-linking.
As the reaction proceeded, the viscosity of the mixture
increased. The resulting gel-like substance was then sub-
jected to thermal curing at 75 °C for 5 h. Following this,
the polymer was dried at 60 °C for 24 h to remove any
residual moisture, yielding the final SAPs (Figure S1). The
evaluation protocol of SAPs is given in the SI, Text S3.

Molecular dynamics simulation

A molecular dynamics simulation was conducted by the
GROMACS 2018.8 and the OPLS-AA force field, aimed
at elucidating the chemical mechanism underlying water
absorption in SAPs [21-27]. Detailed simulation param-
eters are provided in the SI, Text S4.

MSC-EVs isolation by the IOSCE

The CCM of MSCs was centrifuged at 200 g and 2000 g
for 10 and 20 min at 4 °C, respectively. The supernatant
was filtered by 0.22 pum cellulose acetate filter. Then the
filtered liquid was concentrated by 10 mg/mL of SAPs.
The concentrated medium was mixed with 4% SP solu-
tion at a ratio of 2:1, and incubated overnight at 4 °C,

Page 3 of 13

followed by centrifuging at 10,000 g for 1 h at 4 °C. The
precipitate was then resuspended, and washed using
PBS and CaCl, on a 100 kDa ultrafiltration membrane.
The residue on the membrane was resuspended, yielding
the final MSC-EVs. MSC-EVs isolation by UC and poly-
ethylene glycol-based precipitation (PEG) are given in
the SI, Text S5 and S6. For the detailed characterization
of MSC-EVs, including nanoparticle tracking analysis
(NTA), transmission electron microscopy (TEM), protein
abundance and western blot (WB) analysis, please refer
to the SI, Text S7, S8 and S9. For further details regard-
ing scaled-up isolation of MSC-EVs by the IOSCE and
the safety and biocompatibility assessments of MSC-EVs,
please refer to the SI, Text S10 and S11.

Cell models of inflammatory response

BV2 cells were seeded in six-well plates. The control
group received no treatment. In the prevention group,
MSC-EVs (30 pg/mL) were added and incubated for 24 h,
followed by LPS (0.5 pg/mL) stimulation for 24 h. The
LPS group was stimulated with LPS (0.5 pg/mL) for 24 h.
In the MSC-EVs group, MSC-EVs (30 ug/mL) was added
and incubated for 24 h. After treatment, the cells and
CCM of each group were collected for subsequent detec-
tion. The protocols to measure the MSC-EVs internaliza-
tion, and the levels of IL-6, IL-1p and iNOS in the CCM
of each group are given in the SI, Text S12 and S13.

Proteomics and bioinformatics analysis

Protein peptides were prepared using the filter-assisted
sample pretreatment method for liquid chromatography-
mass spectrometry/mass spectrometry (LC-MS/MS)
analysis. The peptides were analysed on a SCIEX M5
MicroLC microlitre liquid chromatography coupled with
a Triple-TOF 5600+ mass spectrometer. The mass spec-
trum data for spectral library construction was retrieved
by ProteinPilot software (v.5.0.2) with built-in Paragon
algorithm. The detailed proteomic sample preparation,
LC-MS/MS analysis, Data retrieval and quantitative
analysis and bioinformatics analysis are provided in the
SI, Text S14, S15, S16 and S17.

Results

Preparation and concentration performance of SAPs

with ionic network

Volume reduction of CCM is necessary for the large-scale
isolation of EVs. SAPs can concentrate CCM by ionic
osmotic pressure-driven water absorption [20]. Water
absorption efficiency of SAPs is influenced by the size of
water channels formed by ion networks, which in turn is
affected by salt and pH. In this study, SAPs with gradi-
ent crosslinking degrees and two monomers were pre-
pared to optimize water absorption (Scheme 1, Table S1).
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Scheme 1 Schematic for an ion osmolarity-driven sequential concentration-enrichment strategy (IOSCE)

The SAPs were categorized into low (SAP-0.25, SAP-0.5,
and SAP-0.75), medium (SAP-1, SAP-2, and SAP-5), and
high (SAP-10, SAP-15, and SAP-20) crosslinked groups
based on their different crosslinking degrees. The adsorp-
tion behavior of SAPs was investigated by assessing their
water volume reduction properties. The water volume
decreased with increasing incubation time and reached a
minimum after 180 min for different crosslinking degrees
(Fig. 1A). For example, using 10 mg/mL of SAP-0.75, the
average water absorption rate was 34.07 pL/min in the
first 180 min, and between 180 and 420 min, it slowed
to 6.53 pL/min reduced to 38.67% under these condi-
tions. The saturation water absorption capacity of SAP-
0.75 was 13.62 times that of the commercial SAPs [20].
As shown in Fig. 1B, the water absorption capacity of
SAPs decreased significantly with increasing crosslinking
degrees, where low crosslinked SAPs exhibited the high-
est adsorption capacity.

Previous studies have established that the water
absorption capacity of SAPs is influenced by pH and ionic
strength [20]. In this study, the pH and salt resistance of
SAPs were enhanced by incorporating isopropylacryla-
mide into their ionic networks to copolymerize with
acrylic acid (Figure S1). The swelling degree of SAPs was
indeed affected by both pH and ionic strength (Fig. 1C
and D). In general, low crosslinked SAPs exhibited better
water absorption compared to those with medium/high

crosslinking degrees. To achieve better absorption, using
higher concentrations of SAPs is effective. As demon-
strated in Figure S2 and S3, taking SAP-0.75 as an exam-
ple, when 40 mg/mL of SAPs is utilized, the volume of
a 300 mM NaCl solution still decreases to 38.83%. Addi-
tionally, for solutions with varying pH levels, over 85.67%
of the solution is absorbed. These observations suggest
that SAPs are efficient at absorbing water molecules, and
their absorption capacity can be modulated by adjust-
ing the degree of crosslinking, the incubation time or
the concentration of SAPs. Based on these results, low
crosslinked SAPs emerged as the most effective for pre-
concentrating CCM before the isolation of EVs.

To assess whether SAPs affect the level of EVs in CCM
during absorption and concentration, MSC-EVs iso-
lated by UC were added to PBS and then incubated with
10 mg/mL SAPs for 180 min. The volume of the EV-
containing solution decreased after absorption, resulting
in a concentrated EV solution (Figure S4). NTA analy-
sis revealed that initial EV concentration (1x10° parti-
cles/mL) increased to over 1.1x10° particles/mL after
absorption with low crosslinked SAPs, indicating a more
than 110% increase in EV concentration after a single,
simple incubation step (Fig. 1E). This increase is likely
due to the small water channel size of the SAPs, which is
smaller than the size of MSC-EVs. However, the yield of
SAP-0.25 and SAP-0.5 in the low crosslinked group was
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Fig. 1 Characterization of superabsorbent polymers (SAPs) for concentrating extracellular vesicles (EVs) by using ionic network. A Water absorption
and volume reduction curves of SAPs with different crosslinking degrees over time. B Water absorption capacity of different crosslinking degree
SAPs. C pH-dependent water absorption and volume reduction profiles of SAPs for 180 min; D lonic strength-dependent water absorption

and volume reduction profiles of SAPs for 180 min; E Concentration capacity of SAPs in mesenchymal stem cell-derived extracellular vesicles
(MSC-EVs) standard solution for 180 min. F Yield of MSC-EVs concentrated by using SAPs for 180 min

less than 86%, possibly because their water channel size
is comparable to the size of MSC-EVs. In contrast, most
EVs were retained in the non-absorbed solution of SAP-
0.75, achieving a final EV yield of 89% post-concentration
(Fig. 1F).

The adsorption capacity of SAP-0.75 for protein
impurities in CCM was measured using the BCA assay.
The results revealed that even as the volume of CCM
decreased, the protein concentration did not increase as
it did with MSC-EVs, but rather, significantly decreased
(Figure S5A). Surprisingly, considering the volume
change of CCM before and after concentration, the abso-
lute amount of protein impurities dramatically reduced
from 41.49 pg to 28.73 pg (Figure S5B). This simple incu-
bation process not only increased the concentration of
MSC-EVs in the CCM but also removed 30.75% of the
protein impurities. We hypothesize that the observed
effects are due to the size differences among the water
channels of the SAPs, the MSC-EVs, and the protein
impurities. Specifically, the impurities, being smaller
than the water channels, were extensively adsorbed by

the SAP, whereas the larger MSC-EVs were excluded.
To substantiate this hypothesis, we tested whether SAP-
0.75 could selectively absorb gold nanoparticles of 5 nm,
20 nm, and 100 nm in diameter. SAP-0.75 was incubated
with gold nanoparticles of varying sizes for 1 h, after
which the SAPs was observed. As shown in the Figure
S6, SAP incubated with 5 nm and 20 nm gold nanopar-
ticles displayed wine-red and purple colors, respectively,
indicating high levels of gold nanoparticle absorption. In
contrast, SAPs incubated with 100 nm gold nanoparticles
remained colorless and transparent, similar to SAPs incu-
bated with water, suggesting no absorption of the 100 nm
gold nanoparticles. Based on these results, we can infer
that the size-dependent adsorption capability of SAPs is
responsible for the concentration of MSC-EVs and the
removal of protein impurities.

Molecular dynamics simulation

To explore the microstructure and water diffu-
sion behavior, the polymer chain model of SAPs was
designed and the fractional free volume (FFV) model
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Fig. 2 Molecular dynamics simulation of water absorption in SAPs. Green lines represent water molecules

of the designed polymer chain was simulated the by
molecular dynamics [28] (Fig. 2). The behaviour of the
FFV with respect to the simulation time is illustrated
in Figure S7A. The free volume fraction increases with
increasing water content due to the solubilising effect
of SAPs on water uptake. The 98% saturated water
content model for SAPs has the highest free volume
fraction, averaging about 43%.

Utilizing molecular dynamics simulation, the num-
ber of hydrogen bonds formed between SAPs and
water was quantified, in order to assess the hydration
capacity of SAPs (Figure S7B). It was found that the
number of hydrogen bonds between SAPs and water
increased with the increasing water content. In mod-
els containing 50wt% and 70wt% water content, after
5000 ps, the number of hydrogen bonds continued to
rise over time. This increase was attributed to the pre-
dominantly stable nature of bound water within SAPs.
However, at higher water contents of 90wt% or 98wt%,
while the initial number of hydrogen bonds remained
high, a decreasing trend was observed over the simula-
tion period. This decrease was likely due to the satu-
ration of bound water sites and the emergence of free
water molecules, which exhibit weaker binding inter-
actions with SAPs. The interaction energy of the SAPs
with water was divided into Lennard—Jones potential
(L], nonelectrostatic force) and Coulomb potential
(electrostatic force) (Figure S7C and S7D). The inter-
action energy for water of SAPs, was mainly provided
by the electrostatic gravitational force of the Coulomb
potential. The change of Coulomb potential energy of
models with different water contents is consistent with
the hydrogen bond over the simulation time. In other
words, the hydration ability of SAPs was endowed by

the charge effect that facilitates the attraction of water
molecules to form more hydrogen bonds with hydro-
philic groups.

Charge neutralization of sodium polyacrylate (SP)

and isolation of MSC-EVs by the IOSCE

EVs are negatively charged due to their phospholipid
bilayer membranes, which allows them to be aggregated
and precipitated by charge-based precipitation. In this
study, SP was selected to isolate MSC-EVs by charge neu-
tralization. As shown in Figure S8, SP effectively removes
water molecules surrounding the EVs, disrupting their
hydration layer and increasing their hydrophobicity,
which in turn leads to EV aggregation and precipitation
[29, 30]. WB analysis revealed that EV markers isolated
using 4% SP exhibited higher signal intensity compared
to those isolated with other SP concentration (Figure S9).
NTA analysis showed that MSC-EVs isolated using 4% SP
had an average size of 159.5+64.7 nm, with a narrower
distribution range than those obtained with other con-
centrations, suggesting a more uniform vesicle size dis-
tribution within the samples (Figures S10, S11, Table S2).
Based on these findings, 4% SP was chosen for subse-
quent experiments to isolate MSC-EVs in combination
with SAPs concentration. Additionally, the 4% SP proved
effective in separating EVs from plasma (Figure S12 and
S13).

To assess our proposed IOSCE method, CCM har-
vested from human umbilical cord MSCs was treated
with the combination of SAP-0.75 and 4% SP (Fig. 3A).
This was compared to UC and PEG-based precipitation
methods (20% PEG-6000) (Table S3). The median size
of the isolated particles of IOSCE was 176.8+75.4 nm,
showing no significant difference compared to the
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other two methods (UC=164.7+81.5 nm; 20%
PEG=154.3+115 nm), all within the size range of small
EVs (Fig. 3B). The yields of the MSC-EVs isolated by
IOSCE was (6.33 +0.35) x 108 particles/mL, which is 2.64
times and 1.4 times higher than those isolated by UC
and 20% PEG, respectively (Fig. 3C). Due to the lower
centrifugal force, MSC-EVs isolated by IOSCE exhibit a
more typical cup-shaped morphology compared to those
obtained by UC (Fig. 3D). These findings indicate that the
IOSCE, effectively isolates MSC-EVs within the charac-
teristic size range, and achieves a higher yield of MSC-
EVs with more intact morphology.

Moreover, the results obtained from WB also proved
the same conclusion. EVs were isolated from the same
volume of CCM using three different methods, and the
protein contents of CD9, CD81, CD63, TSG101, HSP70
and Tomm20 were compared. As shown in Fig. 3E, the
protein expression levels of canonical EV markers (CD9,

CD81, CD63, TSG101 and HSP70) were significantly
higher in the IOSCE methods, indicating that IOSCE
can yield more EVs from the same volume of CCM. Fur-
thermore, the absence of the negative marker (Tomm20)
signal in EVs indicated the elimination of cellular impu-
rities. To evaluate the purity of MSC-EVs enriched
using the IOSCE method, we examined two key indica-
tors: the particle-to-protein ratio and the RNA-to-pro-
tein ratio. As shown in Table S4 and S5, the MSC-EVs
enriched by IOSCE had a particle-to-protein ratio of
(7.22+0.4)x 10" particles/ug and an RNA-to-protein
ratio of 129.5+10.2 pg/ug. Compared to traditional
methods such as ultracentrifugation (UC), size exclusion
chromatography (SEC), and polymer precipitation, the
IOSCE method achieved superior purity levels.

The IOSCE method was employed to enrich MSC-EVs
from 500 mL of CCM in order to assess the scalability
of this approach. As shown in Figure S14A and D, the
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particle size of EVs enriched from the large sample vol-
ume was within the expected nanometer range, with a
characteristic cup-shaped morphology, consistent with
the standards for small EVs. As depicted in Figure S14B,
the MSC-EV yield was (6.43+0.12) x 103/mL. Both par-
ticle size distribution and yield were consistent with the
results obtained from smaller sample volumes. Moreo-
ver, we characterized the typical small EV markers, CD9,
TSG101, and CD63, via WB, all of which produced clear
bands, and there is no contaminating protein Tomm?20, a
mitochondrial marker (Figure S14C).

These findings underscore the efficacy and scalability of
IOSCE for the maximal concentration of CCM and the
efficient isolation of EVs, suggesting that IOSCE is a more
effective method than UC and precipitation methods for
isolating EVs from CCM.

Evaluation of inhibiting effect of MSC-EVs isolated

by the IOSCE on LPS-induced neuroinflammation

in microglial cells

In this study, the anti-inflammatory effect of MSC-EVs
isolated using the IOSCE was investigated using mouse
microglial cell lines (BV2 cells). Prior to this, in vitro
cytotoxicity and hemolysis assays were conducted on
MSC-EVs obtained via the IOSCE method to assess
their safety and biocompatibility. Enriched MSC-EVs
were first incubated with BV2 cells, with groups divided
based on varying doses, and cell viability was monitored.
As shown in Figure S15A, Calcein-AM/EthD-1 dou-
ble staining revealed strong viability and growth in both
the dosing and control groups, with minimal cell death
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(red fluorescence indicating EthD-1-staining dead cells).
Furthermore, CCK-8 assays were employed to assess the
effects of MSC-EVs on BV2 cell growth. As shown in the
Figure S15B, BV2 cells in the dosing groups exhibited
robust viability compared to the NC group, with values
of 124.34+8.06%, 120.67 +10.12%, 118.02 +13.04%, and
97.06+3.28%, respectively. Additionally, the hemolysis
assay demonstrated no observable hemolytic activity at
MSC-EVs concentrations up to 60 pg/mL (Figure S15C).
Taken together, these results indicate that the enriched
MSC-EVs exhibit excellent biosafety, providing a solid
foundation for downstream applications and the develop-
ment of clinical therapies.

To establish a neuroinflammation model, LPS-induced
BV2 cells were used, as LPS can stimulate the release of
inflammatory cytokines in various cell types. The optimal
therapeutic concentration of MSC-EVs was first explored.
As shown in Figure S16, cell viability gradually increased
as the concentration of MSC-EVs rose from 0 pg/mL to
60 pg/mL. The maximum viability was observed at a con-
centration of 30 ug/mL, after which there was a slight
decrease. Therefore, we determined that 30 pg/mL of
MSC-EVs as the optimized concentration for subsequent
experiments. The MSC-EVs were effectively internalized
by the BV2 cells (Fig. 4A). Microglia, as tissue-specific
macrophages, share common macrophage characteristics
and exist in two distinct activation states: the classical
pro-inflammatory M1 state and the anti-inflammatory
M2 state [31]. To elucidate the specific effect of LPS on
microglial activation, the expression levels of the M1
marker (CD16) and the M2 marker (Argl) were analyzed
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via qRT-PCR (Fig. 4B). The expressions of CD16 were
significantly upregulated after LPS treatment, but this
upregulation was significantly reduced by pretreatment
with MSC-EVs (p<0.05). Conversely, Argl expression
showed a significant increase with MSC-EVs pretreat-
ment (p<0.01). These results suggest that MSC-EVs can
inhibit M1 microglial polarization while promoting M2
polarization. Additionally, the levels of pro-inflammatory
factors, IL-6, IL-1B and iNOS, were investigated using
qRT-PCR (Fig. 4B). MSC-EVs were found to significantly
reduce the release of these pro-inflammatory factors,
a finding further corroborated by ELISA results (Figure
S$17). This comprehensive analysis indicates the potential
of MSC-EVs in modulating inflammatory responses in
microglial cells.

Proteomic analysis of the effects of MSC-EVs

on LPS-induced neuroinflammatory response in BV2 cells
In this study, the effects of MSC-EVs on neuroinflam-
mation were further explored by conducting a high-
throughput proteomic analysis. Control, LPS-treated,
MSC-EVs-treated and MSC-EVs +LPS-treated BV2 cells
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were identified by using DIA mass spectrometry. Data
independent acquisition (DIA) was chosen for its high
data completeness and robust performance (Fig. 5A). A
DIA library of about 3025 proteins was computationally
merged from untreated and treated samples and a direct-
DIA search for all single-run samples. On average, 2863
proteins were at a 1% peptide FDR quantified per sam-
ple (Fig. 5B). The data acquired had high completeness,
with 100% completeness for 2847 proteins (99.27%), 75%
for 2867 proteins (99.93%), and 50% for 2867 proteins
(99.97%) (Figure S18). A total of 2847 proteins present in
all runs were used in the subsequent analyses. The rela-
tive abundance of the quantified proteins (normalized as
iFOT) spanned six orders of magnitude after logarithmic
transformation, which reflected the deep sequencing
coverage (Fig. 5C, Figure S19).

Subsequently, the impact of MSC-EVs on BV2 cells
were assessed by differential expression analysis. Remark-
ably, exhibited no significant change, with only 7 proteins
showing significant alterations [FDR<0.05, Fold change
(FC)>2] (Fig. 6A). Notably, proteins in the NF-«xB path-
way, crucial in cellular response to stimuli, showed no
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Fig. 6 Differential proteomic analysis and bioinformatics analysis of the impact of MSC-EVs on BV2 cells. A Volcano plot for quantitative proteins
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expression level. Out to inner numbers in circles represented logarithmic values of the fold changes and the expression levels of group control

and MSC-EVs-treated BV2 cells. C Volcano plot for quantitative proteins between MSC-EVs + LPS-treated and LPS-treated BV2 cells. The horizontal
dashed line shows an FDR of 0.05. The vertical dashed lines show an FC of 2. D GO enrichment analysis on differentially expressed proteins
between MSC-EVs + LPS-treated and LPS-treated BV2 cells. E The protein expression levels of six spliceosomal proteins of control, LPS-treated,

and MSC-EVs + LPS-treated BV2 cells. F The heatmap analysis of differential proteins between LPS vs. control and MSC-EVs +LPS vs. LPS. G The Mfuzz
analysis of differential proteins between LPS vs. control and MSC-EVs + LPS vs. LPS
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significant changes. However, the negative regulator of
this pathway, smpdI3b, was downregulated (Fig. 6B). The
protein Psmg3, known to be downregulated in response
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to INF-y and related to inflammatory responses, was sig-
nificantly upregulated in MSC-EVs internalized by BV2
cells, suggesting a potential anti-inflammatory role. This
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aligns with our phenotypic observations of an increase in
M2-type BV2 cells, indicating that MSC-EVs minimally
affect protein expression in BV2 cells and may promote
an anti-inflammatory state.

Further differential protein analysis was conducted
to evaluate the effects of LPS on BV2 cells and the anti-
inflammatory potential of MSC-EVs. 105 proteins were
significantly changed after LPS stimulation (FDR<0.05,
FC>2) (Figure S20), predominantly related to RNA meta-
bolic processes and regulation of translation (Figure S21).
By comparing the protein expression profiles of LPS-
stimulated BV2 cells pretreated with and without MSC-
EVs, 113 proteins were significantly changed (FDR <0.05,
FC>2) (Fig. 6C). Interestingly, the expression of func-
tionalized differential proteins was also related to RNA
metabolic process and regulation of translation, simi-
lar to the biological processes involved in differential
proteins in BV2 cells before and after LPS stimulation
(Fig. 6D). Notably, MSC-EVs effectively countered sig-
nificant LPS-induced alterations in RNA metabolism
and transcriptional regulatory proteins (Figure S22). For
example, MSC-EVs restored normal levels of six spli-
ceosomal proteins involved in RNA splicing (Fig. 6E). A
combined analysis of differential proteins between LPS
vs. control and MSC-EVs+LPS vs. LPS through heatmap
and Mfuzz analyses revealed that MSC-EVs broadly off-
set LPS-induced protein changes (Fig. 6F and G). Conse-
quently, MSC-EVs appear to restore cells to their baseline
state by reversing LPS-induced alterations in biological
processes, emphasizing their potential in RNA metabo-
lism and translational regulation modulation.

Conclusions

Over the past few decades, significant progress has been
made in the study and translational applications of EVs.
However, the gap between the low yield of EVs and the
high demand for their application remains inadequately
addressed [32-36].

To tackle this issue, we developed an ion osmolarity-
driven sequential concentration-enrichment strategy to
isolate EVs from umbilical cord mesenchymal stem CCM.
We compared the performance of this method with the
commonly used UC and PEG precipitation techniques.
Our results demonstrate that the EVs isolated using this
strategy meet the standard characteristics of EVs [37],
such as particle size, morphology, and surface markers.
Importantly, the yield was significantly higher than that
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of UC (2.64 times) and PEG precipitation (1.41 times),
and the EVs exhibited excellent biosafety and biological
activity. Furthermore, our scalability study confirmed
that this method can process 500 mL of CCM without
compromising EV characteristics or yield.

As previously mentioned, the sequential concentra-
tion-enrichment strategy plays a crucial role in achieving
high yield and scalable EV isolation. In fact, current EV
isolation methods rarely include a concentration step [38,
39]. However, when dealing with hundreds of milliliters
of CCM, pre-concentration without damage is essen-
tial to reduce the pressure on downstream enrichment
steps. The few studies that report such methods typi-
cally employ commercially available SAPs with limited
design flexibility [20]. In contrast, we developed a novel
SAP composed of N-isopropylacrylamide and N,N’-
methylene-bisacrylamide with a crosslinking density of
0.75%, which exhibited 13.62 times the water absorp-
tion capacity of commercial SAPs. During the enrich-
ment phase, large-scale EV preparation often relies on
ultracentrifugation and ultrafiltration. However, the
high centrifugal forces and transmembrane pressure
can potentially damage EVs, affecting yield [40, 41]. In
this study, we addressed this issue by developing a novel
charged polymer to enrich EVs. This polymer utilizes ion
osmotic pressure to precipitate EVs and improves enrich-
ment specificity through electrostatic interactions with
EV surfaces. It avoids the damaging effects of high cen-
trifugal force, allowing for high-yield, high-purity EVs
without compromising their biological activity.

Nonetheless, while the IOSCE strategy has proven
successful at the laboratory scale, challenges may arise
in large-scale industrial production, such as equipment
adaptability, process stability, and controllability. There-
fore, detailed quality control steps will need to be estab-
lished for the large-scale production of EVs.

In summary, we have proposed a sequential concentra-
tion-enrichment strategy that effectively isolates biologi-
cally active EVs. This strategy utilizes the ionic osmotic
pressure to concentrate EVs by trapping water containing
hydrophilic groups in the ion network, and neutralize the
charge to isolate the EVs. This strategy enables large scale
production and high yields of EVs. Moreover, the isolated
MSC-EVs have shown the ability to attenuate neuroin-
flammation, indicating their potential in disease treat-
ment. Overall, this strategy holds promise in the fields of
EV isolation and therapeutic applications.
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