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Purpose: Small extracellular vesicles (SEV) play an irreplaceable role in cell-cell commu-
nication. However, sEV in solution aggregate with each other during preservation, leading to
impairment of the structures, contents, and functions of sEV. Therefore, there is a need to
develop an optimal preservation method that combines high recovery rate, low cost, con-
venience, and easy-transportation in one. In this study, a new preservation strategy different
from the cryopreservation or lyophilization was developed by reducing sEV particles
aggregation.

Methods: The sEV were encapsulated in thermoresponsive gelatin methacryloyl (GelMA)
hydrogels at 4°C to reduce particles aggregation during the reversible cross-linking process.
The sEV movement was visualized in different mediums and particles’ number, size,
structure and protein of 28 days preserved sEV were compared to fresh sEV. Human
umbilical vein endothelial cells (HUVEC) and rat adipose-derived stromal stem cells
(rASC) were isolated and cultured with fresh and preserved sEV to test the cellular response.
A mice subcutaneous model was adopted to detect controlled release and angiogenesis ability
of preserved sEV.

Results: Through particles tracks visualization, GeIMA hydrogels significantly decreased
the sEV movement. After 28 days preservation in GelMA at 4°C, the particles number, size,
structure and protein of sEV were similar to fresh sEV. In vitro, preserved sEV had the same
ability to promote cell proliferation, migration and angiogenesis as fresh sEV. In vivo,
preserved SEV-GelMA could artificially regulate the absorptivity of GelMA hydrogels and
controlled released sEV for therapeutic application, and preserved SEV encapsulated in
GelMA significantly promoted angiogenesis in mice.

Conclusion: Our results demonstrated that sEV encapsulated in GeIMA could be a novel
strategy for long-term preservation of sEV for therapeutic application.

Keywords: small extracellular vesicles, particle track visualization, preservation, controlled
release, aggregation, gelatin methacryloyl hydrogel

Introduction

Small extracellular vesicles (sEV) are small vesicles with a natural nanoscale
phospholipid bilayer structure secreted by living cells. sEV are considered to be
a natural carrier for the delivery of components such as proteins, lipids and nucleic
acids from donor cells to recipient cells, thus enabling the cellular communication
over different distances.' sEV are widely used in tissue regeneration,” targeted drug
delivery,” biological therapy and liquid biopsy,*” and have a very broad application
prospect.
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For therapeutic applications, the effective preservation
of isolated sEV has become an issue. SEV have been
preserved by several major preservation methods including
cryopreservation, lyophilization and spray drying.®'® Not
surprisingly, these methods, which are based on traditional
cell cryopreservation or drug preservation, also have lim-

itations, including dependence on low temperatures
(—20°C, —80°C or —196°C) and equipment,'’ unfavorable
transportation,'>'>  complicated ~operation  steps,'*"?

unstable preservation effect,'® freeze-thawing circle
damage'* and difficult removal of cryoprotectants and
lyoprotectants.”'> Therefore, it is very important to find
an efficient, convenient and low-cost method to preserve
isolated sEV. sEV are membrane structured vesicles encap-
sulated by proteins, nucleic acids and lipids.'® At 4°C, the
proteins, nucleic acids and lipids in the intact membrane
structure are relatively stable.'”'® The preparation of SEV
can be thought of as a colloid — a solution suspended with
nanoscale dispersed particles,'® sEV in solution do irregu-
lar Brownian transport and thus aggregate with each other,
leading to the rupture of the membrane structure and the
inactivation of its contents without the protection of the
membrane structure.'®?*?* So the activity of sEV pre-
served in phosphate-buffered saline (PBS) decreases sig-
nificantly after only a few days at 4°C.'*%'82* We
hypothesized that if the aggregation of sEV could be
reduced by limiting the movement of sEV, effective pre-
servation of sEV could be achieved and the damage to
sEV by the freeze-thaw circling process could be reduced
as well.

Hydrogels are extremely hydrophilic gels with a three-
dimensional network structure. In recent years, many stu-
dies have found that loading hydrogels with sEV can be
effective in sustaining the release of sEV in vivo.>*> >
The sEV in the hydrogel is slowly released into the sur-
rounding tissues over a long period of up to 1 month™*-**3¢
and the sEV released from the hydrogels on different days
still have the same structure.*” The pore size of many
hydrogels after crosslinking is between 10-40 nm.*>*’
This can effectively limit the movement of sEV and meet
our requirements for sEV preservation. Gelatin methacry-
loyl (GelMA) hydrogels are synthesized by grafting
methacrylic anhydride (MA) onto gelatin molecular
chains.>® Tt can undergo temperature-sensitive physical
crosslinking (reversible) and ultraviolet (UV)-sensitive
chemical crosslinking (irreversible).”® GelMA hydrogels
are in a gel state at 4°C, and gradually change to a liquid
state at room temperature, Some of the basic properties of

GelMA hydrogels are very similar to natural extracellular
matrix (ECM), making it biocompatible with sEV.
GelMA hydrogels can also be microfabricated using
different 39,40

photomasking,*'  bio-3Dprinting,** selfassembly* and

methodologies including micromolding,
microfluidic techniques* to generate artificial designed
constructs, which has a very broad application prospect.
Recent studies have confirmed the efficacy of sEV loaded
in GeIMA hydrogels for the regeneration of osteochondral
defects.*

As shown in Figure 1, this study encapsulated adipose
tissue-derived sEV in GeIMA hydrogels which limited the
random movement of SEV and reduced the aggregation of
sEV, thus achieving long-term preservation of sEV at 4°C,
and experimentally confirmed that the preserved sEV by
this method had similar therapeutic efficacy to fresh sEV.
The preserved sEV-GeIMA complex exhibited strong
angiogenic ability and achieved controlled release of sEV
in vivo by regulating UV-crosslinking time, showing great
promise for therapeutic applications.

Materials and Methods

Animals

Experimental animals were purchased from Dashuo
Experimental Animal Co. Ltd. (Chengdu, China). The
care and use of the laboratory animals followed the guide-
lines of the Institutional Animal Care and Use Committee
of West China School of Stomatology, Sichuan University.
Animal experiments were reviewed and approved
(WCHSIRB-D-2020-391) by the ethical review committee
of the State Key Laboratory of Oral Diseases, West China
School of Stomatology, Sichuan University. Experimental
Animals were lived in a biology laboratory with suitable
temperature (about 23 £ 1°C), humidity (about 60-75%)
and a 12:12 light-dark cycle and plenty of fodder and clean
water. All animal surgeries were performed under bioclean
environment.

Isolation of sEV

Inguinal Fat pads from 4-week-old Sprague-Dawley rats
were cut into 1 mm® pieces and transferred to Celstir
rotating bottle (Wheaton). After 2 days of cell culture,
adipose tissue extracts (ATE) were prepared as described
in our previous study.* Next, ATE were filtered through
0.22 pm filters (Millipore, USA), and then concentrated
sequentially with Ultracel-3 membranes (Millipore, USA)
and Ultracel-100 membrane (Millipore, USA) at 5000 g,
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Figure | Schematic illustration of sEV preservation in GelMA hydrogels. sEV in PBS continuously move around in random patterns leads to particles aggregation, which
resulted in membrane rupture (left). GelMA hydrogels could effectively limit the movement of sEV and reduce the aggregation to effectively preserve sEV. The preserved sEV
were isolated for functional evaluation in vitro and UV-crosslinking sEV-GelMA complex system was adopted to compare the biological function of preserved sEV and fresh

sEV in vivo (right).

4°C for 30 min. Total Exosome Isolation™™ reagent (Life
Technologies) was added in the final solution according to

the manufacturer’s instructions to obtain fresh sEV.

Differential Scanning Calorimetry

Differential scanning calorimetry was performed to detect
the pore size distribution of a hydrogel by performing
calorimetry. Briefly, a 10mg hydrogel piece was placed
in a sealable aluminium pan inside a differential scanning
calorimeter (NETZSCH DSC 200F3). Sample temperature
was adjusted to —30°C, held for 5min, then heated to 15°C
held for Smin and then cooled again to —30°C, with the
temperature varying at a rate of 5°C min '. The pore size
distribution was calculated from AV/ARp, where Rp is the

pore radius.’”*

Preservation of sEV

In this study, several methods were selected to preserve
sEV. After washing, (i) the sEV particles were carefully
resuspended in PBS, and stored at 4°C, (ii) the sEV par-
ticles was carefully resuspended in PBS containing 10%
Dimethyl sulfoxide (DMSO), aliquoting 1 mL into each
cryopreservation tube, wrapping tubes in heat isolated
materials and storing in a —80°C freezer overnight (about
16 h), and then remove the heat isolated materials, (iii) the
SsEV particles was carefully resuspended in 5%, 10%,

15%, 20% (w/v) GelMA hydrogel (EFL) and 0.25% (w/
v) lithium acylphosphinate photo-initiator (EFL) at 28—
35°C, keep in dark place and stored at 4°C. The preserva-
tion concentration of sEV was 1x10° particles L~ '. When
it was necessary to isolate the sEV again, the sEV pre-
served at —80°C were thawed on ice for 30 min or 1-2 min
at 37°C washed once in 20 mL PBS, and mixed with Total
Exosome Isolation™™ reagent (Life Technologies), the next
isolation steps were performed as shown above. As for
sEV encapsulated in GelMA hydrogel, the gel needs to be
reheated to liquid state (28-35°C), add 1 microliter of
GelMA lysate (EFL) per milliliter and then add the Total
Exosome Isolation™ Reagent. The following steps are
described in the previous section.

3D sEV Particle Tracking

Isolated sEV were labeled by carbocyanine dye DiO (life
tech, USA) according to the instructions for in vivo visua-
lization. DiO-labeled sEV were encapsulated in Gelma
hydrogels, placed on dishes of coverslip thickness
(MatTek), and imaged at x60 with immersion oil using
a confocal microscopy (Olympus FV1000). Green fluores-
cence channel 1024x1024x256 pixel images and videos
were collected with 0.1 pm spacing using the regular
imaging mode. After 30 min, 30 stacks were acquired.
After the IMARIS X64 9.3.0

acquisition, using
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(Bitplane) ‘Spots’ function to simulate particles tracks.
The velocity of the particle is calculated by IMARIS
software.

Western Blot

Proteins from 30ug (1x10' particles) of SEV were
detected with antibodies against CD9 (Zen Bioscience,
220642) and CDS81 (ZenBioscience, 381296). Samples
with the same initial sEV particle number were stored
for 0, 14 and 28 days using different methods.

Nanoparticle Tracking Analysis (NTA)

Fresh sEV were stored at 4°C in PBS, 4°C in 10% GelMA
hydrogels, or —80°C in 10%DMSO, respectively. Particles
distribution and concentration of SEV were analyzed fresh or
after storage (4, 7, 10, 14, 21 and 28 days) using NTA
(Particle Metrix’ ZetaView) and the corresponding software
ZetaView 8.04.02. Prepare PBS, 10%DMSO and 10%
GelMA hydrogels samples separately, store them for differ-
ent days and the number of particles was calculated.
Preserved sEV particles minus the stored media particles
were the true particle numbers of sEV particles during pre-
servation. NTA measurements were recorded and analyzed
at 11 positions at 25°C. The ZetaView machine was normal-
ized using homogeneous 100 nm polystyrene particles.

Transmission Electron Microscope (TEM)
Fresh sEV and sEV that had been stored for 28 days at 4°C
in PBS, 4°C in 10% GelMA hydrogel, or —80°C in 10%
DMSO for 28 days were dropped onto copper grids coated
with film and stained with 2% phosphotungstic acid.
Images were captured using an electron microscope (FEI).

In vitro Fluorescent Imaging Assay

sEV with the same initial particle number (1x10'° parti-
cles) were stored for different days (0, 14, 28 days) under
different storage conditions then labeled with DiO dye
(Sigma Aldrich) according to the instruction. Fresh sEV
with gradient particle numbers were labeled with DiO in
the same way. The fluorescence value of DiO-labeled sEV
were analyzed with a Meastro EX pro in vivo imaging
system (PerkinElmer, USA) and linear correlation between
the sEV particles and the DIO signals were examined.

Cell Isolation and Culture
The inguinal fat pads of SD rats were cut into 1 mm?’
pieces, and digested with collagenase for 30 min. The

tissue was washed with PBS and centrifuged at

1000 rpm for 5 min, and the remaining pellet was cultured
in a-modified Eagle’s medium (o- MEM; HyClone), 10%
fetal bovine serum (FBS; Gibco) with penicillin strepto-
mycin. rASCs were cultured at 37°C in 5% CO2, and cell
passaging was performed when monolayers of adherent
cells reached 90% confluence. Human umbilical cords
were obtained from the Department of Obstetrics of the
West China Second University Hospital of Sichuan
University. The approval number is WCHSIRB-D-2021-
015. We got the informed consent signed by the parents
according to the Declaration of Helsinki. Collected umbi-
lical cords were washed twice with phosphate buffered
saline. In order to isolate HUVECsS, the veins were filled
with 0.2% collagenase and maintained for 30 min in
a humidified atmosphere at 37°C and 5% CO2 for 30
minutes. HUVECs were then obtained and cultured in
ECM (ScienCell, USA).

Cell Proliferation Assay

HUVECs were seeded at a density of 8x107 cells per well
and replaced after 1 day with ECM (100 pL) containing 0
sEV, 4x10'" fresh SEV particles, 4x10'° sEV particles
preserved by GelMA hydrogel respectively. Cell number
was assessed by the cell-counting kit-8 (CCK8, KeyGEN
BioTECH, China). Proliferation curves were calculated
from the absorbance values (n = 3). Then, samples were
divided into 3 groups: (i) Blank: HUVECs cultured with
ECM, (ii) Fresh sEV: HUVECs cultured with ECM and
fresh sEV, (iii) GeIMA sEV: HUVECs cultured with ECM
and sEV store in GeIMA hydrogel. The proliferation curve
of rASCs was detected by the same method.

Cell Migration Assay

Cell migration assays were performed with 8.0 um Pore
Polycarbonate Membrane Insert Transwell® (Corning).
HUVECs were seeded with 20,000 cells per sample in
the upper chamber and 600 pL of medium divided into
groups as described above was added to the lower cham-
ber. After 18 hours, HUVECs were fixed with 4% paraf-
ormaldehyde and stained with crystal violet staining
solution. Migrated cells were counted in three randomly
selected regions and repeated 3 times. The same method
was used for the rASCs migration assay.

Scratch Migration Assay

HUVECs were exposed to starvation overnight and
a uniform cell-free area zone was made with 200 pL sterile
plastic yellow tips. The movement and migration of cells
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to the cell-free zone were collected and monitored for 12
hours. The number of cells moving into the scratched area
was counted using Image J analysis software (NIH,
Bethesda, MD) for quantitative analysis. The same method
was used in the rASCs scratch migration assay.

Tube Formation Assay

8000-cells-HUVECs in 50 pL of ECM medium were
added onto angiogenesis u-slide (Ibidi, Gréfelfing) cov-
ered with 10 ul Matrigel (Corning), and groups were
divided as above, after 4 h, images were taken with
a microscope (Olympus, TH4-200). The total length of
the tubes and nodes were calculated using Image
J software.

gRT-PCR

HUVECs were cultured to 90% confluence in 6-well tissue
plates, and then the cells culture media was culture med-
ium was replaced and cells were collected from 4 days of
culture. The PCR results were analyzed using the 2 24T
method and normalized to the GAPDH. Primers could be
found in Supplementary Table S1.

Evaluation of Rheological Properties
GelMA hydrogels of 1 mm thickness with different
degrees of crosslinking were prepared 0 s, 3 s and 5s
crosslinking on C57BL/6J mouse skin with a visible light
source of 405 nm. The TA rheometer (TA-AR2000ex) was
used to analyze the rheological properties of 3 groups of
10%GelMA hydrogel at 30°C, the including the storage
modulus (G'), loss modulus (G"), and viscosity under
different conditions (time, oscillation strain, and shear
rate).

In vivo Fluorescence Analysis
The back of C57BL/6J
a subcutaneous incision was made in the center of the

mice was unhaired,
back, a 12x2 mm silicone tube was implanted and the
incision was sutured. Two sets of mixed materials, ie,
Dio-labeled sEV
GelMA hydrogel and non-fluorescent sEV encapsulated
in Red fluorescent-labeled GeIMA(EFL), were injected

into silicone tubes, and the GelMA hydrogels were

encapsulated in non-fluorescent

UV-crosslinked for 0 s, 3 s and S5s, respectively, on
a layer of mice skin. Then the mice were imaged using
the Meastro EX pro
(PerkinElmer) to
Bioluminescence imaging (BLI) signals from day 0

in vivo imaging system

immediately image the mice.

to day 6 were calculated by averaging the signals
from ROls.

In vivo Angiogenesis Assay

As mentioned in in vivo fluorescence analysis, 12x2mm
silicone tubes were implanted subcutaneously in C57BL/
6J mice under anesthesia. The injections were divided
into 4 groups, (i) 60ul 10% preserved GelMA hydrogels
(i) 8x10'° fresh SEV capsulated in 60ul 10% preserved
GelMA hydrogels (iii) 8x10'" initial particle number
sEV capsulated in 60pL 10% 60uL GelMA hydrogels
preserved at 4°C for 28 days (iv) 8x10'? initial particle
number sEV preserved in 30uL PBS at 4°C for 28 day
capsulated in 30ul 20% preserved GelMA hydrogels.
Six days after the injections, all mice were killed by
Ethics Committee’s approval. After skin removal, the
digital photographs were taken with Image J software
to measure area of neovascularization. Next,
Hematoxylin and Eosin (H&E) staining and CD3l1
immunochemical staining were used to assess of
angiogenesis.

Statistical Analysis

Results were expressed as mean + SD. Significant differ-
ences between two groups were calculated by one-way
analysis of variance (ANOVA) test with Turkey posthoc
test. Significant differences between repeated measure-
ment data were calculated by repeated measurement data
analysis of variance (MANOVA). P < 0.05 was considered
statistically significant. Linear correlation analysis was
used for correlation analysis. R>0.5 was considered strong
correlation. Statistical calculations were carried out using
GraphPad Prism 6.0.

Results
GelMA Hydrogels Reduced sEV

Movement

The pore size of hydrogels with different concentrations
of GeIMA or sEV was measured by thermal method, and
we found that the average pore size (Figure 2A) and pore
size distribution (Supplementary Figure S1) of 5-20%

hydrogels did not change much. The pore size of the
hydrogels increased with increasing sEV concentration,
but remained less than 30 nm. Next, we examined the
variations of two types of crosslinking of hydrogels
encapsulated with sEV (1x10° particles pL™") with dif-
ferent hydrogel concentrations (Supplementary Figure
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S2), and found that the SEV had no effect on the result of

low-temperature  physical cross-linking and UV-
crosslinking.

By confocal microscopy observation and software
analysis, we visualized the motion of sEV in different
mediums. The sEV was found to undergo a fast irregular
Brownian motion in PBS (Figure 2B; Supplementary

Figure S3, Supplementary Video 1) while the sSEV encap-

sulated in hydrogels underwent a significantly slower
2B, S3,
Supplementary Video 2), with a significantly smaller

motion  (Figure Supplementary  Figure

extent and trajectory than the motion of the sEV in
PBS at the same time (Supplementary Video 3, left

particle: sSEV motion in GelMA. right particle: sEV
motion in PBS. Putting two particles in the same
space). We analyzed the motion of single particles
(Figure 2C) and obtained the same results. Quantitative
analysis of specific particle velocities showed that sEVs
in PBS moved more than 40 times faster than that in
GelMA hydrogels (Figure 2D), suggesting that the 10%

sEV Encapsulated in GelMA Hydrogels
Retained Their Particle Number, Size,

Structure and Protein

sEV were preserved for up to 4 weeks and —80°C cryo-
preservation with 10% dimethyl sulfoxide (DMSO) was
added as a positive control (PC). The results of nanopar-
ticles tracking analysis (Figure 3A) showed that both
—80°C cryopreservation (PC) and 4°C GelMA hydrogel
preservation (4°C-GelMA) were effective in keeping the
number of sEV particles from decreasing significantly.
During a 4-week preservation period, the number of
sEV particles decreased by approximately 20%. In con-
trast, the number of sEV was significantly reduced under
conventional 4°C preservation (4°C-PBS), dropping by
half at around 10 days, which is consistent with some
reported results.” We further performed a correlation
between particle number and fluorescence values by DiO-
labeled sEV (Supplementary Figure S4), and then quan-

tified the fluorescence of preserved sEV (Figure 3B and
C), and confirmed similar conclusions. Thus, GelMA

GelMA hydrogels effectively limited the irregular hydrogels could effectively maintain the particle number
motion of sEV. of sEV.
A B sEV in PBS sEV in 10%GelMA
\E‘T 18
a — 1e+9 SEV/I
° e 1e+8 sEV/pl
§ 18 . 0 SEV/I
E 14 \
A
S AR A
C sEV in PBS SEV in 10%GelMA D
20um 20pum Particle’s Track Speed
sEV in GelMA
- ¢ sEVinPBS
90.45 cove i ineees
|
, [ 4

Figure 2 Analysis of sEV movement in GelMA hydrogels. (A) The pore size of GelMA hydrogels mixed with or without sEV, n = 3 each group (B) The tracks of sEV in PBS
or 10%GelMA hydrogels during same time period at 4°C, Scale bar = 40um. (C) Single particle track analyzed in 3D coordinate system. (D) The particles tracks speed of sSEV

in PBS or 10%GelMA hydrogels, n=20.The significance (A and D) was tested with one-

way ANOVA with Tukey posthoc test. (**p < 0.01, ***p < 0.001).
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Figure 3 Characterization of sEV preserved in GelMA hydrogels. (A) sEV particle number preserved by different methods for different time, n = 3 each group. PC, positive control.
(B) In vitro fluorescence image was used to evaluate the storage effects of different preservation methods for different days and (C) the fluorescence value, n = 3. (D) Average size
of sEV particles preserved by different methods for different time, n = 3 each group. (E) Changes of particle size distribution of sEV preserved by different preservation methods. (F)
TEM image for fresh sEV and sEV preserved by different preservation methods at 28 days. Scale bar = 100nm. (G) Western blot analysis of CD81 and CD?9 in sEV preserved by
different preservation methods. The significance (A, C and D) was tested with one-way ANOVA with Tukey posthoc test. (**p < 0.01, ***p < 0.001).
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We also investigated the changes in sEV particle size
after different preservation time. We found that the particle
size increased significantly with time under 4°C PBS pre-
servation (Figure 3D), which is also consistent with the
previous findings.®'#*® In terms of particle size distribu-
tion, the peak became larger and the proportion decreased,
and the proportion of vesicles with large particle size
(200-300 nm) increased, indicating that aggregation of
SEV occurred. In contrast, the particle size of SEV stored
in —80°C freezing and hydrogels increased slightly, and
the change in particle size distribution was not significant
(Figure 3E).

As shown by the results of transmission electron
microscopy (Figure 3F), fresh sEV had the standard sEV
structure of round vesicles surrounded by a double layer of
membrane. Conventionally preserved sEV at 4°C showed
distinct sEV aggregation, with disrupted of vesicle struc-
ture and unclear boundaries between vesicles. In contrast,
the vesicle structure of sEV preserved at —80°C freezing
and 4°C Gelma hydrogels was relatively normal and indis-
tinguishable from that of fresh sEV. Combined with the
results of transmission electron microscopy, the sEV pre-
served at 4°C-PBS in our study showed significant aggre-
gation, but the phenomenon was not observed in
4°C-GelMA and PC.

In addition, we found that SEV stably expressed some
marker proteins but with the increasing preservation days.
As reported in some studies, sEV protein expression
decreased significantly when stored at 4°C (Figure 3G),""
whereas SEV frozen at —80°C (PC) and those stored in
GelMA hydrogels at 4°C did not change significantly, so
we have good reasons to believe that the sEV proteins
stored in GeIMA hydrogels were not changed.

Preserved sEV Have Strong Ability to
Promote Cells Proliferation, Migration

and Angiogenesis

The sEV particle isolation rate under different mediums
was investigated and the effective isolation rate
(Figure 4A) of sEV in GelMA hydrogels was about 70%,
which was sufficient for conducting cell experiments. In
the cell proliferation assay, cell migration assay and
scratch assay, the promotion effect of GeIMA hydrogels-
preserved sEV for 28days (GelIMA-sEV-28Days) com-
pared with fresh sEV (Fresh sEV) was basically the
same for human Umbilical Vein endothelial cells
(HUVEC) (Figure 4B-D) and rat adipose stem cells

(rASCs) (Supplementary Figure SSA-C). GelMA hydro-
gel-preserved sEVs also exhibited a pro-angiogenic capa-

city relatively consistent with that of fresh sEVs in tube
formation assays (Figure 4E) and angiogenesis-related
gene PCR assays (Figure 4F). These results were highly
satisfactory and fully demonstrated the efficiency and uti-
lity of our preservation method.

Preserved sEV-GelMA Complex Achieved

sEV Controlled Release in vivo

Here, we treated 28 days of preserved 1x10° particles pL ™"
sEV in 10% Gelma hydrogels as a complex and investi-
gated the sustained and controlled release effect of this
complex. The results showed different UV-crosslinking
duration of GeIMA Hydrogels could alter the properties
of the GelMA-sEV complex properties. A general view
showed that GeIMA-sEV without UV-crosslinking com-
plex were viscous liquid with some surface tension When
the crosslinking time reached 3 seconds, the complex was
partially solidified and poorly supported. When the cross-
linking time reached 5 seconds, the complex was comple-
tely solidified and could remain in the shape of the circular
mould (Figure 5A). Rheological test showed that the visc-
osities, storage modulus and loss modulus of GeIMA-sEV
complex changed obviously with different crosslinking
time (Figure 5B and C). We then performed in vivo experi-
ments in which silicone tubes with 28days preserved
GelMA-sEV complexes were implanted into in the sub-
cutancous layer of the dorsum of C57BL/6J mice back
(Figure 5D), and found that the fluorescence values of
the red fluorescently labeled hydrogel alone (Figure SE)
changed very similarly to those of the DiO-labeled sEV
wrapped in GelMA hydrogel alone (Figure 5F) during 0-6
days. The difference in the change in gel absorbance rate
and sEV release rate from Os to 5s of UV crosslinking was
more than 5-fold (Figure 5G). We found the absorption
rate of hydrogel is highly correlated with sEV release rate
in vivo. Therefore, the absorption rate of the hydrogels
in vivo could be controlled by controlling the degree of
UV-crosslinking, which indirectly controls the release of
sEV, resulting in an artificially controlled sEV-GelMA
release system.

Preserved sEV Promoted Angiogenesis

in vivo

The pro-angiogenic effect of sEV preserved in GelMA
hydrogels could be clearly observed after 6 days of
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subcutaneous implantation in silicone tubes by injection of
sEV-hydrogels systems with different preservation meth-
ods and days. The pro-angiogenic effect of SEV preserved
in hydrogels (GelMA-sEV-28days) was consistent with
that of fresh sEV (Fresh sEV), with uniform distribution
and well-defined neovascular borders, whereas the pro-
angiogenic effect of SEV preserved in PBS for 28 days
(PBS-sEV-28days) effect was slightly worse, but also
clearly distinguished from the negative control group
(NC) (Figure 6A and B). In HE-stained sections, neovas-
cularization of the fascial layer, filled was evident in the
Fresh sEV and GelMA-sEV-28days groups, filled with
a large number of erythrocytes, whereas in the PBS-Sev
-28days group had fewer vessels, their diameters were
thinner (Figure 6C). In the immunohistochemically stained
sections, it was observed that there were more vascular
endothelial cells expressing CD31 positivity in the Fresh
sEV and GelMA-sEV-28days groups, whereas there were
fewer vascular endothelial cells expressing CD31 positiv-
ity in the PBS-sEV-28 days group and almost no vascular
endothelial cells expressing CD31 positivity were seen in
the NC group (Figure 6D). Thus, we concluded that the
GelMA hydrogels preserved sEV have the ability to pro-
mote angiogenesis in vivo consistent with fresh sEV.

Discussions

In recent years, sEV have been widely used in medicine,
but the preservation of sEV still face with many chal-
lenges. At present, there is no preservation method which
combines high recovery rate, low cost, convenience, and
easy-transportation in one. In order to solve the problem of
sEV aggregates in 4°C, leading to membrane rupture and
reduced activity, we designed a new sEV preservation
strategy by encapsulating sEV in GelMA hydrogel to
reduce aggregation, thus achieving the goal of preser-
ving sEV.

In order to select a suitable GeIMA hydrogel concen-
tration, we first examined the pore size of hydrogels with
different GeIMA or sEV concentrations. Scanning differ-
ential thermal method is a classic way to measure the pore
size of hydrogels.*”** The pore size of GelMA hydrogels
is reported to be inversely proportional to the concentra-
tion, our results showed same trend.*® The pore size of
GelMA hydrogels was significantly smaller than the pore
size of sEV, thus limiting the movement of sEV.

As described in many studies, loading sEV in hydro-
gels had little effects on the basic properties of the
hydrogels.>***” Considering that the preserved GelMA

and sEV might be used directly in vivo, we chose
a concentration of 1x10° particles pL™' sEV and 10%
GelMA hydrogels, which is a common concentration for
tissue regeneration.’®***%4% Recent studies considered
that adipose tissue could produce and secreted a wide
range of mediators regulating adipose tissue and important
distant targets as an endocrine organ.’® Adipose tissue-
derived sEV are easily accessible and have been shown
to promote lipogenesis, angiogenesis differentiation and
immunomodulation.*®>'>* There are many isolation
methods for sEV, and polyethylene glycol (PEG) precipi-
tation is a rapid, convenient and high yield isolation
method that widely used for the isolation of large amounts
of SEV.>> A recent study showed that the sEV obtained by
PEG precipitation had the same high purity as that isolated
by ultracentrifugation.’® Therefore PEG precipitation was
chosen to isolate SEV in our study. It is worth mentioning
that sEV isolated by collagenase is®’ not suitable for pre-
servation by this method because the residual collagenase
will enzymatically dissolve the GeIMA hydrogels.

According to previous studies, hydrogels loaded with
sEV can have a sustained release effect in vivo for more
than one month, and the released sEV remains physiolo-
gically functional.****3® Some studies have found that the
released sEV at any time still have the same structure as
fresh sEV.>> However, as mentioned above, sEV will be
deactivated in a few days in an environment of 4°C, and
the body temperature is much higher than 4°C, which
seems to indicate that hydrogels have a certain protective
effect on sEV, but the exact mechanism is unknown. Based
on our experimental results, it was confirmed that the
movement speed of SEV encapsulated in GeIMA hydrogels
was significantly slowed down, mainly due to the limita-
tions of GelMA hydrogels, which was consistent with our
initial speculation.

Currently, the most common preservation methods of
sEV  are
Cryopreservation is a preservation strategy that reduces

cryopreservation  and  lyophilization.
the temperature below the temperature that is required
for biological reactions to maintain the functional stability
and is usually applied at t —20°C, —80°C and —196°C.
Studies have shown that the rate of protein degradation
for —20°C preservation is greater than that for —80°C
preservation.'> The degradation rate of sEV proteins such
as ALIX, HSP70 and TSG101 decreased and the degrada-
tion rate at —80°C was less than that at —20°C.'* However,
there was no significant difference between —196 and
—80°C cryopreservation.”® The cryopreservation method
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is likely to “frostbite”. The “frostbite” described here is
mostly related to the imbalance of osmosis pressure during
the freezing process and the formation of ice crystals
within the biological particles.” To avoid the phenomenon
of frostbite, some appropriate concentrations cryoprotec-
tants are often used to increase the preservation time.
Permeability and non-permeability cryoprotectant are
used to protect the membrane structure. Some research
suggested that dimethyl sulfoxide (DMSO) could be used
as a permeability cryoprotectant to help maintain the mor-
phology of these vesicles for long-term storage although
DMSO was unable to preserve the morphology of all
vesicles in the sample.'? Despite this cryopreservation

had some negative reports,”>~*

it was still widely used.
Lyophilization also need lyoprotectants such as trehalose
and polyvinylpyrrolidone 40 to stabilize the membrane
structure.”® Considering the convenience of operation, we
chose DMSO cryopreservation as a positive control (PC),
strictly followed standard cryopreservation and thawing
procedures.'?

The change of the particle size of sEV is of great
significance for preservation. Generally, there are two rea-
sons for the increase of the particle size of sEV. One is
aggregation, which has been shown that aggregation will
increase in a few days at 4°C.° The size distribution of
multiple overlapping Gaussian size distributions led to the
appearance of long-tailed mixtures, suggesting that freez-
ing produced a population of larger nanovesicle aggregates
up to 400 nm in diameter,'® In addition, after the surface
treatment of sEV, the vesicles have difficulty contacting
each other and causing aggregation. It was observed that
the particle size could remain constant for about 1
month.*? Another scenario is the size expansion of indivi-
dual vesicle, which is mainly caused by the hypotonic
environment.” In addition, smaller vesicle sizes have also
been reported, which are mainly fragments resulting from
vesicle rupture.'**® Our results showed that the particles’
number, size, structure and protein of 28-day-preserved
sEV were similar to those of fresh sEV, this preservation
method avoids the cryogenic process, greatly preserves the
structure and number of sEV, and has the advantage of
being low-cost, convenient, and transportable.

Protective agents should be added during cryopreserva-
tion, lyophilization as mentioned above. In previous sEV
preservation study, the preserved sEV were never reiso-
lated for functional validation, and residual protectants
(DMSO, trehalose, albumin or polyvinylpyrrolidone 40)
were not suitable for cellular experiments.>® The relatively

low efficiency of re-isolation of sEV in DMSO is rela-
tively low through PEG precipitation, which may be an
important reason limiting the widespread use of this pre-
servation method. Even though the function of sEV pre-
served in DMSO at —80°C, can be consistent with fresh
sEV of the same particle number, the difference in the re-
isolation efficiency of sEVs from different preservations
(>20%) made it unnecessary to test the function of sEV
preserved in DMSO at —80°C. A high isolation rate
ensures the efficiency of application, and our preservation
method had a relatively high isolation rate of 75%.

In studies related to sEV preservation, physical cross-
linking of GelMA hydrogels occurs at low temperatures,
and the gels is reversible and can be converted to a liquid
state at room temperature for sEV re-isolation and subse-
quent use. The chemical UV-crosslinking of GelMA
Hydrogels could be used to form irreversible gels for
in vivo application. The treatment and tissue regeneration
of many diseases require long-term drug administration
such as wound healing,’® cardiac repair,®’ spinal cord
injury,>> osteochondral defect’® and kidney repair.®” The
half-life of SEV in vivo is very short, and they are metabo-
lized by the liver within a few hours.®® Sustained release of
sEV is required in many cases in order to reduce the trauma
and inconvenience associated with repeated dosing. We
found that the 28 days preserved sEV-GelMA complex
system could achieve the sustained release as well as con-
trolled release of SEV in vivo. The crosslinking degree of
the hydrogels is controlled by the crosslinking time. We
observed a change in the rheological properties of the
hydrogels, and a change in the in vivo absorption, which
is consistent with previous reports.”* When the GelMA
hydrogels were in liquid state, sEV could move freely in
the hydrogels and extracellular matrix and will be quickly
absorbed by the surrounding tissues. Since absorption rate
of the gel is also very fast at same time, the absorption rate
of the gel is close to the release of sEV In our study, after 5
seconds of UV-crosslinking we found that the release rate of
sEV remained essentially the same as the absorption rate of
hydrogels, which is inconsistent with the results of many
studies.”>*® In some studies the release rate of SEV was
usually tested changes in the number of by sEV particles or
protein changes in the PBS under in vitro conditions.”**%>
In reality, in vivo hydrogels do not swell and the pore size
does not change much, and it is difficult for sEV to be
released into the surrounding tissues by their own move-
ment. The main factor determining the release of sEV
comes from the absorption of the hydrogels itself. It is
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worth mentioning that some specially designed hydrogels
could control the crosslinking degree of the gel in vitro or
in vivo, allowing it to be cleaved after cross-linking, such as
light-triggerable hydrogels,”” matrix metalloproteinase-2
sensitive self-assembling peptide hydrogels,®® PH sensitive-
self-assembling peptidehydrogels,® which could also
achieve a relatively precise controlled release effect
in vitro. Our experiments fully confirmed the relationship
between gel absorption and sEV release and laying the
groundwork for the design of future studies on the sustained
and controlled release of sEV through the hydrogels-sEV
complex system.

After determining the relationship between sEV release
and GelMA hydrogel absorption, we designed an in vivo
experiment with a relatively short duration and significant
effects. First, silicone tubes were placed in the subcutaneous
fascia layer of C57BL/6J mice, and then the samples includ-
ing sEV-GelMA complex were injected into the silicone tube.
The sEV-GelMA complex were UV-crosslinked for 3 sec-
onds, and the samples were collected and observed 6 days
later. The area of the dorsal subcutancous fascial layer was
chosen because there are no superficial natural blood vessels
here, which is very convenient for comparative study.
According to previous studies, sSEV from adipose tissue was
highly effective in promoting angiogenesis.*>>* Therefore,
the ability to promote angiogenesis suitable for testing the
function of preserved sEV. Our results demonstrated that
GelMA had no effect on angiogenesis, whereas the ability
of preserved sEV to promote angiogenesis was still evident.

GelMA hydrogels have been widely used in various
medical applications due to its suitable biological proper-
ties and tunable physical characteristics.’® It has good
biocompatibility as it has similar properties are similar to
native extracellular matrix (ECM). We found the following
advantages of GeIMA hydrogels for preservation, (i): the
presence of temperature-sensitive reversible physical
cross-linking facilitates sEV loading and isolation. (ii):
the possibility of irreversible UV-crosslinking action
in vivo. (iii): good biocompatibility, administered together
without affecting sEV activity. (iv): mature preparation
technology, which allows synthesis or purchase of manu-
factured products. Due to the good compatibility between
sEV and GelMA hydrogels, this therapeutic combination
can be widely used for the treatment and tissue regenera-
tion by the methods described above. In addition to the
effective preservation of sEV and controlled release of
sEV, the preserved sEV-GelMA complex constructed by
us also have very promising applications in vivo.

Conclusion

Based on the therapeutic potential of sEV in the context
of future clinical application, we developed an efficient,
low-cost, convenient, high isolation rate and transporta-
ble strategy of sEV preservation at 4°C by encapsulating
sEV in GelMA hydrogels to limit the movement of sEV,
and reduce sEV aggregation. The results indicated that
sEV preserved in GelMA hydrogels for 28 days in 4°C
had similar particle number, size and characteristics as
fresh SEV. The preserved sEV could be isolated subse-
quently and promoted cell proliferation, migration and
differentiation in the same degree as fresh sEV. In vivo
we observed the 28 days-preserved sEV still has a strong
ability to promote angiogenesis. In addition, we investi-
gated and constructed a preserved sEV-GelMA complex
controlled release system, which is a trinity system of
preservation-isolation- application.
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