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Injectable Hydrogels for Controlled Release of Extracellular Vesicles
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Diseases represent significant barriers to human progress. Ineffective drug delivery processes exacerbate this issue, as the lack
of methods to engineer and implement the drug-device complexes needed to efficiently deliver drugs leads to the failure of
countless treatment endeavors. Among other alternatives, extracellular vesicles (EVs) possessing therapeutic content like proteins
or small nucleic acids are considered novel therapeutic tools with medicinal benefits. Particularly, EVs derived from adult
Mesenchymal Stem Cells (MSC-EVs) are useful because of their ability to facilitate intercellular communication and the transfer
of biological information. Thus, encapsulation of MSC-EVs in injectable hydrogels for controlled and sustained EVs release could
maximize the efficiency of a MSC-EVs treatment. Injectability of hydrogels creates an easy way for effective delivery where
the injected material can be allocated at the target site, like a drug depot to enable controlled EVs release. In this study, EVs
encapsulated injectable hydrogels (EVs-hydrogels) that can be either UV-crosslinked or temperature-induced enabled noninvasive
injection, colocalization, and controlled EVs release at the injury site. The hydrogel structure was analyzed by the Scanning
Electron Microscopy (SEM). The EVs were isolated from MSCs and characterized. We gathered an understanding of the release
profile of EVs (in EV number and protein content) by quantifying the released EVs. The biological activity of the released EVs
were qualitatively tested on PC12 cells to measure neurite outgrowth. Overall, this study provides us with scientific insights to

potentially promote long-term therapeutic activity of MSC-EVs, aimed at effectively treating disorders/diseases in the future.
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Introduction

The field of hydrogel research has been intriguing for researchers
and clinicians for its versatility in the development and imple-
mentation of a wide variety of scientific techniques. For a large
part, interest in hydrogels can be attributed to its potential for
rectifying ineffective drug delivery, which can have serious im-
pacts. Ineffective drug delivery acts as a serious impediment
to the effective implementation of many drugs, largely through
the altering of diffusion rates. Furthermore, physiokinetic stud-
ies have proven distribution inhomogeneity, rapid efflux, and
consequent treatment failures may often result from ineffective
drug delivery'l. Still, ineffective drug delivery can even lead
to the incorrect grouping of effective and ineffective drugs to-
gether as ultimately unsuccessful remedies, creating potential
for unjustified backlash from the drug manufacturing industry
or elsewhere'. As a solution, hydrogel structures are renowned
for their capability to promote the release of its contents, usually
drugs, in a controlled manner, because of characteristics allow-
ing for diffusion and controllable degradation?. Having such a
controlled release capability is remarkable, because applying a
more precise and concentrated dose of a drug can mean more
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effective, nuanced, and adaptable treatments. As a result, a hy-
drogel allows for the improvement of drug delivery processes in
a wide range of treatment processes. Additionally, the polymeric
nanostructures utilized in hydrogels are especially notable, be-
cause of their stimuli-responsive capabilities®. The variation in
how these hydrogel structures are created via formulaic changes
is very interesting, whether chemically, physically, or other-
wise”. These options uncover a wider scope of treatment situa-
tions in which the hydrogel can be effectively utilized, creating
opportunities for potential applications in the future. In addition,
coupling a hydrogel system with a remote synthesis/gelation
device (e.g., UV cross-linking upon injection) or stimuli respon-
siveness (e.g., temperature induced gelation) upon injection into
the injury site also greatly increases adaptability®. This can
allow for noninvasive treatments allowing co-localization of the
drug loaded hydrogels and controlled release of drugs at the
injury site for prolonged time periods (Figure 1A and B).

The type of the drugs encapsulated in the hydrogel are just as
important. In this study, those drugs stem from mesenchymal
stem cells (MSCs), which have been proven to migrate toward
the affected site in instances of injury, inflammation, or cancer
to aid in the recovery process>"2. Upon reaching these critical
areas, MSCs exert a positive influence on the surrounding cells
through paracrine signaling, which enhances cell survival while
reducing apoptosis. There, MSC-secreted factors and drugs
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Fig. 1 (A) The illustration exemplifies the potential benefits of MSC-EVs after the extraction process, and their specific use cases. Following
isolation and characterization, the MSC-EVs are assisted by the hydrogel to influence the target cell, allowing their contents (proteins, miRNAs,

and other molecules) to be impactful. (B) Multiple hydrogels based on

Pluronic F127 (PLF127), a special pentablock copolymer (PBC) and

MSC-EVs mixture were developed for experimentation. These processes include temperature-induced gelation and remote UV-cross linking.
The final hydrogel, a combination of these special properties, achieves the goals of being injectable, remotely cross linkable, and having longer

release times.

that pose significant benefits, such as in improving paracrine
functions, are released®. In this study, the drug in question is
extracellular vesicles (EVs), which have attracted a lot of atten-
tion for their therapeutic content composed of different proteins,
molecules, and miRNA, and the resulting benefits this cargo can
hold®"Y, Specifically, neuroprotective and anti-inflammatory
proteins and miRNAs in EVs have been shown to promote neu-
ral repair and recovery after neurotrauma. Furthermore, EVs
can be modified to transfer the phosphatase and tensin homolog
(PTEN) into astrocytes, which lead to the reorganization of glial
scars into a more suitable environment for axonal regrowth'2,
In this experiment, the EVs utilized are isolated from Mesenchy-
mal Stem Cells (MSC-EVs) and have been proven to be effective
in the promotion of epithelial cell proliferation, a likely result
from the previously discussed benefits provided by both MSCs
and EVs. Notably, MSC-EVs also exhibit anti-inflammatory
properties, attracting macrophages and providing therapeutic

benefits through their protein cargo, such as tumor necrosis
factor-stimulated gene 6 protein (TSG-6), which reduces in-
flammation?. In addition, the miRNAs within EVs facilitate
recovery after SCI by promoting tissue regeneration and func-
tional recovery"#.

Encasing MSC-EVs in an injectable hydrogel (EVs-hydrogel)
has been shown to enhance these effects by enabling controlled
release. Crucially, hydrogel structures allow for the admin-
istration of only a predetermined amount of drug. Not too
much of the drug, that may potentially lead to toxicity, and not
too little, that may lead to resource waste or ineffectiveness.
This creates a treatment environment that can be easily manip-
ulated for the desired result. Specifically, a polylysine-based
hydrogel (PBHEVs@ AGN) supports the sequential release of
aminoguanidine to reduce oxidative stress, allowing for sus-
tained EVs delivery for axonal regeneration and inflammation
reduction?. In addition, the thermosensitive PLEL hydrogel
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has been found to ensure prolonged EVs retention at the injury
site, facilitating M2 polarization of macrophages and inhibit-
ing neural apoptosis through the Bcl-2 pathway'™. Finally, the
F127-polycitrate-polyethyleneimine hydrogel (FE@EVs) may
provide ultralong EVs release over 56 days, effectively pro-
moting remyelination, scar reduction, and motor recovery after
SCI!4, Despite the variety of hydrogel-formulating materials
that could be used, in this experiment, PLF127 was utilized due
to its exceptional versatility that stems from its unique gelation
properties that allow it to be liquid in lower temperatures and
gel in higher temperatures®. These thermoresponsive prop-
erties contribute to the facilitation of the controlled release of
active hydrogel contents, such as EVs, ultimately contributing
to improved content delivery and treatment effectiveness for
the hydrogel system. It is also a material that has special sol-
gel capabilities, which may be utilized inside the human body.
These characteristics complement the biocompatibility, safety,
and injectability of PLF127, preparing the results of this experi-
ment to potentially be applicable in other situations'”. Further
application of these properties will be expanded on in later sec-
tions. Importantly, the EVs-hydrogel also protects the EVs from
potentially dangerous environments. In a normal context, the
EVs secreted from MSCs or even the MSCs themselves may be
misdirected or degraded in the bloodstream. Removing these
risks, the hydrogel acts as an exoskeleton-like structure, hedging
against these potential dangers.

In this study, we focus on developing an MSC-EVs-
incorporated, injectable, and UV-curable and/or temperature-
induced hydrogel that can provide sustained release of EVs.
The EVs-hydrogel we created is structurally sound, able to be
crosslinked through a UV system or temperature response, and
capable of delaying/prolonging the release of essential EVs
in a concentrated manner (Figure 1A and B). Ultimately, our
objective is to develop an EVs-hydrogel that can facilitate the
effective, concentrated, and prolonged release of MSC-EVs that
can assist in the amelioration of diseases and illnesses.

Methodology

MSCs culture:

MSCs were grown in the maintenance medium (MM) consisting
of alpha minimum essential medium (a-MEM, Life Technolo-
gies) supplemented with 20% fetal bovine serum (Life Technolo-
gies), 4 mM L-glutamine (Life Technologies), and antibiotic-
antimycotic, (100X) (Life Technologies). The cells were incu-
bated at 37 °C in a 5% CO, incubator and sub-cultured every
2-3 days when cells reached 80% confluency"®.

Isolation of MSC-EVs

Following the cultivation procedure, 30 mL of serum-free media
(SFM) was collected from MSCs in T75 flasks into a centrifuge
tube. SFM was later centrifuged in several steps (400 xg for
5 min, 1,500 xg for 10 min, 5,000 g or 10,000 g for 10 min,
with using a swinging-bucket rotor 4,000 xg for 30 min at room
temperature). In the first three steps, a small amount of SFM
was left in the tube to remove remaining cell debris and larger
proteins in the SFM. The last centrifugation was held with a
centrifugal filter unit (Amicon Ultra-15 100 kDa Centrifugal
Filter Unit UFC910024) as described in the manufacturer’s
instructions. After the filter centrifuge, retentate was collected
(~2 mL) and further purified down to 8 mL in PBS (Phosphate
Buffered Saline (1X) 0.0067M (P04), Cytiva SH30256.01) with
a size exclusion chromatography column (QEV2 Gen 2 70 nm
IC2-70) as manufacturer’s instructions (15.2 mL adjusted buffer
volume, 8 mL purified collection volume).

Characterization of EVs

The number and quality of EVs were determined using specific
ELISA kits for EVs markers, including CD9, CD63, and CDS81
(EXEL-ULTRA-CD9-1, EXEL-ULTRA-CD63-1, and EXEL-
ULTRA-CDS81-1; System Biosciences) by following the manu-
facturer’s protocol. These three specific markers are tetraspanin
proteins found on the EV membrane. Specifically, as outlined
in the MISEV2023 guidelines, EVs are often found to be en-
riched with these specific tetraspanin proteins along with other
proteins such as ALIX (protein regulates cellular mechanisms),
MHCI1 (major histocompatibility complex 1), and HSP90 (heat
shock protein 90), so the existence of CD9, CD63, and CD81
is especially cruciall®. The EVs’ protein content and mem-
brane integrity were detected using EV protein and membrane
labeling kits (EXOGP300A-1, and EXOGMG600A-1; System
Biosciences) by following the manufacturer’s protocol. Addi-
tionally, EV yield was validated with System Bioscience EXO-
CET Exosome Quantitation Kit as 3x 10'° number of EVs/mL
in addition to ELISA measurements. In general nanoparticle
tracking analysis (NTA) is used to detect the yield and size dis-
tribution of the EVs, however, we currently do not have access
to NTA to perform this experiment. Because of this reason, we
quantified the EVs with the mentioned kits and measured their
size and distribution using dynamic light scattering and SEM
images. The size of the EVs ranged between 50-150 nm as
expected. The purity of the EVs was calculated by determining
the free protein content in the final EV solution after the isola-
tion. It is reported as the number of EVs per microgram protein.
The purity of our EVs was reported as 2x 10° EV particles/ug
protein.
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UV-Crosslinked Hydrogels Formation

The implementation of encapsulating structures must be made
flexible, to increase use cases'®. Increasing hydrogel remote
cross-linking techniques is a solution. Extensive examples have
proven the benefits potential cross linking strategies may pro-
vide?"22. Remote crosslinking via UV light, or as will be used
by temperature-induction, allows for greater flexibility, bypass-
ing the aforementioned limitations.

Combining 75 mg of pluronic F127 gel (PLF127; a
polyoxyethylene-polyoxypropylene surface active block copoly-
mer) with 75 mg of Polyethylene glycol diacrylate (PEGDA
4000), 100 uL of an Irgacure 2959 photoinitiator (diluted to 0.2
weight % with methanol solution), and 200 uL of deionized wa-
ter to yield the gel solution after a day inside a 4°C refrigerator.
This solution was slightly viscous and brown. This solution was
stored inside a 24-Well Plate (Corning Costar) until the end of
the experiment. Following an overnight incubation, the hydrogel
solution was exposed to a UV System (OmniCure Series 1500)
for 120 seconds to catalyze the gelation process and create a
solid and translucent hydrogel.

Pentablock Copolymer Hydrogels

In recent literature and findings, having complementary or in-
verse electrostatic charge relationships between the hydrogel
structure and its molecular cargo have been found to be more
exceptional in retaining the aforementioned cargo compared
to when the electrostatic relationship is non complementary or
direct?3. Similarly, this study also decided to utilize a charged
copolymer to leverage complementary electrostatic interactions
to extend release times. Responsive cationic copolymers were
synthesized using atom transfer radical polymerization by fol-
lowing previously published protocols*.

The actual hydrogel incorporated with the isolated EVs
(5x10'° EVs per hydrogel formulation) (EVs-hydrogel) was
formed using 75 mg of a stimuli responsive cationic copoly-
mer composed of temperature-responsive PLF127 and pH re-
sponsive cationic poly(2-(diethylamino) ethyl methacrylate)
(PDEAEM)?%, This positively charged cationic polymer enables
the condensation of negatively charged EVs in the hydrogel via
electrostatic interactions. The integrity of this system relies
on the proven positive relationship between negatively charged
siRNA, or in this experiment, negatively charged EVs, and the
positively charged pentablock copolymer?4.

The rest of the hydrogel formulation was kept the same as
the initial trial, and the same UV conditions were applied for
cross-linking. In addition, temperature induced gelation was
also tested above critical gelation concentrations (above 25
wt%) and temperatures (37 °C). The microstructure of hydrogel
was characterized using scanning electron microscopy (SEM).
The selected materials for the hydrogel formulation allow for
the formed hydrogel to be easily handled along with a remote

crosslink process to occur with a UV system, increasing the
variety of situations the hydrogel can be implemented in any

condition'!.

EVs Release Evaluation from UV-crosslinked hydrogels

Following the formation of the hydrogel designated for the
experiment, the formed hydrogel (EVs-hydrogel) was placed at
the bottom of the well. This leaves enough space to add 2 mL of
PBS in a supernatant position. The resulting system would then
be placed on the shaker and the PBS was retrieved at designated
time intervals. The shaker assists in helping the EVs release
from the EVs-hydrogel into the PBS. After retrieval of 2 mL of
PBS solution, the same volume of fresh PBS was added back
onto the hydrogel. This process was repeated for the designated
time intervals.

The released EVs were detected using specific ELISA tests by
following the manufacturer’s protocols. In addition, the protein
content of the released EVs were also determined using BCA
assay.

Temperature-Induced EVs-Hydrogel Formation

A set of hydrogels was developed using the temperature-
responsive gelation of the PLF127-containing pentablock
copolymer!®, The cationic block of the pentablock copoly-
mer was used to complement the negatively charged MSC-EVs,
while the temperature-responsive block facilitated gelation. Ad-
ditional PLF127 was incorporated to enhance the temperature-
induced gelation and form MSC-EVs-loaded hydrogels (EVs-
hydrogel). To prepare the EVs-hydrogels, EVs were complexed
with the pentablock copolymer at concentrations of 35%, 40%,
and 45% (w/v) in a solution containing EVs for 30 minutes and
kept at 4°C to ensure uniform mixing and to form pentablock
copolymer/EVs-complex.

Simultaneously, PLF127 solutions were prepared at the same
weight percentages (45% w/v) in the PBS buffer. 250 puL of the
PLF127 solutions and 450 pL of pentablock copolymer/EVs-
complex were transferred into 2 mL centrifuge tubes and mixed
thoroughly. Then, the mixed hydrogels (700 uL total volume
each) were incubated at 37°C for at least 30 minutes to en-
sure complete gelation. 45% w/v was selected based on our
preliminary tests.

Release of EVs from Temperature-Induced EVs-hydrogel

After confirming gelation by observing the formation of a
non-liquid, cohesive gel upon incubation, 200 yuL of PBS pre-
warmed to 37°C was added to the top of each EVs-hydrogel
to initiate EVs release. The EVs-hydrogels were incubated at
37°C, and at designated time points, the PBS overlay was care-
fully collected and replaced with fresh pre-warmed PBS (37°C,
200 uL) to maintain constant release conditions. Collected PBS
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samples containing the released EVs were stored for subsequent
EVs quantification.

Quantification of the released EVs

EVs released from the EVs-hydrogels were quantified by as-
sessing their numbers using specific quantification kits and EV
protein content using BCA assay. For the EV concentration,
System Bioscience EXOCET Exosome Quantitation Kit was
used to quantify the number of EVs released from the hydrogels.
For the protein content of the released EVs, the collected sam-
ples were lysed using a 5 xRIPA lysis buffer supplemented with
a protease inhibitor cocktail (Roche) and 1 mM PMSF.

Aliquoted EVs diluted with or without DPBS (1:10) were
lysed with an appropriate volume of cold 5x RIPA buffer and
incubated on ice for 20 minutes. The lysates were vortexed for
1 minute, sonicated for 1 minute, and incubated on ice for an
additional 10 minutes. The samples were then centrifuged at top
speed (4°C, 15 minutes), and the supernatant was transferred to
new tubes for protein concentration measurement.

The total protein content of the EVs lysates was measured
using the micro-BCA protein assay kit (23235; Thermo Fisher
Scientific,) with BSA as the standard. To ensure accurate mea-
surements, both undiluted and diluted samples were analyzed,
along with a calibration curve prepared according to the assay
manual. Release profiles of EVs for all hydrogel formulations
were constructed based on this data.

Bioactivity of the released EVs:

To assess the bioactivity, the released EVs were collected and
incubated with PC12-TrkB cells. These cells are responsive to
certain therapeutic materials (proteins, RNAs or growth factors)
and show enhanced neurite outgrowth when in contact with
these molecules. Therefore, we used PC12 cells to assess the
biological activity of the released EVs. For this purpose PC12
cells were cultured as follows; PC12 cells, derived from a rat
pheochromocytoma, are commonly cultured in DMEM or F12K
medium supplemented with 7% heat-inactivated horse serum,
7% fetal bovine serum, and antibiotics (50 U/mL penicillin and
50 pg/mL streptomycin).

For optimal attachment, cells are seeded on Falcon Pri-
maria dishes or collagen-coated plates, and optionally on cov-
erslip dishes pre-treated with ECL matrix diluted in cold F12K
medium and incubated at 37°C for at least one hour. PC12 cells
grow in small clusters and should be fed three times per week,
replacing only two-thirds of the medium to preserve endogenous
growth factors. When clusters become too large (typically >6-8
cells), they should be gently dispersed by pipetting—trypsin is
avoided due to cell sensitivity.

For passaging, cells are replated at a 1:3 or 1:4 dilution, en-
suring they are not overly diluted to maintain viability. For

long-term storage, cells are frozen in 90% culture medium with
10% DMSO using a slow-freezing protocol before transfer to
liquid nitrogen. To induce neuronal differentiation, collected
EVs (3x10'© EVs/mL) added to the medium, prompting neurite
outgrowth and cessation of proliferation. Neurite extension was
visualized using light microscopy.

Results

Hydrogel & EVs Release Characterization

Fig. 2 The representative SEM image shows the micro-structure of
hydrogel. (A) UV-cross-linked and (B) Temperature induced by EVs.

The microstructure of the formed hydrogel was detailly as-
sessed using SEM imaging. It was observed that the hydrogels
have porous structures, allowing PBS penetration and the re-
lease of the loaded EVs (Figure 2). The presence of EVs did
not cause any structural changes due to their small size (50-150
nm). These characteristics demonstrate the added capability of
EVs in a drug delivery involving said hydrogels.

.....

Intensiy (Percent)

3 8 8 8 8

See (dnm)

Fig. 3 (A) The EVs markers, CD9, CD63 and CDS81 were detected by
ELISA analyses. EVs protein (B) and membrane (C) were labeled in
green color. (D) SEM images of the released isolated (left) and
released EVs (right). (E) Size distribution of released EVs by DLS.

In accordance with an established technique, to determine if
the collected PBS samples did contain the released EVs from
the EVs-hydrogel, ELISA kits were used to detect the EVs
markers23, These ELISA tests characterize the release kinetics
and characteristics of the EVs. As shown in Figure 3, the iso-
lated EVs expressed all the major EVs markers, CD9, CD63
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and CD81 (Figure 3A), indicating the collected EVs are bioac-
tive. The integrity of the released EVs was examined by using
EV protein and membrane labeling kits. The protein contents
(Figure 3B) of the released EVs prove that the environment
they were placed in is suitable for their operational capabili-
ties. The labeling of the membrane (Figure 3C) of the released
EVs demonstrates that they are compatible with the hydrogel.
Not only are the EVs able to stay healthy, but the release of
the desired, beneficial protein content exemplifies a capability
to be functional in the hydrogel’s encapsulation environment.
Both the EV membrane and protein contents were labeled and
shown as green fluorescein to demonstrate that the structure of
the released EVs is intact. Additionally, EV yield was validated
with System Bioscience EXOCET Exosome Quantitation Kit as
3%10'% number of EVs/mL in addition to ELISA measurements.
In general nanoparticle tracking analysis (NTA) is used to detect
the yield and size distribution of the EVs, however, we currently
do not have access to NTA to perform this experiment. Because
of this reason, we quantified the EVs with the mentioned kits
and measured their size and distribution using dynamic light
scattering and SEM images. The size of the EVs ranged between
50-150 nm as expected. The purity of the EVs was calculated
by determining the free protein content in the final EV solution
after the isolation. It is reported as the number of EVs per mi-
crogram protein. The purity of our EVs was reported as 2x 10°
EV particles/ug protein. The released EVs have similar size and
shape as of the originally isolated ones (Figure 3D and E) and
their size changes between 50-150 nm as expected.

Establishing EVs Release Profile
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Fig. 4 Release profiles of (A) EVs (top) and corresponding protein
content (bottom) from UV-cross-linked hydrogels and (B) EVs (top)
and corresponding protein content (bottom) from temperature induced
hydrogels.

The released EV concentration and corresponding protein
content from the UV-cross-linked hydrogels were shown in Fig-
ure 4A. Although there is controlled release the initially loaded
EVs amount (~3-3.5x 1019 EVs/mL) were released within the

first 24 hours. Although this cross-linking mechanism shows
ease of application after injection to the injury site, the sus-
tained release was not obtained. On the other hand, EVs loaded
(same loading with UV-cross-linked hydrogels (~3-3.5x10'0
EVs/mL)) and temperature induced gelation of the hydrogels
showed extended release compared to UV-cross-linking. This
could be attributed to the presence of positively charged PBCs
resulting in both gelation and electrostatic complexation with
the EVs causing delayed release. With this approach the release
time was extended to 67 hours and the hydrogel still contains
~66% of the initially loaded EVs. This indicated that the re-
lease of remaining EVs will continue over time. Although the
release of the EVs were extended, possibly beyond ~300 hours,
these hydrogels systems still need further optimization to obtain
sustained release over months. Nevertheless, this initial study
indicates the potential of these materials in terms of enabling
EVs loading and release.

Therefore, this temperature-induced hydrogel could also be
an alternative to UV-cured hydrogel. Moreover, it can also be
applied to the injury site, where it gels at body temperature (37
°C), the temperature used to induce EVs release, without the
need for any open surgery. These beneficial properties support
the recent studies that demonstrate the effectiveness of EVs-
hydrogel in processes such as wound healing.

o X

Fig. 5 The neurite outgrowth of PC12 cells (A) control and (B) treated
with EVs 3x 100 EVs/mL.

The biological activity of the released hydrogels were also
tested on PC12 cells by qualitatively evaluating the neurite ex-
tension. The light microscope images in Figure 5 indicated that
the PC12 cells treated with the released EVs were observed to
demonstrate the neurite outgrowth as compared to the non EVs
treated control group without any neurite extension. This eval-
uation indirectly shows the potential of the EVs as therapeutic
tools for future applications related to any disease or injury con-
dition. In this study, the addition of pentablock copolymer to the
hydrogel formulation did not result in irreversible alterations to
EV membrane proteins. The cohesiveness of the EV membrane
is proven by the fact that the tetraspanin proteins addressed in
Figure 3 are abundant. The cohesiveness of the membrane is
integral in ensuring the EV can still implement its therapeutic
properties. To the extent to which is illustrated by the preva-
lence of the tetraspanin proteins in Figure 3, it is reasonable
to assume the continued presence of the beneficial therapeutic
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properties of the EVs principal to the positive characteristics of
the EV-hydrogel system central to this study.

Discussions and Future Perspectives

This experiment was conducted with the focus of initially assess-
ing the dynamic release of MSC-EVs from EVs encapsulated
hydrogel (EVs-hydrogels), which were particularly novel and
critical. The EVs-hydrogel, shown in Figure 2, is a solid and
fortified structure. It demonstrated that such a hydrogel sys-
tem was compatible with EVs. This is illustrated in Figures 3
through 5, where hydrogel-content (EVs) release is sustained
throughout a relatively extended period depending on the cross-
linking type. The effective release of EVs can be seen in Figure
4, with a consistent confluence of EVs in the observation period,
and with further gradually increased concentration of EVs when
the PLF127-containing pentablock copolymer was added to the
hydrogel formulation.

As more materials were included, such as the pentablock
copolymer, which had unique electrostatic properties allowing
for the EVs to be released slowly, but consistently, our initial
release time goals were more closely accomplished. In other
words, we not only find out the differential release characteris-
tics of hydrogel when composed of different materials but first
demonstrate that a hydrogel made from a responsive pentablock
copolymer, instead of only PLF127, can prolong the release pro-
cess of the EVs from EVs-hydrogel for more than 67 hours with
gradually increased concentration (Figure 4). Therefore, the
EVs-hydrogel, which used a pentablock copolymer instead of
only PLF127, was effective in achieving the initial goals of the
study. Critically, the results derived in this study are reflected in
recent literature. Cationized hydrogels have been demonstrated
to prolong EV release periods#’. The absorption of the EVs into
the hydrogel structure is more complete in the hydrogels with
complementary electrostatic relationships, which relates con-
trolled hydrogel-content release to the effective implementation
of electrostatic interactions?®. More specifically, more cationic
polymer usage within a hydrogel formulation was demonstrated
to net a 367% increase in the release period of EVs, from 3 days
to 14 days. This is comparable to this study’s demonstration
of the prowess of electrostatic relations, netting a minimum of
a 1575% increase in the release period of EVs, from around 4
hours to at least 67 hours®.

Although our experimentation demonstrated the possibility
of mixing and matching different materials and formulations, it
is not always possible to create a concoction of substances that
work well together. For example, sometimes it may be necessary
to forfeit a certain type of crosslinking to ensure a longer release
time. Seen through our first experiment with different PLF127
amounts, specific material compositions yielded improved con-
trol over release rates and structural integrity, of which the order
of importance can be based on alignment with desired goals. In

future experiments, it is important to experiment with these for-
mulaic factors, potentially creating a hydrogel formulation that
could be responsive to multiple types of crosslinking, greatly in-
creasing the hydrogel’s use cases. For more resourceful groups,
an even longer period could be utilized, to capture an experience
as close to the EVs-hydrogel real-life application. Additionally,
the usage of corroborative quantification processes may be ben-
eficial in future experiments to validate release numbers such as
the ones presented in this study. The preservation of the thera-
peutic properties of the EVs can be proven through cell-based
functional assays. Future studies may also provide a compre-
hensive purity analysis to ensure that the result measurements
are accurate in demonstrating the quantification of the EVs re-
leased. Furthermore, because of the potential usage of such
EVs-hydrogel in a multitude of situations, especially for clinical
application of drug delivery, further studies/considerations will
be needed to (1) study how effective the UV crosslinking would
be when faced up against different materials may yield interest-
ing results; (2) develop a hydrogel with an even longer releasing
period, especially for longer than 15 or even 30 days; (3) test the
EVs released from EVs-hydrogel on in vitro cells, and in vivo
animal models; (4) examine if the pre-synthesized and injected
EVs-hydrogel can specifically reach their target sites, such as
injury/insult sites, to exert the desired effects but no off-target ef-
fects, which we originally expect. Perfecting these processes can
reduce distractions from the entire process by streamlining the
initial EVs-hydrogel delivery. Attracting molecules in the EVs
involved in injury recoveries like human primary keratinocytes
and fibroblasts through the activation of the downstream signal-
ing pathway could provide potential benefits when combined
with hydrogel technology for future therapeutic development.

Ultimately, there are serious implications for the continuation
of the current system of ineffective drug delivery in many facets
of our society. This study provides insight into EVs-Hydrogels
as a potential solution and is particularly relevant in advanc-
ing scientific knowledge on the effective, concentrated, and
prolonged release of MSC-EVs.
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