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Exosome-like vesicles encapsulated s
with specific microRNAs accelerate burn
wound healing and ameliorate scarring

Zhiyong Lei'? Xiaojuan Chen'?, Kezhuo Chen'?, Pan Liu', Mingzhang Ao', Lu Gan® and Longjiang Yu'*"

Abstract

Burn injuries are prevalent, yet effective treatments remain elusive. Exosomes derived from mesenchymal stem cells
(MSC-Ex) possess remarkable pro-regenerative properties for wound healing. Despite their potential, the challenge
of mass production limits their clinical application. To address this, preparing exosome-like vesicles has become an
international trend. In this study, 28 key microRNAs (miRNAs) with significant pro-proliferation, anti-inflammation,
and anti-fibrosis functions were screened from MSC-Ex. These miRNAs were encapsulated into liposomes and

then hybridized with extracellular vesicles derived from watermelon to create synthetic exosome-like vesicles. The
fabricated vesicles exhibited similar particle size and zeta potential to MSC-Ex, demonstrating high serum stability
and effectively resisting the degradation of miRNA by RNase. They were efficiently internalized by cells and enabled
a high rate of lysosomal escape for miRNAs post cellular uptake, thereby effectively exerting their pro-proliferative,
anti-inflammatory, and anti-fibrotic functions. Further experiments demonstrated that these vesicles efficiently
accelerated burn wound healing and reduced scarring, with effects comparable to those of natural MSC-Ex. Based
on these findings, the exosome-like vesicles fabricated in this study present a promising alternative to MSC-Ex in
burn wound treatment.
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Introduction

Burn injuries pose a great threat to people’s physical
health and economic development. In 2019, approxi-
mately 9 million new cases of burn injuries were recorded
globally, resulting in an estimated 111,000 deaths and
contributing to annual welfare losses of up to 112 billion
USD [1]. Burn wounds are often accompanied by severe
inflammation, characterized by a protracted healing pro-
cess and a high propensity for the development of hyper-
trophic scars, making them one of the most challenging
types of cutaneous wounds to manage clinically [2]. To
date, there are no clinically effective therapies for the
treatment of burn wounds. To overcome these challenges
and enhance patient outcomes, the development of cost-
effective and efficient treatments is imperative.

The discovery of mesenchymal stem cells (MSCs) and
their secreted exosomes (MSC-Ex) has brought a new
dawn to this field. After skin injury, MSCs are chemotac-
tically driven to migrate from their niches to the wound
site. Upon encountering specific stimuli from the micro-
environment, MSCs secrete a range of cytokines tailored
to the demands of the wound site, including those that
promote proliferation, exhibit anti-inflammatory proper-
ties, and prevent fibrosis, primarily via exosomes [3, 4].
This targeted secretion modulates the behavior of mul-
tiple cell types within the wound tissue, culminating in
rapid and scar-minimizing wound healing. A number
of studies have demonstrated that MSC-Ex are more
suitable for wound treatment compared to the MSCs

themselves [5, 6]. However, current production of MSC-
Ex is limited to small-scale laboratory settings, and scal-
ing up to meet clinical and commercial demands remains
elusive. The production of MSC-Ex is reliant on cell cul-
ture, resulting in challenges such as limited scalability,
time and cost constraints, poor batch-to-batch unifor-
mity, and difficulties in quality control [7-9]. Due to the
challenges associated with the mass production of natu-
ral MSC-Ex, the preparation of synthetic exosome-like
vesicles is increasingly emerging [10-12].

In pursuit of this goal, selecting the critical bioactive
components within MSC-Ex and the development of
nanovesicles that emulate the structure and characteris-
tics of MSC-Ex are two critical issues in the preparation
of exosome-like vesicles. Exosomes contain a variety of
active ingredients, such as proteins, miRNAs, mRNAs,
and IncRNAs. miRNAs, which comprise a significant
portion of the active constituents, regulate a vast array
of physiological processes and are simple and inexpen-
sive to produce [13-15]. Meanwhile, a single miRNA
possesses the capability to modulate the translation pro-
cesses of multiple target mRNAs, thereby exerting regu-
latory influence over multiple signaling pathways [16, 17].
It has been proven that miRNAs exert pivotal roles in the
processes of tissue regeneration, including but not lim-
ited to cutaneous, osseous, and neural systems [18—20].
Based on these, miRNAs are ideal for industrial produc-
tion to mimic the functions of MSC-Ex in wound heal-
ing. As previously reported, exosomes contain hundreds
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of distinct miRNAs [21, 22]. However, the precise func-
tions of a significant proportion of the MSC-Ex-derived
miRNAs remain unknown. Consequently, screening
miRNAs from MSC-Ex that specifically facilitate wound
healing remains challenging.

In this study, a function-oriented miRNA sequencing
approach was applied to select miRNAs within MSC-
Ex that are specifically beneficial for cutaneous wound
repair, resulting in the screening of 32 candidate miR-
NAs. Functional assays showed that among these 32
miRNAs, 15 significantly promoted the proliferation of
dermal fibroblasts, while all exhibited anti-inflammatory
and anti-fibrotic capabilities. Based on the results of
functional assays, 28 miRNAs that primarily exhibit pro-
proliferative, anti-inflammatory, and anti-fibrotic effects
were chosen for subsequent studies. To ensure the effica-
cious uptake of miRNAs by recipient cells and their opti-
mal functionality, novel exosome-like vesicles mimicking
the characteristics of MSC-Ex have been fabricated to
deliver the 28 miRNAs. First, watermelon-derived extra-
cellular vesicles were prepared and exhibited excellent
biosafety as well as significant pro-proliferative efficacy
on dermal fibroblasts. Then, the watermelon-derived
extracellular vesicles were hybridized with miRNA-
loaded liposomes, resulting in exosome-like vesicles
that possess characteristics similar to those of natural
MSC-Ex. These exosome-like vesicles enabled the miR-
NAs to have a high lysosomal escape rate upon entering
cells, efficiently performing their regulatory functions.
In vivo experiments confirmed that, similar to natural
MSC-Ex, they effectively promoted wound healing and
mitigated scar formation in deep second-degree burn
wounds. Thereby, the exosome-like vesicles provide a
mass-producible, cost-effective, and efficient substitute
to MSC-Ex.

Results and discussion

Inflammatory microenvironment-educated MSCs produce
exosomes with enhanced regenerative potential in burn
wounds

To screen the pro-regenerative miRNAs from MSC-Ex,
we aimed to specifically enhance the reparative proper-
ties of MSC-Ex. Following this, miRNA sequencing will
be applied to assess the miRNA composition and relative
expression levels of each miRNA between the function-
ally enhanced and regular MSC-Ex. This function-ori-
ented miRNA sequencing approach is supposed to aid in
screening the key miRNAs that promote wound healing
within MSC-Ex.

Previous studies have reported that MSCs can adjust
the composition and functionality of their secreted
exosomes in response to the distinct microenviron-
ments in which they reside [23]. Herein, macrophages
were induced by lipopolysaccharide (LPS) to undergo
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a transition to an inflammatory state (Figure S1). Sub-
sequently, the culture medium containing the secreted
products from these inflammatory macrophages was col-
lected and concentrated (Fig. 1A), designated as CCM.
To mimic the inflammatory microenvironment that
MSCs may encounter when migrating into the wound
tissue and to enhance the pro-regenerative function of
their secreted exosomes, MSCs were educated with vary-
ing concentrations of CCM. It was shown that MSCs
exposed to 10% and 5% CCM (designated MSC,, and
MSC;) displayed abnormal morphology and suppressed
proliferation (Fig. 1B, C and Fig. S2) as compared with
the control MSCs (MSC,), consistent with literature find-
ings [24, 25]. Additionally, we made the initial discovery
that MSCs exposed to 1.25% CCM (named MSC, ;)
exhibited enhanced proliferative capability (Fig. 1B,
C). Then, MSC-Ex were prepared from the medium via
ultracentrifugation. They were characterized as having
a standard size distribution (30-130 nm) and exhibiting
typical exosomal markers of CD9 and CD81 (Fig. 1D-F).
Promoting the proliferation of skin cells, reducing
inflammatory responses, and preventing fibrogenesis
are common strategies for accelerating wound healing
and preventing scar formation [26]. Functional assays
revealed significant disparities in pro-proliferative,
anti-inflammatory, and anti-fibrotic efficacy among
exosomes secreted by MSCs stimulated with CCM at
concentrations of 10%, 5%, 2.5%, 1.25%, and 0%, respec-
tively (named EX;,, EXs, EX, 5, EX; 45 and EX). In the
CCK-8 assay (Fig. 2A), EX,,; exhibited significantly
enhanced (139.07 +5.65%) activity in promoting the pro-
liferation of mouse dermal fibroblasts compared to EX,
(118.14+8.09%), while EX,, and EX; had no significant
effect on the proliferation of cells. Similarly, cells treated
with EX,,; exhibited the highest PCNA expression
(Fig. 2B), indicating the greatest proliferative capacity.
The in vitro anti-inflammatory assays (Fig. 2C) dem-
onstrated that all five groups of exosomes significantly
inhibited the nitric oxide (NO) synthesis in macrophages
induced by LPS, when compared with the negative con-
trol (NC) group. Notably, macrophages treated with
EX, 55 showed the lowest levels of NO synthesis (0.64-
fold of NO expression vs. EX,, group). Western blotting
analysis of nitric oxide synthase 2 (NOS2) expression
(Fig. 2D) in macrophages of various groups demonstrated
similar results. To further validate this conclusion, the
levels of inflammatory cytokines interleukin-1 beta (IL-
1B) and tumor necrosis factor-alpha (TNF-a) in the
supernatants of various cell groups were also measured
(Figure S3), with results consistent with those depicted
in Fig. 2C and D. Upon stimulation with transform-
ing growth factor-beta 1 (TGF-PB1), dermal fibroblasts
undergo polarization, leading to the substantial synthe-
sis of a-smooth muscle actin (a-SMA) and the induction
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Fig. 1 The induction of MSCs and the identification of exosomes. (A) Schematic diagram of MSCs induction. (B,C) Western blotting and quantitative
analysis of proliferating cell nuclear antigen (PCNA, a marker of cell proliferation) in MSCs, with “Lamin b1”as the loading control. Statistical analysis was
performed by one-way ANOVA with Tukey’s multiple comparison test, **P<0.01, ns, not significant. Data are presented as mean +S.D. (D) Size distribu-
tion of MSC-Ex. (E) Representative images of transmission electron microscopy (TEM) analysis of MSC-Ex. Scale bar: 100 nm. (F) Western blotting analysis

of surface markers (CD9 and CD81) of MSC-Ex

of tissue fibrosis, which results in scar formation [3, 4].
The in vitro gel contraction assay is a classical and effec-
tive method for evaluating the degree of fibroblast polar-
ization. It was demonstrated that all groups of MSC-Ex
significantly inhibited the TGF-B1-induced gel contrac-
tion capacity of fibroblasts, with the EX, ,; treated group
showing the lowest rate of contraction (Fig. 2E, F). West-
ern blotting analysis of a-SMA further indicated that
EX, ,5 exhibited the strongest antagonistic effect on TGE-
Bl-induced a-SMA synthesis (Fig. 2G). These results
demonstrated that EX, ,; possess the best proliferative,
anti-inflammatory, and anti-fibrotic functions among the
five groups of MSC-Ex; meanwhile, the stimulus intensity
of the inflammatory environment determines the ulti-
mate functional orientation of MSC-Ex. Based on this,
subsequent research will focus on EX and EX ,s.

The deep second-degree burn wound model was estab-
lished in mice to compare the in vivo wound healing and
anti-scarring activities of EX, ,5 and EX,,. Compared with
the control group, both EX, ,; and EX| significantly pro-
moted burn wound healing and mitigated scar formation
(Fig. 2H). Additionally, the EX, ,5 group demonstrated a

stronger wound healing capability than the EX, group,
along with a reduction in scarring. On day 6, the per-
centage of the remaining wound area in the EX, ,; group
and the EX,, group was 40.16 +5.44% and 54.31 +13.14%
(Fig. 2I), respectively. By day 9, these values decreased to
9.47 £6.39% and 23.01 +10.61% in the EX; ,; group

and the EX, group, respectively. The results of H&E
staining (Fig. 2J) revealed that on day 6, both the EX, and
EX, 55 groups showed greater granulation tissue forma-
tion at the wound sites compared to the control group,
with the EX,,s; group exhibiting superior granulation
tissue development than the EX, group. In the subse-
quent healing process, compared to the control group,
both the EX,, and EX, ,; groups showed a faster extracel-
lular matrix formation. Furthermore, by day 18, wounds
treated with EX, ,; demonstrated enhanced regeneration
of cutaneous appendages, such as hair follicles and sweat
glands (marked with blue arrows), compared to wounds
treated with EX,,. These results indicate that EX; ,5 pos-
sess a superior pro-regenerative capacity for wound heal-
ing over EX,,.
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Fig. 2 Comparison of the biological functions of EX,, EX;q, EX5, EX, 5, and EX; ,5. The CCK-8 assay (A) and the western blotting analysis of PCNA (B) were
carried out to evaluate the pro-proliferative effect of EX,, EX;, EXs, EX, 5, and EX, 5 on dermal fibroblasts. The effects of the five groups of MSC-Ex on the
LPS-induced inflammatory response were assessed. NO (evaluated by nitrite content) synthesis (C) and relative expression of NOS2 (D) in macrophages
were tested, with GAPDH as the loading control. Gel contraction assay (E, F) and western blotting analysis (G) were performed to compare the anti-
fibrotic effect of the five groups of MSC-Ex on TGF-B1-activated dermal fibroblasts. Higher gel contraction percentages (E) or smaller collagen matrices
(F) indicate stronger fibrogenesis. For western blotting analysis (G) of a-SMA (a marker of fibrosis) in TGF-1-treated dermal fibroblasts, the higher a-SMA
expression suggests a higher fibrotic level. In vivo pro-regenerative effects of EX, and EX; ,; were compared. (H) Photographs of representative wounds
from each group on different post-wound days. Scale bar: 2 mm. (I) Quantification of the residual wounds; significance was compared with the control
group. (J) Photomicrography of wounds (H&E staining). In the images of the wound tissue on Day 6, the necrotic tissue is on the left side of the blue
dashed line, while the regenerated tissue is on the right side of the blue dashed line. Scale bars: 200 um (left) or 50 um (right). All statistical analyses
were performed by one-way ANOVA with Tukey’s multiple comparison test, *P<0.05, **P<0.01, ***P <0.001, ****P <0.0001, ns, not significant. Data are

presented as mean+S5.D

The miRNAs derived from MSC-Ex have significant pro-
proliferative, anti-inflammatory, and anti-fibrotic abilities
To pinpoint the key miRNAs exerting pro-regenerative
effects within MSC-Ex, miRNA sequencing was con-
ducted on the miRNAs within EX, and EX, ,;. The study
revealed that a total of 682 miRNAs were expressed
across the two groups of exosomes (Fig. 3A and Table
S1). Significant differences were observed in the rela-
tive abundance of many miRNAs between the groups
(Fig. 3B, C). In comparison to EX,, EX,,; exhibited a
significant upregulation of 40 miRNAs and a significant
downregulation of 77 miRNAs. Given that EX, ,; demon-
strated a higher pro-regenerative capacity compared to
EX,, the miRNAs that play a primary role should be more
abundant in EX,,; or exhibit high abundance in both
exosome groups. Oriented by this principle, 32 miR-
NAs were pre-screened for further exploration (Table
S2), including four novel miRNAs (2_18240, 3_21147,
524979, and 6_26497). The 32 miRNAs accounted for

A C

84.05% and 79.92% (Fig. 3D) of total miRNAs in EX, ,¢
and EX,, respectively.

The study of miRNAs has emerged in recent years, and
the functions of many miRNAs have not yet been well
determined. Herein, functional studies were performed
on the pre-screened 32 miRNAs. The CCK-8 assay
showed that 15 of these miRNAs promoted the prolif-
eration of dermal fibroblasts (Fig. 4A). This conclusion
was further substantiated by western blotting analysis,
with cells transfected with these 15 miRNAs exhibiting
elevated levels of PCNA expression (Figure S4). To the
best of our knowledge, the pro-proliferative effect of the
majority of these miRNAs on skin cells was first identi-
fied, excluding miR-145a-5p, miR-21a-5p, miR-24-3p,
and miR-92a-3p. The results of the anti-inflammatory
assays demonstrated that the 32 miRNAs were capable
of suppressing the LPS-induced inflammatory pheno-
type transition in macrophages to varying extents. In
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Fig. 4 Effects of the 32 miRNAs on dermal fibroblast proliferation, LPS-induced inflammatory responses, and TGF-31-driven fibrosis. (A) Results of the
CCK-8 assay. (B) NO synthesis of macrophages. (C) Results of the gel contraction assay. All statistical analyses were performed by one-way ANOVA with
Tukey's multiple comparison test. For (A), significance was compared with the control group; for (B) and (C), significance was compared with the NC
group. *P<0.05, **P<0.01, ***P <0.001, ****P<0.0001, ns, not significant. Data are presented as mean+S.D

transfected with these miRNAs displayed significantly
reduced expression levels of NO (Fig. 4B) and NOS2
(Figure S5). The assessment of inflammatory cytokines
IL-1p and TNF-a (Figure S6) in the supernatants of vari-
ous cell groups also yielded concordant findings. Notably,
2_18240, miR-574-3p, 6_26497, miR-130a-3p, and miR-
143-3p demonstrate relatively weaker anti-inflammatory
capabilities compared to other miRNAs. The results from
the gel contraction assay (Fig. 4C and Figure S7) indicate
that all miRNAs possess a certain degree of anti-fibrotic
capability, with 3_21147, let-7e-5p, and miR-125a-5p
demonstrating particularly prominent (gel contraction %

< 30) anti-fibrotic effects among the 32 miRNAs tested.
These results were further corroborated by western blot-
ting analysis, and the findings from both assays were
largely consistent (Figure S8). The anti-inflammatory
and anti-fibrotic functions of several miRNAs (2_18240,
3_21147, 5_24979, 6_26497, miR-5126, let-7d-3p, miR-
2137, and miR-6240) were reported for the first time
globally.

Given the results presented above, four miRNAs
(2_18240, miR-574-3p, 6_26497, and miR-143-3p) will
be excluded from subsequent studies. These miRNAs
demonstrated slight anti-inflammatory capabilities and
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unimpressive anti-fibrotic effects; furthermore, 2_18240
and miR-143-3p specifically lacked the capacity to
enhance the proliferation of dermal fibroblasts.

To better elucidate how the final-screened 28 miRNAs
exert their functions in promoting proliferation, anti-
inflammation, and anti-fibrogenesis, in silico analysis was
conducted to identify the targets of these miRNAs. The
signaling pathways commonly targeted for macrophage-
directed therapies in clinical applications have been well
defined [27]. The results of in silico analysis suggested
that the 28 miRNAs can downregulate the expression of
most signaling proteins within these pathways (Figure
S9), such as the TLR, TNE, and IFEN pathways, thereby
mitigating inflammatory responses. Similarly, the clas-
sic fibrosis-associated signaling pathways, such as the
TGF-B1/SMAD and the Wnt/B-Catenin pathways, are
intensively regulated by these miRNAs (Figure S10). miR-
NAs with pro-proliferative functions typically exert their
effects by downregulating the expression of proteins that
possess anti-proliferative or pro-apoptotic activities [28,
29]. Several miRNAs are supposed to target the signaling
proteins that have an inhibitory effect on cell prolifera-
tion, such as the p53/p21 signaling pathway (Figure S10).
It should be noted that only well-recognized signaling
pathways are depicted in Figures S9 and S10, with many
other less-established related signaling pathways not
being listed. Consequently, some miRNAs that are not
shown may exert their regulatory effects through other
signaling pathways.

The healing process of wounds is extremely complex,
and the understanding of this process is still far from ade-
quate. As is currently known, the repair process involves
multiple signaling pathways [30, 31], Given the intrica-
cies of dermal architecture and the inherent reparative
mechanisms of wound healing, the modulatory capacity
of individual bioactive constituents is typically confined
to a limited array of signal transduction pathways and
cellular behaviors [32, 33]. The extensive regulatory influ-
ence exerted by these 28 miRNAs on the wound heal-
ing process underscores their formidable potential for
therapeutic exploitation. This suggests that the combined
action of these miRNAs may offer advantages over tradi-
tional therapeutics.

The synthetic exosome-like vesicles display similar
characteristics to natural MSC-Ex

miRNAs are vulnerable to degradation by ubiquitous
ribonucleases, and free miRNAs are seldom internal-
ized by cells [34]. Therefore, it is essential to develop a
nanocarrier with high encapsulation efficiency for miR-
NAs and excellent resistance to RNase degradation to
deliver miRNAs into cells. Furthermore, after the cells
have engulfed the nanocarriers loaded with miRNAs, it is
crucial for the miRNAs to be successfully released from
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the lysosomes, enter the cytoplasm, bind to mRNAs, and
thus exert their regulatory effects on cellular behavior.

Previous studies have shown that exosomes can be
effectively internalized by cells, with a high lysosomal
escape rate for the loaded cargos [35, 36]. To ensure effi-
cient cellular uptake and a high lysosomal escape rate
of miRNAs, developing a novel nanocarrier that mim-
ics natural exosomes is a promising direction. In recent
years, plant-derived extracellular vesicles have been dem-
onstrated as a novel and promising type of nanoscale
drug delivery vehicle. They possess structural features
similar to those of animal-derived exosomes, exhibit
good biocompatibility, and are more cost-effective and
have a significantly higher production yield compared to
animal-derived exosomes [37, 38]. Watermelon, which
is not only inexpensive and readily available but also has
extracts that have been proven to possess certain anti-
inflammatory and wound healing properties [39, 40], can
serve as an ideal source of plant-derived extracellular ves-
icles. Herein, extracellular vesicles derived from water-
melon were isolated and designated as wEV. The average
hydrated particle size of WEV was shown to be 55.27 nm,
and it was demonstrated that they carry a negative charge
(Fig. 5A, B). In our experiment, 23.87+2.63 mg of wEV
(mass of protein) were obtained per liter of watermelon
juice. In vitro assays demonstrated that wEV signifi-
cantly enhanced the proliferation of dermal fibroblasts
(Fig. 5C-E), exhibiting a clear concentration-dependent
effect. Furthermore, wEV exhibited excellent immuno-
compatibility and did not induce macrophages to polar-
ize towards an inflammatory state (Fig. 5F-H and Figure
S11). On the contrary, they can inhibit the inflammatory
polarization of macrophages triggered by LPS. Next, we
found that wEV did not induce fibroblasts to transition
towards a pro-fibrotic phenotype and exhibited no signif-
icant promoting or inhibitory effects on fibrosis induced
by TGE-B1 (Figure S12).

To clarify the material basis underlying the functions of
wEV in promoting proliferation and exerting anti-inflam-
matory effects, a metabolomics analysis was performed.
The results showed that wEV contain a total of 2,991
substances (Table S3). Among these substances, there
are 683 amino acids and derivatives, 112 nucleotides and
derivatives, 377 terpenoids, 331 lipids, 327 alkaloids, 228
flavonoids, 197 phenolic acids, and 124 organic acids
(Fig. 5I). In addition, wEV also contain other bioactive
substances, such as lignans and coumarins. Among these
substances, amino acids and derivatives have the high-
est relative content, accounting for 37.69% of the total
substances (Fig. 5]J). Alkaloids, lipids, and nucleotides
and derivatives account for 16.55%, 13.26%, and 8.4%
of the total substances, respectively. The proportions
of other substances are relatively lower. Further analy-
sis revealed that wEV contain 14 types of coding amino
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presented as mean +S.D. For (F) and (H), significance was compared with the NC group

acids and various amino acid derivatives (which can be
processed into amino acids after entering cells), pro-
viding raw materials for protein synthesis. In addition,
wEV contain various deoxynucleosides and nucleosides,
which serve as direct raw materials for the synthesis of
DNA and RNA. They also contain cAMP, cGMP, and

tetrahydrofolate, which can indirectly promote the syn-
thesis of DNA and RNA. Moreover, lysophosphatidyl-
choline, lysophosphatidylethanolamine, sphingosine,
ceramide, oleic acid, linoleic acid, and their derivatives in
wEV play important roles in the formation, maintenance,
and functioning of cell membranes [41]. Based on these
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findings, we speculate that wEV may promote cell pro-
liferation by facilitating the generation of cellular DNA,
RNA, proteins, and membrane structures. As for the
anti-inflammatory effects, wEV contain a variety of bio-
active substances such as alkaloids, terpenoids, and flavo-
noids, which possess anti-inflammatory properties. This
may serve as the material basis for its anti-inflammatory
effects.

The above results indicate that wEV can not only be
regarded as a very promising drug delivery vehicle, but
its inherent “supply effect” on cell proliferation and its
role in inflammation regulation are also highly beneficial
for wound healing. However, current methodologies for
the encapsulation of drugs within plant-derived extra-
cellular vesicles have yielded unsatisfactory encapsula-
tion efficiencies (such as electroporation, extrusion, and
ultrasonication), particularly for large molecular-weight
therapeutics [42]. To address this issue, we attempted to
fuse liposomes with wEV for the development of hybrid
liposome-wEV nanoplatforms to load miRNA. In recent
years, researchers have found that these hybrid carriers,
obtained by fusing liposomes with animal/plant-derived
vesicles, not only retain the advantages of both nanocar-
riers but also avoid their respective shortcomings [43].
Herein, liposomes (LP) formulated with DC-Cholesterol
and Dioleoyl Phosphatidylethanolamine were prepared,
and subsequently loaded with miRNA mimics, yielding
LP-miR. Then, LP-miR was hybridized with wEV, result-
ing in exosome-like vesicles (LPEx), with particle sizes
and zeta potentials that closely resemble those of natural
exosomes. Both MSC-Ex and LPEx exhibited hydrated
particle sizes around 130 nm (Fig. 6A) with a relatively
narrow distribution range [44, 45]; additionally, their zeta
potentials were closely aligned. The hydrated particle
size of LP was measured at 160.97 nm, and they carried
a substantial positive charge. The particle sizes of these
nanocarriers were further confirmed by TEM analysis
(Fig. 6B).

A comparative analysis of miRNA encapsulation effi-
ciency among LP, LPEx, and wEV revealed that both LP
and LPEx exhibited high miRNA encapsulation rates,
amounting to 99.15+0.53% and 94.94 +2.58%, respec-
tively (Fig. 6C). Conversely, wEV demonstrated a mark-
edly low miRNA encapsulation efficiency [46], recorded
at merely 6.78+1.63%. Serum stability tests revealed
that the unloaded LP (positively charged) were likely to
adsorb the proteins (negatively charged) in exosome-free
serum and form a liposome—protein corona (Figure S13),
resulting in larger particles (1121.00 nm) and acquir-
ing a negative charge [47, 48]. In contrast, the particle
size of miRNA-loaded LP (LP-miR) increased slightly
upon serum addition. miRNAs adsorbed on the surface
of LP may provide a certain degree of steric hindrance,
limiting the adsorption of LP to proteins in serum. LPEx
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and wEV, both of which are negatively charged, exhib-
ited high stability in serum. Their particle size remained
largely unchanged. However, a slight decrease in zeta
potential was observed. This suggests that LPEx and wEV
may not undergo significant adsorption in serum, indi-
cating excellent serum

stability. Meanwhile, the particle size and zeta poten-
tial of LPEx and wEV treated with trypsin significantly
decreased, indicating that the surface proteins of these
nanovesicles may have been degraded. This further sug-
gests that LPEx and wEV exhibit high stability in serum,
with serum enzymes only capable of causing slight degra-
dation to their surface proteins. Following that, we inves-
tigated the resistance to RNase degradation of miRNA
encapsulated by LPEx. Results show that free miRNA
was completely degraded when exposed to RNase A,
whereas miRNA encapsulated within LPEx showed non-
significant degradation (Figure S14).

Cytotoxicity is one of the non-negligible aspects of
nanomedicine. Both CCK-8 assay and live/dead cell
fluorescence staining results indicate that LP gener-
ated significant cytotoxicity on dermal fibroblasts and
macrophages (Fig. 6D-G and Figure S15). The positively
charged surface of liposomes can disrupt the cell mem-
brane, resulting in cytotoxicity [49], which explains why
LP exhibited significant cytotoxicity to dermal fibroblasts
and macrophages. In contrast, LPEx and wEV exerted
a significant enhancement effect on dermal fibroblast
proliferation (Fig. 6D), the results of live/dead cell fluo-
rescence staining also indicated that LPEx and wEV did
not lead to cell death (Fig. 6F, G). Notably, wEV but not
LPEx demonstrated a slight attenuating effect on cell pro-
liferation to macrophages (Fig. 6E), while no significant
elevated cell death was found (Figure S15). This could be
one of the mechanisms through which wEV exert their
anti-inflammatory function.

miRNAs encapsulated in LPEx efficiently perform their
biological functions

To assess the delivery efficiency of miRNAs using LPEx,
the cellular uptake kinetics of LP, LPEx, and wEV were
compared. The results (Figure S16) showed that the
uptake of LP, LPEx, and wEV by cells increased with the
incubation time. However, for both dermal fibroblasts
and macrophages, the uptake of LPEx was higher than
that of LP, while the lowest uptake was observed for wEV,
which may be attributed to their low loading efficiency of
miRNA. These findings suggest that LPEx may be more
advantageous than LP or wEV for delivering miRNA.
Moreover, the lysosomal escape capabilities of miRNA
delivered via LP, LPEx, and wEV were compared. The
findings revealed that miRNA encapsulated by LP exhib-
ited a low rate of lysosomal escape following cellular
uptake (Fig. 7A, B) [50, 51]. In contrast, miRNA delivered
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by LPEx and wEV demonstrated significantly higher
rates of lysosomal escape than miRNA delivered via LP
upon entering the cells. Furthermore, we investigated the
lysosomal escape kinetics of miRNA delivered by LPEx.
It was found that in dermal fibroblasts, the lysosomal
escape rate of miRNA was relatively low at 6 h post-cellu-
lar uptake, but it increased rapidly and reached its peak at
12 h (Figure S17). In macrophages, the lysosomal escape
rate of miRNA delivered by LPEx was slower, reaching its
maximum at 24 h post-cellular uptake.

In order to elucidate the mechanism of cellular
uptake of LPEx and why LPEx exhibit high lysosomal
escape properties, specific receptor-mediated clathrin-
dependent internalization, micropinocytosis, energy-
dependent  endocytosis, and caveolin-dependent
internalization were blocked by using chlorpromazine
(CPZ), amiloride, NaNj, and nystatin, respectively [52].
We found that CPZ and nystatin significantly inhibited
cellular uptake of LPEx, whereas amiloride and NaN; had
no significant effect on LPEx entry (Fig. 7C, D). It sug-
gests that cells mainly rely on specific receptor-mediated
clathrin-dependent internalization and caveolin-depen-
dent internalization for the uptake of LPEx. Both types
of internalization depend on the interaction between
ligands on the surface of the vesicles and receptors on
the cell surface. Previous studies have shown that the
key reason mammalian exosomes have a high ability to
escape from lysosomes is due to the interaction between
exosomal surface ligands and cell surface receptors
[53]. Plant-derived extracellular vesicles share similar
structures and compositions with animal-derived exo-
somes [37, 38], which may account for their high lyso-
somal escape rates. However, due to the current limited
research on plant extracellular vesicles, it is not yet clear
which receptors on the surface of wEV are responsible.
LPEx were obtained by the fusion of LP and wEV, and
their surface has ligands derived from wEV. These ligands
enable LPEx to have endocytic pathways similar to exo-
somes, which may be the reason for their high lysosomal
escape ability.

Subsequently, to evaluate whether LPEx-delivered miR-
NAs can fully manifest their biological functions, LPEx,
LP, and wEV were loaded with the screened 28 miRNAs
to obtain LPEx-R, LP-R, and wWEV-R, respectively. The
percentage content of each miRNA among these 28 miR-
NAs is equivalent to their natural proportion in EX ,;
(Table S4). The pro-proliferative, anti-inflammatory, and
anti-fibrotic efficacies of LPEx-R, LP-R, and wEV-R were
then comparatively assessed against those of EX; ,; and
miR-NC-loaded LPEx (LPExNC). The results indicated
that both EX, ,; and LPEx-R markedly enhanced dermal
fibroblast proliferation (Fig. 7E, F). In contrast, LP-R and
LPExNC did not significantly influence cell prolifera-
tion. In anti-inflammatory assays, all nanovesicle groups,
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with the exception of LPEXNC, exhibited significant anti-
inflammatory effects (Fig. 7G, H and Figure S18). Nota-
bly, LPEx-R surpassed EX, ,; in efficacy, demonstrating
the most potent anti-inflammatory activity (0.40-fold of
NO expression vs. EX, ;s group). Anti-fibrotic experi-
ments revealed that EX, ,; and LPEx-R both significantly
reduced fibrogenesis, exhibiting comparable inhibitory
effects (Fig. 7I-K). The remaining three groups of vesicles
showed either no effect or only a mild inhibitory effect on
fibrogenesis. These results indicate that miRNAs deliv-
ered via LPEx can efficiently enter cells and fully exert
their regulatory functions on cellular behavior.

LPEx-R significantly enhance burn wound healing and
reduce scar formation

Prior to assessing the in vivo efficacy of LPEx in promot-
ing wound healing and preventing scarring, their bio-
compatibility was evaluated. The subcutaneous tissues of
mice injected with LP, LPEx, and wEV showed no appar-
ent necrosis and no expression of IL-1p and TNF-a. In
contrast, the subcutaneous tissue of mice injected with
egg white exhibited significant necrotic areas (Figure
S19A) and expressed high levels of IL-1 and TNF-a (Fig-
ure S19B). In another test, hematological examinations
of mice receiving LP, LPEx, and wEV treatment (intra-
venous injection) showed normal values for each indica-
tor. However, mice injected with LPS exhibited abnormal
ratios of lymphocytes, monocytes, and eosinophils, as
well as abnormal lymphocyte and platelet counts in the
blood (Table S5). Additionally, no significant upregula-
tion in the expression levels of IL-1p and TNF-a was
observed in the serum of mice injected with LP, LPEx, or
wEV (Figure S20).

To investigate the organ distribution of LP, LPEx, and
wEV after entering the body, these nanovesicles were
intravenously injected into mice, respectively. It was
found that 48 h later, LPEx and wEV were distributed in
the brain, lungs, liver, spleen, and kidneys of the mice, but
were mainly concentrated in the liver and kidneys (Fig-
ure S21). In contrast, LP were only detected in the liver
and kidneys. Moreover, the total fluorescence intensity
of LP was significantly lower than that of the LPEx and
wEV groups. This may be attributed to the adsorption of
LP with proteins in the blood, forming larger particles (as
shown in Figure S13), which are subsequently cleared by
immune cells. These results indicate that LPEx and wEV
are more stable in vivo and more capable of withstanding
long-circulation compared to LP. Given that LP, LPEx,
and wEV are primarily distributed in the liver and kid-
neys, their potential impact on hepatic and renal function
was evaluated. The mice received intravenous injection
of normal saline (control), LP, LPEx, and wEV showed
normal serum alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), blood urea nitrogen (BUN),



Lei et al. Journal of Nanobiotechnology (2025) 23:264

Page 13 of 23

A Dermal fibroblasts Macrophages c Dermal fibroblasts Macrophages
Lysotracker Cy3-miRNA Merge Lysotracker Cy3-miRNA  Merge DAPI LPEXx Merge DAPI LPEX Merge
s
€
o
© -
N
o
o -
()
he!
: '
£
<
Dermal fibroblasts Macrophages © u
z
©
z
;] P
X ‘ 2 £
3 : . kSt
] N R \ & . ;
v \9“/ L v \g“’ & C?ko‘ B B c?ko«\beo e
ISR SR
v v
[Tt TTT T e it 00 |
'E il G ns J
i S :i 40 *kk Q 100 *kkk
S = | — <
. 23 g o & e 50w | Lw | =
! 8 S 2 o =2 S 60
182 o2 20 % £
| 25 noE oo S 409 eds i 88
! T2 :l Z 10 58 ° 204 < )
Po© h e 8
! i Oc}eql'éq'_ 0""'@'
! > O P & O <
| i (\0 B +»\’L e by © Y 4T o% Y N
S
i :i S \?((, \?Q’ & <N \g(‘jr VQQ/ &
I h
i F I H
| Lamin b1 e e e - o - :l NOS2 o= G == o= == e O-SMA | w== b == o D = a»
I H
i PCNA --?0-?. :i GAPDH\-O--:O-:- GAPDH----:--
® < &
| PR S F A% ! © Py o £ RN © EpPof & &
I < '\‘ < h N N N < (</ Q/
! o P | d SV d p
| s :
*k |
! 157 xx i 1.25 *
PN : ™ i Eo 5= 1.00 g
* . °
L EZ 10]p| g 2% J
I Es T < N 075 *
I S e Qs . &
I 3§ a5 < € 050 * ™
. Zgos " ge =507,
2 Nz §= oz
I S0x 3 e R ST S e
. C e S N i SR RGP I
S 2 ! L 2
i s ¢ 8‘0\9{(/ £ :i o8 <« V\g@\g@&
IL

Fig. 7 Cellular uptake and miRNA delivery efficiency of LPEx. (A) Representative images of the co-localization of lysosomes (green) with Cy3-miRNA (red).
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ANOVA with Tukey's multiple comparison test. Specifically, for (D), significance was compared with the control group. *P<0.05, **P<0.01, ***P <0.001,

**¥¥P <0.0001, ns, not significant. All data are presented as mean+S.D

and creatinine (CR) levels (Figure S22A, B). However, in
mice treated with carbon tetrachloride (CCl4), there was
a significant elevation in the levels of serum ALT and
AST. Likewise, mice subjected to cisplatin (DDP) treat-
ment exhibited a notable increase in BUN and CR levels
in their serum, while other groups did not show such an
increase. The result of H&E staining further confirms

that LP, LPEx, and wEV are harmless to the liver and kid-
neys. Conversely, CCl4 and DDP caused significant dam-
age to the liver (necrosis and ballooning degeneration.)
and kidney (tubular degeneration, necrosis, and inflam-
matory cell infiltration), respectively (Figure S22C, D).
Finally, the impact of LPEx-R on deep second-degree
burn wound healing and scar formation was evaluated
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(Fig. 8A) and compared with that of EX, ,; and the HiP-
erFect-R (the HiPerFect transfection reagent loaded
with the 28 miRNAs). The results demonstrated that,
compared to the control group, both EX, ,; and LPEx-R
significantly promoted wound repair and reduced scar
formation (Fig. 8B, C), while HiPerFect-R showed only a
slight advantage over the control. Meanwhile, the wound
healing rate in the EX, ,5; group and the LPEx-R group
showed no significant difference.

Next, the microscopic structure of the wounds in each
group was examined by H&E staining and Masson’s stain-
ing. The results of H&E staining (Fig. 8D) indicated that
by Day 6, the control group exhibited minimal forma-
tion of granulation tissue, whereas the wounds in other
groups had already developed some granulation tissue.
Subsequently, on Day 10 and Day 14, the wounds in the
EX,,5; and LPEx-R groups exhibited accelerated extra-
cellular matrix synthesis as compared with the control
and HiPerFect-R groups. By Day 18, the LPEx-R group
displayed enhanced extracellular matrix remodeling
and regeneration of skin appendages (marked with blue
arrows) as compared to the EX, ,; group. In contrast, the
wound tissues in the control group and the HiPerFect-
R group exhibited poor remodeling of the extracellular
matrix.

Collagen plays a crucial role in wound repair. It pro-
vides structural support and a scaffold for cell attach-
ment in the wound tissue, promotes cell migration,
proliferation, and differentiation, and regulates inflam-
matory responses and granulation tissue formation [54].
As shown in Fig. 9A and B, both LPEx-R and EX, 5 sig-
nificantly promoted collagen synthesis in the wound
healing process, outperforming the control and HiP-
erFect-R. On Day 14, the LPEx-R group exhibited the
most densely and orderly arranged collagen fibers in the
wound area, indicating the highest degree of remodel-
ing. This was followed by the EX, ,5 group. Although the
HiPerFect-R group demonstrated a higher amount of col-
lagen compared to the control group, the collagen was
predominantly distributed in a parallel manner, which is
characteristic of scar tissue [55], suggesting insufficient
collagen remodeling in this group. As for the control
group, the collagen content remained relatively low even
by Day 14, indicating a slower rate of wound healing.

The content of PCNA can reflect the proliferative activ-
ity of cells in wound tissue. A high level of PCNA indi-
cates that the wound is in an active repair phase, with
vigorous cell division and proliferation, which promotes
tissue regeneration and repair [56]. During the wound
healing process, the expression level of PCNA under-
goes dynamic changes. In the early and middle stages,
the content of PCNA gradually increases to facilitate
rapid wound filling and tissue regeneration. In the later
stage, the expression of PCNA gradually decreases as the

Page 14 of 23

wound enters the remodeling phase, where excess cells
are eliminated through apoptosis or macrophage phago-
cytosis, promoting wound maturation and tissue remod-
eling [57]. On day 6, the PCNA content

in the wound tissues of the EX, ,; and LPEx-R groups
was significantly higher than that in the control group
(Fig. 9C, D). Although the PCNA content in the HiPer-
Fect-R group was higher than that in the control group,
it was lower than that in the EX; ,; and LPEx-R groups.
These results indicate that on day 6, the wounds in the
EX, ,5; and LPEx-R groups were in a highly active repair
phase. By day 10, the PCNA content in the wound tissues
of the EX ,; and LPEx-R groups had markedly decreased,
suggesting that the cells in these wounds had exited the
rapid proliferation phase and were gradually transition-
ing into the remodeling stage. In contrast, the PCNA
content in the control group remained relatively high,
indicating that the wounds in this group were still in the
proliferation phase. These results further consolidated
the conclusions drawn from Fig. 8B and C, demonstrat-
ing that EX, ,; and LPEx-R indeed significantly promoted
wound healing.

Inflammatory responses have a direct impact on wound
healing and scar formation. An appropriate inflamma-
tory response aids in wound healing, while excessive or
abnormal inflammatory responses can lead to scar for-
mation and delayed healing. As one of the most difficult
wound types to treat, burn wounds often accompany
severe and persistent inflammatory responses. Therefore,
modulating the inflammatory response is an important
therapeutic strategy for improving burn wound healing
and reducing scar formation [58]. Immunofluorescence
staining for IL-13 and TNF-a was performed on the
wound tissues of all groups (Figure S23), revealing that
the wounds in the EX| ,; and LPEx-R groups by day 6 and
day 10 exhibited significantly lower expression levels of
IL-1p and TNF-a in comparison to the control group.
On Day 10, the HiPerFect-R group also exhibited sig-
nificantly lower levels of inflammatory cytokines in the
wounds compared to the control group, yet higher than
those in the wounds of the EX, ,; and LPEx-R groups.
These results indicate that both EX ,; and LPEx-R exhib-
ited good anti-inflammatory effects in wound healing,
while the in vivo anti-inflammatory effect of HiPerFect-R
was inferior to that of EX; 55 and LPEx-R.

a-SMA is a marker of scarring. To further ascertain
the anti-scar formation effects of HiPerFect-R, EX, ,s,
and LPEx-R, we conducted a-SMA immunofluorescence
staining on the wound tissues. The results (Fig. 9E, F)
displayed that on Day 14 and Day 18, the wounds in the
EX, ,; and LPEx-R groups exhibited considerably lower
expression levels of a-SMA in comparison to the con-
trol group. On Day 18, the expression of a-SMA in the
wounds of the HiPerFect-R group was also lower than
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Fig. 8 Comparative study of the pro-healing and scar-preventive properties of EX, ,5 and LPEx-R on burn wounds. (A) Schematic diagram of the in vivo
burn wound healing experiment. (B) Photographs of representative wounds from each group on different post-wound days. Scale bar: 2 mm. (C) Quanti-
fication of the residual wounds; significance was compared with the control group. (D) H&E staining of wound tissues. In the images of the wound tissue
on Day 6, the necrotic tissue is on the left side of the blue dashed line, while the regenerated tissue is on the right side of the blue dashed line. Scale bar:
200 um-=50 pm. Statistical analysis was performed by one-way ANOVA with Tukey’s multiple comparison test, *P < 0.05, ***P<0.001, ****P<0.0001. Data
are presented as mean+S.D
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(red) of wound tissues. Scale bar: 50 um. (E, F) Representative images and quantitative analysis of immunofluorescence staining of a-SMA (red) of wound
tissues. Scale bar: 50 um. All statistical analysis was performed by one-way ANOVA with Tukey's multiple comparison test, *P < 0.05, **P < 0.01, ***P < 0.001,
**¥¥p <0.0001, ns, not significant. All data are presented as mean+S.D



Lei et al. Journal of Nanobiotechnology (2025) 23:264

that in the control group. These results demonstrated
that HiPerFect-R, EX; ,5, and LPEx-R indeed suppressed
scar formation.

The in vivo wound healing results indicate that LPEx
can effectively deliver the screened 28 miRNAs to wound
tissue and exerts strong pro-regenerative, anti-inflamma-
tory, and anti-fibrotic effects, providing favorable condi-
tions for the rapid repair of wounds and the prevention
of scars. The wounds treated with LPEx-R showed similar
or better outcomes compared to EX, ,; in terms of heal-
ing rate, collagen remodeling, and regeneration of skin
appendages. These results provided a solid foundation for
the further clinical application of LPEx-R.

One of the major concerns in the clinical translation
of LPEx-R is achieving scalable production while ensur-
ing consistent quality. In this study, the preparation pro-
cesses of both LP and wEV are not complex and allow
for swift large-scale production. Moreover, the fusion of
LP-miR with wEV to obtain LPEx-R is a well-established
process, ensuring the rapid and stable production of
LPEx-R. Another concern in clinical application is the
cost. LPEx-R effectively addresses this challenge by virtue
of its cost-effectiveness. Watermelon is a widely available
and inexpensive agricultural product, and its extracel-
lular vesicles can be isolated using straightforward and
scalable methods. Furthermore, the synthesis of LP is a
robust and cost-effective process. By combining these
two components, the overall production cost of LPEx-R
is substantially lower than that of natural MSC-Ex. In our
laboratory, the cost of preparing an equivalent quantity
of LPEx-R is approximately 1/120 that of preparing MSC-
Ex. This cost advantage of LPEx-R makes them more
accessible for widespread clinical use.

Even though LPEx-R exhibits greater potential for
widespread clinical application compared to natural
MSC-Ex, there are still some unresolved issues that need
to be addressed. For example, plant extracellular vesicles
contain a variety of nucleic acids, such as miRNAs, which
can exert a cross-kingdom effect in animal cells, regulat-
ing specific cellular functions across species [59]. How-
ever, it remains unclear whether the regulatory effects of
nucleic acid components in wEV are beneficial or harm-
ful to the organism in the context of long-term exposure.
Further research is still needed to explore this question.
In addition, the isolation and purification of plant extra-
cellular vesicles still face some challenges, and a unified
“gold standard” has not yet been established [60]. In the
future, it will be necessary to conduct in-depth research
into the biological characteristics of wEV in order to
develop more efficient and specific isolation and puri-
fication methods, ensuring their safety and efficacy.
Meanwhile, standardized production and quality control
systems need to be established to guarantee the reliabil-
ity and reproducibility of LPEx-R in clinical applications.
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Finally, neither wEV nor LPEx have antibacterial prop-
erties (Figure S24). However, wounds are often prone to
bacterial infections due to improper or untimely treat-
ment. Since exosomes or exosome-like vesicles are often
required to be loaded into hydrogels for clinical use, we
may need to develop an LPEx-R-hydrogel system in the
future, endowing the hydrogel with antibacterial capabili-
ties while achieving the stable release of LPEx-R.

Conclusions

In the present study, we have identified 28 miRNAs
within MSC-Ex that play key roles in facilitating wound
healing and preventing scar formation. Subsequently, we
fabricated novel exosome-like vesicles that mimic the
intrinsic properties of natural MSC-Ex to deliver these
miRNAs, thereby endowing them with therapeutic effi-
cacy comparable to the native MSC-Ex for the repair
of deep second-degree burn wounds. Collectively, this
research introduces a method for the stable and large-
scale production of exosome-like vesicles, overcoming
the challenge of mass production associated with MSC-
Ex. Future studies should focus on optimizing the pro-
duction process and evaluating long-term safety. With
further development, the LPEx-R developed in this study
have the potential to revolutionize regenerative medicine
and make exosome-based therapies more accessible to
patients worldwide.

Materials and methods

Education of MSCs and preparation of MSC-Ex
Macrophages (RAW264.7, ATCC) were seeded (4 x 10*
cells/cm?) and cultured with Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin.
Twenty-four hours later, the cells were activated with LPS
(1 pg/mL) for 12 h. Subsequently, the culture medium
was replaced with fresh medium (free of LPS), and the
cells were further incubated for 12 h. Meanwhile, a con-
trol group of macrophages without LPS treatment was
also prepared. Following this, both groups of cells and
cell-conditioned media were collected. The levels of NO,
IL-1B, and TNF-« in the cell-conditioned media were
quantified using the Griess reagent (Beyotime, China)
for NO detection (n=6), and enzyme-linked immunosor-
bent assay kits (Fusheng, China) for the measurement of
IL-1p and TNF-a (n=6). Additionally, the expression of
NOS2 within the cells was ascertained through western
blotting analysis. After that, the conditioned medium col-
lected from the LPS-activated macrophages was loaded
into a dialysis bag with a molecular weight cutoff of 3500
Da. The bag was then submerged in polyethylene glycol
(PEG) powder (average molecular weight of 20,000 Da)
for concentration. This process yielded a concentrated
conditioned medium (CCM), which was reduced to a
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final volume of 10% of its original volume. Subsequently,
CCM was aseptically filtered through a 0.22 um mem-
brane and then incorporated into the complete culture
medium for murine bone marrow-derived mesenchy-
mal stem cells (Cyagen, China) at concentrations of 10%
(v/v), 5% (v/v), 2.5% (v/v), and 1.25% (v/v), yielding induc-
tion media designated as IM,,, IM;, IM,;, and IM, 4,
respectively.

IM,;,, IM;, IM, 5, and IM, ,; were used to induce MSCs
for a 48-hour period. A control group of MSCs was
maintained and cultured for 48 h using medium with-
out CCM. The cells cultured by IM,,, IM;, IM, 5, IM] 45,
and medium without CCM were termed MSC,,, MSC;,
MSC,5, MSC, 45 and MSC,, respectively. Then, the
cells were digested with trypsin and passaged in a com-
plete culture medium containing 4% exosome-free fetal
bovine serum (VivaCell, China), followed by a 72-hour
incubation. After this, both the cells and the culture
supernatants were collected. Exosomes were isolated by
ultracentrifugation [60] from the collected supernatants
and characterized using nanoparticle tracking analysis,
transmission electron microscopy, and western blotting
analysis for the expression of CD9, CD81, and GAPDH.

In vitro functional assessment of MSC-Ex
Exosomes secreted from MSC;,, MSC,,, MSC;, MSC,,
and MSC, 55 were designated as EX,, EX,,, EX;, EX,;,
and EX, ,s;, respectively. Throughout the investigation
of exosome functionality, dermal fibroblasts and macro-
phages were treated with different groups of MSC-Ex at
20 pg/mL and 40 pg/mL (protein concentration), respec-
tively. The cells of the control group and the NC group
were treated with culture medium devoid of exosomes.
For the cell proliferation experiment, dermal fibroblasts
were seeded (1 x 10* cells/cm?) and cultured with DMEM
containing 10% fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin. Twenty-four hours later,
cells were treated with various groups of MSC-Ex. After
a 12-hour incubation, the culture medium was removed
and replaced with fresh culture medium without MSC-
Ex for an additional 36-hour incubation period. Subse-
quently, cell proliferation was assessed using the CCK-8
assay (Solarbio, China) and western blotting analysis to
detect PCNA expression levels. For the CCK-8 assay, cell
proliferation capacity was calculated using the following
formula:

D; —OD
Cell proliferation (%) = %
ctl — b

x 100 (1)
where OD,, OD,, and OD_ represent the OD450 values
of the tested group (n =8), the blank control, and the con-
trol groups, respectively.
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For the evaluation of anti-inflammatory capacity, mac-
rophages were pre-seeded with a density of 4 x 10* cells/
cm?. Twenty-four hours later, the cells were treated with
various groups of MSC-Ex for 12 h. Then, the culture
medium of all experimental and NC groups was replaced
with fresh medium containing 1 ug/mL of LPS. The con-
trol group was treated with fresh medium without LPS.
The cells were incubated for an additional 12 h. Subse-
quently, the content of NO, IL-1f, and TNF-«a in the
medium was measured (7=6), and the relative expres-
sion of NOS2 in macrophages was also assessed through
western blotting analysis.

For the evaluation of anti-fibrotic capability, dermal
fibroblasts were treated with various groups of MSC-Ex
for 24 h. Afterward, the culture medium of all experi-
mental and NC groups was replaced with fresh medium
containing 20 ng/mL of TGF-B1 (Pricella, China). The
control group was treated with fresh medium without
TGE-B1. The cells were incubated for an additional 48 h.
Subsequently, a portion of the cells were subjected to a
gel contraction assay. Another portion of the cells under-
went western blotting analysis to determine the relative
levels of a-SMA. For the gel contraction assay, the spe-
cific experimental steps are as follows:

First, mouse tail type I collagen was prepared using the
method described by Rittié [61]. The collagen solution
(5 mg/mL) was then diluted with DMEM (containing
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/
mL streptomycin), and fibroblasts were added and sus-
pended evenly. The final concentrations of collagen and
cells were 1 mg/mL and 2x10° cells/mL, respectively.
The solution was added to a 48-well culture plate (300 uL
per well) and incubated at 37 °C for 24 h (n=6). Subse-
quently, the digital images of the contracting lattices were
taken, with the collagen matrix areas calculated using the
Image] software. The gel contraction rate was calculated
using the following formula:

Gel contraction (%) = # x 100 (2)
0

where A and A, indicate the area of the collagen matrix
before and after the contraction, respectively.

In vivo functional assessment of MSC-Ex on burn wounds

C57BL/6 mice were used in this experiment; the hair on
the dorsal part was shaved, and a 7-mm-diameter alumi-
num rod with a temperature of 95 ‘C was placed on the
skin for 8 s to induce deep second-degree burn wounds
(day 0). For each group, eight animals were randomly
assigned. On days 0, 3, 6, and 10, a total volume of 20.0
uL of sterile PBS solution (control) and 1.0 pg/pL (pro-
tein concentration) of EX,, or EX, ,; were subcutaneously
injected around the wound of each mouse in each group
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at multi-point injection, respectively. The appearance of
the wounds was photographed on days 1, 3, 6, 10, 14, and
18. The wound areas were measured by the Image] soft-
ware, and the wound closure rate was calculated using
the following formula:

A — A

Wound closure (%) = 3
1

x 100 (3)

where A, represents the areas of wounds at day 1, and A,
represents the areas of wounds at the 3rd, 6th, 10th, 14th,
and 18th days.

In addition, at the 6th, 10th, 14th, and 18th days, one
mouse from each group was randomly sacrificed, and
the skins, including the whole wound and the adjacent
healthy tissue, were excised, immersed in a 4% formal-
dehyde solution, dehydrated, embedded, and cut into
5 um-thick slices. After this, the slices were used for fur-
ther histological analysis.

miRNA sequencing

Total RNA was extracted from EX, and EX,,; using
TRIzol® Reagent (Invitrogen, USA). The ligation of acti-
vated 5" and 3’ adaptors, as well as the first-strand cDNA
transcription, was performed following the instructions
of the TruSeq™ Small RNA Sample Prep Kit (Illumina,
CA), respectively. Subsequently, a 12-cycle PCR reac-
tion was carried out, and fragments of the appropri-
ate size were isolated using a 6% Novex TBE PAGE gel.
After quantification using the TBS380 system, a single-
end RNA-seq sequencing library was generated and
sequenced using the Illumina NovaSeq 6000 sequencer.
Raw data were processed using fastp [62] and the fastx
toolkit software. Known miRNAs were identified from
the miRBase 22.0 database [63], and novel miRNAs
were predicted using the miRDeep2 software [64]. The
expression level of each miRNA was calculated accord-
ing to the transcripts per million reads (TPM) method. In
silico analysis of target gene predictions for miRNAs was
performed using miRanda, TargetScan, and RNAhybrid
[65-67].

Functional assessment of the pre-screened 32 miRNAs
HiPerFect transfection reagent (Qiagen, Germany) was
employed for miRNA transfection. For dermal fibroblasts
and macrophages, the transfection concentrations of the
32 miRNA mimics was 50 nM and 100 nM, respectively.
The control and NC group cells were transfected with
miRNA mimic negative control (miR-NC) at the same
concentration as the corresponding experimental groups.
The cell proliferation assays, anti-inflammatory assays,
and anti-fibrotic assays were performed following the
methods described above.
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Isolation of extracellular vesicles from watermelon

The fresh watermelon (Citrullus lanatus) was peeled, and
the flesh was subsequently cut into small pieces. These
pieces were then placed into a non-woven fabric bag and
subjected to pressure to extract the juice. The juice was
filtered through a non-woven gauze and then succes-
sively centrifuged at 500 xg (10 min), 4000 xg (20 min),
and 12,000 xg (30 min) to remove cellular debris and
other large particles. Subsequently, 40% (w/v) PEG 6000
was added to the watermelon juice to achieve a final con-
centration of 8% (w/v). The mixture was left to stand at
4 °C overnight, followed by centrifugation at 12,000 xg
(20 min) the next day. The pellet was dissolved in a small
amount of PBS (0.01 M, pH 7.4) and subjected to an addi-
tional 12,000 xg centrifugation (10 min) to remove insol-
uble matter. The supernatant was wEV, and the protein
concentration of wEV in the supernatant was measured.

Metabolomics analysis of wEV

After freeze-drying the prepared wEV, they were dis-
solved in 70% methanol, filtered through a 0.22 pm
membrane. The subsequent metabolomics analysis was
conducted using an ultra-performance liquid chroma-
tography system (ExionLC™ AD, https://sciex.com.cn/)
coupled with a tandem mass spectrometry system (htt
ps://sciex.com.cn/). The experimental conditions were
as follows: The column used was an Agilent SB-C18
(1.8 um, 2.1 mm x 100 mm). The mobile phase consisted
of solvent A (pure water with 0.1% formic acid) and sol-
vent B (acetonitrile with 0.1% formic acid). The elution
conditions were as follows: at 0.00 min, the proportion of
solvent B was 5%; within 9.00 min, the proportion of sol-
vent B was linearly increased to 95% and maintained at
95% for 1 min; from 10.00 to 11.10 min, the proportion of
solvent B was reduced to 5% and equilibrated at 5% until
14 min. The flow rate was set at 0.35 mL/min, the column
temperature was maintained at 40 °C, and the injection
volume was 2 pL. The effluent was alternately directed
to an ESI-triple quadrupole-linear ion trap (QTRAP)-
MS. Compound identification was carried out based on
the secondary mass spectrometry (MS/MS) informa-
tion, while compound quantification was accomplished
using the multiple reaction monitoring mode of the triple
quadrupole mass spectrometry.

Preparation of LPEx

A total mass of 60 pg of cationic LP was mixed with 0.1
nmol of miRNA mimics to form LP-miR. Subsequently,
the LP-miR solution was mixed with 100 pg (mass of
protein) of wEV to obtain the LP-miR-wEV complex,
and the complex was allowed to stand at room tempera-
ture for 30 min. Successively, the LP-miR-wEV complex
was sequentially extruded through polycarbonate mem-
branes with pore sizes of 800 nm, 400 nm, 200 nm, and
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100 nm to obtain LPEx. The hydrated particle sizes and
zeta potential of LP, wEV, and LPEx are measured using
a Zetasizer (Nano-ZS 90, Malvern, UK), and these values
are compared with those of MSC-Ex.

Encapsulation efficiency

Four RNase-free centrifuge tubes were labeled as I, II, III,
and IV. In tube I, 0.5 nmol of Cy3-miRNA mimic negative
control (Cy3-miR-NC) was added, and the volume was
adjusted with pure water to 0.5 mL. In tube II, 0.5 nmol
of Cy3-miR-NC was mixed with 300 pg of LP to prepare
the LP-Cy3-miR-NC complex (0.5 mL). In tube III, 0.5
mL of LPEx encapsulated with 0.5 nmol of Cy3-miR-NC
were prepared as described above. In tube IV, 500 pg
(mass of protein) of wEV and 0.5 nmol of Cy3-miR-NC
were added (0.5 mL), and electroporation was processed
as previously described [68]. Subsequently, the solutions
in tubes II, III, and IV were centrifuged at 200,000 xg for
60 min, the supernatants were discarded, and the pellet
of each tube was dissolved in 0.5 mL of pure water. The
absorbance values of the solutions in each tube at 550 nm
were measured, denoted as A, Ay, Ay, and Ay, respec-
tively. The encapsulation efficiency was calculated using
the following formula:

A
Encapsulation Efficiency (%) = A—X x 100  (4)
I

where A, represents Ay, Ay, or Ay,

Cellular uptake kinetics of LP, LPEx, and wEV

To evaluate the cellular uptake kinetics of LP, LPEx, and
wEV, dermal fibroblasts and RAW264.7 cells were ini-
tially seeded in confocal microscopy dishes. Once the
cells reached approximately 70% confluence, the original
culture medium was removed and replaced with trans-
fection medium containing LP, LPEx, or wEV loaded with
Cy3-miR-NC at a concentration of 100 nM. After incu-
bation for 6, 12, or 24 h, the cells were taken out, and
their nuclei were stained with DAPIL The uptake of these
nanovesicles by the cells was then visualized using confo-
cal microscopy.

Cytotoxicity

The CCK-8 assay and the live/dead cell fluorescence
staining were carried out in this portion of the experi-
ments. Typically, every 20 pg of LP was mixed with 0.1
nmol of miR-NC, LPEx were prepared as aforemen-
tioned. Subsequently, corresponding transfection cul-
ture media were formulated to achieve concentrations of
LP, LPEx, or wEV at 50 pg/mL, 100 pg/mL, 150 pg/mL,
200 pg/mL, and 250 pg/mL. These transfection-working
solutions were used to culture dermal fibroblasts and
macrophages that were pre-seeded in a 96-well plate
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(n=8), and control groups containing only basic culture
medium were established. After 24 h, the cell viabil-
ity of each group was assessed using the CCK-8 assay.
As for the live/dead cell fluorescence staining, dermal
fibroblasts and macrophages were pre-seeded on con-
focal-specific dishes and incubated with 100 pug/mL and
200 pg/mL of LP, LPEx, and wEV for 24 h. Subsequently,
the culture medium was replaced with a working solu-
tion prepared according to the instructions of the Cal-
cein/PI cell viability and cytotoxicity assay kit (Beyotime,
China). After incubating at 37 °C for 30 min, the cells
were observed and recorded under a confocal micro-
scope (FV3000, Olympus, Japan). The acquired images
were analyzed using Image] software, and the percentage
of living cells in each group was calculated as follows:

NLV

LiVngCBH (%) = m
Lv D

x 100 (5)

where N;, and N represent the number of living cells
(green) and dead cells (red), respectively, in each image.
Twenty images from each group were analyzed.

Lysosomal escape efficiency of LP, LPEx, and wEV
Following the methodology described above, Cy3-miR-
NC was loaded separately using LP, LPEx, and wEV.
They were then transfected into dermal fibroblasts and
RAW?267.4 cells at a concentration of 100 nM (Cy3-miR-
NC). After 12 h, the culture medium was replaced with
fresh medium, and the cells were further cultured for
24 h. Subsequently, the culture medium was removed
from the culture dishes and replaced with a working solu-
tion prepared according to the instructions provided in
the Lyso-Tracker Green assay kit (Beyotime, China). The
cells were then incubated for 30 min, followed by obser-
vation and image capture using confocal microscopy. The
obtained images were analyzed using Image] software,
and the lysosome-escaping rate was calculated according
to the following formula:

A
Lysosome — escaping rate = Tm x 100 (6)
t

where A, represents the total fluorescence area of Cy3-
miR-NC (red) in each image, and A, indicates the fluo-
rescence area of Cy3-miR-NC that does not colocalize
with lysosomes (green). Twenty images from each group
were analyzed.

Lysosomal escape kinetics of LPEx

The experimental procedure in this part was largely simi-
lar to the method described above. The difference was
that after transfecting cells with LPEx loaded with Cy3-
miR-NC for 12 h, the transfection medium was replaced
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with fresh medium, and the cells were returned to the
incubator for further culture. At subsequent time points
of 6 h, 12 h, and 24 h, the cells were harvested, and the
lysosomal escape rate was measured using the same
method as described above.

Cell uptake mechanisms

Dermal fibroblasts and RAW?267.4 cells were prein-
cubated with different inhibitors for 30 min at 37 °C,
including CPZ, amiloride, NaN;, and nystatin (dissolved
in normal saline, the concentrations were 0.6 mg/mL,
0.6 mg/mL, 0.5 mg/mL, and 2500 U/mL, respectively).
The cells of the control group were treated with normal
saline. After pretreatment, the cells were incubated with
medium containing Cy3-miR-NC-loaded LPEx for 2 h.
The cells were then washed twice with PBS and fixed
with 4% paraformaldehyde for 10 min. DAPI was then
added to stain the cell nuclei. The cellular uptake of LPEx
was visualized using confocal microscopy. The obtained
images were analyzed using Image] software, and the rel-
ative cell uptake degree of LPEx in each group was calcu-
lated according to the following formula:

Ay

Acn

Relative cell uptake (%) = x 100 (7)

where A represents the area of LPEx in the experimental
group’s image (red), and A, denotes the area of LPEx in
the control group. Twenty images from each group were
analyzed.

In vitro functional assessment of LPEx loaded with 28
miRNAs

Using the method described above, 28 miRNAs were
encapsulated in LP, LPEx, and wEV to obtain LP-R, LPEx-
R, and WEV-R, respectively. For dermal fibroblasts and
macrophages, the transfection concentrations of miRNAs
were 50 nM and 100 nM, respectively. In addition, EX 55
of 20 pg/mL and 40 pg/mL were applied to dermal fibro-
blasts and macrophages, respectively. LPExXNC were also
used to transfect dermal fibroblasts and macrophages at
concentrations of 50 nM and 100 nM, respectively. The
control and NC group cells were treated with regular cul-
ture medium. Cell proliferation assays, anti-inflammatory
assays, and anti-fibrotic assays were performed following
the methods described above.

In vivo functional assessment of LPEx-R on burn wounds

Deep second-degree burn wound preparation, wound
size recording, and the time points of skin sample col-
lection were all consistent with the methods described
above. The difference lies in the injection administered
to each group of mice, which consisted of either 20.0 uL
of sterile PBS (control), 1.0 pug/uL (protein concentration)

Page 21 of 23

of EX 55, LPEx-R (loaded with 100 nM of miRNAs), or
100 nM of miRNAs loaded with HiPerFect transfection
reagent. In addition, H&E staining was performed on
wound tissue samples collected on days 6, 10, 14, and 18.
Masson’s staining was conducted on samples collected on
days 10 and 14. Immunofluorescence staining for PCNA,
IL-1PB, and TNF-a was carried out on samples obtained
on days 6 and 10, while a-SMA immunofluorescence
staining was performed on samples collected on days 14
and 18.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 10 (one-way ANOVA with Tukey’s multiple com-
parison test) or Microsoft Excel (Student’s t-test). Data
were reported as meanzstandard deviation. *p<0.05,
*p<0.01, **p <0.001, and ****P<0.0001 were considered
statistically significant.
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