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Abstract

Diabetic wounds are a serious complication of diabetes mellitus (DM) that can lead to persistent infection, amputation,
and even death. Prolonged oxidative stress has been widely recognized as a major instigator in the development of diabetic
wounds; therefore, oxidative stress is considered a promising therapeutic target. In the present study, Keap1/Nrf2 signaling
was confirmed to be activated in streptozotocin (STZ)-induced diabetic mice and methylglyoxal (MGO)-treated human
umbilical vein endothelial cells (HUVECs). Knockdown of Keap1 by siRNA reversed the increase in Keap1 levels, promoted
the nuclear translocation of Nrf2, and increased the expression of HO-1, an antioxidant protein. To explore therapeutic
delivery strategies, milk-derived exosomes (mEXOs) were developed as a novel, efficient, and non-toxic siRNA carrier.
SiRNA-Keapl (siKeapl) was loaded into mEXOs by sonication, and the obtained mEXOs-siKeap1 were found to promote
HUVEC proliferation and migration while relieving oxidative stress in MGO-treated HUVECs. Meanwhile, in a mouse
model of diabetic wounds, injection of mEXOs-siKeap] significantly accelerated diabetic wound healing with enhanced
collagen formation and neovascularization. Taken together, these data support the development of Keapl knockdown as a
potential therapeutic strategy for diabetic wounds and demonstrated the feasibility of mEXOs as a scalable, biocompatible,

and cost-effective siRNA delivery system.
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Introduction

Diabetes mellitus is a major global health issue, with a rap-
idly increasing incidence worldwide [1]. Diabetic wounds
are a major contributor to diabetes-related morbidity, as they
can lead to persistent infection, amputation, and even death.
Previous findings revealed that the pathological character-
istics of chronic wounds that fail to heal include a reduction
in the contraction of open wounds, decreased number of
polymorphonucleocytes and fibroblasts, impaired neovas-
cularization, and increased edema. Moreover, excessive and
uncontrolled oxidative stress is a key pathogenic mechanism
responsible for the development of diabetic wounds.
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Under hyperglycemic conditions, an imbalance between
free radical production and cellular antioxidant defense
capacity results in the accumulation of reactive oxygen spe-
cies (ROS) and, subsequently, oxidative stress [2]. Many
studies have shown that several oxidative stress-related path-
ways in the high-glucose environment are dysregulated. For
example, one study demonstrated that the macrophages of
diabetic rats have impaired nuclear factor erythroid-2-related
factor-2 (Nrf2) activity. Nrf2 is a key transcription factor that
regulates the expression of phase II detoxifying enzymes
and antioxidant genes, and decreased Nrf2 activity resulted
in increased ROS production and downregulation of Nrf2
target genes (including NQO-1 and HO-1). Therefore, rescu-
ing Nrf2 activity would ameliorate oxidative stress pheno-
types associated with diabetes. Kelch-like ECH-associated
proteinl (Keapl) is a Nrf2 cytoplasmic repressor, and its
inhibition increases Nrf2 nuclear translocation and anti-
oxidant gene expression while decreasing ROS production.
Hence, we hypothesize that the reduction of Keapl expres-
sion by siRNA treatment can rescue oxidative stress injury
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in diabetic wounds [3, 4]. Nucleic acid therapy has shown
great potential for the treatment of numerous diseases, such
as genetic disorders, cancer, and infection. For example,
previous studies have found that the establishment of an
siRNA conjugate platform enabled successful subcutane-
ous delivery of siRNA targeting the Marburg virus nucleo-
protein [5-7].

However, the biological utility of siRNA is limited by its
negative charge, instability in blood circulation, and immu-
nogenicity. Today, while commercially available LIP3000
has been used to transfect siRNA in experimental research,
it has strong toxic side effects. Therefore, there is an urgent
need to develop an ideal carrier that can protect siRNA from
degradation to achieve a better wound healing effect [8].

Milk-derived exosomes (mEXOs) are a type of extracel-
lular vesicle that has attracted much attention due to their
biocompatibility and suitability for scale-up technologies.
The natural ability of exosomes to participate in intercel-
lular communication can be exploited for drug delivery [9].
Specifically, the membrane structure of mEXOs is crucial
to preserving its cargo as it protects nucleic acid drugs from
degradation in the gastrointestinal tract and enhances drug
absorption [10]. Moreover, mEXOs can be synthesized with
high output and are more easily accessible compared with
exosomes derived from other sources. Therefore, mEXOs
exhibit several advantages that strongly support their devel-
opment as nucleic acid drug delivery carriers [11].

Materials and methods
Cell culture and transfected

Human umbilical vein endothelial cells (HUVECs, #GDC166,
CCTCC) were acquired from China type collection center
(CCTCC, Wuhan, China) and cultured in high-glucose Dul-
becco’s modified eagle’s medium (DMEM; supplemented
with 10% fetal bovine serum (FBS; GIBCO, USA). The
siKeap1 (siKeapl-1, siKeap1-2, siKeap1-3) and the relevant
negative control (siNC) were obtained from Hanheng Bio-
technology Company (Shanghai, China). The sequences are
shown in S1. HUVECs were transfected using riboFECT™CP
reagent according to the manufacturer’s instructions.

RT-PCR

Total RNA was isolated using the ultrapure RNA kit
(CWO0581M, CWBIO), according to the manufacturer’s
instructions. Using a PrimeScript® RT kit (#RR0O37A,
TaKaRa), total RNA was reversed transcribed into cDNA.
On the StepOnePlus™ platform (Applied Biosystems,
USA), real-time quantitative PCR (qPCR) was performed

using a TB Green® Premix Ex Taq™ II kit (#RR820A,
TaKaRa). The primer sequences are shown in S2. Using
the 2722C method, the relative expression level of target
genes was calculated and normalized to f-actin.

HUVECs proliferation, migration, and intracellular
ROS assessment

HUVECs from different treatment groups were grown in
96-well culture plates. After incubation with EdU, the pro-
liferation rates of HUVECs from different groups were
evaluated with the Cell-Light EAU Apollo In Vitro Kit
(Ribobio, Guangzhou, China). Cell migration was assessed
using the scratch test to measure the scratch closure rate.
When 95% confluence was reached, the HUVEC monolay-
ers from different groups were scraped to form a wound,
and microscope images were taken. The transfected
HUVECs were treated with MGO, and intracellular ROS
levels were determined using DCFH-DA according to the
manufacturer’s instructions. All the above images were
processed with Image J.

Western blot

Total protein was extracted with RIPA lysis buffer contain-
ing protease inhibitor and phosphatase inhibitor (Roche,
Switzerland). Equal amounts of total protein (20-50 pg)
were separated by SDS-PAGE (Beyotime Biotechnology,
Shanghai, China) and then incubated overnight with primary
antibodies specific for Keapl (Proteintech, China), HO-1
(Proteintech, China), Nrf2 (Proteintech, China), p-actin (Pro-
teintech, China), CD9 (Abcame, USA), TSG101 (ABclonal,
China), or Calnexin (Abcame, USA). The membrane was
incubated with secondary antibodies (Aspen, China) and
exposed to X-ray film (UVP, USA). The blots were analyzed
using Image J.

Extraction of milk-derived exosomes

Milk-derived exosomes (mEXOs) were extracted by differ-
ential centrifugation from commodity raw milk using previ-
ously described protocols [11]. Raw milk was centrifuged
at 13,000 x g for 30 min at 4 °C to remove fat globules. The
fat layer and particles on the bottom of the tube were dis-
carded, and the supernatant was collected. The supernatant
was ultra-centrifuged at 100,000 X g for 60 min to remove
precipitates and large vesicles. The supernatant was ultra-
centrifuged at 145,000 x g for 90 min to extract exosomes.
The exosome pellets were washed 3 times with sterile PBS
and stored at — 80 °C until use.
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Ultrasonic technology

The mEXOs were loaded with siRNA-Keapl or siRNA-
FAM by sonication using the Sonics & Materials Inc. (New-
town, USA) ultrasonic system. The mEXOs and siKeapl
were mixed in a ratio of 1:1 (mass/mass) in PBS, and the
final concentration of mEXOs in the mixture was 4 pg/ml.
The sonication settings [12] were: 20% amplitude, 6 on/
off cycles of 30 s, with a cooling time of 2 min between
each cycle. After sonication, the unencapsulated siKeap1 in
the supernatant was measured using a microplate reader at
260 nm, and the siKeap1 load was calculated by the weight
ratio of encapsulated siKeap1 to the nanovesicles loaded
with siKeap1 [13]. Then, the solution was incubated at 37 °C
for 60 min to restore the exosome membrane. Where pos-
sible, the solution was placed at 4 °C before use.

Confocal microscope

The mEXOs were incubated with a red fluorescent dye
(Dil, Biotium, USA) for 10 min in sterile PBS, and then, the
excess dye was removed by ultra-ionization to obtain labeled
mEXOs. The FAM-labeled siRNA was obtained from Han-
heng Biotechnology Company (Shanghai, China) and encap-
sulated into Dil-mEXOs through sonication. The sequences
are shown in S1. The HUVECs were seeded in 24-well cul-
ture plates and allowed to adhere and then co-cultured with
Dil-mEXOs-FAM-siRNA. After incubation, HUVECs were
washed twice with PBS and stained with DAPI (Solarbio,
Beijing, China). The uptake of Dil-mEXOs @FAM-siRNA
by HUVECs was observed by confocal microscopy.

The function of mEXOs-siKeap1 complex in vitro

The diabetic cell model was achieved using methylglyoxal
(MGO). Experimental groups included the control group,
MGO group, MGO +siNC group, MGO + siKeap1 group,
MGO + mEXOs group, and MGO +mEXOs-siKeap!1 group.
The procedures for the measurement of cell proliferation,
migration, and ROS were performed as described above.
When the HUVECs attained 30-50% confluency, the
mEXOs-siKeapl (4 pg per well) complex was added. After
incubation, the acquisition and observation of images were
performed as described above.

Animals’ experiment

All animal experiments were approved by the Animal Pro-
tection Committee of Tongji Medical College (IACUC
Number:2789). Six-week-old male C57BL/6 mice were
injected intraperitoneally with streptozotocin (STZ) at
50 mg/kg daily for 5 days. The blood glucose was measured
using a blood glucose monitor after 4 weeks. Blood glucose
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readings above 16.7 mM indicated that diabetes was induced
successfully. Forty mice (including 8 normal mice and 32
diabetic mice) were anesthetized with sodium pentobarbital
(Sigma-Aldrich) (1%, 50 mg/kg). After completion of back
depilation and sterilization, all mice were subjected to full-
thickness excision of wounds with a diameter of 10 mm. The
32 diabetic mice were randomly divided into 4 groups: PBS
(STZ control) group, mEXOs (2 pg/wound), siKeapl (2 pg/
wound), and mEXOs-siKeap1 (2 pg/wound). The 8 normal
mice constituted a PBS (normal control) group. After the
injury, the wounds were treated at 0, 4, 9, and 14 days post-
wounding. Photos were taken at days 0, 4, 9, 14, and 19 post-
wounding. The wound area was measured using Image J.

Histological analysis

Nineteen days post-injury, the whole wound bed of the mice
in each group was taken for histological analysis. Skin tis-
sues from diabetic and normal mice were stored at room
temperature for histology or — 80 °C for western blot analy-
sis. The wound tissue was fixed with 4% paraformaldehyde.
After dehydration, the tissue was embedded in paraffin and
cut into 8-pm-thick longitudinal sections and stained. The
re-epithelialization rate of wound tissue was analyzed by
hematoxylin—eosin (H&E) staining, and the collagen accu-
mulation was evaluated by Masson staining.

Immunohistochemistry and immunofluorescence
analysis

To evaluate the vascular regeneration of wound beds, the
skin samples collected from mice on day 19 were fixed in
4% paraformaldehyde, paraffin-embedded, and sectioned.
Then, the sections were incubated overnight at 4 °C with pri-
mary antibodies against CD34 (Abcam, USA) and a-SAM
(Proteintech, Wuhan, China). On the next day, the sections
were incubated with a secondary antibody (Aspen, China)
at room temperature. To detect the expression of the Keap1
and HO-1 (Proteintech, Wuhan, China) proteins in diabetic
wound beds, we performed the corresponding immunofluo-
rescence staining. Images were obtained using a fluores-
cence microscope, and four different fields were randomly
assessed. Finally, Image] software was used for analysis.

Statistics

As more than two groups were compared, one-way analysis
of variance (ANOVA) was performed with Tukey’s post-hoc
test. All statistical analyses were performed using GraphPad
Prism software (version 8.0.2, La Jolla, CA, USA). Data are
expressed as the mean + standard deviation (SD). Statisti-
cal significance was set as p <0.05 (¥*p <0.05, **p <0. 01,
*#%p <0. 001, ****p <0.0001).
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Result

Knockdown of Keap1 promotes HUVEC function
in MGO environment

To investigate the expression of the Keapl/Nrf2 pathway
in diabetic wounds, we analyzed the content of Keapl in

normal diabete

a diabetic mouse model. Western blot analysis showed an
upregulation of Keapl protein in diabetic wounds (Fig. 1A).
For siRNA knockdown experiments, three different siRNAs
against Keapl were transfected into HUVECs. Through
gPCR (SF1) and western blot analysis (Fig. 1B), we found
that siKeap1-1 had the strongest knockdown effect; cells
transfected with siKeapl-1 also had the highest expression
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Fig. 1 Knockdown of Keapl promotes HUVEC function in an MGO-
rich environment. A The expression of Keapl protein in skin samples
from a mouse model of diabetic wounds. B Western blot analysis of
the knockdown efficiency of siKeapl. C Western blot analysis of the
Keap1/Nrf2/HO-1 pathway in HUVECsS in different treatment groups.
D Intracellular ROS level of HUVECs in each group. n=3, ****p <(.
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0001 vs. MGO. Scale bar, 50 pm. E Images of migrated HUVECs in
each group. n=3, **p<0. 01 vs. MGO. Scale bar, 250 pm. F EDU
assay analysis of the proliferation rate of the HUVECs. The prolifera-
tive cells and cellular nuclei were stained with red and blue, respec-
tively. n=3, ****p <(0.0001 vs. MGO by one-way ANOVA. Scale bar,
100 pm. Data is presented as mean +SD
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of the antioxidant protein HO-1. Therefore, siKeap1-1 was
chosen for subsequent experiments.

To further investigate the functional effects of Keapl on
HUVEG:s in a diabetic environment, a cell model of diabetes
was established using MGO. Western blot analysis showed
that the expression of Keapl in the MGO group was signifi-
cantly upregulated compared with the control. Meanwhile,
Keapl protein expression was decreased, and HO-1 protein
was increased in the MGO + siKeap1 group (Fig. 1C). To
assess oxidative stress, intracellular ROS levels were meas-
ured using the DCFH assay. We found that the MGO-only
treatment group showed the highest green fluorescence
intensity, indicating significant elevation in intracellular
ROS levels. After transfection with siKeapl, the intracel-
lular ROS levels in HUVECs showed significant attenu-
ation compared with the MGO group (Fig. 1D). HUVEC
proliferation was determined by EDU assay, and there were
significantly more EDU-positive cells in the siKeap1 group,

indicating that siKeapl could improve the proliferation of
MGO-treated HUVECs (Fig. 1F). Similarly, the migration
rate of HUVECS in the siKeapl treatment group was sig-
nificantly higher than those in the MGO group and the siNC
treatment group (Fig. 1E).

In conclusion, these data suggested that the upregulation
of Keapl in diabetic mice may be one of the reasons for
delayed wound healing, and knockdown of Keapl could
improve the proliferation and migration of MGO-treated
HUVECsS, while decreasing intracellular ROS levels.

Characterization of mEXOs and mEXOs-siKeap1

To synthesize an ideal delivery vector, mEXOs were
extracted by differential centrifugation from raw milk.
Transmission electron microscopy (TEM) showed nano-
particles wrapped by a typical lipid bilayer film (Fig. 2A).
Moreover, nanoparticle tracking analysis (NTA) showed
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Fig.2 Characterization of mEXOs and mEXOs-siKeapl. A TEM
images showing the morphology of mEXOs. Scale bar, 100 nm.
B NTA results showing the size distribution of mEXOs. C Western
blotting analysis of exosomal markers CD9 and TSG101. D Confocal
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microscopy analysis reveals that the mEXOs-siKeapl were success-
fully synthetized. Red and green fluorescence represents mEXOs and
siKeap1, respectively. Scale bar, 100 pm (40 X) and 10 pm (400 %). E
The uptake of mEXOs-siKeapl by HUVECs. Scale bar, 50 pm
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that the peak diameters of mEXOs and mEXOs-siKeapl
were 156.4 nm and 170.6 nm, respectively (Fig. 2B). Based
on western blot analysis, the mEXOs-siKeapl complex
expressed the exosomal markers CD9 and TSG101, but not
calnexin (a protein found at high levels in milk supernatant)
(Fig. 2C). To explore the potential of mEXOs in siRNA
delivery, we encapsulated siKeapl in mEXOs and exam-
ined the drug loading of siRNA. As shown in Supplemental
Fig. 2, siRNA was incorporated into mEXOs with a high
loading efficiency of up to 24%.

In order to verify that siKeapl was successfully loaded
into mEXOs, the Dil-labeled mEXOs were loaded with
FAM-labeled siKeap1 by sonication, and the obtained Dil-
mEXOs@FAM-siKeap1 were observed by confocal micros-
copy. As shown in Fig. 2D, green fluorescent siKeapl and
red fluorescent mEXOs could merge and overlap to produce
orange-yellow light, indicating that FAM-labeled siKeap1
were successfully loaded into mEXOs. To investigate the
uptake of mEXOs-siKeapl by HUVECs, HUVECs were co-
cultured with Dil-mEXOs @FAM-siKeap1 for 24 h. Through
confocal imaging, we found that FAM-siKeap1 was success-
fully internalized into the cytoplasm of HUVECs, following
the mEXOs (Fig. 2E). Meanwhile, HUVECs treated with the
mECOs-siKeap1 complex showed decreased levels of Keap1
protein. Therefore, we could conclude that the mEXOs-
siKeapl complex was synthetized successfully (SF3).

mEXOs-siKeap1 improves HUVEC function in vitro

To verify that mEXOs-siKeap1 could improve the function of
MGO-treated HUVECs with respect to proliferation, migra-
tion, and intracellular ROS level, we treated HUVECs with
different drugs as described in the method above. First, the
intracellular ROS levels were measured using the DCFH assay.
We found that the MGO group showed the highest green fluo-
rescence intensity, indicating significant elevations in intracel-
lular ROS levels. Treatment of MGO-treated HUVECs with
mEXOs and free siKeapl could not decrease the high ROS
levels in the cells, but mEXOs-siKeap! significantly reversed
the increase in intracellular ROS to alleviate oxidative stress
injury (Fig. 3A). Next, we evaluated the migration ability of
HUVEG:s by cell scratch assays. The migration in the MGO
group was significantly reduced compared with the control
group. However, the MGO-induced impairment in HUVEC
migration was reversed following treatment with mEXOs-
siKeapl1, indicating that mEXOs-siKeapl treatment could
protect cells to maintain normal migration function in an envi-
ronment of MGO and oxidative stress (Fig. 3B). Furthermore,
EdU assays were performed to assess HUVEC proliferation.
The proliferation rates decreased to 10% when HUVECs were
treated with MGO (Fig. 3C). In contrast, proliferation in the
mEXOs-siKeapl group was increased more than fourfold
compared with the mEXOs and siKeap1l groups (Fig. 3C).

In a word, mEXOs-siKeap1 can alleviate the MGO-induced
increase in intracellular ROS to maintain low ROS levels,
while also improving the proliferation and migration abilities
of MGO-treated cells.

mEXOs-siKeap1 accelerates diabetic wound
healing in vivo

To confirm that the mEXOs-siKeap1 could promote diabetic
wound healing, mEXOs-siKeapl were tested in a mouse
model of wound healing. STZ-induced diabetic mice were
administered PBS, mEXOs, siKeap1, or mEXOs-siKeap1 by
subcutaneous injection (50 pL per mouse), while normal mice
were given PBS (Fig. 4A). As shown in the Fig. 4B and C,
the wound healing rate of normal mice is faster than that of
diabetic mice during the whole process. However, there was
no significant difference among the diabetic groups on the 4th
day as this was during the initial inflammatory stage (Fig. 4B,
C). As expected, the wound healing rate of diabetic mice in
the mEXOs-siKeap1 group was significantly faster than that
of the PBS group at days 9, 14, and 19 post-wounding. Hence,
we could conclude that the mEXOs-siKeap1 treatment accel-
erated the wound healing rate.

H&E staining analysis showed that the mEXOs-siKeap1
treatment group exhibited the highest re-epithelialization
rate among all diabetic mice (Fig. 5A). Meanwhile, Mas-
son staining analysis showed that collagen deposition in the
mEXOs-siKeap1-treated group was superior to that in the
other diabetic groups (Fig. 5B). We observed no difference
in collagen deposition between the siKeapl group com-
pared to the PBS and mEXOs groups. Two vascular mark-
ers, CD34 and a-SMA, were used to evaluate angiogenesis
in diabetic wounds by immunohistochemical staining. As
shown in Fig. 5C, few blood vessels are observed in the
wound tissues of the PBS, mEXOs, and siKeap1 groups,
with the highest vascular density in diabetic mice observed
in the mEXOs-siKeap1 group (Fig. 5C). Next, immunofluo-
rescence staining against HO-1 was performed to determine
antioxidant protein expression in wound tissue. As expected,
the fluorescence intensity of tissue stained with anti-HO-1
antibody was significantly enhanced in skin wound samples
from diabetic mice treated with mEXOs-siKeapl compared
to the other diabetic groups (Fig. 5D). Taken together, these
results revealed that the acceleration of wound healing by
mEXOs-siKeap1 was associated with enhanced collagen for-
mation and neovascularization in this mouse model.

Discussion
Oxidative stress is widely known to be associated with

inflammation, and both are implicated in diabetes and other
diseases. Among the cellular defenses against oxidative
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Fig.3 mEXOs-siKeapl improve cell function in MGO-treated HUVECs.
A The ROS levels of HUVECs in each group. n=3, ****p<0. 0001 vs.
MGO. Scale bar, 50 pm. B Analysis of HUVEC migration by cell scratch
test. n=3, *¥*¥p<0.0001 vs. MGO. Scale bar, 250 pm. C EdU assay

stress, the transcription factor Nrf2 is a critical player [14].
Nrf2 and its cytoplasmic repressor, Keap1, are master regu-
lators under conditions of oxidative stress, which function
to manage redox homeostasis, cytoprotective program-
ming, and anti-inflammatory activities [15]. The Keapl/
Nrf2 signaling pathway has been shown to be impaired in
both diabetic humans and animal models of diabetes, con-
current with increased Keapl protein [16], suggesting a
central role for modulators of oxidative stress. We previ-
ously investigated the use of synthetic ADSC-exo@MMP-
PEG hydrogel in wound treatment, demonstrating that it
could alleviate H,0,-induced oxidative stress and rescue
the impaired wound healing in diabetic mice [17]. Further-
more, the thermosensitive niobium carbide (Nb,C)-based
hydrogel (Nb,C@Gel), which has antioxidant and antimi-
crobial activity, could promote wound healing by attenuating
ROS levels [18]. A specific role of Nrf2 was highlighted in
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analysis of the proliferation rate of HUVECs. The proliferating cells and
cellular nuclei were stained with red and blue fluorescence, respectively.
n=3, ¥*¥p<0.0001 vs. MGO by one-way ANOVA with Tukey’s post-
hoc test. Scale bar, 100 pm. Data are presented as mean +SD

research by Simu et al., which indicated that oxidative stress
could be decreased by activating Nrf2, as Nrf2 mediates
ROS elimination and nitric oxide generation [19]. Therefore,
based on these studies, it is reasonable that the Nrf2-related
downstream genes, such as HO-1, could be upregulated by
knocking down Keap1l. Hence, siRNA knockdown of Keap1
is a promising strategy to accelerate diabetic wound healing
by alleviating ROS levels.

Exosomes, due to its antigen-presenting properties and
drug-loading properties, are widely used as drug carri-
ers in researches [12]. In previous studies, Zhang and Liu
discussed the application of exosome on drug delivery as
carriers for DNA, messenger RNA, microRNA, small-
interfering RNA, and other nucleic acids [20]. Exosomes
were as naturally derived vesicles without production-
related hurdles. Furthermore, previous studies have
revealed that exosomes could cross the blood—brain barrier
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and maternal placental barrier. The phospholipid bilayer
provided excellent membrane permeability and protects
the encapsulation agent from degradation. However, the
disadvantages lie in the lack of general methods for sepa-
rating and collection [21]. Lipid nanoparticle (LNP) vec-
tors, one of the most advanced non-viral drug delivery
systems, were currently used in COVID-19 mRNA vac-
cines developed by Moderna (MRNA-1273) and Pfizer
BioNTech (BNT162b2) due to the biocompatibility and
immunogenicity, while the previous study had found that
based on the total surface charge, liposomes are called
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anions, cations, and neutrals. The properties and density
of the charge can be changed by adjusting the composi-
tion of the lipids used to form the liposomes. Neutral sur-
face charges can lead to liposome aggregation and low
physical stability. This can cause liposomes to escape into
extracellular space because these liposomes do not interact
well with cells. Negatively charged liposomes consist of
anionic lipids and are reported to be more unstable than
neutral or positively charged liposomes. In addition, they
are quickly absorbed by the reticuloendothelial system and
may also cause toxic side effects. Furthermore, the storage
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ing for the evaluation of collagen deposition at day 19 post-wounding.
*#%%p <(0.0001 vs. PBS. Scale bar, 200 pm. C The expression of angi-

of lipid nanoparticles was a challenge for their large-scale
development [22-25].

Exosomes were found in body fluids such as urine,
saliva, amniotic fluid, and ascites. Milk was the only com-
mercially available bio-liquid containing EXO. As a rich
source of EXO, milk has unique properties as a carrier [26]
which had been utilized in enhancing the anticancer activ-
ity against oral squamous cell carcinoma [27] and treating
the ovarian cancer [28]. On the basis of our group’s previ-
ous studies, it has been reported that bovine milk-derived
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Scale bar, 100 pm. D Immunofluorescence staining against the anti-
oxidant protein HO-1 at day 19 post-wounding. ***p <0.001 vs. PBS
by one-way ANOVA with Tukey’s post-hoc test. Scale bar, 100 pm.
Data are presented as means +SD

exosomes as a drug delivery vehicle has played an impor-
tant role in miRNA-based therapy to accelerate the diabetic
wound healing. Furthermore, there are several advantages
of the mEXOs in higher yield, easier extraction, good sta-
bility, low immunogenicity, and good cross species toler-
ance [11, 29]. In this research, the mEXO-siKeapl complex
was synthesized with milk-derived exosome and siKeapl
using ultrasonic technique. The peak diameters of mEXOs
and mEXOs-siKeap1 have no difference. And the mEXOs-
siKeap1l complex could promote HUVEC proliferation and
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migration, relieve oxidative stress, reduce the level of Keapl
protein, and increase the expression of the Nrf2 and HO-1
antioxidant protein in vitro, which were consistent with pre-
vious research results. Meanwhile, the mEXO-siKeap1 was
proved to be beneficial for diabetic wound healing, collagen
formation, and neovascularization in vivo. Therefore, it may
be a therapy for diabetic wound delaying by delivering drugs
by milk exosome.

Conclusion

The treatment of delayed wound healing in diabetes requires
more multidisciplinary and proactive approaches in order
to heighten patients’ live quality. In this study, milk-derived
exosomes were used as a desirable carrier to delivery
siKeapl. And the mEXOs-siKeapl complex which was
synthetized by ultrasonic significantly could accelerate the
healing process of diabetes wounds. Therefore, with rapid
advances in modification technology of exosomes, the
collection and storage technology of exosomes, mEXOs-
siRNA, would prove to be a new means of treating diabetic
wounds in prospect. Meanwhile, it proved the feasibility
of mEXOs as a scalable, biocompatible, and cost-effective
siRNA delivery system.
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