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KEY WORDS Abstract  Asendogenous courier vesicles, exosomes play crucial roles in macromolecule transmission and
intercellular communication. Therefore, exosomes have drawn increasing attention as biomimetic drug-
delivery vehicles over the past few years. However, few studies have investigated the encapsulation of pep-
tide/protein drugs into exosomes for oral administration. Additionally, the mechanisms underlying their bio-

Milk-derived exosomes;
Oral drug delivery system;
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mimetic properties as oral delivery vehicles remain unknown. Herein, insulin-loaded milk-derived exosomes

pl{tr/z;r;s:);;tt,ion; (EXO@INS) were fabricated and the in vivo hypoglycemic effect was investigated on type I diabetic rats. Sur-
Biomimetic vehicles; prisingly, EXO@INS (50 and 30 IU/kg) elicited a more superior and more sustained hypoglycemic effect
Insulin; compared with that obtained with subcutaneously injected insulin. Further mechanism studies indicated that
Transcytosis; the origin of excellent oral-performance of milk-derived exosomes combined active multi-targeting uptake,
Signal regulation pH adaptation during gastrointestinal transit, nutrient assimilation related ERK1/2 and p38 MAPK signal

pathway activation and intestinal mucus penetration. This study provides the first demonstration that multi-
functional milk-derived exosomes offer solutions to many of the challenges arising from oral drug delivery
and thus provide new insights into developing naturally-equipped nanovehicles for oral drug administration.
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1. Introduction

In the past decades, biologicals have achieved tremendous break-
throughs in the treatment of various diseases', and numerous novel
delivery strategies have been developed to overcome administration
dilemma such as degradation susceptibility, immunogenicity and
physiological absorption barriers”. Exosomes, which are considered
as natural cell-secreted “Trojan Horse”, encapsulate endogenous
functionally active macromolecules (such as DNA, miRNA, mRNA
and proteins) and can efficiently deliver these cargoes to recipient
cells, to enable cell-to-cell communication®. Due to their advan-
tages such as high biocompatibility, long circulating time and
intrinsic ability to encapsulate biological macromolecules, exo-
somes have drawn increasing attention as novel biologics-delivery
vehicles* ©. However, the practical application of exosome-based
therapeutics in clinical transformation remains an ongoing chal-
lenge. Many studies isolated exosomes from cell culture media with
a low yield and a high cost, which makes scaled-up production
difficult*. Based on the current limitations, a cost-effective and
scalable source should be optimized.

It was reported that bovine milk-derived exosomes (EXOs)
exhibited similar potential to serve as drug delivery nanocarriers’.
On the other hand, milk is a more affordable and accessible source
compared to cell culture media. Moreover, EXOs might provide
additional benefits as naturally desirable oral delivery carriers,
which indicates that EXOs constitute a more convenient and
patient-friendly therapeutic modality’. The anatomy of the
gastrointestinal tract (GIT) poses significant challenges to oral
macromolecules delivery®’. However, it was reported that nucleic
acids encapsulated in EXOs could be delivered orally into the
bloodstream in bioactive form'’, but the potential to deliver bio-
macromolecular drugs such as peptide/protein drugs and the origin
of good oral-performances of EXOs remains elusive''. Insights
into how natural nanocarriers traverse GIT might provide infor-
mation that aids the development of oral vehicles.

To investigate the potential of EXOs to serve as natural protein
delivery vehicles, insulin (INS)-loaded milk-derived exosomes
(EXO@INS) was fabricated in the present study and the in vivo
hypoglycemic effect was investigated on type I diabetic rats.
Surprisingly, EXO@INS elicited a more excellent and sustained
hypoglycemic effect compared with that obtained with subcuta-
neously injected INS, indicating the superior oral bioavailability
of EXOs. And then we investigated biomimetic principles as an
oral vehicle in terms of EXOs-cell interaction. On one hand, the
ability of nanocarriers to overcome oral delivery barriers in the
GIT was investigated. On the other hand, cellular response trig-
gered by EXOs was studied to further clarify the underlying
mechanisms.

2. Materials and methods

2.1.  Materials

Porcine insulin (INS, 28.2 [U/mg) was purchased from Wanbang
Bio-Chemical Co., Ltd. (Jiangsu, China). Fluorescein isothiocya-
nate (FITC) was obtained from J&K Scientific Ltd. (Beijing,
China). Gly-Sar was bought from TCI (Tokyo, Japan). 1,1’-Dio-
ctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil)
was purchased from Invitrogen (Carlsbad, CA, USA). Lysosome
Tracker Red and GA Tracker Red were obtained from Beyotime
Biotechnology (Shanghai, China). ER Tracker Green was bought

from Key GEN Biotech Corp. (Jiangsu, China). All other chem-
icals were purchased from Sigma—Aldrich (St. Louis, MO, USA)
and Shanghai Chemical Reagents Co. (Shanghai, China) and used
as received, unless otherwise stated.

2.2.  Isolation of milk-derived exosomes

Low fat bovine milk was purchased in a grocery store. Milk was
centrifuged at 13,000x g for 30 min at 4 °C to remove somatic
cells and debris'>. The supernatant and EDTA (pH 7.0, 500 mol/L)
were mixed (3:1, v/v) on ice for 15 min to precipitate milk casein.
The suspension was ultracentrifuged at 100,000xg (Beckman
Coulter, SW41Ti rotor, Brea, CA, USA) for 60 min (4 °C) to
remove fat globules, precipitated protein and larger vesicles. The
supernatant was ultracentrifuged at 135,000 x g (Beckman Coulter,
SWA41Ti rotor, Brea, CA, USA) for 90 min (4 °C) to isolate
exosomes. The exosome pellets were resuspended in PBS. The
total protein concentration was measured by BCA kit. Then,
EXOs (<6 mg/mL) were stored at —80 °C until use.

2.3. Preparation of insulin-loaded exosomes

EXOs (1 mg/mL) and insulin (INS) (8 mg/mL) were mixed fol-
lowed by sonication (100 W, 3 min, 2 s/2 s on/off). The unloaded
INS was removed by ultrafiltration (MWCO: 100 kDa). The
structure of EXO@INS was destroyed by adding 1% Triton X-100
(1:1, v/v) and the content of loaded INS was quantified by high-
performance liquid chromatography (HPLC)'®. The drug loading
of EXO@INS was calculated according to Egs. (1) and @

Drug loading (%) = VVINS/WTOTAL x 100 (1)

Encapsulation efficiency (%) = Wins/WarL x 100 (2)

where Wiy is the weight of loaded INS, Wrgorap is the total
weight of exosomal protein and loaded INS, and Wy is the total
weight of feed INS.

2.4.  Characterization of exosomes and insulin-loaded exosomes

Dynamic Light Scattering (DLS) size and zeta potential were
measured by Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
UK). Nanoparticle-tracking analysis (NTA) was performed using
Nanosight LM10 (Malvern Instruments Ltd., UK). TEM analysis
was carried out as previously described'’. EXOs and EXO@INS
were stained with phosphotungstic acid (2%) for 3 min before
observation. The gel electrophoresis and Coomassie staining ex-
periments to detect the protein composition were performed as
previously reported'®. The exosomal protein of high and low
concentration group was 80 and 56 ng, respectively. The exosomal
marker protein CD63, CD81 and TSG101 were detected according
to the instructions. Trypan blue quenching experiment was per-
formed to confirm the location of loaded insulin. EXO@FITC-
INS, free FITC-INS and EXO/FITC-INS physical mixture were
incubated with trypan blue solution (33 pg/mL in 0.1 mol/mL
citrate buffer, pH 4.4) for 1 min in 96-well plate. The fluorescence
of each sample was measured and expressed as a percentage of the
fluorescence of the respective control sample. The INS release and
enzymatic stability experiments were performed as reported'™'”.
The content of INS was measured by HPLC'®. To evaluate the
bioactivity of INS, released INS (2 IU/kg) from EXO@INS was
collected and subcutaneously injected in mice. Then, blood
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glucose was measured by a glucose meter (JPS-6, Yicheng, Bei-
jing, China).

2.5.  Invivo pharmacological and pharmacokinetic studies

Male Sprague—Dawley rats (190—210 g) were rendered diabetic
by intraperitoneal injection of streptozotocin (STZ) at a dose of
70 mg/kg'®. One week after STZ-treatment, rats were considered
diabetic when the fasting glycemia was over 16.0 mmol/L. Prior to
experiments, rats were fasted overnight but with free access to
water. Free INS solution (1 IU/kg, s.c.) was the positive control.
The oral administration groups included saline solution, free INS
solution (50 IU/kg), INS-free EXOs, EXO@INS (50 IU/kg),
EXO@INS (30 IU/kg) and EXO@INS (18 TU/kg). Blood samples
were collected from tail veins, and BGL was measured via a
glucose meter (JPS-6, Yicheng, Beijing, China). To quantify
plasma INS concentration, blood samples were centrifuged
(3000 rpm, 3 min), and INS was then detected using a porcine
insulin ELISA kit (Wuhan ColorfulGene Biological Technology
Co., Ltd.). AUC of INS concentration, Fr% and PA% were then
calculated according to previous reports'®'?. All animals received
care in compliance with relevant laws and guidelines outlined in
the Guide for the Care and Use of Laboratory Animals. All pro-
cedures were approved by Sichuan University Animal Care and
Use Committee.

2.6.  Cellular uptake and endocytic mechanisms

The preparation and characterization of dye-labelled PEG coated
poly (lactic-co-glycolic acid) (PLGA)-based nanoparticles (PPNs)
were described in the Supporting Information. Dil release profile
in PBS was studied to prove the feasibility of Dil-based quanti-
tative and qualitative studies (Supporting Information Fig. S1).
E12 cells were used as mucus-secreting epithelial cell model.
PPNs and EXOs were incubated with E12 cells for 3 h. Then, cells
were washed with 3% (v/v) formalin solution in PBS as previously
described above 2°. 100 puL of DMSO was added to destroy cells.
The fluorescence intensity was detected by a Varioskan Flash
Multimode Reader (Thermo Fisher Scientific). The number of
cells was corrected by Alamar Blue assay as previously re-
ported®'. In Caco-2 cells, the process was similar as described
above. For endocytic mechanisms studies, Caco-2 cells were
incubated with different inhibitors for 30 min prior to the
administration of EXOs. Then, cells were incubated with EXOs
and inhibitors for another 3 h. The quantification of cellular uptake
was same as described above. For TEM analysis, cells were
incubated with EXOs for 2 h. After washing thrice with PBS, cells
were trypsinized and collected by centrifugation (1000 rpm,
5 min). 0.5% glutaraldehyde was carefully added and cells were
resuspended. After 10 min at 4 °C, the cells were collected after
centrifugation (12,000 rpm x 10 min). Then, 3% glutaraldehyde
was added and cells were stored at 4 °C. Cells were post-fixed in
osmium tetroxide (1%), dehydrated in graded acetone and
embedded in araldite as previously described'®. The grids were
examined using an electron microscope (JEM-1400PLUS, Japan)
at 80 kV.

2.7.  The pH adaptation function of EXOs
Laurdan generalized polarization (GP) index studies and Young’s

modulus investigation were described in the Supporting Infor-
mation. For colocalization study, cells were incubated with EXOs

for 2 h and washed thrice with PBS. Lysosome Tracker was
incubated with cells according to the instructions. The nucleus
was stained with DAPI for 5 min. The Rr was calculated using
Image Pro Plus. For quantitative study, cells were first incubated
with EXO@Dil for 2 h, and then treated with specific inhibitors
(PBS solution) for another 2 h. The concentrations of these in-
hibitors were listed as follows. Chloroquine was 150 pmol/mL and
LY294002 was 1 mmol/mL. Next, cells were washed with fresh
PBS, and cell associated fluorescence intensity was determined as
described above, which reflected the relative cellular retention of
EXO@Dil. Hemolysis assay was performed to investigate the pH-
sensitive endosomal escape of EXOs, PPNs and HA2 solution.
RBC:s collected from rats were diluted 1:50 (v/v) in PBS of various
pH values (7.4, 6.5 and 5.5). Then, RBCs and samples were mixed
and incubated for 2 h (37 °C). The UV absorption of supernatant
was detected at 540 nm. 1% Triton X-100 was the positive control
group, and used as the reference for 100%. EXO@INS collected
from the basolateral side of Transwell and the serosa side of de-
tached intestine were analyzed by TEM. Cellular uptake and
exocytosis under different pH were performed as previously
described, and the concentration of HSA was 80 pg/mL.

2.8.  ERKI/2 and p38 MAPK signaling pathway investigation

Transepithelial transport studies were described in the Supporting
Information. Exocytosis efficiency investigation was similar to the
process of intracellular trafficking study in addition to replacing
specific inhibitors with different concentrations of insulin, SB20219
(10 pmol/mL), U0126 (10 pmol/mL), monensin (33 pg/mL) and
brefeldin A (25 pg/mL). For western blot analysis, the total proteins
of Caco-2 cells were lysed in RIPA buffer (150 mmol/L NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 pmol/mL
Tris-HC1 at pH 7.4, plus a protease inhibitor cocktail). Protein
concentrations were detected using a BCA Protein Assay Kit. Equal
amounts of proteins (20 pg) were electrophoresed on SDS poly-
acrylamide gels. The following procedures were performed as
previously describe®”.

2.9.  Intestinal distribution and mucus permeability assay

The preparation and characterization of dye-labelled mucoadhe-
sive nanoparticles (MAPs) were described in the Supporting In-
formation. For in vivo intestinal mucus-distribution, EXO@Dil,
Dil-loaded PPNs, Dil-loaded MAPs and free Dil were orally
administered to male C57BL/6 J mice (18—22 g). After 2 h, mice
were sacrificed and the small intestines were removed. The tissues
were washed with fresh stimulated intestinal fluid (SIF), opened
longitudinally, flattened between two glass slides and observed
using confocal fluorescence microscope (Zeiss LSM 800). The
coverage (%) was calculated using Image-Pro Plus. To evaluate
in vitro mucus-permeability, Transwell permeable supports were
used. 100 pg/mL of porcine intestinal mucus was added on the
membrane. EXO@Dil, PPNs and MAPs were carefully added
onto the mucus. After 2 h, the accumulative permeated amount of
Dil was detected. For mucus-staining in E12 cells, rhodamine-
conjugated ulexeuropaeus agglutinin Ilectin was co-incubated
with cells for 10 min, followed by washing with fresh PBS for
three times. For nucleus staining, cells were incubated with 4',6-
diamidino-2-phenylindole (DAPI) for 5 min. To remove the
mucus after internalization, 3% (v/v) formalin solution in PBS was
used to wash cells for three times.
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2.10.  Safety evaluations

The in vitro cell viability study was performed via Alamar Blue
assay as reported”>. The LDH release was detected by the LDH kit
(Beyotime Biotechnology, Shanghai, China). Hemolysis assay
was carried out using rat RBCs. Prior to the detection, cells were
incubated with EXOs (25—250 pg/mL) for 3 h, respectively. To
evaluate the in vivo toxicity, ICR mice (male, 6—8 weeks)
consecutively received once-daily oral doses of EXOs (0.5, 1 and
2 mg/kg) for seven days. The body weight of mice was daily
monitored. After the whole administration, mice were sacrificed
and blood was collected for the detection of ALT, ALP, AST, ALB
and TP. The hematology analysis and Hematoxylin and Eosin
(H&E) staining was performed as previously described”.

2.11.  Statistical analysis

All data are indicated as means + SD (n = 3), unless otherwise
stated. The one-tailed Student’s t-test and two-tailed Student’s -
test were performed to compare the two groups. Significant dif-
ferences were defined with P < 0.05 and high significance at
P < 0.01.

3. Results and discussions

3.1.  Isolation and characterization of bovine milk-derived
exosomes

Exosomes are small extracellular vesicles with diameters between
30 and 150 nm. In this study, EXOs were isolated using a classical
ultracentrifugation method as previously reported'”. The average
sizes measured by dynamic light scattering (DLS) and
nanoparticle-tracking analysis (NTA) were 72.9 and 83.2 nm,
respectively (Fig. 1A and B). The polydispersity index (PDI) was
0.225. The yield of EXOs was 7.24 x 10° particles/mL, which
was nearly four times more than that of Caco-2 cells-derived
exosomes””. Transmission electron microscopy (TEM) showed
round and cup-shaped EXOs with diameters of approximately
100 nm (Fig. 1C). The zeta potential of EXOs in phosphate buffer
solution (PBS, pH = 7.4) was —9.8 mV. Western blot analyses
demonstrated the existence of exosomal marker proteins CD63,
CDS81 and TSG101 (Supporting Information Fig. S2). Together,
these results indicated the successful isolation of EXOs.

The obtained EXOs were stored in aliquots at —80 °C?° and 7
weeks of storage had no obvious effect on their particle size, zeta
potential and protein amount (Fig. 1D and Supporting Information
Fig. S3A and S3C). For short-term storage at 4 °C, EXOs were
stable up to 7 days (Fig. 1E and Fig. S3B). As shown in Fig. 1F,
the size of EXOs did not significantly change in simulated gastric
fluid (SGF), simulated intestinal fluid (SIF) and PBS (pH = 7.4)
during 8 h-incubation (37 °C). Due to their potential for
cost-effective production and long-term storage, EXOs might be
promising orally delivered vehicles.

3.2.  Preparation and characterization of insulin-loaded milk-
derived exosomes

EXOs could encapsulate hydrophobic drugs (i.e., paclitaxel and
withaferin A) through a co-incubation method'>*®. However, due
to their high hydrophilicity, biomacromolecular drugs such as
peptide/protein drugs were not appropriate for this method.

Therefore, a sonication method was developed for the preparation
of insulin-loaded exosomes (EXO@INS). As shown in Fig. 2A,
the DLS size of EXO@INS was 71.9 nm, which was similar to
that of drug-free EXOs. A slight decrease in the zeta potential
from —9.8 to —12.4 mV was observed following INS encapsu-
lation. TEM images showed that the typical morphology was
maintained after sonication (Fig. 2B). The drug loading efficiency
and encapsulation efficiency of INS was 57.7% (w/w) and 15.9%
respectively, which was sufficiently high for oral administration.

Subsequently, gel electrophoresis and Coomassie staining ex-
periments showed similar protein compositions between
EXO@INS and EXO (Fig. 2C). This result demonstrates that
exosomal proteins that contribute to “exosome—cell communica-
tion” were preserved after the sonication process”®. Further, trypan
blue quenching experiment was used to confirm the location of
loaded INS. As shown in Fig. 2D, more than 60% of fluorescence
intensity remained after trypan blue quenching process, indicating
that most of FITC-INS was encapsulated in the interior of EXOs.
The hypoglycemic activity of INS loaded in EXO was tested. As
shown in Fig. 2E, INS released from EXO@INS (2 IU/Kg) and free
INS (2 IU/kg) induced similar profiles of blood glucose change in
mice after subcutaneous injection, which strongly demonstrated the
bioactivity was preserved after the loading procedure.

EXO®INS exhibited no significant size increase in SGF, SIF
and PBS (pH = 7.4) during incubation for 8 h (Fig. S3D). Sub-
sequently, the release of INS in SGF (2 h) and SIF (6 h) was
investigated. As shown in Fig. 2F, 68.9% of INS was released after
8 h, and no burst release in SGF was observed. As reported, some
liposomes and polymer vesicles exhibited burst release of
macromolecular drugs in acidic environments or PBS'>*’.
Therefore, EXOs had relatively sustained release of INS and
provide improved solutions to drug leakage problems. Further-
more, we explored whether EXOs could protect INS from enzy-
matic degradation. As shown in Fig. 2G and H, when incubated
with trypsin and pepsin, free INS was almost completely degraded
within 2 h. In contrast, only 20% of INS was degraded after 8 h
incubation with trypsin and nearly 80% of INS remained intact
after 2 h (time for EXO@INS to pass through the stomach) in-
cubation with pepsin, which demonstrated that encapsulation
enhanced the enzymatic stability of INS.

Our study provides the first demonstration of the encapsulation
of protein/peptide into EXOs. Electrophoresis was the most
widely used method for passive loading of miRNAs into exo-
somes, but is poorly suitable for protein/peptide encapsulation. To
this end, some reports proposed an active loading method through
endogenous biogenesis processes. However, this method was
relatively complex and not suitable for the encapsulation of INS
into EXOs. Sonication has been used to incorporate enzyme into
exosomes, but a suboptimum sonication process might lead to
irregular transformation of exosomeszg, which could disturb
exosome-cell communication. Here, our optimized mild prepara-
tion approach by sonication was simple and scalable, and did not
influence exosomal characteristics or the bioactivity of INS.
Moreover, EXO@INS had good colloidal stability and signifi-
cantly enhanced the enzymatic stability of INS, indicating the
feasibility of EXOs as an alternative oral nano-vehicle.

3.3. EXOQINS elicited a strong hypoglycemic effect and
enhanced oral bioavailability of insulin

Glucose tolerance test (GTT) was performed to evaluate the oral
delivery efficiency of EXO@INS. The doses of EXO@INS were 30
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and 50 IU/kg. As shown in Fig. 3A, the glucose level in the saline
group exhibited a sharp increase and peaked (14.7 mmol/L) after
30 min after glucose administration. When EXO@INS (30 IU/kg)
was orally administered 2 h prior to glucose challenge, an almost
equal reduction effect in the blood glucose level (BGL) with sub-
cutaneous injection (s.c.) group was observed. Moreover,
EXO@INS (50 IU/kg) exhibited a more obvious reduction of BGL,
with a peak of 8.0 mmol/L. Excitingly, the maximum BGL
reduction obtained with EXO@INS (50 IU/kg) was even stronger
than that observed in the s.c. group, which indicated the superiority
of EXOs as oral vehicles. The area under the curve (AUC) of the
blood glucose was calculated (Fig. 3B). The AUC obtained with
EXO®INS (50 IU/kg) was markedly lower than that obtained with
the saline group (P < 0.001) and was even lower than that observed
with the s.c. group (P < 0.05). Therefore, EXO@INS could
significantly improve the glucose tolerance of mice.

The hypoglycemic effect and pharmacokinetic behaviors on
type I diabetic rats were then studied. The doses of EXO@INS
were set to 18, 30 and 50 IU/kg. Fig. 3C showed that, compared
with that observed with normal saline group, the oral adminis-
tration of INS solution (50 IU/kg) or INS-free EXOs did not
decrease BGL, whereas EXO@INS (18 IU/kg) exerted a signifi-
cant hypoglycemic effect. Moreover, the hypoglycemic response
of EXO@INS was dose-dependent. Impressively, EXO@INS (50
and 30 IU/kg) elicited a more superior and more sustained hy-
poglycemic effect with a maximal BGL reduction to 30% and
35%, compared with that obtained with subcutaneously injected

INS. The relative bioavailability of EXO@INS (30 IU/kg) was
10.6-fold higher than that of free INS (Table 1).

It should be noted that the therapeutic effect of EXO@INS
was stronger than that of some of our previously developed
nanoplatforms, such as solid lipid nanoparticles (SLNs) and
PEGylated polymeric nanoparticles (NPs)>**°. Besides, although
there were a large number of studies on oral delivery of insulin
using lipid-based nanocarriers, EXOs provided an organic
solvent-free preparation procedure and avoided complex ligand
modification. Therefore, the enhanced in vivo hypoglycemic ef-
ficacy and oral bioavailability of INS indicated the feasibility of
EXOs as efficient vehicles for peptide/protein drugs. Addition-
ally, the yield of EXOs was higher than that of exosomes from
patients’ body fluids or cell culture media, which made their
large-scale production feasible.

3.4. Milk-derived exosomes exhibited efficient internalization by
active multi-targeting to the epithelia

For transportation into the bloodstream, nanoparticles first need to
overcome cellular permeability barrier. According to previous re-
ports, we prepared a commonly used oral vehicle PEG coated poly
(lactic-co-glycolic acid) (PLGA)-based nanoparticles (PPNs)*!.
Impressively, the cellular internalization of EXOs in E12 cells and
Caco-2 cells was 8.9-fold and 8.6-fold higher than that of PPNs
(P < 0.01, Fig. 4A). Representative fluorescence images also re-
flected the higher internalization of EXOs, which indicated stronger
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In vivo therapeutic effect of EXO@INS. (A) Blood glucose level in the glucose tolerance test (GGT) assay. *P < 0.05 versus INS

Solution (INS Sol, 1 IU/kg, s.c.). *P < 0.05, #P < 0.01, ¥ P < 0.001, versus EXO@INS (30 IU/kg). Error bars represent SD (n = 5). (B) AUC
of blood glucose in the GGT assay. *P < 0.05, ***P < 0.001 versus Saline. &<0.05 versus INS Solution (INS Sol, 1 IU/kg, s.c.), ##p < 0.01. ns,
not significant. Error bars represent SD (n = 5). (C) The blood glucose variation in type I diabetic rats. *P < 0.05, **P < 0.01, ***P < 0.001,
versus INS Solution (INS Sol, 50 IU/kg). #P < 0.05, P < 0.01, versus EXO@INS (50 1U/kg). Error bars represent SEM (n = 5). (D) Plasma
insulin level after administration of insulin solution (INS Sol, 1 IU/kg, s.c.), insulin solution (INS Sol, 50 IU/kg, p.o.), EXO@INS (p.0.).
*P < 0.05, **P < 0.01, versus EXO@INS (30 IU/kg). Error bars represent SEM (n = 5).
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Table 1  Pharmacokinetic parameters of plasma insulin in diabetic rats.
Sample Dose (IU/kg) AUCy_;on (WIU-h/mL) Fr (%) PA (%)
INS solution (s.c.) 1 109.2 4+ 14.8 — —
INS solution (p.o.) 50 21.0 £ 12.7 0.38 0.025
EXO®@INS 50 205.3 £ 15.9%** 3.76 4.33
EXO@INS 30 132.1 + 20.0 4.03 5.69
EXO@INS 18 73.2 + 32.6* 3.72 5.92

Each value represents the mean £ SD (n = 5). AUC: area under the

plasma concentration—time curve; Fr (%): relative bioavailability; PA (%):

pharmacological availability. *P < 0.05, ***P < 0.001, versus EXO@INS (30 IU/kg). —Not applicable.

membrane affinity (Fig. 4B). Having demonstrated the desirable
cell internalization of EXOs, we explored the endocytic mecha-
nisms. First, co-incubation with NaNj3, a disruptor of adenosine
triphosphate, decreased the uptake of EXOs to 78% (P < 0.05,
Fig. 4C), indicating the involvement of energy-dependent endocy-
tosis. Moreover, TEM images of EXO-treated Caco-2 cells reflected
the interaction between EXOs and cell membrane. The internali-
zation of EXOs, membrane invagination and membrane deforma-
tion were observed (arrow pointed, Fig. 4D), which indicated the
endocytosis of EXOs. Different endocytic pathways were then

blocked by specific inhibitors. As shown in Fig. 4C, inhibitors of
the caveolae-mediated pathway (lovastatin and filipin), clathrin-
mediated pathway (chlorpromazine) and micropinocytosis (wort-
mannin and amiloride) all significantly decreased the uptake of
EXOs, suggesting multiple endocytic pathways. Moreover, the
uptake was not suppressed by M-3-CD, an inhibitor of lipid raft-
dependent endocytosis. Although some researchers proposed the
direct fusion of exosomes with the cell membrane’, the suppres-
sion of uptake by specific inhibitors demonstrated that EXOs were
at least partially internalized via multiple endocytic routes.

A > B
‘@ 121 H
é E12cell : Caco-2 cell
= H * %
£ T : T
e 87 :
@ : —
g s 3
5 : o
2 Y z 3
£ ; 8
S S °
C 2 < ] < E F
2 z z
» 150 @ 150 ‘@ 150
[ c c
e 2 2
E E E
8 100 . . 8 100 - o 8 100 . .
) * [ *x () L *x
2 *x @ * 8 *
o o 8 g
S 50 S 50 T S s0 piid
5, E E 0 . —
x } O @ e & S a2 O ORI IS O BV
FF S F & S NN &
& W BN O S ELFE’S LS
S TF LIy ST F ¥
© 9 & PSS N
\OKQ & Q\ NN o ¥
(}\ c [ c‘,\Q Q(Q 7R
R
D
Untreated cells Is
Figure 4 The mechanisms of cellular uptake. (A) Cellular uptake of PPNs and EXOs in E12 cells (with post-removal of mucus) and Caco-

2 cells. #*P < 0.01 versus PPN. (B) CLSM images of DiO-loaded PPNs or EXOs treated Caco-2 cells. Blue: nucleus. Scale bar: 10 pm. (C, E, F)
Cellular uptake of EXO@Dil with the addition of different inhibitors. Glu: glucose; Fru: fructose. HSA: human serum albumin. *P < 0.05,

#*¥P < 0.01, ***P < 0.001, versus control. *P < 0.05, P < 0.001.
without EXOs treatment. EXOs that interacted with cell membrane

Error bars represent SD (n = 3). (D) TEM images of Caco-2 cells with or
and internalized EXOs were indicated by red arrows. Scale bar: 500 nm.
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Because EXOs were derived from nutrients, we speculated that
they were ingested via the nutrient-assimilation pathway. First,
glycylsarcosine (Gly-Sar), an inhibitor of peptide transporter
(PEPT1), significantly decreased the uptake of EXOs in a dose-
dependent manner (Fig. 4E). The inhibitory effect of the PEPT1
antibody (45%, P < 0.05) further demonstrated the involvement
of PEPT1 during endocytosis. Furthermore, glutamate competi-
tively inhibited the uptake of EXOs in a dose-dependent manner,
which suggested the mediation of acid amino transporters.
Glucose and fructose both decreased the uptake of EXOs
(Fig. 4F), indicating the mediation of glucose transporters.
Moreover, the decrease of fluorescence within cells caused by
human serum albumin (HSA) indicated that the neonatal Fc re-
ceptor (FcRn) was involved in endocytosis (Fig. 4F). However, the
uptake of EXOs was not affected by ezetimibe, which is an in-
hibitor of Niemann-Pick Cl-like 1 (NPC1L1) and mediates the
absorption of cholesterol and phytosterols (Supporting
Information Fig. S4). Therefore, we speculated that unique sur-
face characteristics enabled the efficient internalization of EXOs
by active multi-targeting to the epithelia.

Due to the complex exosomal compositions, more receptors
and transporters need to be investigated to comprehensively
elucidate endocytic mechanisms. According to a previous report,
targeting efficiency of ligand-modified NPs could be affected by
receptor saturation and distribution density®’. Herein, compared
with artificially synthesized NPs, the endocytosis of EXOs
involved multiple targets. It was thus speculated that the nature of
the receptor had less influence on EXOs active uptake. For the
future construction of oral delivery vehicles, multi-ligand modi-
fication strategy can be considered to mimic EXOs. Of course, the
types and ratio of the ligands need to be further screened.

3.5.  Milk-derived exosomes could adapt to variable
environmental pH during trafficking

The complex pH variation along the oral route constitutes
another obstacle to drug delivery. Drug-loaded vehicles pass
through the highly acidic stomach, the nearly neutral enteric
cavity, the acidic intracellular vesicles (i.e., early endosome, late
endosome and lysosome) and finally enter the circulating system
(pH 7.4). Interestingly, EXOs and their encapsulated cargo
reportedly survive the harsh gastric conditions during trans-
portation*, which might indicate the intrinsic ability of EXOs to
adapt to pH variation. Whether EXOs adapt to the above-
mentioned pH changes and the relationship between variable pH
and EXOs transport remain unanswered questions, and further
studies were performed.

3.5.1.  Milk-derived exosomes tailored the membrane rigidity to
withstand highly acidic environment

EXOs were highly resistant to harsh environments in the GIT®,
the underlying mechanisms were unclear. Considering mechanical
rigidity is one of the determinants of lipid vehicle’s stability, we
evaluated the membrane rigidity of EXOs under different pH
conditions. Laurdan (2-dimethylamino-6-laruroylnaphthalene) in-
tercalates into lipid bilayers and exhibits different emission
properties based on the degree of order. Tightly ordered lipids shift
the maximum emission spectrum to 435 nm, whereas peak at
490 nm in a disordered state. The generalized polarization (GP)
index [GP = (1435—1490)/(1435 + 1490)] can be calculated to

distinguish the order degree of the lipid membrane®®. As shown in

Fig. 5A, EXOs in acidic environments exhibited higher GP values
(P < 0.01), which indicated a significantly more compact struc-
ture for the maintenance of stability. Young’s modulus investiga-
tion showed similar results (Fig. 5B). Moreover, the structural
transition was reversible when the pH shifted from 2 to 7.4
(P < 0.01). In other words, EXOs exhibited good membrane
fluidity and interacted with the cell membrane when they reached
the intestinal tract (Fig. 4D).

3.5.2.  Milk-derived exosomes avoided endo-lysosomal trapping
in a pH-dependent manner

After endocytosis, EXOs are packed into acidic intracellular vesi-
cles. Endosomes and lysosomes are considered a main trafficking
barrier to protein drugs®’. An acidic environment with abundant
enzymes results in degradation of NPs and trapped macromole-
cules™. As shown in Fig. 5A, EXOs exhibited high membrane ri-
gidity within the acidic environment in endo-lysosome (pH 5.5).
Interestingly, according to previous report, NPs with compact
structure were more likely to escape endosomal confinement™.
Thus, whether EXOs have an inherent ability to avoid endo-
lysosomal trapping remains unclear. First, specific inhibitors of
the lysosomal pathway were utilized. Chloroquine and LY294002
did not affect trafficking and exocytosis (Supporting Information
Fig. S5). Additionally, EXOs and lysosomes showed no obvious
colocalization, and the Pearson’s correlation coefficient (Rr) was
0.44 (Fig. 5C). To further investigate whether EXOs avoided endo/
lysosomal trapping, we labeled the endosomes by immunostaining
with specific antibodies (Fig. 5D). Results showed that EXOs did
not exhibit obvious co-localization in early-, late- and recycling
endosomes. The Rr values of these organelles were all less than 0.5
(Fig. 5E). To explore the relationship between pH and the avoid-
ance of endo-lyososmal confinement, we performed a hemolysis
assay with red blood cells (RBCs) under different pH conditions.
PPNs that went through endo-lysosomal pathway were investigated
as a negative control (Supporting Information Fig. S6). The
hemagglutinin-2  (GLFEAIEGFIENGWEGMIDGWYG, HA2)
peptide, an endosome disruptor, was used as a positive control*’. At
pH 7.4, all these groups showed low hemolysis efficiency (<10%),
which indicated the intactness of the cell membrane in physiolog-
ical conditions. Notably, early endosomes and lysosomes-mimetic
pH environments (pH 6.5 and 5.5) sharply increased the hemoly-
sis efficiency of EXOs to 73% and 90%, respectively (Fig. 6A).
HA2 elicited a similar hemolytic effect as the pH decreased,
whereas PPNs still showed low hemolysis efficiency. The pH-
sensitive hemolytic activity indicated that EXOs could fuse with
the membrane of endo/lysosomes, and this fusing enabled endo/
lysosomal escape. EXO@FITC-INS/Dil was found to transport
across Caco-2 cell monolayer with intact form (Supporting
Information Fig. S7), and EXO@INS were able to transverse
Caco-2 cell monolayer and intestine without the change of
morphology (Fig. 6B), indicating that avoidance of endo-lyososmal
confinement significantly improved the stability of EXOs and
loaded drugs.

3.5.3.  Milk-derived exosomes traversed the intestinal epithelium
to the bloodstream adapting to pH variations

It was reported that acidic tumor microenvironment played an
important role in exosomes internalization™. Coincidentally, in-
testinal cavity presents a weakly acidic environment. Therefore,
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whether the acidic pH in the intestinal tract also favored EXOs
traffic in epithelium was unclear. Consistent with our hypothesis, a
weakly acidic environment (pH 6.0) increased the uptake of EXOs
(Fig. 6C). Moreover, at pH 7.4, lower fluorescence within cells was
found following the exocytosis process (Fig. 6D). In other words,
EXOs leveraged the pH gradient existing between the intestinal
lumen and the bloodstream to facilitate transcytosis. According to
previous findings, FcRn was one of the target sites of EXOs, which
transported endogenous IgG in a pH-dependent manner*’. FcRn
involved endocytosis might endow EXOs with the ability to adapt
to pH changes. We then blocked the FcRn pathway with a high
concentration of HSA (80 pg/mL). Interestingly, FcRn occupation
only partly weakened the pH compliance of EXOs (Fig. 6E and F),
indicating that other mechanisms were involved in the pH-adaptive
transcytosis of EXOs besides FcRn targeting. It might ascribed to
the unique membrane composition of EXOs.

Taken together, this study provides the first demonstration that
EXOs can take advantage of the variable pH during trafficking to
maintain their stability under extremely acidic conditions, avoid
endo-lysosomal confinement and promote uptake and exocytosis.
Their pH adaptation attributed to timely adjustment of the
membrane rigidity and was partly due to FcRn-targeting. The
mechanisms underlying the observed pH-dependent membrane
variations were likely due to the unique lipid compositions of
EXOs*!, which need to be studied further. To overcome the

variable environments during oral route, pH-responsive strategies
and ligand optimization could be combined. Furthermore, the
unique lipid composition of EXOs could be migrated to the
construction of lipid-based nanoplatforms in the future.

3.6.  Milk-derived exosomes showed efficient apical-to-
basolateral transport by targeting the ERK1/2 and p38 MAPK
signaling pathways

Based on the polarized feature of intestinal epithelia, nanoplat-
forms exhibit distinct exocytic behaviors from apical or baso-
lateral side*>*’. Unfortunately, a large proportion of apical
exocytosis severely hinders the ultimate delivery of a payload into
the bloodstream even if the nanoplatforms are efficiently inter-
nalized. Hence, we evaluated the exocytic mechanisms of EXOs.
First, apparent permeability coefficient (Papp) value of EXOs was
4.5-fold enhanced compared with PPNs (P < 0.01, Fig. 7A). Then
the bidirectional exocytosis rate was investigated using Transwell
permeable supports (Fig. 7B). The exocytosis rate of PPNs from
the basolateral side was only 78% of that from the apical side
(P < 0.001, Fig. 7C), which was consistent with our previous
study™”. Impressively, EXOs showed a markedly higher proportion
of basolateral exocytosis, which was 1.8-fold higher than that of
apical exocytosis (P < 0.001). Furthermore, the transport rate
from the apical to basolateral side was 2.8-fold higher than that in
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the opposite direction (P < 0.05, Fig. 7D). The transepithelial
electrical resistance (TEER) value of cell monolayer showed no
significant change after EXOs-treatment (Supporting Information
Fig. S8). Therefore, EXOs did not disrupt the integrity of the cell
monolayer, excluding the paracellular route.

Recently, it’s reported that cells may response to incoming
nanovesicles, which in turn promoted transcytosis**. Therefore,
whether EXOs had an intrinsic ability to trigger positive feedback
and thus promote oral drug transportation is an interesting issue to
be studied. Thus, we investigated the mechanisms in terms of
signaling pathways related to EXOs trafficking. Mitogen-activated
protein kinases (MAPKSs) include ERK1/2 and p38 coordinate
responses and serve as key sensors of the energy status within a
cell'®. MAPK activation is reportedly beneficial for nutrient ab-
sorption™’. Therefore, we hypothesized that EXOs transport might
be facilitated by the MAPK pathway. First, we investigated the
effect of MAPK agonist on the exocytosis efficiency of EXOs™".
As shown in Fig. 7E, insulin could promote EXO@Dil exocytosis
in a concentration-dependent manner (P < 0.001). Although in-
sulin was selected as the model drug in above study, the insulin
encapsulated in EXOs wouldn’t trigger signal activation. Western
blotting further confirmed our hypothesis. ERK1/2 and p38
phosphorylation were stimulated after exposure to EXOs
(Fig. 7F). As previously reported, activation of the p38 MAPK
pathway contributed to the translocation of GLUT-2 to the apical
membrane of intestinal epithelium”®. Interestingly, our finding
showed that glucose transporter participated in the endocytic
routes of EXOs (Fig. 4D), and GLUT-2 were able to facilitate the
apical-to-basolateral migration of nanoformulations. Moreover,
the fact that upregulating the MAPK pathway increased lipid
absorption might be beneficial to lipid extracellular vesicle
transcytosis*. Blockage of the signaling pathway by the specific
inhibitors U0126 and SB202190 sharply decreased exocytosis of

EXOs (Fig. 7G and H). According to a previous study, MAPK
signaling was associated with endoplasmic reticulum/Golgi
apparatus (ER/GA) secretory pathway. As shown in Fig. 71, the
cellular retention of EXOs was increased by co-incubation with
monensin and brefeldin A, indicating endoplasmic reticulum (ER)
and Golgi apparatus (GA)-related exocytosis pathway. Consis-
tently, EXOs were colocalized with ER and GA, which was
beneficial for basolateral exocytosis (Fig. 7J). In summary, the
intestinal epithelium forms a key obstacle to quantities of cargo,
but EXOs have a “pass permit”. By talking to cells, EXOs trig-
gered changes in cell signaling pathways to facilitate efficient
apical-to-basolateral transport.

Our study demonstrated that EXOs overcame the obstacle of
limited basolateral exocytosis by ensuring efficient apical-to-
basolateral transport across the intestinal epithelia. However,
increasing the basolateral exocytosis of many orally delivered NPs
(e.g., gold NPs, SLNs and PEGylated polymeric NPs) is chal-
lenging******. These results strongly demonstrate that “talking to
cells” namely exploiting cell signal regulation is expected to be a valid
strategy. Although MAPK is an alternative target, more signaling
pathways involving polarized trafficking within the intestinal
epithelium need to be investigated and exploited as novel targets.

3.7.  Milk-derived exosomes are efficiently transported across
the intestinal mucosa

The net-like mucus layer acts as a formidable barrier to most
orally delivered NPs, which limits their access to underlying
epithelial cells”’. Lenzini et al.*® recently investigated the trans-
port of extracellular vesicles (EVs) within the extracellular matrix
(ECM). Matrix (ECM) stress relaxation and aquaporin-1-mediated
EV deformability jointly promoted the EV transport in the ECM.
However, whether EXOs can move freely in mucosa due to the
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mesh-like structure of mucus and ECM is unclear. We evaluated
the transport of EXOs across the intestinal mucosa whereas PPNs
and mucoadhesive nanoparticles (MAPs) were treated as positive
and negative controls. Also, distribution of free Dil was shown to
prove that red fluorescence represented EXOs rather than disso-
ciated Dil molecules. First, EXO@Dil displayed a uniform dis-
tribution within mucus following their oral administration to mice,
and this distribution was similar to that observed with PPNs, in
contrast, MAPs showed an aggregated and uneven distribution.
Free Dil molecules aggregated heavily due to the hydrophobic
interaction with mucus while EXO@Dil exhibited uniform dis-
tribution. This result confirmed that the red fluorescence repre-
sented distribution of EXOs rather than dissociated Dil (Fig. 8A
and B). An in vitro three-dimensional Transwell model with
porcine intestinal mucus showed that 3.5% of particles penetrated
the basal chamber with both EXOs and PPNs, and this value was
3-fold higher than that obtained with MAPs (P < 0.05, Fig. 8C).
Fig. 8D reflectes that MAPs (green) were mainly located in the
mucus layer (red), whereas PPNs and EXOs were both internal-
ized into cells. The quantitative results showed that 34% of MAPs

associated with E12 cells were trapped in the mucus layer instead
of being internalized into cells (Fig. 8E). In contrast, no obvious
trapping of EXOs and PPNs was observed (P > 0.05). All the
above-mentioned results indicate the EXOs were capable of
avoiding mucus trapping similar to PPNs.

According to a previous report, surface properties (i.e., hy-
drophilicity, charge neutrality and deformability) largely contrib-
uted to the mucus-penetrating ability. Because the main
components of the exosomal membrane were phospholipids and
proteins*’, EXOs likely have surface properties distinct from those
of lipid- or PLGA-based NPs. Proteins might increase the hy-
drophilicity of EXOs and thus avoid hydrophobic interactions
with mucin. Negative phospholipids helped eliminate mucin
capture. Additionally, deformation of EXOs might occur during
mucus penetration and contribute to high permeability’”. Taken
together, tailoring of surface properties in various aspects
endowed EXOs with mucus-penetrating capability. In other words,
the deformability and electrical and hydrophilic/hydrophobic
properties need to be modulated to overcome the mucosal bar-
rier’'. Moreover, the unique lipid compositions and hydrophilic/
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hydrophobic balance could be used as reference in the preparation
of lipid-based nanocarriers to overcome mucus barriers.

3.8.  Milk-derived exosomes were biocompatible oral
nanoplatforms

In this section, safety evaluations of EXOs were performed both
in vitro and in vivo. First, when the total exosomal protein was in
the range of 25 to 250 pg/mL, EXOs showed no significant

influence on cell viability of typical cell models used to study oral
administration (Fig. 9A), and the release of lactate dehydrogenase
(LDH) was less than 10% (Fig. 9B). Therefore, EXOs were non-
cytotoxic and showed no damage on membrane integrity. Subse-
quently, the hemolysis assay was performed with RBCs from rats.
As shown in Fig. 9C, the hemolysis after EXOs treatment was less
than 5%, indicating the good blood biocompatibility. Mice were
then once-daily orally administered with EXOs for 7 consecutive
days. The group administrated EXOs at varying doses (0.5, 1 and
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Figure 9

Study of biocompatibility. (A) Cell viability of Caco-2 and E12 cells after incubation with EXOs. Error bars represent SD (n = 3).

(B) LDH release from Caco-2 cells after incubation with EXOs. Positive control: 1% Triton solution. Error bars represent SD (n = 3). (C)
Hemolysis efficiency of RBCs after incubation with EXOs. Positive control: 1% Triton solution. Error bars represent SD (n = 3). (D) The body
weight of ICR mice during the administration of EXOs or saline. Error bars represent SD (n = 4). (E, F) Levels of ALT, ALP, AST, ALB and TP
after 7 consecutive days of oral administration of EXOs (2 mg/kg) or saline. Error bars represent SD (n = 3).
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2 mg/kg) exhibited an increase in body weight similar to that
observed in the saline group (Fig. 9D). After 7 days, the hema-
tological parameters and serum chemistry of high-dosed group
were analyzed. Supporting Information Table S1 shows that EXOs
(2 mg/kg) did not induce adverse hematological effects. Moreover,
the levels of alanine aminotransferase (ALT), alkaline phosphate
(ALP), aspartate aminotransferase (AST), albumin (ALB) and
total protein (TP) showed no significant difference between the
EXOs and saline group (Fig. 9E and F). Thus, oral administration
of EXOs (2 mg/kg) did not damage the liver functions. Finally, a
histopathology examination of the heart, liver, spleen, lung, kid-
ney and small intestine was performed. All the EXOs-treated
groups exhibited no obvious pathological changes, indicating
good biocompatibility of EXOs to major organs and tissues
(Supporting Information Fig. S9). Compared with inorganic
nanomaterials’”, EXOs are degradable and non-immunogenic as
naturally equipped carriers. Because milk is a common nutrient
source, EXOs are probably well tolerated for long-term adminis-
tration. Consequently, preliminary evaluations demonstrated the
biocompatibility of EXOs as oral drug delivery vehicles.

4. Conclusions

In this study, the novel insulin-loaded milk-derived exosomes
(EXO@INS) was fabricated. EXO@INS elicited a more excellent
and sustained hypoglycemic effect compared with that achieved
with subcutaneously injected INS. Mechanism studies revealed
that the excellent oral delivery ability of EXOs attributed to ver-
satile effects include active multi-targeting uptake, pH adaptation
during GI transit, nutrient assimilation related ERK1/2 and p38
MAPK signal pathway activation and intestinal mucus penetra-
tion. In vitro and in vivo safety evaluations demonstrated the
biocompatibility of EXOs. Additionally, the simple and cost-
effective approach for the preparation of EXO@INS contributed
to their large-scale production. Taken together, the results
demonstrated that EXOs exhibited great potential for the oral
delivery of insulin, and offered new insights into developing
naturally-equipped nanovehicles for oral administration.
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