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The use of orally-administered therapeutic proteins for treatment of
inflammatory bowel disease (IBD) has been limited due to the harsh
gastrointestinal environment and low bioavailability that affects delivery to
diseased sites. Here, a nested delivery system, termed Gal-IL10-EVs (C/A) that
protects interleukin 10 (IL-10) from degradation in the stomach and enables
targeted delivery of IL-10 to inflammatory macrophages infiltrating the colonic
lamina propria, is reported. Extracellular vesicles (EVs) carrying IL-10 are
designed to be secreted from genetically engineered mammalian cells by a
plasmid system, and EVs are subsequently modified with galactose, endowing
the targeted IL-10 delivery to inflammatory macrophages. Chitosan/alginate
(C/A) hydrogel coating on Gal-IL10-EVs enables protection from harsh
conditions in the gastrointestinal tract and favorable delivery to the colonic
lumen, where the C/A hydrogel coating is removed at the diseased sites.
Gal-IL10-EVs control the production of reactive oxygen species (ROS) and
inhibit the expression of proinflammatory cytokines. In a murine model of
colitis, Gal-IL10-EVs (C/A) alleviate IBD symptoms including inflammatory
responses and disrupt colonic barriers. Taken together, Gal-IL10-EVs (C/A)
features biocompatibility, pH-responsive drug release, and
macrophage-targeting as a therapeutic platform for oral delivery of bioactive
proteins for treating intestinal diseases.

1. Introduction

Crohn’s disease and ulcerative colitis, collectively referred to
as inflammatory bowel disease (IBD), are a family of chronic,
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relapsing and debilitating inflammatory
disorders, posing a heavy burden on the
global healthcare and affecting millions
worldwide.[1,2] IBD is typically characterized
by disruption of the mucosal barrier,[3] ab-
normal pH in the affected area,[4] out-of-
control oxidative stress response,[5] and in-
flammation of the colonic lamina propria.[6]

The exact etiology and pathogenesis of IBD
is still inconclusive, but genetic factors,[7]

immune response,[8] environmental and
lifestyle factors,[9] and intestinal flora[10]

have been shown to be possible contrib-
utors to the development of IBD. Tradi-
tional treatment options for IBD such as
anti-inflammatory drugs or immunosup-
pressive drugs frequently do not adequately
manage IBD symptoms. In addition, their
nonspecific effects on the immune system
and short or long-term side effects, such as
hepatotoxicity, infection susceptibility, and
others limit wider clinical use.[11–13]

Whereas antibody therapies directed
against tumor necrosis factor-𝛼 (TNF-
𝛼) and Interleukin-23 are frequently
used in steroid-refractory IBD patients,
protein-based therapies have emerged

as potential treatments because of their high biological selec-
tivity. Interleukin-22,[14] interleukin-13,[15] interleukin-4,[16] and
other proteins have been explored for IBD with good therapeu-
tic outcomes. Among them, interleukin-10 (IL-10) is a power-
ful immunomodulatory cytokine with strong anti-inflammatory,
antioxidant, and tissue regenerative properties.[17,18] For the
treatment of IBD, many forms of IL-10 formulations have
been developed to manage dextran sulfonic (DSS), 2,4,6-
trinitrobenzenesulfonic acid, or IL-10−/− gene-induced exper-
imental colitis models in preclinical animal models by lim-
iting proinflammatory factors production and immune cells
infiltration,[19,20] showing the potential of IL-10 therapeutics
for IBD treatment. However, IL-10 has a short serum half-life
(1.1–2.6 h) with chemical and physical instability in circula-
tion, which inevitably activates leukocytes and leads to patient
harm and reduced therapeutic efficacy following systemic IL-10
injections.[21,22] Intraperitoneal injection of replication-deficient
human type 5 adenoviral vectors bearing an IL-10 gene was
used to infect rectal epithelial cells,[23] but concerns about the
unknown function of the adenoviral vector and the host antiaden-
oviral immune response are possible obstacles.[24,25] The oral ad-
ministration route is the most preferred because of high patient
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Scheme 1. Schematic illustration of the therapeutic effect of oral Gal-IL10-EVs (C/A) for IBD treatment. HEK293T cells were first genetically engineered
to generate IL-10 cytokine-containing extracellular vesicles, followed by galactose insertion and chitosan/alginate coating. Chitosan/alginate hydrogel
protects Gal-IL10-EVs to safely pass through the stomach and small intestine before collapse in inflamed colon. Subsequently, the released Gal-IL10-EVs
target and act on inflammatory macrophages infiltrating colonic lamina propria.

compliance, but the harsh gastric environment is a major hur-
dle for the development of protein formulations. Gelatin micro-
spheres containing IL-10[26] or transgenic Lactococcus lactis[27,28]

have been explored and achieved positive progress, but overall,
new approaches for oral delivery of IL-10 for IBD could be ben-
eficial. The challenges include stabilizing IL-10 through the gas-
tric fluids and into the intestinal flora, as well as the biochemical
conditions at the diseased site, ultimately aiming for IL-10 en-
richment in the vicinity of the target cells. Thus, advanced oral
protein formulations are needed to effectively protect and deliver
protein drugs with the ability to target specific cells.

Extracellular vesicles (EVs) including exosomes and microvesi-
cles are nanoscale membrane vesicles secreted by mammalian
cells in a constitutive or inducible manner.[29,30] EVs can transport
different types of functional molecules, including nucleic acids
and proteins, to distal or nearby cells to mediate intercellular
communication.[31–33] Because of the ability to carry and transfer
bioactive molecules, EVs have been proposed as a versatile vehi-
cle for therapeutic delivery.[34,35] Compared with existing delivery
systems, EVs are a nonimmunogenic and naturally derived
nanovesicle, allowing them to evade phagocytosis and protect
their cargo from enzymatic and acidic degradation, resulting
in prolonged half-life of therapeutic drugs.[36–39] In addition,
the phospholipid membrane structure is enabled subsequent
targeted modification; for example, a 1, 2-Distearoyl-sn-glycero-
3-phosphoethanolamine (DSPE) moiety with targeting moieties
can be anchored on the surface of EV membranes, allowing
generation of targeted hybrid EVs.[40,41] Engineered EV-based
delivery systems could be an appealing candidate for delivery of
IL-10 for IBD treatment, but oral EV delivery systems carrying
recombinant proteins have not yet been explored to the best of
our knowledge.

In this work, we developed a nested delivery system that orally
delivers IL-10 for the treatment of inflammatory bowel disease
(Scheme 1). The outer coating of the delivery system endows the
capability of withstanding the harsh gastric environment, but col-
lapses and responsively releases Gal-IL10-EVs in the pH range of

the colonic lumen. Meanwhile, Gal-EVs not only protected IL-10
from proteases and acidic conditions, but also targeted inflam-
matory macrophages infiltrating the colonic lamina propria to
suppress the inflammatory response and restore the disrupted
colonic barrier. This work demonstrates the potential for the use
of extracellular vesicle for delivery of IL-10 for the treatment of
inflammatory bowel disease.

2. Result and Discussions

2.1. Preparation and Characterization of the Gal-IL10-EVs

For the treatment of IBD, we chose IL-10 as the cargo protein
because of its powerful immunomodulatory function, and
EVs were selected as delivery carriers. To that end, we first
constructed a murine IL-10 expression plasmid and an iden-
tical empty plasmid control. This was confirmed using colony
polymerase chain reaction (PCR). As shown in Figure 1A, we
demonstrated the presence of 537 bp amplicon in the IL-10 gene
in the IL-10 positive plasmid but not in the empty one. In order to
generate IL10-loaded EVs (IL10-EVs), the aforementioned IL-10
plasmids were transiently transfected into human embryonic
kidney 293T cells (HEK293T cells) (referred to herein as IL-10
cells) coding murine IL-10. Next, IL10-EVs (including exosomes
and microvesicles) were separated from the culture supernatants
using an ultracentrifugation method. To verify the feasibility of
this method, we first transfected ZsGreen-tagged IL-10 plasmids
into HEK293T cells. As anticipated, fluorescence could be ob-
served using fluorescence microscope only in transfected cells
but not in the untreated cells (Figure 1B). Western blotting assays
also showed that IL-10 was specifically expressed in IL-10 cells
(Figure 1C). We next isolated the EV-like particles from untreated
and IL-10 transfected cell culture supernatants and primarily
focused on the characterization of their size and morphology,
characteristic protein markers, and IL-10 content, although there
also possibly exist various RNA types such as IL-10 mRNA in the
isolated EVs.[38] Each type of particle isolated through sequential
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Figure 1. Preparation and characterization of Gal-IL10-EVs. A) Colony PCR validation of target gene (IL-10 gene) contained in plasmids carried by
Escherichia coli Top10 strains. The murine IL-10 expression plasmid was used as a positive group whereas the identical empty plasmid was treated as a
negative group. B) HEK293T cells were transfected with ZsGreen-tagged IL-10 plasmids, the expression of ZsGreen-IL-10 was observed by fluorescence
microscope. Untreated HEK293T cells were used a control cells. Scale bar, 100 μm. C) Western blotting analysis of target protein (IL-10) in IL-10 cells
and untreated HEK293T cells (control cells). D) Size distribution of particles derived from IL-10 cells detected by NTA. E) Representative TEM image of
particles derived from IL-10 cells. Scale bar, 50 nm. F) Western blotting analysis of EVs-associated markers (CD81, TSG101, CD63) and target protein
(IL-10) in particles derived from untreated HEK293T cells and IL-10 cells. G) ELISA analysis of IL-10 in EVs derived from transfected HEK293T cells.
Transfected RAW264.7 macrophages with dexamethasone (Dex) stimulation and untreated cells (HEK293T and RAW264.7 macrophages)-derived EVs
were treated as control groups (n = 3 or 10). H) Flow cytometry analysis of galactose-modified extracellular vesicles. FITC as a surrogate model drug.
I) Size distribution of DSPE-PEG-Gal measured by dynamic light scatting. J) Size distribution of Gal-IL10-EVs detected by NTA. K) Representative TEM
image of Gal-IL10-EVs. Scale bar, 100 nm. Data were represented the mean± S.D. Statistical significance was calculated via one-way ANOVA with Turkey’s
test: ns = no significance, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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purification was also tested via nanoparticle tracking analysis
(NTA). Figure S1A (Supporting Information); and Figure 1D
show that the particles derived from normal cells and IL-10
cells had similar diameters ranging from 50 to 500 nm, with
mean diameters of 145.6 ± 3.0 and 145.3 ± 1.3 nm, respectively.
In addition, the intact round-shaped vesicles with a double-
membrane structure were visible by transmission electron
microscopy (TEM) (Figure S1B (Supporting Information); and
Figure 1E). Western blotting analysis showed that both isolated
particles expressed common EV-associated proteins including
TSG101, CD81, and CD63. At the same time, IL-10 could only be
detected in EVs derived from IL-10 cells (Figure 1F). The success-
ful isolation of IL10-EVs was generally consistent with the typical
characterization of EVs previously reported.[38,42] Enzyme-linked
immunosorbent assay (ELISA) also showed that IL-10 plasmid
transfection resulted in a significant increase IL-10 concentration
in EVs derived from different cell types (Figure 1G).

After validating the feasibility of preparing IL10-EVs
by this genetic engineering approach, we next mod-
ified IL10-EVs by inserting galactose (Gal) targeting
moieties to enhance the accumulation of IL10-EVs in
inflammatory macrophages infiltrating in the colonic lam-
ina propria. To do so, Gal was conjugated to 1, 2-Distearoyl-
sn-glycero-3-phosphoethanolamine-Polyethyleneglycol2000-
Amino (DSPE-PEG-NH2) to generate 1,2-Distearoyl-sn-glycero-
3-phosphoethanolamine-Polyethyleneglyco l2000-galactose
(DSPE-PEG-Gal), which was then inserted in IL10-EVs tak-
ing advantage of the membrane anchoring capability of the
hydrophobic portion of the DSPE moiety, allowing Gal to be
immobilized on the surface of EV membranes. To assess the
efficacy of this approach, we used a fluorescence dye, fluores-
cein isothiocyanate (FITC), as a proxy for galactose and the
fluorescent dye, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarb-
ocyanine, 4-chlorobenzenesulfonate salt (DID) was used to
label the membranes of naïve EVs or FITC-EVs, followed by
analysis by flow cytometry. As shown in Figure 1H, over 81%
of EVs showed both the signals of DID and FITC, suggesting
the feasibility of introducing Gal via conjugated DSPE-PEG. The
average diameter of DSPE-PEG-Gal detected by dynamic light
scattering was about 10 nm (Figure 1I).

The size distribution of Gal-IL10-EVs was evaluated by NTA
and the mean diameter of Gal-IL10-EVs was around 168.4 nm,
which is just about 20 nm larger than IL10-EVs (Figure 1J). The
morphology of Gal-IL10-EVs was observed by TEM (Figure 1K).
The typical appearance and the integrity of the EVs remained well
after Gal modification.

2.2. In Vitro Cellular Uptake Profile of Gal-EVs

Macrophage galactose-type lectins (MGLs) are C-type galactose
receptors, which are selectively expressed by immature den-
dritic cells and macrophages, and are expressed at high lev-
els on the surface of activated subpopulations under inflamma-
tory conditions.[43] After confirmation of the successful galactose
modification on EVs, the cellular uptake efficacy of Gal-EVs was
then evaluated. In addition, to determine if the uptake of Gal-
EVs by macrophages was mediated by MGLs. We also measured
the internalization efficiency of Gal-EVs in the presence of free

galactose, which competitively binds to the MGLs on the sur-
face of macrophage. Naïve EVs and Gal-EVs were labeled with
3,3′-dioctadecyloxacarboc-yanine perchlorate (DIO), followed by
incubation with RAW264.7 cells for 4 h. Figure 2A showed that
the mean fluorescence intensity of Gal-EVs treated macrophages
was significantly higher than that in cells incubated with EVs and
galactose + Gal-EVs. Also, there was no significant difference be-
tween the EVs group and the galactose + Gal-EVs group. These
suggest that internalization of Gal-EVs by cells may not depend
exclusively on MGLs, but galactose-modified extracellular vesi-
cles can significantly improve the targeted cellular uptake.

2.3. In Vitro Antioxidant and Anti-Inflammatory Activity of
Gal-IL10-EVs

The inflamed colon is characterized by elevated levels of reactive
oxygen species (ROS). The dysregulated ROS can lead to ox-
idative stress, damaging biomolecules like DNA, proteins, and
lipids.[44,45] IL-10 prevents the accumulation of dysfunctional
mitochondria and production of ROS by inducing mitochondrial
autophagy.[46] Therefore, we next investigated the antioxidant
capacity of Gal-IL10-EVs by coculturing RAW264.7 macrophages
with Gal-IL10-EVs for 24 h after lipopolysaccharides (LPS)
stimulation for 4 h. At the same time, LPS-treated cells without
Gal-IL10-EVs treatment were used as a positive control, whereas
cells without LPS or EVs treatment was used as a negative con-
trol. Intracellular ROS was detected using an oxidation-sensitive
fluorescent probe 2’, 7’-dichlorodihydrofluorescein diacetate
(DCFH-DA), which was assessed by fluorescence microscope
observation and spectrophotometer. In macrophages treated
with Gal-IL10-EVs, the level of ROS was significantly decreased
compared to the positive control (Figure 2B). Spectrophotometer
results confirmed these observations (Figure 2C), suggesting
that Gal-IL10-EVs could efficiently decrease LPS-induced ROS in
activated macrophages and exhibited strong antioxidant activity.

IBD leads to infiltration of inflammatory macrophages and
overexpression of numerous proinflammatory cytokines. Pre-
vious studies have demonstrated that IL-10 inhibits the tran-
scription of Nuclear Factor Kappa B (NF-𝜅B) initiated proin-
flammatory factor genes mainly by suppressing the activation
of I𝜅B kinase or DNA binding to NF-𝜅B.[47,48] In this study,
ELISA assays were used to verify the effect of Gal-IL10-EVs on
the secretion of main proinflammatory cytokines (IL-12p70, IL-
6, TNF-𝛼, and IL-1𝛽) from RAW264.7 macrophages after LPS-
stimulation. As shown in Figure 2D,E, the suppression effect of
proinflammatory cytokine secretion from activated macrophages
by Gal-IL10-EVs is dose- and incubation time-dependent (24 h for
Figure 2D and 48 h for Figure 2E). It was shown that the con-
centration of proinflammatory cytokines in the supernatant of
RAW264.7 macrophages treated with LPS only was much higher
than that of negative control cells without LPS treatment, and
these results were in agreement with that presented in previ-
ous studies.[49,50] In stark contrast to these observations, much
less amounts of IL-12p70, IL-6, TNF-𝛼, and IL-1𝛽 were detected
in the supernatants of Gal-IL10-EVs-treated cells. More impor-
tantly, the expression of IL-12p70, IL-6, TNF-𝛼, and IL-1𝛽 were
down-regulated in macrophages pretreated with Gal-IL10-EVs
in a dose-dependent manner. Gal-IL10-EVs showed significantly
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Figure 2. In vitro cellular internalization, antioxidant activities, and anti-inflammatory properties of Gal-IL10-EVs. A) Mean fluorescence intensities
(MFIs) of RAW264.7 macrophages after co-incubation for 4 h with DIO-labeled EVs and Gal-EVs that are modified with or without galactose. B) Fluo-
rescence images of RAW264.7 macrophages treated with Gal-IL10-EVs showing intracellular ROS (DCFH-DA). RAW264.7 macrophages were incubated
with Gal-IL10-EVs for 24 h after to LPS stimulation for 4 h in Gal-IL10-EVs group. The intracellular ROS profiles were determined using DCFH-DA as a
probe. Scale bar represents 100 μm. C) MFIs of RAW264.7 macrophages treated with Gal-IL10-EVs showing intracellular ROS (DCFH-DA) signals. In
vitro anti-inflammatory activities of Gal-IL10-EVs at D) 24 and E) 48 h, respectively. The concentrations of proinflammatory cytokines (IL-12p70, IL-6,
TNF-𝛼, and IL-1𝛽) were quantified by using the corresponding ELISA kit. The suppression effect of proinflammatory cytokines including IL-12p70, IL-6,
TNF-𝛼, and IL-1𝛽 secreted from activated macrophages after treatment by Gal-IL10-EVs for 24 h (D) or 48 h (E) (n = 3). Data were presented as mean
± S.D. Statistical significance was calculated via one-way ANOVA with Turkey’s test: ns = no significance, *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001.
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better anti-inflammatory activities at 48 than 24 h. These data
proved that Gal-IL10-EVs could potentially provide a long-acting
therapeutic effect for prevention or alleviation of inflammatory
diseases. Further work is required to better understand the ex-
act mechanisms of Gal-IL10-EVs, but a working hypothesis is
that although the particles are up taken primarily via a galactose-
mediated pathway. The interleukin receptors which are known to
also be endocytosed could be present in some amount in the en-
docytic vessels and may still be able to exert signaling once these
are degraded and IL-10 is released.[51] Other examples have been
described of exogenous IL-10 EV systems that were endocytosed
first[38] and exocytosis of endogenous IL-10 to exert signaling has
also been reported.[52]

2.4. In Vivo Distribution of Gal-IL10-EVs

Administering drugs by oral route is preferred since it offers
safety and patient compliance. However, the harsh environ-
ment of the gastrointestinal tract, including strong acidity, di-
gestive enzymes, and bacterial species, is likely to destabilize
EVs and degrade the IL-10 payload. In addition, the accumula-
tion of Gal-IL10-EVs in the inflamed colon is essential for ex-
erting therapeutic effect against IBD. To keep the stability of
Gal-IL10-EVs in gastrointestinal tract and to achieve precisely
release payload in the colonic lumen, Gal-IL10-EVs were em-
bedded in chitosan/alginate hydrogel (C/A) at the ratio of 7: 3
(alginate: chitosan, wt/wt), because this combination has good
biocompatibility[53] and could well protect EV in harsh conditions
in stomach but become collapsed in colon, resulting in release
of Gal-IL-10 EVs,[54] although further investigation is required
to elucidate the mechanism of collapse. Other advantages of the
C/A gel include that the gelation process can be easily initiated
by multivalent cations and also C/A has slight inhibitory effect on
inflammatory cells.[55] The preparation of C/A, unlike other com-
mon biomaterials for enteric coating such as Eudragit line, does
not involves using organic solvent. Western blotting assays were
next used to test if characteristic protein in Gal-IL10-EVs (C/A)
could be well preserved after incubation with simulated gastric
fluid (SGF) for 2 h. As shown in Figure 3A, in the presence of
coating of the C/A hydrogel group, the associated proteins were
well protected.

In contrast, in the unprotected group, EVs-related markers
(CD81 and TSG101) as well as the anti-inflammatory protein IL-
10 were not observed likely because they were fully degraded by
gastric acid or pepsin. The cargo release kinetics of the gel when
it was incubated in SGF and simulated intestinal fluid (SIF) is
shown in Figure 3B. Almost no release was observed in SGF
within 2 h, which is much less than the gastric transit time, while
at least 80% was released within 4 h in SIF, indicating that C/A
hydrogel as a qualified protective coating can protect Gal-IL10-
EVs in SGF but release cargo in SIF.

To determine the accumulation profile of Gal-IL10-EVs in
colon, 1, 1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine
iodide (DIR) as a near infrared probe was used to label Gal-
IL10-EVs. Mice with IBD were orally administered DIR-labeled
Gal-IL10-EVs (0.6 mg protein per kg body weight) embedded
in C/A hydrogel, followed by near-infrared fluorescence (NIRF)
imaging. Excised tissues from IBD mice treated by phosphate

buffer solution (PBS) were used as a control (Figure 3C). 12 h
after oral administration of DIR-labeled Gal-IL10-EVs (C/A), the
strongest residual NIRF intensity was still seen in the stomach,
whereas a weak NIRF signal was detected in cecum and colon.
Furthermore, the diffuse NIRF signal was only observed in colon
at 24 h, suggesting that C/A hydrogel is likely to protected cargo
passes through the stomach but collapse due to pH in the dis-
eased colon. After 48 h of oral administration, the Gal-IL10-EVs
was substantially excreted. The quantification of the correspond-
ing average fluorescence in colon revealed the NIRF signal at
24 h was significantly higher than that in 12 or 48 h (Figure 3D),
in agreement with Figure 3C. We also examined the distribution
of DIR-labeled Gal-IL10-EVs in the heart, liver, spleen, lung, and
kidney. As shown in Figure 3E, no obvious NIRF signal was
observed in main organs with treatment by Gal-IL10-EVs (C/A),
since the majority of NIRF signal was likely excreted in feces.
This is different from the scenario of tail vein injection where
apparent accumulation of Gal-IL10-EVs in the liver site 24 h after
injection (Figure S2, Supporting Information). Furthermore,
as shown in Figure S3 (Supporting Information), quantitative
analysis in the main organs showed that the average fluores-
cence intensity at 48 h after oral administration was greater
than that at 12 or 24 h, with slightly higher accumulation in
the liver and spleen, likely due to a high expression level of
sialoglycoprotein receptors on the surface of hepatocytes, which
can bind to galactose-containing nanoparticles and mediate
uptake by cells.[56] Altogether, these findings suggest that oral
administration of DIR-labeled Gal-IL10-EVs (C/A) can maintain
stability in the gastrointestinal tract and ensure the release and
accumulation of DIR-labeled Gal-IL10-EVs at the target site.

2.5. In Vivo Therapeutic Effect of Gal-IL10-EVs (C/A) Against IBD

Encouraged by these above results, we further investigated
whether Gal-IL10-EVs could exert therapeutic effect against IBD
in vivo. Twenty male C57BL/6 mice were randomly divided into
five groups including: (I) healthy control group given PBS only,
(II) DSS control group given PBS with 4% DSS, (III) Naïve EVs
group given PBS with 4% DSS and normal EVs, (IV) IL10-EVs
group given PBS with 4% DSS and IL10-EVs, and (V) Gal-IL10-
EVs group given PBS with 4% DSS and Gal-IL10-EVs. Different
forms of EVs were all encapsulated in the C/A hydrogel. Figure
4A shows the scheme for the experimental investigation explor-
ing the potential of various EVs to alleviate IBD. The adminis-
tration groups were given a dose of 0.3 mg protein EVs per kg
body weight on day 3 and 5 per mouse. The body weight of the
mice was monitored and recorded daily. On day 7, after collect-
ing blood, mice were sacrificed and organs were excised for fol-
lowing evaluation. As shown in Figure 4B, the healthy control
group slightly gained weight, whereas the DSS control group and
the naïve EVs group showed significant body weight loss. In-
terestingly, treatment with IL10-EVs or Gal-IL10-EVs mitigated
the weight loss. Furthermore, the Gal-IL10-EVs group exhibited
the smallest body weight loss among the all groups, and there
was statistically significant difference between the Gal-IL10-EVs
group and DSS control group as well as the naïve EVs group.

The spleen is a crucial immune organ where immune
cells proliferate and spleen weight can increase once strong

Small 2023, 2304023 © 2023 Wiley-VCH GmbH2304023 (6 of 13)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304023 by T
ianjin U

niversity, W
iley O

nline L
ibrary on [22/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

Figure 3. In vivo biodistribution of Gal-IL10-EVs. A) Western blotting analysis of EVs-associated markers (CD81 and TSG101) and target protein (IL-10)
in Gal-IL10-EVs with or without the chitosan/alginate hydrogel protection after incubation with simulated gastric fluid (SGF) for 2 h. B) Cumulative
collapse kinetic of chitosan/alginate gel and release of cargo in the presence of simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). C)
Fluorescence images of the IBD mice gastrointestinal tract showing in vivo bio-distribution of orally administered DIR-labeled Gal-IL10-EVs (C/A) at
different time points (12, 24, and 48 h), IBD mice with administration of PBS were used as a control group. D) Quantification of average fluorescence
intensities of the colon from mice receiving the oral administration of DIR-labeled Gal-IL10-EVs (C/A) at different time points (12, 24, and 48 h). E)
Fluorescence images of major organs (heart, liver, spleen, lung, kidney) of the mice with IBD showing in vivo bio-distribution of orally administered
DIR-labeled Gal-IL10-EVs (C/A) at different time points (12, 24, and 48 h). Data were represented the mean ± S.D (n = 3). Statistical significance was
calculated via one-way ANOVA with Turkey’s test: ns = no significance, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

inflammation occurs.[57] Thus changes in its weight can indi-
rectly reflect the inflammation level. As shown in Figure 4C,
the average spleen weight increased remarkably after treatment
with DSS for 7 days, while the treatment groups prevented
the increase in spleen weight, especially for the Gal-IL10-EVs
group, demonstrating that oral administration of IL-10 could
prevent DSS-associated splenomegaly. In addition, IL10-EVsand
Gal-IL10-EVsprevented DSS-induced progression of disease as
evidenced by increased colon length at day 7 (Figure 4D). The
disease activity index (DAI), which includes the parameters of
weight loss, hemafecia and stool consistency,[58] is commonly
used to reflect the severity of inflammatory. The recorded scores
indicated that the DSS control group and the naïve EVs group
had the highest DAI, whereas the Gal-IL10-EVs group had the
lowest DAI among all the experimental group with statistical
significance at day 7 (Figure S4A, Supporting Information).
The severity of acute inflammatory disease is also related to the
level of circulating proinflammatory cytokines.[59] We found that
the main proinflammatory cytokines, IL-12p70, IL-6, and IL-1𝛽
were significantly increased in the DSS control group compared

with the healthy control group. The Gal-IL10-EVs group showed
greater reduction of proinflammatory cytokines secretion than
the other dosing groups (Figure 4E–G), consistent with previous
reports.[60,61] In addition, chitosan has also been shown a thera-
peutic effect on colonic inflammatory cells.[62] This could explain
that the naïve EVs group also seems to slightly inhibit the produc-
tion of proinflammatory factors by inflammatory macrophages.

Hematoxylin and eosin (H&E)-stained colon cryosections ob-
tained from the different groups were evaluated for histological
structure changes (Figure 4H). We found that the colon tissue
sections from the healthy control group exhibited unremarkable
histological characteristics without any noticeable mucosal and
submucosal changes, while the mucosal structures of DSS
control and Naïve EVs-treated mice were significantly altered,
including damaged colonic epithelial layers, the accumulation
of inflammatory macrophages, and disruption of the crypt
structures. IL10-EVs-treated mice showed histological features
reflecting moderate damaged. The colonic histological structure
of Gal-IL10-EVs treated-mice were significantly ameliorated,
confirming good therapeutic outcome. When these changes

Small 2023, 2304023 © 2023 Wiley-VCH GmbH2304023 (7 of 13)
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Figure 4. In vivo therapeutic effect of Gal-IL10-EVs (C/A) against IBD via oral route. A) Scheme for EV administration and DSS treatment. Mice were feed
with PBS or DSS solution (4%, w/v) for 7 days. On day 3 and day 5, mice were orally administered with PBS or different EVs as indicated (0.3 mg protein
kg−1). B) Variations of body weight over time, normalized to the percentage of the day-zero body weight. C) Spleen weight. D) Colon length and E–G)
levels of colonic inflammatory cytokines after blood or organs were collected on day 7. H) H&E-stained colon sections. Scale bar represents 200 μm.
Data were represented the mean ± S.D (n = 4). Statistical significance was calculated via one-way ANOVA with Turkey’s test: ns = no significance, *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

were quantified using a colon damage scoring system, the DSS
group had the highest histological score among all the groups,
whereas the Gal-IL10-EVs group had a much lower score than
the other groups involving the treatment of DSS (Figure S4B,
Supporting Information). These results imply that the treatment
of Gal-IL10-EVs (C/A) have the capacity to alleviate inflammatory
responses in colon tissues.

2.6. Biocompatibility of Gal-IL10-EVs

We next evaluated the biocompatibility of Gal-IL10-EVs in vivo
and in vitro. We first tested the in vitro cytotoxicity of Gal-
IL10-EVs against RAW264.7 macrophages and NIH-3T3 cells
(normal cell) using the Cell Counting Kit-8 assay. Gal-IL10-EVs
did not exhibit cytotoxicity against either of these cell lines, at
protein concentration up to 20 μg mL−1 (Figure 5A). Instead,
they demonstrated a pro-proliferative effect, and EVs have been
reported to be associated with cell proliferation.[63] Next, we
orally administrated Gal-IL10-EVs (C/A) to mice and assessed
the systemic toxicity. On day 0, six C57BL/6 mice were randomly
divided into two groups, one as a healthy control group and the

other as an experimental group (0.6 mg protein per kg body
weight). Mice in both groups displayed gradual increases in their
body weight, and there was no statistically significant difference
in body weight was found between the healthy control group and
the Gal-IL10-EVs (C/A)-treated group (Figure 5C). The organ
indexes of the major organs, spleen/body weight ratio, and
colon length were examined. As presented in Figure 5B,D,E,
similarly, no abnormal changes were observed in the treatment
group. After 7 days of oral drug administration, blood sample
was collected. A complete blood count revealed that there was
no obvious difference between the two groups for any of the
parameters examined in Figure 5H, including mean corpuscular
hemoglobin (MCH), monocyte number, platelet distribution
width (PDW) and others. In addition, since oral administration of
Gal-IL10-EVs (C/A) caused accumulation in the liver and kidney
(Figure S3, Supporting Information), we assessed the potential
toxicities of Gal-IL10-EVs (C/A) to liver and kidney by evaluating
aspartate aminotransferase (AST) as the main serological index
of liver function and uric acid (UA) that reflects kidney function.
None of the mice receiving Gal-IL10-EVs (C/A) treatment ex-
hibited any significant difference with the healthy control group
(Figure 5F,G).

Small 2023, 2304023 © 2023 Wiley-VCH GmbH2304023 (8 of 13)
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Figure 5. Biocompatibility of Gal-IL10-EVs. A) Viability of NIH-3T3 cells and RAW264.7 macrophages after treatment with Gal-IL10-EVs at different
concentrations of Gal-IL10-EV (n = 4). B) Organ index (organ weight/body weight), C) body weight, D) spleen weight/body weight ratios, E) colon
length, F) liver function, and G) kidney function. H) The complete blood analysis. I) H&E staining of the major organs and different sections of the
GIT (stomach, cecum, and colon) after mice were orally gavaged by PBS or Gal-IL10-EV (C/A) (0.6 mg protein per kg body weight) on day 0. Scale bar
represents 200 μm. Data were represented the mean ± S.D (n = 3). Statistical significance was calculated via one-way ANOVA with Turkey’s test: ns =
no significance, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Moreover, after examining the major organs (heart, liver,
spleen, lung, and kidney) and gastrointestinal tract tissues (stom-
ach, cecum, and colon) by hematoxylin and eosin (H&E) stain-
ing (Figure 5I), we did not find any evidence of histopathological
damage in the experimental group compared to the healthy con-
trol group. Therefore, Gal-IL10-EVs appear to have a favorable
safety profile after oral administration, at least in mice.

3. Conclusion

In summary, a nanoplatform for oral targeted protein delivery
for IBD treatment was developed by engineering EVs decorated
with galactose, subsequently coated by chitosan/alginate hydro-
gel to protect IL-10 in the stomach. The coating of Gal-IL10-EVs
(C/A) could become collapsed and release Gal-IL10-EVs in colon.
The presence of galactose and extracellular vesicles enabled IL-10
targetable to the inflammatory macrophages through galactose
receptors. In vitro studies showed that Gal-IL10-EVs possess po-
tent antioxidant and anti-inflammatory properties. In vivo results
showed Gal-IL10-EVs (C/A) could mitigate the symptoms of IBD
such as weight loss, shortened colon length, impaired colon tis-
sue, and increased secretion of pro-inflammatory factors. Taken
together, Gal-IL10-EVs (C/A) represent a new oral protein deliv-
ery system for the treatment of IBD. This approach could hold
potential for the delivery of other therapeutic proteins by the oral
route.

4. Experimental Section
Cells and Animals: HEK293T cell line and NIH-3T3 cell line (gifted by

Prof. Yingjin Yuan’s lab in Tianjin University), RAW264.7 macrophage cell
line (BeNa Culture Collection, Beijing, China) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Grand Island, USA) supple-
mented with 10% fetal bovine serum (FBS) (YEASEN, Shanghai, China)
and 1% penicillin-streptomycin (Gibco, Grand Island, USA). All cell lines
were incubated in a humidified atmosphere of 5% CO2 at 37 °C.

Male C57BL/6 mice (30 ± 2 g, 7–8 weeks) were purchased from Charles
River Beijing Co., Ltd (Beijing, China). The mice received care complying
with the policy of the National Institutes of Health guide for the care and
use of Laboratory animals and animal protocols were approved by Tianjin
University Institutional Animal Care and Use Committee (permit number:
TJUE-2022-007).

The Validation of Target Gene: The murine IL-10 expression plasmid
(CMV-MCS-SV40-puromycin-IL10 plasmid) and the corresponding empty
plasmid control (CMV-MCS-SV40-puromycin plasmid) were stored in the
Escherichia coli Top10 strains (GeneChem, Shanghai, China) and the pres-
ence of the target gene (IL-10 gene) was verified using colony PCR fol-
lowing a previous protocol with slight modifications[64] by setting the
upstream primer sequences (5’ to 3″): CGCAAATGGGCGGTAGGCGT -
G and the down-stream primer sequences (5″ to 3’): AACGCACACCG-
GCCTTATTC. Upstream and downstream primers were made by Genewiz
(Suzhou, China)

Cell Transfection: The above murine IL-10 expression plasmid carried
by E. coli Top10 strain, cultured with Luria–Bertani (LB) liquid medium
(with 100 μg mL−1 Ampicillin) for 14 h in a 37 °C shaking incubator and
extracted and purified with an EndoFree Mini Plasmid Kit II (Tiangen,
DP118-02, Beijing, China) according to the manufacturer’s instructions.
To overexpress murine IL-10 in HEK293T cells, transfections were per-
formed using Lipofectamine 3000 reagent (Invitrogen, CA) with above ex-
tracted IL-10 plasmid according to the manufactures’ protocols. Briefly, a
total of 2.5 μg plasmid, 7.5 μL of Lipofectamine 3000 and 5.0 μL P3000
were mixed with OPTI-MEM (Invitrogen, CA) for the transfection of about

2 × 106 cells, After 6 h of transfection, and the medium was replaced with
fresh exosomes-depleted medium. Extracellular vesicles (EVs) including
exosomes and microvesicles in the supernatants then were isolated by a
centrifugation method. The exosomes-depleted FBS was prepared by ul-
tracentrifugation (120 000 × g, 6 h), and the upper resulting supernatants
were passed through a sterile 0.22 μm sterile syringe filter (Biosharp, Hefei,
China) and stored at −80 °C for the following experiments.

Purification and Characterization of EVs: The EVs were purified from
the cell culture supernatants of HEK293T using a standard protocol with
slight modifications.[65] Conditioned cell supernatants were subsequently
subjected to sequential centrifugation steps at 300 × g for 15 min, 2000
× g for 20 min, and 4696 × g for 25 min at 4 °C to get rid of floating
cells and debris. The resulting supernatants were further passed through
a 0.45 μm sterile syringe filter (Biosharp, Hefei, China) and then were ul-
tracentrifuged (Beckman optima XPN-100, Beckman Coulter) at 120 000
× g for 70 min to pellet EVs. The pellet was washed one time and resus-
pended in sterile PBS (Gibco, Grand Island, USA). The obtained EVs were
aliquoted and stored at −80 °C for the following experiments. For the EV
size distribution measurement, 1 μL of EVs were dispersed in 1 mL PBS
was analyzed by NTA (Particle Metrix-PMX, Malvern, UK). The morphol-
ogy of the EVs was visualized by a high-resolution transmission electron
microscope (TEM) (JEM-2100plus, JEOL, Japan), EVs-associated markers
(TSG101, CD63 and CD81), and target protein (IL-10) were identified by
western blotting assay. The concentration of IL-10 in EVs was determined
by the mouse IL-10 Quantikine ELISA Kit (Solarbio, Beijing, China). The
protein concentration of the isolated EVs was quantified using a bicin-
choninic acid (BCA) protein assay kit (ThermoFisher Scientific, WI) ac-
cording to the manufacturer’s protocol.

Western Blotting Analysis: Radio immunoprecipitation assay (RIPA)
lysis buffer (Beyotime, Shanghai, China) was used to lyse the cells.
ExoSimple-Lysis (SWS, Tianjin, China) was used to lyse the EVs and ex-
tract the total protein and the protein content were determined using BCA
protein assay kit. The protein samples were then mixed with SDS-PAGE
loading buffer (Solarbio, Beijing, China) and heated at 100 °C for 5 min,
which was subsequently electrophoresed in 10% SDS-PAGE gels and
transferred to polyvinylidene difluoride (PVDF) membranes (Solarbio,
Beijing, China). After blocking with 5% w/v skim milk (Solarbio, Beijing,
China) for 80 min, membranes were incubated with primary antibodies
monoclonal mouse anti-TSG101 (K009751P, Solarbio, Beijing, China),
anti-CD63 (K007602P, Solarbio, Beijing, China), anti-CD81 (K106869P,
Solarbio, Beijing, China), anti-IL10 (K009382P, Solarbio, Beijing, China),
anti-GADPH (TA309157, ZSGB-BIO, Beijing, China) overnight at 4 °C.
Then membranes were washed and incubated with an antirabbit
peroxidase-conjugated secondary antibody (ZB-2301, ZSGB-BIO, Bei-
jing, China). The bands were visualized by ECL luminescence reagent
(Biosharp, Hefei, China) and imaged using SH-523 Multifunctional
Ultra-Sensitive Imaging System (Shenhua, Hangzhou, China).

Fabrication of Functional Target Molecules: For the synthesis of DSPE-
PEG-FITC, 3 mg DSPE-PEG-NH2 (Ponsure Biological, Shanghai, China)
was first dissolved in pH = 10, 0.1 ml L−1 NaHCO3 solution (5 mL), and
then 2.8 mg FITC (Aladdin, Shanghai, China) in 0.1 mL DMSO solution
was slowly added dropwise, then subjected to stirring in dark overnight,
dialysis to removal unconjugated compounds, freeze-dry and storage in
−20 °C for future use.

Preparation of Gal-EVs: To form galactose-inserted EVs, the EVs solu-
tion (1 mg mL−1) was stirred for 30 min with DSPE-PEG-galactose (0.1 mg
mL−1), enabling DSPE-PEG-galactose inserting into EVs membranes fol-
lowing a previously reported protocol.[40] Then the mixture was ultracen-
trifuged (120 000 × g, 70 min) to remove free DSPE-PEG-galactose and
then stored in sterilized PBS solution for subsequent experiments.

Transmission Electron Microscope: The isolated fresh EVs or engineered
EVs were dripped onto a 300-mesh carbon-coated grid and absorbed for
2 min and then the grid was negatively stained with 2% phosphotungstic
acid for 1 min at room temperature. A JEM-2100plus transmission electron
microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 120 KV was
employed to observe the samples.

Labeling of EVs: EVs were labeled with the fluorescent lipophilic dyes.
DID (Solarbio, Beijing, China), DIR (Solarbio, Beijing, China), and DIO
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(Solarbio, Beijing, China) were dissolved in DMSO. To obtain DID-labeled
or DIR-labeled EVs, 10 μm dye solution was added to EVs (1 mg mL−1), and
the mixture was then incubated for 30 min at 37 °C. The labeled EVs were
washed in PBS by centrifugation at 120 000 × g, 4 °C for 70 min to remove
the free dyes. The obtained EVs were aliquoted and stored at −80 °C for
the further use.

Targeted Modification Characterization: To verify that the DSPE-PEG-
Gal molecules could be successfully anchored on the surface of the extra-
cellular vesicle membrane, the fluorescent dye fluorescein isothiocyanate
FITC was chosen as the model drug, and the successful anchoring was de-
tected by flow cytometry. The EVs embedded with DSPE-PEG-FITC (FITC-
EVs) were first prepared and then labeled with the fluorescent lipophilic
dye DID. After labeling, sterile PBS buffer was added at 120 000 g and cen-
trifuged at 4 °C for 70 min to remove free molecules. The supernatant was
then discarded, and the precipitate was resuspended in sterile PBS buffer
and assayed by flow cytometry. The results were analyzed using the soft-
ware FlowJo. EVs unlabeled with DID dye and DSPE-PEG-FITC were used
as negative controls, and EVs labeled with only DID dye or DSPE-PEG-FITC
were used as single positive controls.

Quantification of In Vitro Cellular Uptake of Gal-EVs: RAW264.7
macrophages were seeded in 48-well plates at a density of 1×105 cells per
well and incubated overnight. RAW264.7 macrophages were then divided
into 4 groups including control group, EVs group (protein concentration:
20 μg mL−1), Gal-EVs group (protein concentration: 20 μg mL−1), Galac-
tose + Gal-EVs group (Pretreatment with 200 μg mL−1 galactose 3 h,
Gal-EVs protein concentration: 20 μg mL−1). EVs and Gal-EVs were all
labeled by DIO dyes. After incubation for 4 h, cells were washed with PBS
for 3 times and collected for further use. And cells were lysed cells and cen-
trifuged to collect supernatant. Fluorescence intensity was quantified us-
ing a spectrophotometer (Excitation Wavelength: 480 nm, Emission Wave-
length: 510 nm). In this experiment, HEK293 T cell membrane-forming
nanoparticles that was synthesized by a lipid extruder with 100 nm mem-
brane and has similar size as that of EVs were used as a surrogate for EVs.

In Vitro Anti-inflammatory Activity of Gal-IL10-EVs: RAW264.7
macrophages were seeded in 48-well plates at a density of 1×105 cell per
well and incubated with different concentrations of Gal-IL10-EVs (IL-10
concentration: 200, 500, and 1000 pg mL−1, respectively). After incuba-
tion for 24 and 48 h, cells were washed with PBS for 3 times, and then
stimulated with lipopolysaccharide (LPS, 055:B5, 1 μg mL−1) (Biosharp,
Hefei, China) for 4 h. Subsequently, the supernatants were collected, and
the concentrations of inflammatory factors (TNF-𝛼, IL-6, and IL-12p70)
were quantified by their corresponding enzyme-linked immunosorbent
assay (ELISA) kits following the manufacture’s procedure. IL-1𝛽 cytokine
concentration were measured in the same way as above, but the LPS
stimulation time was extended to 24 h. RAW264.7 macrophages in the
absence of Gal-IL10-Evs and LPS were used as a negative control group,
while LPS stimulated cells were treated as a positive control group.

Detection of Intracellular ROS: Intracellular ROS was detected using
an oxidation-sensitive fluorescent probe 2’, 7’-dichlorodihydrofluorescein
diacetate (DCFH-DA). RAW264.7 macrophages were divided into 3 groups
including (I) Negative control group, (II) Positive control group: LPS
stimulation only (1 μg mL−1), (III) Gal-IL10-EVs group: LPS stimula-
tion (1 μg mL−1) + Gal-IL10-EVs (IL-10 concentration: 1000 pg mL−1).
RAW264.7 macrophages were incubated with Gal-IL10-EVs (IL-10 concen-
tration: 1000 pg mL−1) for 24 h after to LPS stimulation for 4 h in the Gal-
IL10-EVs group, cells were washed with PBS for 3 times. Subsequently,
cells were incubated with DCFH-DA (10 μm) at 37 °C for 20 min according
to the manufacturer’s instructions. Cells were washed with PBS for 3 times
and incubated with DAPI for 5 min. Finally, cells were observed and im-
aged using a fluorescence microscope. Fluorescence intensity was quanti-
fied using a spectrophotometer (Excitation Wavelength: 480 nm, Emission
Wavelength: 526 nm).

The Release Kinetic of Gal-IL10-EVs: 5,9,14,18,23,27,32,36-octabutoxy-
2,3-naphthalocyanine (ONc) encapsulated in Pluronic F127 (F127),
termed ONc-F127 was used as a surrogate for Gal-IL10-EVs since ONc-
F127 nanoparticle has high absorbance extinction coefficient and easy for
quantification using spectrophotometer. To prepare ONc-F127, 1 mg ONc
was dissolved in 1 mL dichloromethane chloride and added to 10 mL 10%

(wt) F127 aqueous solution. The mixture was stirred for 3 h and then sub-
jected to ultrafiltration at 4 °C twice to remove excessive F127 to make
ONc encapsulated F127 micelles with good stability. Chitosan and CaCl2
were dissolved in 1% acetic acid solution, then adjusted to pH 5 using
NaOH to obtain a mixture solution of chitosan (0.6 wt%) and CaCl2 (2%
w/v). About 20 μL of 0.1 mg (ONc)/mL ONc-F127 was fully mixed in 80 μL
sodium alginate solution (1.4 wt%), and two solutions were mixed in equal
volumes to form a C/A hydrogel containing F127-ONc. The above gel was
placed in SGF for 2 h, then transferred to SIF for 4 h, the process was car-
ried out in a shaker at 37 °C and 100 rpm. The supernatant was taken at
0, 0.5, 1, 2, 3, 4, 5, and 6 h, respectively. And an equal volume of DMSO
was added to break up the F127-ONC, and the absorbance was measured
at 860 nm using a spectrophotometer.

Double-Gavage Method: The Double-gavage method was adopted
from a previous protocol with slight modifications.[66] First, 20 μL Gal-
IL10-EVs was thoroughly mixed in 80 μL sodium alginate solution (1.4
wt%). Sodium alginate solution (100 μL), chitosan (0.6 wt%), and CaCl2
(2% w/v) mixed solution (100 μL) were orally administered to mice se-
quentially using two separate gavage needles within 5–10 s. The hydrogel
could be formed when admixing alginate and chitosan at a ratio of 7/3
(wt/wt) in the stomach.

Distribution of Oral Administrated Gal-IL10-EVs (C/A): DIR-labeled
Gal-IL10-EVs embedded in chitosan/alginate hydrogel (C/A) were admin-
istered to IBD model mice at a protein concentration of 0.6 mg protein per
kg body weight via oral route by a double-gavage method. At different time-
points of 12, 24, and 48 h after oral administration, mice were sacrificed to
collect gastrointestinal tract and major organs (heart, liver, spleen, lung,
and kidney). These organs were imaged using an IVIS spectrum imaging
system (PerkinElmer, Spokane, WA).

Distribution of Intravenous Injected Gal-IL10-EVs: DIR-labeled Gal-IL10-
EVs were injected to mice at a protein concentration of 0.6 mg protein per
kg body weight via intravenous vein injection. 24 h after injection, mice
were sacrificed to collect major organs (heart, liver, spleen, lung, and kid-
ney) and then subjected to fluorescence imaging using the IVIS spectrum
imaging system (PerkinElmer, Spokane, WA).

In Vivo Therapeutic Effect of Gal-IL10-EVs Against IBD: C57BL/6 male
mice were randomly divided into 5 groups including the healthy control
group, the DSS control group, the DSS + naïve EVs group, the DSS + IL10-
EVs group, and the DSS + Gal-IL10-EVs group. To protect EVs in gastroin-
testinal tract, they were embedded into a hydrogel, which were prepared
by chitosan and alginate at a weight ratio of 3:7 and then administrated to
mice by a double-gavage method at a protein concentration of 0.3 mg pro-
tein per kg per mouse on day 3 and day 5, respectively. DSS solution (4%,
w/v) was freshly prepared and replaced the drinking water of mice every
other day. Body weight and activities of mice were monitored daily. On day
7, mice blood was collected for ELISA quantification, then mice were sac-
rificed, and spleen as well as colon were harvested for weight and length
measurements. The colon was divided into two sections, each section of
colon is weighed and recorded. The section near the cecum (upstream
colon) was used to measure cytokines, the section near the anus (down-
stream colon) was stained with H.E staining for histological scoring.

The scores of histological colon tissues were recorded as described
previously.[67] For the epithelium (E), normal morphology 0; loss of goblet
cells 1; loss of goblet cells in large areas 2; loss of crypts 3; and loss of
crypts in large areas 4. For the infiltration (I), the criteria were as follows:
no infiltration 0; infiltration around the crypt basis 1; infiltration reaching
the muscularis mucosae 2; extensive infiltration reaching the muscularis
mucosae and thickening of the mucosa with abundant edema 3; and infil-
tration of the submucosa 4. The total histological score was presented as
E + I.

Colon Organ Culture and Cytokine Analysis: Local levels of IL-1𝛽 and
IL-6 were assessed by first washing upstream colon tissues from different
treatment groups with PBS containing 5% penicillin/streptomycin. Colon
sections were cultured in serum-free RPMI 1640 medium supplemented
with 2% penicillin/streptomycin for 24 h, after which cell-free supernatants
were harvested and assayed for cytokine secretion using corresponding
ELISA kits. Mice blood samples were collected at the end of experiments
by the orbital sinus method. The serum concentrations of IL-12p70 were
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quantified by the commercial ELISA kits according to the manufactures’
protocols.

Biocompatibility of Gal-IL10-EVs: RAW264.7 macrophages and NIH-
3T3 cells were seeded in 96-well plates at a density of 2 × 104 cell per
well and cultured overnight. Subsequently, cells were incubated with Gal-
IL10-EVs (protein concentration: 5, 10, and 20 μg mL−1) for 24 h, after
washed with PBS. These cells were treated with Cell Counting Kit-8 (CCK-
8 kit, Solarbio, Beijing, China) (10 μL CCK-8 reagent with 90 μL DMEM
medium) at 37 °C for 2 h. The absorbance at 450 nm was measured and
untreated cells were used as a negative control. Gal-IL10-EVs embedded in
chitosan/alginate hydrogel (C/A) were administered to mice at a protein
concentration of 0.6 mg/kg body weight via oral route on day 0. Mouse
body weights were recorded daily. At the end of investigation (day 7),
blood was collected for complete blood analysis, aspartate aminotrans-
ferase (AST) assay, and uric acid (UA) measurements by corresponding
commercial kits (Jiancheng, Nanjing, China) according to the manufac-
tures’ protocols. Different sections of GIT (stomach, cecum and colon),
and major organs (heart, liver, spleen, lung, and kidney) were collected for
histology analysis. Organ index= organ weight/body weight. Normal mice
were used a negative control group.

Statistical Analysis: Data were presented as mean ± standard devia-
tion (S.D.). Flow cytometry results were analyzed by FlowJo v10. NIR flu-
orescence images were analyzed by Living Image 4.3 software. Statistical
analysis was performed using one-way analysis of variance (ANOVA) with
Tukey’s post hoc test. Statistical significance was expressed by ns = no
significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All sta-
tistical analysis was performed with GraphPad Prism 8.0 software. All the
data supporting the findings of this study are available within the article
and its Supporting Information files and from the corresponding author
upon reasonable request.
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