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A B S T R A C T

Targeted delivery of bioactive compounds such as proteins to the colon has numerous advantages for the
therapeutic treatment of inflammatory bowel disease. The present study sought to fabricate alginate/chitosan
microcapsules containing IL-1Ra (Alg/Chi/IL-1Ra MC) via a single-step electrospraying method. Two important
factors of efficacy were measured—the pH-responsiveness of the microcapsule and the in-vitro drug release
profile. The DSS-induced colitis mouse model was used to evaluate the therapeutic effect of the Alg/Chi/IL-1Ra
microcapsules, with results showing the protective effect of the Alg/Chi microcapsules for the passage of IL-1Ra
through the harsh environment of the upper gastrointestinal tract. This effect was owing to the pH-sensitive
response of the microcapsule, which allowed the targeted release of IL-1Ra in the colon. DAI evaluation, colon
length, colon tissue morphology, histologic damage scores and relative protein concentrations (MPO, TNF-α and
IL-1β) demonstrated that the Alg/Chi/IL-1Ra microcapsules alleviated DSS-induced colitis in mice. The present
study thus demonstrates a practical means of oral delivery of proteins, in-situ colon release, and a promising
application of IL-1Ra in the treatment of autoimmune and inflammatory diseases.

1. Introduction

Inflammatory bowel disease (IBD), which includes Crohn's disease
(CD) and ulcerative colitis (UC), is an inflammatory disorder of the
gastrointestinal tract. Possible triggers of the disease include an in-
flammatory response caused by an infection with a specific pathogen or
virus, or having a defective mucosal barrier. The precise mechanism for
the development and progression of IBD remains unclear, however,
there has been increasing evidence suggesting that the imbalance be-
tween pro-inflammatory and anti-inflammatory cytokines leads to dis-
ease progression and tissue destruction [1,2]. The theory that IBD is the
result of dysfunctional immunoregulation manifested by excessive
production of mucosal cytokines allows the development of therapeutic
measures for IBD treatment [3].

Colon biopsies from patients with IBD have shown an over-
expression of interleukin-1 (IL-1) which is produced in increased
quantities from mononuclear cells in areas of actively inflamed colonic
mucosa. This supports the hypothesis that IL-1 is acting in a pro-in-
flammatory manner exacerbating disease activity (Fig. 1) [4,5,3]. IL-1
has been known be expressed at higher levels in colonic biopsies from

patients with IBD, and produced in increased quantities from mono-
nuclear cells in areas of actively inflamed colonic mucosa [6]. Many
studies have assessed the role of IL-1 in chronic colon inflammation and
their results have led to therapies based on the neutralization of specific
IL-1 molecules [7]. It has also been suggested that the downregulation
of IL-1 may be useful for the treatment of patients with ulcerative colitis
[8].

Recombinant IL-1 receptor antagonist (recombinant IL-1Ra, ana-
kinra) is 1 of 3 FDA-approved biologics available clinically for blocking
the IL-1 pathway, It is used as a second line treatment to manage
symptoms of rheumatoid arthritis [9]; a soluble decoy receptor, Rilo-
nacept and a monoclonal antibody toward IL-1, Canakinurmab are the
remaining blockers. They are approved by FDA for auto-inflammatory
diseases treatment and autoinflammatory cryopyrin-associated periodic
syndromes (CAPS) treatment, respectively [10]. Although these biolo-
gics are available IL-1 blockers as subcutaneous injections, they have
not yet to be assessed in human trials as IL-1 blocking/modulating
agents for IBD.

Although there are several biologics available for the treatment of
IBD, their therapeutic potential is affected by a decrease in response,
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neutralizing antibody generation and severe side effects induced by the
parenteral high dose administration (e.g. subcutaneous or intravenous
injection) [11–14]. Improving the efficacy of therapeutics and enabling
localized treatment require the use of a drug delivery system that will
locally deliver and release molecules at the target area (e.g. intestinal
mucosa), function as a protection barrier from the stomach’s harsh
conditions (i.e. its low pH environment) and overcome other limitations
of conventional drug formulations [15–17]. For the treatment of IBD,
targeted delivery to the colon has numerous advantages and the ability
to deliver molecules of interest in-situ avoids systemic delivery which
tends to result in a number of adverse and toxic effects [18–20].

The combination of the carboxyl group of alginate with the amino
group of chitosan is widely used, and as natural polymers, they are
suitable for the fabrication of drug delivery systems. When compared to
other delivery methods, they pose advantages such as good bio-
compatibility, the ability to respond to various environmental stimuli,
biodegradability, and the least likely to exert toxic effects [21–23].
Alginate has the unique property of forming stable gels in mild condi-
tions and aqueous media by the addition of multivalent cations
[24–26]. The pH sensitivity and enzymatic degradability make chit-
osan-based hydrogels a good candidate for drug release systems as they
are able to adjust to pH changes for oral drug delivery in IBD [27].
Wang et al. [28] have reported such investigation where alginate/
chitosan microspheres were formulated and loaded with icariin, and
induced by trinitrobenzene sulfonic acid (TNBS)/ethanol for the treat-
ment of mucosal injury in rats. However, few studies have been re-
ported focusing on the pH-sensitive alginate/chitosan microcapsules as
loading systems for protein drugs geared to treating IBD via gastro-
intestinal drug delivery.

In the present study, alginate/chitosan microcapsules with IL-1Ra
(Alg/Chi/IL-1Ra MC) were fabricated via a single-step electrospraying
method with an optimized preparation parameter. After microcapsule
preparation, the pH-responsiveness and in-vitro drug release profile
were evaluated in the artificial solutions: simulated gastric fluid, si-
mulated intestinal fluid and normal saline. The therapeutic efficacy of
Alg/Chi/IL-1Ra MC was evaluated via intragastric administration in a
DSS-induced colitis mouse model. It is intended that the study will
provide a practical method for oral delivery of proteins, in-situ colon
release and IL-1Ra application in the treatment of autoimmune and
inflammatory diseases.

2. Materials and methods

2.1. Animal and bacterial strain

50 female Balb/c mice (18 ± 2 g) were obtained from the
Laboratory Animal Center of Jiangsu University. All the experimental
procedures were conducted in accordance with the institutional
guidelines for the care and use of laboratory animals at Jiangsu
University, Zhenjiang, China and the National Institutes of Health
Guide for Care and Use of Laboratory Animals.

The plasmid, pET30a, and host bacteria, BL21(DE3), for IL-1Ra
protein recombinant expression were purchased from Merck
Biosciences.

2.2. Chemicals

The alginate (450mPa·S) and Chitosan (200mPa·S) were obtained
from Qingdao Bright Moon Seaweed Group and Shanghai Qiming
Biotechnology, Co., Ltd., respectively. Dextran sulfate sodium (DSS)
was purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd.

All other regents were chemical pure and from Sinopharm Chemical
Reagent Co., Ltd.

2.3. IL-1Ra preparation

The IL-1Ra protein (GenBank: AAH09745.1) was obtained by His-
tag fusion protein expression. The pET30a/IL-1Ra Vector was con-
structed and transferred into BL21(DE3) E. coli cells to form the en-
gineering bacteria. After IPTG induction, the IL-1Ra protein was cap-
tured via cell lysis with Ni-IDA resin (GenScript®) and eluted using
250mM imidazole. The purified protein was identified by SDS-PAGE,
Western blot and Nano LC-ESI-MS/MS (supplementary materials).

2.4. Microcapsule fabrication

Alg/Chi/IL-1Ra microcapsules were fabricated via a single-step
electrospraying method with the following optimized preparation
parameter: alginate viscosity= 450mPa·S, protein concentra-
tion= 10mg/mL, voltage=24 kV, speed= 0.2mL/h, distance from

Fig. 1. IL-1β production and inflammation. (ASC: apoptosis-associated speck-like protein containing CARD, NLR: NOD-like receptor, KC: keratinocyte-derived
chemokine).
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the syringe tip to reception solution surface= 11 cm). The electro-
spraying device used in the experiment consisted of a high voltage
apparatus with positive and negative poles connected to a syringe
containing the therapeutic protein, 2% alginate solution, a conductive
reception tank with 1 g/L chitosan and 1% calcium chloride (CaCl2)
solution. With the supply of high voltage and a micro-injection pump
operating at constant speed, small and highly-charged droplets were
formed and dispersed radially due to Coulomb repulsion. Microcapsule
formation occurred through the interaction of alginate and Ca2+ in the
tank and solidification on the surface. The particles were allowed to
harden for at least 2 h before washing twice with distilled water and
collected from the suspension by centrifugation and lyophilization.

2.5. Particle size and shape

The Alg/Chi/IL-1Ra microcapsules were fabricated with the opti-
mized conditions mentioned previously. The size and shape of the 3
batches were observed using an optical microscope and the diameter
value for 100 microcapsules from 5 microscopic fields randomly mea-
sured from each batch. The arithmetic mean value and standard de-
viation (SD) were calculated using this value. Alg/Chi/IL-1Ra micro-
capsules were lyophilized and the morphology was observed by
scanning electron microscope (SEM).

2.6. Drug loading efficiency

The enveloped protein in the microcapsules was extracted and used
to determine the drug loading efficiency and to calculate the drug re-
lease ratio. The microcapsules were suspended in phosphate buffer (pH
7.4) and shaken for 24 h. Protein release followed where ultrasonica-
tion was used to destroy the membrane of the particles in the suspen-
sion. The supernatant containing the protein was obtained by cen-
trifugation and protein concentration determined using the BCA
method (BCA kit, Beyotime Biotechnology, Shanghai, China). Loading
efficiency (L) was calculated using Eq. (1) below.

=
W
W

L% p

a (1)

where Wp is the weight of the protein drug in the microsphere, and Wa

is the weight of the protein drug added.

2.7. Swelling ratio and in-vitro drug release in 3 media types

The swelling ratio of the microcapsules was required to describe the
pH-responsiveness in various body fluids. The microcapsules were
suspended in 20mL of 3 different artificial solutions: simulated gastric
fluid (HCl solution, pH 1.2, containing 2 g/L NaCl), simulated intestinal
fluid (pH 7.5 phosphate buffer) and normal saline (0.9% NaCl solution).
The suspensions were incubated at 37 °C with gentle shaking.

The diameter values of the microcapsules were recorded at the time
points: 0, 20, 40, 60, 80 and 100min. The swelling ratio (SR) was
calculated using Eq. (2) below.

=
D
D

SR t

0 (2)

where Dt is the average diameter of the microcapsules at each time

point, and D0 is the initial average diameter of the microcapsules.
For in-vitro drug release evaluation, microcapsules were incubated

in the simulated body fluids mentioned above, with 1mL sample of
supernatant tested every 20min for 240min. The total volume of 20mL
was maintained in each sample through the addition of blank medium.
The protein concentration was quantified using a BCA kit and the cu-
mulative release calculated using Eq. (3) below.
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where Ci is the protein concentration in the medium (mg/mL), V is 1mL
of sample and m is the total drug content in the microcapsules.

2.8. DSS-induced colitis mouse model and the administration of the
microcapsules

Dextran sulfate sodium (DSS)-induced colitis in mice has been re-
cognized as a model for studying human ulcerative colitis.

50 female Balb/c mice (18 ± 2 g) were kept in stainless cages with
a 12 h light/dark cycle, a temperature of 23 ± 2 °C, and humidity of
55 ± 5%. During the acclimatization period, all animals were raised
on a regular diet and water, however, after this period, they were
randomly divided into five groups (n=10): Normal group (N), Model
group (M), Alg/Chi/IL-1Ra microcapsules group (IMT), Alg/Chi/BSA
microcapsules group (BMT) and unencapsulated IL-1Ra group (IT). The
protocol described by Li [29] was largely used to implement the colitis
model. During the first 7 days, the N group was raised with regular diet
and double distilled water (DDW) while the remaining 4 groups were
provided with 5% dextran sulfate sodium (DSS, MW 36,000–50,000;
MP Biomedicals, Santa Ana, CA) solution ad libitum. For the following
8 days, saline solution was administered intragastrically (i.g.) to mice in
the N and M groups, while the remaining 3 groups were supplied with
Alg/Chi/IL-1Ra microcapsules, Alg/Chi/BSA microcapsules and un-
encapsulated IL-1Ra intragastrically, respectively. Saline solution and
microcapsules were applied to the animals once a day from day 8. The
final dosage was kept to 1mg of protein per kg of mice body weight.
Body weight and defecation were monitored daily over the period of
study with animal groupings and treatments listed in Table 1. On day
15, mice were euthanized by cervical dislocation. The colon was im-
mediately collected and the length measured. Sections of the colon
were stored at−80 °C for enzyme and cytokine analysis while segments
for pathological observation were fixed in formalin. All the experi-
mental procedures were conducted in accordance with the institutional
guidelines for the care and use of laboratory animals at Jiangsu Uni-
versity, Zhenjiang, China.

2.9. Disease activity index (DAI) evaluation

The DAI score was followed as per Muran’s method [30]. The body
weight loss, hematochezia and stool property were observed and scored
from 0 to 4; the addition of these points were applied to evaluate dis-
ease severity.

2.10. Colon tissue morphology and histologic damage scores

The degree of IBD severity was also evaluated based on histological

Table 1
Animal grouping and treatment.

No. Group name Treatment

1 Blank control group or Normal group (N) DDW+Saline solution
2 IBD control group of Model group (M) 5% DSS+ Saline solution
3 Alg/Chi/IL-1Ra microcapsules group (IMT) 5% DSS+Alg/Chi/IL-1Ra microcapsules
4 Alg/Chi/BSA microcapsules group (BMT) 5% DSS+Alg/Chi/BSA microcapsules
5 Unencapsulated IL-1Ra group (IT) 5% DSS+Unencapsulated IL-1Ra
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observations of hematoxylin and eosin (H&E) stained images of the
colon [31]. Approximately 4mm of the middle section of the colon was
removed and rinsed with saline water (0.9%, w/w) and formaldehyde
solution (1:9, 0.01M phosphate buffer, pH 7.4). Fixed tissues under-
went routine processing for paraffin embedding, and dyed with H&E
staining. The sections were observed under an optical microscope and
photographs taken to record the colon histological damage scores
(HDS) according to the criteria as per Delelman’s method [32].

2.11. Enzyme and cytokine analysis on intestinal samples

The crude enzyme and cytokine expressed in the colon were ex-
tracted mainly according to previously described methods [33]. Tissues
were briefly homogenized and centrifuged to collect the supernatant.
Protein concentrations were measured using a BCA Protein Assay Kit
(Beyotime Biotechnology, Shanghai, China) and adjusted to 2.5 or
5mg/mL by dilution with lysis buffer; the concentrations of myelo-
peroxidase (MPO), interleukin-1β (IL-1β) and tumor necrosis factor
alpha (TNFα) were determined. The enzyme and cytokine concentra-
tions in the extract were quantified using a myeloperoxidase assay kit
(Jiancheng Bioengineering Institute, Nanjing, China), mouse IL-1β
ELISA kit (Beyotime Biotechnology, Shanghai, China) and mouse TNFα
ELISA kit (Beyotime Biotechnology, Shanghai, China).

2.12. Serum cytokine analysis

Blood samples were collected from the eyeballs of mice, and were
placed in plastic tubes at 4 °C for 2 h. The serum samples were then
separated by centrifugation for 10min at 3000 rpm, and stored at
−20 °C until analysis. Protein concentrations quantitative methods
were as same as “Enzyme and cytokine analysis on intestinal samples”.

2.13. Immunohistochemistry

In order to detect the IL-1Ra protein released from the micro-
capsules, immunohistochemistry experiment was operated. The sam-
ples were obtained as described in “Colon tissue morphology and his-
tologic damage scores”. The immunohistochemistry technical service
was offered by Shanghai Gefan Biotechnology Co., Ltd. Briefly, in this
experiment, the molecules with a his-tag (like recombinant IL-1Ra in
this study) can react with his-tag antibody plus horseradish peroxidase
labeled secondary antibody, and be stained brown by DAB in a im-
munochemical reaction.

2.14. Statistical analysis

Sample means were compared using the one-way ANOVA test.
Differences where p < 0.05 was considered statistically significant
while those at p < 0.01 were considered extremely significant from a
statistical standpoint.

3. Results

3.1. IL-1Ra expression and purification

As shown in Fig. 2A, the purity of the extracted protein was above
98% with its molecular weight close to 20 kDa. In addition, the results
of the western blot performed using his-tag antibody binding (Fig. 2B)
and Nano LC-ESI-MS/MS (supplementary materials), proved that the
purified protein’s amino acid sequence was consistent with the IL-1Ra
protein.

3.2. Alg/Chi/IL-1Ra microcapsules preparation

A total of 3 batches of the Alg/Chi/IL-1Ra microcapsules were
prepared and the morphology and size observed using an optical

microscope (Fig. 3). According to the image, the round microcapsules
were complete and smooth appearance. The average diameters of these
microcapsules were 437 ± 41 μm, 447 ± 43 μm and 443 ± 36 μm
respectively, with subsequent drug loading efficiencies of 85.4%, 82.3%
and 80.7%. The morphology of the Alg/Chi/IL-1Ra microcapsules was
shown in the SEM image (Fig. 4). According to the SEM result, the
microparticle was integrity yet shrunken in the lyophilization process.

3.3. pH-responsiveness of the microcapsule

According to the swelling ratio results (Fig. 5), a range of reactions
was observed when the microcapsules were placed in different solu-
tions. In the first solution, pH 1.2 simulated gastric fluid (Fig. 5A), the
shape of the particle was stable, with a small degree of swelling. The
microcapsules in 0.9% NaCl solution swelled at a constant rate for the
first 60min before leveling for the remaining time (Fig. 5B). In the pH
7.5 simulated intestinal fluid, however, the microcapsules swelled ra-
pidly between 0 and 40min resulting in a loss in their integrity (Fig. 5C)
and an undetectable swelling ratio. As shown in Fig. 5C and D, the
material in the wall of the microcapsules had disintegrated into frag-
ments during the late period of the test resulting in a thick, opaque
medium.

3.4. In-vitro drug release

Fig. 6 demonstrates the cumulative release results. Owing to the
microcapsule’s morphological integrity, there is a small number of
protein for release into the simulated gastric fluid medium. Given the
slight swelling of the microcapsules in saline solution and an approx-
imate cumulative release of 5.0% in 240min totally. The drug release
curve in the simulated intestinal fluid group increased rapidly and
reached 50.4% in the first 40min, and the number was above 80% in
120min. There was a slow growth from 140 to 240min, and a per-
centage relatively close to the final 86.2% cumulative release rate; these
results as well as the swelling ratio results revealed the pH response
ability of the Alg/Chi microcapsules. Therefore, the fabricated Alg/Chi/
IL-1Ra microcapsule has demonstrated the potential for use as an oral
administration and a protective barrier to prevent protein destruction
while passing through the stomach to its intestinal target.

3.5. Disease activity index (DAI) evaluation

From the first day of DSS exposure to the last day of the experiment,

Fig. 2. Purified IL-1Ra protein (A. SDS-PAGE and stained with Coomassie
brilliant blue; B. Western blotting using anti-His antibody.). Lane 1: BSA
(1.0 μg), Lane 2: IL-1RA protein (1.5 μg), M1: SDS-PAGE marker, M2: Western
blot marker. Arrowed bands: IL-1Ra. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. Microscope images of Alg/Chi/IL-1Ra Microcapsules (3 batches).

Fig. 4. Scanning electron microscope (SEM) images of lyophilized Alg/Chi/IL-1Ra Microcapsules.

Fig. 5. Swelling ratio of Alg/Chi/IL-1Ra Microcapsules in simulated gastric fluid (A), 0.9% NaCl solution (B) and simulated intestinal fluid (C). D: Microscope image
of Alg/Chi/IL-1Ra Microcapsules fragment in simulated intestinal fluid at time point of 20min and 100min.
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weight loss, stool consistency and fecal bleeding of the animals were
monitored and scored daily to calculated the DAI (Fig. 7A and D) where
a greater score meant greater disease severity. According to the data,
the DSS exposure period (the first 7 days) saw an increase in DAI in
each group with symptoms including weight loss, loose stool and occult
fecal bleeding or gross bleeding (Fig. 7C); the DAI of the N group was 0
(data not shown). In the treatment period (from day 8 to day 15), the
DAI declined on account of DSS removal, but in varying degrees
(Fig. 7A). The DAI of the M group maintained the highest score in the
last 6 days, a value above 2. The BMT and IT groups had a very close
falling range, however, the DAI had no significant difference when
compared to the M group. The steepest decline occurred in the IMT
group, which almost decreased to the lowest value on the final day.
When the DAI value of the M group was compared to the value of the
IMT group, significant difference (p < 0.05) or extremely significant
difference (p < 0.01) was seen during the last 6 days (Fig. 7D).

The colon length of these groups was also recorded to evaluate the

therapeutic effect of the fabricated microcapsules (Fig. 7-B). The mice
in the N group had the longest colon, reflecting their organ integrity. In
contrast, the colon length of mice in the M group was the lowest of the 5
groups, a result of the colon destruction due to lack of the therapeutic
agent. The mice in the IMT group mice had the second longest colon of
the 5 groups and showed extreme significant difference (p < 0.01)
when compared to the M group. Interestingly, the IT group had the
third longest colon length with a significant difference when compared
to the M group. The body weight was illustrated as a line graph as
Fig. 7-E. It can be observed that all of the mice weight in M, IMT, IT and
BMT groups have started being recovered from day 9 or 10, because of
the DSS withdrawal in day 7. But besides N group, the IMT group has
the highest recovery level.

3.6. Colon tissue morphology and histologic damage scores

Upon observing the image of the HE-stained colon tissue for the N
group, the sections of crypt structure in the mucosal layer, the sub-
mucosa, and the muscular layer appeared normal (Fig. 8). A large
amount of inflammatory cell was seen to infiltrate the submucosa of the
M group while crypt abscesses and crypt damages were observed
(Fig. 8). In the IMT group, re-epithelialization can be seen as well as
crypt formation indicating regeneration. In the IT and BMT groups,
inflammatory cell infiltration and crypt damages were observed in
addition to mucosa and submucosa irregularities (Fig. 8). This indicated
that Alg/Chi/IL-1Ra microcapsules promoted the proliferation of crypt
cells and restored the injured mucosa.

The M group had the highest colon histological damage score while
the IMT group had the lowest (Fig. 9), with extreme significant differ-
ence between the two groups. The result indicated the alleviation effect
of Alg/Chi/IL-1Ra microcapsules on colon inflammation caused by
colitis.

3.7. Related enzyme and cytokines in colon tissue and serum

The concentrations of the inflammatory indicators MPO, IL-1β and

Fig. 6. Cumulative release curve of Alg/Chi/IL-1Ra Microcapsules.

Fig. 7. Disease activity index (DAI) of mice (A: day 1–15, D: day 9–15); colon length (B); hematochezia (arrows) of M group mice at day 7 (C) and body weight (E:
day 1–15). *significant differences (p < 0.05), **extremely significant differences (p < 0.01).
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Fig. 8. Image of HE-stained colon of mice (A: Blank control group or Normal group (N), B: IBD control group of Model group, C: Alg/Chi/IL-1Ra microcapsules group,
D:Alg/Chi/BSA microcapsules group, E: Unencapsulated IL-1Ra group). Inflammatory cell infiltration into the submucosa (arrows), crypt tissue damage (hash).
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TNFα, in the colon were detected, and the results are shown in Fig. 10.
In the N group, the enzyme and cytokine concentrations were at a basic
level with the M group having the highest, indicating that the mice in
the M group had developed colon inflammation. The IMT group mice
had the lowest index of the 3 treatment groups (IMT, IT and BMT), in
addition to showing extreme significant difference in MPO and IL-1β
concentrations when compared to the M group.

The TNFα and IL-1β concentration in serum were also being de-
tected and shown in Fig. 11A and B, respectively. In M group, both
TNFα and IL-1β have the highest concentrations amongst 5 groups. IMT
group show the lowest serum TNFα and IL-1β concentration besides N,
but doesn’t show the significant difference compared to M.

3.8. Immunohistochemistry

As shown in the Fig. 12 result, the IMT group has an obvious po-
sitive his-tag result (brown color) while the N group and BMT group
were negative (blue color). The his-tag-positive result indicated that
there was IL-1Ra protein being released in the colon, since the IL-1Ra
protein applied to mice was a recombinant one with his-tag on its
eCOOH terminal.

4. Discussion

Since the number of IBD patients has been increasing, novel, ther-
apeutic strategies are in great demand. Targeted delivery of ther-
apeutics to the colon is particularly advantageous for the treatment of
this disease well as other local diseases affecting the colon. This form of
delivery improves the efficacy of therapeutics, reduces systemic toxicity
and enables localized treatment [19]. To achieve the goal of effective
oral administration and in-situ treatment, numerous strategies have
been utilized in previous research including recombinant lactic acid
bacteria expression system [15], colon target delivery nanoparticle,
microspheres of siRNA or antisense oligonucleotide [19,34], and edible
ginger-derived nanoparticles [35]. Given the explicit mechanism and
effective pharmaceutical potency, protein compounds are major forces
in treating autoimmune diseases. However, owing to the harsh en-
vironment of the upper digestive tract, oral administration of this
bioactive compound has proven difficult. This makes it an imperative
and crucial task to target the colon so that treatments can be developed
for UC using targeted drug delivery systems [27].

Chitosan blended with hydrogel-based alginate forms microcapsules
that can be effectively used for drug delivery to the colon [27]. As these

Fig. 9. Score of colon damage. *significant differences (p < 0.05), **extremely
significant differences (p < 0.01).

Fig. 10. Enzyme and cytokines concentration in colon tissue (A: Myeloperoxidase, B: Interleukin 1β, C: Tumor necrosis factor α). **extremely significant differences
(p < 0.01).
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polymers are oppositely charged polyelectrolytes, combination occurs
at the carboxyl group of alginate and the amino group of chitosan.
Chitosan is positively charged due to its amine groups (eNH3

+) and
alginate is an anionic polysaccharide based on its carboxyl group
(eCOO−). Several methods such as encapsulation, emulsion poly-
merization, polymerization, complex coacervation, solegel and spray
draying can be used for combining the two polymers [21], however, the
use of emulsifiers, mechanical forces and extreme reaction conditions in
addition to the time required, capsule size limitations and difficulty in
controlling size, make these techniques problematic in the study of the
protein’s activity and stability. Electrospraying is a highly versatile
method used to fabricate fibers or microparticles with diameters ran-
ging from µm to nm [23,36,37]. The potential for large scale produc-
tion, the simplicity of the process and the mild reaction conditions as-
sociated, make this technique an efficient method to produce an
appropriate size and uniformed microcapsule containing active protein
compounds [36,38].

In this study, a novel IL-1Ra-loading chitosan/alginate microcapsule
was fabricated for in-situ release of a therapeutic protein to treat DSS-
induced colitis in mice. Assessment of the swelling ratios and in-vitro
drug release profiles in various media demonstrated the pH-sensitivity
and pH-responsiveness of the fabricated microcapsules. In low pH so-
lution, the microcapsules displayed stability and resistance from surface
leak, while in a high pH environment, they were prone to leakage from
the pores and cracks caused by microcapsule swelling. This is as a result
of chitosan being less positively charged in a weak alkaline solution and
having less electrostatic interaction with alginate, allowing alginate to
absorb water and swell. Moreover, the acidic environment does not
disturb the stability of the alginate carrier, whereas in the intestine, the
solubility of alginate is allowed [39]. The microcapsule wall is therefore
seen to protect the IL-1Ra while travelling through the gastric en-
vironment as digestion or degradation is prevented. This allows for in-

situ delivery and release in the intestinal mucosa.
This in-situ therapeutic effect was also tested in mice with DSS-

induced colitis. The unenveloped IL-1Ra and BSA-loading Alg/Chi mi-
crocapsule groups were compared to the Alg/Chi/IL-1Ra group.

According to the results of DAI, colon length, colon tissue mor-
phology and histologic damage scores, the Alg/Chi/IL-1Ra micro-
capsules alleviated the therapeutic effect in DSS-induced colitis mice. In
addition, the effect was seen to be related to localized colon-released IL-
1Ra, instead of the microcapsule wall material.

The related enzyme/cytokine concentration was determined for
further evaluation (MPO, TNF-α and IL-1β in Fig. 8A–C). MPO is a
peroxidase enzyme expressed by neutrophil granulocytes, which can
function as a biomarker in inflammation. The imbalance in production
of inflammatory cytokines like TNF-α and IL-1β contributes to immune
dysfunction, mediates inflammation of the tissues and causes organ
damage [40,41]. The IMT group had the lowest enzyme/cytokine
concentration of the 3 treatment groups which was consistent with the
study results above. When it comes to serum cytokines concentration,
MT, IT and BMT groups were all lower than M group, and IMT was the
lowest. However, according to the statistical analysis, the difference
between M and IMT was not significant. Hence, it was possible to infer
that instead of blood absorption, the impact of the IL-1Ra released from
microcapsules on the IBD mice was mainly an effect on the colon tissue
locally.

Interestingly, in some results (e.g. colon length and scores of colon
damage), the IT group (i.e. IL-1Ra lacking a microcapsule wall) ex-
perienced some degree of alleviation when compared to the M group,
however, this extent was incomparable to the IMT group. It can
therefore be inferred that small amounts of IL-1Ra remained active
during travel through the upper gastrointestinal tract, however, most of
the protein was damaged during inactivation. Combined with the im-
munohistochemistry experiment result, the IL1-Ra in Alg/Chi/IL-1Ra

Fig. 11. Serum cytokines concentration (A: Tumor necrosis factor α, B: Interleukin 1β).

Fig. 12. Immunohistochemistry images (A: N group, B: BMT group, C: IMT group).
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microcapsule can be released in colon. These experiments proved pH-
sensitive microcapsule offers a good protection for protein traveling
through the harsh conditions of the stomach while allowing this mac-
romolecular therapeutic agent to be colon-targeted and released as an
in-situ therapy in DSS-induced colitis animals.

5. Conclusion

In conclusion, Alg/Chi/IL-1Ra microcapsules with unified sizes and
integrated shapes were fabricated via a single-step electrospraying
method. The pH-responsiveness of the microcapsule and in-vitro drug
release profile in simulated body fluids ranging in pH were evaluated,
and the property of pH-sensitivity verified. The therapeutic effect of
microcapsules administered orally were tested on DSS-induced colitis
mice. Generally, combined colitis alleviation effect results with in-suti
IL-1Ra detection by immunohistochemistry, the in-vivo results indicated
that the Alg/Chi microcapsules ensured that the IL-1Ra was protected
from the harsh environment of the upper gastrointestinal tract by
providing a pH-sensitive response and colon-targeted IL-1Ra release.
Alg/Chi/IL-1Ra microcapsules can paly a role as an oral administration
therapeutic agent for DSS-induced colitis in a mouse model. Based on
the study, the in-situ therapy using a therapeutic, bioactive macro-
molecule can be used as a target specific delivery system. However,
further investigations into the detailed mechanisms, as well as dose-
effect relationship are required to confirm the use of Alg/Chi/IL-1Ra
microcapsule as an IBD therapeutic agent.
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