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Drug-loaded micelles for oral administration are desired for its convenience, low cost and flexibility, but
current designs rely on introducing pH responsiveness, leaving problems like drug leakage and low
accuracy of targeted delivery un-solved. Herein, we reported an acid-resistant ROS-responsive
hyperbranched polythioether which can self-assemble into micellar structure and pass through the
gastrointestinal tract without leaking drugs. At the inflammatory lesions, the thioester bonds are
oxidized to sulphone groups to significantly increase the hydrophilicity in response to accumulated ROS
species and efficiently release the encapsulated drugs. Animal experiments, including the evaluation of
bodyweight, colon length, MPO activity, spleen index, histology and quantitative reverse transcription
PCR, evidenced that the drug-loaded micelles have improved therapeutic efficiency compared to bare
drug administration for the treatment of DSS-induced colitis in mice. This study provides an example of
oral administrated micellar system can be extended for the treatment of other intestinal tract diseases.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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Ulcerative colitis (UC) is a kind of inflammatory bowel disease
(IBD) that related to mucosal inflammation and mainly happens in
the sites of rectum and colon [1,2]. Systemic corticosteroids are
widely used for the treatment of UC, and among them, budsonide
(Bud) is a synthetic glucocorticoid derived from 16-alpha
hydroxyprednisolone without the existence of halogen bond on
its structure, enabling some characteristics such as superior
affinity to hormone receptors, high local potency and ease of
removal by primary metabolism in human liver. These advantages
make it the most investigated form in IBD and a first-line therapy
to cure Crohn’s disease [3–6]. Concerning the way of delivery, Bud
is traditionally released through rectum, which is inconvenient
and unfavorable to the patients. In comparison, oral administration
is low cost, flexible and convenient for administration, and also
reduces the risk of pain and infection [7–9]. Recently, some Bud-
loaded oral systems are developed and exhibited encouraging
preliminary results, while problems such as uncontrollable gastric
emptying, fluctuations of gastrointestinal transit and incomplete
(K. Wang),
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delivery still to be solved, which are due to undissolved polymer
coating on the drug containing tablets [10,11]. Therefore,
developing new oral delivery system is urgently required in both
research and application fields [12,13].

For conventional design strategy, the oral delivery system
should be stable in the stomach (pH 1.0–2.5) to prevent drug
leakage for a sufficient duration time (8�10 h), and can effectively
release drugs in rectum and small intestine [13–17]. To this regard,
polymer micelles with amphiphilic core-shell structures are
developed as an emerging nano-carrier, their hydrophobic cores
can entrap insoluble drugs and the hydrophilic shells make them
well-dispersed in the aqueous solution [18–22]. Carboxyl groups
are usually introduced to the micelle structures as they can be
protonated in low pH environments to enhance the structural
stability of the micelles and help them to safely pass through the
stomach, and in intestinal tract with elevated pH value the drugs
are released due to de-protonation of carboxyl groups and
dissociation of the micellar structure [23,24]. However, it is still
challenging for these pH-responsive micelles to accumulate and
deliver drugs at the lesion location, which greatly affects the drug-
absorbing efficiency and their therapeutic effect.

In this work, in order to design a Bud-loaded micellar system to
effectively cure UC, a hyperbranched polythioether (HBPTE) with
ROS-responsive behavior is designed. Hyperbranched polymers
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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(HBPs) remain at the frontiers of materials research and develop-
mentdue to theirone-potpreparationprocedures, compactglobule-
like shapeswith abundant terminal functional groups.HBPs canalso
self-assemble to form micellar structures to entrap hydrophobic
drugs and release them in response to external stimuli [25–30]. We
follow two principles to design Bud-loaded HBPTEmicelles: (1) The
micelles should safely pass through the GI tract without structure
dissociation or drug leakage; (2) At the inflammatory sites, the
micelles can effectively release loaded cargos in response to signals
generated from the lesion location. We noticed that the inflamma-
tory lesion has exceptional high level of reactive oxygen species
(ROS), thus thioether bond is introduced to be backbone of the
designed HBP which is stable in low pH conditions but can be
oxidizedtosulphonegroupbyH2O2(onekindofROSgeneratedatthe
inflammatorysite), resulting inmuch increasedhydrophilicityof the
micelles and subsequent release of loaded Bud.

Thestructureof thedesignedHBPTEisgiveninFig.1.Toobtainthe
target polymer, epichlorohydrin is reacted with alpha lipoic acid to
replace a hydroxyl group on alpha lipoic acid by an epoxy group.
Afterwards, tributyl phosphine is added to break the disulfide bond
and induces the ring-opening polymerization (Scheme S1 in
Supporting information). The amphiphilic balance of the resulted
HBPTE bearing both hydrophobic thioether bonds and hydrophilic
hydroxylgroupsonthebackbonedrives theHBPTEstoself-assemble
into micelles that can well disperse in aqueous solution. In the
presenceof Bud, the self-assemblyprocess canentrap and solubilize
the small drug guests. As shown in Fig. S1 (Supporting information),
when loadedwith Bud, themicellar size increasedmuch, indicating
the good encapsulation of Bud molecules within the hydrophobic
domain of the compoundmicelles.When encountering ROS species
likehydrogenperoxide, thethioetherbondsareoxidizedtosulphone
groups (Fig. S2 in Supporting information), resulting in much
increasedhydrophilicity of theHBPTE and subsequent release of the
loaded Bud molecules.

[(Fig._1)TD$FIG]

Fig. 1. Bud-loaded micelle self-assembled by the synthesized hyperbranched

[(Fig._2)TD$FIG]

Fig. 2. (a) Release of Nano-Bud micelles over time at different H2O2 concentrations an
treatment.
The effects of H2O2 and pH on cumulative release of Bud-loaded
micelles are then investigated. It can be seen from the results
shown in Fig. 2a, the micelles show good acid resistance, as for the
investigated wide-range of pH value from 1.2–7.4, only [46_TD$DIFF]3.3% of the
loaded Bud are released from the micelles at maximum. Similar
results happened at the samples with H2O2 addition, as the
variation of pH value only results in a change of about 5% of the
accumulated amount of released Bud. TEM images (Figs. 2b and c)
clearly show the structural change of Bud-loaded micelles after
H2O2 stimulation, which the originally regular and spherical shape
are no longer exist and only precipitates can be seen on the
substrate after the treatment of H2O2. This clearly indicates the
release of Bud molecules is due to the disruption of the micelles
upon the stimulation of H2O2.

The therapeutic effect of Bud-loaded micelles against dextran
sulfate sodium (DSS) induced acute colitis was then investigated.
The drug formulations were administrated once per day after 24 h
of the induction of colitis. From Fig. 3a it can be seen that the
bodyweight of the control group of mice without inducing colitis
increased by about 25% of its initial value. In contrast, the group
with DSS-induced colitis showed aweight loss of about 20% after 9
days. Moreover, Bud loaded in micelles show better therapeutic
effect on alleviating the colitis, as directing feeding the Bud
molecules the weight loss of mice is 8%, while this value increase
about 3% and 13% for the two groups administrated with low and
high concentrations of micelle-loading Bud, respectively. These
results clearly suggest the enhanced therapeutic effect of Bud after
loading into micelles formed by the synthesized HBPTEs. The Bud-
loaded micelle is named as Nano-Bud in the following context.

DAI index (disease activity index) and MPO activity are
commonly applied to evaluate the extent of colonic inflammation
in Ulcerative colitis (UC). The body weight, mental state, stool
morphology and bloody stool level (fecal occult blood test) were
recorded daily during the modeling period, and the DAI index of
polythioether and its ROS-responsive structural change and Bud release.

d in different pH values. TEM images for Nano-Bud before (b) and after (c) H2O2
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Fig. 3. (a) The changes of body weight in each group for 9 d. Effects of Bud and Nano-Bud systems on colonic (b) DAI score and (c) MPO activity in mice with DSS-induced
colitis. Data are means�[43_TD$DIFF] SEM from a representative experiment (n = 5 biologically independent animals) from two independent experiments. *P< 0.05, [18_TD$DIFF]**P < 0.01, ***P<
0.001, ****P < 0.0001, analyzed by two-way ANOVA with Tukey’s HSD multiple comparison post hoc test.

[(Fig._4)TD$FIG]

Fig. 4. Effects of Nano-Bud system on colon length (a, b) and spleen index (c, d) in mice with DSS-induced colitis. Data are means� [43_TD$DIFF] SEM from a representative experiment
(n = 5 biologically independent animals) from two independent experiments. [18_TD$DIFF]**P < 0.01, ***P< 0.001, ****P < 0.0001, analyzed by one-way ANOVAwith Tukey’s HSDmultiple
comparison post hoc test.
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each group of mice was also calculated during this time. As shown
in Fig. 3b, in the DSS-induced model group, The DAI index was
significantly higher than that of the drug-treated groups (P<
0.001) and the normal group (P< 0.0001). At the same time, the
group treated using bare Bud showed a gradual increase of the DAI
index over time, and began at sixth day this value is notably higher
than that of the other two groups treated using Nano-Bud. The
lower concentration of the Nano-Bud groupwas similar to the bare
Bud group at the beginning, but the DAI value stopped rising and
remained stable on the sixth day. In the higher concentration of
Nano-Bud group, the first four days were still significantly higher
than the negative control group, but after reaching the maximum
on the fourth day, the DAI index decreased rapidly. It proves again
that our prepared Nano-Bud can significantly reduce the DAI index
and has a good anti-inflammatory effect. Fig. 3c shows the MPO
activities caused bymodeling, DSS group, bud group andNano-Bud
group. The MPO activity of the colon tissue of the groups treated
with Bud or Nano-Bud is much lower compared to the DSS group.
Moreover, the Nano-Bud groups show lower MPO value which is
positively correlated to their concentrations, indicating the
improvement of therapeutic efficiency by loading Bud into the
Nano-carriers.

We then investigated the effect of Nano-Bud system on colon
length (Figs. 4a and b) and spleen index (Figs. 4c and d) in mice
with DSS-induced colitis. As shown in Fig. 4a, DSS treatment
resulted in a significant decrease in the length of colon in mice
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Fig. 5. Histology of a representative colon specimen and its colonic damage score in mice with DSS-induced colitis (200 �). Data are means�[43_TD$DIFF] SEM from a representative
experiment (n = 5 biologically independent animals) from one independent experiment. [18_TD$DIFF]**P < 0.01, ***P< 0.001, ****P < 0.0001, analyzed by one-way ANOVA with Tukey’s
HSD multiple comparison post hoc test.

[(Fig._6)TD$FIG]

Fig. 6. Quantitative reverse transcription PCR for the mRNA expression of (a) TNF-α, (b) IL-1β, (c) IL-6 and (d) NF-kB in colon specimen with DSS-induced colitis. Data are
means�[43_TD$DIFF] SEM from a representative experiment (n = 5 biologically independent animals) from four independent experiments. *P< 0.05, [44_TD$DIFF]**P< 0.01, ***P< 0.001, ****P<
0.0001, analyzed by one-way ANOVA with Tukey’s HSD multiple comparison post hoc test.
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compared to the normal one. After direct bud treatment, the
decline of the colon length was reduced, and this reduction is
more obvious for the groups treated using Nano-Bud. For that
administrated with higher concentration of Nano-Bud, the
resulted length of colon is quite close to that of healthy mice.
The use of glucocorticoids would induce the atrophy of immune
organs and the loss of body weight. Here the influence of DSS on
mice spleen was investigated by evaluating the organ index. As is
shown in Fig. 4b, the spleen and thymus index of Nano-Bud were
significantly improved in comparison with the DSS group (P<
0.01). All data suggested that the Nano-Bud could effectively
reduce the side-effects and has an improved therapeutic
efficiency on immune organs, which was mainly due to the
colon targeting property of Nano-Bud. Thanks to the desirable
acid resistance, the Nano-Bud could remain its integration in the
stomach and small intestine. Therefore, the side-effects of DSS
were significantly reduced because of the reduction of systemic
absorption.

The histopathological features of the mouse colon are shown in
Fig. 5. The control group showed the normal colonic structure. In
contrast, the DSS group showed necrosis, necrotic mucosal loss,
and a strong inflammatory process in the lamina propria,
submucosa, and external muscle layers. This situation was
alleviated for the Bud treated groups, but necrosis was still
observed with a strong inflammatory phenomenon. In the low-
concentration Nano-Bud group, a much normal mucosal structure
was observed, and slight chronic inflammation was presented in
the muscularis propria. In the high-concentration Nano-Bud
group, the image showed an almost completely normal mucosal
structure. This indicates that Nano-Bud can significantly treat the
inflammation of the lesion compared to direct bud administration
and avoid side-effects simultaneously, with a good colon targeting
ability. Subsequent colon injury scores also demonstrated these
results, as the colon injury scorewas significantly reduced after the
treatment of Nano-Bud, and the higher concentration of Nano-Bud
showed a quite close value to that of normal mouse score,
indicating that it has a significant protective effect on DSS-induced
ulcerative colitis in mice.

According to the above results, the release of various early
inflammatory factors can be observed in the mouse model of
ulcerative colitis caused by DSS (Fig. 6). It can be seen that the
expression levels of TNF-α, IL-6, IL-1β inflammatory factormRNA in
the intestinal tissue of Bud were significantly decreased (P< 0.05).
At the same time, the application of Nano-Bud system has an
obviously improved therapeutic effect compared to that of direct
Bud administration. After increasing the concentration of Nano-
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Bud, the expression level is even closer to the control group. NF-kB
plays an important role in the inflammatory response via
promoting the release ofmany inflammatorymediators. Compared
with the NF-kB in the DSS group, the activation level began to
decrease to approaching the control group when only the bud was
administrated, which decreased further for the Nano-Bud treated
group. This indicates that Nano-Bud system can effectively inhibit
the activation of NF-kB induced by DSS.

In this work, an acid-resistant ROS-responsive micelle self-
assembled by hyperbranched polymers of HBPTE and its target
delivery of Bud for the treatment of ulcerative colitis is reported.
The hydrophobic nature of the HBPTE helps the micelles passes
through the lowpH locations such as in stomach and safely reaches
target sites like colon, while thioether bond could be oxidized to
sulphone bond in response to H2O2 to much increase the
hydrophilicity of the polymers and the formed micelles, leading
to release of loaded Budmolecules. Animal experiments show that
the Bud-loaded micelle has an improved therapeutic efficiency on
the treatment of UC, preservation of colon length and reduction of
spleen index. Quantitative reverse transcription PCR experiments
also confirmed that the Bud-loaded micelles can reduce the early
inflammatory factors IL-6, TNF-α and IL-1β to improve the
progression of DSS-induced ulcerative colitis. In summary, the
micelle designed and synthesized in this work has excellent drug-
delivery performance and improved therapeutic effect in curing
UC.
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