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Background: Colon-targeted oral nanoparticles (NPs) have emerged as an ideal, safe, and
effective therapy for ulcerative colitis (UC) owing to their ability to selectively accumulate
in inflamed colonic mucosa. Cyclosporine A (CSA), an immunosuppressive agent, has long
been used as rescue therapy in severe steroid-refractory UC. In this study, we developed
CSA-loaded dual-functional polymeric NPs composed of Eudragit® FS30D as a pH-sensitive
polymer for targeted delivery to the inflamed colon, and poly(lactic-co-glycolic acid) (PLGA)
as a sustained-release polymer.

Methods: CSA-loaded Eudragit FS30D nanoparticles (ENPs), PLGA nanoparticles (PNPs),
and Eudragit FS30D/PLGA nanoparticles (E/PNPs) were prepared using the oil-in-water
emulsion method. Scanning electron microscope images and zeta size data showed successful
preparation of CSA-loaded NPs.

Results: PNPs exhibited a burst drug release of >60% at pH 1.2 (stomach pH) in 0.5 h, which
can lead to unwanted systemic absorption and side effects. ENPs effectively inhibited the burst
drug release at pH 1.2 and 6.8 (proximal small intestine pH); however, nearly 100% of the CSA
in ENPs was released rapidly at pH 7.4 (ileum—colon pH) owing to complete NP dissolution.
In contrast to single-functional PNPs and ENPs, the dual-functional E/PNPs minimized burst
drug release (only 18%) at pH 1.2 and 6.8, and generated a sustained release at pH 7.4 thereafter.
Importantly, in distribution studies in the gastrointestinal tracts of mice, E/PNPs significantly
improved CSA distribution to the colon compared with PNPs or ENPs. In a mouse model of
colitis, E/PNP treatment improved weight loss and colon length, and decreased rectal bleeding,
spleen weight, histological scoring, myeloperoxidase activity, macrophage infiltration, and
expression of proinflammatory cytokines compared with PNPs or ENPs.

Conclusion: Overall, this work confirms the benefits of CSA-loaded E/PNPs for efficiently
delivering CSA to the colon, suggesting their potential for UC therapy.

Keywords: cyclosporine A, ulcerative colitis, colon-targeted nanoparticles, sustained and
pH-sensitive release

Introduction

Ulcerative colitis (UC) is a chronic inflammatory disorder of the rectum and colon, which
is caused by unknown genetic, environmental, and bacterial factors.! The symptoms of
UC range from bloody diarrhea and weight loss to ulceration and complete obstruction
of the gastrointestinal tract (GIT), which can negatively affect the daily life of a patient.?
Furthermore, one of the most important consequences of chronically active UC is the
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development of colorectal cancer.* Since the etiology of UC
is unknown and there is currently no cure, major therapeu-
tic strategies are aimed at inducing remission, preventing
inflammatory episodes, and ensuring colectomy-free survival.
Drug therapies for UC include aminosalicylates, corticoster-
oids, immunosuppressants, and biologicals.* Although intra-
venous corticosteroids are used as first-line therapy for severe
UC, approximately 30%—40% of patients are resistant to steroid
treatment.’ Cyclosporine A (CSA) is an immunosuppressant
drug that has been used as a rescue therapy in clinical practice
owing to its rapid onset of action in severe, steroid-refractory
UC. Acute remission rates with CSA ranged between 63%
and 82% in previous trials.®’

CSA was originally marketed in soft-gel form
(Sandimmune® oral) as a crude, oil-in-water-based delivery
system, where the bioavailability of CSA from Sandimmune
was rate limited by its solubility. Sandimmune Neoral®
(hereafter referred to as Neoral), a stable microemulsion-
based soft-gel formulation, enhanced solubility and absorp-
tion in the upper intestine, resulting in increased systemic
bioavailability.® However, systemic CSA therapy has
been limited in clinical practice owing to significant side
effects, such as nephrotoxicity, hypertension, seizures, renal
dysfunction, and opportunistic infection, as well as the need
for careful monitoring of drug plasma concentration during
treatment to prevent toxicity.’!* Moreover, Sandimmune and
Neoral contain a high concentration of polyoxyethylated
castor oil, Cremophor EL®, which can cause nephrotoxicity
and anaphylactic reactions.!! The use of rectal enemas that
provide localized colonic topical delivery of CSA has been
reported as an alternative to intravenous/oral administration,
with reduced systemic toxicity.!? However, a rectal enema of
CSA is suitable only for treating a distal region of the colon.!?
In addition, patient compliance is a significant limiting factor
for the long-term use of enemas. Because of the limitations
of the current commercial formulations of CSA in UC therapy,
there is an unmet need to develop advanced delivery systems
that reduce systemic CSA concentrations and efficiently
deliver CSA to the target, inflamed regions of the colon.

Colonic inflammation-targeted oral nanoparticles (NPs)
have gained much attention as an ideal drug delivery system
for treating inflammatory bowel disease (IBD). Such an
inflammation-targeted local drug delivery approach allows
a lower dose than that needed with intravenous applica-
tions, and minimizes systemic drug absorption to avoid
adverse effects. Several studies have demonstrated that
NPs exhibit size-dependent adhesion to inflamed tissues of
the colon, combined with an enhanced therapeutic effect in

experimental colitis."*'” Guada et al evaluated the effect of
CSA-loaded lipid NPs in a mouse model of dextran sodium
sulfate (DSS)-induced colitis, using a commercial formula-
tion (Neoral) as a reference.'® However, the lipid NPs did
not satisfactorily ameliorate the colitis and the authors sug-
gested further studies. In another study in mice, superior
alleviation of trinitrobenzene—sulfonic acid (TNBS)-induced
colitis by intrarectal administration of CSA-loaded NPs was
reported.'” However, rectal administration is not easily man-
aged by patients and the most desired and accepted way to
administer the drug in UC therapy is orally. CSA-loaded
poly(lactic-co-glycolic acid) (PLGA) NPs and microparticles
have been evaluated for the treatment of DSS-induced colitis
in mice and their efficacy has been compared with that of
Neoral. The study showed that orally administered NPs
improved colitis parameters compared to microparticles or
Neoral.?” However, PLGA NPs, which were designed for
sustained drug release, have an intrinsic limitation during
colon-targeted drug delivery; an initial burst release in the
upper GIT (ie, stomach and small intestine) leads to less
efficient colon-specific delivery and unwanted systemic
absorption.'>?!'?? Similarly, the single pH-dependent NP
system is not recommended for UC therapy owing to rapid
and complete drug release at ileum—colonic pH.!>?> These
reports emphasize the potential use of sustained-release poly-
meric NPs for targeted drug delivery to inflamed intestinal
mucosa, and that this method can be further improved for oral
administration by implementing pH-dependent drug release.
Thus, an ideal colon-specific delivery system for CSA in UC
therapy should prevent premature drug release before reach-
ing the colon and should deliver significant amounts of the
drug to the inflamed colon tissue in a controlled manner.

In this study, we prepared dual-functional, CSA-loaded
polymeric NPs using a combination of sustained-release
PLGA copolymer and pH-responsive Eudragit® FS30D
polymer (Eudragit® FS30D/PLGA nanoparticles [E/PNPs]).
The objectives of using this polymeric combination were to
minimize early CSA release in the stomach and small intes-
tine, to target the inflamed colon tissue, and to allow a slow
and sustained drug release, which is beneficial for oral UC
therapy. For comparison, CSA-loaded PLGA nanoparticles
(PNPs) and CSA-loaded Eudragit FS30D nanoparticles
(ENPs) were also prepared. The size, shape, and drug-
loading capability of the NPs were characterized. The CSA
release of the NPs was assessed under different pH environ-
ments, resembling those of the GIT. In addition, the in vivo
therapeutic efficacy and GIT distribution of the NPs were
evaluated in a mouse model of DSS-induced colitis.
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Materials and methods

Materials

PLGA (PLGA 5050 5E, inherent viscosity 0.41 dL/g) was pur-
chased from Evonik (Darmstadt, Germany). CSA, polyvinyl
alcohol (PVA, molecular weight=30,000-70,000 Da),
and tin octanoate were purchased from Sigma-Aldrich
(St Louis, MO, USA). A hydrophobic near-infrared dye,
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine
iodide (DiR), was purchased from Invitrogen (Carlsbad,
CA, USA). Eudragit FS30D was generously donated by
Evonik Korea (Seoul, Republic of Korea). DSS (molecular
weight=36,000-50,000 Da) was obtained from MP Biomedi-
cals (Irvine, CA, USA). All other reagents and solvents were
the highest analytical grade commercially available.

Preparation of CSA-loaded NPs

The CSA-loaded NPs were prepared with PLGA, Eudragit
FS30D, or mixtures thereof (1:1 w/w) using a previously
reported oil-in-water emulsification solvent evaporation
method, with slight modifications.?® In brief, PLGA and/or
Eudragit FS30D (50 mg) was dissolved in 3 mL dichlo-
romethane with CSA (5 mg). This organic mixture was then
emulsified in 10 mL aqueous acidic PV A solution (1% w/v)
by sonication (amplitude 30%, 2 min) using an ultrasound
probe sonicator in an ice bath. This emulsion was then diluted
with 30 mL of acidic PVA solution (0.2% w/v). The organic
solvent was allowed to evaporate for 4 h at room tempera-
ture in a fume hood with a magnetic stirrer (500 rpm). After
evaporating the residual solvent, the NPs were collected by
centrifugation at 20,000 x g for 30 min and washed with
deionized water 3 times. The obtained NPs were immediately
used for the following experiments.

In vitro characterization of NPs

Morphology of NPs

The external morphology of the CSA-loaded NPs was
analyzed by scanning electron microscopy (SEM). NPs sus-
pended in water were dropped on a carbon tape and air dried
at room temperature in a fume hood or desiccator. Samples
were then coated with platinum for 2 min in a vacuum and
viewed by field-emission SEM (FE-SEM, S4800; Hitachi,
Tokyo, Japan) at an acceleration voltage of 1-5 kV.

Size and size distribution analysis of NPs

The hydrodynamic diameter and polydispersity index (PDI)
of CSA-loaded NPs were measured by dynamic light scatter-
ing (Zetasizer Nano ZS; Malvern Instruments, Malvern, UK)

in double-distilled water at 25°C and a fixed angle of 173°.
The measurements were performed for each batch in tripli-
cate, and the mean and SD were calculated.

Determination of yield (%), loading capacity (%), and
encapsulation efficiency (%)

The freeze-dried NPs were weighed to calculate the yield per
batch. The percentage yield was calculated using Equation (1).
The drug content in the NPs was determined directly by
measuring the encapsulated CSA amount in the NPs using
high-performance liquid chromatography (HPLC), according
to an established method.”> The HPLC system used was
an LC-20AT (Shimadzu, Tokyo, Japan) equipped with an
autosampler processor, an SPD-20A ultraviolet (UV) detec-
tor, and a Luna C18 column (5 um, 150 X 4.6 mm; Phenom-
enex, Torrance, CA, USA). The UV detector wavelength was
set at 210 nm. The mobile phase was a mixture of acetonitrile
and water (75:25) at a flow rate of 1.5 mL/min, and a column
temperature of 65°C was used. A calibration curve using
standard CSA solution was generated. To determine CSA
content, a known weight of CSA-loaded NPs was dissolved
in acetonitrile:water (7:3) and placed in an ultrasonic bath for
1 h. After centrifugation for 30 min at 14,000 rpm, the CSA
content of the samples was determined by HPLC, using the
calibration curve. Samples were prepared in triplicate, and
the percentage yield, drug loading (DL), and encapsulation
efficiency (EE) were calculated using Equations (1), (2), and
(3), respectively:

Yield (%) = Actuél welgl'lt of NPs <100 (1)
Theoretical weight of NPs
DL (%) = Welght.of CSA in NPs <100 @)
Weight of NPs
EE (%) = Weight of CSA in NPs 3)

X
Weight of CSA initially added

In vitro CSA release profile from NPs at different

pH values

The in vitro drug release of CSA from NPs was evaluated in
release medium with gradually changing pH values (ie, 1.2,
6.8, and 7.4).>**° This gradually changing medium was
selected based on the normal variations in pH and general
transit time along the GIT from the stomach (pH 1.2, 0-2 h)
and small intestine (pH 6.8, 2—6 h) to the colon region (pH 7.4,
624 h).° CSA-loaded NPs (10 mg) were added to 50 mL of
the release medium in triplicate and incubated in a shaking
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water bath (60 rpm, 37°C). Polysorbate 80 (0.2% w/v) was
added to the release medium to facilitate the solubilization of
CSA. At predetermined time intervals, 150 uL aliquots were
sampled, and the release medium was replenished with an
equal volume of fresh buffer. The aliquots were centrifuged
at 17,000 x g for 30 min, and supernatants containing CSA
released from the NPs were analyzed by HPLC, as described
previously.?

NP size measurements at different pH values
CSA-loaded PNPs, ENPs, and E/PNPs were suspended in
buffer solutions with different pH values (ie, 1.2, 6.8, or 7.4)
and incubated in a shaking water bath (60 rpm, 37°C) for
specific times. NPs were centrifuged, redispersed in distilled
water, and washed twice. Water was used as the dispersant
for the particles to measure their size. The NP sizes were
measured using a Zetasizer Nano-ZS (Malvern Instruments),
as described above.

Animal studies

All in vivo experiments were approved and performed in
accordance with the regulations of Pusan National University
and Korean legislation on animal studies. Male imprinting
control region (ICR) mice (7 weeks of age; body weight
30-32 g) were purchased from Samtako Bio Korea (Osan,
Republic of Korea) and acclimatized in the university animal
facility at 25°C£3°C under a 12 h light/dark cycle for 1 week
before experimentation.

DSS-induced colitis in mice

Colitis was induced in ICR male mice by oral administration
of 3% (w/v) DSS in tap water ad libitum for 7 days. Age-
matched male ICR mice receiving normal tap water served
as controls. Mean DSS water consumption, body weight,
and development of clinical symptoms of colitis, such as
diarrhea and rectal bleeding, were assessed daily during the
colitis induction period.

Ex vivo imaging

To track the colon-specific drug delivery potential of PNPs,
ENPs, and E/PNPs after oral administration, an in vivo
imaging system (IVIS) (FOBI; Neoscience, Suwon, Republic
of Korea) was used. The near-infrared dye, DiR, was loaded
as a fluorescent probe into the NPs. Colitis mice, fasted for
24 h, were orally administered the DiR-loaded NPs at an
equivalent DiR concentration (0.5 mg DiR/kg). Blank NPs
(without DiR) were also tested. After oral administration for
6 or 12 h, the mice were euthanized to obtain the GIT. The
fluorescence signals from the DiR-loaded NPs were imaged

in the GIT at an excitation wavelength of 720 nm and an
emission wavelength of 790 nm using the IVIS spectrum.

Quantification of CSA-loaded NPs in the GIT

The in vivo quantitative distribution of the CSA-loaded
PNPs, ENPs and E/PNPs was evaluated in the GIT of the
colitis mice. Food was withheld from all mice for 24 h before
the administration of the NPs. The NPs were administered
by oral gavage under isoflurane anesthesia, and the mice
were euthanized 6 and 12 h post-administration. Then, GIT
segments, including luminal contents, were collected and
divided into stomach, small intestine, and colon (including
cecum). The tissue samples were homogenized in PBS and
then CSA was extracted with acetonitrile by shaking over-
night. Specimens excised from the mice administered blank
NPs were homogenized as mentioned earlier and used as
controls. Samples were centrifuged and supernatants were
collected and analyzed by HPLC for CSA.

Drug treatment of DSS-induced colitis mice

Mice were divided into 5 groups (8 mice per group): the
healthy control, colitis control, PNP-treated, ENP-treated,
and E/PNP-treated groups. First, experimental colitis was
induced in mice by administering 3% (w/v) DSS in drinking
water for 7 days. Drug-treated groups received an equal dose
of CSA (15 mg/kg) in the form of suspended NPs adminis-
tered orally by gavage for 7 days. The healthy control and the
colitis control groups received normal saline by gavage.

Evaluation of colitis severity by body weight changes
and disease activity index (DAI)

The clinical course of colitis was monitored daily using a
DAI consisting of 3 parameters: weight loss, stool consis-
tency, and anal bleeding, as previously described.”’ In brief,
inflammation was scored on a scale of 0 to 4. No weight
loss was scored as 0 points, 1%—5% weight loss as 1 point,
5%—10% as 2 points, 10%—20% as 3 points, and >20% as
4 points. For stool consistency, 0 points were given for well-
formed pellets, 2 points for pasty and semi-formed stools
that did not stick to the anus, and 4 points for liquid stools
that stuck to the anus. Bleeding was scored as 0 points for no
blood, 2 points for positive findings, and 4 points for gross
bleeding. The mean of these scores formed the clinical score,
ranging from 0 (healthy) to 4 (maximal colitis).

Colon length, colon weight/length ratio, and

spleen weight

All mice were euthanized 24 h after the last drug treatment
and their entire colons were resected, from the cecum to
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the anus. Colon length was measured before dividing the
colon for histology and evaluation of immune cell infiltra-
tion by immunostaining. Colon tissue samples (5 cm) were
resected, opened longitudinally, and rinsed with ice-cold
buffer to remove the luminal content. The ratio of the colon
sample wet weight to colon length was determined as an
index of colonic inflammation.?® In addition to the colon, for
all mice, the spleen was separated, and the weight increase
was recorded as an indication of inflammation.?

Histological assessment of colitis

For histological examinations, small segments of the colon
from the healthy control, colitis control, and CSA-loaded
NP-treated mice were fixed in phosphate-buffered 10%
formalin and embedded in paraffin. Sections (5 um thick)
were cut with a microtome (Reichert, Munich, Germany) and
stained with H&E, followed by light microscopy analysis
(Zeiss, Axioskop, Germany). The degree of inflammation
and epithelial injury on microscopic cross-sections of the
colon was graded semi-quantitatively from 0 to 5.3 Grading
was done in a blinded fashion on coded slides.

Infiltration of macrophages in colitis tissue

For the determination of macrophage infiltration in the
inflamed colonic tissues, fluorescence immunostaining was
conducted. Paraffin-embedded colon sections (5 wm thick)
were prepared as described earlier. After deparaffinization
and rehydration, sections were incubated at 4°C overnight
with primary antibody (anti-F4/80; 1:200, Abcam) for the
detection of macrophages. Sections were then incubated with
secondary antibody, anti-rabbit immunoglobulin G labeled
with Alexa Fluor® 568 (Thermo Fisher Scientific, Waltham,
MA, USA), for 2 h at room temperature and then incubated
with DAPI solution (5 pg/mL) at room temperature for
20 min. Images were acquired using an FV10i FLUOVIEW
Confocal Microscope (Olympus, Tokyo, Japan).

Myeloperoxidase (MPO) activity assay

MPO activity was measured according to an established
method.*! In brief, distal colon specimens were minced with
sharp scissors in 1 mL of hexadecyltrimethylammonium
bromide buffer (0.5% in 50 mM phosphate buffer, pH 6.0)
on ice and then homogenized with a tissue homogenizer
for 4 min at 30 Hz. The mixture was then sonicated for
10 s, subjected to 3 freeze—thaw cycles, and centrifuged at
14,000 rpm at 4°C for 3 min. The supernatant was collected
and stored at —70°C until use. Then, 7 UL of supernatant
was added in triplicate into a 96-well plate, and 200 UL of
o-dianisidine solution containing H,0, (16.7 mg o-dianisidine

dihydrochloride, 90 mL distilled water, 10 mL potassium
phosphate buffer, and 50 uLL 1.2% H,0, in distilled water)
was added to the each of the wells. The absorbance was
measured at 450 nm by a spectrophotometer. MPO activity
was expressed in units per milligram of wet tissue. One unit
of MPO activity is defined as the amount of enzyme degrad-
ing 1 umol of peroxide per minute at 25°C.

Quantification of proinflammatory cytokines by
enzyme-linked immunosorbent assay (ELISA)

The concentrations of proinflammatory cytokines, tumor
necrosis factor-o. (TNF-o) and IL-6, in the colons of mice
from all groups were determined by a sandwich-type ELISA
using commercially available kits (Biolegend, San Diego,
CA, USA, and R&D Systems, Minneapolis, MN, USA,
respectively) according to the manufacturers’ instructions.
In brief, the frozen distal colon specimens were homogenized
with potassium phosphate buffer (pH 6.0) and centrifuged at
2,500 x g and 4°C for 5 min. The supernatants were centri-
fuged at 10,000 x g and 4°C for 10 min, and were assayed by
ELISA for TNF-o and IL-6 levels. Total protein concentra-
tion was determined by the Bradford protein assay using the
BCA kit (Fisher Scientific, Waltham, MA, USA).

Statistical analysis

The results are expressed as the mean+SD. Statistical com-
parisons of the in vitro and in vivo data between two groups
were performed using the Student’s #-test in GraphPad Prism
5.0 (GraphPad Software, La Jolla, CA, USA); one-way analy-
sis of variance (ANOVA) followed by the Tukey—Kramer
test was used to compare multiple groups. A p-value <0.05
was accepted as a statistically significant difference.

Results
Physicochemical characterization of
CSA-loaded NPs

Particle size is an important factor in the development of
colon-specific drug delivery strategies for UC treatment
because it affects drug accumulation in the inflamed colon
tissue.'*3>33 In the current study, CSA was loaded in PNPs,
ENPs, and E/PNPs using the oil-in-water emulsion/solvent
evaporation method.?? The morphology of CSA-loaded NPs
was evaluated by SEM and a representative photograph of
each formulation is shown in Figure 1A. All NPs exhibited
a well-defined spherical shape with a smooth surface and
homogeneous nanosize distribution. Further, size distribu-
tion and PDI values were determined by the Zetasizer and
the data are shown in Figure 1B and Table 1. Most of the
NPs fell in the size range of 200-260 nm with PDI values of
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Figure | Morphology and size analysis of CSA-loaded PNPs, ENPs, and E/PNPs: (A) SEM images; (B) size histograms.
Abbreviations: CSA, cyclosporine A; PNPs, poly(lactic-co-glycolic acid) (PLGA) nanoparticles; ENPs, Eudragit FS30D nanoparticles; E/PNPs, Eudragit FS30D/PLGA

nanoparticles; SEM, scanning electron microscopy.

less than 0.3, which indicates a monodisperse size distribu-
tion. The % yield, % DL, and % EE are shown in Table 1.
The high CSA loading (~6.5%) into NPs can be attributed to
the partition phenomenon in the organic phase of the initial
emulsion and the poor water solubility of CSA, resulting in
little loss to the aqueous phase.!! Overall, the CSA-loaded
NPs were spherical and of uniform size, with a high yield
and high drug loading.

pH-dependent in vitro CSA release from
NPs and size analysis

The release profiles of CSA from NPs were determined
in gradually pH-changing medium (pH 1.2, 6.8, and 7.4)
for 24 h (Figure 2A). PNPs exhibited a burst drug-release
profile, which was pH independent. Approximately 70%
of the CSA was released in the first 6 h at pH 1.2 and 6.8,

which represents the pH of the stomach and the upper part
of the small intestine, respectively. There was no significant
difference in drug-release profile between the E/PNPs or
ENPs at pH 1.2 and 6.8, with less than 20% of the CSA
released during the first 6 h. However, at the ileum pH
(pH 7.4), E/PNPs and ENPs showed markedly different
release profiles. ENPs showed a sudden burst release (nearly
100%) of the drug, owing to their complete dissolution at
pH >7. In contrast, E/PNPs avoided complete drug release
at pH 7.4 and released CSA in a sustained manner. The
pH-dependent size measurement data of the NPs agree with
the release behavior of the respective NPs (Figure 2B). All
NPs exhibited no size changes at pH 1.2 and 6.8. However,
ENP particles were not detected at pH 7.4, indicating com-
plete dissolution and CSA release. However, PNPs and
E/PNPs maintained their nanoparticulate morphology at

Table | Physicochemical characteristics of CSA-loaded nanoparticles

Formulations Size Polydispersity Loading Encapsulation Yield (%)
(nm) index capacity (%) efficiency (%)

PNPs 233+35 0.06+0.03 6.27+0.18 51.7£1.2 752435

ENPs 255+14 0.07+0.02 6.7310.13 54.4£1.1 73.4£2.5

P/ENPs 242126 0.061+0.04 6.4510.15 51.7£1.2 74.614.2

Note: Results are expressed as mean * SD (n=3).

Abbreviations: CSA, cyclosporine A; PNPs, poly(lactic-co-glycolic acid) nanoparticles; ENPs, Eudragit FS30D nanoparticles; P/ENPs, Eudragit FS30D/ poly(lactic-co-glycolic

acid) nanoparticles.
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Figure 2 pH-dependent in vitro drug-release profiles and size analysis of CSA-loaded PNPs, ENPs, and E/PNPs: (A) in vitro drug release; (B) size analysis at different

pH values.

Abbreviations: CSA, cyclosporine A; PNPs, poly(lactic-co-glycolic acid) (PLGA) nanoparticles; ENPs, Eudragit FS30D nanoparticles; E/PNPs, Eudragit FS30D/PLGA

nanoparticles.

pH 7.4 and no significant change in size was observed. Taken
together, it was demonstrated that E/PNPs possessed
pH-dependent and sustained drug-release characteristics,
while maintaining nanoparticle morphology; these are desir-
able characteristics for colon-targeted UC therapy.

Ex vivo imaging of GIT after oral
administration of DiR-loaded NPs

in colitis mice

The biodistribution of DiR-loaded PNPs, ENPs, and E/PNPs
along the GIT following oral administration in mice was
analyzed using an IVIS to investigate the specificity of
the NPs to target the colon. For accurate measurement of
particle biodistribution, the GIT was removed at 6 and 12 h
post-administration of NPs and imaged as shown in Figure 3.
Mice administered blank NPs were used to discriminate
the effect of carrier material, and no fluorescence signals
were observed. In contrast, DiR-loaded NPs gave rise to
fluorescence signals at all time points. As can be seen in the
representative ex vivo images of the GIT (Figure 3), the PNPs
showed weak fluorescence signals in all major sections of
the GIT (ie, stomach, small intestine, and colon) at all time
points. This indicates that maximum dye was released and
absorbed systemically before reaching the colon. In contrast,
at 6 h, ENPs exhibited strong fluorescence signals in the
distal small intestine, indicating the complete dissolution
and release of the dye before reaching the colon. However,
weak signals were found in the colon at all time points,
indicating that the dye was absorbed or cleared quickly from
the GIT after the dissolution of the ENPs. Mice administered

dual-functional E/PNPs exhibited dominant fluorescence
signals in the colon compared to the signals in the other
regions of the GIT at all time points, indicating enhanced
drug delivery and accumulation in inflamed colon tissue.
This observation is significant because it confirms in vivo
that dual-functional E/PNPs overcome the limitations of a
single delivery system (ie, the bursting and premature drug
release in early small intestine of PNPs, and the complete
dissolution and release in the distal small intestine of ENPs),
delivering maximum dye to the colon.

In vivo quantification of CSA-loaded NPs

in the GIT

Next, we quantified CSA-loaded NPs in the GIT of colitis
mice (Figure 4). The percentage dose of CSA in major GIT
segments (ie, stomach, small intestine, and colon including
cecum) was assayed 6 and 12 h post-administration of NPs.
Distribution results in the colon showed that CSA levels were
significantly higher in mice administered E/PNPs than in
mice administered PNPs or ENPs. At 6 h post-administration
of NPs, the percentage dose of CSA in the colons of E/PNP-
administered mice was 5-fold higher than that of the PNP-and
ENP-administered mice. A similar trend was observed after
12 h. Indeed, the results obtained from the in vitro drug-
release study (Figure 2), biodistribution of NPs in the GIT
of the colitis mouse model using ex vivo imaging (Figure 3),
and quantitative determination of CSA (Figure 4) collectively
imply that, compared with CSA-loaded PNPs and ENPs,
the dual-functional E/PNP system has a greater therapeutic
potential for colitis therapy.
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Figure 3 Representative ex vivo images of the GIT after oral administration of blank and DiR-loaded NPs, showing colon-targeted drug delivery and accumulation potential

of PNPs, ENPs, and E/PNPs.

Abbreviations: GIT, gastrointestinal tract; NPs, nanoparticles; DiR, I,1’-dioctadecyl-3,3,3’,3’"-tetramethylindotricarbocyanine iodide; PNPs, poly(lactic-co-glycolic acid)
(PLGA) nanoparticles; ENPs, Eudragit FS30D nanoparticles; E/PNPs, Eudragit FS30D/PLGA nanoparticles.

In vivo therapeutic efficacy

Body weight changes and DAI of colitis

The body weight changes of mice in all groups are shown
in Figure 5A. Before DSS administration, there were no
intergroup differences in body weight. However, the admin-
istration of 3% DSS in the drinking water to induce colitis
significantly decreased body weights in the colitis groups
compared to the body weights in the healthy control group.
Improvement in body weight was observed in the CSA-
loaded NP-treated groups compared to that in the colitis
control group. However, the recovery of body weight was
faster in the E/PNP-treated group than in the PNP- or
ENP-treated group. We also evaluated DAI (Figure 5B),
which considers weight loss, stool consistency, and rectal
bleeding. In the colitis control group, the DAI increased in
response to intestinal inflammation. All CSA-treated groups
showed reduced DAI compared to the colitis control group.

The E/PNP-treated group showed the most prominent reduc-
tion in DAI, with a 2-fold and 3-fold reduction compared to
the single-function NPs (PNPs and ENPs) and colitis control
group, respectively.

Macroscopic assessment of colitis

All mice were euthanized 24 h after the last drug treatment.
The abdominal cavity was surgically opened, and the colon
(with cecum) and spleen were resected. DSS administration
reduced the size of the colon by several centimeters, which
is the main indicator of DSS-induced colitis. Therefore, an
expected therapeutic index of treatment efficacy would be
the recovery of the drug-treated colon length to initial values.
The results of the colon length of healthy and DSS-treated
mice are shown in Figure 5C. The average colon length of
the colitis control mice decreased to 5.84+0.4 cm, compared to
10.510.6 cm in the healthy control mice. As the administration
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Figure 4 In vivo quantification of CSA-loaded nanoparticles in the GIT: (A) PNPs; (B) ENPs; (C) E/PNPs. n=3 mice per time point; **p<0.001.
Abbreviations: CSA, cyclosporine A; GIT, gastrointestinal tract; PNPs, poly(lactic-co-glycolic acid) (PLGA) nanoparticles; ENPs, Eudragit FS30D nanoparticles; E/PNPs,

Eudragit FS30D/PLGA nanoparticles.

of CSA-loaded NPs alleviated inflammation, the colon length
also increased relative to that of the colitis control mice.
However, PNPs and ENPs only showed a slight increase
in colon length (7.3£0.7 cm and 7.4£0.9 cm, respectively).
In contrast, E/PNPs showed the greatest increase in colon
length to 9.6£0.3 cm, which is much closer to the colon length
of the healthy mice (10.8%1.3 cm). The results for the colon
weight/length ratio are shown in Figure 5D. Similar to the
observation made regarding colon length, the colon weight/
length ratio after E/PNP treatment was found to be improved
(23.5+3.2 mg/cm) in comparison to that of the PNP- or
ENP-treated group (36.5£2.6 mg/cm and 35.1+4.3 mg/cm,
respectively) or colitis control group (46.5+3.6 mg/cm). The
results of the spleen weights are shown in Figure SE. The
spleen is an important organ of the body’s immune system
and an increase in spleen weight is used as a marker of inflam-
mation severity.?” The spleen weight was significantly higher
(312£52.8 mg) in the colitis control mice than in the healthy
control mice (103.4+11.1 mg). When the colitis was allevi-
ated, the spleen weight also decreased in the CSA-treated
mice. However, the E/PNP-treated mice exhibited a lower
average spleen weight (125.2+£17.9 mg) than the PNP- or
ENP-treated mice (237.4£20.8 mg and 243.5+24.9 mg,
respectively), indicating that the E/PNPs ameliorate colitis
to a greater extent.

Microscopic assessment of colitis

Histological evaluation of the colon tissue from all groups
was performed to determine the colon-targeted delivery and
therapeutic potential of E/PNPs for UC treatment. As shown
in Figure 6A, the mucosa from the healthy control group
showed no signs of disrupted morphology. In contrast, tissue
sections from the colitis control group exhibited disruption,
irregular morphology, edema, and infiltration of inflamma-
tory cells. Colitis subsided substantially in the groups treated
with CSA-loaded NPs. However, histological findings from
E/PNP-treated mice demonstrated morphological tissue
structures resembling healthy mouse tissue, indicating
epithelial restoration and alleviation of inflammation. Histo-
logical scoring of the colon tissue sections confirmed the
above observational findings, indicating that inflammation
was most significantly alleviated (»<<0.001) in the E/PNP-
treated mice, compared to that in the PNP- or ENP-treated
mice (p<<0.05) (Figure 6B). Overall, these findings indicate
that dual-functional E/PNPs deliver sufficient CSA to the
inflamed colon, compared with CSA delivery by PNPs or
ENPs, thereby significantly alleviating inflammation.

Immunofluorescence staining of macrophages
An immunofluorescence study of F4/80-positive cells
in the colonic mucosa was undertaken to investigate the
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relationship between macrophage infiltration and colitis
severity. Macrophages produce proinflammatory cytokines,
such as IL-6 and TNF-q, at intestinal inflammation sites and
are believed to be involved in the pathogenesis of colitis.*
Increased macrophage infiltration into the epithelium was
induced by DSS intake in colitis control mice, confirming
inflammation severity (Figure 7). Compared to colitis control
mice, CSA-loaded PNP- or ENP-treated mice showed
reduced macrophage counts. More importantly, E/PNP treat-
ment suppressed the increased macrophage infiltration in the
colonic mucosa. These results further confirm more efficient

CSA delivery to the colon with dual-functional E/PNPs than
with PNPs or ENPs for UC therapy.

Proinflammatory cytokine levels and MPO activity

in the colon

The expression profiles of the proinflammatory cytokines,
TNF-o and IL-6, in the treated and control groups are shown
in Figure 8A and B, respectively. All animals with colitis
in this study exhibited elevated proinflammatory tissue
cytokine expression, compared to healthy control mice.
However, proinflammatory cytokine expression substantially
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nanoparticles.

decreased in the CSA-loaded NP-treated groups, com-
pared to the expression in the untreated colitis group. It is
noteworthy that cytokine concentrations decreased more
significantly in the E/PNP-treated group (»<<0.01) than in
the PNP- or ENP-treated (p<<0.05) group. An improvement
in inflammation based on MPO activity was also recorded
after administration of CSA-loaded NPs to colitis mice.

The activity of the MPO enzyme is usually associated with
the presence of neutrophils in the mucosa and submucosa
of the inflamed tissues. Therefore, measurement of MPO
activity can be used as a reliable index to quantify the degree
of inflammatory colitis. The MPO activity in the colitis
group markedly increased compared with that in the healthy
control group (Figure 8C). However, the CSA-loaded
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Figure 7 Immunofluorescence staining of macrophages in the colon tissue of a healthy control group, colitis control group, and CSA-loaded nanoparticle-treated groups.
Representative confocal microscopy images. Blue, DAPI nuclear staining; red, macrophages (F4/80). White arrows indicate macrophage infiltration.

Abbreviations: CSA, cyclosporine A; PNPs, poly(lactic-co-glycolic acid) (PLGA) nanoparticles; ENPs, Eudragit FS30D nanoparticles; E/PNPs, Eudragit FS30D/PLGA
nanoparticles.

NP-treated groups showed reduced MPO activity. Impor-
tantly, the E/PNP-treated group showed significantly lower
MPO activity than the PNP- and ENP-treated groups, indi-
cating efficient delivery of CSA to the inflamed colon and
superior therapeutic activity.

Discussion

Approximately 10%—15% of UC patients have a severe attack
requiring hospitalization at some time during the course of
the disease.® Intravenous corticosteroid use is a standard
treatment for severe UC flare-ups; however, it fails to induce
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remission in up to 40% of patients.’® Treatment options for
UC patients resistant to intravenous corticosteroids are lim-
ited to either CSA therapy or emergency colectomy.’” CSA is
an immunosuppressant drug that was first shown to be effec-
tive in corticosteroid-resistant UC in the late 1990s, with a
64%—82% response rate.***® However, while currently avail-
able oral and intravenous CSA formulations are efficacious,
the potentially serious side effects, such as nephrotoxicity,
neurotoxicity, and opportunistic infections, can cause death,
are highly limiting, and their use is generally restricted to
short-term treatment regimens of no longer than 3 months.*
Focusing on the colon from a UC disease perspective, there
is an unmet clinical need to improve CSA targeted and sus-
tained delivery to the inflamed colon mucosa. Such targeted
CSA delivery would allow a dose reduction compared to that
required for systemic applications, avoiding high systemic
concentrations and minimizing side effects.

One of the major limitations of currently marketed dosage
forms (tablets and capsules) in UC therapy is the lack of
targeted delivery of drugs specifically to the inflamed colon
tissue.* In addition, unreliable colonic release of a majority

of pH-based marketed dosage forms, which is caused
by inter- and intra-individual gut pH variability, makes
doubtful their suitability for UC therapy.'>*° Furthermore,
dosage forms with a size of over 200 um are subjected to
diarrhea, which results in short gastrointestinal transit time
followed by decreased therapeutic outcomes.*> To maintain
an adequate concentration of drug in the inflamed colon
tissues, those dosage forms may require large doses and
multiple administrations, which reduce patient compliance
and increase side effects. Thus, a targeted delivery of drugs
to the inflamed tissues with low doses is an ideal strategy to
treat UC. In this regard, particle size has emerged as a crucial
parameter in colon-specific drug delivery strategies for the
treatment of UC, because carrier size impacts accumulation
in the inflamed colon.’>*! According to previous reports,
there are several pathophysiological changes due to mucosal
inflammation in UC that are involved in preferential NP accu-
mulation, including elevated mucus production, disrupted
intestinal barriers, and infiltration of immune-related cells.*?
A subsequent increase in residence time is postulated for NPs,
compared to that of conventional dosage forms (eg, tablets,
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capsules, and beads), allowing for dose reduction and their
frequency of administration, thereby improving adherence to
treatment. In this regard, we loaded CSA in colon-targeted
dual-functional NPs composed of sustained-release (PLGA)
and pH-dependent (Eudragit FS30D) polymers. The objec-
tives of such a combination are to minimize the early release
of CSA in the stomach and small intestine by using Eudragit
FS30D and, at the same time, to prevent complete drug
release prior to reaching the inflamed colon mucosa and
achieve a sustained release thereafter by using PLGA.##
Results from the in vitro drug-release study in the medium
with a gradually changing pH that mimics the environ-
ment of the GIT demonstrated that dual-functional E/PNPs
minimize the burst CSA release under stomach conditions
(pH 1.2) and the complete release under ileum conditions
(pH 7.4), showing sustained release thereafter (Figure 2A).
Furthermore, size analysis at different pH values revealed
that, unlike pH-dependent ENPs, dual-functional E/PNPs
maintained their nanoparticulate size at pH 7.4, which
demonstrated the presence of PLGA. Accordingly, the CSA-
loaded dual-functional E/PNPs combined the advantages of
both pH-sensitive and sustained-release properties, as well
as nanoparticulate properties, which indicates a promising
strategy for CSA delivery to the inflamed colon.

The goal of colon-targeted delivery in UC therapy is to
deliver the maximum amount of drug to the inflamed colon,
while minimizing systemic drug absorption and unwanted
side effects in the upper regions of the GIT. In this regard,
we attempted to measure plasma CSA concentration in mice
by means of HPLC after oral administration of respective
nanoparticles. However, plasma samples did not provide
detectable CSA peaks. Alternatively, to achieve a greater
understanding of the colon-targeted drug delivery poten-
tial of dual-functional E/PNPs, the fluorescence signals
of DiR-loaded E/PNPs in colitis GIT were compared to
those of single sustained-release PNPs and pH-dependent
ENPs. At 6 h post-administration of PNPs and ENPs, weak
fluorescence signals in the colon were observed and com-
paratively high fluorescence signals in the small intestine
were noted, indicating unwanted premature release from
both formulations. Similarly, at 12 h, PNPs and ENPs gave
rise to negligible fluorescence signals in the colon, which
reflected that encapsulated dye was prematurely released and
absorbed systemically in the small intestine before reach-
ing the target sites of the inflamed colon. Dual-functional
E/PNPs showed strong fluorescence signals in the colon at 6
and 12 h, demonstrating accumulation in the inflamed colon
tissues and enhanced drug delivery potential. This behavior
of dual-functional E/PNPs is expected to facilitate localized

release of CSA in the inflamed colon tissue and to enhance
the therapeutic and safety profile in UC therapy. Therefore,
in vivo distribution of CSA in the colitis mice GIT was further
evaluated to assess the colon-targeting properties of dual-
functional E/PNPs compared to those of single-functional
NPs that have been most recently reported for CSA delivery
in experimental colitis.?® At 6 and 12 h post administration,
the dual-functional E/PNPs achieved considerably higher
levels of CSA in the colon in comparison with the CSA levels
from single-functional NPs. These results indicate that in the
case of dual-functional E/PNPs, attenuation of the burst drug
release in the upper small intestine, slow and incomplete
release of the CSA in the terminal ileum, and accumulation
in the colon resulted in higher levels of CSA in the colon.

After assessing the in vitro and in vivo colon-targeted
drug delivery potential, the therapeutic efficacy of dual-
functional E/PNPs was evaluated in DSS-induced colitis
mice in comparison with the therapeutic efficacy of PNPs and
ENPs. We used CSA at a dose of 15 mg/kg because higher
doses are needed in mice than those used for humans to
reach the therapeutic level of CSA by the oral route.*¢ The
DSS-induced colitis model was chosen because it exhibits
certain characteristics present in human UC.*” UC clinical
parameters, such as colon length and body weight, were
markedly reduced and DAI, and spleen weights increased in
the colitis control mice compared to those in the NP-treated
mice. However, treatment with the dual-functional E/PNPs
ameliorated DSS-induced colitis better than did single-
functional NP treatment. A significant recovery in body
weight, colon length, spleen weight, and DAI was observed
for dual-functional E/PNP-treated mice compared to that for
PNP- or ENP-treated mice. In all cases, the dual-functional
E/PNPs exhibited significantly better therapeutic efficacy
than did the PNPs or ENPs. The colitis-ameliorating effect
of CSA-loaded NPs on DSS-induced colitis was also demon-
strated by histological examination of mouse colonic tissue.
The healthy control group showed normal colon histology
that showed no evidence of inflammation or disruption of
healthy tissue morphology. However, colon tissues from the
colitis control group exhibited clear signs of inflammation,
such as cell infiltration, goblet cell depletion, and an irregular
mucosal structure. Tissues from the PNP- or ENP-treated
group showed slight decreases in the level of inflamma-
tion; however, tissues from the dual-functional E/PNP-
treated group had no obvious inflammation, and the tissue
morphology was much closer to that of the healthy baseline
tissue, with no severe symptoms of colitis.

The grade of colitis and recovery was also evaluated by
assessing MPO and proinflammatory cytokine levels. MPO,
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which is the most abundant protein in neutrophils, is widely
used as a standard test in IBD patients and IBD animal
models. This is especially true in the DSS-induced colitis
model, where significantly high neutrophil infiltration is
observed at all stages of DSS administration, and even after
DSS withdrawal.*® In the colitis control group, the MPO level
was significantly elevated, whereas MPO was downregu-
lated in the colonic tissues of the CSA-loaded NP-treated
groups. However, the dual-functional E/PNP-treated mice
displayed significantly lower MPO levels than did the PNP-
or ENP-treated mice, suggesting that the efficient delivery of
CSA to the colon by the dual-functional E/PNPs induced a
reduction in inflammation in the DSS-induced colitis mice.
Along with the neutrophil infiltration in the inflamed colon
area, the activation of macrophages leads to proinflamma-
tory cytokine secretion, including TNF-o and IL-6.?' Thus,
quantification of TNF-o and IL-6 by ELISA was essential
in the colonic tissues. The expression of both TNF-o. and
IL-6 decreased in the colon tissues of the CSA-treated
mice compared to the expression in the untreated colitis
mice. However, treatment with dual-functional E/PNPs
suppressed TNF-a and IL-6 expression more prominently
than did treatment with PNPs or ENPs, indicating efficient
delivery of CSA to the inflamed colon to enhance therapeutic
efficacy in UC. These cytokine reductions can be correlated
with the results of the macrophage infiltration in the colon,
which displayed the same trend of decreased inflamma-
tion with the CSA-loaded dual-functional E/PNP-treated
groups. Overall, the findings in this study justify the use of
dual-functional E/PNPs composed of PLGA and Eudragit
FS30D for efficient delivery of CSA to the inflamed colon
in UC treatment.

Conclusion

CSA-loaded dual-functional E/PNPs composed of
sustained-release and pH-dependent polymers for colon
targeting and sustained delivery during UC therapy have
been presented in this study. Based on our findings, the dual-
functional E/PNPs have the ability to avoid burst release
in the stomach; they exhibit incomplete and slow release
at the pH of the ileum and colon, followed by a sustained
release, thus delivering a sufficient amount of CSA specifi-
cally to the inflamed colon. The dual-functional E/PNPs
loaded with CSA showed a significant effect in alleviating
colitis in DSS-induced mice compared with that of CSA-
loaded sustained-release PNPs or pH-dependent ENPs. The
CSA-loaded dual-functional E/PNPs presented in this study
appear to be a promising safe and effective drug delivery
system for UC therapy.
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