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ABSTRACT
In this study, we developed oral core-shell nanoparticles composed of curcumin

nanocrystals in the core and chitosan/alginate multilayers in the shell for inflammation-

targeted alleviation of ulcerative colitis (UC). Release rate of curcumin from the core-shell
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nanoparticles was low at a pH mimicking the stomach and small intestine, whereas it was
higher at a pH mimicking the colon. Further, bio-distribution studies in the gastrointestinal
tract of mice showed that distribution of nanoparticles was significantly higher in colon
than that in stomach and small intestine. Quantitative analysis of drug in colonic tissues
and confocal imagining of colons revealed preferential accumulation of nanoparticles in
inflamed tissues than that in healthy tissues. In vivo anti-inflammatory studies revealed
that nanoparticles exhibit enhanced efficacy in alleviating inflammation-related symptoms
in mouse colitis model. The results suggest that the core-shell nanoparticles presented

here can be exploited as efficient colon-targeted drug delivery systems for UC therapy.

KEYWORDS: Chitosan, core-shell nanoparticles, curcumin nanocrystals, inflammation-targeted

delivery, sodium alginate, ulcerative colitis

INTRODUCTION

Ulcerative colitis (UC) is a chronic, recurrent inflammatory disease of the innermost lining of
the colon and rectum.!> 2 Delivery of orally administered drugs to the colon is highly desirable in
UC therapy, as it can result in low systemic toxicity and high efficacy of the drug.’ * However,
delivery of the drugs to the colon is challenging owing to the physiological and anatomical barriers
associated with the gastrointestinal tract (GIT), such as degradation of the drug in acidic pH
conditions prevalent in the lumen, presence of digestive enzymes, and physical adsorption by the
mucosa.> % To address these issues, various types of nanocarrier-based drug delivery systems, such

as polymeric nanoparticles,”> ® lipid nanoparticles,’ silica nanoparticles,!® liposomes,'!> 12
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nanoparticles in microparticles,'? and nanogels'# have been developed. However, low drug loading
capacity and excipient-associated side effects are intrinsic limitations associated with these drug
delivery systems. In addition, the fabrication cost of these systems is high.!5-!7 Therefore, to
overcome these limitations, new types of nanocarrier-based drug delivery systems are urgently
needed.

One promising approach to address these limitations is to fabricate drugs in nanocrystal
forms.!® 19 Unlike the other types of nanocarrier-based systems, the core of the drug nanocrystals
is entirely composed of the drug (~100 %) and stabilized using lesser amounts of excipient.?%-? In
addition, the excipient-associated side effects can be minimized in vivo by using nanocrystals as
drug delivery systems. Thus, there is a substantial interest in the targeted delivery of the drug
nanocrystals to the colon. This will result in high doses of the drug molecule at the site of disease,
thus enhancing the therapeutic efficacy of the drugs. However, none of the fabricated drug
nanocrystals have been used till date for colon-targeted delivery to treat diseases such as UC. One
of the reasons for this is that the drug nanocrystals rapidly dissolve in the upper GIT following
oral administration before reaching the targeted colonic regions due to their small particle size.?°
In addition, the drug nanocrystals are reported to exhibit poor adhesion and accumulation in cells
and tissues.?? Designing in-core-shell nanoparticles is one of the many strategies being investigated
for lowering the rate of drug dissolution from nanoparticles.>* Core-shell nanoparticles are a class
of nanostructured materials comprising an inner core structure surrounded by external shells
prepared from different polymeric materials.?> This unique structure has generated special interest
in using core-shell nanoparticles as carriers in the field of drug delivery. The key features of core-

shell nanoparticles include high drug loading efficiency and controlled drug release.>* 26
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In this study, we have developed curcumin nanocrystals (CUNCs) surrounded by chitosan
(CH), sodium alginate (AG), and cellulose acetate phthalate (CAP) polyelectrolyte multilayer
core-shell nanoparticles for colon-targeted therapy of UC. With this system, our goal is to deliver
CUNC:s to the colon and ensuring that they are not dissolved in the upper GIT, thereby resulting
in a high availability of the drug in the colon for therapeutic activity. Further, we aimed at
enhancing the accumulation of CUNCs into inflamed colonic tissues by exploiting the surface-
charge reversing property of the multilayers surrounding the nanoparticles. In this study, the shell
of the core-shell nanoparticles was prepared using polyelectrolytes capable of changing the surface
charge of the shell from negative in the upper GIT to positive in the colon depending on pH
variation. In our earlier study, we had demonstrated that a pH-triggered surface charge-reversal of
nanoparticles promoted their adhesion and accumulation in the inflamed colonic tissues by

enabling their interaction with negatively charged-mucins in the mucosa during UC therapy.’

MATERIALS AND METHODS

Materials

Curcumin was purchased from Sigma-Aldrich (St. Louis, MO, USA). CH (Mw 50,000 -
190,000 Da, viscosity 20 - 30 cP and deacetylation > 75 %), AG (Mw 80,000 - 120,000 Da,
viscosity = 2000 cP and mannuronate/guluronate ratio 1.56), and CAP (Mw 2534.12, hydroxyl
content 3.6 % and acetyl content 39.8 %) were obtained from Sigma-Aldrich (St. Louis, MO,

USA). Dextran sodium sulfate (DSS) was obtained from MP Biomedicals (Irvine, CA, USA).

Mouse interleukin-6 (IL-6) DuoSet® ELISA KIT was purchased from R&D System (Minneapolis,
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MN, USA). Tumor necrosis factor- o. (TNF-a) ELISA MAX® was purchased from BioLegend Inc
(San Diego, CA, USA). Anti-rabbit IgG labeled with Alexa Flour 568 was purchased from Thermo
Fisher Scientific (Waltham, USA). Anti-F4/80 antibody and polyclonal anti-myeloperoxidase
were obtained from Abcam (Cambridge, UK). Alexa Flour 488-conjugated goat anti-mouse IgG
antibody was purchased from Jackson ImmunoResearch Inc (West Grove, PA, USA). All other

reagents and solvents were of the highest analytical grade commercially available.

Preparation of core-shell nanoparticles

CUNCs/CH, AG and CAP multilayer core-shell nanoparticles (CAP;AG4CHs@CUNCs) were
prepared by ultrasound-assisted antisolvent crystallization and layer by layer (LBL)-coating
techniques (Figure 1A).27- 28 Briefly, curcumin (2 mg/mL in 60 % ethanol) was added to CH (2
mg/mL in 0.1 M acetic acid, pH 5) and sonicated (150 W/cm2) at 4°C for 30 min. The resulting
suspension was centrifuged at 20,000 x g for 20 min and washed thrice with 0.05 % NacCl to obtain
chitosan-coated curcumin nanocrystals (CH; @CUNCs). CH;@CUNCs were then re-suspended in
20 mL of AG solution (2 mg/mL in water, pH 5) and gently shaken for 20 min to allow AG coating
on the surfaces. The resulting suspension was centrifuged at 20,000 x g for 20 min and washed
thrice with 0.05 % NaCl. The coating was then continued using CH and AG alternately until the
desired number of CH/AG multilayer was obtained (AG4CHs;@CUNCs). Finally,
AG4CH;s;@CUNCs were incubated in CAP solution (2 mg/mL, pH 6) for 20 min and washed thrice

with 0.05 % NaCl to obtain CAP;AG4CHs@CUNC:s.

Characterization of core-shell nanoparticles
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The particle shape of CAP;AG4CHs@CUNCs was characterized by scanning electron
microscopy (SEM) (SUPRA 40 VP ZEISS Ltd, USA). A drop of diluted suspension of
nanoparticles was placed on a carbon tape, air dried at room temperature (25 °C) in a desiccator
and imaged at an accelerating voltage of 15 kV after coating with gold-palladium alloy. The core-
shell structure of CAP;AG4CHs@CUNCs was characterized by transmission electron microscope
(TEM) (H7600 Hitachi, Japan) in accordance with a previously described procedure.?’

Dynamic light scattering (DLS) was used for measuring the particle size, polydispersity index
(PDI) and zeta potential of CAP;AG4CHs@CUNCs by Malvern Zetasizer Nano ZS90, (Malvern
Panalytical, UK). Three independent samples of nanoparticles were diluted in water, dispersed
well, and measured at a fixed angle of 137° at 25 °C.

Differential scanning calorimetry (DSC) was performed using PerkinElmer DSC instrument
(Waltham, USA) to examine the crystalline state of curcumin in CH;@CUNCs and
CAP,AG4,CHs@CUNCs. Five milligrams of curcumin powder, CH;@CUNCs and
CAP;AG4CHs@CUNCs were accurately weighed and heated at a temperature ranging from 0 -

300 °C with a heating rate of 10 °C/min.

pH-dependent drug release study

To study the effect of pH on drug release rate, CAP;AG4CH;5@CUNCs were studied using a

gradually pH-changing buffer solution that mimicked the pH variation in the human GIT.3° Briefly,

22.5 mg of nanoparticles was suspended in 50 mL of 0.1 N hydrochloric acid (pH 1.2) and agitated

(60 rpm) at 37 °C for 2 h. The pH of the buffer was then increased to 4.5 by adding a powder
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mixture containing 2.28 g of tris(hydroxymethyl) aminomethane and 1.77 g of anhydrous sodium
acetate and the experiment was performed for 3 h. The pH of the buffer was further increased to
7.2 by adding the same powder mixture again and the study was continued till completion, i.e.,
24 h. At predetermined time intervals, 500 uL of the sample was collected from the solution
and centrifuged at 45,000 x g at 4 °C for 30 min. Then, the drug content in the supernatant
was analyzed by high-performance liquid chromatography (HPLC)3!' and the pellet was
redispersed in the release buffer solution with 500 pL of fresh medium to avoid the loss
of nanoparticles. The HPLC system (Shimadzu, Tokyo, Japan) used was equipped with an
autosampler processor, SPD-20A ultraviolet (UV) detector, and C18 column (5 pm, 250 mm x 4.6
mm). The mobile phase consisting of a mixture of methanol: H,O (containing 3.6 % glacial acetic
acid) (73:27, v/v) was pumped at a flow rate of 1 mL/min. The sample injection volume was set at

20 pL and the UV detector was set at 306 nm. The retention time was 7.5 min at 25 °C.

pH-dependent charge-reversing study

The surface charge-reversing property of CAP;AG4CHs@CUNCs was studied by measuring
their zeta-potential at different pH values following previously described procedure.” The
nanoparticles were added to the buffers with different pH values, similar to the varying pH
conditions in the human GIT (stomach 1.2, small intestine 4.5 and colon 7.2) and incubated in a
shaking water bath (60 rpm) at 37 °C for predetermined times. Then, the nanoparticles were
collected by centrifugation at 20,000 x g for 20 min and washed thrice with distilled water (20,000
x g for 20 min). Finally, they were re-suspended in distilled water and surface charge was measured

using DLS method (Malvern Zetasizer Nano ZS90, Malvern Panalytical, UK).

ACS Paragon Plus Environment



oNOYTULT D WN =

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

Biomacromolecules

Bio-distribution of core-shell nanoparticles in mice GIT

The bio-distribution of CH;@CUNCs and core-shell nanoparticles in the different segments
of the GIT in colitis-induced mice was studied. Briefly, mice were randomly divided into the
following four groups (n = 6 mice per group): control (no drug treatment), CH;@CUNC:s,
AG4CH;s@CUNCs (core-shell nanoparticles without CAP layer), and CAP;AG4CH;5@CUNC:s.
Nanoparticle suspensions were prepared and orally administered to mice (curcumin concentration
of 50 mg/kg of body weight) for 6 h or 12 h. At the end of each experiment, the mice were
euthanized and the GIT segments, including luminal contents were excised. The drug contents
from different segments, such as stomach, small intestine and colon were then analyzed using
HPLC.3?

The bio-distribution of CH;@CUNCs and core-shell nanoparticles in mice GIT was also
studied using an in vivo imaging system (IVIS) (FOBS; Nanoscience, South Korea). For
fluorescent imaging of mice GIT, IR-780 dye was used as fluorescent probe after assembling with
curcumin in core-shell nanoparticles.?3 Briefly, mice were divided into 4 experimental groups (n
= 6 in each group). The control group did not receive any drug, while the other groups were orally
administered with CH;@CUNCs, AGsCHs@CUNCs, or CAP;AG4CH;5@CUNCs at a curcumin
dose of 0.5 mg/kg. After 6 h or 12 h of administration, the mice were euthanized and the entire

GIT was excised for ex vivo fluorescence imaging.

Accumulation of core-shell nanoparticles into inflamed colonic tissues
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The accumulation of CH;@CUNC:s and core-shell nanoparticles in the inflamed colonic tissues
of mice was analyzed quantitatively and the results were compared to that in healthy colons.’
Briefly, mice were divided into 4 groups (n = 6 in each group). The control group did not receive
drug, while the other groups were orally administered with CH;@CUNCs, AGsCHs@CUNCs or
CAP;AG4CHs@CUNC:s at a curcumin dose of 50 ug per mice. After 12 h of administration, mice
were euthanized, colons were excised, and samples from healthy and inflamed colons were freeze-
dried. Thirty milligrams of healthy and inflamed colon samples were used to extract curcumin with
one milliliter of ethanol and the drug concentrations in the samples were quantified by HPLC.3*

To further investigate the accumulation of CH;@CUNCs and core-shell nanoparticles in
inflamed colonic tissues of mice, confocal laser scanning microscopy (CLMS) (Olympus FV10i,
Tokyo, Japan) was used. For confocal imaging of the colonic tissues of mice, curcumin was used
as fluorescence probe.3* Samples from inflamed colons were fixed in 4 % paraldehyde prepared in
10 % sucrose for 12 h at 4 °C. The colon samples were then embedded in Tissue-Tek® O.C.T.

compound (Sakura, Netherlands), cut into 5 um sections, and visualized.

Animal model and treatments

All animal studies in this work were in compliance with the regulations of Pusan National
University, Busan, South Korea (PNU-IACUC, approval number: PNU-2018-2038). Imprinting
control region (ICR) mice (30 - 35 g body weight) were housed at the university animal center at
25 £ 3 °C under a 12 h light/dark cycle for 7 days before the induction of colitis. Colitis was
induced in mice by supplementing 2.5 % (w/v) DSS in drinking water for 7 days. Age and sex-

matched mice were given access to tap water and considered as healthy control group. After the
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induction of colitis, DSS water was replaced with normal tap water and drug treatment was started.
Mice were divided into five experimental groups: healthy control, colitis control, CH;@CUNCs-
treated, AGsCHs@CUNCs-treated and CAP;AG4,CHs@CUNCs-treated. The mice in drug-treated
groups received an equal dose of a curcumin (15 mg/kg) in the form of suspension by oral gavage

for 7 days. Mice in healthy and colitis groups did not receive any curcumin.

Macroscopic grading of colitis

The macroscopic assessment of colitis was performed based on disease activity index (DAI),
colon length and spleen weight of mice. DAI was monitored blindly, starting from first day of
induction of colitis until the last day of treatment, and includes a sum of 3 parameters: body weight,
stool consistency, and rectal bleeding.? Briefly, the loss in body weight was scored in a four point
scale: no weight loss was assigned a score of 0, 1 — 5 % weight loss was assigned a score of 1, 5 —
10 % of weight loss was assigned a score of 2, 10 - 20% weight loss was assigned a score of 3,
and > 20 % weight loss was assigned a score of 4. Similar scaling was used for stool consistency:
well-formed pellets stool was assigned 0, semi-formed stool was assigned a score of 2, and liquid
stool was assigned a score of 4 points. Similarly, for rectal bleeding: no blood was assigned a core
of 0, positive finding was assigned a score of 2, and gross bleeding was assigned a score of 4. All
mice were euthanized by CO, asphyxiation after 24 h of last drug treatment and the colon and
spleen were carefully removed. Resected colon and spleen were rinsed with cold phosphate buffer
and colon length and spleen weight were measured as gross clinical features for assessing the

colitis severity.3°
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Histological analysis of colitis

To evaluate the therapeutic efficacy of core-shell nanoparticles on the severity of colitis,
histological analysis of mice colon tissues was performed using Hematoxylin-Eosin (H&E)
staining. The mice colon samples were fixed in neutral buffer with 10 % formalin and embedded
in wax. The embedded colons were then cut into 5 um-thick sections using microtome (Reichert,
Munich, Germany), stained with H&E, and scanned using light microscopy (Zeiss, Axioskop,
Germany). The severity of colitis in each colonic section was assessed by evaluating mucosal
features, such as epithelium damage, mucosal edema, and infiltration of inflammatory cells into

mucosa using a blinded approach.’’

Neutrophil and macrophage infiltration into mucosa

Immunofluorescence was performed on the colon samples for detecting neutrophil and
macrophage infiltration in mucosa.?® Formalin-fixed paraffin-embedded colon samples were cut
into 5 um-thick sections using microtome (Reichert, Munich, Germany) and incubated with
blocking solution (Tris buffer with 2 % BSA). Further, to detect neutrophil infiltration, the tissue
sections were incubated overnight with polyclonal anti-myeloperoxidase (1:200 dilution) at 4 °C,
followed by incubation with the secondary antibody Alexa Flour 488-conjugated goat anti-mouse
IgG (1:200 dilution) for 1 h at 25 °C. Similarly, for detecting macrophage infiltration, the tissue
sections were incubated overnight with primary anti-F4/80 antibody (1:500 dilution) at 4°C,
followed by incubation with anti-rabbit IgG labeled with Alexa Flour 568 (1:200 dilution)

secondary antibody for 3 h at 25°C. Finally, the colonic sections were counterstained with 5 pg/mL
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of 4',6-diamidino-2-phenylindole (DAPI) and analyzed using confocal microscopy (Olympus

FV10i, Tokyo, Japan).

Measurement of MPO activity and pro-inflammatory cytokine levels

MPO activity in the colon tissues was measured by following a previously described method.?®
Briefly, 50 mg of the tissue sample was homogenized in 2 mL of ice-cold 50 mM phosphate buffer
(pH 6.0) containing 0.5% hexa-decyltrimethyl ammonium bromide at 30 Hz and 4 °C for 4 min.
The homogenate was then centrifuged at 13,400 X g for 6 min at 4°C. The supernatant was then
collected and added to 0.0167% o-dianisidine hydrochloride (o-dianisidine) solution and 0.0005%
hydrogen peroxide (H,O,), and the change in absorbance was measured at 450 nm at intervals of
30 s. The o-dianisidine solution was prepared by dissolving 16.7 mg of o-dianisidine in 90 mL of
distilled water and 10 mL of 50 mM phosphate buffer. MPO activity was calculated as a unit of
MPO per mg of tissue. One unit of MPO was defined as the amount needed to degrade 1 pmol
H,0,; per min.

The concentration of interleukin-6 (IL-6) and tumor necrosis factor (TNF-a) were quantified
in the colons samples according to an established method described by Kim et al.>® Briefly, 50 mg
of the colon tissue samples were homogenized in 1 mL of protease inhibitor cocktail and lysis
buffer solution (10 mL of 1 M tris-hydrochloric acid (pH = 8.0), 6 mL of 5 M sodium chloride and
2 mL of Triton X-100 in 182 mL of sterilized distilled water) for 5 min at 30 Hz. The homogenate
was centrifuged at 3300 x g for 5 min at 4 °C and the supernatant was used to quantify IL-6 and

TNF-a by a sandwich-type enzyme-linked immunosorbent assay as per the supplier’s instructions.
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RESULTS

Preparation and characterization of core-shell nanoparticles

In this study, CH;@CUNCs were prepared using the anti-solvent crystallization technique
(Figure 1A). The curcumin solution was added to the CH solution to form CH;@CUNCs under
sonication. As curcumin is highly hydrophobic and tends to self-aggregate into large clumps in
solution,*® an ultrasonic powder was used to prevent particle aggregation and to obtain desired
particle size. CH;(@CUNCs with a particle size of 380 nm and PDI value of 0.09 were successfully

prepared (Table 1).

Table 1. Physicochemical characteristics of core-shell nanoparticles

Formulation Particle size PDI Zeta potential Drug loading
(nm) (mV) (%)
CH,@CUNCs 380+90 0.09 +0.02 +34+7 94 +7
AG;CHs@CUNCs 420+ 17 0.29 +0.04 -36+2 90+4
CAP,AG,CH;s@CUNCs 421+ 14 0.21 £0.01 -47+3 91+3

Note: results are expressed as mean £ SD (n = 3).

To prepare CAP;AG,CHs@CUNCs, CH;@CUNCs were coated with multiple layers of CH
and AG followed by CAP using an LBL-coating technique. To confirm the coating of CH, AG,
and CAP on CH;@CUNC:s surface, zeta potential of the resulted particles was measured during
every coating step. Successful coating of each polyelectrolyte layer was confirmed based on the

change in charge between positive and negative during every coating step, as shown in Figure 1B.
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Analysis of CH;@CUNCs and CAP;AG4CHs@CUNC:s using SEM confirmed the cubic shape of
nanoparticles (Figure 2A and C). Moreover, TEM was used to analyze the core-shell structure of
CH,;@CUNCs and CAP;AG4CHs@CUNC:Ss (Figure 2B and D, respectively). As shown in Figure
2D, the high contrast dark black region indicates the CUNCs core, whereas, the light darker part
surrounding the core confirms the presence of CH/AG/CAP multilayer shell. The diameter of the
curcumin core was approximately 270 - 280 nm, while the thickness of the CH/AG/CAP multilayer
shells was approximately 50 - 100 nm (Figure 2D). In general, it has been reported that the core-
shell nanoparticles with thick shell have the advantage of achieving a sustained drug release from

their inner cores.*!

A)

Lhe .

Repeat )
CH solution CH1@CUNCs AG1CH1_@CUNCS AG4CHs@CUNCs CAP1AG:CH5@CUNCS
B)
_ 40-
E 30
— 204
8 104
c
I3 0
O -104 5 6 7 8 9 0
o
@ -20-
D -30-
N 30
-40-

CAP
Number of Iayers

Figure 1. Preparation of core-shell nanoparticles and their zeta potential at different stages. (A)

Schematic diagram of CAP;AG4CH;5@CUNCs preparation using ultrasound-assisted antisolvent
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crystallization and LBL-coating techniques. (B) Change in zeta-potential of CH;@CUNC:s as a
function of the number of CH, AG, and CAP layers during the preparation of

CAP,AG4CH;5@CUNC:s. Data are represented as means = SD (n = 6).

CAP;AG4CHs@CUNCs with an average diameter of 421 + 14 nm and PDI of 0.21 £ 0.01 were
successfully prepared in this study (Table 1). The small PDI value indicated the narrow particle
size distribution of CAP;AG4CH5@CUNCs. To examine the crystalline state of curcumin in the
core, DSC analysis was performed for CH;@CUNCs and CAP;AG,CHs@CUNCs and was
compared with that of curcumin powder. CAP;AG,CHs@CUNCs showed endotherm peaks with
a melting point at ~ 175 °C, which coincided with that of free curcumin and CH;@CUNC:s (Figure
2E), indicating that the crystalline state of CH;@CUNCs was not affected by the LBL-coating
process.

CAP;AG4CH;s5@CUNCs showed a high drug loading efficiency with up to 90 % for curcumin.
Although, the drug loading efficiency of CAP;AG4CHs@CUNCs was found to be slightly lesser
than that of CH;@CUNC:s, it was insignificant (Table 1). Further, it should be noted that high drug
content is one of the important advantages of drug delivery systems prepared by the LBL-coating

technique.*?
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Figure 2. Physical characterization of core-shell nanoparticles. SEM and TEM images of

CH;@CUNCs (A and B, respectively) and CAP;AG4,CHs@CUNCs (C and D, respectively),

indicating the core-shell structure of nanoparticle. (E) DSC peak of free curcumin, CH;@CUNCs

and CAP]AG4CH5@CUNCS
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pH-dependent drug release and charge-reversal studies

To evaluate the effect of shell thickness on pH-dependent drug release, core-shell nanoparticles
with different shell thickness (different number of CH/AG/CAP multilayers) were prepared (Table
1 and Table S1). Drug release from core-shell nanoparticles was shown to be reduced in the first
5 h at pH 1.2 and 4.5 by increasing the number of CH/AG/CAP multilayers. Approximately, 20 -
80 % of total curcumin was released from core-shell nanoparticles depending on the number of
CH/AG/CAP multilayers (Figure 3A). However, core-shell nanoparticles with less than 10
multilayers of CH/AG/CAP, such as CAP;AG;CH,@CUNCs, CAP;AG,CH3@CUNCs, and
CAP;AG;CH4@CUNCs showed burst drug release at pH 1.2 and 4.5. Further, core-shell
nanoparticles with 10 CH/AG/CAP multilayers, CAP;AG4CH;s@CUNCs, showed ~ 3-fold lesser
curcumin release than others at pH 1.2 and 4.5. Total curcumin released from
CAP,AG4CHs@CUNC:s at pH 1.2 and 4.5 was ~ 20 % (Figure 3B). However, by increasing the
pH of the buffer to 7.2, CAP;AG4CHs@CUNCs showed sustained drug release with the remaining
curcumin payload released in ~ 9 h (Figure 3A). These results indicate that the shell thickness of
50 - 100 nm having 10 CH/AG/CAP layers (CAP;AG4CHs@CUNC:sS) is responsible for the
controlled drug release from the nanoparticle cores. This hypothesis was partially supported by the
release profile of AGsCH;@CUNCs, which exhibited burst drug release at pH 1.2 and 4.5.
Approximately 80 % of the total drug payload of AGsCHs@CUNCs was released in the first 5 h
of the study at pH 1.2 and 4.5 (Figure 3B).

The pH-dependent charge reversal property of the core-shell nanoparticles was studied by
measuring their zeta-potential in buffer solutions with different pH (Figure 3C).

CAP;AG4CH;s@CUNC:s exhibited negative surface charge of - 37 =4 mV and - 36 + 5 mV at pH
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1.2 and 4.5, respectively, owing to the presence of CAP outer layer. In contrast, in a buffer with
pH 7.2, CAP,AG4CH;s@CUNC:s exhibited a positive surface charge of 34 =4 mV, because of the

dissolution of CAP outer layer and exposure of the CH layer beneath.
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Figure 3. Drug release and charge reversal properties of the nanoparticles based on pH variation.
(A) pH-dependent drug release from core-shell nanoparticles with shells containing different
numbers of CH/AG/CAP multilayers. (B) pH-dependent drug release from AGsCHs@CUNCs and
CAP,AG4CH;s@CUNC:s. (C) pH-dependent surface charge reversal of CAP{AG4CHs@CUNC:s.

Data are represented as means + SD (n = 6).
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Bio-distribution of core-shell nanoparticles in mice GIT

Figure 4A and B show the maximum recovery of curcumin from the different GI tract
segments after 6 and 12 h post-administration of CH;@CUNCs and core-shell nanoparticles to
mice. For AGsCHs@CUNCs, ~ 8 % of curcumin was recovered from the small intestine after 6 h
post-administration, whereas trace amounts of curcumin were detected in stomach as well as colon
(Figure 4A). After 12 h post-administration of AGsCHs@CUNC:s, negligible amounts of curcumin
were detected in the stomach, small intestine and colon. The reason for the small amounts of
curcumin recovered after 6 h and 12 h post-administration of AGsCHs@ CUNC:s is presumably
due to the systemic absorption of curcumin in the stomach and small intestine before reaching the
colon. For CAP,;AG4CH;5@CUNCs, maximum recovery of ~ 45 % and ~ 40 % of curcumin was
achieved from the colon after 6 and 12 h post-administration, respectively (Figure 4B). The drug
recovery from CAP;AG4CHs@CUNC:s in case of the small intestine was found to be ~ 35 % and
~7 % 6 and 12 h post-administration to mice, respectively, and negligible amounts were found in
the stomach (Figure 4B). It was worth to mention that no curcumin was recovered from the
stomach, small intestine and colon after 6 and 12 h post-administration of CH;@CUNCs to mice.

Figure 4C shows representative IVIS images demonstrating the bio-distribution of
CH;@CUNCs and core-shell nanoparticles in different GIT segments after 6 and 12 h post-
administration. CH;@CUNCs showed no significant fluorescent signal in the GIT segments after
6 and 12 h post-administration to mice. For AGsCHs@CUNCs, weak fluorescence signals were
detected in the stomach, small intestine, and cecum (not colon) after 6 h post-administration, which
completely disappeared after 12 h (Figure 4C). These results proved that AGsCHs;@CUNCs had

dissolved in the stomach and small intestine before reaching the colon. In contrast,
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CAP;AG4CH;s@CUNC:s showed high fluorescence signals in the small intestine and colon after 6
h, with signals being detected in the colon after 12 h post-administration (Figure 4C). These results
indicated that CAP;AG4CH;5@CUNCs are more efficiently distributed in the colon as compared

to CH;@CUNCs and AGsCHs5@CUNC:s.
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Figure 4. Bio-distribution of CH;@CUNCSs and core-shell nanoparticles in different segments of
mice GIT. Quantitative analysis indicating bio-distribution of AGsCHs;@CUNCs (A) and

CAP,AG4CH;s5@CUNC:s (B) in different mice GIT segments 6 and 12 h post- administration. (C)
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IVIS images of mice GIT showing the bio-distribution of CH;@CUNCs, AGsCHs@CUNCs and
CAP,AG4CH;s@CUNC:s 6 and 12 h post-administration to mice. Data are represented as means +

SD (n = 6).

Accumulation of core-shell nanoparticles in the inflamed colonic tissues

The accumulation of CH;@CUNCs and core-shell nanoparticles in the inflamed colons was
analyzed quantitatively and compared to that of healthy colons (Figure 5A). For mice administered
with CAP;AG,CH;s@CUNC:s, significant amounts of curcumin were recovered from the healthy
and inflamed colonic tissues. However, the concentration of the curcumin recovered from the
inflamed tissues (3500 ng/g tissue) was significantly higher (p < 0.001) than that from healthy
colon (798 ng/g tissue) (Figure 5A). These results indicate that CAP;AG4CHs@CUNCs
accumulate more effectively in the inflamed colonic tissues than in healthy colonic tissues,
presumably via the charge-reversal properties of core-shell nanoparticles. As expected, no
curcumin was recovered from both healthy and inflamed colonic tissues obtained from mice
administered with CH;@CUNCs or AGsCHs@CUNC:s.

We further investigated the accumulation of CH;@CUNCs and core-shell nanoparticles in the
inflamed colonic tissues of colitis using a confocal microscopy. Figure 5B shows confocal images
of colons demonstrating the accumulation of CH;@CUNCs and core-shell nanoparticles in the
inflamed colonic tissues of colitis mice. No fluorescence signal was detected in the colonic tissue
of mice with CH;@CUNC:s, indicating that few nanoparticles are accumulated in the colonic
tissues. For mice with AGsCHs@CUNC:s, the signal was too weak to distinguish it from the

colonic tissue autofluorescence (Figure 5B). In contrast, the inflamed colonic tissues of the
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mice administered with CAP;AG4CHs@CUNCs showed stronger fluorescence signals than
those treated with CH;@CUNCSs or AGsCHs@CUNCs. At 12 h post-administration of mice,
CAP;AG4CHs@CUNCs highly accumulated in the inflamed colonic tissues (Figure 5B).
These results were consistent with the curcumin quantitative results and further indicated that
CAP;AG4CHs@CUNCs were more preferentially accumulated in the inflamed colonic tissues of

mice than CH;@CUNCs and AGsCHs@CUNC:s (Figure 5C).
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Figure 5. Accumulation of CH;@CUNCs and core-shell nanoparticles in the inflamed colonic
tissues of mice. (A) Quantitative analysis of curcumin accumulated in the healthy and inflamed
colon samples from colitis mice after oral administration of CAP;AG4CHs@CUNC:s. (B) Confocal
images showing the accumulation of CH;@CUNCs and core-shell nanoparticles in inflamed
colons of colitis mice. The fluorescent signals of core-shell nanoparticles are shown in green

(white arrows). (C) Schematic illustration showing the adhesion and accumulation of
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CAP,AG4CH;s5@CUNC:s in inflamed colons of colitis mice after oral administration. Data are

represented as means = SD (n = 6, *** p <(0.001 versus healthy colon).

Macroscopic grading of colitis

The DAI results indicating the severity of colitis in all studied mice groups are shown in Figure
6A. Mice in the healthy group showed constant DAI values throughout the study period, whereas
increased DAI (up to 18 %) was recorded in the untreated colitis mice, indicating high colitis
severity. Mice treated with CH;@CUNCs and AGsCH;@CUNCs showed an increase in DAI by
(~ 18 % and ~ 16 %, respectively), indicating high colitis severity. In contrast, mice treated with
CAP;AG4CHs@CUNCs showed significantly (»p < 0.001) lower DAI than the untreated colitis
mice, indicating a lower severity of colitis.

Further, the length of the colon in mice was measured to evaluate the severity of colitis at the
end of the study (Figure 6B). The length of colon in mice in the healthy group was found to be ~
9 cm. In mice treated with CH;@CUNCs and AGsCHs@CUNCs, colon length was markedly
shortened, similar to that in the colitis group (~ 5.2 and ~ 5.7 cm, respectively), indicating high
colitis severity. In contrast, the colon length in mice treated with CAP;AG4CHs@CUNCs, was
found to be ~ 8.4 cm, which was significantly (p < 0.01) higher than that in untreated colitis mice,
indicating low colitis severity in the CAP;AG4CHs@CUNCs-treated group. Further, we recorded
the spleen weight in mice as a macroscopic feature to analyze colitis severity (Figure 6C). An
enlarged spleen is considered to be an important indicator of the extent of inflammation in colitis.’
The spleen weight in healthy mice was ~ 0.083 + 0.01 g, whereas, for untreated colitis mice it was

~0.221 £0.02 g, indicating severe colitis. The average spleen weight in CAP;AG4CH;5@CUNCs-
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treated mice was ~ 0.107 = 0.02 g, which was significantly (p < 0.001) lower than that of the
untreated colitis mice. The spleen weight in CH;@CUNCs and AGsCHs@CUNCs-treated mice
was recorded to be 0.208 £ 0.01 g and 0.205 £ 0.02 g, respectively, which was similar to that in
the untreated colitis mice. It is worth to noting that a suspension of free curcumin was also used to
treat colitis mice as a separated study group. However, mice treated with free curcumin did not
show any significant macroscopic improvement in colitis signs (lower DAI, shorter colon length

and smaller spleen weight) as compared to untreated colitis mice (Figure S1).
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Figure 6. Macroscopic analysis of colitis in mice of all experimental groups. (A) Disease activity
index. (B) Colon length. (C) Spleen weight. Data are presented as means =SD (n =6, ** p <0.01

and *** p <0.001 versus colitis group).
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Histological analysis of colitis

The representative images of mice colon tissue sections stained with H&E from different
treatment groups are shown in Figure 7A. The colon sections in healthy mice showed intact mucosa
without any signs of mucosal inflammation, i.e., intact epithelium, absence of edema, and no
infiltration of inflammatory cells, neutrophils, and macrophages. In contrast, the colonic sections
of untreated colitis mice showed severe histological signs of mucosal inflammation, i.e., damaged
epithelium, edema and infiltration of neutrophils and macrophages to the mucosa. Further, in mice
treated with CH;@CUNCs and AG;CHs@CUNCs, no pronounced improvements in the
histological features of colitis were observed. As expected, the severe histological features of
colitis were remarkably improved by treating mice with CAP;AG4CH;5@CUNCs. As shown in
Figure 7A, re-epithelization of mucosa, absence of edema and low rate of neutrophil and
macrophage infiltration to the mucosa were observed in mice treated with
CAP;AG4CHs@CUNCs. Mice treated with free curcumin did not significantly improve the

histological features of colitis (Figure S2).

Immunofluorescence in mice colon

The representative images of colon sections stained for neutrophil and macrophage infiltrations
using immunofluorescence are shown in Figure 7B and C, respectively. The colon sections from
healthy mice showed no signs of neutrophil and macrophage infiltrations to the mucosa, indicating
absence of colitis. However, in the colon sections from untreated colitis mice, neutrophil and

macrophage infiltration to mucosa was observed, indicating severe colitis. The colon sections of
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mice treated with CH;@CUNCs and AGsCHs@CUNCs also showed increased neutrophil and
macrophage infiltration, similar to that observed in untreated colitis mice. In contrast, treatment of
mice with CAP;AG4CHs@CUNC:s, largely reduced the neutrophil and macrophage infiltration to
mucosa, indicating improvement in severity of colitis. Free curcumin treatment did not
significantly reduce the neutrophil and macrophage infiltration to mucosa as compared to untreated

colitis mice (Figure S2).

Measurement of MPO activity and pro-inflammatory cytokine levels

MPO is considered as an important marker for detecting neutrophil infiltration to mucosa as
well as degree of colitis severity.** Hence, we measured MPO activity in colon samples of all mice
groups. The results indicated that all mice groups except the healthy mice exhibited variable MPO
activities, indicating neutrophil infiltration. However, MPO activity was found to be significantly
lower (p < 0.001) in the colon of mice treated with CAP;AG4CHs@CUNC:s than that in untreated
colitis mice (Figure 7D).

We further confirmed the low neutrophil and macrophage infiltration in the colon samples of
mice treated with CAP;AG,CHs@CUNCs by determining TNF-o and IL-6 levels (Figure 7E and
F). TNF-a and IL-6 are secreted by neutrophils and macrophages and two important inflammatory
mediators associated with UC pathogenesis.* The levels of TNF-a and IL-6 in the colon samples
were found to be increased in response to the induction of colitis in mice, whereas, they were
shown to be significantly reduced (p < 0.001) after CAP;AG,CHs@CUNCs treatment. The
treatment with CH;(@CUNCs and AGsCH5@CUNC:s did not result in any significant reduction in

TNF-o and IL-6 levels when compared to that in untreated colitis mice (Figure 7E and F). Free
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513  curcumin treatment did not significantly reduce the MPO activity and TNF-o and IL-6

514  concentrations as compared to untreated colitis mice (Figure S3).
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black arrows, inflammatory cells; red arrows, re-epithelization). (B) Immunostained colon sections
illustrate neutrophil infiltration into mucosa (white arrows). Green, neutrophils; Blue, DAPI for
nuclear staining. (C) Immunostained colon sections illustrate macrophage infiltration into mucosa
(white arrows). Red, macrophages (F4/80); Blue, DAPI for nuclear staining. (D) MPO activity in
the colon samples. (E) IL-6 concentration in the colon samples. (F) TNF-a concentration in the

colon samples. Data are presented as means = SD (n = 6, *** p <0.001 versus colitis group).

DISCUSSION

Core-shell nanoparticles were successfully prepared using an ultrasound-assisted antisolvent
crystallization and LBL-coating techniques (Figure 1A).27 28 CH aqueous solution (antisolvent)
was gradually added to curcumin in ethanol solution (solvent) and sonicated to fabricate drug
nanocrystals and then coat with CH. Curcumin is a highly hydrophobic drug,* and tend to self-
aggregate in the solution during the preparation of curcumin nanoparticles.*® The aggregated
nanocrystals do not represent suitable particle core for LBL-coating.?? Hence, to prevent curcumin
aggregation and prepare stable drug nanocrystals, important processing conditions and formulation
parameters involved in the preparation were screened and optimized.*” We found that using 2
mg/mL of CH aqueous solution as antisolvent with curcumin prepared in ethanol resulted in stable
drug nanocrystals after sonication at 150 W/cm2 for 30 min. The drug nanocrystals
(CH@CUNCs) were characterized for their particle size, PDI, surface charge and shape. The
results showed that CH;(@CUNCs had an average size of 412 nm and positive surface charge of +
30 mV (Table. 1). Together, these results show that stable CH;@CUNCs were produced and have

suitable core for LBL-coating with the PE, CH and AG.
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In UC therapy, a pH-sensitive polymer coating approach of nanoparticles showed early drug
release by the nanoparticles in the upper GIT. This will result in reduced concentration of the drug
available in colon, subsequently reducing the drug efficacy.*®4° In this study, we developed core-
shell nanoparticle forms (CAP;AG4CHs@CUNC:s) that reduce the drug (curcumin) leakage in the
upper GIT and delivers it specifically to the inflamed colon, thus decreasing the symptoms of
experimental colitis in mice. To control curcumin leakage from CAP;AG4CHs@CUNCs during
their passage through the upper GIT, the CUNCs cores were coated with multiple layers of CH
and AG followed by CAP. CH and AG are non-toxic biopolymers with good biodegradability and
biocompatibility profiles. Both polymers have been widely used as carriers in colon-targeted
nanoparticles.’® CAP is a pH-sensitive polymer which is insoluble in the stomach pH while
dissolving in the colonic pH. Hence, CAP was used as an enteric coating material to resist acid
dissolution in the stomach and small intestine and deliver the drug to the colon.’!- 32 The bio-
distribution and confocal microcopy imaging studies indicated that CAP;AG4CHs@CUNCs were
highly distributed in the colon than in the upper GIT tract after oral administration in mice.

Despite the significant advances in UC therapy, absence of nanoparticle accumulation in the
inflamed tissues remains an issue. Recently, in our lab a new approach for enhancing the
accumulation of nanoparticles in the inflamed colonic tissues was studied for UC therapy. This
approach utilizes the pathophysiological changes occurring in the inflamed tissues, such as
elevated levels of mucus production and mucosal disruption to promote higher accumulation of
nanoparticles.’ In our study, the quantitative analysis of curcumin concentration in colon samples
confirmed significantly higher accumulation of CAP;AG4CHs@CUNC:s in the inflamed tissues
than the healthy ones (Figure 5A). Moreover, the confocal microscopy images of colon samples

showed enhanced accumulation of CAP;AG4CHs@CUNCs into the inflamed colonic tissues
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(Figure 5B). The higher accumulation could be attributed to the ability of CAP;AG4CHs@CUNCs
to maintain CUNCs cores without getting dissolved in the upper GIT. Further, upon reaching the
colon, the nanoparticles get passively accumulated in the inflamed tissues by enhanced
permeability and retention effect depending on their particle size.> 4% 53 Additionally the surface
charge-reversing property of CAP;AG4CHs;@CUNCs (Figure 5C) further enhances their
accumulation into the inflamed colons.

Curcumin, a major polyphenolic compound obtained from turmeric, has already been studied
as an anti-inflammatory agent for the treatment of UC. It regulates the inflammatory responses by
blocking the migration of innate immune cells, such as neutrophils and macrophages, from the
peripheral circulation to mucosal inflammatory sites.>* >3 Importantly, curcumin was recognized
as a safe food additive by the US Food and Drug Administration.’® However, when it was used
orally in clinical trials, weak therapeutic effects were observed due to the inefficient drug delivery
into the inflamed colon tissues.*> A study by Xiao et al., has used micro/nanoparticle-drug delivery
approach to overcome this issue in experimental murine colitis. However, the approach required
high dose of curcumin (50 mg/kg/day) to treat colitis.’” In our study, we proposed a simple and
effective method of curcumin formulation using core-shell nanoparticles for the treatment of UC.
Our results indicated that a lower dose of curcumin (15 mg/kg/day) is required to treat murine
colitis, indicating enhanced drug potency. This is possible due to the colon-targeted delivery of

CAP;AG4CHs@CUNC:s and its high accumulation into the inflamed tissues.

CONCLUSIONS
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In this study, colon-targeted core-shell nanoparticles were developed using CUNCs as cores
and  pH-responsive  polyelectrolyte  multilayers of  CH/AG/CAP  as  shells
(CAP;AG4CH;s@CUNCs), which can specifically deliver the drug into the inflamed colon of UC.
The in vitro release studies showed pH-dependent release of curcumin from
CAP;AG4CHs@CUNC:s. In addition, the bio-distribution studies showed high colonic distribution
of CAP;AG4CH;5@CUNC s in mice. Further, the quantitative analysis of the drug concentration in
colonic tissues and confocal imagining of colons revealed that CAP;AG,CHs@CUNCs were
preferentially adhered and accumulated in inflamed colons rather than in healthy tissues.
CAP;AG4CH;s@CUNCs showed enhanced therapeutic efficacy at treating DSS-induced colitis in
mice. Overall, the drug delivery system developed in the current study has great potential for

application in colon-targeted UC therapy.
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