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Chronic inflammation is considered as one of the challenging diseases, and overproduction of reactive oxygen species (ROS) is
strongly related to the onset of chronic inflammation. Therefore, antioxidant and anti-inflammatory approaches are particularly
becoming suitable treatment and prevention of inflammation. Curcumin (CUR), a main component of turmeric extract, is well
known as an effective agent in both antioxidant and anti-inflammatory activities; however, there are still some limitations of its
use including poor water solubility, low bioavailability, and oxidation by ROS. Nanotechnology has been used as a drug delivery
system, which is a promising approach in overcoming the aforementioned drawbacks of CUR; hence, it improves the
antioxidant and anti-inflammatory effects of conventional medications. In this research, silica-containing redox nanoparticles
(siRNP) were designed with the size of several tens of nanometers, prepared by self-assembly of an amphiphilic block copolymer
consisting of drug absorptive silica moiety and ROS-scavenging nitroxide radical moiety in the hydrophobic segment. CUR was
simply encapsulated into siRNP through the dialysis method, creating CUR-loaded siRNP (CUR@siRNP), which significantly
improved the water solubility of CUR. The efficient antioxidant activity and anti-inflammatory effect of CUR@siRNP in vitro
were also improved via 2,2-diphenyl-1-picrylhydrazyl assay and lipopolysaccharide-induced macrophage cell line activation,
respectively. Oral administration of CUR@siRNP showed improvement in pharmacokinetic profile in vivo including AUC and
C,ax Values as compared to free CUR. Furthermore, the anti-inflammatory effect of nanoformulation was investigated in the

max

colitis mouse model induced by dextran sodium sulfate.

1. Introduction

According to the World Health Organization (WHO),
chronic inflammation is considered one of the greatest
threats to other chronic diseases. Inflammation acts as a vital
part of the immune system’s response to injury and infection,
by which the immune system detects and eliminates harmful
stimuli while initiating wound healing [1]. Prolonged inflam-
mation, or chronic inflammation, is characterized for long-
term persistence from months, years to even decades.
Moreover, chronic inflammation is strongly related to many
challenging diseases, such as cancer, heart disease, diabetes,
and Alzheimer’s disease [2]. The discovery of reactive oxygen

species (ROS) features its active roles in many pathways,
including oxidative stress, which progressed chronic inflam-
mation. It has been reported that oxidative stress or overpro-
duced ROS accumulatively induces chronic inflammation as
both signalling molecules and inflammatory mediators [3].
ROS are defined as highly reactive oxygen radicals, such as
superoxide (O,") or hydroxyl radical (OH"), which display
various reactivity. Due to a single electron on the outer shell,
ROS are unstable and may react with adjacent molecules to
maintain electrical homeostasis [4]. Endogenous ROS accu-
mulation activates thioredoxin, which interacted protein
(TXNIP) complex [4]. The complex detached, enabling
TXNIP to bind with NLRP3 inflammasome. Furthermore,
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FIGURE 1: The self-assembly of curcumin-loaded silica-containing redox nanoparticle (CUR@siRNP).

the combination of NLRP3, apoptosis-associated speck-like
protein, and caspase-1 proteins activated NLRP3 to induce
production of IL-1f and IL-18, both are secreted by inflam-
matory cells, then promoting inflammation. ROS oxidizes
crucial signalling protein in inflammation sites, i.e., tyrosine
phosphatase, which results in endothelial dysfunction and
tissue injury. Also, oxidative stress disrupts interendothelial
junction, while inducing inflammatory cell migration across
endothelial barriers to assist pathogen clearance. Hence,
these consequences cause damage to biomolecules and severe
tissue injury, resulting in inflammatory diseases.

Curcumin (CUR), a polyphenolic component of turmeric
extract, has been mainly used as a commercial dietary addi-
tive and supplement. In addition, CUR enhances physiologi-
cal antioxidant mechanism, while preventing essential
inflammatory molecules, therefore, downregulating inflam-
mation altogether [5]. Despite all of the advantages, its clini-
cal application has been impeded by many drawbacks. CUR
is great insoluble in water, poor absorption, rapid metabo-
lism, short biological half-life, and spontaneous oxidative
degradation caused by ROS leading to its low bioavailability
[6, 7]. In order to improve CUR solubility, many approaches
have been considered. One attempt by adding adjuvants, a
combination of CUR and other bioenhancers, such as piper-
ine, quercetin, or silibinin was used to enhance cellular
absorption. This increment of pharmacokinetics is made
possible by albumin-binding interactions [8]. Unfortunately,
some bioenhancers showed toxicity in experimental animals.
Alternately, the search for developed drug delivery nanotech-
nologies is perceived as a highlight approach. Nanoparticles
have shown promising drug solubility enhancement proper-
ties and cell-specific distribution, hence, improving thera-
peutic effect [9]. There have been versatile forms and
nanoparticle structures, including liposomes, dendrimers,
and solid lipid nanoparticles developed for biomedical appli-
cations. The greatest challenge in nanoparticle-based phar-
maceutical engineering is designing a stable and controlled
release drug delivery system [10]. Conventional drug delivery
systems faced coherent drawbacks, such as low drug loading
capacity, low durability, and adverse side-effects. These have
been used as a nanocarrier for CUR to overcome its afore-
mentioned drawbacks. The first attempt was from Kanai
et al. (2011), who used a nanoparticle formulation called
THERACURMIN to illustrate the improvement in bioavail-

ability in human subjects [11]. Tai et al. (2019) recently for-
mulated curcumin-loaded liposomal nanoparticles (Cur-
LP) with the same objective. In order to improve drug bio-
availability, the research coated liposome nanoparticles with
high molecular weight chitosan to enhance stability and
maintain the release capacity of Cur-LP [12]. Nevertheless,
various designed nanoparticles shared common concerns:
they exhibited low stability, whereas the release profile was
inconsistent and uncontrollable. In addition, their loading
capacity was barely insufficient due to the instability, which
leads to poor therapeutic effect. Finally, nanoparticle cytotox-
icity still remained as a great struggle, with complex nanocar-
rier may engage unwanted immune responses, therefore, it
adversely effects on overall health [13]. A designed silica-
containing redox nanoparticle (siRNP) was previously devel-
oped to enhance therapeutic drugs with low bioavailability.
siRNP was formed from self-assembled amphiphilic polymer
(PEG-siPMNT, polyethylene glycol-b-poly (4-[2,2,6,6-tetra-
methyl piperidine-1-oxyl] aminomethyl styrene) composed
of hydrophilic PEG segment and hydrophobic segment con-
sisting of a ROS-scavenging moiety and a silica moiety for
stability encapsulation (Figure 1) [14, 15]. This represents a
self-assembly micelle structure, where the hydrophobic drug
is captured within the core of the nanocarrier [15]. The
objective of this study was to investigate the bioavailability
and anti-inflammatory effects of CUR-loaded siRNP
(CUR@siRNP) compared to free CUR. The results showed
that CUR@siRNP significantly improved the water solubility
and bioavailability of CUR after oral administration. Conse-
quently, CUR@siRNP exhibited a promising antioxidant
and anti-inflammatory effects in vitro of RAW 264.7 cell acti-
vation and in vivo of dextran sodium sulfate- (DSS-) induced
colitis model in mice.

2. Materials and Methods

2.1. Synthesis of Nanoparticles. The synthesis of silica-
containing redox polymer (PEG-siPMNT) was described in
the previous study [14]. siRNP and CUR@siRNP were syn-
thesized through dialysis of PEG-siPMNT polymer against
distilled water. Briefly, 0.5mL PEG-siPMNT (60 mg/mL)
was well-mixed with 0.5mL dimethylformamide (DMEF,
FUJIFILM Wako Chemicals—Japan) to prepare siRNP. The
solution was transferred into the dialysis membrane and
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FiGure 2: Timeline for blood sample collection of the CUR-treated group and the CUR@siRNP-treated group (25mg/kg) for the
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F1GURE 3: The oral administration of CUR and CUR@siRNP (25 mg/kg) in a colitis mouse model induced by dextran sodium sulfate (DSS).

TasBLE 1: Disease activity index (DAI) scores [18, 19].

StOOI. Feces bleeding Weight loss
consistency
0 = no weight loss
0 = formed 0=normal colour 1= 1% — 5% weight loss
— = 6% — 0, 1

1 = mild soft 1 = brown colour =6% — 10% weight

stool loss

2 =reddish colour 3=11% — 15% weight

2 =very soft

stool loss
3 = watery 3 = bloody stool 4 =>16% weight loss

proceeded the dialysis for 24 h with occasional water change.
CUR@siRNP was prepared by a similar method, whereas
CUR (Tokyo Chemical Industry, Japan) was encapsulated
via the hydrophobic interaction and the drug absorption fea-
ture of silica core of siRNP [15]. In such, 1.5 mg of CUR was
fully dissolved in 0.5mL of DMF. Next, 0.5mL of PEG-

siPMNT (60 mg/mL) and 14 uL of tetraethyl orthosilicate
(TEOS—St. Louis, MO, USA) were added to the mixture.
Obtained substance was dialyzed against water for 24 h with
an occasional water change.

2.2. Characteristics of CUR@siRNP

2.2.1. Particle Size. The particle size of CUR@siRNP was ana-
lyzed by dynamic light scattering (DLS) using Zetasizer ZS
(Malvern, UK). The CUR@siRNP samples were diluted in
water or PBS, and the measurement was performed with an
angle of 173° at 25°C.

2.2.2. Measurement of Encapsulation Efficiency and Loading
Capacity. CUR concentration presented in the siRNP was
measured at 450 nm and expressed in terms of encapsulation
efficiency (EE) and loading capacity (LC). CUR standard
curve was constructed with serial dilution of CUR in DMSO
solution (0, 10, 20, 40, 50, and 60 yg/mL). CUR@siRNP was
diluted with distilled water, and all samples were measured
at 450 nm using UV-VIS spectrophotometer (Thermo Fisher
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TaBLE 2: Histological scores [20, 21].
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FIGURE 4: Characterization of CUR@siRNP. (a) The solubility of CUR (left) and CUR@siRNP (right) in water (at 1 mg/mL concentration of
CUR). The red circle indicates the insoluble curcumin particles. (b) The size distribution of siRNP and CUR@siRNP was measured by DLS.

TaBLE 3: Summary of the size of siRNP and CUR@siRNP, including
encapsulation efficiency (EE) and loading capacity (LC) of
CUR@siRNP.

Sample Size (nm) PdI EE (%) LC (%)
siRNP 122+1 0.26 —
CUR@siRNP 142+1 0.30 743 +5.1 7.4+0.5

Scientific). The EE and LC were calculated using the given
formulas:

The mass of drug encapsulated

EE (%) = x 100%,

Initial drug mass )
The mass of drug encapsulated
x100%.

LC (%)=
(%) Initial polymer mass

2.3. Investigation of CUR@siRNP Bioactivities

2.3.1. Antioxidant Assay. Antioxidant activity of CUR@-
siRNP was determined using the radical scavenging ability
towards  2,2-diphenyl-1-picrylhydrazyl (DPPH—Sigma
Aldrich, St. Louis, MO, USA). In this study, 50 uL of CUR
in DMSO, siRNP, and CUR@siRNP in various concentra-
tions (0, 2, 5, 8, and 10ug/mL) were well-mixed with
150 uL of DPPH solution (40 pug/mL). Other samples treated
with vitamin C served as the positive control, while distilled
water acted as the negative control. All samples were incu-
bated for 30 minutes in dark condition at room temperature.

The optical density (OD) of tested samples was measured at
517 nm afterward, and the percentage of DPPH scavenging
capacity (SC) was calculated via the following equation:

(ODbIank - ODsample)
ODblank

SC (%) = x 100%, (2)

Measurements were repeated in triplicate.

2.3.2. Nitric Oxide (NO) Assay. Nitric oxide (NO) assay was
assessed by Griess test to determine the NO concentration,
which acts as an anti-inflammatory substance in the physio-
logical environment. The gaseous NO was measured to
employ a 2-step diazotization reaction. Briefly, dinitrogen tri-
oxide (N,0;) was secreted from the acid-catalyzed formation
of nitrous acid from nitrite reacts with sulfanilamide to pro-
duce diazonium ions. When they are combined with N-(1-
naphthyl) ethylenediamine, they yield a chromophoric azo
product that shows strong absorbance at 540 nm [16, 17].
In this study, RAW 264.7 cells (ATTC, USA) were seeded
in 24-well plates at a density of 5% 10° cells per well in
400 pL of DMEM media (Sigma Aldrich, St. Louis, MO) con-
taining 5% fetal bovine serum (Sigma Aldrich, St. Louis, MO)
and 1% antibiotics (penicillin/streptomycin/neomycin; Invi-
trogen, Carlsbad, CA), and the cells were incubated for 24 h
at a humidified atmosphere of 5% CO, at 37°C. Then, 50 uL
of samples (siRNP, CUR@siRNP, CUR@si-nRNP, and
CUR in DMSO 10%) was added at the concentration of
100 uL/mL. Next, 50 uL of lipopolysaccharide (LPS; Sigma
Aldrich, St. Louis, MO) was added. After 12h, 50 uL of
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FIGURE 5: Bioactivities of CUR@siRNP. (a) The antioxidant activity of CUR, CUR@siRNP, and siRNP using DPPH assay. Vitamin C served
as the positive control, while distilled water (DW) acted as the negative control. (b) The anti-inflammatory effect of CUR (curcumin in DMSO
10%), CUR@siRNP, CUR@si-nRNP, and siRNP via NO assay in the LPS-induced RAW 264.7 macrophage activation. Data are expressed as

mean + SD, n=3, *p <0.05, **p <0.01, and ***p < 0.001.
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F1GURE 6: Cell viability of BAEC was determined by MTT assay. The concentration in the horizontal axis indicates the concentration of CUR,
while the concentration of siRNP was 10 times higher than the concentration of CUR. Data are expressed as mean + SD and n =3.

TaBLE 4: Table of pharmacokinetic parameters.

Pharmacokinetic parameter Formulation .
CUR CUR@siRNP
Dose (mg/kg) 25 25
AUC (ugh/mL)* 1.34+£0.09 2.79+0.11
Cinax (ug/mlL) 0.69 +0.14 1.74+0.08
T, (h) 0.5 0.5
K, (1/h) 0.71+£0.53 0.62+0.14
t,, (h) 1.34+0.76 1.55+0.25
V,; (mL/g) 37.01£22.48 14.86 £2.61
Cl (mL/h)** 18.77 £0.98 8.98+0.34

supernatant was collected and well-mixed with 50 L Griess
reagent containing 2% sulfanilamide, 0.2% N-(1-naphthy-
lethylenediamine) dihydrochloride, and 5% acid phosphoric.
The absorbance of each well was determined spectrophoto-
metrically at a bandwidth of 540 nm. NO concentration was
calculated using NO calibration curve constructed with
NaNO, dilution. The wells without LPS acted as the negative
control, while wells with no addition of samples were served
as the positive control.

2.4. Cytotoxicity Evaluation. The cytotoxicity, based on cell
metabolic activity alteration, was evaluated using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; St. Louis, MO) assay. The yellow pigment of MTT
was being reduced by living cells to purple formazan. Forma-
zan particles are mostly insoluble in water; hence, a
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FIGURE 7: (a) Amount of curcumin in the plasma after oral administration of CUR (free curcumin) or CUR@siRNP. (b) AUC of curcumin in
the plasma after oral administration of CUR (free curcumin) or CUR@siRNP. Data are expressed as mean + SD, n =3, *p < 0.05, **p < 0.01,

and ***p <0.001.

solubilization buffer was added to dissolve formazan parti-
cles. The absorbance of the solution was measured at
540 nm for the quantification of formazan, which is propor-
tional to living cells. In this research, an MTT assay was per-
formed on bovine aortic endothelial cells (BAEC from JCRB
Cell Bank, Japan). BAEC was seeded in a 96-well plate, con-
taining approximately 5x 10° cells. After 24h incubation,
10 uL of CUR, siRNP, and CUR@siRNP with various con-
centrations was added. The wells were incubated for another
24h, and 5 uL of MTT solution was added to each well after-
ward. After 4h incubation, 50 uL solubilization buffer was
added to each well and left incubating overnight. The absor-
bance of each well was measured at 540 nm.

2.5. Pharmacokinetics of CUR@siRNP In Vivo. The 30 g adult
male Swiss mice (Institute of Drug Quality Control Ho Chi
Minh City) were acclimated at least 3 days before the exper-
iments, and the mice were provided with free access to food
and water. The animal experimental protocol was approved
by the School of Biomedical Engineering, International Uni-
versity Ho Chi Minh. The mice were divided randomly into
two groups (3 mice per group): CUR-treated group (CUR
in carboxymethyl cellulose 0.5%) and CUR@siRNP-treated
group. All groups were administered by oral gavage at a sin-
gle dose of 25 mg/kg (Figure 2). The mice were anesthetized
for collecting blood in heparin sodium-coated tube, and the
plasma was obtained by centrifugation. Then, 50 uL of
plasma and 100 L mixture of acetonitrile and methanol
(1:1) were added and vortexed for a minute. The mixtures
were centrifuged at 11,200 g at 4°C for 10 min. CUR concen-
tration in the supernatant was determined by fluorescence
intensity with excitation and emission wavelengths of
425nm and 597 nm, respectively. The plasma was frozen
and stored at —80°C until further use. Pharmacokinetic
parameters were estimated using the model-independent
method. The terminal elimination rate constant (K,) was
estimated by a linear regression analysis of the terminal por-
tion of the log-linear blood concentration-time profile of
CUR. The terminal elimination half-life (¢,,,) was calculated

from K, using the formula T, =0.693/K,. The maximum
observed plasma concentration (C,,,,) and the time taken
to reach it (T,,,) were obtained from the curve plotting
CUR concentration with time. The area under each drug
concentration time curve (AUC, (ug.h)/mL) to the last data
point was calculated by the linear trapezoidal rule and
extrapolated to time infinity by the addition of C,,/K,,
where C,, is the concentration of the last measured plasma
sample. The apparent body clearance (Cl) was calculated
using the equation Cl=Dose/AUC. The apparent volume
of distribution (V ;) was calculated by the equation V,=
Dose/(K,.AUC).

2.6. Therapeutic Effect of CUR@siRNP in Colitis Mouse Model
Induced by DSS. Colitis in mice was induced by 3% (wt/vol)
dextran sodium sulfate (DSS, 5,000 Daltons; Fujifilm Wako
Pure Chemicals, Osaka, Japan) supplemented in the drinking
water for 7d. The mice were randomized divided into 4
groups: healthy group, DSS-injured group, CUR-treated
group, and CUR@siRNP-treated group. The equivalent doses
of drugs (25 mg/kg) were orally administered daily during the
7 days of DSS treatment (Figure 3). The body weight changes
were measured daily, while visible stool consistency and feces
bleeding were assessed in the sacrifice day. Disease activity
index (DAI) is the summation of stool consistency index
(0-3), feces bleeding index (0-3), and weight loss index (0-
4) (Table 1). After 7 days of treatment, the mice were sacri-
ficed after anesthesia with xylazine (6 mg/kg) and zoletil
(5mg/kg). Then, the entire colon (from the cecum to the rec-
tum) was collected. Colon length was measured and gently
washed with physiological saline. After that, 1 cm of the mid-
dle section was used for histologic assessment. The histolog-
ical score of the colon was evaluated using a microscope.
Moreover, the histological score is the summation of crypt
architecture (0-3), cellular infiltration (0-3), and goblet cell
depletion (absent-0, present-1) (Table 2).

2.7. Statistical Analysis. All experiments were conducted at
least thrice, and the data represent the mean+ SEM.
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Statistical comparisons were performed using one-way anal-
ysis of variance (ANOVA) followed by Student’s t-test using
Microsoft Excel. The results were analyzed and considered
statistically significant differences when p <0.05 using a
two-tailed ¢-test.

3. Results and Discussion

3.1. Characteristics of CUR@siRNP. CUR is an antioxidant
substance with extremely poor solubility in an aqueous solu-
tion (<8ug/mL) [22]; hence, the CUR sample remained
insoluble in water, evidenced by small particle accumulated

at the bottom of the centrifuge tube (Figure 4(a), left). Mean-
while, the CUR@siRNP solution had dark-brown colour
without any precipitation (Figure 4(a), right), indicating the
improvement of CUR solubility in water. As the colour
became darker, it may be due to the change in particle size.
Next, the size of CUR@siRNP was evaluated by DLS mea-
surement. As shown in Figure 4(b) and Table 3, siRNP size
slightly increased from 122+ 1nm to 142+ 1nm in the
CUR@siRNP sample, implying that CUR was successfully
encapsulated within the siRNP. In this study, CUR@siRNP
size was under 200 nm, which is preferable to a complex drug
delivery device to be efficient to achieve the enhanced
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F1GURE 9: The therapeutic effect of CUR@siRNP in colitis mice. (a) The colon of mice after 7 days of treatment. (b) Changes in colon length.
(c) Changes in DAL DAI is the summation of stool consistency index (0-3), feces bleeding index (0-3), and weight loss index (0-4). Data are

expressed as mean + SD, n=5, *p <0.05, and **p < 0.01.

permeability and retention effect for the passive targeting in
the inflammatory tissue [23]. In addition, monodispersity
was observed with a low PDI (polydispersity index) value
(<0.3), suggesting a narrow size distribution of siRNP and
CUR@siRNP. Next, the encapsulation efficiency (EE) and
drug loading capacity (LC) of CUR@siRNP were measured
using UV-VIS spectrophotometer. In this study, the EE and
LC of CUR@siRNP were 70% and 7%, respectively
(Table 3). The use of siRNP helps increase CUR solubility,
enabling it to overcome biological barriers that are especially
easier to absorb by intestinal epithelial cells.

3.2. Bioactivities of CUR@siRNP. CUR is a natural antioxi-
dant agent; however, due to low bioavailability, it exerted a
low antioxidant effect by scavenging DPPH radical
(Figure 5(a)). Meanwhile, siRNP contains both ROS scaveng-
ing moiety of nitroxide radical (TEMPO) and a drug absorp-
tive moiety of silica for protection against oxidative damage
while enhancing stability of CUR through oral delivery. It
has been reported that nitroxide radical TEMPO strongly
scavenges superoxide and hydroxyl radicals [24, 25], which
are higher generated in the inflammatory tissues. Therefore,
siRNP acts as not only a nanocarrier but also as a ROS scav-
enging agent to increase the antioxidant activity of CUR. At

10 pug/mL concentration, the CUR@siRNP sample had the
highest DPPH scavenging activity (78.2%) compared to both
CUR (24.4%) and siRNP (39.1%), suggesting that the syner-
gistic effect was observed. This result indicated siRNP is an
ideal nanocarrier for CUR, by enhancing CUR’s natural anti-
oxidant profile. Next, we investigated the anti-inflammatory
activity in vitro using the RAW 264.7 cell model. NO is con-
sidered as a biomarker for proinflammatory due to the acti-
vation by macrophages. In this assay, NO was stimulated
by RAW 264.7 cells due to the introduction of LPS in vitro
(Figure 5(b)). The level of NO is inversely proportional to
the anti-inflammatory activities of the added samples. Both
CUR and siRNP showed the effect to suppress the NO level
in LPS-activated macrophage cells. Interestingly, CUR®-
siRNP demonstrated a significant inhibition in NO level as
compared to CUR and siRNP alone. These results indicated
that CUR@siRNP presents higher antioxidant and anti-
inflammatory activity in vitro as compared to free CUR.

3.3. Drug Cytotoxicity. After evaluating the antioxidant and
anti-inflammatory activities of CUR@siRNP in vivo, the
cytotoxicity was investigated using MTT assay against BAEC
cell line. As shown in Figure 6, at low concentration, CUR@-
siRNP showed no significant difference in cell viability than
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FiGurg 10: The histological assessment of colon after treatment. (a) Histology of 7 um thick colonic sections by hematoxylin and eosin
staining, Scale bar =100 ym. *: distortion of crypt architecture. *: cellular infiltration. *: goblet cell depletion. (b) Histological score of
colon section after 7 days of DSS treatment. Data are expressed as mean + SD, n =5, *p < 0.05, and **p <0.01.

CUR and siRNP-treated cells. At higher concentrations, both
CUR@siRNP and siRNP demonstrated a slight toxicity than
free CUR. However, all CUR@siRNP and siRNP obtained
86% or more in cell viability even at high concentration
(100 ug/mL), which suggested a low toxicity of CUR@siRNP
against BAEC cell. It should be noticed that the concentra-
tion of siRNP was 10 times higher than the concentration
of CUR. Several nanomaterials have been reported with high
toxicity via inducing the generation of ROS [26]. Our previ-
ous study suggested that ROS scavenging nanoparticle could
suppress the toxicity of the nanomaterial itself [27]. There-
fore, CUR@siRNP was shown with low cytotoxicity, while
promoting beneficial biological effects of CUR, which is
highly desirable and promising as an anti-inflammatory ther-
apeutic approach.

3.4. Pharmacokinetics of CUR@siRNP In Vivo. Since CUR@-
siRNP significantly improved the solubility of CUR, we con-
tinue to evaluate the bioavailability of orally administered
CUR@siRNP in vivo mouse model (Figure 2). In this study,
the pharmacokinetics was evaluated, and the basic parame-
ters were typically shown in Table 4. The pharmacokinetic
properties of CUR and CUR@siRNP were presented as
follows.

Values reported as mean + S.D. (n = 3). AUC: area under
the plasma concentration-time curve; C, . : peak concentra-
tion; T, time to reach peak concentration; K,: constant of
elimination; t,,: mean half-life; V;: apparent volume of dis-
tribution; Cl: clearance. Significant difference of CUR@-
siRNP versus CUR (*p < 0.05 and **p < 0.01).

Area Under Curve (AUC): the AUC of CUR was quite low
(1.34 £0.09 ug.h/mL), indicating an extremely low drug
absorption and internalization in the bloodstream via the
intestine after oral administration. Meanwhile, the AUC value of
CUR@siRNP was  significantly higher (2.79 +£0.11 yg.h/mlL),
which demonstrated the concentration of drugs in the blood-
stream over time had been greatly improved compared to
CUR aqueous suspension (p < 0.001) (Figures 7(a) and 7(b)).

To compare the retention of CUR and CUR@siRNP, the
pharmacokinetic parameters were also described in Table 4
and Figure 8.

C,.. and T, . : after the oral administration, both drugs
were adsorbed quickly and achieved the highest plasma drug
concentration after 0.5 h. While the maximum concentration
of CUR was only 0.69 + 0.14 ug/mL, which was quite low, the
concentration of CUR@siRNP was increased 2.8-fold
(1.74 £ 0.078 ug/mL) at max, indicating siRNP has improved
the absorption of CUR into the bloodstream.

Elimination rate (K,) and half-life (t,,,): coeflicients
indicate the rate of elimination of the drug and the time
it takes for the drug concentration to be half of its highest
concentration. The elimination rate of CUR@siRNP was
improved, showing that the CUR in nanoparticles elimi-
nated slower than the CUR sample. At the same time,
the t,,, of CUR@siRNP was increased up to 1.5h. It sug-
gested that the siRNP could improve the elimination time
of CUR in mice, enhancing the effects of CUR in
treatment.

Clearance: this feature indicates the elimination of the
drug from the body. The clearance level was 18.77 + 0.98
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(mL/h) for the CUR-treated mice, which suggested that the
drug digests out very quickly. CUR@siRNP clearance level
was 8.98 +0.34 (mL/h), which was smaller and decreased
1.7-fold compared to CUR. It demonstrated that the drug
was excreted slowly, staying in the body in a long period,
and may exert the drug effect for a longer time. These data
indicated that CUR@siRNP not only could improve the level
of CUR in the bloodstream after oral administration but also
prolonged the retention of CUR, which is anticipated the
higher therapeutic treatment in vivo model.

3.5. Therapeutic Effect of CUR@siRNP in Colitis Mouse Model
Induced by DSS. It was confirmed that the antioxidant and
anti-inflammatory activities and pharmacokinetics profile
of CUR@siRNP were remarkably improved compared to free
CUR. Next, we evaluated the therapeutic anti-inflammatory
effect in vivo using the DSS-induced colitis mouse model.
DSS-induced colitis is a well-known model of inflammation
in the colon, characterized by high disease activity index
(DAI) and shortening colon length after 7d treatment of
DSS [24]. The shortening of colon length is an indicator of
inflammation in DDS-induced colitis mice. As the result,
the colon length of DSS-treated mice was significantly short-
ened (5.3+0.3cm), while the healthy control group was
10.9 £ 0.8 cm, indicating that the DSS-treated mice formed
severe colitis (Figures 9(a) and 9(b)). Both mice treated with
CUR and CUR@siRNP showed a significant improvement in
colon length as compared to DSS-induced colitis mice
(*p <0.05 and **p < 0.01, respectively). Although the colon
length of the CUR@siRNP-treated group (7.7 + 1.2 cm) was
longer than the CUR-treated group (6.6 + 0.5 cm), a signifi-
cant difference was not observed (p = 0.08). This result sug-
gested that the CUR@siRNP was effectively suppressed the
inflammation and preserved the colon length. In addition,
the disease activity index (DAI), which is the sum of body
weight loss, stool consistency, and bleeding, was evaluated.
The DAI of the CUR@siRNP-treated group was the lowest
compare to other treated groups, showing that siRNP
improved its therapeutic effect of CUR (Figure 9(c)). More
specifically, the CUR@siRNP-treated group reduced the
bleeding in the colon and diarrhea levels of colitis mice.
Therefore, it demonstrated that oral administration of
CUR@siRNP could suppress the inflammatory damage in
colitis mice.

Finally, the histology was examined to evaluate the ther-
apeutic effect of CUR@siRNP in DSS-induced colitis mice.
When the histology of colitis tissue was examined, moderate
crypt distortion and cellular infiltration were shown in mice
treated with DSS (Figure 10(a)). While treatment with CUR
did not show any effect at all, the CUR@siRNP-treated mice
showed less crypt architecture damage and cellular infiltra-
tion. Therefore, the histological score of the CUR@siRNP-
treated group showed a significant difference compared to
other groups (Figure 10(b)), indicating the improvement of
therapeutic effect of CUR@siRNP on treating the inflamma-
tion in colitis mice. These results suggested that siRNP could
enhance the anti-inflammatory efficacy of CUR not only by
improving the bioavailability and distribution of CUR but
also by its ROS scavenging activity.

Journal of Nanomaterials

4. Conclusions

In this study, siRNP was utilized to deliver CUR for a better
inflammatory therapeutic effect. Possessing ROS scavenging
feature, siRNP significantly improved not only the solubility
and but also the antioxidant and anti-inflammatory activities
of CUR. Additionally, oral administration of CUR@siRNP
increased the concentration of CUR in blood and suppressed
the CUR clearance significantly, resulting in a better pharma-
cokinetic profile of CUR in vivo. Consequently, CUR@siRNP
effectively improved disease activity index and colonic injury
in the DSS-induced colitis model mice, indicating that siRNP
demonstrates a great potential in bioavailability improve-
ment of various hydrophobic drugs. Further investigation
and development are needed to show a firm demonstration
of CUR@siRNP potential in treating chronic inflammation.
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