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Abstract. pH-sensitive N-naphthyl-N,O-succinyl chitosan (NSCS) and N-octyl-N,O-
succinyl chitosan (OSCS) polymeric micelles carriers have been developed to incorporate
curcumin (CUR) for colon-targeted drug delivery. The physical entrapment methods
(dialysis, cosolvent evaporation, dropping, and O/W emulsion) were applied. The CUR-
loaded micelles prepared by the dialysis method presented the highest loading capacity.
Increasing initial amount of CUR from 5 to 40 wt% to polymer resulted in the increase in
loading capacity of the polymeric micelles. Among the hydrophobic cores, there were no
significant differences in the loading capacity of CUR-loaded micelles. The particle sizes of
all CUR-loaded micelles were in the range of 120-338 nm. The morphology of the micelles
changed after being contacted with medium with different pH values, confirming the pH-
responsive properties of the micelles. The release characteristics of curcumin from all CUR-
loaded micelles were pH-dependent. The percent cumulative release of curcumin from all
CUR-loaded micelles in simulated gastric fluid (SGF) was limited to about 20%. However,
the release amount was significantly increased after contacted with simulated intestinal fluid
(SIF) (50-55%) and simulated colonic fluid (SCF) (60-70%). The released amount in SIF
and SCF was significantly greater than the release of CUR from CUR powder. CUR-loaded
NSCS exhibited the highest anti-cancer activity against HT-29 colorectal cancer cells. The
stability studies indicated that all CUR-loaded micelles were stable for at least 90 days.
Therefore, the colon targeted, pH-sensitive NSCS micelles may have potential to be a
prospective candidate for curcumin delivery to the colon.

KEY WORDS: pH-sensitive polymeric micelles; curcumin; NSCS; OSCS; oral colon-targeted drug

delivery.

INTRODUCTION

Polymeric micelles (PMs) are nano-sized carriers pre-
pared by self-assembly of amphiphilic copolymers in an
aqueous solution. Generally, they have a spherical inner core
and an outer shell (1). The pH levels in the gastrointestinal
(GI) tract vary from 1 to 3 in the stomach to 6-7.5 in the small
intestine, and the variation of the pH has been utilized to
control drug release from drug delivery carriers (2-4). The
pH-sensitive PMs offer many advantages for oral drug
delivery including protecting drug from being destroyed in
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the upper part of GI tract, increasing drug solubilization and
releasing the drug in spatially controlled manner (4-6).
Curcumin (CUR) is a hydrophobic polyphenolic com-
pound from the obtained rhizome of turmeric (Curcuma
longa Linn), one of the most widely used natural active
constituents. It exhibited numerous biological activities, for
example, antibacterial, antifungal, anti-inflammatory, antiox-
idant, erc. (7,8). In addition, anti-cancer activity of curcumin
has been extensively investigated for its potential to be used
in chemoprevention and the treatment of a wide variety of
tumors (9). The recent studies have revealed the inhibition
effect of CUR on tumor formation by affecting the initiation
and progression stage of carcinogenesis of colorectal cancer
in vivo (10-12). Curcumin can interfere multiple cell signaling
pathway involved in carcinogenesis, for instance, inhibiting
cell cycle progression, slowing proliferation, reducing angio-
genesis, and inducing cell apoptosis in colorectal carcinoma
cell (13,14). However, the potential of curcumin is hindered
by its low aqueous solubility (0.011 pg/mL in aqueous buffer
at pH 5 and 0.4 pg/mL at the physiological pH, pH 7.4), low
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bioavailability, and rapid metabolism (9,15). In our previous
study, N-naphthyl-N, O-succinyl chitosan (NSCS) and N-octyl-
N, O-succinyl chitosan (OSCS) were successfully synthesized
and used to form pH-sensitive polymeric micelles. The
micelles could increase the dissolution of poorly soluble drug
like meloxicam (16,17). Moreover, previous study showed
that CUR-loaded N-benzyl-N,O-succinyl chitosan (BSCS)
micelles prepared by dialysis method displayed intense
cytotoxicity to cervical cancer cells with the high amount of
the drug release in physiological pH 5.5-7.4 (18). Herein, we
purposed the entrapment of CUR into pH-sensitive NSCS
and OSCS PMs in order to targeted release of the drug at the
colon. The physical entrapment methods including dialysis,
O/W emulsion, dropping, and co-solvent evaporation were
applied to prepare PMs. The entrapment efficiency, loading
capacity, particle size, morphology, and stability of CUR-
loaded micelles were investigated. In addition, the anti-cancer
activity of CUR-loaded micelles against human colorectal
adenocarcinoma cells (HT-29 cells) and their release behav-
iors were also evaluated.

MATERIALS AND METHODS

Materials

Chitosan (MW 10-13 kDa; 96% deacetylated) was
obtained from National Nanotechnology Center
(NANOTEC) (Pathumthani, Thailand). Curcumin, 2-
naphthaldehyde, N,N-Dimethylformamide (DMF),
Octaldehyde, sodium borohydride (NaBH,), and succinic
anhydride were purchased from Sigma Aldrich (St. Louis,
USA). Dialysis tube (Cellu Sep T1, MW cut-off = 6000-
8000 Da) was obtained from Membrane Filtration Products
INC (Texas, USA). The Caco-2 cell lines and HT-29 cell lines
were obtained from the American Type Culture Collection
(Rockville, USA). HPLC grade acetonitrile and methanol
were purchased from RCI Labscan Limited (Bangkok,
Thailand). All other chemicals and reagents were of analyt-
ical grade.

Methods

Synthesis Amphiphilic Derivatives of Chitosan

NSCS and OSCS were synthesized by reductive
amination (17). Firstly, 2-Naphthaldehyde or octaldehyde
(2.0 meg/GIcN) was attached onto primary amino groups of
chitosan via Schiff base reaction. The imine groups were
transformed into the more stable amine with formation of the
corresponding aryl or alkyl chitosan derivatives (i.e. N-
naphthyl chitosan (NCS) and N-octyl chitosan (OCS)) by
adding sodium borohydride. Secondly, N,O-succinylation was
performed by reacting with succinic anhydride. The NCS or
OCS was dispersed in the solvent mixture of dimethyl
sulfoxide (DMSO)/DMF, (1:1, v/v). The succinic anhydride
(5.0 meq/GIcN) was then added to the solution mixture. The
reaction occurred under nitrogen atmosphere at 100°C for
24 h. After cooled to the room temperature, the excess
organic solvent and succinic anhydride were removed through
dialyzed against distilled water, and then lyophilized to obtain
powder of NSCS or OSCS. The successful synthesis was
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confirmed by "H NMR, ATR-FTIR, and elemental analysis as
previously reported (17).

The critical micelle concentration (CMC) in aqueous
media of NSCS and OSCS was established using a fluores-
cence spectroscopy with pyrene as fluorescent probe. Briefly,
an aliquot of 1 mM pyrene solution in acetone was added to
the polymer solutions (4 mL, 0.5-3.9 x 10" mg/mL). The final
concentration of pyrene in each polymer solution was
2.5 x 10°® M. The mixtures were then sonicated, heated at
50°C for 2 h, and subsequently kept in the dark overnight.
Fluorescence spectra were recorded at an excitation
wavelength of 335 nm, and the emission spectra were
observed over a range of 350-500 nm. The CMC was
estimated by fitting the semi-log plot of the intensity ratio of
the first and third vibration bands at 373 nm (I;) /382 nm (I3)
versus the concentration as previously reported (17).

Preparation of Polymeric Micelles

CUR-loaded and blank polymeric micelles were pre-
pared by various physical entrapment methods as reported in
our previous work (16). In the dialysis method, 5 mg of
grafted-copolymer and curcumin (0 to 40 wt% to polymer)
was dissolved in 2 mL of DMSO. Then the polymer solution
was dialyzed against deionized (DI) water for 24 h. In O/W
emulsion method, the blank polymeric micelles were pre-
pared using dialysis method. Then, curcumin (5 to 40 wt% to
polymer) dissolved in dichloromethane (DCM) was injected
into the micellar solution. After that, DCM was evaporated
by stirring at room temperature overnight. In the dropping
method, the copolymer (5 mg) and curcumin (0 to 40 wt% to
polymer) were dissolved in 0.5 mL of DMSO, and the
solution was slowly added into DI water (2.5 mL). The
solution was stirred overnight and dialyzed against DI water
for 24 h. In the co-solvent evaporation method, the copoly-
mer (5 mg) and curcumin (0 to 40 wt% to polymer) were
dissolved in a solvent mixture of DMF and acetone (3:1). The
mixed solution was stirred under nitrogen gas at room
temperature until completely evaporated. Afterwards, DI
water (3 mL) was added before the solution was sonicated
using a probe sonicator (Sonics Vibra Cell TM, CT). The
mixture was centrifuged at 1000 rpm for 10 min and filtered
through 0.45-um membrane filters to obtain the micellar
solution.

In vitro Cytotoxicity Assay

The cell viability of the Caco-2 cells and HT-29 cells after
being treated with the blank polymeric micelles was deter-
mined using methyl tetrazolium (MTT) assay. The Caco-2
cells and HT-29 were cultured and seeded in 96-well plate at a
density of 10* cells per well. Then, the cells were incubated
with the micelles at varied concentrations. After 24 h of
incubation, the solution was replaced by the fresh culture
medium. The MTT solution was added (final concentration
1 mg/mL) and incubated for 4 h. The medium was removed,
and 100 uL of DMSO was added to solubilize the formazan
crystal formed in the living cells. Relative cell viability was
determined by measuring the absorbance at 550 nm using a
microplate reader (Universal Microplate Analyzer, USA).
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CUR-Content Determination

To determine the quantity of curcumin in the CUR-
loaded polymeric micelles, 100 pL of the CUR-loaded
micelles was added into 900 pL of DMSO:H,O (9:1) to break
the micelles. The content of curcumin was quantified using a
high-performance liquid chromatograph (HPLC) (Agilent
Technologies, USA) with a UV-visible detector operating at
428 mm and a Phenomenex® C18 column (150 x 4.60 mm,
5 um particle size). The injection volume and the flow rate
were 20 pL and 1 mL/min, respectively. The mobile phase
was acetonitrile:1%v/v acetic acid (43:57, v/v). The entrap-
ment efficiency (EE) and loading capacity (LC) were
determined according to Egs. (1) and (2), respectively.

EE (%) = (amount of CUR in mlcelles/) < 100% (1)
initial of amount CUR used

amount of CUR in micelles/
LC (pg/mg) = < )

(amount of copolymer + amount of CUR)

2)

Particle Size, Zeta Potential, and Morphology of CUR-Loaded
Polymeric Micelles

The particle size and zeta potential of CUR-loaded
polymeric micelles in different pH medium (pH 1.2, 5.0, and
6.8) were determined using a dynamic light scattering (DLS)
(Malvern, Worcestershire, UK) at 25°C. On the other hand,
the morphology of CUR-loaded OSCS polymeric micelles
was observed under different pH conditions (pH 1.2, 5.0, and
6.8) using an atomic force microscopy (AFM).

Structural Stability of CUR-Loaded Polymeric Micelles

The structure stability of CUR-loaded micelles was
investigated using gel permeation chromatography (GPC) as
previously reported (19). GPC was performed using an
Agilent HPLC system equipped with a Shodex® GFC
SB804 HQ column at 40°C. Deionized water was used as
the mobile phase with a flow rate of 1 mL/min. Detection was
performed using refractive index (RI) and UV detector at
428 mm. The micelles were freshly prepared and filtered
through a 0.45-pm membrane filter prior to the measurement.

In vitro Release Study

The release characteristics of curcumin from CUR-
loaded micelles were evaluated using a dialysis method. One
milliliter of CUR-loaded micelles was transferred to a dialysis
bag. The dialysis bag was immersed into 0.1 N HCI containing
30% (v/v) methanol and 1% (v/v) Tween 20 under constant
stirring with sink conditions at 37 + 0.5°C for 2 h. Afterwards,
the pH was adjusted to 6.8 for 3 h and followed by pH 7.4 for
8 h. At the predetermined time intervals of 1, 2, 3, 4, 5, 6, and
8 h, 1 mL aliquot of the medium was withdrawn, and fresh
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medium in the same volume was added. The sample solution
was analyzed by HPLC (18).

Chemical Stability Test

The stability of 20% initial CUR-loaded polymeric
micelles after lyophilization process was evaluated according
to ICH guideline for storage under accelerated condition
(25°C £ 2°C and 60 + 5% relative humidity; RH) comparing
with long-term condition in refrigerator (5°C = 3°C) for
90 days. The amount of curcumin from CUR-loaded poly-
meric micelles was determined after being kept for 0, 30, and
90 days.

Anti-cancer Activity

The anticancer activities of the CUR-loaded polymeric
micelles and pure CUR were performed using MTT assay.
HT-29 cells were cultured and seeded into 96-well plates. The
cells were incubated for 24 h at a density of 10* cells per well.
After 24 h, the cells were treated with fresh medium
containing different concentrations of samples and incubated
at 37°C and 5% CO, for 24 h. The cells were investigated
using MTT test as mentioned above.

RESULTS AND DISCUSSION

Preparation of Blank and CUR-Loaded Polymeric Micelles

The NSCS and OSCS were successfully produced by
reductive N-amination and N,O-succinylation reactions, as
illustrated in Fig. 1. The NSCS and OSCS are composed of
hydrophobic and hydrophilic segments on the chitosan
backbones, being able to form micelles through self-assembly.
The CUR-loaded polymeric micelles were prepared by four
different methods including dialysis, co-solvent evaporation,
dropping, and O/W emulsion. The CMC for NSCS and OSCS
was observed to be 0.068 and 0.086 mg/mL, respectively,
which was lower than the CMC value of low molecular weight
surfactants as reported in our previous publications
(16,17,19). The copolymer used to prepare the polymeric
micelles should be non-toxic. Generally, chitosan is consid-
ered to be biocompatible and safe. However, some studies
reported about the cytotoxic effects of chitosan derivatives
(20,21). The Caco-2 cells, appeared to be functionally similar
to intestinal epithelium, are commonly used as in vitro model
for cytotoxicity investigation or prediction of intestinal drug
absorption (22,23). Moreover, HT-29 cells were selected as
model for the study relating to colon cancer. The viability of
Caco-2 cells and HT-29 treated with the various concentra-
tions of blank NSCS and OSCS micelles is displayed in Fig. 2.
The half maximal inhibitory concentration (ICsg) value of the
NSCS and OSCS micelles in Caco-2 cells was 3.08 + 0.15 and
2.95 + 0.06 mg/mL, respectively. No significant difference in
cytotoxic effect of NSCS and OSCS micelles in the Caco-2
cells has been observed. Chae et al. (2005) reported that low
molecular weight chitosan (3.8-13 kDa; DDA 87-92%) with
concentrations lower than 5 mg/mL had low toxicity to Caco-
2 cell after 2 h of incubation (24). This revealed that chitosan
micelles had low cytotoxic effect on Caco-2 cells, indicating
the excellent biocompatible. Moreover, the blank NSCS and
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Fig. 1. Schematic illustration of the synthesis of N-naphthyl-N,O-succinyl chitosan (NSCS) and N-octyl-N,O-succinyl

chitosan (OSCS)

OSCS micelles showed minimal cytotoxicity in HT-29 cells at
the concentration up to 0.5 mg/mL. These findings indicated
that the blank micelles may be regarded as a safe drug carrier.

Figure 3 showed %EE and LC of CUR-loaded NSCS
micelles prepared by various physical entrapment methods.
The preparation methods and initial drug concentrations (5 to
40 wt% to polymer) had an influence on the %EE and LC.
The CUR-loaded NSCS prepared by dialysis method showed
the highest EE (24-30%) and LC (14-105 pg/mg), followed
by evaporation method (%EE 16-25%; LC 12-67 pg/mg),
dropping method (%EE 2-24%; LC 1649 ng/mg, and O/W
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emulsion method (%EE 3-20%; LC 20-29 pg/mg), respec-
tively. It was found that various factors in drug incorporation
process are important factors in controlling incorporation
efficiency (25,26). The hydrophobic interactions force be-
tween hydrophobic moieties of copolymers and CUR, and the
miscibility between copolymers and drugs are involved in
drug encapsulation (27,28). If CUR interacts more favorably
with the hydrophobic polymer chain than with solvent, high
incorporation efficiency can be obtained. However, if CUR
molecules interact with each other with greater affinity than
with the hydrophobic polymer chain, CUR will precipitate
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Fig. 2. The percent cell viability in a Caco-2 cells and b HT-29 cells at varying concentrations of polymeric micelles; NSCS (white bar graph),
OSCS (shaded bar graph). Each value represents the mean + SD of five wells



Development of chitosan-based pH-sensitive polymeric micelles

a 4
50 |
40

30 1

EE (%)

e

20 1

10 1

20 30 40 50
CUR (% to polymer)

0 10

995

b 160

140

100 -

80 1

LC (ng/mg)

40 A

20 1

20 30 40 50
CUR (% to polymer)

0 10

Fig. 3. Effect of entrapment method and initial drug concentration (5-40% to polymer) on a the entrapment efficiency
(EE), b loading capacity (LC) of CUR-loaded NSCS micelles (circle) dialysis method; (square) dropping method;
(diamond) co-solvent evaporation method; (triangle) emulsion method. Data are plotted as the mean + S.D. of three

measurements.

rather than being incorporated into micelles. In this study,
NSCS and OSCS were employed as micelle forming polymers
because chitosan is hydrophilic and cannot interact with CUR
molecules via hydrophobic interactions. On the other hand,
NSCS and OSCS showed high-micelle structure stability upon
the CUR incorporation. This suggests a large contribution of
hydrophobic interaction between CUR molecules and the
hydrophobic inner core (naphthyl and octyl group) of the
NSCS and OSCS polymers. In addition, the type of organic
solvent and preparation technique had a strong influence on
drug loading as well as particle sizes (25). As can be noticed
from Fig. 3, two different patterns of the graphs can be
observed. The %EE of CUR-loaded NSCS micelles prepared
by both dropping method and emulsion method decreased
after increasing the initial concentration of CUR. This may be
due to the saturation of the drug in the micelles at high initial
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drug concentration. However, CUR-loaded NSCS micelles
prepared by dialysis method and evaporation method dem-
onstrated different pattern. Increasing the initial drug con-
centration (from 5 to 40 wt% to polymer) led to the further
increase in LC with the similar %EE (Fig. 4). This is because
the NSCS and OSCS micelles prepared by dialysis method
and evaporation method can encapsulate CUR and form drug
nanocrystals (> 100 wt% to polymer) (unpublished data). The
loading capacity of CUR-loaded NSCS micelles prepared by
both dropping method and emulsion method reaches a
plateau at the initial CUR concentrations of 10 wt% to
polymer. On the other hand, the CUR-loaded NSCS pre-
pared by dialysis method and evaporation method showed
the incessant increase in loading capacity after increasing the
initial amount of CUR (5 to 40 wt% to polymer). These
results indicated that these later two methods might be
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Fig. 4. Effect of hydrophobic moieties and initial drug loading (5-40% to polymer) on a the entrapment efficiency (EE), b
loading capacity (LC) of CUR-loaded polymeric micelles, CUR-loaded NSCS (white bar graph), and CUR-loaded OSCS
(shaded bar graph). Data are plotted as the mean + SD of three measurements
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suitable for CUR loaded into NSCS micelles. However, % REILY
adding greater initial amount of CUR (> 40 wt% to polymer) 2 =3 RN
would lead to the creation of other nanocarriers such as 5 Slogsao
nanocrystals as mentioned above. At the same initial £ E S
curcumin concentration to polymer, the dialysis method Z P
exhibited higher drug loading percentage than any other g =1z BB RS
methods. It was, therefore, selected for the further studies. = % MNloecscsocc
Q =
Characterization of Polymeric Micelles _§* N I S E § E °
E H B
The particle sizes, PDI, and zeta potential of CUR-loaded § = % =
NSCS PMs and blank NSCS PMs were determined, and the £ SlE]loegs
results are presented in Table 1. The different physical methods £ clalaaoo
influenced the size of the polymeric micelles. The mean particle = Sl 0o —
size of CUR-loaded NSCS micelles prepared by dropping a E PRI
method was smallest ranged from 120 to 181 nm, followed by +\ g R
O/W emulsion (148-166 nm), dialysis (201-321 nm), and co- 5 g “=9xs
solvent evaporation (289-338 nm). The results showed that the S N Do a
mean particle sizes of drug-loaded micelles were larger than 2 _ ot on
those of blank micelles, because the CUR was entrapped in the @ 21 'dadgdy
copolymer micelles. The particle sizes of CUR-loaded OSCS 3
micelles prepared by the dialysis method were in the range of = g <+ o o
163-255 nm. Increasing the initial amount of CUR resulted in ~ ,5 e Jda2a
the increase in the sizes of the CUR-loaded micelles. The mean E =l E1 N R
particle sizes of the CUR-loaded NSCS and OSCS were S 5 3 eSeg
different, that might be due to the difference in the copolymer 5 z| N/RRERRE RS
composition (29). The blank and CUR-loaded micelles possess i o=
negative charges (—27 to —32 mV) due to carboxyl groups g Eleasco
(COO") of the succinic acid (Table I). % E 2Lz
The morphology of the pH-sensitive PMs was observed § 3 (:I : :: ; ;I
under different pH conditions (pH 1.2, 5.0, and 6.8) by AFM = g|lhnain
and DLS techniques. In this case, the CUR-loaded OSCS was § NH RERGRE @ ﬁ
selected for the investigation, and the results are shown in Fig. 5. = D
At pH 1.2, the aggregation of the micelles with particle sizes of = a g § g g lﬁ
about 1072 nm has been observed. This may be due to the =
unionized carboxyl groups and intermolecular hydrogen bond E g
formation of succinic acid. As it can be seen from AFM images, 8 Slge % © %2
self-assembled micelles at pH 5.0 appeared to be spherical B & -5 fl TI » fl “
shape, and the size was around 237 nm. As the pH increased to s Bl Sl =nonoo
6.8, the mean particle size of CUR-loaded OSCS increased to % § § g % ; § g
285 nm due to the effect of deprotonation. This result was in 2 Al o
accordance with the previously reported (17) and revealed the 5 Zlvcuw o
pH-sensitivity property of CUR-loaded micelles. = sldczsze
The structure stability of CUR-loaded PMs was evalu- 5 g HoH HOH A
ated by GPC equipped with reflective index (RI) and UV L = § 5 3 g §
detector. This in vitro GPC method was found to well g N ESRSENERE
correlate with in vivo study, and it is a good technique for N o~ o
screening the structure stability of drug-loaded PMs (19,30). g é § g § § §
With this GPC method, PM peak and CUR peak can be —
detected by the RI detector and the UV detector, respec- a e
tively. If CUR is loaded into PMs, both CUR (from UV @ Slocsoo
detector) and PMs (from RI detector) will be detected at the & § 22443
same retention time. The result showed that the peak of ié é 2 B
micelles detected by RI displayed the similar retention time = & g § g g [:r\r' 5
(4.2 min) to the peak detected by UV absorption at 428 nm. Qq; Al -caan
This revealed that all the samples (CUR-loaded NSCS or e 5
OSCS PMs) had polymeric micelle structures and contained - g
CUR inside the micelles. In addition, the peak area obtained % g o oo
from UV detector at 428 nm represents the amount of CUR £ 8 Sr=as
loaded into the micelles. The higher ratio of the peak area to %
CUR concentration, [CUR], (determined by HPLC) indicates @)
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Fig. 5. AFM images of CUR-loaded OSCS micelles at different pH

that CUR was more stably incorporated into the micelles. In
contrast, the low ratio of the peak area to [CUR] implies that
most of the CUR was adsorbed to the GPC column by
hydrophobic interactions due to unstable packing of CUR in
the micelles (31). Figure 6 showed the structural stability of
CUR-loaded PMs as evaluated by GPC. The ratios of the
peak area to [CUR] of all CUR-loaded PMs decreased with
the increase in the initial amount of CUR. PMs prepared
from NSCS showed greater CUR stability than those
prepared from OSCS at the similar initial amount of CUR
(Fig. 6). At 5% CUR-loaded, the NSCS micelles exhibited
the highest values of peak area/[CUR] which indicated that
the initial drug used in the preparation and hydrophobic
moieties were necessary to form stable CUR-loaded PMs. To
be more specific, the naphthyl group of NSCS could generate
more stable micelles than the octyl group of OSCS. This
implied that not only the hydrophobic force but also a large
contribution of m—m interaction between the phenyl groups of
CUR molecules and the naphthyl groups of NSCS is involved
in the structure stability of the drug-loaded micelles.

In vitro Release Study

Although several studies have shown that curcumin
may possess as a potential preventive or therapeutic agent
for colorectal cancer, its poor bioavailability is the
important drawback which limits its efficacy (13,14). To

400

pH=5.0

997

10001000
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60.90 [deg] 58.16
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overcome this issue, pH-sensitive polymeric micelles were
developed for curcumin delivery to the colon cancer.
Based on the fact that the pH in the stomach is 1-2, in
the small intestine is 5.1-7.5, and in the colon is 7-7.5
(26,32), the release behavior of curcumin at the fixed
amount of drug from the pH-sensitive PMs with different
grafted copolymers and CUR free drug was evaluated at
in these pH environments (simulated gastric fluid (SGF)
pH 1.2, simulated intestinal fluid (SIF) pH 6.8, and
simulated colonic fluid (SCF) pH 7.4) in order to mimic
the GI tract. The release profiles in different media are
presented in Fig. 7. The time interval for three different
stages was at 1-2 h in SGF, then 3-5 h in SIF, and 6-8 h
in SCF. The results revealed that the release rate of
curcumin from all pH-sensitive CUR-loaded PMs was
relatively low at acidic pH 1.2 (SGF), with about 20%
of amount of curcumin released after 2 h. This may be
because of the poor solubility of the drug. After that, the
increased amount of curcumin released in SIF (approxi-
mately 50-55%; 5 h) and SCF (approximately 60-70%;
8 h) due to the swelling and dissociation of PMs caused
by the ionization of the carboxyl groups from succinic acid
moiety at the higher pH conditions. Moreover, CUR has
three ionizable protons caused by the enolic proton
(approximate pKa of 8.54) and two phenolic OH— groups
(pKa of 9.30 and 10.69) (33,34). As considered form the
pKa value, CUR is not ionized at pH 1.2. However, at the
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10 e e
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Fig. 6. Structure stability of CUR-loaded NSCS (white bar graph) and
CUR-loaded OSCS (shaded bar graph) evaluated by gel permeation
chromatography (GPC). Data are plotted as the mean + SD of three
measurements
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Fig. 7. CUR release profiles from the (diamond) CUR-loaded NSCS, (square) CUR-
loaded OSCS, and (circle) CUR suspension in 0.1 N HCI, pH 1.2 (0-2 h), then in PBS pH
6.8 (2-5 h) and then, in PBS pH 7.4 (5-8 h). Data are plotted as the mean + SD of three
measurements. *Statistically significant (p < 0.05)

higher pH value of 6.8 and 7.4, CUR may partially
ionized leading to the increase in the release of CUR
from the micelles. Previous study reported that the
apparent solubility values of CUR were 132, 152, and
348 pg/mL in 0.1 N HCI, water, and solution pH 7.4,
respectively (35). Therefore, it is possible that higher
release at high pH might be also due to the change of
CUR structure or dissociation of CUR. The accumulative
release of curcumin from the all CUR-loaded PMs in SCF
was significantly higher than that of CUR from free drug
(approximately 20%). These results indicated that all pH-
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Fig. 8. Anti-cancer activity of the CUR-loaded NSCS (white bar
graph), the CUR-loaded OSCS (shaded bar graph), and CUR free

drug (black bar graph) against HT-29 cells by MTT assay. Each value
represents the mean + SD of five wells
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sensitive PMs may be a prospective candidate as colon
delivery carrier for the efficient delivery of CUR.

Anti-cancer Activity

The CUR-loaded NSCS, OSCS, and CUR free drug
were evaluated for their anti-cancer activity against the HT-29
cells using the MTT assay. As shown in Fig. 8, the different
concentrations of the CUR-loaded PMs and CUR free drug
(0.1-20 pg/mL) demonstrated cytotoxicity on HT-29 cells in
dose-dependent manner. After treatment, the ICsy values of
all the self-assembled PMs and free drug were calculated. The
CUR-loaded NSCS exhibited higher extent of inhibition of
cell viability (ICsy 6.18 + 0.18 pg/mL) than CUR free drug
(ICsop 11.38 + 3.07 pg/mL). On the other hand, the CUR-
loaded OSCS (ICsp 9.29 + 0.44 pg/mL) showed the similar
level of inhibition to the free CUR. This result indicated that
the cytotoxicity of the CUR-loaded NSCS was more potent
than that of CUR free drug in the growth suppression of the
HT-29 cell lines studied.

Chemical Stability Test

The chemical stability of CUR-loaded NSCS, OSCS, and
CUR free drug was evaluated under the accelerated condi-
tions (at 25°C) compared with the long-term conditions (at
4°C) for 90 days. Figure 9 showed that the percentage of an
amount of CUR from all CUR-loaded polymeric micelles
under both conditions was higher than 80%. There was no
significant difference in the amount of in micelles and CUR
free drug under this storage drug condition. This indicated
that CUR-loaded polymeric micelles exhibited high stability.
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Fig. 9. The chemical stability of (diamond) the CUR-loaded NSCS, (square) the CUR-loaded OSCS, and (circle) free CUR
drug under the accelerated conditions (at 25°C) compared with the long-term conditions (at 4°C) for 90 days. Data are

plotted as the mean + SD of three measurements

CONCLUSION

The NSCS and OSCS were successfully synthesized and
used for the incorporation of CUR. The CUR-loaded PMs
prepared by the dialysis method presented the highest
loading capacity. The release of CUR from the all PMs could
be controlled by the pH values of the GI tract. The NSCS and
OSCS PMs had low cytotoxicity on Caco-2 cells and HT-29
cells. However, the CUR-loaded NSCS exhibited desirable
anti-cancer activity against HT-29 colorectal cancer cells. All
CUR-loaded PMs were stable for at least 90 days. From these
aspects, the pH-sensitive NSCS micelles may have the
potential to be a desirable candidate for targeted drug
delivery to the colon. Nevertheless, for clinical application
of these CUR-loaded PMs, in vivo experiments are needed to
be evaluated.

ACKNOWLEDGEMENTS

This research was supported by the Commission of
Higher Education (Thailand), the Thailand Research Fund
through the Golden Jubilee Ph.D. Program (Grant No. PHD/
0027/2556), the Thailand Research Fund, the National Nature
Science Foundation of China (NSFC), and the Silpakorn
University Research and Development Institute.

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest The authors declare that they have no conflict
of interest.

REFERENCES

1. Yokoyama M. Clinical application of polymeric micelle carrier
systems in chemotherapy and image diagnosis of solid tumors. J
Exp Clin Med. 2011;3(4):151-8.

10.

11.

12.

13.

14.

15.

Bromberg L. Polymeric micelles in oral chemotherapy. J
Control Release. 2008;128(2):99-112.

Felber AE, Dufresne M-H, Leroux J-C. pH-sensitive vesicles
polymeric micelles, and nanospheres prepared with
polycarboxylates. Adv Drug Deliv Rev. 2012;64(11):979-92.
Xu W, Ling P, Zhang T. Polymeric micelles, a promising drug
delivery system to enhance bioavailability of poorly water-
soluble drugs. J Drug Deliv. 2013;2013:15.

Kedar U, Phutane P, Shidhaye S, Kadam V. Advances in
polymeric micelles for drug delivery and tumor targeting-review
article. Nanomed Nanotech Biol Med. 2010;6:714-29.

Zhang Y, Chen J, Zhang G, Lu J, Yan H, Liu K. Sustained
release of ibuprofen from polymeric micelles with a high loading
capacity of ibuprofen in media simulating gastrointestinal tract
fluids. React Funct Polym. 2012;72(6):359-64.

Duan Y, Zhang B, Chu L, Tong HH, Liu W, Zhai G. Evaluation
in vitro and in vivo of curcumin-loaded mPEG-PLA/TPGS
mixed micelles for oral administration. Colloids Surf B:
Biointerfaces. 2016;141:345-54.

Wang J, Ma W, Tu P. The mechanism of self-assembled mixed
micelles in improving curcumin oral absorption: in vitro and
in vivo. Colloids Surf B: Biointerfaces. 2015;133:198-19.
Mehanny M, Hathout RM, Geneidi AS, Mansour S. Exploring
the use of nanocarrier systems to deliver the magical molecule;
curcumin and its derivatives. J Control Release. 2016;225:1-30.

Kawamori T, Lubet R, Steele VE, Kelloff GJ, Kaskey RB, Rao
CV, et al. Chemopreventive effect of curcumin, a naturally
occurring anti-inflamatory agent, during the promotion/
progression stages of colon. Cancer Res. 1999;59(3):597-601.
Rao CV, Rivenson A, Simi B, Reddy BS. Chemoprevention of
colon carcinogenesis by dietary curcumin, a naturally occurring
plant phenolic compound. Cancer Res. 1995;55(2):259—66.
Shemesh N, Arber N. Curcumin alone and combination for
prevention of colorectal cancer. Curr Colorectal Cancer Rep.
2014;10(1):62-7.

Cen L, Hutzen B, Ball S, DeAngelis S, Chen CL, Fuchs JR,
et al. New structural analogues of curcumin exhibit potent
growth suppressive activity in human colorectal carcinoma cells.
BMC Cancer. 2009;9:99.

Guo L, Chen XJ, Hu YH, Yu ZJ, Wang D, Liu JZ. Curcumin
inhibits proliferation and induces apoptosis of human colorectal
cancer cells by activating the mitochondria apoptotic pathway.
Phytother Res. 2013;27(3):422-30.

Akl MA, Kartal-Hodzic A, Oksanen T, Ismael HR, Afouna
MM, Yliperttula M, et al. Factorial design formulation optimi-
zation and in vitro characterization of curcumin-loaded PLGA
nanoparticles for colon delivery. J Drug Deliv Sci Technol.
2016;32:10-20.



1000

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Woraphatphadung T, Sajomsang W, Gonil P, Saesoo S,
Opanasopit P. Synthesis and characterization of pH-responsive
N-naphthyl-N, O-succinyl chitosan micelles for oral meloxicam
delivery. Carbohydr Polym. 2015;121:99-106.
Woraphatphadung T, Sajomsang W, Gonil P, Treetong A,
Akkaramongkolporn P, Ngawhirunpat T, et al. pH-Responsive
polymeric micelles based on amphiphilic chitosan derivatives:
effect of hydrophobic cores on oral meloxicam delivery. Int J
Pharm. 2016;497:150-60.

Sajomsang W, Gonil P, Saesoo S, Ruktanonchai UR,
Srinuanchai W, Puttipipatkhachorn S. Synthesis and anticervical
cancer activity of novel pH responsive mocelles for oral
curcumin delivery. Int J Pharm. 2014;477:261-72.

Opanasopit P, Yokoyama M, Watanabe M, Kawano K, Maitani
Y, Okano T. Block copolymer design for camptothecin incor-
poration into polymeric micelles for passive tumor targeting.
Pharm Res. 2004;21(10):2001-8.

Jiang GB, Quan D, Liao K, Wang H. Novel polymer micelles
prepared from chitosan grafted hydrophobic palmitoyl groups
for drug delivery. Mol Pharm. 2006;3(2):152-60.
Ngawhirunpat T, Wonglertnirant N, Opanasopit P,
Ruktanonchai U, Yokson R, Wasanasuk K, ef al. Incorporation
methods for cholic acid chitosan-g-mPEG self-assembly micel-
lar system containing camptothecin. Colloids Surf B:
Biointerfaces. 2009;74(1):253-9.

Bu P, Narayanan S, Dalrymple D, Cheng X, Serajuddin AT.
Cytotoxicity assessment of lipid-based self-emulsifying drug
delivery system with Caco-2 cell model: cremophor EL as the
surfactant. Eur J Pharm Sci. 2016;91:162-71.

Tu J, Xu Y, Xu J, Ling Y, Cai Y. Chitosan nanoparticles reduce
LPS-induced inflammatory reaction via inhibition of NF-xB
pathway in Caco-2 cells. Int J Biol Macromol. 2016;86:848-56.
Chae SY, Jang M, Nah J. Influence of molecular weight on oral
absorption of water soluble chitosans. J Control Release.
2005;102(2):383-94.

Miller T, van Colen G, Sander B, Golas MM, Uezguen S,
Weigandt M, et al. Drug loading of polymeric micelles. Pharm
Res. 2013;30(2):584-95.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

Woraphatphadung e al.

Yang YQ, Lin WJ, Zhao B, Wen XF, Guo XD, Zhang LlJ.
Synthesis and physicochemical characterization of amphiphilic
triblock copolymer brush containing pH-sensitive linkage for
oral drug delivery. Langmuir. 2012;28(21):8251-9.

Murthy RSR. Polymeric micelles in targeted drug delivery. In:
Padma VD, Sanyog J, editors. Targeted drug delivery: concepts
and design. USA: Springer; 2015. p. 501-40.

Qiu L, Li Z, Qiao M, Long M, Wang M, Zhang X, et al. Self-
assembled pH-responsive hyaluronic acid-g-poly(Lhistidine)
copolymer micelles for targeted intracellular delivery of doxo-
rubicin. Acta Biomater. 2014;10(5):2024-35.

Zhang X, Liu B, Yang Z, Zhang C, Li H, Luo X, et al. Micelles
of enzymatically synthesized PEG-poly(amine-co-ester) block
copolymers as pH-responsive nanocarriers for docetaxel deliv-
ery. Colloids Surf B: Biointerfaces. 2014;115:349-58.
Yokoyama M, Kwon GS, Okano T, Sakurai Y, Kataoka K.
Influencing factors on in vitro micelle stability of adriamycin-
block copolymer conjugates. J Control Release. 1994;28:59-65.
Opanasopit O, Ngawhirunpat T, Rojanarata T, Choochottiros C,
Chirachanchai S. Camptothecin-incorporating N-
phthaloylchitosan-g-mPEG self-assembly micellar system: effect
of degree of deacetylation. Colloids Surf B: Biointerfaces.
2007;60(1):117-24.

LiY, Li H, Wei M, Lu J, Jin L. pH-Responsive composite based
on prednisone-block copolymer micelle intercalated inorganic
layered matrix: structure and in vitro drug release. Chem Eng J.
2009;151(1-3):359-66.

Hatcher H, Planalp R, Cho J, Torti FM, Torti SV. Curcumin:
from ancient medicine to current clinical trials. Cell Mol Life
Sci. 2008;65(11):1631-52.

Lee W-H, Loo C-Y, Bebawy M, Luk F, Mason RS, Rohanizadeh
R. Curcumin and its derivatives: their application in neurophar-
macology and neuroscience in the 21st century. Curr
Neuropharmacol. 2013;11(4):338-78.

Rahman SMH, Telny TC, Ravi TK, Kuppusamy S. Role of
surfactant and pH in dissolution of Curcumin. Indian J Pharm
Sci. 2009;71(2):139-42.



	Development of Chitosan-Based pH-Sensitive Polymeric Micelles Containing Curcumin for Colon-Targeted Drug Delivery
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Synthesis Amphiphilic Derivatives of Chitosan
	Preparation of Polymeric Micelles
	In�vitro Cytotoxicity Assay
	CUR-Content Determination
	Particle Size, Zeta Potential, and Morphology of CUR-Loaded Polymeric Micelles
	Structural Stability of CUR-Loaded Polymeric Micelles
	In�vitro Release Study
	Chemical Stability Test
	Anti-cancer Activity


	RESULTS AND DISCUSSION
	Preparation of Blank and CUR-Loaded Polymeric Micelles
	Characterization of Polymeric Micelles
	In�vitro Release Study
	Anti-cancer Activity
	Chemical Stability Test

	CONCLUSION
	References



