J Mater Sci (2016) 51:1591-1599
DOI 10.1007/s10853-015-9482-2

CrossMark

@

Self-assembled micelles of N-phthaloylchitosan-g-poly
(N-vinylcaprolactam) for temperature-triggered
non-steroidal anti-inflammatory drug delivery

Yiming Wang' - Jie Wang' - Haoya Han' - Jianjia Liu' - Hanqing Zhao' -
Muxian Shen' - Yisheng Xu' - Jun Xu' - Li Li' - Xuhong Guo'

Received: 13 August 2015/ Accepted: 6 October 2015/ Published online: 19 October 2015

© Springer Science+Business Media New York 2015

Abstract A thermo-sensitive biocompatible amphiphilic
material, N-phthaloylchitosan-g-poly(N-vinylcaprolactam)
which could self-assemble into spherical micelles with
good stability in aqueous medium, was synthesized.
Meloxicam (MLX), a strongly hydrophobic pain killer for
ankylosing spondylitis, was encapsulated into the
hydrophobic cores of the micelles successfully as a model
drug. The micelles showed excellent stability after MLX
loading. Furthermore, the prepared micelles presented
obvious thermo-sensitivity with lower critical solution
temperature around 32 °C, where the MLX release rate
reduced obviously when the temperature increased above
it. This drug delivery system could achieve long time drug
release under body temperature. The obtained biosurfactant
should be an ideal candidate for applications in the
development of long-lasting drug delivery systems.

Introduction

Ankylosing spondylitis (AS) is a chronic inflammatory
rheumatic disease which affects both sexes, usually starting
at the 20-30 years old patients [1]. The patients suffering
from AS always carry a heavy burden of disease, such as
inflammatory pain, poor posture, and ankyloses [2]. Nev-
ertheless, there are few studies on AS up to now, no anti-
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rheumatic drugs are proved clearly to be effective drugs for
reducing the pains generated by AS. As a result, patients
with AS have few treatment options, their life qualities are
reduced significantly [3]. A lot of studies demonstrated that
non-steroidal anti-inflammatory drugs (NSAIDs), such as
meloxicam (MLX), presented positive effects on AS [2, 4].
However, most NSAIDs are strongly hydrophobic drugs
and have gastrointestinal and cardiovascular toxicity [5, 6].
Long-lasting drug delivery system will decrease the excess
drug intake more or less which is conducive to reduce the
side effects generated by the drugs. Therefore, the devel-
opment of an advanced drug carrier to achieve the pro-
longed release of NSAIDs in human body would be a better
choice for treating AS in the present situation.

Chitosan, a natural alkaline polysaccharide, is among
the most abundant biopolymers in nature. It is composed of
randomly distributed B-(1,4)-linked p-glucosamine and N-
acetyl-p-glucosamine units and is predominantly extracted
from crustaceans, such as crabs and shrimps [7]. Chitosan
is currently receiving a great deal of interests for medical
and pharmaceutical applications, such as tissue engineering
[8-10], wound healing [11-13], bioimaging [14, 15], and
drug delivery [16—19]. The main reason for this increasing
attention is contributed to its interesting intrinsic proper-
ties, such as non-toxic, biocompatible, and biodegradable.
Furthermore, positively charged chitosan at the physio-
logical pH is considered to electronically interact with
negatively charged cellular membrane, which can increase
retention in cells [20-22].

During the past several decades, stimuli-responsive
polymers based on chitosan were synthesized to establish an
effective delivery system for drugs which could be triggered
by a small change from environmental conditions, such as
pH value, ionic strength, and temperature [23]. Recently,
poly(N-vinylcaprolactam) (PNVCL) received extensive
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concerns as a kind of thermo-sensitive polymer with a LCST
close to physiological temperature [24-30]. Compared to the
other typical thermo-sensitive polymer poly(N-isopropy-
lacrylamide) (PNIPAAm), PNVCL has many attractive
characteristics such as biocompatible, non-toxic, and out-
standing complexation ability with organic compounds [31,
32]. In this study, a novel tailored biocompatible surfactant
N-phthaloylchitosan-g-poly(N-vinylcaprolactam) (PHCS-
g-PNVCL) was synthesized. The purpose was to develop a
biocompatible carrier to achieve the prolonged release of
NSAIDs, such as MLX, under body temperature. MLX-
loaded PHCS-g-PNVCL micelles were prepared by the
precipitation method (Fig. 1). The stability and temperature
stimuli release performance of the MLX-loaded micelles
were also investigated.

Experimental section
Materials

Chitosan (CS, degree of N-deacetylation = 95 %,
Mw = 50 kDa) was purchased from Aoxing Biotechnol-
ogy Co. Ltd., China, and used as received. Phthalic anhy-
dride was supplied by the First Reagent Factory of
Shanghai (China). N-Vinylcaprolactam (NVCL), N,N-
azoisobutyronitrile (AIBN), 3-mercaptopropionic acid
(MPA), and 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) were obtained from J&K Scientific Ltd.,
China, and NVCL was recrystallized from hexane for three
times before being used. 1-Hydroxybenzotriazole (HOBt)
and MLX were provided by TCI, Japan, and used as
received. 1,4-Dioxane and N,N-dimethylformamide (DMF)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China), and distilled under reduced pres-
sure from calcium hydride. The water used in all experi-
ments was purified by reverse osmosis (Shanghai RO
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Micro Q). All other reagents and solvents were of analyt-
ical grade and used without further purification.

Synthesis of N-phthaloylchitosan (PHCS)

PHCS was prepared by previously reported method [33].
Briefly, CS (5.00 g, 31.01 mmol pyranose units) was
reacted with phthalic anhydride (13.80 g, 93.03 mmol) in
DMF (150 mL) at 125 °C under nitrogen atmosphere.
After 5 h of reaction, the product was precipitated in cold
water. The precipitation was collected, washed with
methanol at room temperature, and dried under vacuum to
obtain 8.16 g pale yellow PHCS. The degree of substitution
(DS) of phthaloyl groups within PHCS was determined to
be 1.12 by elemental analysis (EA), and the yield of PHCS
was calculated to be 80.5 % based on EA.

Synthesis of monocarboxyl-terminated poly(V-
vinylcaprolactam) (PNVCL-COOH)

The PNVCL-COOH polymers were synthesized by free
radical polymerization in 1,4-dioxane. In brief, NVCL
(2.50 g, 17.96 mmol), MPA (0.24 g, 2.26 mmol), and
AIBN (0.05 g, 0.30 mmol) were dissolved in 20 mL
purified 1,4-dioxane. The solution was degassed by flush-
ing with nitrogen for 30 min. The polymerization was
subsequently conducted under constant stirring at 68 °C for
24 h. After the reaction, the product was precipitated with
excess amount of diethyl ether and dried under vacuum at
45 °C overnight to obtain 2.03 g (yield 81.2 %) white
powder for the subsequent studies.

Synthesis of PHCS-g-PNVCL copolymer
PHCS (0.15 g, about 0.51 mmol phthaloylated pyranose

units) was stirred with PNVCL-COOH (0.60 g,
0.54 mmol) in purified DMF solution. HOBt (0.24 g,
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1.78 mmol) was added as a catalyst and stirred until clear
solution. Then, EDC (0.35 g, 1.78 mmol) was added as a
condensing agent, and then reacted at room temperature for
48 h. The obtained mixture was dialyzed against distilled
water and washed with excess ethanol to obtain 0.21 g
white powder, PHCS-g-PNVCL. The grafting content (GC)
was calculated to be 4.0 % by the following method:
GC(%) = 22— 5 100 (1)
mg

where m, and m, were the weight of grafted copolymer
PHCS-g-PNVCL and PHCS, respectively.

Preparation of PHCS-g-PNVCL micelles

Polymeric PHCS-g-PNVCL micelles were prepared by the
precipitation method. PHCS-g-PNVCL (5 mg) was dis-
solvedin 2 mL DMF and then drop-wised into distilled water
under vigorous stirring. The obtained colloid solution was
transferred into a dialysis bag MWCO = 8-12 kDa) and
dialyzed against distilled water for 24 h with four changes.
The obtained micelles solution was purified by filtration with
a 0.45-pum pore-sized microfiltration membrane.

Drug loading

The entrapment of MLX into PHCS-g-PNVCL micelles
was carried out by the precipitation method. Briefly, 5 mg
copolymer and 2 mg MLX were dissolved into 2 ml DMF
under stirring at room temperature until completely dis-
solved. Then, the mixture DMF solution was drop-wised
into water to prepare MLX-loaded micelles.

Determination of MLX encapsulation efficiency
and loading content

The drug encapsulation efficiency and loading content of
MLX were determined by the previous reported method
[34]. Basically, MLX-loaded polymeric micelles were
dissolved in a mixture of DMF:H,O (v:v = 9:1). The
amount of MLX in polymeric micelles was determined by
UV-vis absorption at 361 nm. The MLX encapsulation
efficiency (EE) and loading content (LC) were calculated,
respectively, to be 14.66 and 51.3 wt% according to the
following equations:

EE(%) = % % 100 2)
LC(%) = ﬁ % 100 (3)

where M, is the amount of encapsulated MLX, M; is the
total amount of the added MLX, and M,, is the amount of
the blank micelles.

In vitro drug-release investigation

The temperature-triggered in vitro drug-release property
was investigated by the dynamic dialysis method in phos-
phate buffer solutions (PBS, pH = 7.4) at 25, 30, 35, and
40 °C. Briefly, a certain amount of the prepared MLX-
loaded micelle solutions were placed into a dialysis bag
(MWCO = 8-12 kDa) and dialyzed against the PBS at the
designed temperature intervals. Samples (5 mL) were
periodically removed at the designed time intervals, and
the same volume of PBS was added simultaneously. The
amount of released MLX was analyzed by a UV-vis
spectrophotometer at 361 nm which was determined by the
calibration curve. The drug-release studies were performed
in triplicate for each of the samples.

Characterizations

All infrared spectra were obtained from samples in KBr
pellets using a Nicolet 6700 FT-IR spectrophotometer. 'H
NMR spectra were measured on a 500 MHz Bruker
DRXS500 spectrometer at 25 °C. Elemental analysis was
performed using a VARIO EL III elemental analyzer. The
LCST of the PNVCL-COOH was analyzed by turbidity
starting from a temperature range of 25-40 °C. Transmit-
tance (%T) was monitored with a Brinkmann PC 950
colorimeter (420 nm filter), connected to a 2-cm path
length optical probe. The dependence of solution turbidity
on temperature was obtained by observing the change of
turbidity upon the variation of temperature. Critical micelle
concentration (CMC) was determined by using a RF-540
spectrophotofluorometer of SHIMADZU with pyrene as
the probe (excited at 335 nm). The diameters of the
copolymer aggregations were determined by using a Par-
ticle Sizer NICOMP 380 ZLS instrument at a scattering
angle of 90°. The amount of released MLX was determined
spectroscopically at 361 nm (UV-2550, UV-vis spec-
trophotometer, SHIMADZU). The TEM was performed by
using a JEM-2100 electron microscope at 200 kV.

Results and discussion

Synthesis and characterization of the PHCS-g-
PNVCL

The PHCS-g-PNVCL copolymer was synthesized by
grafting PNVCL-COOH chains onto the backbone of
PHCS. PHCS was firstly synthesized by the reaction of
phthalic anhydride and Chitosan, and then PNVCL-COOH
was given by radical polymerization method using MPA as
chain transfer agents. Subsequently, PHCS-g-PNVCL was
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obtained by grafting PNVCL-COOH chains onto the
backbones of PHCS (Scheme 1).

The molecular structures of the synthesized products
were characterized by '"H NMR and FT-IR. As shown in
Fig. 2a, the "H NMR spectrum for PNVCL-COOH showed
peaks at 4.2 ppm (1H, -NCH-), 3.2 ppm (2H, -NCH,-),
2.3 ppm (2H, -COCH,-), and 1.1-1.9 ppm (6H, —CH,— of
the caprolactam ring, and 2H, —CH2- of the PNVCL-
COOH main chain). Additionally, two peaks that appeared
at 2.8 and 2.95 ppm were attributed to MPA. In the FT-IR
spectrum of PNVCL-COOH, the strong peaks at 1631 and
1480 cm ™" were contributed to the amide I band and C-N
stretching vibration, while the peaks of monomer NVCL at
1658 cm™! (C=C) and 3000-3100 cm~ ' (C=C and CH=)
disappeared. The analysis above indicated that the
PNVCL-COOH was synthesized successfully. The
molecular weight of PNVCL-COOH (Mpyvcr-coorn) Was
determined to be 1100 Da by "H NMR according to the
following equation:

2 % I4.2ppm

MpnveL—-coon = X MyveL (4)

12.8ppm
where 14 ppm and I gppm were the integration ratios for
—~NCH- of PNVCL-COOH and the —CH,— of the terminal

Scheme 1 Reaction scheme for
the synthesis of PHCS-g-
PNVCL

MPA group, respectively, and MyycL was the molecular
weight of NVCL monomer.

In the "H NMR spectrum of PHCS (Fig. 2a), two broad
peaks at 2.8-5.0 and 7.8-8.0 ppm, corresponding to the
hydrogen of chitosan backbone and phthaloyl groups, were
observed. As shown in the FT-IR spectrum of PHCS
(Fig. 2b), the characteristic peaks at 1776.1 and
1712.5 cm™" were attributed to the carbonyl anhydride,
and the peak at 721.3 cm™' was referred to the aromatic
ring. These results confirmed the molecular structure of
PHCS.

New proton peaks at 1.1-1.9 and 3.1-3.2 ppm were
appeared in the "H NMR spectrum of PHCS-g-PNVCL as
shown in Fig. 2a, which were attributed to the caprolactam
ring and —SCH,CH,— of the grafted PNVCL-COOH chain.
Compared to PHCS, the FT-IR spectrum of PHCS-g-
PNVCL (Fig. 2b) showed new absorption peaks at 1186.2
and 1089.5 cm™', which belonged to the dissymmetrical
and symmetry stretching vibration peaks of the ester linker,
respectively. The absorbance at 1634.5 and 1643.5 cm™'
was attributed to the carbonyl and —SCH,CH,— group,
respectively. The "H NMR and FT-IR analysis of PHCS-g-
PNVCL indicated that the PNVCL-COOH chains were
grafted onto the PHCS backbone successfully.
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Fig. 2 '"H NMR (a) and FT-IR (b) spectra of NVCL, PNVCL-COOH, PHCS, and PHCS-g-PNVCL

LCST determination

The synthesized PNVCL-COOH is a thermo-sensitive
polymer with a LCST. The PNVCL-COOH chains can
disperse in water as a dissolved state when the solution
temperature is below LCST. However, the chains will
change from hydrophilic state into hydrophobic state
rapidly as the temperature increases above LCST. The
turbidity of the polymer aqueous solution will change
correspondingly as the temperature varied. As shown in
Fig. 3, when the temperature was below 32 °C, the solution
was kept in transparent state. However, once the temper-
ature reached above 32 °C, plenty of white precipitation
appeared and the transmittance of the solution decreased
dramatically. The LCST of the synthesized PNVCL-
COOH in water was determined to be around 32 °C by the
turbidity analysis.

Amphiphilic properties of PHCS-g-PNVCL

Due to the existence of both hydrophilic and hydrophobic
fragments in the copolymers, the PHCS-g-PNVCL showed
amphiphilic properties which could be investigated by
fluorescence method using pyrene as the fluorescence
probe. Pyrene is poorly soluble and tends to aggregate in
the hydrophobic domains of self-assembled structure such
as micelles. As a result, the aggregated pyrene would emit
strong fluorescence. Among the five peaks in the emission
spectrum of pyrene, the intensity ratio of the first peak at
372 nm and the third peak at 385 nm (/375/1385) is very
sensitive to the polarity of the micro-aqueous media [35,
36]. As shown in Fig. 4, when the concentration of PHCS-
g-PNVCL was lower than the CMC, the copolymer dis-
persed in the aqueous media as single chains, and the
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Fig. 3 Transmittance (%) of PNVCL-COOH aqueous solution at
different temperatures; the insets are the sample photos at A 25 °C,
B 33 °C, and C 34 °C

intensity ratio (I370/I3g5) remained constant. The ratio
decreased dramatically when the concentration increased
above CMC. This result was attributed to the encapsulation
of pyrene by the formed micelles. The CMC of PHCS-g-
PNVCL was determined to be 0.51 mg/L. With such a low
CMC, the prepared copolymer micelles could exist stably
under highly diluted conditions especially after being
intravenously administration [37, 38].

Preparation and characterization of PHCS-g-
PNVCL micelles

The hydrophobic phthalic anhydride groups provided the

chitosan with a rigid skeleton which rendered the copoly-
mers to self-assemble into micelles in aqueous media and

@ Springer



1596

J Mater Sci (2016) 51:1591-1599

3.0

2.5 -

2.0 1

l372/ l3g5

1.5 4

1.0

lgC

Fig. 4 Plot of the intensity ratio (/37,/I3g5) in the pyrene fluorescence
spectrum as a function of PHCS-g-PNVCL concentration.
Aex = 335 nm. [pyrene] = 6.0 x 107’ M

provide better in vitro stability [38]. PHCS-g-PNVCL
micelles were prepared by the typical precipitation method.
TEM images (Fig. 5a) showed that the self-assembled
blank PHCS-g-PNVCL micelles presented in spherical
shape, and the diameter of these particles was about
180 nm. The hydrodynamic diameter (Dy) and the size
distribution (PDI), as shown in Fig. 5c, were determined by

Fig. 5 TEM images of blank
PHCS-g-PNVCL micelles

(a) and MLX-loaded micelles
(b); Size and size distribution of
blank copolymer micelles

(¢) and MLX-loaded micelles
(d) determined by DLS

@ Springer

DLS to be 210 and 0.282 nm, respectively. The hydrody-
namic size measured by DLS was slightly larger than the
size determined by TEM at dried condition.

Incorporation of MLX into micelles

MLX was incorporated into the hydrophobic cores of the
PHCS-g-PNVCL micelles as a model drug. TEM and DLS
were employed to investigate the morphology and size
distribution of the drug-loaded micelles (Fig. 5b, d). The
TEM images showed that the drug-loaded micelles main-
tained the spherical shape, and became larger (around
220 nm) than the blank micelles (around 180 nm). Fig-
ure 5d shows that the hydrodynamic diameter of micelles
(about 280 nm) increased significantly and the PDI (about
0.331) became slightly larger after drug loading as deter-
mined by DLS. The particle size determined by TEM was
also smaller than that determined by DLS, as discussed
above. The increased size of the micelles demonstrated that
MLX was loaded into the prepared copolymer micelles
successfully.

Evaluation of the thermo-sensitivity of the micelles

Figure 6a shows that the size of the copolymer micelles
increased slightly from 210 to 215 nm as the temperature
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Fig. 6 Size (a) and size distribution (b) of the copolymer micelles at different temperatures determined by DLS; size (c¢) and size distribution
(d) of the copolymer micelles at different times at room temperature (Color figure online)

increased from 25 to 32 °C determined by DLS. However,
the diameter increased dramatically when the temperature
increased above 32 °C. The temperature had a significant
impact on the size of the prepared copolymer micelles,
which could be attributed to the existence of the thermo-
sensitive PNVCL grafts. When the temperature increased
above the LCST of PNVCL, the PNVCL transferred from
hydrophilic into hydrophobic state. The increased
hydrophobicity of PHCS-g-PNVCL leads to the reorgani-
zation of micelles. To balance the reduction of
hydrophilicity, more polymer surfactant molecules had to
join into the micelles, which resulted in the dramatic
increase of the micelle size as the temperature increased.
Interestingly, the PDI presented no significant change
(Fig. 6b), which implied that the size of the copolymer
micelles increased uniformly when the temperature
increased.

Stability of micelles
The stability was an important parameter for micelles,

especially for drug-loaded micelles. As shown in Fig. 6¢
and d, the size and size distribution were barely changed

during 5 weeks, indicative of excellent storage stability of
both the prepared blank micelles and drug-loaded micelles.

Temperature-triggered in vitro release of MLX
from micelles

In vitro release of MLX from drug-loaded micelles was
studied in PBS (pH = 7.4, 0.1 M) medium at different
temperatures. As shown in Fig. 7a, the accumulated release
pattern of MLX from the PHCS-g-PNVCL micelles was
influenced significantly by the environmental temperature.
At 25 and 30 °C (<LCST), the drug-release rate and
amount were obviously greater than those at 35 and 40 °C
(>LCST). About 90 % drug was gradually released in 35 h
for the samples at 25 and 30 °C, and then the release rate
reached at an equilibrium level. As observed from the
samples at 35 and 40 °C, only 70 % drug was released
upon the temperature above LCST (Fig. 7a). Obviously,
the release rate at the temperature above LCST was lower
than that below LCST.

As described above, the grafted PNVCL chains trans-
ferred from hydrophilic into hydrophobic state as the
temperature increased above the LCST. They accumulated
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Fig. 7 In vitro release of MLX in PBS (pH = 7.4) at different
temperatures (25, 30, 35, and 40 °C) and the schematic illustration of
MLX loading and release (Color figure online)

onto the hydrophobic surfaces of the micelles. In the drug-
release procedure, the accumulated hydrophobic PNVCL
layer reduced the diffusion rate of MLX from the
hydrophobic cores to the aqueous medium, which resulted
in the decreased release rate of MLX.

Conclusion
Biocompatible thermo-sensitive polymeric surfactant

PHCS-g-PNVCL was synthesized by grafting PNVCL-
COOH chains onto the backbone of PHCS. They self-

@ Springer

assembled into uniform micelles with a low CMC of
0.51 mg/L. MLX as a model NSAIDs was loaded into the
hydrophobic cores of the micelles with 51.3 wt% loading
capacity. As observed by TEM, the micelles loaded with
MLX showed a well-defined spherical shape with a diam-
eter of 220 nm, which were much bigger than the blank
micelles (180 nm). The size of the prepared MLX-loaded
micelles was constant at room temperature, while increased
significantly when the temperature was heated above 32 °C.
In vitro release study showed that the release rate of MLX
decreased obviously as the temperature increased above
32 °C. It means that these micelles can work as a prolonged
drug-release system at body temperature.
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