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Ibuprofen modified inulin was synthesized through a direct esterification linkage in which the in situ activation
of the carboxylic acid with N,N′-carbonyldiimidazole was carried out. The critical aggregation concentration of
the ibuprofen modified inulin was determined by using pyrene as the fluorescence probe. Methylprednisolone
loaded nanoparticles were prepared by the self-assembly of the ibuprofenmodified inulin copolymer andmeth-
ylprednisolone. In vitro release of themethylprednisolone and the cytotoxicity of themethylprednisolone loaded
nanoparticles against RSC-96 cellswere evaluated. Since the ibuprofen andmethylprednisolone could stimulate a
significant neurite growth and diminish the human neurological deficits after the spinal cord injury, the methyl-
prednisolone loaded nanoparticles based on the ibuprofenmodified inulin copolymermay have a great potential
in the synergetic effect treatment for spinal cord injury.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Spinal cord injury has a devastating impact on the life quality of pa-
tients, such as the loss of neurons, axonal degeneration, serious neuro-
logical deficits, life-long motor and sensory disability [1,2]. Although
much effort has been expended, there is still no effective treatment for
the spinal cord injury [3]. Up to now, methylprednisolone is the only
common used agent for treatment of acute spinal cord injury, and
high-dose systemic administration could diminish the human neuro-
logical deficits after the spinal cord injury [4,5]. Although the underlying
therapeutic mechanism was unclear, people believed that the main
therapeutic benefits after the spinal cord injury might be related to
the inhibition of lipid peroxidation and inflammatory response ofmeth-
ylprednisolone [6,7]. Unfortunately, a high-dose systemic methylpred-
nisolone used in the acute spinal cord injury could result in serious
side effects, such as gastric bleeding, sepsis, pneumonia, acute cortico-
steroid myopathy and wound infection, which accompany only with
modest improvements in the neurological recovery [8–10]. The side ef-
fects of methylprednisolone therapy as just mentioned may be related
to the high systemic dosage and its toxicity. Therefore, the targeted de-
livery of methylprednisolone to the injury site is likely themajor obsta-
cle to the effectively andwidespread clinical use ofmethylprednisolone.

Recently, increasing interest and intensive effort have been de-
voted to biomedical used drug delivery carriers in nanoscale [11–13].

Nanoparticle based drug delivery system could easily penetrate deeply
into tissues and fine capillaries because of their sub-cellular and sub-
micron size [14,15]. In particular, natural polysaccharide based bio-
nanoparticles are widely used for drug delivery systems, such as anti-
inflammatory drugs, antibiotics, proteins, gene, peptides and hormones,
all due to their remarkable superiority in biodegradability and biocom-
patibility [16–20]. On the other hand, suitable modification of poly-
saccharides allows for an improvement in the properties of natural
polymers [21]. For example, these modified polysaccharides could
self-assemble into nanoparticles with the hydrophobic segments
forming the core and hydrophilic segments forming the shell in the
aqueous solution. These polysaccharide based nano-drug delivery sys-
tems have significant advantages, such as stabilizing the therapeutic
agents, improving the solubility of hydrophobic drugs, prolonging the
circulation life-time and reducing the side effects of the drugs [20,22].

In presentwork,we report a syntheticmethodofmethylprednisolone
loaded nanoparticles, specifically, the non-steroidal anti-inflammatory
drug ibuprofen decorated inulin nanoparticles. The ibuprofen modified
inulin was prepared by a direct esterification linkage between the hy-
droxyl groups of inulin and the carboxylic acid groups of ibuprofen
with the help of N,N-carbonyldiimidazole which in-situ activates the
carboxylic acid group. The critical aggregation concentration of ibupro-
fen modified inulin copolymer was investigated using pyrene as a fluo-
rescence probe. The methylprednisolone loaded nanoparticles were
prepared by a process of nanoprecipitation. The size and morphology
of obtained nanoparticles were characterized with dynamic light scat-
tering and transmission electron microscopy. In vitro release of the
methylprednisolone was evaluated in the phosphate buffer solution.
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The obtained ibuprofen nanoparticles have great application potentials
in the treatment for spinal cord injury. Furthermore, ibuprofenwas cho-
sen as the biologically active carboxylic acids, which could surmount
axon growth restrictions frommyelin and proteoglycans and stimulate
a significant neurite growth in the cultured dorsal root ganglion neu-
rons [23]. It has a great potential in the synergetic effect treatment for
spinal cord injury.

2. Materials and method

2.1. Materials and characterization

N,N′-carbonyldiimidazole was purchased from Sigma-Aldrich. Ibu-
profen [2-(4-isobutylphenyl) propanoic acid] was obtained from Acros
Organics Company. Inulin was bought from Shanghai Alladin Reagent
Company (China). Methylprednisolone was purchased from Yueyang
Huanyu Pharmaceutical Co., Ltd. (China).

The 1H NMR spectra were recorded with a Bruker DPX-300 at a fre-
quency of 300 MHz. The size of nanoparticles was measured using a
Brookheaven BI9000AT system (Brookheaven Instruments Corporation,
U.S.A.). The fluorescence spectra were taken with a RF-5301PC spectro-
fluorometer (Shimadzu, Japan). High performance liquid chromatogra-
phy (HPLC) analysis was performed on a Shimadzu LC-15A (Shimadzu,
Japan) HPLC system equipped with a Shimadzu UV detector and a C-18
Wondasil-HPLC analysis column. The mobile phase consisted of a mix-
ture of acetonitrile:water (34:66, v/v, pH = 3.4), and delivered at a
flow of 1.0 mL/min at 25 °C. Detection was performed at a wavelength
of 243 nm [24]. Transmission electronmicroscope (TEM) analyses were
performed on a JEOL JEM-1010 after the sample stained with a phos-
photungstic acid solution (2%, w/v).

2.2. Synthesis of inulin–ibuprofen conjugates

First, 0.43 g (2.66 mmol) of N,N′-carbonyldiimidazole was added to
a 5 mL DMSO solution consisting of 0.5 g (2.42 mmol) ibuprofen, and
the reaction mixture was stirred at room temperature for 1 h. Subse-
quently, 0.5 g (3.1 mmol, the fructose unit) of inulin was added to the
mixture and the reaction was allowed to react for 24 h at 80 °C under
stirring. The resultant solution was precipitated into 100 mL cold
water. The precipitates were filtered out, washed several times with
water and dried under vacuum to obtain inulin–ibuprofen conjugates.

2.3. Determination of the critical aggregation concentration

The critical aggregation concentration of the inulin–ibuprofen con-
jugates was determined by using pyrene as a fluorescence probe. A
pyrene solution (1.8 × 10−4 mol/L) in acetone was added to 3.0 mL of
samples with different concentrations ranging from 1 × 10−5 to
1 mg/mL in 20 mM of phosphate buffer solution (pH = 7.4). The final
concentration of pyrenewas 6 × 10−7M. Then, themixtureswere incu-
bated for 15 h at room temperature in dark. The fluorescence spectra
were recorded by using a fluorescence spectrometer at the excitation
wavelength of 330 nm with the emission and excitation slit widths of
5 nm. The emission fluorescence of 372 and 383 nm were monitored
and the intensity ratio of pyrene at 372 and 383 nmwas plotted against
the polymer concentration to determine the critical aggregation
concentration.

2.4. Preparation of drug-loaded nanoparticles

Methylprednisolone-loaded nanoparticles were prepared by amod-
ified nanoprecipitation method. 5 mg of inulin–ibuprofen conjugates
with 1 mg of methylprednisolone was dissolved in acetone (1 mL),
and then, dropped into 10 mL of hot water (50 °C) under a moderate
stirring. Later on, the acetone was removed under a reduced pressure
at room temperature. Subsequently, this suspension was filtered

by a cellulose acetate filter with the average pore size of 0.22 μm to re-
move the unloaded methylprednisolone (72%, the yield obtained after
centrifugation).

2.5. Drug loading content and encapsulation efficiency

The lyophilized nanoparticles were accurately weighted before dis-
persing in methanol. The concentration of methylprednisolone in the
resulting methanol solution was determined by HPLC and using a pre-
determined calibration curve. The drug loading content and encapsula-
tion efficiency was calculated by the following formulas, respectively:

Drug loading content% ¼ Weight of the drug in the nanoparticles
Weight of the nanoparticles

� 100%

Encapsulation efficiency% ¼ Weight of drug in the nanoparticles
Weight of the feeding drug

� 100%:

2.6. In vitro release of methylprednisolone-loaded nanoparticles

The lyophilized methylprednisolone-loaded nanoparticles (1.1 mg)
containing 150 μg of methylprednisolone was dialyzed with 10 mL of
phosphate buffer solution (PBS) at 37 °C in a 15 kDaMWCOmembrane.
After certain periods, 1mL of aliquot waswithdrawn and then the same
volume (1 mL) of medium was replenished to the suspension. The re-
leased concentrations of methylprednisolone in the sample medium
were measured by HPLC with a pre-established calibration curve. The
measurements were repeated three times and the shown results were
the average of three measurements.

2.7. In vitro cytotoxicity

The cytotoxicity of samples was tested by using a MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Rat
Schwann cell line (RSC-96) cells were grown in a Dulbecco's modified
Eagle's medium (DMEM) with 2 mM glutamine, 100 U/mL penicillin,
and 100 μg/mL streptomycin with 10% fetal bovine serum in a 5% CO2

atmosphere at 37 °C. The cells were seeded into a 96-welled plate at a
density of 5000 cells per well, and incubated with 100 μL of culture me-
dium containing a series of doses of samples at 37 °C for 48 h. After the
incubation, the culture media in each well were removed and the cells
were washed three times with PBS. Then, 20 μL of MTT solution
(5 mg/mL)was added to eachwell and cultured for another 4 h. The su-
pernatant was discarded and 100 μL of DMSO was added then to each
well. The OD values of plates were observed on a microplate reader at
570 nm (Safire, Tecan). The results were expressed as the percentage
of cells relative to the control cells after various treatments without
any modifications.

3. Results and discussion

3.1. Synthesis and characterization of the inulin esters

Inulin is a naturally occurring dietaryfiber composing of polysaccha-
rides, mostly existed in plants of Compasitae family including dahlia,
Jerusalem artichoke and chicory [25]. Generally, the polymer consists
of linear chains of fructose unit chains linked by glycosidic bonds and
terminated at a single glucopyranoside ring. Thanks to the biocompati-
bility and biodegradability of inulin, it is a good candidate for biomedical
applications including tissue engineering and biodegradable drug car-
riers [26,27]. It would be a significant progress to prepare the copoly-
mers of polysaccharides and hydrophobic drug, and the copolymers
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