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p-cyclodextrin (CD) grafted N-maleoyl chitosan (CD-g-NMCS) with two different degrees of
substitution (DS) of N-maleoyl (DS =21.2% and 30.5%) were synthesized from maleic an-
hydride and chitosan bearing pendant cyclodextrin (CD-g-CS). CD-g-NMCS based nanoparticles
were prepared via an ionic gelation method together with chitosan and CD-g-CS nanoparticles.
The size and zeta potential of prepared CD-g-NMCS nanoparticles were 179.2~274.0 nm and
36.2~42.4 mV, respectively. In vitro stability test indicated that CD-g-NMCS nanoparticles were
more stable in phosphate-buffered saline compared with chitosan nanoparticles. More-
over, a poorly water-soluble drug, ketoprofen (KTP), was selected as a model drug to study
the obtained nanoparticle’s potentials as drug delivery carriers. The drug loading effi-
ciency of CD-g-NMCS20 nanoparticles were 14.8% for KTP. MTT assay showed that KTP loaded
CD-g-NMCS nanoparticles were safe drug carriers. Notably, in vitro drug release studies showed
that KTP was released in a sustained-release manner for the nanoparticles. The pharma-
cokinetic of drug loaded CD-g-NMCS20 nanoparticles were evaluated in rats after intravenous
administration. The results of studies revealed that, compared with free KTP, KTP loaded
CD-g-NMCS20 nanoparticles exhibited a significant increase in AUCo_24n and mean resi-
dence time by 6.6-fold and 2.9-fold, respectively. Therefore, CD-g-NMCS nanoparticles could
be used as a novel promising nanoparticle-based drug delivery system for sustained release
of poorly water-soluble drugs. The carboxylic acid groups of the CD-g-NMCS molecule provide
convenient sites for further structural modifications including introduction of tissue- or
disease- specific targeting groups.
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1. Introduction

In recent years, with the fast advance of modern nanotech-
nology [1], nanoparticles (NP) based drug delivery system made
of biodegradable and biocompatible materials have emerged
as a novel platform for drug delivery [2]. Such systems have
many advantages, which could not only solubilize drugs, protect
drugs from degradation, and control the drug release rate to
prolong the drug’s effective therapeutic duration, but also could
achieve targeted drug delivery to specific sites [3]. The re-
search in our group had been focused on nanoparticle-based
drug delivery system (NDDS) based on chitosan and
cyclodextrins for poorly water-soluble drugs [4-6].

Chitosan (CS) is a natural cationic polysaccharide polymer
composed of N-acetylglucosamine and glucosamine residues
which has been widely used for preparation of NDDS due to
its attractive properties such as biocompatibility, biodegrad-
ability, tendency for formation of nanoparticles, and
antimicrobial activity [7]. Chitosan based nanoparticles were
reported for delivery of poorly water-soluble drug [8] and
water-soluble protein [9] as well. In addition, they were also
widely explored in gene delivery system recently [10,11]. Dif-
ferent from chitosan, -cyclodextrin (8-CD) has a hydrophilic
outer surface and a lipophilic central cavity to accommodate
a variety of lipophilic drugs [12], resulting in increased solu-
bility of the incorporated drug, enhanced permeation for
macromolecular drugs [13], and inhibition of certain prote-
ase activities [14].

With combined advantages of f-CD and chitosan, 5-CD
grafted with chitosan (CD-g-CS) was synthesized and used in
many fields [15]. However, the cationic nature of chitosan re-
quires acidic media to maintain its solubility, while in neutral
or slight basic condition such as physiological condition of pH
7.4, it is poorly soluble, which limits its practical use. Hence,
structural modification to introduce a hydrophilic functional
group and improve its solubility is often necessary and crucial
for aimed applications [16]. For this reason, many chitosan de-
rivatives including dicarboxymethyl and quaternized chitosan,
N-maleoyl chitosan, carboxymethyl chitosan and N-sulfofuryl
chitosan with a solubility range of 3-10 mg/ml have been de-
veloped [16].

Herein we reported cyclodextrin grafted N-maleoyl chitosan
(CD-g-NMCS) nanoparticles as drug-delivery system for poorly
water-soluble drugs. CD-g-NMCS polymers with two different
degree of substitution (DS) were synthesized and confirmed
by 'H NMR, FT-IR and XRD. CD-g-CS and CD-g-NMGCS
nanoparticles were prepared via ionic gelation method using
sodium tripolyphosphate (TPP) as cross-linking agent. The
cytotoxicity of CS nanoparticles and CD-g-NMCS nanoparticles
were examined. Finally, Ketoprofen (KTP), a potent non-
steroidal anti-inflammatory drug commonly used for the
treatment of acute and chronic rheumatoid arthritis, was
selected as the model drug for encapsulation and sustained
drug-release studies. The short half-life, poor solubility in
water, low bioavailability and side effects in the gastrointes-
tinal tract [17] make KTP particularly suitable for formulation
of a controlled-release dosage form [18]. Pharmacokinetic pa-
rameters of these KTP loaded nanoparticles were investigated
in rats.

2. Materials and methods
2.1. Materials

Chitosan (Mw = 110 kDa, deacetylation degree >90%) was pur-
chased from Zhejiang Aoxing Biotechnology Co., Ltd., Zhejiang,
China. f-cyclodextrin (8-CD) was purchased from Shanghai
Kayon Biological Technology Co., Ltd., Shanghai, China.
p-Toluenesulfonyl chloride was purchased from Ling-feng
Chemical Reagent Co., Ltd., Shanghai, China. Maleic anhy-
dride, sodium tripolyphosphate (TPP) and mannitol were
purchased from Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China. Ketoprofen was purchased from Shanghai Aidie
Chemical Reagent Co. Ltd., Shanghai, China. All other re-
agents used were commercially available and were of analytical
grade.

2.2.  Synthesis of cyclodextrin grafted N-maleoyl chitosan

2.2.1. Synthesis of
mono-6-deoxy-6-(p-toluenesulfonyl)-B-cyclodextrin
Mono-6-deoxy-6-(p-toluenesulfonyl)--cyclodextrin (6-OTs-3-
CD) was synthesized as described by the previously reported
method [19]. Briefly, 8-CD (30.0 g) was suspended in 250 ml of
water, and NaOH (3.24 g) in 10 ml of water was added dropwise
over 6 min. The suspension became homogeneous and slightly
yellow before the addition was complete. p-Toluenesulfonyl
chloride (5.04 g) in 15 ml of acetonitrile was added dropwise
over 8 min, causing immediate formation of a white precipi-
tate. After 2 h of stirring at 23 °C, the precipitate was removed
by filtration and the filtrate was refrigerated overnight at 4 °C.
The resulting white precipitate was recovered by filtration. After
drying for 12 h, the white solid was obtained.

2.2.2.  Synthesis of B-cyclodextrin grafted with chitosan
(CD-g-CS)

CD-g-CS was synthesized following procedure in our previ-
ous work [20]. Briefly, chitosan (1.0 g) was dissolved in 1% (v/
v) acetic acid (pH 4, 80 ml). The solution of 6-OTs- 3-CD (1.0-
5.0 g) in 40 ml N, N-dimethylformamide (DMF) was added into
the chitosan solution. The reaction mixture was refluxed at
100 °C for 16 h and dialyzed with deionized water for 3 days.
The solution was then lyophilized to give a cotton like powder
of CD-g-CS. The CD-g-CS with different degrees of substitu-
tion of B-CD could be obtained by adjusting mass ratio of 6-OTs-
B-CD to chitosan. The substitution degree of CD-g-CS was
calculated using phenol- sulfuric acid method.

2.2.3. Synthesis of cyclodextrin grafted N-maleoyl chitosan
(CD-g-NMCS)

CD-g-CS (1.0 g) was dissolved in 240 ml 2% acetic acid (v/v) at
room temperature, and 5 ml of the maleic anhydride (0.17-
1.0 g,) solution in 5 ml acetone was added dropwise with
vigorous stirring. After 5 h of stirring at 25 °C, the reaction pH
was adjusted to 7.0-8.0 by the dropwise addition of NaOH so-
lution (1.0 M), causing immediate formation of a white
precipitate. The resulting precipitate was filtered, washed with
acetone, and desiccated to give CD-g-NMCS. The different
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maleoyl substitute degrees of CD-g-NMCS could be obtained
by adjusting mass ratio of maleic anhydride to CD-g-CS.

2.3.  Characterization of CD-g-NMCS

The Fourier transform infrared (FT-IR) spectrum was re-
corded on Nicolet 5700 instrument (Nicolet Instrument, Thermo
Company, USA). Samples were prepared as KBr pellet and
scanned against a blank KBr pellet background at wavenumber
range 4000-400 cm™ with resolution of 4.0 cm™.

The 'H NMR spectra of the samples was carried out on a
Bruker DPX300 spectrometer (Bruker, Germany). Chitosan and
CD-g-CS were dissolved in a mixed solvent of CD;COOD and
D,0, CD-g-NMCS was dissolved in D,0. DScoon Was deter-
mined by 'H NMR.

The X-ray diffraction (XRD) patterns of the sheet sample was
recorded on an X-ray diffractometer (D/Max2500VB2+/Pc, Rigaku,
Japan) with area detector operating at a voltage of 40 kV and
a current of 50 mA using CuKo radiation source (A = 0.154 nm).
The scanning rate was 5°/min and the scanning scope of 26
was from 10° to 80° at room temperature.

2.4. Solubility test

The solubility of chitosan, CS-g-CD, CD-g-NMCS20
(DScoon = 21.2%) and CD-g-NMCS30 (DScoon = 30.5%) in aqueous
solution was determined by measuring their optical transmit-
tances. A weighed amount of materials was placed in large
screw-cap tubes (50 ml) containing ultrapure water. The solu-
tion pH was adjusted to 4 with 1.0 mol/l HCI and left overnight
at a final concentration of 4 mg/ml. Then, the pH was read-
justed with 0.1 mol/l NaOH to pH gradients ranging from 4 to
9. The absorbance of solutions was measured at 420 nm using
a UV-visible spectrometer (Jasco V-530).

2.5. Determination of molecular weight

The viscosity average molecular weight was determined by
measuring the relative viscosity with an Ubbelohbe viscom-
eter (Sigma-Aldrich, USA). The solvent system used was 1% (v/
v) CH;COOH. The viscosity average molecular weight (Mv) was
calculated from the intrinsic viscosity n using the Mark-
Houwink equation (n =K Mv®). The k and o values were
16.8 x 10~ and 0.81, respectively.

2.6.  Cell viability assay of CD-g-NMCS polymer

Cell viability was evaluated by evaluation of the viability of
human lung adenocarcinoma epithelial (A549) cell line by MTT
method. A549 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) in 5% CO,. The cells were seeded in 96-well
plates with 1 x 10° cells per well and incubated for 24 h. Then,
the old growth medium was replaced with 200 ul of fresh
medium containing various amounts of chitosan, CD-g-CS, CD-
g-NMCS20 or CD-g-NMCS30 polymer (0.5, 1.0, 2.0, 4.0, 8.0,
10.0 mg/ml) and cells were incubated for 24, 48 and 72 h, re-
spectively. After incubation, culture medium and 20 pl of MTT
solution was used to replace the mixture in each well. After
further incubation for 4 h in incubator, the culture medium in
each well was replaced by 100 pl of isopropanol to dissolve the

insoluble formazan-containing crystals. The optical density was
read on a microplate reader at 570 nm.

2.7. Preparation of CD-g-NMCS nanoparticles

Chitosan, CD-g-CS and CD-g-NMCS nanoparticles were pre-
pared using the mild ionic gelation method according to the
procedure previously developed [20]. Briefly, TPP (0.125-1.0 mg/
ml) was added dropwise to chitosan, CD-g-CS or CD-g-NMCS
solution (0.5-2.0 mg/ml, pH 4.0-6.0) with magnetic stirring at
800 rpm and continued stirring for 30 min at room tempera-
ture to obtain blank nanoparticles.

For the preparation of drug-loaded CD-g-NMCS nanoparticles,
the KTP solution with various concentrations was added slowly
to CD-g-NMCS (DScoon =0, 21.2% and 30.5%, pH 5.0) solution
by magnetic stirring (800 rpm) for 30 min at room tempera-
ture. Then, TPP solution was added dropwise to the mixture
with mild stirring (800 rpm) for another 30 min. The weight ratio
of CD-g-NMCS to TPP used throughout this study was 10:1,
which was obtained from the results of several trials. The re-
sulting suspension was subjected to particle size analysis.
Particles were washed and ultracentrifuged. Dry nanoparticles
were obtained after lyophilized with 3% mannitol as lyophi-
lized protection agent.

2.8. Characterization of CD-g-NMCS nanoparticles

The particle size, zeta potential and size distribution of
nanoparticles were measured by dynamic light scattering (DLS,
NanoZS4700 nanoseries, Malvern Instruments, UK). For trans-
mission electron microscopy (TEM, JEM- 2010JEOL, Japan), a 10 pl
of polymer micelle solution of 10 mg/ml was carefully dropped
onto clean copper grids, then dried at room temperature for
30 min.

2.9. Cell viability assay of KTP laoded CD-g-NMCS
nanoparticles

A549 cells were cultured in DMEM in 5% CO,. The cells were
seeded in 96-well plates with 1 x 10° cells per well and incu-
bated for 24 h. Then, the old growth medium was replaced with
200 pl of fresh medium containing free KTP solution, KTP loaded
CS nanoparticles or KTP loaded CD-g-NMCS nanoparticles
(0.0005, 0.001, 0.005, 0.01, 0.05 and 0.1 mg/ml) and cells were
incubated for 24 h, respectively. After incubation, culture
medium and 20 pl of MTT solution was used to replace the
mixture in each well. After further incubation for 4 h in incu-
bator, the culture medium in each well was replaced by 100 pl
of isopropanol to dissolve the insoluble formazan-containing
crystals. The optical density was read on a microplate reader
at 490 nm.

2.10. Stability study

The chitosan, CD-g-CS and CD-g-NMCS nanoparticles were
freshly prepared, isolated and resuspended at 0.1% (w/v) in pH
6.8 phosphate-buffered saline (PBS). The nanoparticles were in-
cubated at 37 °C under agitation (100 rpm), and samples were
collected at time points of 0, 0.5, 1, 2, 4, 6, 12, 24, 48 and 72 h.
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The size distribution of the nanoparticles was measured by DLS.
Each experiment was performed in triplicate.

2.11. Determination of KTP by HPLC

KTP was determined using a modified reverse-phase HPLC
system (Agilent Technologies, Santa Clara, CA, USA). Chro-
matographic separation was conducted on a Diamonsil® C18
column (4.6 x 250 mm, 5 um, Dikma, Beijing, Peoples’ Repub-
lic of China). The ternary mobile phase consisted of methanol/
0.01 M KH,PO, buffer (70/30, v/v) and adjusted to pH 3.0 with
phosphoric acid, which was delivered at an isocratic flow rate
of 1 ml/min at 40 °C. The detection wavelength was set at
260 nm. The injection volume was 20 pl, and the retention time
of KTP was 7.9 min.

2.12. Determination of entrapment efficiency and loading
efficiency

The drug content in nanoparticles was calculated from the dif-
ference between the total amount of drug added in the
nanoparticles and the amount of unentrapped drug in the
aqueous medium. The KTP content was measured by UV-
visible spectrophotometry at 260 nm. A blank sample was made
from nanoparticles without loaded KTP but treated similarly
as the KTP-loaded nanoparticles. Each sample was measured
in triplicate. The entrapment efficiency (EE) and loading effi-
ciency (LE) were calculated as:

EE (%) = (total KTP amount - free KTP amount)/
total KTP amount x 100%

LE (%) = (total KTP amount - free KTP amount)/
weight of nanoparticles x 100%

2.13. In vitro release studies

In vitro release profiles of KTP from drug-loaded nanoparticles
were investigated for 24 h in the PBS. 2 mg KTP-loaded
nanoparticles and 5 ml release medium were put into a di-
alysis tube (MWco: 14,000 Da). The dialysis tube was placed in
30 ml release medium at 37 °C and stirred continuously at
100 rpm. At specific time intervals, 5 ml release medium were
withdrawn and replaced with 5 ml fresh release medium. The
concentration of the released KTP was determined by UV spec-
trophotometer at 260 nm. The analysis was performed in
triplicate for each sample.

2.14. Animal testing

Nine female SD rats (200 + 10 g) were randomly divided into
three groups, Group A: free KTP treated group; Group B: KTP
loaded CS nanoparticles treated group; Group C: KTP loaded
CD-g-NMCS nanoparticles treated group. The animals were in-
jected in tail vein with a dose of 10 mg KTP/kg. The blood
samples (0.3 ml) were drawn from fundus oculi at a desig-
nated time intervals. Blood samples were centrifuged to obtain
plasma (50 pl). 1 ml of acetonitrile was added into the plasma
and vortexed to precipitate protein. The mixture was centri-

fuged and 0.9 ml of upper was transferred and dried by nitrogen
gas. The residue was dissolved with 200 ul mobile phase and
the KTP concentration in plasma was assayed by HPLC.

2.15. Statistical analysis

Multiple group comparisons were conducted using one-way
analysis of variance (ANOVA). All data analysis was executed
using the IBM SPSS Statistics 17.0. All data were presented as
a mean value with its standard deviation indicated (mean + SD).
P-values less than 0.05 were considered to be statistically
significant.

3. Results and discussion

3.1.  Synthesis and characterization of CD-g-CS and
CD-g-NMCS

As shown in Fig. 1, chitosan was first reacted with 6-OTs-j-
CD in the presence of acetic acid to functionalize partial amino
groups of the chitosan with $-CD and obtained CD-g-CS [20].
Then CD-g-CS further reacted with maleic anhydride and
functionalized the unreacted amino groups of CD-g-CS to afford
CD-g-NMCS. The obtained chitosan derivatives were charac-
terized by FT-IR (Fig. 2), "H NMR spectroscopy (Fig. 3), and XRD
spectrum (Fig. 4).

The FT-IR spectrum of chitosan (Fig. 2A) showed a broad -OH
stretch absorption band between 3500 and 3100 cm™ and the
aliphatic C-H stretch between 2990 and 2850 cm™. The peak
at 1384 cm* represented the -C-O stretch of primary alco-
holic group (-CH,-OH). The FT-IR spectrum of CD-g-CS (Fig. 2B)
showed both patterns of chitosan and S-cyclodextrin. The domi-
nant peaks at wavenumbers 3417 cm™ and 1384 cm™ were due
to -OH stretching and -C-O stretching of chitosan backbone,
respectively. Further, the characteristic peak of the f-pyranyl
vibration of chitosan at 894.9 cm™ and the characteristic peak
of the o-pyranyl vibration of -CD at 942.8 cm™ both ap-
peared. The peak at 890 cm™ was the characteristic bands of
o-(1, 4) glucopyranose in -CD. Fig. 2C showed the FT-IR spec-
trum of CD-g-NMCS. Peaks appeared at 1565 cm™ and 1650 cm™
represented the stretching vibration of C-N from acyl group
(-NH-CO-) and the stretching vibration of C = C from maleoyl
group, respectively. Furthermore, the peak at 1665 cm™, which
represented the free primary amino group (-NH,), was de-
creased because of the substitution of maleoyl group. These
results demonstrated the successful synthesis of CD-g-NMCS.

As shown in Fig. 3A, the 'H NMR assignments of chitosan
were as follows: § 3.08 (H2); 3.65-3.82 (H1, H3, H4, H5, H6). Com-
pared with the 'H NMR of chitosan, the 'H NMR spectrum of
CD-g-CS (Fig. 3B) showed multiple signals at 5.0-3.0 ppm, which
were due to the H2’ -H6’ protons of CD and H3-H6 of chitosan.
The singlet at 1.99 ppm was due to the H2 proton of the glu-
cosamine (Fig. 3B). Fig. 3C showed the *"H NMR spectrum of CD-
g-NMCS. The multiplet proton signals at 5.0-3.0 ppm
corresponded to the protons of CD, and the proton signal at
6.3 was due to the ethylenic bond proton in maleoyl. These
results indicated the successful synthesis of CD-g-NMCS.

X-ray diffraction spectra of chitosan exhibited two reflec-
tions at 20 values of 11° and 20° (Fig. 4A), which was assigned
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Fig. 1 - Synthetic pathway of CD-g-NMCS polymer.

to crystal form I and crystal forms II, respectively, by Samuels
[21]. Compared with chitosan, XRD spectra of CD-g-CS (Fig. 4B)
and CD-g-NMCS (Fig. 4C) showed broad single peak pattern at
20 values of 26° and 24°, respectively, indicating low crystal-
linity and considerably more amorphous than chitosan. We
hypothesize that the decrease in the crystallinity of CD-g-CS

Transmittance (%)

T T T T T T T T T T T T T T
4000 350 3000 2500 2000 1500 1000 500
Wavenumber (cm!)

Fig. 2 - FT-IR spectra of CS (A), CD-g-CS (B) and CD-g-NMCS
(©)-

and CD-g-NMCS is due to deformation of the strong hydro-
gen bonds in the chitosan backbone as the amino groups are
functionalized by 6-OTs-S-CD or maleic anhydride.

3.2. Solubility study

Fig. 5 exhibited the transmittance of CD-g-NMCS in water with
various pH compared with chitosan and CD-g-CS at 5 mg/ml.
It was found out that the water solubility of chitosan, CD-g-
CS and CD-g-NMCS decreased with the increase of pH. Chitosan,
CD-g-CS, CD-g-NMCS20 and CD-g-NMCS30 showed excellent
water solubility at low pH due to protonation of amino groups.
At the pH range of 5.0-8.0, the CD-g-NMCS20 and CD-g-
NMCS30 showed better water solubility than chitosan and CD-
g-CS, which indicated that maleoyl conjugation enhances the
solubility of chitosan.

3.3. Molecular weight determination

Compared with chitosan, the apparent viscosity average mo-
lecular weight of CD-g-CS, CD-g-NMCS20 and CD-g-NMCS30
increased (Table 1). The results clearly reflected the sequen-
tial increase of molecular weight due to the graft of CD and
maleoyl groups, and further increase of the molecular weight
through increase of maleoyl substitution.
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Fig. 4 - XRD spectra of CS (A), CD-g-CS (B) and CD-g-NMCS
().

3.4. Cell toxicity assays of CD-g-NMCS polymer

The in vitro toxicity of CD-g-CS, CD-g-NMCS20 and CD-g-
NMCS30 was studied by the MTT assay using A549 cell as the
model cell line. The results were shown in Fig. 6, CD-g-NMCS,
CD-g-CS, and CS showed almost no cytotoxicity in 24, 48 and
72 h.

100 -
80 -
g —o—CS$
g 607 —A—(CS-g-CD
<
2 ——CD-g-NMCS20
@
E; 10 1 —=— CD-g-NMCS30
20
0 :
3 4 5 6 7 8 9 10

Fig. 5 - The influence of pH on water solubility of CS, CS-g-
CD and CD-g-NMCGCS.
Data were expressed as mean + SD (n = 3).

Table 1 - Viscosity average molecular weight of CS, CD-
g-CS and CD-g-NMCS.

Sample n Mn (Da)
GS 203.6 1.10 x 10°
CD-g-CS 230.2 1.28 x 10°
CD-g-NMC20 234.6 1.31x10°
CD-g-NMC30 237.5 1.33 x 10°

Note: 1: intrinsic viscosity; Mn: viscosity average molecular weight.
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Fig. 6 — Cell viability assay with (A) CS, CD-g-CS and CD-g-
NMCS polymer (4 mg/ml), (B) various concentrations of CD-
g-NMCS polymer. Data were expressed as mean + SD
(n=3).

We also conducted a dose-dependent MTT assay by co-
incubation A549 cells with various concentrations (0.1-10 mg/
ml) of CD-g-NMCS20 for 24, 48 and 72 h (Fig. 6B). CD-g-NMCS
showed no cytotoxicity up to 10 mg/ml for 72 h. The results
show that CD-g-NMCS is a safe and biocompatible material for
use as a potential drug carrier.

3.5. Preparation and characterization of CD-g-NMCS
nanoparticles

These nanoparticles formation with 1.0 mg/ml CD-g-NMCS and
0.5 mg/ml TPP (CD-g-NMCS/TPP = 5/1, v/v) were examined at
various pH values (from 4.0 to 6.0). Results showed that CD-
g-NMCS could form nanoparticles between pH 4.5 and pH 5.5
(Table 2). Besides, various weight ratios of CD-g-CS to TPP were
also studied for nanoparticle formation, since the inter and intra
molecular linkages between TPP and positively charged amino
groups of CD-g-NMCS are known to be responsible for the ge-
lation process and the right weight ratio of CD-g-NMCS to TPP
is critical for the success of nanoparticle formation. Results
showed that the formation of nanoparticles was only



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 12 (2017) 558-568 565

Table 2 - Physicochemical properties of CD-g-NMCS nanoparticles.

pH CD-g-NMCS CD-g-NMCS/TPP Morphology Size Zeta potential PI
(mg/ml) (w/w) (nm) (mV)
4.0 1.0 10/1 Unformed N.D. — —
4.5 1.0 10/1 Spherical 179.2+16.1 42.4+3.1 0.33
5.0 0.5 5/1 Precipitation N.D. — —
5.0 1.0 10/1 Spherical 197.7 £14.2 38.1+25 0.18
5.0 1.0 20/1 Precipitation N.D. — —
5.0 1.0 5/1 Precipitation N.D. — —
5.0 1.5 15/1 Spherical 274.0£9.8 409+1.6 0.40
5.0 2.0 20/1 Unformed N.D. — —
5.5 1.0 10/1 Spherical 225.0£18.9 36.2+19 0.16
6.0 1.0 10/1 Precipitation N.D. — —

Note: DScoon of CD-g-NMCS is 21.2%; N.D.: no data; PI: polydispersity index. Data were expressed as mean + SD (n = 3).

Table 3 - Physicochemical properties of KTP loaded CD-g-NMCS nanoparticles.

Nanoparticles KTP EE LE Size Zeta potential PI
(mg) (%) (%) (nm) (mV)

CS 4.0 55.4+2.7 16.2+14 237.6 £25.1 28.1+2.9 0.28

CD-g-CS 0.5 232+14 88+1.7 183.2+2.1 33.4+2.0 0.27
1.0 244+04 10.2+1.1 217.3+4.1 40.2 +3.8 0.21
2.0 33.8+1.4 125+2.3 219.0£9.2 323+34 0.25
4.0 60.7 £4.2 14.0+2.1 211.3+17.0 354+15 0.26
8.0 50.7 £3.0 12.7+£15 233.5+5.3 39.1+2.8 0.18

CD-g-NMCS20 4.0 62.6+2.8 14.8+19 306.9 £ 47.5 21.5+25 0.21

CD-g-NMCS30 4.0 65.4+3.1 15.0£2.2 327.0+55.1 21.7+1.9 0.25

Note: EE: entrapment efficiency; LE: loading efficiency; PI: polydispersity index. Data were expressed as mean + SD (n = 3).

possible for a certain weight ratio range of CD-g-CS to TPP from
10/1 to 15/1 (Table 2).

The properties of KTP loaded nanoparticles were summa-
rized in Table 3. The drug loading efficiency of CD-g-NMCS20
and CD-g-NMCS30 nanoparticles were 14.8 and 15.0%, respec-
tively. KTP loaded CD-g-CS and CD-g-NMCS nanoparticles all
displayed high entrapment efficiency, which were all over 60%.
This was probably due to the interactions consisting of a
mixture of host-guest complexation with -CD, hydrogen
bonding with -CD polymer, physical adsorption into the pores
and an ionic interaction between CD-g-NMCS and KTP.

The morphology of the CD-g-NMCS nanoparticles was in-
vestigated by TEM. As shown in Fig. 7, nanoparticles had
spherical morphology and maintained in non-aggregation state.

3.6.  Cell viability assay of KTP loaded CD-g-NMCS
nanoparticles

The in vitro toxicity of free KTP, KTP loaded CS nanoparticles
and KTP loaded CD-g-NMCS nanoparticles was studied by the
MTT assay in A549 cells. The results were shown in Fig. 8, free
KTP, KTP loaded CS nanoparticles and KTP /CD-g-NMCS
nanoparticles did not show significant cytotoxicity in 24 h,
which indicated that nanoparticles can be non-toxic and tissue-
compatible drug carriers.

3.7.  Stability study

The stability study was performed in pH 6.8 PBS buffer, a simu-
lated biological fluid. The time-dependent size change of

nanoparticles in PBS buffer reflected their stability as shown
in Fig. 9. Generally, the particle size changes fall into three
stages: an instantaneous stage in which particle size reduces
significantly in the first several hours, followed by an aging stage
in which the particle size remained nearly unchanged, and then

L bV i)

Fig. 7 - TEM image of CD-g-NMCS nanopatrticles.




566 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 12 (2017) 558-568

120 -
100 - . - )
) E | | Ofree KTP
S 80 S
= =
E 60 = BK TP loaded CS NP
2 =
S 41 = DK TP loaded CD-g-
— NMCS NP
20 - =
. =

control 0.0005 0.001  0.005

0.01 0.05 0.1

Concentration (mg/ml)

Fig. 8 — In vitro cytotoxicity of free KTP, KTP loaded CS nanoparticles and KTP loaded CD-g-NMCS nanoparticles in A549 cells

for 24 h. Data were expressed as mean + SD (n = 3).

the swelling/aggregation stage. Swelling was possibly due to
the inflow of water into the nanoparticles by osmosis and it
would lead to the polymer matrix fracture. Aggregation might
be due to collision and adhesion of nanoparticles during ex-
tended storage.

In Fig. 9, the CD-g-CS and CD-g-NMCS nanoparticles re-
mained stable after incubation in PBS for up to 3 d, while the
control chitosan nanoparticles showed quick particle swell-
ing upon incubation in PBS for over 24 h. The increased stability
of CD-g-CS and CD-g-NMCS nanoparticles was likely due to a
more compact inner structure resulting from increased intra-
molecular interactions between the grafted cyclodextrin and
the chitosan main chain. Therefore, the introduction of -CD
to chitosan resulted in improved stability of chitosan in simu-
lated biological fluids, a preferred property for drug delivery.

3.8. In vitro drug release

The in vitro drug release profiles of KTP from loaded CD-g-
NMCS nanoparticles with different DScoon (0, 21.2% and 30.5%)
were investigated. The results were shown in Fig. 10. All the
curves showed the same trend. The KTP release rate from

400
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©
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Time (h)

Fig. 9 - Size change of CD-g-NMCS nanoparticles in pH 6.8
PBS. Data were expressed as mean + SD (n = 3).

nanoparticles was initially very fast within the first two hours
and then decreased significantly over hours. The burst release
was likely from KTP molecules adsorbed onto the surface of
nanoparticles, and the slow release curve reflected the diffusion-
controlled release of absorbed KTP molecules deep inside
nanoparticles. Among nanoparticles investigated, drug-
release rate from CS was the fastest, likely due to its instability.
Moreover, drug release from CD-g-NMCS20 nanoparticles was
slower than CD-g-NMCS30 nanoparticles.

3.9.  Animal testing

The plasma concentrations of KTP in rats were quantified by
the assay up to 24 h (Fig. 11). In all cases, the blood plasma con-
centration of KTP was the highest immediately after injection
(5 min). The KTP concentration was dropped to hardly detect-
able level in free drug group, while the drug loaded nanoparticle
groups had relative high KTP concentration. This result indi-
cated the sustained release effect of nanoparticle structure. The
pharmacokinetic parameters of free KTP, KTP loaded CS

100 A
—O0—CS NP
90 A
%0 ——CD-g-NMCS20 NP
—=—CD-g-NMCS30 NP

—+—CD-g-CS NP

Cumulative release of KTP (%)

8 10 12 14 16 18 20 22 24
Time (h)

(=]
[¥)
g
o

Fig. 10 - The in vitro release of KTP from drug loaded
nanoparticles in pH 6.8 PBS. Data were expressed as
mean + SD (n = 3).
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Table 4 - Pharmacokinetic parameters for KTP in rats after intravenous administration (10 mg/kg).

Parameters Free KTP KTP loaded KTP loaded

CS NP CD-g-NMCS NP
t1/20 (Min) 14.70 £ 0.37 60.65 £ 11.08 68.57 £9.03
ty/2p (min) 412.6 +183.2 486.3 + 155.5 686.2 £ 134.2*
AUCo.24n(1Lg - min/ml) 397.7 £25.3 1894.3 + 305.1 2632.7 +233.0*
AUCo... (ug - min/ml) 431.9+353 1945.7 +237.2 3122.2 +129.0
MRT (min) 281.0 £ 108.9 531.7 +121.7 816.3 +113.0*
CL (ml/kg - min) 232+19 52+0.7 32+0.1

Note: ti/2.: @ rapid distribution half-life; ti/,5: elimination half-life; AUC: the area under the concentration-time curve; MRT: mean residence
time; CL: clearance. Data were expressed as mean + SD (n = 3). *P < 0.05 versus KTP loaded chitosan nanoparticles.

nanoparticles or KTP loaded CD-g-NMCS nanoparticles in rats
after intravenous administration were shown in Table 4. KTP
loaded CD-g-NMCS nanoparticles showed an extended half-
life of the elimination phase ti,s (686 min) compared with free
KTP (412 min). Moreover, KTP loaded CD-g-NMCS nanoparticles
exhibited a significant increase in AUCo_,,4, and mean resi-
dence time by 6.6-fold and 2.9-fold, respectively. This result
stood for prolonged drug duration in vivo. Compared with KTP
loaded CS nanoparticles, -CD also had a positive effect on
higher AUCo.,4n and MRT because it could form inclusion
complex with drug thus slowing down drug release rate and
improving drug solubility, leading to the continuous drug
content in blood with slow elimination. Pharmacokinetic results
showed that KTP loaded CD-g-NMCS nanoparticles released in
a sustained manner to maintain KTP plasma concentration.

4, Conclusions

In this study, CD-g-NMCS polymers with different DScoon Were
synthesized and characterized by IR, '"H NMR and XRD. The
water solubility, average molecular weight, and cytotoxicity of
the CD-g-NMCS polymers were examined. Compared with
chitosan or CD-g-CS, the solubility of CD-g-NMCS was im-
proved. CD-g-NMCS nanoparticles were then successfully

10
E —O— free KTP
e 8
g —8—KTP loaded CS NP
Z 6
= —=—K TP loaded CD-g-NMCS NP
& 4
X

(5]

Time (h)

Fig. 11 - Plasma concentration-time curve of a single dose
of free KTP, KTP loaded CS nanoparticles or KTP loaded CD-
g-NMCS nanoparticles after intravenous administration

(10 mg/kg) in rats. Data were expressed as mean + SD
(n=3).

obtained by ionic gelation method to study their potentials as
a new drug carrier using poorly water-soluble drug KTP as a
model drug. CD-g-NMCS nanoparticles were proved to be safe
and stable nanocarrier in PBS. Moreover, in vitro release study
indicated that KTP was released from the nanoparticles in a
sustained-release manner, which was affected by DScoou. The
higher AUCo o4, value indicated that this nanocarrier had a sus-
tained drug-release profile. Overall, we demonstrated that the
CD-g-NMCS nanocarrier has potentials as a promising biode-
gradable delivery system for sustained release of poorly water-
soluble drugs. Moreover, the carboxylic acid groups of the CD-
g-NMCS molecule provide convenient sites for further structural
modifications including introduction of tissue- or disease- spe-
cific targeting groups, thus providing a good platform for
targeted therapy.
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