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Abstract In present study, novel composite nanocarriers comprised of O-car-

boxymethyl chitosan/b-cyclodextrin (O-CMC/b-CD) nanoparticles (NPS) were

prepared and used to improve the bioavailability of hydrophobic drugs. Ibuprofen

(IBU) was selected as a model drug and chitosan/b-CD (CS/b-CD) NPS were also

prepared as control. The prepared NPS were characterized by FT-IR spectroscopy

and X-ray diffraction. IBU entrapment of up to 93.25 ± 2.89% was obtained as

determined by UV spectrophotometer. The NPS were spherical in shape with

average particle sizes of 166 nm. The in vitro release studies were performed in

simulated gastric medium (pH 1.2) and simulated intestinal medium (pH 6.8). The

release rate of IBU from the O-CMC/b-CD NPS was slower than CS/b-CD NPS in

simulated gastric medium. However, the converse tendency was observed in sim-

ulated intestinal medium. These results suggested that O-CMC/b-CD NPS

were more suitable for the oral delivery of hydrophobic drugs compared with the

CS/b-CD NPS.

Keywords Chitosan � O-Carboxymethyl � Cyclodextrin � Ibuprofen �
Bioavailability

Introduction

The key biopharmaceutical characteristics impacting the bioavailability and the

likelihood of obtaining a good in vitro/in vivo correlation are the drug solubility and
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permeability [1]. In most cases, hydrophobic compounds are prepared in amorphous

form, grinding, solid dispersion, and micelle to improve their aqueous solubility [2].

Actually, cyclodextrins (CDs) such as b-cyclodextrin (b-CD) are also used to

improve the solubility, stability, and bioavailability of hydrophobic drugs. b-CD has

a lipophilic inner cavity and hydrophilic outer surfaces; it can facilitate the inclusion

of a large variety of guest molecules stabilized by a series of weak intermolecular

forces.

In recent years, chitosan (CS) nanoparticles (NPS) have become important

carriers in drug delivery because of the favorable features of the polymer in terms of

biocompatibility, biodegradability, and nontoxic properties [3–8]. CS NPS can

improve the bioavailability of drug by improving the absorption of drugs in vivo and

enhancing the intracellular penetration [9]. Due to the nature of the polymer, it is

difficult to entrap hydrophobic drugs into CS NPS. Therefore, CS/CD NPS with the

advantages of good solubilization and permeability would increase the loading

capacity and improve the bioavailability of hydrophobic drugs [10–12].

However, the major drawback of CS is insolubility in pure water for its

application in drug delivery systems [13]. O-Carboxymethyl chitosan (O-CMC), an

amphiprotic polymer containing carboxyl (COOH) and amine (NH2) groups, is a

kind of water-soluble CS derivative [14]. It can synthesize NPS with calcium

chloride (CaCl2) via cross-linking in neutral or weakly basic conditions. Further-

more, O-CMC also has good properties such as low toxicity, good biocompatibility,

biodegradability, controlling the drug release and delivery the drug to a target site

[15–17].

Ibuprofen (IBU, 2-methyl-4-(2-methylpropyl) phenylacetic acid) is a non-

steroidal anti-inflammatory drug (NSAID) used for the treatment of inflammatory,

pyretic, and mild analgesic diseases [18]. The bioavailability of the drug after oral

administration is low because of its poor water solubility and short plasma half-life

of 1–3 h [19]. The aim of the present study was to synthesize a novel O-CMC/b-CD

NPS as the IBU delivery carrier. The preparation, characterization, and in vitro

release behavior of the NPS is described.

Experimental

Materials

Chitosan (CS, deacetylation degree 95%, molecular weight 80 kDa) was purchased

from Golden-shell Biochemical Co. Ltd. (Zhejiang, China). O-Carboxymethyl

chitosan (O-CMC, 90% O-carboxymethyl groups per repeating unit) was purchased

from Qingdao Honghai Bio-tech Co. Ltd. (Shandong, China). Tripolyphosphate

(TPP) was purchased from Dongsheng Chemical reagent Co. Ltd. (Zhejiang,

China). Ibuprofen (IBU) was kindly gifted by Southwest Pharmaceutical Co. Ltd.

(Chongqing, China). b-Cyclodextrin (b-CD) was purchased from Kelong Chemical

reagent Co. Ltd. (Sichuan, China). All other materials and reagents used in the study

were analytical grade.
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Phase solubility studies

Phase solubility studies were performed according to the method described by

Higuchi and Conners [20]. In brief, an overdose of IBU (50 mg) was added to

20 mL pure water containing various amount of b-CD (from 0 to 6 mmol) in the

presence or absence of a fix amount of O-CMC (0.2%, w/v). Then the solutions

were shaken at 30 �C for 48 h. After equilibrium, the aliquots were filtered through

0.45 lm cellulose acetate membrane filters (New Asiatic Pharmaceutical, China).

The filtrates were diluted and assayed by the UV spectrophotometer (Shimadzu,

UV-2450, Japan) at 265 nm. Each sample was measured in triplicate. The phase

solubility studies of IBU in the presence of CS (0.2%, w/v) were also carried out as

control. The phase solubility diagram was plotted as the b-CD concentration versus

IBU concentration.

The stability constants, Kc, were calculated as follows from the slope of straight-

line portion of the phase solubility diagram, where intercept is the solubility of IBU

in the absence of b-CD according to Higuchi–Connors Eq. 1:

Kc ¼
Slope

Intercept 1� Slopeð Þ ð1Þ

Preparation of O-CMC/b-CD and CS/b-CD NPS

The O-CMC/b-CD NPS were prepared by cross-linking. In brief, O-CMC solution

(0.2%, w/v) was prepared by dissolving O-CMC in pure water at room temperature

under sonication. Then IBU and b-CD were added to the O-CMC solution, the

mixture solution was stirred under the magnetic stirring for 24 h. CaCl2 solution

(0.4%, w/v) was added dropwise into the mixture with the mass ratios of O-CMC to

CaCl2 at 4:1 and 5:1. The composite NPS started to form spontaneously via the

CaCl2 initiated ionic cross-linking mechanism. And the NPS suspensions were

continuously stirred for 1 h and then centrifuged at 16,000 rpm for 30 min. The

resulting NPS were lyophilized and stored.

The preparation of the CS/b-CD NPS was similar to that for the O-CMC/b-CD

NPS. Acetic acid solution (0.1%, w/v) instead of pure water was used for dissolving

CS. TPP solution (0.2%, w/v) was selected as the cross-linking agent. The NPS were

prepared selecting the mass ratios of CS to TPP at 6:1 and 7:1.

Characterization of the NPS

The particle size, zeta potential, and polydispersity index (PDI) of the NPS obtained

from ‘‘Preparation of O-CMC/b-CD and CS/b-CD NPS’’ section were measured by

photon correlation spectroscopy using a nano ZS90 Zetasizer (Malvern Instruments,

UK). The samples were prepared with deionized water at appropriate concentra-

tions. The surface morphology of the drug-loaded O-CMC/b-CD NPS was observed

by SEM. The nanoparticle suspension was spread on a glass plate and dried at room

temperature. The dried NPS were coated with gold under vacuum and then

examined (Hitachi, S-3400N, Japan).
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The chemical structure and complex formation of IBU, b-CD, O-CMC, drug-

loaded O-CMC/b-CD NPS, CS, and drug-loaded CS/b-CD NPS were analyzed by

FT-IR (Nicolet, 5DX/550II, USA). The samples were prepared by grinding the dry

specimens with KBr and pressing the mixed powder to form disks.

The crystal phase constituent analysis was carried out by X-ray diffractometry

(XRD) (Shimadzu, XRD6000X, Japan). IBU, b-CD, O-CMC, drug-loaded O-CMC/

b-CD NPS, CS, and drug-loaded CS/b-CD NPS were scanned from 5� to 40�.

Evaluation of drug loading capacity

The encapsulation efficiency (EE) and the loading efficiency (LE) of the IBU-

loaded NPS were determined by following method: the free IBU was separated from

the nanoparticle suspensions by centrifugation at 16,000 rpm for 30 min. The

amount of free IBU remaining in the supernatant was measured by UV

spectrophotometer at 265 nm. A blank sample was made from NPS without loaded

IBU but treated similarly as the IBU-loaded NPS. Each sample was measured in

triplicate. The EE and LE were calculated by following Eqs. 2 and 3:

EE ¼ Total amount of IBU� Free IBU

Total amount of IBU
ð2Þ

LE ¼ Total amount of IBU� Free IBU

Amount of nanoparticles
ð3Þ

In vitro release studies

In vitro release profiles of IBU from drug-loaded O-CMC/b-CD and CS/b-CD NPS

were carried out for 3 h in simulated gastric (pH 1.2) and intestinal (pH 6.8)

medium without enzymes. 20 mg IBU-loaded O-CMC/b-CD NPS or CS/b-CD NPS

and 5 mL release medium were put into a dialysis tube (MWCO: 12,000). 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 were withdrawn and replaced with

fresh release medium (5 mL). The concentration of the released IBU was

determined by UV spectrophotometer. The analysis was performed in triplicate

for each sample.

Results and discussion

Phase solubility studies

The phase solubility profiles for the complex formation between IBU and b-CD are

presented in Fig. 1. The diagram shows that the aqueous solubility of the drug

increased linearly as a function of b-CD concentration. It is clear that this solubility

diagram can be classified as the AL type according to Higuchi and Connors,

indicating the formation of the IBU:b-CD (1:1) inclusion complex [21]. The

stability constant (Kc) of IBU:b-CD complex (1:1) in the absence of CS and O-CMC
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calculated to be 2.2 9 103 M-1 according to the Eq. 1. The Kc of formation in the

presence of CS and O-CMC was 4.2 9 103 and 1.4 9 103 M-1, respectively. The

values were in the range of stability constant value (200–5,000 M-1) [22].

The apparent solubility of IBU in the CS solution was 36 ± 2.3 lg/mL (without

b-CD); this was mainly due to the poor solubility of IBU in the acid solution. And

the apparent solubility of IBU in the O-CMC was (1.3 ± 0.1) 9 102 lg/mL. The

molar ratio of IBU to b-CD was 1:2 in the diagram, it was indicated that 1 mol IBU

could be dissolved in the 2 mol b-CD solution in the absence of any other

solubilizing agents, i.e., ethanol, acetone, etc.

Preparation of the CS/CD NPS

The O-CMC/b-CD NPS and the CS/b-CD NPS were prepared via the cross-linking

method. The feed amount of IBU was determined by the phase solubility studies. In

order to limit the usage of organic solvents, the feeding molar ratio of b-CD to IBU

was selected as 2:1. The feeding concentration of IBU was selected as 30 and

100 lg/mL in the preparation of the O-CMC and CS NPS (without b-CD) according

to the phase solubility studies.

The effects of the different mass ratios of O-CMC/b-CD/CaCl2 and CS/b-CD/

TPP on the loading capacity of NPS are shown in Tables 1 and 2. In Table 1, the

mass ratio of O-CMC to CaCl2 was selected as 4:1 and 5:1. The NPS without

composite b-CD had a low EE and LE. The EE and LE of the NPS with the mass

ratio of O-CMC to CaCl2 4:1 were higher than the NPS with the mass ratio 5:1, this

trend could be explained that more cross-linking agent could improve the loading

Fig. 1 Phase solubility diagram for IBU and b-CD in water (inverted triangle), CS (square), and
O-CMC (upright triangle) (n = 3)
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capacity of the NPS. And the EE and LE of the O-CMC/b-CD NPS were higher than

O-CMC NPS. The EE of the O-CMC/b-CD NPS decreased with increasing the

amount of b-CD and IBU, but the LE of the NPS increased.

In Table 2, the mass ratio of the CS/b-CD was selected as 6:1 and 7:1. It was a

similar trend with the O-CMC/b-CD NPS. But the EE and LE of the O-CMC NPS

were higher than CS NPS (without b-CD), which may be related to the higher

solubility of IBU in the weakly alkaline O-CMC solution than in the acidic CS

solution. The LE of CS/b-CD NPS ranged from 21.13 ± 2.89 to 32.42 ± 2.54%,

which was similar with the O-CMC/b-CD NPS.

Characterizations of the NPS

Particle size distributions of the IBU-loaded CS/b-CD NPS (Fig. 2a) and IBU-

loaded O-CMC/b-CD NPS (Fig. 2b) are shown in Fig. 2. The average size of the

IBU-loaded O-CMC/b-CD NPS was 166 nm and the PDI was 0.164, exhibiting

relatively narrow particle size distributions. The average size of the CS/b-CD NPS

was 199 nm and the PDI was 0.197. The zeta potential of the O-CMC/b-CD NPS

and the CS/b-CD NPS were -23.65 and ?37.19 mV, respectively.

The morphological characteristics of the IBU-loaded O-CMC/b-CD NPS were

examined using the SEM and the results are shown in Fig. 3. The results suggested

that the IBU-loaded NPS were spherical in shape and the average size was about

200 nm.

Figure 4 depicts the FT-IR spectra of b-CD, IBU, IBU-loaded CS/b-CD NPS,

CS, IBU-loaded O-CMC/b-CD NPS, and O-CMC. The characteristic peaks of b-CD

including at 3400 cm-1 (–OH stretching), 2927 cm-1 (–CH stretching), 1400 cm-1

Table 1 Effect of the different

mass ratio of O-CMC/b-CD

on the loading capacity of the

NPS (mean ± S.D., n = 3)

Mass ratio (O-CMC/

b-CD/CaCl2)

EE (%) LE (%)

4/0/1 51.13 ± 2.58 19.17 ± 1.28

4/0/0.8 44.43 ± 2.64 16.66 ± 2.54

4/2.5/1 79.49 ± 3.81 26.94 ± 3.02

4/2.5/0.8 73.58 ± 4.21 24.27 ± 2.30

4/3/1 75.98 ± 1.62 31.00 ± 1.58

4/3/0.8 72.28 ± 3.22 29.49 ± 2.71

Table 2 Effect of the different

mass ratio of CS/b-CD on the

loading capacity of the NPS

(mean ± S.D., n = 3)

Mass ratio (CS/b-CD/TPP) EE (%) LE (%)

6/0/1 45.10 ± 2.05 8.12 ± 1.56

6/0/0.86 26.48 ± 1.45 4.77 ± 3.54

6/1.5/1 95.39 ± 2.15 21.13 ± 2.89

6/1.5/0.86 86.65 ± 3.01 18.06 ± 3.13

6/3/1 93.25 ± 2.89 32.42 ± 2.54

6/3/0.86 85.53 ± 1.24 29.07 ± 1.98
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(–OH bending), and 950 cm-1 (skeletal vibration involving a 1,4 linkage) [23]. The

characteristic peaks of IBU including at 1721 cm-1 (–C=O stretching, from a

carboxylic acid group), at 1415 cm-1 (–C=O stretching, from a ketonic), at 1320

and 1225 cm-1 (–OH bending). In the IR spectrum of O-CMC, a characteristic

peaks at 3431 cm-1 (–NH2 and –OH stretching), at 2926 cm-1 (–CH stretching

from aliphatic), at 1600 cm-1 (–NH bending), at 1408 cm-1 (–COO- stretching),

and 1325 cm-1 (–C–O stretching). Another strong peak at 1074 cm-1 corresponds

to the secondary hydroxyl group C–O, indicating that the carboxymethyl

substitution occurs at the C6 position. For O-CMC/b-CD NPS, the peak at

3431 cm-1 shifts to the lower wave number (3412 cm-1), the peak at 2926 cm-1

shows a shift to higher wave number (2949 cm-1). And the peak at 1325 cm-1

becomes weaker, which indicates that the cross-linking reaction between carboxyl

groups of O-CMC and calcium chloride has occurred [24, 25].

The results also demonstrate the basic features of CS at 3426 cm-1 (–OH and

–NH2 stretching), 2922 and 2872 cm-1 (–CH stretching), 1601 cm-1 (–NH2

stretching), 1078 cm-1 (C–O–C stretching). For IBU-loaded CS/b-CD NPS, the

peak of 3423 cm-1 becomes wider, indicating that hydrogen bonding is enhanced

between CS and b-CD. The –NH2 bending vibration shifts from 1601 to 1542 cm-1,

and a new peak appear at 1637 cm-1, which indicates that some interaction between

NH3
? groups of CS and TPP has occurred within the NPS. The character peak of

IBU and b-CD do not appear in the NPS spectra. The results may indicate that there

Fig. 2 Particles size distribution the IBU-loaded CS/b-CD NPS (a) and IBU-loaded O-CMC/b-CD NPS
(b)
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is little surface drug on the NPS and most of drug has been successfully loaded into

the NPS.

The XRD patterns of IBU, b-CD, IBU-loaded CS/b-CD NPS, CS, IBU-loaded

O-CMC/b-CD NPS, and O-CMC are illustrated in Fig. 5. IBU and b-CD have

specific sharp crystal peaks and CS has two specific broad peaks. And the O-CMC

Fig. 3 SEM image of the IBU-loaded O-CMC/b-CD NPS

Fig. 4 FT-IR spectra of b-CD, IBU, CS, O-CMC, IBU-loaded CS/b-CD NPS, and IBU-loaded O-CMC/
b-CD NPS
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has a broad peak. When the O-CMC/b-CD NPS were synthesized, new peaks at 2h
of 18� and 24� appear and the peak at 2h 20� becomes even broader and amorphous.

Furthermore, after the CS cross-linking with TPP, the basic diffraction peaks are

maintained and the peak intensities are decreased. The XRD peak depends on

the crystal size, so the peaks of O-CMC and CS become broader that may due to the

crystalline structure being destroyed and the crystallinity disappearing through the

ionic cross-linking effect [26]. The specific sharp crystal peaks of IBU and b-CD are

not observed, which may indicate that IBU and b-CD have uniformly dispersed

in the NPS in amorphous forms.

In vitro release studies

In vitro release of the O-CMC/b-CD NPS and the CS/b-CD NPS was carried out in

simulated gastric medium (pH 1.2) and intestinal medium (pH 6.8) for 3 h. And the

release profiles of IBU from the two NPS in simulated gastric and intestinal medium

are shown in Figs. 6 and 7.

In simulated gastric medium, about 34 and 38% IBU were released from the

O-CMC/b-CD NPS and the CS/b-CD NPS, respectively, in 3 h. The release rate of

CS/b-CD NPS was faster than O-CMC/b-CD NPS, the reason could be that both CS

and O-CMC dissolve in the acidic solution (pH 1.2), and the degradation rate of CS.

And the particle size of IBU-loaded CS/b-CD NPS is larger than that of IBU-loaded

O-CMC/b-CD NPS. Larger size will increase the rate of fluid ingress into the matrix

and the degradation rate of CS, which all will increase the release rate of drug from

the NPS. NPS in simulated gastric was faster than O-CMC NPS. In simulated

intestinal medium, these trends were inverted: about 59 and 32% IBU were released

Fig. 5 XRD patterns of IBU, b-CD, IBU-loaded CS/b-CD NPS, IBU-loaded O-CMC/b-CD NPS, CS,
and O-CMC
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from the O-CMC/b-CD NPS and CS/b-CD NPS in 3 h. This may be due to the fact

that O-CMC dissolve in the approximately neutral release medium (pH 6.8), but CS

was insoluble in the neutral or weakly basic pH range. So the degradation rate of

Fig. 6 In vitro release of IBU from CS/b-CD NPS (upright triangle) and the O-CMC/b-CD NPS
(inverted triangle) in the simulated gastric medium (pH 1.2) (n = 3; CS/b-CD/TPP: 6/3/1; O-CMC/b-
CD/CaCl2: 4/3/1)

Fig. 7 In vitro release of IBU from CS/b-CD NPS (upright triangle) and the O-CMC/b-CD NPS
(inverted triangle) in the simulated intestinal medium (pH 6.8) (n = 3; CS/b-CD/TPP: 6/3/1; O-CMC/b-
CD/CaCl2: 4/3/1)
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O-CMC/b-CD NPS in simulated intestinal medium was faster than CS/b-CD NPS.

The results revealed that O-CMC/b-CD NPS seem to be more suitable for oral

delivery of hydrophobic drug than CS/b-CD NPS.

The data of the in vitro release of the IBU from the two NPS in simulated gastric

and intestinal medium had been further substantiated by fitting to the Korsmeyer–

Peppas model, which was used to determine the mechanism of the initial portion

drug release (i.e., Mt/M? B 60%), the Eq. 4 as follow [27]:

Mt

M1
¼ ktn ð4Þ

In the above equation, n represents the diffusional exponent, k is kinetic constant,

and the correlation coefficient of the model is represented by r2 value. The values of

r2, n and k have been calculated and the results obtained are shown in Table 3. The

n values indicated that the drug release from CS/b-CD NPS and O-CMC/b-CD NPS

followed non-Fickian or anomalous diffusion [28]. And the values of k suggested

that O-CMC/b-CD NPS were more suitable for the oral delivery of hydrophobic

drugs.

Conclusion

In order to improve hydrophobic drug’s bioavailability, novel composite NPS of

O-CMC/b-CD were synthesized by a simple ionic cross-linking method. The CS/

b-CD NPS were also prepared as control. IBU, a hydrophobic drug, was selected as

the model compound. The LE of the O-CMC/b-CD was about 30% with an average

size of 166 nm, which were similar with the CS/b-CD NPS. It was found that the

loading capacity of the O-CMC/b-CD was higher than O-CMC NPS, which

indicated that b-CD had the strong effect on increasing the solubility of the

hydrophobic drug and improving the loading capacity of NPS. The release rate of

IBU from O-CMC/b-CD was slower than CS/b-CD NPS in simulated gastric

medium, and the inverted trend was observed in simulated intestinal medium, which

suggested that the O-CMC/b-CD NPS seemed to be more suitable for the oral

hydrophobic drug delivery.
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Table 3 Release kinetic of IBU from the NPS

Release medium O-CMC/b-CD NPS CS/b-CD NPS

r2 n k r2 n k

Simulated gastric 0.995 0.464 0.228 0.972 0.347 0.271

Simulated intestinal 0.987 0.579 0.294 0.967 0.440 0.198
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