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Abstract A new strategy for the synthesis of thiolated

carboxymethyl chitosan-g-cyclodextrin nanoparticles by an

ionic-gelation method is presented. The synthetic approach

was based on the utilization of 1,6-hexamethylene diiso-

cyanate during cyclodextrin grafting onto carboxymethyl

chitosan. The use of the 1,6-hexamethylene diisocyanate

resulted in reactions between cyclodextrin and active sites

at the C6-position of chitosan, and preserved amino groups

of chitosan for subsequent reactions with thioglycolic acid,

as the thiolating agent, and tripolyphosphate, as the gelling

counterion. Various methods such as scanning electron

microscopy, rheology and in vitro release studies were

employed to exhibit significant features of the nanoparti-

cles for mucosal albendazole delivery applications. It was

found that the thiolated carboxymethyl chitosan-g-cyclo-

dextrin nanoparticles prepared using an aqueous solution

containing 1 wt% of tripolyphosphate and having 115.65

(lmol/g polymer) of grafted thiol groups show both the

highest mucoadhesive properties and the highest albenda-

zole entrapment efficiency. The latter was confirmed the-

oretically by calculating the enthalpy of mixing of

albendazole in the above thiolated chitosan polymer.

1 Introduction

Hydrophobic drugs comprise a very important class of

therapeutic agents which are of great potential use in

treatment of cancer and helminth infections [1, 2]. Unfor-

tunately, these pharmaceuticals have achieved limited

success in clinical applications because of the difficulties in

oral and intravenous administrations caused by low drug

solubility in aqueous media, rapid hydrolysis and enzy-

matic degradation. Several methods have been investigated

to overcome these deficiencies, including the use of vari-

ous drug carriers such as micelles [3], hydrogels [4, 5],

microparticles [6, 7], nanoparticles [8, 9], etc. Among these

drug delivery vehicles, the systems based on chitosan are of

great interest due to their good biocompatibility, prolonged

drug release behavior and non-toxicity [10–13]. Since,

modification of chitosan, as a poor soluble and weakly

interacting polysaccharide, is a critical prerequisite for its

conjugation to hydrophobic drugs, considerable efforts

have been devoted to address this issue in recent years. For
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example, Anitha et al. [14] reported a simple method of

solvent evaporation followed by ionic-gelation to develop

nanoparticles based on carboxymethyl chitosan (CMC) for

controlled delivery of anticancer drugs. Also, Molnar et al.

[15] prepared a series of O-substituted alkylglyceryl

chitosan nanoparticles with systematically varied degrees

of grafting as materials for the formulation of colloidal

systems that could act as drug carriers into the brain. In

another investigation, a pH- and thermo-responsive chito-

san-graft-poly(N-vinylcaprolactam) (PNVCL) copolymer

was reported as the base material for preparation of a

device for controlled delivery of a hydrophobic drug,

ketoprofen [16]. Due to the presence of PNVCL chains, the

copolymer showed a temperature-induced phase transition

at 32 �C in an aqueous medium, leading to the controlled

release of the drug into the medium.

b-cyclodextrin (b-CD)-linked chitosan has also been

investigated by a few groups and found to be an efficient

carrier for the controlled delivery of hydrophobic drugs

[17, 18]. Cyclodextrins (CDs) are cup-shaped molecules

with hydrophobic cavities and hydrophilic exteriors, and

have the ability to interact with various hydrophobic guest

molecules to form supramolecular inclusion complexes

[19, 20]. They have been exploited to enhance the bio-

availability of insoluble drugs by increasing the drug sol-

ubility and permeability. Moreover, the safety of CDs in

humans has been well established [19, 21].

Prabaharan and Gong [22] coupled cysteine methyl ester

hydrochloride (CMEH) to carboxymethyl chitosan-g-b-

cyclodextrin (CMC-g-b-CD) by a 1-ethyl-3-(3-dimethyl-

aminopropyl) carbodiimide (EDC) mediated reaction to

form mucoadhesive carriers for hydrophobic drug delivery.

Although the resultant carriers showed an appropriate drug

release profile, the large particle size (in micrometer size

range) and rather broadened size distribution were unfa-

vourable for their application in nanomedicine. Due to

these limitations the prepared carriers did not have the

ability to access different areas of the human body such as

the mucosal layer.

The present study aimed to develop a new synthetic

route to yield nanoparticles, composed of thiolated car-

boxymethyl chitosan-g-cyclodextrin, as efficient mucoad-

hesive systems for controlled delivery of hydrophobic

drugs. To this end, b-cyclodextrin was grafted onto car-

boxymethyl chitosan (CMC) in the presence of 1,6-hex-

amethylene diisocyanate (HMDI) reagent, acting as a

spacer between the cyclodextrin and CMC. Accordingly,

amino groups at the C2-position of chitosan remained free

to form amide bonds with thioglycolic acid (TGA), as the

thiolating agent, and to react with sodium tripolyphosphate

(TPP), as the gelling counterion, during the nanoparticles

formation. The prepared nanoparticles were physico-

chemically characterized by different methods including

X-ray diffraction (XRD), scanning electron microscopy

(SEM), thermogravimetric analysis (TGA), differential

scanning calorimetry (DSC) and rheology. Also, in vitro

release of albendazole (ABZ), as a hydrophobic antipara-

sitic as well as anticancer drug [23, 24], from the nano-

particles was studied.

2 Materials and methods

2.1 Materials

Chitosan (Mw = 300,000 g/mol, 85 % deacetylated),

b-cyclodextrin, Ellman’s reagent (DTNB, 5,50-dithiobis

(2-nitrobenzoic acid)) and stannous 2-ethylhexanoate were

purchased from Aldrich and used as received. HMDI, N,N-

dimethylformamide (DMF), TPP, TGA and EDC, were

obtained from Merck (Germany). Mucin from porcine

stomach (Type II) was supplied from Sigma. Albendazole

was a generous gift from Damloran Co. (Iran). All other

chemicals used were of analytical reagent grades.

2.2 Synthesis of O-carboxymethyl chitosan (CMC)

In order to synthesis of CMC, 1.5 g of the chitosan sample

was added into 1 mL of an aqueous solution containing

50 wt% of sodium hydroxide (NaOH) and the mixture was

placed in a refrigerator (-18 �C) for 48 h for alkalization.

After the excessive alkali solution was extruded, chitosan

was mixed in 10 mL of isopropyl alcohol and then chlo-

roacetic acid was added to the mixture dropwise. This

mixture was stirred at room temperature for 2 h followed

by stirring at 60 �C for another 2 h. The final solution was

neutralized by chloridric acid (HCl) and dialyzed in tubing

(molecular weight cutoff 12 kDa) against distilled water

for 3 days to remove the impurities and unreacted materi-

als. The resultant product, CMC, was freeze dried and

stored at room temperature [22].

2.3 Grafting b-cyclodextrin onto CMC

In brief, 1 g of the prepared carboxymethyl chitosan was

dissolved in 1 mL of a solution containing 5 % (v/v) of

HMDI in toluene. After adding few drops of stannous

2-ethylhexanoate as a catalyst, the mixture was magneti-

cally stirred at room temperature for 45 min to ensure

complete reaction between the CMC and HMDI. Subse-

quently, the supernatant was discarded and HMDI-grafted

CMC (CMC-HMDI) was dissolved in a solution containing

2 % (w/v) of the b-CD in DMF. The solution was mag-

netically stirred for 1 h at room temperature, after adding

few drops of the stannous 2-ethylhexanoate catalyst, which

resulted in reactions between isocyanate groups of the
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CMC-HMDI, and b-CD [25]. The supernatant was dec-

anted and the obtained carboxymethyl chitosan-g-cyclo-

dextrin (CMC-CD) was washed several times with

deionized water and ethanol, separately, and finally freeze

dried.

2.4 Grafting TGA onto CMC-CD

Thiolated carboxymethyl chitosan-g-cyclodextrin (TGA-

CMC-CD) was prepared by covalent attachment of thio-

glycolic acid to the primary amino groups of CMC-CD

following the method described by Saboktakin et al. [26].

In brief, the CMC-CD was dissolved in 1 % acetic acid

solution; thereafter EDC dissolved in 1 mL demineralized

water was added to a final concentration of 125 mM.

Different amounts of thioglycolic acid were then added and

the reaction mixture was incubated for 3 h at room tem-

perature under vigorous stirring. The synthesis was per-

formed at pH 5.0, in order to avoid the formation of

disulfide bonds between the polymer chains during the

coupling reaction. Unbound compounds were isolated by

exhaustive dialysis for five times and the product was

lyophilized by freeze drying and kept at 4 �C for further

use. The synthesis route of the TGA-CMC-CD is presented

in Scheme 1. The optimal conditions to achieve TGA-

CMC-CD’s containing the highest amount of coupled thiol

groups, resulting in improved mucoadhesive properties

[27], were determined by central composite design (CCD).

According to the CCD methodology, two TGA-CMC-CD

samples, referred to as TGA-CMC-CD(1) and TGA-CMC-

CD(2), containing 115.65 and 91.56 (lmol/g polymer) of

thiol groups, respectively, were synthesized and used for

Scheme 1 Modification of chitosan and formation of thiolated carboxymethyl chitosan-g-cyclodextrin (TGA-CMC-CD) polymer
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further analysis. Details of the experimental design can be

found in Online Resource 1.

2.5 Determination of thiol group content

The amount of grafted thiol groups on the prepared TGA-

CMC-CD polymers was evaluated using Ellman’s reagent.

A 2 mg/mL solution of the polymer was prepared in dis-

tilled water. Afterward, 250 ll aliquots of this solution were

added to 250 ll of 0.5 mol/L phosphate buffer (PBS), pH

8.0, and to 500 ll of the Ellman’s reagent (0.3 mg/mL of

DTNB in 0.5 mol/L PBS, pH 8.0) (final polymer concen-

tration of 0.5 mg/mL). The reaction was allowed to proceed

for 2 h at room temperature and the absorbance was mea-

sured by a UV/Visible spectrophotometer (Super Aquarius

UV/Visible spectrophotometer Cecil, CE9200, England) at

a wavelength of 420 nm. Control samples were elaborated

with non-modified chitosan. The amount of thiol moieties

was calculated from the corresponding standard curve

elaborated between 0.25 and 2 mol/L of thioglycolic acid–

water. All experiments were performed in triplicate [28].

2.6 Preparation of albendazole loaded nanoparticles

In order to prepare drug loaded nanoparticles, 100 mg of

albendazole along with 200 mg of each of the polymers:

chitosan, CMC-CD or TGA-CMC-CDs, were dissolved in

50 mL acetic acid (50 % v/v in water), under vigorous

stirring for 24 h, at room temperature. Afterward, 1 mL of

an aqueous solution containing 1 wt% of TPP was added

dropwise to 10 mL of the drug–polymer solution, while it

was kept in an ultrasonic bath (25 �C). After 30 min, the

resultant albendazole loaded nanoparticles were collected

by centrifugation at 13,200 rpm for 1 h, washed in deion-

izer water, redispersed in distilled water and finally

lyophilized. The amount of the albendazole remaining in

the supernatant was analyzed using the UV–Visible spec-

trophotometer at a wavelength of 291 nm.

The drug entrapment efficiency (EE) can be obtained

according to the following equation:

EEð%Þ ¼ A� B

A
� 100% ð1Þ

where A is the total amount of albendazole and B is the

amount of albendazole remaining in the supernatant.

The neat chitosan, CMC-CD and TGA-CMC-CD

nanoparticles (albendazole free nanoparticles) were also

prepared under the same conditions, for comparison. Fur-

thermore, in order to investigate the effect of TPP con-

centration on the size and morphology of the nanoparticles,

aqueous solutions containing different concentrations of

TPP (0.25, 0.5, 1 and 2 wt%) were used for the preparation

of neat TGA-CMC-CD nanoparticles.

2.7 Mucoadhesive properties measurements

Mucoadhesive properties of the thiolated and un-thiolated

nanoparticles were examined by rheological experiments.

Approximately 4 mg of each nanoparticle sample was first

dispersed in 1 mL of demineralized water under vigorous

stirring. Afterward, 500 lg of the mucin powder, dispersed

in 1 mL demineralized water (pH 7.4), was added to the

nanoparticle/water solution and the resultant mixture was

incubated for 1 h at 37 �C. Finally, 1 mL of the nanopar-

ticle/mucin mixture was transferred to a cone and plate

viscometer (RheoPlus MCR300 SN599139) and allowed to

equilibrate on the plate for 3 min at 37 ± 0.5 �C. Fre-

quency sweep measurements were carried out in a fre-

quency range of 0.1–10 Hz.

2.8 Calculation of solubility parameters using

the group contribution method

The partial solubility parameters (dd, dp and dh), of

albendazole, chitosan and the synthesized chitosan deriv-

atives (CMC-CD and TGA-CMC-CD) were computed

using the group contribution method according to the fol-

lowing equations [29]:

dd ¼
X

Fdi=V

dp ¼
X

F2
pi

� �0:5

=V

dh ¼
X

Ehi

� �0:5

=V

ð2Þ

where Fdi, Fpi and Ehi denote, the functional group

contributions of dispersion forces (d), dipole/dipole

interactions (p) and hydrogen bonding (h), respectively.

The total molar volumes (V) of the drug and repeating units

of the polymers (Scheme 1) were obtained according to the

method proposed by van Krevelen [29]. Subsequently, the

enthalpy of mixing (DHm, MPa) of components 1 and 2 of

each polymer(1)/drug(2) mixture can be represented as

[30]:

DHm ¼ U1U2 dd1 � dd2ð Þ2þ dp1 � dp2

� �2þ dh1 � dh2ð Þ2
h i

ð3Þ

where U1 and U2 are the volume fractions of polymer and

drug, respectively.

2.9 In-vitro release studies

In-vitro release of albendazole from the chitosan-based

nanoparticles was studied in a glass apparatus containing

50 mL of a buffered saline solution (PBS, pH 7.4), as the

release medium, at 37 �C. This medium is very similar to

human intestinal fluid. For this purpose, 10 mg of the
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albendazole-loaded nanoparticles were suspended in the

medium and kept in a horizontal laboratory shaker, main-

taining constant temperature and stirring (300 rpm). Sam-

ples (5 mL) were periodically removed and the volume of

each sample was replaced by the same volume of fresh

medium. The amount of the released albendazole was

analyzed by the UV-spectrophotometer at 291 nm. The

drug-release studies were performed in triplicate for each

of the samples.

3 Characterization

Fourier transform Infrared (FTIR) spectra of the chitosan,

CMC, CMC-CD and TGA-CMC-CD were recorded with a

TensorTM 27 Bruker spectrophotometer, Germany, in the

range of 4,000–400 cm-1. X-ray diffraction (XRD) pat-

terns of the samples were obtained using an X-ray dif-

fractometer (X’Pert MPD model, Philips, Holland)

equipped with Cu Ka. The tube was operated at 40 kV,

30 mA. Differential scanning calorimetry and thermo-

gravimetric analysis (DSC/TGA) of the chitosan and TGA-

CMC-CD samples were performed using an STA-1500

(Sinco, Korea) instrument. The apparatus was calibrated

with purified indium (99.9 %). Samples were placed in flat-

bottomed aluminium pan and heated at a constant rate of

10 �C/min in an atmosphere of nitrogen in a temperature

range of 30–300 �C. Furthermore, the morphology of the

chitosan, CMC-CD and TGA-CMC-CD nanoparticles were

determined by field emission scanning electron microscopy

(FE-SEM, Philips XL30, 15 kV voltage). All the samples

were sputter-coated with a thin layer of gold before

imaging. The particle size and size distribution of the

nanoparticles were determined using ImageJ 1.42q and

PASW Statistics 18 softwares, respectively.

4 Results and discussions

4.1 Chitosan modification

Figure 1 represents the FTIR spectra of chitosan, CMC,

CMC-CD and TGA-CMC-CD(1) samples. The FT-IR

spectrum of chitosan showed a broad -OH stretching

absorption band between 3,500 and 3,100 cm-1. The peak

around 1,640 cm-1 represented acetylated amino groups of

chitin, which indicated that the sample was not fully

deacetylated. The peak at 1,370 cm-1 corresponded to the

-C–O stretching of primary alcoholic groups (-CH2-OH).

Also, the absorption peaks at 659 and 1,558 cm-1 were

related to amino (-NH2) groups of chitosan. In the IR

spectrum of CMC, the strong peaks at 1,560 and

1,415 cm-1 were assigned to the respective asymmetry and

symmetry stretching vibration of COO-. These results

indicated that the carboxymethyl substitution occurred at

the C6-position of chitosan [22]. The peaks at 1,650 and

950 cm-1 in the FTIR spectrum of CMC-CD, could be

assigned to the stretching vibration of carbonyl groups and

a-pyranyl vibration of b-CD, respectively. Moreover, the

OH bending band, appeared as a weak shoulder at

3,290 cm-1 in the spectra of the chitosan and CMC, were

not observed in that of the CMC-CD, implying that most of

the hydroxyl groups of CMC reacted with isocyanine

(–NCO) groups of the HMDI. The FTIR spectrum of TGA-

CMC-CD(1) shows all the characteristic peaks of CMC-

CD, except the peaks corresponding to amino (-NH2)

groups, suggesting that amino groups of CMC-CD were

reacted with carboxyl groups of thioglycolic acid. This

resulted in new amide bonds with characteristic peaks at

1,500 and 1,629 cm-1. However, as it was mentioned in

Sect. 2.4, the amount of grafted thiol groups on the TGA-

CMC-CD(1) sample was found to be 115.65 (lmol/g

polymer). Therefore, the amount of free amino groups of

TGA-CMC-CD(1), needed for the formation of nanopar-

ticles, was calculated as 0.837 (lmol/g polymer), consid-

ering the structure of the repeating unit of a TGA-CMC-

CD molecule, Scheme 1. Consequently, the disappearance

of the characteristic peaks of free amino groups in the FTIR

spectrum of TGA-CMC-CD(1) could be attributed to the

insensitivity of FTIR method to detect such a low con-

centration of these groups. Furthermore, the absorption

band at 1,700 cm-1 in the spectrum of TGA-CMC-CD(1)

was ascribed to the carbonyl groups of TGA molecules.

To identify the crystallinity of TGA-CMC-CD(1), its

XRD pattern is compared with that of the chitosan in

Fig. 2. Chitosan powder showed two major broad crystal-

line peaks at 2h around 10� and 20�, respectively, whereas

the intensities of these peaks were significantly decreased

in the XRD pattern of TGA-CMC-CD(1). Therefore, one

Fig. 1 FTIR spectra of chitosan, CMC, CMC-CD and TGA-CMC-

CD(1) samples
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can conclude that the chemical modification could destroy

the crystalline structure of chitosan, leading to the TGA-

CMC-CD(1) polymer with a more amorphous structure and

higher biodegradability and mucoadhesive properties [22].

The DSC/TGA curves of chitosan and TGA-CMC-

CD(1) are presented in Fig. 3a, b. Chitosan and TGA-

CMC-CD(1) showed characteristic endothermic peaks

around 90 and 80 �C, respectively, corresponding to the

evaporation of bound water as well as exothermic peaks at

285 and 260 �C, respectively, due to the samples decom-

position (Fig. 3a). The endothermic peak of chitosan was

broader than that of the TGA-CMC-CD(1), due to the fact

that chitosan was more hydrophilic in nature. In agreement

with the DSC data, the TGA (Fig. 3b) indicated that the

TGA-CMC-CD(1) started to degrade at lower temperature

(215 �C) compared to the pristine chitosan (240 �C). This

can be ascribed to both the presence of easily breakable

side chains (due to -NH–CO–CH2–SH formation) in the

TGA-CMC-CD(1) structure and the amorphous state of

this polymer [14].

4.2 Characterization of the prepared nanoparticles (free

and albendazole-loaded nanoparticles)

The formation of chitosan-based polymer/TPP nanoparti-

cles occurs spontaneously upon incorporation of the neg-

atively charged TPP into the chitosan derivative solution

because of the complexation between oppositely charged

species. The process of formation of complexes is very

simple and mild, avoiding possible toxicity of chemical

reagents and other undesirable effects [12].

The size and morphology of the prepared nanoparticles

were investigated by SEM. Fig. 4 represents the SEM

images along with particle size distributions (Fig. 4a–d,

right column) of the TGA-CMC-CD(1) nanoparticles,

prepared using aqueous solutions containing different TPP

loadings. Figure 4e shows the mean diameter (D) of the

TGA-CMC-CD(1) nanoparticles versus TPP concentration,

as deduced from the histograms in Fig. 4a–d. Although,

one may expect D to decrease monotonically with TPP

concentration, Fig. 4e demonstrates D increased from a

value of around 50 nm at a TPP concentration of 1 wt% to

a value of around 60 nm at a TPP concentration of 2 wt%.

Therefore, there was an optimal TPP concentration

(1 wt%, here) at which nanoparticles with the smallest size

were formed. Investigation of the polydispersity index

(PDI) of each nanoparticle system, displayed as insets of

Fig. 4a–d (right column), revealed that the most uniform

particles (with the smallest PDI value) were also obtained

at the same TPP concentration (1 wt%). Actually, at TPP

concentrations lower than 1 wt%, the number of TPP

molecules was insufficient to create nanoparticles as small

as those which were created by a TPP concentration of

1 wt%. On the other hand, excess amounts of TPP (TPPFig. 2 XRD patterns for chitosan and TGA-CMC-CD(1) samples

Fig. 3 a DSC thermograms and b TGA curves of chitosan and TGA-CMC-CD(1) samples
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concentrations higher than 1 wt%), led to more TGA-

CMC-CD(1) molecules involved in the formation of a

single nanoparticle, resulting in a larger particle size [31].

Accordingly, aqueous solutions containing 1 wt% of the

TPP were used for the preparation of free and albendazole

loaded nanoparticles for the following investigations.

Figure 5 demonstrates the X-ray diffraction patterns of

the albendazole and albendazole-loaded TGA-CMC-CD(1)

nanoparticles. There were several sharp crystal peaks in the

XRD pattern of albendazole as a highly crystalline mate-

rial. These peaks disappeared in the XRD pattern of the

albendazole-loaded nanoparticle, due to the possible

overlapping of the peaks with the noise of the coated

polymer. Also, albendazole could form an amorphous

complex with TGA-CMC-CD matrix, resulting in the

typical pattern of non-crystalline materials.

The DSC thermograms of pure albendazole, as well as

unloaded and albendazole-loaded TGA-CMC-CD(1)

nanoparticles are shown in Fig. 6a. Albendazole exhibited

a sharp endothermic melting peak at 220 �C. This char-

acteristic peak disappeared after encapsulation of alben-

dazole in the nanoparticles, indicating the amorphous

dispersion of the drug in the nanoparticles [32, 33].

Figure 6b shows the TGA curves of albendazole, TGA-

CMC-CD(1) nanoparticles and albendazole-loaded TGA-

CMC-CD(1) nanoparticles. The observed transition around

100 �C was attributed to the loss of water from the TGA-

CMC-CD(1) nanoparticles. Although, the main degrada-

tion of pure albendazole occurred around 270 �C, unloaded

Fig. 4 a–d SEM images (left column) and size distributions (right
column) of TGA-CMC CD(1) nanoparticles prepared using aqueous

solutions containing different concentrations of TPP. e Mean diameter

(D) of TGA-CMC-CD(1) nanoparticles versus TPP concentration

b

Fig. 5 XRD patterns of albendazole and albendazole-loaded TGA-

CMC-CD(1) nanoparticles
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and albendazole-loaded TGA-CMC-CD(1) nanoparticles

started to degrade at 200 and 230 �C, respectively.

Therefore, the improved thermal stability of the loaded

TGA-CMC-CD(1) nanoparticles compared to the unloaded

ones could be due to the dispersion of albendazole in the

former nanoparticles. Combining the results of XRD and

DSC/TGA, it is reasonable to conclude that albendazole

was successfully encapsulated into the core of the TGA-

CMC-CD(1) nanoparticles.

4.3 Mucoadhesion studies

Various authors have suggested that rheological charac-

terization of a polymer–mucin mixture can provide an

acceptable in vitro model representative of the true in vivo

mucoadhesive properties of the polymer [34, 35]. In other

words, a mixture containing nanoparticles with strong

mucoadhesive properties is expected to have a greater

storage modulus compared to the one containing nano-

particles with a weak mucoadhesion ability. Therefore,

rheological investigations were performed to examine the

mucoadhesive properties of chitosan, TGA-CMC-CD (1)

and TGA-CMC-CD (2) nanoparticles. Figure 7a shows the

frequency dependence of storage (G0) and loss (G00) mod-

ulus for freshly made chitosan/mucin, TGA-CMC-CD(1)/

mucin and TGA-CMC-CD(2)/mucin solutions. G00 values

of each solution were larger than the corresponding G0

values in entire studied frequency range, indicating that

weakly entangled viscoelastic solutions were formed in the

original state of preparation. In the case of chitosan

nanoparticles, G0 values decreased in the high frequency

region. This was attributed to the absence of thiol groups in

the pristine chitosan structure, resulting in weak mucoad-

hesive properties. On the other hand, the values of storage

modulus (G0) of the TGA-CMC-CD(1)/mucin and TGA-

CMC-CD(2)/mucin mixtures increased with frequency in

the high frequency region, due to the formation of disulfide

bonds between the polymers and mucin.

In order to further elucidate the differences between

mucoadhesive properties of the pristine and thiolated

chitosans, the freshly made solutions of chitosan/mucin,

TGA-CMC-CD(1)/mucin and TGA-CMC-CD(2)/mucin

were rested for 30 min at room temperature and then their

G’ versus frequency behaviors were compared, Fig. 7b.

The storage modulus versus frequency plot of the chitosan/

mucin solution in Fig. 7b was the same as that of the

chitosan/mucin solution in Fig. 7a. However, G0 values of

the TGA-CMC-CD(1)/mucin and TGA-CMC-CD(2)/

mucin solutions, after resting for 30 min, were enhanced

compared to those of the freshly made ones, due to the

increase of the number of disulfide bonds between the

thiolated polymers and mucin after 30 min. In addition, G0

values of the rested TGA-CMC-CD(1)/mucin and TGA-

CMC-CD(2)/mucin solutions became frequency indepen-

dent, indicating strong interactions between the thiolated

chitosans and mucin [36]. Finally, the TGA-CMC-CD(1)/

mucin solution, showed enhanced modulus compared to

the TGA-CMC-CD(2)/mucin one, which was attributed to

the higher amount of the immobilized thiol groups on the

TGA-CMC-CD(1) polymer.

4.4 Drug loading and release studies

Although albendazole has been proven to be an effective

drug in the treatment of several parasitic diseases and

cancer [37], studies devoted to its release profile from

nanocarriers are scarce in open literature. Therefore, as one

of the objectives of this research, we investigated the

Fig. 6 a DSC thermograms and b TGA curves of albendazole, free TGA-CMC-CD(1) and albendazole-loaded TGA-CMC-CD(1) nanoparticles
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in vitro release of albendazole from the prepared

nanoparticles.

Albendazole entrapment efficiencies (EE) of the nano-

particles are reported in Table 1. Pristine chitosan con-

tained the least amount of albendazole, since it lacked

necessary functional groups to interact with this hydro-

phobic drug. On the other hand, entrapment efficiencies of

the nanoparticles were increased up to 10 % by introducing

cyclodextrin to the chitosan structure. Inspection of the

data of Table 1 reveals that EEs of the TGA-CMC-CD

nanoparticles were increased by increasing the amount of

the coupled thiol groups. Therefore, increased amount of

thiol groups not only improved the nanoparticles muco-

adhesive properties (as described in the previous section),

but also their albendazole entrapment efficiency.

Since, it has been shown that consideration of partial

solubility parameters can be used to accurately predict

polymer–drug miscibility or compatibility [30, 38], an

effort was made to gain a quantitative understanding of the

extent of the chitosan-based polymers/albendazole com-

patibilies by calculating the solubility parameters of the

polymers and drug as well as the polymers/albendazole

mixing enthalpy (DHm(, Sect. 2.8. Table 1 summarizes the

partial solubility parameter values, calculated by the group

contribution method, Eq. (2), for albendazole, chitosan,

CMC-CD, TGA-CMC-CD(1) and TGA-CMC-CD(2). Also

the values of DHm calculated by Eq. (3), for various

polymer/drug systems are included in Table 1. Due to the

fact that compatibility and miscibility between two phases

of a mixture are inversely proportional to their DHm value

[39–41], one could conclude, based on the data of Table 1,

that among the samples tested, TGA-CMC-CD(1) was able

to encapsulate the greatest amount of albendazole. Inter-

estingly, this theoretical prediction was in agreement with

the experiment, where TGA-CMC-CD(1) nanoparticles

were also found to have the highest drug entrapment effi-

ciency (Table 1). It should be noted that this approach was

recently used by Kim et al. [38] to synthesize block

copolymer micelles as a potential delivery system for

albendazole.

Figure 8 demonstrates the cumulative release profiles

for the albendazole-loaded nanoparticles as a function of

time. The release profiles from the modified and un-mod-

ified nanoparticles followed a similar trend: an initial rapid

release in the first 10 h and a slow and steady release in the

following period. However, there were some significant

differences among the profiles of Fig. 8 that could serve to

provide useful information on the role of the degree of

polymer/drug compatibility on the drug release from the

nanoparticles. As can be viewed, nanoparticles of the most

incompatible polymer, chitosan, allowed 85 % release of

albendazole within the first 10 h, while nanoparticles based

on the more compatible polymers, TGA-CMC-CD(1) and

TGA-CMC-CD(2), released 70 and 78 % of the entrapped

drug, respectively, in the first 10 h. Moreover, 100 %

albendazole release was observed after 130, 170 and 168 h

from the chitosan, TGA-CMC-CD(1) and TGA-CMC-

CD(2) nanoparticles, respectively. The above profiles are

comparable with albendazole release behavior of other

types of carriers such as block copolymer micelles [38] and

PEGylated liposomes [42] and show the potential of the

modified chitosan nanoparticles as sustained albendazole

delivery systems. The results are also consistent with the

fact that the higher the compatibility between a polymer

and a drug is, the slower should be the release of the drug

from the nanoparticles composed of the polymer.

Although, due to the higher DHm value of the CMC-CD/

albendazole mixture than that of the TGA-CMC-CD(1)/

albendazole one, CMC-CD nanoparticles were expected to

release more albendazole than TGA-CMC-CD(1)

Fig. 7 a frequency dependence of storage, G0, (filled square, filled
triangle, filled diamond) and loss, G00 (open square, open triangle,

open diamond) modulus for freshly made chitosan/mucin, TGA-

CMC-CD(1)/mucin and TGA-CMC-CD(2)/mucin solutions (b) fre-

quency dependence of G’for chitosan/mucin, TGA-CMC-CD(1)/

mucin and TGA-CMC-CD(2)/mucin solutions, after resting for

30 min at room temperature
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nanoparticles, they released only 53 % of the drug within

the first 10 h. This discrepancy is believed to be caused by

the high cross-linking density of the CMC-CD network,

originated from a large number of reactions between free

amino groups of the CMC-CD polymer and the TPP

counterion during the formation of the CMC-CD nano-

particles. Actually, an increase in the CMC-CD nanopar-

ticles cross-linking density caused an increase in the glass

transition temperature (Tg) of the CMC-CD chains, leading

to restriction of drug mobility in the core of the

nanoparticles.

5 Conclusions

TGA-CMC-CD nanoparticles were synthesized by an

ionic-gelation method using TPP as the gelling counter ion,

for mucosal albendazole delivery applications. The use of

HMDI during immobilization of CD onto CMC allowed

the interaction of CD molecules with the provided active

sites at the C6-position of chitosan. Therefore, amino

groups of chitosan at the C2-position remained free to form

amide bonds with TGA molecules and TPP in the sub-

sequent gelation process. XRD and DSC/TGA measure-

ments revealed the ability of the nanoparticles to

encapsulate the drug successfully. Rheological studies

showed that increasing the amount of grafted thiol groups

on the nanoparticles improved their mucoadhesive prop-

erties. Also, nanoparticles containing the highest amount of

immobilized thiol groups and being prepared using an

aqueous solution containing 1 wt% of TPP, TGA-CMC-

CD(1), were found to be the most suitable carriers for

albendazole, since they exhibited the highest drug entrap-

ment efficiency as well as the slowest and most steady

release profile. The high affinity of the TGA-CMC-CD(1)

polymer to albendazole was explained theoretically by

calculating the polymer/albendazole mixing enthalpy using

the group contribution method.
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