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Abstract To improve the water solubility of hydrox-

ypropyl-b-cyclodextrin(HP-b-CD, 500–800 mg/mL), a

novel hydroxypropyl-b-cyclodextrin polymer (HP-b-CDP)

was firstly synthesized and characterized by Fourier

Transform Infrared spectroscopy (FT-IR), Nuclear mag-

netic resonance (1H-NMR), and X-ray diffraction spec-

troscopy (XRD) comprehensively. The solubility of HP-b-

CDP was determined as 40.2 g/mL, which is about 46.6

times more than HP-b-CD. The inclusion complexes were

prepared with HP-b-CD and HP-b-CDP by saturated

solution method to improve the solubility and in vitro

release behavior of insoluble drug AZM. The formulation

was optimized by orthogonal design with three factors and

three levels L9 (34). Solubility, FT-IR, XRD and scanning

electron microscope investigations demonstrated that both

HP-b-CD and HP-b-CDP effectively formed the inclusion

complex. The resultant HP-b-CDP complex presented an

increased AZM solubility (628.5 ± 0.25 lg/mL) than HP-

b-CD (311.3 ± 0.26 lg/mL) compared with AZM

(34.2 ± 0.30 lg/mL) in water. The in vitro accumulative

release studies revealed that more than 90 % of AZM could

be released from HP-b-CDP inclusion complex within 1 h,

which is far more than free AZM (27.5 %) and HP-b-CD

inclusion complex (46.5 %). The studies indicated that HP-

b-CDP with better water solubility could improve

remarkably the solubility and release properties of AZM

than HP-b-CD.

Keywords HP-b-CD � Inclusion complex � Solubilization �
Dissolution � Release kinetic models

Introduction

Azithromycin (AZM), as the first azalide antibiotic with a

methyl-substituted nitrogen atom incorporated into the

15-membered lactone ring (Fig. 1a), is a subclass of mac-

rolide antibiotics. It is widely used for the treatment of

bacterial infections as it has many advantages, such as a

wide antibacterial spectrum, long half-life, high tissue

permeability and fewer side effects. So far, the market

available formulations including tablets, capsules, gran-

ules, dispersible tablets, dry suspensions [1, 2], enteric-

coated capsules [3] and injections forms, have been

developed to enhance the solubility and stability of AZM

[4, 5].

Cyclodextrins (CD) are nontoxic cyclic oligosacca-

harides derived from starch, which can form water-soluble

inclusion complexes with small molecules and portions of

large compounds. b-Cyclodextrins (b-CD) are important

materials in drug delivery systems since they can function

as host for both polar and nonpolar guests [6]. b-CD can

modify the physical, chemical and biological properties of

drug molecules through the formation of inclusion com-

plexes. The stability, solubility and bioavailability of drugs

can be increased, the taste can be shielded and tissue irri-

tation of drugs can be decreased [7–10]. However, the

practical application of b-CD in drug delivery is restricted

by its low solubility in aqueous solution (18.5 mg/mL), the

potential formation of crystalline complexes and so on.
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Various kinds of b-CD derivatives have been prepared to

improve the physicochemical properties of the parent b-CD

as multi-functional drug carriers [11–14], such as hydrox-

ypropyl-b-CD (HP-b-CD) (Fig. 1b) [15, 16]. Beside the

utilization of b-CD monomers, the polymers have also

been developed [8, 9, 17, 18]. The polymeric form was

supposed to increase the stability constant of these

complexes.

In the present study, we developed a facile way to

prepare a highly hydrophilic HP-b-CD polymer (HP-b-

CDP), which is supposed to possess a bigger hydrophobic

cavity and stability constant. The structure of HP-b-CDP

was fully characterized by Fourier transform infrared

spectroscopy (FT-IR), nuclear magnetic resonance (1H-

NMR), and X-ray diffraction spectroscopy (XRD). The

solubility of HP-b-CDP was determined and compared

with that of HP-b-CD. The inclusion complexes were

prepared by saturated solution method with HP-b-CD and

HP-b-CDP respectively, and the formulations were opti-

mized by orthogonal design. The in vitro accumulative

release profiles of resultant HP-b-CD and HP-b-CDP

complex were compared and simulated by model depen-

dent method to explore the differences of release mecha-

nism. The studies indicated the potential of HP-b-CDP to

be employed as insoluble drug carrier to improve the sol-

ubility and release behavior of insoluble drugs.

Materials and methods

Materials

AZM (FW = 749, Purity[ 99 %), Hydroxypropyl-b-cy-

clodextrin (HP-b-CD, FW = 1330, Purity[ 99 %) were

purchased from the HuBei Prosperity Galaxy Chemical

Co., Ltd. Epichlorohydrin (EP, A.R., Tianjin Damao

Chemical Reagent Factory, China). Other reagents and

chemicals were of analytical reagent grade and used

without further purification. Distilled water was used

throughout the experiment.

Preparation of the HP-b-CD polymers(HP-b-CDP)
[19, 20]

Water soluble HP-b-CDP was prepared by crosslinking

HP-b-CD with EP under strongly alkaline conditions

(NaOH 30 %, w/v) with molar ratio 1:16. The reaction was

stopped at the immediate vicinity of gelation for 4 h by

adding a small amount of acetone. HP-b-CDP was obtained

after shaking off acetone at 56 �C followed by cooling to

room temperature (R.T., 25 ± 1 �C). The reaction solution

was adjusted by 3 mol/L HCl to neutral. The details of the

synthesis and purification are described elsewhere [20].

The products were further purified by dialysis tubing with a

molecular weight cut off 8000–14,000 to remove the

remained salt and unreacted composition. The purified

products were verified by the addition of AgNO3 [21], and

no chloride reaction would be observed. The synthesis

route is shown in Fig. 2.

Characterization of the HP-b-CDP

FT-IR

Infrared spectra of HP-b-CDP was recorded with infrared

spectrophotometer(FTIR-8400S, SHIMADZU, JAPAN) by

mixing and compressing a small amount of HP-b-CDP

Fig. 1 Chemical structure of

HP-b-CD (a) and AZM (b), the

synthesis of HP-b-CDP (c)
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with KBr using a manual hydraulic press. The spectra were

recorded over the range of 4000–400 cm-1.

1H-NMR

1H-NMR is the most effective method to clarify the for-

mation of HP-b-CDP. The 1H-NMR spectra of HP-b-CD

and HP-b-CDP in 99.98 % D2O were recorded with NMR

spectrometer (Ascend 600 MHz NMR Spectrometer

(AVANCEIII HD600MHZ, BRUKER, SWITZERLAND))

at 25 �C.

XRD

XRD patterns were obtained with Cu-Ka radiation (40 kV,

100 mA) at a scanning rate of 10�/min (D/MAX-3B DIF-

FRACTOMETER, RIGAKU, JAPAN). Powder samples

were mounted on a vitreous sample holder and scanned

with a step size of 2h = 0.02� for 2h values between 5 and

70�.

Preparation of inclusion complex

Standard curve of AZM

Accurately weighed an amount of AZM, preparing for a

certain concentration of a solution in pH 6.0 phosphate buffer

with and without sulfuric acid adding, corresponding reagent

blank at 190-600 nm of the UV spectra were scanned [22].

By comparing with the maximum absorption wavelength,

482 nm was selected for detection by UV spectrometer.

Preparation of AZM inclusion complex [21]

AZM inclusion complex was prepared by saturated solu-

tion method with HP-b-CD and HP-b-CDP, respectively.

Briefly, the HP-b-CD and HP-b-CDP were weighed pre-

cisely and dissolved in water to obtain super saturated

solution, while 0.2 g AZM was dissolved in a small amount

of ethanol. The AZM in ethanol solution was gently added

into the HP-b-CD and HP-b-CDP super solution and stirred

at 40 �C for 3 h to obtain milky solutions. The product was

Fig. 2 (i) FT-IR spectra of HP-b-CD (a) and HP-b-CDP (b), (ii) The 1H-NMR of HP-b-CD (a) and HP-b-CDP (b), (iii) X-ray diffraction spectra

of HP-b-CD (a) and HP-b-CDP (b), (iv) Chemical shift (d) of HP-b-CD and HP-b-CDP
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cooled at 4 �C for 24 h and filtrated by 40 lm filter. The

filtrate was washed by absolute ethanol to remove the

residual AZM and dried under vacuum at 45 �C for 24 h.

The product was stored in desiccator and named as AZM-

HP-b-CD and AZM-HP-b-CDP respectively for further

use. Inclusion ratio is calculated as the Eq. (1)

Inclusion ration EE;%ð Þ ¼ the amount of drug in clathrate

added in an amount of drug
� 100%

ð1Þ

The formulation was optimized by univariate analysis and

orthogonal experiment design. The effects of molar ratio of

HP-b-CD/AZM and mass ratio of HP-b-CDP/AZM, inclusion

temperature and time on the inclusion ratio were evaluated.

The physical mixtures of AZM with HP-b-CD (1:1,

molar ratio) and HP-b-CDP (1:20, mass ratio) were pre-

pared by thoroughly mixing the two components in a

Ceramic mortar for 10 min. The obtained products were

collected and named AZM&HP-b-CD and AZM&HP-b-

CDP respectively.

Characterization of Inclusion complex

UV spectra

UV spectra were recorded for AZM, HP-b-CD, HP-b-CDP,

AZM&HP-b-CD and AZM&HP-b-CDP, AZM-HP-b-CD

and AZM-HP-b-CDP in pH = 6.0 phosphate buffer with

sulfuric acid added. The samples were stayed half an hour

at R.T and then scanned in the wavelength range from 200

to 600 nm. The spectral bandwidth used was 0.1 nm and

the scanning interval was 1 nm.

FT-IR

The FT-IR spectra of AZM, HP-b-CD, HP-b-CDP,

AZM&HP-b-CD and AZM&HP-b-CDP, AZM-HP-b-CD and

AZM-HP-b-CDP were recorded between 4000 and 400 cm-1.

The sample preparation was described in item ‘‘FT-IR’’.

XRD

The XRD patterns were obtained at a scanning rate of 10�/
min with Cu-Ka radiation (20 kV, 5 mA). Powder samples

were mounted on a vitreous sample holder and scanned

with a step size of 2h = 0.02� between 2h = 5� and 50�.

Scanning electron micrographs (SEM)

SEM is a qualitative method to observe the surface mor-

phology of the substance. The SEM of products were

obtained with the environmental scanning electron micro-

scope (QUANTA 200, FEI, USA). The samples were

evenly distributed on SEM specimen stubs with double

adhesive tape and the micrographs were obtained with an

accelerating potential of 20 kV under vacuum.

Solubility studies of AZM-HP-b-CD and AZM-HP-b-CDP

[23–25]

Solubility studies were carried out according to the method

reported. In brief, excess amounts of AZM or inclusion

complexes prepared with the HP-b-CD and HP-b-CDP

according to the method described in ‘‘Preparation of AZM

inclusion complex [21]’’ section were added into 10 mL of

water, then the suspensions were stirred continuously at

R.T. for 48 h until equilibrium was attained. Supersatu-

rated solutions were filtered through a 0.45 lm Millipore

filter. The AZM concentrations were measured at 482 nm

after properly diluted by sulfuric acid and cooled for

30 min. The corresponding HP-b-CD and HP-b-CDP were

used as blank controls for inclusion complexes. All the

experiments were repeated for 3 times and expressed as

mean ± SD (n = 3).

Dissolution studies [26, 27]

The dissolution behaviors of the resultant complexes were

carried out in Intelligent Dissolution Tester (ZRS-8LD,

Tianda Tianfa, China) at 100 rpm and 37 �C. Powder

samples of AZM, its physical mixtures and inclusion

complexes containing 20 mg of AZM were sealed with

three layers Gauze and placed into stainless steel baskets

with 250 mL of pH = 6.8 phosphate buffer solution as

dissolution media. At pre-specified time points(5, 10, 15,

30, 45, 60, 90, 120, 150, 180 min), the samples (5 mL)

were withdrawn from dissolution media and filtered by

0.45 lm Millipore filter, meantime, 5 mL pH = 6.8

phosphate buffer solution was supplemented to the disso-

lution media. The concentration of AZM was determined at

482 nm.

Results

Synthesis and characterization of the HP-b-CDP

FT-IR analysis of HP-b-CDP

FT-IR was generally used to confirm the formation of HP-b-

CDP by investigating the variation of peak shape, shift and

intensity [5, 10, 28]. As seen in Fig. 2(i), the HP-b-CDP still

retains HP-b-CD original empty cavity structure. The

absorption bands of HP-b-CDP in Fig. 2(i) b at 1659, 1462,
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and 1045 cm-1 were assigned to H–O–H bending, CH2

bending and asymmetric C–O–C stretching vibration

respectively. More importantly, a broad band at around

3441 cm-1 represented the symmetric and asymmetric O–H

stretching vibration due to the many intermolecular hydro-

gen bonds of HP-b-CDP, and another bond at 2930 cm-1

was assigned to CH2 antisymmetric stretching vibration.

Besides, the absence of the characteristic peaks of the cross-

linking agent (EP) at 1250 cm-1(epoxy ring) and 1270 cm-1

(C–Cl) indicated that all the EP was reacted.

1H-NMR analysis

The 1H-NMR of HP-b-CD and HP-b-CDP were presented in

Fig. 2(ii). In the spectrum of HP-b-CD, the signal for H-1,

H-2, H-3, H-4, H-5 and H-6 located at 5.00–5.20, 3.52, 3.88,

3.41 and 3.80, respectively, as seen in Fig. 2(iv), were

corresponding to the previous literatures [29–32]. The two

broad signals for H-1 centered at 5.00 and 5.20 ppm was due

to the different types of anomeric protons [33]. In the

spectrum for HP-b-CDP, appreciable chemical shift changes

were observed with respect to the spectra for the HP-b-CD.

From Fig. 2(iv) we could see the signals of H-1, H-2 and

H-4 protons on the outer surface of HP-b-CD changed with

positive D d values of 0.01, 0.04 and 0.09 respectively.

While upper D d shift values of 0.08 by H-5 protons in the

inner surface of HP-b-CD were recorded, and D d for

H-3(0.06, near the wide side of the cavity) was smaller than

H-5(0.08, near the narrow side). More obviously, the triplet

peak (d 1.07–1.14) assigned to the CH3CHOHCH2 - of the

HP-b-CD changed to single peak (d 1.08), and a new peak (d
2.15) from proton specifically on the EP located on the HP-

b-CDP appeared. We can propose from the 1H-NMR data

that HP-b-CDP was obtained.

X-ray powder diffraction spectra (XRD) analysis

The powder XRD patterns of HP-b-CD and HP-b-CDP was

shown in Fig. 2(iii). The XRD pattern of HP-b-CD shows

two wide band at approximately at 2h = 11.22� and 19.14�
respectively, thus confirming the amorphous nature of HP-

b-CD. Our results are in agreement with former researchers

[29, 31, 32]. While the resultant HP-b-CDP exhibits similar

two wide band at 2h = 10.52� and 19.56�, indicating

amorphous HP-b-CDP retains HP-b-CD original empty

cavity. Besides, it was noticed that the intensity of band at

2h = 10.52� decreased, probably resulting from the

crosslinked structure of HP-b-CDP.

Standard curve of AZM

The AZM assay was determined by a simple, accurate and

rapid spectrophotometric method. AZM was hydrolyzed

with sulfuric acid firstly and the maximum absorbance was

shifted from 205 to 482 nm, as shown in Fig. 3(i). The

absorbance of a series of AZM solutions was recorded at

482 nm at 25 �C. The standard curve was obtained by plot

absorbance (A) versus AZM concentrations (C, lg/mL),

which could be depicted by the equation:

A = 0.007C ? 0.035 (c2 = 0.9993).

Formulation optimization

The effects of molar ratio of HP-b-CD/AZM (mass ratio of

HP-b-CDP/AZM), inclusion temperature and time on the

inclusion ratio were evaluated by univariate analysis.

Effect of molar/mass ratio on inclusion ratio

As shown in Fig. 4a, d, the inclusion ratio of AZM-HP-b-

CD and AZM-HP-b-CDP increased with the increase in

molar/mass ratio of excipient versus AZM firstly. Inclusion

ratio of AZM-HP-b-CD and AZM-HP-b-CDP reached the

maximum of 47.2 and 63.7 % with molar/mass ratio of

excipient versus AZM at 1:1 and 20:1, respectively. More

interestingly, inclusion ratio of AZM-HP-b-CDP

decreased, compared with negligible change of inclusion

ratio of AZM-HP-b-CD with the continuing increase of

molar/mass ration of excipient versus AZM. The results

suggested that inclusion ratio of HP-b-CDP depends on its

hydrophobic cavity and high solubility in water.

Effect of inclusion temperature on inclusion ratio

As shown in Fig. 4b, e, the inclusion ratio of inclusion

complex presented a similar way with the temperature

increasing for both of AZM-HP-b-CD and AZM-HP-b-

CDP, which increased to the maximum of 52.4 and 55.7 %

when the temperature rose to 40 �C. However, the inclu-

sion ratios declined when the temperature was over 40 �C.

The similar results were also found by some authors [17]

before who observed that higher temperature did not

accelerate the reaction but even an inhibition. Therefore,

the optimal temperature was determined as 40 �C.

Effect of inclusion time on inclusion ratio

As shown in Fig. 4c, f, the inclusion ratio of inclusion

complex reached maximum 47.5 and 66.3 % for AZM-HP-

b-CD and AZM-HP-b-CDP respectively, when the reaction

time was prolonged to 3 h. This result was in good

accordance with the authors [34] who found that long

reaction time did not contribute to inclusion ratio propor-

tionally, on the contrary, too long reaction time would

make AZM divorce from inclusion complex.
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Design and analysis of orthogonal experiment

On the basis of univariate analysis, a L9 (34) orthogonal

experiment design was applied to establish the optimum

preparation conditions [35, 36]. Inclusion ratio was also set

as dependent variable. Three key dependent factors namely

mass ratio of HP-b-CDP versus AZM (A), inclusion tem-

perature (B) and inclusion time(C) were studied at three

levels, as shown in Table 1. Table 2 provides a brief

overview of the orthogonal design and results. By extreme

difference analysis(R) it can be concluded that (Table 3),

the effects of various factors on the inclusion ratio followed

by the order: A[C[B. After rigorous optimization of

experimental conditions, the optimum conditions(A2B1C2)

for the inclusion process, namely the mass ratio of HP-b-

CDP/AZM 20:1, inclusion time 3 h, inclusion temperature

30 �C were found. These conditions were engaged to gen-

erate AZM-HP-b-CDP with inclusion rate up to 72.5 %.

The result of verification

Parallel experiments were carried out for five times to

prepare AZM-HP-b-CDP based on the optimum formula-

tion, the inclusion ratio of AZM was determined as

Fig. 3 (i) UV Scanning Spectra of AZM (a) and AZM colored with sulfuric acid (b), (ii) UV scanning spectra of AZM, HP-b-CD, HP-b-CDP,

physical mixture and inclusion complex

Fig. 4 Effect of reaction parameters on inclusion ratio of HP-b-CD (a, b, c) and HP-b-CDP (d, e, f)
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72.5 ± 0.416 %(n = 5), which verified the optimum con-

ditions are stable and reliable.

Characterization of inclusion complex

UV–Vis spectral comparative analysis

The absorption spectra of AZM, HP-b-CD, HP-b-CDP,

their physical mixture, and the inclusion complex are

shown in Fig. 3(ii). The results showed that both of HP-b-

CD and HP-b-CDP had no absorption at 482 nm but

absorption at 287 nm, which indicated that AZM assay

could be conducted at 482 nm without the inference from

excipients by UV. We noticed that both AZM&HP-b-CD

and AZM-HP-b-CD exhibits similar spectra with the

absorption at 287 nm weakened, and the absorbance of

inclusion complex was slightly higher than the physical

mixture. As for AZM&HP-b-CDP and AZM-HP-b-CDP,

the same tendency was observed. The results suggested that

UV–Vis spectra may serve as a supplemental tool for the

characterization of HP-b-CD based inclusion complex.

More studies are needed to further illustrate the interactions

between drug and excipients under different treatments.

FT-IR analysis

The FT-IR spectra of AZM, HP-b-CD, HP-b-CDP, their

physical mixture, and their inclusion complex are shown in

Fig. 5(i). The IR spectra of AZM (a) is characterized by the

prominent band at 3495 cm-1 for the O–H stretching

vibrations and 2970 cm-1 for the C-H stretching vibra-

tions, There was a very strong absorption band at

1720 cm-1 for C=O stretching vibration, as well as by the

1230, 1188 and 1051 cm-1 bands for C–O–C, C–H and C–

O stretching vibrations. Meanwhile, the FT-IR spectrum of

HP-b-CD (b) is characterized by several peaks. The

absorption band of O–H was found at 3429 cm-1. The

three sharp absorption peaks at 1402, 1558, 1641 cm-1

were ascribed to the characteristic peaks of benzene ring.

The FT-IR spectrum of HP-b-CDP (e) is quite similar to

HP-b-CD, as resulting from the same parent structure,

except the medium bond at 2930 cm-1 assigned to CH2

antisymmetric stretching vibration.

The spectra of the physical mixtures of both AZM&HP-

b-CD (c) and AZM&HP-b-CDP (f) corresponded with the

superposition of the spectra of the individual components.

Interestingly, the spectra of the AZM-HP-b-CD inclusion

complex (d) are quiet similar to that of physical mixture,

but all peaks shifted to the red direction. As for the spectra

of the AZM-HP-b-CDP inclusion complex (g), in com-

parison with physical mixture (f), the absorption band at

1720 cm-1 for C=O stretching vibration from AZM dis-

appeared, which may suggest that stronger interactions

existed between AZM and HP-b-CDP.

Table 1 Orthogonal design factors and levels

Levels Factors

Mass ratio Inclusion temperature(�C) Inclusion time(h)

1 15:1 30 2

2 20:1 40 3

3 25:1 50 4

Table 2 L9 (34) Orthogonal design table and results

No. A B C Inclusion rate (%)

1 1 1 1 65.0

2 1 2 2 67.0

3 1 3 3 71.1

4 2 1 2 72.5

5 2 2 3 58.8

6 2 3 1 59.3

7 3 1 3 64.6

8 3 2 1 70.9

9 3 3 2 65.4

K1 67.7 67.3 63.1

K2 68.5 65.6 68.3

K3 67.0 65.3 64.8

R 4.17 2.07 3.50

Table 3 Anova analysis results
Sources of variance Deviation from the mean of squares Freedom F-value F-crit

A 29.7 2 1.489 5.14

B 7.53 2 0.377

C 22.6 2 1.134

59.9 6

: Fa (2,6) = 5.14, a = 0.05
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Powder X-ray diffraction analysis

Powder XRD is a powerful tool to observe the microstruc-

tures of crystals and amorphous materials. Generally if the

drug (with crystal nature) was encapsulated within the

cavity of host molecule (with amorphous nature) [37, 38],

the inclusion complexes usually exhibit weakened diffrac-

tion peak compared with the parent drug. As shown in

Fig. 5(ii), the diffraction pattern of HP-b-CD (a) and HP-b-

CDP (b) show two similar wide band with 2h values near to

10.5� and 19.6�, while AZM(c) exhibits characteristic

crystal peaks with 2h values at 9.86�, 13.08�, 13.18�, 14.78�,
16.5�, 21.58�, 22.8�, 23.98�, 28� and 30.36� respectively. As

expected, the characteristic peaks of AZM are present in the

diffraction pattern of physical mixtures (d, f) with the sim-

ilar positions and relative intensity, which indicated that no

detectable interactions existed between AZM&HP-b-CD

and AZM&HP-b-CDP. In contrast, the XRD pattern AZM-

HP-b-CD and AZM-HP-b-CDP inclusion complexes (e, g)

are different from that of pure AZM, HP-b-CD, HP-b-CDP

and their physical mixtures. Some typical diffraction peaks

reduced or disappeared such as at the 2h values of 7.2�,
9.36�, 12.08�, while some new peaks such as at 2h val-

ues = 6.24� for both of inclusion complexes appeared. This

difference may due to inclusion of the AZM molecule into

the cavity of HP-b-CD.

SEM analysis

SEM is a qualitative method used to visualize the surface

structure of raw materials or the prepared products, i.e.,

CDs and drugs or the products obtained by different

methods, such as physical mixing, solution complexation,

coevaporation and others [28, 29]. As shown in Fig. 6, pure

AZM (a) crystalizes in a cubic columnar form with med-

ium dimensions. HP-b-CD (b) existed in spherical particles

with cavity structures (b), and the HP-b-CDP (e) appeared

in the form of irregular blocky particles, which confirmed

the formation of the HP-b-CDP in some way. The SEM

photographs of AZM&HP-b-CD (c) revealed some simi-

larities with the crystals of both AZM and HP-b-CD.

However, the AZM-HP-b-CD (d) appeared as a compact

and homogeneous plate-like structure crystal, which indi-

cated the formation of inclusion complex between HP-b-

CD and AZM. Surprisingly, both of AZM&HP-b-CDP

(f) and AZM-HP-b-CDP (g) presented as homogenous and

amorphous state in the SEM photographs, no visible dif-

ferences could be found compared with HP-b-CDP(e),

which may result from the super-amorphous nature of HP-

b-CDP.

Comparative analysis of HP-b-CD, HP-b-CDP
solubilization efficiencies towards AZM

The solubility of HP-b-CDP was determined as 40.2 g/mL,

which is about 46.6 times more than HP-b-CD (0.863 g/

mL), the results indicated that the solubility of resultant

HP-b-CDP improved a lot than parent monomer HP-b-CD.

The water solubility of AZM in complex inclusion at

25 �C, compared to that of native AZM (34.2 ± 0.30 lg/

mL), was remarkably increased to approximately

311.3 ± 0.26 lg/mL (9.1 fold) and 628.5 ± 0.25 lg/mL

(18.4 fold) by the solubilizing effects of HP-b-CD and HP-

b-CDP respectively. The results showed that HP-b-CDP

was more efficient than natural HP-b-CD to solubilize

insoluble drug AZM by inclusion complex, which is

probably due to the larger empty cavity of HP-b-CDP after

polymerization.

Fig. 5 (i) FT-IR spectra of a AZM, b HP-b-CD, c AZM&HP-b-CD,

d AZM-HP-b-CD, e HP-b-CDP, f AZM&HP-b-CDP, g AZM-HP-b-

CDP; (ii) Power X-ray diffraction patterns of a HP-b-CD, b HP-b-

CDP, c AZM, d AZM&HP-b-CD, e AZM-HP-b-CD, f AZM&HP-b-

CDP, g AZM-HP-b-CDP
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Cumulative dissolution of AZM

The accumulative dissolution behaviors of original AZM,

AZM&HP-b-CD (1:1, molar ratio), AZM&HP-b-CDP (10:1,

mass ratio), AZM-HP-b-CD and AZM-HP-b-CDP were stud-

ied within 180 min. The dissolution profiles are shown in

Fig. 7. The in vitro dissolution behaviors were firstly described

by the time needed in which 50 % of drug was released (T50 %)

and dissolution efficiencies (the dissolution percentage within

60 min, D.E.60min) respectively [39, 40]. T50 % of AZM-HP-b-

CD and AZM-HP-b-CDP was read from the dissolution pro-

files directly, as was over 30.6 min and over 15.8 min, while

that of other samples all longer than 180 min. The analysis of

D.E.60min showed that the dissolution efficiencies towards

AZM can be ranked in the following order: AZM-HP-b-CDP

(90.07 %)[AZM-HP-b-CD (58.6 %)[AZM&HP-b-CDP

(46.5 %)[AZM&HP-b-CD (35.5 %)[AZM (27.5 %).

Our results verified that the preparation of inclusion complex

could enhance AZM dissolution compared with free drug and

physical mixture as expected. The dissolution behavior of

AZM-HP-b-CDP was significantly improved within 60 min in

comparison to AZM-HP-b-CD, which is probably due to the

many hollow polymer structures.

Discussion

Within the research field of drug delivery system, there are

many formulation approaches, such as microemulsions,

liposomes, nanosuspensions and prodrugs, to be widely

Fig. 6 SEM images of a AZM, b HP-b-CD, c AZM&HP-b-CD, d AZM-HP-b-CD, e HP-b-CDP, f AZM&HP-b-CDP, g AZM-HP-b-CDP

(9500)

Fig. 7 The accumulative dissolution profiles of AZM, physical mixture and inclusion complexes within 180 min (a) and 60 min (b). If no error

bars are displayed, errors were smaller than the data point size
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employed to improve the solubility of insoluble drugs. Of

these techniques, complexation with b-CD is traditional

and effective by entrapping the insoluble drugs into its

nonpolar cavity. However the application of b-CD is con-

fined by some disadvantages such as limited water solu-

bility (18.5 mg/mL), the potential formation of crystalline

complexes and so on. Since each b-CD hydroxyl group

differs in its chemical reactivity, the random substitution

produces an important increase in solubility due to the

decrease in the crystalline state. However, increase the

degree of substitution might decrease complexing capacity

due to the steric hindrance of the host molecule. Numerous

of b-CD derivatives by chemical modifications have been

constantly developed. In which, HP-b-CD is noticeable

with relatively high water solubility (500–800 mg/mL) and

satisfactory inclusion ability. Many in vitro and in vivo

studies also proved that the HP-b-CD inclusion complex

could increase drug solubility and stability [15, 28–30, 32].

Beside the utilization of b-CD monomers, the polymers

have also been developed [18, 19, 21, 25, 41]. The

polymeric form can increase the stability constant of these

complexes. There are mainly two kinds of macromolecular

structures: polymers containing HP-b-CD pendant groups

or polymers having HP-b-CD units as a part of the skele-

ton. The second type of polymers can be prepared by

coupling the HP-b-CD with proper bifunctional agents [19,

42, 43]. The present study was designed to synthesize a

more hydrophilic HP-b-CD polymer by the crosslinking of

EP under the conditions of 30 % NaOH for the delivery of

the poorly soluble AZM antibiotics. The reaction parame-

ters have been verified and optimized by orthogonal design

to ensure the reproducible synthesis. The chemical struc-

ture was confirmed by FT-IR and 1H-NMR. By comparison

with physical mixtures, evidence obtained by UV, FT-IR,

XRD and SEM analyses demonstrated clearly that the

complexation process led to the formation of a

supramolecular structure in which AZM was mostly

inserted into the cavity of HP-b-CD and HP-b-CDP

respectively. The results of solubility studies indicated that

HP-b-CDP was more efficient than parent HP-b-CD to

Table 4 Fitting results of AZM release profiles by model dependent methods

Model Parameters AZM AZM&HP-b-CDP AZM&HP-b-CDP AZM-HP-b-CD AZM-HP-b-CDP

a: (Within 180 min)

First-order

Qt ¼ Q0 exp �Kt
f

� � Kf -0.002 -0.002 -0.004 -0.011 -0.017

c2 0.799 0.697 0.829 0.976 0.858

Higuchi

Qt ¼ KH

ffiffi
t

p
þ CH

KH 2.49 2.83 3.80 6.25 6.89

CH 5.24 9.68 11.2 9.18 19.5

c2 0.930 0.846 0.917 0.976 0.864

Ritger-Peppas

Qt ¼ KRPtn

n 0.362 0.307 0.283 0.361 0.322

KRP 1.77 2.26 2.60 2.61 3.03

c2 0.947 0.871 0.987 0.980 0.936

Weibull

M ¼ M0ð1 � exp �k t � Tð Þð Þ
k -0.019 -0.014 -0.017 -0.017 -0.038

c2 0.978 0.910 0.988 0.906 0.986

b: (within 60 min)

First-order

Qt ¼ Q0 exp �Kt
f

� � Kf 0.005 0.006 0.008 0.012 0.035

c2 0.850 0.783 0.836 0.860 0.984

Higuchi

Qt ¼ KH

ffiffi
t

p
þ CH

KH 3.56 4.69 5.44 7.14 11.4

CH 1.49 3.21 5.43 6.16 3.45

c2 0.967 0.931 0.943 0.945 0.993

Ritger-Peppas

Qt ¼ KRPtn

n 0.444 0.422 0.305 0.352 0.422

KRP 1.55 1.96 2.54 2.64 2.76

c2 0.946 0.896 0.980 0.946 0.987

Weibull

Mt ¼ M0ð1 � exp �k t � Tð Þð Þ
k -0.021 -0.024 -0.020 -0.012 -0.044

c2 0.959 0.914 0.949 0.943 0.961

In which Mt/Qt is the cumulative percentage of drug dissolved as a function of time t. M0 is total amount of drug in the preparations. T accounts

for the lag time measured as a result of the dissolution process KH, Kf, KRP is the Higuchi dissolution constant; n is the release exponent; CH is the

respective intercept with the vertical axis of the Qt versus time curve.

Bold values indicate the best or comparable regression coefficient.
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solubilize insoluble drug AZM by inclusion complex,

which is probably due to the larger empty cavity of HP-b-

CDP after polymerization.

However, due to the limited information about the

complicated manners in which the drug and HP-b-CD

based polymers properties interact to influence key drug

delivery parameter such as dissolution. Therefore, in this

study, model dependent approaches, including common

empirical model (0-order, 1-order and Higuchi), semi-em-

pirical model (Ritger-peppas, Weibull) [18, 44–47], were

used to evaluate the dissolution behavior of the AZM-HP-

b-CD and AZM-HP-b-CDP by the transformed linear fit

method. Considering the differences of the dissolution

profiles within 60 min and 180 min, the dissolution profiles

were fitted separately to describe possible dissolution

mechanisms. The suitability of all these models with

respect to the experimental data was compared on the basis

on the regression coefficient (c2). The fitting results are

listed in Table 4. As seen from the Table 4, by the com-

parison of dissolution parameters, within 180 min, better

fitting results could be obtained from empirical Weibull

models than other models for the AZM, AZM&HP-b-CD,

AZM&HP-b-CDP and AZM-HP-b-CDP groups except for

AZM-HP-b-CD group. Interestingly, similar good fitting

results were obtained from first-order and Ritger-Peppas

model for AZM-HP-b-CD group, which suggested the

solubilized AZM in HP-b-CD inclusion complex could be

released in a time dependent way within 180 min. While

within 60 min, Higuchi model showed some advantages

for most of groups, whose mechanism was supposed to be

dominated by diffusion. Unexpectedly, AZM&HP-b-CDP

group was best fitted by Ritger-peppas model, in which

release exponent n is used to characterize different release

behavior for cylindrical shaped matrices. Also the AZM-

HP-b-CD and AZM-HP-b-CDP groups obtained good fit-

ting results in Ritger-peppas model. Thus the polymeriza-

tion of HP-b-CD may be helpful to the dissolution of

hydrophobic drug AZM even no direct physical interaction

was observed.

Conclusions

As detailed above, we synthesized and characterized the

HP-b-CDP by the polymerization of HP-b-CD under

alkaline conditions. The resultant HP-b-CDP was able to

solubilize AZM by the formation of inclusion complex in a

more efficient way than classical HP-b-CD. The optimum

preparation parameters were optimized by orthogonal

design, which was molar/mass ratio (1:1 and 10:1), reac-

tion time (3 h) and temperature (40 �C) for HP-b-CD and

HP-b-CDP inclusion complex respectively. The maximum

inclusion ratio of AZM-HP-b-CD and AZM-HP-b-CDP is

55.6 and 72.2 %. The results of UV–Vis, XRD and FT-IR

suggested that part of lactone of AZM molecule was

included into the HP-b-CD cavities from the wider edge.

The solubility of AZM was significantly increased to

311.3 ± 0.26 lg/mL and 628.5 ± 0.25 lg/mL in AZM-

HP-b-CD and AZM-HP-b-CDP from that of AZM

34.2 ± 0.30 lg/mL. The accumulative release profiles

showed that AZM-HP-b-CDP could release over 90 % of

AZM, more than AZM-HP-b-CD 60 % within 60 min.

Therefore, HP-b-CDP might be a promising HP-b-CD

derivative, which could broaden the design strategy of

insoluble AZM delivery systems.
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