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Abstract Telmisartan (TEL) is a BCS Class II drug having

dissolution rate limited bioavailability. The aim of work was

to enhance the solubility of TEL so that bioavailability

problems are solved. b-Cyclodextrin (b-CD) based nano-

sponges (NSs) were formed by cross-linking b-CD with

carbonate bonds, which were porous as well as nanosized.

Drug was incorporated by solvent evaporation method. The

effect of ternary component alkalizer (NaHCO3) on solu-

bility of TEL was studied. In order to find out the solubili-

zation efficiency of NS, phase solubility study was carried

out. Saturation solubility and in vitro dissolution study of b-

CD complex of TEL was compared with plain TEL and NS

complexes of TEL. The NS and NS complexes of TEL were

characterized by differential scanning calorimetry, powder

X-ray diffraction, Fourier transform infrared spectroscopy,

nuclear magnetic resonance and scanning electron micro-

scope. It was found that solubility of TEL was increased by

8.53-fold in distilled water; 3.35-fold in 0.1 N HCl and 4.66-

fold in phosphate buffer pH 6.8 by incorporating NaHCO3 in

drug–NS complex than TEL. It was found that the NaHCO3

in NS based complex synergistically enhanced dissolution

of TEL by modulating microenvironmental pH and by

changing amorphization of the drug. The highest solubility

and in vitro drug release was observed in inclusion complex

prepared from NS and NaHCO3. An increase of 54.4 % in

AUC was seen in case the ternary NS complex whereas b-CD

ternary complex exhibited an increase of 79.65 %.

Keywords Nanosponge � Telmisartan � b-Cyclodextrin �
Sodium bicarbonate

Introduction

Polymers used in drug delivery systems are naturally occur-

ring polysaccharides, which always appear as attractive

alternative due to low cost, high biodegradability and bio-

compatibility [1]. Amongst all of the cyclodextrins (CDs), b-

CDs have been the most widely used cyclic oligomer [2–4].

b-CD are the building-blocks for nanosponge (NS).

They are linked by carbonyl group of cross-linker to form a

highly cross-linked network. The reaction is carried out

under relative mild conditions. The final NS structure

forms a network of more hydrophilic channels which

contains both CD lipophilic cavities and carbonate bridges

(Fig. 1) [5]. Structural characterization of NS showed that

the carbonyl group of cross-linker get connected to the

primary hydroxyl groups of the parent b-CD unit (Fig. 1).

There was formation of nanochannels in the NS structure

due to cross-linking network thus creating potential spaces/

cavities for drug molecules to be entrapped not only in the

nanocavities of b-CD but also within the nanochannels in

the NS. In comparison with the parent CD, peculiar

structural organization of NS might be responsible for the

increased solubilization and protection capacities [6].

Telmisartan (TEL) is an antihypertensive drug, which is

angiotensin II receptors (AT1) antagonist. Due to the
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minimal side effects of drug, therapy with this drug offers a

good quality of life for hypertensive patients [7]. According

to the chemical structure of TEL, it is readily ionizable and

the solubility is also pH dependent. Physicochemically it can

be characterized as very poorly water soluble drug, resulting

in low bioavailability [8]. The aqueous solubility of the

compound is estimated to be 9.9 lg/ml at neutral pH [9].

The objective of the work was to investigate and com-

pare the role of b-CD and NS of b-CD to enhance the

solubility and dissolution rate of TEL by preparing binary

and ternary inclusion complexes and to conduct pharma-

cokinetic studies on some of the complexes to corroborate

in vitro results.

Materials and methods

TEL was obtained as a sample from Unichem Laboratories

India. b-CD was purchased from S. D. Fine Chemicals

Ltd., Mumbai [India]. Diphenyl carbonate (DPC) was

purchased from Spectrochem Pvt. Ltd. Mumbai [India]. All

other reagents and solvents were of analytical grade.

Synthesis of b-CD NS

b-CD based NS was prepared using DPC as a cross-linker

[10]. NSs were prepared using different ratios of b-CD and

DPC [1:2, 1:4 and 1:6]. The schematic representation of

chemical reaction for the formation of NS is depicted in

Fig. 1. Finely homogenized anhydrous b-CD and DPC were

placed in a 250 ml conical flask. The system was gradually

heated to 100 �C under magnetic stirring, and left to react

for 5 h. During the reaction crystals of phenol appeared at

the neck of the flask. The reaction mixture was left to cool

and product obtained was broken up roughly. The solid was

repeatedly washed with distilled water to remove unreacted

b-CD and then with acetone, to remove the unreacted DPC

and the phenol present as by-product of the reaction. After

purification, NSs were stored at 25 �C until further use.

Phase solubility studies

Phase solubility equilibrium plots were obtained for binary

system at 25 �C in distilled water. The studies were

performed according to the method reported by Higuchi

and Connors [11]. Studies for binary systems of drug–b-

CD and drug–NS were carried out by adding excess

amount of drug to the 20 ml of aqueous solution containing

increasing concentration of b-CD/NS. The contents were

stirred for 48 h at 25 ± 0.5 �C. After equilibrium, the

samples were filtered and absorbance read at 296 nm

(Jasco UV/Vis spectrophotometer).

Solution state interaction studies [12]

Increasing concentrations of NS solutions (1–80 ppm)

were added to fixed concentrations of TEL (10 ppm). The

samples were then kept overnight for interaction and

scanned for kmax and absorbances were measured. The

parameter studied was spectral shift.

Molecular modeling studies

Schrodinger 2008 software was used to carry out molecular

modeling studies akin to docking studies routinely carried

out by synthetic chemists. The three dimensional structures

of TEL, b-CD and NS were drawn using the software and

attempt was made to deduce the possible mode of entrap-

ment of TEL into NS and b-CD structure.

Preparation of TEL-loaded NS

TEL was dissolved in dichloromethane to form a solution.

To this solution NS and sodium bicarbonate were added

and triturated until the solvent evaporated. The NaHCO3,

TEL and NS, were added in a ratio of 1:8:16 by weight.

The solid dispersion was dried in an oven overnight (at

50 �C at atmospheric pressure) to remove any traces of

dichloromethane and sieved through 60 # and used for

further work. Similar procedure was used to prepare TEL

loaded NS (1:2) and b-CD complex of TEL (1:2) with and

without NaHCO3 (Table 1).

Evaluation of NS and complexes

NSs with three different b-CD–DPC ratios were prepared.

Preliminary dissolution trials for studying the effect of

inclusion complexation of TEL with the various NSs

Fig. 1 Schematic

representation of chemical

reaction for formation of NS
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revealed that at 1:2 ratio, the degree of cross-linking may

be low and hence insufficient nanochannels are created

which do not have a significant impact of the dissolution of

TEL. At 1:6 ratios the degree of cross-linking may be too

high so that more complex and tortuous nanochannels are

created which prevent the entrapment of TEL into the NS

structure. The NSs synthesized using 1:4 b-CD-crosslinker

ratio (NS2) was found to have a desirable impact on the

dissolution profile. Hence further studies were conducted

using these NSs.

Saturation solubility studies

Excess drug/binary or ternary complexes were added to

20 ml of distilled water, 0.1 N HCl, phosphate buffer pH

6.8, fasting state simulated intestinal fluid (FaSSIF) and fed

state simulated intestinal fluid (FeSSIF) separately and

were equilibrated on a mechanical shaker at 25 ± 0.5 �C

for 24 h. The equilibrated suspensions were filtered

through membrane filter (0.45 lm) and assayed for drug

content by developed HPLC method. The studies were

performed in triplicate. FaSSIF and FeSSIF were prepared

as per formula and procedure described by Marques [13].

HPLC analysis of TEL

The concentration of TEL was determined by RP-HPLC

(Agilent Technologies 1120 series, Germany) using TC-

C18 column (4.6 9 250 mm, 5 lm). Acetonitrile and

0.05 M potassium dihydrogen phosphate in a ratio 60:40

(adjusted to pH 3.0 with o-phosphoric acid) was used as the

mobile phase at a flow rate of 1 ml/min. The eluent was

analyzed at 271 nm by UV detector. The method was

validated for accuracy, precision and recovery.

Porosity

Porosity of b-CD and NS were found out by using Helium

Pycnometer (HP-2000, S. P. Consultant Mumbai). Helium

gas has the ability to penetrate inter- and intra-particular

spaces of material. True volume of material was deter-

mined by helium displacement method and % porosity

calculated by following formula.

% Porosity =
bulk volume� true volume

bulk volume
� 100 ð1Þ

Fourier transform infrared spectroscopy (FTIR)

IR spectra was recorded using a Jasco FTIR—460 Plus

spectrophotometer in order to find out the interaction

between TEL and NS as well as to confirm the formation of

NS. About 1–2 mg of sample was mixed with 50 mg dry

potassium bromide and the samples were examined in

transmission mode over wave number range of

4,000–400 cm-1.

Differential scanning calorimetry (DSC)

Thermograms were obtained using a METTLER TOLEDO

DSC823e differential scanning calorimeter. A heating rate

10 �C/min were employed in the 30–300 �C temperature

range. Standard aluminum sample pans were used; an

empty pan was used as reference standard. Analyses were

performed on 5 mg samples under nitrogen purge (40 ml/

min).

Powder X-ray diffraction (PXRD)

The PXRD spectra of samples were recorded using high

power powder X-ray diffractometer (Ru-200B) with Cu as

target filter having a voltage/current of 40 kV/40 mA at a

scan speed of 4�/min. The samples were analyzed at 2h
angle range of 5�–50�. Step time was 0.5 s and time of

acquisition was 1 h.

13C nuclear magnetic resonance (NMR)

13C NMR spectra of NS and b-CD were taken by using

Verian-NMR-mercury 300 spectrometer. The stock solu-

tions of NS and b-CD were prepared in deuterated-DMSO.

Table 1 Coding for different inclusion complexes

Sr. no. Inclusion complexes Code

1. Inclusion complex of NS1 and TEL IC1

2. Inclusion complex of NS2 and TEL IC2

3. Inclusion complex of NS3 and TEL IC3

4. Inclusion complex of b-CD and TEL IC4

5. NaHCO3 containing inclusion complexes of NS1 and TEL IC5

6. NaHCO3 containing inclusion complexes of NS2 and TEL IC6

7. NaHCO3 containing inclusion complexes of NS3 and TEL IC7

8. NaHCO3 containing inclusion complexes of b-CD and TEL IC8
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Particle size analysis and zeta potential

The NSs were dispersed in distilled water and sonicated in

a bath sonicator for 20 min. The dispersion obtained was

then diluted suitably with distilled water and particle size

was measured using DelsaTM Nano Beckmann coulter.

Zeta potential was measured in same instrument, by plac-

ing plain NS in the flow cell. Average electric field of about

16.25 V/cm and average current of about 0.05 mA was

applied.

Scanning electron microscopy (SEM)

The surface morphology of samples was determined using

analytical scanning electron microscope (JSM-6360A,

JEOL, Tokyo, Japan). The samples were lightly sprinkled

on a double adhesive tape stuck to an aluminum stub. The

stubs were then coated with platinum to a thickness of

about 10 Å under an argon atmosphere using a gold sputter

module in a high-vacuum evaporator. The stub containing

the coated samples was placed in the scanning electron

microscope chamber.

In vitro dissolution studies

Dissolution studies on the formulations were performed in

triplicate in 900 ml of 0.1 N HCl, distilled water and buffer

of pH 6.8 using USP paddle type dissolution apparatus at

37 ± 0.5 �C at 100 rpm. Samples were withdrawn at pre-

determined intervals and analyzed by previously men-

tioned HPLC method.

In vivo studies

Approval to carry out in vivo study was obtained from

Institutional Animal Ethics Committee, AISSMS College

of Pharmacy (Approval No. AISSMS/IAEC/09-10/02-05)

and their guidelines were followed for the studies. The in

vivo performance of the complexes and TEL was evaluated

in rats (Wistar albino rat). Three groups (standard, test1 and

test2) of six rats each weighing 150–250 g, were fasted

overnight before administration of drug. Formulations for

rats were prepared considering the dose of TEL as 4 mg/kg

[14]. The suspension of ternary complexes of TEL (IC6

and IC8) and TEL was prepared in water. These suspen-

sions were administered orally to rats through feeding

needle to bypass trachea. The rats were anesthetized using

ether and the blood samples (1 ml) were withdrawn from

the retro orbital vein at 0 (pre-dose), 0.5, 2, 4, 6, and 8 h in

vacutainer tubes containing anti-coagulant, mixed and

centrifuged at 3,000 rpm for 30 min. The plasma was

separated carefully and stored at 2–10 �C until drug anal-

ysis was carried. HPTLC method was developed to find out

the concentration of drug in plasma. Methanol was added

to plasma in the ratio of 3:1 as a precipitating agent.

Samples were vortexed and then centrifuged at 10,000 rpm

for 10 min at 4 �C. The concentration of the TEL was

calculated using the calibration curve prepared in plasma.

HPTLC analysis

The samples were spotted on Merck TLC aluminium

plates, precoated with silica gel 60F 254 (10 cm 9 20 cm

with 250 lm layer thickness) using a Camag Linomat V

applicator (Camag, Switzerland). The samples were

applied onto the TLC plates in the form of narrow bands of

6 mm width with a Camag 100 ll sample syringe under a

nitrogen atmosphere. The TLC plates were developed in

solvent system of toluene–methanol (8:2). The length of

the chromatographic run was set to 8 cm. Linear ascending

development was carried out in a twin trough glass

chamber (10 cm 9 20 cm). Densitometric scanning of the

developed plates was performed using Camag TLC scanner

III, in the absorbance mode at 296 nm. Scanning speed was

kept at 4 mm/s. The concentration of TEL in each sample

was calculated using the areas obtained by densitometric

scanning. From the plot of plasma concentration versus

time, area under curve at the end of 8 h (AUC8 h), Cmax

(maximum concentration) and tmax (time for Cmax) were

calculated using the trapezoidal rule [15].

Results and discussion

Phase solubility studies

The phase solubility diagram for the TEL-NS system in

water is depicted in the Fig. 2. A linear increase in the

solubility of TEL was observed with increasing concen-

tration of NS. The phase solubility plot showed an AL

curve for NS which indicated formation of inclusion

complex of NS with TEL in 1:2 stoichiometric ratio. The

Fig. 2 Phase solubility diagram in water
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stability constant for complex at 25 �C, assuming a 1:2

stoichiometry, calculated from the linear portion of phase

solubility curve was found to be 255.102 M-1 for TEL:NS

which indicated stable complex formation. Stability con-

stant should be between 150 and 2,000 M-1 which indi-

cates good complexation ability. The stability constant for

the inclusion complex of TEL with b-CD was found to be

428.52 M-1 thus alluding to greater affinity and more

stable complex formation between TEL and b-CD.

Solution state interaction studies

The drug was found to absorb ultraviolet light at 296 nm

(Fig. 3). As the concentration of NS increased, the shift in the

wavelength also increased. The peak of plain drug was

masked at 10 ppm of NS concentration. Modification of UV-

spectra in presence of CDs/NSs provides evidence of for-

mation of inclusion complex. As CD concentration increases

the spectra show a shift of the maximum absorption to lower

wavelengths and a decrease in molar extinction coefficients.

This suggests that the chromophore of the guest is transferred

from an aqueous medium to the non polar CD cavity. These

changes must be due to a perturbation of electronic energy

levels of guest molecule either by direct interaction with CD,

by exclusion of solvating water molecules or by combination

of these two effects [16].

Evaluation of NS and complexes

Saturation solubility studies

TEL molecule consists of three major functional groups i.e.

methylbenzimidazol, propylbenzimidazol and methyl-

phenyl benzoic acid. Investigation of the different functional

Fig. 3 Solution state interaction studies spectra of TEL in presence

of increasing concentration of nanosponge

Fig. 4 Inclusion complex of b-CD and TEL

Fig. 5 3D image showing possible mode of entrapment of TEL in

a b-CD, b NS
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groups of the TEL using Schrödinger 2008 software revealed

that the methylbenzimidazol group had a dimension of

approximately 6.8 Å. The propylbenzimidazol measured

around approximately 11 Å and methylphenyl benzoic acid

measured approximately 8.4 Å. The first two groups

(methylbenzimidazol, propylbenzimidazol) are lipophilic in

nature, where as the last group (methylphenyl benzoic acid)

is hydrophilic due to carboxylic acid. b-CD has a internal

diameter of 6–6.5 Å and height of the torus is approximately

7.9 Å. From this observation we can say that methylbenz-

imidazole group is entrapped within b-CD cavity (Fig. 4).

The possible mode of entrapment of TEL into the three

dimensional structure of b-CD and NS were deciphered

using the software (Fig. 5a, b) and it was inferred that TEL

may form inclusion complex with b-CD more easily than

with NS. This could be possibly due to the tortuous nature of

the cavities in the NS. The results of saturation solubility also

appeared to support these findings. Saturation solubility of

TEL in the b-CD complex was found to be 57.22 lg/ml

whereas in NS it was 45.92 lg/ml. The reduced saturation

solubility of TEL in the NS as compared to b-CD complex

may be attributed to the fact that, TEL molecule is not fully

getting entrapped in the NS structure due to steric hindrance.

However, the solubility of TEL in NS complex was much

better than plain TEL.

The solubility of binary systems (NS and drug) and

ternary complex (NS, alkalizer and drug) was found to be

increased in both D. W., pH 6.8 buffer and 0.1 N HCl

(Tables 2, 3, 4). The enhancement factors were also cal-

culated for the same.The solubility was enhanced over

8.53-folds in case of ternary complex and 4.63-folds and

5.77-folds in case of binary complex with NS and b-CD

respectively as compared to plain TEL in D.W. Ternary

complex with b-CD and NaHCO3 showed an exponential

20-fold increase in solubility. The solubility was enhanced

over 3.35-folds in case of ternary complex and 2.14- and

2.53-folds in case of binary complex with NS and b-CD

respectively as compared to plain TEL in 0.1 N HCl.

Ternary complex with b-CD and NaHCO3 exhibited a 4.1-

fold enhancement in saturation solubility. Dissociation

constant (pKa) of TEL is 4.45 ± 0.09. From pH partition

hypothesis, it was clear that 99 % of drug was in ionized

state in 0.1 N HCl. Therefore, TEL showed high solubility

in 0.1 N HCl. The effect of NaHCO3 in modulating the

microenvironmental pH (pHM) in 0.1 N HCl is not sig-

nificant as evident from the saturation solubility data. The

solubility was enhanced over 4.66-folds in case of ternary

Table 2 Saturation solubility studies of TEL in distilled water

Type Solubility (lg/ml ± RSD) Enhancement factor

TEL 9.9 ± 0.89 –

IC2 45.92 ± 0.55 4.63

IC4 57.22 ± 1.21 5.77

IC6 84.46 ± 0.98 8.53

IC8 203.4 ± 0.65 20.54

n = 3

Table 3 Saturation solubility studies of TEL in 0.1 N HCl and

phosphate buffer pH 6.8

Type Solubility (lg/ml ± RSD) Enhancement factor

0.1 N HCl

TEL 36.47 ± 0.58 –

IC2 78.3 ± 1.57 2.14

IC4 92.5 ± 1.5 2.53

IC6 122.4 ± 1.32 3.35

IC8 150.1 ± 1.09 4.11

Phosphate buffer pH 6.8

TEL 14 ± 0.72 –

IC2 52.12 ± 1.21 3.72

IC4 75.12 ± 0.86 5.36

IC6 65.25 ± 1.45 4.66

IC8 266.6 ± 0.57 19.04

n = 3

Table 4 Saturation solubility studies of TEL in FaSSIF and FeSSIF

Type Solubility (lg/ml ± RSD) Enhancement factor

FaSSIF

TEL 78.84 ± 0.72 –

IC2 150.76 ± 1.57 1.91

IC4 185.23 ± 1.5 2.34

IC6 264.36 ± 1.32 3.35

IC8 521.15 ± 1.09 6.61

FeSSIF

TEL 38.24 ± 0.58 –

IC2 40.15 ± 1.21 1.05

IC4 42.95 ± 0.86 1.12

IC6 121.35 ± 1.45 3.17

IC8 305.71 ± 0.57 7.99

n = 3

Table 5 Percent porosity of b-CD and NSs

Type b-CD NS2

True density 0.53 0.55

True volume 5.647 5.419

Bulk volume 6.9 7.8

% Porosity 18.16 30.53
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complex with NS and 3.72- and 5.36-folds in case of binary

complex with NS and b-CD respectively as compared to

plain TEL in phosphate buffer pH 6.8 (Table 3). However,

b-CD in combination with NaHCO3 showed an almost

20-fold increase in solubility in phosphate buffer. Peculiar

results were observed in biorelevant media i.e. FaSSIF and

FeSSIF (Table 4). TEL itself showed higher solubility in

biorelevant media. However the binary complex with NS

showed a 1.91-fold increase in FaSSIF whereas the ternary

complex showed a 3.35-fold increase. Binary complex with

b-CD exhibited a 2.34-fold increase and with ternary

complex the increase was to the tune of 6.6 times. Inter-

estingly in FeSSIF all the complexes exhibited a marginal

increase in saturation solubility in the range of 1.05–3.17

times that of TEL whereas ternary complex with b-CD

showed an increase of eightfold. The implications of this

would be that though the ternary complex with b-CD

showed a remarkable enhancement in solubility of TEL in

all media, the NS structure appeared to give a more con-

trolled increase and release profile which may be an

important safety consideration. Additionally the release

could be modulated (increased/decreased) by inclusion of a

third component. In case of TEL, addition of NaHCO3

Fig. 6 FTIR spectra of (a) TEL, (b) b-CD, (c) NS, (d) IC2, (e) IC6

Fig. 7 DSC spectra of (a) TEL, (b) b-CD, (c) NS, (d) IC2, (e) IC6

Fig. 8 PXRD pattern of spectra of (a) TEL, (b) b-CD, (c) NS,

(d) IC2
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modifies the pHM to a value conducive for the solubility of

TEL. Studies were also conducted with TPGS as the third

component, however it did not produce the desired increase

in solubility, this despite the fact that TPGS is a surface

active agent. Thus it could be attributed to its large

molecular size which creates steric hindrance and thereby

precludes entrapment of TEL into the NS cavities ulti-

mately affecting its solubility.

Porosity

True volumes of b-CD and NS were obtained by using

Helium pcynometer, from which % porosity were calcu-

lated by Eq. (1) (Table 5). It was found that 68.12 %

increase in the porosity of NS as compared to b-CD.

Increase in the % porosity of NS can be attributed the

presence of the cross-linked network which forms nano-

channels in the NS structure. Due to formation of nano-

channels, large amount of drug can be incorporated inside

the NS and cross-linking will control the release of drug

from NS which was observed in in vitro dissolution profile.

Fourier transform infrared spectroscopy (FTIR)

The characteristic peaks of TEL (Fig. 6a) were at 3673,

1695, 1455, 1381, 1350–1000 cm-1. The FTIR spectra of

NS showed a peak at 1,700–1,703 cm-1, which is char-

acteristic of the carbonyl group. It is evident from the

profiles reported that the peak at 1,700 cm-1 is absent in

the FTIR spectrum of b-CD (Fig. 6b, c).

The complexation between TEL and NS was confirmed

by FTIR. IR spectra of complex (Fig. 6d) showed broad-

enings and disappearance of some peaks which might be

due to weak interactions between NS and TEL. The drug

frequency of the O–H broad band disappeared and the C=O

band decreased in the FTIR spectra when NaHCO3 were

added (Fig. 6e). It was found that the NaHCO3 in NS based

complex synergistically enhanced dissolution of TEL not

Fig. 9 NMR spectra of a b-

CD, b NS
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only by modulating pHM but also by changing drug crys-

tallinity to an amorphous form via molecular interactions.

Differential scanning calorimetry (DSC)

The DSC spectra of TEL (Fig. 7a) showed a sharp endo-

thermic peak at 269 �C corresponding to melting point of

TEL. A significant difference between the DSC thermo-

gram of b-CD and NS was evident (Fig. 7b, c). DSC

spectra of NS showed absence of peaks before 300 �C

indicating stable nature of cross-linked NS.

The complexation between TEL and NS was also con-

firmed by DSC (Fig. 7d). The thermograms of drug loaded

NS did not contain the sharp drug melting peak whereas

that of NaHCO3 added drug loaded NS (Fig. 7e) showed

broad and shallow endothermic peak at 260 �C, which

might be displaced peak of drug. Thus we can infer that the

drug is molecularly dispersed in the NS with the lipophilic

portions entrapped within the hydrophobic cavities.

Powder X-ray diffraction (PXRD)

Diffraction pattern of the pure drug TEL shows it’s highly

crystalline nature, indicated by numerous distinctive peaks

at a diffraction angle of 2h [6.8�, 14.2� and 22.3�]

throughout the scanning range (Fig. 8a). Formation of NS

was confirmed by PXRD spectra. As shown in Fig. 8b and

c there was a significant difference between spectra of b-

CD and NS i.e. reduction in the numbers and intensity of

peaks. The complex between TEL and NS was also con-

firmed by PXRD spectra. As shown in the PXRD spectra of

drug loaded NS (Fig. 8d), numerous distinctive peaks of

TEL gets reduced. Hence, TEL partially incorporated in

NS. Thus it can be predicted that the solubility of TEL in

case of binary complex is due to masking of hydrophobic

groups of TEL by NS.

Nuclear magnetic resonance (NMR)

Figure 9 show that the 13C NMR predicted value of b-CD

and NS by using ACD/Chemsketch software. 13C NMR

spectra of selected preparations were taken which included

b-CD and NS. The presence of peak at 155 ppm in NS

spectra (Fig. 9a, b) confirmed the formation of NS from b-

CD. By comparing predicted value and spectra, the peak

which was found at 155 ppm was of carbonate carbon

which links two b-CD molecules.

Particle size and zeta potential analysis

The particle size of the plain NS was found to be 664 nm

with a polydispersibility of 0.451. Reduced particle size

and polydispersibility could be attributed to the stabiliza-

tion of the colloidal system. Zeta potential and electro-

phoretic mobility were found to be -3.73 mV and -

2.909e-005 cm2/V s. The high zeta potential can be said to

reduce the tendency for particle aggregration due to higher

magnitude of repulsive forces.

Fig. 10 SEM of a TEL, b b-CD, c NS, d IC2
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Scanning electron microscopy

SEMs of selected preparations were taken which included

pure drug TEL, b-CD, NS and drug loaded NS. Charac-

teristic needle shaped crystals of the TEL can be observed

in Fig. 10a. As compared to b-CD, NS was porous in

nature which was confirmed by surface morphology of b-

CD and NS (Fig. 10b, c). A prominent change in the sur-

face morphology was observed in case of solid dispersion

with NS (Fig. 10d) i.e. pores of NS partially filled by drug.

In vitro dissolution studies

As compared to plain TEL, inclusion complexes showed

faster release. The complex of TEL with NS showed slower

release than plain b-CD complex (Fig. 11). In vitro studies

revealed slow release of TEL from NS over a period of 2 h.

The physical mixtures of TEL with the various NSs

showed a negligible change in dissolution. The binary

complexes with all the NSs prepared using different ratios

of NS and DPC were found to enhance the solubility as

well as control the release rate of drug in water (Fig. 11a).

Binary complex IC2 (NS:DPC–1:4) showed comparatively

higher release than IC1 (NS:DPC–1:2) and IC3 (NS:DPC–

1:6).This could be due to non-inclusion complexation seen

in IC1 due to insufficient nanochannels or nanopores and in

IC3 could be due to inability of TEL to enter into the larger

network of channels and pores created. The initial burst

effect thus was probably due to dissolution of TEL which is

not present in the formulations as inclusion complex, but is

adsorbed or encapsulated as non-inclusion complex on the

NS surface. After the initial effect, linear and controlled

release profiles of the drug was observed. Drug release

profiles also depended on the physiological medium. In this

case the drug was released faster if the pH was decreased to

1.2, while release was very slow at pH 6.8. This might due

to pH dependent solubility of TEL. Over a period of 2 h,

88–95 % drug was released in 0.1 N HCl for all the binary

complexes (Fig. 11b).Binary complex with b-CD (IC4)

showed a release of 52 % in D.W, 90 % in 0.1 N HCl

and *45 % in pH 6.8 in 2 h (Fig. 10c). Drug release was

higher in case of ternary complex of TEL with NS2 and

NaHCO3 (IC6) i.e. 67.68 % in distilled water, 75.05 % in

phosphate buffer pH 6.8 and 97.67 % in 0.1 N HCl. Ter-

nary complex with b-CD (IC8) exhibited a significantly

higher release of 99 % in 100 min. We can infer from this

that supramolecular complexes of guest molecule (TEL)

are formed within the intricate network of nanochannels

present in NSs. However the release of the drug would also

be relatively slow as compared to that from b-CD com-

plexes. The molecular size and conformation may also play

an important role as larger molecules with unfavourable

stereochemistry may not be easily entrapped within the

channels.

In vivo studies

The ternary complexes of TEL with b-CD and with NS i.e.

IC6 and IC8, were subjected to in vivo studies since

maximum increase in saturation solubility of TEL was

evident in all media that were investigated. The pharma-

cokinetic data shows improved bioavailability of ternary

complexes of TEL with NS and b-CD as compared to pure

Fig. 11 Dissolution profiles of TEL and complexes of TEL in

a distilled water, b 0.1 N HCl and c phosphate buffer pH 6.8
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drug (Fig. 12). An increase of 54.4 % in AUC was seen in

case the ternary NS complex whereas b-CD ternary com-

plex exhibited an increase of 79.65 % (Table 6). The Cmax

was also found to be enhanced from 141 ng/ml for plain

TEL to 227 and 258 ng/ml for IC6 and IC8, respectively.

The relatively higher AUC0–8 h displayed by the ternary

complex with b-CD and NS corroborates in vitro findings

that both b-CD and NSs have the ability to form supra-

molecular complexes with TEL. However the release of

TEL from NS cavities could be slower than that from b-

CD, thereby accounting for the higher AUC and Cmax seen

in case of ternary complexes with b-CD. The nanocavities

within the NS structure facilitate entrapment of the drug

molecule as well as permit a controlled release under in

vivo conditions. Presence of NaHCO3 helps to modulate

pHM thereby having a positive impact on the solubility of

TEL.

Conclusion

The present study involved preparation of drug loaded NS

of TEL by incorporating NaHCO3 using solvent evapora-

tion method. The NSs were found to have spherical shape

and colloidal size. CD-based NS was able to complex

efficiently with TEL. Solubility studies showed a signifi-

cant and linear increase in the aqueous solubility with

increasing concentration of NS. Ternary complexes of TEL

with b-CD and NSs exhibited highest solubility and in vitro

drug release with the NS complex showing a more con-

trolled release profile. Improvement in bioavailability was

observed from same inclusion complexes. Thus NSs have

the ability to not only increase the intrinsic solubility of

TEL but also to provide a controlled release which can be

further modulated by including various excipients to form

ternary systems.
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